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Preface

Functional materials are gaining  signifi cant attention in the areas of energy 
conversion and storage, sensing, electronics, photonics, and biomedicine. 
Th e parameters such as size, shape, and surface functions are critical to 
control the properties for diff erent applications and, because of their 
unique properties, functional materials are very eff ective. A range of meth-
ods have been developed for preparation and functionalization of organic, 
inorganic, and hybrid structures, which are the necessary building blocks 
for the top-down as well as bottom-up architecture of various advanced 
functional materials. Th ey possess unique physico-chemical properties 
such as large surface areas, good conductivity and mechanical strength, 
high thermal stability, and desirable fl exibility, which together make a new 
type of materials phenomenon.

Th is book compiles the objectives related to functional materials and 
provides detailed reviews of fundamentals, novel production methods, and 
frontiers of functional materials, including metallic oxides, conducting 
polymers, carbon nanotubes, discotic liquid crystalline dimers, calixarenes, 
crown ethers, chitosan, and graphene. Aft er discussing the production and 
characterization of these materials, their uses and applications for sensitive 
chemiresistors, optical and electronic materials, solar hydrogen genera-
tion, supercapacitors, display and organic light-emitting diodes (OLED), 
functional adsorbents, and antimicrobial and biocompatible layer forma-
tion are highlighted. 

Th is volume in the Advanced Materials Book Series includes 13 chap-
ters divided into two main areas. In Part 1, Functional Metal Oxides: 
Architecture, Design and Applications, distinguished researchers present 
recent effi  cient strategies such as nanocasting, spray pyrolysis, sol–gel, and 
wet chemical methods to develop functional metal oxides in respect to 
architecture, design, and applications; meanwhile, they summarize their 
uses as chemiresistors for sensitive detection of toxic chemicals, high-per-
formance fuel cell electrodes of mesoporous materials through nanocasting 



xvi Preface

route, spray-pyrolyzed thin-fi lm solar cells, biomedical agent, solar hydro-
gen generators, and supercapacitors. 

Part 2, Multifunctional Hybrid Materials: Fundamentals and Frontiers, 
includes several hybrid materials such as discotic liquid crystalline 
dimers, supramolecular nanoassemblies, carbon-based hybrid materials, 
organometal halide Perovskites, novel-architecture copolymers by gamma 
radiation, graphene, chitosan, and antimicrobial biopolymers. In this part, 
prominent authors present fundamental approaches for production of 
multifunctional hybrid materials while designating their frontier applica-
tions such as OLEDs, fl exible displays, artifi cial receptors for detection 
platform, supercapacitors for advanced electrodes, photovoltaic appli-
cations, stimuli-responsive carriers for the sustained and targeted drug 
delivery, selective and effi  cient adsorbent materials, and antimicrobial 
surface.

Th e book is written for a wide readership, including university students 
and researchers from diverse backgrounds such as chemistry and chemi-
cal engineering, materials science and nanotechnology engineering, phys-
ics, life sciences, agriculture and biotechnology, petroleum and natural gas 
technology, forensic science, and biomedical engineering. It can be used 
not only as a textbook for undergraduate and graduate students but also as 
a review and reference book for researchers in the materials science, bio-
engineering, medical, physics, forensics, agriculture, biotechnology, and 
nanotechnology arenas. We hope that the chapters of this book will pro-
vide the reader with valuable insight into functional materials in respect to 
the fundamentals of architecture, design, and applications.

Editors 
Ashutosh Tiwari, PhD, DSc

Lokman Uzun, PhD

January 12, 2015



Part 1
FUNCTIONAL METAL OXIDES: 
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Development of Toxic Chemicals 
Sensitive Chemiresistors Based on Metal 

Oxides, Conducting Polymers and 
Nanocomposites Th in Films

Sadia Ameen1, M. Shaheer Akhtar2, Hyung-Kee Seo1, and 
Hyung-Shik Shin*,1

1Energy Materials & Surface Science Laboratory, Solar Energy Research Center, 
School of Chemical Engineering, Chonbuk National University, Jeonju, 

Republic of Korea
2New & Renewable Energy Material Development Center (NewREC), 

Chonbuk National University, Jeonbuk, Republic of Korea

Abstract
Semiconductor materials in nanoscale are gaining a signifi cant attention in the 
areas of energy conversion and storage, sensing, electronics, photonics, and bio-
medicine. Th e parameters such as size, shape, and surface characteristics are 
signifi cant to control the properties for diff erent applications and thus, semi-
conducting nanostructured materials of one dimension (1D) are eff ectively used 
to fabricate a variety of chemosensors. Particularly, the properties of semicon-
ducting nanostructured materials are altered to achieve high fl exibility in vari-
ous applications. On the other hand, the conducting polymers like polypyrrole, 
polythiophene, polyaniline, and polyfuran are p-type semiconductors of unique 
electronic properties, low-energy optical transitions, low ionization potential, and 
high electron affi  nity, which are promising for the application of conductometric 
polymer sensors. Th e harmful chemicals such as volatile and non-volatile organics 
are extensively detected by the sensor technology. Th e sensitivity, selectivity, and 
stability are the most important aspects of investigation for a variety of sensors. 
Among several sensors, the electrochemical method provides the advantages of 
high sensitivity, wide linear range, economical, rapid response, portability, and 
ease of operating procedure.

*Corresponding author: hsshin@jbnu.ac.kr

Ashutosh Tiwari and Lokman Uzun (eds.) Advanced Functional Materials, (3–57) 
© 2015 Scrivener Publishing LLC
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In this chapter, we have briefl y discussed the semiconducting metal oxides 
nanostructures like TiO2, ZnO, conducting polymers, and nanocomposites for 
the effi  cient detection of harmful and toxic chemicals. Th e chapter includes brief 
literature surveys, properties, and the latest research advancements for the devel-
opment of various metal oxide nanostructures, nanocomposites, and conducting 
polymer-based nanomaterials as effi  cient electrode for detecting harmful chemi-
cal through the eff ective electrochemical technique. Th e modifi ed electrodes with 
diff erent inorganic, organic nanomaterials and nanocomposites are reviewed for 
the reliable and eff ective detection of harmful chemicals by electrochemical and 
current–voltage (I–V) characteristics.

Keywords: Semiconductor materials, nanoscale aspects, conducting polymer, 
nanocomposites thin fi lms, chemiresistors, chemosensors

1.1 Introduction

In recent years, numerous intensive research eff orts in the fi eld of nan-
otechnology have shown great potential. Th ere has been a signifi cant 
improvement for the synthesis of desired organic/inorganic nanomateri-
als for the applications in areas of energy conversion, sensing, electronics, 
photonics, and biomedicine. With the development of nanoscience and 
nanotechnology, one-dimensional (1D) semiconducting nanostructured 
materials like nanotubes, nanorods, nanosheets, nanoballs, and other 
nanostructured materials have been widely applied for the fabrication of 
varieties of chemosensors. It is generally accepted that 1D nanostructure 
are ideal systems for exploring a large number of novel phenomena at 
nanoscale and investigating the size and dimensionality dependence of 
structure properties for potential applications [1]. Among the inorganic 
semiconductor nanomaterials, 1D metal oxide nanostructures are the 
focus of current research eff orts in nanotechnology since they are the 
most common minerals on earth due to their special shapes, compo-
sitions, and chemical, and physical properties [2]. On the other hand, 
the nanocomposites generally contain more than one single component 
and achieve the properties which are diff erent from those of single com-
ponent nanomaterials and thus, could be widely used for the eff ective 
fabrication of chemiresistors to detect the harmful toxic chemicals. Th e 
conducting polymers like polypyrrole (PPy), polythiophene, polyindol, 
polyaniline (PANI), and polyfuran are known p-type semiconductors 
with unique electronic properties, low energy optical transitions, low 
ionization potential and high electron affi  nity [3] and thus, widely used 
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as sensitive materials for conductometric polymer sensors. Th e conduct-
ing polymers could be easily synthesized through simple chemical or 
electrochemical process and their conductivities could be altered by 
modifying the electronic structures through doping or de-doping proce-
dures [4] and therefore, conducting polymers could suitably work as an 
eff ective working electrode and might off er the fast response toward the 
detection of various harmful chemicals. Th e sensor technology is popu-
larly known for the detection of harmful chemicals and the sensitivity, 
selectivity, and stability are the most important aspect of investigation 
of a variety of sensors. Up to now, eff orts have been made by control-
ling the sensors structures [5, 6], sensor fabrication techniques [7], and 
surface modifi cation [8] to detect the toxic chemicals. Among several 
sensors like fl uorescence based chemical sensors [9], chemically modi-
fi ed electrode chemical sensors [10] and chemiluminescence based sen-
sors [11], the electrochemical method provides the advantages of high 
sensitivity, wide linear range, economical, rapid response, portability 
and ease of operating procedure [12, 13]. However, the electrochemical 
method is still a challenge to enhance the electron transfer rate over the 
surface of working electrode for sensors. Th erefore, the modifi cations of 
the electrodes with diff erent inorganic and organic nanomaterials could 
be promising for the reliable and eff ective detection of harmful chemi-
cals by electrochemical and current–voltage (I–V) characteristics. In 
this chapter, we have briefl y discussed the semiconducting metal oxides 
nanostructures like TiO2, ZnO, conducting polymers, and nanocom-
posites for the effi  cient detection of harmful and toxic chemicals. Th e 
preparation methods, morphologies, the physical and chemical prop-
erties of metal oxides, nanocomposites, and conducting polymers have 
shown the signifi cant impacts on the optical, electrical, and electronic 
properties of the nanomaterials and their performances for detecting 
the harmful chemicals. Th e chapter briefl y surveys several metal oxides, 
nanocomposites and conducting polymers in terms of their processing, 
functionality, and applications in sensing the harmful chemicals. With 
addition, the recent literatures have been reviewed on the basis of mor-
phology, structure, and physiochemical properties of TiO2 and ZnO 
nanostructured semiconductors with brief description on the recent 
literatures of their sensing applications. TiO2 and ZnO nanostructures 
based chemiresistors have shown comparable sensing performances. It 
has been noticed that the sensing performance are considerably aff ected 
by the preparation, morphology, and the electrical properties of semi-
conducting metal oxide. 
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1.2  Semiconducting Metal Oxide Nanostructures 
for Chemiresistor 

1.2.1  Prospective Electrode of TiO2 Nanotube Arrays 
for Sensing Phenyl Hydrazine 

Th e inorganic metal oxide materials in nanoscale have recently received a 
great deal of interest owing to their unique structures, electrical, and cata-
lytic properties [14, 15]. Th e nanostructures of titania (TiO2) are one of 
most versatile metal oxides, exhibiting exotic inert surface and the opti-
cal properties. Th e tailoring of multidimensional TiO2 nanostructures 
to 1D is playing a signifi cant role for determining the physiological and 
electrical properties. One-dimensional TiO2 nanomaterials are reported to 
display the large surface to volume area as compared to the bulk materi-
als [16, 17]. Among various 1D TiO2 nanostructures, TiO2 NTs generally 
exhibits the large surface area [18], outstanding charge transport proper-
ties [19], excellent electronic, mechanical, and chemical stability proper-
ties [20]. In particular, TiO2 NTs with highly uniform morphology and 
unique-orientated growth properties are promising for the applications in 
gas sensors and biosensors [21]. Recently, TiO2 nanostructures with high 
surface area are extensively utilized for the detection of harmful chemi-
cals through sensing. Kwon et  al. studied the enhanced ethanol sensing 
properties over the surface of TiO2 NTs electrode based sensors [22]. Chen 
et al. fabricated a room temperature hydrogen sensor with TiO2 NT arrays 
based electrode [23]. Ameen et al. [24] have grown TiO2 NT arrays on Ti 
foil substrate by simple electrochemical anodic oxidation and utilized as 
the working electrode for the fabrication of a highly sensitive, reliable, and 
reproducible chemical sensor for the detection of harmful phenyl hydra-
zine chemical.

Th e grown TiO2 on Ti substrate displays highly ordered and self- assembled 
NT arrays, as shown in Figure 1.1(a). At high magnifi cation (Figure 1.1(b)), 
a uniform and closely packed TiO2NT arrays are seen. Moreover, the grown 
TiO2 NT arrays present distinguishable diameter distribution. Th e average 
diameter and wall thickness of TiO2 NT arrays are observed as 100 ± 20 nm 
and 20 ± 5 nm, respectively. Th e inset of Figure 1.1(a) depicts the cross-
sectional FESEM image of grown TiO2 NT arrays which exhibits the aver-
age length of ∼15 μm. Figure 1.1(c, d) shows the transmission electron 
microscopy, high resolution (HR) TEM, and selected area electron patterns 
(SAED) of TiO2 NT arrays. A hollow tubular morphology could be seen in 
the TEM image of grown TiO2 NT arrays (Figure 1.1(c)), which is consistent 
with the FESEM results. Th e TiO2 NT arrays exhibit the average diameter 
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Figure 1.1 FESEM images of TiO2 NT arrays at low (a) and high (b) magnifi cations. 
Inset of (a) shows cross section image of TiO2 NT arrays, TEM image (c), and HRTEM 
image (d) of TiO2 NT arrays. Inset of (c) shows SAED patterns of TiO2 NT arrays, 
(e) Raman spectrum and inset of (e) shows the corresponding Raman mapping images in 
390–460 cm–1, and (f) the corresponding Raman mapping images 550–650 cm–1 of TiO2 
NT arrays. Reprinted with permission from Ameen, App. Phys. Lett. 103(2013) 061602. @ 
2013, American Institute of Physics Ltd.

and wall thickness of 100 ± 20 and 20 ± 5 nm, respectively. Th e SAED pat-
tern of TiO2 NT arrays (inset of Figure 1.1(c)) shows polycrystalline phases 
in the anatase TiO2. Th e HRTEM image of TiO2 NT arrays (Figure 1.1(d)) 
shows well-resolved lattice fringes of crystalline TiO2 NT arrays with plane 
spacing of ∼0.35 nm, which corresponds to anatase TiO2 (101). Th ese 
observations considerably deduce the good crystallinity of grown TiO2 NT 
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arrays. Th e phase composition and structural properties of TiO2 NT arrays 
are investigated by Raman scattering spectroscopy and the corresponding 
mapping, as shown in Figure 1.1(e, f). Th e grown TiO2 NT arrays obtain 
three active Raman modes at ∼396.1, ∼518.2, and ∼637.4 cm–1 which cor-
respond to the active Raman modes of anatase phase with symmetries of 
B1g(1), (B1g(2)+Ag(1)), and Eg3, respectively, and match with the Raman modes 
of anatase TiO2 [25, 26]. Consequently, Raman spectrum does not exhibit 
any Raman mode at ∼445 cm–1, indicating that no rutile phase exist in the 
grown TiO2 NT arrays. Th e inset of Figure 1.1(e) shows the Raman map-
ping in the range of ∼390–460 cm–1 and reveals the larger dark part which 
corresponds to the peak at ∼396.1 cm–1 whereas Figure 1.1(f) shows the 
Raman mapping in the range of ∼550–650 cm–1 which exhibits highly uni-
form surface, suggesting that the grown TiO2 NT arrays are in good quality 
of anatase TiO2 phase. 

Th e typical amperometric plot is shown in Figure 1.2(a). In the begin-
ning, the electrochemical experiment is performed in PBS without phenyl 
hydrazine for stabilizing the background current. Th e successive addition 
of phenyl hydrazine has shown the linear increase in the current, exhibiting 
a linear relationship between the current and phenyl hydrazine concentra-
tions. Figure 1.2(b) depicts the linear plot of current versus concentration 
of phenyl hydrazine for TiO2 NT arrays electrode which again confi rms the 
linear relationship between current and concentration of phenyl hydra-
zine. Th ese observations infer that the TiO2 NT arrays electrode is highly 
eff ective catalyst to detect the sensing response of phenyl hydrazine at very 
low concentration which might attribute to the good electrocatalytic, and 
direct electron transfer or fast electron exchange behavior of TiO2 NT 
arrays. Th e current (I)–voltage (V) characteristics are measured for evalu-
ating the sensing properties (sensitivity, detection limit, and correlation 
coeffi  cient) of the fabricated phenyl hydrazine chemical sensor over TiO2 
NT arrays electrode. Th e current response is measured from 0.0–2.5 V, and 
the time delaying and response times are 1.0 and 10 s, respectively. Th e 
detailed sensing parameters of the fabricated phenyl hydrazine chemical 
sensor based on TiO2 NT arrays electrode are evaluated by measuring a 
series of I–V characteristics with various concentrations of phenyl hydra-
zine (0.25 μM–0.10 mM). From Figure 1.2(c), the current has continuously 
increased with the increase of the phenyl hydrazine concentrations from 
0.25 μM–0.10 mM, suggesting the good sensing response toward phenyl 
hydrazine chemical by TiO2 NT arrays electrode. Th e enhancement in cur-
rent might due to the better electrocatalytic behavior, generation of large 
number of ions, and the increase of ionic strength of the solution with the 
addition of phenyl hydrazine. Th e sensing parameters such as sensitivity, 
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of TiO2 NT arrays based electrode. Reprinted with permission from Ameen, App. Phys. 
Lett. 103 (2013) 061602. @ 2013, American Institute of Physics Ltd.
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detection limit, and correlation coeffi  cient are calculated by a calibration 
curve of current versus phenyl hydrazine concentration of the fabricated 
phenyl hydrazine chemical sensor. Figure 1.2(d) presents the plot of cali-
bration current versus phenyl hydrazine concentration which reveals that 
the current increases linearly up to the phenyl hydrazine concentration 
of ∼1 μM and aft erwards achieve a saturation level in the calibrated plot. 
Th e saturation point occurs due to the less availability of free active sites 
on the surface of TiO2 NT arrays electrode for phenyl hydrazine chemical 
at higher concentration (>10 μM) in PBS. Th e fabricated phenyl hydrazine 
chemical sensor based on TiO2 NT arrays electrode exhibits signifi cantly 
high and reproducible sensitivity of ∼40.9 μA.mM–1.cm–2 and the detec-
tion limit of ∼0.22 μM with correlation coeffi  cient (R) of ∼0.98601 and 
short response time of 10 s. Importantly, the fabricated phenyl hydrazine 
chemical sensor based on TiO2 NT arrays electrode displays a good linear-
ity in the range of 0.25 μM–1 μM. Th us, TiO2 NT arrays electrode provides 
suitable surface for the oxidation of phenyl hydrazine and determines the 
sensing responses by increasing the current values. Th e reusability and 
reproducibility of the fabricated phenyl hydrazine chemical sensor based 
on TiO2 NT arrays electrode were elucidated by measuring the sensing 
responses with the I–V characteristics for three consecutive weeks. Th e 
sensing parameters or properties showed the negligible drops in the fabri-
cated phenyl hydrazine chemical sensor based on TiO2 NT arrays electrode, 
which deduces the long term stability of the fabricated phenyl hydrazine 
chemical sensor. Th us, TiO2 NT arrays with anatase phase and good crystal 
quality are promising and eff ective working electrode for the detection of 
phenyl hydrazine chemical or other hazardous chemicals.

1.2.2  Aligned ZnO Nanorods with Porous Morphology 
as Potential Electrode for the Detection of 
p-Nitrophenylamine

Aniline and its derivatives are the main constituents in various manufac-
turing industries of polymers, dyes, pesticides, pharmaceutical, rubber 
chemicals, explosives, and paintings [27, 28]. Th e excess release of ani-
line and its derivatives severely disturbs the water ecosystem and clean 
environment because it easily adsorbs on the colloidal organic matter 
and moves from soil to the groundwater [29]. Th e metal oxide semicon-
ductors such as SnO2 [30], TiO2 [31], ZnO [32], Fe2O3 [33], In2O3 [34], 
CeO2 [35], and WO3 [36] have been utilized as effi  cient electron mediator 
electrode materials for the detection of harmful chemicals. ZnO semicon-
ductors with wide band gap of ∼3.37 eV are the most exotic and versatile 
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materials owing to its high exciton, binding energy, biocompatibility, bet-
ter electrochemical activities, non-toxicity, chemical and photochemical 
stability and high electron communication features [37–39]. In particular, 
ZnO nanomaterials based electrode shows good electrochemical activi-
ties toward chemicals, biomolecules and gases owing to their high elec-
tron transfer characteristics with high electrochemical and photochemical 
stability [40, 41]. Th e changes in the surface and morphological proper-
ties of ZnO materials display signifi cant impact on the performances of 
electrochemical system [42, 43]. Recently, 1D ZnO nanostructures such as 
nanobelts (NBs), nanowires (NWs), nanotubes (NTs), and NRs are exten-
sively studied due to their suffi  ciently high surface-to-volume ratio and 
good electrical characteristics which are essential for fabricating various 
electrochemical and photoelectrochemical devices [44, 45]. Among 1D 
ZnO nanomaterials, aligned ZnO NRs are the highly explored material 
especially, in the fabrication of optoelectronic, electrochemical, photoelec-
trochemical and solar devices because of its unique electronic and high 
surface-to-volume ratio  [46]. Recently, J.J. Hassan fabricated the high-
sensitivity room temperature hydrogen gas sensor based on oblique and 
vertical ZnO nanorod arrays [47]. Ameen et al. reported the synthesis of 
vertically aligned ZnO NRs by low temperature solution process for the 
detection of hydrazine chemical via chemical sensor based on aligned ZnO 
NRs and demonstrated the high sensitivity [44]. Y. Lv et al. prepared ZnO 
NRs by a simple solution route for the fabrication of triethylamine gas sen-
sor. Umar et al. fabricated the electrochemical sensor for the detection of 
hydroquinone chemical by Ce doped ZnO NRs electrode [48]. Th e synthe-
sis of aligned nanoporous ZnO NRs thin fi lm for the selective detection of 
p-nitrophenylamine (p-NPA) chemical was reported by Ameen et al. [49]. 
Th e synthesized aligned nanoporous ZnO NRs were characterized in 
terms of morphological, structural, optical, electrochemical and sensing 
properties. Th e fabricated aligned nanoporous ZnO NRs electrode based 
chemical sensor showed the rapid detection of p-NPA with high sensitivity 
of ∼184.26 μA.mM–1.cm–2 and good reproducibility. 

Figure 1.3 shows the FESEM images of aligned nanoporous ZnO NRs 
thin fi lm. Th e cross section of ZnO thin fi lm, as shown in Figure 1.3(a) 
describes highly dense and well aligned nanoporous ZnO NRs with the 
average length of ∼3–4 μm. Th e low magnifi cation surface image, as shown 
in Figure  1.3(b, c) displays uniform growth of aligned ZnO NRs with 
nanoporous surface. Th e average diameter of each hexagonal ZnO NRs is 
estimated as ∼200–300 nm, as shown in the inset of Figure 1.3(c). To check 
the elemental composition, the EDX spectrum (Figure 1.3(d)) reveals that 
the grown aligned nanoporous ZnO NRs exhibit good aspect ratio of Zn 
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and O elements in terms of atomic weight percentage. No other peak has 
been seen in the EDX spectrum, indicating the purity of the synthesized 
aligned nanoporous ZnO NRs.

Th e UV-DRS and room temperature PL analysis were used to investi-
gate the optical properties of grown aligned nanoporous ZnO NRs thin 
fi lm. Figure 1.4(a) shows the UV-DRS spectrum and derived band energy 
plot of aligned nanoporous ZnO NRs thin fi lm (as shown in the inset of 
Figure  1.4(a)). An intense absorption edge at ∼384 nm near UV region 
is recorded by the grown aligned nanoporous ZnO NRs thin fi lm, which 
usually originates from a charge transfer process from the valence band to 
conduction band of ZnO [50–52]. From UV-DRS graph, the band gap of 
aligned nanoporous ZnO NRs thin fi lm is calculated as ∼3.23 eV which 
is approximately same to the band gap of bulk ZnO nanomaterials [53, 
54]. Th is indicates that the grown aligned nanoporous ZnO NRs thin fi lm 
actively absorbs the UV light as normal bulk ZnO materials. Figure 1.4(b) 
depicts the room temperature PL spectrum of grown aligned nanoporous 
ZnO NRs thin fi lm. Two emission PL peaks are observed in which an 
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Figure 1.3 (a) Cross-section view and (b, c) surface view FESEM images and (d) the 
EDX spectrum of aligned nanoporous ZnO NRs. Inset shows the surface image at high 
magnifi cation of aligned nanoporous ZnO NRs. Reprinted with permission from Ameen, 
Appl. Catal. A: Gen. 470 (2014) 271. @ 2014, Elsevier Ltd.
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intensive sharp UV emission at ∼383.2 nm occurs due to the free exci-
ton emission from the wide band gap of aligned nanoporous ZnO NRs 
thin fi lm, while a broader green emission at ∼530.1 nm is attributed to 
the recombination of electrons in single occupied oxygen vacancies and 
structural defects in the aligned nanoporous ZnO NRs [55]. Generally, 
the broad green emission is originated from the increased concentration 
of singly ionized oxygen vacancies and generation of non-stoichiometric 
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Figure 1.4 UV-DRS (a) and room temperature PL spectra (b) of aligned nanoporous 
ZnO NRs. Reprinted with permission from Ameen, Appl. Catal. A: Gen. 470 (2014) 271. 
@ 2014, Elsevier Ltd.
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phase structure in the grown ZnO nanomaterials. Th e intense UV emis-
sion with weak broad green emission suggests the good optical properties 
and high quality of aligned nanoporous ZnO NRs grown on FTO sub-
strate. Th is result is in consistent with the UV-DRS studies. 

Th e cyclovoltametry (CV) analysis was performed to elucidate the elec-
trochemical properties of aligned nanoporous ZnO NRs thin fi lm elec-
trode toward p-NPA chemical. Th e CV measurements were performed 
using three electrode systems comprising of aligned nanoporous ZnO NRs 
thin fi lm as working electrode, Pt wire as cathode and reference Ag/AgCl 
electrode. Th e electrochemical system without p-NPA chemical in phos-
phate buff er solution (PBS, pH = 7.0) depicted very low oxidation or anodic 
current, while a signifi cant increment in the oxidation current occured 
aft er the addition of p-NPA (5 μM) in PBS. Th is change indicated that the 
aligned nanoporous ZnO NRs electrode executed quick sensing response 
toward p-NPA chemical which might result from the good electrocatalytic 
surfaces of aligned nanoporous ZnO NRs. Moreover, the typical CV of 
aligned nanoporous ZnO NRs electrode with a series of p-NPA concentra-
tions (5–150 μM) in 0.1 M PBS at the scan rate of 50 mVs–1 was performed. 
With the increase of p-NPA concentration, the oxidation current substan-
tially increased and reached to the highest current of ∼239.8 μA at highest 
concentration of p-NPA (150 μM), which was 4 factors higher than the 
oxidation current at lowest p-NPA concentration (5 μM). In general, the 
high height of the oxidation peak is related to the faster electron transfer 
reaction in the electrochemical system and represented the high electro-
catalytic behavior of the electrode [56]. Herein, aligned nanoporous ZnO 
NRs electrode exhibited increased oxidation current which might due to 
the high electrocatalytic behavior toward p-NPA chemical in PBS. 

To investigate the detailed sensing parameters of aligned nanopo-
rous ZnO NRs electrode, I–V measurements was performed in 10  ml 
of 0.1  M PBS solution without and with a series of p-NPA concentra-
tions at room temperature. Figure 1.5(a) shows the I–V characteristics of 
aligned nanoporous ZnO NRs electrode without and with p-NPA (5 μM) 
in 10 ml of 0.1 M PBS solution. It is seen that the low current value is 
detected without p-NPA, but it is drastically increased aft er the addition 
of p-NPA, suggesting the quick sensing response to p-NPA chemical. 
Furthermore, Figure 1.5(b) exhibits the typical I–V response of aligned 
nanoporous ZnO NRs thin fi lm electrode at various concentrations of 
p-NPA (5–150 μM) into 0.1 M PBS solution (pH = 7.0)). A continuous 
increase in the current with the increase in the concentrations of p-NPA 
from 5–150 μM is seen which suggests the generation of large number of 
ions and the increase of ionic strength of the solution with the addition 
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of diff erent concentrations of p-NPA. On the basis of these results, highly 
active electrocatalytic surface of the grown aligned nanoporous ZnO 
NRs electrode favors the effi  cient detection of p-NPA. Th e sensitivity and 
other sensing parameters are evaluated by the plot of calibrated current 
and the wide range of p-NPA concentrations, as shown in Figure 1.5(c). 
Th e current increases with the increase in the concentrations of p-NPA 
up to ∼40 μM and then, the saturation starts aft er increasing the con-
centration of p-NPA. Th e fabricated p-NPA chemical sensor based on 
aligned nanoporous ZnO NRs electrode shows considerably high sensi-
tivity of ∼184.26 μA.mM–1.cm–2 and reasonable limit of detection (LOD) 
of ∼53.7 μM with response time of 10 s. A good linear dynamic range 
(LDR) from 5–20 μM and the correlation effi  cient of R = ∼0.97569 are 
obtained. Importantly, the fabricated p-NPA chemical sensor based on 
aligned porous ZnO NRs electrode demonstrates highly reliable and 
reproducible sensitivity. An illustration of sensing response for p-NPA 
chemical over the surface of aligned nanoporous ZnO NRs electrode is 
presented in Figure 1.5(d). In the beginning, p-NPA chemical is chemi-
sorbed over the surface of ZnO NRs electrode due to presence of active 
sites. Th ese active sites on ZnO NRs generates by the easy interaction of 
atmospheric oxygen or oxygenated species through the transfer of elec-
trons from the conduction band of ZnO to the adsorbed oxygen atoms 
[57]. Th e oxygenated species are generally present in the form of HO−, 
O−, O2

−, etc. Aft er the addition of p-NPA, the oxygenated species (like 
HO−) on ZnO NRs get combined with p-NPA and oxidizes into CO2 and 
H2O aft er passing through several intermediate reactions as presented in 
Figure 1.5(d). Th e aligned porous ZnO NRs electrode exhibits reason-
ably good surface area of ∼74.8 m2/g, which might helpful in the large 
generation of active sites over the surface of ZnO NRs. Th e quick and 
enhanced sensing properties could be explained by the nanoporous sur-
face of aligned nanoporous ZnO NRs electrode which might provide 
large number of active sites surface for the detection of p-NPA. Th e high 
sensitivity and the good linearity of aligned nanoporous ZnO NRs elec-
trode based chemical sensor are attributed to the excellent adsorption 
ability and high electrocatalytic and electrochemical activities of aligned 
nanoporous ZnO NRs thin fi lm, as described in CV and amperometry 
results. Th e stability of p-NPA chemical sensor was analyzed by measur-
ing the sensing performances via the I–V characteristics for three con-
secutive weeks. It was seen that no signifi cant fall was observed in the 
sensing parameters of the f abricated p-NPA chemical sensor, confi rming 
the long term stability of the fabricated aligned nanoporous ZnO NRs 
electrode based chemical sensor. 
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1.2.3  ZnO Nanotubes as Smart Chemiresistor for the Eff ective 
Detection of Ethanolamine Chemical

Unique wide band gap semiconductor called ZnO is highly explored and 
promising nanomaterial for a series of applications in fi eld-eff ect tran-
sistors, lasers, photodiodes, sensors, and photovoltaics [58–60]. Due to 
excellent dielectric, ferroelectric, piezoelectric and pyroelectric properties, 
the ZnO nanomaterial fi nd numerous applications particularly in photo-
catalysis, chemical sensors, memory resistors and photovoltaics [61, 62]. 
ZnO nanostructures in one dimension (1D) such as nanorods, nano-
belts, nanowires and nanotubes show high surface-to-volume ratio, slow 
 electron-hole recombination rate and good electrical characteristics [63]. 
Recently, the electrochemical method is adopted as the most acceptable 
technique to fabricate high performance chemical sensor. Th is system dis-
plays several advantages of high sensitivity, wide linear range, economi-
cal, rapid response, portability, and ease of operating procedure [64], but 
still facing the major problems of electron loss and low electron transfer 
rate over the surface of sensor’s working electrode. Eff ective modifi ca-
tions of the working electrodes are necessitated to increase the electron 
transfer rate and the stability of chemical sensors for the reliable detection 
of harmful chemicals [65]. Ameen et al. fabricated a hydrazine chemical 
sensor using vertically aligned ZnO NRs electrode and demonstrated the 
high sensitivity toward hydrazine chemical [66]. Similarly, Ibrahim et al. 
reported the Ag doped ZnO nanofl owers based sensor for the detection of 
phenyl hydrazine chemical via electrochemical system [67]. So far, vari-
ous chemical sensors are fabricated for the detection of harmful chemicals 
such as ethanol, propanol, phenol and nitroaniline, etc [68, 69]. In continu-
ation, the ethanolamine chemical is one of the most useable chemicals at 
laboratory level but its excess discharge is a big threat to the environment. 
Th e inhalation or insertion of ethanolamine might aff ect the respiratory 
system, creates drowsiness, skin irritation and fatal to central nervous sys-
tem. Ameen et al. [70] synthesized the aligned ZnO nanotubes (NTs) thin 
fi lms on FTO substrate by low temperature solution method and exten-
sively utilized as smart and eff ective working electrode for ethanolamine 
chemical sensor. Th e fabricated chemical sensor based on aligned ZnO 
NTs thin fi lm electrode showed the rapid detection of ethanolamine with 
the high sensitivity of ∼37.4 × 10–4 mA.mM–1.cm–2, good linearity of ∼0.05 
mM–1 mM and the detection limit of ∼19.5 μM.

Th e morphological properties are shown in Figure 1.6(a, b). Th e verti-
cally arranged tubular morphology of ZnO on FTO substrate is observed 
(Figure 1.6(a)). At high magnifi cation image (Figure 1.6(b)), each ZnO NT 
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exhibits the hexagonal hollow morphology with the average diameter of 
∼700–900 nm and the outer thickness of ∼60–100 nm. It is also seen that 
the aligned ZnO NTs are in the form of nanograins which have few devel-
oped free surfaces as well as grain boundaries and interfaces. Th e pres-
ence of these grain boundaries in aligned ZnO NTs might defi ne the good 
optical and physical properties of nanograined ZnO NTs [71]. Th e aligned 
ZnO NTs thin fi lm is further characterized by X-rays diff raction patterns 
to investigate the crystalline nature of grown nanomaterials, shown in 
Figure 1.6(c). Th e aligned ZnO NTs thin fi lm shows the diff raction peaks 
at 31.8° (100), 34.5° (002), 36.3° (101), 47.8° (102), 56.7° (110), 63.1° (103), 
and 65.6° (200), corresponding to the wurtzite structure of ZnO crystals 
[72] and are well indexed to JCPDS No. 36–1451. Th e diff raction peak 
at 34.5° (002) displays much higher intensity, suggesting the preferential 
growth direction due to the instability of polar (002) plane [73]. Th e other 
diff raction peaks are associated to FTO substrate [74]. Th e occurrence of 
these grain boundaries in ZnO NTs is explained by the formation of invis-
ible amorphous superfi cial and intergranular layers in between ZnO NTs 
[62]. Th e structural and purity of aligned ZnO NTs thin fi lm are further 
analyzed by Fourier transform infrared, as shown in Figure 1.6(d). A strong 
IR band at ∼540 cm–1 is observed which corresponds to the typical Zn-O 
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Figure 1.6 FESEM images at low (a) and high (b) magnifi cations, XRD patterns (c) and 
FTIR spectrum (d) of aligned ZnO NTs thin fi lm. Reprinted with permission from 
Ameen, Mater. Lett. 106 (2013) 254. @ 2013, Elsevier Ltd.
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group of ZnO nanomaterials [75]. Th e IR peaks at ∼3380, ∼1643, and ∼890 
cm–1 are associated to OH stretching mode, water scissoring vibration and 
bending vibration of nitrate, respectively [76]. Th erefore, the grown NTs 
are pure and well crystalline ZnO along with few impurities.

Th e sensing behavior of aligned ZnO NTs electrode was demonstrated 
toward the concentration of ethanolamine chemical. Figure 1.7(a) depicts 
the illustration of the fabricated ethanolamine chemical sensor based on 
aligned ZnO NTs electrode. Typically, the sensor comprises of two elec-
trode electrochemical system using aligned ZnO NTs as working electrode 
and Pt wire as a cathode in a fi xed amount of phosphate buff er solution 
(PBS, 0.1 M, 10 ml, pH 7) as an electrolyte. A low current is detected when 
the electrochemical system does not contain ethanolamine chemical, as 
shown in Figure 1.7(a). Aft er the addition of ethanolamine (0.05 mM), a 
drastic increase in the current is observed, suggesting that aligned ZnO 
NTs electrode shows quick sensing response toward the low concentration 
(0.05 mM) of ethanolamine. Th e detail sensing parameters of the fabricated 
ethanolamine chemical sensor were investigated by performing a series 
of I–V characteristics (Figure 1.7(b)) with various ethanolamine concen-
trations ranging from 0.05–10 mM in 0.1 M PBS. Th e current increases 
continuously with the increase of ethanolamine concentrations from 0.05–
10 mM. Th ese increments represent the generation of large number of ions 
and the increase of ionic strength of the solution with the addition of dif-
ferent concentrations of ethanolamine chemical. Figure 1.7(c) shows the 
plot of calibrated current versus ethanolamine concentrations to evaluate 
the sensitivity of the fabricated ethanolamine chemical sensor. Th e current 
increases linearly with the increase of ethanolamine concentrations up to 
1 mM and aft erwards, a saturation level is recorded in the calibrated plot 
which might due to the unavailability of free active sites over aligned ZnO 
NTs electrode for ethanolamine adsorption at the higher concentration 
(>1 mM). Th e fabricated aligned ZnO NTs electrode based ethanolamine 
chemical sensor shows signifi cantly high, reliable and reproducible sensi-
tivity of ∼37.4 × 10–4 mA.mM–1.cm–2, and the detection limit of ∼19.5 μM 
with good linearity of ∼0.05–1 mM, correlation coeffi  cient (R) of ∼0.9850 
and a short response time (10 s). To investigate the reproducibility of the 
sensor, the I–V characteristics of the fabricated ethanolamine chemical 
sensor were measured for three consecutive weeks and found that the 
sensor did not show any signifi cant decrease in the sensitivity and other 
sensing parameters. Th ese results deduced the long term stability of the 
fabricated ethanolamine chemical sensor based on aligned ZnO NTs elec-
trode. Moreover, the high sensitivity is determined by the presence of large 
number of oxygenated species on the surface of aligned ZnO NTs electrode 
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which might considerably create large number of active sites for the con-
version of ethanolamine to less harmful products. Th us, the aligned ZnO 
NTs electrode could be a promising electrode for fabricating the advanced 
chemical sensor to detect the harmful chemicals. 

1.3  Conducting Polymers Nanostructures 
for Chemiresistors

1.3.1  Sea-Cucumber-Like Hollow Polyaniline Spheres 
as Effi  cient Electrode for the Detection 
of Aliphatic Alcohols

Sensor technology is popularly known for the detection of volatile 
organic compounds (VOCs) such as alcohols, ethers, esters, halocar-
bons, ammonia, NO2, and warfare agent stimulants [77, 78]. Among vari-
ous chemicals, ethanol is the commonly used highly corrosive essential 
chemical which is easily miscible with water or several other organic sol-
vents [79, 80]. In particular, ethanol is extensively used chemical in per-
fumes or fragrances, colorings and medicinal industries and as feeding 
solvent for the synthesis of several organic products on a large scale [81]. 
Due to aforementioned causes, a reliable, simple, economical, highly 
sensitive, rapid and accurate method or technology is required for the 
early detection of ethanol. Conjugated polymers off er unique electronic 
properties owing to their good electrical conductivity, low energy optical 
transitions, low ionization potential and high electron affi  nity [82]. PANI 
shows unique electrical and electronic properties which could be easily 
changed either by the oxidation of PANI chain or by the protonation of 
imine nitrogen polymer backbone [83, 84]. S.S. Barkadea et al. prepared 
PANI/Ag nanocomposites electrode for analyzing ethanol vapor sens-
ing [85]. A. Choudhury et al. fabricated the modifi ed electrode of PANI 
thin fi lm and demonstrated the sensing properties of alcohol vapor [84]. 
Additionally, M.H.H. Jumali and co-workers studied the infl uence of 
PANI on ZnO thin fi lms for methanol sensing properties [86]. Ameen 
et al. [87] reported the sea-cucumber-like hollow PANI sphere through 
template free method, where the existence of the hydrogen bond between 
OH group of salicyclic acid and amine group of polymer chain was a 
driving force to form self-assembled hollow PANI spheres. Th e fabri-
cated ethanol chemical sensor based on sea-cucumber-like hollow PANI 
spheres electrode exhibited an ultrahigh sensitivity of ∼426.5 μA.cm–2.
mM–1 with a correlation coeffi  cient (R) of ∼0.90157. 
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Th e morphology of synthesized PANI nanostructures is studied by 
FESEM images, as shown in Figure 1.8. Th e synthesized PANI nanostruc-
tures possess sea-cucumber-like morphology with a hollow open mouth 
which is much similar to the real image of sea-cucumber (Holothuroids), as 
shown in inset of Figure 1.8(a). Th e average diameter of each sea- cucumber-
like hollow PANI sphere is in the range of ∼1–2 μm (Figure  1.8(b)). 
Noticeably, the shell of PANI sphere is of thickness ∼100–200 nm, consist-
ing uniformly distributed nanofi bers which assemble into the morphol-
ogy of sea- cucumber-like hollow PANI spheres. From Figure 1.8(c, d), the 
FESEM images of sea-cucumber-like hollow PANI sphere electrode (pel-
let) displays the highly compact and uniform morphology with few voids. 
Th e high magnifi cation image of the electrode depicts the non-damaging 
hollow PANI spheres, indicating the stability of sea-cucumber-like hollow 
PANI morphology. 

Figure 1.9 shows the TEM images of sea-cucumber-like hollow PANI 
spheres. Th e morphology of PANI nanostructures has not changed 
under the electron beam and exhibits the similar sea-cucumber-like 

2μm

30μm 3 μm

1μm

(d)

(b)

(c)

(a)

Sea-cucumbers (holothuroids)

Figure 1.8 FESEM images at low (a) and high resolution (b) of sea-cucumber-like 
hollow PANI spheres and surface morphology of sea-cucumber-like hollow PANI spheres 
electrode at (c) low and (d) high magnifi cation. Reprinted with permission from Ameen, 
RSC Adv. 3 (2013) 10460. @ 2013, RSC Pub.
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hollow spheres morphology, as shown in Figure 1.9(a). Th e single hollow 
sphere is of the average diameter of ∼1–2 μm and the shell of the hollow 
spheres is comprised of sea-cucumber-like nanostructures, as shown in 
Figure 1.9(b). Th e element mapping images of sea-cucumber-like hollow 
PANI spheres have been analyzed to elucidate the elemental compositions 
of the synthesized PANI nanostructures. Th e elements mapping images 
of sea-cucumber- like hollow PANI spheres for carbon (C), nitrogen (N), 
and sulfur (S) elements are shown in Figure 1.10. Th e sea-cucumber-like 
hollow PANI sphere exhibits the major distribution of C and N element 
which indicates that the synthesized PANI is composed of C and N atoms. 
However, some assays of S are also detected which might present due to 
the use of oxidant during polymerization. Th us, the majorly distributed 
C and N elements in the synthesized PANI confi rm the formation of sea-
cucumber-like hollow PANI spheres. 

Th e Raman scattering spectrum of sea-cucumber-like hollow PANI 
spheres is shown in Figure 1.11. Th e synthesized sea-cucumber-like hollow 

(a)

2 μm 1 μm

(b)

Figure 1.9 TEM images at low (a) and high resolution (b) of sea-cucumber-like hollow 
PANI spheres. Reprinted with permission from Ameen, RSC Adv. 3 (2013) 10460. @ 2013, 
RSC Pub.
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Figure 1.10 Elemental mapping images of (a) surface view, (b) mixed view, (c) C, (d) N, 
and (e) S elements of sea-cucumber-like hollow PANI spheres. Reprinted with permission 
from Ameen, RSC Adv. 3 (2013) 10460. @ 2013, RSC Pub.
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PANI spheres obtain the Raman bands at 1170, 1477, and 1597  cm−1, 
corresponding to the C–H bending vibration of semi quinonoid rings 
( cation-radical segments), N–H deformation vibration associated with 
the semiquinonoid structures and C=C stretching vibration in the qui-
nonoid ring, respectively [88, 89]. A Raman band at 1361 cm−1 provides 
the information of C–N+• vibration of delocalized polaronic structures 
in the synthesized sea-cucumber-like hollow PANI spheres [90]. Th ese 
structural characterizations reveal that the synthesized PANI nano-
structures possess the typical structure of PANI. Figure 1.11(b, c) shows 
the Raman mapping by selecting the two ranges of ∼1150–1175  cm–1 
and ∼1470–1500  cm–1. A Raman shift s at ∼1170 cm−1 in the range of 
∼1150–1175 cm–1 is assigned to the C–H bending vibration of the semi-
quinonoid rings (shown in Figure 1.11(a)), as expressed by the light blue 
color in the mapping image (Figure 1.11(b)). Th e Raman mapping image 
in the range of ∼1470–1500 cm–1 (Figure 1.11(c)) signifi cantly exhibits the 
N–H deformation vibration which is associated with the semiquinonoid 
structures in sea-cucumber-like hollow PANI spheres. Th e corresponding 
Raman mapping clearly indicates the composition of sea-cucumber-like 
hollow PANI spheres with uniform distribution of C–H bending vibration 
and N–H deformation vibration of semiquinonoid rings in sea-cucumber-
like hollow PANI spheres.

Figure 1.12 shows the CV analysis to investigate the electrocatalytic 
activity of sea-cucumber-like hollow PANI spheres electrode toward the 
detection of ethanol. Figure 1.12(a) shows the typical cyclic voltammo-
gram (CV) of sea-cucumber-like hollow PANI spheres electrode without 
and with ethanol in 0.1 M phosphate buff er solution (PBS, pH=7.0) at the 
scan rate of 100 mVs–1. Th e CV in 0.1 M PBS (pH=7.0) without ethanol 
exhibits very low redox current density in the range of –0.6 to 1.0 V. Th e 
introduction of ethanol in 0.1 M PBS (pH=7.0) increases the redox cur-
rent density. It is noticed that the oxidation peak of CV is prominent with 
maximum anodic current ∼5.56 × 10–4 A at 0.33 V, indicating the oxidation 
process of ethanol over the sea-cucumber-like hollow PANI spheres elec-
trode. However, the electrochemical response of ethanol is reversible and 
the cathodic peak (Ic) of ∼ –4.65 × 10–4 A at ∼ –0.04 V is observed. Th us, 
the unique morphology of sea-cucumber-like hollow PANI spheres signif-
icantly involves the high electron transfer process via high electrocatalytic 
activity of electrode which might effi  ciently detect ethanol. Figure 1.12(b) 
shows CV responses of sea-cucumber-like hollow PANI spheres electrode 
at various scan rates from 10–200 mVs−1 in 0.1 M PBS buff er solution with 
25  μM ethanol. Th e anodic current linearly increases with the increase 
of scan rates from 10–200 mVs–1 which suggests the oxidation process 
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through the controlled diff usion. In other words, the increased anodic cur-
rent at highest scan rate also suggests the favorable electro-oxidation of 
ethanol with the potential sweep. Moreover, the high anodic current is usu-
ally attributed to a faster electron transfer reaction in the electrochemical 
system by the high electrocatalytic behavior of the electrode [91]. Herein, 
the electrode based on unique sea-cucumber-like hollow PANI spheres 
might accomplish the faster electron transfer reaction and the electrocata-
lytic activity at high scan rate of 200 mVs−1. 

Th e electrochemical behavior of the modifi ed electrode based on sea-
cucumber-like hollow PANI spheres was further characterized by elec-
trochemical impedance (EIS). Figure 1.13 shows the EIS plots of the 
sea-cucumber-like hollow PANI spheres electrode in 0.1 M PBS (pH = 7.0) 
with the diff erent concentrations of ethanol (25 μM–10 mM) at a frequency 
range from 100 kHz–1 Hz. Figure 1.13(a–e) shows the EIS behavior, where 
the depressed semicircle in the high frequency region is observed which 
typically attributes to the parallel combination of the charge transfer 
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Figure 1.12 (a) Typical CV curve without and with ethanol (25 μM) in 10 ml of 0.1 M 
PBS solution and (b) CV sweep curves at diff erent scan rates of sea-cucumber-like hollow 
PANI spheres. Reprinted with permission from Ameen, RSC Adv. 3 (2013) 10460. @ 2013, 
RSC Pub.
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resistance (RCT) of the electrochemical reaction and the double layer capac-
itance (Cdl) at the interface of the PANI fi lm/electrolyte [92]. It is reported 
that signal response for sensing is determined by the values of RCT at the 
interfaces of the PANI electrode and diff erent concentrations of ethanol in 
PBS [93]. Th e sea-cucumber-like PANI hollow spheres electrode shows the 
signifi cant decrease in the RCT with the increased concentration of ethanol 
in PBS. Th e recorded RCT values are in the following order of ∼135.9 kΩ 
(25 μM) > ∼40.12 kΩ (50 μM) > ∼13.07 kΩ (75 μM) > ∼6.636 kΩ (0.1 mM) > 
∼0.667 kΩ (10 mM). In general, the higher RCT value results to the low 
charge transfer rate at the interface of PANI electrode/electrolyte in the 
electrochemical system [94]. Moreover, the RCT also depends on dielec-
tric and the insulating features at the electrode/electrolyte interface [95]. 
At higher ethanol concentration (10 mM), the sea-cucumber-like hollow 
PANI electrode displays the smallest RCT value of ∼0.667 kΩ, indicating 
the higher charge transfer rate and high sensing response toward ethanol 
chemical. In other words, the unique morphology of PANI and the con-
centration of ethanol signifi cantly favor the high ions transport or charge 
transfer at the electrode and the solution (ethanol in PBS) interfaces. 
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diff erent concentration of ethanol. Reprinted with permission from Ameen, RSC Adv. 3 
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Furthermore, the detailed sensing behavior of the fabricated ethanol 
sensor with sea-cucumber-like hollow PANI spheres electrode was further 
elucidated by measuring a series of current (I)–voltage (V) characteristics 
with various concentration of ethanol ranging from 25 μM–10 mM in 
0.1 M PBS. Th e current successively increased with the increase of ethanol 
concentration from 25 μM–10 mM in PBS, which might explain by the 
generation of large number of ions with the addition of diff erent ethanol 
concentration, resulting in the increased ionic strength of the solution. 
Th e calibration curve of current versus concentration showed the sensitiv-
ity of the fabricated ethanol sensor with sea-cucumber-like hollow PANI 
spheres electrode. Th e current increased with the increase of ethanol con-
centration up to ∼1 mM and then reaches a saturation level, which was 
consistent with CV and EIS results. Th e saturation point occured due to 
the unavailability of free active sites over the surface of sea-cucumber-like 
hollow PANI spheres electrode for the adsorption of ethanol chemical at 
the higher concentration (>1 mM). Using the calibration curve, the sensi-
tivity of ethanol was evaluated by taking the slope and divided by an active 
area of the electrode (0.5 cm2). Th e high and the reproducible sensitivity 
of ∼426.5 μA.mM–1.cm–2 with a correlation coeffi  cient (R) of ∼0.90157 was 
obtained by the sea-cucumber-like hollow PANI spheres electrode based 
chemical sensor toward the detection of ethanol. Th e fabricated ethanol 
chemical sensor showed the reasonable detection limit of ∼515.7 μM and a 
short response time (10 s). A good linearity in the range of 25 μM–0.1 mM 
was achieved with the sea-cucumber-like hollow PANI spheres electrode 
based ethanol chemical sensor. For stability and reproducibility or revers-
ibility, the fabricated ethanol chemical sensor was monitored by measuring 
the I–V characteristics for three consecutive weeks. No signifi cant fall was 
detected in the sensing parameters or properties, suggesting the long term 
stability or durability of the fabricated ethanol chemical sensor based on 
sea-cucumber-like hollow PANI spheres electrode. Th is remarkably high 
sensitivity might explain due to the unique hollow morphology of PANI 
nanostructures, good optical/electronic behaviors, strong electrocatalytic 
activity and strong adsorptive properties of electrode toward the ethanol 
chemical. Furthermore, the sensing response of sea-cucumber-like hol-
low PANI spheres electrode to ethanol chemical was determined by steady 
state current–time measurements. At fi rst, the electrochemical experiment 
was performed in PBS (10 ml) solution without ethanol to stabilize the 
background current. Th ereaft er, the ethanol solution (3 μM) was added 
successively drop by drop in 10 ml of PBS by the peristaltic pump aft er 
every 30 s. Th e steady state current–time responses of sea-cucumber-like 
hollow PANI spheres electrode to ethanol chemical showed that aft er every 
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addition of ethanol chemical into PBS in the amperometric measurements 
signifi cantly increases the current.

In order to check the selectivity of alcohols, a series of experiments 
have been performed using various alcohols such as methanol, propanol 
and butanol and the sensing parameters of each system were determined. 
Figure 1.14(a) shows the I–V characteristics of diff erent alcohol sensors 
at 25 μM in 10 ml PBS. Among diff erent alcohols, the ethanol chemical 
sensor exhibits the maximum current of ∼2.62 × 10–5 A, indicating the 
highest sensing response with sea-cucumber-like hollow PANI spheres 

Cu
rr

en
t (

A
)

Voltage (V)

Sensitivity (µA.mM-1cm-2)
Detection limit (µM)

500

400

300

Butanol

Propanol

Ethanol

Methanol

200
100

0

30

20

Methanol
Ethanol

Propanol
Butanol

(a)

(b)

10

0
0.0 0.5 1.0 1.5 2.0

Figure 1.14 (a) I–V characteristics of diff erent alcohols (methanol, ethanol, propanol, and 
butanol) sensors at 25 μM in 10 ml PBS and (b) histograms of sensitivity and detection limit 
versus diff erent alcohol sensors based on sea-cucumber-like hollow PANI spheres electrode. 
Reprinted with permission from Ameen, RSC Adv. 3 (2013) 10460. @ 2013, RSC Pub.
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electrode. Figure 1.14(b) represents the comparative studies of sensi-
tivities and the detection limit toward diff erent alcohols in PBS over 
the sea-cucumber-like hollow PANI spheres electrode. Th e order of sen-
sitivities of diff erent alcohols are as ethanol (∼426.5 μA.mM–1.cm–2) > 
propanol (∼335.5 μA.mM–1.cm–2) > butanol (∼331.6 μA.mM–1.cm–2) > 
methanol (∼246.2 μA.mM–1.cm–2) and the detection limits are in the 
order of ethanol (∼515.7  μM) > methanol (∼379.6 μM) > propanol 
(∼222.4 μM) > butanol (∼213.1 μM). On the other hand, the ethanol 
chemical sensing responses are also determined in diff erent buff er solu-
tions such as acetic acid and citric acid buff ers to elucidate the suitability 
of PBS. Th e ethanol chemical sensor in acetic acid and citric acid buff ers 
demonstrate the relatively low sensitivities of ∼299.8 and ∼349.0  μA.
mM–1.cm–2 whereas, the sensitivity of ∼426.5 μA.mM–1.cm–2 in PBS is 
highest toward ethanol chemical. Th is experiment clearly suggests that 
ethanol and phosphate buff er is highly suitable chemical and buff er to 
obtain the good sensing response of alcohols. Inclusively to check the 
selectivity other than aliphatic alcohols, the sensing performances of 
sea-cucumber-like hollow PANI spheres electrode toward amine (eth-
ylamine) and thiol (ethanethiol) chemicals have been evaluated. Th e 
ethylamine and ethanethiol chemical sensors show lower sensitivities of 
∼80.7 and ∼103.6 s μA.mM–1.cm–2 in phosphate buff er as compared to 
aliphatic alcohols chemical sensors. Th us, the sea-cucumber-like hollow 
PANI spheres electrode is a promising active electrocatalytic electrode 
for the eff ective detection of ethanol chemical. 

1.3.2  Th e Sensing Properties of Layered Polyaniline 
Nanosheets toward Hazardous Phenol Chemical

Phenol and phenolic compound are widely used chemicals in plastics, fer-
tilizers, paints, rubber, adhesives, paper, and soap industries [96]. It is also 
used as an antiseptic, a topical anesthetic for sore throat lozenges and sprays 
as a skin exfoliant [97]. Th e excess concentration of phenol and phenolic 
compounds is an issue of environmental concern due to their toxicity and 
persistence or high adsorptive nature in the environment [98]. Th e detec-
tion, identifi cation and the quantifi cation of phenol and its compounds are 
very important for clean environment. Various PANI nanostructures dis-
play the improved optical, structural, electronic and electrical properties 
which might act as useful candidate for the application in electrochemi-
cal, electrochromic, biosensors and chemical sensors devices [99, 100]. 
Recently, PANI nanomaterials have gained a great attention in the fi eld 
of sensors including gas sensor, biosensor and chemical sensors [101]. In 
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context of PANI based sensors, A.L. Kukla et al. prepared PANI thin fi lms 
for detecting ammonia [102]. Y. Bo et  al. explained the electrochemical 
DNA biosensor by PANI nanowires modifi ed graphene electrode [103]. 
Recently, P. Kunzo et al. fabricated the hydrogen sensor based on unique 
oxygen plasma treated PANI thin fi lm [104]. Till date, very few reports are 
available on phenol sensor using PANI nanomaterials. An amperometric 
phenol biosensor based on PANI electrode was studied in the aspects of 
optical and electrochemical properties [105]. J. Zhang et al. designed the 
composite electrode of PANI-ionic liquid-carbon nanofi ber for the fabri-
cation of highly sensitive amperometric biosensors toward phenols [106]. 
H.K. Seo et al. [107] synthesized the layered PANI nanosheets through the 
chemical polymerization and applied directly for the fabrication of phe-
nol chemical sensor. Th e fabricated phenol sensor based on layered PANI 
nanosheets exhibited a high sensitivity of ∼1485.3 μA.mM–1.cm–2 and very 
low detection limit of ∼4.43 μM with correlation coeffi  cient (R) of ∼0.9981 
and short response time (10 s). 

Figure 1.15 shows the topographic and three-dimensional (3D) AFM 
images of layered PANI nanosheets. Th e layered morphology of the syn-
thesized PANI is visibly recorded in the topographic mode, as shown in 
Figure 1.15(a). Th e 3D AFM image (Figure 1.15(b)) has confi rmed the 
same layered morphology, as detected in the topographic mode. Th e 
roughness of layered PANI nanosheets is estimated from AFM images 
by taking the value of the root mean roughness (Rrms). Th e layered PANI 
nanosheets exhibit relatively the high roughness of ∼52.3 nm. It is known 
that the electrode materials with large roughness factor display higher 
electrochemical behavior or the electrocatalytic activity [108]. Th e high 
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Figure 1.15 Topographic (a) and 3D (b) AFM images of layered PANI nanosheets. 
Reprinted with permission from Ameen, Talanta 104 (2013) 219. @ 2013, Elsevier Ltd.
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roughness of layered PANI nanosheets might improve the electrochemical 
behavior toward the detection of phenol.

Figure 1.16(a) shows the X-rays diff raction (XRD) patterns of layered 
PANI nanosheets. Typically, two diff raction peaks at 19.3° and 25.1° are 
recorded, corresponding to the periodicity parallel and perpendicular to 
the polymer chain, respectively. Th ese peaks are also assigned to emeral-
dine structure of PANI. Th e recorded XRD patterns are similar to PANI 
sheets or matrix [108]. Th e element composition of the layered PANI 
nanosheets is analyzed by taking the line scan element mapping through 
EDS. Figure  1.16(b, c) shows the line scan element mapping image and 
pie profi le of the elements. Th e C and N elements are majorly distrib-
uted in the line scan mapping however, the traces of Cl and S elements 
are also detected, as seen in the corresponding pie bar graph shown in 
Figure 1.16(c). Th e uniform distribution of C and N elements confi rm the 
formation of layered PANI nanosheets. 
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Figure 1.16 (a) XRD patterns, (b) line scanning elemental mapping image, and (c) the 
corresponding pie bar graph of layered PANI nanosheets. Reprinted with permission from 
Ameen, Talanta 104 (2013) 219. @ 2013, Elsevier Ltd.
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Th e electrocatalytic activity of layered PANI nanosheets electrode 
toward the detection of phenol was examined by the CV analysis. 
Figure  1.17 shows the typical CV of layered PANI nanosheets electrode 
without and with a series of phenol concentrations (20 μM–0.32 mM) in 
0.1 M phosphate buff er (pH = 7.0) at the scan rate of 100 mVs–1. Th e lay-
ered PANI nanosheets electrode shows the relatively low redox current in 
the absence of phenol, as shown in Figure 1.17(a). Importantly, the promi-
nent oxidation peak with the maximum anodic current of ∼1.1 × 10–4 A at 
∼0.37 V is obtained with the addition of lowest phenol concentration (20 
μM), indicating the signifi cant sensing response and high electrocatalytic 
activity over the surface of layered PANI nanosheets. Th e weak reduction 
peak with low cathodic current of –4.67 × 10–5 A is also observed in the CV 
curve. Th e electrochemical behavior with prominent oxidation peak along 
with weak reduction peak is quite similar to the reported literatures [109] 
and thus, the following reaction could be proposed for phenol 

OH e–,H+ O

A series of CV plots have been carried out with various phenol concen-
trations ranging from 20 μM–0.32 mM in 0.1 M PBS to further exam-
ine the electrochemical properties of layered PANI nanosheets electrode. 
Figure 1.17(b) shows the typical quasi-reversible redox peaks to the elec-
trochemical reaction of layered PANI nanosheets electrode toward the 
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phenol chemical in PBS. Th e oxidation peak gradually increases with the 
increase of phenol concentration from 20 μM–0.32 mM. It is reported 
that the high height of oxidation peak and the high anodic current are 
referred to the faster electron transfer reaction in the electrochemical 
system via high electrocatalytic behavior of the working electrode [110]. 
Th e highest anodic current is obtained at the highest concentration of 
phenol (0.32 mM), which is about 2 times larger than the lowest phenol 
concentration 20 μM. Th e considerable increased of the anodic current 
demonstrates that the electrochemical activity of layered PANI nanosheets 
electrode is remarkably promoted for the detection of phenol chemical and 
thus, confi rms the involvement of high electrons transfer process via high 
electrocatalytic activity of the electrode. 

Th e fabricated phenol chemical sensor is illustrated in Figure 1.18(a), 
which is comprised of layered PANI nanosheets electrode as working 
electrode and Pt wire as cathode electrode in PBS. Th e measurements of 
current (I)–voltage (V) characteristics (Figure 1.18(b)) are performed for 
evaluating the sensing properties such as sensitivity, detection limit and 
correlation coeffi  cient of layered PANI nanosheets electrode toward phe-
nol chemical. Aft er the addition of phenol (20 μM), the sudden increase in 
the current of ∼67.3 μA is observed by the fabricated phenol chemical sen-
sor however, a low current (∼11.1 μA) is recorded without phenol based 
chemical sensor. A series of the I–V characteristics have been established 
to elucidate the sensing parameters of the fabricated phenol chemical sen-
sor with layered PANI nanosheets electrode, as shown in Figure 1.18(b). It 
is seen that the current has continuously increased with the increase of the 
phenol concentrations (∼20 μM–0.32 mM), suggesting the good sensing 
response toward the phenol chemical by the layered PANI nanosheets elec-
trode based phenol chemical sensor. Th is phenomenon might originate by 
the generation of large number of ions and the increase of ionic strength 
of the solution with the addition of diff erent concentration of phenol. A 
calibration curve of current versus phenol concentration (Figure 1.18(c)) is 
plotted to calculate the sensitivity of the fabricated phenol chemical sensor. 
Th e calibrated current linearly increases up to the increase of the phenol 
concentrations ∼80 μM and then attains a saturation level in the calibrated 
plot. Th e occurrence of the saturation point might due to the unavailability 
of free active sites over the layered PANI nanosheets electrode for phe-
nol adsorption at higher concentration (>80 μM). Th e fabricated phenol 
chemical sensor with layered PANI nanosheets electrode achieves high, 
and the reproducible sensitivity of ∼1485.3 μA.mM–1.cm–2 and the detec-
tion limit of ∼4.43 μM with correlation coeffi  cient (R) of ∼0.9981 and short 
response time (10 s). A good linearity in the range of 20–80 μM is detected 
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by the fabricated phenol chemical sensor with layered PANI nanosheets 
electrode. However, the layered PANI nanosheets electrode shows less 
sensing response toward catechol chemical with the sensitivity of ∼41.4 
μA.mM–1.cm–2 and the detection limit of 19.4 μM. Th e sensitivity toward 
catechol chemical with layered PANI nanosheets electrode is comparable 
to other catechol  sensor [111]. For reproducibility and the stability of fab-
ricated phenol chemical sensor, the sensing response by the I–V charac-
teristics was measured for three consecutive weeks. It was found that the 
fabricated phenol chemical sensor did not show any signifi cant decrease in 
the sensing parameters or properties, which deduced the long term stabil-
ity of the fabricated phenol sensor based on layered PANI nanosheets elec-
trode. Herein, the achieved sensitivity, detection limit and the correlation 
coeffi  cient of the fabricated phenol chemical sensor are superior to those 
of reported literatures on phenol sensor with PANI electrodes [111–113]. 
Th us, the unique layered morphology of PANI nanosheets is promising 
and eff ective as working electrode for the detection of phenol chemical. 

1.3.3  Prospective Electrode of Polypyrrole Nanobelts 
for the Detection of Aliphatic Alcohols

Th e major environment pollutants like CO2, CO, SO2, and VOCs are usu-
ally produced by the consumption of commonly used chemicals such as 
ammonia (NH3), ethanol (C2H5OH), methanol (CH3OH), and other ali-
phatic alcohols [114]. Moreover, the excessive use of VOCs such as ali-
phatic alcohols and ketones are continuously polluting the environment 
and causes the health problems [115]. Methanol is highly used as automo-
tive fuel in motor vehicles and in making dyes and perfumes [116]. Th e 
surplus exposure of methanol to human could cause blindness, metabolic 
acidosis and might lead to death [117]. Conjugated polymers are known 
as p-type semiconductors with unique electronic properties due to their 
reasonable electrical conductivity, low energy optical transitions, low ion-
ization potential, and high electron affi  nity [118]. Th ese polymers could be 
easily synthesized through simple chemical or electrochemical processes 
and their conductivities could be altered by modifying the electronic 
structures through doping or de-doping procedures [119]. Th erefore, con-
ducting polymers could suitably work as an eff ective working electrode 
and might off er the fast response toward the detection of various harmful 
chemicals [120]. In general, the good selectivity, wide linear range, rapid 
response, portability, and the room temperature working abilities are the 
basic requirements for the effi  cient working of chemical sensors [121]. PPy, 
a conducting polymer, is much explored material because it shows high 
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electrical conductivity, high stability in air and aqueous media and thus, an 
extremely useful material for actuators, electric devices and for the effi  cient 
detection of the harmful chemicals [122, 123]. Few literatures are reported 
on the sensor performances of PPy nanostructure based electrodes for the 
detection of aliphatic alcohols S.J. Hong et al. studied nitro vinyl substi-
tuted PPy as a unique reaction-based chemosensor for cyanide anion [124]. 
C.W. Lin et al. prepared the composite electrode of PPy-poly vinyl alcohol 
(PVA) by electrochemical method for the detection of methanol and etha-
nol vapor [125, 126]. L. Jiang et al. prepared the composite fi lms of PPy-
PVA by in situ vapor state polymerization method and demonstrated the 
methanol sensing behavior based on the thickness of PPy-PVA fi lm elec-
trodes [127]. Recently, M. Babaei et al. determined the residual methanol 
content in the biodiesel samples by developing new PPy-ClO4 electrodes 
via electrodeposition on interdigital electrodes [128]. Th e roughness and 
morphology of the PPy greatly infl uence the responses for the detection of 
harmful chemicals [129]. In this context, the unique and eff ective work-
ing electrode based on PPy nanobelts has been utilized for the fabrication 
of highly sensitive and reproducible aliphatic alcohols chemical sensor by 
Ameen et al. [130]. Th e unique PPy nanobelts were simply synthesized by 
the in situ chemical polymerization of pyrrole monomer and were directly 
applied as working electrode for the effi  cient detection of aliphatic alcohols 
using simple current (I)–voltage (V) characteristics. 

Th e morphology of the synthesized PPy nanomaterials is analyzed by 
FESEM and TEM images, as shown in Figure 1.19. From FESEM images 
(Figure 1.19(a, b)), the synthesized PPy nanomaterials possess smooth and 
the uniform belt like morphology. Each PPy nanobelt presents the average 
thickness of ∼100 nm and width of ∼400 nm, as shown in Figure 1.19(b). 
Th e morphology of the synthesized PPy has been further characterized by 
the TEM analysis (Figure 1.19(c)). Similar morphology and the dimen-
sions are observed in TEM image, which is consistent with the FESEM 
results. Interestingly, the morphology of PPy nanobelts has not changed 
under high energy electron beam, indicating the stability of PPy nanobelts. 

Th e topographic and 3D AFM images of synthesized PPy nanobelts 
showed the nanobelts morphology was visibly seen in the AFM images. 
Th e synthesized PPy nanobelts showed the reasonable root mean rough-
ness (Rms) of ∼18.1 nm. In our case, the PPy nanobelts with reasonable Rms 
value might deliver the electrochemical behavior toward the detection of 
aliphatic alcohols.

Th e elemental compositions of the synthesized PPy nanobelts are 
estimated by the element line scan image through EDS, as depicted in 
Figure 1.20. Th e line scan image and pie profi le (Figure 1.20(a, b)) display 



38 Advanced Functional Materials

(a)

5 μm

1 μm

200 nm

(b)

(c)

Figure 1.19 FESEM images at low (a) and high (b) resolution and TEM image (c) of PPy 
nanobelts. Reprinted with permission from Ameen, Appl. Catal. B: Environ. 144 (2014) 
665. @ 2014, Elsevier Ltd.
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(b), and summary of elemental mapping of PPy nanobelts (c). Reprinted with permission 
from Ameen, Appl. Catal. B: Environ. 144 (2014) 665. @ 2014, Elsevier Ltd.
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that the synthesized PPy nanobelts are largely composed of carbon and 
nitrogen elements. Few traces of oxygen elements are also recorded which 
might due to surface moisture or atmospheric oxygen on the surface of 
nanobelts. Figure 1.20(c) summarizes the existing elements of PPy nano-
belts in weight percentage (wt%) and atomic percentage (at%). Th e syn-
thesized PPy nanobelts are consisted of uniformly distributed carbon and 
nitrogen with at% of ∼60.09 and ∼39.41, respectively. Th e detection of C, 
N and O elements confi rm the formation of synthesized PPy nanobelts.

Th e electrochemical impedance spectroscopy (EIS) measurements were 
performed for the fabricated aliphatic alcohols chemical sensors based on 
novel PPy nanobelts electrode to explain the electrocatalytic activity of the 
electrodes. Figure 1.21 shows the EIS plots of the fabricated aliphatic alco-
hols chemical sensors based on novel PPy nanobelts electrode using 0.1 M 
phosphate sulfate solution (PBS) with methanol, propanol and butanol at 
similar concentration of 20 μM. All EIS measurements are carried out at 
a frequency range from 100 kHz–1 Hz. From Figure 1.21, the fabricated 
aliphatic alcohols chemical sensor displays two semicircles, in which the 
large semicircle in the high frequency region is attributed to the parallel 
combination of the charge transfer resistance (RCT) of the electrochemical 
reaction and the double layer capacitance (Cdl) at the interface of the PPy 
electrode/PBS electrolyte [131]. RCT of sensor device defi nes the electron 
transfer kinetics of the redox probe at the electrode interface [131]. In gen-
eral, the signal response for sensing device is determined by the values of 
RCT at the interfaces of the PPy electrode and diff erent concentrations of 
alcohol in PBS [132]. Herein, all electrochemical alcohol chemical sensors 
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Figure 1.21 EIS plots of fabricated diff erent aliphatic alcohol sensors based on PPy 
nanobelts electrode. Reprinted with permission from Ameen, Appl. Catal. B: Environ. 144 
(2014) 665. @ 2014, Elsevier Ltd.
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present similar nature of EIS plots in 10 ml of PBS (0.1 M) with diff erent 
alcohols at the same concentration of 20 μM. A relatively low RCT value 
(∼353 Ω) is obtained by the fabricated methanol chemical sensor based 
on PPy nanobelts electrode, however, the propanol and butanol chemi-
cal sensors show the high RCT values of ∼507 and ∼597 Ω, respectively. 
Generally, the low charge transfer rate at the interface of electrode/electro-
lyte in the electrochemical system is originated from high RCT value [133]. 
Th is result suggests that the fabricated methanol chemical sensor based on 
PPy nanobelts electrode presents the better charge transfer rate and the 
electrocatalytic activity toward the methanol chemical, resulting to the 
high sensing response on the surface of PPy nanobelts electrode. Whereas, 
other aliphatic alcohols based chemical sensors are quite inferior to metha-
nol chemical sensor. 

Th e detailed sensing properties including the detection limit, linearity, 
correlation coeffi  cient and sensitivity were extensively evaluated by the 
two electrodes I–V characteristics measurements where PPy nanobelts 
electrodes was used as working electrode while the Pt wire was applied 
as cathode. All I–V characteristics were measured with the applied volt-
age ranging from 0–2.5 V. Th e typical fabricated alcohol chemical sensor 
depicted the aliphatic alcohol sensing mechanism over the surface of PPy 
nanobelts. Th e fabricated aliphatic alcohol chemical sensor was performed 
in PBS with and without alcohols and the sensing behavior was simply 
explained by the I–V characteristics. It was noticed that the drastic increase 
in current was observed aft er the addition of aliphatic alcohols (20 μM) in 
all the fabricated chemical sensors as compared to chemical sensor with-
out alcohol. Th e addition of methanol chemical (20 μM) in PBS displayed 
the highest current of ∼60.4 μA while the lower currents of ∼58.7 and 
∼55.4 μA were obtained with the addition of propanol and butanol chemi-
cals in PBS, respectively. Th is gradual increase in the current indicated the 
rapid sensing response of PPy nanobelts electrode toward the detection 
of methanol, propanol and butanol chemicals, which might result from 
the better electrocatalytic or electrochemical behavior and the fast electron 
exchange of PPy nanobelts electrode. Th e I–V responses of PPy nanobelts 
electrode with various concentration of aliphatic alcohols ranging from 20 
μM–1 mM in 10 ml of 0.1 M PBS were measured to investigate the detailed 
sensing behavior of PPy nanobelt electrode. Th e I–V characteristics of the 
fabricated methanol chemical sensor with various concentrations of meth-
anol chemical (20 μM–1 mM) in 0.1 M PBS solution of pH 7. When PPy 
nanobelts based electrode was exposed to methanol, the current drastically 
increased with the increase of the methanol concentrations, exhibited the 
good sensing response to methanol chemical. Th e typical calibration curve 
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showed that the fabricated methanol chemical sensor based on PPy nano-
belts electrode is reproducible, reliable and exhibits the highest sensitivity 
of ∼205.64 μA.mM–1.cm–2 with the linearity of 20 μM–0.16 mM, detection 
limit of ∼6.92 μM and correlation coeffi  cient (R) of ∼0.98271. However, the 
fabricated propanol and butanol chemical sensors based on PPy nanobelts 
electrode showed the low sensitivities of ∼190.76 and ∼146.34 μA.mM–1.
cm–2 and moderate detection limits of ∼13.7 and ∼12.06 μM, respectively. 
All aliphatic alcohol sensors displayed the same response time of 10 s. As 
compared to other aliphatic alcohols, the highest current response and 
sensitivity were observed for methanol chemical sensing which might sug-
gest the high electron mobility and electrochemical activity over the sur-
face of PPy nanobelts electrode, as described in EIS results. 

Figure 1.22 depicts the schematic illustration of the proposed mecha-
nism of aliphatic alcohol chemical sensors over the surface of PPy nano-
belts electrode. Th e detection of aliphatic alcohol chemicals in liquid phase 
is generally obtained by the adsorption of oxygenated species in PBS to 
the surface of PPy nanobelts electrode. Th ese adsorbed oxygenated spe-
cies change the concentration of oxygen species due to surface reactions 
and thus, develops a potential barrier and enhances the resistance of the 
material [134]. Further, the chemisorbed oxygen reacts with alcohols over 
the PPy nanobelts electrode and forms a weak hydrogen bonding, which 
is due to the generation of an ion-dipole between –HN+• of PPy and neu-
tral molecule (alcohols) [135]. A hydroxyl terminated PPy is generated 
by the substitution of adsorbed alcohol on PPy nanobelts electrode [136]. 
Th us, the terminated hydroxyl might have electrons from the surface of 
PPy nanobelts to produce the highly reactive oxygenated species, result-
ing in the decrease of conductance. Th e releasing of electrons (ē) might 
signifi cantly dissociate the adsorbed alcohols into CO2 and H2O by the 
electrocatalytic behavior of PPy nanobelts electrode. Th ese electrons are 
back to the surfaces of PPy nanobelts and again increase the conductance 
of electrode. Herein, the diff erences in the sensing response of PPy nano-
belts based electrode for diff erent aliphatic alcohols could attribute to the 
variations in the concentration of adsorbed oxygen species which might 
considerably aff ect their sensing reaction and conductance of PPy nano-
belts electrode. Additionally, the interference study has been performed 
to understand the high sensing response of methanol chemical through 
the fabricated chemical sensor based on PPy nanobelt electrode, as shown 
in Figure 1.22(c). Th e methanol, propanol and butanol are consecutively 
added into PBS to evaluate the sensing response. From the amperometric 
results (Figure  1.22(c)), a rapid response current is seen aft er the addi-
tion of methanol while propanol and butanol have shown weak response 
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current. Th is phenomenon clearly indicates that the fabricated chemical 
sensor based PPy nanobelt electrode is sensitive to methanol chemical as 
compared to other aliphatic alcohols.

Figure 1.23(A) shows the FTIR spectra of PPy nanobelts electrode 
before and aft er the sensing measurements. Before the sensing measure-
ments, the main IR peaks at ∼1560 and ∼1480 cm–1 are observed for PPy 
nanobelts electrode corresponding to C=C antisymmetric and symmet-
ric stretching vibration in PPy ring, respectively [137]. Another main IR 
peak at ∼3206 cm–1 presents the N–H stretching in the PPy ring. Aft er the 
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sensing measurements, PPy nanobelts electrode shows almost similar IR 
spectrum with the peaks of high intensities, indicating that no structural 
changes have occurred aft er the sensing measurements. Th e increase in IR 
peak’s intensity might attribute to the partial interaction between the OH 
group of alcohols and NH group of PPy nanobelts electrode. Noticeably, no 
eff ects or damages have been observed in the structural properties of PPy 
nanobelts aft er the sensing measurements in PBS electrolyte with various 
concentrations of aliphatic alcohols. Th erefore, the prepared PPy nano-
belts electrode is highly stable in aqueous medium and could be reused 
for other sensing measurements. Th e 1H-NMR spectra of PPy nanobelts 
electrode before and aft er the sensing measurements in DMSO solvent is 
shown in Figure 1.23(B). Th e 1H-NMR spectra of PPy nanobelt displays 
the peaks (a, b, c) in the range of 7.0–8.5 ppm, which are assigned to proton 
of NH group and the aromatic protons on pyrrole ring. Aft er the sens-
ing measurements, two NMR peaks are seen at 5.0–4.5 ppm, indicating 
the interaction of aliphatic alcohols on PPy nanobelts surface. Th e NMR 
peaks at 5.0–4.5 ppm correspond to the protons of carbon, attached with 
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Figure 1.23 (A) FTIR and (B) 1H-NMR spectra of PPy nanobelts electrode before (a) and 
aft er (b) the sensing measurements. Reprinted with permission from Ameen, Appl. Catal. 
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OH group (alcoholic group). Th e existence of these peaks might suggest 
that the aliphatic alcohol fi rst interact with the surface of PPy nanobelts 
through NH group during the sensing measurement, which is proposed in 
the illustrated mechanism. Th is result is fully consistent with FTIR results 
of PPy nanobelts electrode. Th e superior sensitivity and other sensing 
parameters of PPy nanobelt electrode toward aliphatic alcohol chemical 
might impute to the excellent adsorption ability and high electrocatalytic/
electrochemical activities of PPy nanobelts. Th erefore, PPy nanobelts are 
the excellent and novel working electrode materials for the fabrication of 
aliphatic alcohol chemical sensors.

1.4  Semiconducting Nanocomposites 
for Chemoresistors

1.4.1  Hydrazine Chemical Sensing by Modifi ed Electrode 
of Polyaniline/Graphene Nanocomposite Th in Film

Hydrazine and its derivatives are commonly known fuels in explosives, 
antioxidants, rocket propellants, blowing agents, photographic chemi-
cal, corrosion inhibitor, insecticides, and plant growth regulators [138]. 
In spites of these, it is commonly known as a neurotoxin, carcinogenic, 
mutagenic and hepatotoxic [139]. Th e exposure of high level of hydra-
zine causes the irritation of eyes, nose, throat, temporary blindness, dizzi-
ness, nausea, pulmonary edema and coma, which might lethal to the liver, 
kidneys, and central nervous system in humans [140]. Th e fl at carbon 
nanosheets of sp2-bonded carbon atoms called graphene (Gr), has recently 
attracted viable attention due to its high electrical conductivity [141], large 
specifi c surface area (theoretically 2630 m2/g) [142], low manufacturing 
cost and good mechanical properties [143]. Gr composites with metal 
oxide and organic semiconductors show the fascinating applications in 
electrochemical sensors and biosensors [144, 145]. Th e Gr composites are 
usually produced by incorporating Gr into other materials which could 
enhance the electrochemical properties by the synergic eff ects. PANI is 
known organic semiconductor or conducting polymer and is promising 
host material for various inorganic semiconductors and carbon materials 
because of relatively high conductivity, excellent chemical and the elec-
trochemical stability [146, 147]. Recently, the composites of PANI and 
Gr exhibit tremendous applicability in many electronic, optical, electro-
chemical and biosensors [148, 149]. Th e PANI/Gr composites display 
signifi cant electrical conductivity and electrochemical properties toward 
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various electrochemical, electrochromic and biosensing devices [150]. 
Although, PANI/Gr composites have been explored for several promising 
applications but still, the studies based on chemical sensor using PANI/
Gr composites are limited. Recently, L.A. Mashat et al. demonstrated the 
hydrogen sensing properties of PANI/Gr composites [151]. Y. Bo group 
reported the electrochemical DNA biosensor by PANI nanowires modi-
fi ed Gr electrode [152]. Th e voltammetric determination of 4-aminophe-
nol by the PANI/Gr composite modifi ed electrode was studied by Y. Fan 
et al. [153]. Th e in situ electrochemical synthesis of aniline monomer with 
Gr to prepare PANI/Gr composite thin fi lm electrode for the detection of 
hydrazine was reported by Ameen et al. [154]. Th e fabricated hydrazine 
sensor showed very high sensitivity of ∼32.54 × 10–5 A.cm–2 mM–1 and high 
detection limit ∼15.38 mM. Th e in situ electrochemical synthesis of PANI/
Gr composites modifi ed electrode was eff ective for the rapid detection of 
hydrazine through simple current (I)-voltage (V) characteristics.

Figure 1.24 shows the FESEM and TEM images of Gr and PANI/Gr 
composite. Th e surface of Gr thin fi lm (Figure 1.24(a)) exhibits layered 
morphology like the crumpled waves with the average thickness of several 
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Figure 1.24 FESEM images of (a) Gr and (b) PANI/Gr composites. TEM images of (c) Gr 
and (d) PANI/Gr composites. Reprinted with permission from Ameen, Sens. Act. B 173 
(2012) 177. © 2012, Elsevier Ltd.
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hundred nanometers. Th e in situ electrochemically deposited PANI/Gr 
composites fi lm (Figure 1.24(b)) manifests the mixed morphology of the 
layered Gr covered by PANI molecules obtained by the polymerization of 
aniline monomer in HCl. It is seen that during the polymerization of ani-
line in electrochemical process, PANI molecules have uniformly covered 
the Gr sheets. Similarly, the TEM images present the transparent layered 
sheet morphology of Gr which is stable under the electron beam, as shown 
in Figure 1.24(c). On the other hand, the transparent morphology along 
with aggregated clusters is observed in PANI/Gr composite, shown in 
Figure 1.24(d). Th e transparent edges and black parts are ascribed to Gr 
sheet and PANI in PANI/Gr composites, respectively. 

Figure 1.25(a) shows the FTIR spectra of Gr and PANI/Gr composites. 
Typically, Gr sheets obtain the IR bands at ∼1716, ∼1596, ∼1211 cm–1/1046 
cm–1 which are ascribed to the characteristics of C=O, C=C, and C–O in 
C–O–C/C–O–H groups, respectively [155]. Th e IR bands at ∼1592, ∼1501, 
∼1304, ∼1231, and 1147 cm–1 are recorded in the FTIR spectrum of PANI/
Gr composites and these peaks are slightly shift ed from the pristine PANI 
(not shown here) [151]. Particularly, the shift ing in the IR band at ∼1592 
cm–1 indicates the interaction between Gr and PANI through π–π* interac-
tions by partial hydrogen bonding. Th us, it could be deduced that PANI/
Gr composites possess the partial hydrogen bonding between O=C–O– of 
Gr and PANI backbone during the in situ electrochemical polymerization. 
Th e UV–vis spectrum of Gr sheets and PANI/Gr composites, as shown in 
Figure 1.25(b) displays the optical properties and the interaction between 
Gr and PANI. A single absorbance peak at ∼271 nm in Gr sheet is observed 
which attributes to π–π* transitions of the C–C bonds in hexagonal ring 
[156]. Th e PANI/Gr composites exhibit three absorbance bands at ∼278, 
∼324, and ∼641 nm, corresponding to the characteristics bands of Gr 
sheet and PANI and the two absorption bands at ∼324 and ∼641 nm in the 
PANI/Gr composite are assigned to π–π* and n–π* transitions of PANI, 
respectively [157]. Importantly, a slight shift  to higher absorption edge has 
been observed in the Gr absorption band in PANI/Gr composites which 
might indicate the π–π* interaction between PANI and Gr in the PANI/Gr 
composites [158]. Th is result is fully consistent with FTIR results.

Th e sensing mechanism of hydrazine is generally explained by the con-
centration of electrolyte solution and the nature of the electrodes. It could 
be demonstrated by determining of intermediate in the oxidation process 
[159]. Th e CV was carried out for the PANI/Gr modifi ed electrode with-
out and with 0.1 μM hydrazine in 0.1 M PBS (pH = 7) at the scan rate 
of 100 mV/s to defi ne the oxidation process. It is reported that the elec-
trolyte solution with pH 7 shows the improved electrocatalytic oxidation 
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of hydrazine [160]. From CV with hydrazine using the PANI/Gr modi-
fi ed electrode, the oxidation process started from –0.25 V and reached the 
maximum anodic current of 6.2 μA at 0.35 V. No cathodic current was dis-
played which indicated the irreversible electrochemical response toward 
hydrazine. Th e PANI/Gr modifi ed electrode with hydrazine exhibited 
the higher current than that of without hydrazine system, indicated the 
eff ective oxidative detection of hydrazine. Th e calibration curve of current 
versus concentration elucidated the sensitivity of the fabricated hydrazine 
sensor. From this calibration plot, it was seen that the current increased 
with the increase of the concentrations up to 0.1 mM and aft erwards, a 
saturation level was reached, which might due to the unavailability of free 
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active sites over PANI/Gr composite modifi ed electrode for hydrazine 
adsorption at the higher concentration of hydrazine (>0.1 mM) [161]. 
In general, the sensitivity of hydrazine was calculated from the slope of 
calibration plot and divided by active area of electrode (0.25 cm2). Th e 
fabricated PANI/Gr composite based hydrazine chemical sensor showed 
reasonably high and reproducible sensitivity of ∼32.54 × 10–5 A.cm–2.
mM–1 in the linear dynamic range of 0.01 μM to 0.1 mM. Moreover, a 
good linearity of ∼0.78578 and the detection limit of ∼15.38 mM with a 
short response time (10 s) were estimated from the I–V characteristics of 
hydrazine chemical sensor. To elucidate the stability of hydrazine chemical 
sensor, the I–V characteristics were measured for three consecutive weeks 
and no signifi cant decrease was observed in the I–V properties of the fab-
ricated PANI/Gr composite based hydrazine chemical sensor, indicated 
the fabricated hydrazine sensor shows long term stability. Interestingly, the 
sensitivity value and other parameters from I–V characteristics of the fab-
ricated PANI/Gr composite based hydrazine chemical sensor are superior 
to other reported hydrazine chemical sensor [162–165]. Th e enhancement 
of sensing properties might due to the attractive features of Gr sheet and 
PANI layer containing subtle electronic behaviors and strong adsorptive 
capability [166, 167]. Additionally, some electrostatic interaction between 
Gr and hydrazine might occur through positively charged nitrogen atoms 
of hydrazine which results to increase the sensing properties.

1.5 Conclusions and Outlook

In summary, this chapter provides a comprehensive review on the morpho-
logical, structural, crystalline, optical, electrical and electrochemical prop-
erties of semiconducting metal oxides particularly TiO2, ZnO, conducting 
polymers, and nanocomposites for the utilization of fabricating eff ective 
chemiresistors. Th e synthesis procedures and compositions of nanoma-
terials and nanocomposites considerably aff ect the optical, electrical, and 
electrochemical properties of the fabricated thin fi lm electrode. Th e metal 
oxides semiconducting nanomaterial with diff erent morphologies and sizes 
show the enhanced surface-to-volume ratio for effi  cient detection of harm-
ful chemicals. Th e tailoring of multidimensional nanostructures to 1D is 
playing a signifi cant role for determining the physiological and electrical 
properties. Particularly, 1D metal oxides nanomaterials are promising and 
eff ective for detecting various toxic chemicals through chemiresistors. Th e 
preparation and modifi cations of the working electrodes with diff erent 
inorganic and organic nanomaterials could be promising electrodes for 
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the reliable and eff ective detection of harmful chemicals by electrochemi-
cal tools. On the other hand, a unique organic p-type semiconducting 
polymer like, PANI and PPy are highly stable polymer with good electrical 
conduction, high environmental stability, and ease of fabrication and thus, 
highly promising for detecting the toxic chemicals. Needless to say, due to 
the tremendous research eff orts and the space limitations, this chapter is 
unable to cover all the exciting works reported in this fi eld. Future research 
would be focused on the preparation of nanomaterials by exploring new 
and advanced techniques to achieve the highly advanced and sensitive 
materials for working electrodes. Th e optimization of working electrode in 
terms of thickness and electrical conductivity of metal oxide, conducting 
polymers, and nanocomposites could also provide the high performance 
of chemiresistors and biosensors.
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Abstract
Nanocasting is a powerful methodology for creating ordered mesoporous materi-
als that are more diffi  cult to synthesize by conventional processes. Synthesis starts 
with fabrication of inorganic/carbon precursors inside the nanospaces of a meso-
porous hard template, which is used as a true mold to produce the mesoporous 
materials with controllable pore size, morphology of the network. Aft er fabrica-
tion inside the nanospaces, the template framework is selectively removed and 
the mesoporous ordered inorganic/organic material is obtained. In this chapter, a 
comprehensive literature survey for fabrication of mesoporous materials via mes-
oporous hard template, e.g., SBA-15, KIT-6, and mesoporous carbon, is presented. 
First two sections are limited to the basic understanding of nanocasting method-
ology. Th e later three sections comprise a review of works based on mesoporous 
silica/carbon template, which has been nurturing till date. A wide range of studies 
for synthesis of several inorganic compounds range from metal oxides, metal sul-
fi des, metal carbide phosphate, and ceramics is covered.

Keywords: Nanomaterials, functional metal oxides, mesoporous, nanocasting. 

2.1 Introduction to Nanocasting

Th e fabrication of porous materials, especially the creation of mesoporous 
materials, has been extensively investigated over the last few years. Th e 
worldwide large interest in mesoporous materials is due to its accessibility 
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to extremely complex structures , [1] strong curvatures in solid state chem-
istry, interesting mass transport facilities, [2] confi nement eff ect [3–5] and 
error tolerant (tend to reorganize spontaneously) capacity. Mesoporous 
materials are widely achieved by two processes namely soft  templating 
and hard templating. Soft -templating is a surfactant based methodology 
where variety of organic surfactant forms mold and around which the 
inorganic/organic frameworks are weaved. Finally removal of these sur-
factant results in a cavity which retains the same morphology and struc-
ture of the organic surfactant. In soft -templating processes, the sol-gel 
[3, 4] and evaporation induced self-assembly (EISA) processes [8–11] are 
typically involved in the synthesis of ordered mesoporous materials. In 
sol gel process, the assembly of surfactant and inorganic/organic widely 
depends on matching of charge density between them at interface [5, 6]. 
In basic medium, assembly of inorganic/organic anions (I–) would match 
with surfactant cations (S+) through coulomb forces (S+I–) whereas in acid 
medium, assembly of inorganic/organic cations would match with sur-
factant anions through coulomb force (S–I+). If both surfactant and inor-
ganic/organic have same type of charge then a bridging counter ions is 
required to balance the coulombic interaction as (S–X+I–) or (S+X–I+). In 
strong acid medium, the interaction initiates through coulomb forces as 
S+X–I+ that gradually transforms to the (IX) – S+ interaction. In EISA pro-
cesses, a volatile solution of inorganic/organic precursor and surfactant is 
allowed to form surfactant–inorganic/organic interface. As well as solvent 
evaporates, precursors hydrolyze and cross-link to each other and high-
content surfactants form liquid-crystal phases. In this way, inorganic/
organic materials accumulate around the voids of liquid-crystalline phase 
and so a mesostructured hybrid is formed. Finally, ordered mesophases 
are solidifi ed to form a rigid inorganic framework. Aft erwards, the surfac-
tants can be removed by calcinations and in this way high ordered meso-
porous solids are synthesized. Th e mesoporous structure that coming out 
from soft -templating is generally diffi  cult to predict because self-assembly 
and solvent induced assembly depends upon many parameter like tem-
perature, solvent, concentration, hydrophobic/hydrophilic properties, 
interface interaction and ionic strength. 

Another process named “hard templating” seems to be one of the most 
promising synthetic pathways to create porous materials, especially if 
materials with ordered porosity are the goal. Hard templates are molds in 
which ordered hollow cavity (pores) can be fi lled by precursors solution 
and allowed these to polymerize inside, i.e., MCM-41, SBA-15, KIT-6, etc. 
Aft er digesting the hard template, ordered porous material having one-to-
one replica can be created. In case of microporous materials, it is not easy 
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to achieve a one-to-one replica due to the lack of understanding for the 
template function in micropores. In case of ordered mesoporous, the syn-
thesis indeed corresponds to a direct templating mechanism, where a rela-
tively precise replica of the template is created. Th is replication process can 
be so perfect that one is tempted to use the term “nanocasting or casting 
process on the nanometer scale” to describe this process. It implies that the 
template is actually used as a true mold to produce the mesoporous mate-
rials with controllable pore size, morphology, distribution, properties and 
composition of the network. Th e application of the nanocasting technique 
to the fabrication of inorganic/carbon compounds implies that the fabrica-
tion of these products take place in the nanospaces of mesoporous hard 
template. Aft er the synthesis of the material, the template framework is 
selectively removed and the inorganic/organic ordered mesoporous prod-
uct is obtained. Due to the fact that the synthesis takes place in a confi ned 
nanospace, the sintering of the particles is restricted and the preparation of 
high surface area nanostructures or nanoparticles is achieved. Moreover, 
this synthetic strategy clearly suggests that the structure of the synthe-
sized compounds can be tailored depending on the pore characteristics of 
the selected template. Mesoporous structures that coming out from hard 
template where fi xed nanoscale pore architectures can be easily predicted. 
Th e pore walls of the replicas coming from hard templates can range from 
amorphous (such as carbon), to semi-crystalline (such as TiC) as well as 
single-crystalline (in most cases) whereas it is mostly amorphous in case 
of soft  templating.

2.2 Steps of Nanocasting

Basically, the nanocasting route comprises in three steps: (i) Infi ltration 
or introduction of precursor, (ii) Th e casting step or heat treatment under 
a controlled atmosphere of the impregnated template to convert the infi l-
trated precursor into the inorganic material, and (iii) Template removal by 
dissolution (i.e., silica) or by oxidation at high temperatures (i.e., carbon). 
A generalized scheme of nanocasting for getting mesoporous structures is 
summarized in Figure 2.1.

2.2.1 Infi ltration
During nanocasting infi ltration step is governed by four sub-steps, named 
(1) Selection of precursors, (2) Selection of solvent, (3) Selection of tem-
plate, and (4) Infi ltration of precursor solution/gas into the pores of 
template.
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2.2.1.1 Selection of Precursors
Selection of metal precursor has of prime importance in nanocast mesopo-
rous metal oxide preparation. Th e weak acid salts like acetate, citrates and 
oxalates have low volume yield as well as high coordination ability which 
inhibit transportation of metal ion. Metal precursor should have high vol-
ume yield as heteropoly acid (e.g., phosphotungstic acid or phosphomo-
lybdic acid) has 90% volume yield. But unfortunately apart from tungsten 
and molybdenum, this kind of heteropolyacid is rare. Nitrate metal pre-
cursors are easily decomposable and have highest mesoscopic regularity. 
In spite of its low volume yield, these salts are mostly reported due to low 
formation energy and fast transportation of ion inside the pore of template, 
e.g., Co3O4 [7].

Th e metal  precursors; which have lower melting point than its decom-
position temperature, can be directly grinded with template and further 
left  for heating treatment. With rise in temperature above melting point, 
metal precursor melts and then impregnates into the mesochannels of the 
silica template through capillary force [15–17]. As for example to prepare 
nanocasted mesoporous NiO, Ni(NO3)2.6H2O metal precursor is taken 
which have melting point (56.7°C) that is much lower than its decomposi-
tion temperature (>110°C). At a temperature higher than 57°C, the liquid 
Ni (NO3)2.6H2O easily moves into the mesopores channels of silica [15, 8]. 

Th is m e thod  is known as solid–liquid method. Metal precursor which have 
higher melting point should impregnate with solvent assistant.

Some group select low cost metal chloride precursor for infi ltration 
into the mesopores channel. In this particular case, ammonia exposure 
is required before calcinations for conversion of metal chloride to metal 
hydroxide [9, 10]. A solution  of cupper nitrate infi ltration into the meso-
channels generally results into poor solution infi ltration. So, again here 
ammonia exposure is required to make a good infi ltration into mesochan-
nels [11]. 

2.2.1.2 Sel ection of Solvent
Apart from above discussed, solvent cooperation with metal precursor is 
required for improving pore occlusion. Th e volatile solvent should have 
high dissolving activity, low coordination ability and weak interaction 
with silica surface (hydrogen bonding interaction). Th e highly soluble 
precursor (in suitable solvent) is allowed to impregnate into mesopores 
channels upon solvent evaporation. Enhanced fi lling effi  ciency of precur-
sor in the template can be done by “two-solvent” nanocasting method in 
which metal precursor dissolved in water is allowed to impregnate into 
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mesopores of n-hexane mixed silica template. Amine or vinyl group 
functionalized silica surfaces (template) have positive charge that can 
induce electrostatic interaction with negative charged precursor ions and 
facilitate mass transportation of precursors into mesopores of template 
[22–24]. Generally, microwave digestion of silica template in presence of 
nitric acid and hydrogen peroxide is carried out to complete removal of 
organic surfactant. At the same time, interaction is played between abun-
dant silanols inside the mesopore channels and metal precursors resulting 
better pore occupation [12, 13].

2.2.1.3 Sel ection of Template
Th e mesopore system of the hard template has a significant infl uence on 
the size and structure of resultant cast replicas. Th e pore connectivity of the 
hard template aff ects the mesoporous replica structures directly. Th e fi rst 
ordered mesoporous silica MCM-41 contains hexagonal ordered cylindri-
cal pores (space group p6mm) [14, 15] having no connecting channels in 
between the pores that results into disordered nanorods were obtained 
aft er the template removal. Interestingly, interconnected pore system of 
SBA-15 generate p6mm replica aft er the template removal as indicated in 
Figure 2.2 [16].

SBA-16 and FDU-12 have caged pores structures. Th e caged mesopo-
rous silica templates have perfect spherical pore structure; the resulting 

(B)

(A)

MCM-41

SBA-15

After template removal

After template removal

Nanorods

An array of nanorods connected by
some small, randomly locateed bridges

Figure 2.2  Sche matic illustration of formation of (A) disordered structure using 
MCM-41 having disconnected pores system and (B) ordered structures using SBA-15 
having an interconnected pore system [29].
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replicas can be dispersed as spherical nanoparticles. A disk-shaped 2D 
hexagonal mesoporous silica known as INC-2 [17] was used as template to 
get mesoporous disk shaped replica recently.

Th e structure of the mesopores in KIT-6, similar to MCM-48, [18] is 
body-centered cubic (space group Iaз id). Additionally, it consists of a pair 
of interpenetrating bicontinuous pores. Using KIT-6 as a template, the 
morphology of a proposed porous oxide is exact replica if the crystals of 
oxide can extend from one pore to another. Otherwise, only one of the 
pores would be replicated. Th e SBA-16 material has a body-centered cubic 
structure (space group Imз im) and FDU-12 is face-centered cubic (space 
group Fmз im). Unlike SBA-15 and KIT-6 in which the basic building unit 
of pores is cylindrical, both FDU-12 and SBA-16 consist of spherical nano-
cavities linked together by very short nanochannels or windows [32–34]. 
When porous crystals of oxides are made using FDU-12 and SBA-16 as 
templates, we expect that the fi nal products have nanospheres connected 
by short nanorods having exact replica of their parent template. Th e 
Schematic illustration of formation of diff erent ordered structure using 
diff erent mesoporous template is summarized in Figure 2.3. 

2.2.1.4  Infi ltration of Precursor Solution/Gas into 
the Pores of Template

Impregnation, chemical vapor deposition (CVD), chemical vapor infi l-
tration, and electrochemical deposition methods are generally used to 
infi ltrate the precursor into the mesopores of hard template. In all these, 
impregnation is most popular way of infi ltration. Five methods of impreg-
nation have been developed called solid–liquid method, one-step nano-
casting method, evaporation method, dual-solvent method and surface 
modifi cation method. 

In solid–liquid method, a metal-containing precursor is grinded with 
a mesoporous silica template, and is expected to move into the pores of 
silica aft er melting. In one-step nanocasting method, [19] the pr ecursor 
nitrate is directly added into the synthetic system of mesoporous silica, 
forming highly ordered single crystals during a thermal treatment, and 
the organic surfactant is removed simultaneously. Th e advantage of this 
method is solvent-free and simplicity. Its limitation, on the other hand, is 
that the precursor must have a melting point lower than the decomposition 
temperature [18]. Th e evaporation method is simple and has been used 
by several groups [14, 25]. Th  e mesoporous silica template is mixed with 
a selected metal nitrate in ethanol. Th e nitrate precursor is expected to 
migrate into the pores by a capillary action during the evaporation process 
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of ethanol. In the dual-solvent method, a suspension of mesoporous sil-
ica in dry hexane is mixed with an aqueous solution of metal nitrate. Th e 
nitrate precursor will be pushed into pores as much as possible by hexane 
during an overnight stirring [20]. Th e volum  e of solution should equal to 
the silica pore volume to maximize the impregnation quantity and prevent 
the growth of metal oxides out of the pores [21].

In the surface modifi cation method, the inner wall of a silica tem-
plate is functionalized with diff erent silanes, i.e., aminosilylation using 
aminopropyltriethoxysilane (APTS). Th e driving force of the migration 
of the precursor molecules (i.e., heteropolyacidic precursor as H2Cr2O7 
and H3PW12O40) is mainly ionic attraction [23, 22]. Th e  i onic  interaction 
between the functional group inside the pores and the anions of Cr2O7

2– is 
stronger than the capillary force in the other conventional methods. Th e 
loading level of the precursor is very high in the present case, resulting in 
the large particles of porous Cr2O3 and where the original morphologies of 
the template particles could be maintained. Yang et al. showed that within 

template
model 33-36

Proposed
model 37-40

porous oxidepore

After template
removal

After template
removal

After template
removal

KIT-6 (Ia3-d)

SBA-16 (Im3- m)

FDU-12 (Fm3- m) Fm3- m

Im3- m

Ia3- d

Figure 2.3 Schematic illustration of formation of Iaзid ordered structure using KIT-6, 
Imз im ordered structures using SBA-16 and Fmз im ordered structures with FDU-12
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10 min, ethanol solution of H2PtCl6 or HAuCl4 can be shucked up into the 
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride function-
alized SBA-15 due to the strong electrostatic interaction between cationic 
heteropolyacids group and anionic metal precursor [23]. Th is group also 
found interesting results about the morphology change of metal inside the 
template. Disk-shaped Pt nanoparticles in Pt/SBA-15 are attached on the 
pore wall of SBA-15 channels, where as spherical Au nanoparticles exist in 
the channels of Au/SBA-15. Subsequent Pt incorporation into Au/SBA-15 
generates the coexistence of large Au nanoparticles and small Pt nanopar-
ticles inside the channels of SBA-15.

Apart from impregnation, CVD and electrochemical deposition are also 
frequently used technique for metal precursor infi ltration in mesoporous 
template. Vapors of precursor molecule are being infi ltrated in the CVD 
process to fi ll the mesopore voids of template [24, 25]. Both diff  usion and 
capillary forces play very important roles to incorporate metal component 
into the porous matrix. Th e “counter-force” corresponds to the deposi-
tion rate of precursor compounds. If the diff usion rate is higher compare 
to the deposition rate, an imperfect replication occurs due to low loading 
of precursors. However there is limitation of CVD process, generally in 
CVD process the mesopore entrances of a template are easily blocked, and 
a remarkable amount of precursor can be found outside of the mesopores.

2.2.2 Th e Casting Step
Th e formation of crystalline materials within the porosity of the hard tem-
plate takes place according to a nucleation and growing mechanism. If the 
concentration of the inorganic species is high and the template has inter-
connected pores, the crystallites contain framework-confi ned pores that 
replicate the template scaff old. On the other hand, when the concentration 
of the infi ltrated inorganic species is low or the template exhibits a non-
connected porosity, the inorganic compound obtained will be formed by 
the aggregation of non-porous nanoparticles. It should be mentioned that 
when a homogeneously impregnated template is heat-treated to obtain 
an inorganic compound, the ionic species migrate towards the nucle-
ation seeds. Th is migration results in the formation of numerous discon-
nected crystallites embedded in the porosity of the hard template. Once 
the template framework is removed, the resulting crystallites are retrieved. 
Obviously, they have a particle size that is much lower than that of the 
template. 

Nanocasted mesoporous crystal size can be governed by long distance 
transportation of metal oxides inside the pore. During decomposition of 
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metal nitrate precursor into oxide, Nitrogen oxides are released as byprod-
ucts [26]. Nitrogen oxide can react with residual water to form nitric or 
nitrous acid that makes the residual solution acidic. As for example in the 
case of iron oxide, if the acid is too strong, the formed Fe2O3 can redissolve 
and be converted back to iron nitrate. A quasi-equilibrium is stabilized 
between formation and dissolving of Fe2O3. Slow escape of water and nitro-
gen oxide shift  the equilibrium to Fe2O3 crystal growth direction during 
calcination. On the other hand, fast escape of water causing solidifi cation 
prior to decomposition that inhibits the long-distance transportation of 
the iron species and thus only isolated nanoparticles are formed. 

2.2.3  Template Removal by Dissolution or by Oxidation at 
High Temperatures

Generally, template removal is carried out by NaOH or HF for getting 
nanocasted mesoporous metal oxide. Th e concentration of NaOH or HF 
should be select carefully. At a 2 mol L–1 NaOH or 10% HF solution dis-
solved the CuO nanostructure and silica template completely in a short 
time whereas 0.1 mol L–1 of hot NaOH solution (60–80°C) dissolve the 
silica template only [27]. When metal oxides are amphoteric in nature 
(as weak amphoteric oxides CuO and TiO2) then it can be dissolved in 
NaOH and HF. Th is time use of NaOH or HF can never be suggested. Th e 
use of carbon family as template is an alternative template option espe-
cially if mesoporous amphoteric oxide preparation is target. It does not 
require NaOH or HF for template removal and can be easily removed by 
calcinations [28]. Temperature ho t spots during calcinations can damage 
the ordered structure of the obtained silica as in the case of nanocasting 
silicates no.-1 (NCS-1). In this particular case; in lieu of calcinations, the 
carbon can be removed in a fl uidized bed reactor in fl owing air to avoid 
temperature hot spots [29].

2.3  Porous Si lica as Template for Inorganic 
Compounds

Hard templates whose porosity is made up of non-connected pores (i.e., 
MCM-41 silica or anodic aluminum oxide membranes) will produce sol-
ids without framework-confi ned pores (called nanoparticulate materials). 
Th e fi rst ordered mesoporous silica MCM-41 contains hexagonal-ordered 
cylindrical pores without connecting channels. So, the fabrication of three 



Synthetic Strategy for Developing Mesoporous Materials 69

dimensional networks of crystalline nanowires is diffi  cult with MCM-41. 
Th is material can be used as a hard template for preparing linear nanow-
ires and nanoparticles. Again in MCM-48, there are no interconnections 
between two mesochannels. A structures transformation from these tem-
plates gives the lower symmetry (from Iaз id to I4132 or lower) and so fi nally 
nonconnected set of nanowires are obtained. Mesopores like SBA-15, 
KIT-6, and FUD-12 have cylindrical pores connected by small channels, 
body centre cubic with interpenetrating bicontinuous pores and face centre 
cubic spherical nanocavities linked together by some very short nanochan-
nels respectively. When porous crystals of oxides are made using SBA-15 as 
templates, the fi nal products are an array of nanorods connected by some 
small, randomly located bridges whereas FDU-12 and SBA-16 as tem-
plates, the fi nal products are nanospheres connected by short nanorods. It 
should be more explained through examples. 

Th e mesoporous Co3O4 material is a reversed replica of spherical 
pores (fcc FDU-12 and bcc SBA-16) [16]. Th e morphology of a proposed 
porous oxide with KIT-6 as template is something diff erent. If two pores 
of KIT-6 are connected to each other by some channels, the crystals of 
oxide can extend from one pore to another (bicontinuous pore), e.g., 
Co3O4. Otherwise, only one of the pores would be replicated, e.g., Cr2O3 
[15, 25, 42] Using CeCl3.7H2O as precursor over bicontinuous cubic KIT-6 
template, the cubic mesoporous CeO2 replica with symmetry Iaз id was 
obtained [19, 30]. Cubic crystal as Co3O4 [31 ] , CeO2 [18, 25, 53, 32] NiO,  
[15, 18 , 25] and In2O3 [1 8, 25, 41, 33] can grow inside the pore of FDU-12 
and SBA-16 that truly replicate the 3D mesostructure. Cr2O3, Fe2O3, WO3 
and MnO2 can replicate the 3D mesostructure whenever the template is 
SBA-15 and KIT-6 whereas noncubic Cr2O3 (rhombic), [15, 23, 25, 42] Fe2O3 
(rhombic), [25, 42, 34] WO3, [22 , 44, 53] and MnO2 (tetragonal) [2 5, 35, 36] 

cannot replicate the 3D mesostructu re insi de FDU-12 and SBA-16. Th e 
hexagonally ordered ferrihydrite nanowires [37] can be obtained by both 
SBA-15 and KIT-6 t emplate in which previous one has large low tempera-
ture coercivity. Interestingly, Mn(NO3)2.6H2O precursor inside the chan-
nels of FDU-12 template transforms diff erent symmetry metal oxide at 
diff erent temperature, i.e., tetragonal symmetry (less replicative) at 500°C 
and cubic symmetry (well replicative) at higher temperature [18]. Th ese 
results indicate confi ned growth easily occurs between metal oxides and 
hard templates with similar structures. In Figure 2.4, diff erent morpholo-
gies of porous crystals oxides (NiO) by using same precursor but various 
mesopores template has been summarized to have a glimpse on the crystal 
structure for diff erent case.
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Figure 2.4 Diff erent morphologies of porous crystals oxides (NiO) by using same 
precursor but diff erent mesopores template (only pore model of template) are shown.

Th e pore size and wall thickness of nanocasted mesoporous metal 
oxides can be controlled by varying diff erent synthesis condition of tem-
plate especially hydrothermal temperature and calcinations tempera-
ture. Rumplecker et  al. synthesized a series of mesoporous Co3O4 with 
wall thicknesses from 4 to 10 nm, pore size from 3 to 10 nm using dif-
ferent KIT-6 templates obtained under diff erent hydrothermal treatment 
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temperatures [38]. Similar study was used to prepare β-MnO2 having 
pore size varying between pore sizes between 3 and 11 nm, wall thick-
nesses between 4.7 and 10.1 nm [39]. By varying calcinations temperature 
of KIT-6 in the range of 500°C and 1000°C, Y. Ren et al. synthesized a 
series of mesoporous Co3O4, with pore size in the range of 3.7–11.9 nm 
and wall thickness in the range of 2.2–8.2 nm [40]. Yue et al. used KIT-6 
as a hard template to synthesize mesoporous rutiles with diff erent pore 
sizes (4.9–7.2 nm) by variation of the rutile crystallization temperatures 
between 100°C and 600°C. 

2.3.1  Nanocast Cobalt Oxides, Cerium Oxide, and 
Copper Oxide

Ordered cobalt oxides have been successfully prepared by a nanocasting 
route using mesoporous KIT-6 silica as a hard template and cobalt nitrate as 
metal precursor [41].  Yanqin Wang et al. prepared mesostructured Co3O4 
with Iaз id symmetry from cubic Iaз id mesoporous vinylsilica [24]. Co3O4 
derived from KIT-6 have high surface area and oxygen adspecies concen-
trations, good low-temperature reducibility and high-quality 3D ordered 
mesoporous architecture of KIT-6 than Co3O4 derived from SBA-15 [42]. 
Addit  ionally, it has interesting magnetic properties if the pore system can 
be fi lled with another ferromagnetic material that brings useful catalytic 
application [43]. Nanoca sted mesoporous CoO was synthesized by mild 
reduction of Co3O4 using glycerol results into decreasing pore parameters 
having surface area from 113 to 55 m2g–1 and pore volume from 0.184 to 
0.138 cm3g–1 than nanocasted Co3O4 [44, 45]. Nanostructured CoO has 
attracted much attention due to exhibit superparamagnetism or weak fer-
romagnetism [46]. 

Diff erent ordered structures of CeO2 was synthesized by using diff er-
ent mesoporous template as indicated in TEM image in Figure 2.5. Th e 
mesoporous CeO2 showed a higher catalytic activity than normal CeO2 
powder at a relatively low temperature [54]. Vasconcelos et  al. infi ltrate 
the aqueous solution of Ce(NO3)3·6H2O or ZrOCl2·8H2O, or Ti(BuO)4 
into well dispersed SBA-15 in n-hexane [47]. Further,  calcination at 600°C 
and etching by HF results into formation of mesoporous high surface area 
CeO2, ZrO2, TiO2, and CeO2–ZrO2 in which binary oxide CeO2–ZrO2 have 
moderate basicity. It is also a proof of cooperative acid–base character 
in the Ce0.8Zr0.2O2 phase. Begon˜a Puertolas et  al. prepared mesoporous 
cerium oxide templated by KIT-6 and found that low aging temperature 
(40°C) samples does not undergo proper etching where as aging at 80°C 
undergoes proper etching on NaOH application [52]. S. Sun et al. prepared 
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mesoporous Co3O4 oxides from KIT-6 at diff erent aging temperature [48]. 
Mesoporous Co3O4 oxides prepared from KIT-6 aged at low tempera-
ture (300°C) have uncoupled sub-frameworks while mesoporous Co3O4 
oxides prepared from KIT-6 aged at high temperature (500°C) possess 
coupled sub-frameworks. Co3O4 replicas with uncoupled sub-frameworks 
possess higher surface area and more open pore system and exhibit bet-
ter performance for CO oxidation than Co3O4 replicas with coupled sub- 
frameworks. Chunyan Ma et  al. prepared metal precursor solution by 
stirring HAuCl4.3H2O (adjusted with 1 M NaOH solution to pH 7 and dis-
persed in ethanol) and solid Co (NO3)2.6H2O for 2 h [49]. Subsequently,  
SBA-15 was added in the mixture and ethanol was removed by the evapo-
ration at 70°C for 12 h. Finally calcinations and etching of the composite 
resulted into mesoporous Au/Co3O4-CeO2 catalysts composed of Co3O4 
spinel and CeO2 fl uorite crystalline phase domains. Mesostructured 
Co3O4-CeO2 (with the Co/Ce ratio of 16/1) prepared by using template 
KIT-6 and metal nitrate precursor possesses larger quantities of surface 
hydroxyl groups and surface oxygenated species [50]. J. Zhu et al.  prepared 
mesoporous CuCo2O4 spinel replica by infi ltrating metal nitrate solutions 
into the pores of SBA-15 (dispersed in n-hexane), drying in air, calcination 
at 653 K and etching with NaOH. In the same way this group also prepared 
mesoporous MnCo2O4 and NiCo2O4 spinel replicas [51]. Th ese replica s 
have high specifi c surface areas (91–129 m2g–1) and large pore volumes 
(0.35–0.41 cm3g–1) and mainly present in form of Co(II)/Co(III), Cu(II), 
Mn(III)/Mn(IV), and Ni(II). Treating a lithium source with as-made 
Co3O4 (templated from SBA-15 and KIT-6), porous crystalline LiCoO2 was 
made which has a superior capacity retention on cycling compared with 
the normal LiCoO2 because of its large surface areas [52].

Using mixed solution of metal nitrate precursor in ethanol and KIT-6 
template, J. Zhu et al. prepared a mesoporous copper cerium bimetal oxide 
[53]. Intimate contact bet ween the copper species and ceria matrices 

a b c54nm50nm50nm

Figure 2.5 TEM images of porous CeO2 templated by (a) SBA-15, (b) KIT-6, and 
(c) FDU-12, respectively [15, 18].
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enhanced the synergistic interactions and redox properties between cat-
alysts and supports. Using mixed solution of Cu(II) nitrate and Ru (III) 
chloride as precursor (in ethanol) and KIT-6 template, X. Cui et al. pre-
pared mesoporous CuO/RuO2 bimetal oxides [54]. 

2.3.2 Nanocast Chr omium Oxides
Jiao et al. prepared mesoporous Cr2O3 replicas (sphere-like particles) by using 
KIT-6 as a hard template and Cr(NO3)3.9H2O as a precursor via “two-solvent” 
method [42]. Selected area ele ctron diff ractogram (SAED) patterns display 
that the whole particle belongs to the same single-crystal, although the mate-
rial is constituted by curly Cr2O3 nanowires according to the Iaзid symmetry. 
Th e mesostructure and the crystals of Cr2O3 have a 6-fold axis in [111] direc-
tion and HRTEM images along [100] directions are close to a square pattern 
as shown in Figure 2.6. Dupont et al. prepared mesoporous Cr2O3 by infi ltra-
tion of chromium (III) nitrate nonahydrate ethanol solution into the meso-
pores of KIT-6 followed by solvent evaporation at 40°C, calcinations at 550°C 
and etching by HF [55]. Y. Xia et al. [56] showed  that ultrasound- assisted 
dispersion at 40°C for 100 min aft er infi ltration of chromium nitrate pre-
cursor into KIT-6 template results into improve mesoporosity quality of the 
chromia materials. Ioannis Tamiolakis prepared highly ordered mesoporous 
Cr2O3-phosphomolybdic acid by ultrasonication of ethanol solution contain-
ing SBA-15, Cr(NO3)3.9H2O and quantitative amount of H3PMo12O40.26H2O 
followed by calcinations and etching of silica by HF [57]. P. M. Rao et al. pre-
par ed mesoporous CsxH3–xPW12O40 by using aqueous solutions of Cs2CO3 and 
H3PW12O40 as precursor (Csx/W12 = 1.5 and 2.5) and SBA-15 as template [58]. 
Nanocasted cesium salt o f phosphotungstic heteropolyacid materials are 
stable against leaching and colloidization in polar solvents and shows higher 
catalytic activity by a factor of 2–3 than that of the standard Cs2.5H0.5PW12O40 
material in isopropanol dehydration reactions. 

(a) (b) (c) (d)

50nm 20nm

1210 1120

50 nm

Figure 2.6 (a) TEM image of porous single-crystal of Cr2O3 casted from SBA-15 
[25]. (b) TEM image of porous single-crystal of Cr2O3 casted from KIT-6 and viewed 
down along [111] direction. (c) Th e corresponding SAED pattern indexed onto the 
rhombohedral unit cell of Cr2O3 crystal. (d) TEM image of porous single-crystal of Cr2O3 
casted from KIT-6 and viewed down along [100] [42].
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2.3.3 Nanocast Indium Oxides and Nickel Oxide
Haff er et al. prepared mesoporous In2O3 by infi ltration of metal nitrate salt 
precursor into KIT-6 or SBA-15, drying at ambient temperature, heating 
at 300°C to convert nitrate salt into Indium oxide and fi nally etching by 
NaOH [59]. A mesoporous silica matrix with lower pore interconnectivity 
(SBA-15) may therefore be expected to lead to a less well-defi ned spheri-
cal In2O3 particle shape. Th e morphologies of the In2O3 particles were not 
related to those of the silica templates. Uniform In2O3 morphology can be 
explained by the growth mechanism inside the silica pores in the nano-
meter scale, which is governed by the formation of (presumably) liquid 
droplets of precursor species prior to oxide formation. Hence, uniform 
In2O3 particles can be obtained even without paying attention to morpho-
logical control during the synthesis of the silica matrices. A new one-step 
nanocasting method is introduced over silica monolith in which Indium 
nitrate precursors is buried inside the mesopores channels in the hydro-
philic domain of triblock copolymers due to the coordination function, 
and can be transformed into continuous frameworks during heat treat-
ment [41, 60]. Upon triblock copolymer remov al, Indium nitrate reduces 
into metal and aggregates inside the pore channels (due to its low melt-
ing point) to form nanowires. During calcination, metal is oxidized into 
In2O3 and fi nally, In2O3 nanowires arrays are obtained upon silica template 
removal. TEM image of indium oxide nanowire arrays nanocasted by the 
mesoporous silica with the bicontinuous cubic is shown in Figure 2.7.

Moises Cabo prepared mesoporous NiCo2O4 spinel by using cobalt 
nitrate and nickel nitrate precursor (in ratio 2:1) and SBA-15 or KIT-6 
template [61]. However, formation of the stoichiometric NiCo2O4 com-
pound can only be guaranteed for calcinations temperatures below than 
400°C otherwise partial decomposition into NiO occurs [62]. Cobalt ions 
migration rate on the silica surface is much higher than that of Ni ions. 
Hence, while Co3O4 nanowires are easily formed within silica channels, 
NiO tends to for nanoparticles or nanorods making it diffi  cult to retain 
the ordered mesostructure aft er template removal [63]. So, the NiO and 

(a)10nm 10nm 10nm(b) (c)

Figure 2.7 TEM images of the indium oxide nanowire arrays nanocast by the 
mesoporous silica with the bicontinuous cubic (Iaзid) structure, viewed along the 
characteristic directions: (a) [100], (b) [111], and (c) [311] [41].
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Co3O4 templated by SBA-15 have randomly oriented nanorods and hexag-
onally arranged nanowires morphology. Interestingly a halfway morphol-
ogy was observed for the NiCo2O4 sample, which showed larger wires than 
NiO replica but less perfectly arranged than in Co3O4 replica [64]. Using 
mixed nitrate solutions of  Co, Ni and Al as precursor and SBA-15 as tem-
plate, Francisco F. de Sousa prepared nanostructured Ni-containing spinel 
oxides as NiAl2O4, and CeO2-NiAl2O4 [65].

2.3.4 Nanocast Molybdenum and Ma nganese Oxide
V. Yifeng Shi et  al. synthesized highly ordered crystallized tetragonal 
phase mesoporous MoO2 having surface area 66 m2g–1 and pore volume 
0.29  cm3g–1 with a 3D bicontinuous cubic symmetry by using phospho-
molybdic acid (H3PMo12O40) as a precursor and KIT-6 as template [66]. 
Compared to the XRD pattern of KIT - 6, the diff raction peaks of mesopo-
rous MoO2 are slightly shift  to higher angles, indicating a small shrinkage 
of the mesostructure aft er replication however the structural regularity of 
mesoporous MoO2 is only slightly lower than that of its template KIT-6 
(Figure 2.8). 

Tian et  al. prepared SBA-15 templated porous MnxOy composed of 
MnO2, Mn2O3, and Mn3O4 using the evaporation method [25]. Escax et al. 
prepared MnO2 and characterized with diff erent technique and reached to 
the conclusion that elongated and monophasic MnO2 nanoparticles can 
be generated within the pores of SBA-15 silicas, the thermal reduction of 
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Figure 2.8 (a) Small-angle XRD patte rns of mesoporous silica template KIT-6 and its 
replica mesoporous MoO2 materials. Inset has high resolution SEM images of mesoporous 
MoO2 materials [88]. (b) Low-angle XRD pattern of mesoporous‚ β-MnO2 and inset has 
TEM images of mesoporous‚ β-MnO2 viewed down [210] plane [58].
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these nanoparticles lead to mixtures of Mn2O3 and Mn3O4 and signifi cantly 
aff ected by the mesopore diameters of the silica template [67]. Above the 
600°C temperature, a size induced structural modifi cations, associated 
with changes in structural parameters and thermal dilation properties of 
Mn2O3 nanoparticle have been observed. 

M. A. Wolfovich et al. prepared nanocasted Mn–Ce-oxide catalyst hav-
ing surface area 316 m2/g at Mn/Ce=1.8 by internal gelation of correspond-
ing metal chlorides into tubular mesopores of SBA-15, crystallization of 
oxide layer at 700°C and fi nally removal of silica by NaOH [68]. T. Valde’s-
Solı’s et al. prepared spinel ferrite (MnFe2O4) nanoparticles by using respec-
tive metal hydrated nitrate as precursors (Mn/Fe=1/2) and mesoporous 
silica gel as template [69]. Zhou et al. prepared MnO2 through eva poration 
method by using KIT-6 template [22] and manganese nitrate precursor. 
J. Y. Luo et al. prepared ordered mesoporous β-MnO2 having surface area 
0.38 cm3g–1, pore volume 0.01 cm3g–1 and pore size distribution centered at 
4.9 and 18.2 nm [58]. 

2.3.5 Nanocast Iron Oxide
Jiao F. et al prepared the low density and low quality of the small inter-pore 
channels Fe2O3 using SBA-15 template through the surface modifi cation 
method [70]. Tian B. Z. et al. prepared low crystallinity porous Fe2O3 with 
negative replication using same template by the evaporation method [44]. 
Feng Jiao et al. prepared mesoporous α-Fe2O3 by using metal nitrate pre-
cursor dissolved in ethanol and KIT-6 template. It would be noted that 
calcination at 500°C for 3 h, results into mesoporousα-Fe2O3 with disor-
dered walls where as calcinations at 600°C for 6 h results into mesoporous 
α-Fe2O3 with ordered walls [56]. Th is change in ordering is suffi  cient to 
make a profound infl uence on the magnetic behavior. Mesoporous ordered 
α-Fe2O3 was employed for reduction by heating at 350 °C for 1 h under 
a 5% H2–95% Ar atmosphere which results the transformation from the 
hexagonal close packed oxide sub-array of α-Fe2O3 (corundum structure) 
to the cubic close packed sub-array of Fe3O4 spine [71]. Further, mesopo-
rous Fe3O4 was undergone to oxi d ation by heating at 150°C for 2 h in air 
which resulted into the transformation from Fe3O4 spinel to γ-Fe2O3 phase 
as shown in Figure  2.9. H. Tuysuz et  al. prepared ordered mesoporous 
two-line ferrihydrite by infi ltrating metal nitrate precursor into SBA-15 
or KIT-6 template, calcinations to 200°C, re-impregnated under the same 
conditions and followed by calcination at 200°C for 6 h [59]. However to 
get ordered mesoporous ferrihydrite, template needs to be impregnated 
at least twice. At 250°C, the ferrihydrite phase is obtained, but at 300°C, 
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the formation of hematite is observed. Ferrihydrite corresponds to that of 
hematite [72] in which Fe3+ ions are octahedrally coordinated within a hex-
agonal unit cell, whereas the Fe3+ ions located on the surface (about 30%) 
have a tetrahedral coordination [73].

2.3.6 Nanocast Tungsten Oxide
Bin Yue et al. used aminosilylized 3D mesoporous SBA-15 as the template 
for better fi lling of tungstophosphoric acid in the pores [44]. Th e bridges 
between the nanorods not only connect the nanorods inside the chan-
nels but also help the crystal growth in the neighboring mesopores. Some 
bridges are in the same scale as that of the nanorods which makes the crys-
tal mechanically stronger. So, fi nally aft er heat treatment and etching, 3D 
mesoporous tungsten oxide single crystals are obtained. E. Rossinyol et al. 
prepared mesoporous tungsten oxides by phosphotungstic acid as tungsten 
precursor and KIT-6 as template [53]. WO3 replica prepared from KIT-6 
template have large r surface area and retained mesostructure than replica 
from SBA-15 [74, 75]. Chromium incorporation in mesoporous WO3 leads 
to increase the number of oxygen vacancies.

2.3.7 Nanocast Tin Oxide
G. Satishkumar et al. prepared tin oxide nanoparticles by using metal chlo-
ride precursor and hexane dispersed SBA-15 as template [76]. At 250°C 
in air tin oxide nanoparticle (5 nm) with wel l  defi ned cassiterite structure 
were formed inside the SBA-15 matrix mesopores. Aft er calcinations in air 
at 700°C, the sintering and arrangement of SnO2 nanoparticle resulted in 
the formation of nanowires. Th e small angle XRD patterns and HRTEM 
micrographs of SnO2 (in Figure 2.10) shows that hexagonal order is 
retained by SnO2 NP even aft er silica etching. Th is group also prepared tin 
oxide nanowires by using same precursor and chloride graft ed SBA-15 and 
shows that only 16% tin was loaded than 28% tin loading over non-graft ed 

(a) (b) (c)50nm100nm100nm

Figure 2.9 TEM images recorded along the direction for mesoporous (a) α-Fe2O3, (c) 
Fe3O4, and (e) γ-Fe2O3 [93].
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SBA-15 or silanol rich SBA-15. J.-H. Smatt et al. prepared SnO2 and ZrO2 
sphere by using metal chloride salt as precursor and spherical mesoporous 
silica particles as the mold [77]. Th e replicas have the same size distribu-
tion as the starting silica spheres (positive replicas). On the other hand, 
the internal porosity can still be regarded as a negative replica of the silica 
mesopore structure on the nanometer length scale. 

2.3.8 Nanocast BiVO4 and B4C
G. Li et  al. synthesized ordered mesoporous bismuth vanadate (BiVO4) 
crystals having a surface area 59 m2g–1 and a pore volume 0.12 cm3g–1 by 
using bismuth nitrate hydrate and ammonia metavanadate as bismuth and 
vanadium sources and KIT-6 as a template [78] (Figure 2.10). Conventional 
BiVO4 had a much larger crystal   size than mesoporous BiVO4, ranging 
from 100 to 200 nm. Th is was due to uncontrolled crystal growth in the 
absence of ordered mesoporous channels and so, long-range order meso-
porous structure could not be found. It is probably attributed to the col-
lapse of the BiVO4 pore wall located in the channels of silica during the 
silica etching process. 

Another interesting material, Boran carbide (B4C) can be synthesized 
by wet infi ltration technique [79]. As reported in literature, SBA-15 was 
infi ltrated with bisdecaboranyl-hexane precursor solution in ethanol and 
left  overnight for evaporation. It is now heated from room temperature to 
573 K at 150 K h–1, then 5 h at 573 K, followed by heating to 973 at 30 K h–1. 
Aft er 973 K was reached, the sample was heated to the pyrolysis tempera-
ture (1273 K) at 120 K h–1 and maintained for 2 h. Finally, aft er silica etch-
ing by the mixture of EtOH/H2O/40% HF solution, ordered mesoporous 
B4C having pore diameter 3.7 nm, surface areas 705 m2/g and pore volumes 
0.57 cm3/g was obtained.
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Figure 2.10 (a) Low-angle XRD patterns of SBA-15 and SnO2 obtained aft er removal of 
silica from composite calcined in air at 700°C and inset have HRTEM micrographs of 
SnO2 NP obtained at aft er silica removal [98]. (b) TEM images of as-prepared mesoporous 
BiVO4 [100].
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2.3.9 Nanocast Metal
Porous metal-nanowire thin fi lms are obtained by depositing Pt, Au, Ni, 
and Cu inside the mesoporous silica thin fi lms coated on a conductive 
substrate by electrodeposition method [102–105]. In spite of better pore 
occupation, the non-conductive silica thin fi lm produces lower deposi-
tion current which increases the deposition time resulting into lower yield. 
Reduction of metallic precursor into metal (Au, Ni, Cu) inside pore chan-
nels by reducing agent in solution would be better method than electrode-
position method [80,  81].

Th e presence of platinum Pt inside the mesopores of silica t h in  fi lm (Pt@
mesoporous silica thin fi lms) behaves as nucleation sites for Ni electroplat-
ing solution. So, Zhang et al. immersed Pt@mesoporous silica thin fi lms 
into nickel electroplating solution. Aft er etching silica, ordered mesopo-
rous Ni nanowire arrays are obtained. Th e key issue is that the nucleation 
site of the deposited metals (as Pt here) should locate inside mesochan-
nels. Otherwise the metals (Ni) would deposit, nucleate and grow outside 
the mesopores [99]. If the target is to fi nd gold nanowires, Pd@mesopo-
rous  silica thin fi lms should be immersed into gold plating bath followed 
by silica removal by HF [107]. In Figure 2.11(a) it can be seen that gold 
nanowires (in dark color) have been fi lled into the channels of SBA-15 
mesoporous thin fi lms and shaped into a nanostructure with its morphol-
ogy complementary to that of template. Morphology of unsupported gold 
nanowires aft er silica removal is shown in Figure 2.11(b) which is again 
identical to that of the pore channels. Th e nanobridges between the two 
adjacent nanowires can be clearly seen as highlighted by arrows in the 
Figure  2.11(b) and enlarged in Figure 2.11(c) which is the refl ection of 
interconnections between pore channels in mesoporous thin fi lm template. 
Lattice fringes across the width of the entire nanowire, with interplanar 

0.235nm

1nm
100nm

(a) (b) (c) (d)

Figure 2.11 (a) TEM image of gold nanowires fully incorporated into the pore channels 
of MTFs. (b) TEM image of unsupported gold nanowires by removal of silica matrix. Th e 
arrows highlight the bridges between the nanowires. Th e inset shows select-area electron 
diff raction. (c) Th e enlarged image of ellipse portion of image (b) HRTEM image of gold 
nanowire [107].



80 Advanced Functional Materials

spacings of ca. 0.24 and 0.2 nm is shown in Figure 2.11(d) similar to those 
of face-centered gold also indicating the synthesized gold nanowires are 
locally single crystalline in nature.

In a solid salt occlusion technique, metal precursor (i.e., AgNO3) and 
hard template (SBA-15) are grounded and heated at 250°C for 12 h followed 
by subsequent heating at 300°C for 2 h to get silver nanowire array/SBA-15 
[82]. In impregnation method, Pt(NH3)4](NO3)2 are introduced inside the 
straight mesopores of MCM-41 followed by subsequent heating in oxidiz-
ing and reducing environment to get Pt seeds containing MCM-41. Th e 
repeated impregnation and reduction several times results into Pt nanow-
ires/MCM-41 material. Aft er removing silica template, Pt nanowire having 
length 10 to 100 nm and diameter 3 nm are found with lack of mesostruc-
tural regularity due to absence of support among nanowire as CMK-1. Th e 
crystal plane of Pt nanowires is parallel to the pore-wall surface of the silica 
template and pore diameter is close to pore diameter of MCM-41  [83]. 
Using SBA-15 as template, porous Pt nanowires arrays are found where two 
nanowires are supported by Pt nanorods as CMK-3 [84]. Using MCM-48 
as template, only one set of mesopores is nanocast among the two sets 
of bicontinuous pores in some domain, resulting decreasing symmetry 
(I4132) as CMK-2. However, Ryoo and co-worker synthesized ordered 3D 
bicontinuous Pt nanowire framework by using MCM-48 as template [85]. 
Using ultraviolet irradiation as alternative reducing technique and  ethane 
functionalized mesopores silica as template; Pt, Pt-Ru, and Pt-Pd neck-
lace nanowires are obtained due to increasing surface hydrophobicity of 
silica hard template. With phenyl functionalized mesopores silica is used 
as template, similar morphology can be obtained even under H2 reduction 
[112–114]. Interestingly by using Os3(CO)12 as precursor and MCM-48 
as template, a low structural mesostructural regularity or Os replica is 
obtained [86]. Chemical vapor infi ltration technique is a solvent less tech-
nique where a low temperature is adopted to convert metallic precursor to 
metallic phase. Vapor of organometallic compound (as precursor) is fi rst 
infi ltrated inside the mesochannels of silica hard template where precur-
sor is reduced by simply heating to get Pd nanowire/Silica hard template. 
Aft er template removal, dispersed Pd nanowires or nanowire arrays are 
produced depending on template used MCM-41 or SBA-15 type.

2.3.10 Nanocast Metal Sulfi des
A proper metal precursor is required to introduce metal ion into the 
mesopore of silica. Th e subsequent treatment with alkali metal sulphide 
(Na2S, K2S) converts the metal ions into metal sulphide but the Ksp value 
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of sulphide are low that lead easy precipitation and hence block the pore 
orifi ce. Introducing Cu+2, Ni+2, Cd+2, Zn+2, Hg+2, and Ag+2 into the meso-
pores of cation functionalized (such as CTA+) MCM-41 and then subse-
quent treatment with H2S is a way of getting mesopores [87]. In the same 
way mercapto functionalized SBA-15 can absorb Pb+2 and C d +2 inside the 
pore channel [88, 89]. But heterogenous and discrete dispersion of precur-
sors inside the  p or e channel is a major drawback for this methodology due 
to which mesopores replica is not obtained. Metal nitrate-ethanol solution 
with thiourea would be a better option of fi lling into mesopores. In fact 
at 170°C, thiourea decomposes and then react with metal ion and aft er 
microwave digestion of mesopores silica, 2D mesopores CdS, ZnS, and 
In2S3 are obtained [90]. But this method is limited to metal sulfi des with 
a low sulfuration  t emperature. For Metal sulphide with a high sulfuration 
temperature as WS2 and MoS2, phosphotungstic acid phosphomolybdic 
acid (have high yield 96 wt.%) is a good metal precursor. Due to hydro-
gen bonding interaction between heteropoly acid (PTA) molecules and the 
silanol groups on the template, PTA molecule is easily incorporated into 
SBA-15. Aft er sulfurization by H2S gas and etching silica template, highly 
ordered 2D hexagonal and 3D bicontinuous cubic mesostructured WS2 
and MoS2 nanocrystal array are obtained (Figure 2.12) [91].

WS2 have a layered structure (grow along the nanospaces, both cylindri-
cal mesochannels and mesotunnels) which contains a tungsten metal layer 
sandwiched by two sulfur layers. M. Remskar found that due to lack of S 
or W atom at edges, high energy dangling bonds makes the surface unsta-
ble or it can be said fewer the edges, more thermodynamic WS2 crystal 
are [92]. Th e search of precursor having both metal ion and S was started 
with [Cd10S16C32H80N4O28] that can be thermally decomposed to CdS at 
160°C with high volume yield. With SBA-15 as template, CdS nanowires 
supported by randomly connected nanorods having surface area 150 m2g–1 

is formed as like as CMK-3 [93]. Summary of preparation layout for nano-
cast metal sulfi des is shown in T a ble 2.1.

(a) (b)20nm50nm

Figure 2.12 TEM images of (a) cubic mesoporous WS2 replicated from t h e KIT-6 hard 
template with the Iaз id symmetry along the [331], (b) mesoporous MoS2 prepared from the 
KIT-6 [120].
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2.3.11 Nanocasted Ceramics
Deposition of SiC into mesoporous silica channels by the chemical vapor 
infi ltration method is insuffi  cient to get true ordered mesoporous SiC due 
to blocking of pore beyond a complete fi lling [46]. Polycarbonsilane (PCS) 
and polysilane as precursor can easily be fi lled in the void space of silica 
sphere as template having diameter range 20 to 100 nm. It is decomposed 
into SiC aft er heating at 1000–1400°C. Finally aft er etching silica template, 
disordered mesoporous SiC having surface area 400–600 m2g–1 under the 
heat treatment at 1400°C and surface area 200 m2g–1 by heating at 100°C 
are obtained respectively. Using SBA-15 or KIT-6 as template and xylene 
or benzene dissolved polycarbonsilane precursor followed by a series of 
thermal treatments, 2D hexagonal and 3D bicontinuous highly ordered 
mesopores SiC are obtained respectively [94]. Ordered Mesoporous SiC 
prepared from diff erent PCS and operation processes have diff erent sur-
face area as r eported in literature (Figure 2.13) [95, 96].

 Th e task of forming mesoporous metal nitrides by metal nitrides precur-
sors is very diffi  cult only due to extremely low volume conversion of pre-
cursor into metal nitrides and due to this nanoparticles of GaN and TiN 
were obtained instead of nanowire using MCM-41 and SBA-15 template 
[126–128]. Yang et al. synthesized disordered GaN nanorods with short 
length even using SBA-15 as template due to lack of connected nanorods 
between the two adjacent nanowires [97]. It is easier to get ordered meso-
porous metal oxide through nanocasting and then convert metal oxide into 
metal nitride by ammonia treatment at a certain high temperature. On this 
basis, ordered hexagonal mesoporous CoN nanowires array having surface 
area 89 m2g–1 and pore volume 0.20 cm3g–1 is synthes ized (Figure 2.13) [98].

In most of the cases, ammonia nitridation temperature of metal 
oxide is so large that it disturbs the ordered mesostructure. Th e second 
possible way is sectional introduction of metal and sulfi de precursors 
( atmosphere-assisted in-situ reaction). Th e loading amount of the metal 

(a)100nm

50nm

(b)

Figure  2.13 Mesoporous CoN replica [130] mesoporous SiC material [124] templated 
from SBA-15.
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oxide should be high enough due to inoccupation of nitrogen precursor 
and large volume shrinkage during the replacement of oxygen with nitro-
gen. Th e nitrogen atoms are then introduced by the solid-gas reaction of 
metal oxide and ammonia under high temperature. But the problem starts 
from formation of silicon oxynitride by silicon template itself above 700°C. 
At high temperature leads to high nitrogen content [131–134]. A specifi ed 
temperature ramp can be adopted to obtain the mesoporous structures. 
As for example, Cr2O3@SBA-15 nanocomposites are heated to 950°C in 
ammonia atmosphere and maintained for 5000 min fi rst to ensure deep 
nitration of Cr2O3 and the silica template. Further, temperature is slowly 
decreased to 700°C with a ramp of 0.5°C min–1 so, that silica template will 
not react further. Aft er etching template, self-supported CrN having sur-
face area 78 m2g1 and pore volume about 0.2 cm3g–1 is obtained [130]. Also 
by using tri(methylamino)borazine as precursor , nonordered mesostruc-
ture BN having surface area 140 m2g–1, pore volume 0.16 cm3g–1 and pore 
size 2.9 nm, is obtained [99, 100]. Using polyme r ized ethylenediamine and 
carbon tetrachloride as precursor inside pore channel of SBA-15, mesopo-
rous carbon nitride (CN) having surface area 140 m2g–1and pore volume 
0.16 cm2g–1 is obtained [101].

2.3.12 Nanocasted Mesoporous YPO4

Preparation of metal phosphate through nanocasting route is somewhat 
diffi  cult due to precipitation of metal salt and phosphate during infi ltration 
of yttrium nitrate salt and phosphoric acid into the pore channels of meso-
porous templates that can block the pore channel of template, resulting in 
the formation of disordered YPO4 nanoparticles. Qiuling Luo et  al. had 
used concentrate nitric acid to dissolve the precipitated YPO4 and fi nally 
a homogenous solution (Y(NO3)3/phosphate/HNO3 system is successfully 
infi ltrated into the pore channels of KIT-6 dispersed in n-hexane, followed 
by air dried, calcined (650°C) and etching by 5% HF solution [102]. Th is 
group also s ynthesized lanthanides doped YPO4 which possess a high 
surface area, large pore volume and uniform pore size distribution, and 
exhibit intrinsically tunable photoluminescence properties without graft -
ing or doping of external fl uorophore species.

2.3.13 Potential Application
Mesoporous Co3O4 nanocasted from KIT-6 have high surface area, three 
dimensional ordered mesoporous architecture as well as high oxygen 
adspecies concentrations. So why, it shows excellent catalytic performance 
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towards CO oxidation reaction [64]. Additionally, it has interesting mag-
netic properties if the pore system can be fi lled with another ferromagnetic 
material that brings useful catalytic application [65]. Ordered cobalt oxides 
nanocasted by KIT-6 shows high catalytic activity in the total oxidation of 
propane and toluene, much higher than a conventional Co3O4 prepared 
by simple evaporation of cobalt nitrate [63]. When it is used as support 
for gold, simultaneous presence of Auı+ and Au° over the surface enhances 
the catalytic activity for total oxidation of propane and toluene [103]. 
Mesoporous cerium oxide catalyst templated by KIT-6 have more compact 
cerium oxide framework with a higher degree of interconnectivity among 
the networks. It shows an exceptionally high total oxidation of naphtha-
lene performance both in terms of activity and stability [52]. Mesoporous 
ordered CeO2–ZrO2 synthesized by J. S. Vasconcelos showed moderate 
basicity and demonstrate excellent performance towards gas-phase dehy-
dration of glycerol [69]. Mesostructured Co3O4-CeO2 (Co/Ce = 16/1) syn-
thesized by C. Ma et al. have larger quantities of surface hydroxyl groups 
and surface oxygenated species that was found to be an eff ective catalytic 
material for the complete oxidation of benzene [72]. Au/Co3O4-CeO2 have 
Co3O4 (110) facets composed mainly of Co+3 which adsorb and activate 
formaldehyde on the Co3O4 surface whereas surface active oxygen species 
are generate easier over supported gold catalyst that improve the activity 
of formaldehyde oxidation [71]. High specifi c surfaces of spinel cobaltite 
replicas such expose more active sites for catalytic oxidation of CO and 
their interconnecting pore structure favor the adsorption of reactants and 
desorption of products. Among these CuCo2O4 and MnCo2O4 catalysts 
exhibit high activities and robust stabilities toward the reaction of CO oxi-
dation [73]. Synergic interaction between mesoporous copper and ceria 
matrices enhanced the catalytic performance towards CO oxidation [68] 
whereas ruthenium bimetallic component is responsible for both high 
conversion of NH3 and high selectivity for N2 [76]. Th ree dimensional 
ordered mesoporous Cr2O3 was curiously fi tted for as negative electrode in 
lithium batteries [70]. It has low temperature reducibility which is respon-
sible for the excellent catalytic performance oxidation of typical volatile 
organic compounds such as formaldehyde, acetone, and methanol [78]. 
Cr2O3-PMA nanocomposites exhibit high catalytic activity and durability 
in oxidation of 1-phenylethanol using H2O2 as an oxidant [79]. 

5 wt.% mesoporous NiO milled together with MgH2 shows faster H2 
desorption rates (7 times faster) together with slightly lower sorption acti-
vation energies compared with pure MgH2. It opens a new perspective 
in hydrogen storage material [86]. NiAl surface interactions and recon-
struction in nanostructured Ni-containing spinel oxides as NiAl2O4, and 
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CeO2-NiAl2O4 shows better catalytic behavior for dry reforming of meth-
ane [87]. Ordered mesoporous In2O3 templated from KIT-6 exhibited sig-
nifi cantly improved ethanol sensitivity due to its large surface area with 
enough sensing active sites, proper pore distribution for suffi  cient gas diff u-
sion and appropriate particle size for eff ective electron depletion [104]. Th e 
Mesoporous MoO2 templated by KIT-6 exhibits a typical metallic conduc-
tivity with low resistivity and a reversible capacity as high as 750 mAhg–1 at 
C/20 (41.9 mAg–1) aft er 30 cycles, rendering it as a promising anode material 
for lithium ion batteries [88]. MnO2 derived from KIT-6 have high surface 
area, oxygen adspecies concentrations, good low- temperature reducibility 
and high-quality 3D ordered mesoporous architecture of KIT-6 than MnO2 
derived from SBA-15. It account for the excellent catalytic performance 
of MnO2 for toluene oxidation [64]. Th e ordered thin wall mesoporous 
β-MnO2 would be a promising cathode material in rechargeable lithium-
ion batteries. Th e mesoporous structure act as a buff er layer to alleviate the 
volume expansion of the electrode materials during lithiation/delithiation. 
Mesopores structures also provide larger specifi c surface area leading to 
higher current density and fast transport of electrolyte with lithium ion 
whereas thin pore wall reduces the lithium ion diff usion path [58]. Spinel 
ferrite (MnFe2O4) nanoparticles (Mn/Fe = 1/2) is suitable candidate for 
the removal of pollutants in wastewaters by means of the Fenton hetero-
geneous reactions [91]. A. H. M. Batista et al. synthesized nanostructured 
mesoporous MAl2O4 (M = Cu, Ni, Fe or Mg) spinels by using SBA-15 tem-
plate and diff erent meal precursor and investigated in the dehydrogenation 
of ethylbenzene in the presence of CO2 [105]. NiAl2O4 is highly selective 
for the production of toluene whereas the selectivities in the dehydrogena-
tion of ethylbenzene with CO2 showed that styrene was the predominant 
product for FeAl2O4 catalyst due to the continuous oxidation of Fe3+ sites 
by the CO2. Additionally, FeAl2O4 is stable over the timescale of the reac-
tion. Mesoporous BiVO4 however lake the long range order but it possesses 
a large surface area and a small crystal size, resulting in excellent visible 
light photocatalytic activity [100].

2.4  Porous Silica as Template for Mesoporous Carbon

2.4.1 CMK Family
MCM-41 has 1D porous channels lacking of micropores and mesopores in 
the wall. So, it is not suitable for the preparation of mesoporous carbon rep-
lica [29]. Interestingly, when MCM-41 is treated with microwave digestion 
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to remove surfactant template, more silanol group appear providing strong 
binding sites for carbon precursor which facilitates the structural transfor-
mation of MCM-41 to its carbon replica with interconnected microporous 
and mesoporous tunnels [106]. Th e synthesis of ordered mesoporous car-
bons CMK-1, CMK-2, CMK-3 can be performed by impregnating carbon 
precursor (as sucrose or furfuryl alcohol or resorcinol or formaldehyde) 
over diff erent support MCM-48, SBA-1, and SBA-15 respectively followed 
by thermal treatment and subsequent removal of silica mold [50, 107, 108]. 

Carbon precursor should have high car bon yield on thermal treatment 
so that pore of the template remains fi lled to a larger extent. If sucrose is 
selected for carbon precursor over MCM-48 (symmetry Iaз id), subsequent 
thermal treatment and silica removal yield a carbon replica of uniform 
pore distribution but lower symmetry (I4132) named CMK-1 whereas 
poly(divinylbenzene) as precursor over silylated MCM-48 shows much 
better structural regularity [36, 109]. It is also depicted in Figure 2.14(a) tha t 
the removal of the silica wall caused a new peak to appear in XRD, which 
corresponded to the position of the (110). Th is change indicates the struc-
ture transformation of the resultant carbon to a new ordered structure that 
allowed this refl ection such as cubic I4132 or another. CMK-1 displayed 
high capacitance due to the remarkable microporous while the mesopores 
allow easier ion diff usion to the active surface [110]. Interestingly, XRD 
pattern shows that hexagonal structural order is retained in CMK- 3 but 
having weak diff raction intensities than MCM-48, due to incomplete cross 
linking of the carbon frameworks (Figure 2.14(b)). As inset TEM images 
of Figure 2.14(b) shows, the structure of the CMK-3 carbon is exactly an 
inverse replica of SBA-15. 
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Figure 2.14 Changes in powder X-ray diff raction patterns during synthesis of the carbon 
molecular sieve: (a) CMK-1 with its silica template MCM-48, the inset fi gure shows TEM 
of the ordered carbon molecular sieve CMK-1 [143]; (b) CMK-3 with its silica template 
SBA-15, the inset fi gure shows TEM of ordered carbon molecular sieve CMK-3 [50].
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Th e morphology of CMK-3 nanocasted by an organic polymer as 
polystyrene [111] corresponds to rod-like shapes of the original SBA-15 
whereas excellent example of SBA-15 replication is achieved by a CVD 
process with acetonitrile [112]. Th e aromatic naphthalene, anthracene or 
pyrene impregnation or CVD for benzene over MSU-H template followed 
by carbonization and template removal results into a CMK-3 type OMC 
[113]. Th e pore diameter of CMK-1, CMK-3, poly(methyl methacrylate) 
coated CMK-1, and CMK-3 are 3.9, 2.7, 3.4, and 2.5 nm, respectively. 
Th ese can be good option for adsorption of those molecules which have 
eff ective size lower than pore diameter. Th ese ranges of pore size can invite 
the adsorption of molecules that have eff ective size lower than pore diam-
eter [150–154].

Th e mesoporous carbon replica with exact Iaзid symmetry (CMK-4) is 
achieved by CVD process with acetylene over MCM-48 template [36]. If 
pore system of Al-SBA-15 is only coated by the carbon precursor instead 
of completely fi lling it, a surface-templated mesoporous carbon, named 
CMK-5 having surface area 2500 m2g–1 and pore volume about 2 cm3g–1 
and an array of hollow carbon tubes is obtained [114]. Here again, the lower 
intensity of the (100) refl ecti o n in comparison to that for the (110) refl ection 
was found which is attributed to the diff raction interference between the 
pipe walls and the spacers interconnecting adjacent pipes. High-resolution 
TEM images of the CMK-5 sample are shown in Figure  2.15(a)&(b). 
Figure 2.14 shows a hexagonally ordered array of circles and can be inter-
preted as a projection of the CMK-5 structure Figure 2.15(c) in the direc-
tion parallel to the pore channels.

Th e removal of the silica mold results in two diff erent types of pores 
in the CMK-5 matrix. One type of pores is generated in the inner part of 
the channels which are not filled with carbon precursor. Th e other types 
of pores are obtained aft er silica template removal in the spaces where the 
silica walls of the SBA-15 are present previously. Pyrolyzing polyfurfuryl 
alcohol under vacuum atmosphere over Al-SBA-15 resulted in the forma-
tion of high quality CMK-5 [115]. It can also be synthesized by varying 

(a) (b) (c)10nm

Figure 2.15 TEM images of CMK-5 [155] (a) the channel direction and (b) perpendicular 
to it (c) Schematic illustration of the Structure of CMK-5 Carbon
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concentration of furfuryl alcohol as precursor and oxalic acid as catalyst 
even over SBA-15 [116] and by varying catalytic CVD time over Co-SBA-15 
[117]. Th e thickness of tubular nanorods can be controlled with the low-
est value of 106 nm by using Al as the catalyst [118]. Th e pore sizes of 
carbons from the CMK-series till discussed are below about 4.0 nm. Th e 
carbon replicas obtained from liquid-phase process using sucrose solution 
over MCM-41 and SBA-15 templates displaying essentially shrunk and 
distorted structure with thinner framework elements compared to the gas-
phase chemical vapor infi ltration (CVI) based replicas [119].

If sucrose as carbon precursor and KIT-6 as template is used, the result-
ing rod like mesoporous carbon is CMK-8 material. In the same way, tube 
like mesoporous carbon CMK-9 is formed by dispersing furfuryl alcohol 
over KIT-6 material. Th e pore size of these templates can be easily tuned 
from 4 to 12 nm range. Bimodal porous carbon can be synthesized by 
using binary templates (mixing of mesoporous silica and silica colloid) 
[120, 121]. Th e pore size of resulting carbon can be tuned by choosing dif-
ferent silica colloid particle and mesoporous silica during binary template 
formation. Rayoo and coworkers have used mixed CTAB and polyoxyeth-
ylenehexadecylether surfactant to prepare hexagonal mesoporous silica 
under acidic conditions [122, 123]. By decreasing CTAB/C16EO8 ratio, 
wall thickness of resultant silica could be increased from 1.4 to 2.2 nm. 
By using it as template, ordered mesoporous carbons replica (tunable pore 
size range 2.2 to 3.3 nm) is formed. Th e precise information about the pre-
cursor, mesopores template and mesostructures is presented in Table 2.2. 

2.4.2 NCC-1, UF-MCN, SNU-1, MCF, and MCCF
Th e search of mesostructured carbons becomes true with discovery of 
nanocast carbon number 1 (NCC-1), mesocellular carbon foam (MCCF) 
and large pore nanocast mesoporous carbon. Th e preparation condition 
is somewhat diff erent from CMK-5 as relatively low concentration of fur-
furyl alcohol (25 vol %), at high aging temperature as well as higher car-
bonation temperature is required. Undoped or aluminum doped SBA-15 
aged at 140°C for 3 days is selected as template to prepare NCC-1 material 
resulting into an array of connected nanotubes of hexagonal order with 
high-pore-volume and bimodal pore size distribution . Th e isotherms of 
such carbons have a pronounced double hysteresis loop which indicates 
the existence of the bimodal pore system. In the adsorption-desorption, 
the step at lower relative pressure corresponding to the pores left  by the 
silica template and the step at higher pressure to the pores in the inner part 
of the nanotubes are observed (Figure 2.16) [124]. NCC-1 has high pore 
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Table 2.2 Selected carbon precursor, used mesopores template for nanocasting, 
and fi nal mesostructures with symmetry.

Precursor Mesopores 
Template 
(symmetry) 

Th ermal 
Treatment & 
silica etching

Mesostructures

Sucrose MCM-48 (Iaзid) CMK-1(I41/a or 
lower)

Sucrose SBA-1 (Pmзin) CMK-2 (Unknown 
cubic)

Polystyrene or 
acetonitrile (by 
CVD process)

SBA-15 (p6mm) CMK-3 (p6mm)

Acetylene (by 
CVD process)

MCM-48 (Iaзid) CMK-4 (Iaзid)

Furfuryl alcohol 
coating

Al-SBA-15 or 
Co-SBA-15

CMK-5 (p6mm)

Sucrose KIT-6 (Iaзid) CMK-8 (rod like)

Furfuryl alcohol KIT-6 (Iaз id) CMK-9 (tube like).

0.0
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Figure 2.16 Nitrogen sorption isotherm of the mesoporous carbon NCC-1 and inset has 
pore-size distribution and TEM images [165].
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volume (up to 4 cm3g–1) and a bimodal pore-size distribution where one 
pore have average diameter 5 nm and another pore that are in the inner 
part of nanotube having average pore diameter 10 nm. 

Th e precursor gel containing formaldehyde mixed urea was added 
with INC-2 template at 363 K for 9 h to initiate polymerization and the 
 formaldehyde-INC-2 nanocomposite was obtained [125]. Th  e obtained 
nanocomposite was carbonized at 873 K for 6 h under 50 ml/min of N2 fl ow. 
Aft er carbonization, 5 wt.% HF aqueous solutions was used for remov-
ing silica, followed by fi ltration and overnight drying at 110°C to obtain 
mesoporous disk shaped “Urea Formaldehyde well-ordered Mesoporous 
Carbon Nitride (UF-MCN) replica.” Th ese materials have highly ordered 
1D mesopore structures with a 2D hexagonal arrangement with short 
1D ordered mesopore channels of submicrometer length (100–300 nm). 
Th e channel directions are perpendicular to the larger surface of hexago-
nal platelet and parallel to the thickness. J. Lee et al. synthesized a meso-
porous carbon named SNU-1 (Seoul National University-1) nanocasted 
material from Al-MCM-48 by using phenol-resin as the carbon precur-
sor [126, 127]. Th is mesoporous carbon is not a real negative replica of the 
MCM-48 silica, but similar to CMK-1. It exhibits periodical 3D intercon-
nected mesopores with diameter of 2 nm. A. B. Fuertes et al. synthesized 
diff erent carbon mesopores having pore size in 3–8 nm range casted by 
SBA-16 template and polyfurfuryl alcohol carbon precursor [128]. Th e 
short pore length nanocasted mesoporous carbons have enhanced electro-
lyte accessibility as well as rapid ion diff usion [129].

Poly-(ethylene oxide)-poly(propylene oxide)-poly(ethyleneoxide) (PEO-
PPO-PEO) triblock copolymer have been well known to create a well 
defi ned mesoporous silica material SBA-15. When very low concentration 
of TMB is added to a PEO-PPO-PEO templated system, the hexagonally 
packed pore structure is maintained. Upon increasing the oil-polymer 
ratio, a new Mesocellular foam (MCF) phase is obtained. Th e MCF phase 
possesses a system of interconnected pores with diameters of 220–420 Å 
[130]. Furt her; aluminum can be incorporated into the silicate framework 
to generate strong acid catalytic sites. Now, Al incorporated mesocellular 
silicate foam (AIMCF) can be used as a template for getting MCCF. Jinwoo 
Lee et al. [131] incor porate excess of phenol into the pores of AlMCF by 
heating a mixture of AlMCF and phenol at 140°C under static vacuum. 
Th e resulting phenol-incorporated AlMCF and formaldehyde polymer-
ized was put in an autoclave at 130°C for 2 days to yield the phenol-resin/
AlMCF nanocomposite. Further, heating at 1 K min–1 to 160°C and held 
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at that temperature for 5 h under nitrogen fl owing then at 5 K min–1 to 
850°C and held at that temperature for 7 h is applied to carbonize phenol 
resin inside the pores of AlMCF to get the carbon/AlMCF nanocompos-
ite. Finally, Th e dissolution of the AlMCF template using 1 N NaOH in a 
1:1 mixture of EtOH and H2O generated MCCF having surface area 1037 
m2g–1 and pore volume 1.66 cm3g–1. Magnetic MCCF was fabricated by 
using mesocellular silica as a template, divinylbenzene (DVB) as the car-
bon precursor and Fe(NO3)3.9H2O as the magnetic source via then a nano-
casting process [132]. Schematic illustration for the synthesis of MCCF is 
shown in Figure 2.17.

Large pore nanocast mesoporous carbon having tunable entrances in 
the range of 4–9 nm sizes and interconnected network can be prepared 
by using sucrose as carbon precursor and FDU-12 as template results 
into synthesis of large pore nanocast mesoporous carbon having tunable 
entrances in the range of 4–9 nm sizes and interconnected network [34].

2.4.3 Hollow Mesoporous Carbon Sphere/Prism
Impregnation of phenol and paraformaldehyde over core-shell silica@
mesoporous silica, initiates polymerization inside the mesopores channels 
at 200°C. Aft er leaching silica template, hollow mesoporous carbon sphere 
having surface area 1200 cm2g–1 and pore volume 1.47 cm3g–1 were found 
[133]. Th e inner hollo w  diameter and outer-shell thickness are dependent 
on the diameter of stober silica sphere and the thickness of the mesoporous 
silica shell respectively. 

It should be noted that, core-shell silica@mesoporous silica (sto-
ber sphere) was formed by coating of mesoporous silica layer by 
 co-condensation of octadecyltrimethoxysilane and TEOS over uniform 
silica spheres. Th e Schematic illustration for synthesis of hollow meso-
porous carbon spheres and their SEM and TEM with diff erent inner and 
outer sizes is shown in Figure 2.18.

Hyeon’s group synthesized gold nanoparticles encapsulated in hollow 
mesoporous carbon sphere by using gold nanoparticles encapsulated 
silica sphere (as reported by Liz-Marzan et al. [134]) in place of stober 
sphere [135]. Th is product has g r eat potential in catalysis because car-
bon shell can prevent the aggregation and deactivation of gold nanopar-
ticles. If mesoporous silicalite-1 zeolite is used in place of stober sphere, 
hollow mesoporous carbon prisms was formed [136, 137]. By using 
mesoporous  aluminosilica sphere [138] as template and sucrose as car-
bon precursor, hollow mesoporous carbon spheres having surface area 
1800 cm2g–1 and pore volume 1 cm3g–1 with bicontinuous cubic structure 
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C18TMS

Stober Silica Sphere Hard Core/
Mescoporous Shell Silica

Polymer/Silica Composite

Etching

Hollow Core/
Mescoporous Shell Carbon Carbon/Silica Composite

Carbonisation

polymerization

Figure 2.18 Schematic illustration for synthesis of hollow mesoporous carbon sphere 
[174]. SEM and TEM (inset) images for hollow mesoporous carbon spheres with diff erent 
inner and outer sizes: inner diameter of 220 nm, thickness of mesoporous carbon shell of 
50 nm.

(Iaз id symmetry) was synthesized [139]. Its unique 3D bicontin u ous 
cubic mesopore structure can facilitate the mass transportation. Th e 
above procedure of getting hollow mesoporous carbon sphere is quite 
complex and shows poor regularity. Mokaya and coworkers prepared 
a 2D hexagonal hollow mesoporous carbon sphere with regularity as 
same as mother template by fi lling the carbon precursor (styrene) over 
SBA-15 through CVD, followed by heat treatment over 950°C and silica 
etching [32, 140, 141]. Th e cell paramete r  (10.5 nm) in CVD process is 
larger than that in impregnation process (9.1 nm) due to closer packing 
of carbon precursors inside mesochannels by CVD than impregnation. 
Summary for preparation layout of hollow mesoporous carbon sphere/
prism is shown in Table 2.3.

2.4.4  Ordered Mesopores Carbon with Surface Graft ed 
Magnetic Particles

Infi ltration by carbon precursor into magnetic nanoparticle deposited 
SBA-15 followed by thermal treatment and subsequent removal of silica 
mold resulting into “Ordered Mesopores Carbon with Surface Graft ed 
Magnetic Particles.” Th e Schematic Illustration of the synthesis procedure 
of ordered mesopores carbon with surface graft ed magnetic particles is 
shown in Figure 2.1  9 [142].

It is cleared from above that before infi ltration by carbon precursor; 
magnetic nanoparticle graft ed template is required. For graft ing magnetic 
particle in template, two sub-steps arrive; one named deposition of cobalt 
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nanoparticles into SBA-15 and another protection by a nanometer thick 
carbon layer  [183]. To protect the deposition of magnetic nanoparticles 
inside the pore of SBA-15, PMMA (a thermally decomposable polymer) 
fi lled SBA-15 is taken as template and cobalt nanoparticle suspended in 
toluene is allowed to impregnate over. Further, the composite is wetted 
with furfuryl alcohol containing oxalic acid and heated to 850°C under 
argon in order to convert the furfuryl alcohol into a thin carbon coating 
on the surface of the cobalt nanoparticles. Simultaneously, heat treat-
ment to carbonize the poly-FA, the PMMA in the pores of the SBA-15 
was performed to restore the accessible pore system. In this way, magnetic 
carbon and silica can be fabricated with magnetic anchors graft ed to the 
outer surface while maintaining an open pore systems. Now, this magnetic 
nanoparticle deposited SBA-15 can be used as new template waiting for 
new carbon precursor. 

Th e low-angle X-ray powder diff raction (XRD) pattern of the resul-
tant Co–OMC shows well-resolved refl ections (Figure 2.20a), thus indi-
cating an ordered structure. Th is is consistent with the TEM observation 
(Figure 2.20b).

In the same way magnetic nanoparticles deposited MCM-48 tem-
plate was synthesized by fi lling MCM-48 with cobalt nitrate solution 
and further applied to calcination and subsequent reduction. Finally, 
to get Cobalt (2–3 nm size range) containing CMK-1, cobalt deposited 
MCM-48 was chosen as a hard template in which sucrose solution was 
infi ltrated; followed by carbonization and removal of silica [143]. Using 
 similar methodology, woo and coworkers [144] prepare d CMK-3 with 
Pt nanoparticle (1–5 nm) embedded in the carbon wall whereas Li et al. 
[145] introduc ed sucrose and nickel nitrate hexahydrate repeatedly into 
the pores of SBA-15. At 15.2 wt.% of Ni, the NiO-CMK-3 composite have 
surface area 1000 m2g–1 and pore volume of 0.91 cm3g–1. As the pyrolysis 

(a)
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Figure 2.20 (a) Low angle XRD patterns of diff erent Co–OMC Types of mesoporous 
carbons: (1) magnetic CMK-3, (2) magnetic polyacrylonitrile (PAN)-based OMC, and 
(3) magnetic CMK-5. (b) TEM images of Co–OMC at diff erent magnifi cation: high 
magnifi cation. Arrows indicate hollow carbon shells left  aft er the leaching procedure [183].
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temperature increases, the specifi c surface area and pore volume was 
increased. Li et al. developed “cross linking PAN incorporated SBA-15” 
by incorporation of PAN and their subsequent oxidation. Now, this com-
posite was immersed into aqueous solution of Pd (NO3)2 where Pd cations 
are adsorbed by nitrogen groups of PAN. Further, pyrolysis and etching 
of silica lead to the formation of Pd-OMC material [146].  At pyroly s is 
temperature above than 650°C, no visible Pd particles was found either 
on the external surface of carbon supports or in the carbon wall. By using 
Copper (II) phthalocyanine-tetrasulfonic acid tetrasodium salt as pre-
cursor under 600°C pyrolysis temperature, stable nanocast carbon was 
obtained. However, carbon, copper sulfur compound or large copper 
particles is more evident in the carbon framework above 600°C [147]. 
Complete i nclusion of metal (Pd, Pt, Ru) precursors in b-cyclodextrin 
could be infi ltrated into 3D polystyrene sphere, followed by toluene 
immersion and heat treatment. Th is procedure lead the formation of 
metal incorporated hierarchically [148, 149]. Th e summary for prepara-
tion layout of ordered mesopores carbon with surface graft ed magnetic 
particles is shown in Table 2.4.

2.4.5  Surface Modifi ed Mesoporous Nitrogen Rich Carbon by 
Nanocasting

Nitrogen containing groups can be introduced by directly using suitable 
nitrogen-rich precursor to the mesoporous carbon. Using PAN as the 
carbon source, 2,2’-azobisisobutyronitrile as initiator and SBA-15 as tem-
plate, N-containing nanocast mesoporous carbons with monomodal or 
bimodal pore-size distribution were synthesized [150 ] .  Its pore structures 
is tunable simply by changing the stabilization temperature and caroniza-
tion temperature (specifi c surface area and pore volumes ranging from 
500 to 800 m2g–1 and from 0.55 to 1.2 cm3g–1) where as the connectivity 
between the adjacent pores are improved (in bimodal pore size distribu-
tion) due to randomly distributed incompletely coated pore walls. Th e 
nitrogen content and type of nitrogen species present in the material can 
be controlled by treatment temperature. As well as temperature increases, 
the nitrogen content in the resultant sample decreases and at the same 
time pyridine like nitrogen species changes to pyridinium ions [80]. 
When ammoxidation was carried out before carbonization, the amount 
of incorporated nitrogen was high up to 8 wt.%, whereas only 1.6 wt.% 
nitrogen can be detected in a sample prepared from carbonization prior 
to ammoxidation [151].
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U  sing pyrrole as carbon precursor and ferric chloride as oxidant [191] 

or acetonitrile as precursor [152, 153] N -incorporated nanocast meso-
porous carbon materials is synthesized by CVD over SBA-15 template. 
Polymerization of pyrrole vapor (carbon precursor) over Fe (III) SBA-15 
template followed by carbonization and template removal results into 
nitrogen containing OMC [154]. In   the same way, acenaphthene polymer-
izes over AlCl3 treated silica template (SBA-15, MCM-41) give mesoporous 
carbon with a graphitic skeleton [155] (Figure 2.21).

When Furfuryl alcohol is selected as carbon precursor and mesoporous 
aluminosilicate oxynitride (OMASON) as template, the nitrogen atoms 
from template were partially transferred to carbon framework during pyrol-
ysis process and the resulted carbon replica having specifi c surface area 
about 1600 m2g–1 and pore volume 1.6 cm3g–1 has nitrogen content in the 
range of 1.4 to 3.1 wt.% which is decreased with increasing carbonization 
temperatures from 700–900°C [156]. By usin g melamine- formaldehyde 
resin as carbon precursor and commercial fumed silica (Aerosil-200) as 
hard template, nitrogen-enriched mesoporous carbon sphere [157] and 
other carbon replica made from aniline [158] quinoline-polymerized pitch 
[159] as carbon precursor is also reported. Summary of preparation layout 
for nitrogen rich OMC is shown in Table 2.5.

2.4.6 Potential Application
Palladium nanoparticles deposited inside the pores of CMK-3 analogue 
shows enhance performance than conventional one in Sonogashira reaction 
[160]. Molecular level dispersed and encapsulated Pd on the mesoporous 

50nm

Figure 2.21 Carbonization of aromatic sources in an aluminosilicate mesoporous 
template yields mesoporous carbon materials with highly graphitic framework structures 
and excellent mechanical strength and thermal stability [189].
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carbon support (Pd-OMC) exhibits remarkably high selectivity for alco-
hol (benzyl alcohol, 1-phenylethanol and cinnamyl alcohol) oxidation to 
the corresponding aldehydes while at the same time had relatively high 
activity [187]. Mesostructured CN templated by disk-shaped 2D hexagonal 
mesoporous silica (INC-2) and urea/formaldehyde as carbon and nitro-
gen precursors is utilized in the metal-free oxidation of cyclic olefi ns with 
hydrogen peroxide where conversion for cyclopentene, cyclohexene and 
cis-cyclooctene is obtained in the range of 65–80% and selectivities onto 
epoxides were 40–90%, respectively [166]. Th e Pt(50)-Ru(50) catalyst dis-
persed on nanocast carbons with a spherical cavity shows 10–15% increase 
in methanol oxidation activity as compared to that of the corresponding 
commercially available Pt-Ru alloy catalyst [161]. 

CMK-3 oxidized with nitric acid bears large number of functional groups 
like –COOH and C–OH that produce pseudo-capacitance resulting in an 
increase in capacitance [162] whereas pyridine containing mesoporous 
carbon exhibits excellent capacitive properties due to an enhanced, fast and 
reversible faradaic redox reaction [192]. 10.0–30.7 wt.% of RuO2 in CMK-3 
dramatically leads to an increased capacitance highest value reached was 
633 F g–1 due to large surface area of CMK-3 and the pseudo-capacitance 
of amorphous RuO2 [163] whereas SnO2 nanoparticles supported mesopo-
rous carbon shows improved specifi c capacity [164]. 6 wt.% of birnessite-
type MnO2 in porous carbon template form 3D assemblies of silica spheres 
shows remarkably enhance the capacitance as high as 660 F g–1 and even 
490 F g–1 capacitance is maintained aft er 500 cycles [165]. Up to 60% Pt 
nanoparticles (particle size: 3 nm) uniformly dispersed on mesoporous 
carbons templated from SBA-15 and phenanthrene carbon source shows 
lower sheet resistance than sucrose carbon source [166].

L. Calvillo et al. prepared Pt impregnated surface-oxygen-rich-CMK-3 
and tested it as electrode for PEM fuel cell [167]. Surface ox ygen decom-
poses during the reduction stage of metal precursor which facilitates the 
mobility of platinum particle and favoring the agglomeration of Pt particle. 
Th ere is an electronic interaction between the surface groups of the support 
and the Pt atoms which favors the electron transfer from catalytic sites to 
the conductive carbon electrode. It results into better electrocatalytic per-
formance than the commercial Pt-carbon black on carbon cloth electrode. 
Baizeng Fang et al. synthesized hollow core/mesoporous shell carbon which 
has uniform particle size, well-developed three- dimensionally intercon-
nected bimodal porosity, and large specifi c surface area and pore volume 
suited for using as anode catalyst support in low temperature fuel cells. 
So, hollow core/mesoporous shell carbon supported Pt50Ru50 (60 wt.%) 
has exhibited almost two times the power density in direct formic acid 
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fuel cell than delivered by the commonly used Pt or Pt alloy supported on 
carbon black Vulcan XC-72 [168]. Nanocast mesoporous carbons, using 
modifi ed glass carbon as an electrode, showed a high catalytic activity to 
the electro- oxidation of nicotinamide adenine dinucleotide (NADH) and 
H2O2 [169] and the electrochemical oxidation of hydroquinone [170]. Such 
ability of nanocast mesoporous carbons is eff ective low-potential ampero-
metric biosensing of glucose and electrochemical sensors for the detection 
of hydroquinone due to its very low detection limit. Ordered mesoporous 
carbon-supported PtBi nanoparticles in the size range of 3 nm exhibits the 
robust mass activity for formic acid oxidation in direct formic acid fuel cell 
anode [171]. Hollow core mesoporous shell carbon supported Pt nanopar-
ticles showed signifi cant enhancement in the electrocatalytic activity toward 
oxygen reduction reaction as well as an enhancement of 91–128% in power 
density compared with that of Pt/Vulcan in direct methanol fuel cells [172]. 

Th e stability of carbon materials at high temperature, their acid toler-
ance and low affi  nity for water has unique advantage over silicate molecular 
sieves. For adsorption of bulky molecule like enzymes, vitamins, pro-
teins or other organic molecules, acid tolerable biocompatible mesopores 
like CMK families are needed. It was found that the adsorption amount 
depends signifi cantly on the pH of the solution. Th e maximum adsorp-
tion is close to the isoelectric point of the enzyme [150]. For adsorption of 
Vitamin E, CMK-3 was better option than CMK-1 and activated carbon 
where a non-polar solvent such as n-heptane is more preferred than polar 
n-butanol [152]. Again for vitamin B12 (eff ective size 2.09 nm), CMK-3 
having larger pore diameter 3.9 nm was found to be most suited than 
CMK-1 which have 2.7 nm pore diameter [153]. However, on coating with 
poly(methyl methacrylate), pore diameter of CMK-3 reduces to 3.4 nm but 
increased interaction between the carbonyl group of poly(methyl methac-
rylate) and amino group of vitamin B12 through hydrogen bonding shows 
higher adsorption capacity than noncoated carbons. Vinu et al. reported 
the largest adsorption capacity of cytochrome  c  on CMK-3 was only 
229 mg/g [150] and Sevilla et al. reported the largest amount of lysozyme 
immobilized by porous carbon was 510 mg/g [173] whereas Th e FeNi/C 
composite templated from SBA-15 using metal nitrates and furfuryl alco-
hol as precursor shows cytochrome c adsorption up to 732 mg/g and lyso-
zyme adsorption up to 790 mg/g [174]. CMK-3 showed a larger amount of 
L-histidine adsorption as compared to SBA-15 due to the stronger hydro-
phobic interaction between the non-polar side chains of amino acids and 
the hydrophobic surface of the mesoporous carbon as compared to meso-
porous silica. Apart from the mesoporous silica, it has more his adsorption 
than the conventional adsorbent, namely activated carbon [175]. Yong Tian 
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et al. synthesized Ni-containing ordered mesoporous carbons (Ni/OMCs) 
and found that methyl orange desorption rate increased with the increasing 
of pore sizes for the carbon materials [176]. Ajayan Vinu et al. synthesized 
novel large pore cage type mesoporous carbons by using sucrose and sul-
furic acid solution as precursor and KIT-6 template which exhibit unusual 
adsorption capacity of catechin in aqueous solution and higher adsorption 
capabilities of amino acid (histidine), vitamin (vitamin E, α-tocopherol), 
endocrine disrupter (nonylphenol), and enzyme (lysozyme) as compared 
with the CMK-3 mesoporous carbon [177]. Katsuhiko Ariga et  al. pre-
pared carbon nanocage by using KIT-6 as template and sucrose as carbon 
source which exhibit larger adsorption capacity for tannic acid with a two-
step adsorption, while CMK-3 showed lower capacity in single-step mode. 
Only poor adsorption capacity was detected for activated carbon powder 
and SBA-15 [178].

2.5  Porous Carbon as Template for Inorganic 
Compound

It has been noted that some oxides may react with silica when mesoporous 
silica is used as template, leading to some diffi  culties in crystal growth in the 
confi ned pores (i.e., MgO). Th e silica source (from template) can participate 
in reaction during Mg(NO3)2.6H2O decomposition process. Additionally, 
ammonia silica reactions are more prominent during nitridation of metal 
oxide to metal nitride inside the silica template at high temperature. Also 
during template removal by HF and NaOH solution, some amphoteric 
oxides like CuO, ZnO and Al2O3 may react with HF or NaOH. So, silica 
cannot be removed during preparation of the other oxides. Th is problem 
can be overcome by using mesoporous carbon, e.g., CMK family [50] as an 
alternative template. Th e mesoporous metal oxide can be easily obtained by 
simply removing carbon template with thermal treatment. So, during the 
synthesis of these metal oxides, two steps of nanocasting are involved, i.e., 
starting from silica to carbon family ending up with metal oxide. Th us this 
process is also called “repeat nanocasting” in the literature. Schematic illus-
tration of the repeat nanocasting process is shown in Figure 2.22.

2.5.1 Nanocasted  Silica by Porous Carbon Template
Extending this thinking, mesoporous/microporous silica can also be 
nanocasted from mesoporous carbon family. CMK-1 or carbon replica 
(which is itself casted from MCM-48) have a lower symmetry (I41/a) can 
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Nanocasting 1

SBA-15 CMK-3 NCS-1

Nanocasting 2

Figure 2.22 Schematic illustration of the repeat nanocasting process [179] and TEM 
observations of SBA-15, CMK-3, and NCS-1 [180].

also used as template for siliceous precursors and results into formation 
of Hannam University Mesostructure-1 (HUM-1) having more lower or 
new cubic phase symmetry of pore arrangement [222–224]. Th e XRD 
pattern and TEM image of the HUM-1 indicates a long-range structural 
order characteristic of silica materials with periodically ordered mesopores 
(Figure 2.23) Using tetraethoxysilane (TEOS) as siliceous precursor and tet-
rapropylammonium hydroxide as hydrolysis agent along with mesoporous 
carbon template, a new class of ordered mesoporous aluminosilicates with 
crystallized zeolite pore walls are obtained as RMMs casted from CMK-1 
template, RMMs casted from CMK-3, OMZ-1 from CMK-5 [225–227]. By 
using Na2SiO3 solution to impregnate in mesopores of CMK-3 followed by 
water and HCl vapor treatment as polymerization initiator, Nanocasted 

11
0

50nm

20 3 4 5 6
2θ

7 8 9 10

Figure 2.23 Th e XRD pattern of the HUM-1 and inset shows its TEM image [222].
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silica NCS-1 is formed [51, 181]. NCS-1 may be casted by using TEOS as 
siliceous source by incipient-wetness impregnation from CMK-3 [221]. In 
the same way S BA-15 (space group of p6mm) can be casted by chemi-
cal vapor infi ltration technique form CMK-3 [182]. But all these struc-
tures have low hydrothermal stability due to the absence of crystalline pore 
walls, which hinders its practical applications. Long impregnation period 
(48 h at 40°C) of siliceous precursor and higher temperature HCl vapor 
treatment (160–240°C) during preparation leads a highly hydrothermally 
stable nanocasted SBA-15 [183].

2.5.2 Nanocasted Alumina and Nanocasted MgO
Using carbon aerogel as a hard template and aluminum nitrate as a precur-
sor, a glassy amorphous mesoporous alumina has been yielded by nano-
casting [184]. Th e generated alumina exhibits small transparent granules 
(diameter 3–6 mm) and inherits the 3D network structure of the carbon 
template. Th e pore diameters can be varied from 5 to 30 nm by variation 
of the template and the loading amount of the alumina precursor. At high 
loadings, the obtained glassy alumina clearly has a bimodal pore-size dis-
tribution in the mesopore range. Th e mesopore surface area of the alumina 
can be as high as 365 m2g–1, and the pore volume reaches about 1.55 cm3g–1.

Ethanol solution of aluminum nitrate is used as precursor to improve 
the wettability of relatively hydrophobic template CMK-3. Ammonia 
was adopted to hydrolyze the aluminum oxide precursor. Th e fi lling and 
hydrolysis steps were repeated at least four times to ensure that the tem-
plate pores were fully fi lled with the aluminum oxide precursor. Finally, a 
stepwise calcination procedure was applied to transform the amorphous 
framework walls into a crystalline ordered mesoporous γ-Al2O3 (named 
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Figure 2.24 (a) Low-angle XRD patterns for SBA-15, CMK-3 and OCAMS-1 and TEM 
images of OCAMS-1 [232]. (b) Powder XRD patterns of mesoporous MgO and “parent” 
CMK-3 and SBA-15, and the TEM image of MgO [234].
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OCAMS-1) under an inert atmosphere and subsequently to remove the 
carbon template in air. Th e wide-angle XRD pattern of OCAMS-1 shows 
four weak diff raction peaks in accordance with the γ-Al2O3 phase (JCPDS 
card no. 10-0425), implying the presence of crystalline framework 
walls [185] as depicted in Figure 2.24(a). 

Spherical interconnected 3D mesoporous MgO having surface area 
150 m2g–1 and pore volume 0.73 cm3g–1 is prepared by using carbon aero-
gel as hard template and magnesium nitrate as metal oxide precursor 
[186]. However, it cannot be defi ned as “repeat nanocasting” because car-
bon aerogel is synthesized by drying resorcinol / formaldehyde polymer 
under ambient pressure instead using, any primary template. Magnesium 
nitrate infi ltration over CMK-3 (which is itself nanocasted by SBA-15) 
followed by vacuum drying and heating to 300°C under air (to convert 
the metal nitrate into oxide) forms MgO@CMK-3 composite as fi nal 
product. Repeating this procedure three times, MgO loading increases 
such that mass ratio of CMK-3 and MgO is found 1: 1 ratio which is 
confi rmed by thermal analysis [187, 188]. Aft er carbon template remov a l 
at 800°C in air, a periodically ordered uniform narrow mesoporous MgO 
having surface area 306 m2g–1 pore volume 0.51 cm3g–1 and pore diameter 
5.6 nm is formed. Th e basic properties of the catalysts needed be acti-
vated by calcination at 700°C so that all chemisorbed species such as OH, 
H, CO2 can be removed. It has smaller pore diameter and thicker pore 
walls than the SBA-15 because the wall thickness in CMK-3 is always 
lower than the pore diameter in the parent SBA-15 [36]. Th e low-angle 
XRD patterns of SBA-15, CMK-3 and OCAMS-1 or MgO as depicted 
in Figure  2.24(b), shows the hexagonal symmetry mesostructure. Th e 
broadening of the 100 refl ection peaks reveals some degradation in 
structural regularity. TEM images of OCAMS-1 display the hexagonally 
ordered mesopores and the evenly spaced parallel channels, indicating 
a well-developed long-range order which is consistent with the XRD 
results. Th e TEM image of MgO displays a long-range periodic ordering 
with hexagonal symmetry.

2.5.3 Nanocasted CeO2 and ZnO
Mesopores CeO2 with crystalline pore walls and large specifi c surface 
area (up to 148 m2g–1) can be prepared by using CMK-3 carbon as a hard 
template and saturated aqueous solution Ce(NO3)3 as the precursor. CeO2 
product exhibits 2D hexagonal periodic arrangement with uniform pores 
with a diameter of~5 nm [189]. Tsoncheva et al. deposited iron (II I ) con-
taining nanoparticles over nanocasted CeO2 and obtained pronounced 
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positive eff ect over Fe/CeO2 catalyst towards methanol decomposition. 
Th is is probably due to the intensive electron exchange at the interface 
between the Fe2O3 species and the CeO2 support, as well as by the forma-
tion of methoxy group intermediates on the CeO2 surface [190]. Zhang 
Huili et al. reported mesoporous ceria-supported gold catalyst by the col-
loidal deposition method [191]. X. Lai et  al. prepared indium oxide  by 
infi ltrating method. Th e indium nitrate precursor was infi ltrated into the 
pore of SBA-15 by ultrasonic wave and vacuum followed by heating at 
400°C to convert precursor into indium oxide and combustion at 550°C 
[192]. Th e SAED patterns of CeO2 show the atomic-scale crystallinity of 
the porous materials. Interestingly wide angle XRD pattern indicates that 
CeO2 is crystalline and the pore walls are polycrystalline in nature. Th e 
SAED pattern, TEM images and wild angle XRD patterns of (a) mesopo-
rous CeO2 is shown in Figure 2.25(a).

To prepare mesoporous ZnO, {H3CZnO(CH2)2OCH3}4 was taken as a 
precursor which is infi ltrated by vacuum for 5 h into PAN-based CMK-3. 
Collected product is further treated at a relative humidity of 50% to 
hydrolyze the ZnO precursor and calcined in pure oxygen at 370°C 
to prepare ordered mesoporous ZnO having surface areas 200  m2g–1 
[21, 191]. However, the structure of ZnO is less ordered than in the origi-
nal carbon template. To prepare hexagonally arranged improved periodic 
ZnO, CMK-3 carbon was taken as template and a solution of Zn(NO3)2 in 
THF is taken as a precursor [193] followed by thermal treatment under 
air  at 300°C and fi nally the removal of the carbon matrix by heating 
under air at 700°C. Nanocast mesoporous ZnO shows a higher sensitiv-
ity to carbon monoxide and nitrogen dioxide as compared to the bulk 
sensor [194]. Th e SAED patterns of ZnO shows a single spot superim-
posed on diff use rings indicate that the pore walls consist of ZnO crystal-
line domains. Th e SAED patterns and TEM images of ZnO is shown in 
Figure 2.25(b).
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Figure 2.25 (a) SAED pattern, TEM images and wild angle XRD patterns of mesoporous 
CeO2 [236] (b) TEM images of ZnO and SAED patterns [240].
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Figure 2.26 TEM images of the mesoporous copper oxide recorded along the (a) [001] 
and (b) [110] directions [242].

2.5.4 Nanocasted CuO
Impregnation of copper nitrate (repeated twice) over CMK-3 template 
under vacuum, subsequent heating to 300°C (to decompose copper nitrate 
to CuO) and fi nally calcination leads the formation of 2D hexagonal 
(p6mm) structure mesoporous CuO having pore wall thickness of about 
4–5 nm, a mean pore size of 5.5 nm, specifi c surface area 149 m2g–1 and total 
pore volume 0.22 cm3g–1 (Figure 2.26) [195]. Th ese results once again indi-
cat e the perfect  replications from silica (SBA-15) to carbon (CMK-3) and 
further from carbon (CMK-3) to CuO. B. Solsona et al. reported mesopo-
rous cobalt-supported gold catalyst by a deposition–precipitation method. 

2.5.5 Nanocasted Other Metal Oxide
Mesopores inorganic materials such as alumina, zirconia, titania, etc. can 
also be synthesized from the CMK-3 by using the nano-replication syn-
thetic strategy [196]. Th e CMK-3 was impregnated with aqueous solu-
tion of metal precursors (Na2SiO3, TiCl4, ZrOCl2, and NaAlO2) by wetness 
method using a rotary evaporator, and subsequently the sample was hydro-
thermally treated under acidic or basic conditions to obtain the fully con-
densed inorganic framework (mesoporous SiO2, TiO2, ZrO2, and Al2O3). 
Th e materials have well-crystalline tetragonal-ZrO2, γ-Al2O3 andrutile-
TiO2 frameworks, respectively but their mesoscopic orders are not in good 
qualities compared with that of the silica material.

Metal (Al and Ti) alkoxide as precursor in ethanol solution was allowed 
to infi ltrate in the pore of hollow mesoporous carbon sphere (that is itself 
prepared by using spherical SBA-15 silica as the template via a CVD of 
acetonitrile) [197, 198]. Th e hydrolysis of the alkoxides in the carbon me so-
 pore channels was initiated by exposing the mixture in air. Aft erwards, 
the removal of the carbon (by calcination at 500–600°C) results in porous 
metal oxides as with predominantly hollow sphere morphology. Finally, 
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mesopores γ-Al2O3, titania (anatase), MgTiO3 and MgO–Al2O3 are formed 
that do not exhibit ordered mesostructure probably due to the less-ordered 
structure of the carbon template used here, resulting in the random growth 
of metal oxide crystals. 

2.5.6 Mesoporous Sphere of Metal Oxide and Phosphate
A. Dong et al. prescribed a general procedure for synthesis of mesoporous 
sphere of metal oxide and phosphate and synthesized TiO2 and ZrO2 sphere 
composed of particulate nanocrystals, whereas mesoporous Al2O3 spheres 
composed of interesting lath-shaped nanoparticles [244]. Th e desired pre-
cursor such as alkoxides or inorgan ic salts (dissolved in organic solvent) 
is chosen to impregnate into the pore of carbon sphere template. Aft er 
removing the redundant precursor by centrifugation, the hydrolysis of pre-
cursor was initiated by exposure to the moisture in air. Th e mesoporous 
inorganic spheres were fi nally obtained by crystallization or polymerization 
of inorganic species at 600°C (or 950°C for rutile-type Titania formation) 
in nitrogen for 6 h, coupled with removal of carbon at 550°C in air for 8 h. 
Th e precursor became more hydrophobic with the hexane and cyclohexane 
(1:1, v/v) and therefore could fi ll all the parts of carbon template leading to 
solid ZrO2 spheres. Interestingly only ethanol solution of ZrCl4 was some-
what hydrophilic and face diffi  culty to infi ltrate the inner parts of the carbon 
spheres, resulting in hollow ZrO2 spheres aft er calcination. On the contrary, 
it indicates the eff ect of polarity of precursor on the fi nal product morpholo-
gies due to the hydrophobic nature of carbon template. Th ese hollow metal 
oxide spheres grow randomly on less ordered carbon template. So, they do 
not exhibit ordered mesostructures. Th e size of the replicated sphere (i.e., 
diameter of TiO2 sphere = 500–600 nm) is somewhat smaller than that of 
the original carbon spheres (i.e., diameter of carbon sphere = 800–900 nm) 
and much less than that of the silica parent due to volume shrinkage. Th e 
surface areas of γ-Al2O3, Titania, MgTiO3 and MgO-Al2O3 are 212, 100, 154, 
and 322 m2g–1, respectively. Th e TEM images of (A) mesoporous γ-Al2O3 
spheres and mesoporous Al2O3 hollow spheres are shown in Figure 2.27.

2.5.7 Nanocast Ceramics
Using carbon CMK-3 as a template and trimethylaminoborazine (MAB) 
as precursor infi ltration was done [135, 199]. Simple calcination in air for 
carbon removal was restricted in this case due to sensitiveness of boron 
compounds to air and moisture. So, the synthesis was done under a protec-
tive atmosphere of argon using standard Schlenk techniques. Th e carbon 
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(a) (b) (c)

Figure 2.27 TEM images of (a) mesoporous γ-Al2O3 spheres, [244] (b) & (c) mesoporous 
Al2O3 hollow spheres [245].

template was eliminated by ammonia treatment at 1000°C. Finally, the hex-
agonal mesostructure of CMK-3 was transferred to the BN replica and so, 
ordered mesoporous BN having specifi c surface area of ~540 m2g–1, pore 
volume of ~0.27 cm3g–1 and pore-size distribution ~centered at 4.4 nm is 
found as depicted in Figure 2.28(a). It is found that the mesostructure of 
BN is better retained by a two-step procedure, ceramization followed by 
template elimination using hydrogenation, rather than a one-step proce-
dure of ceramization and template hydrogenation simultaneously [200]. 
Th e cubic ordered mesoporous carbon (CMK-8) was also used for further 
replication of mesoporous BN which exhibits cubic mesostructure and the 
pore diameter is concentrated at 4.7 nm [201].

Nanocasted mesoporous carbon CMK-3 was immersed in xylene con-
taining polycarbosilane (PCS) precursor under stirring until the xylene 
nearly evaporated [202]. Th e thermal treatment of PCS-carbon composites 
was carried out under ni t rogen fl ow in a tube furnace with a multi-step 
temperature program starting from room temperature to 350°C at 5°C 
rpm, then to 700°C at 1°C rpm then 1500°C at 2°C rpm. Th e fi nal tem-
perature 1500°C is maintained for 30 min, and then it is cooled to room 
temperature for getting SiC-C composite. Further reactive gases including 
air and ammonia were employed simultaneously to incorporate O or N 
into SiC ceramics and to oxidize or reduce the carbon template. At 1000°C 
under high purity nitrogen, ammonia gas is blown over SiC-C com-
posite to fi nd ordered mesoporous SiCN as presented in Figure 2.28(c). 
Mesostructured SiOC can be obtained by the calcination of SiC–C com-
posite at 500°C under air atmosphere in a muffl  e oven (Figure 2.28(b)). Th e 
ordered mesoporous SiOC and SiCN ceramics have large surface areas of 
200–400 m2g–1, pore volumes of 0.4–0.8 cm3g–1 and narrow pore-size distri-
butions (4.9–10.3 nm). Alternatively, polyvinylsilazane diluted in toluene 
to obtain 60 wt.% solution can also be used as a SiCN ceramic precursor 
over CMK-3 and CMK-8 template [203]. At thermal treatment (1400°C) 
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under nitrogen atmosphere, SiCN–C composite is formed. Aft erwards air 
combustion was carried out to fi nd mesoporous SiCN. Th e surface area of 
SiCN is 247 m2g–1 whenever it is casted from CMK-3 whereas surface area 
is 472 m2g–1, when it is casted from CMK-8. It is cleared that using cubic 
rather than hexagonal mesoporous carbon as template results into forma-
tion of SiCN having large surface area.

PCS precursor was fi lled into the channels of CMK-8 by solvent evap-
oration- induced impregnation [204]. Th e resultant composites were 
then heated to 900°C under an ammonia atmosphere t o  produce silicon 
nitride carbon composites. A further treatment at 1400°C in an N2 atmo-
sphere was carried out before removal of carbon template by ammonia at 
1000°C. Finally, ordered mesoporous silicon nitride of 3D bicontinuous 
cubic mesostructure (Iaз id) having surface area 384 m2g–1, pore volume 
0.71 cm3g–1 and large pore size 5.7 nm is found (Figure 2.28(d)). Its nitro-
gen content can reach as high as 32 wt.%. Elemental analysis shows that 
the Si, N, O, and C contents are 54, 32, 11, and 2.0 wt.%, respectively. Th e 
stoichiometric composition can be described as Si1N1.18O0.36C0.09.

2.5.8 Mesoporous Hydroxyapatite and Phosphates
Hydroxyapatite-calcium is a highly demanding biocompatible material 
which have excellent bond forming ability with living bone issue. Zhiguo 
Xia et al. synthesized ordered mesoporous hydroxyapatite by infi ltrating 
the solution of CaCl2/(NH4)2HPO4 (Ca/P = 1.67) aqueous solution to the 
mesopores channel of CMK-3 at pH 10–11 for 24 h, followed by drying 
and calcination. Finally, a white and rod like morphology (as confi rmed 
by TEM), mesoporous (confi rmed by surface area and porosity measure-
ment) and hexagonal (as confi rmed by (002), (211), and (300) peaks in 
XRD) hydroxy apatite is obtained [205]. P.  Po’łrolniczak et  al. synthe-
sized temperature resistant ordered mesoporous tin phosphate by using 
CMK-3 as hard template and SnCl45H2O and H3PO4 in 1:1 molar ratio as 
precursor [206].

(a) (b) (c) (d)

50nm50nm50nm

Figure 2.28 TEM images of mesoporous (a) BN [135] (b) SiOC [249] (c) SiCN [249] 
(d) SiN [251].
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2.5.9 Potential Application
Mesoporous TS-1 templated from CMK-3 shows improved catalyti c  per-
formance for thiophene oxidation and is able to catalyze oxidation of bulky 
sulfur containing molecule such as dimethyldibenzothiophene [207]. An 
enhanced catalytic activity for CO oxidation was observed over ordered 
mesoporous ceria oxides (template by CMK-3) supported gold cata-
lyst; possibly due to the nano-sized particle and narrow pore size of the 
ordered mesoporous ceria [238]. C. L. Lima et  al. prepared mesoporous 
SnO2–ZrO2, SnO2–MnO2, and SnO2–TiO2 by carbon template (itself pre-
pared by SBA-15) among which small-sized Sn Ti is a promising catalyst 
for the gas phase dehydration of glycerol [208]. Acidic sites plays coop-
erativity between Sn and Ti and favors the production of acrolein and 
 1-hydroxyacetone in glycerol dehydration. Th e presence of crystalline 
SnO2 as a separate phase increased the catalytic performance, whereas the 
catalytic performance of ZrO2 or MnO2 associated with tin oxide was poor 
due to the major acidity and/or basicity enhancement. 

2.6 Future Prescriptive

PtRu (nanocatalysts) deposited mesoporous carbon thin fi lm (template 
from SBA-15) as a novel electrode materials is an attempt toward high-
performance fuel cell electrodes with designed nanostructures that allow 
improvements of the catalytic surfaces and the molecular transport at the 
same time with an integrated architecture [209]. Graphitic-CN (g-C3N4) 
inside the channel of CMK-3 (g-C3N4@CMK-3 nanorods) is low-cost, 
metal free oxygen reduction reaction electrocatalyst, which exhibited 
extremely high electrocatalytic activity and effi  ciency and a promising 
candidate for the next generation of highly effi  cient oxygen reduction 
reaction electrocatalysts particularly for methanol alkaline fuel cells [210]. 
Phosphorus-doped ordered mesoporous carbons (templated by SBA-15) 
specially which having short channel length is found to have superior elec-
trochemical performances for metal free oxygen reduction reaction, cou-
pled with much enhanced stability and alcohol tolerance compared to those 
of platinum via four-electron pathway in alkaline medium [211]. Last two 
examples are metal free oxygen reduction reaction in fuel cell that indicates 
a hope in future nanocasting fuel cell technology. CMK-1 type mesopo-
rous carbon nanoparticle material was successfully synthesized by using a 
MCM-48 template and utilized for the delivery of membrane impermeable 
chemical agents inside of eukaryotic cells by Tae-Wan Kim  et  al.  [212]. 
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It has high inhibitory concentration (>50 μg/mL per million cells) and 
serve as a transmembrane  carrier for delivering Fura-2 (membrane imper-
meable fl uorescence dye) through the cell membrane to release these mol-
ecules inside of live HeLa cells (Figure 2.29). Qiuling Luo et al. synthesized 
lanthanide-doped yttrium phosphates (YPO4:Ln3+, Ln3+= Eu3+, Tb3+, and 
Ce3+) by using KIT-6 have both the mesoporous properties for the stor-
age of biological actives and photoluminescence properties for the online 
monitoring of carrier, resulting in a potential application as a new genera-
tion of drug delivery vehicles in biomedicine [138].

Mesoporous materials are defect tolerant and may undergo self-healing 
processes but surprisingly behavior of nanocasted mesoporous materials 
under irradiation has not been yet studied [213]. Use of biosynthesized 
polymers as hard template as Natural rubber latex [214] for getting meso-
porous structures opens the future prescriptive for researcher working in 
the area. In post nanocasting process, Suk Bon Yoon et al. work for recrys-
tallization transformation of the sacrifi cial silica template into more use-
ful functional nanostructured silica off ers an attractive alternative to the 
problem of handling silica waste and toxic etchants [215].

2.7 Limitation

Nanocasting method is more complex than the conventional hydrother-
mal methods. As well as steps of nanocasting increases from one step 
to two steps, the partial loss of structural order is more prominent, i.e., 

MCN

Endocytosis

Fura-2
(cell membrane impermeable)

Hela cell

Nucleus

Intracelluar Release

Figure 2.29 Schematic representation of the endocytosis of mesoporous carbon 
nanoparticles and the intracellular release of Fura-2 Molecules [259].
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mesoporous metal/non-metal oxide casted from CMK family have less 
structural order than silica family templates. Less structural order is 
claimed to less surface area of mesoporous casted material [253] that is 
defi nitely not good for the fi eld where high surface area mesoporous are 
in demand. Th e functionalization of the mesoporous support is gener-
ally attributed to good interaction between function group and deposited 
metal oxide but at the same while electrical conductivity decreases in the 
fuel cell. Functionalization could accelerate the electrochemical corrosion 
of the support reducing the durability of the fuel cell [208]. Th ese draw-
backs limit the use functionalized mesoporous template in fuel cell. K. 
Xia et  al. showed that hydrogen uptake is attributed to the micropores 
with pore sizes smaller than 1 nm [154] where as Tse’s group in theoreti-
cal calculation showed that pore size distribution in the range of 0.6–0.75 
nm should best suited [216]. So, due to fewer amounts of micropores in 
mesopores system, nanocasted carbons are less preferred for gas storage. 
Unsupported ordered mesoporous metal oxide had also limitation than 
supported one in catalysis, i.e., 

Wojciech Gac synthesized mesoporous cobalt nanostructured oxides by 
using MCM-48 template and ethanol solution of cobalt nitrate as precur-
sor, [217] followed by tithing of silica by NaOH. It is found that cobalt 
impregnated MCM-48 is more active towards ethanol conversion than 
nanocasted mesoporous cobalt oxide. Ethanol conversion approached 
100% at 420°C for supported and 66% for unsupported cobalt catalysts, 
respectively. Th e activity of silica supported catalysts was related to the 
large surface area of silica support and the enhancement of the redox pro-
cesses by small cobalt species. 

2.8 Conclusion

In a nutshell the review could eventually establish the role of hard tem-
plate, i.e., mesoporous silica for synthesizing variety inorganic compounds 
ranges from metal oxides, metal sulfi des, metal carbide phosphate, and 
ceramics. Interesting strategic approach to exploit the orderness of the 
mesoporous silica for designing ordered nanocrystalline inorganic mate-
rial was surveyed thoroughly. Th e synthesis of metal oxides by “repeat 
nanocasting” via mesoporous carbon can be a simple approach where soft  
templating methodology was found diffi  cult. Th e high throughput research 
on nanocasting methodology is desired to be more focused for developing 
advanced material. 
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Abstract
Th is chapter focuses on the fundamentals of the spray pyrolysis (SP) technology, 
the formation of oxide nano powders, nano rods and nanocrystalline thin fi lms, 
and the performance/manufacturing condition relationships of these materials. 
Specifi c application areas such as photovoltaic, energy storage, and sensors will 
also be given in a subsection of the chapter. Moreover, our approach to building 
nanocrystalline chalcopyrite semiconductor thin fi lms for photovoltaic applica-
tions is given. Chalcopyrite semiconductors are good alternatives to silicon-based 
photovoltaic devices because of their appropriate band gap energy, high absorp-
tion coeffi  cient, and stability. Although selenium-based chalcopyrite materi-
als have very high energy conversion effi  ciencies in photovoltaics, sulfur-based 
semiconductors have been quickly replacing them due to the non-toxicity of the 
sulfur-containing materials. Th is chapter gives information on the nanocrystalline 
thin-fi lm deposition of both selenium- and sulfur-based chalcopyrite semicon-
ductors via SP. Applications of these materials in the photovoltaic area are also 
discussed. Furthermore, our very recent work on the SP of copper-based photo-
voltaic devices on fl exible substrates is summarized. Usage of fl exible substrates, 
polymers, and metal foils, which combine the advantages of being very lightweight 
with mechanical robustness, is discussed. Th erefore, spray-pyrolyzed materials 
can be used in fl exible electronic applications or in the areas where the weight/
volume ratio is crucial like unmanned air vehicles.
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3.1 Introduction

Nanostructured materials, such as nanoparticles, nanoporous materials, 
nanopillars, nanorods, and nanocrystalline thin fi lms, have huge poten-
tial in various application fi elds including energy related devices, sensors, 
and optics. In general, nanomaterials have the advantage of large surface-
to-volume ratio and tailoring of the physical and chemical properties by 
varying the size. Hence, many researchers have been focused on the new, 
effi  cient and cost eff ective nanomaterial manufacturing methods. Although 
spray pyrolysis (SP) technique has been used to build functional materi-
als since 1960s, the application fi elds and variety of the spray-pyrolyzed 
materials has increased dramatically since then. Th erefore, we would like 
to introduce this important technique to the readers, who do not aware of. 
Moreover, researchers in the SP area will fi nd detailed information about 
the various nanostructured materials produced via numerous diff erent SP 
technologies in this chapter. 

Furthermore, there will be the information about the copper based 
chalcopyrite and chalcogenide semiconductors produced by our research 
group using ultrasonic SP method in this chapter. As explained in the fol-
lowing sections ultrasonic SP is superior to other pyrolysis techniques due 
to its very high material yield and low energy requirement. Also for the 
fi rst time in literature, our group has been used ultrasonic SP technique 
to build functional materials on fl exible substrates such as polyimide and 
stainless steel foils. 

Section 3.2 gives information about the basis of the SP method. It is impor-
tant to have knowledge about the fundamentals of the technology, since the 
material type and properties strongly depends on the manufacturing condi-
tions. Section 3.2 explains the fl ame and SP methods, also the atomization 
techniques, which are the heart of the spraying process. Th en the some cut-
ting edge examples of the nanoparticles, nanopillars- nanoporous materi-
als, and nanocrystalline thin fi lms are given in sections 3.3, 3.4, and 3.5, 
respectively. Th ese sections focus on the most commonly used oxides, chal-
copyrites, and chalcogenides. Th e relationship between manufacturing con-
ditions and the materials properties is discussed via summarizing the recent 
and most effi  cient works in the literature. 

3.2 Spray Pyrolysis Technology

Th e SP technique is one of the simplest forms of the chemical deposition 
techniques. It has been applied to deposit a wide variety of thin fi lms, nano 
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powders, and three-dimensional nano-structured fi lms. Th ese products 
were used in various applications such as solar cells [1–3], sensors [4–6], 
energy storage devices [7–9], and biomedical applications [10, 11].

Chemical precursors, usually appropriate salts in solution or 
nanoparticle suspensions are used as starting materials in SP process. 
Th is method involves the generation of the droplets by nebulization or 
atomization of the solution. Moreover, evaporation of the solvent, dif-
fusion of the solute, drying, precipitation, reaction between precursors 
and surrounding gas, pyrolysis, or sintering occur in the furnace or on 
the hot plate during the formation of the fi nal product. Typical SP equip-
ment consists of an atomizer, pump, substrate heater, and temperature 
controller. SP technique is superior to other wet chemical and vacuum 
based manufacturing techniques due to some unique advantages, listed 
below: 

• Th is technique allows to use very large choice of precursors 
including water and/or alcohol soluble chlorides, nitrates, 
and metal-organic salts.

• It is appropriate for in-line production with high throughput. 
• Th is method is a robust process and can be easily scaled-up. 
• It allows high material utilization, and low material waste.
• SP requires neither high quality substrates nor vacuum at 

any stage (except the low-pressure spray pyrolysis (LPSP)), 
which is a great advantage in terms of equipment and pro-
duction cost.

• It is possible to build functional materials at moderate tem-
perature (100–500°C). 

• It is very easy to tailor the properties of product by simply 
adjusting the precursor solution composition.

• Compositional gradient and layered fi lms or core/shell 
structures can be easily obtained by changing composition 
of the spray solution during the spray process.

Hence, many researchers have been focused on manufacturing functional 
structures including functional nanocrystalline thin fi lms, nano powders 
and three-dimensional nano-structures using SP technologies.

In a general manner, pyrolysis process starts when the droplets of the 
precursor solution are generated by any kind of excitation technique. 
During the aerosol transport process, droplets are carried to the hot sub-
strate or to the hot furnace and they starts to lose their solvent. Finally, 
decomposition occurs when the droplet lose its solvent completely. If this 



130 Advanced Functional Materials

occurs just before reaching the substrate usually non-adherent nanopow-
ders are formed. If droplets decompose on the heated substrates it forms 
a fi lm. All mentioned processing parameters take part during this period 
and aff ect the physical properties of the fi nal products. Infl uence of the 
preparation conditions will be discussed later in the text. Figure  3.1 
shows the modifi cation of droplets during the SP process. As can be 
seen this fi gure, two models could be suggested for which the droplet 
moves towards the substrate. First one assumes the constant initial drop-
let size [12]. While increasing the substrate temperature droplets starts 
to evaporate before reaching the substrate and nanoparticle formation 
occurs. In the second model temperature of the substrate is assumed as 
constant [13]. Early evaporation of the solvent occurs when the droplet 
size decreases.

Following subsection gives very brief information about the fl ame 
spray pyrolysis (FSP), which is generally used to form nanoparticles. 
Th en the various mist generation technologies will be introduced to the 
reader in order to build a bridge between production mechanism and the 
form of the material. In other words it is possible to build nanoparticles, 
nanoporous, or nanocrystalline thin fi lms of the same material via using 
diff erent spray technologies or manufacturing conditions. Each tech-
nology has its unique advantage in terms of the nature of the deposited 
material.

Constant Initial Droplet Size 
Decreasing Initial Droplet Size

A AB BC CD Initial Droplet

Precipitate

Vapor

Powder

Substrate Substrate

Increasing Substrate Temperature Constant Substrate Temperature

D

Figure 3.1 Modifi cation of generated droplets while they are transported from the 
atomizing surface to the substrate. If the temperature or the initial droplet size is varied, 
there are four defi ned paths which the droplet can take as it moves towards the substrate 
(A–D).



Nano-structured Optical and Electronic Materials 131

3.2.1 Flame Spray Pyrolysis
FSP has been applied for the production of wide variety of high purity 
nanopowders ranging from single metal oxides like alumina to more com-
plex mixed oxides, metals, and catalyst systems [14]. FSP allows production 
of powders with controlled characteristics at a high rate. In this technique a 
liquid, which contains precursor materials, is fed into the spraying nozzle, 
where oxidizing gas pass through the fl ame zone (Figure 3.2). Th e spray 
is combusted and the precursors are converted into nano sized metal or 
metal oxide particles, depending on the material and the operating condi-
tions. Th e technique is fl exible and allows the use of a wide range of pre-
cursors, solvents and process conditions. Th us it provides control over the 
particle size and the composition. FSP systems are generally comprised of 
three main experimental parts: an atomizer, a burner and a collecting sys-
tem. Figure 3.2 shows the sketch of the simplifi ed FSP system. In literature, 
numerous types of materials have been successfully produced for optical 
and electrical applications via the FSP method such as simple metal oxide 
nanoparticles – γ-Fe2O3 [15], Al2O3 [16], SiO2 [17], β-Bi2O3 [18], ZnO [19], 
and CuO [20].

Nanoparticle Formation

Nanoparticle Growth

Droplet Combustion

Droplet Fromation

Oxygen Dispersion

Nanoparticle Liquid Precursor

Suppporting Flame

Figure 3.2 Nanoparticle synthesis by FSP system.
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3.2.2 Mist Generation Technologies
Conventionally, SP technologies are classifi ed by the way of atomiza-
tion. Th e average size and the size distribution of the fi nal particles can 
be roughly determined from the diameter (or the volume) of the atom-
ized droplet and the initial concentration of the starting solution [21]. 
Th erefore, atomization technique has a control over the material proper-
ties [22]. Various atomization techniques have been employed for mist 
generation including air blast [23] (liquid is exposed to a stream of air), 
ultrasonic (ultrasonic frequencies produce the short wavelengths neces-
sary for the fi ne atomization) [22], and electrostatic (liquid is exposed to 
a high electric fi eld) [24]. Th ese atomizers diff er in droplet size, rate of 
atomization and the droplet velocity. Th ese factors aff ect the heating rate 
and residence time of the droplet during SP.  For any atomizer, the par-
ticle characteristics, including particle size distribution, homogeneity, and 
the phase composition, depend on the type of the precursor and solvent, 
concentration, pH, viscosity, and the surface tension. On the other hand, 
droplet size depends on the type of the nozzle, fl ow rate, feed pressure, 
and spray pattern. Th e following section summarizes the commonly used 
atomization technologies. 

3.2.2.1 Air Blast
In principle, the air blast atomizer functions in exactly the same way as the 
air assist atomizer. Both employ the kinetic energy of a fl owing airstream to 
shatter the solution into mist. Air blast nozzles can generate diff erent spray 
patterns, such as fl at fan, full cone, and hollow cone sprays [25]. In this 
type of nozzles, pressurized liquid is fed through the orifi ce in the nozzle. 
Finally, with the help of the compressed air fl ow atomization of droplets is 
obtained. Th e air blast nozzle is shown schematically in Figure 3.3(a).

Th e atomizing nozzle from a spray pyrolysis process can be simulated 
using random number distributions for the generated size of the droplet, 
the initial droplet velocity, and the droplet direction as it leaves the atom-
izer. Th e radius of a droplet, formed from a liquid which is forced through 
a thin circular outlet is given by;
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where rn is the outlet radius, rd is the liquid density, g is the gravitational 
acceleration, and γ is the liquid-gas surface tension. Th e radius of the drop-
let could be tailored via changing one of the variables given in Eqn. (3.1).
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3.2.2.2 Electric Field
In this atomization technique, the fl uid is exposed to an intense electric 
fi eld while travelling through the atomizer to the substrate. An electric 
charge is induced onto the surface of the liquid to be atomized. Th en the 
electric charge having opposite sign is induced on the impact surface. Th e 
like charges created on the liquid surface severely increase its surface ten-
sion, causing the fi lm to break into ligaments. As the charge is continuously 
applied, the ligaments atomize into droplets. Th e schematic illustration 
of the electric fi eld assisted nozzles is shown in Figure 3.3(b). Th e charge 
transfers to the fl uid and repulsive forces between the atomizer and the 
fl uid tear the droplets from the atomizer and send them toward the sub-
strate surface. Electrostatic nozzles are particularly advantageous because 
their droplet sizes are more uniform than any other type of nozzles. Besides, 
they off er a greater degree of the control on the droplet size. 

Droplet size calculation in the presence of electric fi eld can be done using 
additional force, provided by an electric fi eld. Th e relationship between 
the droplet diameter  d and its charge has been measured by Hendricks 
et  al. [26]. Th ey showed that there is a relation between  charge and the 
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Figure 3.3 Schematic illustrations of (a) air blast, (b) electric fi eld assisted, and 
(c) ultrasonic nozzles.
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droplet diameter, qa dn, where the exponent n is varying between 1.5 and 
2.3 while the poly disperse droplet size distribution is ranging between 0.1 
and 10 μm.

3.2.2.3 Ultrasonic Generation
Ultrasonic vibration is superior to the other techniques due to the lower 
energy requirement and smaller droplet size formation [27]. Ultrasonic 
atomization uses mechanical vibrations generated via a piezoceramic 
element, which distributes the liquid without applying pressure or com-
pressed air (Figure 3.3(c)). Th e energy from the vibrations gets trans-
ferred to the liquid, creating capillary waves. Once enough energy is 
transferred, these capillary waves will no longer be able to remain stable, 
and this causes the liquid stream to break into small droplets. Ultrasonic 
nozzles are primarily used in the biomedical industry for coating pur-
poses [28]. Ultrasonic generators are capable of creating very fi ne drop-
lets, which travels at a relatively low velocity. Th ey also do not consume 
a lot of fl uid. Th is greatly reduces the amount of the energy needed for 
the atomization. Average droplet size generated by ultrasonic nozzles 
is inversely proportional to the excitation frequency as in the following 
equation:
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where dp is the droplet size, s is the surface tension, r is the density of the 
solution, and f is the excitation frequency [29, 30].

3.3  Nanoparticles Created via Spray 
Pyrolysis Method

Size reduction of the particles in nanometer range gives occasion to be supe-
rior to the performance of surface atoms due to higher surface-to-volume 
ratio. Other size reduction eff ect in nano scale is the constraint of move-
ment of electrons – quantum confi nement eff ect. Th is leads to the diff erent 
chemical and physical behavior of nano materials from their bulk form. 
Material properties could be tailored for specifi c applications with control-
ling the dimensions and composition of the structures. Nanoparticles, in 
which electrons are confi ned in all three dimensions, are ultra fi ne particles 
with sizes between 1 and 100 nanometers. 



Nano-structured Optical and Electronic Materials 135

Nanostructures like rods and particles have become the most promis-
ing research material because of their attractiveness for very large range of 
optical and electronic applications. Wide band gap oxide nanorod arrays, 
which have far greater surface area (over 100 times more) than thin fi lms, 
have great advantages in applications where surface area plays a critical role. 

Mechanical attrition/ball milling, microwave plasma reactions, laser 
ablation, solid-state reactions, aerosol, etc. processes have been used for 
synthesis of ultrafi ne particles [31–36]. Several physical aerosol and chem-
ical methods have been reported to synthesize the ceramic nanoparticles. 
Vapor condensation techniques: sputtering, laser vaporization, thermal 
evaporation [37–39], chemical vapor condensation (CVC) methods: 
fl ame processes [40–42], chemical methods: sol-gel, low-temperature 
wet-chemical, etc. [43, 44] can be sorted as metal oxide nanoparticle syn-
thesis methods. One of the aerosol processing is SP, liquid-phase method 
with advantages of being a simple, continuous and cost eff ective produc-
tion [21]. Metal oxide nanoparticles can be synthesized with various types 
of SP methods such as electrospray, low-pressure, salt-assisted (SAD) and 
liquid fl ame spray (LFS or FSP) pyrolysis [21, 45]. For various applications 
including thin-fi lm solar cells, gas sensors, display devices, optoelectronic 
devices, frost-resistant surfaces and battery applications, nanorod arrays of 
ZnO [46], ZnS [47], SnO2 [48], FTO [49], and nanostructured thin fi lms, 
such as TiO2 [50] and LiMn2O4 [51] have been synthesized by SP technique.

SP method allows continuous synthesis of nanoparticles with adjustable 
sizes, a signifi cant parameter. It also results narrow size distribution with 
highly crystalline and having desired stoichiometry of the nanoparticles. 
Ultrafi ne particles could be produced using electrospray pyrolysis. In this 
method, applied voltage onto the capillary tube leads to conical shape of 
meniscus of a spray solution. With the continuous breakup of a jet, stable 
droplets are formed in the range of nanometers to micrometers [21]. FSP 
method used to synthesize noble metal and metal oxide nanoparticles for 
various types of applications [52, 53]. Small variations of process condi-
tions make alterations to property and quality of the nanoparticles. Herein 
fl ame and spray characteristics and gas phase reactions could be controlled 
in order to determine the quality of the particles [53]. LPSP is another 
method used for nanometer-ordered oxide materials [21, 54]. LPSP system 
is composed of three components; two-fl uid nozzle for dispersing a liquid, 
a porous glass fi lter, and a vacuum pump [21]. A thin liquid fi lm on the 
glass fi lter surface is obtained by spraying a liquid through a pneumatic 
nozzle by a carrier gas. Th is liquid fi lm and carrier gas pass through the 
fi lter pores aided by the carrier gas and are expanded into a low-pressure 
chamber. Th e size and morphology of the particles prepared by the LPSP 
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process was diff erent from those produced by ultrasonic SP. Th e ZnO par-
ticles were in nanometer size fabricated by LPSP. Conversely, submicron 
size ZnO particles were produced in the case of ultrasonic SP. 

Oxide nanoparticles have a huge potential to use in sensor [4], antirefl ec-
tive coatings [55], energy storage [56], and photovoltaics applications [57]. 
Th ese oxides could be easily synthesized via SP methods. Following sub-
sections summarize the nanoparticle oxides, which can be produced via 
SP method.

3.3.1 Copper Oxides
Copper oxide (CuO) and cuprous oxide (Cu2O) are semiconductor mate-
rials with promising use for electronic and optoelectronic devices. CuO 
generally used in gas sensing applications [58], and electronic devices such 
as, fi eld emitters [59], high Tc superconductors [60]. Biological applications 
are also very promising for copper oxides [61]. Synthesis of CuO nanopar-
ticles have been reported by Chiang et al. for photoelectrochemical (PEC) 
water splitting application using copper (II) nitrate aqueous solution as a 
precursor for FSP. It can be stated that the main advantage of this method 
is the high production rate at a relatively low cost [17, 62]. Particle size and 
size distribution are strongly in dependence with precursor concentration 
and the fl ame conditions such as, gas fl ow rate, temperature and collection 
of particles at diff erent heights. Figure 3.4 shows the transmission electron 
microscopy (TEM) images of the CuO nanoparticles produced at various 
manufacturing conditions [62]. As can be seen in this fi gure, particle size is 
directly related with the sintering temperature and sintering process time. 
Chiang et al. fi rst synthesized the CuO nanoparticles via FSP, and then they 
obtained the thin fi lms on ITO coated glass substrates by spin coating tech-
nique. Th ey also reported the eff ect of the particle size distribution on the 
PEC water splitting performance. It was observed that increasing the sinter-
ing temperature and duration has increased crystallinity of the CuO fi lms. 
Hence, the photocurrent density of the PEC cell increased also [63]. 

3.3.2 Indium Oxide
Indium oxide (In2O3), n-type semiconductor with band gap 3.6 eV, has been 
widely used as microelectronic device materials such as in solar cells, sensors, 
fl at displays and/or architectural glasses [57]. As some metals, such as zinc 
and tin, doped indium oxide materials have been employed as transparent 
conductive oxides (TCO) for the device applications in optics. Tin-doped 
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indium oxide (ITO) and zinc-doped indium oxide (IZO) nanoparticles 
could be synthesized via SP using precursor containing metal chlorides. Ogi 
et al. reported that low pressure SP system with two-fl uid nozzle was used 
for ITO and IZO nanoparticle synthesis for OLED, solar cell and infrared 
refl ection in energy-saving window technologies [64]. TEM fi gures proved 
that synthesized TCO nanoparticles have highly ordered lattice fi ngers, 
which has proved highly crystallized TCO nanoparticles could be obtained 
via low pressure SP (Figure 3.5). On the other hand, volume resistivity of 
LPSP-prepared ITO nanoparticles had resistivity on the order of 10–4 Ωm, 
which is lower than the resistivity of the pellet made from commercial ITO 
nanoparticles, 10–2 Ωm [64]. Relation between resistivity and the particle 
size has been reported in previous study of T. Ogi et al. [64]. Reducing the 
particle size has increased the conductivity of ITO thin fi lms derived from 
LPSP synthesized ITO nanoparticles. 
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Figure 3.4 TEM micrograph for CuO nanoparticles based on diff erent precursor 
concentrations: (a) 35%, (b) 25%, (c) 17%, (d) 5%, and (e) 0.5% and collected at diff erent 
heights for fl ame conditions: (f) 13.8 L/min total gas fl ow rate, 2185 K adiabatic fl ame 
temperature, and (g) 6.1 L/min total gas fl ow rate, 2383 K adiabatic fl ame temperature 
[62] (Reprinted with permission from Elsevier, doi:10.1016/ijhydee.2011.10.033). 
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3.3.3 Tin Oxide
Tin oxide (SnO2) has been used in solid-state gas sensors, oxidation cata-
lyst systems and transparent conductor technology due to its physical and 
chemical properties. Combination of the high electrical conductivity and 
optical transparency make SnO2 an important material for optoelectronic 
applications [65]. Additionally, SnO2 has been the most frequently used 
material for sensor applications since surface chemical activity has a close 
relationship with gas sensitivity [65]. Various kinds of nanostructures of 
SnO2 have been studied such as SnO2 nanobelts [66], SnO nanodiskettes 
[67], and other nanoscopic materials [68]. SnO2 nanoparticles utilized into 
various applications will be the focus of this subsection. 

Sahm et al. reported that SnO2 nanoparticles were synthesized via FSP 
for gas sensing applications [4]. In this study, tin source was dissolved in 
ethanol for precursor solution and the precursor was dispersed by oxy-
gen gas. It should be noted here that premixed methane/oxygen fl amelet 
ring was used to maintain the spray fl ame and additional oxygen fl ow 
was applied for assuring enough oxidant for complete conversion of the 
reactants. Th e nanopowders are collected on a fi lter with the help of a 
vacuum pump. To investigate the sensing properties of tin oxide nanopar-
ticles for CO, NO2, and propanal gases, sensor structure was fabricated 
by drop coating on alumina substrates with interdigitated Pt electrodes 

(a) ITO

(b) IZO

50 nm 5 nm

50 nm 5 nm
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(321)
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Figure 3.5 Low and high-magnifi cation TEM images of various transparent conductivity 
oxide nanoparticles including (a) ITO and (b) IZO [64] (Reprinted with permission from 
Elsevier, doi:10.1016/j.apt.2008.09.002).
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and DC electrical measurements was performed. It could be concluded 
that NO2 gas results in increase in the sensor resistance while propanal 
and CO results decrease in the sensor resistance. Lower signals for CO 
were observed even at higher concentrations. On the other hand, the 
sensor signals of propanal and CO are higher in dry air than in humid 
at low operating temperatures (<300°C). For NO2 and propanal, Sahm 
et  al. reported that sensors gave fast and stable responses and showed 
the expected power law behavior compared to the state-of-the-art SnO2 
thick fi lm sensors. Moreover, Figure 3.6 underlines the typical behavior 
of undoped SnO2 nanoparticles for CO sensing since small signals were 
observed. 

It is expected that nanoparticle form of SnO2 has facilitated to increase 
the sensitivity, faster response and recovery time of gas sensors since 
responding depends on the surface reaction between metal oxide and gas 
molecules. Franke et al. gave an overview of the relationship between parti-
cle size and gas-sensing sensitivity and response [69]. It could be concluded 
that sensing properties of metal oxide materials have been improved with 
reducing particle size. In literature, various characterization tools have per-
formed particle size detection. For this reason reported particle size values 
are not directly comparable each other.

3.3.4 Titanium Dioxide
Titanium dioxide (TiO2) is also known as titania which is a wide band gap 
semiconductor. When irradiated with light, TiO2 could produce electron- 
hole pairs. Th erefore, TiO2 has been utilized for various applications. When 
the TiO2 synthesized in nano scale, it has more attractive properties com-
pared with the bulk TiO2. For example, photoactivity of TiO2 particles has 
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Figure 3.6 Sensor signal (to 150 ppm propanal) dependence on operating temperature 
of the sensors in dry air (1, 2, and 5) and at 50% relative humidity (3, 4, and 6), 1–4: FSP 
SnO2; 5 and 6: commercially available SnO2 [4] (Reprinted with permission from Elsevier, 
doi:10.1016/j.snb.2003.10.003).
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been enhanced with increasing surface area due to increased light absorp-
tion rate and photo induced carrier density [70]. Increased surface area of 
the titanium dioxide materials have been utilized in solar cell applications. 
Chiba et al. have obtained 11.2% photo conversion effi  ciency using the TiO2 
nanocrystalline electrodes in dye sensitized solar cells [71]. TiO2 could 
also be part of photocatalytic fuel generation reactions, mainly including 
H2 production and CO2 reduction. In literature, there are comprehensive 
reviews on TiO2 as a photocatalyst material [72, 73]. Furthermore, TiO2 
materials could be employed for purifi cation of pollutants [74], photocata-
lytic self-cleaning [75], photo-induced super hydrophilicity [76], and pho-
tosynthesis [77].

Titania nanoparticles, which have various functional shape and struc-
ture, could be synthesized by several methods such as sputtering [78], 
hydrothermal route [79], sol–gel [80], solvothermal route [81] precipita-
tion methods [82] etc. SP is also one of the most promising techniques for 
synthesizing titania nanoparticles. H. Teisala et al. reported the synthesis 
of TiO2 nanoparticles via liquid FSP method using titanium tetraisop-
ropoxide as a precursor to deposit nanoparticles directly on paperboard 
due to their hydrophilic property [83]. M. Aromaa et  al. also reported 
the superhydrophilic TiO2 nanoparticles obtained using FSP method 
(Figure 3.7) [84].

SP synthesis of TiO2 nanoparticles, used in photocatalytic appli-
cations, has been reported which included doped and/or composite 
structures to improve the photocatalytic performance of nanoparti-
cles. To investigate the vanadium (V) doping effect on photocatalytic 

100nm 20nm

Figure 3.7 TEM images with diff erent magnifi cations for spray pyrolyzed TiO2 
nanoparticles [84] (Reprinted with permission from Elsevier, doi:10.1016/j.
jaerosci.2012.04.009).
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properties of TiO2 nanoparticles, Tian’s group has reported FSP synthe-
sized nanoparticles smaller than 50 nm [85]. Since it is well known that 
metal doping can change the crystal structure, morphology, particle 
size etc. B. Tian et al. also reported that degradation rate of 1%V–TiO2 
is two times higher than that over undoped TiO2 nanoparticles where 
2,4-dichlorophenol (DSP) was selected as a target pollutant under vis-
ible light illumination [85]. 

3.3.5 Zinc Oxide
Electrode and/or antirefl ection coating for solar cells and photocatalysts 
are main application areas of the zinc oxide (ZnO) [86, 19]. Also it could be 
possible to tailor the optical and electrical properties of ZnO with doping 
such as aluminum and gallium doping. Although, some ZnO nanoparticle 
synthesis methods have been reported in literature [87–89], SP is one of 
the set up commercial processes to make easy and inexpensive metal oxide 
nanoparticles [19]. FSP and LPSP could be used to synthesize the ultrafi ne 
ZnO nanoparticles [19, 64] since SP based production is promising method 
with availability of broad variety of precursors for powder synthesis [19]. 
Figure 3.8 shows that higher solution rates have resulted rod-like shape 
particles. Besides, decreasing the solution rates in FSP process results very 
small ZnO particles of about 10 nm [19]. For ZnO nanoparticle formation, 
Okuyama et al. reported that tailoring the operating pressure and the aero-
sol formation mechanism might cause diff erence in size and morphology 
of the particles [21]. Concerning the evolution of the particle morphol-
ogy, solid (dense)-spherical particles and hollow or fragmented particles 
are oft en formed.

Ogi et al. have also reported the LPSP method for synthesizing the alu-
minum and gallium doped ZnO (AZO and GZO, respectively) nanopar-
ticles using acetate and nitrate precursor solutions [64]. Highly crystalline 
AZO and GZO nanoparticles have been obtained with the resistivity 
2.7x104 and 2.2x104 Ωm for AZO and GZO, respectively [64]. Volume 
resistivity of zinc oxide-based TCOs was higher than indium oxide-
based ones (indium oxide section). Hence, doped indium-oxide based 
transparent electrodes have been predominant in optical and  electrical 
properties. However, indium is a rare material and many researchers cur-
rently work on the increase in electrical conductivity of the ZnO. AZO 
fi lms have small crystallite size and therefore more grain boundaries. 
Th is results in electron scattering on boundaries and increase in the elec-
trical resistivity [64]. 
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3.4 Nanopillars and Nanoporous Structures

In general, nanostructured or nanoscale materials can be recognized as 
solid materials with nanoscale dimensions. Nanoparticles have been dis-
cussed in Section 3.3 In this section we will introduce the spray-pyrolyzed 
materials having nanosize dimensions at least one-direction, such as nano-
pillars and nanoporous materials. In other words, materials with nanoscale 
in all dimensions (x, y, z) are called 0D materials. Nanoparticles and quan-
tum dots are classifi ed under 0D materials. On the other hand, nanowires, 
nanorods, nanotubes are confi ned in two-dimension and classifi ed as 1D 
nanomaterials. However, a nanomaterial must have at least one dimension 
below 100 nm. 

Nanoporous materials are structures of combined holes with diameter 
less than approximately 100 nm. Well-known naturally existing nanopo-
rous structure aluminosilicate based zeolite has been used as catalyst for 

(a) 1mL/min

(c) 3mL/min (d) 4mL/min

(b) 2mL/min

50 nm

50 nm

50 nm

50 nm

Figure 3.8 Transmission electron microscopic images of the FSP-made ZnO particles. 
Th e primary particle size increased in the order (a), (b), (c), and (d), corresponding to 
the precursor solution feed rate of 1, 2, 3, and 4 ml/min, respectively [19] (Reprinted with 
permission from Springer, doi:10.1023/A:1021153419671).
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decades [90]. Vertically standing nanostructures pave the way for signifi -
cantly greater surface areas than fl at surfaces. Th is phenomenon leads to 
enhance in device active area, making device more effi  cient, for instance in 
solar cell and/or sensor applications. 

Vertically standing nanostructures, for example nanowires, nanopil-
lars, pave the way for signifi cantly greater surface areas than fl at surfaces. 
Th is phenomenon leads to enhance in device active area and makes device 
more effi  cient. Vertically aligned nanostructures diff er from nanoporous 
structures with their shape and function. Nanoporous materials, which 
have the pores less than 100 nm, consist of a regular organic or inorganic 
framework supporting the main structure. However, nanopillars are pil-
lar shaped nanostructures, which has diameters in nanoscale (<100 nm). 
Nanopillar structures could be applied various materials with numerous 
deposition techniques. Some examples reported in literature include elec-
trodeposited ZnO/Cu2O heterostructure nanopillars [91], ITO nanopil-
lars synthesized by RF magnetron sputtering [92], alumina nanopillars 
obtained by chemical etching of alumina fi lms [93], electrodeposited SnO2 
nanowires obtained by using highly ordered porous anodic alumina tem-
plate [68]. 1D nanostructure based materials have huge variety of applica-
tions such as sensor, solar cell and PEC cell technology, display devices and 
optoelectronic devices.

Most commonly used highly ordered nanoporous material is alumina, 
since it has been used as template for synthesizing nanopillars, nanorods, 
etc. It is well known that pore size could be controlled easily by chang-
ing the experimental parameters [94]. Further, metal oxide nanoporous 
materials have been used in dye synthesized solar cell, sensor and PEC cell 
applications [95–97]. SP method could be the easiest and most inexpensive 
way to produce these 1D nano-structures and nanoporous materials. We 
will continue our discussion based on the SP of the metal oxide nanopillar 
and nanoporous structures such as nanoporous TiO2 thin fi lms, nanopo-
rous hematite (α-Fe2O3) thin fi lms, ZnO nanorods, and SnO2 nanorods. 

3.4.1 Hematite (α-Fe2O3) 
Iron oxide (hematite) is a material with 2.2 eV band gap, which can be used 
water splitting in PEC cells [98]. Iron oxide (α-Fe2O3) is a world abounded 
and inexpensive material. Also it has good chemical stability in a wide pH 
range and environmental compatibility [99–101]. Although, PEC perfor-
mance of hematite is not very high, it is possible to improve performance of 
α-Fe2O3 by using nano-scale hematite and/or doping with selective atoms 
[102, 103]. For more effi  cient transport and collection of photogenerated 
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charge carriers several strategies have been introduced to overcome the 
limitations of the hematite. Modifi cation of the fi lm morphology is another 
way to increase the device performance [98]. SP has been used to obtain 
nanoporous Ti doped hematite thin fi lms, reported by S. Kumari et al. for 
PEC cell application [98]. Figure 3.9 shows the scanning electron micros-
copy images of the undoped and Ti doped spray pyrolyzed hematite thin 
fi lms.

Spray pyrolyzed Ti doped nanoporous α-Fe2O3 thin fi lms have been 
deposited on ITO glass substrates at 350°C [98]. With Ti doping, up to 
1.4% photo conversion effi  ciency was observed. S. Kumari et al. explained 
the reason of the enhanced photo-response as the increased donor density 
by doping and modifi ed nanoporous surface morphology [98]. 

In an another study, Cesar et al. have studied the water splitting per-
formance of the ultrasonic spray pyrolyzed nanoporous iron oxide photo-
anodes as a function of the silicon doping [104]. With the help of silicon 
doping, they have improved the photoresponse of nanocrystalline α-Fe2O3 
fi lms compared to that of the fi lms reported earlier [105]. 

Doping of n-type iron oxide photoanodes has tremendous eff ect on the 
poor conductivity and short hole diff usion length, which results in a high 
electron-hole recombination rate. With this motivation, doping of n-type 
iron oxide thin fi lms with various metals including lithium, titanium, 
chrome, nickel, indium, tin and zinc has been studied by Sartoretti et al. 
[106]. To investigate the infl uence of annealing, they have annealed the 
photoelectrodes in air at 550°C for 60 min before being rapidly cooled 
under a fl ow of nitrogen for 5–10 min. Figure 3.10 summarizes the change 
of photocurrent as a function of the dopants, doping ratios and annealing 
temperature. It can be seen that, in most cases, the addition of dopants had 
a detrimental eff ect on the performance of the electrodes. However, large 

Figure 3.9 FE-SEM images of (a) undoped, (b) 0.02 M, and (c) 0.05 M Ti+4 doped 
α-Fe2O3 thin fi lms [98] (Reprinted with permission from Elsevier, DOI: 10.1016/j.
ijhydene.2010.01.101).
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photocurrents were observed following the addition of either Al3+ (1%) or 
Zn2+ (4%) in conjunction with Ti4+ (5%). In particular, the Zn2+/Ti4+ dop-
ing of ferric oxide seems to aff ect the hole diff usion length. Th is leads to 
a favorable negative shift  of the photocurrent onset potential. A clear link 
could be established between the extents of crystallinity of the fi lms, moni-
tored by Raman spectroscopy, with their photoactivity.

3.4.2 Tin Oxide (SnO2) 
1D metal oxide materials such as SnO2, ZnO, and In2O3 have shown high 
potential for optoelectronic devices, gas sensors and solar energy devices 
[48, 107]. However, there are very limited studies in literature on the SP of 
SnO2 nanostructures. Among these studies, Bakrania et al. and Liu et al. 
reported the preparation of SnO2 nanorods via the FSP [108, 109]. Although, 
low yield and not well controlled morphology of SnO2 was reported by 
Bakrania et  al., J. Liu et  al. adopted the fl ame approach for continuous, 
rapid and scalable synthesis of single-crystalline SnO2 nanorods using Fe 
doping and adjusting fl ame residence time [108, 109]. In another study, 
F. Paraguay-Delgado et al. reported the spray pyrolyzed SnO2 nanorods for 
sensor applications [48]. Figure 3.11 shows the scanning electron micros-
copy images of the spray pyrolyzed SnO2 nanorod arrays and one nanorod. 

3.4.3 Titanium Dioxide 
Nanu et al. reported the spray pyrolyzed nanoporous TiO2 thin fi lms for 
copper indium sulfi de (CIS) based solar cell applications [110]. Anatase-
TiO2 structure has been used as electrode for CIS nanocomposite 3D solar 
cell concept [110]. Nanu et al. has reported the 4% energy conversion effi  -
ciency for 3D solar cells with extremely thin absorber (ETA) layer [110]. 

10µm 1µm

(a) (b)

Figure 3.11 SEM images from the SnO2 production: (a) 500× (showing the inside surface 
of the tube) and (b) 10 000× (where the details of the top of a SnO2 nanorod, grown on 
the glass surface can be seen) micrographs [48] (Reprinted with permission from IOP 
Science, doi:10.1088/0957-4484/16/6/011).
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Nanostructured titania thin fi lms, obtained using fl ame aerosol method, 
could be used also for water splitting applications [111]. Figure 3.12 shows 
the 3D solar cell structures deposited on the ITO coated glass substrates.

It is known that process parameters have an infl uence on the perfor-
mance of the materials used in various applications such as water splitting 
and dye-synthesized solar cells. Th imsen et al. reported that TiO2 nano-
structures were obtained under sets of process parameters of total argon, 
oxygen, and methane fl ow rates of 4.0, 2.7, and 0.9 lpm, respectively and 
the burner to substrate distance of 4.1 cm were vet proper to use these 
materials in water-splitting application [111]. On the other hand, for dye-
synthesized solar cell applications, fl ow rates were reported as 6.0, 4.0, 
and 1.35 lpm for argon, oxygen, and methane, respectively and burner to 
substrate distance was 1.7 cm [111]. Th is underlines the aff ect of the pro-
cess condition on the device performances. As can be seen in Figure 3.13, 
depending on the fi lm thickness and the morphology, columnar and gran-
ular water-splitting performance varies. 

Columnar morphology showed highly crystalline structures and for 
this morphology, nanoparticles were deposited onto FTO substrate out of 
fl ame [111]. It could be said that highly crystalline columnar TiO2 nano-
structured fi lms showed higher performances than granular form for both 
applications [111]. For the case of dye-synthesized solar cell performance, 
cell with 6.9 μm columnar fi lm resulted 6% effi  ciency because of the higher 
light absorption [111] (Figure 3.14).

3.4.4 Zinc Oxide
Zinc oxide (ZnO) nanorods are another very attractive material used in 
various applications such as, antirefl ection coating, window layer in solar 

Glass Substrate

1000 nm 1000 nm

Figure 3.12 Side-view SEM image of a granular fi lm deposited at a burner–substrate 
distance of 4.1 cm and columnar fi lm deposited at a burner–substrate distance of 
1.7 cm [111] (Reprinted with permission from ACS Publications, DOI: 10.1021/
jp710422f).
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cells, and electrode for dye-synthesized solar cells [112–114]. Although, 
various methods, such as VLS, CVD and MOCVD have been used to pre-
pare ZnO nanorod arrays, [115–117], SP of ZnO nanostructures have the 
advantages of low manufacturing cost and ease of production [47]. Zinc 
chloride based precursor solutions and diff erent micro-structured ITO 
glasses were reported for ZnO nanorod synthesis [47]. It could be noted 
that substrate temperature and microstructure of ITO substrates have 
strong eff ect on ZnO morphology. 
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Spray pyrolyzed ZnO nanorods arrays have been used in solar cell appli-
cations by Krunk et  al. [118]. Th ey have fabricated ETA layer solar cell 
using SP processes in all deposition steps. Th e maximum obtained solar 
cell effi  ciency was 4.17% for ZnOrod/In2S3/CuInS2 solar cells. Th ese cells 
have relatively small contact area, 1.0–1.5 mm2, and were attained by the 
combination of several nanocells produced on the ZnO nanorods with 
length of 600 nm [118]. Figure 3.15 shows the cross-sectional scanning 
electron microscopy picture of the nanostructured solar cells [118]. 

It has been reported in the same study that the solar cell effi  ciency is 
related with the length of the ZnO nanorods [118]. In other words, the max-
imum photo conversion was observed for the ZnO nanorod type solar cell 
with 600 nm rod length. As can be seen from Figure 3.16, open circuit volt-
age and short circuit current values were 441 mV and 15.7 mA/cm2, respec-
tively. ZnOrod/In2S3/CuInS2 solar cell with 600 nm ZnO nanorod length had 
4.17% effi  ciency with contact area 1.50 mm2. On the other hand, 1μm-long 
ZnO nanorods caused much lower current density than expected [118]. It 
should be noted here that local thickness of the component layers decreased 
with increment in ZnO nanorod length under the constant deposition con-
ditions. Moreover, these signifi cantly lower local thicknesses on longer 

(a) (b)

200 nm 200 nm

‘InS’
In2S3

Figure 3.15 SEM micrographs of ZnO nanorods covered with (a) ‘In–S’ and (b) In2S3 
layers [118] (Reprinted with permission from Elsevier, doi:10.1016/j.solmat.2010.02.036).
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Figure 3.16 SEM cross-sectional micrograph (a) before applying back contact, and 
current–voltage characteristics (b) of the best solar cell ZnOrod/In2S3/CuInS2 [118] 
(Reprinted with permission from Elsevier, doi:10.1016/j.solmat.2010.02.036).
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rods could be responsible for the decrease in cell performance. Th is may be 
because of the increased recombination loses with enhanced leakage [118]. 
M. Krunk et al. also claimed that ZnO nanorods longer than a critical value 
may cause the short problem between back and front contacts, since ZnO 
nanorods were directly deposited onto TCO covered glass. 

Spray pyrolyzed ZnO nanorods could be used also for sensing appli-
cations such as H2S sensing [119]. Shinde et al. was reported hexagonal 
pillar shaped ZnO nanorods with diff erent thicknesses synthesized via SP 
method [119]. Although, many gases were tested for various temperatures, 
vertically aligned ZnO nanorod based sensors showed the highest selectiv-
ity to H2S gas at temperature lower than 50°C [119].

3.5  Nanocrystalline Th in Film Deposition 
by Spray Pyrolysis

Even though there is now a clear understanding on the role of the diff er-
ent process parameters involved in the SP technique on the fi lm proper-
ties [18, 120] many details regarding the deposition mechanisms are not 
fully understood and are still discussed in the literature. For the fi rst time 
in literature, Sears et al. have proposed chemical vapor deposition-like SP 
mechanism [121]. In this model, the fi lm is grown from the vapor formed 
by the droplets arriving in the vicinity of the high temperature substrate. 
One of the disadvantages of this model is not being considered the spread-
ing of the droplets on the substrate, which signifi cantly contribute to the 
fi lm growth in the SP process. Another model proposed by Beckel et al. 
explaining the precipitation of the precursor from the droplet before 
impact [122]. Th is followed by spreading the droplet on the heated sub-
strate. Finally, subsequent stacking of the precipitates is being observed. 
In this model, decomposition of precursor was not defi ned. Th e complete 
model includes the precursor atomization, droplet transport towards the 
heated substrate, the evaporation of the residual solvent, droplet hitting the 
substrate and spreading, the salt decomposition, and fi nally the nucleation 
and growth of particles was proposed by Gallage et  al. Nanocrystalline 
chalcopyrite and kesterite thin fi lms are the most popular semiconducting 
thin fi lms, which will be discussed in the following subsections [123].

3.5.1 Nanocrystalline Cu-Based Chalcopyrite Th in Films 
Chalcopyrite materials, which are used for photovoltaic devices, are of 
great research interest in recent years due to their leading low cost energy 
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production. In chalcopyrite structure, each atom has four neighbors 
arranged at the corners of a regular tetrahedron bonded by sp3 bonds 
(Figure 3.17). Th e tetrahedral structure of the chalcopyrites can be consid-
ered as a superlattice structure of the sphalerite or zinc blende structure, 
which has a diamond like structure. Th e Bravais lattice of the chalcopyrite 
is body centered tetragonal. Each S (or Se) atom in the lattice is at the cen-
ter of the tetrahedron with four cations at each corner.

As researchers continue to work on classical methods to fabri-
cate chalcopyrite based photovoltaics, they have been looking to new 
approaches, such as the use of nanotechnology, to improve the device 
performances. Future photovoltaic devices employ nanotechnology to 
accelerate the fabrication of cost-eff ective and highly effi  cient devices. 
Th e exceptional properties of nanocrystalline materials are determined 
by the three features of their nature: (i) grain size spatially confi ned 
to less than 100 nm, (ii) signifi cant number of grain boundaries with 
a typical concentration of about 1020 cm3, and (iii) variations in com-
position between the grains and grain boundaries [124]. Photovoltaic 
devices, which include nanocrystalline materials, have been proposed 
to improve the effi  ciency of the photon conversion (intermediate band 
solar cell) and provide sites for excitation dissociation and pathways for 
electron transport [125].

Numerous type of nanostructures have been applied to solar cells 
including nanocrystalline thin fi lms [126], nanocomposites [110], quan-
tum wells  [127], quantum dots [128], nanowire and nanotubes [129], 
nanoparticles [130] for various functions and performance enhancement 
strategies [125]. Chalcopyrite thin fi lms produced by SP technique are 
usually in nanocrystalline form due to nature of the SP technique. Low 

A

B

X

Figure 3.17 Crystal structure of chalcopyrite lattice.
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temperature processing conditions and short nucleation and growth times 
result with nano sized grains. 

In literature, some ternary and quaternary nanocrystalline chalcopyrite 
thin fi lms have been fabricated by SP technique. Sharma et al. have been 
fabricated the nanocrystalline thin fi lms of copper indium sulfi de (CuInS2) 
on glass substrates using the SP technique [131]. Th ey have prepared an 
aqueous mixture of solutions using copper chloride (CuCl2), indium chlo-
ride (InCl3) and thiourea (CS(NH2)2) as copper, indium and sulfur sources, 
respectively. XRD calculations show that the crystallite size of the fi lms 
ranges from 8 nm to about 15 nm. Th e nanocrystalline nature of the fi lms 
was also confi rmed by the TEM [131].

In another study, Khan et al. have also been deposited CuInS2 thin fi lms 
by SP technique [132]. Th ey have used following stoichiometric ratio for 
spraying solution; CuCl2: InCl3: CS(NH2)2  =  1:1:3. Th ey have confi rmed 
single-phase nano-sized (12–15 nm) particles of CuInS2 using fi eld emis-
sion scanning electron (Figure 3.18(a)) and fi eld emission transmission 
microscopy techniques (Figure 3.18(b)). In these semiconductor thin fi lms, 
there are additional energy levels in the band gap, which are localized and 
close to either the conduction or the valence band. Due to nanocrystalline 
nature of the spray pyrolyzed fi lms, they have showed the activated variable 
range hopping in the localized states near the Fermi level.

Nanocrystalline metallic precursor alloys can also be spray pyrolyzed by 
using precursor solution having some metallic salts. Th ese precursors could 
be converted into some functional devices. Yoon et al. has demonstrated 
the fi rst example of carbon- and oxygen-free Cu(In,Ga)(SSe)2 (CIGSSe) 
absorber layers prepared by electrospraying a CuInGa (CIG) precursor fol-
lowed by annealing, sulfurization, and selenization at elevated tempera-
ture for solar cell applications [133]. In this study, they have deposited the 
CuInGa (CIG) thin fi lms on Mo coated soda lime glass substrates. Th ey 

(b)

50nm

(a)

Figure 3.18 (a) FESEM and (b) FETEM images of spray pyrolyzed CuInS2 thin fi lms [132] 
(Reprinted with permission from Elsevier, doi:10.1016/j.matlet.2011.11.033).
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have obtained chalcopyrite structure by sulfurization and selenization of 
the precursors. For this study, the optimal post-treatment temperature was 
reported as 300°C for annealing and 500°C for both sulfurization and sele-
nization steps. Th e carbon impurities in the precursor fi lm were removed 
by air annealing, and oxide that was formed during annealing was removed 
by sulfurization. Th e fabricated CIGSSe solar cell showed a conversion effi  -
ciency of 4.63% for a 0.44 cm2 area, with Voc = 0.4 V, Jsc = 21 mA/cm2, 
and FF = 0.53. Th e carbon- and oxygen-free approaches introduced in this 
study clearly helped to improve the effi  ciency. 

In SP technique, nanocrystalline particles could be added into the solu-
tion to improve the crystallinity of the fi lms. Cai et al. have been introduced 
the copper-rich (CuS) nanoparticles into an aqueous solution of CuCl2, 
InCland CS(NH2)2 [134]. Th ese particles take role as nucleation sites, which 
accelerate the grain growth. Aft er selenization process at 480−500°C, the 
grain size of CISSe fi lms were increased by a factor of seven in the presence 
of the nanoparticles of copper sulfi de and indium sulfi de. Figure 3.19(a) 
and (b) show the cross-sectional scanning electron microscopy images of 
CuInS2 and CuIn(S,Se)2 fi lms, respectively. As can be seen from these fi g-
ures, crystallinity of CuIn(S, Se)2 fi lms drastically increased with nanopar-
ticle contribution in solution. Hence, the power conversion effi  ciency of 
6.2%, which is 85% higher than the device without nanoparticle contribu-
tion, is observed. 

In recent years, Cu-based chalcopyrites are of great research interest as 
p-type photocathode for PEC water splitting. Th eir appropriate band levels 
for water reduction and long-term stabilities have already been confi rmed 
in solar cell applications. It has been proved that p-n junction formation 
between the p-type chalcopyrite and appropriate n-type semiconductors 
improved the water splitting properties of Cu-based chalcopyrites. Spray 
pyrolyzed CIS and gallium incorporated copper indium sulfi de (CIGS), 
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Figure 3.19 Cross-sectional FESEM image of the absorber layer from nanoparticle 
incorporated precursor (a) before and (b) aft er selenization. (c) IV curve of device 
fabricated from nanoparticle incorporated precursor (blue) fi lm and precursor fi lm 
without nanoparticle (red). Th e active area of both devices was 0.08 cm2 [134] (Reprinted 
with permission from ACS Publications, DOI: 10.1021/am303057z).
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which are cost-effi  cient alternatives for PEC applications, have been stud-
ied by Ikeda et  al. [135]. Th ey have deposited nanocrystalline CIS and 
CIGS thin fi lms by SP technique. However, in order to take the advan-
tage of more effi  cient charge transport the sprayed CIS and CIGS fi lms was 
then annealed under sulfur-rich environment at 600° C for 10 min. For 
improved effi  ciency, PEC water splitting measurements were performed 
by using CdS-modifi ed CIS and CIGS fi lms as photocathodes and a RuO2 
counter electrode. With the help of formation a p–n junction, appreciable 
improvements of PEC properties of Cu(In,Ga)Se2 photocathodes have 
also been demonstrated by Yokoyama et al. CIS and CIGS chalcopyrites 
worked as photocathode for PEC water splitting with applied bias potential 
of 0.65 V [136]. By using the p–n junction formation, PEC water splitting 
whilst applying relatively low bias potentials has been introduced.

Our research group has also been introduced the cost effi  cient approach 
for high quality nanocrystalline Cu-based chalcopyrites using ultrasonic 
impact nozzles. Very low material consumption, in other words high depo-
sition yield is very important for cost effi  cient fabrication of the thin fi lm 
photovoltaics on large scale. In our recent study, we have reported high 
quality CuInS2 thin fi lms with solution consumption up to 1/12 of the lit-
erature [27]. Furthermore, we have obtained very high electrical mobility, 
which is 40.1 cm2/V s, at 1.52 ml/cm2 loading. Figure 3.20 indicates the 
schematic of our SP system and a real picture of CIS thin fi lm deposited on 
glass substrate.

Cu-based quaternary chalcopyrites are novel materials for effi  cient pho-
tovoltaics. However, current effi  cient chalcopyrite photovoltaics suff er from 
highly toxic selenization and/or sulfurization process steps. Moreover, they 
also require again highly toxic KCN etching process to remove Cu based 
secondary phases from the surface of absorber layers. Our group has intro-
duced an improvement on the properties of spray pyrolyzed nanocrystal-
line Cu-based chalcopyrites by conventional and rapid thermal annealing. 
Annealing procedures have been performed without using any toxic gases 
such as H2S and H2Se. Although, grain size of the CuInGaS2 thin fi lms 
were improved via annealing process all deposited fi lms had nanocrystal-
line nature. Maximum electrical mobility of 30.9 cm2/Vs was observed for 
the annealed sample at 600°C for 30 min. Th is value is very high compare 
to the mobility values of CuInGaS2 thin fi lms reported in literature [137].

Flexible solar cells have unique advantages compare to the conventional 
rigid substrate based solar cells including the possibility of roll-to-roll man-
ufacturing, mechanical robustness and lightweight. However, SP of thin 
fi lms on fl exible fi lms have some diffi  culties. Th e major obstacle for SP of 
the thin fi lms on fl exible polymer foils is deformation of the substrate under 
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Figure 3.20 (a) Schematic illustration of USP system, (b) picture of CuInS2 fi lms 
deposited using 1.52 ml/cm2 solution loading [27] (Reprinted with permission from 
Elsevier, doi:10.1016/j.solener.2013.05.024).

thermal shock provided by impact of liquid droplets on substrate at elevated 
temperatures. Th is impact of droplets generally resulted the fast cooling of 
the substrate, and therefore, defect formation occurred on the surface of 
the fi lms. Finally, thin fi lms peeled from the substrates. Our research group 
has developed a new method to deposit Cu-based chalcopyrite thin fi lms 
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on fl exible polyimide and stainless steel foils. Moreover, we introduced 
the fi rst prototype of spray pyrolyzed Cu-based chalcopyrite photovolta-
ics. Figure 3.21 shows some primary fl exible samples on Upilex® foil. First 
prototype fi lms showed effi  ciency close to 1%. Th e relatively low effi  ciency 
values could be attributed to diff erent recombination mechanisms and the 
ineffi  cient charge collection due to non-optimized processing conditions.

Currently, we are also working on novel Cu-based nanocrystalline chal-
copyrite thin fi lms solar cells on fl exible stainless steel foils. Stainless steel 
foils have some advantages when compared to counterpart deposited on 
Upilex® foils. It allows high temperature processing and post-annealing 
treatments (up to ~700°C). Moreover, the coeffi  cient of the thermal expan-
sion of the stainless steel is very close to molybdenum, which is used as 
back contact. However, diff usion of iron or other undesired metals to the 
absorber layer cause defi ciency of the performance of the solar cells. For 
this reason, they require a diff usion barrier layer between the back contact 
and stainless steel foil. Th ese issues should be took care during the process-
ing of the solar devices on stainless steel foils. Th e fi rst prototype of this 
kind of solar cells, which have 200 nm alumina barrier layer and spray 
pyrolyzed nanocrystalline CIS absorber layer, showed 0.47% effi  ciency 
over 0.73 cm2 active area (Figure 3.22). According to our best knowledge 
neither polyimide nor stainless steel has been used as the substrate mate-
rial in the spray pyrolyzed thin fi lm solar cells. 

3.5.2 Nanocrystalline Kesterite Th in Films 
Although, the thin fi lm of Cu(In,Ga)(S,Se)2 , (CIGSSe), and CdTe photo-
voltaic technologies are currently being manufactured to take advantage of 

(a) (b) (c)

(d)

Figure 3.21 (a) Large area Mo back contact on Upilex® foil, (b) ultrasonically sprayed 
nanocrystalline CIS thin fi lm on Mo coated Upilex® foil, (c) thin fi lm solar cells having 
Upilex®/Mo/CIS/Ag-InS/ZnO/AZO-Ag-AZO/Ni/Al structure, and (d) cross-section 
SEM image of full structure device manufactured at TOBB University of Economics and 
Technology.
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the high power conversion effi  ciencies, these approaches rely on elements 
that are either costly and/or rare in the earth’s crust (e.g., In, Ga, Te). Toxic 
eff ects of the elements such as cadmium and selenium is another impor-
tant issue restricting the usage of Cu(In,Ga)(S,Se)2 , (CIGSSe) and CdTe. 
Th ese factors potentially limit these technologies in terms of the future 
cost reduction and production growth [138]. Recently, there has been an 
eff ort to investigate the direct band gap Cu2ZnSnS4 (CZTS) thin fi lms for 
photovoltaic applications. CZTS are particularly attractive because tin and 
zinc are naturally abundant in the Earth’s crust and sulfur has relatively 
low toxicity.

Th e deposition of CZTS thin fi lms by using SP technique in ambient 
environment was reported fi rst time by Nakayama and Ito in 1997 [139]. 
Th ey have fabricated CZTS fi lms on soda lime glass substrates using pre-
cursor solution including CuCl2, ZnCl2, SnCl4, and thiourea at suitable 
concentrations in deionized water/ethanol solvent mixture. 

Valdés et al. have also been studied on the SP of the Cu2ZnSnS4 (CZTS) 
thin fi lms on glass substrates using aqueous precursors [140]. Th ey have 
changed the substrate temperatures from 325°C to 425°C to observe 
eff ect of substrate temperature on the fi lm properties. Th ey confi rmed the 
nanocrystalline structure of the fi lms by XRD method for all examined 
substrate temperatures. Th e optical band gaps of the fi lms were ranged 
between 1.3 and 1.5 eV. In order to explore photovoltaic properties of the 
spray deposited CZTS fi lms, they have employed photoelectrochemistry. 
P-type behavior of these materials has also been confi rmed by PEC mea-
surements. Th e observation of the photovoltage and photocurrent during 
photo excitation presents the potential of the spray pyrolyzed nanocrystal-
line CZTS thin fi lms for photovoltaic applications even at low temperature 
depositions.

Figure 3.22 (a) Alumina coatings on stainless steel foil with diff erent thickness values and 
(b) fi rst prototype of fl exible Stainless Steel/Mo/CIS/Ag-InS/ZnO/AZO-Ag-AZO/Ni/Al 
structure solar cells manufactured at TOBB University of Economics and Technology.
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Daranfed et al. also investigated the infl uence of the substrate tempera-
ture on the growth of CZTS fi lms [141]. XRD analysis indicated that the 
deposited fi lms have nanocrystalline kesterite structure. Th e grain sizes 
vary in the range 30–52 nm with increasing substrate temperature. Th e 
optical band gap of the fi lms was ranged from 1.45 to 1.6 eV. XRD analy-
sis, SEM observation and refractive index measurements indicated that the 
fi lm crystallinity has been improved with increasing the substrate temper-
ature (Figure 3.23).

In another study, Espindola-Rodriguez et al. have been examined the 
compositional gradient of the spray pyrolyzed CZTS fi lms by control-
ling the stoichiometry and post-annealing conditions [142]. In this study, 
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Figure 3.23 SEM images of CZTS thin fi lms prepared at substrate temperature: 
(a) 280οC, (b) 320 C, and (c) 360οC [141] (Reprinted with permission from Elsevier, 
doi:10.1016/j.jallcom.2012.07.063).
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they observed the structure of the as grown samples is nanocrystalline 
and this feature was independent on the sprayed solutions concentrations 
(Figure 3.24). Th ey have concluded that composition have minor eff ects on 
grain size while the annealing temperature has more dominant infl uence 
on the crystallinity. Moreover, in order to correlate their optoelectronic 
properties with the chemico-physical, structural and electrical character-
istics of the layers, solar cell prototypes were fabricated using a classical 
CZTS/CdS/i-ZnO/ZnO:Al structure. Th e obtained 0.49% effi  ciency is still 
under literature. When the optoelectronic parameters analyzed, it can be 
concluded that major problems come from the low shunt resistance (Rsh), 
which leads to low open circuit voltage (VOC) and the consequent dete-
rioration of F.F. and effi  ciency. It can be concluded that the compositional 
issues are not the main origin of the low VOC. Th ese results showed that, 
even if the small grain sizes are achieved in the annealed layers (of the 
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Figure 3.24 Cross sectional SEM micrographs for CZTS (a) +20% Zn; −20% Cu as 
grown, (b) − 20% Cu annealed at 550°C, (c) + 20% Zn; − 20% Cu annealed at 550°C, and 
(d) − 20% Cu annealed at 580°C. (e) Illuminated J–V curves (AM1.5) and optoelectronic 
parameters of the best cells obtained [142] (Reprinted with permission from Elsevier, 
doi:10.1016/j.tsf.2012.12.082).
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order of hundreds of nanometers), the need for an optimization of the 
annealing procedures.

Zeng et al. have been demonstrated the potential of kesterite struc-
ture solar cells fabricated by SP followed by the high temperature sele-
nization [143]. Nanocrystalline fi lms have been obtained by deposition 
of Cu2ZnSnS4 in atmospheric condition with substrate temperature of 
280°C. As deposited CZTS fi lms were annealed under selenium vapor at 
520°C for 12 min. Th is resulted with 300–500 nm grain size. Figure 3.25 
shows the solar cell performances under illumination. Effi  ciency, open 
current voltage, short circuit current and fi ll factor of these devices 
are 5.1%, 370 mV, 27.3 mA/cm2 and 50.6%, respectively (Figure 3.25). 
For low-selenium samples, 5.1% effi  ciency was obtained with higher 
Voc  =  426 mV and lower Jsc  =  24.2 mA/cm2 as compared to the con-
trol cell. Th is is most probably due to the larger band gap, lower carrier 
mobility and carrier lifetime of CZTS obtained at low selenization val-
ues [144, 145].

It is well known that CZTS absorber layers have been derived from 
CuInSe2 material by replacing scarce In(III) by abundant elements Zn(II) 
and Sn(IV) in the ratio 50%:50%. Th e conduction band of CZTS is higher 
than the H+ reduction potential, so it is an appropriate photocathode mate-
rial for solar hydrogen production. Additionally, cost effi  cient and large 
area fabrication of CZTS fi lms by SP technique could be a key factors for 
the development of PEC applications. With this motivation, Huang et al. 
have demonstrated the PEC application of spray pyrolyzed CZTS fi lms 
[146]. Nanocrystalline CZTS fi lms deposited using ultrasonic SP system 
and annelad in tube furnace at diff erent temperature values between 350°C 
and 500°C. PEC measurements have been performed in 0.5 M Na2SO4 
electrolyte solution. Under illumination, all of the CZTS thin fi lms exhibit 
a cathodic photocurrent, which suggests that the CZTS fi lms are p-type 
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(inset device parameter) and (b) cross-section of the full device on Mo coated glass [143] 
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semiconductors. At a potential −0.7 V SCE, the fi lms at 400°C exhibit the 
best photocurrent of 0.77 mAcm−2 and a similar photocurrent is obtained 
for the sample at 450°C. Th e photocurrent of the samples at 400°C and 
450°C is much higher than that of the sample at 350°C, maybe due to bet-
ter crystallinity. Figure 3.26 shows the change in morphology and the PEC 
performance with the process temperature. Moreover, obvious transient 
photocurrent is observed in all the samples. Th is suggests the undesirable 
surface recombination at the interface of the solid/electrolyte. Th e photo-
current can be improved by surfacetreatment or electrocatalyst modifi ca-
tion [146].

3.5.3 Nanocrystalline Metal Oxide Th in Films 
Up to now we have been discussing the spray pyrolyzed semiconductors 
having narrow and mid band gap energy for solar cell applications. In this 
subsection we will mention about the spray pyrolyzed oxide materials, 
which can be utilized into touch-screen sensors, smart windows, and pho-
tovoltaics. Unlike the sections 3.2 and 3.3, here the nanocrystalline thin 
fi lm of the oxides will be discussed briefl y.

3.5.3.1 Tin Oxide
Transparent and conductive coatings have been widely used in optoelec-
tronic applications such as touch-screen sensors, liquid crystal display 
(LCD) devices, plasma and organic light emitting diode (OLED) displays, 
smart windows, and photovoltaics-including inorganic, organic devices 
and dye-sensitized solar cells [147]. Doped tin oxide materials could also 
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Figure 3.26 Surface SEM images of the CZTS thin fi lms prepared at diff erent substrate 
temperatures and aft er annealing in sulfur vapour at 510°C for 1 h: (a) 350°C, (b) 400°C, 
(c) 450°C, and (d) 500°C. (e) PEC properties of the CZTS fi lms at diff erent substrate 
temperatures and aft er annealing in sulfur vapour at 510°C for 1 h [146] (Reprinted with 
permission from IOP Science, doi:10.1088/0022-3727/46/23/235108).
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be used as TCO. Kumara et al. has reported the air-atomized SP method 
to produce fl uorine-doped SnO2 (FTO) thin fi lms using tin chloride and 
ammonium fl uoride [148]. Th ey reported that substrate temperature and 
deposition time aff ected the crystallinity of FTO fi lms. It was demonstrated 
that nanocrystalline FTO thin fi lms deposited at 450°C had high potential 
for transparent electrodes. Additionally they reported the 10.4% effi  ciency 
for dye-sensitized solar cell with spray pyrolyzed FTO layer. 

Tin oxide is also one of the most favorable materials for sensor applica-
tions due to its low operating temperatures, high sensitivities, mechanical 
simplicity of sensor design, and low manufacturing costs [149]. Varying 
the structural parameters of the fi lms, such as eff ective size of grains, crys-
tallographic structure, and orientation of grains, has aff ected the sensor 
performance. For instance, metal doping of SnO2 has infl uenced the gas 
sensing performance, since fi lm morphology and bulk electro-physical 
properties of SnO2could be tailored by doping [150]. Also nanocrystalline 
SnO2 fi lms have more sensitivity than that of the fi lms having higher crys-
tallite sizes [151]. Brinzari et  al. reported that minimization of the area 
of inter grain contacts became essential for achievement of maximum gas 
sensitivity. Th erefore, structural modifi cation of thin fi lms could be the 
solution for this task. Such an optimization can be seen in Figure 3.27.

3.5.3.2 Titanium Dioxide 
Like tin oxide, titanium dioxide (TiO2) is very promising material with 
wide range of application areas such as Li-ion battery [152], dye synthe-
sized solar cell [153–155], sensors [156], and photocatalytic reactions [72]. 
Natarajan et al. reported the spray pyrolyzed TiO2 thin fi lms for lithium 
ion batteries as anode material [152]. Th ey also reported the eff ects of the 
experimental parameters on continuous fi lm formation and crystallinity of 
the TiO2. It was also noted that infuse rate (more than 10 ml/min) aff ected 
the fi lm formation adversely and polycrystalline anatase form of TiO2 was 
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Figure 3.27 Th e SEM images of SnO2 fi lms deposited by the SP method with 
various thicknesses [151] (Reprinted with permission from Elsevier, doi:10.1016/
S0040-6090(01)00978-6).
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observed for substrate temperature above 300°C. Th e resulted discharge 
capacity of 65 mAh/g was reported for nanocrystalline TiO2 anode based 
batteries where TiO2 fi lms were deposited at 400°C. 

A. M. More et al. reported the web-like structured TiO2 thin fi lms via SP 
method for LPG sensing [157]. Ti (III) chloride solution was used as pre-
cursor and substrate temperature was kept constant at 375°C. Th ey noted 
that before testing the LPG gas sensing, fi lms were annealed at 500°C for 
24 hours. Maximum sensor response of 35.8% was reported for LPG sens-
ing with spray pyrolyzed TiO2 thin fi lms (Figure 3.28).

Alternatively, infl uence of doping of TiO2 thin fi lms for better LPG sens-
ing has been studied [158]. Nickel doping of TiO2 fi lms could be achieved 
by just adding of nickel chloride into the titanium chloride precursor with 
appropriate stoichiometry. 
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Titanium dioxide was also used as transparent electrode for dye syn-
thesized solar cells [153]. TiO2 colloidal suspension was used to prepare 
transparent titania electrodes on FTO glass. Among the air-atomized SP, 
hand spray and doctor-blade methods, air-atomized spray pyrolyzed TiO2 
thin fi lms with 10 μm thickness had more than 80% transparency [153]. 
Moreover, the conversion effi  ciency of 8.2% was reported for solar cell 
(Figure 3.29). 

3.5.3.3 Zinc Oxide
Zinc oxide (ZnO) thin fi lms could be deposited via various techniques, 
such as sputtering [159], sol-gel [160], chemical bath deposition [161], 
reactive electron beam evaporation [162], and electrodeposition [163]. 
Among these SP is one of the most commonly used method for deposi-
tion of the ZnO thin fi lms [164–167]. Pure and doped ZnO thin fi lms have 
gained attention due to their physical, optical and electrical properties. 
ZnO transparent electrodes should meet the needs low electrical resistivity 
and high optical transparency [168]. Moreover, for next generation opti-
cal and electronic devices, these electrodes should be fl exible, lightweight, 
cost eff ective, and compatible with large area production. It is known that 
SP method allows the large area manufacturing with relatively low costs 
[165, 169, 170]. Th e optical and electrical properties of ZnO and alumi-
num doped ZnO (AZO) have been studied [170]. Th e type of the precursor 
has a huge infl uence on the structural and morphological characteristics 
of the fi lms. For example, the resistivities of the fi lms from zinc acetate 
and zinc nitrate precursors were 14 and 5300 Ωcm, respectively. Also, as 
deposition time for Zn acetate precursor was increased, as-grown samples 
became highly nanostructured (Figure 3.30). 
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Figure 3.29 I–V characteristics of the fi lms, with 0.25 cm2 surface area, fabricated using 
TiO2 transparent electrode (right: SEM images of nanocrystalline TiO2 electrode) [153] 
(Reprinted with permission from Elsevier, doi:10.1016/j.electacta.2011.07.119).
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To observe high transparency and low resistivity in ZnO fi lms, alumi-
num doping has been studied. Doping of aluminum has been achieved 
by adding aluminum metal salt into the precursor solution [170, 171]. 
Gallium doping has also been studied for especially optoelectronic device 
applications [172]. 

LPG and H2S gas sensing of spray pyrolyzed ZnO thin fi lms were 
reported [173, 174]. Nanocrystalline ZnO thin fi lm with smaller grain sizes 
resulted with high responses for LPG sensing (max 31% at operation tem-
perature 400°C for ZnO fi lms obtained using 0.10M zinc nitrate solution). 
It is known that determination of gas sensing of metal oxides is obtained by 
the interactions between a target gas and the surface of the sensors [173]. 
Besides H2S sensing responses of ZnO fi lms with diff erent thicknesses have 
been investigated [174]. Shewale et al. stated that increasing fi lm thickness 
made grain size increase from 15 to 28 nm (Figure 3.31) [174]. 

3.5.4 Nanocrystalline Chalcogenide Th in Films
Th e crystal structure of chalcogenide materials consists of at least one 
chalcogen anion and an electropositive element. Even though all group 16 
elements of the periodic table are defi ned as chalcogens, the term chalco-
genide is more commonly reserved for sulfi des, selenides, and tellurides. In 
literature, sulfi des, selenides, and tellurides of indium, cadmium, copper, 
zinc and tin are most commonly studied chalcogenide nanocrystalline thin 
fi lms. Th ese thin fi lms have been utilized in various optical and electrical 
applications.

X50,000   100nm

1μmX25,000   

Figure 3.30 SEM image of a ZnO fi lm with deposition time 60 min and with precursor 
0.5 M aqueous solution of zinc acetate [170] (Reprinted with permission from Elsevier, 
doi:10.1016/j.tsf.2013.10.015).
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Cadmium chalcogenides, a II–VI semiconductor compound, with 
appropriate band gap energy have been attracting a great deal of atten-
tion because of their potential applications in optoelectronic devices 
such as solid-state lasers and detectors, solar cells, and optical memories. 
Currently, the most effi  cient thin fi lm photovoltaic technologies have been 
using chemical bath deposited cadmium sulfi de thin fi lms [175, 176]. 
However, chemical bath deposition process leaves very large amount of 
highly toxic chemicals to nature. On the other hand, SP technique allows 
reducing solution consumption and risks about the environmental issues. 
In literature various studies have been conducted to understand the impact 
of deposition parameters on the fi lm properties of nanocrystalline cad-
mium sulfi de [177–179].

Alternatively, nanocrystalline indium sulfi des thin fi lms are very popu-
lar materials among possible chalcogenides prepared for optoelectronic 
and photovoltaic applications due to its stability, wider band gap and good 
photoconductive behavior [180]. Moreover, this material eliminates toxic 
eff ects of cadmium and improves the light transmission in the blue wave-
length region. In literature, eff ects of deposition conditions on the fi lm 
properties of indium sulfi de have been studied extensively [181–184]. 
S. Buecheler et  al. has reported 12.4% effi  ciency using spray pyrolyzed 
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Figure 3.31 Th e variation of gas response as a function of H2S gas concentration. 
Th e inset shows the variation of sensitivity as a function of ZnO fi lm thickness [174] 
(Reprinted with permission from Elsevier, doi:10.1016/j.snb.2012.11.076).
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nanocrystalline indium sulfi de thin fi lms as a buff er layer in solar cell 
application. Recently, our group has introduced high quality indium sul-
fi de thin fi lms prepared via ultrasonic SP with very low solution consump-
tion [185]. We have also observed that silver incorporation enhanced the 
light sensitization of the In2S3 thin fi lms. Th e photosensitivity of the fi lms, 
which is a measure of change in resistivity with illumination, with 20% 
silver was about 2 × 103. Th is was ten times higher than the photosensitiv-
ity of the undopped samples, which could be the key parameter to utilize 
indium sulfi de as a buff er layer for thin fi lm solar cell applications [185].

Zinc sulfi de (ZnS) has drawn considerable interest with its physical, opti-
cal and electrical properties for applications such as photocatalysis [186], 
electroluminescent device technology [187], and photovoltaic [188]. Highly 
crystalline wurtzite ZnS thin fi lms could be obtained using SP method with 
deposition temperature of 310°C [143]. Zeng et al. noted that surface mor-
phology and preferential crystal growth of ZnS thin fi lms were changed with 
various spray rates. Moreover, Zn/S molar ratio in solution could aff ect the 
structure of spray pyrolyzed ZnS. Dedova et al. has studied several molar 
ratios as 1/1, ½, and 1/3 to fabricate ZnS thin fi lms at deposition tempera-
tures ranging from 400°C to 600°C [47]. Th ey reported that 1/1 molar ratio 
ZnS fi lms deposited at 500°C resulted cubic structure. Th e molar ratio of ½ 
at 500°C was reported as the optimum deposition condition. 

Finally copper sulfi de is a p-type semiconductor material with suitable 
band gap varying from 1.2 to 2.35 eV for absorber layer in solid-state solar 
cells [189, 190] and also photocatalyst [191]. Spray pyrolyzed copper sulfi de 
absorber layers have been investigated by L. Isac et al. [189, 190]. Additionally, 
nanocomposite solar cells with CuxS absorber layer showed effi  ciency about 
6% [192]. Th e diode behavior of these absorbers has also been studied and 
stated that I–V characteristic could be correlated with fi lm thickness. SP 
method allows controlling the CuxS fi lm morphology with adjusting the pre-
cursor solution and deposition parameters; therefore, optimization of CuxS 
fi lm properties could enhance the diode performance [189]. 

3.6 Conclusion

Th e SP technique has a tremendous potential to form functional nanocrys-
talline thin fi lms, nano powders and three-dimensional nano- structures 
for various applications including energy storage, biomedical, and pho-
tovoltaic devices. Th e SP technique is appropriate for in-line production 
with high throughput. Th is method is a robust process and can be easily 
scaled-up. Hence, many researchers have been focused on manufacturing 
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functional structures using SP technologies. Deposition conditions such 
as substrate temperature, solution stoichiometry, and solvent type aff ect 
the material’s properties. Controlling the deposition conditions also makes 
it possible to tailor the physical properties of the functional materials 
depending on the application. 

Deposition of nano-structured oxides via SP is a very active area 
of research due to several unique advantages such as low manufac-
turing cost, high performance, and very wide range of applications. 
Nanoparticles, nano rods or nanocrystalline thin fi lms of zinc oxide, tita-
nium dioxide, lithium oxide and many other oxides have a large poten-
tial in refl ectors, sunscreens, photovoltaics and energy storage devices. 
Another very important application of spray pyrolyzed metal oxides is 
sensors. Porous tin oxide and tin oxide-manganese (III) oxide mixed 
fi lms have been used as Taguchi type hydrogen sensors. Spray pyrolyzed 
metal oxides has also been utilized in carbon monoxide, hydrocarbon, 
and humidity sensors. 
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Abstract
Th is chapter is organized into six major parts. Th e fi rst part introduces the syn-
thesis of transition metal-substituted cobalt ferrite nanoparticles, the use of citric 
acid (CA) as a chelating agent in the sol–gel method, and applications of spinel 
ferrite nanoparticles in biomedical fi elds. Th e second part provides an overview 
of the structure and magnetism of spinel ferrites. Th e third part examines the 
sol–gel synthesis of ceramic nanoparticles. Th e fourth part presents a summary 
of organic acid chelating agents, with special reference to CA. Th e fi ft h part looks 
at the preparation of cobalt ferrite and transition metal-substituted cobalt ferrite 
nanoparticles (Co0.5X0.5Fe2O4 with X = Cu, Zn, Mn or Ni) by sol–gel methods. Th e 
fi nal section highlights the infl uence of transition metal substitution on the physi-
cal and antibacterial properties of cobalt ferrite nanoparticles. A discussion on the 
biocompatibility of spinel ferrite nanoparticles is presented.

Keywords: Spinel ferrite, biocompatibility, antibacterial properties, sol–gel, 
transition metals, nanoparticles

4.1 Introduction

Metal-oxide nanoparticles are of interest because of their unique optical, 
electronic and magnetic properties. Cobalt ferrite (CoFe2O4) nanoparticles 
have high permeability, good saturation magnetization and no preferred 
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direction of magnetization. Th ey are magnetically “soft ”, being easily mag-
netized and demagnetized, and electrically insulating [1]. Th ese proper-
ties, along with their physical and chemical stability, make them suitable for 
magnetic recording applications, such as audio and video tapes, and high-
density digital recording disks [2]. Th e magnetic character of the particles 
used for recording media depends crucially on the size, shape and purity of 
the nanoparticles [3]. Th e coercivity of Fe3O4 nanoparticles, which strongly 
infl uences the recording performance, has been enhanced by doping cobalt 
into these nanoparticles [4] or forming a cobalt coating [5]. Th e substitution 
of the Co2+ ion that is present in cobalt ferrite with Zn2+, Ni2+, Cr2+ or Cu2+ 
allows variations in their properties that can be tuned to specifi c applications. 

Vaidyanathan et  al. [6] demonstrated that when Co2+was substituted 
with Zn2+in CoFe2O4, the new CoxZn(1-x)Fe2O4 nanoparticles exhibited 
enhanced properties; e.g. excellent chemical stability, high corrosion resis-
tance, magneto-crystalline anisotropy, magnetostriction and magneto-
optical characteristics. Singhal et al. [7] studied nickel-substituted cobalt 
ferrite nanoparticles produced by an aerosol route. Th e results showed that 
the lattice parameter of nanoparticles decreased linearly with an increase 
in nickel concentration, which could be attributed to the smaller ionic 
radius of Ni2+ compared to Co2+. Moreover, the increase in nickel concen-
tration decreased the saturation magnetization because the relatively high 
orbital contribution of the Ni2+ to the magnetic moment of Co2+ induces 
large anisotropy. 

Paulsen et al. [8] studied manganese-substituted cobalt ferrite magne-
tostrictive materials for magnetic stress sensor applications. Th e measure-
ment indicated that substituting manganese for some of the iron in the 
cobalt ferrite can lower the Curie temperature of the material while main-
taining suitable magnetostriction for stress sensing applications. Th ese 
results demonstrated the possibility of optimizing the magnetomechanical 
hysteresis of cobalt ferrite-based composites for stress sensor applications 
through control of the Curie temperature.

Jadhav et al. [9] synthesized zinc-substituted cobalt ferrite nanoparticles 
by using a wet chemical coprecipitation technique. Th ey found that all the 
samples exhibit ferromagnetic behavior, which decreases with the substitu-
tion of Zn2+ ions. Curie temperature decreases with the increasing substi-
tution of Zn2+ ions, which is attributed to a decrease in magnetic linkages 
between tetrahedral and octahedral sites.

Magnetic iron oxide nanoparticles are the subject of much research 
because of their possible application in areas such as biomedical engineer-
ing and diagnostics [10]. In the last three decades, the application of some 
magnetic iron oxide nanoparticles (maghemite, γ-Fe2O3 or magnetite, 



Multifunctional Spinel Ferrite Nanoparticles 185

Fe3O4) in the topical area of in vitro diagnostics has increased. Th e stabi-
lization of the ferrofl uid is achieved by optimizing the electrostatic repul-
sions of similarly charged surfaces. Coating of the magnetic nanoparticles 
with biocompatible polymers has drawn recent interest [11] with the aim 
to form a stable non-toxic aqueous dispersion of magnetic iron oxide 
nanoparticles. However, using such magnetic nanoparticles for biological 
and medical purposes remains a challenge.

Th e magnetic nanoparticles need modifi cation to increase the biocom-
patibility and bacterial activity before implementation for drug delivery 
applications. For example, coating a silver thin fi lm onto Fe3O4 nanoparti-
cles can improve bacterial activity; as well as benefi ting the paramagnetic 
properties of the nanostructures so that they can be recovered and recy-
cled from the site of action by means of an external magnetic fi eld [12]. 
Moreover, oleic acid was used as a surfactant coating for Fe3O4 nanopar-
ticles, followed by an adsorption-coating with four diff erent antibiotics 
(cephalosporins) [13]. Th e nanofl uid only acts as a carrier for the antibi-
otic. Moreover, the small size of the magnetic nanoparticles allows deliv-
ery of an antibiotic when targeting organs such as the brain and kidney. 

Iconaru et  al. [14] investigated the biocompatibility of magnetic iron 
oxide nanoparticles doped with dextran thin fi lms that were produced by the 
spin coating deposition of a solution. It was established that osteoblast cells 
adhered very well to dextran thin fi lms obtained from targets  containing 1 
and 5 wt.% maghemite and exhibited a normal actin cytoskeleton, which 
suggested that these cells underwent normal cell cycle progression. Th e data 
strongly suggested the potential use of iron oxide-dextran nanocomposites 
as a potential marker for biomedical applications.

Li et al. [15] studied the biocompatibility of the core–shell Fe3O4/Au 
composite magnetic nanoparticles, which have potential applications 
in tumour hyperthermia. Th e results showed that Fe3O4/Au composites 
appear to be highly biocompatible and safe nanoparticles according to 
the evaluation of toxicity in vivo and in vitro. Considering that some of 
the Food and Drug Administration-approved MRI contrast agents are 
made of Fe3O4; Fe3O4/Au composites have potential as safe optical and 
thermal agents; allowing the combination of cancer detection and cancer-
specifi c hyperthermic treatment. Th e results of this study provided an 
experimental foundation for further clinical research and evaluation of 
this  promising material.

Chen et al. [16] demonstrated the concept of hollow core/shell struc-
tured mesoporous nanocapsules as multifunctional drug delivery systems 
(DDSs). Ellipsoidal Fe3O4-mSiO2 nanocapsules were used as an example 
of a promising platform for simultaneous drug delivery and cell imaging.



186 Advanced Functional Materials

Chelating agents are used in inorganic chemistry to prevent particle 
agglomeration by reducing condensation reactions in liquid phase synthe-
sis. Th ey have been proven to control the cobalt ferrite phase in sol–gel 
chemical synthesis [17]. Chelating agents can function as good selective 
fl occulants because of their metal specifi city and selectivity. From the syn-
thesis point of view, chelating agents present advantages over conventional 
mineral processing in terms of metal selectivity. Th ere are many reagents 
that may be used with chelating agents in specifi c applications because of 
the variation in major donor atoms which are sulphur, nitrogen, oxygen 
and phosphorus. It is important to understand the chemical behaviour of 
donors to predict the properties of chelating groups. Normally the choice 
of a chelating agent or a group is made on the basis of its function in ana-
lytical metal separations. 

Most of the chelating groups form the necessary chemical complexes 
with almost all of the transition and many non-transition metals and, 
therefore, specifi city is not as qualifi ed as for selective adsorption on min-
erals. Th e selectivity is determined by consideration of diff erences in sta-
bility constants and chelate formation under various solution conditions. 
Moreover, the contribution from the donor atoms as they are located in 
the mineral lattice has to be considered in obtaining the selectivity. Also, 
the solubility of the mineral, in addition to that of the metal chelate, has 
a pronounced infl uence on the selectivity and the collection power of the 
chelating agent. 

Sol–gel techniques off er enhanced control over homogeneity, elemen-
tal composition and powder morphology. As well, uniformly nano-sized 
metal clusters can be achieved, which are crucial for enhancing the prop-
erties of the nanoparticles. Th ese advantages make the sol–gel route a 
favourable alternative to other conventional methods for the preparation 
of ceramic oxide composites [18]. 

Th erefore, the objectives of this chapter are fourfold. Th e fi rst objective 
is to develop novel multifunctional magnetic iron-based nanoparticles that 
also exhibit biocompatible and antibacterial properties to fulfi l the require-
ments of a DDS. Th e second is to synthesize transition metal-substituted 
cobalt ferrite nanoparticles (Co0.5X0.5Fe2O4 with X  =  Cu, Zn, Mn or Ni) 
by the sol–gel process using citric acid (CA) as the chelating agent. Th e 
third is to investigate the eff ect of substitution of these transition metals on 
surface morphology, size distribution and antibacterial properties of the 
synthesized transition metals-substituted cobalt ferrite nanoparticles. Th e 
last objective is to discuss the biocompatibility of spinel nanoparticles and 
explore their future applications. 
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4.2 Ferrites

Ferrites are well-known ferrimagnetic materials that consist mainly of 
ferrimagnetic oxides and, therefore, are electrically insulating. Ferrites 
are widely used in high-frequency applications because an alternating 
current fi eld does not induce undesirable eddy currents in an insulating 
material [19].

Ferrites have two structural symmetries that are determined by the size 
and charge of the metal ions, which balance the charge of the oxygen ions 
and their relative amount [20].

4.2.1 Cubic Ferrites
Cubic ferrite has the general formula MO.Fe2O3 where M is a divalent 
metal ion. Th ese ferrites crystallize in the spinel structure and the spinel 
lattice is composed of a close packed oxygen arrangement in which 32 oxy-
gen ions form the unit cell. Th ese anions are packed in a face centred cubic 
(FCC) arrangement leaving two types of space between anions: tetrahe-
drally coordinated sites (A), surrounded by four nearest oxygen atoms; and 
octahedrally coordinated sites (B), surrounded by six nearest neighbour 
oxygen atoms. Th ese are illustrated in Figure 4.1. In total, there are 64 tet-
rahedral sites and 32 octahedral sites in the unit cell, of which only 8 tet-
rahedral sites and 16 octahedral sites are occupied, resulting in a structure 
that is electrically neutral [20].

Th e localization of ions either in the A or B sites depends fundamen-
tally on the ion and lattice sizes, as well as the temperature and the orbital 
preference for specifi c coordination. In general, divalent ions are larger 
than trivalent ions (Table 4.1). Th e trivalent ion nuclei produce greater 

Figure 4.1 Th e unit cell structure of spinel ferrite.
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electrostatic attraction, hence their electron orbits contract. Th e octahe-
dral sites are larger than the tetrahedral sites and, thus, the divalent ions 
are localized in the octahedral sites whereas trivalent ions are located in the 
tetrahedral sites [20].

Some properties of the ferrites can be enhanced by incorporation of 
divalent metallic ions inside their structure. In the case of cobalt ferrite, 
the incorporation of cobalt ions results in an increase in coercivity due to 
an increased magnetocrystalline anisotropy resulting from the coupling of 
the spins of the cobalt and iron ions [2]. Cobalt ferrite (CoFe2O4) is a cubic 
ferrite with an inverse spinel structure where Co+2 ions are located in B 
sites and Fe+3 in the A and B sites. Th is ferrite is characterized by having an 
anisotropy constant higher than ferrites such as magnetite and maghemite, 
Table 4.2. Th e anisotropy constant of bulk cobalt ferrite is in the range of 
1.8–3.0 × 106 erg/cm3 and the saturation magnetization is 80.8 emu/g at 
room temperature and 93.9 emu/g at 5 K [21].

It has been observed that the magnitude of magnetic properties depends 
on the particle size. A decrease in particle size results in a decrease in coer-
civity and saturation magnetization, whereas the susceptibility and anisot-
ropy constant have been reported to increase [22].

Table 4.1 Radii of metal ions commonly involved in spinel ferrites.

Ion Ionic Radius (Å)

Fe2+ 0.83

Fe3+ 0.67

Co2+ 0.82

Zn2+ 0.74

Ni2+ 0.78

Mn3+ 0.70

Table 4.2 Anisotropy constants of some ferrites [20].

Ferrite Anisotropy Constant K1 (erg/cm3)

FeFe2O4 –1.1 × 103

Co0.8Fe2.2O4 3.9 × 106

MnFe2O4 –28 × 103

Co0.3Mn0.4Fe2O4 1.1 × 106
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4.2.2 Hexagonal Ferrites
Hexagonal ferrites are widely used as permanent magnets and are char-
acterized by possessing a high coercivity [23]. Th eir general formula is 
MO.6Fe2O3 where M can be Ba, Sr or Pb. Th e hexagonal ferrite lattice is 
similar to the spinel structure, with the oxygen ions closely packed, but 
some layers include metal ions, which exhibit similar ionic radii as the oxy-
gen ions. Th is lattice has three diff erent sites occupied by metals: tetrahe-
dral, octahedral and trigonal bipyramid.

4.3 Th e Sol–Gel Method

4.3.1 Th e Sol–Gel Processing Method
Sol–gel processing is a chemical engineering technique to manufacture 
ceramic powders, especially oxides. Th e term sol refers to the initial solu-
tion of the chemical components from which the fi nal powder will even-
tually be derived. Gel is a term used to describe the fi nal product of the 
ceramic material. Th e methods are based on mixing solutions that enable 
reactions for the formation of distinct particles. It is important to note that 
the particles are not precipitated from solution; rather, the mechanism of 
particle production is based on colloidal science in which the particles are 
suspended in the liquid. Typical ceramic powders that are produced by 
this technique include chromia [24], alumina [25], cobalt ferrite [17] and 
ceramic alloys of stabilized zirconia [26]. 

Th e most broadly used synthetic technique for bulk metal oxides is the 
ceramic method that is based on the direct reaction of powder mixtures. 
Th e diff usion of the atomic or ionic species is controlled through the reac-
tants and products. Th ese solid state processes require high temperature 
and small particle sizes to bring the reaction partners suffi  ciently close 
together and to provide high mobility. Th e reaction conditions lead to 
thermodynamically stable phases, preventing the formation of metastable 
solids. Th ere are various products that can be collected from the sol–gel 
process (Figure 4.2) and these depend on the synthesizing route. 

Sol–gel procedures were successful in the preparation of bulk metal 
oxides (e.g. ceramics, glasses, fi lms and fi bres) [27] and, therefore, they 
have been applied for nanoparticle synthesis. Liquid-phase routes repre-
sent the most promising alternatives for the size- and shape-controlled 
synthesis of nanoparticles [28]. Th e number of oxide nanoparticles 
obtained by sol–gel chemistry is small compared to the variety of com-
pounds obtained via powder routes [18]. 
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A synthesis protocol developed for a bulk metal oxide may not be 
directly accommodated to its corresponding counterpart on the nanoscale. 
Th e reasons for this observation are manifold. Aqueous sol–gel chemis-
try is complex due to the high reactivity of the metal oxide precursors 
towards water and the double role of water as ligand and solvent. On the 
other hand, there are many reaction parameters that must be controlled 
(e.g. hydrolysis and condensation rate of the metal oxide precursors, the 
pH and temperature, the method of mixing, the rate of oxidation and the 
nature and concentration of anions) to provide good reproducibility of 
the synthesis protocol [29]. 

Another fundamental problem of aqueous sol–gel chemistry is that the 
as-synthesized precipitates are generally amorphous. Th e required post-
synthetic annealing step to induce the crystallization process prevents fi ne 
control over crystal size and shape. Th ese limitations play a minor role for 
the preparation of bulk oxides; however, they are major issues in the case 
of nanoparticle synthesis. 

Nonaqueous (or non-hydrolytic) sol–gel processes in organic solvents 
are able to overcome some of the major limitations of aqueous systems 
[30]. Th e advantages are a direct consequence of the role of the organic 
components in the reaction system that act as (i) a solvent, (ii) an organic 
ligand of the precursor molecule, (iii) a surfactant that enables chemical 

Figure 4.2 Various steps in the sol–gel process to control the fi nal morphology of the 
product. Th e steps can be grouped into (i) hydrolysis/condensation and (ii) aging/drying 
stages.
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reaction or (iv) permits the in situ formation of organic condensation 
products. Th e organic components behave as an oxygen supplier for oxide 
formation and determine strongly the particle size and shape as well as 
the surface properties due to their coordination properties. However, they 
moderate reactivity of the oxygen to carbon bond, which results in slower 
reaction rates.

Th e nonaqueous synthesis routes yield metal oxide nanoparticles with 
uniform, yet complex crystal morphologies with crystallite sizes of just 
a few nanometres, and good dispersibility in the organic phase. Another 
important point is the fact that the chemistry of the oxygen-carbon bond 
is well-known from organic chemistry. Th is aspect is signifi cant consider-
ing the fundamental role of organic reaction pathways in nonaqueous sol–
gel chemistry. In parallel to the formation of the inorganic nanoparticles, 
the organic species undergo transformation reactions [31]. It is possible to 
correlate the processes leading to these organic species by analyzing the 
growth mechanisms of the oxide nanoparticles. 

4.3.1.1 Processing Steps for the Sol–Gel Route
Th e sol–gel process consists of the following 6 prime steps (Figure 4.3).

    i. Preparation of a homogeneous solution either by dissolution 
of metal organic precursors in an organic solvent that is mis-
cible with water, or by dissolution of inorganic salts in water.

  ii. Conversion of the homogeneous solution into a sol by treat-
ment with a suitable reagent that is generally water with, or 
without, an acid base.

iii. Aging of the solution.
 iv. Shaping of the gel.
   v. Th ermal treatment or sintering of the fi nal product. 
vi. Classifi cation into appropriate particle size for the intended 

application.

Step (i) – Th e components are placed into solution. Th e liquid compo-
nent is usually water or an alcohol. Th e solute is either an inorganic nitrate 
chloride or based on metal-organic compounds. Th ese components allow 
thorough mixing of the species on the atomic scale, explaining the excel-
lent homogeneous compositions that are obtained. Th is solution is oft en 
referred to as the “precursor” since it is the basis of the following steps that 
lead to the fi nal powder.
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Step (ii) – Th e above solution, if it is not already a sol, is converted to a 
sol. A sol is a colloidal dispersion (or a dispersed solid phase) that contains 
particles smaller than about 150 nm (0.15 mm or 5.9 × 10–8 in.). Th e sol 
can be made stable by pH adjustment. Otherwise, the particles will grow 
to agglomerates that may precipitate and, thereby, not enable the unique 
powder chemistries to be obtained.

Step (iii) – Th e gelation step occurs next. Th is is essentially a step to 
remove most of the solvent (water or alcohol) so that a rigid body of well-
defi ned chemistry is formed. Th e gel is still quite plastic or highly viscous. 
Th e processing variables are pH, temperature and time.

Step (iv) – Th e gel is shaped to the required morphology. Th is may be as 
spheres, fi bres or coatings. Th ermal spray powders of spherical morphol-
ogy are produced by a process called spray drying. Th ese morphologies 
may also be produced by controlling the gelation stage in the conventional 
process.

Step (v) – Th e remaining solvent is removed and the gel is calcined to 
form the fi nal powder. Th is fi nal temperature is signifi cantly lower than 
the temperatures of conventional processing methods. For example, silica 
can be calcined from 600°C to 1,000°C (1,110°F to 1,830°F) rather than 
1,300°C to 1,400°C. 

Step (vi) – Conventional sieving is performed to obtained the required 
particle size distribution for the intended application.

4.3.1.2 Controlling the Properties of the Gel
Th e control of the gel properties can be listed into four distinct areas:

(i)  Th e pore structure, specifi c surface area, micropore volume 
and other features that control density.

(ii) Th e elemental composition of the gel. Possibilities of incorpo-
rating metal, metal-oxide or non-metal functional modifi ers.

Figure 4.3 Th e production steps for a sol–gel production route.
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(iii) Th e morphology of the product; for example, the synthesis 
of monolithic pieces, spheres, layers, coverings, foams and 
membranes.

(iv) Regulating macroscopic properties such as opacity, density 
and fracture resistance.

Th e issue of tailoring the pore volume and specifi c surface area of the 
sol–gel process is complex because there are several specifi c factors that 
control the properties of fi nal products; e.g. temperature, pressure, pH, 
water-to-Si ratio, ageing and drying time. Th e above process variables 
are related to the hydrolysis and condensation reactions arising during 
the sol–gel process. Fast condensation leads to compact, dense, low-area 
structures; while rapid hydrolysis accompanied by moderate condensation 
speed gives rise to open, irregular, porous matrices. Any of the synthesis 
parameters may act as an eff ective modifi er factor as long as it changes the 
absolute or relative rates of these two competing reactions.

Jones et al. [32] performed a comprehensive study on the dependence of 
pore characteristics on the preparation conditions of sol–gel derived alu-
minosilicates. Th eir method was to take a default tetraethylorthosilicate 
(TEOS)-based acid catalyzed hydrolysis reaction, and synthesis a series of 
gels changing one parameter a time. Th ey found that if the Al-to-Si ratio 
increases, the solvent (ethanol) content or the pH results in a decrease in 
the specifi c surface area of the products. Increasing the H2O-to-Si ratio, on 
the other hand, results in higher BET surfaces. In addition, porosity and 
total pore volume change in line with the BET surface. However, micropore 
volume seems to follow the opposite trend: the lower the surface area, the 
higher the contribution of micropores to the total pore volume. Moreover, 
increasing the size of the alkyl group of the solvent alcohol or the num-
ber of –OH groups per molecule increases the BET area, pore volume and 
porosity, but decreases the micropore volume.

Toba et  al. [33] studied the properties of titanosilicates prepared by 
various synthesis techniques. Th ey found that the complexing agent 
(1,6-hexanediol) produced the most homogeneous samples and off ered 
(chiefl y via changing the Ti/Si ratio) the greatest control over pore system 
characteristics.

Th e ageing step during the sol–gel process is the key factor to predict the 
properties of the fi nal products. Ageing is identifi ed when a gel is main-
tained in pores and its structure and properties continue to change long 
aft er the gel point. Four processes can occur during ageing: (i) polyconden-
sation, (ii) syneresis, i.e. shrinkage of the gel accompanied by the expulsion 
of liquid from the gel pores, (iii) coarsening and (iv) phase transformation. 
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Th e optimization and mechanism of the ageing process are poorly under-
stood [27].

Th e next important step in sol–gel synthesis is drying, which can be 
performed either under supercritical conditions, at elevated tempera-
tures, or decreased pressures. Scherer et al. [34] discovered a co-operative 
eff ect between the synthesis pH and the drying parameters (e.g. solvent 
type, washing solvent type) of aerogels. Th ey found that surface area, pore 
size and pore volume decreased as the surface tension of the liquid to 
be removed from base-catalyzed aerogels increased. On the other hand, 
micropore surface area and pore volume increase considerably in the 
case of acid-catalyzed gelation steps. Th ey explained this phenomenon by 
pointing out that the higher the surface tension at the liquid–vapour inter-
face, then the higher the capillary pressure within the pore. When the pres-
sure exceeds a certain threshold value, the gel network loses its integrity. 
Acid catalyzed gels are less highly cross-linked than base catalyzed ones; 
therefore, the same surface tension values correspond to the breaking of 
diff erent pores in their case.

Th e last step in a typical sol–gel process is a high temperature treat-
ment called densifi cation or calcination. It is considered one of the most 
important factors that controls the morphology and the particle size of 
the fi nal product. Th e calcination rate depends on maximum temperature, 
heating rate and atmosphere (inert or oxidizing). In the fi rst stage of the 
heating process (up to 300–400ºC) water and volatile organics are removed 
from the gel. Th is process is generally accompanied by an increase in the 
specifi c surface area. Surface area diminishes in the second stage (up to 
800–1000ºC) because of capillary contraction, condensation and sintering. 
Th is change is caused by the gel-to-glass transition, which is driven by the 
higher free energy of gels. In the fi nal stage, once the gel-to-glass transition 
is complete, the structure and properties of the material are indistinguish-
able from those of a conventional melt-derived glass [35].

4.3.2 Applications
Sol–gel derived ceramics are useful for heterogeneous catalytic applications 
since they have replaced commercial catalysts such as amorphous sol–gel 
silica instead of normal silica, silica-alumina composites instead of zeolites 
and so on. Although such common examples do not claim  scientifi c atten-
tion; they can be of interest because their pore system or their morphologi-
cal features are special.

Sol–gel derived mixed oxides, on the other hand, have been prepared suc-
cessfully; for example, oxides such as alumina-silica, titania-silica, Fe2O3-SiO2, 
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ZrO2-SiO2, BaO-Al2O3 and La2O3-Al2O3 [36]. Even though the objectives of 
these studies are quite diff erent, their common feature is that they use the 
control over homogeneity, elemental composition and sample morphology 
off ered by the sol–gel technique. Final products are usually compared to 
those synthesized by conventional methods such as  co-precipitation and the 
sol–gel materials are oft en superior in certain respects.

Th e achievement of manufacturing very small and uniform metal 
cluster sizes [18] endows the sol–gel process as a favourable alternative 
to  conventional two-step impregnation methods for the preparation of 
metal/metal-oxide composites. Mixing can be performed at the atomic 
level; therefore, the resulting materials are of considerable interest to the 
nano-industry. New materials can be prepared by the non-metallic func-
tionalization of sol–gel derived oxide matrices. Heteropoly acids, amino 
acids and carbohydrates can be anchored onto the walls of the pores, off er-
ing possibilities for the heterogenization of traditionally homogeneous 
reactions and performing delicate tasks such as molecular recognition [37] 
and chiral separation [38].

4.4 Chelating Agents

Chelating agents are chemical compounds that can form stable metal com-
plexes that are characterized by ring structures, as illustrated in Figure 4.4. 

Figure 4.4(a) shows the fi rst case of chelating agents in which the metal 
is coordinated to the four nitrogens of two molecules of ethylene diamine, 
giving rise to a charged double ringed complex with a chloride ion neutral-
izing the two charges. Figure 4.4(b) presents chelating agents that create 
an intra-molecular hydrogen bridge. Figure 4.4(c) exhibits the chelating 
agents that involve polynuclear halogen bridges.

4.4.1 Mineral Processing Examples of Using Chelating Agents
Normally the choice of a chelating agent or a group is made on the basis of 
its function in well-known analytical metal separations. Several research-
ers have studied the application of using chelating agents in mineral pro-
cessing [39]. 

Th e separation of minerals by fl otation and fl occulation depends on the 
selective adsorption of surfactants and polymers onto them. Reagents with 
chelating functional groups have received increasing attention for analyti-
cal separations in recent years since these were known to exhibit excellent 
metal selectivity. Some chelating agents have been tried as collectors for 
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various mineral systems and excellent separations have been obtained in 
certain cases. Th e various possible hypotheses of the interactions between 
a mineral and a chelating group are, however, not adequately understood; 
although there is evidence to suggest that some form of a metal complex 
is created at the surface. In particular, the diff erent mechanisms at the 
mineral surface versus those in the bulk are not fully recognized and, as a 
result, the development of collectors based on their use in analytical sepa-
rations is not achieved easily. It is reported that chelating collectors seldom 
form the specifi c structure with metal or mineral and the properties of 
both the chelating agents and the mineral are important in determining 
their collecting action. Th e donor atoms on the chelating agents, as well as 
those associated with the mineral species, play an important role in their 
interactions on the surface. 

Somasundaran et  al. [40] studied the application of using chelating 
agents in mineral processing systems; the basis of the donor properties 
of the chelating groups and the metal species; and recent approaches to 
understand the chelation. Moreover, emphasis was given to the criteria for 
selection of chelating agents as collectors for various minerals and the pre-
dictability of the behaviour of a chelating agent for a given mineral system. 
It was found that although chelating agents can be used eff ectively for the 

Figure 4.4 General structure of chelating agents.
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fl otation of ores, they do not possess absolute specifi city towards minerals 
species. Moreover, the chemical interaction between chelating agents and 
mineral species in the bulk and on the surface becomes more essential for 
understanding the mechanism. Finally, it was concluded that the rule of 
surface chemical alterations, due to either changes in oxidation state of 
surface species or precipitation of various dissolved mineral species, will 
have to be considered in actual mineral processing systems.

Th ere are books, reviews and technical papers dealing with the in-depth 
chemistry of chelating compounds and their functions [41]. Th ere are 3 
terms that defi ne the sol–gel processing route of minerals: chelated, seques-
tered and complexed. In order for a compound to fulfi l the requirement 
of being a true chelating agent, it must have certain chemical characteris-
tics. Th is chelating compound must consist of at least two sites capable of 
donating electrons to the metal it chelates. Moreover, the donating atom(s) 
must also be in a position within the chelating molecule so that the forma-
tion of a ring with the metal ion can occur. Th e term sequestered deals 
more with the action of chelation or complexing, not the actual chemical 
arrangement. Meanwhile, the term “complexed” originates from combina-
tions of minerals and organic compounds that do not meet the require-
ment of a true chelate.

Most of the chelating groups form complexes with almost all of the tran-
sition and many non-transition metals and, therefore, specifi city is not as 
absolute as is required for their selective adsorption on minerals [42]. Th e 
selectivity is determined by consideration of diff erences in stability con-
stants and chelate formation under various solution conditions. Moreover, 
the contribution from the donor atoms as they are located in the mineral 
lattice has to be considered in obtaining the selectivity. Also, the solubility 
of the mineral, in addition to that of the metal chelate, has a pronounced 
infl uence on the selectivity and the collection power of the chelating agent.

Chelating agents can be classifi ed either on the basis of donor 
atoms involved (O–O, N–O, N–N, S–O, S–S, S–N), ring size (4-, 5- or 
 6-membered), charge on the complex (anion, cation, neutral), number of 
bonds to the metal for every chelating molecule. However, there are fi ve 
categories of compounds that are commonly mixed with minerals and that 
have been used in manufacturing. Th ese chelating agents are (i) synthetic 
chelates, (ii) lignosulfonates, (iii) humic or fulvic acids, (iv) organic acids 
and (v) amino acids.

Each type of chelating agent exhibits a diff erent chemical structure, 
physical properties and chelated mechanism to the minerals. Th is book 
chapter will only focus on the organic acid group since CA was used in the 
sol–gel synthesis. 
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4.4.2 Organic Acids
Organic acids compounds are essential for the transportation and solubil-
ity of divalent elements (Zn2+, Mn2+, Fe2+ and Cu2+) in plants [43]. On the 
other hand, the organic acids can be called “anionic organic acids” because 
of their negative charge. One of the most popular organic acids used for 
manufacturing and agriculture is CA, which is considered a weak organic 
acid. It is produced as a white crystalline powder and the chemical struc-
ture is presented in Figure 4.5.

Th e fi rst discovery of CA was credited to Islamic alchemist Jabir bin 
Hayyan in the 8th century [44]. Later, in the 13th century, medieval schol-
ars in Europe were aware of the acidic nature of lemon and lime juices. CA 
was fi rst extracted from the medium in 1784 by the Swedish chemist Carl 
Wilhelm Scheele [45] who crystallized it from lemon juice. Industrial-scale 
CA production began in 1890 and was based on the Italian citrus fruit 
industry.

From the chemical structure point of view, CA shares the properties of 
other carboxylic acids. It decomposes through the loss of carbon dioxide 
and water when heated above 175°C. Th e acidity of CA is slightly stronger 
than other typical carboxylic acids because the anion can be stabilized by 
intermolecular hydrogen-bonding from other protic groups.

CA is a useful ingredient in the food and beverage industries. Th e exam-
ples of the products that are produced using CA are jams, jellies, candies, 
preserved food and frozen foods. It is also added in gelatin and fruit-based 
desserts as well as in canned vegetables and meat products. CA is recog-
nized as being safe for use in food by all major national and international 
food regulatory agencies. It is naturally present in almost all forms of life, 
and excess CA is readily metabolized and eliminated from the body. CA 
has the ability to chelate with several metals, which makes it useful in soaps 
and laundry detergents. When CA chelates with metals in hard water, it 
allows these cleaners to produce foam and work more effi  ciently without 
the need for water soft ening.

Similarly, CA is used to regenerate the ion exchange materials used in 
water soft eners by stripping off  the accumulated metal ions as citrate com-
plexes. It is used in the biotechnology and pharmaceutical industry to pas-
sivate high purity process piping as a substitute to using nitric acid. Nitric 

Figure 4.5 Chemical structure of CA.
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acid presents a hazardous disposal issue once it is used for this purpose, 
while CA does not.

CA is also used to chelate copper in formulations used to kill algae in 
reservoirs and natural waters [46]. Th e CA chelates the copper, then slowly 
releases it resulting in an extended time of eff ectiveness. Although organic 
acids do not directly chelate monovalent elements (single positive charge: 
K+, Na+), they are associated in plant systems by loosely held ionic attrac-
tions. In foliar applications [47], these anionic (negatively charged) organic 
acids play an important role in converting cationic (positively charged) min-
erals into non-ionic (neutral) compounds for increased leaf penetration and 
movement into the plant. Plants have the ability to manufacture many types 
of organic acids such as citric, malic, fumaric, succinic and others. Some of 
these acids are used to transport minerals in the plant. Others are excreted 
from the roots to solubilize and take needed minerals into the plant system. 

4.5 Approach and Methodology

Th e prior background discussion has indicated the importance and need 
for focussed studies concerning the infl uence of chelating agents on 
materials formed from nanoparticles such as spinel ferrites. Th erefore, 
spinel ferrite nanoparticles were prepared via a sol–gel route using CA 
and poly vinyl alcohol (PVA) as a chelating agent. Th e infl uence of che-
lating agents on physical properties and antibacterial properties of these 
nanoparticles against Escherichia coli (E. coli) and Staphylococcus aureus   
(S. aureus) was investigated. Th e following sections document the effi  -
cacy of such an approach with the intent to develop potentially thera-
peutic agents.

4.5.1 Fabrication of Spinel Ferrite Nanoparticles
Th e chelating agent, which is CA gel, was prepared by dissolving CA 
powders in distilled water (5%  w/v) at 70°C. Th e chelating agent solu-
tions were kept at 70°C for 5 h or until the solution became clear. Cobalt 
nitrate (Co(NO3)2.6H2O), iron nitrate (Fe(NO3)3.9H2O), copper nitrate 
(Cu(NO3)2.6H2O), nickel nitrate (Ni(NO3)2.6H2O), chromium nitrate 
(Mn(NO3)2.4H2O) and zinc nitrate (Zn(NO3)2.6H2O) powders with 
Fe:Co:(Zn, Cu, Ni, Mn) mole ratios of 2:0.5:0.5 were dissolved into the 
chelating agent solution under magnetic stirring. Th e sol–gel reaction was 
continued for 3 h and then the temperature increased to 80°C for 10 h or 
until the gel dried into powder form. Finally, all samples were sintered at 
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800°C for 4 h and then ground using a mortar and pestle to form a nano-
particle. Figure 4.6 diagrams the method employed.

4.5.2 Analytical Techniques Employed
Elemental composition analyses of the nanoparticles were carried out using 
energy dispersive X-ray spectroscopy (EDX). Phase analyses of cobalt fer-
rite nanoparticles were conducted using X-ray diff raction (Bruker AXS D8 
Advance XRD). Surface wettability, an indicator of the surface interaction 
of the metal oxide with a given solvent and an important measure for bio-
medical applications, was measured using the water contact angle tech-
nique (WCA-FTA200). Th e morphology (i.e. homogeneity and particle 
size) of the materials was observed using a fi eld emission scanning elec-
tron microscope (ZEISS SUPRA 40 VP SEM). Particle size characteriza-
tion of nanoparticles was performed using a 90 Plus Particle Size Analyzer 
(Brookhaven Instrument Corp., USA). Th e antimicrobial activity of cobalt 
ferrite nanoparticles was tested against gram negative bacteria, E. coli, and 
gram positive bacteria, S. aureus. 

Figure 4.6 Th e preparation of spinel ferrite and transition metals-substituted spinel ferrite 
nanoparticles.
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4.5.3 Biocompatibility Study

4.5.3.1 Cell Culture
Osteoblast-like cells (SaOs-2, Sarcoma osteogenic) (Barwon Biomedical 
Research, Geelong Hospital, Victoria, Australia), a human osteosarcoma 
cell line with osteoblastic properties, were cultured in minimum essen-
tial media (MEM) (Gibco, Invitrogen, Mulgrave, VIC, Australia) supple-
mented with 10% foetal bovine serum (Bovogen Biologicals, Essendon, 
VIC, Australia), 1% non-essential amino acid (Sigma-Aldrich, Castle Hill, 
NSW, Australia), 10,000 units/mL penicillin–10,000 μg/mL streptomycin 
(Gibco), and 0.4% amphostat B (In Vitro Technologies, Auckland, New 
Zealand) at 37°C in a humidifi ed atmosphere of 5% CO2 in air. Th e culture 
medium was changed every 3 days.

4.5.3.2 Cytotoxicity
Th e cytotoxicity of all transition metal-substituted cobalt ferrite nanoparti-
cles was evaluated by use of the media extracts of the samples (International 
Organization for Standardization, 1999). Transition metal-substituted 
cobalt ferrite nanoparticles were mixed with the media at a concentration 
of 0.22 g/mL. All samples of nanoparticles with media were incubated in a 
humidifi ed atmosphere of 5% CO2 in air at 37°C for 72 h. Th e nanoparticle 
mixture was fi lter-sterilized with a 0.22 μm fi lter (Falcon, BD Biosciences, 
San Jose, CA, USA) to obtain the extracts. Cells were also seeded into 
wells containing only the media and incubated for 72 h as a negative con-
trol. SaOs-2 cells were seeded into negative controls and extracts from 
the nanoparticles at a density of 10,000 cells per well. Aft er cell culture 
for 5 days, cells were harvested with 0.1% Trypsin-5 mM EDTA (Sigma-
Aldrich) and collected. Cell counts were obtained by the trypan blue exclu-
sion method, whereby dead cells are stained blue and live cells remained 
clear. Th e cell viability was determined by the ratio of live cells to the total 
number of cells per sample [48]. 

4.5.3.3 Statistical Analysis
Th e values are expressed as means ± one standard deviation (SD). All of 
the experiments were conducted in triplicate. A one-way ANOVA (SPSS 
14.0 for Windows soft ware) method was used to determine the diff erences 
observed among the groups; p < 0.05 was considered signifi cant.
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4.6 Experimental Results

4.6.1  Diff erential Scanning Calorimetry and Th ermo 
Gravimetric Analyses

Diff erential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA) curves of synthesized transition metal-substituted cobalt ferrite 
nanoparticles, (a) Co0.5Cu0.5Fe2O4, (b) Co0.5Zn0.5Fe2O4, (c) Co0.5Mn0.5Fe2O4 
and (d) Co0.5Ni0.5Fe2O4 obtained from CA as a chelating agent are shown in 
Figure 4.7. Th e TGA curve exhibits two distinct weight loss steps and the 
DSC curve presents one exothermic and endothermic peak over 25–500°C.

Th e fi rst weight loss step in the range of 25–150°C, which was accompa-
nied by an endothermic broad peak around 150°C in the DSC curve, arises 
due to the loss of residual moisture in the powder. Th e second weight loss 
step in the range of 200°C and the sharp exothermic peak around 200°C 
is associated with the combustion of nitrates and the oxidation of carbon 
from the CA to form carbon dioxide. No weight loss was observed above 
300°C, implying the presence of transition metal-substituted cobalt ferrite 
nanoparticles in this temperature range [49].

4.6.2 Raman Analyses
Synthesized transition metal-substituted cobalt ferrite nanoparticles have 
been investigated for phase characterization using Raman analyses. Cobalt 
ferrite has a cubic inverse spinel structure belonging to the Oh

7 (Fd3m) 
space group. Th e metallic cations can occupy two types of positions: either 

Figure 4.7 DSC/TGA curves of synthesized transition metal-substituted cobalt ferrite 
nanoparticles: (a) Co0.5Cu0.5Fe2O4, (b) Co0.5Zn0.5Fe2O4, (c) Co0.5Mn0.5Fe2O4 and 
(d) Co0.5Ni0.5Fe2O4.
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surrounded by six oxygen ions forming an octahedron or by four oxygen 
ions forming a tetrahedron. Th is structure gives rise to 39 normal modes 
among which fi ve are Raman active (A1g+1Eg+3T2g) [50]. Figure 4.8 shows 
Raman spectra of synthesized transition metal-substituted cobalt fer-
rite nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, 
(d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4. Th e spectrum of CoFe2O4 
(Figure 4.8(a)) consists of broad bands at 311, 470, 571, 619 and a strong 
band at 693 cm–1 [51]. In cobalt ferrite, the octahedral site is occupied by 
cobalt and iron ions and the tetrahedral site is occupied by only the iron 
ion. Due to the diff erence in ionic radii of cobalt and iron ions in CoFe2O4, 
the Fe–O and Co–O bond distances redistribute themselves between both 
sites and result in a doublet-like structure. It has been observed that Raman 
bands at 690 and 619 cm–1 are assigned to A1g(1) and A1g(2) modes refl ect-
ing the stretching vibration of Fe3+ and O2– ions in octahedral sites (O-site), 
while low frequency bands at 571, 470 and 311 cm–1 are assigned to T2g(3), 
T2g(2) and Eg modes, respectively, which refl ect the vibration at the tetra-
hedral sites (T-site) [52].

All transition metal-substituted cobalt ferrite nanoparticles present 
almost the same pattern of Raman spectra. Some changes of the spectra 
labelled on spectra (a) in Figure 4.8 are noticed when transition metals (Cu, 
Zn, Mn and Ni) become incorporated into the cobalt ferrite cubic structure. 

Figure 4.8 Raman spectra of the synthesized transition metal-substituted cobalt ferrite 
nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 
and (e) Co0.5Ni0.5Fe2O4.
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Th ere is some observable decrease in intensity of the 690 cm–1  tetrahedral 
Raman band and all the peaks are shift ed towards the lower wave number 
side in Figure 4.8(b), (c) and (e). Th e Raman peaks in Figure 4.8(d) shift  
towards the higher wave number, which is called a blue shift . On other hand, 
the red shift , or movement of peaks to a lower wave number, is attributed to 
the higher atomic mass of zinc, copper and nickel compared to the cobalt 
ion. In a similar fashion to the spinel ferrite, the distribution of divalent and 
trivalent cations can change due to migration of metal ions from tetrahedral 
to octahedral sites and vice versa. Th ese changes could arise from a high 
degree of cation disorder induced by Zn2+, Cu2+, Mn2+ and Ni2+ion incorpo-
ration and/or a particle size eff ect [53].

4.6.3 Particle Size Analysis
Figure 4.9 shows the particle size distribution of synthesized transition 
metal-substituted cobalt ferrite nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5
Fe2O4, (c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4. All 
of these nanoparticles present a polydisperse particle size distribution.

Th e particle diameter range of synthesized transition metal- 
substituted cobalt ferrite nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, 
(c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4 are 11–90, 
5–80, 18–90, 7–85 and 10–85 nm, respectively. Meanwhile, the aver-
age particle size of synthesized transition metal-substituted cobalt ferrite 
nanoparticles are 50, 43, 52, 45 and 46 nm, respectively.

Th e graphs in Figure 4.9 indicate that the average particle size of the 
nanoparticles increased in the order of Co0.5Cu0.5Fe2O4<Co0.5Mn0.5Fe2O4 
<Co0.5Ni0.5Fe2O4<CoFe2O4<Co0.5Zn0.5Fe2O4. 

Figure 4.9 Particle size distribution of synthesized transition metal-substituted cobalt 
ferrite nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, 
(d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4.
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4.6.4 Microstructure of Spinel Ferrite Nanoparticles
SEM micrographs were analyzed to investigate the grain structure of the 
nanoparticles and assist in understanding the development of the grain 
sizes. Figure 4.10 shows the SEM images of the synthesized cobalt fer-
rite and transition metal-substituted cobalt ferrite nanoparticles, (a) 
CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 and 
(e) Co0.5Ni0.5Fe2O4. Th e CoFe2O4 nanoparticles, Figure 4.10(a), exhibit an 
angular morphology. Meanwhile, the nanoparticles synthesized with tran-
sition metal doping in Figure 4.10(b)–(e) present particles with irregular 
shapes and agglomeration where some particles form large clusters. Th e 
average sizes of 30 grains, measured by ImageJ (available from the National 
Institutes of Health, USA), for CoFe2O4, Co0.5Cu0.5Fe2O4, Co0.5Zn0.5Fe2O4, 
Co0.5Mn0.5Fe2O4 and Co0.5Ni0.5Fe2O4 are 42.97 ± 0.5, 40.14 ± 0.4, 44.18 ± 0.6, 
40.26 ± 0.2 and 41.01 ± 0.5 nm, respectively [49]. 

Th e elemental compositions of synthesized cobalt ferrite and transition 
metal-substituted cobalt ferrite nanoparticles (Co0.5X0.5Fe2O4 with X = Cu, 

Figure 4.10 SEM images of synthesized transition metal-substituted cobalt ferrite 
nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 
and (e) Co0.5Ni0.5Fe2O4.
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Zn, Mn and Ni) are listed in Table 4.3. Th ese results indicate that the 
ratio of “Co/transition metal/Fe” for all of the synthesized nanoparticles 
is almost the same as that of the ideal transition metal-substituted cobalt 
ferrite (Co0.5X0.5Fe2O4 with X = Cu, Zn, Mn and Ni) structure, which could 
confi rm that no organic chelating agents remained in the system [49].

4.6.5 XRD Analysis
X-ray diff raction patterns of synthesized cobalt ferrite and transition metal-
substituted cobalt ferrite nanoparticles, (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, 
(c) Co0.5Zn0.5Fe2O4, (d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4, obtained 
from sol–gel methods using CA as the chelating agent and calcined at 
800°C for 4 h are shown in Figure 4.11. 

Th e peaks at 30.12°, 35.54°, 37.12°, 43.13°, 53.41°, 56.89° and 62.62° are 
indexed as the refl ection planes of (220), (311), (222), (400), (422), (511) and 
(440), respectively. Analysis of the XRD patterns of all samples confi rmed the 
formation of the cubic spinel structure [54] as the main characteristic peak. 
Moreover, no XRD peaks corresponding to the other phases such as α-Fe2O3, 
CoO, ZnO, NiO, MnO2, Co2O3 or Co3O4 were detected, which indicates that 
transition metals were completely substituted into the cobalt ferrite lattice 
synthesized by calcination of the precursor and chelating agent derived from 
the sol–gel process. Th ese results are in good agreement with Zi et al. [55]. 

Th e crystallite size D was calculated according to the Scherrer 
equa tion [56]:

 

0.9 
cos

D l
b q

=  (4.1)

Table 4.3 Th e elemental composition of synthesized cobalt ferrite and transition 
metal-substituted cobalt ferrite nanoparticles.

Ferrite
Composition

At.%

Co Cu Zn Mn Ni Fe O

CoFe2O4 14.49 – – – – 28.54 56.97

Co0.5Cu0.5Fe2O4 7.38 7.43 – – – 28.31 56.88

Co0.5Zn0.5Fe2O4 7.36 – 7.40 – – 28.46 56.78

Co0.5Mn0.5Fe2O4 7.32 – – 7.51 – 28.35 56.82

Co0.5Ni0.5Fe2O4 7.34 – – – 7.48 28.37 56.81
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where λ is the wavelength of the radiation, θ is the diff raction angle and 
β is the full width at half maximum (FWHM) of the diff raction peak. Th e 
lattice parameter was calculated according to the formula:

 
2 2 2( )hkla d h k l= + +  (4.2)

Th e refl ection plan (311) was used to calculate the crystallite size and 
lattice constant since this crystallographic plane exhibited the maxi-
mum diff raction intensity. Th e crystallite size and lattice constant of the 
cobalt ferrite and transition metal-substituted cobalt ferrite nano particles 
(Co0.5X0.5Fe2O4 with X = Cu, Zn, Mn and Ni) have been summarized in 
Table 4.4. Th e calculated lattice constant a (using the d value and respec-
tive hkl (311) parameters) increased from 8.385 to 8.401 Å for the samples 
calcined at 800°C with zinc substitution. Meanwhile, the lattice constant 

Figure 4.11 X-ray diff raction patterns of synthesized transition metal-substituted 
cobalt ferrite nanoparticles: (a) CoFe2O4, (b) Co0.5Cu0.5Fe2O4, (c) Co0.5Zn0.5Fe2O4, 
(d) Co0.5Mn0.5Fe2O4 and (e) Co0.5Ni0.5Fe2O4.
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decreased to 8.361, 8.309 and 8.356 Å with copper, manganese and nickel 
substitution, respectively. Th e relationship between transition metals 
substitution and lattice parameter can be explained by Vegard’s law [57]. 
According to this law, the increase of the lattice parameter results from 
the diff erence in the Zn2+ (0.74 Å) and Co2+ (0.72 Å) ionic radii [58]. On 
the other hand, a decrease of the lattice parameter results from the smaller 
ionic radii of Cu2+, Mn2+ and Ni2+ compared with Co2+. Moreover, the 
crystallite size of cobalt ferrite and transition metal-substituted cobalt fer-
rite nanoparticles determined by taking the FWHM of the (311) peak was 
found to lie in the range of 40–50 nm. Th e values agree well with those 
measured by ImageJ [49].

Zinc and copper systems have been selected for further calculation when 
altering the substitution concentration from 30, 50, 70 and 100%. Th e cal-
culated lattice constant a (using the d value and respective hkl (311) param-
eters) increased from 8.385 Å to 8.401 Å for the samples calcined at 800°C 
with increasing zinc substitution from 0 to 1. Th e relationship between 
zinc substitution and lattice parameter is near linear as shown in Figure 
4.12. According to Vegard’s law [57], the linear relationship implies the 
formation of homogeneous Co(1-x)ZnxFe2O4 solid solutions. Th e increase of 
the lattice parameter results from the diff erence in the Zn2+ (0.74 Å) and 
Co2+ (0.72 Å) ionic radii [58]. Moreover, the crystallite size of cobalt ferrite 
and zinc-substituted cobalt ferrite nanoparticles determined by taking the 
FWHM of the (311) peak was found to lie in the range of 40–50 nm; values 
that agree well with those measured from ImageJ [51].

Some small shift s of the peak positions in the XRD were noticed and 
the calculated lattice constant (using a d value and respective hkl (311) 
parameters) was found to decrease from 8.385 to 8.361 Ǻ for the samples 
calcined at 800°C with increasing copper substitution from 0 to 1. Th e 

Table 4.4 Th e crystallite size and lattice constant of the synthesized cobalt ferrite 
and transition metal-substituted cobalt ferrite nanoparticles.

Ferrites Composition Lattice Parameter
(Å)

Crystallite Size
(nm)

CoFe2O4 8.385 42.97

Co0.5Cu0.5Fe2O4 8.361 40.14

Co0.5Zn0.5Fe2O4 8.401 44.18

Co0.5Mn0.5Fe2O4 8.309 40.26

Co0.5Ni0.5Fe2O4 8.356 40.01
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relationship between copper substitution and lattice parameter is close to 
linear as shown in Figure 4.13. Th e lattice parameter decreased linearly 
with copper concentration due to the smaller ionic radius of Cu2+ com-
pared to Co2+. Moreover, the crystallite sizes of cobalt ferrite and copper-
substituted cobalt ferrite nanopowders calculated by taking the FWHM 
of the (311) peak were in the range of 35–45 nm. Th ese XRD-determined 
values agree well with the values measured from SEM images [59].

Figure 4.12 Dependence of the lattice parameter, determined from XRD peak positions, 
upon the extent of zinc doping. Th e R2 value represents the goodness of fi t for a straight 
line. 
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4.6.6 Contact Angle Measurement and Roughness Parameters
Th e hydrophilicity and surface roughness are presented in Table  4.5. 
Th e surface of cobalt ferrite and transition metal-substituted cobalt fer-
rite nanoparticles were hydrophilic since the water contact angle was less 
than 90 . Th e results indicate that cobalt ferrite nanoparticles are margin-
ally more hydrophilic than those derived from transition metal-substituted 
cobalt ferrite nanoparticles. Signifi cant diff erences in the type of substi-
tution transition metal ions have been noticed with respect to the con-
tact angles of the transition metal-substituted cobalt ferrite nanoparticles. 
Th e water contact angles increase with the substitution of zinc, manga-
nese, copper and nickel, respectively. In terms of the surface roughness 
of nanoparticles, nickel-substituted cobalt ferrite presents the smoothest 
surface followed by copper, manganese, pure cobalt ferrite and zinc. Th ese 
results are in good agreement with the previous XRD results in Table 4.4 
that revealed nickel-substituted cobalt ferrite exhibits the smallest crystal-
lite nanoparticle size [49].

4.6.7  Antibacterial Activities of the Spinel Ferrite 
Nanoparticles

Th e antibacterial activities of the transition metal-substituted cobalt fer-
rite nanoparticles against E. coli and S. aureus are shown in Figure 4.14. 
All tests were repeated ten times aft er culture incubation at 37°C over-
night. Th e concentration of cobalt ferrite nanoparticles was fi xed at 1 g/L. 
Compared to the control (the sample of bacteria solution without  adding 
nanoparticles), cobalt ferrite and transition metal-substituted cobalt 

Table 4.5 Surface wettability and roughness parameters for synthesized cobalt 
ferrite and transition metal-substituted cobalt ferrite nanoparticles.

Samples Water Contact Angle
(degree)

Surface Roughness Ra
(μm)

CoFe2O4 61 ± 0.2 3.54

Co0.5Cu0.5Fe2O4 65 ± 0.3 2.97

Co0.5Zn0.5Fe2O4 64 ± 0.3 3.95

Co0.5Mn0.5Fe2O4 65 ± 0.1 3.28

Co0.5Ni0.5Fe2O4 66 ± 0.2 2.58
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ferrite nanoparticles inhibit the growth of both E. coli and S. aureus, and 
the E. coli killing rate of all ferrite composite nanoparticles is higher than 
the S. aureus killing rate. Th e antibacterial properties of manganese and 
nickel-substituted cobalt ferrite nanoparticles are lower than the pure 
cobalt ferrite nanoparticles. However, their antibacterial abilities became 
more dominant when copper and zinc were substituted into cobalt ferrite 
nanoparticles.

Th ere are several possible mechanisms for the antibacterial action of 
zinc and copper ferrite nanoparticles. Studies suggested that when E. coli 
is treated with copper nanoparticles, changes take place in its cell mem-
brane morphology. Th ese nanoparticles adhere to the bacterial cell wall 
and penetrate through the cell membrane as presented in Figure 4.15 [60]. 
Copper ions cause destruction of the bacterial cell wall, degradation and 
lysis of the cytoplasm; leading to cell death. Moreover, high concentra-
tions of  copper nanoparticles demonstrate complete cytotoxicity against 
E. coli [61]. Nanoparticles have a large surface area, thus their bactericidal 
effi  cacy is enhanced compared to large sized particles. Hence, nanopar-
ticles are believed to impart cytotoxicity to microorganisms. Copper 
nanoparticles exhibit a large surface-to-volume ratio, which enhances their 

Figure 4.14 Antibacterial activities against E. coli and S. aureus of synthesized transition 
metal-substituted cobalt ferrite nanoparticles: (a) without cobalt ferrite nanoparticles, 
(b) CoFe2O4, (c) Co0.5Cu0.5Fe2O4, (d) Co0.5Zn0.5Fe2O4, (e) Co0.5Mn0.5Fe2O4 and 
(f) Co0.5Ni0.5Fe2O4.
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bioactivity and makes them eff ective bactericidal agents [62]. For the zinc 
nanoparticle system, studies showed that zinc binds to the membranes of 
microorganisms, similar to mammalian cells, prolonging the lag phase of 
the growth cycle and increasing the generation time of the organisms so 
that it takes each organism more time to complete cell division [63]. 

Another proposition maintained that the main chemical species contrib-
uting to the occurrence of the antibacterial activity were assumed to be active 
oxides; for example, hydrogen peroxide (H2O2) and super-oxide (O2

–), gen-
erated from the surface of the zinc ceramics [64]. Th ese active oxides readily 
penetrate the cell wall of bacteria and cause cell destruction. Th e penetration 
rate of active oxides through the bacteria cell wall plays an important role in 
the killing rate of zinc ferrite nanoparticles against bacteria. Furthermore, 
the structure and chemical composition of the cell walls are quite diff erent 
between E. coli and S. aureus. Th e E. coli cell wall consists of lipid A, lipo-
polysaccharide and peptidoglycan; whereas the cell wall of S. aureus consists 
mainly of peptidoglycan. Th e results indicate that active oxides generated 
from transition metal-substituted cobalt ferrite have more capability to pen-
etrate the cell wall and decrease the cell division of E. coli rather than S. aureus. 
However, the precise mechanism of interaction between bacteria (E. coli and 
S. aureus) and transition metal-substituted cobalt ferrite nanoparticles needs 
to be investigated further.

4.6.8 Biocompatibility of Spinel Ferrite Nanoparticles
Th e synthesized cobalt ferrite and transition metal-substituted cobalt fer-
rite nanoparticles (Co0.5X0.5Fe2O4 with X  =  Cu, Zn, Mn and Ni) showed 

Figure 4.15 Th e mechanisms for the antibacterial action of spinel ferrite nanoparticles 
(adapted from Yamamoto et al. [64]).
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diff erent degrees of cytotoxicity aft er cell culture for 5 days (Figure 4.16). 
Th e control group (cells seeded into wells containing only media) was 
considered biocompatible. Th e spinel ferrite nanoparticles could also 
be considered biocompatible if the cell viability on the nanoparticles 
was equivalent to or greater than that of the control group. Th e percent-
age of mean cell viability for CoFe2O4, Co0.5Cu0.5Fe2O4, Co0.5Zn0.5Fe2O4, 
Co0.5Mn0.5Fe2O4 and Co0.5Ni0.5Fe2O4 was 10%, 20%, 43%, 11% and 52%, 
respectively, compared with that of the control group, which was 100%. It 
could be concluded that the biocompatibility of spinel ferrite nanoparticles 
decreased in the order of CoFe2O4 < Co0.5Mn0.5Fe2O4 < Co0.5Cu0.5Fe2O4< 
Co0.5Zn0.5Fe2O4 < Co0.5 Ni0.5Fe2O4. Moreover, this biocompatibility test needs 
further study to fi nd the suitable concentration before being employed in 
biomedical applications.

4.7 Concluding Remarks

Th is work initially reviews the inter-relationships between spinel 
nanoparticles and transition metals substitution. It is emphasized that 
signifi cant advances in material developments for many industries; i.e. 
mining, agricultural and biomedical, have been implemented. Against 
this backdrop, a case is made concerning cobalt ferrite nanoparticles that 
have been modifi ed by substitution of transition metals using citric acid 
(CA) as a chelating agent. A  sol–gel technique for synthesizing transi-
tion metal- substituted cobalt ferrite nanoparticles that employs CA as a 
chelating agent was developed. Transition metal-substituted cobalt fer-
rite nanoparticles formed a cubic spinel structure and exhibited irregular 

Figure 4.16 Th e precentage of mean cell viabilityof synthesized transition metal-
substituted cobalt ferrite nanoparticles: (a) control, (b) CoFe2O4, (c) Co0.5Cu0.5Fe2O4, 
(d) Co0.5Zn0.5Fe2O4, (e) Co0.5Mn0.5Fe2O4 and (f) Co0.5Ni0.5Fe2O4.
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morphology with a crystallite size in the range of 40–50 nm. Th e sub-
stitution of zinc and copper in cobalt ferrite nanoparticles signifi cantly 
improved antibacterial activity against E.  coli and S. aureus. Copper-
substituted cobalt ferrite nanoparticles have the most eff ective contact 
biocidal property among all of the nanoparticles. 

Th e biocompatibility of zinc and nickel-substituted cobalt ferrite 
nanoparticles are higher than the other nanoparticles. Th e antibacterial 
activity of transition metal-substituted cobalt ferrite nanoparticles against 
E.  coli was higher than for S. aureus. Zinc and nickel-substituted cobalt 
ferrite nanoparticles could be used in drug delivery systems as well as com-
plement other biomedical and biotechnology applications.
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Abstract
Renewable and pollution-free energy sources seem to be essential ingredients 
for long-term socioeconomic stability. Solar-based hydrogen production from 
water-splitting reaction is a fascinating and promising process that can meet 
this niche if implemented on a large scale. Contemporary research focuses 
on the development of semiconductor photocatalysts that work under visible 
region of solar spectrum for effi  cient hydrogen production. As most of the 
water-splitting photocatalysts have severe limitations in their performance, the 
development and effi  cacy of these photomaterials are still in its preliminary 
stage. Titanium di-oxide (TiO2) and Silicon (Si) based materials are two most 
promising systems for photocatalysis (PC) and photoelectrocatalytic (PEC) 
applications among existing semiconductor materials owing to their abun-
dance, nontoxicity, stability, and cost. Heterostructures based on these materi-
als can be designed to gainfully utilize the functionalities of individual phases. 
Further, the interface of such heterojunctions plays a major role in charge 
carrier separation and enhancement in photon absorption cross section. Th is 
chapter presents a comprehensive overview of heterostructures based on TiO2 
and silicon for PC/PEC applications. Additionally, it addresses some challeng-
ing issues, unresolved critics, and pros/cons in development of heterostructures 
for solar energy application. 
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 5.1 Introduction

Growing energy demands depends considerably on generation of solar 
based fuels and chemicals. Central to such approaches are materials that 
are capable of capturing solar energy and converting them to a more utiliz-
able form of energy. In the area of solar hydrogen, wherein solar energy is 
utilized for splitting water into hydrogen and oxygen, materials like TiO2, 
Si, Fe2O3, ZnO, WO3, and BiVO4 have been promising [1–9]. However, the 
development and effi  cacy of these photomaterials is still in its preliminary 
stage due to poor absorption cross section, charge carrier recombination 
and surface electrochemical reactivity. Several attempts such as doping, 
sensitization and addition of sacrifi cial agents have been tried to allevi-
ate these shortcomings [6, 10, 11]. In spite of several eff orts made for the 
improvement in single-phase materials, the most promising and generic 
approach resides in the use of composite/heterostructured systems, in 
which materials of same or diff erent phases form a interface/heterojunc-
tion. Contemporary reports indicate that the heterojunctions formed at the 
interface promote the interfacial charge-transfer and improve the photo-
catalytic activity compared to individual counter parts [12–17]. Th is book 
chapter provides a state-of-the-art review on research activities that focus 
on the role of heterointerface, charge transfer mechanisms and synthetic 
strategies in photocatalysis (PC)/photoelectrocatalytic (PEC) applications. 
Th is review is limited to TiO2 and Si heterostructures. 

Th is chapter is divided into six sections. Th e fi rst section serves as a 
broad introduction. Th e second section outlines the motivation and the 
need of heterostructures/junctions in the rational design of photocatalysts/
photoelectrocatalysts. Moreover, this section provides overall classifi cation, 
extensive discussion and some challenging issues regarding processing of 
heterostructures. Th e third section addresses TiO2 polymorphic junctions 
like Degussa P25 (which is a heterojunction between anatase and rutile 
TiO2), some important metal-semiconductor junctions, core–shell, and 
Janus systems. Th is section also covers other TiO2 polymorphic heterojunc-
tions, e.g., anatase-rutile, rutile-brookite, and brookite-anatase. Th e fourth 
section describes silicon based heterostructures, its classifi cation and per-
formance comparison against multijunctions. Th e fi ft h section provides an 
overview of some of the key issues addressed insuffi  ciently in the context 
of heterostructures for solar hydrogen generation. Th e concluding section 
summarizes important issues of heterostructure assemblies in the context 
of Si and TiO2 based materials for sustainable solar energy applications.
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 5.2 Overview of Heterostructures

 5.2.1  Motivation/Importance of Heterostructured 
Nanomaterials

In the context of PC/PEC applications, the properties of nanoparticles 
distinctly diff er from their bulk and molecular counterparts due to three 
main diff erences (1) surface/volume ratio, (2) quantum confi nement 
eff ect, and (3) enhanced electrodynamic interactions [18, 19]. Prerequisite 
of any semiconductor material (nanoparticle and/or bulk) is to have effi  -
cient charge separation upon light excitation [20–22]. Upon light absorp-
tion, the created excitons (which are a bound electron–hole pair) have to 
be “split” so that the charge carriers can become mobile (or “free”). Th e 
mobile electrons and holes so created should not recombine and have to 
reach the surface to facilitate corresponding redox reactions. An interface 
formed between semiconductors facilitates splitting of exciton, provided 
that two semiconductors, constituting the interface have appropriate elec-
tron affi  nity and ionization potential [23]. In principle, migration and dif-
fusion can provide the driving force for the electrons and holes to reach the 
surface. Th e typical diff usion length of electrons/holes is less than 10 nm 
before they recombine with holes/electrons, respectively [24]. Considering 
these factors, the concept of heterojunctions was introduced, in which 
junction formed between electron donating and accepting materials 
[25, 26], showed better effi  ciency of photocatalytic reactions by enhancing 
 electron–hole splitting upon optical absorption cross section [27–35]. 

 5.2.1.1 What Is Heterojunction/Heterostructure?
A heterojunction is an interface formed between regions of dissimilar mate-
rials (metals, semiconductors or insulators) in contrast to a homojunction, 
wherein the interface is formed between similar materials (metal-metal or 
semiconductor-semiconductor). A heterostructure can be defi ned as the 
combination of multiple heterojunctions together in a system or a device 
[36]. Th e properties of the homo/heterojunction nanostructures are sensi-
tive to the shape and size of the heteronanostructures involved [37]. Such 
system plays a key role in the development of nanoscale devices owing 
to its infl uence on the properties like ohmic contact, schottky barrier and 
thermal stability [38, 39]. Furthermore, properly designed heterostruc-
tures typically involve modifi cation of the electronic structure at the inter-
face that facilitates optical absorption, charge separation, and enhances the 
kinetics of surface reaction [14], as illustrated in Figure 5.1(A).
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When two materials/phases/particles are coupled, the driving force for 
electrons and holes transport depends on their band edge positions [40] 
(Figure 5.1(B)). In contrast to single-phase materials, hybrids of two or 
more components seem to possess better energy conversion effi  ciencies 
[41]. Moreover, heterojunction nanomaterials not only improve the inci-
dent photon to current conversion effi  ciency but also increase the pho-
tochemical stability by avoiding contact between the narrow bandgap 
semiconductors and the electrolytes [42]. 

 5.2.1.2 Conditions for Forming Heteronanostructures
Th e following three important aspects are essential in forming hetero-
structures. (1) Uniform size of the individual components, (2) smooth and 
defect free interfaces, and (3) good stability [13]. Th e interface and interfa-
cial strain between two phases plays a major role in heterostructure forma-
tion [43]. Diff erent degrees of interfacial strain are correlated to diff erent 
type of heterostructures, e.g., (1) A well matched lattice parameters of crys-
talline phases lead to core/shell heterostructures formation [44], (2) aniso-
tropic heterostructures (dimers or oligomers) are formed if there is overall 
lattice mismatch along certain miller indices with existence of coincident 
site lattices (i.e., systems with reduced symmetry compared to symmetric 
core–shell structures) [45]. 

 5.2.2 Classifi cation of Heterostructures
Heterostructures are broadly classifi ed based on band alignments, charge 
transfer mechanisms, coupling of diff erent domains and morphological 
eff ects. Th ese classifi cations are elaborated below. 

 5.2.2.1 Heterostructures Based on Band Alignment
Based on the band alignment at the core–shell interface, semiconductor 
core–shell nanostructures are categorized into type-I, reverse type-I and 
type-II confi gurations (schematically elaborated in Figure 5.2). In type-I 
core–shell nanocrystals, the band gap of the core is narrower than band 
gap of shell. Th e shell material is utilized to improve the optical proper-
ties by passivation of the core (e.g., CdSe core/ZnS shell nanocrystals) 
[46]. In such systems, bright and stable luminescence is due to confi ne-
ment of  electron–hole (e––h+) pair in the core. In the inverse type-I system, 
the band gap of core is broader than the band gap of shell which per-
mits both the charge carriers to reside in the shell (ZnSe core/CdSe shell 
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nanocrystals)  [47]. In type-II system, the valence and conduction band 
(CB) of core lies below the valence and CB of shell, respectively, or vice-
versa. Such staggered band alignment results in smaller eff ective band gap 
than each of individual constituent, minimizes the energy need for elec-
tron hole pair separation. Th e examples of such classifi cation are CdTe/
ZnTe and CdS/ZnSe [35], which have applications in photovoltaics. 

 5.2.2.2  Heterostructures Based on Charge Transfer Mechanisms
Depending on the charge transfer mechanisms, Liu et  al. classifi ed the 
heterostructures into the six categories (1) traditional charge transfer 
mechanism, (2) sensitization, (3) indirect Z-scheme, (4) direct Z-scheme, 
(5) vectorial electron transfer, and (6) co-catalyst coupling [48]; (sche-
matically elaborated in Table T.1). In traditional charge-carrier transfer 
mechanisms, the photogenerated charge carriers move from one phase 
to another, depending upon the alignment of band edges. Th e most 
renowned example for such mechanism is TiO2/CdS heterostructure [49]. 
Likewise, CdS quantum dots (QDs) with nanosized TiO2 belongs to this 
category [50, 51]. Sensitization photochemical systems consist of a sen-
sitizer which is bound to the semiconductor and has its lowest unoccu-
pied molecular orbital (LUMO) above the CB of the semiconductor. In 
such systems, the charge injection from the LUMO of the sensitizer to CB 
of semiconductor minimizes the e––h+ pair recombination. Examples for 
these systems are listed in the Table T.1 [52, 53]. Indirect Z-scheme sys-
tems contain two isolated semiconductor moieties and a redox mediator. 
Such systems have advantage of keeping charge carriers with stronger oxi-
dation/reduction abilities on diff erent semiconductor moieties. Examples 
for such system are rutile/anatase TiO2 [54] and RuO2/WO3 [55]. Direct 
Z-scheme and vectorial transfer systems have one common merit in their 
mechanism wherein the charge carriers are isolated on diff erent semicon-
ductors. An example for direct Z-scheme based systems is ZnO–CdS [56]. 

En
er

gy
Type-I Type-IIReverse Type-I

Figure 5.2 Schematic representation of the energy-level alignment in diff erent core/shell 
systems. Pale yellow portions of the rectangles represent core (center) and pale green 
portions of the rectangles represent shell (outer) materials, respectively.
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In systems like TiO2-Au-CdS [57], excitation of both semiconductors TiO2 
and CdS leads to simultaneous vectorial electron transfer from TiO2 → 
Au → CdS, which results in signifi cant reduction of recombination rate. In 
such systems, CdS acts as the reduction site for the overall system and the 
reversal of electron transfer from CdS to TiO2 is a minor pathway, which 
strongly supports vectorial transfer system. When such heterostructures 
are coupled with a co-catalyst their photocatalytic effi  ciency increases due 
to availability of redox reaction sites on the co-catalyst surface. Noble met-
als like Pt, Ru, Rh, Pd and metal oxides like NiO, RuO2, and CeO2 are most 
widely used co-catalysts. Some good examples for this system are Au/TiO2 
[58], Ag/TiO2 [59], Pt/TiO2 [60], and IrO2/TiO2 [61]. 

 5.2.2.3  Heterostructures Based on Eff ective Coupling 
of Diff erent Domains

Th e electronic and optical properties of heteronanostructures can be effi  -
ciently controlled by not only tuning the individual components, sizes, 
shapes but also coupling of these individual domains. Feng et  al. [13] 
classifi ed the metal and/or semiconductor heterojunctions into the fol-
lowing three classes: (1) core–shell heterojunctions, (2) segmented hetero-
junctions, and (3) branched heterojunctions as shown in Figure 5.3. All 
these three classes can be achieved using metal-metal, semiconductor- 
semiconductor and metal-semiconductor heterojunctions. 

A variety of core–shell metal-metal heterojunctions like Aucore/Agshell, 
Aucore/Ptshell [70], Rhcore/Ptshell have been reported for electrical, optical, 
catalytic and magnetic properties enhancement. On the other hand, seg-
mented Au/Co heterojunctions [71] synthesized by the group of Chaudret 
and Pd-Au segmented heterojunctions [72] synthesized by the group of Xia 
falls under segmented heterojunctions. Au/Pt branched heterojunctions 

Core/shell heterojunctions

Segmented heterojunctions

Branched heterojunctions

Figure 5.3 Schematic illustration of formation of metal and/or semiconductor 
heterojunction nanomaterials, Reproduced from Ref. [13]. 
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reported by Guo et al. [73] and Wang et al. [74] falls under class of branched 
heterojunctions. 

With respect to semiconductor-semiconductor heterojunctions, we 
have already discussed core–shell classifi cation under section 5.2.1.1. Th e 
next classifi cation of semiconductor-semiconductor heterojunctions, e.g., 
Cu2S/In2S3 [75], CdS/Ag2S [76], and CdS/Cu2S [77] reported fall under seg-
mented heterojunctions. Lastly, branched heterojunctions, e.g., CdTe/CdSe, 
CdTe/CdS, CdSe/CdS were extensively studied by group of Alivisatos [78] 
fall under the branched heterostructure category. 

Metal-semiconductor heterojunctions with core–shell confi guration, 
e.g., Au/ZnO [79], Au/SnO2 [80] and Cu2S/Au [81] have been widely 
employed for improving optical, electronic, catalytic, magnetic and surface 
passivation properties. In addition to core–shell classifi cation, segmented 
metal-semiconductor heterojunctions (e.g., Ag/ZnO [82], Ag/TiO2 [83], 
and Ag/MoO3 [84]) and branched heterojunctions (e.g., Pt/MWCNT [85], 
PbS/Au [86], and Cu/CuxS [87]) have been extensively studied for various 
photocatalytic and photoelectrochemical applications.

 5.2.2.4 Heterostructures Based on Morphology (1D Nanomaterials)
It is well known fact that morphology of nanoparticles plays a very impor-
tant role in exploiting their properties for several applications. Aneta 
et  al. [88] classifi ed 1D heterojunctions as segmented (or end-to-end), 
core–shell (co-axial), angled cross junctions (or sometimes called as 
T-junctions), hyper-branched and other multi branched (usually called as 
nanobrushes) heterojunctions as shown in Figure 5.4. Further, Tong et al. 
[11] classifi ed 1D nanoheterostructures into three types as (1) axial het-
eronanostructures, (2) radial heteronanostructures, and (3) hierarchical 
heteronanostructures. 

 5.2.3 Discussion on Other Heterostructure Classifi cations
Beyond the above mentioned classifi cations, heterostructures are also clas-
sifi ed on the basis of nature (insulators, metals and semiconductors) and 
availability of materials. In this context, Zheng et al. [89] and Buonsanti 
et al. [90] listed a variety of heterojunctions forming heterostructures as 
metal-metal junctions [91], metal-polymer junctions [92], inorganic semi-
conductor junctions [93], inorganic semiconductor-metal junctions [94], 
inorganic-organic semiconductor junctions [95], and semiconductor- 
carbon nanotube junctions [96]. Inorganic semiconductor-insulator hybrid 
structures like CdSe/ZnS core/shell [97] and CdSe QDs embedded into 
TiO2 matrix QDs [98] are extensively used for bio labeling. Additionally, 
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inorganic semiconductor-metal heterostructures like CdTe-Ag [99], 
CdS-Au [100], and CdSe-Au [101] were exploited for photocatalytic and 
photo-electronic applications.

 5.2.4 Challenges/Key Issues in Forming Heterostructures
Some key issues pointed out by Liu et al. [48] are:

1. In case of sensitization, issues like stability, contact, high 
surface area, availability of suitable band edge sensitizers 
and electrolytes are to be clarifi ed.

2. In case of indirect Z-scheme, prominent issues are availabil-
ity of suitable redox mediators in solution and semiconduc-
tor surface availability for redox reactions.

3. In case of direct Z-scheme, the major issues are in identi-
fying appropriate pair of semiconductor, making proper 
contact between two phases and eff ective interfacial carrier 
transfer.

4. In case of vectorial transfer mode, design of semiconduc-
tor–metal–semiconductor framework with appropriate 
electronic/geometric structure is a challenging task. 

5. In case of co-catalyst systems, major issues like ohmic/
Schottky contact, optical absorption cross section enhance-
ment of photocatalysts are important. 

a) Segmented

b) Core/Shell

c) Cross Junctions d) Nanobrushes

e) Branched

Figure 5.4 Schematic illustration of diff erent types of 1D heterojunctions, reproduced 
from Ref. [88]. 
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Although, some of the above mentioned key issues have been addressed 
by research communities, it is a challenge to design and develop simple 
synthesis procedures for the fabrication of high quality heterojunctions. 
Th ere are limited reports on effi  cient control of nucleation and growth of 
heterostructure formations. Furthermore, controlled modifi cation of suit-
able semiconductors for proper band electronic structure and interfacial 
atomic structure is still a challenging task.

In this book chapter, we focused only on heterostructures that contain 
inorganic semiconductor or metal excluding organic, polymeric or bio-
logical components. Further, we have not addressed issues related to the 
synthesis and growth mechanisms involved in the formation of these het-
erostructures. However, readers can refer to the reviews by Casavola et al. 
[102] and Luigi et al. [103], for further information on these issues. 

 5.3 TiO2 Heterostructures

Th is section briefl y covers: (1) P25 degussa, a heterostructure of anatase-
rutile TiO2 particles, (2) other TiO2 polymorphic heterojunctions like 
 anatase-brookite/brookite-rutile/brookite-anatase, anatase TiO2-(B), (3) 
TiO2 coupled with metals (i.e., metal-semiconductor junctions and the role 
of plasmonic metals in enhancement of photocatalytic activity), (4) core–
shell structures, and (5) Janus systems.

 5.3.1 Heterojunctions of TiO2 Polymorphic Phases

 5.3.1.1 Anatase-Rutile Heterojunctions: P25 Degussa
P25 Degussa, a commercial product from Evonik Degussa Corporation, 
Germany consists of ~4:1 w/w ratio of anatase and rutile (i.e., 75–80% ana-
tase and rest of rutile) as constitutive components. Due to the “intimate” 
co-existence of these two phases and the formation of anatase-rutile inter-
faces/surface states, it is observed that P25 Degussa is more eff ective than 
a system consisting of pure Rutile or Anatase [104]. Th e eff ective nature of 
P25 is believed to be the “synergestic eff ect” between Rutile and Anatase. 
However, the limited understanding of the “synergestic eff ect” has pre-
vented extensive exploitation of this eff ect.

Several models, e.g., antenna model [105] and interfacial band model 
[106] support the “synergestic eff ect.” However, no report provides a 
detailed rationale for its 80%-20% anatase-rutile composition and high 
photoactivity. Qualitatively, the probable reason may be the specifi c 
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combination and morphology of anatase/rutile phases enhances the 
e––h+ pair transport and thereby decreases the rate of recombination 
[107]. Alexander et  al. [108] and Agrios et  al. [109] proposed tightly 
interwoven anatase crystallites with rutile which are responsible for dif-
ference in surface reactions on Degussa P25 leads to unique adsorption 
sites. Moreover, Hurum et al. [110] and Tzab et al. [111] reaffi  rmed that 
the promising photocatalytic activity of P25 Degussa is due to interfacial 
electron transfer. 

Apart from synergestic eff ect, several presumptions exist in literature 
for P25 Degussa to show high activity. For example, electrons selectively 
migrate either to rutile [112] or anatase [105], leading to excess holes 
in other phase. From the TEM images, Roger et al. [113] predicted that 
P25 consists amorphous mixture of anatase and rutile where few ana-
tase particles are covered with rutile phase particles. Later, these results 
were supported by Ohno et  al. [114]. On the other hand, HRTEM 
analysis of Abhaya et  al. [115] confi rmed that individual catalyst par-
ticle is  single-phase (either rutile or anatase) without presence of any 
amorphous material (i.e., any amorphous phase is confi ned to at most 
a monolayer). Figure 5.5(A) confi rms the absence of amorphous states 
exists in P25 Degussa and Figure 5.5(B) confi rms amorphous nature of 
P25 Degussa. 

In spite of several presumptions like synergestic eff ect, tightly interwo-
ven structures of anatase and rutile particles, the origin of the high photo-
catalytic activity of P25 Degussa is still unclear and underlying mechanism 
needs to be understood in a much broader sense. However, all in all, based 
on above discussions and arguments from literatures on P25 Degussa, we 
can say that this TiO2 polymorphic phases of anatase and rutile, as the 
fi rst heterostructures that have been explored extensively in context of PC 
application. 

A B

200nm

500nm

Figure 5.5 (A) Confi rming no amorphous phase in P25, (B) Amorphous phase presence 
confi rmed by Ohno et.al. Reprinted with permission from Refs. [115, 114], Copyright © 
1995, Elsevier, Copyright © 2001, Elsevier. 
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 5.3.1.2 Other TiO2 Polymorphic Phase Heterojunctions
Recently, heterojunctions of TiO2 polymorphic phases (anatase-rutile/
rutile-brookite/brookite-anatase) has shown signifi cant improvement in 
comparison to the performance of individual phases. Th ere is no clarity 
and confi rmative proof on band edge location of TiO2 polymorphic phases. 
However, the interfacial charge carrier transport in TiO2 polymorphic het-
erojunctions can be explained in two main pathways: (1) Due to lower CB 
minimum, rutile phase acts as a passive electron sink and captures elec-
trons from anatase phase [116], (2) transport of electrons from the rutile 
to anatase occurs via lower energy electron trapping sites of anatase phase 
[105, 110]. Figure 5.6 shows two models of electron transfer from anatase 
to rutile and vice-versa [105, 117]. However, there is a certain possibil-
ity that both pathways are operational simultaneously and contribution 
of individual modes depend on the particle size, surface energy, localized 
electronic states and structural interface in the bandgap of anatase/rutile 
phases. 

Pablo et al. [17] studied the photoactivity of anatase-rutile bi layer fi lms, 
consisting of an anatase layer of variable thickness. Th e enhanced photo-
activity of such system is attributed to heterojunction formed via buried 
anatase-rutile. Furthermore, Kawahara et  al. [112] also proved the elec-
tron transfer from CB of anatase to rutile in the patterned anatase/rutile 
bi layer–type photocatalyst system and achieved highest photodecomposi-
tion of CH3CHO by such bi layers than pure anatase or rutile photocata-
lysts. Similarly, Zhang et al. [118] confi rmed the surface junctions play a 
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Figure 5.6 (A) Model for charge separation in mixed phase TiO2, and (B) Interfacial 
model of Anatase/Rutile systems, Reprinted with permission from Refs. [105, 117], 
Copyright © 2003, American Chemical Society, Copyright © 2011, Elsevier. 
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key role in enhancement of water splitting reaction. Th ey observed higher 
hydrogen evolution rate (nearly four times compared to pure phases) at a 
temperature of 700–750°C, where a mixture of rutile and anatase exists, 
than either at 400°C (pure anatase) or at 800°C (pure rutile). TEM images 
of Figure 5.7 confi rm core–shell structure formation of anatase-rutile 
systems.

A limited numbers of articles are available on heterojunctions of ana-
tase-rutile, rutile-brookite and brookite-anatase TiO2 polymorphic phases, 
e.g., anatase core-rutile shell [119], rutile core-anatase shell [120, 121], 
brookite core-anatase shell [16]. Figure 5.8(A) shows the electron trans-
fer from anatase to rutile [122] and Figure 5.8(B) illustrates the electron 
transfer from brookite to anatase [123]. Apart from anatase/rutile hetero-
junctions, limited reports on heterojunctions of other phases of titania like 
anatase/TiO2-(B) [16], anatase/brookite [123], and rutile/brookite [124] 
are available in literature.

A B2nm

Rutile

40nm

d101 (anatase) = 0.353nm

d101 (rutile) = 0.322nm

d004(anatase) = 0.236nm

Figure 5.7 (A) TEM image confi rming anatase core-rutile shell, (B) TEM image 
confi rmation of rutile core-anatase shell, reprinted with permission from Refs. [119, 121], 
Copyright © 2006, American Chemical Society, Copyright © 2012 Th e American Ceramic 
Society. 
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Figure 5.8 (A) Charge carrier transfer from anatase to rutile and (B) Schematic 
representation of energy band diagram, band alignment and charge transfer from brookite 
to anatase, reprinted with permission from Ref. [122], Copyright © 2013, Elsevier and 
Reproduced from Ref. [123].
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 5.3.2  TiO2 Heterojunctions with Metals (Metal-Semiconductor 
Junctions) 

Metal nanostructures are oft en coupled with semiconductor matrices to 
form hybrid structures which have novel optical, electronic, magnetic, cat-
alytic and biological applications [125, 126]. Th ese metal-semiconductor 
composite materials are eff ective in separating charge carriers [127–133] 
upon photoexcitation. Th e main objective of either metal-metal or metal-
semiconductor composites formation is to improve the charge rectifi cation 
in the original system. However, the catalytic effi  ciency of single compo-
nent systems are low (<5%) because of charge carrier recombination [134]. 
In metal-semiconductor coupled systems, irradiation of light causes the 
excitation of the electrons from VB to the CB in semiconductor which is 
quickly transferred to the metal nanoparticle in the vicinity of the semi-
conductor. Metals can also act as a reservoir for photoinduced charge 
carriers to improve the charge transfer process by decreasing the recombi-
nation rate. Some important metal-semiconductor composites reported in 
the literature are Au/TiO2 [58], Ag/TiO2 [59], Pt/TiO2 [60], Cu-TiO2 [135], 
Ru-TiO2 [136], and Ir-TiO2 [137] are listed in Table T.2.

 5.3.2.1  Role of Plasmonic Metals in Metal-Semiconductor 
Coupled Systems

Surface plasmon resonance (SPR) in noble metals like Au, Ag, and Pt that 
are coupled to semiconductor systems improves the charge carrier separa-
tion as well as the photon absorption [58, 183, 184]. Th e SPR eff ect is a 
result of coherent oscillation of the free electrons on the surface of nano-
materials, induced by visible light irradiation which enhances the localized 
electric fi eld in the proximity of the metal particles for the facile formation 
of e––h+ pairs in the vicinity of the semiconductor [159, 185–187]. 

Plasmonic PC has been rationalized via two diff erent mechanisms. In 
the fi rst mechanism, the noble metal NPs absorb the visible light which 
leads to generation of photocarriers, separated at the metal–semiconduc-
tor interface. As a result of this, redox reactions take place on the surface 
of the plasmonic photocatalyst. Th is mechanism relies on the transfer 
of photogenerated electrons and/or holes from the noble metal NPs to 
semiconductors [188]. Along these lines, Figure 5.9 shows the SPR eff ect 
enhances the photoactivity of the system, when gold is irradiated with 
visible light [189]. However, in second mechanism, the SPR-induced 
electric fi eld can enhance the rate of e––h+ pair formation, especially by 
localizing electromagnetic energy close to semiconductor surfaces. Th is 
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electric fi eld interacts with neighboring semiconductor and induces the 
formation of charge carriers which migrate to perform surface redox 
reactions [190]. However, only few reports are available which supports 
this mechanism [191].

 5.3.2.1.1 Au-TiO2 Nanocomposites
Gold NPs are frequently used in solar energy applications because it 
extends photon absorption from UV to visible region due to SPR eff ect. 
Fermi level equilibration is a key phenomenon that dictates the storage/
discharge capacity of metal NPs [192–194]. Th e electron storage in metal 
NPs shift s the Fermi level of the system to more negative potentials and 
making it more reductive [195]. Group of Tatsuma [196] has fi rst studied 
the Au-SPR in Au-TiO2 for methanol/ethanol oxidation system. Liu et al. 
[197] fi rstly reported sixty six fold improvement in water splitting activity 

UV light H2

O2

Visible light

SPR

H2O

H2O

CB e-

e-
Au

VB

TiO2

Figure 5.9 SPR eff ect of Gold when irradiated with visible light in enhancing the 
photoactivity, adapted from gold loaded TiO2 for water splitting by SPR eff ect, reprinted 
with permission from Ref. [189], Copyright © 2011, American Chemical Society. 
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aft er addition of Au on TiO2 material as compared to only TiO2. Silva et al. 
[198] reported the photocatalytic activity of the Au-TiO2 plasmonic pho-
tocatalyst for generation of H2 and O2 from water and demonstrated that 
Au NPs act as light harvesters and gas evolution centers. Th e mechanism 
of charge carrier/electron transfer in coupled systems of noble metals with 
semiconductors is demonstrated by group of Kamat [58, 195, 199–204], 
group of Linic [190] and group of Myung-hwan [188]. In particular photo 
induced charge transfer processes in Au-TiO2 nanocomposites have been 
extensively studied by the group of Kamat. Table T.3 lists some important 
Au-TiO2 composites synthesized via diff erent routes. 

 5.3.2.1.2 Ag-TiO2 Nanocomposites
Aft er gold, silver occupies the next position as an important noble metal in 
PC. In fact, some articles report more SPR eff ect in Ag than Au because Ag 
has very small value (imaginary component) of dielectric constant, which 
leads to a large local fi eld enhancement and relatively small loss of the sur-
face-plasmon propagation [240]. Th e fi rst work on Ag-TiO2 reported by 
Gonzazelipe et al. [241] explained the electron exchange between TiO2 and 
Ag. Th e fi rst work on Ag–TiO2 core–shell structures formed by coating of 
TiO2 onto metal nanoparticles was reported by Liz-marzan and co-workers 
using layer by layer assembly [153]. Several reports on Ag coupled plasmonic 
heterostructures/heterojunctions like Linic et al. [160], Yu et al. [242], Wang 
et al. [188], and Zhang et al. [243] are available in literature. 

 5.3.2.1.3 Pt-TiO2 Nanocomposites
Platinum coupling with TiO2 has been reported by several research groups 
for enhanced photoactivity [244, 245]. In contrast to Au and Ag, the SPR 
of Pt NPs remain relatively unexplored because the SPR of Pt NPs is typ-
ically below 450 nm, which makes it more diffi  cult to probe due to the 
strong absorption of light by most solvents in the specifi ed wavelength 
range  [246]. Th e fi rst work on Pt composites (Pt/Bi2O3) encompassing 
SPR eff ect is reported by Li et al. [247] via Pt NPs dispersion on the Bi2O3 
substrate. Later, Zhai et  al. [248] fabricated the plasmonic photocatalyst 
Pt–TiO2, for PC applications. Various reports are available on Pt coupled 
with TiO2 or platinized TiO2 as a photocatalyst for variety of reactions 
[249, 250]. However, all the reports confi rm that Au shows higher catalytic 
activity and SPR eff ect than Ag and Pt [251].

 5.3.2.1.4 Graphene-TiO2 Nanocomposites
Graphene, an important conducting substrate, has gained signifi -
cant importance in the fi eld of catalysis. Large number of citations of a 
recent article “rise of graphene” reported in literature is indicative of the 
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popularity of graphene [252]. Graphene oxide promotes the electron trans-
fer in  semiconductor-metal heterostructures through π−π network [162]. 
Graphene-modifi ed TiO2 heterostructures have received considerable 
importance and seem to be promising in the context of pollution control 
and photocatalytic applications. Yang et al. [253] presented the high pho-
tocatalytic properties exhibited by Graphdiyne and Graphene composites 
with TiO2 (towards methylene blue degradation) experimentally and theo-
retically. Figure 5.10(A) graphene-TiO2 composite systems used for pho-
todegradation of methylene blue dye [254] and Figure 5.10(B) shows the 
charge transfer from Fe doped TiO2 to Graphene network [255]. 

Multifunctional photocatalyst assemblies for water splitting reaction 
have been demonstrated recently by Hyoung et  al. [256]. Further, they 
demonstrated the selective catalytic processes occurring at distinct sites 
on a single layer graphene or reduced graphene oxide sheet by the incor-
poration of more than two catalyst particles into the system. Graphene-
based composites are also used in solar cells [257] and semiconductor PC 
[258]. Recent reviews confi rm the utilization of these materials widely by 
research communities [259]. A complete list of TiO2 coupled with diff er-
ent semiconductors (e.g., CdS, CdSe, and ZnS) via various multi junctions 
like metal-semiconductor-metal, semiconductor-metal-semiconductor is 
listed in Tables T.4 and T.5 for information. (Th e contents listed in this 
table covers some important reports from literature on heterojunctions)

 5.3.3 Core–Shell Structures
Th e functional properties of nanomaterials are greatly improved by cap-
ping them with other compatible materials and such systems are referred 
to as “core–shell” nanostructures. Th e major criterion for core–shell 

O2

Ti2

CO2+H2O

O2e-

h+

e+

visible

e-

Fe

TiO
2Graphene

h

(a) (b)

Figure 5.10 (A) Multi layers of Graphene-TiO2 nanocomposites in photodegradation 
of methylene blue and (B) Fe doped TiO2-graphene nanocomposites for visible light PC. 
Reprinted with permission from Refs. [254, 255]. Copyright © 2013, Elsevier, Copyright © 
2011, Elsevier. 
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structure formation is existence of coherent interfaces and negligible 
lattice mismatch between core and shell as discussed in previous sec-
tions. Figure 5.11(A) shows TEM images of Au-TiO2 core–shell systems 
[228] and Figure 5.11(B) shows the TEM image of Ag-TiO2 core–shell 
systems [302]. 

Further, these composite core–shell structures also increase the effi  -
ciency of photocatalytic reactions [303, 304]. Th is enhanced photocatalytic 
rate is due to decrease in charge carrier recombination rate and fast trans-
port of electrons from one phase to another which are situated with proper 
band edge alignments. Figure 5.12 schematically shows the electron and 
hole transfer from anatase to rutile or vice-versa in core–shell structured 
systems with proper band edge alignments. 

A B100nm

Ag

TiO2

Figure 5.11 (A) Au@TiO2 core–shell, Au as core and TiO2 as shell and (B) TEM images 
confi rming Ag as core and TiO2 as shell, Reprinted with permission from Refs. [228, 302], 
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 
© 2000, American Chemical Society. 

Anatase TiO2

Anatase TiO2

Rutile TiO2

Rutile TiO2

Figure 5.12 Schematic representation of charge transfer in core–shell TiO2 anatase-rutile 
system, depending on band edge alignments between anatase and rutile TiO2. 
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Depending on combination of materials (metal, semiconductor and/or 
insulator) as core or shell, various combinations of core/shell structures 
can be formed [305–307]. For example, semiconductor/semiconductor 
[308], semiconductor/metal [309], metal/semiconductor [310], metal/
metal [311, 312], and metal/metal-oxide [313, 314] are well reported in 
literature. As discussed in section 5.2.1.1, these core–shell structures may 
fall in any of categories of type-I, II or reverse type-I. For example CdSe/
ZnS [44, 307, 315], which fall under type-I, is used to enhance photolu-
minescence of CdSe nanocrystals. Most of the core–shell systems of TiO2 
coupled systems are listed in Table T.4 for information. 

 5.3.3.1  Black TiO2: A Crystalline Core and Amorphous/Disordered 
Shell TiO2 Material

Recently, “Black TiO2” based materials with lesser “eff ective bandgap”, have 
been reported by the group of Samuel Mao and was prepared by hydroge-
nating/or incorporating hydrogen as a dopant into the TiO2 lattice [316]. 
As a photocatalyst, black TiO2 has shown promising results in improving 
visible and infrared optical absorption. Th e plausible reason for drastic 
decrease in bandgap upon hydrogenation of original/pristine TiO2 mate-
rial is due to disordered shell over crystalline core structure formation 
[316] which was confi rmed from HRTEM images (nanocrystalline mate-
rial as a core and a highly disordered surface layer as shell). Same group 
has also explored this material via DFT calculations and concluded that 
the incorporated hydrogen in the system induces or creates a disordered 
phase on the outside of crystalline anatase nanoparticle core. Th ey also 
confi rmed that Ti3+ centers in the system are responsible for formation of 
black color of the pristine material.

 5.3.4 Janus Structures
Janus particles (named aft er the Roman god Janus) can be considered 
as a special type of “patchy particles” [317], with a patch covering only 
a fraction of the particle (Figure 5.13(A) shows optical image of black 
green photonic balls resembling Janus systems) [321]. “Patchy particles” 
can be defi ned as particles with one or more well-defi ned patches, dis-
playing strongly anisotropic and directional interactions [317]. Th e spe-
cialty of these structures is in having diff erent properties at opposite sides 
which enable these systems to mimic the behavior of surfactant mole-
cules, leading to completely new self-assembled structures, with many 
more possibilities than those found in isotropic particles [317]. Janus 
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structures emerged as important structures in PC fi eld due to exposure 
of both phases for surface redox reactions. Th ese sorts of possibilities rely 
on a strict control of growth processes in colloidal synthesis when they 
are utilized to form clusters with predefi ned size, shape and properties 
[318–320]. Figure 5.13(B) shows the SEM and TEM (inset) images of 
PS-SiO2 Janus particles [322] and Figure 5.13(C) shows Au-Fe3O4 Janus 
particles [323].

Some early reports on concentric core–shell morphologies coupled 
with TiO2 material are available in the literature [59, 154, 324]. Seh 
et  al. developed anisotropic growth of TiO2 onto gold nanoparticles 
to form eccentric Au-TiO2 core–shell nanostructures [325] and aniso-
tropic growth of TiO2 onto gold nanorods to form a noncentrosym-
metric Janus morphology, in which TiO2 grows on one side of the 
gold nanorod leaving the other side exposed. They also calculated 
the theoretical energy to study the interfacial elastic energies in the 
TiO2 coated gold nanorods and reported that the Janus and concentric 
morphologies are both energetically stable structures formed under 
different conditions [210]. Several other non centrosymmetric mor-
phologies, that includes eccentric [224, 326], Janus [326–328], yolk-
shell [329] and flower like [222] morphologies have also been reported 
in literature. Review articles by Wei et al. [330], Caruso et al. [239], 
and Eugenio et al. [331] published in recent time have addressed the 
utility of these nanostructures in PC. 

200nm

Fe304(111)
0.485nm

400nmA B

C
Au(111)
0.24nm2nm

Figure 5.13 (A) Optical image of black green photonic balls, scale bars 200μm, (B) SEM 
and TEM (inset) images of PS-SiO2 Janus particles, and (C) Au-Fe3O4 Janus particles. 
Reprinted with permission from Refs. [321, 322, 323]. Copyright © 2008 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2011, American Chemical Society 
and Copyright © 2005, American Chemical Society. 
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 5.4 Silicon Based Heterostructures

While a number of materials including semiconductors (Si [332], III-V 
[333], II-VI [334]), and metal oxide (TiO2 [335], ZnO [336], Fe2O3 [337], 
WO3 [338]) have gained considerable attention for harvesting the solar 
energy for chemical energy conversion, silicon being one of the cheapest, 
most abundant and important semiconductor material, is anticipated to 
have considerable potential for solar cells and PEC devices, especially if 
the devices can be made using fabrication methods not involving high vac-
uum. Silicon, having band gap of 1.12 eV, effi  ciently absorbs the solar light, 
but the higher valance band maximum (VBM) energy makes it thermody-
namically impossible to participate in water oxidation. Moreover, it readily 
corrodes in aqueous medium. Th erefore, use of silicon is quite challenging 
for photoelectrocatalysis. To overcome such limitation, a composite semi-
conductor electrode consisting semiconductor heterostructure, capable of 
absorbing diff erent sections of solar spectrum is essential [339]. Th e major 
advantage of such systems is explained in sections 5.2 and 5.3, lies in fea-
sible charge carrier transfer between the units that are coupled with proper 
band edge alignments. 

 5.4.1 Silicon Based Heterostructures for PEC Application

 5.4.1.1 Silicon-Semiconductor Heterojunction
Silicon is coupled with semiconductors of proper choice for various PC/
PEC applications. Hwang et al. [340] synthesized highly dense n-Si/TiO2 
and p-Si/TiO2 core–shell nanowire (NW) arrays for photo-oxidative analy-
sis. Th ey have prepared highly oriented Si nanowires by electroless etch-
ing of silicon wafer followed by growth of TiO2 over both n and p type 
Si nanowires by atomic layer deposition to form Si/TiO2 core–shell het-
eronanostructures. Th e observed photocurrent for core–shell structure 
is signifi cantly higher than the planar Si/TiO2 system because core–shell 
structure has low refl ectance and larger surface area. 

As TiO2 is transparent under visible light, e––h+ pairs are created in both 
of n-Si/TiO2 and p-Si/TiO2 heterostructure. Th e photogenerated holes in 
TiO2 moves towards TiO2 electrolyte interface where OH– is oxidized to 
form oxygen. On the other hand, electrons move towards electrode surface 
where they participate in surface redox reactions. Photogenerated electron 
in silicon moves toward counter electrode for reduction reaction. Th e gen-
erated holes in silicon move toward the semiconductor heterojunctions 
and recombine with photogenerated electrons of TiO2. Since the band 
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alignment at the interface helps in recombination reduction under illumi-
nation, a large increment in photocurrent is observed for this system.

Hongtao et  al. [341] reported the fabrication of both n-Si NW/TiO2 
and p-Si NW/TiO2 heterostructure by chemical vapor deposition of n 
type TiO2 on Si NW of around 200 nm diameter. Both p and n type Si 
NW were prepared by chemical etching of p and n type of silicon wafers, 
respectively. In n-Si NW/TiO2 heterostructure system, the larger band gap 
material (TiO2) absorbs only UV radiation and allows visible light to pass 
through, which is absorbed on the smaller band gap n-Si NW. Th e photo-
conversion effi  ciency enhances due the absorption of both UV and visible 
light at the heterojunction. In this process, TiO2 behaves like a window 
for smaller band gap n-Si NW and hence the eff ect is known as “win-
dow eff ect” [342]. Enhanced photoelectrochemical activity of both het-
erostructures can be explained by schematic band diagram (Figure 5.15). 
Fermi level of n-TiO2 is located nearer the CB which is more positive than 
n-Si NW. At the semiconductor interface, electrons from CB of n-Si NW 
moves to the CB of n-TiO2 until the Fermi levels are equalized. In this 
process, energy band of Si NW bends downside and of TiO2 bands bends 
upside resulting in decrement in valance band diff erence, ΔEV. Th is diff er-
ence is the barrier or driving force for the photogenerated hole transfer/
injection from Si NW to the TiO2 [343]. Once this barrier is overcome, 
transfer of the photogenerated holes takes place from Si NW to TiO2 and 
will participate in the redox reactions subsequently with the generation 

n-Si n-TiO2

hv

Electrolyte

EF.redox

illumination

PEF

PEF
.

.

Figure 5.14 Schematic of band energy diagram and carrier transfer, reprinted with 
permission from Ref. [340], Copyright © 2009, American Chemical Society .
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of holes in TiO2 by UV light. In contrast of this, p-Si NW shows the 
increase in ΔEV. Th erefore, higher potential biasing is needed. However, 
dark current increases signifi cantly at the biasing potential more than 2V 
which is lesser than ΔEV. Hence, the visible light photoresponse is absent. 
Figure 5.15 shows schematic band energy diagram A) before and B) aft er 
forming heterostructure [341].

Betty et al. [344] reported highly stable and highly active heterostructure 
of porous silicon and nitrided TiO2 (TiON) nanoparticles. Photoelectrodes 
were synthesized by electrochemically prepared porous silicon micro- 
channel with (TiON). Enhanced activity is due to effi  cient defect medi-
ated charge transfer mechanism between porous silicon and TiON which 
is sluggish in polished Si/TiON heterostructures. Th e electrode prepared at 
600°C was found to be highly active. Photocatalytic measurements in water- 
methanol system show strong dependency of activity on nitrogen concentra-
tion and prepared electrode was stable for more than six months of operation.

Sun et al. [345] reported a low cost p/n branched heterostructure by two 
step solution phase integration of Zinc oxide nanowire branches to Silicon 
nanowire backbone for solar water splitting. Th e size of nanowires, den-
sity and shape enhances the light absorption by minimizing the refl ection 
and scattering. Th e lower CB of ZnO than Si facilitate the photogenerated 
electrons to move across the ZnO layer to the water reduction level, while 
the holes move to the back contact of the Si. Th e 3D Si/ZnO nanowire 
heterostructure shows enhanced photocathodic current density and better 
overall hydrogen production kinetics as compared to Si/ZnO planar het-
erostructure/Si NW/planar Si. 

Quantum chemical calculations performed by Wang et al. [346] based 
on Density Function Th eory (DFT) on Si/WO3 heterostructures demon-
strated its possible limitation in Z-scheme application. Th ey concluded the 
following:

i. Heterointerface is formed by Si-O bonding preferentially.
ii. Th ere is no localized state produced in band gap because of 

fully saturated interfacial atoms.
iii. Heterostructure formed has type-II band alignment with the 

CB of n-WO3 more than the valance band of p-Si by 0.5 eV 
resulting in small schottky barrier.

iv. Interfacial oxygen diff usion from WO3 to Si is thermody-
namically possible. However, this diff used oxygen takes the 
interstitial position in Si and has no infl uence on band align-
ment and electronic properties and thereby on photocata-
lytic water splitting performance.
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Silicon/indium tin oxide (ITO) heterojunction gained considerable 
interest for solar water splitting because of its conductivity and transpar-
ency. Some of the properties of ITO and heterojunction formed with sili-
con are as follows [347]:

i. ITO reduces series resistance losses in the overlayer due to 
its electronic degeneracy.

ii. ITO adheres well to many substrates and quite resistive 
towards chemical attack.

iii. ITO can be deposited at lower temperature so as to mini-
mize interdiff usion.

iv. Th e refractive index of ITO (~2.0) makes it partially antire-
fl ecting on silicon.

v. Th e wide band gap of ITO (3.6 eV) absorbs minimum visible 
light in the oxide layer. Th us most of the light is available for 
junction area absorption.

Hodes et al. [347] reported Si/SiOx/ITO hybrid heterostructure for PEC 
application by ITO layer deposition using spray pyrolysis on both n-Si and 
p-Si electrode. Th e smooth transition between Si and ITO layer caused by 
the SiOx layer at the heterojunction minimizes the interfacial state densities 
formed due to geometric parameters (e.g., lattice mismatch). Additionally, 
SiOx enhances the open circuit voltage by minimizing the leakage current. 
Th e electrodes were catalytically modifi ed with either Pt or RuO2 for PEC 
application. Th e synthesized electrodes show ~40% reduction in threshold 
voltage for water splitting due to facile electron transfer at the schottky bar-
rier between Si and ITO layer. 

 5.4.1.2 Semiconductor-Semimetal Heterojunction
Being a zero band gap material, graphene is a promising semimetal for 
fabrication of many semimetal-semiconductor heterojunctions in the 
context of electrode preparations. Owing to high surface area, high car-
rier mobility and high optical transparency, graphene can be considered as 
favorable material in comparison to metals [348]. Due to its fi ne structure 
constant, graphene absorbs only 2.3 ± 0.1 % of white light with negligible 
refl ectance (<0.1%) and hence responsible for its usage in preparation of 
optically transparent electrodes (stretchable/fl exible/foldable electronics) 
[349, 350]. Th e usual methods for the fabrication of Si/graphene heter-
ostructures are spin casting and chemical vapor deposition of graphene 
on top of silicon followed by drying [351]. However, stability is the major 
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issue in such methods because of weak interaction force between graphene 
and substrate. Kedi et al. [348] reported the synthesis of graphene silicon 
heterostructure using electrophoresis followed by annealing. Due to the 
effi  cient photogenerated charge separation promoted from the interfacial 
electrostatic fi eld of graphene/Si heterostructure, the prepared photoelec-
trodes shows high photoresponse in aqueous solution.

Mechanism for photogenerated electron separation is shown in 
Figure  5.16. For isolated semiconductor, the Fermi level of graphene is 
above the Fermi level of p-Si. Aft er the heterostructure formation, elec-
trons fl ow from graphene to p-Si to equalize the Fermi levels resulting in an 
internal electric fi eld at the interface. When this heterojunction is exposed 
to electromagnetic radiation, the incident photons induce photogenerated 
electron and hole in the sub layer silicon. Th ese electrons and holes are 
facilitated by electric fi eld at the interface to move towards graphene and 
Silicon, respectively. As the Fermi level of heterostructure is lesser than the 
reduction potential of water, a large number of photogenerated electrons 
have to move towards graphene through silicon. As a result of which, the 
Fermi level of graphene moves up enough to facilitate hydrogen genera-
tion. Figure 5.16 shows the schematic band diagram of (A) isolated materi-
als, (B) heterojunctions in dark, (C) under xenon radiation, and (D) under 
xenon radiation with aqueous electrolyte [348].

 5.4.2 Heterojunctions vs Multijunction Silicon
In contrast to the Si heterojunctions, multijunction amorphous silicon 
(a-Si) has gained considerable interest. Si based multi junctions (e.g., three 
junction amorphous cell) can be visualized in thin fi lm amorphous sili-
con solar cells designed based on independent thin fi lm cells deposited 
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on top of each other [352]. It produces voltage up to 2.4 V. Each thin cell 
is designed to utilize diff erent region of solar spectrum. Th is technique is 
known as “solar spectrum splitting” [353]. In such a cell, the top cell har-
nesses the energy in the range from 300 to 690 nm. Middle cell harnesses 
in the range of 450–750 nm and the bottom cell harnesses the energy in the 
range of 550–880 nm [354]. Th ere are three main advantages of such mul-
tijunction solar water splitting cells: (1) suffi  cient water splitting voltage 
output, (2) high effi  ciency, and (3) low cost as compared to crystalline mul-
tijunction semiconductor cells. Triple junction amorphous silicon solar 
cells are exploited for making integrated photovoltaic-electrolysis devices 
in which the photocurrent generation equivalent to hydrogen generation 
can easily be measured.

Reece et  al. [355] reported a solar water splitting cell consisting of 
earth abundant materials that operate in near neutral environment, both 
with wired and wireless (artifi cial leaf) confi gurations. Th e cell, consist-
ing of triple junction amorphous silicon photovoltaic, is interfaced to 
hydrogen evolving catalyst, made from an alloy of earth abundant cheap 
metals and oxygen evolving catalysts of cobalt borate (Co-OEC). Both 
catalysts were interfaced directly through electro-deposition with a com-
mercial triple junction amorphous silicon solar cell in wired and wire-
less confi guration. Fabricated cell consists of three junction amorphous 
silicon deposited on a stainless steel substrate and layered with a 70 nm 
thick ITO [355].

Th e Co-OEC, interfaced with semiconductor, enhances the effi  ciency of 
solar driven water splitting [356–359]. Th e unique properties of Co-OEC 
is its self-assembly upon oxidation of Co2+ [360], self-healing [361], and it 
can be operated in buff ered electrolyte with pure or neutral water at nor-
mal temperature [362, 363]. Th ese properties are similar to OEC found 
naturally in photo synthetic systems. 

To facilitate the catalyst activity at signifi cant current densities, an elec-
trolyte must have an excellent proton accepting behavior. Phosphate (Pi) 
electrolyte fulfi ls this criterion better than that of borate (Bi) and hence is 
well suited for water oxidation [364]. In addition, Pi acts as a local buff er 
to maintain the constant pH at high current density whereas Bi fails to 
support catalyst and loses its proton accepting behavior beyond certain 
pH. Th e working model of CoPi was proposed by Kanan et al. [365] shown 
in Figure 5.17. Co2+ is a high spin ion and result in the formation of low 
spin Co3+ upon oxidation which electrodeposits on the electrode under the 
infl uence of HPO4

2– due to lesser solubility of HPO4
2– in Co3+ against Co2+. 

Co3+ again gets oxidize to produce Co4+-oxo form which liberates O2 and 
cobalt regains its +2 electronic state.
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Hydrogen evolving Ternary alloy NiMoZn was deposited on a Ni mesh 
substrate connected to a three junction solar cell through a wire in wired 
confi guration, while the wireless confi guration consists of direct deposi-
tion of ternary alloy on the opposite stainless steel surface of triple junction 
amorphous silicon solar cell [355] (Figure 5.18(A)). 

Th e choice of metals in the ternary alloy is specifi c for hydrogen evo-
lution. First metal catalyses the hydrogen formation from water via elec-
trolysis. Th ere is a range of metals which can be employed as hydrogen 
formation catalyst, e.g., Ni, Fe, Co, Cu, W, Mo, Ru, Rh, Pt, and Pd. Th e 
selection of second metal type is according to low association constant with 
an anionic species. Hence, it prohibits the deposition of anionic species on 
the electrode. Th e said anionic species (e.g., Pi and Bi) facilitates the forma-
tion of catalytic material on the counter electrode. Moreover, this species 
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Figure 5.17 Working model of Co-Pi catalytic system, reproduced from Ref. [365].
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is responsible for stability and/or operation of catalytic material in context 
of counter redox reaction. Th ird metal is chosen to increase the surface 
area of the catalytic material. Th e mechanism involves re-orientation or 
re-structuration of catalytic material upon the addition of third metal by 
induced repulsive interaction, resulting in agglomeration, nodule forma-
tion, precipitation and phase separation which subsequently enhance the 
surface area [366]. 

Th e un-optimized device performance gives 2.5% and 4.7% of solar to 
fuel effi  ciency for wireless and wired confi guration when driven by 6.2% 
and 7.7% electricity effi  cient solar cell in borate electrolyte of pH 9.2. 
Wireless confi guration was tested against stability and found to be stable 
up to 10 hours. Th e stability of the cell depends on the material and the 
method of preparation of the conductive oxide layer.

 5.4.3  Pros/Cons in Improvement of Si Heterostructures 
for Energy Harvesting and Conversion

1. Although silicon is the most abundant and promising mate-
rial of interest among other semiconductors available till 
date, the recurring problems of its photo-corrosion or dis-
solution in acidic mediums for prolonged time is still an 
unresolved issue.

2. Th e surface passivation techniques has to be explored more 
to utilize Silicon as photocatalytic/PEC material. 

3. In spite of signifi cant improvement in Si heterostructures, 
the basic underlying mechanism of growth of Si fi lms on dif-
ferent substrates and the kinetics is still unclear.

 5.5  Some Unaddressed Issues of Heterostructures 
in Relation to Photocatalysis

1. Th ere are no clear reasons cited for the actual driving force 
for nucleation and growth in forming heterostructure sys-
tems like Au/CdSe synthesized by growing CdSe on the top 
of a crystalline Au core [101]. Th e synthesis and develop-
ment of anisotropic nanomaterials is itself a complex process 
and mechanistic aspect of growth requires greater attention 
in understanding. 

2. As the size of nanocrystals is a critical factor in determin-
ing the morphology of nanocrystal heterostructures, more 
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focused studies is required for elucidating the mechanism 
of heterojunction formation, which in turn is necessary in 
developing rational and controllable approaches for syn-
thesis of nanocrystal-based multifunctional materials (i.e., 
more exploitation of the lattice strain induced by heteroin-
terfaces is essential).

3. Till now, there is no report which addresses clear epitaxial 
relationships between diff erent phases. Th e extent of defects 
in the interface has to be quantifi ed as they can have detri-
mental eff ects on the overall properties of the system.

4. Limited reports on the stability of the semiconductor-metal/
semiconductor-semiconductor/ semiconductor-metal-semi-
conductor/metal-semiconductor-metal (MSM) interface dur-
ing electrochemical/photo-electrochemical operations.

 5.5.1  Measures to be Taken in Perspective of Photocatalysis of 
Heteronanostructures

1. Development of high quality materials for better under-
standing coupling phenomena between two units and prop-
erties of individual components that are synergistically 
coupled in forming heteronanostructures. 

2. Search for new synthesis/fabrication techniques without the 
need of weak organic molecules as linkers. 

3. Methods to form heterostructures without signifi cant lattice 
strain being induced across the heterostructures in spite of 
the dissimilarity of the respective crystal-phases.

4. Prevention of metal nanoparticle oxidation at semiconduc-
tor interface which is predominant due to large surface/
volume ratio of nanoparticles, i.e., there is no demarcation 
between surface oxide/bulk metal in nanomaterials.

 5.6 Summary/Conclusions and Future Outlook

Silicon/TiO2 heterostructures continues to be extensively explored due to 
its initial promise and evolutionary improvements in effi  ciencies. A more 
recent theme is in utilizing the nanostructures and heterojunctions to 
improve the effi  ciency. Comprehensive understanding of these areas has 
to involve greater understanding of band alignments/band structures in 
heteronanostructures, capacitance/fl at-band potential measurements and 
its role in interfacial electron transfer kinetics. With greater certainty in the 
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molecular structure of these materials, greater utility of the reactivity indi-
ces developed in the area of surface electrochemistry can be made [367]. 
All this will enable deconvolution of the eff ects of photon absorption, 
 electron–hole separation cum transport and surface reactivity, all of which 
play an important role in PEC. While many studies focus on improving 
effi  ciencies and factors aff ecting stability have to be unraveled, especially in 
the context of nanostructures. In fact, immense eff ort has been devoted in 
eff ective/effi  cient catalyst design for various applications in PC, PEC appli-
cations and photovoltaics. In this book chapter, we have presented an up-to-
date review of the current achievements, methodologies and principles 
applied in building heteronanostructures for PC/PEC applications. Due to 
massive amount of research articles available in PC fi eld, we are limited 
towards covering few representative contributions in PC fi eld. 

Rational design and synthesis of heterostructured nanocrystals/ 
materials with a topologically controlled composition promises to dis-
close unprecedented horizons in the manipulation of the properties 
of many nano-sized metal, semiconductor and/or oxide material that 
is brought into contact with other materials. Future progress in this 
synthetic fi eld will open up access to new breeds of colloidal nanohet-
erostructures, which could enable various optoelectronic, magnetic, bio-
medical, photovoltaic applications with a high level of performance. Even 
though many interesting aspects/controlling mechanisms in semicon-
ductor-heterostructures have been identifi ed, many  phenomenological 
concepts of these heterostructured photocatalysts are still unclear. Th ere 
is much science to be unraveled before we can categorically correlate 
the functional effi  ciencies to molecular and mesoscopic structure of the 
heterostructures. 
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Abstract
Manganese oxide (MnO2) and copper oxide (CuO) decorated multi-walled carbon 
nanotubes (MWCNTs) were synthesized by simple wet chemical method without 
surfactants and studied for their properties as electrode materials in energy stor-
age applications such as supercapacitors. Th e prepared samples were characterized 
by using diff erent analytical techniques such as X-ray diff raction (XRD), X-ray 
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and 
surface area studies. Th e electrochemical properties of the metal oxide decorated 
MWCNTs were studied using cyclic voltammetry (CV) and galvanostatic charge–
discharge studies. Th e MnO2-MWCNTs electrode showed more signifi cant capac-
itive behavior than other electrode materials such as CuO-MWCNTs. Th e average 
specifi c capacitance of MnO2-MWCNTs and CuO-MWCNTs electrodes were 
found to be 282.60 and 180.41 F g–1, respectively.

Keywords: Multi-walled carbon nanotubes, metal oxides, nanoparticles, wet 
chemical synthesis, transmission electron microscopy (TEM), electrochemical 
properties

6.1 Introduction

In recent years, the research has focused on developing new electrode 
materials for energy storage devices such as supercapacitors and batteries. 
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Because of the environmental issues and depleting fossil fuels, interest in 
the development of alternative energy storage devices with high power and 
energy densities, has increased exponentially. For practical applications, 
supercapacitors must fulfi ll the following technical requirements: high 
specifi c capacitance, long cycle life and high charge–discharge rate. Th e 
supercapacitors have several advantages of high power density, long cycle 
life, short charge time, and safety over the battery and attracts great inter-
ests for energy storage devices [1].

Depending on charge storage mechanism, they are basically classifi ed 
into two types: electric double layer capacitors (EDLCs) based on carbon 
electrodes and pseudocapacitors with certain metal oxides (RuO2, MnO2, 
and CuO) [2, 3]. Of all the transition-metal oxides studied as pseudo-
capacitor materials, in addition hydrated ruthenium oxide (RuO2) has 
been found to be the most promising material in terms of energy density. 
However, the high cost of RuO2 has prompted the research community to 
focus on other transition-metal oxides such as MnO2, and CuO, mainly 
because of cost-eff ectiveness. Moreover conducting polymers act as elec-
trode materials [4]. Carbon materials with high specifi c surface area, such 
as activated carbon, activated carbon fi bers, carbon aerogels/foams, and 
carbon nanotubes (CNTs) are the main electrode materials for superca-
pacitor application [5–7].

CNTs are attractive materials for electrodes of electrochemical energy 
storage devices due to their high conductivity, chemical stability, low mass 
density, and large surface area. CNTs are mainly classifi ed in to two groups: 
single walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs). Both of them have been recognized as potential 
electrode materials for supercapacitors. 

Th e capacitance of CNTs based supercapacitor electrodes can be 
enhanced by various techniques such as activating CNTs with acid treat-
ment [8] modifi cation of CNTs with conducting polymers [9] or with cer-
tain transition-metal oxides [10, 11]. Manganese dioxide (MnO2) [12] and 
copper oxide (CuO) [13] are the candidates on account of their electro-
chemical behavior, low cost and environmental compatibility. However, 
the specifi c surface areas of these metal oxides in general are not high 
enough for high capacitance. Th e CNTs have been introduced to yield high 
conductivity and large specifi c surface area [14].

In this paper, the structural and electrochemical screening of dissimilar 
economical metal oxides such as MnO2 and CuO decorated in MWCNTs 
using wet chemical method are studied. Th e main advantages of the wet 
chemical method are its fl exibility and the level of experimental control 
so that a wide variety of materials can be introduced into the CNTs. Th e 
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behavior of supercapacitive of these metal oxides decorated electrodes have 
been studied using cyclic voltammetry (CV) and galvanostatic charge–
discharge measurements and the results were discussed. However, based 
on developed knowledge, the supercapacitance properties of the MnO2 
and CuO nanoparticles decorated in MWCNTs have has attracted great 
attentions.

6.2 Experimental

6.2.1 Materials 
Commercial MWCNTs (Nanocyl®-7000, diameter 15–25 nm, length 
1.5 μm) with specifi c surface area of 250–300 m2/g were procured from 
Nano Best Corporation, South Korea. Copper chloride, manganese chlo-
ride, and sodium hydroxide were purchased from Aldrich Chemical Co. 
and used without further purifi cation.

6.2.2 Preparation and Fabrication of Supercapacitor Cell
1 g of MWCNTs was dispersed in 100 ml of distilled water through ultra-
sonication. To this solution, 100 ml of 0.5 M manganese chloride solu-
tion was added with constant stirring at 60°C and following by sodium 
hydroxide solution (0.5 M) was added drop wise to the constantly stirred. 
To generate manganese hydroxide graft ed CNTs, aft er the completion of 
reaction; solid products were collected by centrifuging and dried under 
vacuum at 100°C. MnO2 graft ed onto CNTs were reduced at 150°C. In 
another set of experiment, copper oxide (CuO) nanoparticles decorated 
CNTs were prepared as discussed below. 1 g of MWCNTs was dispersed in 
100 ml of distilled water through ultrasonication. To this solution, 100 ml 
of 0.5 M Cu chloride solution was added with constant stirring at 80°C 
and following by sodium hydroxide solution (0.5 M) was added drop wise 
to the constantly stirred. Aft er the completion of reaction, solid products 
were collected by centrifuging and dried under vacuum at 100°C. It is 
expected that during drying process, Cu hydroxide developed on the CNT 
surface get reduced to CuO nanoparticles and adhered on the surface 
by van der Waals force of interaction as discussed previously by earlier 
researchers [15].

Th e electrochemical properties and capacitance measurements of these 
electrodes were studied using a symmetric two-electrode system with 6 M 
KOH aqueous solution as electrolyte. A cathode as working electrode and 



286 Advanced Functional Materials

anode as counter electrode were prepared by the coating of a slurry com-
posed of 98 wt% metal oxides decorated MWCNTs as the active mate-
rial and 2 wt% polytetrafl uoroethylene (PTFE) solution with ethanol on 
a nickel mesh. Two pieces of cellulose-based separator immersed in the 
electrolyte placed between the two electrodes were used.

6.3 Characterization

XRD measurements were performed using a Macscience X-ray diff ractom-
eter equipped with a Cu Kα photon source (40 kV, 20 mA, λ = 0.154 nm). 
X-ray photoelectron spectroscopy (XPS) was carried out with a high- 
resolution ESCA-2000. Morphological characterization was performed at 
400 keV using transmission electron microscopy (TEM) (JEOL 100C) using 
samples deposited on the carbon coated Cu grids. Brunauer Emmett and 
Teller (BET) specifi c surface area analysis was studied with Sorptomatic 1990 
using the N2 adsorption/desorption method. Structural characterization 
was done using Raman spectroscopy (RFS/100s, Bruker, Germany). CV and 
galvanostatic charge–discharge spectroscopy measurements were carried 
out using electrochemical workstation instrument (Autolab PGSTAT20, the 
Netherlands). Voltammetry testing was carried out at constant potentials 
scan rate of 5 mV/s between −0.4 and 0.4 V charge– discharge test was con-
ducted at constant current scan rate of 10 mA/cm.

6.4 Results and Discussion

Figure 6.1 shows powder X-ray diff raction (XRD) patterns of MnO2-
MWCNTs (a) and CuO-MWCNTs (b). Th e diff raction peaks at 2θ value 
of 25.80° were ascribed to the 002, refl ections of the MWCNTs [16] while 
other peaks at 2θ values of 32.80°, 34.40°, 38.80°, 43.60°, 46.30°, and 65.50° 
were well indexed to the refl ections of α-MnO2 as indicated in Figure 6.1(a) 
(JCPDS card no. 14-0644). Similarly, CuO-MWCNTs shows major dif-
fraction peaks at 28.4°, 32.32°, 39.5°, 47.6°, and 56.26° (Figure 6.1(b)) 
that are assigned to the (110), (111), (200), (220), and (311) refl ections, 
similar to the reported values of face centered cubic CuO nanoparticles 
(JCPDS (5-0661)) [13] along with the diff raction peak due to (002) plane 
of MWCNTs. Th e average particle sizes of the MnO2 and CuO nanopar-
ticles decorated onto the CNTs are determined using Scherrer’s equa-
tion [17], and it is observed to be 53 nm (MnO2-MWCNTs) and 60 nm 
(CuO-MWCNTs).
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Figure 6.1 X-ray diff raction results of (a) MnO2-MWCNTs and (b) CuO-MWCNTs.
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Th e successful decoration of MnO2 and CuO nanoparticles on the 
MWCNTs was confi rmed by the XPS results shown in Figure 6.2. XPS 
results of pure CNTs exhibit a strong peak at 284.5 eV that corresponds to 
the carbon (C1s) peak [16]. Th e strong peaks at 642.2 and 653.5 eV can be 
corroborated to the Mn peaks (Mn2p spectra) in the case MnO2-MWCNT 
with the appearance of peak at 529.6 eV that corroborates to the O1s spec-
tra revealing the introduction of oxide. Similarly, new peak at 940 eV in 
the survey scan spectra of CuO-MWCNT corresponds to the Cu peak 
(Cu2p spectra) confi rming the formation of CuO nanoparticles on the 
CNT surface in Figure 6.2. High-resolution spectra results of MnO2 and 
CuO nanoparticles decorated onto CNTs were shown in Figure 6.3(a) and 
(b). MnO2 nanoparticles decorated onto CNTs exhibits two strong peaks 
with binding energies of 642.2 and 653.5 eV that are due to Mn2p3/2 and 
Mn2p1/2, respectively, consistent with those of MnO2 as reported in the 
literature [18] indicating that the MWCNTs were successfully decorated 
with MnO2 nanoparticles. Similarly, the high-resolution spectra of CuO 
nanoparticles decorated onto CNTs exhibits two strong peaks at 932.7 and 
952.5 eV that are due to Cu2p3/2 and Cu2p1/2, respectively (Figure 6.3(b)), 
revealing the successful formation of CuO nanoparticles on the MWCNT 
surface [19].

Th e decorating of metal oxide nanoparticles such as MnO2 and CuO 
on the MWCNTs was further confi rmed by the TEM results shown in 
Figure 6.4(a) and (b). It is obviously from the TEM images that the surface 
of CNT becomes irregular aft er the decoration of metal oxide nanopar-
ticles on the surface. Th e average particle sizes of the decorated metal oxide 
nanoparticles onto the CNTs are observed to 50 nm. Th ese results are fur-
ther supported by the XRD results, which is used to characterize dimen-
sions and structure of these nanomaterials. 

Figure 6.5 shows Raman spectra of pure MWCNTs, MnO2-MWCNTs, 
and CuO-MWCNTs measured less than 514.5 nm excitation over the 
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Figure 6.2 XPS survey scan results of MnO2 and CuO nanoparticle decorated MWCNTs.

Figure 6.3 High-resolution spectra results of (a) MnO2-MWCNTs and 
(b) CuO-MWCNTs.
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Raman shift  interval of 1000–3000 cm–1. Th e D- and G-bands of MWCNTs 
at ~1290 and 1589 cm–1, corresponding to defect and disorder induced 
modes and the in-plane E2g zone centered mode, are clearly observed in 
pure MWCNT [16]. Decorating of Manganese oxide (MnO2-MWCNTs) 
result in the shift  of tangential mode vibration (G band) to 1595 cm–1 from 
1589 cm–1 clearly reveal the decrease in van der Waals force of interaction 
between the CNTs due to the introduction of the nanoparticles on the CNT 
surface. Similarly, in the case of CuO-MWCNTs, G-band shift  to the higher 
frequency (1593 cm–1), corroborating the decrease in van der Waals force 
of interaction between CNTs due to the graft ing of copper oxide nanopar-
ticles on CNTs through van der Waals force of interaction. Th e D- to G-band 
intensity ratio (ID/IG) of MnO2-MWCNTs is 0.167, lesser than that of pure 
MWCNTs (0.189). Similar trend observed in CuO-MWCNTs (ID/IG, 0.167). 
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Slight reduction in ID/IG value may be attributed to the reduction in surface 
defects due to the decoration of nanoparticles on the surface of CNTs.

Th e surface area measurements of the metal oxide nanoparticles dec-
orated CNTs were determined using nitrogen adsorption/desorption 
isotherms. Th e multilayer adsorption model developed by BET is fi tted 
against isotherms to evaluate the surface area of the nanotubes. BET sur-
face area result of pure MWCNTs and metal oxide nanoparticles decorated 
MWCNTs were shown in Table 6.1. Surface area values of metal oxide 
nanoparticles decorated CNTs are higher than pure MWCNTs. Higher 
surface area of metal oxide nanoparticles decorated onto CNTs results 
in better effi  ciency in electrochemically behavior, which could be further 
confi rmed by CV.

Figure 6.4 (a) TEM image of MnO2 nanoparticles decorated carbon nanotubes 
(MnO2-MWCNTs); (b) TEM image of CuO nanoparticles decorated carbon nanotubes 
(CuO-MWCNTs).
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Th e CV behavior of pure MWCNTs, MnO2 and CuO nanoparticles 
decorated MWCNTs electrodes at a potential scan rate of 5 mV/s were 
shown in Figure 6.6. Th e result of pure MWCNTs reveals no current peaks 
and furthermore it is nearly symmetric with respect to the zero current 
line. Th is indicates that the electrodes have the characteristic of a capaci-
tor with constant charging and discharging rates over a complete cycle. 
We can observe there are oxidation peaks for MnO2-MWCNTs and 
CuO-MWCNTs electrodes, which are attributed to redox reactions due 
to the functional groups on MWCNTs [20]. MnO2-MWCNT and CuO-
MWCNT electrodes, the lack of symmetry to the curves is probably due to 
combination of double layer and pseudo capacitances contributing to the 
total capacitance [21]. Th e area of the curves increases in MnO2-MWCNTs 
compare to CuO-MWCNTs, which is indicating an improvement of the 
specifi c capacitance for dissimilar electrode materials. Th e CV curve for 

Table 6.1 BET surface analysis results of MnO2 and CuO nanoparticle decorated 
MWCNTs.

S. No. Samples Name SBET(m2/g)

1 Pure MWCNT 285.7

2 MnO2-MWCNT 678.9

3 CuO-MWCNT 515.3

Figure 6.5 Raman spectra results of pure and metal oxide nanoparticles decorated 
MWCNTs.
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Figure 6.6 Cyclic voltammetry (CV) behavior of pure MWCNTs, MnO2 and CuO 
nanoparticles decorated MWCNTs electrodes at a potential scan rate of 5 mV/s.
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MnO2-MWCNTs electrode shows more rectangular shape and more sig-
nifi cant capacitive behavior than CuO-MWCNTs electrode. Th is is due to 
higher pseudocapacitive behavior of MnO2 than CuO. Th e CuO-MWCNTs 
curve had an oxidation peak approximately at 0.05 V and a reduction peak 
around –0.12 V; however, MnO2 decorated in to MWCNTs, it was clearly 
found that larger oxidation peaks at 0.07 V and non signifi cant reduction 
peaks around 0.0 V occurred. Th ese affi  rmed that there were electrochemi-
cal oxidation and reduction on the CuO-MWCNTs and MnO2-MWCNTs 
electrodes when the supercapacitor was being charged or discharged.

Th e charge–discharge properties of CuO-MWCNTs and MnO2-
MWCNTs electrodes were investigated by galvanostatic charge discharge 
in 6 M KOH solutions. Th e galvanostatic charge–discharge curves of the 
CuO-MWCNTs and MnO2-MWCNTs are shown in Figure 6.7. Th e sym-
metry of the charge and discharge characteristics showed good capacitive 
behavior of the CuO-MWCNTs and MnO2-MWCNTs electrodes. Th ere 
is no iR drop is observed for all curves, which means that the electrodes 
have low internal resistance. In addition, the charge/discharge duration 
increases in the MnO2 decorated MWCNTs and it has indicating the high-
est specifi c capacitance for MnO2-MWCNTs. Th e specifi c capacitance of 
the system has been evaluated using the formula [22]:

 Specifi c capacitance, C (F/g) = iΔt/m Δv (6.1)

where i is the current used for charge/discharge, Δt is the time elapsed for 
the charge or discharge cycle, m is the mass of the active electrode, and Δv 
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is the voltage interval of the charge or discharge. Th e specifi c capacitance 
of MnO2-MWCNTs electrode is much higher than that CuO-MWCNT 
electrode at the same scan rates. Th e specifi c capacitance of 282.60 Fg–1 is 
obtained at 10 mVs–1 in 6 M KOH aqueous solution for MnO2-MWCNTs 
electrode, compared to 180.41 Fg–1 for CuO-MWCNTs electrode. Th e 
improvement of the specifi c capacitances accredited to the presence of 
CuO and MnO2 decorated in the MCWNTs, which in turn amend the 
microstructure and morphology of MCWNTs, allowing the metal oxides 
to be obtainable for the electrochemical reactions and improves the effi  -
ciency of the electrodes. Th ese imply further that MnO2-MWCNTs elec-
trode has excellent capacitive properties due to high conductivity of CNTs.

6.5 Conclusion

Th e transition-metal oxides such as CuO and MnO2 were decorated 
MWCNTs with the same mass ratio by a simple wet chemical method. TEM 
images showed the distribution of CuO and MnO2 particles of size of about 
40–60 nm attached in the side of MWCNTs which were achieved by wet 
chemical method. Moreover, XPS spectra show that the MWCNTs were 
successfully functionalized with metal oxides nanoparticles. From BET 
analysis, surface area of metal oxide is enhanced with CNTs, which have 
one of the most attributed reasons for effi  cacy in MnO2-MWCNTs and 
CuO-MWCNTs electrochemical behavior. Th e MnO2 and CuO decorated 

Figure 6.7 Galvanostatic charge–discharge curves of the CuO-MWCNTs and 
MnO2-MWCNTs.
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MWCNTs electrodes due to have higher pseudocapacitive properties and 
electrochemical stability showed more signifi cant capacitive behavior. Th e 
specifi c capacitances of the CuO-MWCNTs and MnO2-MWCNTs elec-
trodes were 180.41 and 282.60 Fg–1, respectively. Both CuO-MWCNTs 
and MnO2-MWCNTs electrodes were the promising materials to be 
used as positive electrode in alkaline electrochemical supercapacitor. 
However, the capacitance properties of MnO2-MWCNTs were better than 
CuO-MWCNTs.
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Abstract
Discotic liquid crystalline dimers have been attracting a great deal of interest in 
recent years both in theoretical and experimental studies not only for their ability 
to act as model compounds for semi-fl exible main chain liquid crystal polymers 
but also due to their quite unusual properties as compared to conventional low-
molar-mass mesogens. Th ey are formed by linking two identical/diff erent discotic 
mesogens via a fl exible spacer or through a rigid spacer. Th ese dimers show inter-
esting behaviour depending on the length of the spacer and on the structure of 
the linking group. Due to their ability of self-organisation into diff erent phases, 
such systems are quite useful in various organic electronics such as light-emitting 
diodes, fi eld eff ect transistors, solar cells as well as in wide-view displays. Th us, 
they are immensely signifi cant in both fundamental science and practical applica-
tions. Hitherto, more than 100 discotic dimers comprising 11 diff erent discotic 
cores have been realised. Discotic cores that have been explored to create dimers 
are anthraquinone, benzene, cyclotetraveratrylene, hexa-peri-hexabenzocoro-
nene, phthalocyanine, porphyrin, pyranose sugars, pyrene, scylloinositol, and tri-
phenylene. In this chapter, we cover the diff erent dimeric liquid crystals formed of 
two discotic units tethered via a spacer.
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 7.1 Introduction

Since the discovery of liquid crystals in 1888 by F. Reinitzer [1], it was 
assumed that liquid crystal molecules are mainly composed of mesogenic 
core attached to which are one or more alkyl chains. However, during 1980s 
a new class of liquid crystals attracted particular attention acknowledged as 
the liquid crystal dimers. Liquid crystal dimers are formed by connecting 
two mesogenic cores through fl exible/rigid spacers generally alkyl chains. 
Although this class of compounds has been discovered by Vorlander long 
back in 1927 [2], but these dimers didn’t achieve considerable attention 
until their rediscovery by Griffi  n and Britt in 1980s [3]. Subsequently, sev-
eral classes of dimeric liquid crystalline compounds have been prepared 
and studied extensively. 

Th e initial interest in this class of compounds was caused by their simi-
larity with semi-fl exible main chain liquid crystal polymers. In order to 
understand polymeric molecules at the molecular level, dimeric systems 
can serve as the model compounds. Griffi  n and Britt [3] argued that the 
fundamental repeating unit for liquid crystalline polymeric materials con-
sist of two mesogenic units connected through spacers, i.e. dimeric unit. 
Th is indeed proved to be correct and dimers do serve as model compounds 
for polymers. 

Among the several categories of liquid crystalline dimers, discotic 
dimers have received considerable attention in recent years. A discotic 
dimer is composed of two identical/diff erent discotic mesogens linked via 
a fl exible spacer or through a rigid spacer. Th ese dimers show interest-
ing behaviour depending on the length of the spacer and on the structure 
of the linking group. Compared to large variety of liquid crystal dimers, 
discotic dimers are very less in number. Th is may be due to the diffi  cul-
ties involved in preparing the monofunctionalised discotic precursors. Th e 
various structural possibilities for discotic dimers are shown schematically 
in Figure 7.1. 

Dimers in which two identical mesogenic discotic moieties tethered 
via a fl exible or rigid spacer are the most widely synthesised and studied 
dimers (Figure 7.1(a)). It is generally diffi  cult to link two diff erent discotic 
mesogens and therefore, only a few examples of unsymmetrical dimers 
have been realised (Figure 7.1(b)). Figure 7.1(c) and (d) show the discotic 
mesogens laterally and terminally linked to a calamitic molecule, respec-
tively. A number of dimers in which two discotic moieties are tethered by 
a metal atom are also known (Figure 7.1(e)). Cyclic dimers in which two 
discotic moieties are connected to each other via more than one spacer are 
shown in Figure 7.1(f).
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Th e spacer length has a profound eff ect on the arrangements of these 
dimers in mesophases. Depending on the length of the spacer, they show 
several assembling state (Figure 7.2) in LC phase. Th e least order meso-
phase is the discotic nematic phase (ND) characterised by the presence of 
only the orientational order, but this phase is not so common. Majority 
of the discotic dimers form columnar mesophase in which disks stack on 
top of each other to generate columns, which then self-organise in various 
2D lattices. Most common mesophases formed by discotic dimers are: (a) 
columnar hexagonal (Colh), (b) columnar rectangular (Colr), (c) columnar 
oblique (Colob), and (d) columnar tetragonal (Coltet).

Th e various possible stacking arrangements for the discotic dimers in 
the columnar phase are shown in Figure 7.3. When the spacer length is 
greater than the peripheral chain length, then discotic dimers arrange 
themselves in inter-columnar manner with the two subunits of the dimer 

(a) (b)

(d)

(f)

(c)

(e)

Figure 7.1 Th e various possibilities of molecular architectures for discotic liquid crystal 
dimers: (a) symmetric discotic dimer, (b) non-symmetric discotic dimers, (c) two discotic 
moieties laterally linked to a calamitic molecule, (d) two discotic moieties terminally 
linked to a calamitic molecule, (e) two discotic moieties tethered by a metal atom, and 
(f) cyclic dimers in which two discotic moieties are connected to each other via more than 
one spacer.

(a) (b)

(c) (d) (e)

Figure 7.2 Schematic representation of most common mesophases formed by discotic 
dimers: (a) discotic nematic (ND), (b) columnar hexagonal (Colh), (c) columnar 
rectangular (Colr), (d) columnar oblique (Colob), and (e) columnar tetragonal (Coltet).
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residing in neighbouring columns. Such an arrangement can further be of 
two types namely, (i) intercalated (Figure 7.3(a)) or (ii) non-intercalated 
(Figure 7.3(b)). But, when the spacer length is smaller than the peripheral 
chain length, then discotic dimers arrange themselves in intra-columnar 
manner with the two subunits of the dimer residing in same columns. 
Such an arrangement can further be of two types namely, (i) intra-1,4 
(Figure 7.3(c)) or (ii) inter-1,3 (Figure 7.3(d)). 

Th e thermotropic phase behaviour of discotic dimers is usually stud-
ied by using diff erential scanning calorimetry (DSC), polarised optical 
microscopy (POM) and wide-angle X-ray scattering (WAXS). 

In this chapter, fi rstly the structure-property relationships of dimeric 
liquid crystals formed of two discotic units tethered via a spacer have 
been outlined. Discotic cores that have been explored to create dimers are 
anthraquinone, benzene, cyclotetraveratrylene, dibenzo[a,c]phenazine, 
hexa-peri-hexabenzocoronene, phthalocyanine, porphyrin, pyranose sug-
ars, pyrene, scylloinositol, and triphenylene. Secondly, a general introduc-
tion of most important applications of discotic dimers is demonstrated.

 7.2  Structure-Property Relationship 
of Discotic Dimers

 7.2.1 Discotic Dimers Based on Anthraquinone Core

 7.2.1.1 Dimers Connected through Flexible Spacer
Krishnan and Balagurusamy [4] synthesised a discotic dimer 3.1 derived 
from anthraquinone core. Th e starting material for the dimer 5-hydroxy-1-
(4-nitrobenzyloxy)-2,3,6,7-tetrapentyloxy-9,10-anthraquinone 2 was prepared 

(a)

(b) (c) (d)

Figure 7.3 Possible stacking of discotic dimers into columnar structures at the 
mesophase. Discotic dimeric molecules arranged in inter-columnar manner 
(a) intercalated and (b) non-intercalated. Discotic dimeric molecules arranged in 
intra-columnar manner (c) intra-1,4 and (d) inter-1,3.
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by treating 2,3,6,7-tetrapentyloxyanthraquinone 1 with 4-nitrobenzyl alcohol, 
diethyl azodicarboxylate (DEAD) and PPh3 under Mitsunobu conditions. 
Th is was then reacted with half equivalent of 1,12-dibromododecane and 
excess of K2CO3 in DMF at 90°C for 20 h (Scheme 7.1). Th e main reason of 
attaching 4-nitrobenzyl group instead of alkyl group was the polar nature of 
this group. It was easier to purify this monomer as compared to 1-hyroxy-
2,3,5,6,7-pentapentyloxy-9,10-anthraquinone monomer. In fi rst heating, 
this dimer went from an unknown Col phase to Colh phase at 147°C, which 
on further heating changed to isotropic at 180.4°C. During the cooling cycle, 
one transition corresponding to isotropic to Col appeared at 176.6°C. But, 
in the second heating scan, the fi rst transition shift ed to 114.7°C. Th e actual 
reason for this transition is not known. Th e complete homologues series of 
this dimer was prepared by Prasad et al. [5] by varying peripheral substitu-
ents as well as the length of linker. Generally, in case of dimers, the nature 
of mesophase is more sensitive to the change in spacer chain length rather 
than peripheral chain length. However, in this series, nature of mesophase 
didn’t change on varying spacer chain length. When the spacer chain length 
was kept constant and peripheral chain length was varied, then mesophase 
varied from DL to Mx phase. In addition to this, another two series contain-
ing benzyl and hexyl group in position 1 of anthraquinone have also been 
prepared. In both these series, peripheral alkyl chains were fi xed, only the 
spacer length was varied. Here spacer chain length has a profound eff ect in 
showing the mesophase behaviour (Table 7.1).

A series of anthraquinone-imide-based dimers 6 have been reported 
by Chen et al. [6] (Scheme 7.2). Th ese dimers were prepared by hydrosi-
lylation of N-(hex-5-enyl)-6-(4’-((S)-2-methylbutoxy)phenyl)anthra-
quinone-2,3-dicarboxylic imide 5 and hydride-terminated siloxanes with 
diff erent lengths. Although anthraquinone imide is not liquid crystalline 
by itself, all the dimers formed a SmA phase (Table 7.2). When a moderate 
pressure is applied on the powder of these dimers, the colour changed from 
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Scheme 7.1 Synthesis of anthraquinone dimers connected through methylene spacers: 
(i) DEAD, PPh3, R1OH; (ii) K2CO3, dibromoalkane, DMF, (n-C4H9)4N+I–.
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Table 7.1 Th ermal behaviour (°C) of anthraquinone dimers connected 
through methylene spacers.

Str R R1 n Mesophase behaviour Ref.

3.1 C5H11 4-nitrobenzyl 12 Colx 147 Colh 180.4 I [4]

3.2 C4H9 4-nitrobenzyl 12 Cr 124.9 DL 186.1 I [5]

3.3 C6H13 4-nitrobenzyl 8 Cr 117.9 I [5]

3.4 C6H13 4-nitrobenzyl 10 Cr 73.1 DL 140.2 I [5]

3.5 C6H13 4-nitrobenzyl 12 Cr 104 DL 163.2 I [5]

3.6 C8H17 4-nitrobenzyl 12 Cr 92 DL 119.2 I [5]

3.7 C10H21 4-nitrobenzyl 12 Cr 66.5 MX 81.5 I [5]

3.8 C12H25 4-nitrobenzyl 12 Cr 39.7 MX 67.8 I [5]

3.9 C6H13 benzyl 8 Cr 126.9 I [5]

3.10 C6H13 benzyl 10 Cr 120.3 I [5]

3.11 C6H13 benzyl 12 Cr 120.4 Colh 138.6 I [5]

3.12 C6H13 C6H13 8 Cr 99.5 I [5]

3.13 C6H13 C6H13 10 Cr 97.7 I [5]

3.14 C6H13 C6H13 12 Cr 92.9 Colh 113.5 I [5]
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light yellow to deep red. Th is process can be reversed by solvent. Upon 
one-electron reduction, the dimers are converted to radical anions and 
give intense NIR absorption at 844 nm. Such materials can fi nd applica-
tions in fi elds such as nanostructured electronics/optics.

 7.2.1.2 Dimers Connected through Metals
A number of β-diketonate metal complexes are known to exhibit meso-
phases like nematic, smectic, columnar and lamellar. 1-Hydroxy-2,3,5,6,7-
pentakis(alkoxy)-9,10-anthraquinone 7 has the similar molecular 
architecture as of β-diketonate systems. Due to the similarity between 
monohydroxy-pentaalkoxy-anthraquinone and the β-diketonate sys-
tems, it is expected that metallomesogens of anthraquinone can also be 
realised like that of β-diketonate systems. To demonstrate this, Kumar and 
co-worker [7, 8] prepared a series of metal-bridged rufi gallol dimers 8 by 
refl uxing monohydroxy-pentaalkoxy-anthraquinone 7 with metal acetate 
in acetonitrile and pyridine (Scheme 7.3). Two homologues series of com-
plexes, one with Cu and the other with Pd have been prepared. Th e thermal 

Table 7.2 Th ermal behaviour (°C) of anthraquinone-imide based dimers.

Str n Mesophase behaviour Ref.

6.1 1 Cr 261 SmA 278 I [6]

6.2 2 Cr 252 SmA 274 I [6]

6.3 3 Cr 256 SmA 273 I [6]

6.4 7 Cr 220 SmA 239 I [6]
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Scheme 7.3 Synthesis of anthraquinone dimers connected through metals.
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behaviour of these complexes is summarised in Table 7.3. Lower mem-
bers of both the series were not liquid crystalline but columnar mesophase 
can be generated by doping with an electron acceptor trinitrofl uorenone 
(TNF). Th e higher members of the series showed columnar phase, but the 
exact nature of phase was not revealed. Pd complexes were all found to 
decompose on heating. So thermal data of these complexes could not be 
reproduced and hence was not reported. 

 7.2.2 Discotic Dimers Based on Benzene Core

 7.2.2.1 Benzene Rings Connected through Flexible Spacers
Lillya and Murthy [9] introduced the fi rst discotic dimer based on benzene 
core. Two penta-n-heptanoyloxy benzene rings were connected via a meth-
ylene spacer to give dimer. An excess amount of hexahydroxybenzene 9 was 
treated with appropriate diacid chloride and the resulting mixture contain-
ing 10 was reacted with excess of heptanoyl chloride to aff ord 11. An alterna-
tive route to prepare these dimers has also been explored by Zamir et al. [10] 

Table 7.3 Th ermal behaviour (°C) of anthraquinone dimers connected through 
metals.

Str R M Mesophase behaviour Ref.

8.1 C4H9 Cu Cr 184 I [7]

8.2 C5H11 Cu Cr 175 I [7]

8.3 C6H13 Cu Cr 170 I [7]

8.4 C8H17 Cu Cr 151.7 Col 156 Col 165.8 I [7]

8.5 C12H25 Cu Cr 71.9 Col 121 Col 146.2 I [7]

8.6 C4H9 Pd Dec [7]

8.7 C6H13 Pd Dec [7]

8.8 C7H15 Pd Dec [7]

8.9 C8H17 Pd Dec [7]

8.10 C9H19 Pd Dec [7]

8.11 C10H21 Pd Dec [7]

8.12 C12H25 Pd Dec [7]
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Tetrahydroxy-1,4-benzoquinone 12 was heated with n-heptanoyl chloride 
to give 2,5-diheptanoyloxy-1,4-benzoquinone 13. Tetraheptanoyloxy-1,4-
benzoquinone 14 was obtained by heating 13 with n-heptanoyl chloride 
and a few grains of magnesium at 180°C. Reduction of the quinine with 
SnCl2 in HCl furnished tetraheptanoyloxy-1,4-dihydroxybenzene 15. Th e 
transesterifi cation reaction of 15 with hexaheptanoyloxybenzenein the 
presence of dimethylaminopyridine (DMAP) provided pentaheptanoy-
loxyphenol  16. Th e desired dimer 11 was achieved by reacting with an 
appropriate diacid chloride in CH2Cl2 and dry pyridine (Scheme 7.4).

All the dimers have the same peripheral group, while the spacer length 
was varied from 4 carbons to 18 carbons. Th e thermal behaviour of these 
dimers is summarised in Table 7.4. It can be seen from the table that on 
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Table 7.4 Th ermal behaviour (°C) of benzene-based discotic dimers connected 
through fl exible spacers.

Str n Mesophase behaviour Ref.

11.1 4 Cr 115.6 I [10]

11.2 6 Cr 94 I [10]

11.3 8 Cr 128 I [9]

11.4 10 Cr 75 Colr 96.8 I [10]

11.5 12 Cr 77 Colr 91.3 I [10]

11.6 18 Cr 112 Colh 120 I [9]
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increasing the spacer length, the tendency of symmetrical dimers to display 
liquid crystalline behaviour increases. Higher homologues of the series 
exhibited Col phase, while lowered members were non-mesomorphic. Th e 
thermal stability of these dimers was found to be greater than their mono-
meric counterparts. Th us, it can be concluded that if the spacer length is 
suffi  ciently long, discotic dimers can arrange themselves in columns, if the 
spacer length is about twice the length of peripheral chains or longer, the 
mesophases obtained are similar to that of the monomers. 

 7.2.2.2 Alkynylbenzene-Based Discotic Dimers
Hexaalkynylbenzenes or multiynes are well-known discotic nematic liq-
uid crystals. Connecting two bulkier pentaynes via a proper spacer may 
limit the free rotation of the monomesogenic units around the long axis 
of the dimeric molecule and therefore, can lead to Nb phase formation. 
Th is encouraged Praefcke and co-workers to design and synthesise a dimer 
based on pentyne units [11]. Subsequently, many other dimers have also 
been prepared based on pentyne units [12–17]. Pentabromophenol 17 was 
etherifi ed with appropriate α,ω-dibromoalkane in the presence of sodium 
hydride in DMF to yield α,ω-bis(pentabromopentyloxy)alkane 18. Tenfold 
palladium-catalysed alkynylation of the twin ether 18 with suitable 
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4-alkyl-phenylacetylene furnished the desired pentyne ether dimers 19 in 
moderate yields (Scheme 7.5). Kouwer et al. used hydroxyl- or carboxyl-
functionalised monomers to prepare a number of multiyne-based discotic 
dimers [16, 17]. Th ese monomers were prepared from a straightforward 
reaction from 17 with the commercially available alcohol- or carboxylate-
terminated spacers. Th ese terminally functionalised monomers 21 were 
connected with each other via a variety of functional groups using classical 
coupling reactions, thus, esterifi cation of 21 having Z = COOH with α,ω-
diols gave dimers 22.2–22.4, while its reaction with diamino compounds 
yielded amides 22.1 and 22.5 (Scheme 7.6). Compounds 23 and 24 were 
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prepared from alcohol precursor via an esterifi cation reaction with an 
appropriate diacid.

Th e thermal behaviour of all the pentyne dimers is presented in 
Table 7.5. All the dimers displayed a discotic nematic phase. As can be seen 
from the table, ether dyads with shorter spacers 19.1 and 19.2 showed very 
narrow or unstable mesophase. Th e mesophase range was comparatively 
broader for dimers 19.3–19.5 with longer spacers. Th e clearing tempera-
tures of dimers show a signifi cantly odd-even eff ect. For a steady spacer 
length (19.5–19.7), the length of a peripheral chain had a huge eff ect on 
crystalline-to-nematic point, clearing temperature, as well as the meso-
phase range. However, none of these dimers exhibited Nb phase. 

Ester and amide linkages in the spacer led to increase in melting as well 
as clearing temperatures. Dimer 22.1 has the highest melting and clear-
ing points may be due to the hydrogen bonding of amide linkage. Th e 
insertion of siloxane unit in the spacer led to decrease in the mesophase 

Table 7.5 Th ermal behaviour (°C) of pentyne dimers.

Str R n Mesophase behaviour Ref.

19.1 C5H11 8 Cr 127 ND 127.8 I [12]

19.2 C5H11 9 Cr (112.5 ND) 131 I [12]

19.3 C5H11 10 Cr 129.1 ND 153.5 I [12]

19.4 C5H11 11 Cr 118.2 ND 140.8 I [12]

19.5 C5H11 12 Cr 121.4 ND 156.2 I [11]

19.6 C6H13 12 Cr 92 ND 107 I [14]

19.7 C7H15 12 Cr 76 ND 85 I [15]

22.1 Cr 202 ND 230 I [16]

22.2 Cr 159 ND 180 I [16]

22.3 Cr 167 ND 197 I [16]

22.4 Cr 166 ND 196 I [16]

22.5 Cr 158 ND 172 I [16]

23 Cr 169 ND 209 I [17]

24.1 Cr 142 I [17]

24.2 Cr 38 ND 55 I [17]
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temperatures. Compound 24.1 (Scheme 7.7) with peripheral methyl group 
was not liquid crystalline, however, when this group was substituted with 
hexyloxy group as in compound 24.2, then a low temperature nematic 
phase formed.

 7.2.3 Discotic Dimers Based on Cyclotetraveratrylene Core
Percec and co-workers [20] have reported the synthesis of a cyclotetrav-
eratrylene dimer 27 in which two cyclotetraveratrylene rings were joined 
through a hexadecane spacer. Th e condensation of alcohol 26 and dimeric 
alcohol 25 in the presence of a strong acid gave dimer and other branched 
oligomers of cyclotetraveratrylene mesogens (Scheme 7.8). Th e dimer 
exhibited liquid crystalline behaviour at room temperature. It showed 
three types of columnar mesophases. Th e high temperature mesophase 
was Colh, while the nature of other two mesophases is unknown. Th e clear-
ing temperature of this dimer is lower than the monomer.

 7.2.4 Discotic Dimers Based on Dibenzo[a,c]phenazine Core
Discotic dimers based on dibenzo[a,c]phenazine core have been explored 
by Tzeng et al. [19] Th e intermediate 28 was prepared from the reaction of 
monoalkylated catechol with the appropriate dibromoalkane. A two step 
nitration of 28 gave the tetranitrated product which was then reduced to 
tetra-amine 29. Th e target dimeric molecules were prepared by the con-
densation of tetra-amine 29 with 1,2-diketone derivatives 30 or 31. Th e 
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bisquinoxaline derivatives 32 were found to be non-mesogenic. Th e non-
planarity of the unfused rings in derivatives 32 might preclude the meso-
phase formation. A rich polymorphism from Colh to Colr was observed for 
dimeric compounds 33.1–33.6, irrespective of the peripheral chain length. 
On cooling, all of them form glasses to room temperature, which can last 
for a few hours to months. From the XRD studies, it was found that these 
mesogens adopt the folded conformation (mostly anti-parallel) in the liq-
uid crystalline state. Th is has enabled liquid crystal formation for shorter 
spacers as well. Interestingly, these dimers also form organogels, indicating 
great ability to form a 3D network. 

Ong and co-workers [20] designed a series of dimers 33.7–33.9 having 
a bulky isopropoxy group at the α-position to the linker. Th ese compounds 
were prepared according to Scheme 7.9. Spacer length was made constant 
in these dimers. With increase in the peripheral chain length, mesophase 
changed from Colh to DL. Th e lamellar structure can be explained by the 
steric eff ect attributable to the isopropoxy group in proximity to the linker 
of the dimer, which prohibits intra-molecular and intercalated inter-
molecular packing. All the mesophases were readily frozen into a glassy 
state at room temperature (Table 7.6).

Bozek and Williams [21] prepared a dibenzophenazine based dimer 37 
starting from carboxylic acid 34, which was converted to corresponding 
acid chloride 35 on treatment with oxalyl chloride followed by addition of 
excess propane-1,3-diol to aff ord the monoester 36. Th is monoester was 
then on treatment with acid chloride 35 gave dimer 37 (Scheme 7.10). Th is 
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Table 7.6 Th ermal behaviour (°C) of Dibenzo[a,c]phenazine dimers.

Str R R1 n Mesophase behaviour Ref.

32.1 C6H13 C6H13 3 Cr1 15.5 Cr2 74.2 I [19]

32.2 C12H25 C12H25 3 Cr1 26.7 Cr2 82.0 I [19]

33.1 C6H13 C6H13 3 Colro 53.7 Colho1 127.4 Colho2 158.2 I [19]

33.2 C6H13 C6H13 5 Colro 52.5 Colho 180.5 I [19]

33.3 C6H13 C6H13 6 Colro 47.5 Colho 173.5 I [19]

33.4 C8H17 C8H17 3 Colro 54.6 Colho134.2 I [19]

33.5 C10H21 C10H21 3 G 49.1 Colho 87.0 I [19]

33.6 C12H25 C12H25 3 I 75.8 Colho 20.8 G [19]

33.7 C6H13 CH(CH3)2 3 Colhg 39.6 Colh 181.2 I [20]

33.8 C10H21 CH(CH3)2 3 DLg 17.7 DL 97.7 I [20]

33.9 C12H25 CH(CH3)2 3 DLg 38.6 DL 101.0 X 105.0 I [20]
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Scheme 7.10 Synthesis of dibenzophenazine dimer 37: (i) (COCl)2, DMF, DCM, RT, 3 h; 
(ii) 1,3-propanediol, pyridine, DCM, RT, 20 h; (iii) 35, pyridine, DCM, RT, 20 h.
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dimer possesses a broad mesophase, which supercools into a highly per-
sistent glass. Th is compound also folds in the columnar phase and not in 
the solution. 

 7.2.5  Discotic Dimers Based on Hexa-peri-Hexabenzocoronene 
(HBC) Core

Mullen and co-workers [22] reported two varieties of symmetrical hexa-
peri-hexabenzocoronene dimers 42 and 46 (Schemes 7.11 and 7.12). In 
the bis(hexa-peri-hexabenzocoronene) dimer 42, the two rings were 
directly connected to each other, while in the dihexa-peri-hexabenzo-
coronenyldodecane 46, long dodecyl chain was used to connect the two 
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Scheme 7.11 Synthesis of bis(hexa-peri-hexabenzocoronene) dimer: (i) 4,4-dibromo-
biphenyl, [Pd(PPh3)4], CuI, piperidine, 80°C; (ii) tetra(4-tert-butylphenyl)
cyclopentadiene, diphenyl ether, refl ux; (iii) FeCl3, CH2Cl2; (iv) [Ni(COD)2], 2,2’-bipyridyl, 
toluene, 60°C.



314 Advanced Functional Materials

rings. Two routes have been used to prepare bishexa-peri-hexabenzo-
coronene dimers  42 (Scheme 7.11). Nickel-catalysed reductive coupling 
of the bromo- substituted HBC 41 in the presence of 2,2’-bipyridyl and 
1,5-cyclooctadiene (COD) aff orded bis(hexa-peri-hexabenzocoronene) 
dimers. Alternatively, dimer 42 can be prepared from the oligophenyl-
ene precursor 39 via oxidative cyclodehydrogenation. Th e dihexa-peri-
hexabenzocoronenyldodecane dimer 46 was obtained by making the use 
of cycloaddition and cyclodehydrogenation reactions. Compound 42.1 
showed a solid to mesophase transition at 124°C on heating, but on further 
heating no clearing transition was noticed up to decomposition. Th e liq-
uid crystalline nature was confi rmed by X-ray diff raction. For compound 
42.2, authors didn’t provide any information on mesophase behaviour. 
Compound 46 melted at 53°C to ordered hexagonal mesophase and went 
to isotropic phase at 370°C. 

In order to understand the eff ect of hydrogen bonding on the supramo-
lecular order of HBC dimers, Mullen and co-workers [23] prepared two 
dimers 53 connected through fl exible spacer containing amide and ester 
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Scheme 7.12 Synthesis of dihexa-peri-hexabenzocoronenyldodecane dimer: (i) 
4-n-dodecyloxyphenylacetylene, [Pd(PPh3)4], CuI, piperidine, 80°C; (ii) tetra(4-tert-
butylphenyl)cyclopentadienone, diphenyl ether, refl ux; (iii) FeCl3, CH2Cl2.
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groups. Th ese dimers were prepared according to Scheme 7.13. Dimer 
53.1 remained in the pseudo-crystalline phase over the temperature range 
of –100°C to 300°C. Compound 53.2 was found to be room temperature 
liquid crystalline exhibiting Colho phase. It didn’t go to isotropic phase on 
heating up to 300°C. Solid state NMR indicated a very unstable pseudo-
crystalline phase below 14°C. Th e formation of disordered 3D network 
due to the fl exibility of the ester linkage was assumed to be the reason 
for the absence of any long-range pseudocrystalline phase for this dimer 
below 14°C. However, in case of dimer 53.1, additional hydrogen bond-
ing of amide linkage lead to the formation of very stable pseudocrystalline 
phase, and consequently the system failed to reach any mesophase before 
decomposition on heating.

Watson et  al. [24] prepared two cyclophane-like dimers 56 and 57 of 
HBC, in which two HBC rings were joined by an intramolecular ring- 
closing metathesis reaction of the diene derivative to yield an isomeric (cis 
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and trans) mixture of dimer 56. Th e Pd catalysed hydrogenation of dimer 56 
yielded dimer 57 (Scheme 7.14). Both the dimers were found to assemble in 
the 2D hexagonal columnar arrangement. Cyclophane 56 showed a revers-
ible endothermic fi rst order transition at 40°C on heating, while dimer 57 
showed only a very weak second-order transition, most likely a glass transi-
tion at –10°C. Th e mesomorphism of both the dimers persisted up to 400°C 
on heating. Conversion of the double bond to the saturated single bond 
resulted in inhibition of bulk crystallisation tendency of HBC cores.

 7.2.6 Discotic Dimers Based on Phthalocyanine Core

 7.2.6.1 Phthalocyanine Double Deckers
Phthalocyanine double deckers, i.e. bis(2,3,9,10,16,17,23,24-octasubsti-
tuted-phthalocyaninato) metal complexes are the compounds in which a 
rare earth metal is sandwiched between two phthalocyanine moieties. Th e 
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Scheme 7.14 Synthesis of cyclophane-like HBC dimer: (i) 4-phenylmagnesiumbromide, 
Pd catalyst, THF, 55°C; (ii) RuLn, toluene; (iii) Pd/C, THF, H2.
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two rings in these metal complexes are face-to-face linked, but they are at 
an angle of 45° with respect to each other. Th e valence state of this com-
pound also shows a quite interesting feature. Out of the two rings, one ring 
is dianionic, while the other one is radical. As a consequence, one ring with 
radical is more distorted than the other ring. However, on heating, the free 
electron can delocalise on both the rings to make both rings structurally 
equivalent. As a result, charge carrier mobility increases generally on heat-
ing. Th ese systems have gained much interest nowadays due to their very 
high charge carrier mobilities. Phthalocyanine double deckers have also 
been employed as resistive and voltammetric sensors.

First phthalocyanine double decker compound was reported by 
Piechocki et al. [25] Since then a number of compounds based on phtha-
locyanine have been prepared and studied for liquid crystalline behaviour.

Based on peripheral substitutions, these compounds can be divided into 
three categories: (i) compounds with peripheral alkoxy or phenoxy substit-
uents 59.1–59.52, (ii) compounds with peripheral thioalkoxy substituents 
60.1–60.5 and (iii) compounds with peripheral alkyl or phenyl substitu-
ents 61.1–61.27. All these phthalocyanine double deckers can be prepared 
according to Scheme 7.14. 

Piechoki et  al. [25] in 1985 reported the fi rst phthalocyanine double 
decker compound with Lu (III) metal. Later on several complexes with met-
als like Eu, Tb, Lu, Ce, Gd, Sm, Dy, etc. have been synthesised and investi-
gated for mesomorphic properties. Th e metal complexes with Lu (III) metal 
are still the most widely synthesised and studied complexes (Scheme 7.15). 
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Table 7.7 summarises the mesomorphic behaviour of phthalocyanine 
complexes substituted with alkoxy or phenoxy groups. Th e lowest homo-
logue of bis(octaalkoxyphthalocyaninato)lutetium(III) 59.5 was found to 
be non-liquid crystalline [25]. However, the oxidised form of this complex 
exhibits mesomorphism. All the other derivatives of this series 59.9, 59.20, 
59.22, 59.25 and 59.27 were found to have two kinds of mesophases, Colr 
in the lower temperature range and Colh in the higher temperature range. 
Crystal-to-mesophase temperature was found to increase with the length 
of the alkoxy chain, while the mesophase-to-isotropic temperature was 
found to decrease with increase in chain length. Longer chain derivatives 
59.20, 59.22, 59.25 and 59.27 exhibited crystal-to-crystal transition also. 
Because of the high viscosity of the mesophase of compounds 59.22, 59.25 
and 59.27, a rare superheated transition from a crystalline phase to a dis-
cotic phase was also observed. 

Binnemans et  al. [26] synthesised bis[octaalkoxyphthalocyaninato]
erbium(III) complexes 59.1–59.4, 59.7, 59.8, 59.10, 59.21, 59.23, 59.24 
and 59.26 with alkyl chain ranging from C4 to C18. Th ese compounds 
exhibit a viscous mesophase over a broad temperature range. Th e melting 
and clearing points decrease with increase in the chain length. In order 
to see the eff ect of various other metal atoms, they also synthesised com-
plexes containing same alkyl chain but diff erent metals (59.10–59.20). It 
was found that variation of central metal atom has not much eff ect on the 
transition temperatures. As we go from lighter metal complex 59.11 to 
heavier metal complex 59.19 and 59.20, a decrease in the mesomorphic 
range was observed. Th is might be due to the fact that here the metals 
are sandwiched between the two phthalocyanine rings, limiting as such 
possible additional interactions with neighbouring molecules. So, in these 
molecules the mesophase behaviour is governed only by the phthalocya-
nine rings.

Four poly(oxyethylene) substituted lutetium(III) double decker com-
plexes 59.28–59.31 have been prepared by Toupance et al. [27] All these 
compounds were found to be soluble in a number of solvents includ-
ing water. Th e stability domain of the mesophase for these complexes 
was found to be dependent on the chain length. For compounds 59.28 
and 59.29, only a single transition corresponding to crystal-to-isotro-
pic was found and compound 59.31 was liquid at room temperature. 
Compound 59.30 displayed columnar tetragonal phase with a lattice 
constant of 26.7 Å. 

Ohta and co-workers [28, 29] studied the mesomorphic behaviour of 
bis[2,3,9,10,16,17,23,24-octakis(3,4-dialkoxyphenoxy)-phthalocyaninato] 
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Table 7.7 Th ermal behaviour (°C) of bis(2,3,9,10,16,17,23,24-octaalkoxyphtha-
locyaninato)lanthanum(III) complexes.

Str R M Mesophase behaviour Ref.

59.1 OC4H9 Er Cr 202 Colh> 280 Dec [26]

59.2 OC5H11 Er Cr 174 Colh> 280 Dec [26]

59.3 OC6H13 Er Cr 147 Colh> 280 Dec [26]

59.4 OC8H17 Er Cr 137 Colh 263 I [26]

59.5 OC8H17 Lu Cr 25 I [25]

59.6 OC8H17 Gd Cr1 15 Cr2 61 Colr 93 
Colh 141 I

[32]

59.7 OC9H19 Er Cr 93 Colh 239 I [26]

59.8 OC10H21 Er Cr 71 Colh 180 I
Cr 63 Colho 180 I

[26]
[33]

59.9 OC10H21 Lu Cr 43 Colro 96 Colh 215 I [34]

59.10 OC12H25 Er Cr 68 Colh 174 I
Cr 54 Colho 174 I

[26]
[33]

59.11 OC12H25 Pr Cr 74 Colh 208 I [26]

59.12 OC12H25 Nd Cr 66 Colh 206 I
Cr 57 Colho 167 I

[26]
[33]

59.13 OC12H25 Eu Cr 65 Colh 203 I
Cr 60 Colho 173 I

[26]
[33]

59.14 OC12H25 Gd Cr 68 Colh 218 I [26]

59.15 OC12H25 Tb Cr 72 Colh 205 I [26]

59.16 OC12H25 Dy Cr 83 Colh 205 I [26]

59.17 OC12H25 Ho Cr 85 Colh 190 I [26]

59.18 OC12H25 Tm Cr 68 Colh 182 I [26]

59.19 OC12H25 Yb Cr 84 Colh 192 I [26]

(Continued)
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Str R M Mesophase behaviour Ref.

59.20 OC12H25 Lu Cr 92 Colh 188 I
Cr 24 M 30 I
Cr1 18 Cr2 61 Colro 90 

Colho 196 I
Cr 85 Colho 185 I
Cr1 41 Cr2 85 Colh 189 I

[26]
[25]
[34]
[33]
[35]

59.21 OC14H29 Er Cr 58 Colh 180 I [26]

59.22 OC14H29 Lu Cr1 32 Cr2 51 Colro 72 
Colho 171 I

[34]

59.23 OC15H31 Er Cr 44 Colh 170 I [26]

59.24 OC16H33 Er Cr 43 Colh 163 I [26]

59.25 OC16H33 Lu Cr1 33 Cr2 51 Colro 61 Colho 
149 I

[34]

59.26 OC18H37 Er Cr 65 Colh 151 I
Cr 61 Colho 154 I

[26]
[33]

59.27 OC18H37 Lu Cr 51 M 56 I
Cr1 41 Cr2 54 Colro 64 Colho 

131 I

[25]
[34]

59.28 OCH2CH2OCH3 Lu Cr 246 I [27]

59.29 O(CH2CH2O)2CH3 Lu Cr 138 I [27]

59.30 O(CH2CH2O)3CH3 Lu Cr 53 Colt 57.6 I [27]

59.31 O(CH2CH2O)4CH3 Lu Liquid [27]

59.32 OC6H3[m,p-(OC8H17)2] Tb Colh 147 Colr 262 I [31]

59.33 OC6H3[m,p-(OC8H17)2] Lu Colr 174 I [29]

59.34 OC6H3[m,p-(OC8H17)2] Eu Colr1 145 Colr2 210 Colr3 
256 I

[30]

59.35 OC6H3[m,p-(OC9H19)2] Tb Colh 149 Colr 187 Cub 248 I [31]

59.36 OC6H3[m,p-(OC9H19)2] Lu Colr 152 Coltet 168 I [29]

59.37 OC6H3[m,p-(OC10H21)2] Tb Colh 142 Cub 178 Cub 252 I [31]

(Continued)

Table 7.7 (Cont.)
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Str R M Mesophase behaviour Ref.

59.38 OC6H3[m,p-(OC10H21)2] Eu Colh 144 Cub 178 Cub 247 I [30]

59.39 OC6H3[m,p-(OC11H23)2] Tb Colh 142 Cub 165 Cub 244 I [31]

59.40 OC6H3[m,p-(OC11H23)2] Lu Colr 72 Colr 111 Coltet 168 I [29]

59.41 OC6H3[m,p-(OC12H25)2] Lu Cr 35 Colh 139 Cub1 164 
Cub2 216 Colt 239 I

[28]

59.42 OC6H3[m,p-(OC12H25)2] Tb Colh 142 Cub 165 Cub 245 I [31]

59.43 OC6H3[m,p-(OC12H25)2] Eu Colh 146 Cub 177 Cub 247 I [30]

59.44 OC6H3[m,p-(OC13H27)2] Lu Cr 31 Colh 122 Cub1 143 
Cub2 166 Colt 222 I

[28]

59.45 OC6H3[m,p-(OC13H27)2] Tb Cr 36 Colh 140 Cub 169 
Cub 232 I

[31]

59.46 OC6H3[m,p-(OC14H29)2] Tb Cr 38 Colh 137 Cub 167 
Cub 232 I

[31]

59.47 OC6H3[m,p-(OC14H29)2] Lu Cr 34 Coltet 141 I [29]

59.48 OC6H3[m,p-(OC14H29)2] Eu Cr 37 Colh 136 Cub 165 
Cub 228 I

[30]

59.49 OC6H3[m,p-(OC15H31)2] Tb Cr 46 Colh 134 Cub 161 
Cub 222 I

[30]

59.50 OC6H3[m,p-(OC16H33)2] Tb Cr 47 Colh 133 Cub 165 
Cub 217 I

[31]

59.51 OC6H3[m,p-(OC16H33)2] Lu Cr 52 Colr 77 Coltet 153 I [29]

59.52 OC6H3[m,p-(OC16H33)2] Eu Cr 49 Colh 133 Cub 158 
Cub 216 I

[30]

Table 7.7 (Cont.)

lutetium(III) complexes 59.33, 59.36, 59.40, 59.41, 59.44, 59.47 and 
59.51. Th ese complexes exhibited three kinds of mesophases namely; Colh, 
Cub and Coltet. Th is is the fi rst instance where a phthalocyanine deriva-
tive exhibited two Cub phases. In Coltet phase, a monodomain spontane-
ous homeotropic alignment has been achieved. Th e low temperature Colh 
phase gave a stacking distance of 10.1 Å. Th is large distance can be linked 
to steric hindrance of the eight peripheral phenoxy groups.
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Similar phenoxy complexes with Eu(III) [30] 59.34, 59.38, 59.43, 59.48 
and 59.52 and Tb (III) [31] metals 59.32, 59.35, 59.37, 59.39, 59.42, 59.45, 
59.46, 59.49 and 59.50 have also been synthesised. Except for the lowest 
homologues with n = 8 and n = 9, all derivatives showed two Cub phases. 
Cub phase in the lower temperature range was found to have Pn3m sym-
metry and forms a bicontinuous structure with branched columns. Th e 
Cub phase in the higher temperature range had Pm3n symmetry and 
forms a discontinuous structure with short columns. 

Two kinds of gadolinium containing octakis(octyloxy)phthalocyanine 
sandwich complexes 59.6 and 62 have been prepared by Zhang et al. [32] 
In complex 59.6, gadolinium metal was sandwiched between two phthalo-
cyanine rings and the other double decker complex 62 was between sub-
stituted and unsubstituted phthalocyanine rings. Th is compound exhibited 
rather simple phase transition as compared to the symmetrical complex. 
Th e clearing point and phase transition temperatures depend on the 
molecular structure of the sandwiched compounds.
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Table 7.7 also summarises the thermal behaviour of alkoxy complexes 
of various other rare earth metals, Pr (59.11), Nd (59.12), Eu (59.13), Tb 
(59.15), Dy (59.16), Ho (59.17), Tm (59.18) and Yb (59.19).

Th e thermal behaviour of octaalkyl and alkoxyphenyl substituted phtha-
locyanines lutetium complexes 60.1–60.5 is summarised in Table  7.8. 
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Th ese derivatives displayed a variety of mesophases. Th e mesophase range 
of peripherally alkyl substituted complexes is very narrow. But for alkoxy-
phenyl substituents, mesophase range is broader as compared to alkyl sub-
stituted ones. Compound 60.2 was the fi rst phthalocyanine complex, in 
which a disordered oblique columnar phase was observed at room tem-
perature. However, the mesophase range is too small and 60.2 went to iso-
tropic phase at 32°C. But unusually this phase relaxes to columnar phase 
on leaving as such. Further heating lead to isotropisation at 44°C. Similar 
behaviour has also been observed for compound 60.3. Compound 60.5 
showed tetragonal columnar phase at room temperature. On heating, the 
stacking of molecules in the column becomes loose due to vigorous ther-
mal mobility of alkyl chain. Th is resulted in transformation of lattice to 
hexagonal phase.

Table 7.9 presents the thermal data of thioalkyl substituted phthalocya-
nine double deckers of various rare earth metals, Eu (61.5, 61.9, 61.13, 
61.17, 61.21), Tb (61.6, 61.10, 61.14, 61.18, 61.22, 61.25), Lu (61.1, 61.7, 
61.11, 61.15, 61.19, 61.23, 61.26), Ce (61.8, 61.12, 61.16, 61.20, 61.24, 
61.27), Gd (61.2), Dy (61.3) and Sm (61.4). Within the lanthanide series, 
the isotropisation temperature decreases as the chain length increases. 
As compared to alkoxy compounds, thioalkyl compounds exhibited 
lower clearing temperatures. For decylthio (61.9–61.12), dodecylthio 
(61.13–61.16) and tetradecylthio (61.19, 61.20) substituted derivatives, 
an additional mesophase was also observed. It has been found that the 
lower temperature phase of compound 61.13 possess properties of both 
hexagonal and rectangular mesophases. Th e core-to-core distance was 
found to be 3.3 Å. On the basis of this distance and ratio of peaks, this 
phase has been assigned as pseudohexagonal. In this phase, the non-tilted 
disks were arranged in a hexagonal pattern, but overall have a rectan-
gular arrangement. In x-ray diff raction, for smaller chain derivatives in 

Table 7.8 Th ermal behaviour (°C) of alkyl/phenyl substituted phthalocyanine 
lutetium(III) complexes.

Str R M Mesophase behaviour Ref.

60.1 C8H17 Lu Cr 79 Colhd 82 I [36]

60.2 C12H25 Lu Colob 32 I [36]

60.3 C18H37 Lu ColL 30 I [36]

60.4 C6H4(p-OC18H37) Lu Colt 46.9 Colhd 242 I [37]

60.5 CH2OC18H37 Lu Cr 51 Colh 56 I [37]
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Table 7.9 Th ermal behaviour (°C) of bis(2,3,9,10,16,17,23,24-octathioalkyl-
phthalocyaninato)lanthanum(III) complexes.

Str R M Mesophase behaviour Ref.

61.1 SC6H13 Lu Cr 120 Colh 242 I [38]

61.2 SC6H13 Gd Cr 52 Colh 258 I [39]

61.3 SC6H13 Dy Cr 55 Colh 250 I [39]

61.4 SC6H13 Sm Cr 60 Colh 240 I [39]

61.5 SC8H17 Eu Cr 98 Colh 252 I [40]

61.6 SC8H17 Tb Cr 102 Colh 242 I [40]

61.7 SC8H17 Lu Cr1 45 Cr2 84 Colh 219 I [40]

61.8 SC8H17 Ce Cr 95 Colhd 257 I [41]

61.9 SC10H21 Eu Cr –1 Col 68 Colh 209 I [40]

61.10 SC10H21 Tb Cr 3 Col 56 Colh 205 I [40]

61.11 SC10H21 Lu Cr 6 Col 40 Colh 192 I [40]

61.12 SC10H21 Ce Cr 4 Colho 56 Colhd 217 I [41]

61.13 SC12H25 Eu Cr 22 Col 64 Colh 181 I [40]

61.14 SC12H25 Tb Cr 20 Col 53 Colh 172 I [40]

61.15 SC12H25 Lu Cr 27 Col 38 Colh 167 I [40]

61.16 SC12H25 Ce Cr –3 Colho 47 Colhd 180 I [41]

61.17 SC14H29 Eu Cr 13 Colh 152 I [40]

61.18 SC14H29 Tb Cr 22 Col 47 Colh 144 I [40]

61.19 SC14H29 Lu Cr 38 Colh 145 I [40]

61.20 SC14H29 Ce Cr 31 Colho 47 Colhd 156 I [41]

61.21 SC16H33 Eu Cr 50 Colh 134 I [40]

61.22 SC16H33 Tb Cr 46 Colh 132 I [40]

61.23 SC16H33 Lu Cr 46 Colh 126 I [40]

61.24 SC16H33 Ce Cr 49 Colhd 139 I [41]

61.25 SC18H37 Tb Cr 33 Colh 116 I [40]

61.26 SC18H37 Lu Cr1 32 Cr2 53 Colh 110 I [40]

61.27 SC18H37 Ce Cr 53 Colhd 119 I [40]
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lower temperature range, two kinds of stacking distance of 7 and 3.5 Å has 
been observed corresponding to double-decker and single-decker phtha-
locyanines, respectively. Because of distortion in planarity caused by the 
radical nature, one of the phthalocyanine rings acquires a dome shape. At 
higher temperature, faster trampoline movement of the dome gives time- 
averaged, single-decker packing distance.

As compared to other lanthanide metal double-decker complexes, 
cerium based complexes 61.8, 61.12, 61.16, 61.20, 61.24 and 61.27 show 
diff erent behaviour. Here both the rings are dianionic, hence cerium is in 
tetravalent oxidation state. Th e extent of distortion from planarity is the 
same for both phthalocyanine rings. As a consequence, cerium based 
sandwiched complexes show wider mesophase than other rare earth metal 
complexes. Th ese compounds show a strong tendency towards homeo-
tropic arrangement of their Colh phase on a glass substrate, which persist 
at room temperature. Long chain homologues are in glassy state at room 
temperature, whereas shorter chain ones are liquid crystals.

 7.2.6.2  Phthalocyanine Complexes Connected through Flexible 
Spacers

Bryant et al. [43, 44] reported a number of dinuclear phthalocyanine com-
plexes 65, in which two phthalocyanine moieties were joined through a 
fl exible spacer. Th e esterifi cation of monohydroxyalkyl phthalocyanines 63 
with excess of oxalyl chloride yields a phthalocyanine derivative 64 with a 
terminal carbonyl chloride group. Th is was followed by esterifi cation with 
one equivalent of 63 to give the desired dimer 65 (Scheme 7.16). As can 
be seen from the Table 7.10, dimer with the smallest linking spacer 65.1 
was not liquid crystalline. Higher homologues (65.2–65.4) exhibited two 
kinds of mesophases, i.e. Colr and Colh. On increasing the spacer length, 
a decrease in the Colr to Colh transition temperature can be observed. 
Compound 65.5 with longest spacer length exhibited only a single meso-
phase. Only a single compound 65.6 with Cu metal has been reported with 
chain length of C5. Compound 65.6 when compared to 65.3 compound 
was found to have higher melting temperature, clearing temperature as 
well as mesophase range.

 7.2.7 Discotic Dimers Based on Porphyrin Core

 7.2.7.1 Porphyrin Double Deckers
Ohta and co-workers [45] investigated mesomorphism in porphyrin dou-
ble deckers linked through Ce metal 67.1–67.7. Th ese materials were syn-
thesised by reacting metal free porphyrins 66 with cerium acetate as shown 
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Table 7.10 Th ermal behaviour (°C) of dinuclear phthalocyanine complexes.

Str n M Mesophase behaviour Ref.

65.1 3 2H Cr 160 I [43, 44]

65.2 4 2H Colr 144 Colh 163 I [43, 44]

65.3 5 2H Colr 135 Colh 180 I [43, 44]

65.4 6 2H Colr 123 Colh 188 I [43, 44]

65.5 8 2H Col 175 I [43, 44]

65.6 5 Cu Colr 161 Colh 254 I [43, 44]
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Scheme 7.16 Synthesis of dinuclear phthalocyanine complexes: (i) ClCOCOCl, DCM, 
K2CO3; (ii) 1,2-dichloroethane, K2CO3.
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in Scheme 7.17. Th e mesophase behaviour of these compounds is sum-
marised in Table 7.11. It is clear from the table that number of alkyl chains 
in the dimers plays a signifi cant role in exhibiting liquid crystalline behav-
iour. Compound 67.1 with eight alkoxy substitutions showed columnar 
lamellar phase, while compounds 67.2, 67.3, 67.6 and 67.7 with sixteen 
alkyl chains exhibited Colr phase. Compound 67.1 was in crystalline state 
at room temperature and had the highest value of isotropic temperature 
among all other compounds of the series. Because of the high viscosity 
of the isotropic phase of 67.2, 67.3, 67.6 and 67.7, it was not possible to 
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Scheme 7.17 Synthesis of porphyrin double deckers.

Table 7.11 Th ermal behaviour (°C) of porphyrin double deckers.

Str R Mesophase behaviour Ref.

67.1 C14H29 Cr 93.3 ColL 105.8 I [45]

67.2 C8H17 Colr 71 I [45]

67.3 C10H21 Colr 70.3 I [45]

67.4 C12H25 Liquid [45]

67.5 C14H29 Liquid [45]

67.6 C16H33 Colr 43.5 I [45]

67.7 C18H37 Colr 51.3 I [45]
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get back the Colr phase while cooling. Th ese compounds remained in the 
supercooled isotropic liquid state. Th e stacking distances corresponding to 
double decker (8.6 Å) and single decker (3.7 Å) were observed in x-ray for 
the lamellar phase of compound 67.1.

Shimizu et al. [46] reported the synthesis and mesomorphism of μ-oxo-
dimer 69 formed by heating the hydroxoaluminium(III) complex of tetra-
phenylporphyrin 68 above its isotropic temperature (Scheme 7.18). Th is 
conversion has been proved by the absence of OH peaks in IR and NMR 
techniques. Monomeric compound 68 was crystalline at room tempera-
ture and exhibited a Colh phase on heating to 84°C. On further heating, 
this compound changed to isotropic phase at 150°C. Dimeric compound 
69 was liquid crystalline at room temperature. It exhibited two ColL phases 
before going to isotropic state at 148°C.

 7.2.7.2 Triply Fused Metalloporpyrin Dimers
Aida and co-workers [47] reported triply fused metalloporphyrin dimers 
74 as the electroactive core by attaching to it diff erently substituted aro-
matic rings. Th ese dimers were prepared according to Scheme 7.19. Bromo-
substituted porphyrin 71 was reacted with 4,4,5,5-tetramethyl-1,3,2-diox-
aborolane substituted derivative in the presence of Pd(PPh3)4 and Cs2CO3 
to give singly fused product 73, which was reacted with DDQ to give triply 
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Scheme 7.18 Synthesis of porphyrin μ-oxo-dimer.
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fused product 74. Zn substituted derivatives were prepared in this way. 
Zn substituted derivatives were then treated with HCl and then Cu(OAc)2 
to give Cu metal substituted porphyrin dimers. Th e mesomorphic behav-
iour of these dimers is summarised in Table 7.12. As can be seen from 
the table, Cu complexes with dodecyloxy chains and triethylene glycol 
chains were non-mesomorphic. But compound 74.3 formed by a combi-
nation of these two chains showed Col phase. It was hypothesised by the 
authors that the amphiphilic molecular design of compound 74.3 leads 
to enhance π-stacking interactions due to a nanoscale phase separation 
between the hydrophobic and hydrophilic side chains. Th is compound was 
found to behave as n-type semiconductors in contrast to other porphyrin 
derivatives which mostly show hole transporting property. In order to see 
whether the electron transporting nature of this material is intrinsic to the 
core unit of the LC molecule or its particular design, they prepared two 
compounds 74.4 and 74.5 based on semi-fl uorinated alkyl chains. Th ese 
two compounds were found to show LC behaviour. Compound with mixed 
alkyl chains showed columnar rectangular phase, while columnar phase 
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with orthorhombic lattice was found for compound with semi-fl uorinated 
chains only. So side chains employed hardly change the π-electronic prop-
erties, but only due to the change in the stacking geometry of the core, 
semiconducting properties changed. Number and position of the alkyl 
chains also aff ect the mesomorphic behaviour as is demonstrated by three 
types of porphyrin complexes of Zn metal. 

 7.2.8 Discotic Dimers Based on Pyranose Sugars
Cellobiose, a readymade dimer, can form liquid crystals if substituted with 
appropriate substituents. It is a disaccharide derived from the condensa-
tion of two glucose molecules. Th ough the molecule does not possess a 
disk shape, its derivatives have been reported as discotic liquid crystals. 
Vill and Th iem [48] prepared the perlauroyl cellobioside 75.1, which gives 
a columnar mesophase. Th e acylation of dodecyl-β-D-cellobioside with 
an excess of acylating agent gave a mixture of hepta- (75.2) and hexa-
(p-dodecyloxy)benzoate 76 that was separated by chromatography. Both 
the compounds (75.2, 76) were found to show columnar phases similar 
to laurate 75.1. A series of cellobiose octaalkanoates 77 were prepared by 
Watanabe and co-workers [49, 50]. Th e short chain compound 77.1 with 
n = 6 forms a rectangular columnar phase, while its homologue 77.2 with 
n = 7 exhibits a Colh phase at higher temperature and Colr phase at lower 
temperature (Table 7.13). Homologues 77.3–77.6 with n = 8–13 display 

Table 7.12 Th ermal behaviour (°C) of triply-fused metalloporphyrin dimers.

Str R1 R2 M Mesophase behaviour Ref.

74.1 A A Cu Non-mesomorphic [47]

74.2 B B Cu Non-mesomorphic [45]

74.3 A B Cu Cr –17 Col 99 I [45]

74.4 A D Cu G –22 Colr 143 I [45]

74.5 D D Cu G –29 Colortho 188 I [45]

74.6 A A Zn Non-mesomorphic [45]

74.7 C C Zn Non-mesomorphic [45]

74.8 E E Zn G 15 Colr1 128 Colr2 200 I [45]
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only Colh phase. Similarly, esters derived from chitobiose 78 also exhibit 
an enantiotropic mesophase at temperatures ranging from 50°C to 200°C 
[49]. As expected, the amido groups in the chitobiose-derivatives stabilised 
the mesophase signifi cantly. Th e exact nature of the columnar phase has 
not been revealed.
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Table 7.13 Th ermal behaviour (°C) of discotic dimers based on pyranose sugars.

Str n Mesophase behaviour Ref.

75.1 Cr 74 Col 92.7 I [48]

75.2 Col 120 I [48]

76 Col 145 I [48]

77.1 6 Cr 4 Colr 91 I [50]

77.2 7 Cr 25 Colr 62 Colh 87 I [50]

77.3 8 Cr 37 Colh 86 I [50]

77.4 9 Cr 43 Colh 83 I
Cr 66 Colh 90 I

[50]
[49]

77.5 11 Cr 49 Colh 81 I [50]

77.6 13 Cr 56 Colh 73 I [50]

78.1 9 Cr 65 Col 207 I [51]

78.2 13 Cr 70 Col 196 I [51]

78.3 17 Cr 73 Col 185 I [51]
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 7.2.9 Discotic Dimers Based on Pyrene Core

 7.2.9.1 Pyrene Based Symmetrical Dimer
A homologues series of symmetric discotic liquid crystals 81.1–81.10 
based on pyrene core has been synthesised by Attard and Imrie [52]. 
Th e α,ω-bis-(4-formylphenyl-4’-oxy)alkanes 80 were obtained by refl ux-
ing the appropriate α,ω-dibromoalkane, 4-hydroxybenzaldehyde, K2CO3 
in ethanol. Symmetric pyrenimine benzylidene dimers 81 were obtained 
by reacting each of the α,ω-bis-(4-formylphenyl-4’-oxy)alkanes 80 with 
1-aminopyrene 79 in ethanol and 4-toluenesulfonic acid in catalytic 
amount (Scheme 7.20). Th e thermal transitions of the homologues series 
are listed in Table 7.14. With the exception of propyl and pentyl, all other 
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Scheme 7.20 Synthesis of pyrene based symmetrical dimer: (i) 4-toluenesulfonic acid, 
ethanol.

Table 7.14 Th ermal behaviour (°C) of dimers based on pyrene core.

Str n Mesophase behaviour Ref.

81.1 3 G 70 Cr 190 I [52]

81.2 4 G 66 Cr 187.9 N 213 I [52]

81.3 5 G 64 Cr 155 I [52]

81.4 6 G 66 Cr 95.4 SmA 171.7 N 204 I [52]

81.5 7 G 51 Cr 110.7 N 194 I [52]

81.6 8 G 54 Cr 101.1 SmA 157 N 184 I [52]

81.7 9 G 44 Cr 107 I [52]

81.8 10 G 44 Cr 76 SmA 147.2 N 167 I [52]

81.9 11 G 41 Cr 120.8 N 130 I [52]

81.10 12 G 35 Cr 132.9 N 152 I [52]
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dimers exhibited N phase. Compounds 81.4, 81.6 and 81.8 with n = 6, 8, 
10 also exhibited monotropic Sm phases. Th e clearing temperatures of the 
even homologues in the series initially fall rapidly as a function of increas-
ing n. By contrast, the homologues with odd-membered alkyl chains show 
a rapid increase in the N-to-I transition temperature. All the members of 
the series also formed glassy phases above room temperature. 

 7.2.9.2 Pyrene Based Non-symmetrical Dimer
A discotic dimer 82 in which alkylated hexa-peri-hexabenzocoronene was 
covalently tethered to a pyrene unit has been prepared by Tchebotareva 
et al. [53] Th e synthesis of HBC-pyrene dyad 85 is outlined in Scheme 7.21. 
Negishi type coupling of 2-bromo-5,8,11,14,17-penta(3,7-dimethyloc-
tanyl)hexa-peri-hexabenzocoronene 82 with commercially available 
3-ethoxycarbonylpropyl-1-zincbromide provided ester-functionalised 
HBC 83, which was reduced to the alcohol 84 with LiAlH4. Finally, N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) pro-
moted esterifi cation of 84 with pyrene-1-carboxylic acid yielded the 
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Scheme 7.21 Synthesis of pyrene based symmetrical dimer: (i) BrZn(CH2)3COOEt, 
Cl2Pd[dppf].CH2Cl2, THF; (ii) LAH, THF; (iii) pyrene-1-COOH, EDC, DMAP, CH2Cl2.
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desired target 85. In DSC, this dimer exhibited two transitions, one cor-
responding to Cr-Colh and the other for Colh-I. Th e polycrystalline to 
mesophase transition increased by about 23°C relative to alkyl substituted 
HBC. Th e thermal behaviour suggests that the pyrene units are involved in 
the formation of the polycrystalline state, i.e. are not spectators randomly 
distributed within the liquid-like alkyl chain sheaths of the columns. Th is 
postulation was in very good accordance with the nanoscale phase segre-
gation monitored in monolayers by STM.

 7.2.10 Discotic Dimers Based on Scylloinositol Dimer
Scylloinositol is a cyclohexanehexol stereoisomer and has the ability to 
form liquid crystals with appropriate peripheral substituents. As such the 
core is not disk-like, but some of its derivatives have been classifi ed as DLCs. 
A dimer 87 S,S’-decamethylene-bis(penta-O-benzyl-monothioscyllitol) 
was prepared from a reaction between 2-O-mesyl-1,3,4,5,6-penta-O-
benzyl-myo-inositol 86 and disodium salt of decandithiol in the pres-
ence of N,N’-dimethylethyleneurea (DMEU) at 100°C (Scheme 7.22). 
It was reported to exhibit a monotropic mesomorphism between 121°C 
and 149°C [54].

 7.2.11 Discotic Dimers Based on Triphenylene Core

 7.2.11.1 Triphenylene Based Symmetrical Dimers
Th e very fi rst example of triphenylene-based dimers has been reported by 
Ringsdorf and co-workers [55]. Th ey prepared three triphenylene dimers 
88 and 89 linked through end on as well as lateral calamitic moieties. 
Compound 88.1 with n = 1 having azobenzene moiety as the linker between 
two triphenylene units was found to be amorphous, while compound 88.2 
with n  =  2 having azobiphenyl linker was mesogenic. Th e mesophase 
was found to be SmB phase. X-ray studies on this compound indicate a 
layer structure typical for smectic phase, but in which the molecular disks 
are regularly stacked as observed for Col mesophase. Compound  89, a 
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Scheme 7.22 Synthesis of scylloinositol dimer: (i) NaS(CH2)10SNa, DMEU, 100°C.
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chemical equivalent of the “Wheel of Mainz”, was found to be spherolithic 
crystal clearing at 167°C. 

Boden et  al. [56] synthesised a series of triphenylene based symmet-
rical dimers 94 connected through fl exible polymethylene chain. Th ese 
symmetrical dimers have been synthesised in various ways. Starting from 
monohydroxypentaalkoxytriphenylene 93, dimer 94 can be synthesised 
either in a single step by reacting with 0.5 equiv. of dibromoalkane, or 
in two steps, by reacting fi rst with excess of dibromoalkane and then the 
resulting ω-bromosubstituted triphenylene 92 is reacted with monohy-
droxypentaalkoxytriphenylene 93 to give desired dimer. Second pathway 
is also useful in getting non-symmetrical triphenylenes. Th e mesomorphic 
behaviour of the symmetrical triphenylenes is summarised in Table 7.15. 
Dimers 94.4–94.6 with shorter linkers are not mesomorphic. Modelling 
studies suggested that only for those dimers for which n > 7 can form 
Colh phase. Mesophase in all these dimers can be supercooled to rela-
tively hard glassy state, in which columnar order is retained. Th e stability 
of this glassy state depends on the spacer length and on the symmetry of 
the molecules. Boden and co-workers also reported another symmetrical 
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dimer 94.12 having eight long alkoxy chains and two methoxy substitu-
ents. Th e required monomer can be easily prepared via phenyl-biphenyl 
coupling as shown in Scheme 7.23. On heating, this compound showed 
a crystal-to-isotropic transition at 112°C, but on cooling exhibited Colh 
phase at 98°C [56–62].

Table 7.15 Th ermal behaviour (°C) of triphenylene based symmetrical dimers 
connected through fl exible polymethylene chain.

Str R R’ n Mesophase behaviour Ref.

94.1 C4H9 C4H9 2 Cr1 62 Cr2150 I [63]

94.2 C4H9 C4H9 3 Cr 154 I [63]

94.3 C4H9 C4H9 4 Cr 113 I [63]

94.4 C4H9 C4H9 5 Cr 80 Colrp 120 I [63]

94.5 C4H9 C4H9 6 Colhp 81.8 Colh 123.3 I [63]

94.6 C4H9 C4H9 7 Colhp 116.6 Colh 130.7 I [63]

94.7 C4H9 C4H9 8 Colhp 151.3 I [56]

94.8 C4H9 C4H9 9 Colhp 154.2 I [56]

94.9 C4H9 C4H9 10 Colhp 144.8 Colh 146.7 I [58]

94.10 C4H9 C4H9 11 Colhp 130.6 Colh 140.8 I [58]

94.11 C4H9 C4H9 12 Colhp 103.3 Colh 125.8 I [58]

94.12 C5H11 C5H11 10 Cr 67 Colh 135.6 I [59]

94.13 C6H13 C6H13 3 Cr 81 I [59]

94.14 C6H13 C6H13 5 Cr 98 I [59]

94.15 C6H13 C6H13 7 Cr 69 I [59]

94.16 C6H13 C6H13 8 Cr 58 Colh (35 g) 91 I [59]

94.17 C6H13 C6H13 9 Cr 72 Colh (35 g) 92 I [59]

94.18 C6H13 C6H13 10 Cr 50 Colh (35 g) 104 I [59]

94.19 C6H13 C6H13 12 Cr 68 Colh (35 g)107 I [59]

94.20 C6H13 C6H13 16 Cr 41 Colh (35 g) 84 I [59]

94.21 C6H13 CH3 10 Cr (98 Colh 33 g) 84 I [57]
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Molecular architecture and functionalisation are two important aspects 
in the molecular engineering of liquid crystalline materials. Some physi-
cal parameters such as supramolecular order of mesophase, stability of 
mesophase, processability and electronic properties of liquid crystalline 
materials need to be controlled for an effi  cient engineering of devices. 
Functionalisation of discotic systems can give materials with apt physi-
cal properties for device applications. Keeping this idea, Kumar and 
 co-workers [64] prepared three triphenylene based dimers functionalised 
with NO2 group (95.1–95.3). Th ese were prepared from the precursor 
mononitro-monohydroxy-pentaalkoxytriphenylene which was alkylated 
with ω-hydroxybromoalkane. Th e resulting alcohol was coupled with vari-
ous diacid chlorides to obtain the dimers. All the compounds were found 
to possess Colh phase. As the spacer length increase, clearing temperature 
decreases. A similar dimer 95.4 but without NO2 group has also been 
reported by Manikam et al. [65]. Th is compound was non-mesomorphic 
may be because of very short spacer length (Table 7.16). 

Four symmetrical triphenylene dimers 96 in which two pentaalkoxytri-
phenylene units are connected via an ester linkage were reported by Kranig 
et al. [66] All the compounds were found to be liquid crystalline at room 
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temperature. Th ese dimers exhibit a much broader mesophase range com-
pared with the dimers linked via ether bridges (Table 7.17). 

Mesomorphic dimeric molecules 97.1–97.5 consisting of discotic triphe-
nylene rigid units and fl exible ethylene oxide spacers have been prepared 
by Kato and co-workers [67]. Th e introduction of ethylene oxide chains 
into the triphenylene molecules lowers the melting and isotropisation 

Table 7.17 Th ermal behaviour (°C) of ester linked triphenylene dimers.
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Str y R Mesophase behaviour Ref.

96.1 10 C5H11 Colh 180 I [66]

96.2 12 C5H11 Colh 168 I [66]

96.3 14 C5H11 Colh 147 I [66]

96.4 14 C7H14 Colh 147 I [66]

Table 7.16 Th ermal behaviour (°C) of functionalised triphenylene dimers.
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Str x y R R’ Mesophase behaviour Ref.

95.1 2 0 C4H9 NO2 Cr (169.1 Col) 198.8 I [64]

95.2 2 2 C4H9 NO2 Colh 163.0 I [64]

95.3 2 4 C4H9 NO2 Colh 144.9 I [64]

95.4 7 1 C5H11 H Cr 33.5 I [65]
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temperature of the molecules. Liquid crystallinity of these compounds is 
greatly dependent on the ethylene oxide spacers. Th e Lithium salt com-
plexes of compound 97.2 (with n = 4) showed Colh phase at lower concen-
tration, while at higher concentrations mesophase was not found. Th ese 
molecules can function as anisotropic materials for transport of ions and 
holes (Table 7.18).

During the preparation of main chain triphenylene polymers, Boden 
and co-workers [68] isolated a low-molar mass compound that was identi-
fi ed as a cyclic dimer having structure 98 or 99. Th e similarity of the 1H 
NMR spectrum of the dimer 98 with that of polymer supports structure 98 
over 99. Th e dimer shows a mesophase range of 130–140°C.

Schulte et  al. [69] prepared six novel triphenylene-based spiro-twins 
103 by condensing 1,2-dihydroxytriphenylenes 100 with a tetrabromide 
101. Although the phenyl-biphenyl coupling route to prepare a variety of 
symmetrical and unsymmetrical triphenylenes is well established, eff orts to 
prepare these spiro-twins by this technique failed. Th e thermal behaviour 
of these compounds is summarised in Table 7.19. Whereas compounds 
103.1 and 103.2 containing pentyloxy and hexyloxy chains, respectively, 

Table 7.18 Th ermal behaviour (°C) of triphenylene dimers with ethylene oxide 
spacers.
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Str R n Mesophase behaviour Ref.

97.1 C6H13 3 Cr (54 Colh)77 I [67]

97.2 C6H13 4 Cr 50 Colh 93 I [67]

97.3 C6H13 5 Cr 50 Colh 83 I [67]

97.4 C6H13 6 Cr 43 I [67]

97.5 C6H13 8 Cr 38 I [67]
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Table 7.19 Th ermal behaviour (°C) of triphenylene spiro-twins.

Str R Mesophase behaviour Ref.

103.1 C5H11 Cr 222 I [69]

103.2 C6H13 Cr 155 I [69]

103.3 C7H15 Cr 70 Col 103 I [69]

103.4 C8H17 Cr 65 Col 109 I [69]

103.5 C9H19 Cr 60 Col 121 I [69]

103.6 C10H21 Cr 56 Col 106 I [69]
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Scheme 7.24 Synthesis of triphenylene spiro-twins: (i) K2CO3, DMF, 120°C; (ii) FeCl3.

showed only crystal-to-isotropic transition, the higher homologues dis-
played columnar phase.

Discotic twins linked with long fl exible alkyl spacers are well-known to 
form a Col phase because the molecules have suffi  cient fl exibility to stack 
in columns. Linking two discotic units with a short spacer may experi-
ence some steric hindrance due to overlapping aliphatic alkyl chains and a 
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weak distortion of the planarity of the core, which can lead to reduced π-π 
interactions. Th us the rigid molecules may stay in more or less a parallel 
position having orientational order and so can give rise to ND phase. With 
this concept, Kumar et al. [70] prepared three types of tripheylene dimers 
100.1–100.3 tethered directly via rigid alkynyl spacers. Th ese dimers were 
prepared from monobromopentaalkoxytriphenylene which was then con-
verted to monoacetylenepentaalkoxytriphenylene intermediate. Th e fi nal 
products were then obtained using Cu(OAc)2, THF and pyridine. Th e eff ect 
of various other β-substituents and peripheral substituents for the same com-
pound has been investigated by Takezoe et al. [71] While the lower homo-
logues exhibited N phase 104.1–104.3, higher homologues 104.4 and 104.5 
were crystalline solids. Branched chains also have profound eff ect on the 
mesomorphic properties (Figure 7.4). Th e introduction of branched chains 
at all positions of the dimer made the compound 104.6 non- mesomorphic. 
But presence of branched chains only at the β-position (104.9, 104.10) 
didn’t aff ect the phase behaviour. When the spacer was changed to ethy-
nyl (105), the lower homologues showed nematic phase (105.1, 105.2) and 
higher ones (105.3, 105.4) exhibited Col as well as N phase. Hence, the 
important factor on the mesomorphism of these twins is the relative length 
between the rigid spacer and the β-substituted chain. Also, the saturated 
analogues of acetylene bridged dimers 111.2 and 111.3 (Figure 7.5) pre-
pared by Cammidge and Gopee [72] were found to be non-mesomorphic. 

Compound 104.12 containing one alkylsulfanyl chain in place of one of 
the fi ve alkoxy chains was obtained from triphenylene monomer contain-
ing four alkoxy groups, a thioalkyl and a monoacetylene group via a multi-
step synthesis. Th is change led to destabilised ND phase [73].

Another π-conjugated discotic dimers in which mercury atom is located 
at the centre of two triphenylene units has been reported by Kumar and 
Varshney [74]. Th e crystalline compound 106.1 transformed into a highly 
viscous but shearable fl uid phase at about 150°C. On further heating, this 
compound decomposed at 210°C. In order to decrease the isotropic tem-
perature, one of the chains in compound 106.2 was changed to branched 
chain. On heating, this compound showed Cr-Cr transition at 110°C and 
fi nally became cleared at 186°C. On cooling, this compound showed a 
monotropic N phase at 185°C. But this N phase was found to having strong 
tendency to crystallise, which began in the mesophase and was completed 
around 180°C (Table 7.20). Synthesis of other homologues compounds has 
not been reported yet.

Hong and co-workers [75] synthesised diacetylene bridged triphenyl-
ene dimers 107–109 by utilising copper salt catalysed Eglinton coupling 
reaction. Th ese diacetylene bridges were attached to the triphenylene via 
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Table 7.20 Th ermal behaviour (°C) of alkyne bridged triphenylenes.

Str R Mesophase behaviour Ref.

104.1 R1 = R2 = R3 = R4 = OC4H9 Cr 188.6 ND 243.5 I [70]

104.2 R1 = R2 = R3 = R4 = OC5H11 Cr 161.0 ND 215.9 I [70]

104.3 R1 = R2 = R3 = R4 = OC6H13 Cr 135.3 ND 172.8 I [70]

104.4 R1 = R2 = R3 = R4 = OC7H15 Cr 125.4 I [71]

104.5 R1 = R2 = R3 = R4 = OC8H17 Cr 112.4 I [71]

104.6 R1 = R2 = R3 = R4 = O(CH2)2C
H(CH3)(CH2)3CH(CH3)2

Liquid [71]

104.7 R1 = R4 = OC5H11; R2 = R3 = H Cr 189.3 I [71]

104.8 R1 = R4 = OC5H11; 
R2 = R3 = OCH3

Cr 185.7 N 202.9 I [71]

104.9 R1 = R4 = OC5H11; 
R2 = R3 = O(CH2)2CH(CH3)
(CH2)3CH(CH3)2

Cr 122.8 Colr 135.6 N 
149.1 I

[71]

104.10 R1 = R4 = OC5H11; 
R2 = R3 = OCH2CH(C2H5)
(CH2)3CH3

Cr 143.4 N 196.2 I [71]

(Continued)
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Str R Mesophase behaviour Ref.

104.11 R1 = R4 = OC8H17; 
R2 = R3 = OC5H11

Cr 112.9 N 136.5 I [71]

104.12 R1 = R4 = OC5H11; 
R2 = R3 = SC5H11

Cr 182.5 ND 196.3 I [73]

105.1 R1 = R2 = R3 = R4 = OC4H9 Cr 162.8 N 234.5 I [71]

105.2 R1 = R2 = R3 = R4 = OC5H11 Cr 163.4 N 198.4 I [71]

105.3 R1 = R2 = R3 = R4 = OC6H13 Cr 147.2 Colr 161.6 N 
163 I

[71]

105.4 R1 = R2 = R3 = R4 = OC7H15 Cr 136.5 Colr 156.3 I [71]

105.5 R1 = R4 = OC5H11; 
R2 = R3 = OCH3

Cr 160 N 182.8 I [71]

105.6 R1 = R4 = OC5H11; 
R2 = R3 = O(CH2)2CH(CH3)
(CH2)3CH(CH3)2

Cr 113.5 Colr 143.3 I [71]

105.7 R1 = R2 = OC5H11; 
R3 = R4 = OC7H15

Cr1 112 Cr2 119.3 N 163.9 I [71]

106.1 R1 = R2 = R3 = R4 = OC5H11 Cr 210 I [74]

106.2 R1 = R4 = OC5H11; 
R2 = R3 = OCH2CH(C2H5)
(CH2)3CH3

Cr (185 N) 186 I [74]

107.1 C4H9 G 20 I [75]

107.2 C5H11 G −12 Col 57 I [75]

107.3 C6H13 G −16 Col 63 I [75]

107.4 C7H15 G −20 Col 72 I [75]

107.5 C8H17 G −21 Col 77 I [75]

108 G −25 Col 90 I [75]

109.1 n = 1 Col 110 I [75]

109.2 n = 3 Col1 79 Col2 116 I [75]

(Continued)

Table 7.20 (Cont.)



Discotic Liquid Crystalline Dimers 345

ether or ester linkage. Th e length of the peripheral chains of triphenylene 
infl uenced properties of liquid crystal dimers. 

Zhao and co-workers [76] explored six triphenylene dimers 110.1–110.6 
bridged through rigid alkyne spacers. Th ese dimers showed good thermal 
stability and exhibited Col mesophase over a wide range. Th e clearing points 
of these dimers increase with the lengthening of peripheral alkyl chain.

Antiaromatic, planar discotic twins 112.1–112.2 (Figure 7.6) based on 
triphenylene have been prepared by Cammidge and co-workers [77] by 
treating acetylene based monomeric triphenylene with Pd and CuI. Th ese 
twins were found to show N phase. X-ray structure of the dimer shows this 
to exist in the expected near-planar conformation and its packing is par-
ticularly intriguing, giving an arrangement where there is now electronic 
communication both along as well as across the stacks. Other higher cyclic 
oligomers prepared by authors were found to be non-mesomorphic.

Str R Mesophase behaviour Ref.

110.1 C4H9 Colh 263.4 I [76]

110.2 C5H11 Colh 210.9 I [76]

110.3 C6H13 Colh 208.1 I [76]

110.4 C7H15 Colh 215.5 I [76]

110.5 C8H17 Colh 222.3 I [76]

110.6 C9H19 Colh 231.3 I [76]

111.1 C5H11 Cr 165 I [71]

111.2 C6H13 Cr 132 I [72]

111.3 C6H13 Cr 128 I [72]

Table 7.20 (Cont.)
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Figure 7.6 Antiaromatic triphenylene discotic twins.
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Cammidge and co-workers [78] demonstrated a general strategy that 
presence of void region in the centre of the macrocycle can lead to N phase. 
Th ey synthesised three types of discotic dimers 113–115 (Figure 7.7) in 
which triphenylene was combined with electron rich thiophenes and ben-
zene. Triphenylene diacetylene was coupled with diiodobenzene or diiodo-
thiophene to give diiodotriphenylene intermediate, which was coupled with 
triphenylene diacetylene to give the dimeric product. Such types of systems 
prohibit the possibility of formation of Col mesophase, because it would lead 
to free space through the centre of each stack. In addition, these structures 
can lead to additional enhancement of optoelectronic behaviour (Table 7.21).

OC6H13 OC6H13

OC6H13

OC6H13

OC6H13OC6H13

OC6H13

OC6H13

OC6H13
ROOC6H13

S S

SS

113; Cr1 113 Cr2 272 N

114; M.Pt > 300

115

RO

RO

OR S
n

SOR

OR

OR

RO

RO

C6H13O

C6H13O

C6H13O

C6H13O

C6H13O

Figure 7.7 Triphenylene dimers with void region in the centre.

Table 7.21 Th ermal behaviour (°C) of thiophene bridged triphenylene dimers 
(115.1–115.3).

Str R n Mesophase behaviour Ref.

115.1 OC6H13 1 Cr1 69 Cr2 291 N [78]

115.2 OC6H13 2 M.Pt. > 300 [78]

115.3 OC10H21 2 Cr 210 N [78]
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O S OS(CH2)11 (H2C)11

C5H11O

C5H11O
OC5H11

OC6H13

OC6H13

C6H13O

C6H13O

C5H11OOC5H11

OC5H11
OC5H11

OC5H11

OC6H13

(H2C)5(CH2)5

OC6H13

C6H13O

Si SiOO

OC5H11

OC6H13
OC6H13

OC5H11

116; Waxy Solid

117; Cr 45.6 Colh 88 I

O

Schonherr et al. [79] studied the self-assembled monolayers of diff er-
ent discoid molecules, one out of them was disulfi de-bridged triphenylene 
dimer 116. Th is dimer can be easily prepared by reaction of monohydroxy-
pentapentyloxytriphenylene with bis-(11,11’-undecanol)disulfi de using 
DEAD and PPh3. Th e aromatic core of this dimer in the monolayer was 
found to be in edge-on orientation. AFM studies revealed the presence 
of lateral order in these monolayers which can extend over length scales 
exceeding 100 nm. 

Zelcer et  al. [80] prepared similar dimer 117 containing siloxane 
unit at the centre but with a shorter spacer. 2-Pentenyloxy-3,6,7,10,11-
pentahexyloxytriphenylene was treated with tetramethyldisiloxane. Th is 
dimer exhibited Colh phase.

Charge transfer interactions between electron-donor and electron-
acceptor lead to increased core-core interactions and hence to alternating 
regular packing of the molecules in bulk LC phase. Th is interaction also 
promotes edge-on orientation of discotic molecules in thin fi lms. In order 
to validate this point and to prevent diff erent discotic moieties from phase 
separation, Tsukruk et al. [81] prepared covalently linked donor-acceptor 
twin 118 based on triphenylene and TNF. Th is dimer is a condensation 
product of diethyl ester of TNF and free alcohol derivative of triphenylene. 
It exhibits a Col phase. Th e Langmuir-Blodgett fi lm formed by this dimer 
shows an edge-on orientation of the molecules, i.e. the columns lie parallel 
to a solid substrate.
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OC5H11
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118; Cr 119 Colh 176 I

OC5H11

OC6H13
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OC6H13 C6H13O
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119; Cr 581
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O O

O
7 7

C6H13O
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O O
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NO2

NO2

O2NC5H11O

C5H11O

Fullerene and its derivatives have received a great level of interest since 
it was discovered. Th e chemistry of this interesting compound is being 
explored throughout the world by many researchers. Incorporation of 
fullerene to the discotic moieties may lead to novel materials with inter-
esting applications. To explore this possibility, Manickam et  al. [65] 
synthesised C60 Bingel cyclopropanation adducts 119 incorporating bis-
triphenylene moieties. But this compound was found to be non-liquid 
crystalline.

C7H15O

C7H15O

C7H15O OC7H15

OC7H15

OC7H15

OC7H15

OC7H15
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C7H15O
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Akopova et  al. [82] prepared triphenylene dimer 120 containing chi-
ral substituents. Discotic dimer containing tartaric acid as the linker was 
found to show two types of mesophases. So introduction of chiral frag-
ment favours the mesophase formation.

OR

OR
OR

OR
OR

CN
CN

121; Cr>330 I

R = methyl
R = isobutyl

R = isopentyl
R = hexyl

O

O

OR

RO

RO

Hanack and co-workers [83] have designed and synthesised four 
novel conjugated-bridged triphenylene dimers 121 to be used as emissive 
layer in organic light emitting diodes. In these compounds, an electron- 
withdrawing cyano-substituted p-phenylenevinylene unit was linked to 
two triphenylene units. Th ese dimers were prepared by double Knoevenagel 
reaction of mono-functionalised cyanomethyltriphenylene derivatives and 
a terephthalaldehyde derivative. All the dimers were non-mesomorphic 
and melted above 330°C. Th ey exhibited orange to red photoluminescence 
and a strong bathochromic shift  of more than 250 nm when compared 
with monomeric triphenylene. 

Symmetrical triphenylene dimers 122.1–122.2 connected by a bis- 
triazole moiety have been synthesised by Th evenet and Neier [84] using 
a double Cu(I) catalysed azide-alkyne cycloaddition. Nature of the linker 
has profound eff ect on the mesophase. Incorporation of methylene linker 
promotes formation of Colh mesophase, whereas phenyl linker suppresses 
the formation of mesophase (Table 7.22).

A triphenylene dimer 123 has been prepared by linking two mono-
hydroxytriphenylene units via phenylene carbamate linkages, which was 
formed through a reaction between one 1,4-phenylene diisocyanate and 
two hydroxyl end groups on fl exible substituents of triphenylene. Th e type 
of mesophase found in this dimer is not clear, but it has been found to 
exhibit high viscosity, and good fi lm forming properties like polymers. 
Th is also showed suffi  cient charge-carrier mobility and good hole trans-
porting properties [85].
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C5H11O

C5H11O
OC5H11

OC5H11 OC5H11
OC5H11

OC5H11
OC5H11

OCH3

O(CH2)3O

123; Cr 95 LC 116 I

O(CH2)3O

H3CO

O
O

H
N

NH

1,3,5-triazine-based triphenylene dimer 124 with large bridging 
polyaromatic core has been explored by Yang and co-workers [86]. 
Cyanuric chloride was treated with aniline at 0°C and then with 4-hydroxy 
benzaldehyde to give 1,3,5-triazine derivative. Triphenylene with hydra-
zide group was then reacted with 1,3,5-triazine derivative to give the 
dimer. Th is molecule possess Colh phase over a wide temperature range. 
Th is study indicated that mesomorphic properties also depend on num-
ber of triphenylene units.

Pal and Kumar [87] synthesised triphenylene-imidazole based ionic 
dimer 125 in which they hybridised two triphenylene and one imidaz-
ole moiety to form dimer under microwave dielectric heating, since clas-
sical reaction didn’t give the desired product. Th is dimer exhibited Col 
mesophase at 84°C on heating which fi nally cleared at 95°C. On cooling 
mesophase appeared at 92°C and no crystallisation observed up to room 
temperature. Interestingly, calamitic-discotic hybrid made by authors was 
found to be non-liquid crystalline.

Table 7.22 Th ermal behaviour (°C) of bis-triazole bridged triphenylene dimers.
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RO
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OR
OR

O
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N
N

Y

N
N

N O
OR

OR

OR

OR
RO122

Str R Y Mesophase behaviour Ref.

122.1 C6H13 CH2 10 Colh 153 I [84]

122.2 C6H13 C6H4 Cr 154 I [84]
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A series of symmetrical Gemini dimers 126 based on imidazole and 
triphenylene moieties have been synthesised by Kumar et  al. [88] using 
microwave dielectric heating. Dimer 126.1 with shorter spacer length dis-
played Colh mesophase over a wide range of temperature. Transition tem-
peratures of these compounds are given in the Table 7.23.

Two symmetrical Gemini dimers based on triphenylene and ammo-
nia have been reported by Gupta et  al. [89] Th ese dimers 127 were 
prepared by reacting ω-brominated triphenylene with tetramethylene-
1,2-diamine in toluene. Th ese compounds exhibited enantiotropic 
behaviour with Colh mesophase. Although degree of order present is less 
in these systems.

Two series of symmetrical triphenylene dimers 128–132 linked by phe-
nyl spacer have been synthesised by Gupta et al. [90] Relative orientation 
of the two disk moieties have been changed in these dimers. None of the 
dimers exhibited liquid crystalline behaviour. Th ese dimers when doped 
with TNF exhibited Colh mesophase. As a consequence of charge trans-
fer interaction with TNF, core-core interaction increased and so mixture 
showed LC properties (Table 7.24). Small conductivity values for these 
compounds demonstrated that π-π interaction is less effi  cient. Monolayer 
of Compound 132.3 was also studied at air-water interface. Eff ect of com-
pression rate and temperature has been studied. It was found that the 
collapse of dimer monolayer is through the formation of nuclei of 3D 
crystallites [91].

Table 7.23 Th ermal behaviour (°C) of ionic triphenylene dimers.

Str R m n Mesophase behaviour Ref.

125 Cr 84 Colr 95 I [87]

126.1 C6H13 6 4 Cr 48.3 Colh 180.1 I [88]

126.2 C6H13 12 5 Cr 59.7 Colh 120.6 I [88]

126.3 C6H13 8 8 Cr 58.7 Colh 87.3 I [88]

126.4 C6H13 9 8 Cr 58.8 Colh 86.3 I [88]

127.1 C4H9 8 Cr 84.2 Colh 90.4 I [89]

127.2 C4H9 12 Cr 52.1 Colh 99.1 I [89]
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Table 7.24 Th ermal behaviour (°C) of benzene bridged triphenylene dimers 
(128–132).

Str Mixture Mesophase behaviour Ref.

128 – Cr 72.5 I [90]

129 – Cr 50.8 I [90]

130.1 – Cr 61.6 I [90]

130.2 130.1:TNF [1:1] Cr 190 (Colh 186) I [90]

130.3 130.1:TNF [2:1] Cr 170 (Colh 167) I [90]

130.4 130.1:TNF [4:1] Cr 145 (Colh 140) I [90]

130.5 130.1:TNF [9:1] Cr 78 (Colh 68) I [90]

131.1 – Cr 39 I [90]

131.2 131.1:TNF [1:2] Cr 145 (Colh 135) I [90]

131.3 131.1:TNF [1:1] Cr 135 (Colh 126) I [90]

131.4 131.1:TNF [2:1] Cr 86 (Colh 77) I [90]

131.5 131.1:TNF [4:1] Cr 40 I [90]

132.1 – Cr 36 I [90]

132.2 132.1:TNF [1:1] Cr 95 (Colh 88) I [90]

132.3 132.1:TNF [2:1] Cr 85 (Colh 75) I [90]

132.4 132.1:TNF [4:1] Liquid [90]

 7.2.11.2 Triphenylene Based Non-symmetrical Dimers

OR

OR

OR OR’

OR’
OR’

OR’
OR’

O O(CH
2
)
10

133.1 ; R = C6H13, R = C4H9; Colh (g30) 98 I

133.2 ; R = 

RO

RO

R’ = C10H21; Cr 34 Colh 45 I

Unsymmetrical discotic twins can either retain the mesomorphic proper-
ties of the subunits either by columnar stacking of like subunits, or can 
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form supramolecular aggregates by columnar stacking of unlike subunits 
and thus might display novel mesomorphic properties. In this direction, a 
non-symmetrical dimer 133.1 in which pentahexyloxytriphenylene unit 
was connected to pentabutyloxytriphenylene unit has been reported by 
Boden et al. [56] Th is dimer possess Colh phase at room temperature and 
shows clearing transition at 98°C. Another dimer 133.2 reported by Hirst 
et  al. [92] was formed by connecting chiral pentakis(3,7-dimethylocty-
loxy)triphenylene with pentadecyloxytriphenylene via a decyl spacer. Th is 
showed a very narrow range of Col phase on heating, but on cooling the 
mesophase was stable up to 0°C. Both these dimers can be prepared via 
second route as shown in Scheme 7.23. 
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Boden et  al. [56] synthesised an unsymmetrical dimer 134 based on 
triphenylene containing an amide linker. Th is compound was obtained by 
condensing an amine terminated triphenylene with acid chloride contain-
ing triphenylene. Th is dimer shows Colh phase which transforms to glass 
on cooling. Th is glassy state is stable for months.

Zhao et al. [93] utilised click chemistry reaction between triphenylene 
azide and triphenylene alkyne in synthesising dimers 135.1–135.4. Two 
diff erent types of dimers based on diff erent linkages have been prepared. 
All of these dimers show liquid crystalline behaviour. Further, the triazole 
moiety in the dimers can act as hydrogen bond acceptor and can also form 
ionic liquid crystals on reacting with alkyl halides (Table 7.25).

Non-symmetrical dimers 136 based on triphenylene possessing ester 
linkage on one side and ether linkage on the other side have been syn-
thesised by Varshney et al. [94] Th ese discotic dimers were obtained by 
connecting two monomeric units by means of a fl exible spacer. Th e dimers 
have shown to exhibit Colr mesophase (Table 7.26). 

Kumar et al. [95] investigated the mesomorphic properties of a discotic 
dimer 137 bearing electron rich triphenylene connected to an electron 
defi cient anthraquinone moiety via dodecyloxy spacer. Th is compound 
was synthesised by coupling ω-bromosubstituted triphenylene with 
monohydroxyanthraquinone. Th is was found to have a Col phase at room 
temperature. 
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Table 7.26 Th ermal behaviour (°C) of unsymmetrical triphenylene dimers.
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Table 7.25 Th ermal behaviour (°C) of triazole linked triphenylene dimers.

OC6H13

O

C6H13O

C6H13O
OC6H13

OC6H13

X
Y

C6H13O

OC6H13

135.1-135.2; X = Y = CH2

135.3-135.4; X = CO, Y = NH

OC6H13

OC6H13

OC6H13

O

N N

N
n

Str R Mesophase behaviour Ref.

135.1 n = 1 Cr 48 Col1 75 Col2 88 I [93]

135.2 n = 3 Cr 18 Colh 95 I [93]

135.3 n = 3 Cr 71 Colh 97 I [93]

135.4 n = 6 Cr 81 Colh 104 I [93]
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Similar compounds 138 prepared from triphenylene and anthraquinone 
but possessing ester linkage on one side and ether linkage on the other side 
have been reported by Varshney et al. Peripheral alkoxy chains and length 
of the linker both aff ect the mesophase tremendously. When the peripheral 
chains were all alkoxy, then dimers exhibited Colr phase (Table 7.27). But, 
if the peripheral group attached to anthraquinone was changed to hydroxyl 
and acetyloxy, mesophase behaviour changed and some of the compounds 
even showed N phase as well as both N and Col phase together. Acetyloxy 
group also has destabilising eff ect on liquid crystalline behaviour [94, 96].

 7.3 Applications

 7.3.1 Dopants for Liquid Crystal Display Mixtures
Th e performance of liquid crystal displays is strongly dependent on the 
liquid crystal mixtures used, and further improvements to such displays 
rely on the formulation of mixtures with enhanced properties. A number 
of diff erent device confi gurations in commercial displays require mixtures 
with diff erent display characteristics. For most of the display related appli-
cations, response speed is an important operational characteristic and 
any new mixtures must maintain the optimal electrical and operational 

Str m R R1 Mesophase behaviour Ref.

136.1 5 C8H17 C8H17 Colr 93.4 I [94]

136.2 5 C8H17 C4H9 Cr 44.8 Colr 123.1 I [94]

136.3 9 C8H17 C8H17 Colr 104.5 I [94]

C6H13O C6H13O

C6H13O OC6H13

OC6H13
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OC6H13

OC6H13
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137; G 40 Col 96.91
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Table 7.27 Th ermal behaviour (°C) of anthraquinone-triphenylene linked 
dimers.

RO
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O O
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R1O

Str m R R1 R2 Mesophase behaviour Ref.

138.1 5 C8H17 C8H17 C8H17 Cr 58.5 I [94]

138.2 5 C8H17 C4H9 C8H17 Colr 88.65 I [94]

138.3 9 C8H17 C8H17 C8H17 Colr 103.8 I [94]

138.4 1 C4H9 C4H9 OH Cr 121.9 I 
(I 118.7 N 102.4 Cr)

[96]

138.5 2 C5H11 C5H11 OH SS 56 I [96]

138.6 5 C8H17 C8H17 OH N 43.8 I [96]

138.7 5 C4H9 C4H9 OH Colh 165.5 I [96]

138.8 9 C6H13 C6H13 OH Col 117 I [96]

138.9 9 C8H17 C8H17 OH Col 80 I [96]

138.10 5 C7H15 C7H15 OH N 42.2 I [96]

138.11 5 C8H17 C8H17 OH SS 61 I [96]

138.12 5 C8H17 C8H17 OAc SS 66 I [96]

138.13 9 C6H13 C6H13 OAc Col 91 I [96]

138.14 5 C7H15 C7H15 OAc SS 62 I [96]

138.15 5 C8H17 C8H17 OAc Cr 106 (Mx 95) I [96]
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characteristics. Th e ability of the molecular shape of liquid crystal dimers 
to adapt to their mesophase environment provides a new concept to aid the 
design of mesogens for display mixtures. Keeping this in mind, Dunmur 
and co-workers [97] explored the possibilities of using dimers as dopants 
in display mixtures to reduce their rotational viscosity. 

Commercially available nematic liquid crystal ZLI-4792 was used as 
the host material. Th is material is a mixture of fl uoro-substituted two and 
three ring phenyl cyclohexanes. It exhibits a signifi cant two phase region at 
the transition from N-to-I phase. Th is host material was then doped with 
small amounts (5% and 10% w/w) of the dimeric molecules to obtain dif-
ferent mixtures for this study. When compared on a shift ed temperature 
scale, the order parameters of the spin probe in the mixtures are essentially 
unchanged. Most of the dopants reduce the relaxation time though to dif-
ferent extents. Longer chain fl exible dimers, i.e. those with more methylene 
groups in the linking alkyl chain produce a smaller reduction of the rota-
tional relaxation times than the shorter chain dimers. However, the chain 
length cannot be reduced too much, since the shorter dimers have high 
melting points and become insoluble in the nematic host. An optimum 
chain length seems to be 7 or 9 methylene groups, the odd parity dimers 
also appear to be slightly more eff ective at reducing the relaxation times 
than the even dimers. 

Th e eff ects of diff erent fl uoro-phenyl substitution patterns of the dop-
ants on the rotational relaxation times of the mixtures have also been 
investigated by them. Multiple symmetric fl uorine substitution, as in 3,4,5 
tri-fl uoro-phenyl, perfl uoro-phenyl or tri-fl uoro-methyl-phenyl termi-
nated dimers result in longer relaxation times and much reduced nematic-
to-isotropic transition temperatures; both undesirable eff ects. However, 
fl exible dimers having terminal phenyl groups with an unsymmetrical 
2,3,4-fl uorine substitution pattern produce mixtures with ZLI-4792 having 
reduced rotational relaxation times, with only relatively small reductions 
in nematic-to-isotropic transition temperatures. 

Th is indicates that careful design of dimeric dopants can lead to signifi -
cant improvements in the performance of display mixtures. 

O O

X2 X2
X3 X3

X4 X4

X5 X5X6 X6
n

Figure 7.8 Benzene based LC dimer used as dopant to study the eff ect on relaxation time.
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 7.3.2 Organic Light-Emitting Diodes (OLEDs)
OLEDs allow the conversion of electrical energy into light energy. OLEDs 
generally consist of three sub-layers: a hole-transporting layer, an electron 
transporting layer and an emission layer. Low work-function electrode 
such as Al injects electrons into the LUMO of the electron-transporting 
material. A thin fi lm of ITO deposited substrate, i.e. anode injects holes 
into the HOMO of the hole-transporting material. When voltage is applied 
to the electrodes, the charges start moving under the infl uence of electric 
fi eld. Recombination of these charges takes place and therefore, electrical 
energy gets converted to light energy (Figure 7.9). 

Effi  cient charge transport and light emission are the key features of 
OLEDs. Discotic liquid crystalline materials have caught attention for 
OLED applications, as excellent charge transport can be achieved in the 
columnar phase of discotic materials. He and co-workers [85] demonstrated 
the use of triphenylene based discotic dimer 123 as the hole transporting 
material in the OLEDs. In order to evaluate the hole injection property 
of discotic dimer 123 parallel devices have been prepared for comparison 
using HOMO values as a guide in the selection of hole injection materi-
als. It has been reported that HOMO levels of hexa-alkoxytriphenylenes 
range between –5.3 and –5.4 eV, which is similar to the value from poly(N-
vinylene carbazole) (PVK). Th erefore, PVK was chosen for comparison. 

Devices consisting of dimer 123 as well as PVK layers as hole trans-
porting layer have been prepared. Th ese were denoted as: device (a) 
ITO/123 (60 nm)/AlQ3 (30 nm)/Al and device (b) ITO/PVK (60 nm)/
AlQ3 (30 nm)/Al. Th e light emitting areas of both devices were 0.09 cm2. 
Th e power effi  ciencies of the devices as a function of the bias voltages 
are shown in Figure 7.10. It was noticeable that the power effi  ciency of 
dimer device (a) was higher than that of the PVK device (b), which dem-
onstrated an improvement in the external effi  ciency when triphenylene 
dimer 123 was used. Since the device was not fully optimised, then also 
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Figure 7.9 Schematic diagram of an OLED device.
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dimer 123 seems to combine suffi  cient charge-carrier mobility with good 
hole injection properties and so can be used as hole transporting material 
in OLEDs.

 7.4 Conclusions and Outlook

In this chapter, in the fi rst part, structure-property relationships of dis-
cotic dimers have been briefl y outlined. Th e second part of this chapter 
deals with applications of discotic dimers in various fi elds. Discotic dimers 
play an important role as being the model compounds for polymeric liquid 
crystals. In recent decades, there has been increasing attention in develop-
ing the area of organic opto-electronic devices for reducing the demand 
of fossil fuels in the world. Among the diverse new materials for organic 
devices, dimers hold a particular promise due to the self-organisation and 
self-healing properties of discotic molecules in the phase. Since, the fi eld of 
discotic dimers is quite young and the continuous eff orts on fi nding better 
discotic dimers are expected to provide future smart materials and devices 
with improved properties and performance. 
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8.1 Supramolecular Chemistry

Supramolecular chemistry dates back to the late 1960s, although early 
examples of supramolecular systems can be found at the beginning of 
 modern-day chemistry, such as the invention of chlorine clathrate hydrate 
by Sir Humphrey Davy in 1810. Supramolecule chemistry has been 
described as “chemistry beyond the molecule”, whereas a “supermolecule” 
is held together by non-covalent interactions between two or more covalent 
molecules or ions. It has been described as “lego chemistry” in which each 
lego brick represents a molecular building block which is held together by 
intermolecular bond interactions of a reversible nature, to form a supra-
molecular aggregate. Th ese intermolecular bonds interactions comprises 
in electrostatic interactions, hydrogen bonding, π–π interactions, disper-
sion interactions and hydrophobic or solvophobic eff ects [1].

Supramolecular Chemistry is defi ned as “Th e study of systems involving 
aggregates of molecules or ions held together by non-covalent interactions, 
such as electrostatic interactions, hydrogen bonding, dispersion interac-
tions and solvophobic eff ects”.

Covalent interactions
 Atoms   Molecules

Non-covalent interactions
 Molecules  Supermolecules

Supramolecular chemistry is a multidisciplinary field which impinges 
on various other disciplines, such as the established areas of organic and 
inorganic chemistry by synthesizing the precursors for a supermolecule. 
Physical chemistry to understand the properties of supramolecular sys-
tems and computational modelling to understand complex supramolecu-
lar behaviour. A great deal of biological chemistry involves supramolecular 
concepts with addition a degree of technical knowledge is required in 
order to apply supramolecular systems to the real world, such as the devel-
opment of nanotechnological devices.

Supramolecular chemistry can be divide into two broad categories; 
host–guest based chemistry (keeping in mind the lock-and-key principle 
and complementarity) and self-assembly. Th e dissimilarity between these 
two areas is a subject of size and shape. If one molecule is significantly 
larger than another and can enfold around it then it is termed the “host” 
and the smaller molecule is its “guest”, which becomes enveloped by the 
host (Figure 8.1). Defi nition of hosts-guests chemistry was given by Donald 
Cram and he said “Th e host component is defi ned as an organic molecule 
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or ion whose binding sites unites in the complex and the guest component 
is any molecule or ion whose binding sites diverge in the complex” [2]. 
A binding site is area of the correct size, geometry and chemical nature to 
interrelate with the other species.

Host–guest complexes include biological systems, such as enzymes 
and their substrates, with enzymes being the host and the substrates the 
guest. In terms of coordination chemistry, metal–ligand complexes can be 
thought of as host–guest species, where bulky (oft en macrocyclic) ligands 
or group act as hosts for metal cations. If the host possesses a permanent 
molecular cavity containing specific guest binding sites, then it will usually 
act as a host both in solution and in the solid state. Th e reasonable prob-
ability is that the solution and solid state structures will be similar to one 
another, whereas no significant diff erence in size and no species is acting 
as a host for another and the non-covalent joining of two or more species is 
termed self-assembly. Exactingly, self-assembly is equilibrium between two 
or more molecular components to produce an aggregate with a structure that 
is dependent only on the information contained within the chemical building 
blocks. Th is process is usually spontaneous but may be infl uenced by solva-
tion or templation eff ects.

Nature itself is full of supramolecular systems, for example, deoxyribo-
nucleic acid (DNA) is made up from two strands which self-assemble via 
hydrogen bonds and aromatic stacking interactions to form the famous 

Figure 8.1 Th e development of a supramolecular system from molecular building blocks: 
(a) host–guest complexation and (b) self-assembly between complementary molecules.

Covalent
Synthesis

Covalent
Synthesis

larger Molecule (Host)

Guest Molecule

Host-Guest complex

Spontaneous

larger Molecule (Host)

Self-assmebly

Smal Molecule

Smal Molecule
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double helical structure. Th e inspiration for many supramolecular species 
designed and developed by chemists has come from biological systems. 
Th e size and complexity of self-assembled capsids can readily be seen in 
the structure of TMV (Figure 8.2).

Supramolecular chemistry is known for high selectivity of binding site 
towards the guest molecule in host–guest interactions. To transpire host–
guest interaction, the host molecule must acquire the appropriate binding 
sites for the guest molecule to bind. For example, if the host has many 
hydrogen bond donor functionalities such as primary (–NH2) and second-
ary amines (–NH–) then the guest must ideally contain an equal number 
of hydrogen bond acceptor sites such as (–COOH, –OH), which are posi-
tioned in such a way that it is feasible for selective and multiple interactions 
between host and guest to take place. So, when host that displays a fond-
ness for a particular guest, or family of guests, it is said to be a degree of 
selectivity towards these species. In terms of selectivity, the binding of one 
guest, or family of guests, significantly more strongly than others by a host 
molecule. Selectivity is measured in terms of the ratio between equilibrium 
constant.

Moreover, it will be exciting to look at the host–guest chemistry of 
anions, cations and neutral-guest species in solution. While it would be 
convenient to deal with these types of guest as separate topics, in reality 
there is a great deal of overlap, particularly with regard to solvation eff ects 
and the general design principles for creating selective hosts. Indeed, in 
the case of anion and cation binding, the two topics go hand-in-hand since 
the electrostatic charge on any ion must be balanced by a corresponding 
counter-ion. Th us a cation or anion host is always a host for an ion pair 
(either contact or solvent-separated) unless the host itself bears a formal 
net charge. However, there are a number of successful ion-pair binding 
hosts. Besides, ion-pairing can be used to great eff ect in phase transfer 

Figure 8.2 Th e size and complexity of self-assembled capsids of TMV.
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catalysis. In general, the selective inclusion of guests by a nanomaterials 
based host molecule (supramolecular-nanoassembly) in solution is subject 
to an unprecedented level of design and control based on supramolecular 
principles which allows the preparation of modifi ed systems for a wide 
range of applications, including sensing, food additives, drug delivery, 
imaging, biological modelling and in cosmetic therapy.

8.1.1 Supramolecular Interactions
Non-covalent interactions signify the energies that hold supramolecular 
species together. Non-covalent interactions are considerably weaker than 
covalent interactions, which can range between ca. 150 and 450 kJ mol-1 

for single bonds. Non-covalent bonds range from 2 kJ mol-1 for dispersion 
interactions to 300 kJ mol-1 for “ion–ion” interactions [3]. However, when 
these interactions are used in a co-operative manner a stable supramolecu-
lar complex can exist. Th e term “non-covalent” includes a wide range of 
attractions and repulsions which are summarised in Table 8.1 and will be 
described in more detail in the following subsections.

Ionic and dipolar interactions can be split into three categories: (i) 
ion–ion interactions, (ii) ion–dipole interactions and (iii) dipole–dipole 

Table 8.1 Summary of supramolecular interactions.

Interaction Strength (kJ mol-1) Example

Ion-ion 200–300 Tetra butyl ammonium 
chloride

Ion-dipole 50–200 Sodium [15]crown-5

Dipole-dipole 5–50 Acetone

Hydrogen bonding 4–120 DNA, Spherand

Cation-π 5–80 K+ In benzene

π– π 0–50 Benzene and graphite

van der Waals < 5 but variable 
depending on surface 
are

Argon, packing in 
molecular crystals, 
Calixarene

Hydrophobic Related to solvent-
solvent interaction 
energy

Cyclodextrin inclusion 
compounds



372 Advanced Functional Materials

interactions, which are based on the coulombic attraction between oppo-
site charges (Figure 8.3). Electrostatic interactions play an important role 
in understanding the factors that infl uence high binding affi  nities, particu-
larly in biological systems in which there is a large number of recognition 
processes that involve charge–charge interactions; indeed these are oft en 
the fi rst interactions between a substrate and an enzyme [4].

Th e hydrogen bond is arguably the most important non-covalent interac-
tion in the design of supramolecular architectures, because of its strength 
and high degree of directionality (Figure 8.3). It represents a special kind of 
dipole–dipole interaction between a proton donor (D) and a proton accep-
tor (A). Th ere are a number of naturally occurring “building blocks” that 
are a rich source of hydrogen bond donors and acceptors (e.g. amino acids, 
carbohydrates and nucleobases) [5].

Th ere are two main -interactions that can be found in supramolecular 
systems, namely (i) cation–π interactions and (ii) π–π interactions. Van der 
Waals interactions are dispersion eff ects that comprise two components, 
namely the London interaction and the exchange–repulsion interaction 
(Figure 8.3). Van der Waals interactions arise from fl uctuations of the 
electron distribution between species that are in close proximity to one 
another [6].

Hydrophobic eff ects arise from the exclusion of non-polar groups or 
molecules from aqueous solution. Th is situation is more energetically 

Figure 8.3 Types of supramolecular interactions.
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favourable because water molecules interact with themselves or with other 
polar groups or molecules preferentially [7].

A union of these phenomena can lead to intricate and complex designs 
that form the heart of the many facets of supramolecular chemistry. In 
terms of “designer” host–guest chemistry, it is necessary to understand 
the nature of the target guest molecule. Th e host must be designed to be 
complementary to the guest in terms of size, shape and chemical prop-
erties (charge, hardness, acidity, suitable functionalities, etc.). Other fac-
tors must also be considered in the design process, such as the medium in 
which the binding must occur and any competing molecules which must 
be excluded from binding, therefore requiring a more selective host. Once 
all of the guest properties have been taken into consideration, the host 
may be designed in a specific manner, incorporating the basic phenomena 
outlined in this chapter, followed by a process of “trial and improvement” 
based on laboratory results. Moving away from the host–guest aspect of 
supramolecular chemistry, the underlying principles remain the same 
although the systems formed are oft en much more complex.

Supramolecular systems have a wide variety of uses, such as trapping 
molecules within solid state lattices, sensing and remediation of species 
from solution, understanding biological self-assembly and nanotechno-
logical devices. Together, these topics form the focused concepts, which 
will be based on supramolecular chemistry with use of nanotechnology.

8.1.2 Types of Supramolecules
Th ere are two major classes of host molecules: acyclic (podands) and 
cyclic (macrocycles, macrobicycles or macrotricycles) (Figure  8.4). 
Podand is an acyclic chain-like or branching host with a number of bind-
ing sites that are situated at intervals along the length of the molecule, 
or about a common spacer. Macrocycle is a cyclic molecule usually with 
nine or more atoms in the ring and generally in supramolecular chem-
istry containing a number of binding sites that are arranged around the 
closed system. Th e synthesis of podand hosts is conceptually relatively 
straightforward and is generally achieved using conventional synthetic 
methods such as ether, sulphide or amide bond formation. However, the 
synthesis of macrocycles is a little more challenging and is accomplished 
by one or both of two general procedures, i.e. high-dilution synthesis 
and template synthesis. Further, we will focus on signifi cant employ of 
macrocyclic molecules such as crown ether and calixarene on nanotech-
nological application.
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8.1.2.1 Crown Ethers
Th e discovery of dibenzo[18]crown-6, by Charles J. Pedersen was a key 
step in the development of the discipline of supramolecular chemistry [9]. 
Dibenzo[18]crown-6 (which comprises an 18-membered ring with six 
oxygen donor atoms) was discovered serendipitously as a side-product 
during the attempted preparation of a bis(phenol) derivative. Th e forma-
tion of the crown ether was a fortuitous consequence of the presence of an 
alkali metal-containing base and hence the operation of the template eff ect. 
Pedersen et al. immediately began to investigate how various metal cations 
bound to the new macrocycle and a range of derivatives. Subsequent work 
has resulted in the preparation of a wide variety of analogues, including 
amine derivatives (azacrowns) and macrocycles with thioether binding 
sites (thiacrowns). Collectively, the family of crown ethers and related het-
eroatom donor macrocycles have been termed the corands. Shortly aft er 
the original crown ether work, Jean-Marie Lehn realised that donor atoms 
can be situated within a three-dimensional array to completely encapsulate 
the ion from the outside medium.

It was initially proposed that there is an optimal spatial fi t between 
crown ethers and particular cations. It is true that [18] crown-6 is selec-
tive for K, whereas the larger [21] crown-7 has a higher affi  nity for Rb+ 

and Cs+ than K. However, modern understanding of these systems has 

Figure 8.4 Diff erent types of supramolecules.
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somewhat modified this simple “size fi t” idea, particularly because of the 
fl exibility of the crown ethers – their “size” is not a constant. Crown ethers 
have the signifi cant property of sensing and binding to specifi c metal cat-
ions in complex mixtures. Subsequently, since their discovery, they have 
found numerous applications in science and industry and stimulated the 
fi eld of molecular recognition and host-guest chemistry. Th is specifi city 
of supramolecule off er new era for high sensitive detection system using 
nanochemistry, which will discuss further.

8.1.2.2 Calixarenes
Th e another important type of supramolecule are calixarenes, which 
are cyclic hosts synthesised by the condensation reaction between a 
 p-substituted phenol and formaldehyde. Th e name comes from a Greek 
vase, called a calix crater, similar in shape to the bowl-like calix[4]arene. 
Using a number of diff erent bases, varying thermal conditions and 
altering the ratio of reactants, it is possible to produce p-t-butylcalix[n]
arenes (where n  =  4–16), with the most common macrocycles being 
n = 4, 6 and 8. Th e tertiary butyl substituent blocks the para position 
of the phenol, hence preventing extensive cross-linking which would 
otherwise result in the formation of Bakelite-type phenol–formaldehyde 
polymers [10].

Th e calixarene framework is very versatile and many derivatives have 
been prepared by functionalising the groups on the “upper” and “lower” 
rims (the upper or wide rim is where the t-butyl substituents are located, 
while the hydroxyl groups are on the lower or narrow rim). By selectively 
changing the framework, chemists have been able to design hosts capable 
of binding cations, anions, neutral species or simultaneously combining 
diff erent guests, such as toluene and Na [10]. Th e p-t-butylcalix[4]arene 
has been drawn in a “cone” conformation in which the hydroxy groups 
are pointing in the same direction. In solution, there is a high degree of 
rotation around the –CH groups connecting the phenol rings, giving four 
possible isomers of the calix[4]arenes (Figure 8.5). 

Simultaneous receptors exist that can bind neutral and ionic guests. 
Th ese types of receptors are large macrocycles, such as calixarenes, in which 
the ion is bound to the functional groups at the lower rim of the calixarene 
and the neutral (oft en solvent) molecule is encapsulated within the cavity 
of the bowl, e.g. tetramethoxy-p-t-butylcalix[4]arene. In the solid state, an 
Na ion is coordinated to the oxygen atoms of the lower rim of the calix[4]
arene and the complex contains one molecule of toluene within the hydro-
phobic cavity [10].
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Calixarenes are an important class of supramolecules studied widely 
due to their interesting properties, including the fact that they are valu-
able receptors besides, crown ethers, cyclodextrins, cryptands and cucur-
biturils. Among several calix[n]arenes, calix[4]arene has been used as a 
popular building block due to its ability to exist in cone conformation and 
the ease of organic functionalization both at lower as well as upper rims 
[10]. Calix[4]arene derivatives are well-known for their high selectivity 
and binding effi  ciency towards ions and molecular species provided preor-
ganized cores which are built onto the system, although these are fl exible. 
Because of the importance in biology, environment and chemical pro-
cesses, conjugates of calix[4]arene have been explored for their selective 
recognition of ions and molecules, and the extraction of various species 
[11–12]. Although there are a number of receptors including supramolec-
ular ones in the literature, calix[4]arene-based conjugates received greater 
attention due to their versatility and the special features that they exhibit. 
All of this is further supported by the properties displayed by the calix[4]
arene derivatives in the area of ion and molecular recognition, host guest 
chemistry, catalysis, enzyme mimics, interaction with biomolecules and 
ion extraction (Figure 8.6) [13–17]. All these properties gives the specifi c-
ity as well as sensitivity towards guest molecule with assist of nanoassem-
bly, which will be discuss later on.

8.2 Nanochemistry

Nanotechnology play very signifi cant role in supramolecular based nano-
assembly. Nanotechnology is the construction and use of functional 

Figure 8.5 Th e four diff erent conformers of calix[4]arenes.
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Figure 8.6 Calixarene with various applications with surface active lower rim group.
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structures designed at molecular scale with at least one characteristic 
dimension measured in nanometres (10-9 mor 10A°). Th eir size confers on 
them the ability to exhibit novel and improved physical, chemical and bio-
logical properties, phenomena and processes. When characteristic struc-
tural features are intermediate between isolated atoms and bulk materials 
in the range of about one to 100 nanometres the objects frequently display 
physical characteristics diff erent from those evidenced by either atoms or 
bulk materials. Events at the nanometre scale are likely to constitute a com-
pletely new phenomenology. Th e properties of matter are not as predict-
able as those at larger scales. Changes in properties are due not only to 
the continuous modifi cation of characteristics with diminishing size, but 
also to the occurrence of new phenomena such as quantum confi nement, a 
typical example of which is that the colour of light emitted from semicon-
ductor nanoparticles (NPs) depends on their sizes. Nanotechnology can 
provide us with unprecedented understanding of materials and devices 
that are useful in a variety of fi elds.

Back in December 1959, Nobel laureate Richard Feynman gave a vision-
ary and now oft -quoted talk entitled “Th ere’s Plenty of Room at the Bottom”. 
Th e occasion was an American Physical Society meeting at the California 
Institute of Technology. Although he didn’t intend it, Feynman’s 7,000 words 
were a defi ning moment in nanotechnology, long before anything “nano” 
appeared on the horizon. “What I want to talk about.” he said, “is the problem 
of manipulating and controlling things on a small scale.... What I have dem-
onstrated is that there is room—that you can decrease the size of things in a 
practical way. I now want to show that there is plenty of room. I will not now 
discuss how we are going to do it, but only what is possible in principle....We 
are not doing it simply because we haven’t yet gotten around to it”. Th e breadth 
of Feynman’s vision is staggering. In that lecture 54 years ago he anticipated 
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a spectrum of scientific and technical fi elds that are now well established, 
which includes electron-beam and ion-beam fabrication, molecular beam 
epitaxy, nano imprint lithography, projection electron microscopy, atom by-
atom manipulation, quantum-eff ect electronics, spin electronics (also called 
spintronics) and microelectromechanical systems (MEMS). Th e lecture also 
projected what has been called the “magic” Feynman brought to everything 
he turned his singular intellect towards [18]. 

Feynman, however, did not use the term “nanotechnology” in his speech. 
It wasn’t until fi ft een years later that Norio Taniguchi in 1974, a profes-
sor at Tokyo Science University, defi ned the word. “Nano-technology”, he 
wrote, “mainly consists of the processing of, separation, consolidation, and 
deformation of materials by one atom or by one molecule”. At the time 
that Taniguchi put forward this description, however, no one had actu-
ally seen an atom. Another seven years passed before that changed. In 
September 1981, two scientists at IBM’s Zürich Research Laboratory in 
Switzerland published a paper in Applied Physics Letters. In that break-
through article, Heinrich Rohrer and Gerd Binnig described their inven-
tion of the fi rst successful scanning tunnelling microscope (STM). Today 
nano- technology comprises numerous scientifi c disciplines, such as cer-
tain areas of cluster physics, surface physics and semiconductor physics, as 
well special fi elds of chemistry and material science. Th e term refers to the 
scale that is common to the all nano-disciplines, ranging from individual 
atoms with roughly 0.1 nanometres (1 nm = 1 millionth of a millimetre) to 
structures expanding to a size of 100 nm, which corresponds to a cluster of 
maximal 100,000 atoms [19].

Synthesis and self-assembly of molecular and nanoscale building blocks 
is the most promising route to create new macroscopic hybrid materi-
als that contain unique functionalities. During the past decade, many 
molecular and nanoscale building blocks have been synthesized with dif-
ferent morphologies and compositions, including conjugated polymeric 
oligomers, inorganic nanocrystals, nanowires and nanotubes. Solvent and 
polymer template mediated assembly has been extensively investigated. 
Despite the continued advancements in various aspects, numerous chal-
lenges remain to be addressed at diff erent stages on their way towards 
applications. Th is includes how to create functional nanoscale building 
blocks in a more systematic and controllable fashion, and how to engineer 
the interaction between the building blocks which would lead to unique 
self-assembly pathways [20]. Th is aims to stimulate interaction and build 
momentum among a diverse group of experts working on synthesis and 
directed assembly of molecular and nanoscale systems, with an ultimate 
goal to initiate new research directions in this fi eld.
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8.2.1 Why Nano
Nanotechnology is creating a wealth of new materials and manufactur-
ing possibilities, which in turn will profoundly impact our economy, our 
environment and our society. Using nanotechnology, researchers and 
manufacturers can fabricate materials literally molecule-by-molecule. 
Th ey can harness previously inaccessible properties of matter and “custom 
design” ultra-precise new structures, devices and systems with new, unique 
and oft en remarkable properties such as materials with vastly increased 
strength, vastly decreased weight, vastly greater electrical connectivity, 
or the ability to change shape or colour on demand. Nanotechnology is 
already enhancing everyday products such as sunscreens, golf clubs, cloth-
ing and cell phones. Within the next decade, it will have commonplace 
in drug therapies, water fi lters, fuel cells, power lines, computers, sensing, 
catalysis and a wide range of other applications.

By tuning the structure on the nanoscale, a useful sensing system should 
meet two requirements: satisfactory selective recognition sensing moiety for 
binding with target analytes and a measurable response process to signal the 
binding event. Th e ability of these two components is signifi cantly related 
to the outcome of the detection process in terms of the response time, 
sensitivity, selectivity and stability of the system. Th us, the challenges in 
development of novel detection systems have been concerned with getting 
better the recognition process as well as designing pioneering assemblies. 
Nanoassemblies provide novel systems for the pursuit of new recognition 
and transduction processes, as well as increasing the signal-to-noise ratio 
through effi  ciency of the system components. So, combinely, supramolecular 
based nanochemistry will facilitate to provide signifi cant detection system.

8.2.2 Chemical Approach of Nanomaterials
Traditionally, nanotechnological devices have been prepared by the break-
down of materials using techniques developed by solid state physicists. For 
example, a large block of silicon wafer can be reduced to smaller com-
ponents by cutting, etching and slicing down to a desired size or shape. 
Th is is known as the top-down approach. Alternatively, the synthesis of 
nanostructures and nanomaterials through the utilisation of supramolecu-
lar and biomimetic materials is known as the bottom-up approach and 
forms the foundations of nanochemistry. Nanomaterials synthesised from 
the bottom-up method have novel physico-chemical proprieties that diff er 
from the bulk material and can engender the emergence of novel charac-
teristics. Both the top-down and bottom-up approaches to nanotechnology 
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have interfaces with biology and biomimetic chemistry, giving rise to the 
field of nanobiology.

Bottom-Up Approach: Th e synthesis of nanoscale structures and 
devices by chemically building up from the molecular level.

Top-Down Approach: Th e use of micro fabrication techniques that reduce 
bulk material into smaller components to form nanoscale features or objects.

8.2.2.1 Colloidal Nanoparticles and Its Surface Modifi cation
NPs possess several distinctive physical and chemical attributes that make 
them promising synthetic scaff old for the creation of novel chemical and 
biological detection systems. Last few years, nanostructured materials, 
such as noble metal NPs, quantum dots and magnetic nano particles, have 
been employed in a broad spectrum of highly innovative approaches for 
assays of cations and anions detection, small molecules and protein and 
nucleic acid biomarkers [21]. In addition to the large surface-to-volume 
ratio that favours effi  ciency, NPs possess unique optical, electronic and 
magnetic properties depending on their core materials. Furthermore these 
properties of the nanomaterials depend on their size and shape, and vary 
with their surrounding chemical environment. Additionally, NPs can be 
formed with a wide range of small organic ligands and large bio-macro-
molecules by using various techniques of surface modifi cation. Each of 
these capabilities has allowed researchers to design novel detection and 
diagnostic systems that off er significant advantages in terms of sensitivity, 
selectivity, reliability and practicality. Th is chapter provides recent research 
advances involving the use of nanoassemblies in the detection and diagno-
sis of analytes including metal ions, anions, amino acids, small molecules.

Colloidal NPs, e.g. inorganic nanocrystals, are very small, nano-scale 
objects dispersed in a solvent. Already synthesized of gold at the times of 
Faraday, they generated ever-increasing interest since with the develop-
ment of high resolution transmission electron microscopy, the ability to 
synthesize those particles of desired size in a controlled fashion and fi nally 
the advent of a broad range of diff erent material systems that have come 
up in the last few decades. Depending on the material they consist of, NPs 
can possess a number of diff erent properties such as high electron density 
and strong optical absorption (e.g. metal particles), photoluminescence in 
form of fl uorescent NPs [22]. NPs with those properties originating from 
the core material are then used as building blocks for larger, more complex 
structures, or for hybrid materials, e.g. in polymer blends. Besides this, 
so-called biological applications have gained in importance because they 
combine the unique properties of inorganic, synthetic NPs with complex 
biomolecules or biological systems such as cells or even organisms; the 
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most prominent application being labelling for microscopy. Naturally, sur-
face modifi cation starts with an existing surface and yields a new surface 
with possibly new properties, the area of surface modifi cation taking place 
between the particle synthesis and fi nal possible applications.

Th e ligand molecules bound to the NPs surface not only control the 
growth of the particles during synthesis, but also prevent aggregation of 
the NPs. Th e repulsive force between particles can in principle be due to 
electrostatic repulsion, steric exclusion or a hydration layer on the surface. 
Depending on the particle system, i.e. the core material, and the solvent in 
which the particles are dispersed, the choice of the right ligand might yield 
to stable particles. First the ligand molecules have to be bound to the par-
ticle surface by some attractive interaction, either chemisorption, electro-
static attraction or hydrophobic interaction, most commonly provided by 
a head group of the ligand molecule. Various chemical functional groups 
possess a certain affi  nity to inorganic surfaces, the most famous example 
being thiol to gold. Figure 8.7 displays some commonly used hydrophobic 
ligand molecules drawn to scale along with a particle of 5 nm diameter.

In aqueous solution, the ligand NPs interaction is basically the same 
but a number of diff erent eff ects important for stability arise. Most com-
monly, hydrophilic NPs are stabilized by electrostatic repulsion by the 
equally charged ligand molecules on the particle surface. However, in pres-
ence of high salt concentration the electric fi eld is shielded and the NPs 
can come close to each other until eventually attractive forces cause the 
particles to agglomerate, as e.g. induced dipole interaction, van-der-Waals 
force, or hydrogen bonds. Th iol groups are considered to show the highest 
affi  nity to noble metal surfaces, in particular to gold (~50 kcal/mol) [23]. 

Figure 8.7 NPs of 5 nm core diameter with diff erent hydrophobic ligand molecules.
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While this binding is oft en termed “chemisorption”, sometimes also noted 
as covalent bond, the exact processes and the microscopic nature are still 
subject to research and discussion. Contrary to the case of self-assembled 
monolayers (SAMs) on a well-defi ned planar crystal face, the surface of 
a NPs consists not only of a number of diff erent crystal facets but also to 
a large part of edges, terraces and vertices, resulting in binding sites with 
diff erent affi  nities for the ligand molecules. Th is complicates the charac-
terization of the ligand shell compared to “classical” SAMs, like the well-
studied Au-thiol system [24]. Metal NPs, with diameters ranging roughly 
between 1 and 100 nanometres, are natural bridges between molecules and 
extended solids. Th ey are complex many-electron systems, where reduced 
sizes and quantum confi nement of electrons and phonons give birth to fas-
cinating new eff ects, potentially tunable with particle size and shape. Metal 
NPs attract strong interest both because they open up a new field in fun-
damental science and because of their potential technological applications. 
Th ey are convenient components for sub-wavelength optical devices, for 
nonlinear optics, for optical data storage, for surface-enhanced spectros-
copy and catalysis, for biological labelling and sensing, and even for cancer 
therapy. So, functionalization via suitable linker to supramolecular assem-
bly is important aspect of nanochemistry, which will be discuss further.

8.2.3 Gold and Silver Nanoparticles
Nowadays, metal NPs supported supramolecules have been focused in 
the direction of attaching with many ionophores and employed as a sen-
sor. Th e introduction of recognition elements onto monolayer-protected 
cluster (MPC) surfaces has enabled the developed of nanoscale devices 
with potential applications as sensors, switches and new materials having 
tunable properties. A remarkable and promising path for analyte detec-
tion arises from the unique size and shape dependent optical, magnetic 
and electronic properties of nanomaterials. For instance, spherical gold 
NPs exhibit a variety of colours in solution from brown to violet as the 
core size increases from 1 to 100 nm. Spherical AuNPs usually exhibit an 
intense absorption peak from 510 to 560 nm, corresponding to the sur-
face plasmon band of nanometer scale noble metal NPs [24]. Th is absorp-
tion arises from the collective oscillation of the valence electrons due to 
resonant excitation by the incident photons. Surface plasmon resonance 
(SPR) is absent in both small NPs (d < 2 nm) and bulk materials. It is 
strongly reliant on the particle size. Not only to the NPs size, the SPR 
is also sensitive to the surrounding environment such as ligand, solvent 
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and temperature. Most importantly, SPR is strongly dependent on the 
proximity to other NPs. Th us, clustering of AuNPs of appropriate sizes 
(d > 3.5 nm) evokes interparticle surface plasmon coupling, resulting in a 
significant red-to-blue bathochromic shift ing (to ca. 680 nm) and broad-
ening of the SPR band that can be readily observed by the naked eye at 
trace level concentrations. 

Th e most common NPs are metallic gold NPs prepared by a process 
called “arrested nucleation and growth”. Th is occurs from the reduction 
of HAuCl4 by sodium citrate or sodium borohydride [25]. Citrate is a very 
common reducing agent and has also been used to prepare other metal 
NPs, such as Ag from AgNO3, Pd from H2PdCl4 and Pt from H2Pt[Cl]6.

8.2.4 Self-Assembled Monolayer
Self-assembly can be used to form ordered two-dimensional monolayers 
by chemisorption of appropriately functionalised molecules onto substrate 
surfaces. Monolayers are typically formed by amphiphiles comprising long 
alkyl chains in conjunction with a polar head group, or long-chain mol-
ecules bearing a functional group at one end capable of surface binding. 
Th e resulting stable, ordered and dense layers have applications in anti- 
corrosion and wear protection, for example. Much of the early work on 
SAMs was carried out utilising thiols on gold surfaces, and these systems 
continue to be widely studied. Th e gold–thiolate interaction has approxi-
mately the strength of a hydrogen bond and hence the thiols have consider-
able surface mobility, contributing to the self-assembly process. However, 
there are many other systems that form SAMs, for example, siloxanes on 
hydroxylated surfaces and fatty acids on silver and alumina surfaces.

Th iol SAMs are the most common and extensively studied monolayers. 
Th ey generally involve molecules appended with a thiol group at one end 
interacting with a gold surface. Th e fi lms are relatively straightforward to 
synthesise. A well-polished gold substrate is immersed into a solution of 
thiol and the thiols rapidly attach randomly to the substrate. Over time, the 
thiols align themselves onto the surface forming a monolayer according to 
self-assembly principles. Th e advantage of this technique is that no double-
layer formation is observed; therefore, high quality monolayers result if the 
substrate is allowed to sit in the solution for a few days. Another attractive 
property of thiol SAMs is the possibility of further derivatization of the 
monolayer once it has formed. Many functional groups can be appended 
at the end of the thiol, which leads to the use of thiol SAMs in molecu-
lar recognition, as bio-membrane mimics for modelling the interaction of 



384 Advanced Functional Materials

biomolecules at diff erent surfaces, the study of enzymes on surfaces, pH 
sensing devices and the preparation of molecular wires. A similar tech-
nique is used to prepare thiol-coated NPs, e.g. as sensors

Th is chapter further focus on the introduction to nanochemistry 
from the view of the supramolecular chemist interested in synthesising 
and studying chemical aggregates on the nanoscale with great potential 
for the development of nanosensors which is called as “supramolecular 
nanoassembly”.

8.3 Supramolecular Nanoassembly

During the last few years, amphiphilic supramolecules such as crown 
ether, calix[n]arenes (n  =  4,6,8) and especially water-soluble calixarenes 
have been the subject of growing interest in the chemical and biological 
domain [26–27]. Th e diff erent studies concerning the specifi c interactions 
of calixarenes and crown based nanoassembly with molecules such as inor-
ganic ions, peptides, polar or neutral organic molecules and biomolecules, 
including proteins and lipids have lead to the numerous applications of 
cation receptors, anion receptors, biomolecules receptors and pesticides 
receptor. Herein, further will be emphasized on recent advances on devel-
opment of supra-nanoassembly and its sensing application.
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8.3.1 Cations Receptors
Cation complexes play an essential role in many biological systems; large 
quantities of sodium, potassium, magnesium and calcium ions, in particular, 
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are all critical to life. For example, a concentration gradient of K+ and Na+ 

across biological cell membranes is vital to nerve signal transduction. Menon 
et al. established [29] facile strategy, aft er series of experiments to prepare 
gold NPs (AuNP) crown ether assemblies by the generation of strongly bind-
ing dithiocarbamate (DTC) modifi ed benzo-15-crown-5 for recognition of 
potassium ion which triggers particle aggregation via simple host–guest 
interactions and induces colorimetric, naked eye easy-to-measure colour 
changes (Figure 8.8). In which they have enhanced the stability of AuNP-
DTC-CE assemblies by facile generation of a DTC ligand by reacting CS2 
with secondary amine modifi ed crown ether. Th is strategy was not only 
increased the robustness of the AuNP-crown ether assembly but also it was 
inexpensive and less tedious as compared to the procedure reported by Chen 
and co-workers [29]. Aft er the series of experiments they reported that there 
is no sign of aggregation between pH range 6-10 up to months and its stable 
at elevated temperature too aft er the storage of several months which indi-
cates surface plasmon band wavelengths remained the same. Menon et al. 
reported that the crown capped gold NPs are very miscible with water and 
colloidal solutions appear red with absorption maxima at 522 nm, which 
shift s only slightly, within a few nanometres from that of the gold NPs at 
528 nm. Th is novel approach of recognition physiological important potas-
sium ion was further experimented over human blood serum sample with 
excellent visual detection limit of crown capped gold NPs.

Another example of supramolecule based nanoassembly is detection of 
iron. Iron metabolism is exquisitely regulated by all organisms from lower 
species to higher organisms. Th e various environmental factors which 
infl uence growth, such as the availability of nutrients like iron which 
enhances the physiological activities, profoundly aff ect gene expression 
in prokaryotes and are merely important in the metabolism of bacteria in 
their habitat. Various research groups have worked on FRET based sensors 
which are created in the form of a dyad or a triad in which the donor and 
the acceptor are covalently linked through a spacer with a certain length. 

Figure 8.8 Schematic of Potassium recognition using AuNP-DTC-CE assemblies.
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However, FRET-based sensors can also be created within colloidal NPs, 
such as capped quantum dots, dye doped silica and polymeric NPs, and 
these particle based FRET systems are to be used in biomedical and envi-
ronmental applications, so it is essential that they are nontoxic and water-
soluble to prevent aggregation, precipitation and should have a substantial 
photoluminescence quantum yield in water. To improve sensitivity and 
specifi city, Menon et al. [30] demonstrate, a novel alternative strategy for 
constructing calix[4]arene modifi ed silver NPs for detection of iron with 
excellent sensitivity at the nano level and selectivity over the other metals 
and biomolecules. So, new promising approach has been designed using a 
Ag NP based colorimetric sensing system (ANCSS) which forms a calix[4]
arene-ethoxythiol functionalized Ag nanoprobe complex (CX-ET-AgNPs) 
for the detection of ferric ion in water (Figure 8.9).

Introduction of moieties containing O, N and S on the calixarene brings 
the selectivity towards transition metal ions. Appropriate functionaliza-
tion can improve the solubility and can extend its range of applications 
in the ion and molecular recognition properties of the 1,3-disubstituted 
derivative of calix[4]arene. Th us, when it investigated spectrophtotometri-
cally, experimental observation indicated that the bathochromic shift  is 
observed during interaction of the pSTEC4-AgNPs with Fe3+ which is due 
to the existence of the calixarene manifold binding site complex with Fe3+. 
Plasmon absorption peak was red-shift ed proportionally up to nanomo-
lar level ferric ion, and good correlation was obtained between the wave-
length shift  and concentration pointing out the feasibility of the method 
for the quantitative measurement of ferric ion in human body fl uid. Th e 

Figure 8.9 Schematics of the ferric ion sensing with pSTEC4 modified AgNPs via 
nanoaggregation due to specific interaction between pSTEC4-AgNPs and ferric ion.
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developed pSTEC4-AgNPs based human heme biosensor was proved to 
be simple, reliable and accurate. Th is method can also indirectly assist to 
medico-legal system for the routine investigation process.

8.3.2 Anion Receptors
Sulphide anion (S2-) exists widely in industrial locations such as tanneries, 
food processing plants, petroleum refi neries, and paper and pulp manu-
facturing plants, where it is either used as a reactant or is produced as a 
by-product of manufacturing or industrial processes. Sulphide is a highly 
undesirable contaminant in effl  uents because of its high toxicity to liv-
ing organisms, its capacity to remove dissolved oxygen and its capabil-
ity to produce hydrogen sulphide. Th e risk of S2- toxicity is allied with 
exposure in a number of occupational settings. Continuous and high con-
centration contact of S2- can cause various physiological and biochemi-
cal problems. Menon et  al. [31] developed an advanced and profi cient 
colorimetric sulphide sensor based on SAM protected gold nano cluster 
(MPC) of calixarene dithiocarbamate (CX-DTC) ligand assembly, which 
has been designed and synthesized by generation of strongly binding 
DTC (Figure 8.10). Th is molecular receptor competently and selectively 
recognizes sulphide ion via H-bonds. Th is sensor was based on DTC 
assembly of 25, 27-bis (ethylene amine carbonyl methoxy)-26, 28-dihydroxy-
p-sulphanatocalix[4]arene (pSC4A) and gold NPs.

Figure 8.10 Schematics of the sulphide sensing with pSC4A-DTC modifi ed AuNP: 
(A) specifi c intramolecular hydrogen bonding between pSC4A (–NH) and other pSC4A 
(–NH), (B) sulphide induced aggregation of pSC4A-DTC modifi ed AuNP.
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According the proposed mechanism, the sulphide ion recognition trig-
gers particle aggregation through (–N–H..S) hydrogen bonds and provides 
an easy to measure naked eye colorimetric colour change. However, no sig-
nifi cant colour change was observed by the addition of sulphate, chloride, 
fl uoride or bromide. Th is technique demonstrate a simple and relatively 
free from interference of closely associated ions method with successful 
application for the determination of sulphide from real samples of spiked 
water and leather waste water.

8.3.3 Biomolecule Receptor
Th e concept of supramolecular based nanosensors was further imple-
mented for detection of biomolecule. It is well know that amino acids play 
vital role in a variety of important cellular functions and have attracted 
attention because they are involved in numerous important functions in 
metabolism and cell regulations. Importantly, three amino acids (argi-
nine, histidine and lysine) are essentially needed for infants and human 
body. Traditionally, amino acids are quantifi ed by using derivatiza-
tion procedures coupled with various chromatographic techniques, 
which requires specifi c organic molecules for their derivatization and 
extremely time consuming. Menon et  al. [32] reported lys, arg and hist 
recognition by novel p-sulfonatocalix[4]arenethiol functionalized gold 
NPs. Th is report mainly focused on the synthesis of very stable, chemi-
cally versatile water soluble novel 25,27-bis(12-thiol-1-oxydodecan)-26, 
28-dihydroxysulfonatocalix[4]-arene ligand, and its application as amino 
acids detection probe. In their experiment, it is investigated the molecular 
recognition ability of novel calix-capped gold NPs, 11 diff erent aqueous 
solutions of amino acids in PBS buff er were added to calix capped gold 
NPs. Half an hour later, only the solutions containing lysine, arginine or 
histidine had changed colour from red to purple with changes in UV–vis 
spectrum at 524–550 nm region indicating broadening of the surface plas-
mon band due to aggregation, which indicated that the calix-capped gold 
NPs responded selectively to lys, arg and his but not for other amino acid. 
Th e proposed mechanism demonstrate by Menon et al. pSC4T possesses 
an electron-rich cyclic cavity that can attract the positively charged NH3

+ 
of lys, arg and his. In the case of histidine, pSC4T can bind the imidazole 
via host–guest interactions (Figure 8.11). 

Th ese interactions between one amino acid molecule and two calix-
modifi ed gold NPs tend to aggregate the assemblies more easily than the 
other amino acids tested in their experiments. Th e method was supported 
aft er the evaluation through the UV–vis, FT-IR and TEM. Further it has 
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been confi rmed that in an aqueous environment, the calixarene retains 
its molecular recognition properties, which was utilized to bind the MPC 
selectively to amino acids. It has been established that MPCs can also act 
as readily detectable markers of specifi c recognition events demonstrat-
ing a high potential for simple, necked eye colour-based colorimetric diag-
nostic tests, for example, those required for many routine bio-analytical 
applications. 

Another analogous conception was utilized for detection of sugar mole-
cule which is essential biological molecules and simultaneously, it is crucial 
that blood sugar levels are kept as close to normal as possible and hence, 
there is a high demand for blood glucose monitoring. Signifi cant eff orts 
have been made in producing reliable glucose sensors for in vitro or in vivo 
applications, [33] which also play elemental roles in controlling an individ-
ual’s birth, diff erentiation and immunity. Diabetes is a widespread ailment 
that occurs due to large deviation of insulin in body. More than 220 million 
of world’s population were aff ected with diabetes in year 2011. Diabetes can 
damage heart, nerves, eyes, kidneys and blood vessels. Most of these meth-
ods are based on the immobilization of the enzyme glucose oxidase (GOx) 
on a solid substrate, which relies heavily on the properties of the support-
ing materials. Th ey should provide a good environment for enzyme immo-
bilization and should be able to maintain their biological activity. Menon 
et al. [34] developed a new, advanced, simple and non-enzymatic approach 
for the colorimetric detection of glucose, based on calix[4]arene/phenyl 
boronic acid (CX-PBA) functionalized gold NPs (AuNPs) (Figure 8.12). 
Th is molecular receptor profi ciently and selectively recognizes glucose due 
to its ability to reversibly bind diol-containing compounds. Th e assembly 

Figure 8.11 A schematic representation of the amino acid induced aggregation of  
calix-capped gold NPs.
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was characterized by transmission electron microscope (TEM), dynamic 
light scattering (DLS), UV–Vis, FT-IR, ESI-MS and 1H NMR spectrome-
try, which demonstrated the higher binding affi  nity for glucose via boronic 
acid–diol interaction with excellent discrimination against other saccha-
rides. Th e biosensor has been successfully applied to estimate the glucose 
in human blood serum samples and the results were compared with auto-
matic analyzer. With the advantages of high sensitivity, selectivity and low 
sample volume, this method is potentially suitable for the on-site monitor-
ing of glucose. Th e proposed approach seems to be signifi cant for the rural 
population in third world countries.

8.3.4 Pesticide Detection
Organophosphorus (OP) pesticides are used widely for agriculture, vec-
tor control and domestic purposes. Despite the apparent benefi ts for 
these applications, acute OP pesticide poisoning is an increasing world-
wide problem, particularly in rural areas. OP is among the most acutely 
toxic pesticides sold today, with most of these chemicals classifi ed by the 
Environmental Protection Agency (EPA) as toxicity class I (highly toxic) or 
toxicity class II (moderately toxic). In order to explore sensing properties 
of nano-supramolecular assemblies.

Menon et  al. [35] further extend the application of water-soluble 
calix[4]arene modifi ed AgNPs assembly for the molecular sensing of 
organic molecule like insecticide. In this exploration, a new p-sulphonato 

Figure 8.12 Schematics of the glucose sensing with pSC4BA modifi ed AuNPs via 
nanoaggregation due to specifi c interaction between pSC4BA-AuNPs and glucose.

HO
HO

HO

Host Molecule
Self Assembly

OH
OH

OOO

S S

B
OHHO B

OHHO



Supramolecular Nanoassembly and Its Potential  391

calix[4]resorcinarene (pSC4R) compound were synthesized and modifi ed 
with silver nano particle (pSC4R-AgNPs) as a powerful sensing tool for 
colorimetric sensing of dimethoate with high sensitivity and selectivity 
at low concentrations. pSC4R can bind the amino residues and two thiol 
linkage of dimethoate through host–guest interaction such as electro-
static forces between electron rich cavity of pSC4R and electron defi cient 
dimethoate (Figure 8.13). Th ese interactions between dimethoate and 
two pSC4R-modifi ed AgNPs, results in pSC4R-AgNPs tending to aggre-
gate more easily than the other pesticides tested. Due to absence of any 
electron defi cient group in other pesticide, do not show the aggregation. 
Th e diff erent results for pSC4R-AgNPs are due to the diff erent binding 
response of the pSCn modifi er to dimethoate. In comparison with pSC4, 
pSC8 does not present a predefi ned host cavity due to the greater confor-
mational fl exibility, which means that pSC4R-AgNPs cannot be induced 
into aggregation by dimethoate through host–guest interaction. Th e 
pSC4R-AgNPs also act as readily detectable markers of specifi c recog-
nition events demonstrating a high potential for simple, colour-based 
diagnostic tests, for dimethoate which is required for many routine envi-
ronment applications

8.3.5 Other Nanomaterials Supported Supramolecules
Vitamin K3 (VK3) is a synthetic fat soluble vitamin which is used for blood 
coagulation and in the bone mineralization process. In recent years, it has 
drawn huge attention due to its remarkable anticancer properties. 2VK con-
tains a naphthoquinone ring, and its basic structure is 2-methyl-1,4-naph-
thoquinone. Th ese vitamins are named according to their side chains by 

Figure 8.13 Schematic representation of the dimethoate inclusion complex with pSC4R 
AgNPs.
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forming new derivatives. VK3 is obtained synthetically without a side chain 
and is named menadione. Th e physiological activity of VK is the strongest 
among the K group vitamins. It shows antitumor and anti-infl ammatory 
activity because of the quinone group in its structure. In a series of in vitro 
and in vivo animal studies, VK3 showed significant anti-neoplastic activities 
against both malignant cell lines and a variety of human tumour cells. Menon 
et al. [36] developed a highly sensitive and selective optical nanoprobe for 
menadione (VK3) determination. Th at sensor was based on FL quenching 
by VK3 through host–guest interaction with “cup type” calixarene coated 
ZnSQDs (Figure 8.14) It is known that a calix can provide accommodation 
to guest molecules in the cavity, when they are added in solution resulting in 
an inclusion complex. Th e reaction between pSC[4]A and ZnSQDs gave rise 
to a cup type cavity and led to the assembling of an inclusion complex with 
VK3. Th e remarkable blue shift  (7 nm: 482/476 nm) in the FL spectra at a 
higher concentration of VK3 also gives an indication that VK3 was located in 
a more hydrophobic environment, which was supported by the inclusion of 
VK3within the aromatic cavity of pSC[4]A. In order to investigate the main 
driving force for the interaction between pSC[4]A-ZnSQDs and VK3, the 
eff ect of NaCl ionic strength on the inclusion process was examined where, 
the NaCl concentration is 0.5 mol L-1, the FL intensity of pSC[4]A-ZnSQDs 
and VK does not undergo significant change, which demonstrated that the 
inclusion process was not aff ected by the ionic strength of NaCl. Th is means 
that electrostatic interaction is not the main driving force for the interaction 
between pSC[4]A-ZnS QDs and VK. Th erefore, hydrophobic interaction was 

Figure 8.14 Schematic representation of a VK3, inclusion complex with pSC [4] 
A-ZnSQDs.
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considered to play the main role in the formation of the host–guest inclusion 
complex. It also have been demonstrated the stability in the eff ect of pH in 
the range of 2.0–12.0 in order to select the optimum conditions for the analy-
sis. Th e study shows that the FL intensity of pSC[4]A-ZnS QDs was almost 
stable in the pH range 5.0–10.0. Th e application of this probe in real samples 
was investigated by the analysis of a VK3 containing commercial prepara-
tion with the standard addition method. It was also confi rm the selectivity 
and ensure that there was no interference by the accompanying compound, 
indicating the specifi city of the probe. Th e simple, selective, sensitive and 
trace level detection approach of this method holds promise for application 
in future trends in biology.

Li and Qu synthesized [37] CdTe QDs nanocrystals in sol–gel-derived 
composite silica spheres coated with calix[4]arene and their applications 
as fl uorescent probes for the detection pesticides. CdTe QDs nanocrystals 
in sol–gel-derived composite silica spheres were prepared from CdTe QDs 
via the Stober method [38]. TEM images and PCS measurements showed 
the average sizes of SiO2@CdTe NPs and @SiO2@CdTe NPs were approxi-
mately 70 and 100 nm, respectively. Fluorescence titrations (512 nm) of 
SiO2@CdTe NPs and functionalized @SiO2@CdTe NPs were conducted in 
water at pH = 8.0 with various pesticides (parathion-methyl, methomyl, 
optunal, fenamilthion and acetamprid) to evaluate their selectivity of com-
plexation. Methomyl was shown to be the pesticide providing the most 
substantial increase in fl uorescent intensity. Th is was attributed to the fact 
that the cavity of synthesized calix[4]arene was not suffi  ciently large to 
accommodate aromatic pesticides, as well as its preference for the linear 
methomyl. A detailed study conducted with methomyl indicated a com-
plexation mechanism involving the fi lling of the calix cavity by methomyl 
with a conformational rigidifi cation of the surface substituents suppressing 
the quenching pass to the medium by eff ective cone protection, giving rise 
to an increase in the fl uorescent intensity, as illustrated in Figure 8.15.

A similar system was reported by Li et al., [39] a simple, rapid ligand 
exchange route for the preparation of highly fl uorescent, stable and water-
soluble CdSe QDs was obtained using sulfanatocalix[4]arene rather than 
the original TOPO ligands. Th e ligands were found to exert a profound 
eff ect on the luminescence response of QDs to amino acids. Th e sulfa-
natocalix[4]arene coated CdSe QDs were sensitive to methionine. On the 
other hand, sulfanatocalix[4]arene derivative coated CdSe QDs turned 
out to be sensitive to phenylalanine. To demonstrate the detection capa-
bility of these new probes, sulfanatocalix[4]arene coated CdSe QDs were 
employed to detect methionine and phenylalanine in physiological buff er 
solution. Under optimal conditions, the relative fluorescence intensities of 
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the sulfanatocalix[4]arene coated QDs increased in a linear fashion with 
increasing concentrations of amino acids. Th e enhancement of lumines-
cence was proposed to be attributable to a complexation of amino acids in 
the cavity of sulfanatocalix[4]arene (Figure 8.16).

8.4 Conclusion and Future Prospects

Th e development of novel methods in chemical, biological and forensic 
fi elds that permit the real-time detection of diff erent compounds with 
high accuracy, precision, reproducibility, low molecular detection limits 
and aff ordability is a profound challenge. Th is is probable, in particular, by 
virtue of the combination of the optical properties of nanostructured met-
als and the advanced chemical properties of self-assembled calixarenes. 
On the basis of the concepts and principles of supramolecular chemistry, 
particularly molecular recognition, self-assembly and nanomaterials, we 
have collected in this chapter, the nanoscaled construction and applica-
tion of NPs based on supramolecule and diff erent surfaces: gold, silver and 
quantum dots. Moreover, the host–guest interaction mechanism leading to 
the formation of a complex between functionalized NPs and diff erent sub-
strates has been highlighted. Several perspectives can be drawn in regard 
to the development of optical host–guest systems of supramolecule on the 
surfaces of NPs.

Chiral surface plasmon resonance has been previously described by 
the postsynthetic modifi cation of gold particles with calixarene enantio-
mers, which may lead to the optical recognition of a chiral object. More 

Figure 8.15 Schematic illustration of a possible structure of the functionalized @SiO2@
CdTe NPs-methomyl.
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generally, plasmons in strongly coupled metallic nanostructures may be 
used to enlarge the panels of this type of optical system. New mineral solid 
surfaces have been reported which may be used as new supports, such as 
mesoporous non-oxide materials. In another field, hybrid materials could 
be prepared from polymers presenting channelled structures that may 
prove useful in the formation of organized molecular surfaces.

Innovations in the applications of supramolecular based nanoassem-
bly in diagnostics are needed for the highly effi  cient detection of marker 
proteins. Th e potential applications of supramolecules derivatives dis-
playing inhibition properties towards alkaline phosphatases from bovine 
intestine mucosa and shrimp and human placenta would indeed encour-
age supramolecules chemists to broaden their research areas. Moreover, 
the involvement of supramolecule based nanoassembly as synthetic 
ionophores in the challenging fi eld of trans membrane ion transport has 
broadened their area of applications in biotechnology. Apart from their 

Figure 8.16 A schematic illustration of the possible mechanisms of methionine and 
phenylalanine enhancing the fluorescence of sulfanatocalix[4]arene coated CdSe QDs.
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binding ability to many organic and bioorganic molecules, the functional-
ized supramolecules also act as the antibacterial, antiviral and anticancer 
agents demonstrating their potential applications in the pharmaceutical 
industry. However, a more elaborated study on the modifi ed supramo-
lecular based nanoassembly derivatives is necessary for their real time 
monitoring of biomarkers and induction in the drug development and 
drug discovery.
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Abstract
Th e energy demand is increasing day by day leading to the decrease in avail-
able non-renewable energy resources. To combat such a situation, a variety 
of energy storage and energy conversion devices are now being made avail-
able such as batteries, supercapacitors (SCs), conventional capacitors and fuel 
cells. Among these, the SCs are superior due to their remarkable properties of 
cyclic stability, safety, being environmental friendly, low cost, etc. However, 
the SC is defi cient in the amount of energy it can store compared to batter-
ies and fuel cell. So far, numerous type of carbon-based electrode materials 
have been used for preparing SC like activated carbons, carbon aerogels, gra-
phene, carbon nanotubes and so on due to their high surface area, cycle life, 
high electrical conductivity and high power density. However, the carbon-
based electrode materials are lacking in ability to store high energy density. 
In order to improve the energy density without losing their power density, 
the carbon-based electrode material has been modifi ed to include composites 
with noble materials like metal oxides (MnO2, Co3O4, NiO, etc.), metal hydrox-
ides (Ni(OH)2, Co(OH)2, FeOOH, etc.) and conducting polymers (polyaniline 
(PANI), polypyrrole (PPy), polythiophene (PTh ) and poly(3,4-ethyelenedioxy-
thiophene) (PEDOT), etc.). In this chapter, we present a detailed discussion on 
the advances made in the carbon-based electrodes for SC applications. Finally, 
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we end the chapter with conclusion and prospects for future development of 
 carbon-based electrode materials. 

Keywords: Supercapacitor, hybrid electrodes, heteroatom doped carbon, redox 
additive

9.1 Introduction

9.1.1 Background
Today’s competitive world is confronted with an energy crisis problem. Th e 
demand for energy is increasing day by day for domestic and industrial 
applications as the existing conventional energy resources fail to meet the 
requirements. It is very diffi  cult to exploit the renewable sources like wind 
and solar throughout the year, and the non-renewable resources (e.g. fossil 
fuel) are not utilized to their fullest potential because of their own limita-
tions. In addition, global warming is also a growing problem due to the 
emission of CO2 and CO from the combustion of fossil fuels. Furthermore, 
over the past few years the cost of liquid fuel has been increasing which 
results in stress on the economy, especially in developing countries. 
Th is crisis-like scenario can be solved by developing an effi  cient electri-
cal energy storage device that can facilitate effi  cient storage and usage of 
power. Subsequently, it will help to reduce the dependency on combustible 
and thermal sources like petroleum and, above all, will provide us with a 
perennial source of power. 

Some of the aforementioned issues have been addressed partially by the 
developed energy storage devices especially Li-ion batteries (LIB), super-
capacitors (SCs), hydrogen energy storage system, etc.. Among these, SCs 
and LIBs are the most promising systems. However, SCs are considered as 
an alternative energy storage devices to LIBs, since they possess an inter-
mediate value of power density (P) and energy density (E), when compared 
with batteries or fuel cells and classical capacitors, i.e., higher power den-
sity (kW kg–1) than batteries or fuel cells and higher energy density (Wh kg–1) 
than classical capacitors (Figure 9.1) [1, 2]. Other properties of SCs are 
compared with other energy sources and tabulated in Table 9.1 [3]. Due to 
its high power density, SCs are widely used in space and military applica-
tions. SCs are also used in mobile phones, digital cameras, digital com-
munication devices, industrial equipments (cranes, elevators and forklift s), 
pulse laser technique, electric hybrid vehicles, uninterrupted power supply 
(UPS) and electric tools [4–6]. 

However, the SC encounters the problem of low energy density com-
pared to batteries. It is well known that the energy density of SC depends 
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on the specifi c capacitance and potential window. Th e specifi c capaci-
tance and energy density of the electrode depend on the type of electrode 
material used for SCs. Hence, the electrode materials play a main role in 
SCs. So far, numerous electrode materials [7–10] such as carbon materi-
als (activated carbons (ACs), carbon aerogels (CAs), graphene, carbon 
nanotubes (CNTs), etc.), metal oxides (MOs) (MnO2, Co3O4, NiO, etc.), 
metal hydroxides (Ni(OH)2, Co(OH)2, FeOOH, etc.) and conducting 
polymers (CPs) (polyaniline (PANI), polypyrrole (PPy), polythiophene 
(PTh ), poly (3,4-ethyelenedioxythiophene) (PEDOT), etc.) have been 

Table 9.1 Comparison of electrochemical parameters of energy storage 
devices [3].

Parameters Electrostatic 
Capacitor

Supercapacitor Battery

Charge Time 10–6–10–3 s 10–3 s 0.3–3 h

Discharge Time 10–6–10–3 s 10–3 s 0.3–3 h

Energy Density (Wh kg–1) <0.1 1–10 20–100

Power Density (W kg–1) >10 000 1000–2000 50–200

Cycle Life >500 000 >100 000 500–
2000

Charge/Discharge 
Effi  ciency

~1.0 0.90–0.95 0.7–0.85

Figure 9.1 Ragone plot of energy storage devices [1]. 
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used in SCs (Figure 9.2). Unfortunately, these electrode materials are hav-
ing some drawbacks like low energy performance of carbon materials and 
poor cyclic stability and rate capability of MOs, metal hydroxides and CPs 
[7, 10]. In this context, researchers and engineers are trying to fi nd new 
electrode materials to solve these drawbacks. 

9.2 Principle of Supercapacitor

9.2.1 Basics of Supercapacitor
SC is constructed of two electrodes that are immersed in an electrolyte and 
separated by a separator. Th e separator permits electrolytic ions to diff use 
and also prevents the two electrodes from direct contact or short circuit, 
thereby avoiding any damage to the cell. When a voltage is applied across 
the electrodes, the electrolytic (positive and negative) ions are driven to 
accumulate at the surface of the electrode of opposite polarity (Figure 9.3). 
When the charged SC is connected with external load, the accumulated 
ions move back to the electrolyte and neutralize the system while it acts 
as a voltage source. Th erefore, the stored capacitance on the electrodes is 
determined by the following equation [1, 2]:

 

.  ,AC
d

e
=  (9.1)

where ε = εo.εr, εo is the permittivity of free space (8.854 × 10–12 F m–1) and 
εr is the relative dielectric constant of the electrolyte as liquid or solid and 
depends on the ionic concentration of the electrolyte; A is the surface area 
of the electrodes (m2) and d is the thickness of the electric double layer 
(EDL) or Debye length (DL) (nm).

Figure 9.2 Type electrode materials used for SCs.
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However, an SC can be considered as two capacitors in series. So that 
the total cell capacitance can be written as

 1 2

1 1 1 ,
C C C
= +  (9.2)

where C1 and C2 are the capacitance for positive and negative electrodes, 
respectively. However, here the capacitance C1 and C2 should be equal to 
each other, i.e., C1 = C2. So that the capacitance becomes

 
1  .
2

CC =  (9.3)

So, the capacitance of the SC cell is half of the capacitance of each 
individual electrode. On the other hand, the energy and power density 
of the SCs is dependent on the capacitance and operating voltage of the 
device according to the following relations:

 
21
,

2
=E CV  (9.4)

Figure 9.3 Schematic representation for the construction of SC.
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where C, V and R represent the capacitance of SC (F), operating voltage 
(V) and equivalent series resistance (ESR) (Ω), respectively. Hence, it is 
noted that by increasing the SC voltage (V), both the energy and power can 
be signifi cantly increased. However, SC voltage is oft en limited by the ther-
modynamic stability range of electrode, because the capacitance of SC is 
mainly based on the electrode material used. Moreover, the ESR can arise 
predominately from electrode material, binder, conductive agent, electro-
lyte solution and contact resistance between the current collector and the 
active materials, as well as the poor particle contact and closed pore struc-
ture reducing the ionic diff usion in the electrode material.

9.2.2 Charge Storage Mechanism of SC
In general, the charge is stored in the SC based on two mechanisms: 
(i) non-Faradic and (ii) Faradic or redox reaction. Based on this, SCs are 
mainly classifi ed into two types.

9.2.2.1 Electric Double-Layer Capacitor (EDLC)
In EDLC, the charge is stored based on the separation of electronic and 
ionic charges at the electrode and electrolyte interfaces via electrostatic 
attraction. During charging and discharging process, there is no other 
transfer of electrons at the electrode/electrolyte interfaces. Also, there is 
no other chemical reaction between electrode and electrolyte solution, 
which leads to improved cyclic stability of the device. Th e charge storage in 
EDLC materials depends on the specifi c surface area, pore structures and 
type of pores. Even though it has high surface area which helps store the 
charge, it is limited because of the large number of micropores. In 1853, 
Helmholtz was the fi rst person who proposed the EDL theory to describe 
the charge storage mechanism of EDLC electrode materials. He revealed 
that the EDLC material stores the charge like parallel-plate capacitor and 
described how two layers of opposite charge build up at the electrode/elec-
trolyte interface via electrostatic interaction up to some atomic distance 
(Figure 9.4(a)). Unfortunately, this model does not consider adsorption of 
water molecules and counter ions. Th erefore, in the early 1900s, it was fur-
ther modifi ed simultaneously by Gouy and Chapman who have proposed 
that the distribution of electrolyte ions in the electrolyte medium is due to 
the thermal motion, named as a diff usion layer (Figure 9.4(b)). But this 
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theory exhibited an overestimation of EDL capacitance. So, in 1924, Stern 
developed an alternate theory by combining the Helmholtz and Gouy–
Chapman models, which explained the existence of two layers of ion dis-
tribution. First layer is called compact layer or Stern layer or Helmholtz 
layer. It is formed by adsorbed ions and non-specifi cally adsorbed coun-
ter ions on the electrode, and these two types of adsorbed ions are distin-
guished as inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) 
(Figure 9.4(c)). Th e second layer is called diff usion layer, which is the same 
as what the Gouy–Chapman model described. So, total capacitance (Ct) is 
built up by both the layers, i.e., compact layer (Helmholtz layer) and diff u-
sion layer. Th e stored capacitance is termed as compact/Helmholtz double-
layer capacitance (CH) and diff usion layer capacitance (Cdiff ). So, the total 
capacitance can be expressed as follows [2, 4, 11]:

 diff

1 1 1 .
t HC C C
= +  (9.6)

9.2.2.2 Pseudocapacitors
On the other hand, the pseudocapacitor stores the charge based on the fast 
surface redox reaction or Faradaic reaction or charge transfer reaction at the 
electrode surface, which leads to improved energy density of pseudocapaci-
tor compared to EDL capacitor. Generally, the pseudocapacitance depends 
on the potential diff erence or cell voltage, which is indicated as follows:

Figure 9.4 Models of the EDL at a positively charged surface: (a) the Helmholtz model, 
(b) the Gouy–Chapman model and (c) the Stern model, showing the IHP and OHP. Th e 
IHP refers to the distance of the closest approach of specifi cally adsorbed ions (generally 
anions) and OHP refers to that of the non-specifi cally adsorbed ions. Th e OHP is also 
the plane where the diff use layer begins. d is the double-layer distance described by the 
Helmholtz model. Ψ0 and Ψ are the potentials at the electrode surface and the electrode/
electrolyte interface, respectively [2].
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,qC
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Δ
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Δ

 (9.7)

where Δq and ΔV indicate a stored charge and a change in potential, 
respectively [4, 10, 11]. In addition, the average capacitance of redox elec-
trodes is denoted as

 C = Cdl + CΦ, (9.8)

where Cdl is the EDL capacitance and CΦ is the pseudocapacitance. However, 
pseudocapacitance is typically contributing 5–10% of the total capacitance 
and over 1 F m–2 of specifi c capacitance can be achieved in pseudocapaci-
tive electrodes [11].

Nonetheless, the theoretical capacitance of the redox electrode materials 
can be calculated as [7]

 

.
.

n FC
M V

=  (9.9)

where n is the mean number of electrons transferred in the redox reaction, 
F is the Faraday constant, M is the molar mass of the MO and V is the 
operating voltage window. Also, the Faradaic or pseudocapacitance arises 
generally from

i. Under-potential deposition
ii. Surface redox reaction
iii. Intercalation–de-intercalation reaction
iv. Doping/dedoping process

In under-potential deposition, the electroactive species in the electrolyte 
are adsorbed on the surface of the electrode and undergo redox reaction 
which transfers the electron. On the other hand, the surface redox reaction 
occurs when the electrolyte ions adsorb on the surface of the electrode and 
charge transfer occurs between electrode and electrolyte. Subsequently, 
the intercalation of electrolyte ions occurs into the electrode material and 
undergoes redox reaction without any phase change. In addition, the dop-
ing/dedoping process occurs in the CPs [5]. Th ese processes depend on the 
surface area, while a relatively high surface area with micropores is desir-
able to effi  ciently distribute the ions to and from the electrodes.

For example, MnO2 exhibits the pseudocapacitance via both electro-
sorption (Eqn. 9.10) and intercalation/de-intercalation or insertion/ 
de-insertion processes (Eqn. 9.11) [13–16]:
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 (MnO2)surface + nX+ + e– ↔ (MnOO–Xn
+)surface (9.10)

 MnO2 + nX+ + e– ↔ MnOO–X+
n (X = Li+, K+, Na+ or H3O+) (9.11)

In addition, various MOs are employed as both positive and negative 
electrode materials for SCs, in which the MOs undergo redox reaction dur-
ing electrochemical reaction. Furthermore, NiO [17], NiMoO4 [18], Mn3O4 
[19, 20], Co3O4 [21], Ni-Co double hydroxide [22], etc., have been iden-
tifi ed as the suitable positive electrode materials. Subsequently, FeMoO4 
[23], Bi2WO6 [24, 25], Bi2O3 [26], etc., have been identifi ed as negative elec-
trodes. Recently, the researchers are interested on the mixed MOs including 
NiMn2O4 [27], ZnFe2O4 [28], and NiCo2O4 [29] due to the fact that their 
mixed metals have diff erent oxidation states which lead to improved per-
formance of the material. Overall, most of the identifi ed electrode materials 
delivered high specifi c capacitance and energy density than carbon-based 
materials. However, the rate capability and cyclic stability were very less 
when compared with carbon-based materials, because the reversibility of 
the electrochemical reaction was less and the electrode resistance was high.

Subsequently, various CPs such as PANI, PPy, and PTh  and its deriva-
tives are employed as electrode material. Among these, PTh  is involved 
in p-doping/dedoping and n-doping/dedoping process as shown in 
Scheme 9.1 [30].
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In Sheme 9.1, the p-doping occurs by releasing an electron (e–) from the 
backbone of PTh  and incorporation of an anion (A–) from solution into the 
PTh  to maintain the charge neutrality. Similarly, the n-doping takes place 
by the transport of electron (e–) into the backbone of PTh  while cation 
(C+) enters from the solution to maintain the charge neutrality. Th e p- and 
n-dedoping processes occur in the reverse order of p- and n-doping pro-
cesses. However, generally the p-doping/depoing occurs at positive poten-
tial and n-doping/depoing at negative potential.

9.2.2.3 Electrode Materials for Supercapacitors
Th ere are diff erent kinds of electrode materials that have been extensively 
employed in SCs (discussed earlier), and each of them exhibits its own and 
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diff erent electrochemical performance. In addition, the charge storage per-
formance of SC directly depends on the type of electrode material used. So, 
the best electrode material should possess the following characteristics [7]:

• High specifi c surface area: To improve the electrolyte acces-
sibility or to accommodate more number of electrolyte ions

• Uniform pore size distribution: Signifi cantly infl uences the 
specifi c capacitance and the rate capability of the electrode

• High electronic conductivity: Aff ects the rate capability 
and the power density of the electrode or device, and also 
reduces the equivalent serial resistance

• Better electrochemically active sites: For the contribution of 
pseudocapacitance

• High chemical and cyclic stability: For practical applications
• Low cost: To aid manufacturing

Recently, most of the commercial SCs are fabricated using carbon 
materials, i.e., ACs, CNTs and graphene which is also known as electric 
 double-layer SC because of the following physical and chemical properties 
[2, 10, 31, 32]:

• Good electrical conductivity
• High surface area
• Good resistance to chemical corrosion
• High thermal stability
• Controlled pore size distribution
• Excellent cyclic stability
• No phase of electrode material
• Low cost

But, the drawback of current EDLC is their low energy density, i.e., 3–5 
Wh kg–1 when compared to electrochemical battery, 30–40 Wh kg–1 for a 
lead acid battery and 10–250 Wh kg–1 for a lithium-ion battery. Since we 
know that the performance of the SC is mainly dependent on electrode 
material, such carbon electrode materials cannot provide the requirement 
of high energy density for the SC devices.

To improve the energy performance, redox behaviour electrode materi-
als such as MOs (MnO2, Co3O4, NiO, etc.), metal hydroxides (Ni(OH)2, 
Co(OH)2, FeOOH, etc.) and CPs (PANI, PPy, PTh , PEDOT, etc.) have 
been examined in SC (since it is known as pseudocapacitor or redox SC) 
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as alternative electrode materials. Th e redox behaviour electrode materials 
exhibit one order higher specifi c capacitance as well as energy density for 
SC than the carbon electrodes. Unfortunately, these redox behaviour elec-
trodes also have some drawbacks such as [7, 33–36]

• Low surface area
• Diffi  cult to tailor pore size distribution
• Low electrical conductivity
• Low mechanical stability
• Slow ion transport
• Poor rate capability and cyclic stability
• High cost of raw materials
• Less fl exibility

Hence, developing new materials with high capacitance as well as 
improved physical and chemical properties relative to existing electrode 
materials is the most important practice to defeat the above challenges. 
Th is can be resolved by binary or ternary hybrid composite electrode 
materials. Th e composite electrode materials are prepared in diff erent con-
fi gurations such as carbon/MOs (hydroxides), carbon/CPs and MOs/CPs. 
Th e composite electrode material has the following advantages [7]:

• Th e carbon materials exhibit signifi cant physical support 
for MOs and CPs and provide the charge transport pathway. 
Moreover, MOs and CPs provide high specifi c capacitance 
and energy density.

• Carbon materials improve the rate capability and power 
density of the MOs and CPs even at a high discharge current 
because of their high electronic conductivity. Also, carbon 
benefi ts with good rate capability and cyclic stability.

• Possibly reduces the cost of the electrode material.

In this context, the carbon/MOs and carbon/CPs electrodes are widely 
investigated compared to MOs/CPs, because the carbon material increases 
the surface area, porosity and active site; reduces the diff usive path length; 
decreases the electron transfer path length; enhances the electrochemical 
accessibility of electrolyte ions; provides high electrical conductivity; and 
improves the fl exibility and cyclic stability. So, let us see, various carbon 
nanostructured electrode materials and their hybrid composite electrode 
materials for advanced energy storage applications.
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9.3 Activated Carbon and their Composites

AC is a non-graphitic (disordered) carbon, and it has the maximum amount 
of porous nature (Figure 9.5). Similarly, the inter-planar spacing (0.335 nm) 
of AC is smaller than the graphite (0.34–0.35 nm), and the AC is composed 
of a number of disordered graphene layers or basal layer, which is known as 
turbostatic carbon [37]. Currently, ACs are mainly used as electrode mate-
rial in commercial SCs because of their high surface area, good electrochem-
ical stability, electrical conductive properties and better porous nature [37–39]. 
Th erefore, the conventional raw materials such as petroleum coke, tar 
pitches and coal cannot meet our demand for the large-scale production of 
ACs, because their availability is less and they are non-renewable in nature and 
also not cost-eff ective. Th erefore, biomass is considered as the suitable precur-
sor for the preparation of ACs because of its easy availability and renewability 
in nature, besides aiding in waste management and being cost-eff ective [40, 
41]. In this regard, diff erent kinds of bio-wastes have been identifi ed so far 
and tested for SC applications, which is activated using diff erent activating 
agents [42–60]. 

Among the reported bio-wastes, AC prepared from celtuce leaves [60] 
by KOH activation showed high surface area of 3404 m2 g–1 and delivered 
a specifi c capacitance of 273 F g–1 at 0.5 A g–1 in 2 M KOH electrolyte. 
Similarly, KOH-activated AC derived from potato starch [58] delivered 
a specifi c capacitance of 335 F g–1 in 6 M KOH electrolyte, even though 
it possessed lower surface area of 2340 m2 g–1 than celtuce leaves. On the 
other hand, NaOH-treated AC from apricot shell [48] showed a surface 
area of 2335 m2 g–1 and provided a specifi c capacitance of 339 F g–1 in 6 M 
KOH electrolyte. Coff ee beans-derived AC [58] treated with ZnCl2 deliv-
ered a maximum specifi c capacitance of 368 F g–1 in 1 M H2SO4 electrolyte. 
However, among the identifi ed bio-wastes, neem leaves-derived AC [59] 
showed a higher specifi c capacitance of 400 F g–1 in 1 M H2SO4, although 
it has a surface area of 1230 m2 g–1. Interestingly, organic electrolytes also 

Figure 9.5 SEM image of AC [38].
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provide a higher capacitance of 251 F g–1 in 1.2 M methyltriethylammo-
nium tetrafl uoroborate (MeEt3NBF4)/AN) electrolyte for the AC prepared 
from wheat straw by KOH treatment [55]. In ionic liquid electrolytes, the 
coconut shell-derived AC treated with KOH exhibits a specifi c capaci-
tance of 127 F g–1 in 1-ethyl-3-methylimidazolium tetrafl uoroborate 
(EMImBF4) [52].

AC has also been composited with TiO2, RuO2, Ni(OH)2, etc. [61–63]. 
For example, hydrous RuO2 was synthesized by a sol–gel method on the 
surface of AC. It was established that the composite containing 30 wt.% Ru 
exhibited a specifi c capacitance of 333 F g–1, but it was only 241 F g–1 for 
pure AC. On the other hand, AC and TiO2 nanoparticle comoposites have 
been synthesized by a microwave method and achived a specifi c capac-
itance of 92 F g–1. However, there are no detailed and extensive studies 
for AC-based composite electrodes, wherein AC has been derived from 
biomass.

However, recently the perfromance of AC-based SCs was improved 
using the novel strategy of redox additive in electrolyte instead of using 
AC composite. Notably, Senthilkumar et al. [64] have prepared ACs from 
bio-wastes of Eichhornia crassipes and used KI as redox additive in H2SO4. 
Interestingly, the specifi c capacitance and energy density of the SC were 
greatly improved from 472 to 912 F g–1 and 9.5 to 19.04 Wh kg–1, respec-
tively, by the addition of KI into H2SO4. It was higher than KBr-added 
H2SO4 (572 F g–1 and11.6 Wh kg–1) and KI-added Na2SO4 (604 F g–1and 
12.3 Wh kg–1) electrolytes. Similarly, VOSO4-added 1 M H2SO4 electro-
lyte enhances [65] nearly 43% of specifi c capacitance of 630.6 F g–1 com-
pared with pristine in 1 M H2SO4 (440.6 F g–1). Even the redox additive 
(Na2MoO4-added PVA/H2SO4) gel electrolyte was used in AC-based SC 
(Figure 9.6) and obtained 57% of improved specifi c capacitance and energy 
density from 412 F g–1 and 9.166 Wh kg–1 to 648 F g–1 and 14.4 Wh kg–1, 
respectively [66]. Also, the hydroquinone-mediated PVA/H2SO4 gel elec-
trolyte [67] enhanced both specifi c capacitance and energy density from 
425 F g–1 and 9 Wh kg–1 to 941 F g–1 and 20 Wh kg–1, respectively.

9.4 Carbon Aerogels and Th eir Composite Materials

CAs are known as monolithic 3D porous network comprising of car-
bon nanoparticles [68]. CAs are also created in the form of irregular-
shaped powder and thin-fi lm composites [69]. Usually, CAs are derived 
from  resorcinol-formaldehyde (RF), phenol-resorcinol-formaldehyde, 
phenolic- furfural, melamine-formaldehyde, polyurethanes and polyureas 
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through sol–gel process followed by pyrolysis [70]. Th e CA is one of the 
striking electrode materials for EDLCs application and is used directly 
without any binders [71]. Furthermore, composites of CAs have also been 
applied for EDLCs electrode.

Th e surface area, particle size, pore volume and structure of the CA were 
evaluated based on (i) the molar ratio of resorcinol and catalyst (R/C), 
(ii) carbonization temperature or the synthesis conditions of sol–gel pro-
cess [69, 71] and (iii) chemical activation. Zhu et al. [72] showed that when 
the ratio of R/C is increased (= 1, 2, 3 and 4) for the preparation of CAs, the 
surface area and pore volume also increased from 176 to 2760 m2 g–1 and 
0.304 to 1.347 cm3 g–1, respectively, whereas the pore diameter decreased 
from 4.4 to 2.5 nm. Th ey found that the R/C (= 2) gave a higher capaci-
tance of 294 F g–1 at 1 mA cm–2. In contrast, the particle size of CA and 
capacitance increased when increasing the R/C ratio, but the surface area 
(626 m2 g–1) and pore volume (1.2 cm3 g–1) decreased [73]. However, spher-
ical particles of less than 100 nm were obtained at an R/C ratio of 1500. 
Th ese spherical particles (R/C = 1500) gave a higher capacitance value of 
~183.6 F g–1 in 6 M KOH solution with stable electrochemical performance. 
Li et al. [74] have reported a similar type of work, in which a sample with 
an R/C ratio of 1500 was synthesized, which exhibited an excellent specifi c 
capacitance of 110 F g–1 in KOH electrolyte. Similarly, Lee et al. prepared 

Figure 9.6 (a) Fabricated SC and (b) schematic diagram of polymer gel electrolyte used 
SC, (c) specifi c capacitance of SCs as a function of current density and (d) Ragone plots 
of PVA/H2SO4 and PVA/H2SO4/Na2MoO4 gel electrolyte used SCs. Reproduced with 
permission from Ref. [66]. Copyright 2014 American Chemical Society.
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a CA with an R/C ratio of 500, which displayed the highest surface area 
(706 m2 g–1) with an average pore diameter of 10.9 nm, but the capacitance 
was 81 F g–1. Furthermore, they also elucidated that shrinkage behaviour of 
CAs is based on gelation time and R/C ratio [70].

Th e activation with KOH is able to contribute to both the surface area 
and pore size of CAs, which establishes the specifi c capacitance. Th e larger 
pore size (>40 nm) contributes to an increase in the capacitance of 245 F g–1 
at 10 mV s–1 in 30% KOH electrolyte [75]. Recently, Katanyoota et al. [76] 
synthesized two types of benzoxazine precursors (BA-a and BA-teta) for 
CAs preparation. CA (BA-a) was derived from bisphenol-A and aniline, 
while CA (BA-teta) was derived from bisphenol-A and triethylenetetra-
mine. Th e CA from BA-teta showed an eff ective specifi c capacitance of 
55.78 F g–1 for corresponding surface area of 391 m2 g–1. Th e capacitance of 
187.2 F g–1 was obtained [77] from modifi ed pitch-based CAs. Th e surface 
area and pore volume increased during the CO2 activation at 900°C for 
2 h. Further increase in the activation time (3 h) caused no change in the 
structure of the modifi ed activated carbon aerogel (ACA). Th ese samples 
(900°C/2 h) exhibited a specifi c capacitance of 146 F g–1 [78]. Th e surfac-
tant, 0.25 wt.% of vtmos aqueous solution used for surface modifi cation to 
enhance the hydrophobization of activated CAs, improved the wettability 
of the electrode [79]. Th is important step improved the EDL formation 
in a propylene carbonate (PC)-based electrolytic solution. Subsequently, 
they have modifi ed the surface of ACAs via vtmos and sodium oleate 
surfactants (OAS). Here, the vtmos surface-modifi ed ACA delivered a 
higher capacitance (~160 F g–1) and energy density (~78 Wh kg–1) with 
good charge/discharge stability due to the contribution of hydrophobic 
vtmos functional groups on ACA [80]. Kalpana et al. have reported [81] a 
ZnO-CA composite, where CA was used with a surface area of 2500 m2 g–1. 
Th e capacitance of as-prepared 1:2 composite of ZnO-CA sample could 
reach 25 F g–1 (from CV) at 10 mV s–1 and 500 F g–1 (ZnO-CA, SC) at 
100 mA cm–2 in 6 M KOH solution.

Th e SnO2-CA composite electrodes were prepared by two methods 
[82]: (i) directly SnO2 was mixed in RF (resorcinol–formaldehyde) gel, 
and (ii) the ethanol-based SnCl4 was impregnated into CAs. Th e combina-
tion of redox reaction (SnO2) and EDLC (CA) behaviour delivered a good 
capacitance of 119.2 F g–1 from CV and 69.8 F g–1 from charge/discharge 
measurement. But when the impregnation time was increased, the surface 
area decreased. Similarly, Lee et al. have successfully elucidated the capaci-
tance characterizations of metal-doped CA [83]. Th ey have doped diff erent 
concentrations of Co (1, 3, 5, 7, 10 and 15 wt.%) with CA. In particular, 
7 wt.% of Co-doped CA exhibits a higher capacitance of 100 F g–1 than 



414 Advanced Functional Materials

the other compositions. Subsequently, various metals such as Cu, Fe, Mn 
and Zn (7 wt.%) were doped with CA and studied for their performance. 
Among these metals, Mn-doped CA reached a higher capacitance of 107 
and 125 F g–1 from CV and charge–discharge measurements, respectively. 
More recently, PPy and CA composite [84] synthesized using surfactants 
(sodium dodecyl sulphate, SDS) via chemical oxidation polymeriza-
tion method showed abnormal redox peaks in CV curve and exhibited a 
capacitance of 433 F g–1. Th is is higher than prisitine CA (174 F g–1) due to 
the additional contribution of redox reaction. Similarly, when coating the 
Mn2O3 on the spherical CA [85] by in situ method, this composite showed 
a higher capacitance of 368.01 F g–1 with 90% capacitance retention aft er 
5000 cycles.

Th e ACA and CNT composite as binderless electroactive material has 
also been explored [86]. Th e electrochemical behaviours of ACA and 
ACA-multi-walled CNT (MWCNT), where CNT is added at diff erent 
wt.% (3–10), were studied in 5 M KOH. Notably, aft er the addition of CNT, 
the surface area is increased from 670 to 710 m2 g–1. Th e maximum capaci-
tance was 218 F g–1 for ACA/3 wt.% of MWCNTs with corresponding BET 
surface area of 710 m2 g–1 and charge/discharge characterization elucidat-
ing the excellent electrochemical stability. Th e conductive fi llers (e.g., car-
bon black, MWCNT and vapour-grown carbon nanofi ber in various mass 
fractions) also enhanced the capacitance performance while making the 
composite with CA [87]. By increasing the CNT content, the conductiv-
ity of CA-CNT composite was improved. Herein, the CA-CNT composite 
displayed a good capacitance (141.4 F g–1 at 5 mV s–1, 127.1 F g–1) with the 
lowest percolation of CNT content. Th e observed capacitance value was 
even higher at higher scan rate, which is attributed to the conductive fi llers 
like CNT. But, increase in the CNT can reduce the pore size distribution; 
hence, surface area also decreased, which hindered the ionic motion caus-
ing lower capacitance.

Recently, the synergistic eff ect of ordered mesopore carbon (OMC)/CA 
was reported by Wu et al. [88]. Here, the OMC-CA composite leads to a bet-
ter capacitance than individual OMC and CA via combination of ordered 
mesopores structure (2D) of OMC and interconnected (3D) pores struc-
ture of CA. Th e OMC and CA samples showed a good rectangular-shaped 
CV curve, which means that the fast ions transport occurs at low scan rate. 
Th e mixed OMC-CA composite displayed a good rectangular CV curve 
with increasing scan rate compared to OMC and CA alone. Especially, the 
OMC-CA-30 (30% of CA content) revealed a good rectangular CV curve at 
a higher scan rate of 100 mV s–1 and stabilized capacitance of 165, 158 and 
156 F g–1 for 10, 50 and 100 mV s–1, respectively.
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9.5  Carbon Nanotubes (CNTs) and their Composite 
Materials

In the past few decades, CNTs have been identifi ed as possible material in 
electrochemical storage devices, especially in SC (EDLCs) electrodes, due 
to their fl exibility [89], unique morphology, mechanical strength [90] and 
moderate surface area compared to ACs [91]. Also, their high mechanical 
resilience and open tubular network (1D mesopores) make them a good 
support active (electrode) material [4] for EDLCs. Th ese open structures 
permit a rapid charge distribution over the surface area [92] and respond 
to low electrical resistivity. Furthermore, high porosity leads to quick ion 
accessibility [69], especially when single-walled CNTs (SWCNTs) are con-
cerned as shown in Figure 9.7(a) and (b). In Figure 9.7(c), AC has an irreg-
ular pore structure and does not support better ion movement for quick 
charge storage.

Moreover, the capacitance value of CNTs is strongly based on the 
purity, morphology and electrolyte used [89]. In addition, it has low 
ESR and consequently increases the power of the devices [90]. In the 
past few years, SWCNTs and MWCNTs with their composites have 
been investigated as electrode material for SC in various electrolytes 
such as aqueous, non-aqueous and ionic liquids (ILS). Unfortunately, 
thus far the mechanism of CNTs in EDLCs electrode has remained 
unclear [93]. The electrochemical capacitor application of CNT has 
been reviewed in the literature [94]. In the subsequent section, some 
of the novel works on CNT and its composites for the SC applications 
have been discussed.

Shan et  al. [92] produced vertically aligned MWCNTs, which was 
grown directly on commercially available metallic alloy (Inconel 600) 
substrate, and investigated the eff ect of CNT length. It has been reported 
that as the length of CNT increases, the specifi c capacitance also 
increases, which ranges from 10.75 to 21.51 F g–1 with energy density 
from 2.3 to 5.4 Wh kg–1 and a power density of 315 kW kg–1. Similarly, 

Figure 9.7 Comparison of charge storage mechanism in CNT (a–b) and AC (c).
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Izadi-Najafabadi et al. [95] obtained a capacitance of 160 F g–1 for the 
well-defi ned SWCNTs synthesized through water-assisted chemical 
vapour deposition (CVD) at a working voltage of 4 V. Kim et al. [96] 
have synthesized vertically aligned CNTs of 6 nm in diameter on car-
bon paper (CP) using Al/Fe as catalyst. Also, they have studied its elec-
trochemical behaviour. It was found that the SC displayed 200 F g–1 at 
20 A g–1 with 20 Wh kg–1 in 1 M H2SO4, whereas it showed 100 Wh kg–1 
in organic electrolyte (1 M TEABF4-PC). Th e tube-in-tube [89] CNTs 
exhibit an average capacitance of 203 F g–1, which corresponds to its 
larger surface area, pore distribution and high conductivity.

Th e end caps of CNTs can be opened by many methods like heating it 
with oxygen, carbon dioxide, KOH, NaOH and treatment with acids. Th ese 
methods can create some faults in CNTs, for example, in functional groups 
and holes. In this way, Yamada et al. [94] created holes on the side wall of 
metal-free SWCNTs by the combination of heat treatment in CO2 and air. 
Furthermore, it was used as electrode and showed a maximum specifi c 
capacitance of 100 F g–1 because of the reduced carbonaceous component. 
A thin-fi lm, fl exible, lightweight and printable SC was fabricated using 
sprayed network of SWCNTs, which act as both electrode and current col-
lector. Using this, high energy (6 Wh kg–1) and power density of 23 and 70 
kW kg–1 for both aqueous gel and organic electrolytes, respectively [97], 
can be achieved. 

Generally, CNTs deliver relatively low energy density. In order to 
improve the energy density of EDLCs, many attempts were made using 
composites or additives. On these lines, Zhang et al. [98] have reported 
a novel type of CNT-ZnO composite electrode and gel electrolyte 
poly (vinyl alcohol)-phosphomolyhydric for SC. Th ey deposited ZnO 
nanodots on CNT fi lms by ultrasonic spray pyrolysis at diff erent time 
intervals. Th ese nanodots play an important role in improving the capac-
itance of CNT-ZnO nanocomposite electrode and obtained a higher 
specifi c capacitance of 323.9 F g–1. Th e MoO2-SWCNT composite elec-
trode prepared via electrochemically induced deposition method gave 
the highest specifi c capacitance of 597 F g–1 at 10 mV s–1 in 0.1 M H2SO4 
solution with long-term cycle stability [99]. Th e MWCNT membrane 
coated with PPy was used directly as SC electrode without any binders 
and exhibited a remarkable specifi c capacitance as high as 427 F g–1 in 
1 M Na2SO4 [100]. Liu et al. [101] examined the capacitance of the poly 
(3,4-ethylene dioxythiophene) nanotube (PEDOT)-based SC and found 
that it could be improved by incorporating nanotubular structure with 
a high power density of 25 kW kg–1 and energy density of 5.6 Wh kg–1. 
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Th e RuO2-CNT composite was synthesized based on the spontaneous 
reduction of Ru(VI) or Ru(VII) with CNT [102] and exhibited a good 
capacitance of 213 F g–1 with over 20,000 stable charge/discharge cycles 
than Ru oxide and acid-functionalized MWCNT, despite the fact that 
the capacitance of Ru oxide is larger, i.e., 803 F g–1. Recently, oxidized 
CNT-CP composite electrodes have been prepared via oxidation treat-
ment by Hsieh et al. [103]. Th e enhanced capacitance is attributed to car-
bonyl or quinine-type site and super hydrophilicity from oxidized CNT/
CP surface. Th ey found a capacitance value of 165 F g–1 at 0.5 mA cm–2 
with less ESR. Recently, the capacitance values of CNT with PANI fi lms 
on Pt electrode and PANI fi lm were examined individually [104], and 
it was reported that PANI delivered lower capacitance (388 F g–1) than 
CNT with PANI composite (516 F g–1). Th e as-synthesized 3D CNT/gra-
phene by CVD [105] also enhanced the specifi c capacitance to 385 F g–1 
in 6 M KOH at lower scan rate of 10 mV s–1.

9.6 Two-Dimensional Graphene

In recent scenario, graphene is one of the modern materials in all fi elds of 
research like electronics, solar cells, energy storage and conversions, photo 
catalysis, sensors, and medical fi eld. Th is is due to the unique properties 
of graphene like high charge carrier mobility (2,00,000 cm2 V–1 s–1), being 
optically transparent, excellent fl exibility, a high tensile strength (1 T pa), a 
good thermal conductivity (~5000 W m–1 K–1), an excellent theoretical spe-
cifi c surface area (2630 m2 g–1), which is higher than graphite (~10 m2 g–1), 
and a good theoretical specifi c capacitance of 550 F g–1. Graphene was dis-
covered by Novoselov and his group through the ground-breaking experi-
ment of Scotch tape method. Th ey received Nobel Prize in 2010 for the 
discovery of graphene. In general, graphene is two dimensional (2D) and 
has one-atom-thick sp2-hybridized carbon atoms with honeycomb-like 
structure [106–109]. In addition, graphene is the basic structure for the 
preparation of various carbon nanostructures such as 3D graphite, 1D 
CNTs, and 0D Bucky balls. In this sense, a variety of methods are explored 
to prepare graphene sheets such as CVD, eco-friendly chemical reduc-
tion (using NaOH, KOH, and l-ascorbic acid), liquid-phase exfoliation, 
sonochemical reduction, and thermal reduction [110–112]. Based on the 
aforementioned physical–chemical properties, graphene is the novel and 
outstanding electrode material for energy storage applications, especially 
in SCs.
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9.6.1 Electrochemical Performance of Graphene
Generally, graphene stores the charge based on double-layer formation 
at the electrode/electrolyte interface. Also, the charge storage mecha-
nism of graphene can be tuned by making composite with pseudo-
capacitive material or doping with heteroatom. Recently, Zhao et  al. 
prepared thermally reduced graphene at diff erent annealing tempera-
tures like 200°C, 300°C, 400°C, 500°C, 700°C and 900°C. In this, the 
graphene oxide reduced at 200°C exhibits a higher specifi c capacitance 
of 260.5 F g–1 at 0.4 A g–1 than other samples. On the other hand, the 
specifi c capacitance of the electrode decreased with increasing anneal-
ing temperature. Th is is due to the removal of redox-active functional 
groups in the graphene when increasing the annealing temperature. It 
leads to a decrease in the overall specifi c capacitance of the electrode 
[113]. Similarly, the non-stacking reduced graphene oxide was prepared 
using thermal reduction. It provides the maximum specifi c capacitance 
of 236.8 F g–1 at 1 A g–1 in 6 M KOH electrolyte [114]. Th e thermally 
treated nitric acid graphene possesses a specifi c capacitance of 370 F g–1 
at 1 A g–1 in 6 M NaOH electrolyte [115]. Th e electrochemically reduced 
graphene exhibits a specifi c capacitance of 223.6 F g–1 at 5 mV s–1 in 
1 M H2SO4 electrolyte [116]. On the other hand, the hydrobromic acid-
reduced graphene exhibits specifi c capacitance of 348 and 158 F g–1 at 
0.2 A g–1 in 1 M aqueous H2SO4 and 1 M organic BMIPF6 electrolytes, 
respectively [117]. Similarly, the vertically oriented graphene prepared 
using plasma-enhanced CVD also possesses specifi c capacitance of 129 
and 112 F g–1 at 20 mV s–1 in 6 M KOH and 1 M TEABF4/AN electro-
lytes, respectively [118]. It reveals that the graphene is electrochemically 
more active in acid electrolyte than organic electrolyte. Th is is due to the 
lower ionic size of aqueous electrolyte ions than organic ions. Mhamane 
et al. prepared graphene using tetraethylene glycol as reducing agent via 
green reduction. Th e graphene showed a specifi c capacitance of 97 F g–1 
at 0.1 A g–1 in 1 M LiPF6 in EC:DEC electrolyte [119]. From this, we real-
ize that the electrochemical performance of graphene electrode depends 
on the method of synthesis, type of reducing agent, and type of electro-
lyte. Th e morphology of the graphene is also a deciding parameter for 
electrochemical performance. Recently, diff erent nanostructured gra-
phene were prepared like fl at graphene sheets, heavily wrinkled sheets 
and crumbled graphene balls. In this, the crumbled graphene ball exhib-
its (150 F g–1) a higher specifi c capacitance than the wrinkled (141 F g–1) 
and fl at (122 F g–1) graphene sheets at 0.1 A g–1 in 5 M KOH electrolyte. In 
addition, increasing mass loading in the electrode, the electrochemical 



Carbon-Based Hybrid Composites as Advanced Supercapacitors 419

performance of the graphene gets diminished. Th is is due to the increase 
in electron transfer length and restacking of graphene layers [120]. Th e 
graphene nanoball prepared using CVD method exhibits a specifi c 
capacitance of 206 F g–1 at 5 mVs–1. Subsequently, the electrode provides 
an excellent specifi c capacitance retention of 96% over 10,000 charge/
discharge cycles at 20 A g–1 [121]. Th e graphene nanofi ber prepared via 
CVD method possesses a specifi c capacitance of 193 F g–1 at 0.5 A g–1 in 
EMIBF4 electrolyte [122]. Overall, graphene undergoes the restacking or 
reattachment problems during electrochemical process, which is a main 
limitation for commercialization. Th e restacking or reattachment of gra-
phene sheet is due to the π–π interaction and strong van der Waals force 
of attraction that exists between the graphene layers. Recently, research-
ers are fi nding diff erent ways to inhibit the restacking of graphene layers 
like (i) hybrid composites and (ii) doping of graphene with heteroatom. 
Th is is discussed in detail in the following.

9.6.2 Graphene Composites

9.6.2.1 Binary Composites
In general, the single-layer graphene undergoes reattachment while dry-
ing, which leads to reduced electrolyte accessibility. Th e reattachment can 
be avoided by introduction of spacer (carbon or MO or CPs) into the gra-
phene sheets. It leads to an increase in the graphene surface area and elec-
trolyte ion interaction with both sides of graphene. Based on this concept, 
the graphene/PANI composite was prepared using aniline and graphene 
oxide as starting precursors via electrochemical deposition method. Th e 
presence of PANI in the hybrid composite was confi rmed by the presence 
of a couple of redox peaks in the CV curve. Th e calculated specifi c capaci-
tance from GCDs curve was 640 F g–1 at 0.1 A g–1 in 1 M H2SO4 electrolyte. 
In addition, the electrode exhibits 90% of initial specifi c capacitance aft er 
1000 cycles [123]. Similarly, the ethylene glycol-reduced graphene/PPy 
composite exhibits a specifi c capacitance of 420 F g–1 at 0.5 A g–1. Also, it pro-
vides 93% initial specifi c capacitance aft er 200 cycles. Th e improved elec-
trochemical performance is due to the good electrochemical utilization of 
PPy, enhanced charge carrier mobility, and prevention in swelling/shrink-
ing by PPy chains during electrochemical cycling [124]. Subsequently, 
the graphene/PPy composite was prepared using electrochemical method 
with two diff erent dopants, i.e., naphthalene disulfonate (NDS) (Ex-Gf/
PPy-NDS) and 2-naphthalene sulfonate (NMS) (Ex-Gf/PPy-NMS). Th e 
Ex-Gf/PPy-NDS exhibits higher specifi c capacitance (351  F  g–1) than 
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Ex-GF/PPy-NMS (322 F g–1), GF/PPy-NDS (240 F g–1) and GF/PPy-NMS 
(148 F g–1) in 3 M KCl at 1 A g–1. Th e enhanced electrochemical perfor-
mance of the composite is due to good electrical contact between PPy 
chain and graphene brought about through π–π interaction between gra-
phene and PPy chains [125]. Yan et al. [126] and Wang et al. [127] have 
prepared graphene-PANI composites through in situ polymerization and 
obtained the maximum specifi c capacitance of 1046 F g–1 at 1 mV s–1 and 
531 F g–1 at 200 mA g–1. Th e platelet Co(OH)2 was grown on high-surface-
area graphene using hydrothermal method. Th e hybrid electrode exhibited 
a good specifi c capacitance of 572 F g–1 at 2 mVs–1 in 6 M KOH electrolyte. 
Th e enhanced specifi c capacitance is due to the synergistic eff ect and better 
electrochemical utilization of material [128]. 

Guan et  al. prepared needle-like Co3O4 anchored to graphene using 
hydrothermal method. Th e hybrid composite possesses the maximum spe-
cifi c capacitance of 157.7 F g–1 at 0.1 A g–1 in 2 M KOH electrolyte. It main-
tains 70% initial specifi c capacitance up to 4000 cycles at 0.2 A g–1. Th e 
improved specifi c capacitance and cycle life are due to the synergistic eff ect 
between the materials and multi-valence states of Co3O4 [129]. Dam et al. 
reported the sol–gel-synthesised NiO/graphene composite for pseudoca-
pacitor applications. NiO loading was varied with respect to graphene. In 
this, NGNC79 possesses the maximum specifi c capacitance of 628 F g–1 at 
1 A g–1. It can be believed that the hybrid electrode has the highest electro-
chemically active surface area and stronger synergistic eff ect, which played 
a vital role in electron transfer. For comparison, NGNC79 was prepared by 
mixing, which yielded a specifi c capacitance of only 363.6 F g–1. It is indica-
tive of the specifi c capacitance of the electrode being strongly dependent 
on the method of preparation, mixing and drying, and composition con-
tent [130]. Th e layered (WS2/graphene) composite was synthesized using 
hydrothermal method. It provides a specifi c capacitance of 350 F g–1 at 2 
mV s–1 in 1 M Na2SO4 electrolyte. Similarly, the hybrid electrode exhibits 
an energy density of 49 Wh kg–1. Th e improved electrochemical perfor-
mance is due to higher electrical conductivity and uniform decoration of 
WS2 on graphene, which leads to enhanced eff ective utilization of elec-
trolyte ions by the electrode [131]. Th e CoNi2S4/graphene composite was 
prepared in diff erent weight percentage loading of graphene (1%, 5%, 3%, 
10% and 30%). In this, the CoNi2S4/graphene (5 wt.%) provides an excel-
lent specifi c capacitance of 2009.1 F g–1 at 1 A g–1. Th e enhanced excellent 
electrochemical performance is due to the prevention of aggregation of 
graphene sheets and better interconnection between the materials [132]. 
On the other hand, when diff erent nanostructured MnO2-decorated 
graphene composite such as graphene/MnO2 (fl ower-like nanospheres) 
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and graphene/MnO2 (nanowires) were used, the fl ower-like nanosphere 
MnO2-decorated graphene (405 F g–1 at 1 A g–1) exhibited a higher specifi c 
capacitance than nanowire MnO2-decorated graphene (318 F g–1 at 1 A g–1) 
in 1 M Na2SO4 electrolyte [133]. Xu et al. prepared the Ni1-xCoxAl-LDH/
graphene electrode that possesses the specifi c capacitance of 1902 F g–1 at 
1 A g–1 [134]. 

Also, other carbon nanostructured materials were composited with gra-
phene to inhibit the restacking of graphene sheets and to enhance the elec-
trochemical performance of graphene. While using CNTs composited with 
graphene, the CNTs act as both spacer and conductive network between 
graphene sheets. In this sense, the CNT/graphene composite was prepared 
using one-pot pyrolysis method. Th e urea precursor concentration (3, 6, 
15 and 30 g) was varied to tune the length of CNT. Th e hybrid composite 
had a specifi c surface area of 903 m2 g–1. Th e CNT/graphene added with 
6 g of urea exhibits a higher specifi c capacitance of 413 F g–1 at 5 mVs–1 in 
6 M KOH electrolyte. Th e improved electrochemical performance is due to 
the EDL capacitive and pseudocapacitive contribution from CNT and gra-
phene and Co species [135]. Similarly, the SWCNT/graphene composite 
exhibits a specifi c capacitance of 244 F g–1, which is higher than MWCNT/
graphene (91 F g–1). Th e improved specifi c capacitance of SWCNT/gra-
phene is due to the 3D architecture of composite and high electrical con-
ductivity [136]. Th e porous graphene/AC composite exhibits a high surface 
area of 2106 m2 g–1, which is due to the presence of huge amount of meso-
pores in the composite. Similarly, the hybrid electrode provides specifi c 
capacitance of 210 and 103 F g–1 in 6 M KOH aqueous solution and 1 M 
Et4NBF4/PC organic electrolytes, respectively [137]. It also reveals that the 
electrochemical performance of graphene depends on the type of spacer 
material, composition of composites, type of electrolytes, mesopores, elec-
trical conductivity, type of dopants used for CP, and morphology of the 
spacer material. 

9.6.2.2 Ternary Hybrid Electrode
Furthermore, the rGO/CNTs/MnO2 ternary composite was prepared, 
where CNT acts as a spacer that forms the 3D conductive network and 
prevents the agglomeration of graphene sheets. Th e hybrid electrode 
showed a better specifi c surface area of 140 m2 g–1 with a pore volume 
of 0.36 m3  g–1. It also possessed the maximum specifi c capacitance of 
319 F g–1 at 0.5 A g–1. Subsequently, the hybrid electrode exhibited a good 
cycling stability of 85.4% over 3000 cycles. Th e calculated energy density 
was found to be 44.3 Wh kg–1 at a power density of 250 W kg–1 [138]. Th e 
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rGO/TiO2 NR /rGO composite shows the maximum specifi c capacitance 
of 114.5 F g–1 at scan rate of 5 mVs–1. Th e enhanced specifi c capacitance 
is due to the vertical alignment of TiO2 NRs, the EDLC capacitance and 
good electrical conductivity of graphene, which improves the ion diff u-
sion and electron transport [139]. Finally, it leads to improved electro-
chemical performance of the hybrid electrode. On the other hand, the 
graphene/PANI/CNT hybrid electrode exhibits higher specifi c capaci-
tance (569 F g–1 at 0.1  A  g–1) than the graphene/PPy/CNT (361 F  g–1 
at 0.2 A g–1) hybrid electrode. Th is is due to the high pseudocapacitive 
contribution from PANI rather than PPy [140, 141]. Figure 9.8 repre-
sents the formation mechanism of MnFe2O4/graphene/PANI. Sankar 
et al. reported that the eff ective role of graphene and PANI loading was 
optimized via electrochemical analysis. In this, when increasing the 
graphene loading beyond 20 wt.%, the specifi c capacitance retention 
dropped quickly with scan rate, which is due to the restacking of gra-
phene sheets during electrochemical reaction. It leads to a decrease in 
the ionic diff usivity, increased electrode resistance and charge transfer 
resistance at the electrode/electrolyte interface. Subsequently, with an 
increase in the PANI loading into the MnFe2O4/graphene composite, the 
specifi c capacitance retention is decreased, which may be due to the cov-
ering of pores by PANI, increase in charge transfer resistance and low 
ionic conductivity of PANI in aqueous solution. Hence, the optimized 
graphene and PANI loading in MnFe2O4/graphene/PANI hybrid com-
posite are 20 and 5 wt.% based on their electrochemical performance, 
respectively [142]. 

Figure 9.8 A plausible formation mechanism for the MnFe2O4 nanocube-decorated 
fl exible graphene with wrapping of PANI [142]. 
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Th e 3DG/CNTs/MnO2 hybrid electrode exhibits good specifi c capaci-
tance (343.1 F g–1 at 2 mV s–1) and excellent specifi c capacitance reten-
tion, which may be due to the enhancement in electrolyte ion diff usion 
and electronic conductivity [143]. Th e hydrothermal synthesis of CoFe2O4/ 
graphene/PANI hybrid composite provides the maximum specifi c capaci-
tance of 1133.3 F g–1 at 1 mV s–1 in 1 M KOH electrolyte. It is higher than 
CoFe2O4 (52.5 F g–1), PANI (34.1 F g–1) and graphene (218.7 F g–1). Th e 
enhanced specifi c capacitance of ternary hybrid composite is due to the 
well-defi ned nanostructures, good electrical conductivity, controlled mor-
phology, synergistic eff ect between the components and excellent pseudo-
capacitive contribution from PANI. Similarly, the π–π stacking, electrostatic 
interactions and hydrogen bonding between graphene and PANI are also 
benefi cial for enhanced specifi c capacitance of hybrid electrodes [144]. 
Hence, we can believe that the preparation of hybrid electrode materials 
in the presence of graphene is also one of the keys to enhance the specifi c 
capacitance of the materials.

9.6.3 Doping of Graphene with Heteroatom
In the previous section, the complicated experimental procedures were 
carried out to improve the specifi c capacitance of the electrode. Recently, 
few groups have reported the improved electrochemical performance of 
graphene by doping with heteroatom. Th e doping of heteroatom leads to 
improved wettability and pseudocapacitance of the material. Also, the dop-
ing source acts as a spacer to inhibit the reattachment of graphene sheets. 
Th e N-doped graphene is prepared using thermal treatment, where dicyan-
diamide acts as a spacer that prevents aggregation of graphene sheets and 
also as a nitrogen (N) source. It possesses the maximum specifi c capacitance 
of 244.6 F g–1 at 0.1 A g–1 in 6 M KOH electrolyte [145]. On the other hand, 
Lee et  al. prepared the N-doped few-layered graphene using microwave 
irradiation, where sodium amide was used as N source for doping the gra-
phene. Th e N-doped graphene exhibits excellent electrical conductivity of 
305 S cm–1, which is due to the increase in sp2 carbon network and decrease 
in O content. Subsequently, the N-doped graphene possesses the maximum 
specifi c capacitance of 200 and 130 F g–1 in 1 M H2SO4 and 6 M KOH elec-
trolytes at 0.5 A g–1, respectively. Th e existence of high specifi c capacitance in 
acidic electrolyte is due to the pseudocapacitive contribution from pyridinic 
and pyrrolic N-doped graphene [146]. Th e possible reaction can expressed as

 ›C=NH + 2e– + 2H+ ↔›CH-NH2

 ›CH-NHOH + 2e– + 2H+ ↔ ›CH-NH2 + H2O
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Similarly, the heteroatom-codoped graphene is prepared and used for 
energy storage. It exhibits improved electrochemical performance due to 
the excellent wettability, higher pseudocapacitance and synergistic eff ect 
between codopents. Th e N/P-codoped thermally reduced graphene was 
prepared, where (NH4)3PO4 was used as both N and P source and C/O ratio 
was decreased to 5.9. It provided a specifi c capacitance of 165 F g–1. Th e 
improved electrochemical performance of N/P-codoped graphene is due 
to the pseudocapacitive contribution from both N and P heteroatom and 
prevention of graphene sheets restacking. Subsequently, the  N/ P-codoped 
electrode (91%) exhibits excellent specifi c capacitance retention than 
mono-N-doped (84%) and mono-P-doped (86%) graphene [147].

On the other hand, the N/B-codoped graphene exhibits good dispers-
ability in alkaline and acidic solution implying the excellent diff usivity of 
electrolyte ions into the material. Th is is due to the presence of oxygen, N 
and B species in the graphene. In addition, the doped graphene exhibits 
4–10 times greater specifi c capacitance than undoped graphene. Th is is 
due to the improved wettability and pseudocapacitive contribution from 
edge-doped N/B-graphene [148]. From this, we can believe that the edge 
fi ctionalization leads to improved electrical conductivity, increase in C/O 
ratio, wettability, electrochemical performance and reduced restacking of 
graphene and diff usive resistance of ions into the electrode. 

Overall, the improved wettability and ionic diff usivity, prevention of 
restacking, increased electrical conductivity, improved electrochemical 
performance and reduction in charge transfer resistance can be achieved 
for graphene through composite with pseudocapacitive and EDL capaci-
tive materials with suitable composition, type of electrolyte used, doping 
of graphene with heteroatom, and so on. 

9.7 Conclusion and Outlook

Various carbon nanostructured electrode materials have been employed for 
SC applications. However, the carbon materials had their own drawbacks 
such as low energy density and restacking, which limits the commercial-
ization and rate capability. Hence, carbon-based hybrid composites were 
used to fabricate SCs like carbon/MO, carbon/CPs, MO/CP and  carbon/
MO/CP in various compositions. It greatly improved the electrodes wetta-
bility, energy density, cycle life and reduced the charge transfer resistance. 
Th e experimental procedure for preparing hybrid material is a complicated 
and also time-consuming process. 

Subsequently, the electrochemical performance of carbon-based elec-
trode materials was enhanced via doping with heteroatom like N and P. Th e 
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carbon and heteroatom stored the charge based on ionic adsorption/
desorption and Faradaic reaction, which leads to improved total specifi c 
capacitance and energy density. 

Recently, researchers have been focussing on redox-active electrolyte to 
improve the electrochemical performance of AC. During charging, the redox 
additive species are adsorbed on the surface of the electrode and undergo 
redox reaction. However, only a limited number of reports are available on it 
for identifi cation of new and suitable redox additive species to improve the 
energy storage capability of carbon-based materials in the future.

Acknowledgements

Th e authors are grateful to the Department of Atomic Energy—Board 
of Research in Nuclear Sciences (DAE-BRNS), Government of India 
(No. 2010/37P/46/BRNS/1443) and Department of Science and Technology 
(DST-SERB), Government of India (No. SR/FTP/PS-80/2009) for their 
fi nancial support under the “Fast Track Young Scientist” scheme.

References

1. F. Beguin, E. Frqckowiak, Supercapacitors Materials, Systems, and 
Applications, KGaA, Boschstr. 12, 69469 Weinheim, Germany: Wiley-VCH 
Verlag GmbH & Co. (2013).

2. B. E. Conway, Electrochemical Supercapacitors: Scientifi c Fundamentals and 
Technological Applications, New York (USA): Kluwar Academic (1999). 

3. http://www.nuin.co.kr.
4. L. L. Zhang and X. S. Zhao, Chem. Soc. Rev., Vol. 38, 2520–2531, 2009.
5. G. Wang, L. Zhang, and J. Zhang, Chem. Soc. Rev., Vol. 41, 797–828, 2012.
6. M. Conte, Fuel Cells, Vol. 10, 806–818, 2010.
7. M. Zhi, C. Xiang, J. Li, M. Li, and N. Wu, Nanoscale, Vol. 5, 72–88, 2013.
8. G. A. Snook, P. Kao, and A. S. Best, J. Power Sources, Vol. 196, 1–12, 2011.
9. M. E. Plonska-Brzezinska and L. Echegoyen, J. Mater. Chem. A, Vol.  1, 

13703–13714, 2013.
10. S. Bose, T. Kuila, A. K. Mishra, R. Rajasekar, N. H. Kim, and J. H. Lee, J. 

Mater. Chem., Vol. 22, 767–784, 2012.
11. X. Zhao, B. M. Sanchez, P.  J. Dobson, and P.  S. Grant, Nanoscale, Vol.  3, 

839–855, 2011.
12. J. Zhang and X. S. Zhao, ChemSusChem, Vol. 5, 818–855, 2012 .
13. F. Cheng, J. Zhao, W. Song, C. Li, H. Ma, J. Chen, and P. Shen, Inorg. Chem. 

Vol. 45, 2038–2044, 2006. 
14. M. Toupin, T. Brousse, and D. Belanger, Chem. Mater., Vol. 16, 3184–3190, 

2004.



426 Advanced Functional Materials

15. S. C. Pang, M. A. Anderson, and T. W. Chapman, J. Electrochem., Vol. 147, 
444–450, 2000. 

16. S. L. Kuo and N. L. Wu, J. Electrochem. Soc., Vol. 153, A1317–A1324, 2006.
17. F. Cao, G. X. Pan, X. H. Xia, P. S. Tang, and H. F. Chen, J. Power Sources, 

Vol. 264, 161–167, 2014.
18. B. Senthilkumar, K. Vijaya Sankar, R. Kalai Selvan, D. Meyrick, and M. 

Minakshi, RSC Adv., Vol. 3, 352–357, 2013.
19. K. Vijaya Sankar, D. Kalpana, and R. Kalai Selvan, J. Appl. Electrochem., 

Vol. 42, 463–470, 2012.
20. K. Vijaya Sankar, S. T. Senthilkumar, L. John Berchmans, C. Sanjeeviraja, and 

R. Kalai Selvan, Appl. Surf. Sci., Vol. 254, 624–630, 2012.
21. Q. Guan, J. Cheng, B. Wang, W. Ni, G. Gu, X. Li, L. Huang, G. Yang, and F. 

Nie, ACS Appl. Mater. Interfaces, Vol. 6, 7626−7632, 2014.
22. Hao Chen , Linfeng Hu , Min Chen , Yan Yan , and Limin Wu, Adv. Funct. 

Mater., Vol. 24, 934–942, 2014.
23. B. Senthilkumar and R. Kalai Selvan, J. Colloid Interface Sci., Vol.  426, 

280–286, 2014.
24. V. D. Nithya, R. Kalai Selvan, D. Kalpana, Leonid Vasylechko, and C. 

Sanjeeviraja, Electrochim. Acta, Vol. 109, 720–731, 2013.
25. V. D. Nithya, R. Kalai Selvan, Leonid Vasylechko, and C. Sanjeeviraja, RSC 

Adv., Vol. 4, 4343–4352, 2014. 
26. K. Gopalsamy,  Z. Xu, B. Zheng,  T. Huang,  L. Kou,  X. Zhao,  and  C. Gao, 

Nanoscale, Vol. 6, 8595–8600, 2014.
27. M. Zhang, S. Guo, L. Zheng, G. Zhang, Z. Hao, L. Kang, and Z. H. Liu, 

Electrochim. Acta, Vol. 87, 546–553, 2013.
28. A. Shanmugavani and R. Kalai Selvan, RSC Adv., Vol. 4, 27022–27029, 2014.
29. Y. Lei, J. Li, Y. Wang, L. Gu, Y. Chang, H. Yuan, and D. Xiao, ACS Appl. Mater. 

Interfaces, Vol. 6, 1773−1780, 2014.
30. M. Mastragostino, C. Arbizzani, R. Paraventi, and A. Zanelli, J. Electrochem. 

Soc., Vol. 147, 407–412, 2000.
31. R. Kotz and M. Carlen, Electrochim. Acta, Vol. 45, 2483–2498, 2000.
32. M. D. Levi, G. Salitra, N. Levy, and D. Aurbach, Nat. Mater., Vol. 8, 872–875, 

2009.
33. P. Sivaraman, S. K. Rath, V. R. Hande, A. P. Th akur, M. Patri, and A. B. Samui, 

Synth. Metals, Vol. 156, 1057–1064, 2006.
34. B. Muthulakshmi, D. Kalpana, S. Pitchumani, and N. G. Renganathan, 

J. Power Sources, Vol. 158, 1533–1537, 2006.
35. A. Laforgue, P. Simon, C. Sarrazin, and J. Fauvarque, J. Power Sources, Vol. 80, 

142–148, 1999.
36. T. L. Kelly, K. Yano, and M. O. Wolf, ACS Appl. Mater. Inter., Vol. 1, 2536–2543, 

2009.
37. R. C. Bansal and M. Goyal, Activated Carbon Absorption, New York (USA): 

CRC Press Taylor and Francis (2005).



Carbon-Based Hybrid Composites as Advanced Supercapacitors 427

38. S. T. Senthilkumar, B. Senthilkumar, S. Balaji, C. Sanjeeviraja, and R. Kalai 
Selvan, Mater. Res. Bull., Vol. 46, 413–419, 2011.

39. E. Frackowiak, and F. Beguin, Carbon, Vol. 39, 937–950, 2001.
40. L. Wei and G. Yushin, Nano Energy, Vol. 1, 552–565, 2012.
41. S. T. SenthilKumar, R. Kalai Selvan, and J. S. Melo, AIP Proceed., Vol. 1538, 

124–127, 2013.
42. S. T. Senthilkumar and R. Kalai Selvan, Phys. Chem. Chem. Phys., Vol. 16, 

15692–15698, 2014.
43. T. E. Ruff ord, D. Hulicova-Jurcakova, E. Fiset, Z. Zhu, and G. Q. Lu, 

Electrochem. Comm., Vol. 11, 974–977, 2009.
44. V. Subramanina, C. Luo, A. M. Stephen, K. S. Nahm, S. Th omas, and B. Wei, 

J. Phys. Chem. C, Vol. 111, 7527–7531, 2007.
45. D. Kalpana, S. H. Cho, S. B. Lee, R. Misra, and N. G. Renganathan, J. Power 

Sources, Vol. 190, 587–591, 2009.
46. M. S. Balathanigaimani, W. G. Shim, M. J. Lee, C. Kim, J. W. Lee, and H. 

Moon, Electrochem. Comm., Vol. 10, 868–871, 2008. 
47. T. E. Ruff ord, D. H. Jurcakova, K. Khosla, Z. Zhu, and G. Q. Lu, J. Power 

Sources, Vol. 195, 912–918, 2010.
48. B. Xu, Y. F. Chen, G. Wei, G. P. Cao, H. Zhang, and Y. S. Yang, Mater. Chem. 

Phys., Vol. 124, 504–509, 2010.
49. Y. P. Guo, J. R. Qi, Y. Q. Jiang, S. F. Yang, Z. C. Wang, and H. D. Xu, Mater. 

Chem. Phys., Vol. 80, 704–709, 2003.
50. M. Olivares-Marin, J. A. Fernandez, M. J. Lazaro, C. Fernandez-Gonzalez, 

A. Macias-Garcia, V. Gomez-Serrano, F. Stoeckli, and T. A. Centeno, Mater. 
Chem. Phys., Vol. 114, 323–327, 2009.

51. L. Wei, M. Sevilla, A. B. Fuertes, R. Mokaya, and G. Yushin, Adv. Func. Mater., 
Vol. 22, 827–834, 2011.

52. J. Mi, X. R. Wang, R. J. Fan, W. H. Qu, and W. C. Li, Energy Fuels, Vol. 26, 
5321–5329, 2012.

53. S. T. SenthilKumar, R. Kalai Selvan, M. Ulaganathan, and J. S. Melo, 
Electrochim. Acta, Vol. 115, 518–524, 2014.

54. M. Rajesh, K. V. Sankar, S. M. Chen, and R. K. Selvan, RSC Adv., Vol.  4, 
1225–1233, 2014.

55. Y. J. Kim, B. J. Lee, H. Suezaki, T. Chino, Y. Abe, T. Yanagiura, K. C. Park, and 
M. Endo, Carbon, Vol. 44, 1592–1595, 2006.

56. F. C. Wu, R. L. Tseng, C. C. Hu, and C. C. Wang, J. Power Sources, Vol. 138, 
351–359, 2004.

57. L. Wei, M. Sevilla, A. B. Fuertes, R. Mokaya, and G. Yushin, Adv. Energy 
Mater., Vol. 1, 356–361, 2011.

58. S. Zhao, C. Y. Wang, M. M. Chen, J. Wang, and Z. Q. Shi, J. Phys. Chem. 
Solids, Vol. 70, 1256–1260, 2009.

59. M. Biswal, A. Banerjee, M. Deo, and S. Ogale, Energy Environ. Sci., Vol. 6, 
1249–1259, 2013.



428 Advanced Functional Materials

60. R. Wang, P. Wang, X. Yan, J. Lang, C. Peng, and Q. Xue, ACS Appl. Mater. 
Interfaces, Vol. 4, 5800–5806, 2012.

61. M. Selvakumar and D. Krishna Bhat, Appl. Surf. Sci., Vol. 263, 236–241, 2012.
62. S. Y. Feng, W. Feng, B. L. Ying, and Y. Z. Hui, New Carbon Mater., Vol. 22, 

53–57, 2007.
63. J. H. Park, O. O. Park, K. H. Shin, C. S. Jin, and J. H. Kim, Electrochem. Solid-

State Lett., Vol. 5, H7–H10, 2002.
64. S. T. Senthilkumar, R. Kalai Selvan, Y. S. Lee, and J. S. Melo, J. Mater. Chem. 

A, Vol. 1, 1086–1095, 2013.
65. S. T. Senthilkumar, R. Kalai Selvan, N. Ponpandian, J. S. Melo, and Y. S. Lee, 

J. Mater. Chem. A, Vol. 1, 7913–7919, 2013.
66. S. T. Senthilkumar, R. Kalai Selvan, J. S. Melo, and C. Sanjeeviraja, ACS Appl. 

Mater. Inter., Vol. 5, 10541–10550, 2013.
67. S. T. Senthilkumar, R. Kalai Selvan, N. Ponpandian, and J. S. Melo, RSC Adv., 

Vol. 2, 8937–8940, 2012.
68. Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li, and L. 

Zhang, Int. J. Hydrogen Energy, Vol. 34, 4889–4899, 2009.
69. A. G. Pandolfo and A. F. Hollenkamp, J. Power Sources, Vol. 157, 11–27, 2006. 
70. Y. J. Lee, J. C. Jung, and J. Yi, Curr. Appl. Phys., Vol. 10, 682–686, 2010.
71. E. Frackowiak and F. Beguin, Carbon, Vol. 39, 937–950, 2001. 
72. Y. Zhu, H. Hu, W. Li, and X. Zhang, Carbon, Vol. 45, 160–165, 2007.
73. J. Li, X. Wang, Y. Wang, and Q. Huang, J. Non-Cry. Solids, Vol. 354, 19–24, 

2008.
74. J. Li, X. Wang, Y. Wang, and S. Gamboa, J. Power Sources, Vol. 158, 784–788, 

2006.
75. X. Wang, Y. Wang, D. Wu, and R. Fu, J. Power Sources, Vol. 185, 589–594, 2008.
76. P.  Katangoota, T. Chaisuwan, and A. Wongahaisuwat, Mat. Sci. Eng. B, 

Vol. 167, 36–42, 2010.
77. X. Zheng, O. Wu, and R. Fu, Electrochim. Acta, Vol. 53, 5711–5715, 2008.
78. Y. Zhu, H. Hu, W. C. Li, and X. Zhang, J. Power Sources, Vol. 162, 738–742, 

2006.
79. B. Fang and L. Binder, J. Power Sources, Vol. 163, 616–622, 2006.
80. B. Fang and L. Binder, Electrochim. Acta, Vol. 52, 6916–6921, 2007.
81. D. Kalpana, K. S. Omkumar, S. Sureshkumar, and N. G. Ranganathan, 

Electrochim. Acta, Vol. 52, 1309–1315, 2006.
82. S. W. Hwang and S. H. Hyun, J. Power Sources, Vol. 172, 451–459, 2007.
83. Y. J. Lee, J. C. Jung, S. Park, and J. G. Seo, Current Appl. Phys., Vol.  10, 

947–951, 2010.
84. H. An, Y. Wang, X. Wang, L. Zhang, and X. Wang, J. Power Sources, Vol. 195, 

6964–6969, 2010.
85.  X. Wang, Li. Lu, X. Wang, L. Yi, C. Hu, and X. Zhang, Mater. Sci. Eng. B, 

Vol. 176, 1232–1238, 2011.
86. T. Bordjiba, M. Mohamadi, and L. H. Dao, J. Power Sources, Vol.  172, 

991–998, 2007.



Carbon-Based Hybrid Composites as Advanced Supercapacitors 429

87. C. Lv, D. Wu, R. Fu, Z. Zhang, and Z. Su, J. Non-Cry. Solids, Vol.  354, 
4567–4571, 2008.

88. D. Wu, X. Chen, S. Lu, Y. Zhang, and F. Xu, Micro. Meso. Mater., Vol. 131, 
261–264, 2010.

89. H. Pan, C. K. Poh, Y. P. Feng, and J. Lin, Chem. Mater., Vol. 19, 6120–6125, 
2007.

90. E. Frackowiak, Phys. Chem. Chem. Phys., Vol. 9, 1774–1785, 2007.
91. W. Lu, L. Qu, K. Henry, and L. Dai, J. Power sources, Vol. 189, 1270–1277, 

2009.
92. R. Shah, X. Zhang, and S. Talapatra, Nanotechnology, Vol. 20, 395202–395207, 

2009.
93. Y. Yamada, Q. Kimizaka, K. Machida, S. Suematsa, K. Tamamista, S. Saeki, Y. 

Yamada, N. Yoshigama, O. Tannuike, J. Yamashita, F. Don, K. Hata, and H. 
Hatori, Energy Fuels, Vol. 24, 3373–3377, 2010. 

94. H. Pan, J. Li, and Y. P. Feng, Nanoscale Res. Lett., Vol. 5, 654–668, 2010.
95. A. I. Najafabadi, S. Yasuda, K. Kobashi, T. Yamada, D. N. Futaba, H. Hatori, 

M. Yumura, and K. Hata, Adv. Mater., Vol. 22, E235–E241, 2010.
96. B. Kim, H. Chung, and W. Kim, J. Phys. Chem. C, Vol. 114, 15223–15227, 

2010.
97. M. K. Mpgen, C. K. Chan, J. Ma, Y. Uni, and G. Gruner, Nano Lett., Vol. 9, 

1872–1876, 2009.
98. Y. Zhang, X. Sun, L. Pan, H. Li, Z. Sun, C. Sun, and B. K. Tay, Solid State 

Ionics, Vol. 180, 1525–1528, 2008.
99. F. Gao, L. Zhang, and S. Huang, Mater. Lett., Vol. 64, 537–540, 2010.

100. Y. Fang, J. Liu, D. J. Yu, J. P. Wicksted, K. Kalkan, C. O. Topal, B. N. Flanders, 
J. Wu, and J. Li, J. Power sources, Vol. 195, 674–679, 2010.

101. R. Liu, S. I. Cho, and S. B. Lee, Nanotechnology, Vol.  19, 215710–215718, 
2008.

102. X. Lu, T. A. Huber, M. C. Kopac, and P. G. Pickup, Electrochim. Acta, Vol. 54, 
7141–7147, 2009.

103. C. T. Hsieh, W. Y. Chen, and Y. S. Cheng, Electrochim. Acta, Vol.  55, 
5294–5300, 2010.

104. V. Branzoi, F. Branzoi, and L. Pilan, Surf. Inter. Anal., Vol. 42, 1266–1270, 
2010.

105. Z. Fan, J. Yan, L. Zhi, Q. Zhang, T. Wei, J. Feng, M. Zhang, W. Qian, and F. 
Wei, Adv. Mater., Vol. 22, 3723–3728, 2010. 

106. M. M. Hantel, T. Kaspar, R. Nesper, A. Wokaun, and R. Kotz, Chem. Eur. J., 
Vol. 18, 9125–9136, 2012.

107. B. Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, and R. S. Ruoff , Adv. 
Mater., Vol. 22, 3906–3924, 2010.

108. N. O. Weiss, H. Zhou, L. Liao, Y. Liu, S. Jiang, Y. Huang, and X. Duan, Adv. 
Mater., Vol. 24, 5979–6004, 2012.

109. X. Huang, Z. Zeng, Z. Fan, J. Liu, and H. Zhang, Adv. Mater., Vol.  24, 
5782–5825, 2012.



430 Advanced Functional Materials

110. A. A. Green and M. C. Hersam, J. Phys. Chem. Lett., Vol. 1, 544–549, 2010.
111. L. L. Zhang, R. Zhou, and X. S. Zhao, J. Mater. Chem., Vol. 20, 5983–5992, 

2010.
112. T. Kuila, A. K. Mishra, P. Khanra, N. H. Kim, and J. H. Lee, Nanoscale, Vol. 5, 

52–71, 2013.
113. B. Zhao, P. Liu, Y. Jiang, D. Pan, H. Tao, J. Song, T. Fang, and W. Xu, J. Power 

Sources, Vol. 198, 423–427, 2012. 
114. Y. Yoon, K. Lee, C. Baik, H. Yoo, M. Min, Y. Park, S. M. Lee, and H. Lee, Adv. 

Mater., Vol. 25, 4437–4444, 2013.
115. N. Xiao, H. Tan, J. Zhu, L. Tan, X. Rui, X. Dong, and Q. Yan, ACS Appl. Mater. 

Interfaces, Vol. 5, 9656–9662, 2013.
116. J. Yang and S. Gunasekaran, Carbon, Vol. 51, 36–44, 2013.
117. Y. Chen, X. Zhang, D. Zhang, P. Yu, and Y. Ma, Carbon, Vol. 49, 573–580, 

2011.
118. Z. Bo, Z. Wen, H. Kim, G. Lu, K. Yu, and J. Chen, Carbon, Vol. 50, 4379–4387, 

2012.
119. D. Mhamane, A. Suryawanshi, A. Banerjee, V. Aravindan, S. Ogale, and M. 

Srinivasan, AIP Adv., Vol. 3, 042112–042121, 2013.
120. J. Luo, H. D. Jang, and J. Huang, ACS Nano, Vol. 7, 1464–1471, 2013.
121. J. S. Lee, S. Kim, J. C. Yoon, and J. Jang, ACS Nano, Vol. 7, 6047–6055, 2013.
122. C. Cui, W. Qian, Y. Yu, C. Kong, B. Yu, L. Xiang, and F. Wei, J. Am. Chem. 

Soc., Vol. 136, 2256−2259, 2014.
123. X. M. Feng, R. M. Li, Y. W. Ma, R. F. Chen, N. E. Shi, Q. L. Fan, and W. Huang, 

Adv. Funct. Mater., Vol. 21, 2989–2996, 2011.
124. Y. Liu, Y. Zhang, Guoheng Ma, Z. Wang, K. Liu, and H. Liu, Electrochim. 

Acta, Vol. 88, 519–525, 2013.
125. Y. Song, J. L. Xu, and X. X. Liu, J. Power Sources, Vol. 249, 48–58, 2014.
126. Y. Yan, T. Wei, B. Shao, Z. Fan, W. Qian, M. Zhang, and F. Wei, Carbon, 

Vol. 48, 487–493, 2010.
127. H. Wang, Q. Hao, X. Yang, L. Lu, and X. Wang, Electrochem. Comm., Vol. 11, 

1158–1161, 2009.
128. D. Ghosh, S. Giri, and C. K. Das, ACS Sustainable Chem. Eng., Vol.  1, 

1135−1142, 2013.
129. Q. Guan, J. Cheng, B. Wang, W. Ni, G. Gu, Xiaodong, L. Huang, G. Yang, and 

F. Nie, ACS Appl. Mater. Interfaces, Vol. 6(10), 7626–7632, 2014.
130. D. T. Dam, X. Wang, and J. M. Lee, ACS Appl. Mater. Interfaces, Vol. 6(11), 

8246–8256, 2014.
131. S. Ratha and C. S. Rout, ACS Appl. Mater. Interfaces, Vol. 5, 11427−11433, 

2013.
132. W. Du, Z. Wang, Z. Zhu, S. Hu, X. Zhu, Y. Shi, H. Pang, and X. Qian, J. Mater. 

Chem. A, Vol. 2, 9613–9619, 2014.
133. X. Feng, N. Chen, Y. Zhang, Z. Yan, X. Liu, Y. Ma, Q. Shen, L. Wang, and W. 

Huang, J. Mater. Chem. A, Vol. 2, 9178–9184. 2014.



Carbon-Based Hybrid Composites as Advanced Supercapacitors 431

134. J. Xu, S. Gai, F. He, N. Niu, P.  Gao, Y. Chen, and P.  Yang, Dalton Trans., 
Vol. 43, 11667–11675, 2014.

135. Z. Yang, Y. Zhao, Q. Xiao, Y. Zhang, L. Jing, Y. Yan, and K. Sun, ACS Appl. 
Mater. Interfaces, Vol. 6(11), 8497–8504, 2014.

136. F. Zeng, Y. Kuang, N. Zhang, Z. Huang, Y. Pan, Z. Hou, H. Zhou, C. Yan, and 
O. G. Schmidt, J. Power Sources, Vol. 247, 396–401, 2014.

137. C. Zheng, X. Zhou, H. Cao, G. Wang, and Z. Liu, J. Power Sources, Vol. 258, 
290–296, 2014.

138. H. Jiang, Y. Dai, Y. Hu, W. Chen, and C. Li, ACS Sustainable Chem. Eng., 
Vol. 2(1), 70–74, 2013.

139. A. Ramadoss, G. S. Kim, and S. J. Kim, CrysEngComm, Vol. 15, 10222–10229, 
2013.

140. X. Lu, H. Dou, S. Yang, L. Hao, L. Zhang, L. Shen, F. Zhang, and X. Zhang, 
Electrochim. Acta, Vol. 56, 9224–9232, 2011.

141. X. Lu, F. Zhang, H. Dou, C. Yuan, S. Yang, L. Hao, L. Shen, L. Zhang, and X. 
Zhang, Electrochim. Acta, Vol. 69, 160– 166, 2012.

142. K. V. Sankar and R. K. Selvan, RSC Adv., Vol. 4, 17555–17566, 2014.
143. W. Chen, Y. He, X. Li, J. Zhou, Z. Zhang, C. Zhao, C. Gong, S. Li, X. Pan, and 

E. Xie, Nanoscale, Vol. 5, 11733–11741, 2013.
144. P. Xiong, H. Huang, and X. Wang, J. Power Sources, Vol. 245, 937–946, 2014.
145. P.  Wang, H. He, X. Xu, and Y. Jin, ACS Appl. Mater. Interfaces, Vol.  6, 

1563−1568, 2014.
146. K. H. Lee, J. Oh, J. Gon Son, H. Kim, and S. Lee, ACS Appl. Mater. Interfaces, 

Vol. 6, 6361−6368, 2014.
147. C. Wang, Y. Zhou, L. Sun, Q. Zhao, X. Zhang, P. Wan, and J. Qiu, J. Phys. 

Chem. C, Vol. 117, 14912−14919, 2013.
148. K. Fujisawa, R. Cruz-Silva, K. Yang, Y. A. Kim, T. Hayashi, M. Endo, M. 

Terrones, and M. S. Dresselhaus, J. Mater. Chem. A, Vol. 2, 9532–9540, 2014.





433

10

Synthesis, Characterization, and Uses of 
Novel-Architecture Copolymers through 

Gamma Radiation Technique
H. Iván Meléndez-Ortiz1 and Emilio Bucio*,2

1 Department of Advanced Materials, Research Center in Applied Chemistry, 
Saltillo, Mexico. 

2Department of Radiation Chemistry and Radiochemistry, Nuclear Science 
Institute, National Autonomus University of Mexico, Mexico City, Mexico

Abstract
Radiation processing has many advantages over other conventional methods. 
When using gamma radiation for material processing, no catalysts or additives 
are needed to initiate the reaction. Graft ing techniques normally include the pre-
irradiation, as well as the mutual or the simultaneous method. Th e main advantage 
of this radiation-assisted method is relatively simple; surface graft ing of polymers 
has attracted great interest in the past few decades, as it allows the tailoring of 
surface properties of various polymer materials, and thus specifi c functionalities 
useful for many applications can be eff ectively produced. When polymers are 
exposed to ionizing irradiation, trapped radicals and peroxides or hydroperoxides 
are formed, and they are capable of initiating graft ing copolymerization reactions. 
Various graft -polymerization approaches have been developed, including direct 
graft  polymerization of vinyl monomers already containing desirable functional 
groups, graft  copolymerization of two (or more) diff erent types of monomers onto 
a polymer backbone, and graft  polymerization of a precursor monomer that can 
be subsequently modifi ed. Th is chapter revises and focuses the recent advances in 
the synthesis and characterization of graft  copolymers with new architecture pre-
pared by means of gamma radiation. Also, it describes the potential use of these 
copolymers in the biomedical area.
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10.1 Introduction

Radiation graft ing is a suitable technique for surface modifi cation of poly-
meric materials since it allows introducing active functional groups on the 
polymer backbone [1–5]. Th is method is applicable for many substrates 
and monomers combinations and, unlike chemically initiated graft ing; 
it does not require initiators [6]. Th ere are several methods of radiation 
graft ing: (i) the direct (or mutual) graft ing method in which the polymeric 
material is irradiated in contact with a monomer, homopolymerization 
being a collateral eff ect; (ii) the pre-irradiation method, which involves 
the irradiation of the polymer matrix in the absence of air and then the 
graft ing is initiated by macroradicals trapped in the irradiated polymer; 
radiation dose is usually larger than in the direct method and polymer deg-
radation may occur; and (iii) the pre-irradiation oxidative graft ing method 
that consists in the pre-irradiation of the polymer in the presence of air 
or oxygen, so that the macroradicals formed are converted to peroxides 
and/or hydroperoxides, and when the irradiated polymer is heated in the 
presence of monomer the peroxides decompose to give the macroradicals 
[1, 7, 8]. Radiation processing has many advantages over other conven-
tional methods. When using radiation for material processing, no cata-
lysts or additives are needed in order to initiate the reaction, the energy 
source being either γ-ray, UV or electrons [9]. Th e main advantage of these 
radiation-assisted methods is that they are relatively simple; surface graft -
ing of polymers has attracted great interest in the past few decades, as it 
allows the tailoring of surface properties of various polymer materials, 
and thus specifi c functionalities useful for many applications can be eff ec-
tively produced [10]. When polymers are exposed to ionizing irradiation, 
trapped radicals and peroxides or hydroperoxides are formed as a result; 
these are capable of initiating graft ing copolymerization reactions [11]. 
Various graft -polymerization approaches have been developed, including 
direct graft  polymerization of vinyl monomers already containing desir-
able functional groups, graft  copolymerization of two (or more) diff erent 
types of monomers onto a polymer backbone, and graft  polymerization of 
a precursor monomer that can be subsequently modifi ed [12].

As the radiation, such as γ-ray or UV photograft ing, provides a steril-
ization eff ect and no initiator is required for copolymerization, no envi-
ronmental pollution and biological toxic substances are generated. Th e 
graft ing of various vinyl monomers onto thermoplastic rubber, ultrahigh 
molecular weight polyethylene (PE) and nonwoven fabric of polypropyl-
ene (PP) by γ-ray irradiation or UV treatment method had been reported 
in some studies [13, 14].
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In recent years there has been remarkable growth in the research and 
development of synthetic polymers for biomedical, microelectronics, and 
other advanced technological applications [15]. In this context radiation 
processing technology represents a useful tool for the modifi cation of poly-
meric materials including graft ing of monomers onto polymers [1, 16, 17]. 
Radiation graft ing in specifi c allows the modifi cation of the surface com-
position of polymeric biomaterials without changing their mechanical 
properties. Radiation-induced copolymerization and crosslinking of copo-
lymers has been increasingly used for creation of novel biomaterials [18]. 
Gamma radiation has successfully been used for graft ing of polymers onto 
polymeric materials; the technique enables surface and bulk functionaliza-
tion with groups such as amide, amine, carboxylic acid, or epoxy [19].

Polymers are an important class of materials for pharmaceutical and 
biotechnological applications; surface-functionalized medical devices are 
attracting raising interest owing to the possibility of improving their deal-
ing with the host environment, while keeping the bulk features responsible 
for their therapeutic performance [20]. Enhanced biocompatibility and 
prophylaxis against infections are the most pursued aims of altering the 
surface structure/composition [21].

10.2 Ionizing Radiation

10.2.1 Type of Radiation
Polymer surfaces are commonly modifi ed by physical deposition of other 
compounds (e.g., surfactants, polymers) by direct chemical modifi cation of 
the polymer surface (e.g., oxidation, hydrolysis, sulfonation) or by chemi-
cal bonding of a diff erent polymer (graft  copolymerization) or “polymer-
like” composition (via plasma discharge) on the substrate polymer surface. 
Th e most commonly used energy sources for the last two techniques are 
ionizing radiations [22–25] and radio-frequency or microwave gas dis-
charges, also called plasma or glow discharges [26–28]. Photochemical ini-
tiations using UV light sources may also be used but they are less common 
and will not be included in this review. Ionizing radiations are commer-
cially available as cobalt-60 gamma ray sources or as electron accelerators. 
Th e former are low intensity sources but have high depth of penetration, 
while the latter are high intensity sources but have relatively low depth of 
penetration.

Th e type of radiation to be used in preparation of graft  copolymers is a 
parameter that has to be considered upon using high-energy radiation to 
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initiate radicals for graft  copolymerization. Two main radiation sources 
are commercially available: Co-60 as source of γ-rays and electron beam 
accelerator as a source of electrons. From a graft ing point of view, γ-rays, 
which is electromagnetic radiation (photons), are more advantageous in 
terms of high penetration power compared to electrons, which are par-
ticulate radiation in nature [29]. Upon crossing the matter, the electrons 
lose energy continuously through a large number of small energy transfers 
unlike γ-rays that tend to lose a relatively large amount of their intensity by 
interaction with the matter. Th e fractions of photons that do not interact 
with the fi nite thickness of the matter are transmitted with their original 
energy and directions. Th erefore, the dose rate can be easily controlled by 
using a suitable attenuator without infl uencing the photons energy. Lead 
is the most widely used attenuator for γ-radiation as it exhibits a lower 
thickness compared to other attenuators. γ-radiation is normally utilized 
for fundamental studies and graft ing processes requiring a low dose rate 
with deep penetration and is of particular interest when graft  copolymer-
ization is carried out using simultaneous irradiation method. On the other 
hand, an electron beam is oft en used in surface modifi cation of polymers. 
Nevertheless, bulk graft ing can be achieved using high energy electrons 
and thinner fi lms.

10.2.2 X-Ray and Gamma-Rays
X-ray and gamma-rays are electromagnetic waves of the same nature as 
visible or ultra-violet light but of a much shorter wavelength. X-rays are 
generated when fast electrons are suddenly stopped by striking a solid 
obstacle. Th ey usually present a very broad spectrum of energies, the maxi-
mum energy being very close to the energy of the incident electrons. Th e 
“eff ective energy” is approximately equal to one-half of the peak energy. 
Th e “eff ective wavelength” of an X-ray beam is defi ned as the wavelength 
of the mono energetic radiation which has the same half-value layer (HVL) 
for copper as the actual X-ray beam. Th e HVL is the thickness of cop-
per which reduces the intensity of the beam to one-half. Gamma-rays are 
identical in nature with X-rays but the former term is used for electro-
magnetic radiations emitted by the nuclei of natural or artifi cial radioac-
tive isotopes. Gamma-rays from a particular nucleus are usually emitted 
at several discrete frequencies. However, a number of isotopes give a very 
simple spectrum of gamma-rays. Th us, cobalt-60 gives two sharp fi nes of 
equal intensity at 1.17 and 1.33 MeV (mega electron volts) respectively. Th e 
physical properties of X-rays and gamma-rays depend strongly upon their 
initial energy. “Soft ” X-rays of less than 100 keV are highly absorbed by 
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thin layers of light elements, whereas very hard X-rays and gamma-rays are 
capable of traversing layers of heavy metals of considerable thickness [10].

10.2.3 Electron Beam
Beta-rays are emitted by a large number of natural or artifi cially produced 
radioactive isotopes, some beta-ray emitters with their half-lives and the 
corresponding radiation energies. Many of these isotopes are commonly 
used in radiation chemistry. A very promising beta-ray source seems to 
be the fi ssion product strontium-90 which is produced in large quanti-
ties in nuclear power plants. Unfortunately, strontium is absorbed by the 
human body and is concentrated in bones. Th is eff ect, together with its 
long half-life, makes the use of this radioisotope particularly dangerous 
and will prevent its practical use on a large scale until suitable methods 
are developed for enclosing it safely without absorbing too much of the 
radiation. Th e use of artifi cially accelerated electron beams in radiation 
chemistry was fi rst described by Coolidge in 1925. Th is type of radiation 
has only been developed on a large scale, however, in recent years, sev-
eral machines are now commercially available which produce very intense 
electron beams with energies ranging from 0.5 to 20 MeV, or even higher. 
Th eir rapid development is largely due to medical and industrial demands 
for powerful radiation sources. Th e penetration of fast electrons is much 
smaller than that of electromagnetic radiation having the same quantum 
energy. Charged particles of any kind have a fi nite range in matter; thus 
2 MeV electrons are entirely absorbed by 1 cm of water. In the 1–10 MeV 
range, the penetration of electrons is approximately linear with their 
energy, a number of electron accelerators are being built, based on vari-
ous quite diff erent principles [10].

10.2.4 Alpha Particles
Th is group of radiations includes natural alpha-rays (fast moving helium 
ions emitted by several radioactive isotopes) and beams of protons, deu-
terons, etc., artifi cially accelerated in a machine such as an electrostatic 
accelerator, and a cyclotron. Radiations of this type are entirely absorbed 
in relatively thin layers of material but the density of the absorbed energy is 
highly concentrated along the tracks of the ionizing particle. Radioisotopes 
emitting alpha-rays, such as radon dissolved in the medium to be irradi-
ated, have been used as “internar” radiation sources to initiate chemical 
reactions. Radon emits alpha-particles of several discrete energies ranging 
from 5.5 to 7.8 MeV. Th is radiation is entirely absorbed by 6–8 cm of air or 
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40–60 microns of a material of density 1 g cm–3. Polonium can be used as 
an external source for irradiating very thin plastic fi lms or for treating the 
surface of a polymer. Th is isotope emits alpha-particles of 5.3 MeV with 
practically no other associated radiation. Th e radiation is entirely absorbed 
by a layer of water 35 μ thick. Artifi cially accelerated heavy particles are 
capable of producing extremely high radiation doses in thin layers of mate-
rial. When working at high power levels such particle beams will “burn,” 
i.e. carbonize, most polymers or other organic substances, or heat them 
rapidly to their combustion temperature [10].

10.2.5 Neutrons
Neutrons are liberated in many nuclear processes induced by gamma-rays 
and neutrons reaction or by accelerated heavy ions. Th e most powerful 
source of neutrons, however, is the nuclear reactor, where fast neutrons 
are emitted at each fi ssion of a uranium nucleus. Th ese neutrons are sub-
sequently slowed down by the moderator. It follows that the mixed radia-
tion of a reactor includes both fast and slow neutrons and in addition a 
large amount of gamma radiation arising from nuclei disturbed in vari-
ous nuclear processes. Th e mixed radiation of a reactor was widely used in 
radiation chemistry, particularly in those cases when very high radiation 
doses were required. Unfortunately, this type of radiation is unsuitable for 
precise quantitative work since its composition is usually not known with 
enough accuracy and serious problems are encountered in its dosimetry. 
Radiation doses delivered by the mixed radiation of a reactor are usually 
expressed in terms of the total radiation associated with a given fl ux of 
slow neutrons. Th e latter is easily determined experimentally by irradiat-
ing together with the sample small foils of gold or cobalt and subsequently 
measuring the induced radioactivity. Several attempts have been made to 
calibrate the mixed reactor radiation with a chemical dosimeter having a 
known radiation yield for gamma-rays. Such calibrations have shown that 
the total radiation associated with a slow neutron fl ux of 1017 neutrons/
cm2 is equivalent to doses of gamma radiation of 50 to 500 kGy, depending 
on the chemical system involved and on the type of reactor used [10].

10.3 Gamma-Ray Measurements

10.3.1 Dosimetry
High-activity industrial-scale gamma irradiation facilities need careful 
characterization to establish plant parameters, such as effi  ciency, overdose 
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ratio, and capacity, since the knowledge of these main parameters with 
respect to product density, for example, is of basic importance both for 
manufacturers and users [30]. Reliable high-dose dosimetry systems are 
generally required to achieve international standards in determining the 
dose distribution patterns and the delivered absorbed dose over a wide 
range of industrial products and processes which make use of ionizing 
radiation [31]. One of the most used high-dose dosimetry systems, the 
polymer-based dosimetry system, has been employed in high gamma dose 
dosimetry for more than 60 years [32–35]. Fiber-optic technologies using 
ultra-small probes attached to optical fi bers with the capability for remote 
radiation dose measurement are fi nding increasing interest in clinical 
applications. Several classes of optical fi ber dosimeters, diff ering primarily 
in the nature of radiation-induced changes that occur in the optical fi ber 
sensor, have been developed [36]. For engineering dosimetry, the basic 
concern is represented by γ-radiation in the energy range up to 3 MeV; 
which includes the energy of the majority of natural isotopes and of typi-
cal nuclear waste [37]. During the last decades, sugar was considered as 
a promising radiation-sensitive material and used as a radiation detector 
for high-level dosimetry by applying diff erent analytical methods [38]. In 
the fi eld of radiation processing, system design engineers have typically 
made use of analytical techniques, while facility operators have perhaps 
relied more on routine dosimetry for processes or quality control purposes 
[39]. Recent recommendations and new norms for operational dosimetry 
by diff erent international commissions have led to changes in the methods 
used for individual dosimetry, implying the development of new types of 
dosimeters. It is in this context that we have begun a study of the response 
of imaging plates to fast γ-rays [40].

Th e Fricke dosimeter, also called the ferrous sulfate dosimeter, is one 
of the most useful chemical dosimeters. It depends on the oxidation of 
ferrous ions (Fe2+) to ferric ions (Fe3+) by ionizing radiation. Th e increase 
in concentration of the ferric ions is measured spectrophotometrically at 
the optical absorption maxima at 224 and 303 nm. Th e Fricke dosimeter 
is 96% water (by weight), hence, its attenuation of radiation closely resem-
bles that of water. It is usable in the dose range of 5–400 Gy and at dose 
rates up to 106 Gy/s. As applied to the Fricke dosimeter [41], the diff usion 
kinetic model uses a rather extensive array of chemical reactions, reaction 
rates, diff usion constants, and a set of linear diff erential equations through 
which it proceeds from initially formed radicals to the fi nal diff erential 
yield. It makes use of an imaginative model of the energy deposition about 
an ion’s path, including such terms as spurs, blobs, short tracks, penum-
bra, and core, the latter being one of its more vulnerable aspects. Neither 
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measurements nor Monte Carlo calculations of the radial dose distribution 
off er any hint of the track core in energy deposition specifi ed in the diff u-
sion kinetic model.

10.3.2 Fricke Dosimetry Method
Th e ferric ions concentration can be measured by a spectrophotometry 
technique comparing the wavelength at 585 nm (modifi ed Fricke) band 
that corresponds to ferric ions concentration. Th e optical densities at 585 
nm band before (OD(D)) and aft er (OD(0)) irradiation are measurements 
using a UV spectrophometer. Th e absorbed dose is given by (Fricke, 1955):

 ( )
( ) ( )

3

0A

m

OD D ODN eD
l G Fe er +

−⋅
= ⋅

⋅ ⋅
 (10.1)

where D is the absorbed dose, G(Fe3+) is the chemical yield of Fe3+ 
(expressed in ions produced per 100 eV), ρ is the density in kg/L, NA is 
Avogadro’s number, e is the number of Joules per electron volt, l is the opti-
cal path length (width of the cuvette holding the solution), and εm is the 
molar extinction coeffi  cient for Fe3+. From equation (10.1), it is clear that 
the absorbed dose is proportional to the variation on the optical densities, 
considering that the other terms are constants.

When aereted ferrous sulfate solution is irradiated with X-ray, γ-rays, 
α particles, electrons, etc., fi rst, water decomposes to give free radicals 
(H, OH) and molecular products (H2, H2O2):

H2O + Radiation → H, OH, H2, H2O2 (1)

Th en the following series of reactions occur:

OH + Fe++→ Fe+++ + OH- (2)

H + O2 → HO2 (3)

H2O2+ Fe++ → Fe+++ + OH- + OH (4)

HO2+ H+ + Fe++ → Fe+++ + H2O2 (5)

HO2+ Fe+++ → Fe++ + O2+ H+ (6)

Th e last reaction does not occur in the high concentration of sulfuric acid, 
the each H atoms (radicals) lead, through formation of HO2, to the oxida-
tion of three Fe++ ions; each OH radicals oxidizes one, and each H2O2 oxi-
dizes two Fe++ ions. Th e ferric yield for this system is 15.6 [42, 43].
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10.3.3 Units of Radioactivity and Radiation Absorption
Th e original unit for measuring the amount of radioactivity was the curie 
(Ci), fi rst defi ned to correspond to one gram of radium-226 and more 
recently defi ned as: 1 curie = 3.7 × 1010 radioactive decays per second. In the 
International System of Units (SI), the curie has been replaced by the becquerel 
(Bq), where 1 becquerel = 1 radioactive decay per  second = 2.703 × 10–11 Ci. 
Th e magnitude of radiation exposures is specifi ed in terms of the radiation 
dose. Th ere are two important categories of dose: Th e absorbed dose, some-
times also known as the physical dose, defi ned by the amount of energy 
deposited in a unit mass in human tissue or other media. Th e original unit 
is the rad [100 erg/g]; it is now being widely replaced by the SI unit, the gray 
(Gy) [1 J/kg], where 1 gray = 100 rad. Biological dose, sometimes also known 
as the dose equivalent, expressed in units of rem or, in the SI system, sievert 
(Sv). Th is dose refl ects the fact that the biological damage caused by a particle 
depends not only on the total energy deposited but also on the rate of energy 
loss per unit distance traversed by the particle (or “linear energy transfer”). 
For example, alpha particles do much more damage per unit energy depos-
ited than do electrons. Th is eff ect can be represented, in rough overall terms, 
by a quality factor, Q. Over a wide range of incident energies, Q is taken to 
be 1.0 for electrons (and for X-rays and gamma rays, both of which produce 
electrons) and 20 for alpha particles. For neutrons, the adopted quality factor 
varies from 5 to 20, depending on neutron energy. Th e biological impact is 
specifi ed by the dose equivalent H, which is the product of the absorbed dose 
D and the quality factor Q: H = Q D [44].

Th e unit for the dose equivalent is the rem if the absorbed dose is in 
rads and the Sv if the absorbed dose is in grays. Th us, 1 Sv = 100 rem. As 
discussed below, 1 rem is roughly the average dose received in 3 years of 
exposure to natural radiation. 1 Sv is at the bottom of the range of doses 
that, if received over a short period of time, are likely to cause noticeable 
symptoms of radiation sickness. Th e dose equivalent is still not the whole 
story. If only part of the body is irradiated, the dose must be discounted 
with an appropriate weighting factor if it is to refl ect overall risk. Th e dis-
counted dose is termed the eff ective dose equivalent or just the eff ective 
dose, expressed in rems or sieverts [44].

10.4 Synthesis of Graft  Polymers by Gamma-Rays

10.4.1 Radiation Graft ing
Th e modifi cation of polymers has received much attention recently. Among 
the methods of modifi cation of polymers, graft ing is one of the promising 
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methods. In principle, graft  co-polymerization is an attractive method to 
impart a variety of functional groups to a polymer. Graft  co-polymeriza-
tion initiated by chemical treatment, photo-irradiation, high-energy radia-
tion technique, etc. Considerable work has been done on techniques of 
graft  co-polymerization of diff erent monomers on polymeric backbones 
[45, 46]. Radiation-induced graft ing has been found to possess potential to 
simplify the whole treatment process and reduces the cost of production. 
It is a convenient process due to its rapid and uniform formation of active 
sites for initiating the graft ing reaction throughout the material [1]. Th e 
major advantages of radiation-induced graft ing over the classical chemical 
polymerization are: the reaction is carried out in a wide range of tempera-
ture; the graft ing is carried out in various states of monomers such as in 
bulk, solution, emulsion, and even at solid state; and the graft ed material 
is free from residuals of initiator or catalyst [47–49]. Th is method is well 
known for its merits in modifying the surface properties of preexisting 
polymeric materials usually without changing their inherent properties. 
It is worth noting that radiation in high dose rate or high dose can cause 
degradation or crosslinking of some polymers. However, pre-irradiation-
induced graft  copolymerization can provide a method to combine two 
highly incompatible polymers [50].

Graft ing using high-energy ionizing or non-ionizing radiations can 
be performed following diff erent approaches: (i) direct method; (ii) pre-
irradiation, and (iii) each of these methods has its advantages and disad-
vantages. Th is is useful when access to a radiation source is limited. Th e 
simultaneous method requires the use of the radiation source during the 
entire graft ing process, however, graft  yields are generally higher compared 
with the pre-irradiation methods due to less radical loss through decom-
position reactions in the latter method [51]. By any methods, the rate and 
effi  ciency of the initiation is dependent upon the type of radiation, the 
radiation dose (total energy absorbed), the dose rate (rate at which energy 
is absorbed), and the radiation sensitivity of material involved [52–53].

10.4.2 Simultaneous or Mutual Method
Th is method is maybe the simplest (Figure 10.1). In this case, both poly-
mer and monomers are introduced into a reactor and simultaneously irra-
diated. Th e polymer substrate is immersed in the monomer, which may 
be a liquid, vapor or solid diluted with a suitable solvent and may contain 
additives even, then exposed to ionizing radiation. As well as the forma-
tion of the graft ed polymer, homopolymer will invariably also be formed 
as both the substrate and the monomer are exposed to radiation. Th is 
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technique should be carrying out only if the radiochemical yield of the 
polymer G(R∙)P is higher than the monomer G(R∙)M in order to avoid 
homopolymer formation, which is the main disadvantage [1, 11, 54], this 
can be reduced by addition of monomers in vapor phase or at low concen-
tration in a suitable solvent, also polymerization inhibitors as Mohr’s salt 
may be added [55–58].

10.4.3 Pre-irradiation Method
In this method, the polymer is pre-irradiated in vacuum or in inert gas 
(Figure 10.2). When radiation reaches the sample ionized and excited spe-
cies are formed. Th ese species form relatively stable free radicals which are 
the active sites, if monomers are introduced in liquid, vapor or as solu-
tion in a suitable solvent, the reaction of graft ing polymerization usually at 
elevated temperatures start [59, 60]. Th e main advantage of this technique 
is that since the monomers is not exposed to radiation, the homopolymer 
formation is low, the disadvantages is that the radicals do not have long life 
time, requires inert atmosphere and graft ing is usually low. Furthermore, 
if the polymer is scission type, small fragments are formed and then block 
polymers are formed instead of graft s. Th e graft ing degree strongly depends 
of reaction conditions, such as pre-irradiation dose, monomer concentra-
tion, temperature, reaction time, material thickness, and solvent when it is 
used [1, 11].

Polymer

+ Monomer (M) +Ro

Ro=Polymer radical

Mo (M)n
Gamma rays nM

Figure 10.1 Radiation graft ing applying a direct method.

Polymer

+ Monomer (M)Ro

Ro=Polymer radical

(M)n
Gamma rays nM

Figure 10.2 Radiation graft ing applying a pre-irradiation method.
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10.4.4 Pre-irradiation Oxidative Method
In this graft ing, samples are irradiated in air or in oxygen (Figure 10.3). 
Free radicals in the polymer backbone react quickly with oxygen then 
form alkylperoxides and hydroperoxides. In a second step, the mono-
mer or a solution containing it, is introduced and heated without oxygen. 
Both peroxides and hydroperoxides are homolytically broken and then 
they react with the monomer. In this case, the graft ing degree depends on 
the conditions mentioned above. Th e main advantage of this technique 
is that samples pre-irradiated can be stored at low temperature [61]. Th e 
disadvantages are that require elevated temperatures, sometimes sol-
vents, long reaction time, the hydroxyl radical can start homopolymer-
ization and then the graft ing is usually lower than simultaneous method 
[11, 62–64].

10.4.5 Parameter Infl uencing Graft ed Copolymers Synthesis

10.4.5.1 Irradiation Dose and Dose Rate
Th e graft ing yield for the polymers increases with the total radiation dose, 
as fi rst demonstrated by Chapiro [11, 58] for PTFE and subsequently 
confi rmed for other fl uoropolymers by numerous other workers. At low 
doses, the graft ing yields are approximately linear dependent on the dose, 
for graft ing of DMA and NIPAAm onto PVDF. However, at higher doses, 
the slopes of the yield-dose plots can decrease, as demonstrated recently 
by Grondahl et al. [65] for graft ing of styrene onto PFA. Th e most likely 
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origins of the decreasing slopes at high radiation doses are (i) dose sat-
uration in the formation of substrate radicals and (ii) an increase in the 
probability of radical termination reactions at higher doses/higher graft  
yields. In early studies of graft ing of PTFE using bulk monomers [11, 58] 
is shown that the graft ing yields were independent of the dose rate if this is 
low. However, at higher dose rates, the graft ing percentage decreases with 
increasing dose rates. Iskander [66] has also found similar behavior for 
the graft ing of DMA and NIPAAm onto PVDF membranes from aqueous 
solutions. Several possible reasons have been advanced for the decreasing 
graft ing rate at high dose rates, including a higher rate of radiation-induced 
crystallization of the fl uoropolymer substrate, increasing yields for the 
competing homopolymerization reaction and dose rate-dependent radical 
yields in the graft ing process. Th e infl uence of exposure dose, on the graft -
ing yield of (Sty/AAc) binary monomers onto LDPE fi lms was investigated 
by Hegazy et al. [67]. It can be seen that the higher the exposure dose, the 
higher the graft ing yield. From results, it can be assumed that the increase 
in exposure dose resulted in increasing the concentration of free radicals 
formed in the polymer substrate as well as in the (Sty/AAc) monomer.

10.4.5.2 Eff ect of Solvent and Monomers
Graft ing conditions are playing a crucial role in the determination of not 
only the degree of graft ing but also the structure built up inside the graft ed 
polymer. Among graft ing conditions, the solvent to be used for monomer 
dilution is of special interest as it is one of the essential elements towards 
a successful radiation-induced graft ing process [68–70]. A solvent is basi-
cally used during graft ing to bring about swelling of the base polymer and 
hence enhance the monomer accessibility to the graft ing sites. Th e use of 
a poor-swelling solvent is most likely to lead to surface graft ing due to the 
reduction in monomer diff usibility and, eventually, low degrees of graft ing 
are obtained. However, the use of a good-swelling solvent results in bulk 
and homogeneous graft ing. Increasing the swelling enhances the diff usion 
of monomer into the internal layers of the polymer substrate, and therefore 
the interactions between the internal active sites and the monomer mol-
ecules increase, leading to higher degrees of graft ing [71]. Th e addition of 
solvent to a monomer/substrate combination can enhance the yield in the 
radiation-induced graft ing and determine the specifi c nature of the graft  
copolymer [72]. Th e penetration of the graft ing into the substrate is an 
important factor when preparing graft ed surfaces for solid phase organic 
chemistry and is oft en dependent on the solvent used and the monomer 
concentration. It is common to observe a Trommsdorff  phenomenon when 
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graft ing styrene to polyolefi ns [73] and cellulose [74]. Th is phenomenon 
was fi rst noticed when polymerizing bulk MMA using benzoyl peroxide 
in which the rate becomes explosively rapid at approximately 20–25% con-
version [75]. Th is is explained by the restricted diff usion of the growing 
molecular chains, which hinders termination by combination with other 
growing chains, but does not appreciably disturb diff usion of the mono-
mer. When the polymerization is carried out in a solvent, the explosive 
rate increase is not observed, however, when a non-solvent for poly(methyl 
methacrylate) (PMMA) is used the rate increase is even more rapid than 
the bulk polymerization and there is a higher degree of polymerization. 

Maxima in the graft  yield with variation in the monomer concentration 
have also been observed when graft ing styrene to PTFE [76], FEP [77], 
and PFA [78]. In these cases, dichloromethane was used as a solvent and 
the greatest graft  yields and graft ing rates occurred at approximately 60% 
styrene concentration. Since dichloromethane is a good solvent for PS, the 
observed maxima cannot be due to a real Trommsdorff  eff ect. Instead, the 
behavior has been attributed to an increase in the styrene diff usion and 
hence concentration in the graft ing region, which reaches a maximum at 
approximately 60% styrene concentration. Above this concentration there 
was signifi cant homopolymer formation, resulting in hindered monomer 
diff usion to the graft ing sites and lower graft  yield [78]. Th is explanation 
is a little spurious as it is unlikely that the diff usion of styrene would be 
hindered enough to prevent propagation unless a glassy state was reached. 
If the viscosity was high enough to prevent styrene diff usion, then termina-
tion would also be expected to be hindered due to the limited mobility of 
the growing chains.

However, the declining graft  yields with increasing viscosity could be 
related to an increase in the cage recombination of radical species that ini-
tiate graft ing. Cardona et al. [79] have compared the graft ing of styrene 
to PFA for six solvents, dichloromethane, benzene, methanol, 1,2-dichlo-
robenzene, cyclohexane, and 1,1,1-trichloroethane. Th ey found the yield 
of graft  for the fi rst three of these solvents was much higher than those 
of the latter three for all doses and dose rates investigated. Th ey have cor-
related the effi  ciency of the graft ing process with the solubility parameters 
for PS in the various solvents. Th e solvent and polymer chain transfer con-
stants, as well as the polymer matrix viscosity, are also important factors. 
Th e nature of the monomer to be graft ed onto a polymer substrate has an 
important eff ect on the effi  ciency and the uniformity of the graft ing yield. 
Based on reactivity and sensitivity to radiation, monomers can be classifi ed 
into two classes: reactive and non-reactive monomers. Reactive (radiation-
sensitive) monomers such as acrylic acid (AAc) show high tendency to 
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homopolymerize during radiation-induced graft  copolymerization pro-
cess unlike that of non-active monomers such as styrene, which has less 
tendency for homopolymerization. For monomers to be graft ed, it should 
have low viscosity and small dipole strength. Th e former enhances the 
amount and the rate of monomer diff usion into the base polymer, whereas 
the later reduces the tendency of the monomer to form free radicals.

10.4.5.3 Infl uence of the Polymer Substrate and Film Th ickness
As graft ing involves covalent attachment of a monomer to a pre-formed 
polymeric backbone, the nature of the backbone (viz. physical nature, 
chemical composition) plays an important role in the process. Radiation 
graft ing can be used to modify either only the surface properties or also 
the bulk properties. For example, the bulk can be modifi ed to impart ion-
exchange or ion-transport properties. Th e resulting bulk-modifi ed fi lms 
are used [80] as membranes in electrodialysis, electrosynthesis, and per-
vaporization and as fuel cell membranes and battery separators. Monomer 
transport into the fi lm is oft en the rate limiting step in radiation graft ing. 
Th is is true even in the case of simultaneous radiation graft ing of a mono-
mer with some solubility in the polymer substrate, for example, styrene 
in PE. Even if the PE base fi lm is pre-swollen in monomer, the graft ing 
process is oft en diff usion limited. If the base polymer fi lm does not swell 
in the graft ing monomer solution and the pre-irradiation method is used, 
radiation graft ing occurs by a graft ing front mechanism [81]. Ranogajec 
and co-workers [82] have reported that graft ing levels increased with fi lm 
substrate thickness, although the eff ects were less pronounced at higher 
temperatures. In contrast, Matsuo and co-workers have reported [83] that 
the graft ing levels of 200 mm or thicker fi lms at constant graft ing times 
were inversely proportional to the fi lm thickness. However, the graft ing 
levels decreased as the PP fi lm thickness decreased further. Film orienta-
tion was not characterized in any of these investigations [84]. Basically, 
the base polymers have to meet certain requirements in order to produce 
effi  cient graft ing with desirable and practical properties. Th ey have to bear 
ability to easily generate stable free radicals upon exposure to ionizing 
radiation and high resistance towards radiolytic degradation. Preferably, 
the base polymers have to be hydrophobic materials with high thermal, 
chemical and mechanical stability.

10.4.5.4 Monomer Concentration
Th e concentration of the monomer to be graft ed has a signifi cant role 
to play during graft ing copolymer preparation by the gamma-ray 
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copolymerization method. Th e content of the monomer in the bulk solu-
tion strongly aff ects its diff usivity to the graft ing zone and consequently, 
the rate as well as the fi nal degree of graft ing varies. Graft ing of mono-
mers such as styrene onto polyolefi n shows a Trammsdorff  eff ect where 
restricted diff usion of graft -growing chains hinders termination by recom-
bination with other chains without considerably distributing the diff usion 
[85]. Graft ing of the styrene onto fl uorinated polymers (PTFE, FEP, and 
PFA) does not exhibit Trammsdorff  eff ect despite the presence of maxima 
in the degree of graft ing with the variation of styrene concentration with a 
good solvent such as dichloromethane [86].

Th e concentration of DMAEMA also had an eff ect on graft ing yield. At 
an irradiation dose of 50 kGy, then highest value of graft ing percentage for 
LDPE-g-DMAEMA was 25% when immersed in a 60% (v/v) DMAEMA 
solution. Higher values of graft ing were obtained for SR-g-DMAEMA, 
reaching 55% graft ing in a 60% (v/v) DMAEMA solution. Furthermore, 
the pattern of SR-g-DMAEMA graft ing as a function of monomer con-
centration sharply increased within the concentrations range studied. Th e 
higher graft ing effi  ciency for SR than for LDPE is probably related to the 
ability of the pristine polymeric matrix to take up the solvent. LDPE and 
SR fi lms were able to swell in toluene up to 13% and 134% (w/w), respec-
tively, making penetration of dissolved DMAEMA in SR matrix easier than 
in LDPE. Th erefore, DMAEMA can reach more sites to react with and to 
grow from in the SR [87].

10.4.5.5 Graft ing Temperature
Temperature of the graft ing medium is one of the most important param-
eters that have a strong eff ect on the graft ing yield. Variation of the tem-
perature permits control of the extent of graft ing, graft  deposition depth, 
and composition [88]. Contreras-García et al. [89] studied the dependence 
of DMAAm graft ing on temperature, they found that suffi  cient graft ing 
yield at 60°C with low homopolymerization. But at 70°C, the graft ing pro-
cess was complicated with essential formation of homopolymer. Th erefore, 
60°C was used in all graft ing procedures as the optimal temperature. It is 
known that by the polymers irradiation in the presence of air, the perox-
ides and hydroperoxides are formed which decompose with temperature 
to give macroradicals for the graft ing initiation but peroxides require a 
higher temperature (>80°C) for dissociation as compared with hydroper-
oxides [90]. Th erefore, it is possible to suppose that only radicals formed 
by the thermal decomposition of the hydroperoxides at lower tempera-
ture serve as the active sites for graft  polymerization. Nevertheless, in our 
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case the graft ing effi  ciency was suffi  ciently high at 60°C, and this process 
practically was not complicated by the monomers homopolymerization. 
An increase of temperature increases the reactivity of the trapped radi-
cals giving rise to the initial rate of graft ing. Aft er certain time of graft ing 
and at high temperature, accumulation of the graft ing monomer into the 
swollen graft ed layers of the polymer matrix increases the viscosity and 
hinders the monomer diff usion resulting in insuffi  cient monomer concen-
tration to react with the active radicals. Unlikely, at low temperature, the 
trapped radicals have longer lifetime and lower reactivity. Th is slows down 
the termination in the growing chains and consequently higher graft ing 
yield is obtained. It is noteworthy mentioning that the critical temperature 
at which graft ing reaches the maximum level varies from one graft ing sys-
tem to another depending on other reaction parameters including method 
of graft ing and inherent properties of the base polymer fi lms such as glass 
transition temperature [91].

10.5 Diff erent Architecture of Polymers

10.5.1  Stimuli-Responsive Networks Graft ed onto 
Polypropylene for the Sustained Delivery of NSAIDs

Copolymers of N-isopropyl acrylamide (NIPAAm) and N-(3-amino-
propyl) methacrylamide hydrochloride (APMA) were graft ed on PP 
fi lms by means of γ-ray pre-irradiation method (Figure 10.4), with the 
aim of developing medical devices able to load non-steroidal anti-infl am-
matory drugs (NSAIDs) and to control their release under physiologi-
cal conditions. Th e NIPAAm/APMA molar ratio in the graft , estimated 
by FTIR-ATR and XPS analysis, resulted to be 4.76 and 1.23 for PP-g-
(1NIPAAm-r-0.5APMA) and PP-g-(1NIPAAm-r-1APMA), respectively. 

Pristine PP film
NIPAAm/APMA copolymer

grafted onto PP film
Cytocompatibility, drug loading,

and sustained release

80oC
H2O

[NIPAAm]
[APMA]

λ-rays

Figure 10.4 Preparation of PP-g-NIPAAm and PP-g-(NIPAAm-r-APMA) for 
hemocompatibility and protein adsorption.
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Varying the reaction time, diff erent degrees of graft ing were achieved but 
keeping constant the monomers ratio. PP-g-(NIPAAm-r-APMA) fi lms 
showed temperature- responsive swelling, smaller friction coeffi  cient, 
hemolysis and thrombogenicity and higher cell compatibility, did not 
elicit secretion of cytokines, and up-took remarkable amounts of diclof-
enac and ibuprofen and sustained the delivery for several hours in pH 7.4 
phosphate buff er. Coating with carboxymethyl dextran of the diclofenac-
loaded PP-g-(NIPAAm-r-APMA) fi lms caused minor discharge of the 
drug but did not altered drug release rate [92].

10.5.2  Radiation Graft ing of Glycidyl Methacrylate onto 
Cotton Gauzes for Functionalization with Cyclodextrins 
and Elution of Antimicrobial Agents

Cotton gauzes were modifi ed with cyclodextrins (CDs) in order to endow 
them with the ability to elute antimicrobial agents and to prevent infec-
tions. Gauzes were modifi ed according to a two-steps approach: (i) pre- 
irradiation of the gauzes (Gamma beam) to graft  glycidyl methacrylate 
(GMA), and (ii) covalent binding of CDs to the GMA-graft ed gauzes 
(Figure 10.5). First the dependence of GMA graft ing yield on the radiation 
dose (from 1 to 20 kGy) and the time of reaction was evaluated in detail. 
Anchorage of β-cyclodextrin (β-CD) and hydroxypropyl-β-cyclodextrin 
(HP-β-CD) was confi rmed by FTIR, TGA, and 3-methylbenzoic acid sorp-
tion. Diff erently from pristine gauzes, CD-functionalized GMA-graft ed 
gauzes were able to load an anionic antibiotic drug, specifi cally nalidixic 
acid, and to sustain the release for 6 h. Drug-loaded gauzes were tested in 
vitro against E. coli and the results prove the suitability of the functionaliza-
tion approach to effi  ciently inhibit the growth of this microorganism [93].

10.5.3  Binary Graft  Modifi cation of Polypropylene for 
Anti-infl ammatory Drug-Device Combo Products

Temperature- and pH-responsive copolymers were γ-ray graft ed onto PP 
to endow its surface with the capability to load and to control the release 
of anti-infl ammatory drugs (NSAIDs). First poly(N,N’-dimethylami-
noethylmethacrylate) (PDMAEMA) or poly(4-vinylpyridine) (P4VP) 
were graft ed onto PP fi lms by means of a direct method and then the 
temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm) was 
graft ed applying a pre-irradiation method (Figure 10.6). Th e binary graft  
copolymers showed high hemocompatibility and certain capability to 
adsorb bovine serum albumin (BSA). (PP-g-DMAEMA)-g-NIPAAm 
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showed higher affi  nity for ibuprofen and, particularly, diclofenac than 
(PP-g-4VP)-g-NIPAAm. Sustained release of these drugs was observed 
under physiological conditions. Further experiments of cytotoxicity and 
anti-infl ammatory activity on RAW 264.7 macrophage cells were carried 
out with (PP-g-DMAEMA)-g-NIPAAm in order to evaluate its poten-
tial as NSAID-eluting material for combo products. First, concentration 
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immersed in DMAEMA or 4VP monomer solution was γ-ray irradiated to trigger the 
graft  polymerization, secondly was γ-ray irradiated and then transferred to the NIPAAm.
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dependences of the anti-infl ammatory activity and the cytotoxicity of 
ibuprofen and diclofenac on RAW 264.7 cells were investigated in order 
to establish the ranges of drug concentration that the graft  copolymers 
should provide. Th e optimal concentrations of diclofenac and ibuprofen 
at which they reduce infl ammation while maintaining cell viability were 
determined to be 200  μg/mL and above 400 μg/mL. Diclofenac-loaded 
(PP-g-DMAEMA)-g-NIPAAm fulfi lled the in vitro requirements to avoid 
infl ammatory response [94].

10.5.4  Temperature- and pH-Sensitive IPNs Graft ed onto 
Polyurethane by Gamma Radiation for Antimicrobial 
Drug-Eluting Insertable Devices

Temperature- and pH-sensitive interpenetrating polymer networks 
(IPNs) and semi-interpenetrating polymer networks (s-IPNs) were 
γ-ray graft ed onto polyurethane (Tecofl ex®; TFX) to obtain vancomycin-
eluting implantable medical devices with minimized risk of infections. 
N-isopropylacrylamide (NIPAAm) was graft ed onto TFX catheters and 
fi lms (Figure 10.7) via a pre-irradiation oxidative methodor via a direct 
method. Th e PNIPAAm network facilitated AAc inclusion and subsequent 
polymerization/cross-linking, under specifi c reaction conditions. IPNs 

TFX-g-PNIPAAm

net-TFX-g-PNIPAAm
TFX-g-net-PNIPAAm

TFX-g-PNIPAAm-inter-net-PAAc
(sIPN)
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Figure 10.7 Polymerization and cross-linking of AAc interpenetrated within TFX-g-
PNIPAAm, net-TFX-g-PNIPAAm and TFXc-g-net-PNIPAAm for Vancomycin loading 
and antimicrobial susceptibility testing.
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and s-IPNs systems were characterized regarding the amount of graft ed 
polymers, surface properties (FTIR-ATR, ESEM, EDX), thermal behavior 
(DSC and TGA), and their temperature and pH responsiveness. Loading 
and release of vancomycin for preventing in vitro growth of Staphylococcus 
aureus were also evaluated. Antimicrobial susceptibility tests and hemo- 
(hemolysis, protein adsorption, thrombogenicity) and cyto-compatibility 
(cell viability and production of cytokines and NO) assays indicated that 
the modifi cation of TFX by γ-radiation may improve the performance of 
polyurethanes for biomedical applications [95].

10.5.5  Temperature-Responsiveness and Biocompatibility 
of DEGMA/OEGMA Radiation Graft ed onto PP and 
LDPE Films

PP and low density polyethylene (LDPE) were modifi ed by γ-ray graft -
ing of di(ethylene glycol) methyl ether methacrylate (DEGMA) and oligo 
(ethylene glycol) methyl ether methacrylate (OEGMA300 or OEGMA475 
with Mn 300 and 475 respectively) with diff erent monomer concentration 
and mol ratio (Figure 10.8). Th e graft ing percentage was evaluated as a 
function of the solvent, irradiation dose, reaction time, temperature, and 
monomers concentration. Th e graft ed materials were more hydrophilic 
than the pristine polymers, as observed by contact angle and swelling in 
water. Temperature-responsive behavior was evaluated by DSC showing 
transitions between 34 and 48°C. In vitro hemocompatibility, protein 
adsorption, cytotoxicity and bacteria adhesion tests were also carried out. 
Overall, the DEGMA/OEGMA graft ing provides hemo and cytocompat-
ible materials that exhibit temperature-responsive hydrophilic features and 
decreased protein adsorption [96].

10.5.6  Acrylic Polymer-Graft ed Polypropylene Sutures 
for Covalent Immobilization or Reversible Adsorption 
of Vancomycin

GMA and AAc were separately graft ed onto PP monofi lament sutures by 
means of pre-irradiation using a 60Co γ-source, with the purpose of load-
ing vancomycin via (i) covalent immobilization through the glycidyl groups 
of GMA and (ii) ionic interaction with AAc moieties (Figure 10.9). Th e 
eff ect of absorbed radiation dose, monomer concentration, temperature 
and reaction time on the graft ing degree was evaluated in detail. GMA 
graft ing ranged from 25% to 800% while the graft ing yield of AAc onto 
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PP could be tuned between 9% and 454%, at doses from 5 to 50 kGy and a 
dose rate 13.7 kGy/h. Graft ing of GMA or AAc decreased the decomposi-
tion temperature and made the sutures swellable to a certain extent. GMA 
graft ing led to a continuous, smooth and thick coating, which was suitable 
for immobilization of up to 1.9 μg vancomycin per gram. Th e immobi-
lized vancomycin enabled a reduction in the Staphylococcus aureus CFU 
adhered to the suture surface. On the other hand, dried AAc-functionalized 
sutures exhibited a rough and cracked surface which was responsible for 
a minor increase in the coeffi  cient of friction. PP-g-AAc sutures exhibited 
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pH-dependent swelling and remarkably high capability to host vancomycin 
(up to 109.9 mg/g), particularly those with an intermediate degree of graft -
ing. Some AAc-functionalized sutures were shown able to inhibit bacterial 
growth aft er successive challenges with fresh lawns. Th erefore, tuning the 
yield of graft ing of GMA or AAc may enable the preparation of drug-suture 
combination products that retain or release, respectively, antimicrobial 
agents [97]. 

10.6 Polymer Characterization

Th ere are several characterization techniques used for polymers, which 
vary according to the properties studied and the type of materials. 
Hence, this review focuses on characterization techniques used for graft  
copolymers.

10.6.1 Swelling Measurements
Th e equilibrium of swollen gels in distilled water is determined by swell-
ing the dried graft ed polymeric samples for diff erent periods of time and 
weighing them on an analytical balance until a maximum and constant 
weight is obtained [98]. Th e degree of swelling of the fi lms (%) is calculated 
according to the formula: 

 S (%) = [(Sf – Si)/Si] × 100 (10.2)

Where Sf and Si are the masses of the swollen and dried fi lms, respectively.

10.6.2 Surface Plasmon Resonance Spectroscopy (SPR)
Is a surface-sensitive characterization based on the evanescent fi eld of the 
surface plasmon. Th e latter is an electromagnetic wave traveling along the 
interface between a metal and a dielectric. Its electric fi eld decays exponen-
tially into both materials over a distance of a few hundred nanometers and 
the wave has a fi nite propagation length due to damping processes in the 
metal. Th e resulting data are a direct measure of the local average refrac-
tive index of the dielectric close to the surface, and with Fresnel calcula-
tions either the thickness or the refractive index of thin fi lms at an interface 
can be determined. Furthermore, a time-dependent measurement mode 
enables the detection of changes in the local average dielectric constant due 
to the adsorption of molecules onto the surface or changes in fi lm proper-
ties due to an external trigger [99].
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10.6.3 Infrared (IR)
Infrared spectroscopy is generally used for the analytical techniques based 
on the interaction of electromagnetic radiation with matter and variation 
of particular physical quantity with frequency of radiation. In spectros-
copy, the measurements of absorbance/transmittance of electromagnetic 
radiation, due to interaction with sample by molecules that are carried 
out in a gas or vapor state or dissolved molecules/ions or solid depending 
upon requirement. When IR radiation is incident on a sample, some of the 
IR radiation is absorbed by the sample and some of it is passed through 
(transmitted). Th e resulting spectrum represents the molecular absorption 
or transmission, creating a molecular fi ngerprint of the sample, IR is one 
of the most powerful analytical techniques, which indicates the possibility 
of chemical identifi cations. Th is technique has been shown to be useful 
for probing transitions, in addition changes in the infrared spectra pro-
vide information on the conformation and bonding state of the functional 
groups involved in the transition [100, 101].

10.6.4 Nuclear Magnetic Resonance Spectroscopy (NMR)
NMR is a physical phenomenon in which magnetic nuclei in a magnetic 
fi eld absorb and re-emit electromagnetic radiation. Th is energy is at a spe-
cifi c resonance frequency which depends on the strength of the magnetic 
fi eld and the magnetic properties of the isotope of the atoms. Is the use of 
the NMR phenomenon to study physical, chemical, and biological prop-
erties of matter. As a consequence, NMR spectroscopy fi nds applications 
in several areas of science. NMR spectroscopy is routinely used by chem-
ists to study chemical structure using simple one-dimensional techniques. 
Two-dimensional techniques are used to determine the structure of more 
complicated molecules. Th ese techniques are replacing X-ray crystallog-
raphy for the determination of 3D structure. Time domain NMR spectro-
scopic techniques are used to probe molecular dynamics in solutions. Solid 
state NMR spectroscopy is used to determine the molecular structure of 
solids. Other scientists have developed NMR methods of measuring diff u-
sion coeffi  cients [102–103].

10.6.5 Th ermal Transition 
A true workhorse for polymer characterization is thermal analysis, par-
ticularly diff erential scanning calorimetry (DSC). Changes in the compo-
sitional and structural parameters of the material usually aff ect its melting 
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transitions or glass transitions and these in turn can be linked to many 
performance parameters. For semicrystalline polymers it is an important 
method to measure crystallinity. Th ermogravimetric analysis (TGA) can 
also give an indication of polymer thermal stability and the eff ects of addi-
tives such as fl ame retardants. Other thermal analysis techniques are typi-
cally combinations of the basic techniques and include diff erential thermal 
analysis, thermomechanical analysis, dynamic mechanical thermal analy-
sis, and dielectric thermal analysis [104–105].

10.6.6 Contact Angle
Th e contact angle is the angle, conventionally measured through the liquid, 
where a liquid/vapor interface meets a solid surface. It quantifi es the wet-
tability of a solid surface by a liquid via the Young equation. A given system 
of solid, liquid, and vapor at a given temperature and pressure has a unique 
equilibrium contact angle. However, in practice contact angle hysteresis is 
observed, ranging from the so-called advancing (maximal) contact angle 
to the receding (minimal) contact angle. Th e equilibrium contact is within 
those values, and can be calculated from them. Th e equilibrium contact 
angle refl ects the relative strength of the liquid, solid, and vapor molec-
ular interaction. Th is method consists of the measurement of advancing 
and receding contact angles by a dynamic method, or by the sessile drop 
method using the optical contact angle. Th e measurements of the contact 
angles for various samples are carried out at room temperature, 1 minute 
aft er water drops are deposited onto the surface of polymeric fi lms, using 
direct microscopic measurement of the contact angles [106, 107].

10.6.7 Atomic Force Microscopy (AFM) 
AFM is another popular and versatile surface characterization method. 
In AFM measurement, it is not necessary to coat insulating polymeric 
samples with metals. Noncoated insulating samples can be observed by 
scanning electron microscopy (SEM) if the electron acceleration voltage 
is very low; however, the lower acceleration voltage reduces resolution of 
SEM. In contrast to SEM, AFM can measure surface morphology even in 
solution. Although this is a great advantage of AFM over SEM, measure-
ment of a soft  surface is not so easy. Especially, extreme soft  surfaces of 
highly swelled polymer nanocomposites is very diffi  cult, since the AFM 
tip radius is generally very small (i.e. the tip is very sharp) and thus even 
with very small force applied to the tip can “sink” the tip into the surface of 
the polymer. Polymer morphology is a microscale property that is largely 



458 Advanced Functional Materials

dictated by the amorphous or crystalline portions of the polymer chains 
and their infl uence on each other. Microscopy techniques are especially 
useful in determining these microscale properties, as the domains created 
by the polymer morphology are large enough to be viewed using modern 
microscopy instruments [108–110].
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Abstract
Two of the most promising, trendy but challenging adsorbent materials of the 
recent literature are chitosan and graphene. Numerous papers have been pub-
lished reporting the synthesis of derivatives of them, presenting diff erent prop-
erties from their origins. Chitosan is a nitrogenous polysaccharide and can be 
characterized as a very promising and cheap material, which can be produced in 
large quantities (poly-β-(1→4)-2-amino-2-deoxy-d-glucose). On the other hand, 
graphene and its oxide (graphene oxide) have been used as eff ective adsorbent 
toward environmental targets (pollutants). In this work, a direct comparison 
should be attempted regarding the major adsorption properties of chitosan- and 
graphene-based materials.

Keywords: Chitosan, graphene, adsorption, comparison

11.1 Introduction

Two of the most promising, trendy but challenging adsorbent materials of 
the recent literature is chitosan and graphene. Numerous papers have been 
published reporting the synthesis of derivatives of them presenting diff er-
ent properties from their origins. 

On the one hand, chitosan is a nitrogenous polysaccharide and can 
be characterized as a very promising and cheap material, which can be 
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produced in large quantities (poly-β-(1→4)-2-amino-2-deoxy-d-glucose) 
(Figure 11.1) [1].

Owing to its biocompatibility, high biodegradability, non-toxicity and 
adsorption properties, chitosan has been proved (apart from pharmaceuti-
cal applications) as a promising environmental-friendly adsorbent material 
and has been extensively used for the removal of environmental pollutants 
from aqueous matrices [2–8]. However, to improve its adsorption capacity 
as well as its mechanical properties, the design and synthesis of novel chi-
tosan adsorbents are still critical, challenging and of great interest. In this 
light, the number of papers in recent literature devoted to the application 
of chemically modifi ed chitosan materials using cross-linking, graft ing of 
functional groups or acetylation for removal of heavy metals (and/or trace-
contaminants) from water matrices has grown rapidly [3, 9–11]. However, 
some features linked to the chitosan based materials are still open and fur-
ther eff orts should be made to develop more eff ective and low-cost adsor-
bents, which can achieve higher adsorption capacity for the removal of 
heavy metals from aqueous systems.

On the other hand, graphene and its oxide (graphene oxide (GO)) have 
been used as eff ective adsorbent toward environmental targets (pollut-
ants) [12]. Graphite oxide, a precursor in the formation of graphene layers, 
has been studied as an adsorbent and its ability to remove cationic dyes 
has been demonstrated [13, 14]. From a structural point of view, graphite 
oxide is a highly-oxidized planar material containing 25–33% oxygen with 
good adsorption between layers. It is characterized to be a lamellar solid 
and can be easily prepared by chemical modifi cation. Generally, graphite 
oxide can be synthesized by oxidation of graphite with strong oxidizing 
agents such as potassium chlorate, permanganate, bichromate and chlorine 
dioxides. Th e strong oxidation makes the graphite oxide to have multiple 
oxygen-containing functional groups (as for example carboxyl, hydroxyl, 
and epoxy) and could consequently be covalently attached to its layers. 
Moreover, the spatial distribution of functional groups on the carbon skel-
eton is also diverse. Th e epoxy and hydroxyl groups are near each other, 
and the carboxyl is possibly situated at the edges of graphite oxide. Th ese 
oxygen functionalities make it extensively disperse in water, because the 
functionalities are hydrophilic, thus stabilizing it to be easily [15]. 

HOH2C O

O O

O

HO
NH2 HOH2C

NH2

n

HO

Figure 11.1 Chemical structure of chitosan.
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In this work, a direct comparison should be attempted regarding the 
major properties of chitosan- and graphene-based materials. At fi rst, some 
modifi cation reactions will be reported which have the goal to improve the 
adsorptive ability of materials. Th en, a detailed discussion will be devel-
oped including recent published results of them as adsorbents. A special 
mention will be done for the up-to-now results of my research group, 
which extensively employ with the aforementioned materials.

11.2 Chitosan-Based Materials

Th e origin of chitosan is chitin. Chitin is another promising material due 
to its abundance as natural biopolymer (totally is second among all bio-
polymers). It is derived from exoskeletons of crustaceans and perhaps 
from cell walls of fungi and insect [16]. Chitin (Figure 11.2) can be char-
acterized as a linear heteropolymer of strong cationic nature (charge) with 
randomly distributed N-acetylglucosamine and glucosamine residues with 
β-1,4-linkage. 

A crucial factor in chitin chemistry is its deacetylation, which can be 
even lower than 10%, while its molecular weight can be higher than 1–2.5 
MDa (corresponding to polymerization degree of ca. 5,000–10,000). On 
the other hand, chitosan is produced by chitin aft er N-deacetylation in 
40–50% of hot alkali medium (110–115°C) for few hours. Its deacety-
lation degree is between 40% and 98%, while the molecular weight ranges 
between 0.05 and 2 MDa [17, 18]. Th e adsorption properties of chitosan are 
strongly dependent on the chitin source. For example, as it was already ref-
ereed in literature [19–22], chitosan has diff erent capacities for a particular 
dye (Reactive red 222) on diff erent types of chitosan aft er production from 
3 fi shery wastes (shrimp, crab and lobster shells). Th e adsorption capac-
ities found were 293, 398, and 494 mg/g for chitosan (fl akes) produced 
from for crab, lobster and shrimp chitin, respectively [19]. Moreover, the 
source of chitin aff ects both the crystallinity, purity and the polymer chains 
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Figure 11.2 Chemical structure of chitin (origin of chitosan).
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arrangement of chitosan [17]. When the chitin is originated from crusta-
ceans, it is necessary to be graded of purity or/and color, because usually 
the residual protein and pigment can cause problems [17].

One basic characteristic of chitosan is the existence of 3diff erent 
types of functional groups; (i) amino-acetamido group, (ii), primary and 
(iii)   secondary hydroxyl groups located at C-2, C-3, and C-6 positions, 
respectively. Th is is a basic advantage of chitosan which makes it easily 
modifi ed. Th e amino contents are the main factors contributing to diff er-
ences in their structures and physico-chemical properties, and its distribu-
tion is random, which make it easy to generate intra- and inter-molecular 
hydrogen bonds [23]. Th e deacetylation degree and polymerization degree 
are the most important factors suggesting the application of chitosan for 
various applications.

11.2.1 Synthesis and Various Modifi cations
Th e fi nal chitosan-based material produced cannot be fi xed each time. Any 
change of various parameters during synthesis can cause diff erences not 
only in the ultimate target (high adsorption capacity, but also in shape, 
nature, charge, and generally in the so-called “properties of adsorbent”. 
Figure 11.3 presents some diff erent types of chitosan shape prepared by 
our research team. Chitosan powder is illustrated in Figure 11.3a, while 
aft er some changes in synthesis procedure, microspheres (beads) were 
fi nally produced (Figure 11.3b).

Th e preparation route for the production of the simplest chitosan adsor-
bent (in powder form) is very easy. Particular mass of chitosan is added to 
aqueous solution of acetic acid (usually 1–4% v/v). Th e solution resulted is 

(a)

~200μm

(b)

~500μm

Figure 11.3 SEM micrographs of chitosan in (a) powder form and (b) spherical beads. 
Reprinted with permission; copyright American Chemical Society [24, 25].
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gel-like (step 1). In order to take rigid particles, a quantity of cross-linker 
is then mixed with solution and aft er overnight stirring, the solution is 
fi ltered and the chitosan particle produced are then purifi ed by extraction 
with water in a Soxhlet apparatus for 24 h (for removing any unreacted 
reagent). Th e main diff erence in the case of microspheres preparation is 
that the gel-like solution (from step 1) is added drop wise with pipette to 
the solution of cross-linker. In this way, the beads can be formed in spheri-
cal form.

However, the pure/raw chitosan cannot be easily applied in adsorp-
tion because it presents serious limitations. Its swelling degree is one of 
the most basic drawbacks of chitosan. For the case of aqueous adsorption 
experiments, under the term of swelling, the ability of bind water mole-
cules is called not only in the external surface layers, but also in the inner of 
polymeric matrix. Th e discussion about the physical meaning of swelling is 
very interesting. Th e motion of the adsorbate species (ions, dye molecules, 
etc.) into the chitosan can be done through the liquid phase or from asso-
ciation site to other association site [26]. Diff erent stages can be described 
in this way as (i) mass transfer from bulk liquid to the particle, (ii) local-
ized adsorption-desorption on the association sites, and (iii) ion diff usion 
in the intraparticle liquid (i.e., pore diff usion) and ion diff usion among 
the association sites (i.e., surface diff usion) when the adsorbate species are 
ions [26].

1

t=5 min

2

3 t=24h

Figure 11.4 Photos for the synthesis of cross-linked chitosan microspheres in diff erent 
time periods (the photos were taken during the synthesis in our laboratory) (General & 
Inorganic Chemical Technology, Aristotle University of Th essaloniki, Greece).
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Th e quantitative evaluation of swelling degree comes from the following 
experiment: particular mass of material was immersed in deionized water 
in order to be swollen for 24 h. Th e particles were left  to be swollen, col-
lected and measured at fi xed time-intervals. When the last measurement 
is equal to the pre-last one, then the swelling phenomenon is completed. 
Th e swollen samples were weighted and the swelling degree (SD, %) was 
calculated by Eq. (11.1) (where Mt (g) is the mass of the swollen sample at 
time t, and M0 (g) is the initial mass of the sample before swelling):

 

t 0

0

M MSD .100%
M

⎛ ⎞−
= ⎜ ⎟
⎝ ⎠

 (11.1)

Many works in literature were published revealing this drawback of chito-
sans. Specifi cally, when chitosan is in powder-form, it swells considerably 
and crumbles easily, and therefore plugging of the column is caused. In the 
case of non-modifi ed completely pure chitosan, swelling degrees of 2000% 
have been reported [24, 27, 28]. In order to overcome this problem, a fi rst 
class of modifi cation reactions is cross-linking.

11.2.1.1 Cross-Linking
Many researchers have focused on the investigation of the suitable selec-
tion of cross-linking agent. Th e most common cross-linking agents reacted 
with chitosan are dialdehydes such as glyoxal, formaldehyde, and in par-
ticular glutaraldehyde [29,30]. Glutaraldehyde reacts with chitosan and it 
cross-links in inter- and intra-molecular fashion through the formation of 
covalent bonds mainly with the amino groups of the polymer. However, 
a specifi c drawback of glutaraldehyde is that it is considered to be toxic. 
Other cross-linkers of chitosan are epoxides such as epichlorohydrin 
[31–38], ethyleneglycol diglycidyl ether [39–42], isocyanates(hexameth
ylenediisocyanate) [43, 44] and other agents (tripolyphosphate sodium 
[33, 45–48], carboxylicacids, genipin, etc. [49, 50]). Covalent cross-linking, 
and therefore the cross-linking density, is aff ected by numerous parame-
ters, but especially by the cross-linker’s concentration. Figure 11.5 presents 
the structure and interactions of a triple cross-linked chitosan derivative 
using as agents glutaraldehyde, epichlorohydrin and tripolyphosphate.

Many cross-linking agents were applied in order to examine which is the 
best. However, controversial results have been presented. Th is may be due 
to the diff erent nature of pollutant (cationic dye or anionic one; reactive 
dye or acid one; heavy metal cation or anion, etc.). Our previous study [26], 
which compared two cross-linked chitosan prepared aft er glutaraldehyde 
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(denoted as CS(G)) or epichlorohydrin (CS(E)) cross- linking, showed that 
the swelling degree was not the same; 58% for CS(G) and 65% for CS(E) 
(Figure 11.6). In the same study, some graft ed derivatives were compared 
(graft ing with poly(itaconic acid)) and showed diff erences of 12% and 11% 
respectively. Th e latter was probably due to the graft ing of poly(itaconic 
acid). However, the swelling curve of non-graft ed derivatives was impres-
sively diff erent compared to the graft ed ones (denoted as CS-g-IA(G) and 
CS-g-IA(E)) (Figure 11.6). 

Two stages were existed and swelling equilibrium was reached faster. 
This was readily explained, considering that without grafted groups the 
path of water molecules to approach and insert to the chitosan net-
work was more “easy and open” [26]. As a result, the water molecules 
filled the chitosan network quickly. On the other side, after grafting 
of  chitosan with carboxyl functional groups, its polymeric network 
became more complex, making the filling-path to water molecules 
more difficult [26].

A very important series of works was done by Chiou et  al. [31–33, 
51–53], who tested the adsorption capacity of chitosan beads cross-liked 
with diff erent agents (glutaraldehyde, epichlorohydrin, and ethylenegly-
col diglycidyl ether. Th e concluding remark was that the epichlorohydrin 
derivative presented a higher adsorption capacity than that of glutaral-
dehyde or ethyleneglycol diglycidyl ether. Th is remark can be also stated 
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Figure 11.6 Eff ect of contact time on swelling percentage of CS-g-IA(G) and CS-g-IA(E). 
Reprinted with permission; copyright American Chemical Society [26].
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because epichlorohydrin does not eliminate the cationic amine function of 
the polymer, which is the major adsorption site to attract the anionic dyes 
during adsorption [51, 53]. On the contrary, the cross-linking of chitosan 
with glutaraldehyde creates imine functions or reaction with ethyleneg-
lycol diglycidyl ether decreases the availability of amine functions for the 
complexation of dyes and with a high cross-linking ratio the uptake capac-
ity drastically decreases. A completely opposite conclusion was arisen by 
Kim and Cho [54]. Th ey investigated the removal of Reactive black 5 using 
cross-linked chitosan beads and found that the adsorption capacity of non 
cross-linked beads was greater than that of cross-linked beads in the same 
experimental conditions.

11.2.1.2 Graft ing
Numerous studies have been published in literature reporting the graft -
ing of various functional groups onto chitosan backbone for the prepara-
tion of adsorbent materials. Crini et al. extensively describes in review 
articles the various graft ed materials synthesized in 2000s [55–57]. Th e 
fi nal quantitative adsorption evaluation is based on the calculation 
of the maximum theoretical adsorption capacity (Qm), which mainly 
found from the fft  ing to the Langmuir (Eq. (11.2)) [58] and Freundlich 
(Eq. (11.3)) [59] equations:

 

m L e
e

L e

Q K CQ =
1+K C

 (11.2)

 
1/n

e F eQ =K C  (11.3)

where Qe (mg/g) is the equilibrium drug concentration in the solid 
phase; Qm (mg/g) is the maximum amount of adsorption; KL (L/mg) is 
the Langmuir adsorption equilibrium constant; KF (mg1–1/n L1/n/g) is the 
Freundlich constant representing the adsorption capacity; and n (dimen-
sionless) is the constant depicting the adsorption intensity.

Although the Langmuir and Freundlich isotherms were fi rstly intro-
duced about 90 years ago, they still remain the two most commonly used 
adsorption isotherm equations. Th eir success undoubtedly refl ects their 
ability to fi t a wide variety of sorption data quite well. Th e Langmuir model 
represents chemisorption on a set of well defi ned localized adsorption sites, 
having the same adsorption energies independent of surface coverage and 
no interaction between adsorbed molecules. Langmuir isotherm assumes 
monolayer coverage of adsorbate onto adsorbent. Freundlich isotherm 
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gives an expression encompassing the surface heterogeneity and the expo-
nential distribution of active sites and their energies. Th is isotherm does 
not predict any saturation of the adsorbent surface; thus, infi nite surface 
coverage is predicted, indicating physisorption on the surface.

In the last years, our research team was tested the synthesis of vari-
ous graft ed chitosan adsorbents either in beads or powder form for the 
removal of diff erent type of pollutants (dyes, metals, ions, pharmaceutical 
compounds). 

Th e graft ing of anionic (poly(acrylic acid)) and non-ionic (polyacryl-
amide) compounds have been initially tested for the removal of either 
reactive (Remazol red 3BS, Remazol blue RN, Remazol yellow gelb 3RS) 
or cationic dyes (Basic blue 3G, Remacryl Red TGL, Basic yellow 37) 
[24, 25, 60]. As it was revealed, the optimum pH found was alkaline for 
the cationic dyes removal and acidic for the reactive ones. Beads presented 
lower adsorption capacities for the reactive dye ((Ch)b = 334, (Ch-g-Aa)
b = 456, (Ch-g-Aam)b = 1058 mg/g) than the respective powders ((Ch)
p = 417, (Ch-g-Aa)p = 527, (Ch-g-Aam)p = 1211 mg/g). Th e same was 
observed for basic dye ((Ch)b  =  134, (Ch-g-Aa)b  =  563, (Ch-g-Aam)
b = 363 mg/g; (Ch)p = 333, (Ch-g-Aa)p = 595, (Ch-g-Aam)p = 528 mg/g).

Another study of our team was mainly focused on the interactions 
between other graft ed chitosans and dyes (similarly reactive and cat-
ionic) [61]. Five derivatives of chitosan (Figure 11.8) (75–125 μm) were 
used for adsorption experiments: (i) non-graft ed cross-linked chito-
san (Ch), (ii)  cross-linked and graft ed with acrylamide chitosan (Ch-g-
Aam), (iii) cross-linked and graft ed with acrylic acid chitosan (Ch-g-Aa), 
(iv)  cross-linked and graft ed with N-vinylimidazole chitosan (Ch-g-
VID), and (v)  cross-linked and graft ed with sulfonate groups chitosan 
(Ch-g-Sulf).
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Figure 11.7 Isotherms for chitosan cross-linked derivatives graft ed with poly(acrylic 
acid) or polyacrylamide (powders and beads) (removal of Remazol yellow gelb 3RS and 
Basic yellow 37). Reprinted with permission; copyright Elsevier [60].
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Th e calculated maximum adsorption capacities (Qm) for Remazol 
blue RN removal were: Ch-g-VID, 1329 mg/g > Ch-g-Aam, 1160 mg/g > 
Ch-g-Aa, 552 mg/g > Ch, 398 mg/g > Ch-g-Sulf, 204 mg/g. Th e respective 
values for Basic blue 3G removal were: Ch-g-Sulf, 1022 mg/g > Ch-g-Aa, 
595 mg/g > Ch-g-VID, 456 mg/g > Ch-g-Aam, 390 mg/g >Ch, 254 mg/g.

Moreover, we have synthesized another chitosan composite material 
which was grafted with imino groups [62]. Briefly, cross-linked chito-
san beads suspended in water (total volume was 500 mL) were washed 
with 500 mL of isopropyl alcohol four times and then were finally sus-
pended in isopropyl alcohol of 500 mL. 8.5 g of epichlorohydrin was 
added to the suspension. The amount of epichlorohydrin was 3 times 
equivalent moles per glucosamine residue of chitosan. The reaction was 
carried out at 50°C for 2 h. Thereafter, 100 mL of chitosan beads were 
well mixed in 100 mL of 30% poly(ethylene imine) aqueous solution at 
80°C for 3 h. The final product was washed with water thoroughly. The 
adsorption experiments were run along with the previously prepared 
chitosan adsorbents (cross-linked material and amido derivative) for 
comparison in the same reactive dyes. The imino-adsorbent (Ch-g-
PEI) showed the maximum adsorption capacity for all the dyes (RR, 
1412 mg/L; RY, 1392 mg/L; RB, 1329 mg/L) following the order Ch-g-
PEI>Ch-g-Aam> Ch.
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Figure 11.9 Isotherms for chitosan cross-linked derivatives graft ed with 
polyethyleneimine (removal of reactive dyes). Reprinted with permission; copyright 
Elsevier [62].
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Apart from the investigation of adsorption properties of various graft ed 
chitosan on dyes, heavy metals and ions were also tested, synthesizing 
another graft ed chitosan adsorbent. Cross-linked and graft ed with N-(2-
carboxybenzyl) groups (denoted as Ch-g-NCB), was evaluated as adsorbent 
to suffi  ciently remove both positively charged ions (Cu(II), Ni(II)) and nega-
tively charged ones (Cr(VI), As(V)) from aqueous solutions [3]. Th e maxi-
mum adsorption capacities were 308 mg/g for copper and 381 mg/g for nickel 
ions, while 208 mg/g for As(V) and 175 mg/g for Cr(VI) (Figure  11.10).

However, before the above study, the already published graft ed chito-
san derivative with amido or carboxyl groups, were tested for Cu(II) and 
Cr(VI) uptake [2]. Equilibrium sorption experiments were carried out at 
diff erent pH values and initial ion concentrations. Th e calculated maxi-
mum sorption capacity of the carboxyl-graft ed sorbent for Cu(II) was 
found to be 318 mg/g at pH 6, while the respective capacity for Cr(VI) 
uptake onto the amido-graft ed sorbent was found to be 935 mg/g at 
pH 4,which is considered to be of highest capacities in literature.

Another very toxic metal was studied by our team for removal. In 
particular, two chitosan derivatives were synthesized in order to com-
pare their adsorption properties for Hg(II) removal from aqueous solu-
tions [63]. Th e one (CS) is only cross-linked with glutaraldehyde, while 
the other (CSm), which is magnetic, is cross-linked with glutaraldehyde 
and functionalized with magnetic nanoparticles (Fe3O4). Similarly in 
this case, new interactions and adsorption mechanisms were proposed 
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(powder; pH = 5; 0–1000 mg/L ion concentration; 1 g/L adsorbent; T = 25°C, 45°C, 65°C; 
140 rpm; 24 h contact). Reprinted with permission; copyright Elsevier [3].
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(Figure 11.11). Th e maximum adsorption capacity of CS and CSm at 
25°C was 145 and 152 mg/g, respectively. An interesting fi nding was the 
increase of Qm with the increase of temperature from 25°C to 65°C. In 
particular, CS augmented its Qm from 145 mg/g at 25°C to 171 mg/g at 
45°C (increase of 18%) and fi nally 175 mg/g at 65°C (increase of 2%). 
Similarly, the magnetic derivative (CSm) improved its Qm from 152 mg/g 
at 25°C to 158 mg/g at 45°C (increase of 4%) and fi nally 184 mg/g at 
65°C (increase of 16%). However, an interesting fi nding of the above 
is the diff erent–type change of Qm of two materials during the increase 
of temperature adsorption. Although, CS increased its Qm 18% from 
25°C to 45°C, a nearly zero change was observed from 45°C to 65°C 
(2%). In the case of CSm, the reverse fact was observed: CSm slightly 
increased its Qm from 25°C to 45°C (4%), while a more intense increase 
was for the temperatures from 45°C to 65°C (16%). Th e diff erence of the 
 temperature-behavior of materials could be explained due to their dif-
ference modifi cation and the existence of magnetism on CSm. Th e latter 
can behave in diff erent manner for various temperatures. In general, as 
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the majority of the chitosan-based materials [8], the Qm augmentation 
with temperature increase is caused by the enhancement of the number 
of adsorption sites; the latter is due to the weakening and/or breaking 
of many structural bonds of network, existed near the edge of the active 
surface sites of materials. Another, possible explanation is the increase of 
diff usion (mainly surface diff usion [2]), which helps the penetration of 
mercury ions inside the structural network of materials.

Two other chitosan (CS) adsorbents were prepared in powder form, 
aft er modifi cation with graft ing of poly(itaconic acid) and cross-linking 
either with glutaraldehyde (CS-g-IA(G)) or epichlorohydrin (CS-g-IA(E)). 
New adsorption mechanisms were proposed (Figure 11.12).

Th eir adsorption properties were evaluated in batch experiments for 
Cd(II) or Pb(II) uptake [26]. Th e maximum adsorption capacity for Cd(II) 
uptake was 405 and 331 mg/g for CS-g-IA(G) and CS-g-IA(E), respectively, 
revealing the capacity enhancement aft er graft ing (124 and 92 mg/g were 
the respective values before graft ing, respectively).
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11.3 Graphene-Based Materials

Th e “history” of graphene was old enough and initially posed by Boehm 
et al. in 1986, who attempted to describe and explain a single atomic sheet 
of graphite [64]. Th e decade of 2000 caused some surprise for the up-to-
then theories. It was considered that two-dimensional crystals like gra-
phene were thermodynamically unstable and presumed not to exist under 
ambient conditions [65]. However, Konstantin Novoselov succeeded in 
isolating and characterizing of a mechanically exfoliated graphene mono-
layer by Konstantin Novoselov [66]; Andre K. Geim and Konstantin S. 
Novoselov of the University of Manchester (UK) were honored with the 
2010 Nobel Prize for their pioneering work with graphene. Th e term of 
IUPAC (International Union of Pure and Applied Chemistry) is clear for 
graphene: a single carbon layer of the graphite structure, describing its 
nature by analogy to a polycyclic aromatic hydrocarbon of quasi-infi nite 
size [67]. In other word, graphene is considered to be a fl at-like single layer 
of hybridized sp2 carbon atoms, which are densely packed each other into 
an ordered 2D honeycomb network [68]. A unit hexagonal cell of graphene 
comprises two equivalent sub-lattices of carbon atoms, joined together 
by sigma (σ) bonds with a carbon–carbon bond length of 0.142 nm [69]. 
Each carbon atom in the lattice has a π-orbital that contributes to a delo-
calized network of electrons, making graphene suffi  ciently stable com-
pared to other nanosystems [70]. Th e applicability of graphene is based 
on a advantageous network provided by this material: combination of 
high three-dimensional aspect ratio and large specifi c surface area, supe-
rior mechanical stiff ness and fl exibility, remarkable optical transmittance, 
exceptionally high electronic and thermal conductivities, impermeability 
to gases, as well as many other supreme properties. Due to all the above, 
Novoselov characterized it as miracle material [71]. 

GO is the result of the chemical exfoliation of graphite. It is consid-
ered to be a highly oxidative form of graphene, which has numerous and 
 diff erent-type oxygen functionalities. Many theories have been developed 
in past for the determination of the exact chemical structure of GO [72, 73]. 
Th is is mainly because of the complexity of the material (including sample-
to-sample variability), and of course its amorphous, berthollide character, 
i.e., nonstoichiometric atomic composition [74]. Lerf–Klinowski model 
describes a theory according to which, the carbon plane in GO is decorated 
with hydroxyl and epoxy(1,2-ether) functional groups [75]. Th e consider-
ation for the existence of some carbonyl groups is correct, most likely as 
carboxylic acids along the sheet edges but also as organic carbonyl defects 
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within the sheet [76, 77]. Th e synthesis of GO is based on three prepa-
ration methods: (i) Brodie’s [78], (ii) Staudenmaier’s [79], or Hummers’ 
method  [80]. Th e major part of all methods is the chemical exfoliation 
of graphite using oxidizing agent in the presence of mineral acid. Two 
methods (Brodie’s and Staudenmaier’s methods) apply a combination of 
KClO4with HNO3 in order to oxidize graphite. Th e method of Hummers 
uses the addition of graphite to potassium permanganate and H2SO4. Th e 
oxidation of graphite breaks up the π-conjugation of the stacked graphene 
sheets into nanoscale graphitic sp2 domains surrounded by highly dis-
ordered oxidized domains (sp3 C\C) as well as defects of carbon vacan-
cies [81]. Th e GO sheets produced are consisted of phenol, hydroxyl and 
epoxy groups mainly at the basal plane and carboxylic acid groups at the 
edges [82], and can thus readily exfoliate to form a stable, light brown col-
ored, single layer suspension in water [81].

11.3.1 Adsorption Applications
Many researchers have investigated the removal of diff erent using GO 
adsorbent materials. Th e removal of Methylene blue was studied by 
Liu and co-workers presenting good results (153 mg/g). Th is value fur-
ther increased (204 mg/g) from 25°C to 65°C [83]. Th e same pollutant 
was tested by Wu et  al. [84], but the results were impressively higher 
(1520 mg/g) which was mainly due to π-π stacking interactions as inferred 
through fluorescence spectroscopy studies. Another cationic dye (Cationic 
red X-GRL) was studied for adsorption onto GO [85]; Th e Qm found was 
238 mg/g. Zhang et al. [86] presented Qm = 1939 mg/g of GO for Methylene 
blue adsorption, while Li et al. [87] found that GO had 240.65 mg/g for 
the same dye (attributed to π-π electron donor-acceptor interactions and 
electrostatic attraction between positively charged dye ions and negatively 
charged adsorbent. Based on the above, it is obvious that changes are pre-
sented between Qm of GO for Methylene blue adsorption. Th is may be due 
to the diff erent experimental conditions employed during each study.

Hydrothermal treatment of GO with thiourea resulted in the formation 
of “graphene sponge” in other study [88]. Th e target of this study was to 
remove either anionic dyes (Methyl orange) or cationic ones (Methylene 
blue, Rhodamine B). Th e maximum adsorption capacities were 184, 73, 
and 12 mg/g for Methylene blue, Rhodamine B, and Methyl orange, respec-
tively. Th e adsorption capacity for basic dye was much higher than for acid 
dye because of the ionic charges on the dyes and surface characteristics of 
graphene sponge [88].
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Th e removal of various textile dyes (Methylene blue, Methyl violet, 
Rhodamine B and Orange G) using GO were investigated by Ramesha 
et  al. [12]. GO showed a good binding affi  nity for cationic dyes follow-
ing the order Methylene blue>Methyl violet >Rhodamine B. Th e latter was 
mainly attributed to the fact that Methylene blue and Methyl violet were 
positively charged while Rhodamine B included both positive and negative 
charge. On the other hand, GO did not present high capacity for Orange G, 
because this dye molecule had two sulfonic groups (negatively charged) 
resulting in electrostatic repulsion between the dye and the adsorbent, and 
hence no significant removal was observed.

In order to avoid repetitions, Tables 11.1 and 11.2 were obtained from 
the recent review article of Chowdhury and Balasubramanian [89], which 
summarizes interesting adsorption papers regarding GO and environmen-
tal pollutants.

Table 11.1 Reported results of batch adsorption studies on the removal of dyes 
from water by graphene-based materials. Reprinted with permission; copyright 
Elsevier [89].

Adsorbent Dye Capacity (mg/g)

Graphene Methylene blue 153.85

Graphene Cationic red X-GRL 217.39

Graphene Methyl blue 1520

Graphene sponge Methylene blue 184

Graphene sponge Rhodamine B 72.5

Graphene sponge Methyl orange 11.5

GO Methylene blue 714

GO Methylene blue 1939

GO Methylene blue 17.3

GO Methyl violet 2.47

GO Rhodamine B 1.24

GO Acridine orange 1428

GO Methylene blue 240.65

In situ reduced GO Acridine orange 3333

PES/GO Methylene blue 62.5

(Continues)
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Adsorbent Dye Capacity (mg/g)

RGO Orange G 5.98

RGO-based hydrogel Methylene blue 7.85

RGO-based hydrogel Rhodamine B 29.44

Graphene/Fe3O4 Fuchsine 89.4

Graphene/magnetite Methylene blue 43.82

Magnetite@graphene Congo red 33.66

Magnetite@graphene Methylene blue 45.27

Graphene/Fe3O4 Pararosaniline 198.23

Table 11.1 (Cont.)

Table 11.2 Reported results of batch adsorption studies on the removal of heavy 
metals from water by graphene-based materials. Reprinted with permission; 
copyright Elsevier [89].

Adsorbent Metal Adsorption 
Capacity (mg/g)

Graphene Pb(II) 22.42

Graphene (heat treated at 773 K) Pb(II) 35.21

Graphene (heat treated at 973 K) Pb(II) 35.46

Graphene Sb(III) 10.919

Graphene Fe(II) 299

Graphene Co(II) 370

CTAB modifi ed graphene Cr(VI) 22

Functionalized graphene (GNSPF6) Pb(II) 406

Functionalized graphene (GNSPF6) Cd(II) 74

Functionalized graphene (GNSC8P) Pb(II) 75

Functionalized graphene (GNSC8P) Cd(II) 30

GO Pb(II) 367

GO U(VI) 299

GO Zn(II) 30

(Continues)
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Moreover, our team has also synthesized modifi ed GOs (magnetic) but 
in diff erent preparation routes by co-precipitation (mGOp) and impregna-
tion (mGOi) in order to eff ectively remove Reactive black 5 form aqueous 
solutions [90]. Th e synthesis of mGOp particles can be briefl y described as: 
GO (0.3 g) was dispersed in 150 mL water by sonication for 30 min in order 
GO to be formed. Th en, 0.825 g FeCl3·6H2O and 0.322 g of FeCl2·4H2O were 
dissolved in 25 mL of water and the solution was added drop wise to GO 
solution at room temperature under a nitrogen fl ow with vigorous stirring. 
Aft er completing ion exchange, 28% ammonia solution was added drop 
wise to make the pH of solution 10 for synthesis of magnetite nanopar-
ticles. Th e temperature of the solution rose to 80°C. Aft er stirring for about 
45 min, the black precipitate was centrifuged, washed with ethanol several 

Adsorbent Metal Adsorption 
Capacity (mg/g)

GO Cd(II) 15

GO Pb(II) 36

GO Cu(II) 117

GO Pb(II) 693

GO Cu(II) 294

GO Zn(II) 345

GO Cd(II) 530

GO Pb(II) 1119

GO Zn(II) 246

GO aerogel Cu(II) 18

EDTA modifi ed GO Pb(II) 535

FGO Pb(II) 842

FGO Cd(II) 106

FGO Co(II) 68

Graphene/Fe Cr(VI) 162

SiO2/graphene Pb(II) 113

Magnetite/GO Co(II) 13

Fe3O4/GO U(VI) 69

Table 11.2 (Cont.)
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times, and fi nally was freeze-dried. Th e synthesis of mGOi particles can 
be briefl y described as: Th e graphite oxide dispersion (0.3 g GO in 300 mL 
distilled water) was sonicated for 30 min in order GO to be formed. An 
amount of Fe3O4 nanoparticles (0.3 g) was added to the dispersion. Aft er 30 
min of sonication, to obtain a homogenous suspension, the resulted nano-
composites were collected by centrifuging and freeze-dried. Th e calculated 
maximum adsorption capacities (Qm) for RB5 removal at 25°C (pH = 3) 
was 164, and 188 mg/g for mGOi, and mGOp, respectively (Figure 11.13).

11.4 Graphene/Chitosan Composite Adsorbents

In order to directly compare the adsorption properties of our prepared chi-
tosan- or graphene-based materials, some composite materials were pre-
pared and compared to their origin ones.

In our previous work [91], a novel composite material (GO-Ch) con-
sisted of cross-linked chitosan (Ch) and graphite oxide (GO) was pre-
pared for the removal of Reactive Black 5 dye. For the preparation of the 
novel GO-Ch composite [13, 14], chitosan solution (2% w/v) was pre-
pared by dissolving 0.4 g of powder chitosan into 20 mL of acetic acid 
solution (2% v/v) under ultrasonic stirring for 2 h at room temperature. 
Also, 3  mL of GLA (50 wt% in water) were added to cross-linked chi-
tosan. Th en, 0.3  g of GO were added in the solution prepared and the 
mixed system was stirred continuously for 90 min in a water bath at 50°C. 
Th e pH of the reaction system was adjusted to 9–10 with micro-additions 
of NaOH (0.1  mol/L) and kept in the water bath for further 60 min at 
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Figure 11.13 Isotherms of the adsorption of reactive black 5 onto (a) mGOi and 
(b) mGOp. Reprinted with permission; copyright MDPI [90].
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80°C. Black products were washed with ethanol and distilled water in 
turn until the pH was reached about 7 and dried in a vacuum oven at 
50°C. Th e fi nal product was the composite of graphite oxide/cross–linked 
chitosan (GO-Ch). All prepared products (GO, Ch, and GO-Ch) were 
ground to fi ne powders, with size aft er sieving 75–125 μm. As it can be 
seen from Figure  11.14, GO presents the common sheet-like structure 
(Figure  11.14a), while aft er functionalization with chitosan, a rougher 
surface is presented (Figure 11.14b), revealing that Ch had been assem-
bled on the surface of GO layers with a high density [13,91].

In the same study [91], the functionalization of chitosan with graphite 
oxide has been explained using some reactions of theory. In particular, the 
amino groups of Ch react with oxygen-containing functional groups of GO 
with 3 possible ways: (i) aft er hydrogen-bonding interactions between the 
amino groups and the oxygen–containing functional groups of GO (G–OH…

H2N–R) (Eq. (11.4a)), (ii) aft er protonation of the amine by the weakly acidic 
sites of the GO layers (–COO–+H3N–R) with amides and amine carboxylate 
salts as reactions products (Eq. (11.4b)), and (iii) aft er nucleophilic substitu-
tion reactions on the epoxy groups of GO (Eq. (11.4c)) [92]:
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NH
O

C
HO

RGO

RCH
RGO

+ H2O
H

N

O
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Figure 11.14 SEM image of (a) GO and (b) GO-Ch composite. Reprinted with 
permission; copyright Elsevier [91].
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where RCh is the residual part of Ch (especially its amino groups) and RGO 
is the respective part of GO (especially its carboxyl groups).

Th e capacities found aft er fi tting demonstrated that the functionaliza-
tion of chitosan enhanced the Qm (205, 224, and 277 mg/g (pH = 2) for GO, 
Ch, and GO-Ch) (Figure 11.15).

Another study of our team [93] reveals the use of magnetic chitosan 
(Chm) instead of pure (Ch) in the functionalization and synthesis of 
graphite oxide/chitosan composite. Th e procedure for synthesis was to 
initially prepare the magnetic nanoparticles. Briefl y, 3.5 g of FeCl2·4H2O, 
9.5 g of FeCl3·6H2O and 400 mL of double distilled water were stirred in a 
water bath at 60°C under N2 for 1 h. Ammonia solution was added drop 
wise, purged with nitrogen until pH = 10. Th e precipitate thus obtained 
was decanted in a dialysis tubing cellulose membrane (Sigma Co.) and the 
latter was placed in a bath fi lled with distilled water. Th e chloride ions pres-
ent in the initial suspension were slowly removed by osmosis through the 
membrane. Th e existence of Cl− ions in the water bath was tested with an 
AgNO3 (0.1 M) solution. Th e water of the bath was replaced several times, 
until no more chloride ions were detectable in it. Th e resulting cake on the 
membrane surface aft er decanting was freeze-dried in a bench freeze drier 
(Christ Alpha 1–4). Th en, for synthesis of magnetic chitosan (Chm), 2 g 
of pure chitosan (ChHMW) was dissolved in 400 mL of acetic solution (2% 
v/v). 0.75 g of magnetic particles were added in the chitosan solution and 
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Figure 11.15 Eff ect of initial dye concentration on adsorption of RB5 onto Ch, GO, and 
GO-Ch. Reprinted with permission; copyright Elsevier [91].
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the mixture solution was sonicated for 30 min. Th en, GLA (cross-linker) 
was added to mixture solution in order to cross-link chitosan. Th e latter 
was carried out, because chitosan presents high swelling degree in aque-
ous solutions. In order to overcome this problem and given the use of 
chitosan-based nanocomposite (in this study) as adsorbent, chitosan has 
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to be cross-linked [24,28]. So, 15 mL of GLA (50 wt% in water) was added 
into reaction fl ask to mix with the solution and was vigorously stirred at 
60°C for 2 h. Th e precipitate was washed with ethanol and distilled water 
in turn and was dried in a vacuum oven at 50°C. Th e obtained product 
was magnetic chitosan (Chm). And then, the functionalization with GO 
as described in the previous work [91].

Aft er adsorption evaluation, it was found that for GO, the Qm was 
221  mg/g (pH3) and 391 mg/g for GO-Chm. So, the functionalization 
of GO with Chm impressively improved the Qmax (GO-Chm) at ~75%. 
Schematically, we have proposed the suitable interactions found aft er char-
acterization techniques (Figure 11.16).

To cover more areas of environmental pollutants, our team synthesized 
a novel graphite oxide/poly(acrylic acid) graft ed chitosan nanocompos-
ite (GO/CSA) for use as biosorbent for the removal of pharmaceutical 
compound (dorzolamide) from biomedical synthetic wastewaters [94]. 
Th e results showed the superiority of composite material (GO/CSA, 
Qm  =  334  mg/g) than GO (Qm  =  175 mg/g) and CSA (Qm  =  229 mg/g) 
(Figure 11.17). 

However, the quantitative sum of Qm for GO and CSA did not equal 
to that of GO/CSA, which revealed that the adsorption was not a simple 
sum of interactions characteristic for the parent materials, but a com-
plex combination of forces, bonds formation, electrostatic and repulsive 
interactions [94]. Some considerations about interactions are presented 
in Figure 11.18.
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11.5 Conclusions

Both chitosan- and graphene- present numerous advantages but also 
serious limitations/drawbacks. Chitosan is a polymer which can be eas-
ily modifi ed and accept various functional groups with graft ing reactions, 
while graphene transforms to its most known form as GO is. It is fact that 
a direct comparison regarding the adsorption properties of any material 
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cannot be done if some parameters change. Th e model pollutants and 
the conditions of adsorption experiments must be the same. Th erefore, 
the only way to directly compare these two diff erent materials is to make 
simultaneous experiments both with chitosan- and graphene- materials. 
Moreover, a very promising trend of nowadays is to eff ectively combine/
functionalize both chitosan and GO in order to “gain” the advantages and 
“hinder” the drawbacks of each materials. Examples were given in this 
work mainly from the research fi eld of our laboratory, which showed the 
superiority of those advanced composite materials. 
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Abstract
In recent times, biodegradable materials have generated considerable interest 
from all sectors due to the ‘greener’ nature of these materials. Th ese materials are 
broken down to base elements by microorganisms present in the environment. 
When these materials possess antimicrobial or antifungal properties, they become 
even more valuable. When pathogenic bacteria act on these materials, they are 
aff ected by the antimicrobial or antifungal properties thereof. In some examples, 
biodegradable biopolymers with antibacterial or antifungal properties are graft ed 
onto synthetic polymers, thereby opening up more functional polymer options. 
Currently, research has been focused on the production of biodegradable anti-
bacterials or antifungals with emphasis on application in the packaging and food 
industries. Th ere is also interest in these materials from a biomedical perspective 
as coatings for medical devices and as wound dressings. A common approach is to 
immobilize small molecule antimicrobials onto polymer supports through cova-
lent or weaker modes of bonding. However, these types of materials are outside 
the scope of this review. Th rough this review, we aim to measure progress toward 
the ideal biodegradable material, which is easy to isolate or synthesize, has supe-
rior chemical and mechanical stability, is non-toxic, aff ordable and has inhibitory 
activity on a broad range of bacteria and fungi. Th ere are a number of protocols for 
the evaluation of antimicrobial activity that will also be critically reviewed.

Keywords: Biomass, polymers, synthetic, natural, antimicrobial, antifungal, 
applications, metals

12.1 Introduction

Biodegradable materials are a sought aft er commodity in today’s world, 
where the environmental impact caused by consumers are of grave concern. 
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It was reported that the global biomaterials market is estimated to reach 
$88.4 billion by 2017 [1]. Th is rapid increase in the interest of biomate-
rials results from a shift  toward more sustainable living, and a bio-based 
economy. A bio-based economy refers to the sustainable production and 
conversion of biomass into necessary items such as food, health, fi bre and 
industrial products and energy. Th ese production processes must provide 
products with lower contributions in terms of energy and minimal adverse 
environmental eff ects [2]. Ideally the products manufactured by these 
methods should not create additional waste. If the materials are biodegrad-
able this is not a cause for concern.

Biodegradability makes materials more appealing to the modern con-
sumer where it oft en infl uences the choice of a material fi t for a purpose. 
Th ere are many defi nitions of biodegradability, one such defi nition was 
proposed by Albertsson et al. [3]. Th e defi nition states that biodegrada-
tion can be defi ned as an event which takes place through the action of 
enzymes and/or chemical decomposition associated with living organisms 
(bacteria, fungi, etc.) and their secretion products. Th ese organisms are not 
aff ected by the antimicrobial or antifungal activity of the material. In addi-
tion, it was noted that environmental factors which could alter the polymer 
before, during or instead of biodegradation need to also be accounted for. 
Examples of these factors include abiotic reactions such as photodegrada-
tion, oxidation and hydrolysis [3]. Biodegradable polymers can be divided 
into biosynthetic, semi-synthetic and chemosynthetic. Figure 12.1 shows a 
more general classifi cation of biopolymers into biomass, microorganism, 
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Figure 12.1 Division of biodegradable polymers according to the source from which they 
are derived.
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biotechnology and petrochemical derived polymers. Th ese materials are 
referred to as ‘green’ polymers when they are obtained from a renewable 
resource. Biopolymers are of particular interest as they may off er a solution 
for the development of economically viable technology and ecologically 
benign methods. By utilizing biopolymers, fossil fuels are being conserved; 
the polymers are biodegradable thereby reducing waste streams and pos-
sibly composting. Th is in turn leads to a decrease in CO2 emissions and the 
development of a variety of applications for these polymers [4].

Since biodegradable polymers are so attractive, research on their pro-
cessing and potential uses is of interest. Some biopolymers have been rec-
ommended as an alternative to plastic while others are studied for their 
biomedical uses which range from wound dressings to surgical implants. 
Biopolymers have also been applied in agriculture and investigated as con-
trolled release supports for fertilizers or pesticides [5]. Th ere have been a 
considerable number of applications which will be discussed in detail later. 

Biodegradable polymers can be formulated in various physical forms. 
Th ese include hydrogels which respond to external stimuli, porous scaf-
folds, membranes, adhesives, fi bres, polymer composites, etc [6]. Th e dif-
ferent forms of these polymers can be obtained using a variety of methods. 
Natural polymers may also be modifi ed to improve their inherent prop-
erties by the addition of an active functional group or the loading of an 
active component. However, the biodegradability and rates of degradation 
of these polymers are dependent on their source, chemical composition 
and the environment in which degradation takes place [3].

Biodegradation as mentioned previously takes place through the 
action of enzymes and/or chemical decomposition. It can be classifi ed 
into diff erent types, thermal, photo-oxidative, catalytic and mechano-
chemical biodegradation. Degradation refers to a change in the material 
properties (mechanical, optical or electrical characteristics) of a  polymer 
which are evident as cracks, erosion and discolouration of the material 
and possibly phase separation. Francis et al. provides an excellent review 
of these degradation routes [7]. Factors which aff ect degradation of 
 polymers include chemical composition, molecular weight, hydrophobic 
character, particle size, introduction of functionality, additives and envi-
ronmental conditions [7].

Th ere are many biodegradable polymers derived from renewable 
resources available on the market. Th ese polymers are obtained from 
agricultural products or from biosynthesis. Common agriculture based 
polymers include cellulose and starch whereas those obtained from bio-
synthesis include polyhydroxyalkanoates (bacterial polyesters), pullulan, 
silk, chitin and polylactic acid. Th ere are also biodegradable polymers 
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which are obtained from petroleum derived products such as polycapro-
lactone and polyvinyl alcohol [7]. Currently, the large scale manufacture 
of these polymers is limited due to high production costs therefore mak-
ing cheaper, non-biodegradable materials more attractive. One example 
which highlights this point is that biodegradable plastics can potentially 
cost ten times more than conventional plastics. Th e challenge in the use of 
biodegradable polymers is not only related to economics, it also depends 
on whether the biodegradable materials can exhibit structural and func-
tional stability during use and degrade when disposed of without adversely 
aff ecting the environment [4].

In an eff ort to overcome these problems, polymers have been combined 
to produce superior properties. Producing uniform polymers with desired 
properties is the ultimate goal. Scientists are continually seeking ways to 
eff ectively improve the large scale manufacture of these materials making 
it more cost eff ective. One such property is the antimicrobial activity of 
polymers which will be highlighted here. Selected biopolymers and syn-
thetic polymers have been reviewed for their antimicrobial activities and 
the relevant applications thereof.

12.2 Biopolymers

Biopolymers or pure natural polymers are biologically derived materials 
which have been extensively studied with a particular emphasis on their 
use as biodegradable biomaterials. Th e majority of biopolymers break 
down through enzymatic degradation. Degradation times vary for diff er-
ent polymers where chemical modifi cation of the polymer may alter its 
degradation rate. Th e properties which make a biopolymer attractive are, 
inherent bioactivity of the native polymer, transport of receptor-binding 
ligands to cells, response to proteolytic degradation triggered by cells 
and natural remodelling [8]. Th e two most common biopolymers under 
investigation which possess inherent antimicrobial/antifungal activity are 
ε-poly-l-lysine and chitosan.

12.2.1 ε-Poly-l-Lysine
ε-Poly-l-lysine (ε-PL) is derived from a natural amino acid, giving rise to 
a biodegradable ionic polymer. It is a homopolymer composed of approxi-
mately 25–30 residues of the amino acid l-lysine. Unlike normal peptide 
bonds, the bond in this polymer is from the α-carboxyl to the ε-amino 
group of l-lysine [9]. It was found to be water soluble, stable in acidic and 
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basic conditions, has low toxicity and able to tolerate high temperatures (up 
to 120°C) with no signs of thermal degradation. Th is polymer can be iso-
lated from various strains of bacteria in particular S. albulus with diff ering 
chain lengths. Industrially, ε-PL is produced by fermentation of a mutated 
S. albulus [10]. However, production of ε-PL by this route has some prob-
lems which include enzymatic and pH-dependant degradation of ε-PL. 
Other organisms belonging to the genera Streptomyces, Kitasatospora and 
Epichloe sp. have also been found to produce ε-PL. Due to the production 
issues associated with ε-PL, research has been focused on fi nding alter-
native sources of this valuable polymer. Chheda et al. recently produced 
ε-PL by investigating the optimal medium composition utilizing B. cereus 
[11]. ε-PL was also recently isolated from S. noursei with a purity and yield 
greater than 90% [12]. In a recent study by Wibowo et al. ε-PL was isolated 
from a fermentation broth of S. albus using carboxymethyl cellulose-con-
jugated magnetic nanoparticles [13]. Th e concentration of ε-PL isolated 
from the bacteria is usually measured using an anionic dye, methyl orange 
which forms a water-insoluble complex with ε-PL. It has been reported that 
ε-PL possesses antimicrobial activity against a wide spectrum of microor-
ganisms which includes fungi, Gram-positive and Gram-negative bacteria, 
yeast and certain moulds [10]. Yoshida et al. has reviewed the antimicro-
bial and antiphage activities of ε-PL [10]. Th e antimicrobial activity of 
this polymer can be attributed to the presence of the positively charged 
amine group when the pH of the solution is below its isoelectric point (pI 
~ 9.0) [14]. Th is positive charge leads to a positive zeta potential which 
can be used to predict antimicrobial activity of the compounds prepared. 
It has been found to be active against a number of pathogenic bacteria, e.g. 
C. albicans, E. coli, and S. aureus [9]. Hiraki reported that the Minimum 
inhibitory concentration (MIC) of ε-PL against the majority of bacteria 
was 100 μg/ml. Th e MIC against fungi and certain yeasts was found to 
be higher [15]. Due to its low toxicity and antibacterial properties, ε-PL 
was classifi ed as a generally recognized as safe (GRAS) material, by the US 
Food and Drug Administration. It is currently widely used as a food addi-
tive since ε-PL degrades harmlessly to lysine in the human body [9, 16].

Th e antimicrobial mechanism of ε-PL has been extensively studied 
however, no conclusion as to its mechanism at the molecular level has 
been established [14]. ε-PL is adsorbed onto the cell surface due to an 
electrostatic attraction. As a result of this attraction ε-PL strips the outer 
membrane of the organism which in turn leads to an irregular cytoplasm 
distribution. Th e polymer enters the cytoplasm of the microbe and induces 
the generation of reactive oxygen species (ROS) and global response to 
DNA damage (SOS). Th e combination of these factors leads to cell death. 
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Li and colleagues also noted that damage of bacterial cells could have been 
the result of interference caused by ε-PL in the synthesis of bacterial cell 
proteins or the polymer may have promoted bacterial protein aggregation. 
In addition, the antimicrobial activity of ε-PL is also dependent on pH 
and polymer concentration [9, 10]. An in depth study by Ye et al. reports 
the eff ect of ε-PL on E. coli [14]. Th is study used propidium monoazide 
(PMA)-polymerase chain reaction (PCR), transmission electron micros-
copy (TEM) and atomic force microscopy (AFM) to study the eff ects of 
ε-PL on cell morphology and membrane integrity. In addition, the concen-
tration of ROS in polymer treated E. coli was measured by a ROS probe. 
Real-time quantitative PCR was used to monitor the expression of genes 
related to oxidative stress, SOS response and virulence. Th e mechanism 
of action of the polymer was thought to be a combination of the factors 
discussed above [14].

As a result of the favourable properties of ε-PL, this polymer has been 
studied for a variety of applications. It has been noted that ε-PL has been 
utilized as food preservative, emulsifying agent, delivery agent, dietary 
supplement, biodegradable fi bre, hydrogel, drug carrier, anticancer agent 
enhancer, biochip coating and many other uses [11, 12]. Th e review by 
Shukla et al. reports on the production, screening and detection of ε-PL, 
purifi cation, characterization, conformation and the applications of the 
polymer in medicine [17].

Th e combination of ε-PL and other additives has been explored to 
improve the inherent properties of the polymer. Th is polymer has been 
used in conjunction with glycine, vinegar, ethanol and thiamine laurylsul-
fonate as a food preservative with some degree of success. When glycine 
was used in the presence of ε-PL, a synergistic eff ect was observed and the 
total amount of preservative required decreased [10]. However, due to the 
cationic charge present on the polymer, there are some challenges when it 
is applied in the food and beverage industries. Th e polymer tends to form 
insoluble precipitates (PEC, polyelectrolyte complex) with certain anionic 
constituents present in products. Th is in turn leads to a cloudy appear-
ance of the product which is unappealing for consumption. Another pos-
sible disadvantage associated with ε-PL occurs when the polymer binds 
to anionic biopolymers present in the mouth which can result in a bitter 
taste sensation. In order to counter these disadvantages, the polymer can 
be bound to an anionic biopolymer which could potentially enhance the 
activity of the complex [18]. Chang et al. produced an electrostatic com-
plex of ε-PL and gum arabic (GA) which was tested for any changes in the 
properties of the two polymers [18]. Th e diff erent ratios of the polymers 
aff ected electrical charge, aggregation stability, solubility and antimicrobial 
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effi  cacy. Complexes were tested against two acid resistant spoilage yeasts: 
Z. bailii and S. cerevisiae. Th e study found that the antimicrobial activity 
was aff ected by the ratio of ε-PL to GA and depended on the organism 
tested. Th e lower the concentration of GA, the higher the positive charge 
and hence the antimicrobial activity observed [18]. Prior to this study, 
Chang et al. also investigated a complex of ε-PL and the anionic pectin 
where the eff ect of diff erent degrees of esterifi cation (DE) on antimicrobial 
activity was evaluated [19]. Similar results were obtained against the same 
model organisms [19].

Moschonas and colleagues studied the activity of caprylic acid, carvacrol, 
ε-PL and blends thereof against chosen strains of Salmonella [20]. Results 
indicated that inhibition of the pathogen was achieved using each polymer 
individually as well as a combination of the three [20]. Poly(ethylene tere-
phthalate) (PET) nonwoven fabrics immobilized with both ε-PL and nata-
mycin (natural anti-fungal agent) were synthesized in a one-pot method. 
Th is was achieved using methacrylate nonwoven fabrics adhesives. Th e 
resulting nonwoven fabrics demonstrated antibacterial activity against E. 
coli, S. aureus and bacteriophage f2. Th ese fabrics have a shelf life of more 
than two years and can be utilized for a variety of biomedical applications 
[21]. Yu et  al. recently synthesized an emulsifi er containing ε-PL modi-
fi ed with octenyl succinic anhydride which displayed antimicrobial activ-
ity. Th is modifi ed polymer can potentially be applied as a surfactant, or 
emulsifi er to be used in the delivery of nutraceuticals or drugs or as an 
antimicrobial itself [22]. Bacterial cellulose and ε-PL have been combined 
to produce coated nanofi bre useful for hydroxyapatite deposition in bone 
tissue engineering and as a bacteriostatic sausage casing [23, 24]. Tikekar 
et al. conjugated curcumin to ε-PL via “click chemistry’ in order to enhance 
the functionality of the biopolymer [25]. Th is study showed that the conju-
gate retains the properties of its constituents where the polymer exhibited 
antioxidant activity attributed to curcumin [25].

An interesting study of ε-PL covalently attached to multi-walled 
 carbon nanotubes was recently conducted. Th e carbon nanotubes them-
selves possess antimicrobial properties, they infl ict serious membrane 
damage when in contact with microbes. When combined with ε-PL the 
biocidal activity and anti-adhesive effi  cacy of this material was improved 
[26]. Lee and colleagues tested the antimicrobial effi  cacy of a  medical 
adhesive consisting of ε-PL and an aldehyde derivative of dextran [27]. 
Th e adhesive was found to have low cytotoxicity and high adhesive 
strength together with good antimicrobial effi  cacy [27]. ε-PL was also 
conjugated to dextran utilizing a Maillard reaction performed in sub-
critical water. Th e conjugate displayed an increase in emulsifying activity 
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at high temperatures. However, the antimicrobial activity reported corre-
sponded to that observed for ε-PL below 110°C and decreased at higher 
temperatures [28]. Th e Maillard reaction was also used to combine 
the antimicrobial biopolymer chitosan and ε-PL to form edible fi lms. 
Reaction conditions were optimized to produce fi lms with advantageous 
properties including antimicrobial activity [29]. Both ε-PL and chitosan 
are reported to exhibit antimicrobial activities; therefore, this material 
has signifi cant potential in the biomedical sector. Zhou et al. produced 
a hydrogel from ε-PL graft ed to methacrylamide using photopolymer-
ization [30]. Th ese gels showed activity against E. coli, P. aeruginosa, S. 
marcescens and S. aureus as well as the fungi C. albicans and F. solani [30]. 
A thiolated chitosan-ε-PL hydrogel was developed by employing cross-
linking via a Michael addition chemistry. Th is hydrogel has been applied 
as an adhesive and a haemostatic material [31]. A similar polyethylene 
glycol-maleimide modifi ed ε-PL hydrogel was produced through Michael 
addition and cross-linked with thiolated chitosan. Th ese polymers can be 
applied as biomaterials for tissue adhesion and sealing [32].

As evidenced from the considerable amount of research performed on 
ε-PL, there is signifi cant interest in the utility of this polymer. Being bio-
degradable and having favourable properties such as antimicrobial activity 
thus places ε-PL on course for a wide variety of applications. 

12.2.2 Chitin and Chitosan
Chitin is the second most abundant polymer obtained from nature aft er 
cellulose (1011 tons produced annually). Th is polymer can be isolated from 
the exoskeletons of arthropods such as crustaceans, fungi (e.g. mush-
rooms), insects (e.g. silkworms, honeybees) and annelids [33]. Chitin is a 
cationic polysaccharide composed of long chains of N-acetylglucosamine 
bound through β (1 → 4) glycosidic linkages. Th ere are 3 forms of chitin, α, 
β and γ where they diff er in terms of degree of hydration, unit cell size and 
the number of chitin chains per unit cell. In α-chitin, the crystalline struc-
ture is composed of antiparallel sheets with widespread hydrogen bonding 
while β-chitin consists of parallel sheets. Th e third form, γ-chitin is a com-
bination of α and β-chitin with α-chitin being the most abundant in nature. 
Th e main function of chitin is as a supporting material in the organisms 
from which it is isolated. 

Chitin is synthesized by the integral membrane proteins, chitin syn-
thases which utilizes UDP-N-acetylglucosamine as the starting material. 
Th e diff erent forms of chitin require diff erent extraction methods, where 
α-chitin requires the harshest treatment due to the strong hydrogen bonds 
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present. Chitin is obtained from sea fi shery waste via deproteinization 
(NaOH/KOH), demineralization (HCl) and decolourization. If the main 
aim is the isolation of protein or pigments, the order of the recovery steps 
is important. Th ere are chemical and enzymatic methods for recovery of 
chitin where each method has their own merits. Chemical extraction is 
oft en harsh generating large quantities of waste and more oft en than not 
the isolated chitin has inconsistent physiological properties due to hydro-
lysis. Enzymatic methods can be quite time consuming, costly and in some 
cases residual protein still remains. Enzymes which have been used for the 
isolation of chitin includes: alcalase, chymotrypsin, papain and bromelain 
to name a few [33]. Th e extraction methods used need to be carefully con-
sidered on the basis of the application, the amount of energy required for 
the process, any adverse eff ects on the environment and any by-products 
produced. Development of these improved extraction processes are criti-
cal factors in the development of a bio-based product. Th is is especially 
important when assessing the potential of these products in fi elds such as 
biomedical application.

Chitin is such an appealing polymer as it possesses certain advanta-
geous properties such as its nontoxic nature, biodegradability, biocompat-
ibility and superior adsorption properties [34]. It also possesses limited 
antimicrobial properties and can chelate metals. A number of derivatives 
of chitin have been investigated where the modifi cation confers favourable 
properties on the polymer. Chitin has been declared to be a GRAS mate-
rial making its use very attractive. It has been investigated as a preservative 
for cosmetics and in the biomedical sector for the production of artifi cial 
skin, absorbable sutures, in wound care and as potential drug carrier. It has 
been used in agriculture to induce the defence mechanism in plants and as 
a fertilizer to promote crop growth [35, 36]. Industrially it is utilized in the 
food sector for a number of applications such as the production of edible 
fi lms, or to thicken and stabilize foods [37]. 

Chitosan is the N-deacetylated derivative of chitin produced by remov-
ing N-acetyl groups until the polymer is soluble in dilute acid [34]. Th e 
polymer consists of randomly distributed β-(1–4)-linked d-glucosamine 
and N-acetyl-d-glucosamine units. Due to the free amine group, enhanced 
solubility and lower degree of crystallinity, chitosan possesses more desir-
able properties compared to chitin. In addition, chitosan may be further 
modifi ed in order to improve its inherent properties. Due to these favour-
able properties, the utility of chitosan has been the focus for many scientists, 
all seeking to make full use of this promising biopolymer. Th e properties 
of chitosan depend on the degree of deacetylation (DDA) of the polymer. 
Th e variation in DDA leads to a diff erence in the molecular weight which 
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aff ects the properties of the polymer. Commercially there are four grades 
of chitosan available, agricultural, industrial, food & cosmetic and phar-
maceutical grade where the DDA ranges from 65% to 95% [38]. Chitosan 
has been applied in water treatment, agriculture, biotechnology, food/
health supplements, cosmetics, biomedical applications, textiles and in the 
paper industry [39]. It has antitumor, antimicrobial, anti- infl ammatory, 
anti-diabetic and anti-hypercholesterolemic eff ects [38]. Chitosan also 
enhances absorption by opening tight junctions of cells allowing for the 
use of chitosan as a delivery agent.

As mentioned previously, chitosan is soluble in most dilute acids due 
to the presence of strong hydrogen bonds however; the solubility may 
be improved by functionalization of the polymer. Th e polymer can be 
functionalized at the three sites, the amine at C-2 or the hydroxyl groups 
at C-3 and 6 although the hydroxyl at C-3 is not favoured due to steric 
strain. Chemical modifi cation of chitosan includes, alkylation, acylation, 
Schiff  base formation, nitration, ‘click chemistry’, phosphorylation, sul-
fation, xanthation, hydroxyalkylation and graft  co-polymerization [40]. 
Advantages of these modifi cations relate to the chemical, biological and 
functional activities of the modifi ed compounds compared to native chi-
tosan. Th ese modifi cations have been reported to improve solubility, gell-
ing properties, antimicrobial activity, fi lm forming ability, chelating ability, 
etc [41]. As a result of these modifi cations, chitosan and its derivatives can 
be obtained in various forms including gels, fi lms, nanoparticles,  nanofi bre, 
 biocomposites, membranes, scaff olds, etc.

One of the properties which make chitosan such an interesting polymer 
is the biocompatibility of this polymer and its derivatives. Chitosan has 
been employed in the biomedical sector as a delivery agent (genes, drugs, 
peptides, proteins, biopharmaceuticals, vaccines, nucleic acids), in wound 
healing/tissue regeneration (scaff old for cell growth, resorbable sutures, to 
facilitate healing, haemostatic agent, delivery of growth factors), as an anti-
microbial (wound dressings, surface coatings) and a variety of other uses 
(dietary supplement, slimming agent, bioimaging, hypocholesterolemic 
eff ect) [42].

Th e antimicrobial activity of chitosan is dependent on the cationic 
nature of the polymer, the DDA, concentration, the organism against 
which it is tested and the period of exposure. Th e mechanism of the anti-
microbial action of the polymer is not fully understood. Chitosan is active 
against bacteria, fungi and yeast with enhanced activity reported for cer-
tain derivatives. Scientists speculate that the activity can be attributed to 
the polycationic nature of chitosan which is believed to disrupt metabo-
lism in the cell by binding to the cell surface. When bound to the cell 
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surface, chitosan increases the permeability of the cell wall allowing the 
loss of intracellular contents leading to cell death. Another theory states 
that DNA transcription of RNA is prevented by the binding of chitosan 
to the DNA molecules. However, this theory depends on a low molecular 
weight (LMW) chitosan which can enter the cell [43]. Th e antimicrobial 
activity may be enhanced by the incorporation of active moieties onto the 
polymer backbone. Th e activity is noticeably enhanced when the modifi -
cation of the polymer increases solubility, mucoadhesivity or the charge 
on the polymer all of which leads to greater interaction with microor-
ganisms [43]. Modifi cations which have been shown to improve activity 
include thiolation and quaternization among others. Besides modifi cation 
of the polymer, improved antimicrobial properties have been reported for 
chitosan micro- and nanoparticles [44]. Th is enhanced activity can be 
attributed to the properties of nanoparticles such as the small size/large 
surface area and the associated quantum size eff ects [45]. Chitosan based 
nanoparticles have a greater zeta potential and therefore can interact more 
effi  ciently with the negatively charged cell wall of certain microorganisms 
causing the inhibitory activity to be greater [44]. Th e loading of metal ions 
which possess antibacterial properties such as Ag+, Zn2+, Mg2+ and Cu2+ 
onto the polymer is another way to improve the activity of the polymer 
[46]. Du et al. found that the zeta potential is directly proportional to the 
antimicrobial activity observed for chitosan tripolyphosphate nanopar-
ticles which had been loaded with the metal ions Ag+, Cu2+, Zn2+, Mn2+, 
or Fe2+ [47].

Th e insolubility of chitosan is a limiting agent to its application as 
an antimicrobial agent; therefore, strategies to improve solubility are 
important. Among the diff erent routes proposed to increase solubility is 
the incorporation of polar moieties, hydrophilic groups, bulky groups, 
etc [48]. Another method involves the depolymerization of chitosan to 
produce chitosan oligomers which can be prepared by chemical (acid 
hydrolysis), enzymatic (e.g. lysozyme, chitin deacetylase) or physical 
methods (electromagnetic radiation, sonication). Some noteworthy 
derivatives which have improved properties including solubility are qua-
ternized, alkyl, highly cationic, N-acylchitosans, N-carboxyalkyl/(aryl), 
O-carboxyalkyl, N-carboxyacyl-chitosan, thiolated, sugar derivatives, 
metal ion chelates and semisynthetic derivatives of chitosan. Examples 
of these modifi cations include thiolation which improves the inher-
ent mucoadhesive properties of the polymer. Quaternization improves 
the solubility and the cationic charge of the polymer which leads to 
improved mucoadhesion to the negatively charged mucin [42]. Other 
modifi cations confer properties which will be discussed using examples.
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One of the better known derivatives of chitosan which has been exten-
sively investigated is N,N,N-trimethyl chitosan chloride (TMC). Th is poly-
mer can be produced by the reaction of chitosan and methyl iodide where 
the degree of quaternization aff ects the properties of the polymer. Th e 
mucoadhesion of this polymer is superior to chitosan due to the greater cat-
ionic charge of TMC. Th is polymer has therefore been used as an absorp-
tion enhancer in the delivery of drugs such as mannitol and buserelin to 
name a few. TMC also displays improved antimicrobial (antibacterial and 
antifungal) activity compared to chitosan. TMC has been formulated as 
microparticles, nanoparticles, nanocomplexes and fi lms either alone or in 
combination with other agents to improve its utility [49]. TMC displayed 
an inhibitory activity 4 times that of chitosan when tested against S. aureus. 
Th is activity can be attributed to the greater positive charge of the polymer. 
Th is polymer has so far been applied as a permeation enhancer for drug 
transport, in vaccine & gene delivery and to treat oral mucositis due to 
chemo-radiotherapy [34].

Another polymer which has gained interest lately is 6-deoxy-6-amino 
chitosan (6D6AC). Th is polymer was fi rst synthesized by Satoh et  al. 
via azido and halo intermediates. Th e polymer is soluble at neutral and 
physiological conditions and was fi rst studied as a gene carrier where it 
was found to have low cytotoxicity and good transfection effi  ciency [50]. 
Sadeghi et  al. synthesized the trimethylated and triethylated derivatives 
of 6D6AC and tested the antibacterial effi  cacy of these polymers. Th ese 
polymers showed enhanced activity compared to chitosan and their par-
ent polymers against S. aureus [51]. An improved synthetic method was 
reported by Jardine et al. which avoided the use of halogenated intermedi-
ates in its synthesis [52]. Yang et al. prepared 6D6AC of varying molecular 
weights and tested the antimicrobial activity of these polymers against S. 
aureus, E. coli, P. aeruginosa and A. niger. Th e MICs observed showed that 
the 6D6AC derivative displayed a wide spectrum of activity superior to 
chitosan [53].

Carboxymethyl chitosan (CMC) is a particularly well utilized deriv-
ative of chitosan. Th ere are three diff erent forms of this polymer, 
N-carboxymethyl chitosan (NCMC), O-carboxymethylchitosan (OCMC) 
and N,O-carboxymethyl chitosan (NOCMC). Th ese derivatives can be 
prepared by reductive alkylation or direct alkylation. CMC as noted by 
Junginer et al. has been applied extensively in the biomedical fi eld where 
it has been utilized as a moisture retention agent, bactericide, in wound 
dressings, as part of blood coagulants, in tissue engineering (artifi cial 
bone & skin), in vaccine delivery and as a drug delivery system [54]. Th e 
polymer possesses a zwitterionic character and has a number of interesting 
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properties such as high viscosity, large hydrodynamic volume and it can also 
form fi lms, fi bres and hydrogels [55]. Th e antibacterial activity of OCMC is 
greater and NOCMC lower than that of chitosan, this can be attributed to 
the number of NH3

+ groups present on the polymers [56]. Farag et al. syn-
thesized a nanogel combining CMC and poly-(vinyl alcohol) (PVA) and 
tested these gels against selected bacteria and fungi. Results indicated that 
the CMC/PVA nanogel had good activity against E. coli, S. aureus, A. fl a-
vus and C. albicans [55]. A quaternized CMC was synthesized by reacting 
CMC with 2,3-epoxypropyl trimethylammonium chloride. Th is polymer 
was tested together with its parent polymers CMC and quaternary chito-
san against E. coli and S. aureus. Tests showed that the quaternized CMC 
displayed a higher antibacterial activity compared to the parent polymers 
where the activity was attributed to the degree of quaternization and the 
molecular weight of the polymer [57].

Th iolated derivatives of chitosan which have been synthesized thus 
far include: chitosan-cysteine (chitosan-NAC), chitosan-thioglycolic 
acid (chitosan-TGA), chitosan-4-thiobutylamidine (chitosan-TBA), 
N-(2-hydroxy-3-mercaptopropyl)–chitosan, N-(2-hydroxy-3 methylami-
nopropyl) chitosan, mercaptoacetate chitosan and the polymer (2S)-2-
mercaptosuccinyl chitosan. Th ese polymers have improved solubility, 
mucoadhesiveness, gelling and permeation properties compared to chito-
san. Th e increase in mucoadhesivity of the polymers can be attributed to 
the covalent bonding of the immobilized thiol groups to cysteine rich sub-
domains of glycoproteins. Th is leads to an increase in the tensile strength 
of the thiolated chitosan while the gelling properties are as a result of 
disulfi de bond formation. Fernandes et al. synthesized chitosan-NAC and 
 chitosan-TBA to determine the antibacterial activity of these polymers 
when synthesized using diff erent methods [58]. Results indicated that 
chitosan-NAC synthesized using a carbodiimide coupling methodology 
gave results similar to that observed for chitosan. However, the chitosan-
TBA synthesized in direct coupling exhibited a superior inhibitory activ-
ity against both E. coli and S. aureus. Th is activity was attributed to the 
formation of a greater positive charge as a result of the amidine moiety 
present [58]. Th e same author later showed that sonochemically produced 
cationic nanocapsules of chitosan-TBA was capable of disrupting bacterial 
membranes and inducing bactericidal activity in E. coli. Th e chitosan-TBA 
nanocapsules were found to be more effi  cient compared to the polymer 
itself due to the electrostatic interaction of the polymer with the membrane 
which led to membrane surface defects [59]. Geisberger et al. compared 
the activities of TMC, CMC, LMW chitosan-TGA and medium molec-
ular weight (MMW) chitosan-TGA against S. sobrinus (Gram-positive 
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bacteria), N. subfl ava (Gram-negative bacteria) and C. albicans (fungi). 
Th e study found that LMW chitosan-TGA possessed superior inhibitory 
activity compared to the other derivatives tested [60].

Th ere are some natural polymers whose antimicrobial activity is short 
lived and therefore not as noticeable as ε-PL or chitosan. A study pub-
lished by Wright et  al. pointed out that common house spider silk pos-
sessed short lived activity when tested against B. subtilis [61]. Although 
natural polymers are highly attractive due to their renewable nature, there 
are disadvantages associated with them. In the case of ε-PL problems are 
encountered in the production of the polymer from bacterial sources. 
With chitosan, isolation of the polymer produces unwanted waste and the 
material obtained is not uniform in nature leading to a diff erence in prop-
erties observed. Solubility is also a limiting factor in the application of this 
polymer [62]. Th erefore, researchers have begun to investigate synthetic 
biodegradable polymers with tuneable properties and effi  cient high yield-
ing synthetic methods. 

Table 12.1 shows the structures of ε-poly-l-lysine and chitosan together 
with their associated antimicrobial activities. 

12.3 Synthetic Biodegradable Polymers

Synthetic biodegradable polymers which possess properties such as anti-
microbial activity have come under the spotlight recently. Due to the 
development of microbial resistance, new materials with enhanced prop-
erties are being sought. Th ese polymers can be made from renewable or 
synthetic monomers. Microbial contamination and resistance is a major 
problem which aff ects all areas including the healthcare sector, consumer 
products and day to day living. Th e development of materials which stop 
proliferation and kill these organisms is a challenge as more oft en than not 
these materials have unwanted draw backs. Th ese include toxicity, short 
half-life, administration problems and the behaviour of the material in 
a complex system. A short overview of selected synthetic biodegradable 
materials possessing antimicrobial activity is given here. 

12.3.1 Quaternary Polymers
Th e most popular synthetic antimicrobial polymers are based on those 
which possess a polycation such as quaternary ammonium or phospho-
nium, tertiary sulfonium and guanidinium groups [64]. Th ese poly-
mers are positively charged and bactericidal. Th e mode of action involves 
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adsorbing to and disrupting the cell wall, interference with the cell 
membrane, loss of cell contents accompanied by degradation of protein 
and nucleic acids and eventually lysis of the cell wall [65]. Kenawy et al. 
recently provided a detailed review of the synthesis, antimicrobial activity 
and applications of polymers with ammonium and phosphonium groups 
[66]. Recently an in depth review of polymers with antimicrobial activity 
was published. Th is review also include polymers with quaternary ammo-
nium end groups, the oxazolines and polymers with quaternary nitrogen 
atoms within the main chain called ionenes. Th ese polymers are quite use-
ful due to their low toxicity, functional versatility and antimicrobial activ-
ity [67]. Synthetic and natural polymers have been quaternized and applied 
in various sectors such as water treatment, dental composites, cosmetics, 
food packaging, textiles and the biomedical sector (anticoagulant and cho-
lesterol lowering agents). Highlighted here are a few of the most recently 
reported quaternized polymers which have exhibited superior antimicro-
bial activity. 

Chin et  al. synthesized a series of biodegradable quaternized poly-
carbonates with various active moieties including alkyl, aromatic and 
imidazolinium groups [68]. Th e study showed that the N,N-dimethyl-
butylammonium functionalized polymer with a degree of polymeriza-
tion of 20 yielded the best antimicrobial activity against clinically isolated 
drug-resistant Gram-positive and Gram-negative bacteria as well as fungi. 
Th is polymer was also shown to be active against P. aeruginosa [68]. In 
a later study, antimicrobial polycarbonates obtained using nitrogen con-
taining heterocycles as the quaternizing agents were synthesized. Th ese 
polymers were shown to be active against S. aureus, E. coli, P. aeruginosa 
and C. albicans. Th e authors postulate that the development of resistance 
is unlikely as these polymers act via a membrane-lytic mechanism [69]. A 
quaternized polymer based on an amine terminated polyacrylonitrile was 
recently synthesized using glycidyl trimethyl ammonium chloride. Th is 
polymer demonstrated antimicrobial activity against E. coli, C. albicans, A. 
niger, A. fl avus, P. aeruginosa, S. typhi, S. aureus and C. neoformans [70]. 
Gozzelino et al. synthesized reactive quaternary ammonium monomers 
which were co-polymerized with diacrylic monomers using UV irradia-
tion [71]. Th ese polymers were active against E. coli and S. aureus with 
activity increasing with an increase in monomer content and length of the 
alkyl chain [71]. Other quaternary ammonium compounds commonly 
studied includes poly (diallyldimethylammonium chloride), quaternized 
poly(vinylpyridine) and a number of others covered in more detail in a 
review by Carmona-Ribeiro et al. [65].
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Natural rubber was modifi ed using a quaternary phosphonium salt and 
the antimicrobial activity was proven against E. coli and S. aureus [72]. 
An alkyne poly(butylene adipate) was coupled to a quaternary phospho-
nium group using Cu catalyzed ‘click’ chemistry approach. Th is polymer 
was studied for its use as antimicrobial packaging material and was shown 
to inhibit the growth of E. coli [73]. A quaternary N-phosphonium deriva-
tive based on the natural polymer chitosan has recently been synthesized. 
Derivatives with diff erent degrees of substitution displayed varied activ-
ity with the highest activity displayed by the derivative with a 3% sub-
stitution. Th is derivative displayed better activity compared to chitosan, 
quaternary ammonium chitosan derivatives and (5-carboxypentyl)triphe-
nylphosphonium bromide against E. coli and two strains of drug-resistant 
S. aureus. [74]

Kanazawa et  al. was one of the fi rst groups to study the antimicro-
bial activity of polymeric quaternary sulfonium salts. Th e derivatives 
were found to be active against E. coli and S. aureus, however;  utility 
of these polymers was limited due to their thermal instability [75]. 
Th e guanidinium derivatives have been extensively studied as a result 
of their favourable properties such as water solubility, biocidal activity, 
broad antimicrobial effi  cacy and non-toxic nature. Poly(hexamethylene 
biguanidinium hydrochloride) was the fi rst polymer to be successfully 
marketed as a disinfectant. Oligomers of guanidine have also been inves-
tigated for their antimicrobial effi  cacy; it was found that a molecular 
mass of 800 Da was required for activity [64, 67].

12.3.2 Polyethylenimine 
Polyethylenimine (PEI) is a synthetic cationic polymer which displays a 
broad spectrum of antimicrobial activity. Th is polymer is obtained by the 
ring opening polymerization of the heterocycle aziridine. It is commonly 
used as a transfection agent in gene therapy as an alternative to viral vectors 
[65]. PEI can be either branched or linear possessing diff erent molecular 
weights. Th is polymer can easily penetrate the cell walls of organisms how-
ever, no inhibitory eff ect on Gram-negative bacteria has been observed. 
Activity against S. mutans was observed for PEI nanoparticles incorporated 
in dental cements. Quaternized ammonium PEI nanoparticles has been 
shown to be active against S. aureus, S. epidermidis, E. faecalis, P. aerugi-
nosa and E. coli. A PEI/carrageenan (kappa, iota and lambda) multilayer 
was recently synthesized and investigated for inhibitory activity against 
pathogenic bacteria, E. cloaceae, S. aureus and E. faecalis. Th e study found 
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that PEI/iota carrageenan eff ectively inhibits S. aureus and E. faecalis, PEI/
lambda carrageenan is most active against E. cloaceae and PEI/kappa car-
rageenan inhibits E. faecalis. Carrageenan was utilized as it is from a renew-
able resource (sea weed), biocompatible, non-toxic, is cheap and has gel 
forming properties. In addition, oligosaccharides of carrageenan display 
inhibitory activity against E. coli, S. aureus, S. cerevisiae and Mucor sp. In 
this study, the PEI and carrageenan worked synergistically in their inhibi-
tion of the bacteria [76]. PEI branched and linear polymers with varying 
molecular weights were investigated to determine whether their architec-
tures and molar mass aff ected the antimicrobial effi  cacy of the polymers. 
Th ese polymers were found to be active against E. coli and S. aureus with 
the linear polymers displaying greater activity while molar mass did not 
signifi cantly aff ect activity [77].

12.3.3 Antimicrobial Peptide Mimics
Synthetic polymers which mimic the activity of antimicrobial peptides 
(AMPs) have come under the spotlight recently. AMPs have been discov-
ered to be biocidal against organisms such as viruses, bacteria (Gram-
positive and Gram-negative), fungi, parasites and showed anti-cancer 
properties [65]. Th ese AMPs have also displayed activity against bacterial 
strains which are resistant to commonly used antimicrobials. AMPs are 
produced by most living entities (viruses, fungi, bacteria, plants and ani-
mals) to defend against invading organisms [78]. Th e peptides typically 
consist of amphiphilic and cationic moieties with diff erent amino acid resi-
dues ranging from 12 to 50 units [79]. Peptides are classifi ed according to 
their secondary structure which includes geometries such as the α-helix, 
β-sheet, loop and extended structure. Th e antimicrobial activity of these 
peptides can be attributed to a contact active mechanism. Th e cationic 
peptides binds to the microorganisms disrupting the cell wall and nor-
mal functioning of the cell, resulting in cell death [80]. Th ese peptides are 
capable of distinguishing bacterial cells from host cells making them desir-
able antimicrobials. In addition the development of resistance is low since 
the bacterial membrane is the target of these peptides. However, despite 
their promising activity, AMPs have some disadvantages such as high pro-
duction costs, chemical, proteolytic and physical instability, toxicity and 
achieving suffi  cient levels in blood/plasma to display activity [81].

In order to overcome these diffi  culties, synthetic polymers which mimic 
the activity of these AMPs have been studied. It is important that these 
mimics are synthesized in a simple environmentally friendly, cost eff ective 
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manner which also allows the peptides to be chemically manipulated to 
improve their physical properties. Some of the more recent work on these 
AMPs is highlighted below. A number of reviews have showcased the 
importance of AMPs. Arora et al. mentioned that these peptides are quite 
useful in antimicrobial studies due to their unique biochemical proper-
ties [82]. Alves and Sobczak et al. reviewed the immobilization of these 
peptides to polymers and the potential applications thereof [78, 83]. Wang 
et al. provided an in depth review on AMP mimics, phenylene ethynylene 
based conjugated polyelectrolyte polymers (CPEs) and oligomers (oligo-
phenylene ethynylenes (OPEs)) [81]. Th ese polymers and oligomers pos-
sess a broad spectrum of antimicrobial activity where their main target is 
thought to be the cell wall of the bacteria. Th is review focused on the mem-
brane disruption mechanism of these polymers and the eff ect of molecu-
lar composition, size and side chain functionality on their antibacterial 
 activity [81].

Rapsch and colleagues attached a number of synthetic and natural AMPs 
to a solid surface using diff erent immobilization strategies [84]. Inhibitory 
activity was found to be dependent on the peptide used as well as the immo-
bilization strategy [84]. Takahashi et al. designed a number of methacry-
late co-polymers based on natural AMPs. Th ese polymers were found to 
be eff ective against a broad spectrum of bacteria including drug-resistant 
S. aureus. In addition, these polymers did not induce resistance in E. coli 
aft er repeated exposure of the microbe to the polymer. Th ese polymers can 
be tailored for specifi c uses opening up a host of new applications for these 
materials [80]. A series of guanidine/amine polymethacrylate co-polymers 
were recently synthesized containing AMPs as side chains. Th ese polymers 
were synthesized via the RAFT (reversible addition– fragmentation chain 
transfer) method which allowed for control of composition, molecular 
weight, end groups and polydispersity index. Polymers were tested against 
E. coli, S. aureus, S. epidermis and C. albicans for inhibitory activity. Th e 
guanidine polymers were found to be more active compared to the amine 
derivatives tested [79].

Al-Ahmad et  al. synthesized a series of poly(oxonorbornene)-based 
synthetic mimics of AMPs [85]. Th eir antimicrobial activity was tested 
against E. coli, P. aeruginosa, K. pneumonia, S. aureus, methicillin- resistant 
S. aureus (MRSA) and E. faecalis. Results showed that the polymers were 
active against the microbes tested and were ‘doubly selective’ where the 
bacteria are selective for bacterial over mammalian cells and Gram-
positive over Gram-negative bacteria [85]. Th e relationship between side 
chain amphiphilicity and antibacterial activity was investigated by vary-
ing the alkyl side chain of quaternized AMP mimics. Th e study found a 
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cost eff ective way to produce mimics which were stable in human plasma 
and active against a broad spectrum of bacteria. Th ese polymers were also 
active against MRSA vancomycin resistant E. faecium and found to be 
non-hemolytic [86]. Lee et al. conducted a study on the antibacterial activ-
ity of nylon-3-based AMP mimics [87]. Th e data obtained suggests that the 
polymers operate via two interdependent bactericidal mechanisms. Th e 
polymers disrupt the cell membrane and bind to intracellular components 
such as DNA where the activity is reported to be concentration depen-
dent [87]. Chattopadhyay and colleagues synthesized multifunctional 
poly(vinyl amine) containing azetidinium groups (four membered ring 
with a quaternary nitrogen) in a one pot approach [88]. Th ese polymers 
mimic the structural properties of AMPs where their antimicrobial activity 
could be adjusted by varying the ratio and type of hydrophobic and hydro-
philic groups present. Th ese polymers were tested for their antimicrobial 
effi  cacy, cell selectivity (Gram-positive, Gram-negative and mammalian 
cells) and applicability as a surface coating. Results obtained were favour-
able indicating that these polymers displayed superior activity and selec-
tivity. Th erefore, these materials can potentially be used as surface coatings 
to reduce bacterial infections [88]. Figure 12.2 shows the structure of poly-
ethyleneimine and examples of an AMP mimic and a quaternized polymer 
discussed above.
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Natural and synthetic polymers have been shown to exhibit antimicro-
bial properties where some moieties are more active than others. To obtain 
even greater activities and expand the potential application of these poly-
mers, loading polymers with a metal which possesses antimicrobial activ-
ity is a popular approach. Polymers whose activity has been enhanced by 
metal loading have been reviewed elsewhere and only some recent works 
in this area will discussed with relevance to antimicrobial/antifungal 
polymers.

12.4 Metal Loading

Due to the rapid and wide spread development of antimicrobial resistance, 
new antimicrobial materials are constantly sought. Among the many mate-
rials investigated, metals have proven antimicrobial activities and have been 
used as such for centuries. Metals which have been used as antimicrobials 
include silver, copper, zinc, tin, lead, titanium, cadmium, chromium, cobalt, 
nickel, magnesium, molybdenum and zirconium [89]. Th e use of metals in 
biomedical applications is an appealing concept; however, their associated 
toxicity must be taken into account during application. Metals accumulate 
in the cells of the microbes where dissolved metal ions are assimilated into 
proteins rendering them non-operational or defective. Metal salts on the 
other hand form active radicals which aff ect the integrity of the cell wall 
leading to cell death. Metals studied thus far have varied in their antimi-
crobial activity where it has been noted that activity of a metal is bacteria 
specifi c. Th is activity is also dependent on the nature of the bacteria since 
diff erences in bacterial cell walls (Gram-positive and Gram-negative) can 
infl uence the activity of the metals. Gram-positive bacteria possess a thick 
cell wall which hinders the penetration of metal ions while Gram-negative 
bacteria possess only thin walls making them more susceptible [90].

Th e nanoscale benefi ts of materials have been intensively investigated 
in an eff ort to overcome drug resistance, toxicity and production costs in 
addition to improving properties of materials. Nanoscale metal particles are 
particularly appealing especially those which possess antimicrobial activity. 
Upon approaching the nanoscale a change in the properties of most mate-
rials is observed and the most favourable includes the increase in surface 
area. Th is change can possibly alter the reported antimicrobial activity of 
metals since activity is related to surface area [91]. Metallic nanoparticles 
have been noted to have greater antimicrobial activity, lower toxicity, are 
more stable and in some cases off er a long lasting action. Th ese nanopar-
ticles can be produced via a variety of methods including physical, chemical 
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or biological with greener synthetic methods being the ultimate goal [92]. 
Here follows a review of metal particles which have been well studied in 
recent literature.

12.4.1 Silver
One of the most studied nanoscale metals is silver (Ag). Ag has been 
widely used for medicinal purposes and has a broad spectrum of activity 
against many disease causing organisms. Th e exact mechanism of action 
is unknown; however, scientists have proposed some theories. Ag nano-
particles adhere to bacterial cells and disrupt the cell wall where another 
theory suggests the formation of free radicals all which lead to cell death. 
Th e generation of ROS, the destruction of cell DNA, interference in DNA 
replication and inhibition of bacterial signal transduction have also been 
proposed as a potential mechanism of action [93]. Ag nanoparticles have 
been used in combination with a variety of polymers to confer antimicro-
bial activity or boost the polymers inherent antimicrobial activity. 

Th e review by Moritz et  al. highlights the latest in the synthesis, 
immobilization and applications of antibacterial nanoparticles [94]. 
It includes a section on Ag nanoparticles and the matrices used for its 
immobilization such as cellulose, chitosan, parylene-coated glass, etc 
[94]. Fortunati et al. recently synthesized a poly(dl-lactide-co-glycolide) 
(PLGA) polymer which had been treated with oxygen plasma and Ag 
nanoparticles. Th e fi lms thus produced, reduced bacterial adhesion and 
growth compared to the polymer alone [95]. Sileika et al. synthesized a 
multicomponent antimicrobial coating consisting of polydopamine, Ag 
nanoparticles and polyethylene glycol bound to a polycarbonate substrate 
[96]. Th e coating demonstrated antifouling and antimicrobial activity 
against E. coli, P. aeruginosa and S. epidermidis [96]. Electrospinning was 
recently utilized to form nanofi bers of nylon-6 with Ag nanoparticles. 
Th ese antimicrobial fi bres can potentially be used as wound dressings 
or water membranes [97]. A later study applied a composite of nylon-6 
and 2-substituted N-alkylimidazoles nanofi bres incorporated with Ag 
nanoparticles [98]. Gao et al. published an in depth review of electrospun 
antibacterial nanofi bres which included some polymers and the incor-
poration of Ag nanoparticles. Ag loaded polymers can be spun in one 
step producing fi bres with a uniform dispersion of nanoparticles [99]. A 
wound dressing consisting of chitosan, Ag nanoparticles and polyvinyl 
alcohol was synthesized via a green method. Th ese nanofi ber mats were 
found to be eff ective against E. coli and are a promising alternative to 
normal dressings [100].
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Ho and colleagues investigated the effi  cacy of Ag nanoparticles and 
modifi ed polylysine as coating for surgical sutures [101]. Th e study found 
that the coatings contained highly stabilized nanoparticles which were 
eff ective against S. aureus and retained their activity aft er repeated wash-
ing [101]. Ag nanoparticles were synthesized in a one-step hydrothermal 
method using PEI as the reducing and stabilizing agent. Th e size of the 
particle produced could be manipulated by varying the temperature and 
mode of growth. Th e antibacterial effi  cacy of these particles was superior to 
that of the controls used (penicillin, chloramphenicol and erythromycin) 
[102]. Stevanović et al. produced a polymer consisting of poly(lactide-co-
glycolide) encapsulating ascorbic acid and poly(l-glutamic acid)-capped 
Ag nanoparticles [103]. Antimicrobial testing against a panel of disease 
causing organisms (C. albicans, two strains of S. aureus, E. faecalis, E. coli, 
K. pneumonia and P.  aeruginosa) showed that these particles displayed 
enhanced and prolonged activity [103].

12.4.2 Magnesium
Magnesium (Mg) metal has drawn signifi cant attention in recent times. 
It is cheap, abundant and the cation Mg2+ is essential in mammals as it is 
vital to many biological processes. Nanoparticles are generally obtained 
as Mg(OH)2 where these particles have been proven to exhibit antimicro-
bial activity. Two possible mechanisms for this activity was proposed by 
Dong et al. who theorize that cell death can be attributed to infi ltration of 
the nanoparticles into the cell resulting in membrane disruption and death 
[104]. Another theory involves the adsorption of a thin water layer pos-
sessing a high enough pH with respect to the nanoparticle surface which 
when in contact with bacterial cells damages the cell membrane. Th is study 
also proved that Mg(OH)2 nanoparticles are eff ective against E. coli and 
B. phytofi rmans and can be incorporated into wood pulp in the manufac-
ture of paper sheets [104]. Pan et al. noted that diff erent synthetic meth-
ods produced Mg nanoparticles with varying properties. Accordingly, 
the antimicrobial activity diff ers according to the synthetic method used 
[105]. A poly(vinylidene fl uoride)/PEG membrane loaded with Mg(OH)2 
nanoparticles for use as an antifouling agent has been prepared and evalu-
ated. Th e produced fi lms were eff ective in preventing the growth of E. coli 
[106]. Zhao et al. synthesized a nanocomposite fi lm of cellulose nanofi -
brils, Mg(OH)2 nanoplatelets and regenerated cellulose [107]. Th ese fi lms 
were robust, fl ame-retardant and displayed inhibitory activity against E. 
coli making them appealing for a variety of applications [107].
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12.4.3 Zinc
Zinc (Zn) especially ZnO nanoparticles are of great interest due to their 
stability and reported antibacterial properties. ZnO nanoparticles are 
active against microbes at a neutral pH without the need for light where 
the mechanism is thought to be due to the generation of ROS and subse-
quent cell damage. Th ese nanoparticles can be used in conjunction with 
polymers to extend their applications. A recent study reported the synthe-
sis of ZnO-alginate nanocomposites which demonstrated strong activity 
against E. coli and S. aureus [108]. Th e manufacture of packaging fi lms 
containing ZnO nanoparticles is a particular area of interest. Recently 
a polypropylene ZnO fi lm and a starch coated polyethylene ZnO fi lm 
were synthesized and evaluated for their antibacterial activity [109, 110]. 
Nafchi et  al. produced two bionanocomposite antibacterial fi lms con-
taining ZnO nanorods, a sago starch and a bovine gelatin fi lm [111]. In 
other studies, fi lms of agar, carrageenan, carboxymethylcellulose and UV 
cured chitin containing ZnO nanoparticles and nanowires were prepared 
and tested for antibacterial properties [112, 113]. Combining a number 
of elements, a scaff old containing chitosan/nano-hydroxyapatite/nano-
copper-zinc was synthesized and applied for bone tissue engineering. 
Th is scaff old displayed improved properties and the antibacterial activity 
was determined against E. coli and S. aureus [114]. Th e same group later 
synthesized a temperature sensitive ZnO chitosan/β-glycerophosphate 
hydrogel for use as a scaff old [115]. ZnO nanoparticles as antibacterial 
coatings on fabrics such as cotton has also been studied [116].

12.4.4 Titanium
Titanium (Ti), in particular TiO2 nanoparticles, is also utilized for a wide 
variety of applications. Polymer immobilized TiO2 nanoparticles are com-
monly synthesized as self-cleaning or packaging fi lms. Th e antimicrobial 
activity of this polymer is due to the generation of ROS when the nanopar-
ticles are exposed to UV irradiation [94]. Pant et al. electrospun a nylon-6 
nanofi bre mat coated with TiO2 nanoparticles and in an extension of this 
study further functionalized the mat with Ag nanoparticles to improve 
the antibacterial properties [117, 118]. Rahimpour and colleagues func-
tionalized a poly(vinylidene fl uoride)/sulfonated polyethersulfone blend 
membrane with TiO2 nanoparticles. Th e antimicrobial activity was dem-
onstrated against E. coli with UV activation of the membranes required 
for inhibitory activity [119]. In an extension of this work, Mollahosseini 
et  al. produced a polysulfone based TiO2 nanoparticles coated fi ltration 
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membrane which also displayed antimicrobial activity [120]. A hybrid 
composite material consisting of microfi bril cellulose bundles coated with 
Ti, chitosan and Ag nanoparticles was recently synthesized by a layer by 
layer method. Th e material displayed excellent antimicrobial activity when 
tested against E. coli and S. aureus [121].

Figure 12.3 shows chitosan stabilized Ag nanoparticles using two diff er-
ent imaging techniques, TEM and scanning electron microscopy (SEM). 
Other metals which are also utilized in conjunction with polymers and 
applied as antimicrobials include copper, tin, lead, cadmium, chromium, 
cobalt, nickel, molybdenum and zirconium. Th e metals reviewed here are 
those that have received increasing attention in recent literature. Reviews 
by Moritz, Swain and Rhim et al. give greater detail on these metals and 
their antimicrobial activity [94, 122, 123].

12.5  Assessment of Antimicrobial/Antifungal 
Testing Methods

One of the biggest threats to the health of individuals is the development of 
antimicrobial resistance. Th e World Health Organization (WHO) recog-
nises the emergence of resistance as a serious global problem. It has been 
reported that resistance has developed to the majority of antimicrobial 
agents in use, thus placing an enormous burden on health systems. Hence 
making the treatment of pathogenic organisms challenging. In order to 
address this challenge, new antimicrobials are being developed however, 
methods for testing the effi  cacy of these antimicrobials needs more rigor-
ous scrutiny. 

MICs or minimum bactericidal concentrations (MBCs) are deter-
mined from these tests. Th e test methods utilized vary and numer-
ous elements aff ect the results of susceptibility experiments; therefore, 
standard methods are required [124]. Th ese standard methods must be 
reproducible by the researcher as well as other laboratories in order for 

Figure 12.3 Chitosan stabilized Ag NPs using TEM (left ) and SEM (right) [42].
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comparisons to be made. Testing strategies chosen also depend on the 
suitability of the method for the material being tested. Th e antimicro-
bial susceptibility testing (AST) methods currently used include diff u-
sion (disk and Epsilometer test), dilution (broth or agar) and non-growth 
based methods. Antifungal testing is not as well studied as antimicro-
bial; however, many methods developed for AST can be employed for 
antifungal tests. Th e Clinical and Laboratory Standards Institute (CLSI) 
provides the standard for testing methods which can be used for antibac-
terial and antifungal testing [125, 126]. An overview of commonly used 
methods will be given here.

12.5.1 Diff usion

12.5.1.1 Agar Well Diff usion
Agar plates are prepared and inoculated by spreading the chosen bacteria 
across the plate. A sterile cork-borer is used to punch wells between 6 and 8 
mm which are at least 30 mm apart. Either a fi xed concentration or varying 
concentrations of the antimicrobial agent is added to the well. Incubation is 
typically at 37°C for 24 hours for bacteria or 48 hours for fungi. Th ereaft er, 
zones of inhibition (ZOIs) are measured. A disadvantage associated with 
this method is that certain materials do not diff use eff ectively into the agar, 
thus giving a less accurate result [126].

12.5.1.2 Agar Disk Diff usion
Similar to the agar well diff usion, it requires paper disks (usually 6 mm in 
size) saturated with the antimicrobial agent or tablets of the agent applied 
to a pre-inoculated agar plate. Aft er incubation ZOI are measured and 
analyzed using criteria from the CLSI. A drawback associated with this 
method, is that only a pure substance may be tested since a mixture of 
materials would more oft en than not have constituents with diff erent dif-
fusion rates [126]. In addition the manual measurement of ZOI makes it 
impractical for testing large volumes of samples. Th is method may also be 
applied in antifungal measurements [127].

12.5.1.3 Bioautography
Th ere are three types, direct, contact and immersion bioautography. 
In direct bioautography, a known amount of the antimicrobial agent is 
applied to a silica thin layer chromatography (TLC) plate and developed 
with a suitable solvent. Th e plate is sprayed with the chosen bacteria and 
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incubated at 25°C for 48 hours in a humid area. Th ereaft er, microbial indi-
cators typically tetrazolium salts are applied and the plates incubated at 
37°C for 3–4 hours. Antimicrobial activity is observed as ZOIs which are 
then measured. Contact bioautography involves bringing the TLC plate 
into contact with a pre-inoculated agar medium and immersion bioautog-
raphy involves coating the TLC plate in agar and inoculating. Th is tech-
nique shows whether inhibition has occurred, however, there is no way to 
determine the concentration of the antimicrobial agent which diff used into 
the agar medium [128]. Th is technique may not be amenable to the testing 
of the effi  cacy of certain polymers. Certain materials cannot be success-
fully applied to TLC plates and hardly any literature reporting the use of 
bioautography and polymers has been found. 

12.5.1.4 Epsilometer Test (E-Test)
Th is test involves the use of a plastic test strip which has been loaded with 
a concentration gradient of the agent (antimicrobial or antifungal) to be 
tested. Th e strip is placed on a pre-inoculated agar plate and incubated for 
24 hours. Th e MIC is determined by looking at the elliptical ZOI formed 
and the point at which this ellipse meets the strip is taken as the MIC. 
Advantages include reduced costs, ease of use and MICs generally corre-
spond with those determined using broth or agar methods. A shortcom-
ing associated with this test includes a systematic bias toward higher or 
lower MICs when certain samples have been tested [125]. Th ese diff usion 
tests do not distinguish between bacteriostatic and bactericidal activity of 
the tested compound [126]. In addition, there are materials such as poly-
mers which when applied to the strip will not diff use into the agar medium 
thereby providing an inaccurate result.

12.5.2 Dilution

12.5.2.1 Agar Dilution
In the agar dilution method, diff erent concentrations of the fi lter sterilized 
antimicrobial agent is applied to molten agar and the mixture is allowed to 
cool. Once the plate is set, it may be inoculated with a fi xed amount of the 
chosen microorganisms. Th e MIC is defi ned as the lowest concentration 
of the agent at which no growth occurs. Th is method is the standard refer-
ence as indicated by the CLSI for testing of aerobic and anaerobic bacteria. 
Th is method is favoured as an accurate MIC can thus be obtained. More 
than one microorganism can be tested per plate, there is no limit to con-
centrations tested and this technique can be automated to a certain degree. 
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A disadvantage of this method is that it is time consuming and labour 
intensive which limits its application [129, 130]. Agar dilution has been 
applied in antifungal testing with acceptable results [127]. Incorporation 
of polymers into molten agar has produced good correlation of results 
with other testing methods applied.

12.5.2.2 Broth Micro/Macrodilution
Th e antimicrobial agent is serially diluted to desired concentrations 
and incubated with a known quantity of the chosen microorganism. 
Macrodilution involves the performance of this test in test tubes whereas 
the microdilution can be performed in 96 well plates. Turbidity of the wells 
are measured and used as an indicator for activity of the agent where the 
fi rst clear well is taken as the MIC. Additionally, an indicator may be added 
which changes colour depending on whether growth has occurred. Th is 
method also allows for the determination of the MBC of the agent by cul-
turing the samples (agar or broth) which showed no growth in the MIC 
test. Th is test method suff ers from intensive sample preparation and possi-
ble contamination of solutions during preparation [125, 126]. In addition, 
while the concentration of the agent decreases, the amount of microorgan-
isms applied does not. Hence, this could result in false negatives as sug-
gested by Smith et  al. [131] Broth dilution can be applied in antifungal 
studies; however, it is currently limited to Candida species. Th ere are com-
mercially available testing products available for these antifungal assays 
[127]. Th is testing method is acceptable for the study of the inhibitory 
activity of polymers.

12.5.3 Metabolic Based Assays
Th ere are also some testing methods which are not based on growth pat-
terns, one such example is fl ow cytometry. In fl ow cytometry, bacteria/
fungi are suspended in a medium and lasers measure physical and chemi-
cal characteristics of the cells such as changes in membrane potential, 
metabolic activity and dye uptake in response to the presence of the cho-
sen agent. An advantage of this technique is that it is not dependent on 
organism growth and can measure cidal and static activities depending 
on the dye used. However, this technique requires expensive equipment. 
Other non-growth methods which have been proposed include the ergos-
terol assay or the rapid susceptibility assay which monitors glucose uptake 
[127]. Butts et al. developed an alternative to growth based assays where 
a high throughput method was used to detect the release of the enzyme 
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adenylate kinase which indicates cell lysis [132]. Th e enzyme reacts and 
luciferase generated luminescence is observed [132].

Th e utility of fl uorescent probes for the determination of growth or 
cell death is another common technique used. Rex et al. points out that 
fl uorescent dyes have been used to study damage to yeasts and moulds 
by the agent being tested, and to determine MICs and minimal fungicidal 
concentrations for moulds [133]. Some commercially available test panels 
include a fl uorescent dye allowing for growth determination by fl uores-
cence measurements aft er incubation with the agent being tested [125]. 
A study conducted to compare selected methods for antimicrobial and 
membrane-permeabilizing activity utilized probes to show permeability of 
membranes and therefore activity of the peptides [134]. Cloete et al. used 
the fl uorescent dyes Hoechst 33342 and propidium iodide to study the anti-
microbial and antifungal activity of a maleimide modifi ed poly(styrene-
co-maleic anhydride) which had been incorporated into a latex fi lm [135]. 
In an alternate strategy, luminescent bacteria (inherent or modifi ed) can 
be utilized in testing avoiding the use of dyes. One such strategy is the 
TLC-bioluminescence method [128]. Another method includes the incor-
poration of fl uoroquinolone-based materials which allows for detection of 
fl uorescence [136].

Methods used to determine MBC include contact-kill-tests especially 
important for polymers, minimal lethal concentration determinations and 
the serum bactericidal test (SBT). Th ese are not covered here; however, 
more detail can be found in the review published by Pfaller et al. [137]. 
A graphical representation of selected techniques is shown in Figure 12.4.

Since there are advantages and disadvantages associated with each anti-
microbial/antifungal testing method, it is important to select the method 
which will give you the most information relevant to your study. When 
dealing with polymers this is an especially challenging area since there are 
such diverse polymers with diff erent properties which need to be accounted 
for. Th e method chosen should not aff ect the activity of the material in any 
way; therefore, proper experimental design is essential. Very few articles 
deal with discrepancies in testing methods used; therefore, it is the aim of 
this review to highlight such discrepancies. Selected polymer based anti-
microbial/antifungal studies will be discussed with specifi c focus on test-
ing methods employed. 

12.5.4 Discrepancies in Testing Methods
Since alternative therapies have been sought to combat resistance develop-
ment, it is a challenge to determine the correct method of assessment for 
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these new therapies. In the absence of standard methods for new materi-
als it is important to assess which method of testing is most appropriate 
where reproducible results can be consistently obtained. A study con-
ducted by Sánchez-Gómez et al. focused on this issue with a specifi c focus 
on testing the activity of cationic AMPs, in particular lactoferricin derived 
peptides [134]. Th is study determined the bacteriostatic, bactericidal and 
increase in cellular permeability of selected synthetic peptides. Methods 
used include the broth microdilution assay, an automated turbidimetry-
based assay, an assay using media of diff erent ionic strength and one where 
the type of plastic ware used was compared. Th is method also utilized dif-
ferent strains of bacteria to demonstrate variability in results. Th e study 
showed that certain changes to the testing methods employed have a sig-
nifi cant eff ect on activity observed [134]. Narin et al. investigated the anti-
bacterial activity of cobalt containing zeolite/poly(vinyl alcohol) hydrogel 
fi lms [138]. It was found that the disk diff usion methods could not be used 
in this study as no inhibition was observed possibly due to incomplete con-
tact of the disks with the agar or slow diff usion of the ions into the agar. 
Th erefore, the fi lms were tested using a modifi ed broth method where fi lms 
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were fi xed in the wells using a stainless steel coil. Results indicated that the 
pure fi lms did not display any activity while the fi lms which contained a 
higher Co-zeolite content displayed signifi cant inhibition [138].

Th e study performed by Lehtopolku et al. highlighted this discrepancy 
in testing methods used [139]. Th is study pointed out that the disk diff u-
sion method was used incorrectly in the assessment of the susceptibility 
of Campylobacter species by comparing results obtained for both disk dif-
fusion and agar dilution methods [139]. A study conducted on behalf of 
the European Surveillance of Sexually Transmitted Infections (ESSTI) net-
work pointed out that laboratories in Western Europe use various methods 
for the diagnosis and AST of N. gonorrhoeae. Th is led to varying results 
which could not be compared making the development of standardized 
methods a necessity [140].

Most studies only utilize one method to determine antimicrobial activ-
ity; however, it is good practice to determine activity using more than one 
method. Th omas et al. determined the antimicrobial activity of chitosan 
and Ag nanoparticle loaded chitosan fi lms qualitatively and quantitatively 
[141]. Methods utilized include zone inhibition measurements from disk 
diff usion, spread plate, viable cell count or killing kinetics [141]. Th is is 
especially important when materials consist of more than one component. 
Another example which demonstrated this principle is in the study of the 
multilayer of carrageenan/PEI. Th is material was formed using the layer-
by-layer assembly absorption technique. Inhibitory activity was assessed 
using the broth dilution method, a combined paper strip method to deter-
mine synergistic eff ects and a ZOI test against three diff erent bacterial spe-
cies [142]. Wang et al. reported on the activity of compounds and polymers 
obtained from natural resin acids against six Gram-positive and seven 
Gram-negative bacterial species [143]. Th is study used the broth dilution 
and disk diff usion methods to determine activity. However, MICs obtained 
for the disk diff usion method was much lower than those recorded for the 
broth microdilution methods. Due to this discrepancy in testing methods 
used, only the disk diff usion method was used in the completion of the 
study [143].

It is also important to note if any procedures followed during the anti-
microbial testing will have an infl uence on the results obtained. An exam-
ple of this can include exposure to UV light to sterilize materials before 
testing. Nadarajah developed antimicrobial edible fi lms of chitosan and 
noted that fi lms should not be exposed to UV light for long periods due to 
previous studies proving that it could aff ect the physicochemical properties 
of the polymer [144]. In the study by Tran et al. composite fi lms of cellulose 
and chitosan were synthesized and tested for their antimicrobial activity 



Antimicrobial Biopolymers 525

[145]. However, prior to testing, the fi lms were sterilized by exposing them 
to UV light for 2 hours. Th is study did not account for the eff ect of the 
UV light on the materials such as photodegradation which may aff ect the 
results obtained [145]. Another study compared the diff erence in the bac-
tericidal action of poly(phenylene ethynylene) (PPE)-based cationic con-
jugated polyelectrolytes (CPEs) and OPEs in the presence and absence of 
light. Th e study found that activity is enhanced when these polymers are 
tested under UV light and that the mechanism of action diff ers against 
Gram-positive and Gram-negative bacteria [146].

Chitosan has reported antimicrobial and antifungal activity; however, a 
review of the literature shows a range of MIC values. Th ese inconsistencies 
can be attributed to the type of chitosan used since factors such as molecu-
lar weight, DDA, pH and organisms tested all aff ect the observed activity. 
However, these diff erences can also be due to diff erent testing methods 
and conditions used. Th erefore, the results obtained using these diverse 
methods cannot be compared. Jiang studied the antimicrobial activity of 
chitosan using the disk diff usion, agar dilution and broth microdilution 
methods against a library of Gram-positive and Gram-negative bacteria 
[147]. According to this study, activity varied with the test method used, 
molecular weight and species tested [147]. Khaira et al. isolated and sub-
sequently quaternized a biopolymer from the bacteria K. terrigena [148]. 
Th is polymer was investigated for its antibacterial activity using an agar 
disk diff usion assay, broth microdilution and the thin agar layer method 
(to determine the number of injured cells). Results indicated that the 
quaternized polymer displayed better properties compared to the native 
biopolymer. However, in the agar disk diff usion assay, a paper disk was 
impregnated with the biopolymers and applied to plates containing bac-
terial cultures (L. monocytogenes and E. coli) to determine if any activity 
occurred. Th is method is questionable since modifi cation of the polymer 
may have altered diff usion rates compared to the native polymer possibly 
leading to wider diff usion and therefore higher activity was observed [148].

12.6 Conclusion

Th is aim of this review was to give an overview of selected bio-derived 
polymers which possess antimicrobial or antifungal activity. A short back-
ground necessary to understand the origin and application of these poly-
mers has been provided with a focus on the antimicrobial applications. 
Clearly, two research niche areas emerged in the form of low value material 
for high volume markets as well as high value, technologically advanced, 
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low volume markets. In the biomedical, textile and water purifi cation 
market, metal loading of biopolymers in the form of nanoparticles have 
demonstrated widespread utility and have been briefl y reviewed. A bet-
ter understanding of the antimicrobial mechanism of activity is limited 
due to the lack of standardization in testing and variability of inhibition 
data. Antimicrobial testing methods currently employed in the testing of 
materials have been reviewed. Some shortcomings of the general methods 
of antimicrobial testing have been noted. Testing methods amenable to 
high throughput can be considered as a screening tool that would improve 
standardization and speed of analysis simultaneously. Th e development 
of standard reference materials for antimicrobial testing is required. Only 
materials that demonstrate appreciable MICs could then be plated to gen-
erate CFUs as a more accurate measure of activity. Th e antiviral activity of 
the same polymers also has not yet been explored.

Th e area of great economic interest is low value and high volume bio-
polymer applications of functional packaging or coatings that can min-
imize food spoilage and hence waste. A high volume application that is 
expected to make a greater impact in time is the treatment of crops with 
antifungal biopolymers, thus improving food security while having a min-
imal environmental impact. Patent literature is packed with technology 
solutions that require major translational eff orts to bring greener prod-
uct options to market. However, a review of the patent literature in this 
regard is necessary. Th e chemical transformation and evaluation of native 
polymers into functional materials is driven by enabling technologies such 
as chemistry and nanotechnology. Chemical technologies will determine 
if biomass needs to be broken down all the way to monomers and then 
rebuilt or modifi ed as a native polymer for specifi c applications. Either 
way, biopolymer research as a greener material is in its infancy and will 
continuously be driven by the consumer demand for high value functional 
materials in many diff erent market segments. 
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Abstract
Th is chapter discusses an emerging photovoltaic material, organometal halide 
perovskite, which delivers a power conversion effi  ciency of over 20%. We start with a 
brief introduction of this novel material and its applications in photovoltaic technol-
ogy. We present a detailed explanation of the optoelectronic properties of organomet-
alhalide perovskites and diff erent device architectures. We focus on the deposition 
methods as well as quality control of the perovskite fi lms. Finally, we give a perspec-
tive concerning the challenges and opportunities for this promising material.

Keywords: Photovoltaic materials, organometalhalide perovskite, photovoltaic 
technology

13.1 Introduction

Perovskites, which were discovered in 1839 and named aft er the Russian 
mineralogist Lew A. Perowski, refer to a large class of materials (ter-
nary oxides, nitrides and halides) with the same type of crystal struc-
ture as calcium titanium oxide (CaTiO3). Halide perovskites can be 
roughly divided into alkali-halide perovskites and organometal halide 
perovskites. Th e fi rst alkali-halide perovskite with the chemical formula 
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of CsPbX3 (X  =  Cl, Br or I) was synthesized more than half a century 
ago. Th e photoconductivity observed from CsPbX3 perovskites suggests 
that these colored materials can behave as semiconductors [1]. By replac-
ing cesium with methylammonium (CH3NH3

+) cation, Weber fi rst syn-
thesized organometal halide perovskites in 1978 [2]. Unlike the popular 
oxide perovskites, halide perovskites received little attention until layered 
organometal halide perovskites were reported to exhibit a semiconductor-
to-metal transition with increasing dimensionality. By increasing the number 
of inorganic layers in (C4H9NH3)2(CH3NH3)n–1SnnI3n+1 layered perovskites, 
these materials could transit from insulator to metal [3]. Th is property 
was considered to be important to achieve high-temperature supercon-
ductors based on organometal halide perovskites. Th e organometal halide 
perovskites with diff erent dimensionality were fi rstly employed in optoelec-
tronic devices by Mitzi and co-workers, who examined their applications 
for light-emitting diodes (LEDs) and thin fi lm transistors (TFTs) [4, 5].

Although organometal halide perovskites have been studied for decades, 
their photovoltaic applications were not demonstrated until 2009 [6]. Since 
late 2012, the photovoltaic community has paid increasing attention to 
organometal halide perovskites [7, 8]. It has been demonstrated that the 
binding energy of the excitons produced by light absorption in methyl-
ammonium perovskites is comparable to the room temperature thermal 
energy of ~25 meV (30–50 meV for triiodide perovskite [9] and 55 meV 
for chlorine-containing perovskite [10]), meaning that most of the photo-
induced excitons will dissociate very rapidly into free carriers at room tem-
perature. Small eff ective mass of the electrons and holes in organometal 
halide perovskites results in high charge carrier mobilities (~10  cm2 V–1 

S–1) [11]. As revealed independently by Snaith’s group and Sum’s group in 
2013, solution processed methylammonium based perovskites also exhibit 
extremely long and balanced charge carrier diff usion lengths (~1000 nm 
for CH3NH3PbI3–xClx and ~100 nm for CH3NH3PbI3) [12, 13]. As a result 
of these unique properties and low processing cost, organometal halide 
perovskites are considered as a dream material for solution-processed 
photovoltaics.

In this chapter, we will start with a brief summary of the perovskites 
in photovoltaic applications, followed by an introduction to the optical, 
electrical characteristics of organometal perovskites. Th e development of 
device architectures as well as the deposition technologies for organometal 
halide perovskites are discussed in details. In the end, challenges facing 
the commercialization of perovskite solar cells and possible solutions are 
discussed.
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13.2  Fundamentals of Organometal Halide Perovskite 
Solar Cells

13.2.1 Brief History of Perovskite Solar Cells
Th e progress of perovskite solar cell effi  ciencies in the past fi ve years is 
illustrated in Figure 13.1. Th e organometal halide perovskite solar cells 
was fi rst demonstrated by Miyasaka et al., who pioneered the methylam-
monium perovskite CH3NH3PbX3 (X  =  I, Br) dye sensitized solar cells 
(DSSCs) based on mesoporous titanium oxide (TiO2) photoanodes [6]. 
Th e power conversion effi  ciencies (PCEs) were 3.81% for CH3NH3PbI3 
and 3.13% for CH3NH3PbBr3 in a liquid electrolyte confi guration. In 2011, 
utilizing 2–3 nm sized CH3NH3PbX3 nanocrystals and optimized titania 
surface, Park et al. improved the PCE of CH3NH3PbI3 based liquid DSSCs 
to 6.54% [14]. However, the perovskite absorbers dissolve or decompose 
very quickly (several minutes) due to the liquid electrolyte used in the cells 
and hence the device stabilities were poor in above two cases. 

Grätzel and Park made a breakthrough in both device effi  ciency 
and device stability by replacing the problematic liquid electrolytes 
with a solid-state hole transporting material 2,2’,7,7,’-tetrakis-(N,N-
dimethoxyphenyl-amine)-9,9’-spirobifuorene (spiro-MeOTAD) [8]. At 
the same time in mid-2012, Snaith et  al. achieved a device effi  ciency 
up to 10.9% by using an insulating mesoporous aluminum oxide 
(Al2O3) instead of TiO2 scaff old [7]. In their report, a mixed-halide 
CH3NH3PbI3–xClxwas used as the light harvesting absorber. Th is result 
also established that the perovskite materials could behave as n-type 
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Figure 13.1 Th e reported and certifi ed effi  ciencies (red values) of organometal halide 
perovskite solar cells since 2009.
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semiconductors, transporting electrons. Th ese two reports sparked 
an explosion of research activities on the materials and photovoltaic 
devices of perovskites. Aft er that, several milestones in device per-
formance are witnessed in the last two years. In May 2013, a two-step 
sequential deposition technology, which was originally developed by 
Mitzi and coworkers, was introduced by Grätzel’s group to fabricate 
perovskite solar cells [15–17]. Th is deposition technology signifi cantly 
improved fi lm morphology of triiodide perovskites. A champion PCE of 
15% with high reproducibility and a certifi ed device effi  ciency of 14.1% 
were achieved. Further studies demonstrated that perovskites exhibit 
ambipolar behavior, meaning that these materials can transport both 
electrons and holes between the cell terminals [18]. Th is property makes 
it possible to reduce the thickness of scaff old and ultimately avoid the 
use of mesoporous structure without sacrifi cing effi  ciency. In the middle 
of 2013, Snaith and co-workers successfully achieved a well performing 
device with a PCE of 15.4% based on a simple planar structure by dual-
source vapor deposition [19].

With the innovation in materials science, fi lm deposition, interface engi-
neering and device fabrication technologies, extremely rapid progress and 
remarkable synergistic achievements were made during the last two years 
with a certifi cated PCE reaching 20.1% in 2014 (Figure 13.1). Although it 
is still at an early stage for the commercialization of perovskite-based solar 
technology, an increasing number of start-ups are already starting to inves-
tigate its commercial potentials. 

13.2.2  Crystal Structure and Optoelectronic Properties 
of Perovskites

Generally, the organometal halide perovskites can be described by the 
chemical formula AMX3, where A and M are organic and metal cations and 
X is a halogen anion that binds to both cations, as shown in Figure 13.2(a). 
Th e crystal structure and physical properties of organometal halide 
perovskites can be fi nely tuned by changing the tolerance factor t. Th e 
tolerance factor t is defi ned as the ratio of the bond length A-X to M-X 
( ( ) / 2( )A X M Xt R R R R= + + ), where RA, RM, and RX are the ionic radii of 
A, M, and X. Th e relative ion size required for the stable cubic perovskite 
structure is stringent and slight distortion will produce distorted versions 
with lower-symmetry. A t value lies in the range 0.89–1.0 usually results in 
a cubic structure, while a lower t value gives less symmetric tetragonal or 
orthorhombic structures [20].
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Th e commonly used photoactive methylammonium based perovskites 
CH3NH3PbI3 and CH3NH3PbI3–xClx have a similar small direct bandgap 
of 1.50–1.55 eV corresponding to an absorption onset of ~800 nm and 
making them excellent light absorbers over the whole visible solar spec-
trum (Figure  13.2(b)) [7, 21]. Th e absorption coeffi  cient of CH3NH3PbI3 
perovskites was estimated to be 1.3 × 105 cm–1 at 550 nm, which was simi-
lar to those of conventional thin fi lm photovoltaic materials [22]. Due to 
the reasonably high absorption coeffi  cient of perovskite in the entire visible 
region, it is possible to form a suffi  ciently thin yet strongly absorbing fi lm. 
However, for a single junction solar cell, considering the balance of the solar 
light absorption and the voltage of the cell device, the optimal bandgap of 
the light harvesting absorber is around 1.4 eV [23]. Th e bandgap around 
1.55 eV of commonly used CH3NH3PbI3 is not optimum for panchromatic 
absorption (Figure 13.2(b)). Moreover, due to the optical absorption over-
lapping between perovskite and silicon (1.12 eV) materials, the combination 
of perovskites solar cells with commercialized crystalline- silicon solar cells 
in a tandem architecture is restricted [24]. Th erefore, bandgap engineering 
is required to adjust the absorption of perovskites to longer or shorter wave-
lengths without sacrifi cing the absorption coeffi  cient. 
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Figure 13.2 (a) Th e crystal structure of typical cubic organometal halide perovskite. 
Reprinted from Ref. [25]. (b) External quantum effi  ciency measured for a CH3NH3PbI3 
perovskite solar cell and AM 1.5 G solar cell spectra. Reprinted from Ref. [26]. 
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As can be seen from Figure 13.2(c), the bandgap of organometal halide 
perovskites can be easily tuned by varying the combination of the cationic 
and anionic components in the structure. Th e electronic structures of 
organometal halide perovskites are dominated by the characteristics of the 
M-X bond based on fi rst-principle studies: the valence-band maximum 
is characterized as an antibonding hybrid state of the M-ms (Pb: m = 6) 
and the X-np (n = 3–5) orbitals in the M–X chains. In CH3NH3PbI3, it was 
estimated that the valance band maximum (VBM) consisted mainly of the 
s-antibonding states of Pb 6s and I 5p orbitals, and the conduction band 
minimum (CBM) was composed primarily of the s-antibonding states of 
Pb 6p and I 5s orbitals [27].

Although the organic cation does not play a major role in determin-
ing the band structure in perovskite structure with a particular metal and 
halide, the alteration of organic cation size will expand or contract the 
whole lattice, changing the M-X bond length or angle and thereby infl u-
encing the bandgap [28]. For example, several recent studies demonstrated 
that the replacement of methylammonium with a larger organic cation of 
formamidinium (FA) in CH3NH3PbI3 would result in a decreased band-
gap from 1.50–1.60 eV to 1.42–1.48 eV and push the absorption edge 
of perovskite towards the infrared region (Figure 13.2(c)) [29–31]. Th e 
decrease in the bandgap origins from the torsion of the lattices as a result 
of the varied distance between metal ions and halides. However, given a 
3-dimensional perovskite structure, the allowed size range to broaden the 
bandgap is relatively small (1.6–2.6 Å) due to the strict tolerance factor as 
defi ned previously. If the size of organic cation is too large, lower dimen-
sional layered or confi ned perovskite will be formed due to the instability 
of 3D crystal structure. If it is too small, the lattice would be too strained 
to form [32]. For example, a larger ethylammonium (EA) cation based 
wider bandgap perovskite has been explored previously in solar cells. 
Unfortunately, in this situation a 2H-type structure is formed because the 
size of the EA cation is too large to maintain the 3D perovskite structure. 
As a result, the isotropic charge transport and conductivity of the resulting 
perovskite dramatically decrease [33].

Another eff ective approach to tailor the bandgap of the perovskite is 
direct modifi cation of the M-X bond. It has been reported that by stoi-
chiometrically mixing the divalent metal iodides of Sn and Pb with MAI, 
perovskite of CH3NH3Sn1–xPbxI3 with a tunable bandgap between 1.17 and 
1.55 eV can be easily synthesized [34, 35]. However, the Sn2+ cation is eas-
ily oxidized to Sn4+ and p-dope the perovskite, resulting in signifi cant loss 
of device performance [36]. In addition to the cation replacement, halide 
anion substitution in the perovskite structure is also eff ective to tune the 
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bandgap. With increasing atomic size of the anions from chlorine (Cl) to 
bromine (Br) to iodine (I), the absorption spectra of halide perovskites 
shift  to longer wavelength. Th e decrease in the bandgap stems from the 
increase in the covalent bonding of the halogen bonding with lead, as a 
result of the decrease in the electron-negativity of the halogen atom [37]. 
Although it is very diffi  cult to tune the bandgap in the case of iodide- 
chloride mixed perovskites, the bandgap engineering of perovskite based 
on iodide- bromide or bromide–chloride mixture is very effi  cient [29, 38]. 

As shown in Figure  13.2(d), several recent studies have shown that the 
bandgap can be continuously tuned by incorporating Br into I-based 
perovskites [38]. As a result, perovskites with optical absorption covering 
almost the entire visible spectrum can be obtained by reasonably manipu-
lating the ratio between two halides.

In addition, electrical properties, including charge separation and 
charge transport, are also critical to the performance of solar cells. 
Previous studies indicated that the photo-generated electron-hole pair in 
the CH3NH3PbI3 perovskite is a Mott-Wannier exciton with a low band-
ing energy of ~50 meV [27]. Th is means that the charge generation and 
separation can occur within the absorber and voltage drop due to the 
driving force needed to dissociate exciton can be avoided. Th e electron 
and hole transport properties can be measured in the perovskite layers by 
employing selective electron or hole quencher in a bilayer confi guration, 
as shown in Figure 13.3(a) [12, 13]. Primary studies by Sum and cowork-
ers based on femtosecond transient optical spectroscopy clearly revealed 
long and balanced electron-hole diff usion lengths of at least 100 nm in 
solution processed CH3NH3PbI3 (Figure 13.3(b)) [13]. At the same time, 
Snaith and coworkers also performed optical quenching experiments and 
demonstrated that the mixed halide perovskite, CH3NH3PbI3–xClx, exhibits 
an extremely long diff usion lengths of >1 μm (Figure 13.3(c)) [12]. Th e 
diff usion lengths of perovskites are much longer than most other solution 
processed materials (e.g., ~10 nm for organic semiconductor and ~80 nm 
for quantum dots) [39, 40].

Charge carrier mobility of perovskites was elucidated by Herz et al. in 
collaboration with Snaith by using transient THz spectroscopy [11]. Th eir 
work shows that both monomolecular and bimolecular charge carrier 
recombination rates are abnormally low in methylammonium lead halides. 
Th e bimolecular recombination rates defy the Langevin limit by at least four 
orders of magnitude. And the diff usion lengths are only limited by mono-
molecular decay process under operating conditions. Th e lower bounds for 
the high-frequency charge mobility were determined to be 11.6 cm2 V–1 s–1 
for CH3NH3PbI3–xClx  and 8 cm2 V–1 s–1 for CH3NH3PbI3 perovskites [11]. 
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Th ese values are remarkably high for solution-processed materials. Th e 
origins of extremely long electron-hole diff usion lengths stem from the 
high charge carrier mobility and low bimolecular recombination rates in 
the perovskites. Combined with weak non-radiative pathways under solar 
light intensities, it is therefore understandable why the perovskites have 
excellent photovoltaic performance [41].

13.2.3  Device Architecture Evolution of Solid-State 
Perovskite Solar Cells

Figure 13.4 shows the evolution of device architectures of solid-state 
perovskite solar cells. As shown in Figure 13.4(a), most studies in the 
area of solid-state perovskite solar cells are based on mesoporous tita-
nium oxide (TiO2) structure with a high-temperature derived compact 
TiO2 layer as an electron transporting and hole blocking layer on the 
fl uorine doped tin oxide (FTO) substrates. Th e anode interface is usually 
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modifi ed with solid-state hole transport materials (e.g., spiro-OMeTAD) 
with appropriate dopants [21, 42]. Th e TiO2 mesoporous structure can 
be replaced by an insulating Al2O3 scaff old, revealing that the electron 
transport could occur through the perovskite fi lm itself, as confi rmed 
by photoinduced absorption spectroscopy measurements of Al2O3/
CH3NH3PbI3–xClx layers [7, 43, 44]. Compared to conventional DSSCs, 
this meso-superstructured solar cell (MSSC) with perovskite fi lm as 
absorber exhibits signifi cantly faster charge extraction rates. In addi-
tion to Al2O3 nanoparticles, there are also several reports of effi  cient 
perovskite solar cells utilizing insulating zirconium dioxide (ZrO2) as 
the mesoporous scaff old [45, 46]. Th e employment of insulating Al2O3 or 
ZrO2 circumvents energy losses at the electron acceptor/absorber inter-
faces and results in higher open-circuit voltages compared to devices 
based on TiO2 mesoporous structure. 

In addition to the electron transporting nature of the perovskite, Etgar 
et al. demonstrated that the perovskite could also function as hole trans-
porting material in a device [18]. Th e perovskite fi lm with a good coverage 
on the TiO2 fi lm could result in a thin capping layer and good back contact 
with the gold electrode, obviating the need for employing an additional 
hole transporting material. Recently, Han et al. reported an all-printable 
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triple layer perovskite solar cell by utilizing a simple TiO2/mesoscopic 
ZrO2/carbon electrode. Th is structure is hole transport layer free and 
gives a high certifi ed performance of 12.8% [46]. Based on further under-
standing of the charge transport properties of perovskite fi lms, Snaith and 
coworkers fi rstly fabricated an effi  cient “fl at-junction” thin fi lm solar cell 
via decreasing the thickness of Al2O3 nanoparticle fi lm [44]. In this device 
confi guration shown in Figure 13.4(b), the perovskite absorber performs 
the tasks of charge separation as well as ambipolar charge transport of both 
carrier species.

Further explorations into planar architectures have been performed to 
simplify the cell architecture as motivated by the success of the “pseudo-
thin fi lm” perovskite solar cells. Th is planar architecture avoided the use 
of any mesoporous structure and perovskite fi lms could be directly depos-
ited on a compact layer coated substrate. As shown in Figure 13.4(c), by 
carefully optimizing the atmosphere, annealing temperature and initial 
perovskite fi lm thickness on compact TiO2 coated substrates, Eperon et al. 
signifi cantly improved the performance of planar heterojunction solar cells 
and achieved an effi  ciency of 11.4% using the CH3NH3PbI3–xClx absorber 
[47]. A jump to a reported effi  ciency of 15.4% came from better-controlled 
fi lm morphology via dual-source vacuum evaporation, as demonstrated 
by the Snaith group [19]. For this cell type, high temperature processed 
(500°C) compact TiO2 layer is necessary to achieve highly effi  cient devices 
while lower temperature sintered TiO2 always yields lower effi  ciency. To 
solve this problem, Snaith et al. developed a low temperature fabrication 
(<150°C) approach of the TiO2 compact layer using highly crystalline 
nanoparticles of anatase TiO2 in alcoholic solvent combined with a small 
amount of titanium diisopropoxidebis(acetylacetonate) (TiAcAc). Dense 
TiO2 layer obtained from this approach exhibited 100-fold higher con-
ductivity than the high temperature derived TiO2 and delivered a cham-
pion PCE of 15.9% for all-low-temperature processed perovskite devices 
[43]. Based on this, Yang’s group further increased the conductivity by 
doping yttrium into the low temperature processed TiO2 nanoparticles 
and reduced the work function of ITO substrates with polyethyleneim-
ineethoxylate (PEIE). As a result, they could enhance the electron extrac-
tion and transport properties in the planar structure perovskite solar cell. 
Combined with the optimized fi lm reconstruction process under carefully 
controlled humidity in air, an average PCE of 16.6% was achieved [48].

In addition to the commonly used TiO2, a low-temperature processed 
ZnO electron transport layer was fi rst employed in planar perovskite solar 
cells using electrodeposition technology by Kumar et al. PCEs of 5.54% 
and 2.18% on FTO and fl exible ITO substrates were obtained respectively 
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[49]. A similar planar structure device utilizing spincoated ZnO nanocrys-
tal interlayer as electron conductor avoided the high temperature sintering 
process and improved the PCE of ZnO based device to as high as 15.7%. 
Devices on fl exible devices fabricated on this room-temperature processed 
ZnO interlayer also displayed PCEs exceeding 10% [48]. However, the 
device stability, especially the long-term operational stability and thermal 
stability, is still an issue for TiO2 and ZnO based planar devices [22, 43]. 

For example, oxygen vacancy due to the light-induced desorption of sur-
face absorbed oxygen may reduce the TiO2-based device stability, and 
ZnO-based electron conductor may accelerate the thermal decomposition 
of perovskite fi lms even at a mild temperature of 80°C. Due to the low 
exciton binding energy in perovskite fi lms, ~98% of the photogenerated 
excitons are capable to dissociate under normal operating temperatures, 
suggesting that a high surface area heterojunction formed by n-type elec-
tron conductor may not be strictly necessary to separate the excitons [10]. 
Very recently, compact layer free planar perovskite devices with similar (or 
slightly decreased) performance compared with devices based on compact 
n-type metal oxide interlayers were proposed (Figure 13.4(d)). By optimiz-
ing the fi lm morphology of perovskites, planar devices based on cesium 
carbonate (Cs2CO3) modifi ed or bare ITO substrates with effi  ciency of 
15.1% and 13.5% were obtained [50, 51]. Devices stability under specifi c 
conditions based on this architecture was also improved. Compact-layer-
free devices further simplify the device confi guration and provide a prom-
ising and low-cost fabrication approach for planar perovskite devices.

Another emerging research area is referred to as “inverted” planar 
device structure, which involves the utilization of commonly used charge 
transport layers in organic photovoltaics for the implementation of 
perovskite-based devices. As shown in Figure 13.5(a), Chen and cowork-
ers fi rst developed a perovskite/fullerene planar-heterojunction device 
consisting of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic 
acid) (PEDOT:PSS) and fullerene derivatives of (6,6)-phenyl C61-butyric 
acid methyl ester (PC61BM) and indene-C60 bisadduct (ICBA) as the hole 
transport and electron transport layer respectively [52]. As can be seen 
from Figure 13.5(b), a donor-acceptor planar heterojunction was formed 
between the perovskite and the electron transport layer. Th ey proposed 
that under light irradiation, the electrons and holes can be effi  ciently sepa-
rated at the interfaces and collected by the electrodes, resulting in the pho-
tovoltaic eff ect. A thermally evaporated thin bathocuproine (BCP) fi lm 
was used as exciton blocking layer in this device confi guration. Th rough 
optimizing thickness of the electron transport layer and the processing 
conditions of perovskite fi lms, a PCE of 3.9% has been delivered. Almost 
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at the same time, Sun et al. succeeded in making a thicker perovskite fi lm 
by introducing two-step sequential deposition into the planar device and 
increased the device performance to 7.41% [22]. It was also noticed by 
Wang et al. that the perovskite morphology on PEDOT:PSS is sensitive 
to the composition variation of precursors and a non-stoichiometry pre-
cursor with a molar ratio of 0.6–0.7 resulted in the best surface cover-
age and device performance [53]. As depicted in Figure 13.5(c), a double 
layer fullerene with a spun PCBM or ICBA followed by a thermal evapo-
rated C60 was used as the electron transport layer. Th is device structure 
might include two types of perovskite/fullerene planar heterojunction and 
PEDOT:PSS/fullerene Schottky junction devices connected in parallel. 
Th e double fullerene layer of C60 or PCBM layer could eff ectively passivate 
the defects in perovskite fi lms and lead to two orders of magnitude lower 
trap density in the whole defect spectral range, resulting a high PCE of 
12.2% with a large fi ll factor of 0.8.

Snaith and coworkers further demonstrated the capability of materials 
used in organic photovoltaics, including nickel oxide (NiOx) and vanadium 
oxide (V2O5) hole transport layers and poly[9,9-bis(30-(N,N-dimethyl-
amino)propyl)-2,7-fl uorene]-alt-2,7-(9,9-dioctylfl uorene)] (PFN) elec-
tron transport layer in perovskite-based devices [54]. Although the most 
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effi  cient device with a PCE of 9.8% is still based on PEDOT:PSS and 
PCBM, PL quenching results in this work removed the barriers to adop-
tion of the perovskite technology by the organic photovoltaic community. 
In their report, a low temperature (130°C) deposited TiOx interlayer was 
added between the PCBM and the top electrode to further improve the 
cathode contact property and air stability. 

However, due to the high temperature sensitivity of the diff usion lengths 
of perovskite fi lms, any post-annealing process at temperature above 100°C 
on the perovskite fi lms will result in decrease of the charge carrier diff usion 
lengths [55]. As shown in Figure 13.5(d), Bai et al. fi rst introduced a room 
temperature deposited ZnO nanocrystal fi lms to preserve the diff usion 
lengths and modify the cathode interface. Th ey achieved planar devices 
with excellent air stability and high performance with a champion PCE of 
15.9% [55]. From device stability and commercialization points of view, 
devices based on chemically stable inorganic semiconductors, especially 
p-type NiOx hole transport interlayers, are more favorable compared to 
the commonly used organic materials. However, the device performance 
of NiOx-based perovskites, in particular solution processed NiOx, is still 
not satisfactory compared to the commonly used organic hole conduc-
tors [56–58]. Th e main reasons stem from the poor perovskite fi lm mor-
phology and poor surface coverage, leading to direct contact between the 
PCBM and metal oxides and generating a shunting path. Th e high series 
resistance caused by low conductivity of the NiOx fi lm is another reason for 
the loss of device performance. Very recently, high performance inverted 
planar perovskite devices based on solution processed copper doped NiOx 
fi lm exhibited an impressive PCE up to 15.4% and decent environmen-
tal stability [59]. Th is result demonstrates the potential of using inorganic 
interlayers, especially p-type metal oxide interlayers, to replace the prob-
lematic organic materials.

13.3  Deposition Methods and Crystal Engineering 
of Organometal Halide Perovskites

13.3.1 One-Step Precursor Deposition 
Initial publications on perovskite solar cells were mostly based on direct 
spincoating of the mixed precursors of RAX (RA: methylamine, formami-
dine, X: I, Br) and PbX2 (X: I, Br, Cl) with stoichiometry (1:1) or non-
stoichiometry (3:1) mole ratio on the desired substrates, as depicted in 
Figure 13.6(a) [7, 21, 38]. Commonly used solvents are polar aprotic, such 
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as N, N-dimethylformamide (DMF), γ-butyrolactone (GBL), dimethyl-
sulfoxide (DMSO), etc. Generally, simple drying and annealing processes 
are necessary to evaporate the residual solvents and complete crystalliza-
tion of the perovskites. To obtain high quality perovskite fi lms with  better 
surface coverage, especially for planar structures, optimization of the pre-
cursor concentration and spincoating conditions are necessary. In the case 
of direct spincoating on mesoporous structure, excess solution on the top 
of the fi lm may act as a reservoir during the spincoating process and the 
infi ltration within the mesoporous structure depend critically on the con-
centration, solvent, and spincoating speed [42]. Due to diff erent surface 
properties of the substrates, the processing parameters also need to be sep-
arately optimized for each kind of underlying layers [52, 56, 60, 61].

Th e annealing process of the one-step deposition technology is of cru-
cial importance to the properties of crystalline perovskite fi lms as well as 
the device performance. In situ time-resolved grazing incidence wide-
angle X-ray scattering (GIWAXS) was employed to probe the structure 
evolution of CH3NH3PbI3–xClx perovskites during the thermal annealing 
process, as shown in Figure 13.6(b). Th ree distinct crystalline structures, 
including crystalline precursors, perovskites, and the degradation product 
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(PbI2), were observed during thermal annealing. It was found that the 
evolution between three structures distinctly depends on the annealing 
conditions [62]. Optimal annealing temperature, annealing time, and the 
moisture in the environment dominated the perovskite fi lm coverage, com-
position, and the performance of the fi nal devices [63]. Studies by Dualeh 
et al. gave further detailed information on the infl uence of annealing tem-
perature during the conversion process. Th ey also pointed out that a mini-
mum temperature of 80°C is needed to suffi  ciently form the crystalline 
perovskites but a higher temperature (above 120°C) will cause increased 
decomposition of perovskites to PbI2 [64].

Due to the hydroscopic property of CH3NH3I in the precursor, the 
moisture could result in accumulation of the water within grain boundar-
ies, inducing grain boundary creep and merging adjacent grains during the 
perovskite crystallization. Th is eff ect not only increases the grain size and 
reduces pinhole formation but also enhances the charge carrier diff usion 
lengths with promoted perovskite grain growth [48, 65]. However, higher 
humidity in the environment will cause signifi cant decomposition of 
perovskite fi lms. As such, humidity conditions during the perovskite fi lm 
growth need to be very carefully controlled. When the perovskite precursor 
was thermally annealed under a controlled relative humidity of 30 ± 5%, as 
evidenced by X-ray diff raction (XRD) measurements, three distinct stages 
exhibiting diff erent colors from light yellow to dark brown can be observed 
(Figure 13.6(c)). Devices based on the perovskite fi lms obtained under the 
controlled humidity exhibit ~20% performance enhancement compared 
with the control devices [48].

Compared with the one-step precursor deposition, a better control 
on the crystalline perovskite formation and growth could be achieved 
through sequential deposition method. Th is technology was fi rst used by 
Burschka et  al. to fabricate mesoporous structure perovskite solar cells 
[16]. As shown in Figure 13.7(a), the PbI2 fi lms are fi rst spincoated from 
DMF solution onto the substrates under appropriate conditions. Aft er dry-
ing or mild annealing, the yellow colored substrates are dipped into a solu-
tion of CH3NH3I in iso-propanol, and dark brown CH3NH3PbI3 perovskite 
quickly forms in a few seconds and transform completely in several min-
utes (Figure 13.7(b)). With improved infi ltration rate and fi lm morphol-
ogy, this technology achieved a highly crystalline fi lm with complete 
coverage, and hence greatly increased the performance and reproducibil-
ity of mesoporous structured devices [16, 66]. However, unlike fast and 
complete conversion on mesoporous substrates, initial work by Mitzi and 
coworkers on sequential deposition technology demonstrated that 1~3 h 
conversion time was required for the planar structure [15]. A short dipping 
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time only converts part of PbI2 and results in a perovskite-PbI2 mixture 
with inconstant proportion from batch to batch, which is not favorable 
for the reproducibility of device based on planar structure. Limited by the 
fi nite reaction interface area in a relative thick fi lm (several hundreds of 
nanometers) on the planar substrate, the prolonged two-step process oft en 
results in rough fi lms that frequently peel off  from the substrate [16, 67].

Th e diffi  culty to control the crystal growth process of the sequential 
deposition on planar substrates stems from the crystals with diff erent 
sizes due to the easy crystallization nature of PbI2. Th e large crystals will 
decrease the accessibility of CH3NH3I to the inner lead sites, resulting in 
incomplete conversions. Recently, Wu et  al. signifi cantly improved the 
reproducibility through replacing the commonly used solvent of DMF by 
DMSO [68]. Due to the improved coordination ability between Pb and the 
solvent molecules (1:1 for DMF and 1:2 for DMSO), the crystallization of 
PbI2 can be effi  ciently inhibited, resulting in uniform amorphous PbI2 fi lms 
on the substrates. Compared with perovskite fi lms obtained from DMF-
PbI2 fi lms, the resulted perovskite fi lms exhibit fl at surface morphology 
and uniform size distribution of perovskite crystals when amorphous PbI2 
fi lms were used (Figure 13.7(c)). Most importantly, there is no unreacted 
PbI2 left  aft er the reaction, as shown in Figure 13.7(d). It has been reported 
that the inclusion of chloride into the fi lm benefi ts charge transport and 
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reduces recombination in the perovskite solar cells. With addition of PbI2, 
the solubility of PbCl2 in DMF can be improved and aft er exposing the 
obtained fi lm to CH3NH3I solution, mixed perovskite CH3NH3PbI3–xClx can 
be successfully obtained [69]. As demonstrated by a recent report, CH3NH3 
PbI3–xClx can also be deposited by dipping the PbI2 fi lm into a mixture solu-
tion of CH3NH3Cl and CH3NH3I in isopropanol [70]. Th e PbI2 can be fully 
converted to crystalline perovskite within 5 min, and the resulting fi lms 
demonstrate complete coverage and extended charge diff usion lengths. 
Combined with increased absorption and reduced device series resistance, 
the photocurrent was signifi cantly improved to over 22 mA cm–2, enabling 
a PCE close to 15%. 

13.3.2  Vapor Assisted Solution Process and 
Interdiff usion Method

Considering the limitations of one-step and sequential deposition on the 
controllability of fi lm quality and the reproducibility of device performance 
for the planar structure, more novel fi lm deposition methods have been 
developed in the preparation of high quality perovskite fi lms and devices 
with planar architectures. In a recent report, Yang’s group demonstrated a 
novel low temperature solution approach based on sequential deposition, 
known as the vapor assisted solution process [67]. In this method, PbI2 
fi lms were solution deposited on compact TiO2 coated FTO glasses, fol-
lowed by thermal annealing in CH3NH3I vapor at 150°C in N2 atmosphere 
for 2 h to obtain the perovskite fi lms, as depicted in Figure 13.8(a). Th is 
approach takes advantage of the kinetic reactivity of CH3NH3I and ther-
modynamic stability of perovskite fi lms during the in situ growth process. 
Th e perovskite fi lms derived from this method exhibit well-defi ned grain 
structure with grain sizes up to micrometers, uniform surface morphology, 
full surface coverage, and complete transformation of PbI2 fi lms. Devices 
based on the high-quality perovskite fi lms showed an impressive PCE of 
12.1% in a planar confi guration.

In addition to the vapor assisted solution process, a low-temperature 
solution processed method incorporating an interdiff usion process of 
PbI2/MAI stacking layer fi lms to fabricate planar perovskite device was 
developed by Huang’s group [71, 72]. As shown in Figure 13.8(b), PbI2 and 
MAI were fi rst dissolved in DMF and iso-propanol solvents with varied 
concentrations. A supersaturated hot solution of PbI2 was spincoated on 
a PEDOT:PSS covered ITO substrate, followed by the spincoating of MAI 
solution on top of the quickly dried pin-hole free PbI2 fi lm. Due to the 
low solubility of PbI2 in iso-propanol, the second MAI spincoating step 
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has little damage on the fi lm underneath. Th e obtained bilayer fi lm was 
then thermally annealed at a relatively low temperature of 100°C for ~2 h, 
which is critical to improve the device performance. Th ermal annealing 
here will drive the interdiff usion of two precursors and ensure complete 
reaction between the compact PbI2 fi lm and MAI layer. In addition, the 
annealing process also induces the recrystallization and grain growth in 
the perovskite fi lms. Unlike rough perovskite fi lms origining from the 
randomly distributed crystal grains obtained from sequential deposition, 
perovskite fi lms fabricated from the interdiff usion method exhibit a con-
tinuous and uniform surface morphology with a fi lm thickness variation 
of less than 20 nm.

Th e thickness of perovskite fi lms are ~300 nm for most of the best- 
performing devices. To absorb the sunlight completely, especially in 
the red to infrared range, a thicker perovskite fi lm up to 1 μm is desir-
able. However, grain sizes of the solution-processed perovskite fi lms are 
always around a couple of hundred nanometers due to the quick reaction 
of compositions in the precursor and the quick crystallization process of 
perovskite materials. Recently, Xiao et al. introduced a solvent annealing 
method into the interdiff usion process to further increase the crystallinity 
and grain size of CH3NH3PbI3 fi lms [73]. During the interdiff usion process, 
a small amount of solvents with large solubility to MAI and PbI2, DMF 
and DMSO for example, were simultaneously introduced to provide a wet 
environment. As a result, the precursor ions and molecules could diff use 
much longer distance than in the all solid-state thermal annealing process, 
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as depicted in Figure 13.8(c). Th rough optimizing the conditions of the 
solvent annealing process, average grain size of the perovskite fi lms can be 
increased to 1 μm. Aft er solvent annealing, the hole mobility of perovskite 
fi lms increased from 30 to 45 cm2 V–1 s–1 and the extrinsic hole concentra-
tion decreased from 1.8 × 1014 to 6.2 × 1013 cm–3. In addition, the charge 
carrier diff usion length also improved to above 1 μm, as estimated from 
the transient photocurrent techniques. All the variations can be attributed 
to the larger grains with better crystallinity and decreased grain boundary 
density in the solvent annealed fi lms. Th e champion device with inverted 
planar structure delivered an effi  ciency of 15.6% and the device with 1 μm 
thick perovskite fi lm exhibited slightly dropped effi  ciency of 14.5%. 

13.3.3 Vacuum Deposition
Most of the perovskite solar cells are fabricated based on solution depo-
sition now. Apart from this, vacuum thermal evaporation has also been 
employed to produce perovskite fi lms with high purity and homogeneous 
morphology. Followed the pioneering works of Salau [74] and Mitzi [75] 
on the vapor deposition of perovskite fi lms under vacuum, Liu et al. modi-
fi ed the deposition conditions and developed a dual-source vapor deposi-
tion technique to prepare mixed halide perovskite fi lms [19]. As shown in 
Figure 13.9(a), CH3NH3I and PbCl2 were co-evaporated from separate cru-
cibles with an optimized molar ratio, followed by a mild annealing process 
to crystallize the as-deposited perovskites. Based on this dual source vapor 
deposited perovskite fi lms, an effi  cient planar solar cell with an effi  ciency 
of 15.4% has been achieved. Th e vapor deposition could provide good con-
trol on the nominal stoichiometry of two reactants and is not limited by 
the solubility of materials used in the precursors. In addition, vapor depo-
sition is effi  cient to prepare extremely uniform layered multi-stack thin 
fi lms over large areas compared with the solution processes (Figure 13.9(b) 
and (c)). With the development of instrumentation and methodology, 
centimeter-scale (5 × 5 cm2) fi lms with superior uniformity, good crystal-
linity and high reproducibility were deposited [76]. It’s also demonstrated 
that the vacuum deposited fi lms exhibit signifi cantly improved charge 
carrier mobility and increased charge carrier diff usion lengths (~3 μm). 
Another example of dual source vapor deposition was demonstrated by 
Bolink and coworkers, who directly sublimated PbI2 and CH3NH3I under 
vacuum onto organic hole transport layer coated ITO substrates followed 
by a thin PCBM fi lm on top as the electron transport layer [77]. In this way, 
an inverted planar perovskite solar cell with a high effi  ciency of 12% was 
achieved. Very recently, Lin et al. demonstrated in detail how the p-type 
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organic hole transport interlayers aff ect the composition, crystal structure 
of thermally evaporated perovskite fi lms and hence the performance of 
planar devices [78]. An extremely low exciton-binding energy of ~2 meV 
for vacuum deposited perovskites has been estimated, confi rming that 
the perovskite systems are predominantly non-excitonic. With optimized 
thickness of the perovskite fi lm ~370 nm, a maximum PCE of 16.5% with 
an internal quantum effi  ciency (IQE) near 100% has been achieved.

Despite promising advantages of co-evaporation methods, random 
diff usion of CH3NH3I inside the chamber will cause diffi  culty in moni-
toring and controlling the deposition rate using quartz microbalance sen-
sors. To solve this problem, a novel method via a layer-by-layer sequential 
vacuum sublimation was developed by Chen et al. [79] In this procedure, 
a simple one material at a time deposition approach was used. Typically, 
PbCl2 fi lms were fi rst thermally sublimed onto ITO substrates coated with 
PEDOT:PSS, and then the CH3NH3I was vapor deposited onto the PbCl2 
layer with the substrate temperature kept at 75°C. Th e PbCl2 will quickly 
react with the CH3NH3I vapor and the perovskite thin fi lms can be in situ 
formed. Th e temperature proves critical to extend the reaction penetration. 
Th e reaction penetration depth is ~25 nm at room temperature and more 
than 150 nm when the substrate temperature increases to 65–85°C. A post 
annealing process at 100°C in vacuum was applied for a very short period 
to fully crystallize the perovskite fi lms and remove the residual CH3NH3I 
on the surface. Uniform thin fi lms with unusual large-scale homogeneous 
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crystalline structures were obtained, and inverted planar devices based on 
the sequential vacuum deposition perovskite fi lms delivered a remarkable 
performance with a PCE as high as 15.4%.

13.3.4 Solution and Crystal Engineering
One of the most attractive features for perovskites is that high performance 
devices can be easily fabricated through cost-eff ective low-temperature 
solution processes. Although it is more diffi  cult to control fi lm quality 
compared with vacuum deposition, many promising techniques have been 
developed in the past few years. Th ese techniques enable better control of 
morphology and uniformity of the solution processed perovskite thin fi lms 
so that the fi lm quality is comparable with those fabricated from thermal 
sublimation technologies.

Th e formation and crystal growth of perovskite fi lms from the sim-
ple one-step deposition could be aff ected by many factors, including 
the annealing conditions, surface properties of the substrates, process-
ing parameters, etc. At present, one of the main challenges in solution 
processed perovskite fi lm is to control the crystallization and to under-
stand its impact on the fi lm quality. It has been demonstrated that vari-
ous kinds of additives can signifi cantly improve the controllability of the 
perovskite crystallization process. Th e eff ect of the additives during the 
fi lm formation was fi rst demonstrated by Eperon et al., who introduced 
a small amount of hydroiodic acid (HI) to the stoichiometric FAI and 
PbI2 (1:1) perovskite precursor solution to improve the perovskite fi lm 
quality [29]. Th e addition of HI was helpful to solubilize the inorganic 
component and slow down the crystallization upon spincoating. As a 
result, a continuous, uniform and pinhole-free thin fi lm comparable to 
vapor-deposited perovskite was obtained (Figure 13.10(a) and (b)). Apart 
from HI, inclusion of hydrobromic acid (HBr) or H2O in a MAPbBr3/
DMF precursor can also improve the surface coverage of perovskites on 
planar substrates through retarding the nucleation process during spin-
coating (Figure 13.10(c) and (d)) [80]. During the acceleration process of 
spincoating, excess solution on the substrate is spun off  and the residual 
precursor solution is gradually dried by further evaporation of solvents, 
resulting in the crystallization of perovskites. Th e increased solvent solu-
bility due to HBr addition is more favorable to reproducibly form dense 
thin perovskite fi lms by using precursor solution with the same concen-
tration. It was also reported that chloride additives such as MACl and 
ammonium chloride (NH4Cl) can also improve the fi lm morphology as a 
result of the prolonged crystallization process [70, 81, 82].
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Recently, Jen and coworkers demonstrated that crystallization rate of 
perovskite can also be effi  ciently controlled by incorporating a small amount 
(~1 wt%) of 1,8-diiodooctane (DIO) to the precursor (Figure 13.10(e) and 
(f)) [83]. It was proposed that the temporarily chelated bidentate haloge-
nated additives with Pb2+ during the crystal growth encourage homog-
enous nucleation. As soft  Lewis bases, iodocarbons can coordinate with 
soft  metal ions based on the hard-soft  acid-base principle and improve the 
solubility of PbCl2. Th e presence of DIO may also modify the interfacial 
energy, ultimately altering the reaction kinetics and making it more favor-
able for the crystal growth.

In addition to additives, solvent used to prepare the precursor solution 
also plays a major role in aff ecting the fi lm quality. Th e commonly used 
solvents (GBL, DMF, DMSO) to prepare perovskite precursors always have 
an oxygen group to coordinate with Pb2+ [68]. When either DMF or GBL is 
used as the solvent, perovskite formation usually occurs immediately aft er 
evaporation of the solvent within a few minutes of annealing and results 
in perovskites with poor surface morphology [52]. Recently, Cheng et al. 
reported a fast deposition-crystallization procedure to obtain fl at, uniform 
thin fi lms using a one-step solution process [84]. Aft er several seconds of 
spincoating of a DMF solution of CH3NH3PbI3, a second solvent of chlo-
robenzene (CB) was quickly introduced on top of the wet fi lm during the 
spincoating process to induce fast crystallization of the perovskite layer. 
Th e role of the CB solvent is to rapidly reduce the solubility of perovskites 
in the mixed solvent and thereby promote fast nucleation and growth of 
the crystals in the fi lm. Based on the perovskite fi lms fabricated from this 
fast crystallization approach, a maximum PCE of 16.2% and average effi  -
ciencies of 13.9 ± 0.7% were obtained in a planar heterojunction device 
structure. Th rough optimizing the solvent evaporation time with a mixture 
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FAPbl3 + HI

MAPbBr3

MAPbBr3 +HBr MAPbl3-xClx+DIO
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Figure 13.10 SEM images of FAPbI3 perovskite fi lms prepared (a) without and (b) with 
HI addition [29]; MAPbBr3 fi lms deposited (c) without using and (d) with using HBr [80]; 

MAPbI1–xClx fi lms prepared without and with DIO additive [83].
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of GBL and DMF (97:3, vol%) as the solvent, perovskite layers with an 
interconnected crystalline structure and appropriate fi lm morphology on 
top of PEDO:PSS layer were also obtained by Kim et al. [85].

Th e recent work by Seok’s group independently exploited a novel 
perovskite deposition technique, which combines the antisolvent fast crys-
tallization concept with the advantages of mixed solvent [86]. As shown in 
Figure 13.11(a), a mixed solvent of GBL and DMSO (7:3 v/v) was used to 
dissolve CH3NH3Pb(I1–xBrx)3 perovskite. Toluene, which does not dissolve 
the perovskite precursor fi lm but is miscible with the perovskite precursor 
solvent, was dropped on top of the wet perovskite fi lms during spin coating 
process. During spinning process, the composition of the fi lm is quickly 
concentrated by the evaporation of GBL. Th e role of DMSO in the solvent 
is found to retard the rapid reaction between PbI2 and MAI by forming 
DMSO-PbI2 intermediate phase. Th e toluene helps to freeze the precur-
sor constituents uniformly across the entire substrate surface and leads to 
rapid formation of the MAI-PbI2-DMSO phase via quick removal of the 
excess DMSO solvent. Finally, extremely uniform and dense perovskite 
fi lms were obtained aft er a mild annealing process (Figure 13.11(b) and 
(c)). Th is novel deposition technology enables the fabrication of remark-
ably improved solar cells with a certifi ed PCE of 16.2%. Based on this 
process, a module with 8.7% effi  ciency consisting of 10 serially connected 
perovskite cells with a total area of 10×10 cm2 were also demonstrated [87].

(a)

Perovskite solution
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Spinning Toluene
dripping

Intermediate
phase film

Dense and uniform
perovskite film

100

-100

H
eight (nm

)
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100 oC

(b)

500 nm

Figure 13.11 (a) Solvent engineering procedure for preparing the uniform and dense 
perovskite fi lms. (b) SEM top view and the AFM topography of the upper perovskite fi lm 
obtained from modifi ed solvent engineering procedure. Reprinted from Ref. [86].
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In the case of perovskite fi lms prepared by the two-step spincoating 
deposition method, the crystal size of CH3NH3PbI3 was found to be signifi -
cantly aff ected by the concentration of CH3NH3I in the second spincoating 
step [85]. When the concentration of the iso-propanol solution decreased 
from 0.063 to 0.038 M, the average perovskite crystal size increased from 90 
to about 700 nm. It was also noted that due to the improved light harvest-
ing effi  ciency, large crystals grown from low concentrations show higher Jsc 
than the small ones from high concentrations, and higher effi  ciency around 
16.3% was obtained. In a recent report by Petrozza et al., they found that 
the luminescence properties of sequential deposited perovskite fi lms are 
signifi cantly infl uenced by the crystal size [88]. By tuning the average crys-
tallite dimension from tens of nanometers to a few micrometers, the opti-
cal bandgap is decreased and the photoluminescence lifetime is effi  ciently 
prolonged. Th is result is consistent with the increased Voc, which correlates 
with the rate of charge carrier extraction and recombination rate.

Th e above results reveal the importance of solution chemistry in 
improving the device performance. Further understanding of the impact 
of various solution processing parameters on the device performance is 
expected to make perovskite solar cells more competitive in photovoltaic 
technology.

13.4  Commercialization Challenges and 
Possible Solutions

Although a high effi  ciency exceeding 20% has been realized in perovskite 
solar cells within a short time, fundamental questions in this emerging 
photovoltaic technology are still open and more eff orts need to be made 
for the commercialization of perovskite solar cells in the future.

Th e long-term stability, including thermal and moisture stability, is a big 
issue for perovskite solar cells. Organometal halide perovskites are typi-
cally unstable in humid conditions and decomposition will happen under 
a high temperature or even at a relative low temperature if operated for a 
long time [38, 55, 62, 64]. One possible method to solve the moisture prob-
lem is the creation of a mixed halide perovskite of CH3NH3Pb(I1–xBrx)3. 
Th e inclusion of bromide in CH3NH3PbI3 is likely to enhance the stabil-
ity of the CH3NH3

+ cation in the lattice. When the x value is above 0.2, 
the obtained mixed perovskite were much more stable under a humidity 
soaking test with 55% relative humidity [38]. Replacing the MA with a big-
ger cation of FA will enhance the thermal stability of perovskite without 
decomposition at 150°C in air, whereas the MA based perovskite discolors 
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aft er 30 minutes under the same condition [29,  30].  In a recent report, 
a two-dimensional layered hybrid perovskite of (PEA)2(MA)2[Pb3I10] 
(PEA  =  C6H5(CH2)2NH3

+, MA  =  CH3NH3
+) developed by Smith et  al. 

exhibits more moisture resistant than the common used MA based 
perovskites and can be fabricated under ambient humidity levels [89].

In addition to the perovskite material itself, remarkable progresses have 
also been made on the electrodes. Snaith’s group recently replaced the 
commonly used organic hole transport layer with poly( 3-hexylthiophene) 
(P3HT) functioned single-walled carbon nanotubes (SWCNT) embed-
ded in an insulating poly(methylmethacrylate) (PMMA) matrix, as shown 
in Figure 13.12(a) [90]. Th e hydrophobic PMMA showed a signifi cant 
waterproof property and retarded decomposition of the perovskite layer 
(Figure  13.12(b)). In addition, the perovskite solar cells demonstrated 
remarkable thermal stability without any signifi cant effi  ciency loss aft er 
96 h thermal stressing at 80°C in air. Han et al. reported a hole transport 
material free perovskite solar cells with a simple mesoscopic TiO2/ZrO2/C 
structure as the scaff old. Th e thick carbon back electrode played an impor-
tant role in resistance to moisture, and the solar cells exhibited excellent 
stability under operational conditions over 1000 h [46].

Another disadvantage of perovskite-based solar cells is the use of envi-
ronmentally hazardous lead. Th e commonly used CH3NH3PbI3 will convert 
to PbI2 in contact with polar solvents such as water. PbI2 is a moderately 
water-soluble carcinogen and banned to use in many countries. Lead 
free perovskites, where lead is replaced by a less toxic element, are nec-
essary for the widespread applications of perovskite solar cells. Th e most 
viable replacements for lead in the perovskite materials are tin (Sn) and 
germanium (Ge). In the early 2014, Kanatzidis’s group and Snaith’s group 
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independently reported lead-free and Sn-based perovskite solar cells, as 
shown in Figure 13.13(a) and (b) [91, 92]. However, the major problem 
with these perovskites is the chemical instability in the required oxidation 
state. As mentioned above, when the Sn2+ ion is oxidized, the resulting Sn4+ 
acts as p-type dopants within the material [36]. As a result, perovskites 
become metallic and the devices exhibit poor stability even without expo-
sure to air. In addition, the diff usion length is limited to approximately 
30 nm for Sn-based perovskites due to the recombination with self-doping 
carriers, making Sn-based perovskite not suitable for the planar struc-
ture  [91]. Much more eff orts are required to reduce the self-doping lev-
els of the Sn-based perovskites and enable long-term stability of lead free 
perovskite solar cells.

While reported effi  ciencies based on perovskite solar cell have 
been sky-rocketing, the appearance of an anomalous hysteresis in the 
 photocurrent-voltage curves leads to inaccurateness of the reported solar 
cell effi  ciencies, as shown in Figure 13.13(c) [86, 91, 93, 94]. Th e hysteresis 
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phenomenon means that the measured device effi  ciency depends on the 
voltage scan direction and speed [91, 93]. In addition, as demonstrated 
by Seok et al., the hysteretic eff ect is particularly severe for planar device 
confi gurations compared with devices with mesoscopic scaff olds [48]. 
However, a thicker mesoporous scaff old is not completely favorable to 
reduce this anomalous behavior. It has been reported that by reducing the 
voltage scan speed, it is possible to fully suppress the hysteresis behavior in 
a mesoporous perovskite device. Th e hysteresis phenomena in perovskite 
solar cells have been speculated to originate from ferroelectricity, trapping/
de-trapping of charge carriers, or ion migration in perovskite materials 
[95–98]. Understanding and resolving the hysteresis is essential for future 
progress and further improvement of the device performance. Although 
the origin of this phenomenon is not clear, it has been shown that it is pos-
sible to achieve stabilized current and effi  ciency from the meso-structured 
solar cell. For a planar heterojunction device, the stabilized power output 
is typically half of that can be achieved via a fast scan [91]. In a recent 
report, Snaith et  al. demonstrated that through treatment of the crystal 
surfaces with Lewis bases thiophene and pyridine, the under-coordinated 
Pb atoms within the perovskites can be effi  ciently passivated [99]. Th e 
obtained fi lms exhibit signifi cantly reduced nonradiative charge carrier 
recombination rate and the photoluminescence lifetime increases to 2 μs. 
Most interestingly, the hysteresis eff ect in planar devices based on these 
Lewis base passivated perovskite fi lms is signifi cantly reduced, as depicted 
in Figure 13.13(d). Th is result is consistent with the mechanism that the 
hysteresis is infl uenced by trap states in perovskites. Trap fi lling and sur-
face passivation to decrease the number of the defect sites prove effi  cient 
to reduce or even eliminate the hysteresis phenomenon in perovskite solar 
cells [100, 101].

13.5 Summary and Conclusion

This chapter reviews the history of organometal halide perovskite, 
which is a promising photovoltaic material. We give an emphasis on 
the quick development during the past few years, covering materials 
optimization, device structures, and device physics analysis. In spite 
of some existing problems at this stage, e.g., toxic lead and poor device 
stability, we believe that a large multidisciplinary effort will be able 
to create a new and less expensive photovoltaic technology from this 
exciting research topic. 
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