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Preface

Sensing materials play a key role in the successful implementation of gas sensors, which, year by
year, find wider application in various areas from environmental control to everyday monitoring of
such activities as public safety, engine performance, medical therapeutics, and many more. Gas sen-
sors can also be found in various industries such as chemical and petrochemical industries, food and
drinks processing, semiconductor manufacturing, agriculture, fabrication industries, including the
motor, ship, and aircraft industries, power generation, etc., where control and analysis of process
gases are necessary. At present industrial processes increasingly involve the use and manufacture of
highly dangerous substances, particularly toxic and combustible gases. Inevitably, occasional escapes
of gas occur, creating a potential hazard to the industrial plant, its employees, and people living
nearby. Gas sensors allow detection of toxic and combustible gases in atmosphere and, therefore, the
use of these devices can prevent disastrous consequences for people.

However, the multidimensional nature of the interactions between function and composition, prep-
aration method, and end-use conditions of sensing materials often make their rational design for real-
world applications very challenging. Moreover, the world of sensing materials is very broad and
practically all well-known materials could be used for the chemical sensors elaboration. Therefore,
the selection of optimal sensing material for gas sensor is complicated and multivariate task. However,
one should note that the number of published books describing the analysis of materials through their
application in the field of gas sensors is very limited.

Moreover, most of them are devoted to analysis of one specific sensing material, for example,
polymer or metal oxide. Therefore, it is very difficult to conduct a comparative analysis of various
materials and to choose sensing material optimal for concrete application.

Taking this situlation into account, I decided to fill this gap. My main goal was to create a really
useful encyclopedic handbook of gas sensor materials. The Handbook of Gas Sensor Materials:
Properties, Advantages and Shortcomings for Application is the first book containing a comprehen-
sive examination of materials suitable for gas sensor design. For convenience of practical use, the
present Handbook is divided into two parts: Vol.1: Conventional Approaches and Vol.2: New Trends
in Materials and Technologies. In these books one can find detailed analysis of conventional gas sens-
ing materials such as metal oxides, polymers, metal films, and semiconductors. New trends in gas
sensing materials include analysis of, among other materials, 1D metal oxide nanostructures, carbon
nanotubes, fullerences, graphene, semiconductor quantum dots, and metal nanoparticles. The proper-
ties and applications of nanocomposites, photonic crystals, calixarenes-based compounds, ion con-
ductors, ion liquids, metal-organic frameworks, porous semiconductors, ordered mesoporous
materials, and zeolites are also discussed in the books. Close attention is given in these books to exam-
ining problems connected with stability and functionalizing of gas sensing materials. It is known that
high stability is the main requirement for materials aimed for use as a gas sensor. The book chapters
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introduce analysis of general approaches to selection of sensing materials for gas sensor design.
Auxiliary materials used in gas sensors such as substrates, catalysts, membranes, heaters, and elec-
trodes are also discussed. Thus, in these two volumes, the reader can find comparative analyses of all
materials acceptable for gas sensor design and can estimate their real advantages and shortcomings.
This means that one can consider the present books as a selection guide of materials aimed for gas
sensor manufacture. In addition, the books contain a large number of tables with information neces-
sary for gas sensor design. The tables alone make these books very helpful and comfortable for the
user. Hence, my belief that these books comprise an encyclopedic handbook of gas sensor materials,
which answers many questions arising during selection of optimal sensor materials and promotes an
understanding of the fundamentals of sensor functioning and development of the technological route
of their fabrication for applications in various types of gas sensors.

These books will be of real interest to all materials scientists, especially to researchers working or
planning to begin working in the field of gas sensing materials study and gas sensor design. The books
will also be interesting for practicing engineers and project managers in industries and national labo-
ratories who are interested in the development and fabrication of gas sensors for the sensor market.
With many references to the vast resource of recently published literature on the subject, these books
intend to serve as a significant source of valuable information, which will provide scientists and engi-
neers with new insights for understanding and improving existing devices and for designing new
materials for making better gas sensors.

I believe that these books will also be useful to university students, postdocs, and professors. The
structure of the books offers the basis for courses in the field of materials science, chemical sensors,
sensor technologies, chemical engineering, semiconductor devices, electronics, and environmental
control. Graduate students could also find the books useful while conducting research and trying to
understand the basics of gas sensor design and functioning. I hope very much that in these books all
will find specific information that will be of interest and use in his/her area of scientific and profes-
sional interests.

Gwangju, South Korea Ghenadii Korotcenkov
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In my career I've found that “thinking outside the box” works better
if I know what’s “inside the box.”

Dave Grusin, composer and jazz musician

Different people think in different time frames: scientists think in decades,
engineers think in years, and investors think in quarters.

Stan Williams, Director of Quantum Science Research,
Hewlett Packard Laboratories

Everything can be made smaller, never mind physics;
Everything can be made more efficient, never mind thermodynamics;
Everything will be more expensive, never mind common sense.

Tomas Hirschfeld, pioneer of industrial spectroscopy

Integrated Analytical Systems

The field of analytical instrumentation systems is one of the most rapidly progressing areas of science
and technology. This rapid development is facilitated by (1) the advances in numerous areas of
research that collectively provide the impact on the design features and performance capabilities of
new analytical instrumentation systems and by (2) the technological and market demands to solve
practical measurement problems.

The book series Integrated Analytical Systems reflects the most recent advances in all key aspects
of development and applications of modern instrumentation for chemical and biological analysis.
These key development aspects include: (1) innovations in sample introduction through micro- and
nano-fluidic designs, (2) new types and methods of fabrication of physical transducers and ion detec-
tors, (3) materials for sensors that became available due to the breakthroughs in biology, combinato-
rial materials science and nanotechnology, (4) innovative data processing and mining methodologies
that provide dramatically reduced rates of false alarms, and (5) new scenarios of applications of the
developed systems.

A multidisciplinary effort is required to design and build instruments with previously unavailable
capabilities for demanding new applications. Instruments with more sensitivity are required today to
analyze ultra-trace levels of environmental pollutants, pathogens in water, and low vapor pressure
energetic materials in air. Sensor systems with faster response times are desired to monitor transient
in-vivo events and bedside patients. More selective instruments are sought to analyze specific proteins

vii
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in vitro and analyze ambient urban or battlefield air. Distributed sensors for multiparameter measure-
ments (often including not only chemical and biological but also physical measurements) are needed
for surveillance over large terrestrial areas or for personal health monitoring as wearable sensor
networks. For these and many other applications, new analytical instrumentation is urgently needed.
This book series is intended to be a primary source on both fundamental and practical information of
where analytical instrumentation technologies are now and where they are headed in the future.

Niskayuna, NY, USA Radislav A. Potyrailo
GE Global Research
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Part I
Nanostructured Gas Sensing Materials



Chapter 1
Carbon-Based Nanostructures

As mentioned earlier in Volume 1, there are no ideal sensing materials which meet all requirements.
That is why research is continually being conducted to search for new sensing materials with new
properties which might be used in the development of gas sensors with new and unusual functional
characteristics.

1.1 Carbon Black

Carbon black (CB) is one of numerous forms of carbon (see Table 1.1). CB is a material produced by
the incomplete combustion of heavy petroleum products such as FCC (fluid catalytic cracking) tar,
coal tar, and ethylene cracking tar, and a small amount comes from vegetable oil. Carbon black is a
form of amorphous carbon that has a high surface-area-to-volume ratio. However, in spite of that fact,
carbon black, due to specific conductivity and mechanical properties, is not being used as a sensing
material in gas sensors. Only activated carbon, also called activated charcoal, activated coal or carbon
activates, one can find in gas sensors where CB can be used as a filter. Activated carbon is a form of
carbon that has been processed to make it extremely porous and thus to have a very large surface area
available for either adsorption or chemical reactions. Due to its high degree of microporosity, just 1 g
of activated carbon has a surface area in excess of 500 m*

Other possibility for carbon black to be integrated in gas sensors is connected with using compos-
ites, where another material provides the gas-sensing properties while carbon black plays the part of
filler, characterized by high conductivity and high dispersion. The key carbon black properties useful
for composites design are excellent dispersion, integrity of the carbon black structure or network,
consistent particle size, specific resistance, structure, and purity. As a rule, carbon black is used mainly
in polymer-based composites. The carbon black endows electrical conductivity to the films, whereas
the different organic polymers such as poly(vinyl acetate) (PVAc), polyethylene (PE), poly(ethylene-
co-vinyl acetate) (PEVA), and poly(4-vinylphenol) (PVP) are sources of chemical diversity between
elements in the sensor array. In addition, polymers function as the insulating phase of the carbon black
composites. The concentration of CB in composites is varied within the range 2—40 wt%. The conduc-
tivity of these materials and their response to compression or expansion can be explained using
percolation theory (McLachlan et al. 1990). The compression of a composite prepared by mixing
conducting and insulating particles leads to increased conductivity, and, conversely, expansion leads to
decreased conductivity. This effect is especially strong in the composites with compositions around the
percolation threshold; an extremely small volume change of the phase due to an extrinsic perturbation

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 3
DOI 10.1007/978-1-4614-7388-6_1, © Springer Science+Business Media New York 2014



4 1 Carbon-Based Nanostructures

Table 1.1 The properties of carbon allotropes

Carbon allotropes

Parameter Graphite Diamond Fullerene (C ) Carbon nanotube  Graphene
Hybridized form  sp? sp Mainly sp? Mainly sp? sp?
Dimension Three Three Zero One Two
Crystal system Hexagonal Octahedral Tetragonal Icosahedral Hexagonal
Experimental ~10-20 20-160 80-90 ~1,300 ~1,500

specific surface
area (m?/g)

Density (g/cm?®) 2.09-2.23 3.5-3.53 1.72 >1 >1
Optical properties Uniaxial Isotropic Nonlinear Structure- 97.7 % of optical
optical dependent transmittance
response properties
Thermal 1,500-2,0007, 900-2,320 0.4 3,500 4,840-5,300
conductivity 5-10¢
(W/m:-K)
Hardness High Ultrahigh High High Highest (single layer)
Tenacity Flexible - Elastic Flexible elastic Flexible elastic
nonelastic
Electronic Electrical Insulator, Insulator Metallic and Semimetal, zero-gap
properties conductor semiconductor semiconducting semiconductor
Electrical Anisotropic, 10710 Structure 2,000
conductivity 2-3x10%, 6° dependent
(S/cm)

Source: Reprinted with permission from Wu et al. (2012). Copyright 2012 Elsevier
a-axis direction
bc-axis direction

brings about the resistivity change of the composite (see Fig. 1.1). This means that the swelling of the
polymer upon exposure to a vapor increases the resistance of the film, thereby providing an extraor-
dinarily simple means for monitoring the presence of organic vapor such as toluene, benzene, ethyl
acetate, methanol, ethanol, 2-propanol, hexane, chloroform, acetone, and tetrahydrofuran (THF)
(Lonergan et al. 1996). Individual carbon black composites can also be explored as humidity sensors.
Typical operating characteristics of CB—polymer composite-based gas sensors are shown in Fig. 1.1.
It is seen that composites’ resistance increases during organic vapor absorption and returns to the
initial value when the vapor desorbs completely.

It should be noted that the percolation threshold strongly depends on both the parameters of CB
used and the technology of composite preparation. In different articles the percolation threshold was
observed at CB contents which were varied from <3 wt% (Chen et al. 2005) to 33 wt%
(Lonergan et al. 1996). This means that reproducibility of sensor parameters designed on the base
of CB—polymer composites is not high.

It was established that many factors can influence the response of electrical resistance of
CB-polymer-based composite sensors against organic solvent vapors. For example, modification of
carbon black surface by grafting polymerization (Chen and Tsubokawa 2000), crystallinity, and
molecular weight of polymer matrix (Chen et al. 2002), and content and dispersivity of carbon black
in the composites (Dong et al. 2003), are closely related to the response, reproducibility, and stability
of the composites. It was found that the response habit of the composites is a function of temperature
and vapor pressure (Matzger et al. 2000). The maximum responsivity of the composites decreases
with decreasing vapor pressure at a given temperature. The slopes of the relationships change with
solvent species as a result of different solubilities, which might help to construct sensors or sensor arrays
capable of quantifying and discriminating vapors of interest using simple signal treatment. For the
tests in saturated vapors, elevated temperatures usually increase the rate of response (see Fig. 1.2a).
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Fig. 1.1 Relative differential resistance change, AR/R, predicted by percolation theory as a function of the relative
volume change, AV/V, of a carbon black—polymer composite upon swelling. The volume of carbon black is assumed to
be unaffected by swelling, and the polymer matrix is assumed to have a conductivity 11 orders of magnitude lower than
that of carbon black. The three separate lines are for composites with differing initial volume percentages of carbon
black, as indicated. The percolation threshold for the system is at CB content=0.33. The total volume change results in
a change in the effective carbon black content. When, this value drops below the percolation threshold, a sharp increase
in response is observed. Of course, the position of this sharp increase depends on the value of the percolation threshold
(Reprinted with permission from Lonergan et al. 1996, Copyright 1996 American Chemical Society)
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Fig. 1.2 (a) Effect of temperature on the responsiveness of the composite from low-density polyethylene (LDPE) and
poly(ethylene-block-ethylene oxide) (PE-b-PEO)-grafted CB against the saturated cyclohexane vapor. The composites
(CB/LDPE ~25 wt%) were exposed to the vapor with 1,000 s and then transferred to dry air (reprinted with permission
from Chen and Tsubokawa (2000). Copyright 2000 Wiley). (b) Resistances, R, of carbon black composites of poly(4-
vinylphenol) (PVP) upon 15 repeated exposures to methanol (at 1.5 ppt), respectively. The CB/PVP composite was
fabricated from a 45 wt% carbon black mixture. Composite films were deposited onto glass slides. The exposure peri-
ods were for 15 s during which time the resistances increased as shown. These exposures were interlaced between
recovery periods in which the resistances decreased. These traces demonstrate the good reproducibility and stability that
can be achieved with carbon black composites (Reprinted with permission from Lonergan et al. 1996, Copyright 1996
American Chemical Society)
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Fig. 1.3 (a) Vapor concentration dependences of the maximum electric resistance responses of carbon black/
poly(methyl methacrylate) composites (CB/PMMA ~ 14 wt%) to the vapors of acetone, tetrahydrofuran, and chloroform.
The solid regression lines are drawn according to equation Q =kC ", where Q, is an equilibrium adsorbate loading on
the adsorbent, C, is the equilibrium concentration of the adsorbate, and k and 1/n are constants, indicating adsorption
capacity and intensity, respectively. The inset shows the situations at very low vapor concentrations. (Reprinted with
permission from Dong et al. (2004). Copyright 2004 Elsevier). (b) Response curves for a poly(vinyl acetate)/carbon
black composite detector compared to the response of plasticized PVA/carbon black detectors. The composites (CB/
PVA ~20 wt%) were exposed to the acetone vapors (5 % of its vapor pressure at room temperature). The plasticizers,
diethylene glycol dibenzoate (DGD), tricresyl phosphate (TCP), and glycerol triacetate (GTA), were present at
20 wt%. Results clearly indicate that the plasticizer had a distinct effect on the response properties of the base polymer
used in the carbon black—polymer composite detectors (Reprinted with permission from Matzger et al. 2000, Copyright
2000 American Chemical Society)

However, at operating temperatures higher than 35-50 °C, a decrease of sensor response takes place
(see Fig. 1.2a). It was established that as a rule the relationships between the electrical response and
vapor concentration or partial pressure are nonlinear (see Fig. 1.3). According to Patel et al. (2000),
the nonlinear relationship was once attributed to the interference from the content of CB, i.e., when
the composites are near the percolation threshold, the next small addition of analyte causes a dispro-
portionately large increase in electric resistance. This means that far from the percolation threshold
the relationships between the electrical response and vapor concentration can be linear. However,
Dong et al. (2004) believe that the vapor concentration dependence of the response expressed in terms
of relative electric resistance variation of the composites should be described by the Freundlich iso-
thermal adsorption model because solvent adsorption on the composites is the driving source for their
resistance change. Therefore, the linear relationship between electric resistance response and vapor
concentration at a relatively low concentration regime (Severin et al. 2000) is the first approximation
of the absorption isotherm.

It was found that CB—polymer composite sensors have the following advantages. They are highly
sensitive, inexpensive, easily controlled, and robust in many different environments. In addition they
have simple fabrication processing and good compatibility with modern CMOS VLSI technology.
As a result, CB—polymer-based sensors are promising for the design of various e-nose systems; they
can be made to have diverse responses by choosing materials used as insulating polymers, additive
plasticizers, and conductive carbon blacks, and by regulating the relative quantities of them, simply
(see Fig. 1.3a). Moreover, these sensors provide the opportunity to fabricate very small size, low-power,
and lightweight sensor arrays (Matzger et al. 2000; Kim et al. 2005; Xie et al. 2006).

There have been attempts to use metal oxide—~CB composites for gas sensor design (Liou and Lin
2007). However, such an approach does not give any improvement in operating characteristics in
comparison with conventional metal oxide or CB—polymer-based gas sensors.
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Experiment has shown that for preparing polymer—CB composites, various methods can be used such
as physical mixing of CB and the polymer matrix (Mather and Thomas 1997), in situ polymerization in
the presence of CB (Dong et al. 2004), and ultrasonic mixing of CB and polymer powders (Ramos et al.
2005). However, it should be noted that generally, for most methods used, it is difficult to attain good
dispersion of the CB into the polymer matrix which affects the percolation limit of the composite. This is
due to the high surface energy, small particle size and strong agglomeration tendency of the CB, limited
shear force of the mixer, and high viscosity of the polymer solution. To obtain CB which has high dispers-
ibility, the CB is usually modified by coating the surface with an organic compound, such as an oligomer
with a terminal active group (Chen and Tsubokawa 2000). Chen and Tsubokawa (2000) reported that this
process is difficult because there are almost no active groups on the surface of conductive CB that can be
used for a treatment reaction. Thus it is impossible to bind the organic compound directly onto the
surface by a chemical reaction. Therefore, usually, a two-step modification process is used. In particu-
lar, Chen and Tsubokawa (2000) introduced carboxyl groups onto the CB surface through the trapping
of 4-cyanopentanoic acid radicals, which came from the decomposition of 4,4'-azobis(4-cyanopen-
tanoic acid) (ACPA). Then as a second step, poly(ethylene- block-ethylene oxide) (PE-b-PEO) was
grafted onto the surface by direct condensation between terminal hydroxyl groups of PE-b-PEO and
carboxyl groups on the CB surface in the presence of N,N'-dicyclohexylcarbodiimide (DCC), as a con-
densing agent. Chen and Tsubokawa (2000) established also that the responsibility of LDPE/CB compos-
ite with PE-b-PEO-grafted CB is more stable and reproducible than that from untreated CB. Arshak
et al. (2005) found that the treatment of composites with surfactants such as Hypermer PS3 and
Hypermer PS4 (Unigema) also gives the improvement of gas-sensing characteristics. The percolation
curves of surfactant-treated composites showed that the resistivity of the composite was increased due
to better dispersion of the CB and also the prevention of the CB from reagglomerating after shear mixing.
The TEM images confirmed that the surfactants significantly improved the level of dispersion of CB in
the composites and prevented reagglomeration of the CB.

One can find a detailed analysis of the peculiarities of composites’ application in gas sensor elabo-
ration in Chaps. 12 and 13 (Vol. 2).

1.2 Fullerenes

Fullerenes are closed-cage carbon molecules containing pentagonal and hexagonal rings arranged in
such a way that they have the formula C, , with m being an integer number (Dresselhaus et al. 1996;
Mauter and Elimelech 2008) (see Fig. 1.4). They are the fifth allotropic form of carbon, the others being

Fig. 1.4 Schematic view of
fullerenes (Reprinted from
http://commons.wikipedia.org)


http://dx.doi.org/10.1007/978-1-4614-7388-6_12
http://dx.doi.org/10.1007/978-1-4614-7388-6_13
http://commons.wikipedia.org/
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Table 1.2 Physicochemical characteristics of carbon-based materials

Isomer Fullerenes (C,)  Nanotubes Graphite Graphene Diamond

Dimension 0D 1D 2D 2D 3D

Hybridization sp>-like sp? sp? sp? sp?

Density, g/cm? 1.72 1.2-2.0 2.26 >1.0 3.515

Bond length, nm 0.14 (C=C) 0.144 (C=0C) 0.142 (C=C) 0.142(C=C) 0.154 (C-C)
0.146 (C-C) 0.144 (C-C)

Electronic properties  Semiconductor Metal or Semiconductor ~ Semimetal Semimetal Insulating
E=19¢eV E =54T7eV

Source: Data from Saito et al. (1998)

graphite, diamond, carbon nanotube (CNT), and graphene (see Table 1.2). Fullerenes comprise a wide
range of isomers and homologous series, from the most studied C_ or C, to the so-called higher fuller-
enes, C,,, C,,, and C . The first of these compounds was discovered in 1985 through spectrometric
measurements on interstellar dust, and their structure was confirmed later in the laboratory (Kroto et al.
1985). Kroto, Smalley, and Curl received the Nobel Prize in 1996 for their work.

Physicists, chemists, and material scientists or engineers, among others, have found unusual poten-
tial in these new spherical carbon structures for use as superconductor materials, sources of new
compounds, self-assembling nanostructures, and several optical devices (Dresselhaus et al. 1996).
This initial attention led to an increasing number of investigations that revealed the special properties
of fullerenes, some of which might lead to practical applications (Mauter and Elimelech 2008).
Although a wide range of uses has been explored and several applications developed, fullerenes are
not so far fulfilling their initial spectacular promise (Baena et al. 2002). Research on the application
of fullerenes has proved to be slower than expected, but it must not be considered unsuccessful when
one considers the great advances in the knowledge of the physical and chemical characteristics of
fullerenes. Thanks to the additional information obtained during recent years, they have been found
to be really useful in several fields, particularly in analytical chemistry.

It was established that a characteristic feature of fullerenes is their affinity for various organic
molecules. Therefore, fullerene C,j with 60 n-electrons potentially can be used as a good adsorbent to
adsorb and detect nonpolar and some polar organic molecules. However, fullerenes cannot adsord
metal ions, anions, and most polar organic species. Taking into account the above-mentioned properties,
fullerenes in analytical chemistry can be approached from two different points of view (Baena et al.
2002). The first sees fullerenes as analytes, which involves their determination in various samples
such as biological tissues. The second sees fullerenes as analytical tools, including their use as
chromatographic stationary phases, as electrochemical sensors based on their activity as electron
mediators, and in the exploitation of their unique superficial characteristics as sorbent materials in
continuous-flow systems.

Initially, to establish the analytical features of fullerenes as sensors, adsorption studies were carried
out on organic molecules bound onto fullerenes. For this purpose, the adsorption of gases and organic
vapors was studied with fullerene-coated devices sensitive enough to detect changes in mass or pres-
sure related to the adsorption of gas molecules onto the fullerene layer. Such devices are surface
acoustic wave- (SAW) and quartz microbalances-based (QMBs) gas sensors. Through these first
investigations, the retention of certain monomeric gas molecules was demonstrated, and consider-
ation was given to the possible use of C; films as analytical sensors for volatile polar gases such as
NH, (Synowczyk and Heinze 1993). Gas adsorption onto the fullerene film reduces the film resis-
tance, resulting in a charge transfer to the electronic system. Sensitivity levels of a few milligrams per
liter of NH, in air were achieved, but there were still some problems, such as the lack of selectivity
vs. other gas vapors (which were also adsorbed, leading to the same electrical signal), response times of
the order of seconds, the influence of humidity level on the calibration, or instability of the sensor
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Table 1.3 Detection limits of various organic vapors with the C, -cryptand 22 coated SAW sensor

Organic vapors Detection limit (mg/L) Organic vapors Detection limit (mg/L)

Methanol 0.80 Diethyl ether 3.60

Ethanol 0.70 Acetone 2.60

n-Propanol 0.48 Propionaldehyde 0.85

n-Butanol 0.25 Hexane 2.30

iso-Butanol 0.27 Hexene 0.80

tert-Butanol 0.70 - -

Source: Reprinted with permission from Lin and Shih (2003). Copyright 2003 Elsevier

when exposed to air several times. Nevertheless, the use of fullerenes as modifiers was found to be a
promising research topic in several fields, especially as coatings in QMBs and SAW sensors, since it
is well known that the presence of fullerenes improves the electrochemical characteristics of the film
or membrane by reducing the resistivity.

Various reusable and sensitive piezoelectric (PZ) quartz crystal microbalance (QCM) sensors have
recently been developed to detect organic/inorganic vapors (see Fig. 1.5) and organic/inorganic bio-
logical species in solutions. Fullerene C, and fullerene derivatives, among others, were synthesized
and applied as coating materials on quartz crystals of QCM sensors (Chao and Shih 1998; Shih et al.
2001) and SAW-based sensors (Lin and Shih 2003). In particular, in sensors designed in (Shih et al.
2001; Lin and Shih 2003), C_-cryptand 22 and C,-dibenzo-16-crown-5-coated quartz crystals were
used. Thus, chemisorption on C fullerene was observed for amines, diamines, dithiols, dienes, and
alkynes, and only physical adsorption was found for carboxylic acids, aldehydes, alcohols, ketones,
alkenes, and alkanes. This seems to imply that the nucleophilic addition to fullerene by polar electron-
donor groups, as in amines and thiols, is easier than electrophilic addition. Furthermore, diamines and
dithiols showed greater interactions than those for the monodentate form, behavior being attributed to
the formation of stable cyclic compounds between fullerene and the bidentate ligand. It was established
that SAW-based devices have higher sensitivity in comparison with QCM-based devices (Lin and Shih
2003). Detection limits of various organic vapors with the C_-cryptand 22 coated SAW sensor are
listed in Table 1.3.

The fullerene C_-coated PZ crystal gas sensor was also set up and employed to study the interaction
between C and some inorganic vapors, e.g., ozone, HCI, and HNO, (Shih et al. 2001). As shown in
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Fig. 1.6 Response of 500
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Fig. 1.6, frequency of the C,-coated PZ crystal gas sensor shows increases after the adsorption of
ozone molecules. The decomposition of fullerene C into small pieces after oxidation by ozone was
reported by Taylor et al. (1991), which can lead to the decreased mass onto the PZ crystal and results
in decrease in the frequency of the C -coated PZ crystal gas sensor. The oxidation of C can also be
confirmed by the irreversible response (Fig. 1.6) after introducing the clean air. It was established that,
after reacting with the ozone molecule, fullerene C, exhibited greater adsorbing ability with organic
species, €.g., propanol, than the original C,, molecule. This result may be attributed to the increased
polarity of the fullerene molecule after reacting with the ozone molecule. Suzuki et al. (1991) also
reported that the electrophilic property of fullerene C, increased after the oxidation of C, with
ozone. The irreversible response and the change in IR peaks were also found in the study of the inter-
action between C, and HCI or HNO, by using the C,-coated PZ crystal gas sensor. The reactivity
of HNO, toward the C,, molecule seems greater than that of HCI.

It was also established that mass-sensitive sensors coated by C, film have high sensitivity to
humidity (Radeva et al. 1997). This feature of fullerenes, of course, is a disadvantage for sensor appli-
cation. Moreover, Sberveglieri et al. (1996) have found that humidity decreased the electrical response
of the C, film on hydrogen.

In independent studies, fullerene has been widely used as an electron mediator in electrodes, since the
incorporation of C; significantly reduces the electrical resistance of the coating membrane. By way
of example, an iodide-sensitive sensor was reported (Wang et al. 1996) in which the bilayer lipid
membrane supported on a copper wire—which acted as a modified electrode—also contained C,
fullerene. The resulting electrode was further used in a three-electrode system for the determination
of iodide in solution, obtaining a detection limit of 10 nM.

Recently, the optical properties of C  have also been applied to the development of a sensitive
oxygen-sensing system based on the quenching of the photo-excited triplet state of fullerene mole-
cules (Bouchtalla et al. 2002; Nagl et al. 2007; Baleizao et al. 2008). Although the amperometric
oxygen electrode has been the most popular sensing system for this element, the instability of the
electrode surface itself, and in the oxygen diffusion barrier, demands a practical alternative. Much
attention has been given to optical sensing systems based on luminescence quenching of an indicator
(organic dye, polyamide-hydrazide (PAH)-transition metal complex). The C and C_, fullerene can also
be used as an indicator. It was found that fullerenes have strong thermally activated delayed
fluorescence at elevated temperatures that is extremely oxygen sensitive (Baleizao et al. 2008). In
addition, fullerenes can easily form thermally stable films with polymers, such as polystyrene (PS),
and possess useful electronic and photochemical properties, such as a fairly long lifetime for the
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Table 1.4 Comparison between the materials used so far for sensing of oxygen

11

Oxygen probe Polymer A (nm)* Signal® O, range (%)
Pt-TFPP FIB 337 DT, TD 0-20
Ru-dpp Sol—gel 470 DT, TD 0-100
Pt-TFPP lactone FIB 390 DT, I, 0-20
TD

Pt-TFPP p-tBS-co-TFEM 465 1 0-20
Pd-TFPP in PSAN microbeads Hydrogel for both particles 405 DT, FD 0-20
Pd-TFPP in PSAN microbeads Hydrogel for both particles 470 (Ru) DT, FD 0-100
Pt-TFPP in PSAN microbeads Hydrogel for both particles 525 (Pd) DT, TD 1-40

405
C,, in OS or EC film 470 DT, TD 0-0.005 (0-50 ppmv)

Source: Reprinted with permission from Baleizao et al. (2008). Copyright 2008 American Chemical Society

DT luminescence decay time, / luminescence intensity, 7D time domain, FD frequency domain, EC ether ethyl cellu-
lose, OS organosilica

“For both luminophores, except when mentioned otherwise

Analytical signal

Fig. 1.7 Fluorescence
intensity response time plots
for (a) C,/EC and (b) C, /OS
at 20 °C and for oxygen
concentrations between 0 and

50 ppmv in nitrogen at K] ’
atmospheric pressure £ 0.2f 100% N,
(Reprinted with permission (] y v v . .
from Baleizao et al. 2008, d>> 10 20 30 40 50
Copyright 2008 American - 1.0
Chemical Society) % 0.8
@ 0.6
04}
100% N,
0.2}
o‘o I : 1 L !
10 20 30 40 50 60
time (s)

photo-excited triplet state (~100 ps). This lifetime is effectively quenched by oxygen and decreases
with increasing oxygen concentration (Arbogast et al. 1991). Thus, by using time-resolved spectroscopy
with laser-flash photolysis, a highly sensitive oxygen sensor can be obtained (see Table 1.4).

Baleizao et al. (2008) established that if the materials reported so far display operation tempera-
tures between 0 and 70 °C, and 0 and 20 % or 0 and 100 % for oxygen concentrations (see Table 1.4),
the fullerene-based sensor is specifically suited for the determination of trace amounts of oxygen and
covers a very wide temperature range. Experiment has shown that the Ru(phen)3/PAN-C, /EC and
Ru(phen)3/PAN-C, /OS sensing materials cover a temperature range between 0 and 120 °C and allow
the measurement of oxygen concentrations between 0 and 50 ppmv with LODs in the ppbv range. The
response time of the oxygen sensor within the concentration range used is less than a few seconds (see
Fig. 1.7). The cross sensitivity of C, to temperature is accounted for by means of the temperature
Sensor.

The unavailability and high cost of fullerenes have probably deterred their use in analytical chem-
istry. Many firms now supply fullerenes at reasonable prices. It is therefore optimistically forecasted
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(Baena et al. 2002) that the advantages of fullerenes as sorbent materials, chromatographic stationary
phases, and active microzones in sensors, based on their unique characteristics, will be consolidated
and extended in the near future. One of the foreseeable trends is the use of synthetic fullerene deriva-
tives that exhibit better properties than the original fullerenes. The introduction of radicals into the
fullerene spheres can lead to an increase in the reversible sorption of organic molecules, as well as to
direct retention and elution of metal traces by covalent binding of typical ligands such as EDTA and
DDC. The unusual electrical properties of fullerenes can be fully exploited by progressively substituting
the conventional carbon forms in building macro- and microelectrodes.

1.3 Carbon Nanotubes

CNTs were first fabricated in 1991 by lijima (1991). Starting from this time, a great deal of effort has
been devoted to the fundamental understanding of their properties and of their use in a wide range of
applications such as electronics, catalysis, filters, and sensors, (Schnorr and Swager 2011). It was
established that there are two types of CNT morphology (Saito et al. 1998; Dresselhaus et al. 1996;
Varghese et al. 2001; Terrones et al. 2004). On the one hand, single-walled carbon nanotubes (SWCNT's)
consist of a honeycomb network of carbon atoms and can be visualized as a cylinder rolled from a
graphitic sheet. On the other hand, multi-walled carbon nanotubes (MWCNTs) are a coaxial assembly
of graphitic cylinders generally separated by a plane space of graphite (Dresselhaus et al. 1996) (see
Fig. 1.8). Each tubule in MWCNTs has a diameter ranging typically from 2 to 25 nm in size with
0.34 nm distance between sheets close to the interlayer spacing in the graphite. The diameter and the
length of the SWCNTS typically vary from 0.5 to 3 nm and from 1 to 100 pm, respectively. CNTs have
the tendency to aggregate, usually forming bundles that consist of tens to hundreds of nanotubes in
parallel and in contact with each other. This effect is due to strong van der Waals interactions between
the nanotubes. Synthesis methods for SWCNTs and MWCNTs include arc discharge, laser ablation,
pyrolysis, chemical vapor deposition (CVD), and gas-phase catalytic growth (Terrones et al. 2004;
Mamalis et al. 2004; Kuchibhatla et al. 2007; Zhang and Zhang 2009). However, till now these meth-
ods have not produced a monodisperse product with controlled physical and chemical properties.

It was established that this novel material shows extraordinary physical, mechanical, and chemical
properties. Actually, CNTs have demonstrated very high carrier mobility in field-effect transistors, a
very high electromigration threshold, a very high thermal conductivity, and exceptional mechanical
properties. The electronic structure of SWCNTSs can be either metallic or semiconducting, depending

Fig. 1.8 Schematic diagrams of (a) a single-wall carbon nanotube (SWNT), (b) a multiwall carbon nanotube (MWNT),
(c) a double-wall carbon nanotube (DWNT), and (d) a peapod nanotube consisting of an SWNT filled with fullerenes
(e.g., Cy,) (Reprinted with permission from Dresselhaus et al. 2003, Copyright 2003 Elsevier)
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Fig. 1.9 The carbon lattice and the ways it can be rolled up to form a zigzag (a), an armchair (b), or a chiral (¢) single-
walled nanotube, depicted with its chiral angle (Adapted from Mamalis et al. 2004, Copyright 2004 Elsevier)

on their diameter, chirality, or helicity (symmetry of the two-dimensional carbon lattice) (see Fig. 1.9)
(Dresselhaus et al. 1996, 2003; Odom et al. 1998; Varghese et al. 2001). Semiconducting SWCNTs
are p-type semiconductors with holes as the main charge carriers. The bandgap of semiconducting
SWCNTs is inversely related to their diameter and corresponds to ~0.8 eV for a tube with a diameter
of 1 nm. It is important to note that theoretical calculations indicate that all armchair tubules have
metallic electronic properties only (Saito et al. 1992). It is supposed (Valentini et al. 2003) that these
diverse electronic properties of CNTs make it possible to develop nanoelectronic devices as metal/
semiconductor heterojunctions by combining metallic and semiconducting nanotubes. A possible
approach is the modification of different parts of a single nanotube to have different electronic proper-
ties using controlled mechanical or chemical processes (e.g., nanotube bending or gas molecule
adsorption).

It should be noted that CNTs have the same developed surface as fullerenes, and therefore their
applications should lie in the same general area, namely in the field analytical chemistry, in particular
gas sensing (Mauter and Elimelech 2008). Moreover, CNTs seem to be more suitable for adsorption
and detection of gases because small diameter and hollow structure makes them extremely sensitive
to changes in their surroundings; all the atoms on a CNT are exposed to its environment, and the
extremely small diameter forces electrical signals traveling along the tube to interact with even tiny
defects on or near the tube. As a result, gas adsorption on CNTs is now the focus of intense experi-
mental and theoretical studies.

Results of research carried out in this area have shown that CNTs may really find successful appli-
cations in the design of room-temperature adsorption/desorption type gas sensors such as SAW, QCM,
and capacitance, where their peculiar structural features could be realized (Varghese et al. 2001;
Kuchibhatla et al. 2007; Zhang et al. 2008; Schnorr and Swager 2011). In particular, Wei et al. (2003)
designed QCM-based gas sensors with deposited CNTs bundles. This sensor detected CO, NO,, H,,
and N, by detecting changes in oscillation frequency and was more effective at higher temperatures
(200 °C). Moreover, it was established that such sensors can be extremely sensitive. For example,
research conducted by Penza et al. (2004a, b) showed that, at room temperature, CNT-based SAW
sensors were up to three to four orders of magnitude more sensitive than existing organic layer—coated
SAW sensors. The mass sensitivity of CNT sensors can reach zeptograms (107! g). Therefore, they
have a very low limit of detection, and 1 ppm of ethanol or toluene is easily sensed. Numerous studies
have shown that SWNT-based sensors usually have better a performance compared to MWNT sensors
while preparation of MWNT is easier.

It was established that selectivity to volatile organic compounds (VOCs) can be affected by the
type of organic solvent used to disperse the CNTs as sensing materials onto QCM and SAW sensors
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5 kv, X75,000

Fig. 1.10 (a) Low- and (b) high-magnification SEM image of a CNT-based FET. (Reprinted with permission from
Kaul et al. 2006, Copyright 2006 American Chemical Society)

(Penza et al. 2004a, b). The interaction between the CNTs’ surface and VOCs plays a main role in the
sensing mechanism. Mass spectrometry measurements indicated that the interaction between the
CNTs and solvents used becomes stronger with solvents that form hydrogen bonds (e.g., ethanol),
suggesting a possible role for the chemisorbed oxygen on CNTs as chemical mediators between
the CNTs and the dispersing agents. This means that the sensing effects are strongly dependent on the
chemical affinity between the analytes to be detected and the solvent used. Also, CNTs form a net
supporting adsorbed molecules, producing a sensing structure that is stable at room temperature.

CNT-based gas sensors have shown good electrical response as well. It was established that
chemiresistors and chemical field-effect transistors are probably the most promising types of gas
sensors based on CNTs (Kong et al. 2000; Bondavalli et al. 2009; Wang and Yeow 2009; Zhang and
Zhang 2009; Hu, et al. 2010). Typical configuration of such sensors is shown in Fig. 1.10. It has to be
pointed out that for this kind of sensor the research has essentially focused on SWCNTs, because
MWCNTs are only metallic and therefore unsuitable to fabricate chemiresistors and transistors.

Many studies have shown that although CNTs are robust and inert structures, their electrical
properties are extremely sensitive to the effects of charge transfer and chemical doping by various
molecules. The electronic structures of target molecules near the semiconducting nanotubes cause
measurable changes to the nanotubes’ electrical conductivity (Zhang et al. 2008; Consales et al. 2008).
In particular, Valentini et al. (2003, 2004a, b) and Kong et al. (2000) established that NO, exposure
drastically decreases the electrical resistance of CNT-based sensors. NH,, H,O, C.H,, and ethanol
exposure also increases the electrical resistance. Oxygen also strongly affected the electronic proper-
ties of CNTs (Collins et al. 2000). Further, the sensitivity achieved was pretty good, and removing the
gas totally restored the initial resistance. The threshold of NO, detection in many sensors was smaller
at 10 ppb. Such CNT behavior indicates that charge transfer due to the interaction of CNTs with
adsorbates is an important mechanism in changing conductivity in the CNTs upon adsorption of NO,,
water vapor, NH,, C,H,, and ethanol gases. In addition, CNT-based sensors demonstrated a faster
response and a higher sensitivity than, for example, metal oxide sensors operated at room temperature
(Valentini et al. 2003, 2004a, b). Table 1.5 summarizes sensing performance of selected CNT-based
chemiresistors and ChemFETs.

However, it was established that CO and H, exposure does not affect the resistance of CNT-based
sensors at room temperature (Kong et al. 2001; Sayago et al. 2005; Guo and Jayatissa 2008). Instead,
they could operate for CO and H, gases only at elevated temperatures (Sayago et al. 2005; Guo and
Jayatissa 2008). When noble-metal catalysts such as Pd or Pt functionalize the surface of CNTs,
the CNTs could sense the CO and H, at room temperature. A Pd- and Pt-functionalized p-type
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Table 1.5 Summary of selected sensing performance of CNT-based chemiresistors and ChemFETs

CNT type Sensor configuration Targeted analytes Detection limit Response time (s) Reversibility
Single SWCNT ChemFET NO, 2 ppm <600 Irreversible
NH, 0.1 %
SWCNTs ChemFET Alcoholic vapors  N/S 5-150 Reversible
SWCNTs ChemFET DMMP <1 ppb 1,000 Reversible
SWCNTs Chemiresistor o, N/S N/S Reversible
MWCNTs Chemiresistor NO, 5-10 ppb ~600 (165 °C) Reversible (165 °C)
SWCNTs Chemiresistor NO, 44 ppb 600 Reversible
Nitrotoluene 262 ppb
MWCNTs Chemiresistor NH, 10 ppm ~100 Reversible
SWCNTs Chemiresistor SOCl,, DMMP 100 ppm ~10 Irreversible
SWCNTs Chemiresistor O, 6 ppb <600 Reversible
SWCNTs Chemiresistor Methanol, acetone N/S ~100 N/S
SWCNTs Chemiresistor H,0 N/S 10-100 Reversible
Carboxylated ~ Chemiresistor CcO 1 ppm ~100 Reversible
SWCNT

Source: Data from Zhang et al. (2008); Zhang and Zhang (2009)
SWNT single-walled carbon nanotubes, MWNT multiwalled carbon nanotubes

single-walled carbon nanotube (SWCNT) gave an increase in resistance when exposed to H, by dissocia-
tion of H, molecules into reactive H atoms (Kong et al. 2001; Kumar and Ramaprabhu 2006). Chemically
treated multiwalled carbon nanotubes also showed a good H.- and CO-sensing response at room tempera-
ture (Kim et al. 2011). For example, even without any conventional catalysts they could detect 1 ppm
of CO gas at room temperature. Hybrid materials of CNT/SnO, were shown to have a good sensing per-
formance for detection of reducing gases including H, at room temperature as well (Lu et al. 2009).

Thus, experiments have shown that nanosensors based on changes in electrical conductance of
CNTs are highly sensitive. In addition it was established that sensor response is fast. For example,
Kong et al. (2000) reported that the response time of the CNT-based devices to 200 ppm NO, was a
few seconds, and the response (defined as the ratio between resistance after and before gas exposure)
was approximately 100-1,000. The response time to approximately 1 % NH, was a few minutes with
the response between 10 and 100 (Kong et al. 2000; Li et al. 2003). However, during the same experi-
ments it was established that CNT-based sensors are also limited by factors such as their inability to
identify analytes with low adsorption energies, poor diffusion kinetics, and poor charge transfer with
CNTs (Modi et al. 2003). In addition, it was also found that CNT-based sensors operated at room
temperatures have long recovery times. Some nanotube sensors need several hours to release the adsorbed
analytes at room temperature before they can be reused. Moreover, in some cases these sensors have
incomplete recovery. For example, Kong et al. (2000) succeeded in recovering the initial transistor char-
acteristics after interaction with NO, only by heating the sample for 1 h at 200 °C in air or by exposing
the sample to pure Ar (at room temperature) for around 12 h. The same results were presented by Zhang
et al. (2006) and Li et al. (2003). For example, Li et al. (2003) reported that the recovery time of
CNT-based chemiresistors was very long, on the order of 10 h. This effect was explained by high bonding
energy between CNTs and NO,. The strong bonding between NH, molecules and the CNTs causes the
slow recovery of the CNT-based sensor as well (Nguyen and Huh 2006).

The explanations of observed gas-sensing effects in CNT-based devices are usually based on the
analysis of adsorption/desorption phenomena taking place on the surface of CNTs (Peng and Cho 2000;
Zhao et al. 2001, 2002; Bauschlicher and Ricca 2004). According to this approach, the resistance of
CNT-based gas sensors is conditioned by the change of the CNT resistance caused by interaction with
analyte. In particular, in many papers the interaction of NO, with the nanotube was interpreted as
strictly connected to a bulk doping effect. Actually, NO, can be bound to a semiconducting nanotube
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with a subsequent electron charge transfer from the tube to the adsorbed molecules (Peng and Cho 2000;
Zhao et al. 2001, 2002; Bauschlicher and Ricca 2004). The hole carrier concentration in the nanotube
increases and so does the conductance, with a consequent shift of the activation bias (V) to a larger
positive voltage. This effect has been assimilated to a sort of “molecular gating” of the CNT, due to
the gas molecule adsorption. In contrast, NH, molecules, as has been demonstrated, have no binding
affinity with semiconducting SWCNTs (Peng and Cho 2000; Zhao et al. 2001, 2002; Bauschlicher and
Ricca 2004). Two possible reasons were proposed in order to explain the effect of the NH, molecules on
the CNTFET channel: (1) the binding between NH, molecules and the hydroxyl groups on the SiO,
substrate leading to a reduction of the negative charges on the oxide, equivalent to a positive electrostatlc
gating of the SWCNT and (2) the interaction of NH, with oxygen species adsorbed on SWCNT.

Thus, the above-mentioned approach attributes the key role in the gas sensing of CNT-based
chemiresistors and FETS to the change in the properties of the nanotubes and not of the metal/SWCNT
junctions. In fact, they assert that the gas molecules dope the nanotube and so change its conductance.
However, it is necessary to take into account that there is other opinion on the mechanism of gas sen-
sitivity of CNT-based devices. Several scientific teams have adopted a different point of view and have
focused their studies on demonstrating that the metal/ SWCNT junctions are the key players in the sens-
ing mechanism (Leonard and Tersoff 2000; Cui et al. 2003; Auvray et al. 2005; Zhang et al. 2006;
Bondavalli et al. 2009). For example, Leonard and Tersoff (2000) and Cui et al. (2003) have shown that
the interaction of oxygen at the junction between the metal electrode and the SWCNT changes the
metalwork function and also the Fermi level alignment. They assumed that the Fermi level at the con-
tact is not pinned by “metal-induced gap states” (MIGs), as happens for contacts of most metals with
normal semiconductors (Si, GaAs, etc.), but that it is controlled by the metalwork function. In the light
of this analysis, they have concluded that oxygen raises the metal electrode (Au in this case) work func-
tion, thus permitting the switching of the electrical behavior of CNTs from n-type (in vacuum) to p-type
in air (Fig. 1.11). According to Bondavalli et al. (2009), the main sensing mechanism in CNT-based
sensors seems to be the modulation of the Schottky barrier height at the contacts, due to the buildup of
interface dipoles that depend on the gas species, and also the chemical reactivity of the metal constitut-
ing the electrodes. Bondavalli et al. (2009) also believe that the “wetting” of the contact metal on the
nanotubes is also a parameter to take into account in the sensing mechanism, since it can shape the
interface, leading to the formation of a transition region of paramount importance.

Optical and fiber-optic sensors can be designed based on CNTs as well (Penza et al. 2004b;
Barone et al. 2005; Cusano et al. 2006). In particular, Consales et al. (2008) demonstrated CNT-based
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Fig. 1.12 Time responses of the CN'T-based optochemical sensor, exposed to (a) four decreasing concentration pulses
of toluene vapors, at room temperature, and (b) to decreasing concentration pulses of gaseous hydrogen (<5 %), at
113 K (Reprinted from Consales et al. 2008, Published by Hindawi Publishing Corporation)

fiber-optic optochemical nanosensors with reflectometric configuration. The adopted optical
configuration was based on an extrinsic low-finesse Fabry—Perot interferometer. The principle of
operation of this device was based on the measurement of the changes in the amount of power reflected
at the fiber—film interface, occurring as a consequence of the changes in the optical (complex refrac-
tive index) and geometrical properties (thickness) of the sensitive elements, caused by the interaction
of the sensing layers with the target analyte molecules present in the environment. The realized chem-
ical sensors have been tested against VOCs and several gases in different conditions, including
harsh environments at cryogenic temperatures suitable for space application (see Fig. 1.12b). In most
of the investigated cases the fiber-optic chemosensors coated by SWCNTSs demonstrated their strong
potentiality as well as the ability of detecting environmental pollutants around or well below the ppm
threshold. Typical operation characteristics are shown in Fig. 1.12a.

Research has shown that the ionization gas sensor (IGS) is another possible area of CNT application
(Wang and Yeow 2009). This type of gas sensor was discussed in Chap. 19 (Vol. 1). It is known that,
in the case of chemical gas sensors, it is difficult to detect gas molecules with low adsorption energy.
In IGS there is no adsorption and chemical interaction between the device and target molecules.
Therefore they are not limited to identifying gases with low adsorption energy and poor charge trans-
fer with the sensing materials. Compared to standard gas sensors, the IGS is based on the ionization
characteristics of the detected gases. The ionization of detected gas is caused by the collisions of
molecules with accelerated electrons. However, the issues related to conventional IGSs are their bulky
architectures, considerable high power consumption, and breakdown voltage, which is inefficient and
risky in operation. It was established that the application of CNTs in IGS can considerably improve
their characteristics. It is known that nanotubes are good electron emitters due to their sharp tip cur-
vature and low electron escaping work function (De Heer et al. 1995). This means that the incorpora-
tion of CNTs can induce a large field enhancement factor and thereby intensively increase the electric
field around the tips to initiate corona discharge at very low voltage (Hou et al. 2006). Therefore, the
effects of gas adsorption on the field emission properties of CNTs and CNT-enhanced IGSs have
attracted a great deal of research interest (Modi et al. 2003; Kim 2006).

A brief analysis of results obtained indicates that CNTs are really promising materials for gas sensor
applications (Li et al. 2008; Kalcher et al. 2009; Bondavalli et al. 2009). However, similar to other sens-
ing materials, CNTs have disadvantages as well. Technological difficulties related to sensor fabrication,
bad reproducibility, slow response, and low selectivity are the main shortcomings of these devices
(Fam et al. 2011). These shortcomings are subject to the following conditions (Bondavalli et al. 2009).

First, till now there has been no method which can fabricate only semiconducting SWCNTs. As a
result, one cannot predict whether a SWCNT is metallic or semiconducting. In addition, it is known that
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to obtain CNTs of high purity and uniformity is one of the big issues that still impact the applications
of CNTs as gas-sensing materials. The as-prepared CNTs usually contain a lot of impurities; some of
them, such as amorphous carbon and fullerenes, can hardly be completely removed from the raw
materials, and the purity is difficult quantify. Thus, the measured physical and chemical properties of
CNTs are peculiar to different research groups. Moreover, the structures of the CNTs obtained always
possess surface defects and are not identical in geometrical structure, which causes the actual
mechanical strength, electrical and thermal conductivity, as well as other properties to lie far from the
theoretical predictions. Recently, some promising results on controlled synthesis of nanotubes in
terms of morphology and diameter have been reported. However, chirality of the nanotube is difficult
to control. Several strategies have also been reported to increase homogeneity. In particular, Arnold et
al. (2006) proposed to differentiate CNTs using selective chemistry, which would involve the use of
surface functionalization and/or surfactants which will interact with the surface of the CNT with
specific chiralities, thereby sorting them. However, the overall cost of synthesis of pure CNTs strongly
increases with the complexity of the separation techniques adopted (Fam et al. 2011). In addition, the
synthesis of pure and ideal CNTs is still challenging and costly. It is very difficult to grow defect-free
nanotubes continuously to macroscopic length. The precise control over the growth or dispersion of
CNTs on surfaces is another problem (Wang and Yeow 2009).

Second, it is quite laborious to identify the position of a single SWCNT on a sensor platform using
standard methods. Proper manipulation techniques are required for applying a single tube or thin films
of CNTs on substrates that do not allow direct growing methods. Various proposals exist for their incor-
poration into devices in single-tube or thin-film architectures (Bachtold et al. 2001; Consales et al.
2008). However, though understanding that the realization of homogeneous thin films of CNTs with a
controllable thickness and tube size is an important basis for the future development of CNT-based
devices for the sensor market, the development of reasonable technologies for separation and selection
tubes with similar diameter and manipulation with nanotubes is still a task of great importance.

Third, considering that the CNTFET electrical characteristics are dependent on the individual
SWCNT physical characteristics (bandgap in particular, which depends on diameter for semiconductor
specimens), it is very difficult to obtain reproducible devices. Depending on the preparation technique
and process, the property and behavior of the sensors can vary significantly, which is very crucial for
devices aimed at the sensor market. Therefore, the ability to synthesize identical and reproducible
CNTs with consistent properties is very important for the application of CNTs in all areas (Wang and
Yeow 2009).

Tendency to deformation can also be considered as a disadvantage of CNTs. It was established that
both the Young modulus and tensile strength of various CNTs are significantly more elevated than
those for stainless steel and Kevlar. This means that CNTs tend to a permanent deformation under a
strong tensile strain. Furthermore, due to the hollow structure and high aspect ratio of CNTs, it seems
that their strength is limited under compression or bending stress. Experiments confirmed these
conclusions. In particular, Ruoff et al. (1993) established that two near nanotubes can be deformed
even by van der Waals forces, and Yu et al. (2000) and Palaci et al. (2005) have shown that individual
CNTs are rather soft in their radial direction.

It should be noted that the above-mentioned disadvantages mainly relate to sensors based on single
CNTs. In the case of sensors such as SAW, QCM, and capacitance and optical sensors based on using
CNT networks (mats) or composites inclusive of CNTs, the disadvantages indicated are not so impor-
tant for sensor operation. Due to the integral effect, there is no need to control parameters of individual
CNTs in the devices indicated. There have also been attempts to design FET-based sensors using
SWCNT mats as channels (see Fig. 1.13) (Snow et al. 2003; Star et al. 2006; Kumar et al. 2006; Chang
et al. 2007). In particular, Star et al. (2006) designed NO sensors using assays of CNT transistors arranged
in an array format. These CNT transistors were based on random network architectures that display
relatively large tube-to-tube variations. In a network configuration, however, the difference is
averaged and the device performance is defined by the mean properties of the CNT architecture.
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Fig. 1.13 SEM images of (a) vertically aligned CNT mat and (b) CNTs trapped in castellated microelectrode gaps of
sensors by positive dielectrophoresis (DEP). DEP is the electrokinetic motion of dielectrically polarized materials in
nonuniform electric fields and has been used to manipulate CNTs for separation, orientation, and positioning of CNTs
((a) Reprinted with permission from Huang et al. 2005, Copyright 2005 Elsevier. (b) Reprinted with permission from
Suehiro et al. 2007, Copyright 2007 Elsevier)

This method employing SWCNT mats is very attractive, but we have to recognize that the theoretical
modeling of this kind of sensor is challenging. In addition, it should be noted that, in this case, results
are not as impressive as in the case of single SWCNT-based sensors.

As indicated before, slow response and recovery, caused by the nature of the gas adsorption and
desorption processes to the nanotubes, is another disadvantage of CNT-based gas sensors. According
to Valentini et al. (2003, 2004a, b), sensor reversibility was characterized by fast recovery at only
165 °C. However, it was demonstrated that, by integrating a microheater under the CNT sensing layer
or short exposure to UV light, the response time of the sensor can be improved (Cho et al. 2005; Ueda
et al. 2008). For example, Li et al. (2003) reported that by using ultraviolet (UV) light, the recovery
time was shortened to about 10 min. The UV exposure decreases the desorption-energy barrier to ease
the NO, desorption. We need to recognize, however, that though all these methods improved the
recovery of the CNT-based sensors to some extent, the recovery time is still not satisfactory.

The low solubility of CNTs is other factor limiting CNT applications (Tasis et al. 2003). Several
attempts have been made to overcome this limitation (Star et al. 2002; Li et al. 2005; Backes et al.
2009). It was found that pristine CNTs are essentially insoluble, especially in polar solvents such as
water. This has enabled the use of solution processing techniques such as drop-casting, spin-casting,
or spraying, which facilitate the fabrication of CNT-based devices. Moreover, treatments used for
solubility improvement were often accompanied by strong changes in SWCNTs conductivity,
which is not a permitted option for many applications. The development of novel methods that
facilitate the processing of CNTs while having little impact on their electrical properties or provid-
ing the option to restore the conductivity in a subsequent step would therefore be desirable (Schnorr
and Swager 2011).

According to Pumera (2009), there is also a problem connected with the features of CNTs synthesis.
CNTs are typically grown from carbon-containing gas with the use of metallic catalytic nanoparticles.
It is well documented that such nanoparticles remain in the CNTs even after extensive purification
procedures, leading to two very significant problems (Pumera et al. 2007). It has been shown that such
residual metallic impurities are electrochemically active even when intercalated within the CNTs and
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that they can dominate the electrochemistry of CNTs (Liu et al. 2007). This is a significant problem
for the construction of reliable sensors with reproducible parameters.

Interference from relative humidity at room temperature, low selectivity, and limited range of
operating temperatures can be considered as disadvantages as well (Zhang and Zhang 2009). However,
it should be noted that numerous research projects focusing on the improvement of the selectivity of
CNT-based sensors were carried out and different routes to improve selectivity have been proposed.
They are based on the diversification of metal electrodes, polymer functionalization, metal particle
decoration of the SWCNTs, time desorption resolution, etc. (Bondavalli et al. 2009). Approaches used
for CNT functionalization will be discussed in Chap.25 (Vol.2). Other interesting results connected
with CNT preparation and study have also been reported in the literature (Dresselhaus et al. 1996;
Harris 1999; Poulin et al. 2002; Valentini et al. 2003; Cantalini et al. 2003; Penza et al. 2004;
Kuchibhatla et al. 2007; Mauter and Elimelech 2008; Zhang et al. 2008; Bondavalli et al. 2009; Zhang
and Zhang 2009; Wang and Yeow 2009; Schnorr and Swager 2011).

It must be noted that CNTs are promising material for preparing various composites, which can
also be used for gas sensor design. Types of composites formed using CNTs according to their chemi-
cal composition and structures are summarized in Fig. 1.14. Features of CNT/polymer composites,
which have the most evident advantages for gas sensor application, will be discussed in Chap. 13
(Vol.2). It was established that polymer/CNT composites combine the unique properties of nanotubes
with the ease of processability of polymers. Moreover, for design multifunctional materials based on
CNT/polymer composites, a very low fraction content of CNT is required.

1.4 Graphene

Graphene is another carbon-based nanomaterial which is promising for sensor applications (Kauffman
and Star 2010; Ratinac et al. 2011). Geim and Novoselev received the Nobel Prize in 2010 for their
work related to graphene. Graphene is a two-dimensional (2D), single layer of sp2 hybridized carbon
that can be considered the “mother of all graphitic forms” of nanocarbon, including, as discussed
earlier, 1D CNTs (Geim and Novoselov 2007; Allen et al. 2010). Graphene has two atoms per unit
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cell. In graphene, carbon atoms are arranged in planar and hexagonal form. Graphene is most easily
visualized as an atomic-scale chicken wire made of carbon atoms and their bonds (see Fig. 1.15).
The crystalline or “flake” form of graphite consists of many graphene sheets stacked together.
Its honeycomb structure has important consequences for the charge carriers (Marchenko et al. 2011).
The n and ©* bands of freestanding graphene form cones which touch each other in a single point
signaling the presence of massless relativistic electrons (Morozov et al. 2008) giving rise to outstand-
ing transport properties (Novoselov et al. 2007). A high mobility of charge carriers and the ability to
modify the electronic properties by doping (Rossi and Sarma 2008), by deformation (Huertas-
Hernando et al. 2006), or by interaction with different substrates (Ran et al. 2009) place graphene
among the most promising materials for future electronic devices.

It has been reported that methods such as CVD, reactive ion etching, thermal decomposition of SiC,
direct-current arc discharge with graphite rods in He atmospheres, chemical modification of graphite,
and simple mechanical exfoliation, or “peeling off,” of layers from highly oriented pyrolytic graphite
can be used for the production of graphene (Allen et al. 2010; Choi et al. 2010; Singh et al. 2011).
Epitaxial graphene growth on SiC substrates is also possible (Nomani et al. 2010). The mechanical
exfoliation method is low cost, but the graphene produced is of poor quality with limited area. It is
particularly difficult and time-consuming to obtain single-layer graphene in a large scale with this
method. The graphene obtained by epitaxial growth showed poor uniformity and contained a multitude
of domains. Currently, however, the most popular method for graphene production relies on the chemi-
cal modification of graphite using the Hummers method, which involves the oxidation of graphite in
the presence of strong acids and oxidants (Park and Ruoff 2009). In this case, oxidized graphite is
cleaved via rapid thermal expansion or ultrasonic dispersion, and subsequently the graphene oxide
sheets were reduced to graphene. This method produces isolated, water-soluble graphite oxide (GO)
sheets with many oxygen-containing defect sites (He et al. 1998). Graphite oxide can be transferred in
graphene, also called reduced graphene oxide (RGO) or chemically converted graphene (CCG), by
chemical reduction with aqueous hydrazine as a reducing agent (Stankovich et al. 2007). However,
RGO does have limitations. A serious drawback of this method is that the oxidation process induces a
variety of defects which would degrade the electronic properties of graphene. Therefore, at present
most interest is in preparing graphene using the CVD method (Li et al. 2009). It was established that
CVD graphene tends to be more atomically smooth, whereas RGO usually has many oxygen-contain-
ing defect groups (Bagri et al. 2010). CVD-grown graphene can also show several orders of magnitude
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Table 1.6 Graphene-based gas sensors

1 Carbon-Based Nanostructures

Active material Reduction method Analyte Measurement Detection limits
RGO Thermal NO,, NH, 1 ~100 ppm
RGO+Pd Chemical H, R N/A
RGO Chemical NO,, NH,, DNT R ~ppm
RGO Thermal NO, 1 ~ppm
RGO Thermal, chemical Water vapor R N/A
RGO (inkjet printer) Chemical NO,, Cl, R ~ppm
PYRGO/SiC Thermal H, 1 N/A
Pristine graphene Micromechanical NO,, NH,, H,0 and R <1 ppm
cleavage of graphite CO (vacuum)
Pristine graphene Micromechanical CO, G ~ppm

cleavage of graphite

Source: Data from Schedin et al. (2007); Singh et al. (2011); Yoon et al. (2011)
I current, G conductivity, R resistance, DNT dinitrotoluene

lower resistivity, as compared to RGO (Li et al. 2009). One can find a description of all the above-
mentioned methods in a review by Singh et al. (2011).

Similar to CNTs — which can be functionalized with polymers, nanoparticles (NPs), or atomic
dopants — different approaches toward graphene functionalization have also been reported (Xu et al.
2008; Kauffman and Star 2010; Allen et al. 2010; Singh et al. 2011; Vedala et al. 2011). In particular,
recently, N substitutionally doped graphene was first synthesized by a CVD method with the presence
of CH, and NH, (Wei et al. 2009). As doping is accompanied by the recombination of carbon atoms
into graphene in the CVD process, dopant atoms can be substitutionally doped into the graphene
lattice, which is hard to realize by other synthetic methods. The process of graphene doping will be
discussed later in Chap. 25 (Vol. 2).

Taking into account the unique properties of graphene, it was assumed that graphene-based devices
should be viable candidates for the development of low-temperature gas sensors. This assumption was
based on the following facts. First, graphene’s electronic properties are strongly affected by the
adsorption of molecules (Lin and Avouris 2008), a prerequisite for design of any type of gas sensor. It
was established that the adsorption of gas molecules from the surrounding atmosphere is accompa-
nied by doping of the graphene layers with electrons or holes depending on the nature of the adsorbed
gas. As a result, by monitoring changes in resistivity, one can sense minute concentrations of certain
gases present in the environment. Second, the 2D structure of graphene constitutes an absolute maxi-
mum of the surface-area-to-volume ratio in a layered material, which is essential for high sensitivity.
According to Pumera (2009), graphene has a theoretical surface area of 2,630 m?/g, surpassing that of
graphite (~10 m?%/g), and is double that of CNTs (1,315 m?/g). Third, graphene has good long-term stability
of parameters (Marchenko et al. 2011) and good compatibility with standard microelectronic technolo-
gies such as conventional lithographic processes (Berger et al. 2004; Shao et al. 2009). It should be noted
that graphene is more suitable for device integration than are CNTs because the planar nanostructure of
the former makes it advantageous for use in standard microfabrication techniques. In addition, the recent
improvements made to graphene deposition methods have contributed to an increase in the applicability
of graphene for device integration (Li et al. 2009; Reina et al. 2009).

Experiments carried out confirmed the statements made above. For most gas sensor applications, gra-
phene synthesized by various methods was deposited on Si or Si/SiO, substrates, while electrical contacts
were prepared with Au/Ti or other metals, which provided good adhesion and ohmic contact with
graphene (Schedin et al. 2007; Sundaram et al. 2008; Fowler et al. 2009). In addition, it was found that
the role of electrode electrical contacts in the sensing mechanism of graphene was minimal. The sensing
mechanism was primarily attributed to charge transfer at the graphene surface (Fowler et al. 2009).
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Fig. 1.16 Room temperature response of Pt-hRGO to hydrogen gas. (a) Relative conductance (AG/G)) vs. time curves
for H, concentrations 40-40,000 ppm (in N,) for bare-hRGO, Au-hRGO, Pt-hRGO, and Pt-reduced graphene oxide
(RGO). After each H, exposure, the devices were allowed to recover in synthetic air. (b) Calibration curve of P-hRGO
for response to H, gas; left inset shows the device response to H, before and after exposure to CO (0.25 % in N,), and
right inset shows the response to CO (0.05-0.25 % in N,) and CH, (0.4-4 % in N,). Holey RGO (hRGO) samples were
prepared by enzymatic oxidation of grapheme oxide followed by chemical reduction using hydrazine hydrate. The
flakes were decorated with platinum NPs by pulsed potentiostatic electrodeposition from aqueous solutions containing
Pt* or Au** metallic ions (Reprinted with permission from Ratinac et al. 2011, Copyright 2011 Wiley)

It was established that, similar to CNTs, pristine graphene interacts with numerous gases with large
binding energies such as NO,, NH,, CO, H,, CO2, and H,O (see Table 1.6). Detection of various
vapors like nonanol, octanoic acid, trimethylamine, acetone, HCN, dimethyl methylphosphonate,
dinitrotoluene (DNT), iodine, ethanol, and hydrazine hydrate has also been reported (Schedin et al.
2007; Robinson et al. 2008; Fowler et al. 2009; Dan et al. 2009; Allen et al. 2010). It should be noted
that, due to stability requirements, graphene oxide (GO) is usually used in gas sensors. RGO has
superior conductivity compared to GO but inferior to pristine graphene (Singh et al. 2011). Typical
operating characteristics of graphene-based sensors are shown in Fig. 1.16.

Experiment has shown that the detection limits of graphene-based sensors range between parts per
billion (ppb) and parts per million (ppm) levels. For example, Nomani et al. (2010) reported about
10 ppb noise limited sensitivity to NO,. This and even higher levels of sensitivity are sought for indus-
trial, environmental, and military monitoring. However, Schedin et al. (2007) believe that, due to
unique properties, graphene makes it possible to increase the sensitivity to its ultimate limit and detect
individual dopants. They gave the following explanation of this statement. First, graphene is a strictly
two-dimensional material and, as such, has its whole volume, i.e., all carbon atoms, exposed to sur-
face adsorbates, which maximizes their effect. Second, graphene is highly conductive, exhibiting
metallic conductivity and, hence, low Johnson noise even in the limit of no charge carriers, where a few
extra electrons can cause notable relative changes in carrier concentration, n. The mobility of electrons
in graphene can be more than 100,000 cm?/Vs at room temperature, much higher than in other materi-
als. For comparison, the mobility of electrons in silicon equaled ~1,400 cm?/Vs. As a result, graphene
has resistivity (~1.0 pQ2 cm) which is about 35 % less than the resistivity of copper. Third, graphene has
few crystal defects (Novoselov et al. 2005; Geim and Novoselov 2007), which ensures a low level of
excess (1/f) noise caused by their thermal switching. Fourth, graphene allows four-probe measurements
on a single-crystal device with electrical contacts that are ohmic and have low resistance (Schedin et al.
2007; Fowler et al. 2009). All of these features contribute to make a unique combination that maxi-
mizes the signal-to-noise ratio to a level sufficient for detecting changes in a local concentration by less
than one electron charge, e, at room temperature.

However, one should take into account that it is nearly impossible to produce only single layers of
graphene with current fabrication methods (Ratinac et al. 2011). Therefore, “graphene” can include
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anything from one to many layers, and the exact number of layers, N, critically affects properties,
especially for low values of N. In particular, stacks with N> 12 or so tend to behave more like thin-film
graphite than graphene (Partoens and Peeters 2006). This means that the importance of knowing what
sort of “graphene” you are working with is great.

Graphene-based composite materials have been studied for gas sensors as well. For example, Pt/
RGO/SiC-based devices were fabricated for hydrogen gas sensing (Shafiei et al. 2010). Experiments
have shown that the flexible gas sensor can also be designed on the basis of RGO (Dua et al. 2010).

Kauffman and Star (2010) concluded that there are several hurdles to overcome before graphene
can compete with CNTs as the preferred carbon nanostructure for sensing platforms. According to
Kauffman and Star (2010), graphene-based sensor platforms in comparison with CNT or other nano-
wire (NW)-based sensors suffer from the following major disadvantages. First, the 2D nature of gra-
phene inherently limits the sensor response. Second, graphene is a zero-bandgap semiconductor and
behaves as a semimetallic material (Geim and Novoselov 2007). It was established that it is very
difficult to turn the graphene into an electrically conductive “off-state” because thermal promotion of
charge carriers produces nonzero electrical conductance at any applied gate voltage in FET structures.
The absence of optical spectroscopy is another major limitation of graphene application as a sensor
platform. Unlike SWNT, graphene does show UV-region absorbance (Liang et al. 2009). In addition,
its luminescence is weak unless bandgaps are created through chemical oxidation or size reduction
(Gokus et al. 2009). Kauffman and Star (2010) believe that atomic doping of graphene (Boukhvalov
and Katsnelson 2008) or decorating graphene with NPs may improve sensor response and the devel-
opment of spectroscopic techniques for graphene will undoubtedly serve to help further the field of
graphene-based gas sensors.

Itis also necessary to take into account that graphene’s single layers are not completely flat; instead,
the flexible sheets have a tendency to fold, buckle, and corrugate (Ratinac et al. 2011). This flexibility
is related to the out-of-plane phonons (flexural vibrations) that occur in soft membranes, which means
that freestanding graphene tends to crumple (Castro Neto et al. 2009). Thus, the larger-scale distor-
tions like folds and “pleats” (Novoselov et al. 2004) are seen to be an unavoidable by-product of
graphite-cleaving techniques. When working with a soft membrane such as graphene, invariably some
of the individual layers will fold and buckle during the process of mechanical peeling and subsequent
solution deposition onto the substrate.

Some researchers have recently observed that inclusion of lithographic (photo or e-beam) steps in
the preparation of graphene can cause some negative effects on the sensing properties of graphene due
to the presence of residual polymers on the graphene surface. In work by Dan et al. (2009), a cleaning
process was demonstrated to remove the contamination on the sensor device structure, allowing the
intrinsic chemical response of graphene-based sensors. The contamination layer was removed by a
high temperature cleaning process in a reducing (H,/Ar) atmosphere (Dan et al. 2009).

In addition, we need to take into account that, like CNT and other nanomaterials, the key challenge
in synthesis and processing of bulk-quantity graphene sheets is aggregation (Singh et al. 2011). Unless
well separated from each other, graphene tends to form irreversible agglomerates or even restack to
form graphite through van der Waals interactions. The prevention of aggregation is essential for gra-
phene sheets because most of their unique properties are only associated with individual sheets.

Bad selectivity of graphene-based sensors, which is typical of most of solid-state gas sensors
designed, and long response and recovery times, especially at room temperatures, can also be consid-
ered as disadvantage of graphene-based sensors (Schedin et al. 2007; Pearce et al. 2011). In particular,
Schedin et al. (2007) established that adsorbed molecules such as NO,, NH,, H O, and CO were
strongly attached to the graphene devices at room temperature, and therefore the elimination of tested
gas only led to small and slow changes in the film conductivity. They found that the initial undoped
state could be recovered only by annealing at 150 °C or by short-time ultraviolet illumination, which
should be considered as an alternative to thermal annealing (see Fig. 1.17). For more inert gases, such
as CO,, the situation is better. Yoon et al. (2011) found that, because of the weak interaction between
CO, and graphene, the sensor response was rapid and reproducible. Even at room temperatures the
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Fig. 1.17 Resistivity
response of pristine graphene
monocrystals to 1 ppm
concentrations of different
reducing and oxidizing gases.
Regions: (/) response in
vacuum before gas exposure,
(II') exposure to 1 ppm of
gases, (/1) gas removed by
vacuum, and (/V') gas
desorption by annealing at
150 °C (Reprinted with
permission from Schedin et
al. 2007, Copyright 2007
Nature Publishing Group)
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Fig. 1.18 (a) Time response of the graphene CO, gas sensor in the presence of 100 ppm CO,, at different temperatures;
(b) conductance changes at different concentrations of CO, (Reprinted with permission from Yoon et al. 2011, Copyright

2011 Elsevier)

response time of graphene-based sensor to CO, was less than 10 s (see Fig. 1.18). This result is inter-
esting, because metal oxides such as SnO, and In,O, do not show any sensitivity to CO,.

1.5 Nanodiamond Particles

Nanodiamonds (NDs) are members of the diverse structural family of nanocarbons discussed in the
present chapter. Therefore, it is anticipated that the attractive properties of NDs will be exploited in a
similar manner to other carbon nanoparticles, in particular for gas sensor design. However, due to
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Table 1.7 Physicochemical properties of NDs important for biomedical applications

Property Characteristics

Structural Small size of primary monocrystalline particles (~4—5 nm)
Availability of variable sizes and narrow size fractions
Different forms (i.e., particulate, coating/film, substrate)
Large specific surface area (300400 m?/g)
Low porosity/permeability of films
High specific gravity (3.5 g/cm?)
Chemical Chemically resistant to degradation/corrosion, pH stability
High chemical purity
Possible sp? carbon shells
Numerous oxygen-containing groups on surface
Ease of surface functionalization (chemical, photochemical, mechanochemical, enzymatic,
plasma- and laser-assisted methods)
Radiation/ozone resistance
Large number of unpaired electrons on the surface
Biological High biocompatibility, low toxicity
Readily bind bio-active substances (i.e., proteins, DNA) with retained functionality
Solid phase carrier
Optical Photoluminescence: non-photobleaching, nonblinking, originates from N-vacancy defects
High refractive index, optical transparency
Unique Raman spectral signal

Mechanical High strength and hardness
Fine abrasive

Electrochemical Electrochemical plating with metals
Redox behavior of DND

Thermal Can withstand very high/low temperatures

Source: Data from Schrand et al. (2009)

technological difficulties related to synthesis of this material, nanodiamond particles are used mainly
in bioapplications (Schrand et al. 2009). The benefits of using nanodiamonds in biomedical applica-
tions, including purification, sensing, imaging, and drug delivery, are based upon their desirable
chemical, biological, and physical (optical, mechanical, electrical, thermal) properties (Table 1.7).
In particular, it was established that diamond is a biocompatible material. In addition, nanodiamonds
are unique among the class of carbon nanoparticles because of their intrinsic hydrophilic surface,
which is one of the many reasons that these nanocarbon particles are envisioned for biomolecular
applications. The surface of nanodiamond particles contains a complex array of surface groups,
including carboxylic acids, esters, ethers, lactones, and amines. Therefore alterations in detonation
nanodiamond surface groups can produce a high density of chemical functionalities.
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Chapter 2
Nanofibers

2.1 Approaches to Nanofiber Preparation

Various methods can be used for preparing polymer nanofibers (see Table 2.1), including drawing,
hard and soft template synthesis, phase separation, self-assembly, and electrospinning (Jayaraman et al.
2004; Liu and Zhang 2009; Long et al. 2011). Among these methods, electrospinning seems to be the
simplest and most versatile technique capable of generating 1D nanostructures (mainly nanofibers).
Electrospinning is the technique which uses a strong electric field to produce polymer nanofibers from
polymer solution or polymer melt (see Fig. 2.1). If electrostatic forces overcome the surface tension
of a solution, a charged jet is ejected and moves toward a grounded electrode. Generally, the electro-
spun fibers are deposited on a fixed collector in a 3D nonwoven membrane structure with a wide range
of fiber diameter distribution from several nanometers to a few micrometers (see Fig. 2.2). More
recently, aligned electrospun fibers were obtained by using a rotating or prepatterned collector (Theron
et al. 2001; Kameoka et al. 2003).

One of the most important advantages of the electrospinning technique is that it is relatively easy
and not expensive to produce large numbers of different kinds of nanofiber (Lu et al. 2009). Other
advantages of the electrospinning technique are the ability to control the fiber diameters, the high
surface-to-volume ratio, high aspect ratio, and pore size as nonwoven fabrics. Moreover, nanofiber
composites can easily be made via the electrospinning technique with the only restriction being that
the second phase needs to be soluble or well dispersed in the initial solution. The advantage of the
facile formation of 1D composite nanomaterials by electrospinning affords the materials’ multifunc-
tional properties for various applications. Electrospinning has been used to convert a large variety
of polymers into nanofibers and may be the only process that has the potential for mass production.
To date, it is believed that more than 100 different polymers have been successfully electrospun into
nanofibers by this technique. It should be noted that composite-based nanofibers can also be synthe-
sized using electrospinning (Huang et al. 2003b). One can find a detailed description of this method
and fibers prepared using this method in reviews prepared by Huang et al. (2003b), Ding et al. (2009),
and Lu et al. (2009). During the process of electrospraying, the liquid drop elongates with increasing
electric field. When the repulsive force induced by the charge distribution on the surface of the drop
is balanced by the surface tension of the liquid, the liquid drop distorts into a conical shape. Once the
repulsive force exceeds the surface tension, a jet of liquid ejects from the cone tip. Small droplets form
as a result of the varicose breakup of the jet in the case of low-viscosity liquids. If this phenomenon
is applied to polymer solutions, a solid fiber is generated instead of breaking up into individual drops
for the electrostatic repulsions between the surface charges and the evaporation of solvent. Extensive
research on electrospinning shows that parameters such as the fiber collectability uniformity of fibers,

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 33
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Table 2.1 Synthesis methods of conducting polymer nanotubes and nanofibers

Synthesis methods Advantages Disadvantages Examples
Hard physical template method ~ Aligned arrays of tubes A post-synthesis PANI; PPY; P3MT,;
Porous membranes and wires with process is needed to PEDOT; PPV
controllable length remove the template nanotubes/nanowires;
and diameter CdS-PPY;

Au-PEDOT-Au; Ni/
PPV; MnO,/PEDOT
nanowires

A variety of PANI and
PPY micro-/nanostruc-
tures such as tubes,
wires/fibers, hollow

Soft chemical template method
Interfacial polymerization
Other methods
Dilute polymerization,

Simple self-assembly
process without an
external template

Relatively poor control
of the uniformity of
the morphology
(shape, diameter);

template-free method, poorly or non- microspheres,
rapidly mixed reaction oriented 1D nanowire/nanotube
reverse emulsion nanostructures junctions and dendrites

polymerization, ultrasonic
shake-up, radiolytic
synthesis
Electrospinning Mass fabrication of
continuous polymer
fibers

Rapid and low cost

Usually in the form of PANI/PEO; PPY/PEO;
nonwoven web; PANI; PPY; P3HT/
possible alignment PEO

Nanoimprint lithography or A micromold is needed =~ PEDOT nanowires; 2D

embossing nanodots of semicon-
ducting polymer and
aligned CP arrays
Directed electrochemical Electrode—wire—electrode ~ Micro-/nanowires with PPY, PANI, and PEDOT
nanowire assembly or electrode—wire— knobby structures nanowires

target growth of CP
micro-/nanowires
Other methods
Dip-pen nanolithography

method, molecular

combing method, whisker

method, strong magnetic

field-assisted chemical

synthesis, etc.

Source: Reprinted with permission from Long et al. (2011). Copyright 2011 Elsevier

Metal collector

Fig. 2.1 Schematic diagram
to show polymer nanofibers
by electrospinning (Reprinted
with permission from Huang
et al. 2003b, Copyright 2003
Elsevier)

Polymer solution

Polymer jet
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Fig. 2.2 A SEM image of (a) typical electrospun fibers and (b) single-polypyrrol (PPY) nanowire 200 nm wide and
3 um long (Reprinted with permission (a) from Ding et al. 2009. Published by MDPI and (b) from Ramanathan et al.
2004, Copyright 2004 American Chemical Society)
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Fig. 2.3 Effect of process parameters on fiber diameter, produced by electrospinning

average fiber diameter, fiber diameter distribution, and fiber porosity are strongly affected by the solu-
tion properties (Fong et al. 1999; Ding et al. 2002) and processing parameters (McCann et al. 2006;
Ding et al. 2006b). Correlations between the diameter of the fiber and parameters of the electrospinning
process are shown in Fig. 2.3.

As shown by Huang and Kaner (2004), polymer nanofibers can also by synthesized by a general
chemical route using interfacial polymerization at an aqueous/organic interface as well. This approach,
in particular, was realized for PANI (Huang and Kaner 2004) and polypyrrole (PPy) (Huang et al.
2005). The nanofibers synthesized were 60—100 nm in diameter. In the template-free method reported,
called the simplified template-free method (STFM), the polymer nanotubes were obtained via a self-
assembly process (Liu and Zhang 2009). This process is schematically shown in Fig. 2.4. This figure
illustrates the formation mechanism of the PANI nanotubes and nanofibers with or without surfactant.
In the presence of a surfactant, micelles formed by anilinium cations and surfactant anions were
regarded as templates in the formation of the nanostructures. As in the absence of a surfactant, on the
other hand, micelles formed by anilinium cations were considered as templates. However, the size of
PANI nanostructures was slightly affected by the addition of the surfactant during the polymerization.
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Fig. 2.4 Formation mechanism for PANI nanotubes and nanofibers synthesized by a self-assembly process (Reprinted
with permission from Zhang et al. 2002, Copyright 2002 American Chemical Society)

Obviously, STFM is a facile and efficient approach to synthesize polymer, in particular PANI,
nanostructures because it not only omits hard template and post-treatment of template removal but
also simplifies reagents. However, the self-assembly mechanism of the conductive nanotubes of PANI
by the STFM is not yet understood. It might be due to the formation of aniline dimer cation radicals
which could act as effective surfactants to shape the polyaniline morphology.

Regarding the template method, we can say that template synthesis can be organized using “soft
templates” such as surfactants, organic dopants, or polyelectrolytes that assist in the self-assembly of
polyaniline nanostructures and “hard templates” such as porous membranes or zeolites, where the
templated polymerization occurs in the 1D nanochannels (Long et al. 2011). Nanoporous anodic
aluminum oxide (AAO) membranes are the most extensively used templates for nanofiber synthesis
(see Fig. 2.5a). To synthesize nanofibers, materials have to be filled into the nanopores in some way.
Electrochemistry is a powerful method for such applications and has been used to synthesize nanofibers
consisting of various materials, including conducting polymers (Dan et al. 2007). This process is
shown schematically in Fig. 2.5. However, it should be noted that this method cannot make one-by-one
continuous nanofibers. In addition, the process requires many operations including phase separation
which consists of dissolution, gelation, extraction using a different solvent, freezing, and drying,
resulting in a nanoscale porous foam. Thus, template synthesis takes a relatively long period of time
to transfer the solid polymer into the nanoporous foam. The self-assembly is a process in which
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Cathode

Fig. 2.5 (a) The SEM image of AAO membrane surface (Reprinted with permission from Jessensky et al. 1998,
Copyright 1998 American Institute of Physics) and (b) AAO membrane used as a template to make nanofibers by
electroplating

individual, preexisting components organize themselves into the desired patterns and functions.
However, similar to the phase separation, the self-assembly is time-consuming when processing
continuous polymer nanofibers.

2.2 Nanofiber-Based Gas Sensors

Of course, polymer nanofibers are not 1D structures in the classical understanding as are carbon
nanotubes or metal oxide nanowires. Research has shown, however, that features of polymer nanofiber
configuration and dimensional factors play a positive role during the design of polymer-based gas
sensors. Polymer nanofibers, which usually have diameters in the range of 10—1,000 nm and a length
from several micrometer up to centimeters and meters, posses many unique properties since these
fibers have very large surface areas per unit mass and small pore sizes. In addition, polymer nanofibers
permit easier addition of surface functionalities compared with conventional polymers. Innis and
Wallace (2002) reported that nanodimensional conducting polymers can also exhibit unique proper-
ties such as greater conductivity and more rapid electrochemical switching speeds.

Experiment has shown that polymer nanofibers with controllable thickness, fine structures, diversity
of materials, and large specific surface is an ideal candidate as sensing materials for gas sensors (Ding
et al. 2009). So far, many attempts (listed in Table 2.2) have been carried out to prepare ultrasensitive gas
sensors to detect vapors of NH,, H,S, CO, NO,, O,, CO,, moisture, and VOCs (CH3OH, C2HSOH,
CSH] 0Clz, CGHSCHS’ C 4H80, etc.) with new and improved detection limits using nanofibrous membranes
as sensing structures. For example, Huang et al. (2003a) and Virji et al. (2004) developed polyaniline
nanofiber thin-film sensors and compared them to conventional polyaniline sensors. They found that the
response of nanofiber-based sensors was higher and faster (see Fig. 2.6). Without any doubt, such a
situation is conditioned by the high surface area and high porosity of nanofiber-based sensing materials.
Liu et al. (2004) also created individual polyaniline/poly(ethylene oxide) nanowire sensors for detecting
NH, at concentrations as low as 0.5 ppm with rapid response and recovery times.

In numerous research projects it was shown that, similar to other nanowire-based sensors discussed
in previous chapters, either a fabric of nanofibers or a single nanofiber can be used for gas sensor
design. The first design is easy to realize but efficient in promoting the sensitivity of chemiresistors
(Zhang et al. 2004; Ma et al. 2006). The single nanowire is more difficult to use in sensors
(Liu et al. 2005a, b). One of the possible approaches to resolving this problem was proposed by Dong
et al. (2005a, b). They developed a new technology combined with nanoimprint lithography and a
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Table 2.2 Characteristics of polymer nanofiber-based gas sensors

Type Polymer Fiber diameter Analyte Detection limit References
Acoustic PAA-PVA N 100400 nm  NH, 50 ppm Ding et al. (2004a)
wave PAA N 1-7 um NH, 130 ppb Ding et al. (2005)
PEI-PVA N 100-600 nm  H,S 500 ppb Ding et al. (2006a)
Resistive  PANI N 40-80 nm HCI, NH,, ethanol — Alam et al. (2005)
PANI N 0.3-1.5um Amines 100 ppm Gao et al. (2008)
PANI N 50-80 nm NH, 1 ppm Wang et al. (2006a)
HCSA-PANI/PEO S 100-500nm  NH, 500 ppb Liu et al. (2004)
PMMA-PANI N 250-600 nm  (C,H),N 20 ppm Jietal. (2008)
HCSA-PANI S 20-150 nm Alcohols No data Pinto et al. (2008)
Pd/PPy and PANI N 75nm-1um H, 1 nM Im et al. (2006a)
PDPA-PMMA N ~400 nm NH, 1 ppm Manesh et al. (2007)
PPy O 80-180 nm NH, 1 ppm Wang et al. (2006a)
HCSA-POT/PS N 0.2-1.9 pm H,0 No data Aussawasathien et al. (2008)
CB-PECH, PEO, O ~3um CH,OH 1,000 ppm Kessick and Tepper (2006)
PIB, PVP CH, (I, 5 ppm
CH.CH, 250 ppm
CHCI, 500 ppm

N nonwoven, S single, O oriented, PAA polyacrylic acid, PVA polyvinyl alcohol, PEI polyethyleneimine, HCSA
10-camphorsulfonic acid, PANI polyaniline, PEO poly(ethylene oxide), PDPA polydiphenylamine, PMMA polymethyl
methacrylate, POT poly-o-toluidine, PS polystyrene, MWCNT multiwalled carbon nanotube, CB carbon black, PECH
polyepichlorohydrin, PIB polyisobutylene, PVP polyvinylpyrrolidone, PAN polyacrylonitrile, VOC volatile organic
compound
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Fig. 2.6 Response of 0.3-um nanofiber (1) and conventional polyaniline (2) thin films to (a) 3 ppm of hydrazine and
(b) 100 ppm HCI (Reprinted with permission from Virji et al. 2004, Copyright 2004 American Chemical Society)

lift-off process to fabricate a PPY nanowire between microelectrodes. They also reported that the
sensitivity and response time of a single nanowire are influenced by its diameter (Dong et al. 2005a).
This means that the control of nanofiber diameter, similar to other nanowire-based gas sensors, is a
required step in gas sensor fabrication for achieving acceptable reproducibility of sensor parameters.

It should be noted that the decrease of response and recovery times is a great advantage of nanofiber-
based sensors, slow response and recovery being one of the most important disadvantages of conven-
tional polymer gas sensors. The above-mentioned optimization of gas-sensing characteristics allowed
Wang et al. (2004) to design a device which demonstrated real-time electronic sensing in the gas
phase using an array of polyaniline nanoframework—electrode junctions. Wang et al. (2004) believe
that this sensing device could be used for chemical sensing of HCI, NH,, and ethanol vapor.

Several other examples of gas sensors based on polymer nanofibers are listed in Table 2.2. In particular,
Ding et al. (2004a) used electrospun nanofibrous membranes on QCM electrodes as highly sensitive NH,
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Fig. 2.7 (a) Room temperature repeatability test with 10 ppm NH, (V,=-10 V). (b) Sensitivity compare of Pani fiber
sensor with or without gate voltage and CNT sensor (Reprinted from Chen et al. 2011. Published by MDPI)

gas sensors. A series of composite fibers of polyacrylic acid (PAA) and poly(vinyl alcohol) (PVA)
with diameters of 100-400 nm containing various weight percentages of PAA to PVA were deposited
on QCM via electrospinning and characterized with regard to their morphology and sensitivity to NH,.
PAA, a weak anionic polyelectrolyte, interacts with NH, gas. Besides QCM, SAW, and resistive gas
sensors, polymer nanofibers are used in the design of photoelectric (Yang et al. 2007a, b), cantilever,
and optical gas sensors. For example, Luoh and Hahn (2006) first used electrospun nanocomposite
fiber mats as optical sensors in conjunction with FTIR spectroscopy to detect CO, gas. The nanocom-
posite fiber mats were prepared by electrospinning polyacrylonitrile (PAN) solutions containing
nanoparticles including iron oxide, antimony tin oxide, and zinc oxide with diameters ranging from
10 to 70 nm.

FET gas sensors based on individual nanofibers were designed as well (Pinto et al. 2008;
Chen et al. 2011). The extracted sensitivities, S =AR/R0, of both the Pani nanofiber under two gate
voltages (curves 2 and 3) and CNT sensor (curve 1) are shown in Fig. 2.7b. It is seen that (1) nanofibers
have higher sensitivity in comparison with CNTs, (2) the sensitivity improved when the gate potential
was increased from 0 V to —10 V, and (3) sensor response is reversible and reproducible (Fig. 2.7a).
This improvement indicates that the single-PANI fiber FET sensor offers tunable sensitivity with field
effect. Liu et al. (2005b) reported a single-nanofiber field-effect transistor from electrospun poly
(3-hexylthiophene).

We note that for explanation of the gas-sensing effect in polymer nanofibers-based devices models
designed for conventional polymer-based sensors can be used. For example, the sensing mechanism
for chloroform molecule sensing depends on the fact that chloroform molecules are relatively small
and can diffuse efficiently into the polymeric matrix, which expands the structure and decreases the
conductivity of the film. Small alcohol molecules have a different response mechanism to polyaniline
from those of halogenated solvents. They interact with the nitrogen atoms of polyaniline, leading to
an expansion of the compact polymer chains into a linear form, thus decreasing the resistance of the
film (Huang and Choi 2007). According to Huang et al. (2003a) and Virji et al. (2004), there are five
different response mechanisms such as acid doping (HCI), base dedoping (NH,), reduction (with
N,H,), swelling (with CHCl,), and polymer chain conformational changes (induced by CH,OH),
which can be used for polymer nanofiber-based gas sensors.

It should be noted that, besides polymer and polymer-based composite nanofibers (Lu et al. 2009),
various inorganic nanofibers can be fabricated using various methods (Shao et al. 2002; Ding et al.
2003, 2004b; Raible et al. 2005; Luoh and Hahn 2006; Yang et al. 2007a, b). In particular, using tem-
plate methods, nanofibers consisting of metals (Favier et al. 2001; Murray et al. 2004; Im et al. 2006b),
semiconductors (Routkevitch et al. 1996), and metal oxides (Miao et al. 2002) were synthesized.
Electrospinning also can be used for semiconductor and metal oxide nanofiber fabrication (Lim et al. 2010;



40 2 Nanofibers

Fig. 2.8 (a) Morphology of the SWCNT template. (b—d) WO, nanowire morphology for W deposition times of 10 s,
20 s, and 60 s, respectively. The WO, structures were fabricated by oxidation at 700 °C in air for 2 h (Reprinted with
permission from Vuong et al. 2012, Copyright 2012 Royal Society of Chemistry)

Park et al. 2010). For example, there are reports related to nanofibers of TiO,
(Kim et al. 2006; Zhang et al. 2008; Landau et al. 2009), SnO, (Yang et al. 2007a; Wang et al. 2007,
Zhang et al. 2008), WO, (Wang et al. 2006¢), TiO,: LiCl (Li et al. 2008), ZnO (Yang et al. 2007b),
StTi  Fe 0,8 (Sahner et al. 2007), etc. All indicated nanofibers were used for gas sensor
design, including humidity sensors (Li et al. 2008) and optical gas sensors (Wang et al. 2002). For
preparing metal oxide nanofibers, a hybrid solution, which is a mixture of the metal oxide sol precur-
sor, polymer, and solvent, is normally used. In order to make the inorganic nanoparticles disperse
effectively in a polymer, a surfactant is sometimes needed. It is necessary to take into account that
sintering at elevated temperatures is usually required for preparing metal oxide fibers. This thermal
treatment is necessary for both the transformation of hydroxides into oxides, and decomposition and
removal of polymeric components used for electrospinning. Figure 2.8 shows WO, nanofibers pre-
pared by deposition of W on an SWCNT template with subsequent annealing in an oxygen-containing
atmosphere. The same images for In,O,-based nanofibers are shown in Fig. 2.9. As can be seen, metal
oxides in nanofibers are polycrystalline. Experiments have shown that these materials are also acceptable
for gas sensor design (see Table 2.3). Extremely high porosity is the main advantage of these sensors,
which show very good operating characteristics (great and fast response) in comparison with sensors
based on conventional materials. This unique morphology facilitates effective penetration of the
surrounding gas into the porous ceramic layer, which is believed to be the main reason for the excep-
tionally high gas sensitivity of metal oxide gas sensors produced by this method (Kim et al. 2006).
Unlike conventional screen printing methods that produce mesoporous granular layers with densely
packed nanoparticles that give rise to poor gas transport, sensors produced by electrospinning display



2.2 Nanofiber-Based Gas Sensors 41

Fig. 2.9 SEM images of (a) as prepared PVA/indium acetate composite nanofibers, (b) after annealing at 7, =400 °C,
(¢) T, =500 °C, and (d) 7, =600 °C (Reprinted with permission from Lim et al. 2010, Copyright 2010 Elsevier)

Table 2.3 Characteristics of several metal oxide nanofiber-based conductometric gas sensors

Material Type  Fiber diameter (nm)  Gases tested Toper (°C) Detection limit References

TiO, N 200-500 NO, 150-400 500 ppb Kim et al. (2006)
TiO, N 120-850 CO, NO, 300400 50 ppb Landau et al. (2009)
TiO, N 400-500 CO 200 <1 ppm Park et al. (2010)
LiCI-TiO, N 150-260 H,0 RT 11 % Li et al. (2008)
SnO, S 700 H,0 RT N/A Wang et al. (2007)
SnO, N ~100 C,H,OH 330 10 ppb Zhang et al. (2008)
MWCNT/SnO, N 300-800 CcO RT 47 ppm Yang et al. (2007a, b)
In,0, N ~100 CcO 300 ~1 ppm Lim et al. (2010)
WO, N 20-140 NH, 350 50 ppm Wang et al. (2006b)
WO, N 32-82 NO 300 30 ppb Vuong et al. (2012)
V,0; N ~10 NH, RT 30 ppb Raible et al. (2005)
SiTi, Fe,,0,8 N ~100 CH,OH 400 5 ppm Sahner et al. (2007)

N nonwoven, S single

a bimodal pore size distribution comprising both large and small pores that enhance gas transport
and sensitivity in these layers (Kim et al. 2010). Gas-sensing characteristics of WO, fiber-based
sensors are shown in Fig. 2.10.

To solve the problem of poor adhesion between fiber mats and the substrate, Kim et al. (2006)
introduced an additional hot-pressing step after titania fiber deposition. Besides improving adhesion,
this treatment was found to have an impact on the microstructure of the fibers as shown in Fig. 2.11.
The as-spun metal oxide—polymer composite fibers exhibit a range of diameters from 200 to 500 nm
(Fig. 2.11a). When calcined without hot-pressing to remove the organic vehicle, a bundle structure
composed of sheaths of 200-500 nm diameters was obtained. In some cases, the outer sheaths were
broken, revealing cores filled with ~10-nm-thick fibrils as shown in Fig. 2.11c. By introducing the
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Fig. 2.10 Sensing properties of a thick WO, nanofibers with a crystallite size of 82 nm measured to NO gas concentra-
tions diluted in dry air. (a) The response—recovery characteristics for 5 ppm NO gas and (b) the summary of responses
(R/R,) against the operation temperature. The inset shows three response cycles illustrating good reproducibility.

The curve is shown as a guide (Reprinted with permission from Vuong et al. 2012, Copyright 2012 Royal Society of
Chemistry)

Electrospinning —» Hot pressing

(a)

300 nm

Fig. 2.11 Electrospinning and hot-pressing of metal oxide materials. (a) SEM image of the as-spun TiO,/PVAc com-
posite fibers fabricated by electrospinning from a DMF solution. (b) SEM image of TiO,/PVAc composite fibers after
hot-pressing at 120 °C for 10 min. (¢) SEM image of unpressed TiO, nanofibers after calcination at 450 °C. (d) SEM
image of hot-pressed TiO, nanofibers after calcinations at 450 °C (Reprinted with permission from Kim et al. 2006,
Copyright 2006 American Chemical Society)
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hot-pressing step prior to calcination, an interconnected morphology of the TiO_/polymer composite
fibers was obtained, as illustrated in Fig. 2.11b, due to the partial melting of the polymer vehicle.
Subsequent calcination resulted in the exceptionally high surface area structures shown in Fig. 2.11d.
The mechanical pressure applied during the hot-pressing served to break the outer sheaths, thereby
exposing the fibrils and leading to an exceptionally high surface-to-volume ratio. The hot-pressed
TiO, fiber sensors exhibited improved NO,_ characteristics with detection limits down to the ppb range
(Kim et al. 2006). The combined hot-pressing/electrospinning technique was successfully transferred
to SnO, and SnO,-TiO, composites (Kim et al. 2010; Sahner and Tuller 2010).
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Chapter 3
Metal Oxide-Based Nanostructures

3.1 Metal Oxide One-Dimensional Nanomaterials

As research on carbon fullerenes and carbon nanotubes has shown, dimensionality is a very important
factor in determining the properties of nanomaterials. Therefore, control of the size and shape of metal
oxide crystallites is of great interest with regard to the application of such materials in gas sensors.
To date, various kinds of 1D metal oxide structures have been synthesized as nanowires, nanotubes,
nanospheres, nanorods, and nanobelts (Li et al. 2002; Jung et al. 2003; Varghese et al. 2003a, b; Kam
et al. 2004; Guha et al. 2004; Kuchibhatla et al. 2007; Barth et al. 2010; Soldano et al. 2012) (see
Fig. 3.1). Among the large numbers of MOX nanowires synthesized up to now, SnO,, In,O,, and ZnO
nanowires are usually considered to be the best candidates for developing gas sensors (see Fig. 3.2)
due to their relatively low cost of production and well-known properties (Mathur et al. 2007; Huang
and Choi 2007; Barth et al. 2010; Choi and Jang 2010). It was found that, due to the progress achieved
in the synthesis of 1D metal oxide nanomaterials, at present it is possible to synthesize high-quality
nanomaterials with the length of individual nanowires up to 10-500 pm (Li et al. 2002; Zhang et al.
2004a). Interest in 1D ZnO structures is encouraged by the easy synthesis of high-quality and single-
crystalline 1D ZnO nanostructures. The synthesis of 1D nanostructures based on other sensitive metal
oxides such as TiO, and WO, has been reported to be difficult compared to other oxides.

Among many strategies to synthesize oxide NWs such as physical evaporation, silica-assisted
Fe-catalytic growth, thermal reaction between powders and active carbon, alumina-assisted catalytic
growth, and carbon-assisted synthesis, bottom-up growth is conventionally considered to be the most
cost effective way to produce NWs in large quantities (Choi et al. 2008; Barth et al. 2010). These
synthesis techniques, such as vapor-liquid—solid (VLS) or vapor—solid (VS) growth, yield randomly
oriented assemblies of NWs. Most studies to date have been carried out on individual NWs selected
from these assemblies and wired with appropriate contacts for transport measurements (see Fig. 3.3).
This has been done largely because the measurement of individual NWs may allow study of the
fundamentals of the gas-sensing effect in these MOX nanostructures (Kolmakov and Moskovits 2004).

3.1.1 1D Structures in Gas Sensors

It was established that over a wide range of operating temperatures, electronic properties of 1D struc-
tures are strongly influenced by surface processes (Kolmakov and Moskovits 2004; Vuong et al.
2012). It was found that, depending on the surrounding atmosphere in many cases, the NW resistance

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 47
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Fig. 3.1 Morphology of as-made ZnO nanowires. (a—d) Long (10-15 pm) and thin (30-60 nm) nanowires grown in
the higher-temperature region of the furnace. (e-h) Short (1-2 um) and thick (60-100 nm) nanowires grown in the
lower-temperature region of the furnace. The scale bar for (a) is 10 um; for (b, ¢, e-g) is 1 um; and for (d, h) is 200 nm
(Reprinted with permission from Banerjee et al. (2004), Copyright 2004 10P)

can vary from almost a dielectric state to a highly conducting state entirely on the basis of the chemistry
occurring at its surface. This means that 1D structures can show high gas-sensing performance (see, e.g.,
Fig. 3.4). Therefore, research has recently been carried out in many laboratories to synthesize and charac-
terize NWs and to explore their integration in proof-of-concept gas sensors (Zhang et al. 2005; Comini
et al. 2009; Hernandez-Ramirez et al. 2009; Choi and Jang 2010; Soldano et al. 2012). Some results of
research related to gas sensitivity of 1D metal oxide nanostructures are presented in Tables 3.1 and 3.2.
It was established that the sensitivity of gas sensors based on NWs is very much dependent on the
diameter of the NWs, an effect similar to grain-size influence on the response of sensors based on
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Fig. 3.2 (a) Top ten materials and (b) element forms of 1D metal oxide nanostructures used for gas sensor applications
in publications in SCI Journals during 2002-2009 (Reprinted from Choi and Jang (2010), Published by MDPI)

)\

Fig. 3.3 SEM images of gas sensors based on single-metal oxide nanobelts and nanowires. (a) (Reprinted with permis-
sion from Fields et al. (2006), Copyright 2006 American Institute of Physics). (b) (Reprinted with permission from
Hernandez-Ramirez et al. (2009), Copyright 2009 Royal Society of Chemistry)

polycrystalline metal oxides (see Fig. 3.5). For example, it was found that the Debye length (L) in
most semiconducting oxide NWs is bigger than the NW radius, and, as a result, the gas sensitivity of
such NWs is not high. As in the case of macroscopic semiconductors, the Debye length is a measure
of the electronic “crosstalk” between the surface processes and bulk electronic structure. When a
semiconductor oxide is moderately doped (10"7-10" cm™), L falls into the 10-100-nm range. For
nanostructures with radii » comparable to the L, this implies that surface band bending due to iono-
sorbed chemical or biological agents will comprise the entire volume of the nanostructure (Kolmakov
2008). Therefore the resultant electron depletion/accumulation due to adsorption/desorption events
will drastically influence the conductivity of the nanostructure. Hernandez-Ramirez et al. (2007b)
have shown that in real 1D SnQ, structures, Debye length is ~20-30 nm, and therefore the perfor-
mance of nanowire sensors can be significantly improved only when the diameter is smaller than
25 nm, that is comparable to the grain size in thin-film sensors. Research carried out by Li et al.
(2003b, c) and Zhang et al. (2004b) confirmed this conclusion. They established that an extremely low
detection limit was achieved for In,O, and ZnO nanowires with 10 nm diameter only. In particular,
such In,O, nanowire sensors demonstrated record sensitivity to NO_(up to five parts per billion (ppb)
level) Zhang et al. (2004b).

However, the controllable growth and device fabrication of very thin metal oxide nanowires still
remains an experimental challenge. Kolmakov and coworkers (Lilach et al. 2005) have found that
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Fig. 3.4 Gas sensitivity curves of the network-structured ZnO-nanowire gas sensor under exposure to 20, 10, 5, 3, 1, and
0.5 ppm of NO, gas at the measurement temperature of 225 °C. The inset shows the response and recovery behavior of the
gas sensor at 0.5 ppm (Reprinted with permission from Ahn et al. (2008), Copyright 2008 American Institute of Physics)

one of the most promising ways to address this challenge is to fabricate a single-crystal quasi-1D
chemiresistor (can be mesoscopic) with one (or a few) very fine segments which adheres to the
condition r~ L. Since the narrow segment(s) will dominate the electron transport and sensing perfor-
mance, such a device would have all the advantages of ultrathin single-crystal nanowires (see Fig. 3.5).
Studies carried out by Dmitriev et al. (2007) have shown that the narrow segments serve as ideal
“necks,” as observed between particles in conventional polycrystalline thin-film gas sensors, but
provide the significant advantages of greater morphological integrity and stability. Reports of the
methodology of segmented oxide nanowire (SN) controllable growth via a programmable change in
the local SnxOy (x, y=1, 2 ...) vapor supersaturation ratios in the vicinity of the wires during their
vapor—solid growth have been published (Lilach et al. 2005).

Zhang et al. (2003) and Wan and Wang (2005) have shown that the doping can also be used for
improvement of gas-sensing characteristics of metal oxide nanowires. In particular, Wan and Wang
(2005) established that SnO, doping by Sb improves the kinetics of sensor response. They believed
that the presence of Sb* in SnO, lattice accelerates the absorption of oxygen molecules and the for-
mation of oxygen ions on the surface. Doping during growth can be very simple (Wallentina and
Borgstrom 2011), because by modifying the composition of the precursor used for nanowire synthe-
sis, the dopant may easily be introduced into the lattice of the growing nanowire, but fine control of
the amount of dopant remains challenging. In addition, the formation of precipitates, the segregation,
and nucleation of second phases must be carefully avoided during the doping. In single crystals,
dopant atoms may produce defects and distortions in the lattice and, thanks to the confined dimension
of nanowires, much more tensile stress can be managed (Fan et al. 2006; Hsu et al. 2006). Furthermore,
unintentional defect formation may result in a decrease in the charge carrier mobility and a change in
electrical and electronic properties, avoiding any structural and chemical stability deterioration.

Another approach to increase the sensitivity is to enhance molecule adsorption by modifying the
surface (Kolmakov 2008). The surface of the nanowire sensors is always critical to their performance,
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Table 3.2 Properties of gas sensors based on single 1D oxide nanostructure classified by tested gas

Target Material Detection limit Sensitivity Response

gas (sensor type) (temp.) (conc.) time Reference

NO, SnO, (nr-R) 2 ppm (25 °C) 7 (100 ppm) ~1 min Law et al. (2002)
SnO, (nw-R) <0.1 ppm (25 °C) 1 (10 ppm) ~1 min Prades et al. (2009b)
In,0, (nw-FET) 0.5 ppm (25 °C) 10° (100 ppm) 5s Li et al. (2003b)
In,O, (nw-FET) 0.02 ppm (25 °C) 0.8 (1 ppm) 15 min Zhang et al. (2004b)
ZnO (nw-R) <0.1 ppn (225 °C) 100 (20 ppm) 24 s Ahn et al. (2008)

H, SnO, (nw-FET) <1 ppm (200 °C) 4 (1 ppm) ~50s Kolmakov et al. (2005)
VO, (nw-R) N/A (50 °C) 1,000 (100 %) ~10 min Baik et al. (2009)
WO, ,, (nw-R) <100 ppm (25 °C) 22 (1,000 ppm) 40's Rout et al. (2007)

CcO SnO, (nb-R) 5 ppm (400 °C) 7 (250 ppm) 30s Qian et al. (2006)
SnO, (nw-FET) 100 ppm (25 °C) 15 (500 ppm) ~10 min Kuang et al. (2008)
ZnO (nw-R) <50 ppm (275°C) 3,200 (400 ppm)  ~50 min Wei et al. (2009)
NiO (nw-R) N/A (150 °C) 0.25 (800 ppm) ~2h Tresback and Padture (2008)
CeO, (nw-R) <10 ppm (25 °C) 2 (200 ppm) ~10s Liao et al. (2008)

H,S SnO, (nw-R) <1 ppm (150 °C) 6x10° (50 ppm) N/A Kumar et al. (2009)
ZnO (nw-R) N/A (25 °C) 8 (300 ppm) ~50s Liao et al. (2007)
In,O, (nw-FET) 1 ppm (25 °C) 1 (20 ppm) 48 s Zeng et al. (2009)

Ethanol SnO, (nt-R) N/A (400 °C) 20 (7.8 %) ~80 s Liu and Liu (2005)

0, B-Ga, O, (nw-R) <50 ppm (25 °C) 20 (50 ppm) 1s Feng et al. (2006)

Sensitivity (R /R or Rair/Rgas); R resistive; nw nanowire; n¢ nanotube; nb nanobelt; nr nanoribbon

gas
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Fig. 3.5 Response of straight and segmented nanowires as a function of their radius at various contact resistances
(b=0, 0.025, 0.25). For segmented nanowires (SNWs), the curve is drawn vs the radius of the smaller segment. The
solid curve (top) corresponds to the nanowire with no contact resistance; the dashed curve corresponds to the SNW
with thick segments of 500 nm diameter and »=0.025; the solid curve marked with circles corresponds to the SNW with
b=0.025; the dotted curve corresponds to the SNW with b=0.25. The depletion width is ~10 nm at all cases (Reprinted
with permission from Dmitriev et al. (2007), Copyright 2007 10P)

and surface modification by chemical functionalization has been shown to enhance sensitivity
significantly. As was shown before (Chap. 10, Vol. 1), addition of a small amount of noble metals over
the MO_ surface such as Au, Pd, Pt, and Ag can speed up surface reactions and improve selectivity
toward target gas species. For example, SnO, nanowires doped with Pd particles exhibit significantly
improved sensitivity (Kolmakov et al. 2005) due to the formation of Schottky barrier junctions
induced by Pd particles on the nanowire surface. This mechanism of surface functionalizing was
discussed in Chap. 10 (Vol. 1).
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Fig. 3.6 (a) Sensitivity response vs ammonia concentration at room temperature for four types of gas sensors based on
In,0, nanostructures including broken In,O, nanotubes, regular In,O, nanotubes, In O, nanowires, and In,0, nanopar-
tlclee (b) Sensitivity response of the gas sensor based on broken In O nanotubes vs the time for a concentratlon of NH,

of 20 ppm at room temperature (Reprinted with permission from Du et al. (2007), Copyright 2007 Wiley)

Du et al. (2007) established that the morphology of nanostructures also influences sensor response.
They investigated the response of an In,O,-based ammonia sensor fabricated using In,O, nanostruc-
tures such as broken nanotubes, regular nanotubes nanowires, and nanoparticles. It was found that
broken In,O, nanotubes showed a high response. Figure 3.6 shows the response of these In,O, nano-
structures. It is seen that porous (broken) nanotubes have better responses. Response and recovery
times at room temperature were less than 20 s.

Most designers believe that the use of single-crystal or polycrystalline nanowires (NWs) as gas
sensors has potential advantages compared to conventional thick-film and thin-film devices because
of the intrinsic properties of NWs, such as well-defined geometry, single crystallinity, and high
surface-to-volume ratio (Law et al. 2004). In addition, 1D metal oxide nanomaterials should be more
thermodynamically stable in comparison to nanograins, promoting stable operation of chemical sen-
sors at higher temperatures. In particular, single-nanowire sensors have no contribution of necks and
grain boundaries to the device operation. In addition, Hernandez-Ramirez et al. (2009) showed that
the absence of nooks and crannies in nanowire-based devices facilitates directs adsorption/desorption
of gas molecules, improving the dynamic behavior of these prototypes to various gases. Therefore, it
has been suggested that the use of NWs can help to improve stability and reduce temporal drift of the
parameters of conductometric gas sensors (Hernandez-Ramirez et al. 2009; Sysoev et al. 2009).

Experiments have shown that NW-based gas sensors, because of their low energy consumption,
are very promising for integration in portable systems. It has been demonstrated by several authors
that self-heating may allow the development of gas sensors without external heaters (Strelcov et al.
2008; Prades et al. 2008; Kolmakov 2008). It was established that Joule self-heating of NWs operated
under a passing electric current can be applied for NW-based gas sensors. Meier et al. (2007a, b) and
Hernandez-Ramirez et al. (2007a, b) have shown that sensors based on individual NWs with self-
heating can be fabricated with power consumption of only a few tens of microwatts, much less than
that required for thin-film sensors mounted on microhotplates, which usually require milliwatts to
work in continuous mode. Moreover, Prades et al. (2008) have demonstrated that the response of the
sensors to 0.5 ppm NO, without a heater (/_=10 nA) was the absolute equivalent to that with a heater
(T=175 °C) (see Fig. 3.7). Of course, the indicated approach is not simple, because it requires
improved quality of ohmic contacts and a special power supply with strong protection from external
influence. Prades et al. (2009a, b) have also demonstrated the equivalence between thermal and
room-temperature UV light-assisted responses of single-SnO, nanowire gas sensors. For instance,
the response of the sensors to 0.5 ppm NO, at room temperature under UV light illumination was the
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Fig. 3.7 Response S of the SnO, nanowires operated in self-heating mode and with external microheater to
[NO,]1=0.5 ppm. The maximum response to this gas with and without heater (I =10 nA) is the absolute equivalent
(inset) (Reprinted with permission from Prades et al. (2008), Copyright 2008 American Institute of Physics)
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Fig. 3.8 Comparison of the response of a SnO, nanowire, operated at 7=175 °C in dark conditions and at room
temperature (7'=25 °C) under UV illumination (Eph=3.67 +0.05 eV, ®ph=30x 1022 ph/m2s) to a pulse of 5 ppm NO,
(Reprinted with permission from Prades et al. (2009a), Copyright 2009 Royal Society of Chemistry)

absolute equivalent to that operating at 175 °C in dark conditions (see Fig. 3.8). The experimental
results revealed that nearly identical responses, similar to thermally activated sensor surfaces, could
be achieved by choosing the optimal illumination conditions.

However, it should be noted that the controlled separation, manipulation, and characterization of
NWs are not straightforward processes due to the intrinsic problems of working at the nanoscale.



3.1 Metal Oxide One-Dimensional Nanomaterials

Table 3.3 Summary of NW assembly technologies
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NW assembly technologies

Advantages

Disadvantages

Flow-assisted alignment in
microchannels

Bubble-blown technique

Contact printing

Differential roll printing

Langmuir-Blodgett
technique

Electric field-assisted
orientation

Parallel and crossed NW arrays
can be assembled

Compatible with both rigid and
flexible substrates

Area for NW assembly is large

Compatible with both rigid and
flexible substrates

Area for NW assembly is large

High-density NW arrays can be
achieved

Parallel and crossed NW arrays
can be assembled

Direct transfer NW from growth
substrate to receiver substrate

Compatible with both rigid and
flexible substrates

NW assembly process is fast

Area for NW assembly is large

High-density NW arrays can be
achieved

Direct transfer NW from growth
substrate to receiver substrate

Compatible with both rigid and
flexible substrates

NW assembly process is fast

Area for NW assembly is large

High-density NW arrays can be
achieved

Parallel and crossed NW arrays
can be assembled

Compatible with both rigid and
flexible substrates

NWs can be placed at specific
location

Compatible with both rigid and
flexible substrates

NW assembly process is fast

Area for NW assembly is limited by the
size of fluidic microchannels

Difficult to achieve very high density of
NW arrays

NW suspension needs to be prepared first

It is difficult to achieve high-density NW
arrays

NW suspension needs to be prepared first

Growth substrate needs to be planar
The process works the best
for long NWs

Growth substrate needs to be cylindrical
The process works the best for long NWs

NWs typically need to be functionalized
with surfactant

The assembly process is slow and has to
be carefully controlled

NW suspension needs to be prepared first

Patterned electrode arrays are needed

Area for NW assembly is limited by the
electrode patterning

NW density is limited

It works the best for conductive NWs

NW suspension needs to be prepared first

Source: Reprinted with permission from Liu et al. (2012). Copyright 2012 American Chemical Society

These procedures are complex and require well-established methodologies which are not yet fully
developed. Several promising techniques, however, have been reported to align or orientate NW
assemblies with the help of microfluidics, electrostatic or magnetic fields, surface prepatterning,
self-assembly, and templating. These architecture principles, which have made it possible to design
prototype devices, have been comprehensively reviewed recently (Xia et al. 2003; Whang et al. 2003;
Lieber 2003; Qi et al. 2003; Liu et al. 2012). The advantages and disadvantages of these approaches
are briefly summarized in Table 3.3. All these fabrication routes, however, are still in a preliminary
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Fig. 3.9 (a) Schematic diagrams for multinanowire-based chemical sensors. (b) Sketch of planar nanowire array sen-
sor composed of individually addressable sensing elements based on template synthesis (Adapted with permission from
Kolmakov and Moskovits (2004), Copyright 2004 A Nonprofit Scientific Publisher)

stage of development. Thus, the use of NWs in real devices is still in a preliminary stage and needs a
breakthrough in order to integrate them with low-cost industrial processes (Hernandez-Ramirez et al.
2009). However, taking into account the specificity of chemical sensors, one can expect that wide
applications of 1D structures in sensor technology will come sooner than in standard microelectron-
ics. Gas sensors can have very simple construction, which does not require a lot of connections as in
integrated circuits. In addition, requirements for ohmic contacts in chemical sensors are not so strict.
Gas sensors also permit considerably more range in the parameters of sensing materials.

However, research has shown that utilization of 1D structure arrays (see Fig. 3.9a) that allow the
use of standard sensor technology for chemical sensor fabrication already provides an opportunity to
realize in gas sensors the range of incontestable advantages of 1D nanostructures. As can be seen from
results presented in Table 3.1, exactly such an approach was used in most gas sensors based on 1D
structures. It is important that the observed sensitivity of 1D metal oxide sensors is significantly
higher than the reported sensitivity of carbon nanotubes (Kong et al. 2000). It is assumed that the
difference is related to the nature of the metal oxide surface, which can react readily with ambient
species, compared to the inert sidewall of carbon nanotubes (Kong et al. 2000). Another approach
involves growing parallel NWs or nanotubes in a perpendicular direction on substrates (Kolmakov
and Moskovits 2004) (see Fig. 3.9b). Varghese and co-workers (Varghese and Grimes 2003; Varghese
et al. 2009) used such an approach to develop devices from TiO, nanotubes. This technique is similar
to thin-film production but promises higher accuracy in making the columnar nanoelements.

The approach proposed by Choi et al. (2008) and Ahn et al. (2008, 2009) is also interesting for gas
sensor design (see Fig. 3.10). Figure 3.10b, d shows side- and top-view scanning electron microscope
(SEM) images of ZnO nanowires grown on patterned electrodes. ZnO nanowires grown only on the
patterned electrodes have many nanowire/nanowire junctions as seen in Fig. 3.10c. These junctions
act as electrical conducting path for electrons. The device structure in this work is very simple and
efficient compared with those adopted by previous researchers, because the electrical contacts to
nanowires are self-assembled during the synthesis of nanowires. Ahn et al. (2008, 2009) asserted that
this method of on-chip fabrication of nanowire-based gas sensors is scalable and reproducible.
However, this statement raises doubts.

One of the challenges still to be resolved is that the reduced contact area between metal electrodes
and NWs magnifies the contribution of the contact electrical properties and may hide the phenomena
which take place on the surface of NWs (Nam et al. 2005; Hernandez-Ramirez et al. 2006, 2007a, b;
Lin and Jian 2008). Comini et al. (2009b) have noted that the technical difficulties in producing reliable
electrical contacts on one individual nanostructure in a controlled fabrication process at the nanoscale
level has restricted the number of projects on this topic. Indeed the study on this topic leads to better
comprehension of the electrical transport mechanisms which take place in these nanostructures.
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Fig. 3.10 (a) The schematic illustration of ZnO-nanowire air bridges over the SiO,/Si substrate. (b) Side- and (d) top-view
SEM images clearly show selective growth of ZnO nanowires on Ti/Pt electrode. (¢) The junction between ZnO nanowires
grown on both electrodes (Reprinted with permission from Ahn et al. (2009), Copyright 2009 Elsevier)

On another front, to accomplish electrical measurements of individual NWs, free of parasitic effects,
and to develop competitive sensors, various fabrication and characterization strategies have been evalu-
ated. For instance, low-current measurement protocols have been found to allow the devices to operate
long-term without degradation of their performance (Hernandez-Ramirez et al. 2007a, b). Thus the
present state of development of NW-based technologies has led to complete and well-controlled charac-
terization of proof-of-concept devices, which were previously unattainable (Comini et al. 2009).

3.1.2 The Role of 1D Structures in the Understanding of Gas-Sensing Effects

From the extensive literature data available now in the field, it can be concluded that the most significant
results related to employing NWs as gas sensor elements will be obtained by studying the fundamen-
tals of their receptor function (Korotcenkov 2008). The random aggregation of nanoparticles in
poly(nano)crystalline MOXs, as well as the scatter in their size, makes it difficult to study the gas
transduction phenomena accurately at the nanoscale. The single crystallinity of the NWs, however,
makes easier to interpret the experimental data (Fig. 3.11).

On the other hand, the geometry of individual single-crystal NWs promotes a detailed analysis
of-the gas-surface interactions, because there are no necks and boundaries. The decrease in the num-
ber of parameters which control the sensor response of 1D structures should facilitate a better under-
standing of the nature of the observed effects. In addition, 1D metal oxide nanomaterials have excellent
crystallinity and clear faceting with a fixed set of planes. It is expected that these nanomaterials will
have less concentration of point defects and specific adsorption and catalytic properties, conditioned
by a particular combination of crystallographic planes. In other words, semiconducting 1D metal
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Fig. 3.11 Diagrams illustrating difference in gas-sensing effects in (a) polycrystalline material and (b) individual
nanowires. One can see that any intergrain necks or boundaries are absent in 1D-based gas sensors. Moreover, E,__and
E,, . fields are always orthogonal and independent (Reprinted with permission from Hernandez-Ramirez et al. (2009),
Copyright 2009 Royal Society of Chemistry)

oxide structures with well-defined geometry and perfect crystallinity could represent a perfect model-
material family for systematic experimental study and theoretical understanding of the fundamentals
of gas-sensing mechanisms in metal oxides. Theoretical simulation of gas-sensing effects in 1D-based
devices becomes significantly simpler. In many cases, only two planes participate in gas-sensing
effects in 1D structures. Therefore, in simulations, 1D structures should be considered as single crys-
tals with limited sizes. This means that the NW studies provide a way to gain deeper insight into the
chemical and electrical transduction mechanisms which control the gas-sensing performance of
MOXs and may become an extremely helpful tool to further advance sensors in the future (Wang
2000). In particular, Hernandez-Ramirez et al. (2009) suggested that the use of NWs as a platform to
develop novel gas sensors may provide the opportunity to find solutions to problems which remain
partially unsolved under other conventional technologies, such as the lack of stability, poor selectivity
toward different gas species, and power consumption. The assembly of single-crystal NWs as 3D or
2D networks or mats may be useful not only as a platform for practical sensors but also as a model to
study the fundamentals of gas-sensing effects in polycrystalline samples (Go et al. 2009).

For example, Korotcenkov (2008) believes that the determination of crystallographic planes with
optimal combinations of adsorption/desorption and catalytic parameters and the development of
methods for metal oxide grains deposition with indicated faces should be considered as a main
contemporary goal for thin-film technology as applied to metal oxide gas sensors. Research presented
by Batzill et al. (2005), Korotcenkov et al. (2005¢), Gurlo (2011), and Han et al. (2009) could be
considered as the first step in this direction. A proper choice for crystallite deposition technology or
synthesis with a necessary grain facet can help to increase sensitivity, improve selectivity, and decrease
humidity effects in gas sensors. For example, in Golovanov et al. (2005b), using a Mulliken population
analysis, it was shown that the chemisorption of OH groups on the (110) face is accompanied by the
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Table 3.4 Crystallographic geometry of 1D oxide nanostructures

Nanostructures Crystal structure Growth direction Top surface Side surface
ZnO-belt Wartzite (0001) or (0170) +(110)or(2T10)  %(01-10) or £(0001)
Ga,0,-belt Monoclinic (001) or (010) +(100) or x(100) +(010) or+(10T)
Ga,0,-sheet Monoclinic (101) (normal) +(100) +(010)
+(10-1)and £ (212)
t-Sn0,-belt Rutile (101) +(10T) £(010) and =(10-1)
SnO -belt Rutile (100) +(001) +(010)
t-SnO,-wire Rutile (101) +(10T)
SnO,-belt
Zigzag—initial  Rutile (101) +(010) +(10-1) and +(100)
Zigzag—final Rutile (101) +(010) +(100)
0-SnO -wire Orthorhombic (010) +(100) +(001)
SnO,-diskette Tetragonal +(100) and +(110) +(001) +(100) and +(110)
SnO,-ribbon Rutile (101) (10T )/ (To1) (010)/(0-10)
SnO,-ribbon Rutile/orthorombic  (110) /(653) +(100) /£(231), +(001), /+(10T)
(sandwich)

Source: Data from Dai et al. (2001, 2003), Ma et al. (2003), Huang et al. (2005), Korotcenkov (2008)

localization of negative charge to a greater extent than the chemisorption of OH groups at the (011)
surface of SnO,. This means that adsorption/desorption processes and surface reactions with water
vary with different SnO, crystallographic planes. Understandably, the preparation of polycrystalline
metal oxides with the necessary grain faceting is difficult to control. However, it is achievable for 1D
sensors and should be a high-priority area of research. Crystallographic study of metal oxides nano-
belts has shown that the planes and faceting in 1D structures depend on the parameters of synthesis.
For example, in Liang et al. (2001), Li et al. (2003a, b), Dai et al. (2003), and Kong et al. (2003), it was
reported that, depending on the synthesis route, there was a possibility to synthesize In,0, nanobelts
with (100), (120), (111), (110), and (001) growth directions. In,O, nanobelts grown in (100) and (120)
directions had the top and bottom surfaces being (001), while the (100) nanobelts had side surface of
(010) and a rectangular cross-section (Kong et al. 2003). The (120) nanobelts had a parallelogram
cross-section. In,O, nanobelts grown in (111) and (110) directions had other set of planes; side and top
surfaces were (100) planes (Liang et al. 2001; Zhang et al. 2004a). In the case of the (001) growth
direction, In,O, nanobelts were enclosed by (100) and (010) planes (Dai et al. 2003). The crystallo-
graphic geometry of other metal oxide 1D nanostructures is presented in Table 3.4. It is important to
note that, for example, the SnO, nanostructures are not enclosed by (110) planes, which are the most
stable crystallographic planes in the SnO, lattice. Thus, the results presented testify that we really
have the ability to control faceting planes of metal oxide 1D structures. This means that in 1D-based
sensors, we have additional opportunities for controlling the sensor’s performance parameters. On the
other hand, in 1D gas sensors the role of contacts increases because of their small area and therefore
greater specific resistance.

With regard to the sensors base on nanowire arrays, the same regulations apply to them as to those
on based on the usual nanoparticle films. Impedance spectroscopy studies have showed that the gas-
sensing mechanism for sensors based on networked nanowire thin films involves changes in both the
nanowire and the inter-nanowire boundary resistances (Deb et al. 2007). For gas sensor design, thin
films containing nanowires in a highly networked fashion are promising. A study has shown that the
sensors based on those films behave similarly to single-nanowire devices without much post-processing
effort (Deb et al. 2007).
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Fig. 3.12 Position of (a) nanowires or nanotubes and (b) nanobelts on the contact pad (Reprinted with permission from
Korotcenkov (2008), Copyright 2008 Elsevier)

3.1.3 What Kind of 1D Structures Is Better for Gas Sensor Design?

It has been shown that there are many types of 1D structures which can be used for gas sensor design,
including nanowires, nanobelts, nanotubes, nanoribbons, nanowhiskers, nanorings, and nanorods
(Dai et al. 2002; Hu et al. 2002; Li et al. 2003a, b; Kam et al. 2004; Zhang et al. 2004a; Soldano et al.
2012). However, analyzing the opportunities for 1D structures of various types for their practical use
in gas sensors, it is necessary to admit that nanobelts (nanoribbons) might be the most demanding.
Nanobelts are thin and plain belt-type structures with rectangular cross-sections (see Fig. 3.12).
At present nanobelts are available for practically all basic oxides used in chemical sensors and there
is plenty of information about the synthesis of nanobelts based on SnOz, In203, 7ZnO, Ga203, TiOZ, etc.
(Li et al. 2000; Pan et al. 2001; Dai et al. 2002; Lee et al. 2002; Konga and Wang 2003; Varghese et
al. 2003a, b; Jung et al. 2003; Kong et al. 2003; Guha et al. 2004). Synthesis of nanobelts can be
accomplished using various methods (Liu et al. 2001; Wang et al. 2002; Li et al. 2002; Xu et al. 2002),
creating good conditions for widening research into such nanosize materials.

In addition, nanobelts do not have the mechanical strength of nanotubes. Their crystallographic
perfection is a very good attribute. Because there are zero defects in their structure, there is no problem,
as there is with nanotubes, that defects may destroy quantum-level properties. The suitable geometry
of nanobelts is also their important advantage for mass manufacturing. They have high structural
homogeneity and long length. Typical nanobelts have widths of 30-300 nm, thicknesses of 10-15 nm,
and lengths from several micrometers to hundreds, or even some thousands, of micrometers (Dai et al.
2001; Pan et al. 2001). Moreover, nanobelts are flexible and can therefore be curved over 180° without
being damaged. This fact gives additional advantages to those materials in device design.

3.2 Mesoporous, Macroporous, and Hierarchical Metal Oxide Structures

Mesoporous, macroporous, and hierarchical metal oxide structures are other modern directions in
sensing materials design. It was established that the ability to create macroporous objects from nano-
scaled components may create new resources for optimization of gas sensor parameters. The pores in
3D MOX structures are developed in the submicrometer or nanodimensional domain. Therefore, these
structures are frequently called mesoporous. These rather new materials with extremely high surface
area offer a high degree of versatility in terms of structure and texture. The most successful approaches
to developing mesoporous structures are based on the synthesis of pore-containing particles, including
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pore core—solid shell nanostructures, via templating or via a facile wet-chemical approach combining
with an annealing process (Lin et al. 2012).

The hierarchical nanostructures also have extremely high surface areas and have little tendency to
agglomerate, which allows one to employ them as high-performance gas sensor materials. A “hierar-
chical structure” means the higher dimension of a micro- or nanostructure composed of many, low
dimensional, nano-building blocks (Lee 2009). The various hierarchical structures can be classified
according to the dimensions of nano-building blocks and the consequent hierarchical structures, refer-
ring to the dimensions, respectively, of the nano-building blocks and of the assembled hierarchical
structures (see Fig. 3.13). For example, “1-3 urchin” means that 1D nanowires/nanorods are assembled
into a 3D urchin-like spherical shape, and “2-3 flower” indicates that a 3D flowerlike hierarchical
structure is assembled from many 2D nanosheets. Under this framework, the hollow spheres can be
regarded as the assembly of 1D nanoparticles into the 3D hollow spherical shape. Thus, strictly speaking,
the 0-3 hollow spheres should be regarded as one type of hierarchical structure.

Various methods have been considered for synthesizing such hierarchical hollow-particle structures,
including spray-drying (Okuyama et al. 2006; Colombo et al. 2010), sol-gel (Hayashi et al. 2009),
layer-by-layer (LbL) templating (Rothschild and Tuller 2006; Wang et al. 2008), electrodeposition
(Wadea and Wegrowe 2005), vapor-phase impregnation (Yue and Zhou 2008), interface growth, and
pulse laser deposition (Sanchez et al. 2008). However, the most promising technologies seem to be
methods based on sol-gel, aerosol spray, and LbL deposition (Lee 2009).
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Fig. 3.14 (a) Experimental apparatus for developing particles containing ordered pores. (b—d) Photos of the particles
(Reprinted with permission from Iskandar (2009), Copyright 2009 Elsevier)

The conventional LbL process starts with electrostatic adsorption of a charged species onto a
substrate which is a priori charged with opposite sign. The species adsorption results in recharging of
the substrate surface. Then the first layer is covered with the next one via deposition of an oppositely
charged species and so on until the required film thickness is achieved. The LbL approach is versatile
for assembling various materials—polymers, lipids, proteins, dye molecules, etc.—on a number of
substrates via not only electrostatic interactions but also hydrogen bonding, hydrophobic interactions,
covalent bonding, and complementary base pairing (Ariga et al. 2007). The properties of LbL films,
such as composition and thickness, can be readily adjusted by simply varying the species adsorbed, the
number of layers deposited, and the conditions employed during the assembly process. Removal of the
templating substrate following LbL film formation can give rise to freestanding nanostructured materi-
als with different morphologies and functions. Further details about this technique and its applications
may be found elsewhere (Caruso et al. 2000; Ariga et al. 2007; Zhang et al. 2007; Wang et al. 2008).

One route to fabricating mesoporous hierarchical structures using an aerosol spray method, and
photos of the structures produced, are given in Fig. 3.14.

Synthesis of mesoporous materials using liquid deposition techniques is shown in Fig. 3.15. This
overall complex transformation can be seen simply as direct polycondensation of the inorganic pre-
cursors around the organic micelles (or mesophase), which freezes the liquid-crystal mesostructure.

Shimizu and coworkers (Hieda et al. 2008; Hayashi et al. 2009; Morio et al. 2009; Hyodo et al.
2010) have shown that, by using a modified sol-gel technique, pyrolysis or a physical vapor deposi-
tion process employing a polymethylmethacrylate (PMMA) microsphere film as a macropore
template, macroporous (mp-) films of various materials promising for gas sensor application can be
fabricated. They established that different kinds of gas sensors fabricated with the mp-semiconductor
films (SnO, and In, O, to detect H,, NO,, and H,S), photoluminescence-type (SnO, mixed with Eu,O,
to detect H, and NO,), and quartz crystal microbalance type (BaCO, to detect NO,) showed stronger
gas responses as well as fast response and recovery speeds in comparison with those fabricated with
a conventional film and powders without macropores (Hayashi et al. 2009; Yuan et al. 2011; Hyodo
and Shimizu 2011).
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Fig. 3.15 Templating approach applied to make thin films via liquid deposition (Reprinted with permission from
Sanchez et al. (2008), Copyright 2008 American Chemical Society)

Planar substrates containing defined pore structures (e.g., macroporous membranes) have also
been widely employed as templates to develop mesoporous MOXs (Wang et al. 2008). Planar tem-
plates are typically fabricated using solid substrates such as quartz slides, Si wafers, and metal elec-
trodes. The porous planar templates allow deposition of metals or MOXs with well-defined 3D
morphologies. For example, membranes containing cylindrical pores provide the possibility to form
(nano)tubes (hollow cylinders). The outer diameter, length, composition, and thickness of the tubes
are controlled by the pore diameter, membrane thickness, the type of species deposited, and the num-
ber of layers assembled, respectively. The open ends and large surface area associated with tubes
render them useful for delivery applications. In particular, they can be readily loaded with large quan-
tities of gas species.

Spherical colloids can also be employed as templates. The deposition of MOX films onto the outer
surface of colloidal particles, which are then chemically or thermally removed, further gives the pos-
sibility to design hollow spherical structures like small capsules (Fig. 3.16). This method permits
good control over the properties of the hollow spheres (e.g., size, composition, thickness, permeabil-
ity, function) by proper choice of the sacrificial colloids and the film components (Wang et al. 2008).

Chemical methods can also be applied for hierarchical structures synthesis (Lee 2009). For exam-
ple, experiment has shown that the hollow precursor or oxide particles can be prepared either by the
chemically induced self-assembly of surfactants into micelle configuration (Zhao et al. 2006) (see
Fig. 3.17a) or by the polymerization of carbon spheres and subsequent encapsulation of metal hydrox-
ide during the hydrothermal/solvothermal reaction (Yang et al. 2007). The core polymer parts are
normally removed by heat treatment at elevated temperature (500-600 °C). Thus, hollow oxide struc-
tures can be used stably as gas detection materials at the sensing temperature of 200400 °C without
thermal degradation. Other approaches based on Ostwald ripening and the Kirkendall effect can also
be used. These processes are illustrated in Fig. 3.17b, c. The Kirkendall effect is realized during the
oxidation of dense and crystalline metal particles, when the outward diffusion of metal cations through
the oxide shell layers is very rapid compared to the inward diffusion of oxygen to the metal core (Liu
and Zeng 2004; Fan et al. 2007). Solid evacuation is the common aspect of Ostwald ripening and the
Kirkendall effect. However, in principle, the shell layers developed by the Kirkendall effect are denser
and less permeable than those by Ostwald ripening.
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Fig. 3.16 (a) TiO, hollow spheres and (b) SnO, hollow spheres prepared by the encapsulation of Ti and Sn precursors
on Ni spheres and the removal of core metal templates by dilute HCI aqueous solution after heat treatment at 400 °C
(Reprinted with permission from Lee (2009), Copyright 2009 Elsevier)

® P —1f

Fig. 3.17 Schematic diagrams for the preparation of hollow structures using the (a) self-assembled hydrothermal/sol-
vothermal reaction, (b) Ostwald ripening of porous secondary particles, and (c) solid evacuation by the Kirkendall effect
(Reprinted with permission from Lee (2009), Copyright 2009 Elsevier)

It should be noted that technologies for fabricating mesoporous and hierarchical nanostructures
have been developed for all the basic MOXs (SnO,, In203, TiO,, WOS, Fe203, etc.) utilized to develop
conductometric gas sensors (Lee 2009). The gas-sensing performance of sensors based on mesopo-
rous and hollow nanostructures is well reviewed elsewhere (Tiemann 2007; Lee 2009), and it is agreed
that such structures are really attractive platforms for gas-sensing applications (Shimizu et al. 2004,
2005; Yue and Zhou 2008). Mesoporous and hollow structures have been reported to show very high

gas-sensing response (Devi et al. 2002; Hyodo et al. 2003; Wagner et al. 2007) and fast response
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Fig. 3.18 Dynamic CO sensing transients of (a, b) the hollow In,O, microspheres, (¢, d) the urchin-like In,O, micro-
spheres, and (e, f) the agglomerated In,0, powder (measurement at 400 °C) (Reprinted with permission from Choi
et al. (2009b), Copyright 2009 Elsevier)

kinetics (Liu et al. 2007), which are attributed to their high surface area and well-defined porous
architecture. A particularly large difference in kinetics of sensor response was observed in comparison
with sensors fabricated using agglomerated powders (see Fig. 3.18). It was established that the hollow
nanostructures follow the same basic trends as mentioned for the thin-film layers. When the shells are
rather dense and thick, the gas-sensing reaction occurs only near the surface of the hollow spheres,
and the inner parts of these spheres are inactive. However, if the shell is sufficiently thin, the primary
particles in the entire hollow sphere are able to participate in gas-sensing reactions even when the
shells are less permeable. In addition, the rate of sensor response of hollow spheres increases with the
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Fig. 3.19 (a) Schematic diagram of the experimental procedures of SnO,-based sensor fabrication using Sn anodic
etching with following oxidation and plain views of (b) as-etched and (c) as-annealed films (Reprinted with permission
from Jeun and Hong (2010), Copyright 2010 Elsevier)

thinner shell configuration due to the faster gas diffusion. It has also been found that the sensor
response and response kinetics of the mesoporous sensing materials, similarly to the conventional
metal oxide matrix, can be further improved by surface modification (Hyodo et al. 2003) and doping
by catalytic materials (Rossinyol et al. 2007a, b; He et al. 2009).

From our point of view, electrochemical etching of metal films with subsequent oxidation of fab-
ricated porous structure is also a very promising approach to designing a mesoporous gas-sensing
matrix. Such an approach was discussed with reference to TiO, and SnO, in Varghese et al. (2003b),
Li et al. (2009b), Rani et al. (2010), and Jeun and Hong (2010). Anodic oxidation is the most com-
monly employed method for the synthesis of self-ordered porous semiconductor structures, which is
a relatively simple, low-cost, and high-yield process. The process used by Jeun and Hong (2010) is
shown schematically in Fig. 3.19. It was found that, after annealing at 700 °C for 1 h, the pore wall of
Sn films changed into a granular SnO, structure due to sintering, but the microscopic features of the
nanosized pores and vertical nanochannels remained the same, indicating a high thermal stability of
the anodized films (see Fig. 3.19Db, c).

It was established that the sensitivity of the above-mentioned mesoporous and hierarchical struc-
tures can be extremely high (Mor et al. 2004; Lin et al. 2012), and, similar to other gas-sensing materi-
als, this sensitivity depends on pore size, wall thickness, and tube length (Varghese et al. 2003b). In
particular, Varghese et al. (2003a, b) have shown that the crystallized nanoscale walls and intertubular
connecting points play critical roles in determining the remarkable hydrogen sensitivities of the TiO,
nanotube arrays. The TiO, nanotube sample showing the highest sensitivity had a wall thickness of
~13 nm. However, we need to recognize that, for commercialization of the results obtained, the con-
tinuation of research in this direction is required. Till now there have been technological problems such
as the reproducibility, the forming of low-resistance contacts, and structure stabilization during and
following annealing which need to be resolved. For example, Varghese et al. (2003a, b) have found that
TiO, samples, prepared using anodization and consisting of well-defined nanotube arrays, were found
to be stable up to temperatures around 580 °C (in oxygen ambient) even after crystallization of the tube
walls. However, at higher temperatures, the crystallization of the titanium support disturbed the nano-
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tube architecture, causing it to collapse and densify. When subjected to rapid annealing in oxygen at up
to 950 °C, the structure did not collapse completely although a complete crystallization occurred; the
tubes coalesced and formed a wormlike pattern. The anodization technique needs to be optimized as
well (Li et al. 2009; Jeun and Hong 2010).

It should be noted that the problem of structural instability exists for all types of the above-men-
tioned structures independent of material used. Moreover, resolving this problem does not have a
universal approach. Unfortunately, every material used for mesoporous, macroporous, and hollow
structure fabrication requires a specific approach for resolving it. For example, Shimizu and cowork-
ers (Hyodo et al. 2002) found that the most important key to the drastic improvement of thermal sta-
bility of mesoporous (m-) SnO, powders is to immerse them in a phosphoric acid aqueous solution
before calcination and consequently loading phosphorus components on the surface of m-SnO, crys-
tallites. Such treatment enabled the preparation of the m-SnO, powders with small crystallite size
(2-3 nm in diameter) and large specific surface area (>300 m*g) even after calcination at 600 °C.
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Chapter 4
Metal-Based Nanostructures

Through the study of nanoporous Pd films described in Chap.4 (Vol. 1), it was demonstrated that the
H, detection limit and response time could be improved in nanoporous structures with increased
surface area and decreased distance for bulk diffusion. Taking into account mentioned above, one can
conclude that films from metal nanoparticles and metal nanowires would be ideal structures for fast
detection of low gas concentrations. Experiment has shown that this assumption is valid and noble
metal nanoparticles can be successfully incorporated into gas sensors. The selection of noble metals
such as Au and Pt for gas sensor fabrication is based on their chemical inertness (Dovgolevsky et al.
2009). It was established that, compared to conventional metal oxide chemiresistors, MNP-based
devices have the advantage that they can be operated at room temperature or slightly above, which
enables easy device integration and low-power operation (Joseph et al. 2008; Saha et al. 2012).

4.1 Metal Nanoparticles

4.1.1 Properties

Metal nanoparticles (MNPs) are discrete clusters of a finite number of atoms, generally in the range
of 1-100 nm in size. For example, an Au NP 5.2 nm in diameter consists of 2,951 atoms. It is known
that the surface area of nanocrystals increases markedly with the decrease in size (Rao et al. 2002).
Thus, a small metal nanocrystal 1 nm in diameter will have 100 % of its atoms on the surface.
A nanocrystal 10 nm in diameter, on the other hand, would have about 15 % of its atoms on the sur-
face. A small nanocrystal with a higher surface area would therefore be expected to be more reactive
(Rao et al. 2005). Furthermore, the qualitative change in the electronic structure arising due to quan-
tum confinement in small nanocrystals will also bestow unusual adsorption and catalytic properties on
these particles, totally different from those of the bulk metal (Daniel and Astruc 2004). For example,
a low-temperature study of the interaction of elemental O, with Ag nanocrystals of various sizes has
revealed the ability of smaller nanocrystals to dissociate dioxygen to atomic oxygen species (Rao
et al. 1992). On bulk Ag, the adsorbed oxygen species at 80 K is predominantly in the form of O,".
The ability of Cu, Pd, Pt, and Ni nanoparticles to absorb CO at increased temperatures has been thor-
oughly investigated as well (Matolin et al. 1990). Carbon monoxide from a bulk Cu surface desorbs
above 250 K. Small Cu particles, however, retain CO up to much higher temperatures (Santra et al.
1994). A similar observation has been made in the case of Pd particles (Gillet et al. 1986). The results
obtained with Ni particles are more interesting. In addition to showing a trend similar to the above,
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Fig. 4.1 (a) Total number of catalytically produced CO, molecules as a function of cluster size. (b) Total number of
produced CO, molecules per atom as a function of cluster size. The CO, molecules produced by oxidation of CO are
studied by means of temperature-programmed desorption mass spectrometry (Reprinted with permission from Heiz
et al. 1999, Copyright 1999 American Chemical Society)

small Ni particles are also capable of dissociating CO to form carbidic species on the particle surface
(Doering et al. 1982). Heiz and co-workers (1999) have studied the ability of a size-selected Pt cluster
with nuclearity between 5 and 20 atoms to oxidize CO and found that the small Pt clusters are all cata-
lytically active and exhibit a different temperature and activity profile, depending on the nuclearity
(see Fig. 4.1).

It was established that as metal particles are reduced in size, the collective oscillation of electrons
in the conduction band causes changes in the electrical, optical, and magnetic properties as well (Rao
et al. 2005). For example, electron spectroscopic techniques such as UPS and XPS have shown that as
the metal particle size decreases, the core-level binding energy of metals such as Au, Ag, Pd, Ni, and
Cu increases sharply. This is shown in the case of Pd in Fig. 4.2, where the binding energy increases
by over 1 eV at small size. The increase in the core-level binding energy in small particles is a mani-
festation of the size-induced metal-nonmetal transition in nanocrystals. According to experiments
carried out, an electronic gap manifests itself for a nanoparticle with a diameter of 1-2 nm and pos-
sessing 300+ 100 atoms. The variation in the binding energy is negligible at large particle size, since
the binding energies are close to those of the bulk, macroscopic metals. Thus, experiment shows that
the electronic properties of metal NPs are neither those of bulk metal nor those of molecular com-
pounds. This means that metal nanoparticles (NPs) with indicated sizes effectively bridge between
bulk materials and atomic/molecular structures (Zhang 1997; McConnell et al. 2000; Schmid and
Corain 2003; El-Sayed 2004; Daniel and Astruc 2004; Van Dijk et al. 2006).

4.1.2 Synthesis

By now, metal NPs of Au, Ag, Pd, Pt, Cu, Co, and Ni can be easily synthesized, and many different types
are commercially available. NPs can be synthesized either by physical methods such as vapor deposition
and laser ablation or by chemical methods such as metal salt reduction or micelles (De Jongh 1994;
Schmid 1994; Braunstein et al. 1999; Brust and Kiely 2002; Matolin et al. 1990; Masala and Seshadri
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2004; Daniel and Astruc 2004; Burda et al. 2005; Rao et al. 2005; Matolin et al. 1990; Zabet-Khosousi
and Dhirani 2008; Saha et al. 2012).

Chemical synthesis of sols of metals results in nanoparticles embedded in a layer of ligands or stabi-
lizing agents, which prevent the aggregation of particles. The stabilizing agents employed include sur-
factants such as long-chain thiols or amines or polymeric ligands such as polyvinylpyrrolidone (PVP).
Reduction of metal salts dissolved in the appropriate solvents produces small metal particles of varying
size distributions (Turkevich et al. 1951; Schmid 1994; De Jongh 1994; Kulkarni et al. 2000). A variety
of reducing agents have been employed for reduction. These include electrides, alcohols, glycols, metal
borohydrides, and certain specialized reagents such as tetrakis(hydroxymethyl)phosphonium chloride.
It should be noted that although the reaction temperature and reagent concentrations provide a rudimen-
tary control of the main steps of synthesis such as nucleation, growth, and termination by the capping
agent or ligand, it is often impossible to control them independently, and so the nanocrystals obtained
usually exhibit a distribution in size. Typically, the distribution is log-normal with a standard deviation
of 10 % (Rao et al. 2005). Given the fact that properties of the nanocrystals are size dependent, it is
significant to be able to synthesize nanocrystals of precise dimensions with minimal size distributions.
This can be accomplished to a limited extent by size-selective precipitation either by centrifugation or
by use of a miscible solvent—nonsolvent liquid mixture to precipitate nanocrystals.

Successful nanocrystals synthesis has also been carried out employing soft templates such as the
water pool in a reverse micelle, the interface of two phases. Reverse micellar methods have been suc-
cessfully utilized in the preparation of Ag, Au, Co, Pt, and Co nanocrystals (Pileni 1993; Ahmadi et
al. 1996). The synthesis of nanocrystals at the air—water interface as in Langmuir—-Blodgett films or at
a liquid-liquid interface is currently attracting wide attention (Shipway et al. 2000; Platt et al. 2002).
It has been shown recently that films of metal nanocrystals can be prepared using a water—toluene
interface (Rao et al. 2003a, b). Traditionally, clusters of controlled sizes have been generated by abla-
tion of a metal target in vacuum followed by mass selection of the plume to yield cluster beams
(Sattler et al. 1980; Milani and Tannotta 1999). Such cluster beams could be subject to in situ studies
or be directed onto solid substrates. In order to obtain nanocrystals in solution, Harfenist et al. (1996,
1997) steered a mass-selected Ag cluster beam through a toluene solution of thiol and capped the
vacuum-prepared particles.

Colloids of alloys have been made by the chemical reduction of the appropriate salt mixture in the
solution phase. Thus, Ag-Pd and Cu-Pd colloids of varying composition have been prepared by
alcohol reduction of mixtures of silver nitrate or copper oxide with palladium oxide (Vasan and Rao
1995). Fe—Pt alloy nanocrystals have been made by thermal decomposition of the Fe and Pt acetylac-
etonates in high-boiling organic solvents (Sun et al. 2000). Au—Ag alloy nanocrystals have been made
by co-reduction of silver nitrate and chloroauric acid with sodium borohydride (Sandhyarani et al.
2000; He et al. 2002).
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4.1.3 Gas Sensor Applications

According to Tisch and Haick (2010), there are several good reasons to exploit metal nanoparticles
for gas-sensing applications. First, there is the possibility to synthesize MNPs of nearly any chemical
composition one wishes. The core can be composed of either a single metal or an alloy of two or more
metals. Second, there is the possibility to vary rather freely the particles’ size and shape and, there-
fore, the surface-to-volume ratio. Using NPs with controlled shape allows one to tailor their properties
with a greater versatility than can be achieved by controlling any other of their characteristic features.
For sensing applications in particular, this allows deliberate control over the domination of the surface
properties and, consequently, over the interaction “quality” with the analyte molecules (Dovgolevsky
et al. 2009). Third, MNPs easily self-assemble into ordered macroscopic 1D, 2D, or 3D arrays with
controllable porous properties. Assembly into ordered 3D structures grants control over the interpar-
ticle distance and makes it possible to obtain nearly uniform interparticle distances in the composite
films. Finally, NPs can be successfully capped with a wide variety of molecular ligands, which allows
precise control of both the chemical and the physical parameters of the NPs, including solubility,
reactivity, and optical properties. It was found that ligands control the interaction between the NPs as
well. For example, capping ligands plays an important role in the charge transport through NP solid
films used as chemiresistor sensors. This means that by using molecules with specific functionalities
(e.g., redox activity or biorecognition), those functionalities can be incorporated into the NP assem-
bly. Generally, any mono- or bifunctional molecule that has a tendency to bind with NP core material
can be used as a capping ligand or cross-linker, respectively. For example, thiol groups are most com-
monly used with Au or Ag NPs (Love et al. 2005), while amines and isocyanides are ligands used with
Pd and Pt NPs (Masala and Seshadri 2004). For sensing applications these attributes imply that one
can obtain MNPs with a wide variety of synergetic combinations of chemical and physical properties
which, in turn, affect the sensitivity and the selectivity of the sensors. In addition, capping, the metal
NPs with an organic monolayer can control the particles’ size and protect and stabilize them against
aggregation.

Experimental studies have shown that the above-mentioned features of metal nanoparticles
really may be applied in sensor technology, and, by exploiting these nanoscale properties, a highly
efficient gas sensor can be designed and fabricated (Shipway et al. 1999; Ahn et al. 2004; Raschke
et al. 2004; Drake et al. 2007; Dovgolevsky et al. 2009; Saha et al. 2012). In particular, metal nano-
particles can be incorporated in optical hydrogen and VOCs sensors (Cioffi et al. 2002; Ahn et al.
2004; Filenko et al. 2005).

Generally speaking, MNP-based gas sensors can operate either on analyte-induced effects such as
controlled assembly (i.e., aggregation) of MNPs or on swelling of MNP solid films, and/or altering
their surface properties through MNP-analyte interaction via hydrogen bonding, n—m, host—guest, van
der Waals, electrostatic, or charge transfer (Tisch and Haick (2010)). The indicated MNP-analyte
interactions can affect the following parameters: (1) the individual NP’s size; (2) the aggregate’s size;
(3) the interparticle distance; and (4) composition, periodicity, and thermal stability of the aggregates.
These parameters alter the optical, mechanical, and electrical properties of the MNPs. This means that
for design of NT-based gas sensor, various platforms can be used. In particular, in the literature one can
find descriptions of SAW, QCM, conductometric, electrochemical, and optical NP-based gas sensors.

It should be noted that optical sensors based on surface plasmon resonance (SPR) are the most stud-
ied NT-based gas sensors. Mostly Au nanoparticles with sizes ranging from 2 to 300 nm are used for
optical sensing applications. It was found that SPRs are excited neither in smaller NPs (quantum dimen-
sions <1 or 2 nm), where electrons occupy discrete energy levels nor in bulk gold (Au), which has a
continuous absorbance in the UV-visible spectral region. Ag and Cu nanoparticles can be applied as
well. However, Ag, and especially Cu, tend to oxidize. The large density of free electrons in these met-
als yields highly intense SPRs. In fact, the light-absorption and light-scattering cross sections of NPs
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are several orders of magnitude higher than those of conventional highly colored dyes, for example,
porphyrins and azo dyes (Kriebig and Vollmer 1995; Y guerabide and Yguerabide 1998). The SPR fre-
quency depends strongly on the dielectric constant, i.e., on the refractive index, RI, of the surrounding
medium, which makes metal NPs and their assemblies very attractive for optical sensing. For example,
adsorption of chemical species at the NP’s surface, or in between assembled NPs can generate the
change in the dielectric constant, which will be accompanied by SPR shift. It should be noted that SPR-
based gas sensors were designed for volatile organic compounds (VOCs). In particular, Cheng et al.
(2007) demonstrated that sensors based on silver and gold nanoparticles and gold nanoshells had fast
and reversible (approximately 8 s) response. The limit of detection for toluene was 5 ppm.

Regarding NT-based conductometric gas sensors, one can say that chemiresistors based on MNPs
were first demonstrated in 1998 by Wohltjen and Snow (1998). They fabricated a chemiresistor by
deposition of a thin film of octanethiol-coated AuNPs (d~2 nm) onto an interdigitated microelec-
trode. A rapid decrease in the conductance due to film swelling was observed in the presence of tolu-
ene, tetrachloroethylene, 1-propanol, and water vapor with a detection limit of ~1 ppm.

A Pd hydrogen sensor, based on the swelling property (volume increase) of Pd, is another example
of NP-based conductometric gas sensors (Favier et al. 2001; Kim et al. 2006). When hydrogen is pres-
ent and dissolved into the Pd, the hydrogen-swollen Pd grains expand to “close” the nanoscale gaps
in between. The grain chains are connected and provided a current pass that decreased the resistance
of the Pd grain networks. These gaps are “reopened” when the Pd grains in Pd grain networks return
to their equilibrium dimensions in the absence of hydrogen (see Fig. 4.3). For fabrication of such sen-
sors, electrodeposition (Favier et al. 2001; Kim et al. 2006) and sputtering (Lith et al. 2007) are nor-
mally used. It was established that indicated sensors have fast response (~70-75 ms) and high
sensitivity. However, experiment has shown that the control of the size of the nanogap is complex, and
therefore the reproducibility of sensor parameters is low. For optimal sensor operation, the gap
between Pd grains should be in the range 1-5 nm. In addition, this type of sensor can work efficiently
only in the range of high hydrogen concentrations (1 % and above). All the factors mentioned above
might limit its application.

QCM and SAW NT-based sensors can also operate at room temperatures. Yang and co-workers
(2006) published a complementary study of the vapor-sensing properties of RT QCM gas sensors
coated with films of spherical Au NPs functionalized with 2-naphthalenethiol, 2-benzothiazolethiol,
and 4-methoxythiolphenol. Although gold is a poor catalyst in bulk form, nanometer-sized gold nano-
particles can exhibit excellent catalytic activity due to their relative high surface-area-to-volume ratio
and their interface-dominated properties, which differ significantly from their bulk counterparts
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Fig. 4.4 CO oxidation turnover frequencies (TOFs) at 300 K as a function of the average size of the Au clusters
supported on a high surface area TiO, support. The Au/TiO, catalysts were prepared by the deposition—precipitation
method, and the average cluster diameters were measured by TEM. The solid line serves merely to guide the eye
(Reprinted with permission from Valden et al. 1998, Copyright 1998 AAAS)

(Henglein 1989; Brus 1991). For example, Haruta (1997) demonstrated that gold nanoparticles
(<5 nm) supported on oxides display high catalytic activity for the chemical and electrochemical
oxidation of carbon monoxide and methanol (see Fig. 4.4). Valden et al. (1998) reported that the high
catalytic activity of gold nanoparticles in catalyzing CO oxidation is related to the bandgap of a
metallic-insulator transition for particles in the range of a few nanometers.

It was established that well-designed NP-based gas sensors can detect parts-per-billion levels of
concentration and in some cases even reach sub-ppb sensitivity (Ahn et al. 2004). However, there is a
trade-off between high sensitivity and reversibility of the sensor—analyte interaction. Reversible sens-
ing signals with ppb sensitivity can be obtained if the capping ligands of the MNPs interact semiper-
manently with the analyte of interest, whereas sub-ppb sensitivity can only be achieved if a chemical
reaction between analyte and capping ligand occurs, which leads to irreversible changes of the sens-
ing material. This means that the main problem with metal nanoparticles is related to their low stabil-
ity. They can aggregate because of the high surface-free energy and can be oxidized, contaminated by
air, moisture, SOz, and so on.

However, it was established that metallic nanoparticles can be stabilized in an organic medium
using surface functionalization (Yu et al. 2003; Drake et al. 2007; Thanha and Green 2010; Saha et al.
2012). These materials are known as core—shell nanoparticles. The monolayer-protected core shell
nanoparticles have a few nanometer metal cores with an organic compound (Pang et al. 2005).
Different functional groups can be introduced either by the alkyl chain or in the chain terminal, chang-
ing the electrochemical properties of the system (Evans et al. 2000; Kang et al. 2001; Cai and Zellers
2002; Erathodiyil and Ying 2011). Chemistry applied for surface functionalization of nanoparticles is
shown in Table 4.1. One of the approaches used for AuNPs functionalization is shown in Fig. 4.5. The
presence of protected covering avoids aggregation and changes the dielectric constant of the medium
surrounding the nanoparticles as well. For example, due to strong thiol-gold interaction, the thiol-
protected AuNPs have superior stability, and they can be easily handled, characterized, and function-
alized. The nanoparticles can be thoroughly dried and then redispersed in organic solvents without
any aggregation or decomposition.

The sensitivity can be further enhanced by incorporating various polymer “linker” molecules.
Different terminal groups incorporated into the linker molecules can be utilized to achieve enhanced
sensitivity. For example, Chen and Lu (2010) have shown that the functionalization of Ag and Au
nanoparticles by decanethiol, naphthalene thiol, and 2-mercaptobenzothiazole makes it possible to
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Table 4.1 Functionalization chemistry of NPs
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increase the number of detected vapors. Joseph et al. (2003) have systematically investigated the sens-
ing of toluene and tetrachloroethylene using films consisting of dodecylamine-stabilized AuNPs and
dithiols with different chain lengths (Cé, C, C,C, 6). At a given concentration of toluene it was
observed that the resistance responses increase exponentially with increase of —CH, units. This effect
was attributed to the augmentation of sorption sites with increasing ligand length.

The place exchange reactivity of these core—shell nanoparticles, reported by the Murray group
(Templeton et al. 1998a, b; Hostetler et al. 1999), was one of the pivotal advances of these core—shell
nanoparticles. The electron conduction between the metal cores (see Fig. 4.6) can be altered by the vapor
sorption that causes the monolayer to swell and the dielectric properties to change (Ahn et al. 2004). This
matrix swelling changes the distance between the metal nanoparticle cores, lowering the ability of elec-
trons to conduct from core to core and resulting in increased resistivity. It should be noted that the dis-
tance between the nanoparticle cores determines the effectiveness of the polymer swelling and the
dielectric changes of the matrix in the presence of the various gases. The other controlling factors in
vapor sensing include the size and the length of the matrix or the linker molecule, the position of the
sorption site, the nature of the matrix molecules, and the metal nanoparticle cores.

Experiment has shown that the electronic conduction of the VOC sensing metal nanoparticle films
is also dependant on the metal core size itself and how the nanoparticles are linked to other polymer
molecules (Leibowitz et al. 1999; Zheng et al. 2000; Han et al. 2001) (see Fig. 4.7). Brust et al.
(1994) studied electronic transport properties, chemical composition, and the vapor sensitivity of
1,n-alkylenedithiol interlinked gold nanoparticles films as a function of alkylene chain length and
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Fig. 4.7 Schematic illustrations of two types of interparticle molecular reactivities leading to the formation of nanopar-
ticle thin films (Reprinted with permission from Han et al. 2001, Copyright 2001 Royal Society of Chemistry)

found that the response increased strongly with an increase in length of the linker molecules. The gold
particles in these films were approximately 4 nm in size. It was supposed that the increase in the linker
molecule length impacts the average tunneling distance between the neighboring particles. Evans
et al. (2000) and Zhang et al. (2002) have shown that, in many cases, the conductivity of films of
modified nanoparticles can be understood as being in accordance with an activated electron hopping
model suggested by Neugebauer and Webb (1962). In this model, the electronic conductivity ¢ in the
metallic nanoparticle film can be expressed as

oo e—ZSBC—EC/(kT) (41)

where § is the core—core separation, [3 is a quantum mechanical tunneling factor, and E_. is the activa-
tion energy for charge hopping. If the other parameters remain constant, (4.1) shows that the conduc-
tivity will decay exponentially as the core—core separation 9 is increased. Meanwhile, the activation
energy E_ is essentially the Coulomb energy associated with the charging of a nanoparticle, which can
be represented by

o R L 4.2)
4ne gr
where € is the relative permittivity of the dielectric medium surrounding the metallic cores and r is
the radius of a nanoparticle (r < §). Equation (4.2) shows that increasing € would result in a reduction
of the energy barrier required for charge carrier formation and therefore will act to increase the con-
ductivity. It is apparent from (4.1) and (4.2) that any process that changes either the core—core separa-
tion or the permittivity of the medium between the cores will lead to a change in conductivity. On this
basis, the response of nanoparticle films to chemical vapors can be readily understood. Increasing the
permittivity would give rise to an increase in G, while increasing 8 would decrease 6. In a later study
it was found that the decrease in conductivity did not follow simple monoexponential decay with
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Fig. 4.8 Electrical responses of (1) OH- and (2) CH,-functionalized nanoparticle films to (a) dichloromethane (DCM)
vapor (about 90 ppt) and (b) methanol vapor (about 90 ppt) (Reprinted with permission from Zhang et al. 2002,
Copyright 2002 10P)

increasing linker chain length (Drake et al. 2007). This suggests that the charge transport may not be
exclusively through tunneling in the backbone of the linker molecules. The tunneling distances may
not scale linearly with increasing alkaline chain length.

Shen and co-workers (Evans et al. 2000; Zhang et al. 2002) have shown that aromatic functional-
ized AuNPs exhibited different sensory responses depending on the nature of the terminal functional-
ity (OH, CH,, NH,, COOH) of aromatic thiols. In particular, Fig. 4.8 demonstrates how the terminal
functional group of the ligand coating the nanoparticle can determine the electrical responses of thin
nanoparticle films to different chemical vapors. It is seen that the CH,-functionalized nanoparticles
(4-methylbenzenethiol-functionalized gold nanoparticles) are more sensitive to vapors of nonpolar
solvents like dichloromethane (DCM), while the OH-functionalized nanoparticles (4-mercaptophenol-
functionalized gold nanoparticles) give more pronounced changes upon exposure to vapors of polar
solvents, e.g., methanol. The different affinities of the various solvents to the nanoparticles are consis-
tent with the solubility of the nanoparticles in the corresponding solvents. DCM is a good solvent for
CH, nanoparticles but not for OH nanoparticles, while the OH nanoparticles are soluble in methanol
but not in DCM. These results testify that, through surface functionalizing, we can influence on the
selectivity of sensor response as well.

It should be noted that gas sensors can also be designed based on metal nanoparticles embedded
into a polymer matrix. This approach to the design of gas-sensing materials will be discussed in
Chap. 13 (Vol.2). The embedding of nanoscopic metals into dielectric matrices represents a valid
solution to the manipulation and stabilization problems. For example, Karakouz et al. (2008) devel-
oped SPR-based gas sensors in which evaporated gold island films were coated with the polymers
polystyrene sulfonic acid (PSS) and polystyrene (PS). These polymers swell and/or shrink upon expo-
sure to the various gases used (chloroform, water vapor, etc.), affecting the local refractive index and
inducing SPR peak shifts (see Fig. 4.9). The limit of detection of this method was reported in terms of
the vapor pressure of the gas: 0.05P_ . One of the major driving forces for using polymer matrices is
to make the sensor chemically resistant to corrosive gases and VOCs. The nanoparticles are chemi-
cally susceptible to corrosive analytes and can adversely affect any unprotected sensing system. The
chemical susceptibility of the nanoparticles and the type of polymer matrix used can cause issues for
long-term reliability of the sensor (Drake et al. 2007). However, we must recognize that till now the
problem of temporal stability of NT-based gas sensors has been of great importance.
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Relatively low thermal stability is another major disadvantage of NT-based sensors (Tisch and
Haick (2010)). At temperatures higher than about 80 °C, the analyte can affect the organic layer irre-
versibly. Due to the percolation mechanism of conductivity, the sorption-induced signal of chemire-
sistors strongly depends on the structure and NTs parameters. Therefore, it is difficult to achieve good
batch-to-batch reproducibility of sensor parameters during their manufacture. It was found that MNT-
based sensors also suffer from some interference by responding to chemical species that are structur-
ally or chemically similar to the desired analyte (Tisch and Haick 2010). Utilizing different core types
of the responsive MNPs could in principle overcome this limitation. That is so because different types
of metallic cores can lead, via, for example, either pinholes in the capping monolayer and/or tempo-
rary exchange of physically adsorbed capping molecules, to distinctive interactions with otherwise
similar analytes (Joseph et al. 2003, 2004). However, great success in this direction was not achieved,
and research focused on selectivity improvement is required.

It should also be noted that, as a rule, the response of NT-based sensors, especially of conducto-
metric types, is very low in comparison with conventional metal oxide-based gas sensors (Drake et al.

2007). In particular, Fig. 4.10 shows that appreciable response is observed at concentrations of VOCs
exceeding 10,000 ppm.
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Fig. 4.10 Response of 12-(3-thienyl)dodecanethiol-protected gold nanoparticle film to various organic vapors as func-
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4.2 Metal Nanowires

At present many and various metal nanowires have been formed using different methods such as
lithographic patterning, bottom-up growth, mainly through electrodeposition, ion milling, and grain
structuring (Noh et al. 2011). In particular, in the literature one can find information about Cu, Mo, Ni,
Pd, Pt, Au, etc., nanowires with diameters 50-900 nm. For example, Favier et al. (2001) and Walter
et al. (2002a, b) produced different metal nanowires using the electrochemical step-edge decoration
technique (ESED), i.e., electrodeposition from aqueous solutions onto step edges naturally present on
highly oriented pyrolytic graphite surfaces. Depending essentially on the kinetics of the reduction reac-
tion, two different ways of preparing metal nanowires have been developed. Metal cations with a slow
transfer rate, such as molybdenum or cadmium, metal oxide wires (MoOx and Cd(OH),, respectively)
were electrodeposited from aqueous solutions. The resulting wires were converted into pure metal
wires by reduction with H,, or with H_S, at high temperature. In contrast, from acidic solutions of pal-
ladium, gold, silver, and copper, no oxide formation is observed and nanowires are obtained as pure
metals by electrodeposition. Freshly deposited metal nanowires are then detached from the graphite
and transferred onto a glass substrate by means of cyanoacrylate. Another technique, which simplifies
the previous one by avoiding the use of a template, is to manufacture a Pd nanowire array directly onto
a crystalline silicon substrate. The choice of a silicon substrate opens the way to the direct integration
of this kind of sensor device in microelectronics. Pd nanowire arrays were actually assembled directly
onto a silicon chip by means of AC dielectrophoresis using a metal salt solution as a feed material
(Cheng et al. 2005; La Ferrara et al. 2008). Experiment has shown that metal nanowires usually consist
of agglomerated metal grains with “intergrain” nanogaps. As an example of this bottom-up approach,
Pd nanowires can also be grown by electrodeposition into nanochannels of AAO templates from an
aqueous solution of PACl,, using an Au cathode layer (Jeon et al. 2008). One can find the description
of this technology in Schonenberger et al. (1997) and Yin et al. (2001). Pd nanowires prepared using
different methods are shown in Fig. 4.11.

Di Francia et al. (2009) believe that the use of metal nanowires can contribute to improvement in
operating characteristics of gas sensors, because metal nanowires have features such as ductility and
chemical stability. Furthermore, when the diameter of these structures is in the nanorange, they could
represent interesting transducers since the surface/volume ratio increases with the inverse of the wire
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Fig. 4.11 SEM images of metal nanowires. (a) Copper nanowires. These nanowires were electrodeposited from the

solution, using £, =-800 mV . and E_=-5 mV. The growth times employed in each experiment were 1-120,

2-180, 3-300, 4-600, 5-900, and 6-2,700 s (Reprinted with permission from Walter et al. 2002c, Copyright 2002
American Chemical Society). (b) Pd nanowires assembled between electrodes under an applied AC signal of 10 V_
and 300 kHz. The nanowires have an approximate diameter of 100 nm. Experiments involved palladium acetate dis-
solved in 10 mM HEPES buffer, pH=6.5. Gap spacing between electrodes 20 um (Reprinted with permission from
Cheng et al. 2005, Copyright 2005 American Chemical Society). (¢) Arrays of Pd nanowires grown by electrodeposition
into nanochannels of AAO templates; the Pd nanowires liberated from the electroplated AAO template by dissolution
in a 2 % hydrofluoric acid solution (Reprinted with permission from Jeon et al. 2008, Copyright 2008 10P)

diameter. The same conclusion was reached by Noh et al. (2011). As a consequence, it was demon-
strated that a thin Pd nanowire could detect H, concentrations as low as 20 ppm. In addition, they
established that the shortest response time obtained from the lithographically patterned Pd nanowires
(t=20 nm) was 7, ,~3 s at 1,000 ppm of H,. This is much smaller than that of Pd thin films. However,
we need to note that Pd and Ag nanowires only found application in gas sensor design (Favier et al.
2001; Walter et al. 2002a, b; Murray et al. 2004). Typical structures of gas sensors with individual
metal nanowire are shown in Fig. 4.12.

It was established that the resistance of Pd nanowires, similar to Pd films and Pd nanopatrticles, is
sensitive to H,. Many researchers believe that palladium is an ideal hydrogen sensor material due to
its properties such as high sensitivity and selectivity to hydrogen gas, fast response, and operability at
room temperature. Favier et al. (2001) believe that H, nanosensors based on Pd nanowires work (1)
due to the swelling effect caused by a change in the Pd crystalline phase upon exposure to low con-
centrations of H, and/or (2) due to surface conversion into the more insulating PdH, phase after inter-
action with H,. When exposed to hydrogen, the gas diffuses into the lattice and reacts with the metal,
forming a metal hydride (PdH ) and resulting in a volumetric wire expansion with a partial or total
closure of the gaps. As a result, the swelling effect increases the electrical conductivity, while the
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Fig.4.12 SEM image of gas sensors with metal nanowires. (a) Lithographically patterned Pd nanowire with 7= 100 nm,
w=300 nm, and /=10 um. Four Ti/Au inner electrodes were patterned on the Pd nanowire. (b) Pd nanowire grown by
electrodeposition into nanochannels of AAO templates: d=20 nm (Reprinted with permission from Jeon et al. 2008 and
2009, Copyright 2008 and 2009 10P)
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Fig. 4.13 The real-time electrical responses at room temperature of H, gas sensors based on Pd nanowires. (a) Grained
structure of Pd nanowires (Reproduced with permission from Walter et al. 2002a, Copyright 2002 Elsevier).
(b) Lithographically patterned Pd nanowires with =400 nm (Reprinted with permission from Jeon et al. 2009, Copyright
2009 IOP)

formation of metal hydride increases the electrical resistance. The first effect is usually observed in
grained structures, whereas the second effect takes place in dense structures, particularly in Pd nano-
wires formed by lithographic method (see Fig. 4.13). The indicated mechanisms were discussed in the
previous section.

Favier and co-workers (Favier et al. 2001; Walter et al. 2002a, b) have shown that, due to the small
(nano)gaps between Pd nanograins in nanowires, the response of H, sensors can be as fast as 20 ms,
when devices are characterized at high H, concentrations (>8 %). It was established that the grain-
structured Pd nanowires could detect H, concentrations as low as 2-5 ppm. However, Favier and co-
workers (Favier et al. 2001; Walter et al. 2002a, b) found that grain swelling is not completely
reversible. After H, removal, the grains come back to the initial volume but not to the initial position.
La Ferrara et al. (2008) also found that response time depends on the nanowire diameter. It was shown
that thinner nanowires (<90 nm wide) responded faster than the thicker ones, with up to 140 % current
changes in the presence of 4 % H,. The same effect was observed for lithographically patterned Pd
nanowires. Jeon et al. (2009) have found that the response time remains almost constant below 100 nm,
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whereas it gradually decreases with decreasing thickness down to this value. Jeon et al. (2009) believe
that the general decrease of response time with decreasing the thickness is due to the reduced hydro-
gen diffusion distance mentioned above. The steady response time along with the sensitivity trend in
the thickness range smaller than 100 nm suggests that the clamping effect dominates the hydrogen
absorption dynamics in this range. The shortest response time obtained from the lithographically pat-
terned Pd nanowires was ~3 s at 1,000 ppm of H, for nanowires with =20 nm. This is much smaller
than that of Pd thin films.

It is important that other metal nanowires can also be used for gas sensor design. Murray et al.
(2004) found that Ag nanowires, with diameters ranging from 150 to 950 nm and lengths up to
100 um, upon exposure to ammonia vapor at room temperatures, showed an increase in electrical
resistance (up to 10,000 %) that was fast (<5 s) and reversible. The same reversible behavior,
although characterized by a slower response time (1 min), was recorded in the presence of liquid
amine vapor, while an irreversible resistance increase was found when they were exposed to
hydrogen sulfide. Conversely, carbon monoxide, oxygen, hydrocarbons, argon, and water caused
no change in resistance for exposures up to 10 s. Tao et al. (2003) demonstrated that silver nano-
wire can also be applied for detection of 2,4-dinitrotoluene (2,4-DNT), the most common nitroar-
omatic compound for detecting buried landmines and other explosives by utilizing surface-enhanced
Raman spectroscopy. Li et al. (2000) have shown that Cu nanowire arrays are also highly sensitive
to gas surroundings. They demonstrated that the mechanism depended on the molecule—nanowire
interactions and the conductance changes should be specific for different adsorptions. The
specificity can be improved if the nanowires are pre-adsorbed with functionalized molecules
because a specific interaction of a sample molecule with the functionalized molecules provides
identity information about the sample molecule. However, experiments have shown that, as a rule,
metal nanowires do not show sensitivity to gas surroundings and temporal stability is required for
gas sensor development. Ag nanowires, due to irreversible changes in properties, will also hardly
find any real application in spite of sensitivity to NH,. Moreover, we have to say that only Pt nano-
wires have required chemical stability.

It should be noted that the advantages and disadvantages of metal nanowires application in gas
sensors are similar to the advantages and disadvantages of metal nanoparticles discussed above. This
means that bad reproducibility and low stability of sensor parameters are the main shortcomings of
room temperature gas sensors based on metal nanowires. For example, many electrodeposited Pd
nanowires can have different morphologies depending on the growth conditions and subsequent treat-
ments. Hu et al. (2008) and Yang et al. (2009) have demonstrated that electrodeposited Pd nanowires
with different morphologies led to sharp contrasts in their respective response behaviors. Pd nano-
wires fabricated by lithography techniques have the best reproducibility, and they could be good
hydrogen sensors with fast response and low detection limit. However, they possibly face the risk of
structural deformations at high H, concentrations because the nanowire body sticks to the substrate.
This problem is characteristic for Pd films, which were discussed earlier in Chap. 4 (Vol. 1). However,
Jeon et al. (2008) believe that this problem would be eliminated by using bottom-up grown Pd nano-
wires, which have no direct bonds with the substrate.
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Chapter 5
Semiconductor Nanostructures

5.1 Quantum Dots

5.1.1 General Consideration

Semiconducting nanocrystals, otherwise known as quantum dots (QDs), were first discovered in the
early 1980s (Ekimov et al. 1985). Since then, interest in QDs as alternatives to traditional organic dyes
has increased dramatically (Costa-Fernandez 2006; Jorge et al. 2007; Callan et al. 2007; Smith and
Nie 2010). Typically, QDs are colloidal nanocrystalline particles, roughly spherical, with particle
diameters typically ranging from 1 to 12 nm. At such small sizes (close to or smaller than the dimen-
sions of the exciton Bohr radius within the corresponding bulk material), these nanostructured materials
behave differently from bulk solids because of quantum-confinement effects (Alivisatos 1996).

As a rule, QDs consist of elements of Groups II and VI (Gaponik et al. 2002; Smith and Nie 2010).
Much of the research in quantum dots has been concentrated on cadmium selenide quantum dots due to
their intense light emission properties. However, other II-VI compounds, such as CdS, CdTe, PbS, PbSe,
or ZnS, and III-V compounds, such as InP, InAs, or InGaAs, are used as well. A major drawback of the
cadmium selenide dots is their toxicity. Zinc sulfide quantum dots could be much less toxic than cadmium
selenide. However, ZnS does not possess the level of light emission intensity of cadmium selenide. Recent
research has shown that this shortcoming can be overcome partially by doping the zinc sulfide quantum
dots with an appropriate metal ion such as manganese and lanthanides (Mohanta et al. 2003).

At present there are a variety of methods which can be used for synthesis of nanomaterials with
specific size and shape, including QDs. However, Guo and Wang (2011) believe that diverse wet-
chemical and electrochemical approaches have advantages due to their simplicity and rapidity during
preparing high-quality nanomaterials with required morphologies. A general scheme shown in Fig. 5.1
demonstrates how to use simple wet-chemical and electrochemical methods to make nanomaterials.

It was established that quantum dots, in contrast to organic dyes, have broad absorption spectra,
higher quantum yields, better chemical and photoluminescence stability, reduced photobleaching, and
narrow emission spectra without red tailing (Jaiswal and Simon 2004). Moreover, QDs have the size-
dependent nature of the emission wavelength (see Fig. 5.2), which is related to the three-dimensional
quantum confinement of their charge carriers. The smaller the dot, the greater the blue shift observed
relative to the typical Eg of the bulk semiconductor. This means that by controlling the growth of the
nanocrystal, the emission wavelength can be tailored. In fact, QDs can be made to emit luminescence
from the ultraviolet to the near-infrared spectral region. In particular, depending on the particles size,
the emission of CdSe quantum dots can be continuously tuned from 465 to 640 nm, corresponding to
a size ranging from 1.9 to 6.7 nm (diameter), respectively. For CdTe the emission is observed in the

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 93
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Simple Approaches to Synthesize Micro/Nanomaterials
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Fig. 5.1 Schematic procedure for simple synthesis of micro/nanomaterials (MNMs) (Reprinted with permission from
Guo and Wang 2011, Copyright 2011 American Chemical Society)
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Fig. 5.2 (a) Typical absorption spectrum of CdSe nanocrystal QDs (Data from Jorge et al. 2007. Published by MDPI.
Open access.). (b) Photoluminescence spectra of ZnS nanoparticles and ZnS nanoclusters in zeolite Y (?\.m=280 nm)
(Reprinted with permission from Chen et al. 1997, Copyright 1997 American Institute of Physics)

red range from 600 to 725 nm. Higher-energy emission is possible with CdS and ZnZ (350-550 nm).
Infrared emission is also available (780-2,000 nm) using indium arsenide (InAs) or lead selenide/
sulfide (PbSe/PbS) nanocrystals (Jorge et al. 2007). Due to their broad absorption spectra (see Fig. 5.2), all
QDs, independent of size, can be excited with a single wavelength, i.e., by the same optical source.
In addition, fundamental studies have revealed that luminescence of QDs is very sensitive to their
surface states. It was established that emission processes in QDs result from electron—hole recombination
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Fig. 5.3 (a) Dynamic response of the PL intensity with an altered atmosphere between vacuum and amine gases. (Top)
TEA triethylamine. (Bottom) BZA benzylamine. (A =514.5 nm) (Reprinted with permission from Nazzal et al. 2003,
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Copyright 2003. American Chemical Society). (b) Fluorescent spectra of CdSe/CdS QDs in dichloromethane after the
injection of 100 ppm H,S (A =365 nm) (Reprinted with permission from Xu et al. 2010, Copyright 2010 Elsevier)

excitation

and are strongly dependent on the competition between such radiative processes and non-radiative recom-
bination mechanisms. Non-radiative processes occur mainly at defects located at the nanocrystal surface.
In this context, the large surface/volume ratio of QDs allows one to obtain enhanced quantum yields by
control of their surface chemistry and passivation of surface defects (Jorge et al. 2007). This means that
eventual chemical or physical interactions between a given chemical species with the surface of the nano-
particles would result in changes of the QD surface charges and would affect the QD photoluminescence
emission very significantly (Chen and Rosenzweig 2002). It is clear that, due to indicated properties,
quantum dots should have gained enormous attention for sensing applications. It is important that all the
above-mentioned features of QDs are highly attractive for both optical fiber and planar platforms applica-
tions. Experiment has confirmed this prediction, and, in spite of a relatively recent field of research, a
number of sensing applications have recently appeared. It was established that while most dyes present
severe photodegradation when illuminated by energetic radiation, quantum dots have demonstrated to be
photostable in most situations. Although photobleaching has been reported in bare dots, nanocrystals with
an adequate protective shell are known to remain extremely bright even after several hours of exposure to
moderate to high levels of UV radiation. On the other hand, the luminescence emission of common dyes
can vanish completely after a few minutes (Jorge et al. 2007). It is necessary to note that the increased
photostability of core—shell QDs is a key feature important for sensor applications.

5.1.2 Gas Sensor Applications of Quantum Dots

At present, QDs are mainly used for cation detection and biosensing in solution-sensing assays
(Costa-Fernandez 2006; Callan et al. 2007). However, it was established that the surrounding gas can
also influence the fluorescence properties of QDs embedded in gas permeable polymer. In particular,
Nazzal et al. (2003) found that the PL properties of the CdSe nanocrystals, stabilized by trioctylphos-
phine oxide (TOPO) and incorporated in poly(methyl methacrylate) (PMMA) polymer films, can
respond to the environment in a reversible and species-specific fashion (see Fig. 5.3). However, reversible
response was observed in an oxygen-free atmosphere only. In oxygen, the CdSe was slowly oxidized,
and therefore QDs have shorter lifetimes in air compared with those in an atmosphere of nitrogen.
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Table 5.1 QD-based gas sensors

QDs Matrix Gas tested References
CdSe Polymethylmethacrylate Triethylamine; Nazzal et al. (2003)
benzylamine
Polar and nonpolar Potyrailo and Leach (2006)
vapors

Aromatic hydrocarbons Vassiltsova et al. (2007)
(xylenes, toluene)

CdSe/CdS Poly(dimethylsiloxane) H,S Xu et al. (2010)
CdSe/ZnS Sol-gel silica matrix + amphiphilic polymer Ozone Saren et al. (2011)
VOCs Hasani et al. (2010)
CdTe Poly(dimethyldiallylammonium chloride) Formaldehyde Ma et al. (2009)
VOCs Norhayati et al. (2010)
CdTe/CdS  Sol-gel silica matrix + PtF, TPP Oxygen Wang et al. (2008)
InP Uncapped epitaxial InP QDs grown on InGaP layer Methanol De Angelis et al. (2012)

As reported by van Sark et al. (2001), the PL emission peak in an oxygen atmosphere irreversibly
shifted by about 30 nm in total.

Potyrailo and Leach (2006) used the same approach. They evaluated the response of the lumines-
cence from CdSe nanoparticles incorporated into a polymer film to the exposure of polar and nonpolar
vapors. It was found that different size nanocrystals provided individual photoluminescence response
patterns when the sensor film was exposed to methanol and toluene. Ma et al. (2009) have shown that
under optimal conditions the PL intensity of CdTe QDs incorporated in poly(dimethyldiallylammonium
chloride) decreased linearly with the increase of formaldehyde concentration in the range 5-500 ppb.
The detection limit for formaldehyde was 1 ppb. Other examples of QD-based gas sensors are presented
in Table 5.1.

The results presented are indicative of the potential that QDs have for use as gas sensors. However,
we need to recognize that till now a clear understanding of sensing mechanism is absent. Some authors
explain the observed quenching effect by reversible change in the dielectric environment of QDs,
which affects the optoelectronic properties of the entrapped QDs (Potyrailo and Leach 2006). A second
group assumes that these changes take place due to reversible changes in the physical integrity of the
sensing material and its corresponding wetting properties when exposed to the different gaseous ana-
lytes (Vassiltsova et al. 2007). A third group believes that the PL intensity quenching of QDs is due to
adsorption of electron acceptors on the surface of QDs following electron transfer between QDs and
adsorbed electron acceptors (Burda et al. 1999).

As seen in Table 5.1, gas sensors were mainly based on CdSe and CdTe QDs. As a rule, QDs used
in gas sensors have core—shell structures embedded in polymer matrix (see Fig. 5.4). The reasons for
surface capping are mainly to prevent aggregation of the QDs caused by steric hindrance or charge
and to passivate dangling bonds at the surface. Surface passivation involves coating the core QD with
a substance that has a larger bandgap such as ZnS or CdS. It was found that overcoating the nanocrystal
core (CdSe, CdTe) with an outer shell of a higher bandgap semiconductor (ZnS, CdS) is a successful
strategy to produce materials with high quantum efficiencies (in the 50 % range). Besides the increased
brightness, core—shell systems provide increased photostability and chemical resistance (Hines and
Guyot-Sionnest 1996; Dabbousi et al. 1997). More recently, highly luminescent CdSe core nanocrys-
tals capped with a multi-shell layer (CdS and ZnS) have been reported, displaying quantum yields in
a 70-85 % range (Xie et al. 2005).

Modified thiols can also be used to cap the core and also provide an opportunity for structural
modifications (Rogash et al. 1999). One can find in a review prepared by Chaudhuri and Paria (2012)
a more detailed discussion of core—shell nanoparticles including their synthesis and properties.
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Surface modification and functionalization of QD’s
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Fig. 5.4 Scheme illustrating some of the methods for chemical surface modification of QDs (Reprinted from Jorge
et al. 2007, Published by MDPI)

Different techniques like molecular beam epitaxy (MBE), radio-frequency (RF) sputtering, and
liquid phase epitaxy (LPE) can be used to synthesize semiconductor quantum dots, but the chemical
route has been found to be the most attractive method (Mohanta et al. 2003). The chemical route of
QDs synthesis is usually based on colloidal chemistry techniques which are very often associated with
molecular precursor chemistry. For these methods, the semiconductor nanoparticles are homoge-
neously generated in a coordinating solvent or in the presence of a chemical stabilizer. Synthetic
preparation of QDs normally involves the high temperature addition of a source of metal of Group
IIB, for example, CdMe, or CdO, to a chalcogenic element (S, Se, or Te) in a strongly coordinating
solvent such as trioctylphosphine (TOP) or TOPO (Green 2002). The reaction time, temperature,
and metal to chalcogenide ratio can be varied to control the size of the nanocrystal and hence its
spectral properties. Because QDs produced in this way have their surfaces capped with organic
ligands, they are compatible with further (bio)chemical surface modification necessary for various appli-
cations, including gas sensors. It is well known that, in order to tailor the physical properties of QDs
to their desired use, i.e., as sensors, the surface ligands (TOP/TOPO) should be exchanged with
ligands of suitable functionality. Surface ligand displacement normally occurs by heating a solution
of the desired ligand with the core QD/core—shell QD. The ligand usually bears a pendant thiol group
for surface attachment although amines and alcohols have also been used (Jorge et al. 2007). Figure 5.4
summarizes some of the innovative chemical strategies that have been used to produce organically
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Fig. 5.5 (a) Peak PL vs time for the CdSe QD stabilized by TOPO and stearic acid (QD-SA), benzoic acid (QD-BA),
and pentafluorobenzoic acid (QD-FBA) as monitored during the N, purged phototreatment process (A__ . =350 nm).
(b) PL spectra taken after photoirradiation under N, for the QD-SA, OD-BA, and QD—-FBA films (Reprinted with per-
mission from Vassiltsova et al. 2007, Copyright 2007 Elsevier)

capped and/or polymer encapsulated QDs. One can find a detailed description of the approaches used
for QDs functionalizing in reviews by Selvan et al. (2010) and Thanh and Green (2010).

Thus, the results presented testify that the use of QDs is a promising approach to gas sensor design,
because via coating the QDs’ surfaces with suitable ligands, which have a strong effect on lumines-
cent response of QDs to specific chemical species (see Fig. 5.3), we make it possible to create selec-
tive gas sensors. However, we need to take into account that these sensors are more complicated in
design and exploitation, and more expensive. For sensor functioning, an additional UV source is
needed. High selectivity was also not achieved.

In addition, parameters of the indicated sensors depend strongly on the size of the nanodots, but the
QDs synthesized have a broad particle size distribution, and there are difficulties with both particle
size separation and homogeneous distribution of QDs inside the polymer matrix (Jorge et al. 2007).
Moreover, QDs typically show a problem of agglomeration of the primary particles, losing their
advantage as nanoparticles. This means that reproducibility of sensor parameters can be poor.

We also know that thermal and long-term instability of the properties of nanoparticles with sizes
~2—4 nm is a big problem as well. In spite of better characteristics in comparison with organic dyes,
till now QDs do not have photostability required for applications in real devices for sensor market
(Jorge et al. 2007). Much research has been carried out regarding QDs’ photostability, and apparently
contradictory results are often reported (Zhelev et al. 2004; Korsunska et al. 2005). It was found
that the photostability of nanocrystals depends on their surface coatings (bare dots, core shell, or
other) and on the surrounding environment (solution or solid matrix) (see Fig. 5.5). As a result,
QD-based sensors have significantly shorter emission lifetimes in comparison with the lifetime of
conventional, e.g., metal oxide, gas sensors. Moreover, the presence of UV irradiation creates an
additional source of gas sensor instability caused by polymer degradation (see Chaps.18 and 19
(Vol. 2)). We also need to note that the recovery process in QD-based gas sensors is usually slow. For
example, Xu et al. (2010) found that the fluorescence of CdSe/CdS QDs recovers completely after
interaction with H,S in the open air for 2 h. Strong dependence on temperature is another problem
(Pugh-Thomas et al. 2011). The change of the temperature and the influence of analyte can have the
same effect. This means that temperature stabilization is required.

Thus, analysis carried out in this area testifies that there are still a number of practical issues which
need to be improved, and much research needs to be done to develop an understanding of the underly-
ing sensing mechanisms along with methods for achieving the desired sensitivity, selectivity, and
reliability of QD-based gas sensors.
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Fig. 5.6 (a) Schematic of the sample structure and the optical path for the PL measurements and (b) response of the PL
intensity to introduction of 10 % hydrogen in a nitrogen atmosphere for samples with one and five QD layers. The PL
intensity was recorded at a fixed detection wavelength near the emission maximum (due to a different size of the QDs,
the maximum of the PL emission is located at an energy of 3.9 eV for the single QD layer) (Reprinted with permission
from Weidemann et al. 2009, Copyright 2009 American Institute of Physics)

Another approach to the design of QD-based gas sensors was proposed by Weidemann et al. (2009).
For these purposes, they used GaN/AIN QD superlattices (SL) grown on optically transparent
AlN-on-sapphire substrates by plasma-assisted MBE and capped with a catalytic Pt-contact, which
interact with gas, in particular hydrogen (Fig. 5.6a). Weidemann et al. (2009) established that, due to
chemically induced changes of the surface potential at the Pt/AIN interface, caused by adsorption of
dissociated hydrogen, the shift in the emission energy and a change in the photoluminescence (PL)
intensity take place in the structures designed (see Fig. 5.6b). Of course, the tested structures do not
possess several of the disadvantages of QDs discussed above, such as aggregation and so on. However,
the sensitivity of proposed structures for the present is low in comparison with conventional hydrogen
sensors, but the cost is too high for real applications.

One can find in reviews prepared by Alivisatos (1996), Green (2002), Costa-Fernandez (2006),
Jorge et al. (2007), and Callan et al. (2007) additional information about quantum dots, their synthesis,
and applications.

5.2 Semiconductor Nanowires

In other chapters it was shown that conventional semiconductors do not have the stability required for
operation at high temperature in harsh environment (see Chap.5 (Vol.1) and Chap. 18 (Vol.2)).
However, in spite of such a situation, semiconductor 1D structures such as 1D nanowires continue to
be of interest to gas sensor designers. Of course, this interest is conditioned first of all by technological
resources of modern microelectronics and the possibilities of gas sensor integration with electronic
devices. At present one can find research related to the design of 1D nanowire gas sensors based on
Si (McAlpine et al. 2005, 2007; Skucha et al. 2010; Demami et al. 2012; Sadeghian and Islam 2011),
GaN (Dobrokhotov et al. 2006; Chen et al. 2009; Wright et al. 2010; Aluri et al. 2011), InN (Wright
et al. 2010), ZnS (Chen et al. 2008; Wang et al. 2012), InAs (Offermans et al. 2010; Dedigama et al.
2012), etc. (Xu et al. 2009). However, most of these studies are devoted to silicon. First, silicon is the
basis of modern electronics. Therefore, they are easy to fabricate with existing silicon fabrication
techniques that reduce the cost of the sensor designed, improve reproducibility, and ensure integrability
with conventional CMOS devices used for signal processing and analysis. Second, native silicon
oxide has the best capsulation properties. As a result, there is the possibility to operate Si-based
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Fig. 5.7 Schematics of
experimental setups for
silicon nanowire growth:
(a) CVD, (b) annealing in
reactive atmosphere,

(c) evaporation of SiO,

(d) MBE, (e) laser ablation,
and (f) solution-based growth
(Reprinted with permission
from Schmidt et al. 2009,
Copyright 2009 Wiley)

devices at room temperature over a long time. In addition, the surface state density at the SiO,/Si
interface is very low. As a result, the pinning of surface Fermi level is absent. As a result, SINW-based
gas sensors usually have better gas-sensing characteristics in comparison with gas sensors based on
other semiconductors. The possibility to control the concentration of free charge carriers is other
merit of Si nanowires. It was established that SINWs can be doped (Cui et al. 2000; Schmidt et al.
2009) n-type or p-type, in a similar manner to bulk silicon (see next section).

5.2.1 Synthesis of Semiconductor Nanowires

Experiments have shown that for fabrication of Si nanowires (SINWs) various methods can be used
including chemical vapor deposition (CVD), annealing in reactive atmosphere, evaporation of SiO,
MBE, laser ablation, and solution-based techniques (Teo and Sun 2007; Schmidt et al. 2009, 2010;
Bandaru and Pichanusakorn 2010). Illustrations of the above-mentioned methods are presented in
Fig. 5.7. SiNWs prepared using various technologies are shown in Fig. 5.8. As a rule, the growth of
SiNWs takes place according to vapor—liquid—solid (VLS) mechanism. The name VLS mechanism
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Fig. 5.8 SEM images of Si nanowires prepared using different methods. (a) Aligned, hexagonally ordered arrays of
SiNWs fabricated using photolithography and etching. The nanowires are approximately 200 nm in diameter and 4 um
in length (Reprinted with permission from Field et al. 2011, Copyright 2011 American Chemical Society). (b)
Au-catalyzed SiNWs on Si (111) grown by MBE (Reprinted with permission from Zakharov et al. 2006, Copyright
2006 Elsevier). (¢) SiINWs synthesized by VLS method (Reprinted with permission from Demami et al. 2011, Copyright
2011 Elsevier). (d) SINWs synthesized by laser ablation using Ar (5 % H,) carrying gas (Reprinted with permission
from Zhang et al. 1999, Copyright 1999 American Institute of Physics). (e) SINWs with top widths of 22 nm fabricated
by trilayer nanoimprint and wet etching (Reprinted with permission from Gao et al. 2010, Copyright 2010 Elsevier). (f)
Polysilicon NWs (100-nm radius curvature) fabricated using the sidewall spacer method (Reprinted with permission
from Demami et al. 2011, Copyright 2011 Elsevier)

refers to the fact that silicon from the vapor passes through a liquid droplet and finally ends up as a
solid. The appearance of VLS mechanism is based on two observations: that the addition of certain
metal impurities is an essential prerequisite for growth of silicon wires in experiments and that small
globules of the impurity are located at the tip of the wire during growth (see Fig. 5.8b). Nanowires of
other semiconductors can be grown using the same approaches (Law et al. 2004).

There are many top-down fabrication methods which also make it possible to fabricate SINWs
(Teo and Sun 2007; Schmidt et al. 2009; Bandaru and Pichanusakorn 2010). Due to processing-
related differences, one should distinguish between the fabrication of horizontal nanowires, that is,
nanowires lying in the substrate plane (see Fig. 5.8e, f), on the one hand, and the fabrication of vertical
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nanowires, that is, nanowires oriented more or less perpendicular to the substrate, on the other
(see Fig. 5.8a). Horizontal silicon nanowires are mostly fabricated from either silicon-on-insulator
(SOI) wafers or bulk silicon wafers using a sequence of lithography and etching steps, often employing
electron-beam lithography and reactive-ion etching. The interested reader is referred to the excellent
articles of Singh et al. (2008) and Suk et al. (2005, 2008) and the references therein. In most cases,
horizontal nanowire processing is finalized by an oxidation step, which also serves to reduce the
silicon nanowire diameter. In this way, diameters well below 10 nm have been achieved in the past
(Suk et al. 2008; Singh et al. 2008). Experiment has shown that no further thinning of the nanowires
is necessary for gas sensor design.

Using standard silicon technology, vertical silicon nanowires can also be produced (Teo and Sun
2007; Schmidt et al. 2009). Reactive-ion etching is often used to etch vertical silicon nanowires out of a
silicon wafer. The diameter of the nanowires is defined by a lithography step preceded by reactive-ion
etching. A variety of different methods of nano-structuring, such as electron-beam lithography (Liu et
al. 1993), nanosphere lithography (Hsu et al. 2008), nanoimprint lithography (Morton et al. 2008), or
block copolymers (Zschech et al. 2007), have been employed for this purpose. As an alternative to
reactive-ion etching, the so-called metal-assisted etching of silicon attracted some attention recently.
In this approach, Si is wet-chemically etched, with the Si dissolution reaction being catalyzed by the
presence of a noble metal that is added as a salt to the etching solution (Peng et al. 2002; Hochbaum
et al. 2008). Alternatively, a continuous but perforated noble-metal film can be used. During etching,
this perforated metal film will etch down into the silicon producing vertical silicon nanowires at the
locations of the holes in the metal film (Huang et al. 2007).

SiNWs, fabricated through lithographic patterning or chemical synthesis, can be further reduced in
diameter through a self-limiting oxidation process. For example, Liu et al. (1994) have shown that
with an initial Si pillar diameter of ~30 nm, 6-nm Si nanowires can be obtained using this approach.

The doping of SiINWs can be achieved in two ways: in situ doping (doping during the growth process)
and postdoping (doping after growth through an implantation and annealing process) (Yu et al. 2000;
Teo and Sun 2007). For example, laser-assisted VLS growth was used to introduce either boron or
phosphorus dopants during the vapor-phase growth of SiNWs (Cui et al. 2000; Cui and Lieber 2001;
Ma et al. 2001; Tang et al. 2001, 2002). Gaseous compounds such as diborane, trimethylboron, and
phosphine have also been used as dopants in a gas-phase VLS-CVD approach in which silane (SiH,)
or silicon tetrachloride, etc., is used as Si source (Cui et al. 2003; Zheng et al. 2004). Compared to
solid dopants, the doping level can easily be controlled by tuning the concentration (flow rate) of the
gas dopant(s) in the gas-phase silicon source. Measurements made on individual boron-doped and
phosphorus-doped SiNWs showed that these materials behave as p-type and n-type materials, respec-
tively (Cui et al. 2000, 2003). In other studies, metals such as Zn, Au (Yu et al. 2000; Chung et al.
2000), and Li (Zhou et al. 1999) have been doped into Si nanowires in order to change the electronic
transport properties and morphology of the Si nanowires.

The doping process can also be carried out after Si nanowire growth. In one example, n-type Bi-doped
SiNWs were fabricated by allowing bismuth vapor to diffuse into the SiNWs after the growth of
SiNWs in a sealed evacuated (10-6 to 107 Torr) quartz tube at 1,000 °C (Byon et al. 2005). The doping
concentrations depend on the oxide sheath thickness. Postdoping has advantages such as facilitating
an appropriate choice of the vapor-phase dopants and selective patterning of the doped SiNWs.

5.2.2 Gas-Sensing Properties of Si Nanowires

Using SiNWs fabricated by various methods, resistive gas sensors (Gao et al. 2010; Field et al. 2011),
FET (McAlpine et al. 2007; Paska et al. 2011), Schottky type gas sensors (Skucha et al. 2010), and
field-ionized gas sensors (Sadeghian and Islam 2011) have been designed. Examples of such devices
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Fig. 5.9 Diagrams illustrating the construction of SINW-based gas sensors. (a) FET-type gas sensor with ordered nanowire
array on flexible substrate (Reprinted with permission from McAlpine et al. 2007, Copyright 2007 Nature Publishing
Group). (b) Resistive SINW-based sensors with SINWs synthesized by VLS method with Au catalyst (Reprinted with
permission from Demami et al. 2011, Copyright 2011 Elsevier). (¢) SEM image of the 20-nm SiNW FET transistor on
a mylar substrate. Scale bar is 1 pm. SINWs were synthesized using a gold nanocluster-catalyzed VLS growth process
(Reprinted with permission from McAlpine et al. 2005, Copyright 2005 IEEE). (d) SiNW-based device used to measure
gas ionization. Nanowires were planted at the anode. d_ =100 um is the spacing between anode and cathode (Reprinted
with permission from Sadeghian and Islam 2011, Copyrlght 2011 Nature Publishing Group). (e) Polysilicon (10-um
length) NW-based resistive gas sensor fabricated using spacer method (Reprinted with permission from Demami et al.
2011, Copyright 2011 Elsevier)

Table 5.2 Parameters of SINW-based gas sensors operated at room temperature

Type Technology Diameter/length Target gas Threshold limit Res. time References
R (A) Vertically aligned array 200 nm/4 um  NH, <0.5 ppm 1-3min  Field et al.
(chem. etching) NO, <0.25 ppm 5-8 min (2011)
FET (OA)  Super lattice NW pattern 18 nm NO, ~20 ppb 1-4min  McAlpine et al.
transfer technique (2007)
Schottky NW contact printing 30 nm H, <5 ppm 30-1,000s Skucha et al.
(Pd) (S) technology. NWs are (2010)

grown using VLS process

R resistive, FET field-effect transistor, S single nanowire, A nanowire ordered array, OA nanowire ordered array

are shown in Fig. 5.9. As seen in Fig. 5.9, SINW sensors can be designed using single nanowires
(McAlpine et al. 2005; Demami et al. 2012), nanowire arrays (Demami et al. 2012), and ordered
nanowire arrays (McAlpine et al. 2007; Field et al. 2011).

It was found that response of SINW-based gas sensors obeys the regularities established for nano-
structured metal oxide-based sensors. The decrease of the width (diameter) or the thickness of the
wires and the concentration of free charge carriers was accompanied by an increase of sensor response
(McAlpine et al. 2007; Wan et al. 2009; Gao et al. 2010). Parameters of the best SINW-based gas sensors
are summarized in Table 5.2. All these sensors operate at room temperature. Operating characteristics
of several devices from Table 5.2 are shown in Fig. 5.10.
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Fig. 5.10 (a) Response of FET-based sensor shown in Figure 5.9¢ to NO, diluted in N,,. Inset: an extended response of
the sensor to 20 ppb NO, (Reprinted with permission from McAlpine et al. 2007, Copyright 2007 Nature Publishing
Group). (b) Response to NH, and NO, at various concentrations for an ordered, vertically aligned silicon nanowire-
based resistive gas sensor with a porous electrode (Reprinted with permission from Field et al. 2011, Copyright 2011
American Chemical Society)
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Results presented in Table 5.2 and in Fig. 5.10 demonstrate that SINW-based sensors with optimal
geometry of silicon nanowires have high sensitivity. However, response and especially recovery times
are long enough (Zhou et al. 2003). For example, Field et al. (2011) have found that the sensor needed
at least 1 h of clean air exposure to desorb the analyte partially from the nanowire surfaces and return
to a stable, flat baseline at 40 °C. Zhou et al. (2003) reported that the typical recovery times for SINW-
resistors nanowires after interaction with NH, and water vapor were 5 and 0.5 h, respectively. Because
of irreversible adsorption of analytes on the nanowires, Field et al. (2011) also observed that the
baseline never fully recovered to its original, preexposure resistance but reached a new equilibrium
resistance and over time the sensor lost sensitivity. The incomplete desorption of analyte from the
nanowire surface during exposure limited the number of exposures and prevented replicate
measurements for each concentration of ammonia or nitrogen dioxide. The recovery and lifetime can
probably be improved with a higher operating temperature since adsorption/desorption is temperature
dependent but is a trade-off with sensitivity and requires additional optimization (Field et al. 2011).
The increase of operating temperatures will also be accompanied by both the worsening of stability
and the intensification of temporal drift. In addition, it is necessary to take into account that, due to
operation at room temperatures, the effect of humidity should be strong (see Fig. 5.11).



References 105

Strong sensitivity to polar analytes in the gas phase (N,O, NO, CO, etc.) and low sensitivity to
nonpolar analytes (nonpolar VOCs) are, of course, disadvantages of SiO,-coated SiNW-based devices
(Paska et al. 2011). For example, SINW FETs exhibited detection limits down to 20 ppb NO,, but the
same devices responded weakly to 1,000 ppm hexane (McAlpine et al. 2007). However, research has
shown that the low sensitivity toward nonpolar analytes can in principle be improved by modifying
the SiNW surface with appropriate organic receptors. In particular, it was found that oxide-coated
SiNW FETs modified with alkanesilanes, aldehyde-silanes, or amino-silanes showed an improved
response and sensitivity when exposed to hexane at 1,000 ppm (Tisch and Haick 2010). Paska et al.
(2011) established that attaching dense hydrophobic organic hexyltrichlorosilane (HTS) monolayers
that passivate most of the SiO,/SiINW surface trap states in a FET device could also serve as a success-
ful and simple strategy to achieve and maintain high sensitivity toward nonpolar VOCs. However, it
must be admitted that these improvements in parameters of SiNW-based sensors are still far away
from those required for successful applications. According to Paska et al. (2011), such situations
occur due to (1) the weak adsorption of nonpolar VOCs in molecule-free sites, (2) the lack of suitable
nonpolar organic functionalities that can be attached to the SiNWs, (3) the high density of surface
states at the SiO,/Si interface, and (4) the high density of trap states at the air/SiO, interface. Several
studies have shown that removing the oxide and attaching an organic monolayer directly to the Si
surface, through chemical (e.g., Si—C) bonds, increases the transconductance values and allows the
formation of SINW FETs with higher on—off ratios, as compared to SiO,/SiNW FETs (Haick et al.
2006; Nolan et al. 2007; Bashouti et al. 2009a; Haight et al. 2009; Tisch and Haick 2010; De Smet et
al. 2011). Nevertheless, there are practical and technical limitations to these approaches, including,
but not confined to, the poor oxidation resistance (Bashouti et al. 2008, 2009a, b) and the complexity
of the functionalization procedure, especially when the SiNWs are already integrated in a device plat-
form. This means that, due to stability worsening, the application of this approach (removing oxide
layer) in devices for the sensor market is not realistic.
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Other Trends in Design of Gas Sensor Materials



Chapter 6
Photonic Crystals

6.1 Photonic Crystals in Gas Sensors

The application of photonic crystals (PhCs) is a new direction in gas sensor design (Lambrecht et al. 2007,
Stinner et al. 2008; Srivastava et al. 2011; Zhao et al. 2011). The first concept of PhCs was proposed
by Yablonovitch (1987) and John (1987) in 1987. Essentially, PhCs contain regularly repeating inter-
nal regions of high and low dielectric constant. In particular, as shown in Fig. 6.1, PhCs can consist
of periodic arrangements of dielectric materials with different refractive indexes, which can be divided
into 1D PhCs, 2D PhCs, and 3D PhCs according to the structures.

Compared with 1D PhCs (e.g., gratings) and 3D PhCs (e.g., opals), 2D PhCs are easier to fabricate and
cover a wider research value. In general, there are two kinds of 2D PhCs: one is the air-hole type PhC and
the other is the pillar-column type PhC. The fabrication of 2D air-hole type PhCs with triangular lattice
structure is simple, and it has the largest PhC bandgap (Jamois et al. 2002). In particular, these structures
can consist of a slab of material (such as silicon) which can be patterned using techniques borrowed from
the semiconductor industry. Such chips offer the potential to combine photonic processing with electronic
processing on a single chip. Therefore, 2D PhCs attract widespread interest and are the most frequently
used structures (Jamois et al. 2002; Beiu and Beiu 2008; Garcia-Rupérez et al. 2010).

Imprinting in polymers is one of the approaches widely used for fabrication of 2D PhC sensors
(Boersma et al. 2011). Photonic crystal fiber (see below) is another approach to design such 2D struc-
tures. The fabrication of these fibers using microstructured polymeric materials (MPOF) was also
reported by Van Eijkelenborg et al. (2003). For 3D PhCs, various techniques have been used including
photolithography and etching techniques similar to those used for integrated circuits. Some of these
techniques are already commercially available. To circumvent nanotechnological methods with their
complex machinery, alternative approaches have been followed to grow PhCs as self-assembled
structures from colloidal crystals. An example of a PhC prepared using this approach is shown in
Fig. 6.2. Mass-scale 3D PhC films and fibers can now be produced using a shear-assembly technique
which stacks 200-300-nm colloidal polymer spheres into perfect films of fcc lattice.

Research has shown that PhCs possess unique properties such as a photonic bandgap (PBG) (Cheng
et al. 2009), photonic localization (Maloshtan and Kilin 2007), slow light devices based on PhCs
(Adachi et al. 2010), and so on (Zhao et al. 2011). It was established that the propagation of photons
in PhCs is similar to the propagation of electrons in conducting crystals. In analogy with the electronic
structure, the PhC presents a periodic potential to a photon propagating through it, resulting in the
photonic band. In other words, the incident light whose wavelength lies within the PBG cannot propa-
gate through the PhC region, and the transmission spectrum exhibits a wide bandgap. It can be
concluded that the constituent of the crystals and the geometry of the lattice are two key factors for
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Fig. 6.1 Schematic illustration of 1, 2, and 3D PhCs (Reprinted with permission from Zhao et al. (2011). Copyright
2011 Elsevier)

Fig. 6.2 SEM images of (a) the PhC template and (b) the fabricated polyacrylamide-based PhCs (PAM-imprinted
PhCs). Scale bars: (a) 1 mm, (b) 100 nm (Reprinted with permission from Yuan et al. (2012). Copyright 2012 Wiley)

the PBG. Thus, PhCs with PBGs could prevent light from propagating in certain directions with
specified frequencies (Cheng et al. 2009). Nowadays, many methods for the numerical simulation of
the electromagnetic field propagation in PhCs have been developed, such as plane wave expansion
(PWE) (Sakoda 2001), finite-difference time-domain algorithm (FDTD) (Kosmidou et al. 2005),
finite element method (FEM) (Fujisawa and Koshiba 2006), and transfer-matrix method (TMM)
(Pendry 1994). Experimental and theoretical studies have shown that the position and shape for PBG
will be changed by any perturbation of the parameter to be measured; thus, it can be used in a sensor
if this corresponding relationship is set up (Xiao et al. 2007). However, it is necessary to take into
account that since the basic physical phenomenon is based on diffraction, the periodicity of the PhC
structure has to be of the same length scale as half the wavelength of the electromagnetic waves, i.e.,
~350 nm (blue) to 700 nm (red) for PhCs operating in the visible part of the spectrum—the repeating
regions of high and low dielectric constants have to be of this dimension. This makes the fabrication
of optical PhCs cumbersome and complex.

Another feature of the PhC is photonic localization (Maloshtan and Kilin 2007). By introducing
certain defects into PhCs, their existing periodicity or symmetry will be destroyed. When this hap-
pens, a rather narrow defective state occurs within the PBG, and corresponding photons would be
confined to defect. In other words, by locally breaking the period into PhC, one can introduce a pho-
tonic defect mode within the bandgap and, as a result, the transmission spectrum has a relatively sharp
transmission peak (see Fig. 6.3b). For example, a PhC microcavity can be formed by removing a
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Fig. 6.3 (a) SEM image of the fabricated SOI (silicon-on-insulator) planar photonic crystal waveguide, where a row
of holes is removed in the I'-K direction (W1-type). (b) Spectrum of the photonic crystal waveguides (PCW) in the
region of the band edge when having deionized water (DIW) as upper cladding. Transmission fringes at the band edge
are marked with dashed red line and enlarged in the inset (Reprinted with permission from Garcia-Rupérez et al. 2010.
Copyright 2010 The Optical Society of America)

single hole, thus forming an energy well for photons similar to that for electrons in a quantum wire
structure (Painter et al. 1999). The spectral position of the center of the transmission peak is highly
sensitive to changes in the local environmental conditions. If gas molecules become bound to the
defect, the local environmental condition, such as the refractive index, changes. Hence, it can be used
as the sensing transduction signal. The PhC line defect is analogous to a waveguide—the light can
only travel through it along the defect direction (see Fig. 6.3a). In another case, light will be localized
on the defect plane; thus the photonic plane defect is just like a perfect mirror. Properties of the defec-
tive state would be changed if a certain analyte is infiltrated into the defect position, so the refractive
index or other parameters of analyte can be obtained by observing the variation of resonant wave-
length (Wang et al. 2008a). Photons can also be localized vertically by total internal reflection (TIR)
at the air-slab interface. The combination of Bragg reflection from the 2D PhC and TIR from the low-
index cladding (air) results in a three-dimensionally confined optical mode. Because the light
confinement provided by the PBG is very strong, and because it is easily possible to adjust the defect
mode wavelength across the PBG by finely tuning the structural parameters, PhC sensors based on
photonic localization have received huge attention.

The possibility of reducing in PhCs the velocity of light whose wavelength matches the absorption
peak of analyte is another important property of PhCs. When the PhC slow light structure is intro-
duced into the sample cell, the interaction of light and matter will be enhanced, so the absorption
coefficient can be greatly increased, and this technology offers a potential for the realization of small
and high sensitivity sensors (Lambrecht et al. 2007).

Apart from the above-mentioned sensing properties of PhC, some other properties of PhCs can also be
used for sensing applications. The self-collimation (SC) effect of PhCs can be applied to an interferometer,
whose transmission spectra can reflect the surrounding parameters (Wang et al. 2008b). The SC effect can
steer a light beam with almost no diffraction in PhCs (Kosaka et al. 1999). If rubber material such as
PMMA is used to make a colloidal PhC, the structural color will vary according to different analytes, so
the measuring parameters can be obtained with the naked eye. The mechanism of such influence is shown
in Fig. 6.4. Moreover, the surface electromagnetic waves of 1D PhCs are strongly sensitive to surface
modifications, which can also be used for monitoring analytes (Descrovi et al. 2007).

PhCs can be based on various materials (mostly dielectric), including semiconductors (Si, GaAs,
Ge, SiC, etc.), polymers (PMMA, polyacrylamide (PAM), poly(2-hydroxyethyl methacrylate)
(PHEMA), etc.), and metal oxides (SiOZ, TiOz, AIZOS, WOB).
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Fig. 6.4 Principle of a PhC gas sensor: the wavelength of the reflected light changes upon swelling/shrinking or when
the refractive index changes (Reprinted with permission from Boersma et al. (2011). Copyright 2011 Elsevier)
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Fig. 6.5 (a) SEM picture of a complete 0.25-mm PhC gas cell device. The inset shows the coupling layer (ARL) at the
interface with the PhC. 2D PhCs were prepared by photoelectrochemical etching of n-type silicon in HF-based solution.
(b) Schematic diagram of a typical PhC gas sensor. The light impinging from the left side is absorbed by the gas mol-
ecules inside the PhC. Due to the reduced group velocity, the interaction path is effectively reduced (Reprinted with
permission from Pergande et al. (2011). Copyright 2011 American Institute of Physics)

Experiment has shown that PhCs can be applied in practically all types of optical gas sensors,
including PhC gas sensors based on spectroscopic absorption (Lambrecht et al. 2007; Jensen et al.
2008; Pergande et al. 2011), resonance properties (Wang et al. 2007; Siinner et al. 2008; Awad et al. 2010),
surface electromagnetic waves (Colodrero et al. 2008; Hidalgo et al. 2009; Hidalgo et al. 2010), and
self-collimation effects (Wang et al. 2008b). These sensors can detect a wide range of gases (O,, CO,,
NO,, VOCs, N,, etc.), including the humidity. Pergande et al. (2011) believe that the use of PhCs
makes it possible to obtain compact, robust, and low-cost spectroscopic gas sensors. The replacement
of the interaction volume in a conventional sensor by a PhC is shown in Fig. 6.5.

However, it should be noted that most research in the area of PhCs is related to the study of PhC
fibers (PCFs) (Hoo et al. 2003; Fini 2004; Li et al. 2007; Frazao et al. 2008; Skorobogatiy 2009).
PCFs are two-dimensionally periodic PhCs fabricated using fiber draw techniques developed for
communications fiber. The PCF has a periodic dielectric structure whose periodicity is of the order of
a wavelength, giving rise to the PBG. In addition, PBG fibers show promise as a viable technology for
the mass production of highly integrated and intelligent sensors in a single manufacturing step
(Skorobogatiy 2009). In particular, PCFs are commercially available.
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Fig. 6.6 Various types of hollow-core photonic bandgap fibers: (a) Bragg fiber featuring large hollow core surrounded
by a periodic sequence of high- and low-refractive index layers; (b) photonic crystal fiber featuring a small hollow core
surrounded by a periodic array of large air holes; (¢) microstructured fiber featuring a medium-sized hollow core sur-
rounded by several rings of small air holes separated by nanosize bridges (Reprinted from Skorobogatiy (2009).

Published by Hindawi Publishing Corporation). (d) Photonic crystal fiber micro-taper structure for use in gas sensing
(Reprinted with permission from Lee et al. (2009). Copyright 2009 Elsevier)

According to the cross-sectional distribution of the dielectric function, PCFs can be categorized
as follows: PBG fibers (PCFs that utilize the PBG and the defect mode), holey fibers (PCFs with air
holes along the axis of light propagation), hole-assisted fibers (PCFs consisting of a conventional
higher-index core with air holes), and Bragg fibers (PBG fibers with concentric rings of different
refractive index). PBG fibers can contain periodic sequences of micrometer-sized layers of different
materials (Fig. 6.6a), periodically arranged micrometer-sized air voids (Fig. 6.6b), or rings of holes
separated by nanosupports (Fig. 6.6¢c). PBG fibers are currently available in silica glass, polymer,
and specialty soft glass implementations. An example of a PCF sensor with air holes is also shown
in Fig. 6.6d.

It is found that PCFs have many unique characteristics that differ remarkably from those of
conventional fibers, such as single-mode propagation over a wide range of wavelengths (Kerbage
et al. 2000), sensitive structure manageable dispersion properties (Saitoh and Koshiba 2005), high
birefringence (Lou et al. 2004; Antkowiak et al. 2005; Alam et al. 2005), and extra-strong nonlin-
ear effects (Hu et al. 2004). Thus, due to specific properties, PCF essentially enables a substantial
increase in design flexibility, making possible new or improved sensing solutions relative to the
situation where the choice of components and devices was limited to the standard optical fiber
technology. In particular, gas can be used to fill the air holes of PCFs because of the structure of
PCFs, which offers the possibility of studying gas sensing by the use of PCFs (Hoo et al. 2002,
2003; Fini 2004; Ritari et al. 2004). This research has several advantages; for example, only a
submicroliter of a gas sample is needed to achieve the longer interaction length. In comparison
with conventional fibers, PCFs do not need to be stripped of the cladding and the coating, which
makes them durable. Moreover, research on gas sensing that uses solid-core hole fiber with random
hole distributions in the cladding can be carried out by the evanescent field absorption mechanism
(Pickrell et al. 2004). As result, the core hole in the case of PBG PCF brings qualitatively better
performances when compared with sensing solutions implemented with the standard fiber (Frazao
et al. 2008).
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6.2 Problems in the Sensing Application of PhCs

In spite of the obvious merits of PhCs for gas sensor design, we should note that there are disadvantages
of PhCs which can limit their application. For example, Zhao et al. (2011) emphasized the following
problems.

6.2.1 Problems on the Fabrication of Photonic Crystal

There are a lot of parameters in PhC, such as dielectric constant, dielectric rods, the material of
background, and the structure of the crystal lattice. All these parameters affect the transmission char-
acteristics of incident light. For example, Pergande et al. (2011) suggested on the basis of numerical
estimation that the overall transmission of bulk PhC was limited by fluctuations of the pore diameter.
An attenuation in the transmission of 15 dB/mm would be caused by 1 % pore radius fluctuation. By
using perturbation theory, it was estimated that for a transmission above 90 % of a device 1 mm in
length, the pore positional variation has to be below 0.3 % and the pore diameter fluctuations have to
be below 0.5 %. However, because the lattice size is typically in the micron scale, a lot of difficult
micro electric and mechanical processes are absolutely necessary to fabricate PhCs with high perfor-
mance. This will remain a major challenge in the future. So far, various kinds of fabrication methods
have been put forward, which have their own advantages and disadvantages. Precise mechanical
processing technology (Ozbay et al. 1995) is recognized as the most stable and reliable method to
fabricate PhCs, but exceedingly complicated and very expensive, and it failed in some types of
smaller-scale, adulterate, and defective PhCs. Lithography technology (Bogaerts et al. 2002) is suit-
able for making high-quality 3D-ordered PhCs, as hyperfine structures and defects can be easily
introduced into 3D PhCs using this technology, but this method is time-consuming and quite expen-
sive; thus, it is only suitable for small-scale fabrication of samples. As compared with the above
methods, there exists a simple and economical method based on the self-assembly of microparticles
in a colloidal suspension (Takagi et al. 2004), but there still exists the problem of how to introduce
few and controlled defects. In addition, there are still many other methods that have been put forward.
However, all these methods are in their infancy. With the development of PhC technology and the
advance of manufacturing technology, more and better methods will arrive on the scene, which will
open up a new breakthrough in the study of PhC sensors.

6.2.2 Problems with Coupling Losses

The transmission light of PCW (photonic crystal waveguides) is the Bloch wave, while the standard
single-mode fiber guides light by the mechanism of TIR; different spatial patterns would cause imped-
ance matching. Furthermore, the width of line defect PCW is typically less than 1 um, while the
diameter of the fiber core is 2-8 pum; the resulting mode field distribution would also lead to imped-
ance mismatching. All of these impedance mismatchings would bring coupling losses. Meanwhile, a
lower group velocity corresponding to a higher refractive index makes the in-and-out coupling of
radiation difficult. For the structure of PCW in Delphine et al. (2008), the transmission efficiency of
direct coupling is only 18 %. To avoid the influence of coupling loss on the output of sensors, many
coupling structures and techniques, such as interface resonant mode (Barclay et al. 2004), J-coupler
structure (Prather et al. 2002), and adiabatic coupling (Mekis and Joannopoulos 2001; Sanchis et al.
2002; Delphine et al. 2008), have been proposed and applied by many researchers. Interface resonant
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mode (Barclay et al. 2004) can achieve a very high transmission in principle, but the useful bandwidth
is limited by the resonance width. The J-coupler mode (Prather et al. 2002) has a transmission of
greater than 90 %, but it generally introduced radiation loss, which lowers the coupling efficiency.
Adiabatic coupling (Mekis and Joannopoulos 2001; Sanchis et al. 2002; Delphine et al. 2008) predicts
near 100 % transmission over a large frequency range provided the change is slow; conversely, it
requires very small changes over relatively large length scales, making manufacturing tolerances very
strict. Above all, the coupling loss was improved to a certain extent but is not yet able to be avoided
completely.

6.2.3 Problems with Signal Detection

While PhC sensors show many unique advantages, there still exist a great many problems in signal
detection. Most PhC sensors monitor and control the test samples by real time measuring of the trans-
mittance or reflectance in a broad spectra range (Hasek et al. 2007), which needs a high-resolution
optical spectrometer or related instruments and can be easily affected by environment factors, thus
restricting the application development of PhC sensors. In addition, the disturbance of pressure
(Descrovi et al. 2007; Siinner et al. 2008), temperature (Wild et al. 2004; Siinner et al. 2008), and
moisture (Zhang et al. 2009) would also influence the output characteristics of PhC sensors. This
would cause cross sensitivity. Some suitable means of signal detection are particularly necessary to
overcome these questions.
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Chapter 7
Ionic Liquids in Gas Sensors

No commercial gas sensors use ionic liquids (ILs), but the research into their use is gaining momentum
rapidly as of this writing (Welton 1999; Buzzeo et al. 2004d; Silvester and Compton 2006; Ahmad
2009; Sun and Armstrong 2010; Silvester 2011; Singh et al. 2012). Room-temperature ionic liquids
(RTILSs) are a unique class of compounds containing organic cations and anions, which melt at or
close to room temperature, and thus are known as room-temperature molten salts (Seddon 1997,
Demus et al. 1998). The simplest explanation that can be given for this circumstance focuses on the
difficulty of finding efficient packing modes for the more complex and size-mismatched ions charac-
teristic of IL and inorganic salt hydrates. The big difference in the size of a bulky organic cation and
a small organic or inorganic anion does not allow packing of lattice, which happens in many inorganic
salts; instead, the ions are disorganized. The result of this is that some of these salts remain liquid at
the room temperature. The solvent properties of ILs such as melting point, dielectric constant, viscos-
ity, polarity, and water miscibility can be tailored by combining different cations with suitable anions
(Demus et al. 1998; Wasserschied and Welton 2003). The influence of chloride, water, and organic
solvents on the physical properties of ILs has been investigated by Seddon et al. (2000).

The cations in RTILs are generally organic compounds with asymmetrically substituted
N-containing cation that are bulky in nature with varying heteroatom functionality paired with charged
diffused anion. The class of cations explored till now includes 1-allyl-3-methylimidazolium,
N-alkylpyridinium, N-methylalkyl pyrrolidinium, pyrazolium, and tetraalkyl ammonium types; more
importantly, phosphonium salts are also finding greater utility. Regarding anions acceptable for syn-
thesis of ILs, it was found that a wide range of organic and inorganic species can be used for these
purposes. In particular, anions ranging from simple halides, which generally inflect high melting
points, to inorganic anions such as tetrafluoroborate, [BF AP and hexafluorophosphate, [PF,I-, and to
large organic anions like bistriflimide, [(CF,SO,),N]", triflate, [CF,SO,]", or tosylate may be employed
(Ahmad 2009). Commonly used cations and anions are shown in Fig. 7.1. Typical abbreviations used
for ILs are listed in Table 7.1. It was established that the change of anion dramatically affects the
chemical behavior and stability of the ionic liquid; the change of cation has a profound effect on the
physical properties, such as melting point, viscosity, and density (Bowlas et al. 1996). There are also
many interesting uses of ionic liquids with simple non-halogenated organic anions such as for-
mate, alkylsulfate, alkylphosphate, or glycolate. The melting point of 1-butyl-3-methylimidazolium
tetrafluoroborate with an imidazole skeleton is about —80 °C, and it is a colorless liquid with high
viscosity at room temperature (Earle and Seddon 2000; Ahmad 2009).

Ionic liquids possess some unique properties (Seddon 1997; Demus et al. 1998; Welton 1999;
Earle and Seddon 2000; Pinkert et al. 2009; Silvester 2011; Singh et al. 2012) and can be classified
as a special category of nonaqueous electrolytes as well as serve as a gas-permeable membrane or a
solvent. It was found that a diverse range of organic, inorganic, and organometallic compounds are

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 121
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Fig. 7.1 Commonly used cations and anions for ionic liquids

Table 7.1 List of some abbreviations used for ILs

Abbreviation Name

[BEIm] 1-Butyl-3-ethylimidazolium

[BMIm]BF, 1-Butyl-3-methylimidazolium tetrafluoroborate

[BMIm]PF, 1-Butyl-3-methylimidazolium hexafluorophosphate
[BMIm]Tf,N/NTT, 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[BMP]T{,N/NTT, 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
[BMMIm]Tf N/NTf, 1-Butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide
[BMIm]TfO 1-Butyl-3-methylimidazolium trifluoromethanesulfonate
[EMIm]BF, 1-Ethyl-3-methylimidazoliumtetrafluoroborate

[EMIm]CI 1-Ethyl-3-methylimidazolium chloride

[EMIm]PF, 1-Ethyl-3-methylimidazolium hexafluorophosphate
[OMIm]Tf,N/NTT, 1-Octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[PMP] 1-Propyl-1-methylpyrrolidinium

TFA Trifluoroacetate

Tf,N/NTT, Bis(trifluoromethylsulfonyl)imide

TfO Trifluoromethanesulfonate

BF, Tetrafluoroborate

PF, Hexafluorophosphate

Source: Data from Singh et al. (2012). Published by Hindawi Publishing Corporation

soluble in ILs. Thus, ILs are nonaqueous polar alternatives for phase transfer processes. The solubil-
ity of gases such as O,, benzene, nitrous oxide, ethylene, ethane, and carbon monoxide is also good,
which makes them attractive solvent systems for catalytic hydrogenations, carbonylations, hydroform-
ylation, and aerobic oxidations. ILs can be liquid over a range of 300 °C. This wide liquid range is a
distinct advantage over traditional solvent system that has a much narrower liquid range; for exam-
ple, water has a liquid range of 100 °C or toluene 206 °C. Moreover, ILs are immiscible with many
organic solvents. In addition, the solvent properties of ILs can be tuned for a specific application by
varying the anion—cation combinations. The high boiling point and thermal stability can combine the
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Fig. 7.2 Applications of ILs (Reprinted with permission from Wei and Ivaska (2008). Copyright 2008 Elsevier)

benefits of both solid and liquid electrolytes. Some of the immediately obvious benefits of ILs
include the following. ILs have high ion conductivity, wide potential windows (up to 5.5 V) (poten-
tial region without significant background current), high heat capacity, and good chemical and elec-
trochemical stability, and they have been explored as media in electrochemical devices including
supercapacitors, fuel cells, lithium batteries, photovoltaic cells, electrochemical mechanical actua-
tors, electroplating, electrochemical sensors, and other analytical applications (Buzzeo et al. 2004a;
Wei and Ivaska 2008; Silvester 2011; Dossi et al. 2012). For example, ILs can improve separation of
complex mixtures of both polar and nonpolar compounds when used either as stationary phase or as
additives in gas-liquid chromatography (Anderson and Armstrong 2003), liquid chromatography
(Peng et al. 2007), and capillary electrophoresis (Qi et al. 2006). They are also used in optical sen-
sors (Fletcher et al. 2002; Oter et al. 2006a, b, 2008) and to enhance the analytical performance of
the matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) (Mank et al. 2004).
Figure 7.2 briefly lists the general applications of ILs. The use of ILs in different applications is
determined by their intrinsic properties.

ILs have negligible vapor pressures, so there is no “drying out” of the electrolytes, thus reducing
hazards associated with flash points and flammability (Baker et al. 2005; Anastas 2007). The low
volatility of ILs has been demonstrated in gas-separation membranes for separation of SO, and CO,
(Jiang et al. 2007). The SO, selectivity of separations using IL. membranes has been shown to be 9-19
times that of CO,.

ILs possess high thermal stability and oxidative stability, which allows regeneration and decon-
tamination of the sensor electrolyte as well as enabling operation at elevated temperatures, thus
increasing the rate of mass transfer and hence signals (Yu et al. 2005; Jin et al. 2006). It was estab-
lished that ILs can be thermally stable up to temperatures of 450 °C with decomposition temperatures
around 300-500 °C. The thermal stability of ILs is limited by the strength of their heteroatom-carbon
and their heteroatom-hydrogen bonds, respectively (Mantz and Trulove 2003). The thermal decompo-
sition temperature decreases as the anion hydrophobicity increases. Halide anions reduce the thermal
stability of ILs, with decomposition occurring at least 373 K below corresponding ILs with nonhalide
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Table 7.2 Electrochemistry of gases in ionic liquids or nonaqueous solvents

Gas Electrolyte Electrode Mechanism
o, ILs-BmimHFP; dmbimHFP; Au, Pt, and glassy carbon 0,+e—0,"
EmimBF,; BmimPF6 electrodes
SO, ILs-BmiBF,, Pt electrode SO,+0,+2¢—S0 >
NH, ILs-EmimNTF, Glass carbon electrode QH, (hydroquinone)+2NH, — 2NH,*+ Q>
or 4NH, — 3NH,* ++/2N, +3e
NO, ILs-C,mimNTF, Pt electrode NO,—-NO, +e
CH, Nonaqueous 2 M NaClO, in Pt black electrode CH,— CH,(ad)+H*+e

Y-butyrolactone

BmimHFP and BmimPF,: 1-n-butyl-3-methylimidazolium hexafluorophosphate; BmiBF,: 1-butyl-3-methylimidazo-
lium tetrafluoroborate; BmimPF,: 1-n-butyl-3-methylimidazolium hexafluorophosphate; C,mimNTF, and EmimNTF,:
1-ethyl-3-methylimidazolium  bis[(trifluoromethyl)sulfonyl]imide; EmimBF,: polyethylene-supported 1-ethyl-3-
methylimidazolium tetrafluoroborate; EmimNTF,: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
Source: Data from Stetter et al. (2011)

anions. Relative anion stabilities have been suggested by Huddleston et al. (2001) as [BMIm]
PF~>NTf, ~BF, >halides. This means that the ILs [BMIm][PF ], [BMIm][NT{,], and [BMIm]
[BF,] have decomposition temperature higher than the corresponding halide IL [BMIm][I]. The trend
of thermal stability with respect to cation species appears to go as follows: phosphonium >imidazo-
lium > tetraalkyl ammonium pyrrolidinium (Kroon et al. 2007).

ILs suppress conventional solvation and solvolysis phenomena and provide a medium able to dis-
solve a vast range of molecules up to very high concentrations (Welton 1999; Kou et al. 2006);

ILs are excellent solvents that can support many types of solvent—solute interactions (Welton
1999). They also offer other advantages such as decontamination, product recovery, and recyclable
properties. Other pertinent properties include high intrinsic ionic conductivity, nonflammability, wide
electrochemical stable window, broad liquid range and excellent heat transfer properties, and most
importantly their hydrophobic nature (Ahmad 2009). The hydrophobic nature of ILs and the possibil-
ity to form various composites with polymers (Scott et al. 2002) are also important features for sensor
applications (Wang et al. 2004). These composite materials can be used as conductive materials, semi-
permeable membranes, and electrodes.

The use of ILs as electrolytes can also eliminate the need for a membrane and added supporting
electrolytes, which are needed in conventional “Clark”-type gas sensors. The negligible vapor pres-
sure and high thermal stability make the gas sensors based on ILs promising in more extreme operat-
ing conditions, such as high temperatures and pressures (Buzzeo et al. 2004a). Unlike the oxide
electrolytes in solid-state gas sensors, which operate at temperatures of several hundred degrees, the
high ionic conductivity at room temperature allows ILs to be excellent electrolytes for the fabrication
of quasi-solid-state electrochemical gas sensors working at ambient temperatures. As shown in
Table 7.2, electrochemical oxidation of NH, (Buzzeo et al. 2004b, 2004d), NO, (Broder et al. 2007),
SO, and H, (Silvester et al. 2008a; O’Mahony et al. 2008), and Cl, (Huang et al. 2008), and electro-
chemical reduction of O, in ILs (Wang et al. 2004) have been reported.

As a result, it was established that ILs can be used in the development of stable electrochemical
sensors for gaseous analytes such as O, (AlNashef et al. 2002; Wang et al. 2004; Buzzeo et al. 2003,
2004a; Wang et al. 2011), CO, (AlNashef et al. 2002; Buzzeo et al. 2004c), SO, (Cai et al. 2001), NH,
(Giovanelli et al. 2004), NO, (Broder et al. 2007), ethylene (Zevenbergen et al. 2011), and vapors of
ethanol and organic solvents (Lee and Chou 2004; Seyama et al. 2006). A promising property of ILs
in electrochemical gas sensor development is that the physicochemical properties of ILs depend on
the structure and size of both their cations and anions, which can easily be tuned by controlled organic
synthesis (Silvester 2011). For example, in IL-based gas sensors, one can find ion liquids such as
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[EMIm][BF,] (O,), [BMIm][PF,] (Cl,, O,), [EMIm][Tf )N] (NH,, NO,, DMF), [C MIm][BF,] (SO,),
[BMIm][BF,] (VOCs), and [C,C Im][PF,] (VOCs) (Singh et al. 2012). There are potentially many more
useful ionic liquids; for example, at least a million binary ILs, and 10'® ternary ILs, are potentially
possible. Therefore, it is likely that highly sensitive and selective determination of gaseous analytes
can be realized with optimized ILs. For example, conductive polymers are often regarded as polyions
after they are doped. A recent study by Yu et al. (2008) shows that PANI in its doped state is a posi-
tively charged polymer and the negatively charged anions of the ionic liquid butylmethylimidazolium
camphorsulfonate (BMICS) can be strongly absorbed on the PANI polymer backbone as counter ions.
The electrostatic interactions and the van der Waals interactions between the IL and the charged con-
ductive polymer template not only help increase the wettability of IL film electrolytes but also increase
the selectivity by forming IL-PANI composite porous structures.

It is important to note that the application of ILs makes it possible to achieve very close contact
between the electrode material and IL, thus allowing analytes from gaseous samples to undergo elec-
tron transfer just as they reach the working-electrode-material/IL interphase, without involving any
analyte diffusion and/or dissolution step. Concomitantly, the IL. medium available in close contact
with the electrode material can ensure the transfer of charged species from the working electrode to
the counter electrode. Thus, IL-based membrane-free amperometric gas sensors with fast response
can be designed (Dossi et al. 2012).

Experiment has shown that ILs can be incorporated in optical sensors. For example, Oter et al.
(2006b) reported an optical CO, sensor using the ILs ((MBIM][BF,] or [MBIM][Br]) as the matrix
with 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS). The detection of CO, was based
on the fluorescence signal change of HPTS when pairing to CO,. The same group then reported that
ionic liquid modification of an ethyl cellulose matrix extended the detection range to 0-100 % pCO,
(Oter et al. 2008). Recently, Oter et al. (2009) proposed to use the dye, tris(2,2'-bipyridyl)ruthenium(II)
chloride, incorporated in ionic liquid ([EMIM]BF,)-modified sol-gel matrices for oxygen-sensing
purposes (see Fig. 7.3). A hybrid electrochemical-colorimetric-sensing platform for detecting explo-
sives was developed by Forzani et al. (2009). The product of the electrochemical reaction was detected
by a colorimetric device. A thin layer of [BMIM][PF6] played an important role in this platform: The
IL coating selectively preconcentrated explosives and quickly transported them to the electrodes; it
also facilitated the formation of reduction products.

It was established that IL-based chemically sensitive field-effect transistors and quartz crystal
microbalance sensors can be developed as well (see, e.g., Fig. 7.4). For example, chemically sensitive
field-effect transistors based on a composite of camphorsulfonic acid (CSA)-doped polyaniline (PAN)
and an IL of 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-imide, BMI(Tf,N) could
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Fig. 7.4 (a) Frequency change of the IL/QCM sensor exposed to ethanol, heptane, benzene, and dichloromethane at
various temperatures. The same concentration was used for the vapors at all temperatures. (b) Sensorgram of benzene
at 120 °C from various concentrations (Adapted with permission from Yu et al. (2005). Copyright 2005 Royal Society
of Chemistry)

detect ammonia gas in the range from 0.5 to 694 ppm in air. Quartz crystal microbalance sensors
based on ionic liquid phosphonium dodecylbenzenesulfonate (i.e., P . |, DBS) were sensitive toward
various polar and nonpolar organic vapors (Yu et al. 2008). The sensor had linear, fast, and reversible
response at temperatures up to 200 °C. However, we need to recognize that maximum sensor response
was observed at T,.= 24 °C and the increase of operating temperature was accompanied by consider-
able decrease of sensor response. In addition, the sensitivity was not high.

It was found that IL-based QCM sensors are also promising materials for detection of organic
vapors (Liang et al. 2002; Goubaidoulline et al. 2005; Jin et al. 2006). Liang et al. (2002) showed that
changes in viscosity of the IL film upon absorption of organic vapors at room temperature was the
main cause for the change in frequency rather than change in the mass. The sensing mechanism of a
QCM sensor using ILs is based on the fact that the viscosity of the IL. membrane decreases rapidly due
to solvation of the analytes in the ILs. The change in viscosity, which varies with the chemical species
of the vapors and the type of ILs, results in a frequency shift of the quartz crystal.

However, it should also be noted that, since the frequency change in QCM-based devices appar-
ently depends on both the mass load as well as the change in viscosity of the IL, it would be necessary
to understand in detail to what extent the change in sensor signal is due to viscosity changes and to
what degree it is due to changes in mass load when such a system is used in quantitative determina-
tions (Wei and Ivaska 2008). A straightforward interpretation of the sensor response might be demand-
ing, in particular when the sensor is exposed to multicomponent mixtures.

Sensitivity to air humidity can also be considered as a disadvantage of ILs. Buzzeo et al. (2003,
2004d) believe that high viscosity and low diffusion coefficients are shortcomings of ILs as well. As a
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result of the strong electrostatic and other interaction forces, the viscosity of ILs is typically 10-100
times higher than that of water or organic solvents (Seddon et al. 2002). The viscosity of IL is affected
by the nature of both the cations and anions. Alkyl chain lengthening in the cation leads to an increase
in viscosity. This is due to stronger van der Waals forces between cations leading to increase in the
energy required for molecular motion. The nature of the anion also affects the viscosity of the IL,
particularly through relative basicity and the ability to participate in hydrogen bonding. The relatively
low conductivity manifested by the inherently high viscosity of ILs and the much smaller diffusion
coefficients of gas molecules in ILs usually lead to slow responses and small limiting currents (Jin et
al. 2007). The conductivity of any solution not only depends on the number of charge carriers but also
on their mobility. The large constituent ions of ILs reduce the ion mobility which, in turn, leads to
lower conductivities. Ion pair formation and/or ion aggregation in ILs also lead to reduced conductiv-
ity. To overcome this deficiency, great attempts are made to facilitate the diffusion of gas analytes in
IL electrolytes. The most efficient strategy involves the formation of thin IL layers on a variety of
planar sensor arrays, including microfabricated electrode arrays (Huang et al. 2010; Zevenbergen et
al. 2011) and conventional screen-printed carbon electrodes (SPCE) (Xiong et al. 2011). This strategy
can produce IL layers with thicknesses up to several micrometers at the sensing interfaces and there-
fore effectively improves the performance of the IL-based sensors. The possibility of using thin layers
of ILs without any addition membranes (Huang et al. 2010; Xiong et al. 2011) makes it possible to
achieve parameters of IL-based sensors comparable with parameters of commercially available sen-
sors (Wang et al. 2011). However, the formation of ultrathin IL layers is often restricted by several
factors, e.g., the relative low reproducibility due to small volume and high viscosity of added ILs
(Xiong et al. 2011; Zevenbergen et al. 2011) and the instability of IL layers due to the uptake of atmo-
spheric moisture altering the IL surface tension (Xiong et al. 2011). Therefore the development of
suitable sensor platforms has become a great challenge for IL-based electrochemical gas sensors. One
such sensor platform was designed by Hu et al. (2012). Since the creation of large three-phase elec-
trolyte/electrode/gas interfaces is essential to the high sensitivity and rapid response of electrochemi-
cal gas sensors, Hu et al. (2012) proposed to use a nanoporous gold electrode prepared by inkjet
printing integrated with porous support (cellulose membranes). This special structure allows the
addition of electrolytes from the back of the working electrode to form as thin as possible electrolyte
layers for creating large three-phase interfaces.

Silvester (2011) have also noted that ILs have poor detection limits. For example, electrochemical
sensing in ILs is not sensitive enough to detect the low/trace concentrations required. Therefore, for
electrochemical explosives sensing, it appears that ILs have to be combined with either nanomaterials
or complementary techniques. The poorer detection limits may also mean that RTILs may only be
useful for higher (ppm to percentages) concentrations of gases as opposed to trace (ppb) levels.
Careful control of the potential vs. a stable reference electrode in IL-based electrochemical sensors is
also a problem yet to be answered (Rogers et al. 2008), and more work is needed on this topic (Silvester
et al. 2008b). Humidity monitors may also need to be used to account for the varying water contents
in the ILs in a range of real environments, which have been shown to affect the viscosity and the
electrochemical response (Silvester and Compton 2006). Another issue is the intrinsic impurities
present in ILs, such as unreacted starting material (e.g., chloride), water, and dissolved gases (e.g.,
oxygen), all of which can interfere with the electrochemical response of the analyte.

However, Buzzeo et al. (2004d) and Silvester (2011) believe that, despite the abovementioned
challenges, clearly the tunability of ILs and their ability to be easily combined with other materials
make them ideal candidates as electrolytes in a range of electrochemical devices designed for opera-
tion under more extreme conditions, i.e., high temperatures and pressures, such as in the combustion
industry where traditional solvents struggle to remain chemically or physically unchanged. Although
this field is still in the development stage, it is envisioned that in the next decade we will see some
significant advances toward commercialization of IL-based electrochemical sensing systems, particu-
larly when using ILs as a binder and in the field of amperometric gas sensing.
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Chapter 8
Silicate-Based Mesoporous Materials

According to the International Union of Pure and Applied Chemistry (IUPAC), the prefix meso- refers
to a region 2—50 nm, macro- is a region >50 nm, and micro- is a region <2 nm. The small mesopores
limit the kinds of ions and molecules that can be admitted to the interior of the materials. In addition,
control over the pore size offers the possibility of molecular sieving or molecular selectivity.
Mesoporosity can also endow a material with a high surface area exceeding 1,000 m*g and pore
volume greater than 1 cm®/g. This greatly expands the potential of the materials for application to
adsorption and as supports for immobilized catalytic or sensing moieties (Moos et al. 2006, 2009; Xu
et al. 2006; Carrington and Xue 2007; Slowing et al. 2007; Basabe-Desmonts et al. 2007; Ariga et al.
2007 Walcarius 2008; Melde et al. 2008; Sahner et al. 2008; Zheng et al. 2012). Several examples of
materials with different porosity are presented in Table 8.1.

8.1 Mesoporous Silicas

We need to say that there are two types of mesoporous silicas: random mesoporous structures and
ordered mesoporous structures (Galarneau et al. 2001). Mesoporous silicas, especially those exhibit-
ing ordered pore systems and uniform pore diameters, have shown great potential for sensing applica-
tions in recent years (Melde et al. 2008).

Sol-gel chemistry is frequently employed in designing random mesoporous structures of silicates
(Brinker and Scherer 1990; Corma 1997). Liquid silicon alkoxide precursors (Si(OR),) are hydro-
lyzed and condensed to form siloxane bridges, a process that is often described as inorganic polymer-
ization and is represented below:

Hydrolysis: Si(OR), + nH,0 — HO, —Si(OR), , + nROH
Condensation: (RO),Si —OH +HO —-Si(OR), = (RO),Si -0 -Si(OR), +H,0
and/or (RO),Si—OR +HO - Si(OR), — (RO),Si— 0O -Si(OR), + ROH (8.1)

The most commonly used precursors are tetracthoxysilane (TEOS) and tetramethoxysilane (TMOS).
A colloidal sol of condensed silicate species can eventually interconnect as an immobile 3D network
encompassing the space of its reaction container. Drying a gel under ambient conditions or with heat will
typically cause shrinkage as solvent leaves the micropores of the silicate network. This type of material is
called a xerogel. Alternatively, supercritical drying can be applied to remove solvent, yielding a product
that is more similar to the size and shape of the original gel. Such aerogels may have low solid volume

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 131
DOI 10.1007/978-1-4614-7388-6_8, © Springer Science+Business Media New York 2014
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Table 8.1 Different types of porous materials

Type of material Pore size (A) Examples Pore size range (A)
Macroporous >500 Macroporous monolithic polymers >500
Porous glasses >500
Mesoporous 20-500 Pillared layered clays 20400
M41S 16-100
SBA-15 80-100
SBA-16 50
Diatom biosilica 20-500
Mesoporous alumina 20
Microporous <20 Carbon aerogels <20
Zeolites <14.2
Activated carbon 6
ZSM-5 4.5-6
Zeolite A 3-4.5
Beta and Mordenite-zeolites 6-8
Faujasite 7.4
Cloverite 6-1.32

Source: Naik and Ghosh (2009)

fractions near 1 % and, therefore, very high pore volumes. The use of basic pH and an excess of water can
result in particulate precipitation. Gels can also be deposited, permitting the generation of thin films or
membranes. The isoelectric point of silica is in the pH range 1-3. This value determines the surface
charge of a condensing silicate or material in solution due to protonation and deprotonatio of silanol
groups (Si-OH).

Ordered mesoporous materials are made using a combination of using self-assembled surfactants as
template and simultaneous sol-gel condensation around template (micelles) (Corma 1997; Galarneau et
al. 2001). Surfactants are organic molecules, which comprise two parts with different polarities. One part
is a hydrocarbon chain (often referred to as polymer tail), which is nonpolar and hence hydrophobic and
lipophilic, whereas the other is polar and hydrophilic (often called hydrophilic head). Because of such a
molecular structure, surfactants tend to enrich at the surface of a solution or interface between aqueous
and hydrocarbon solvents, so that the hydrophilic head can turn toward the aqueous solution, resulting in
a reduction of surface or interface energy. Such concentration segregation is spontaneous and thermody-
namically favorable. Surfactant molecules can be generally classified into four families, and they are
known as anionic, cationic, nonionic, and amphoteric surfactants, which are briefly discussed below:

1. Typical anionic surfactants are sulfonated compound with a general formula R-SO,Na and sulfated
compounds of R-OSO,Na, with R being an alkyl chain consisting of 11-21 carbon atoms.

2. Cationic surfactants commonly comprise an alkyl hydrophobic tail and a methyl-ammonium ionic
compound head, such as cetyl trimethyl ammonium bromide (CTAB), C, .H, ,N(CH,),Br, and cetyl
trimethyl ammonium chloride (CTAC), C, .H, ,N(CH,),Cl.

3. Nonionic surfactants do not dissociate into ions when dissolved in a solvent as both anionic and
cationic surfactant. Their hydrophilic head is a polar group with structure similar to ether, R-O-R,
alcohol, R-OH, carbonyl, R-CO-R, and amine, R-NH-R.

4. Amphoteric surfactants have properties similar to either nonionic surfactants or ionic surfactants.
Examples are betaines and phospholipids.

When surfactants dissolve in a solvent forming a solution, the surface energy of the solution will
decrease rapidly and linearly with increasing concentration. This decrease is due to the preferential
enrichment and ordered arrangement of the surface of surfactant molecules on the solution surface,
i.e., hydrophilic heads inside the aqueous solution and/or away from the nonpolar solution or air.
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Hydrophobic tail

Anionic surfactant
molecule

Fig. 8.1 Schematics of various micelles formed at various surfactant concentrations above the CMC: (a) Spherical
micelle forms first as the concentration of surfactants is above the CMC; (b) Individual cylindrical micelle forms at the
concentration of surfactants increases further: (¢) Further increased concentration of surfactants results in the formation
of hexagonally packed cylindrical micelles: (d) Lamellar micelles would form when the concentration of surfactants
rises even further

However, such a decrease stops when a critical concentration is reached, and the surface energy remains
constant with further increase in the surfactant concentration. This critical concentration is known as the
critical micellar concentration, or CMC. Below the CMC, the surface energy decreases due to an increased
coverage of surfactant molecules on the surface as the concentration increases. At the CMC, the surface
has been fully covered with the surfactant molecules. Above the CMC, further addition of surfactant mol-
ecules leads to phase segregation and formation of colloidal aggregates or micelles (Mittal and Fendler
1982). The initial micelles are spherical and individually dispersed in the solution (Fig. 8.1a), and would
transfer to a cylindrical rod shape (Fig. 8.1b) with further increased surfactant concentration. Continued
increase of surfactant concentration results in an ordered parallel hexagonal packing of cylindrical micelles
(Fig. 8.1c). At a still higher concentration, lamellar micelles would form (Fig. 8.1d).

The process of ordered mesoporous structures synthesis is conceptually straightforward and can
be briefly described below (Corma 1997). Surfactants with a certain molecule length are dissolved
in a polar solvent at a concentration exceeding its CMC, mostly at a concentration at which hexago-
nal or cubic packing of cylindrical micelles is formed. At the same time, the precursors for the
formation of silica are also dissolved in the same solvent, together with other necessary chemicals
such as catalyst. Inside the solution, several processes proceed simultaneously. Surfactants segre-
gate and form micelles, whereas precursors undergo hydrolysis and condensation around the
micelles simultaneously. Surfactants are often removed by calcination, or burning, to produce
molecular sieves with narrow pore size distributions and highly ordered mesostructures. When
extraction of templates is used instead of calcinations, organic functional groups can be incorpo-
rated into the materials during synthesis.

First-ordered mesoporous structure was realized in 1992 with the reports of the M41S materials
(Kresge et al. 1992; Beck et al. 1992), followed by the introduction of FSM-16 (Inagaki et al. 1993).
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Fig. 8.2 Typical Structures of the mesoporous silica material: (a) MCM-42 (2D hexagonal); (b) MCM-48 (cubic);
(¢) MCM-50 (lamellar)
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Fig. 8.3 Schematic model for the formation of the mesoporous material from kanemite (Reprinted with permission
from Inagaki et al. (1993). Copyright 1993 Royal Society of Chemistry)

Syntheses of M41S materials employ cationic alkylammonium surfactants in amounts above their
critical micelle concentrations. These surfactants cooperatively assemble with inorganic precursors to
produce a silicate matrix. The most well-known representatives of this class include the silica solids
MCM-41 (with a hexagonal arrangement of the mesgpores, space group p6mm), MCM-48 (with a
cubic arrangement of the mesopores, space group la3d ), and MCM-50 (with a laminar structure,
space group p2) (see Fig. 8.2). Since the first reports of M41S, many different surfactants, precursors,
and combinations of the two have been studied. A schematic model for the formation of the mesopo-
rous materials from kanemite is shown in Fig. 8.3. The silicate layers of kanemite can wind around
the exchanged alkyltrimethylammonium ions. This causes the condensation of silanol groups on the
adjacent silicate layers of kanemite, since the silicate layers have the flexibility to wind due to its
single-layered structure.

One can find in review papers of Huo et al. (1996), Corma (1997), Soler-Illia et al. (2002), Hoffmann
et al. (2006), and Naik and Ghosh (2009) additional information regarding synthesis and properties of
mesoporous silica, including as-synthesized and functionalized materials.

It should be noted that the described approach to synthesis of mesoporous silica can be used for the
synthesis of other metal oxides, including conductive metal oxides designed for gas sensor
applications.

8.1.1 Gas Sensor Applications of Mesoporous Silicas

Silica is an attractive material for many sensing applications because of its high surface area, stabil-
ity over a fairly wide range of pH (excluding alkaline), relative inertness in many environments,
transparency in the UV-visible spectrum, and its morphological control (Melde et al. 2008).
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Table 8.2 Silicate-based optical oxygen sensors

Dye incorporated in silicas Reference

Pt (1) 2,3,7,8,12,13,17,18-octaethyl porphine Han et al. (2005)
Pd (IT) 2,3,7,8,12,13,17,18-octaethyl porphine

Pt(IT) meso-tetraphenylporphine

Pt (II) meso-tetra (pentafluorophenyl)porphine

[Ru(dpp),ICL,

[Ru(phen,phenCH,)]Cl,

[Ru(phen),]CI,

[Ru(bpy),]Cl,

Pt(IT) meso-tetra(4-N-pyridyl)porphyrin Zhang et al. (2005)
Pt(IT) meso-tetra(3,5-dihydroxyphenyl)porphyrin Huo et al. (2006)
Pt(Il) meso-tetra(3,5-di[(N-carbazyl)-n-octyloxyphenyl]) porphyrin

Pt(Il) meso-tetra(3,5-di[(N-carbazyl)-n-hexyloxyphenyl]) porphyrin

Pt(II) meso-tetra(3,5-di[ (N-carbazyl)-n-butyloxyphenyl]) porphyrin

N-(3-Trimethoxysilylpropyl)-2,7-diazapyrenium bromide Leventis et al. (1999)
Ru(II) complex dyads ([Ru(phen)3]2*) Leventis et al. (2004)
4-Benzoyl-N-methylpyridinium-based dyads

N-Benzyl-N-methyl viologen

Tris(bipyridine)ruthenium(II) ([Ru(bpy)S]Z*) Zhang et al. (2002)
[Ru(bpy),phen]* Lei et al. (2006)

Moreover, the silane chemistry makes it possible to attach covalently molecular probes to the pore
walls. Therefore, spectrophotometrically active molecular probes can be entrapped in sol-gel glass
and used for heterogeneous detection of analytes in solution or gas. Bulk materials may be applied
as synthesized (e.g., batch adsorption of an analyte from solution) or as part of a surface coating.
Gels can be used to form monolithic materials or thin films on a wide variety of substrates by spin-
and dip-coating techniques. They can be deposited as or embedded in a specialized coating on an
electrode and active area of various gas-sensing devices. Pore size can be controlled, and surface
properties can be altered (e.g., grafting hydrophobic groups) to encourage the entrance of a specific
analyte over that of similar species.

At present there are several approaches to using mesoporous silicates in gas sensors. In particular,
humidity sensors can be designed based on silicates (Innocenzi et al. 2001, 2005; Domansky et al.
2001; Falcaro et al. 2004; Bertolo et al. 2005). Water molecules interact with hydroxyl sites providing
a base for physisorption of water layers as relative humidity increases. For a dry surface at relatively
low humidity, conductance occurs through proton “hopping” between the adsorption sites. At higher
humidity, water concentrates to form multilayers or condenses to fill a pore. Proton mobility, there-
fore, becomes more facile, and conductivity increases with protons moving from molecule to mole-
cule (Grotthuss chain reaction model). A mesopore structure increases the surface area and number of
hydroxyl groups available for water adsorption. Factors that affect sensor response include the size
and accessibility of mesopores, film thickness, number of hydroxyl sites, and organic matter within
the pores. Organic matter refers to residual surfactant from a templating process or polymer intro-
duced either during or post-synthesis.

Optical sensors based on UV—visible and fluorescence spectrophotometry and a visual color change
in a material are other directions for mesoporous silicates application (Melde et al. 2008). Several
examples of such sensors are presented in Table 8.2. Usually optical detection of gases in mesoporous
silica-based sensors takes place through the use of an incorporated dye. In particular, oxygen sensing
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has been accomplished through quenching of the fluorescence of N-(3-trimethoxysilylpropyl)-2,7-
diazapyrenium bromide incorporated into a highly porous aerogel through direct co-condensation and
post-synthesis grafting (Leventis et al. 1999, 2004) (see Fig. 8.4). It was found that co-condensation
provided a more uniform distribution of the dye and more effective interrogation of the resulting
photoluminescence. The detection of oxygen through interrogation of fluorescence intensities as well
as through phosphorescent lifetime measurements can be achieved using platinum and palladium
metalloporphyrins incorporated in silica matrix as well (Han et al. 2005; Zhang et al. 2005; Huo et al.
2006). The incorporation of ruthenium complexes into a variety of materials can also be applied to
detect and quantify oxygen (Zhang et al. 2002; Leventis et al. 2004; Han et al. 2005; Lei et al. 2006;
Wang et al. 2008). In the case of ruthenium complexes, covalent modification techniques were found
to yield notably more linear Stern—Volmer plots (I /I vs. oxygen concentration) than techniques that
employed entrapment of the dyes (Lei et al. 2006).

Experiments have shown that other types of gas sensors can also use mesoporous silicas as the
sensing layer. For example, selective sensing of nitric oxide has been accomplished in the presence
of carbon monoxide through the application of quartz crystal microbalance technology employing
a cobalt phthalocyanine-modified sol—gel thin film (Palaniappan et al. 2006, 2008). Electrochemical
detection of nitrite has been accomplished using a metalloporphyrin-modified silicate material
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(Xie et al. 2004; Cardoso and Gushikem 2005; Cardoso et al. 2005). Gaseous hydrogen peroxide
and hydrazine can also be detected electrochemically using nanostructured silica as the electrode
(Holmstrom and Cox 1998; Holmstrom et al. 2000). An ordered mesoporous film incorporated in
a metal-insulator-semiconductor (MIS) made it possible to detect NO and NO, (Yamada et al.
2002, 2004; Yuliarto et al. 2004, 2006). The MIS structure consisted of a silicon wafer with a sili-
con dioxide layer and a Si,N, layer over that. An ordered mesoporous film was spin coated as an
insulating layer and calcined over the Si,N,. Al was evaporated on the bottom of the Si, and Au was
sputtered on top of the mesoporous silica to work as electrodes. An LED light irradiated the Si and
induced an AC photocurrent while a DC bias voltage was applied; adsorption of gas changed the
dielectric constant of the insulating layer and the measured photocurrent response. It was found
that such sensors can have a detection limit of 100 ppb NO,.

Mesoporous silica can also be employed as a hard template for the synthesis of a mesoporous
material of a composition valuable for sensing (Melde et al. 2008). Ordered, well-defined mesostruc-
tures are particularly suited to these applications. In particular, mesoporous silicates have been used
to template carbons, metals, and metal oxides. The silicate framework is usually removed following
templating by dissolving with hydrofluoric acid or a strong base. For example, Wang et al. (2005)
used 3D cubic mesoporous silica thin films to create Pt nanowire networks by electrodeposition. The
Pt networks had an electrochemically active surface area ca. 27 m?/g and, when applied as an elec-
trode, exhibited higher current densities for the oxidation of methanol than a nonporous polycrystal-
line Pt electrode. Mesostructured tungsten oxide has been templated by impregnation of 2D hexagonal
and 3D cubic mesoporous materials with phosphotungstic acid (Rossinyol et al. 2007a, b). A similar
technique was applied to the generation of In O.- and CaO-loaded In, O, materials with SBA-15 (Prim
et al. 2007). These materials were applied to the detection of CO,. Wagner et al. synthesized a mes-
oporous ZnO for sensing CO and NO, by a double hard templating route (Wagner et al. 2007). First a
mesostructured carbon was synthesized by impregnating a mesoporous material with sucrose, pyro-
lyzing, and removing the silica. The carbon mesostructure was then impregnated with zinc nitrate and
heated to convert to ZnO and combust the carbon.

In addition, mesoporous materials can be used for adsorption and preconcentration of analytes in
order to attain detectable concentrations for a particular sensor system. Silicate-based layers with
incorporated catalysts can act as a protective catalytic filter to eliminate an interferent as well. One
can find in some reviews focused on the application of hybrid sol-gel films and monoliths for optical
and electrochemical sensing of inorganic species other information related to silicas (Carrington and
Xue 2007; Melde et al. 2008), mesoporous silica nanoparticles for biosensing (Slowing et al. 2007,
Walcarius 2008), mesoporous silicates for electrochemical detection (Walcarius 2008), and sol—gels
and templated mesoporous materials for fluorescence-based sensing (Basabe-Desmonts et al. 2007,
Ariga et al. 2007), etc.

8.2 Aluminosilicates (Zeolites)

Zeolites are another group of compounds that have generated some interest (Rolison 1990; Walcarius
1999; Kulprathipanja 2010). Chemically, they are represented by the empirical formula

M, [(410,) (5i0,), |zH,0 (8.2)

where M is the cation with valence m, z is the number of water molecules in each unit cell, and x and
y are integers such that y/x is greater than or equal to 1 (Jacobs 1977). Great interest in zeolites is not
surprising considering that they comprise a microporous open framework structure which is accessible
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d

Fig. 8.5 Representative zeolite frameworks (with pore openings). (a) Zeolite A (3D, 4.2 A). (b) Zeolite Y (3D, 7.4 A).
(c) Zeolite L (1D, 7.1 A). (d) ZSM-5 (silicalite) (2D, 5.3x5.6 A, 5.1x5.5 A): D—dimensions of channel system
(Reprinted from Zheng et al. 2012. Published by MDPI)

to certain guest molecules. The initial building blocks of the zeolite crystal lattice are AlO, or SiO,
tetrahedra that are interconnected via oxygen bridges. Thus, a well-defined, 3D framework is created
in which micro- and mesopores are linked by channels (see Fig. 8.5). At the same time, this high
degree of open porosity gives rise to an exceptionally high surface area. Each AlO, tetrahedron in the
framework bears a net negative charge which is balanced by an extra-framework cation. Intracrystalline
channels or interconnected voids are occupied by the cations and water molecules. The cations are
mobile and ordinarily undergo ion exchange. The water may be removed reversibly, generally by the
application of heat, which leaves intact a crystalline host structure permeated by the micropores and
voids which may amount to 50 % of the crystals by volume. The intracrystalline channels or voids can
be 1, 2, or 3D (Flanigen et al. 2010).

Zeolites are usually synthesized under hydrothermal conditions in the low temperature range
(70-300 °C) from solutions of sodium aluminate, sodium silicate, or sodium hydroxide (Yu 2007).
The precise zeolite formed is determined by the reactants and the particular synthesis conditions used,
such as temperature, time, pH (usually pH> 10), and templating ion. The templating ion is usually a
cation around which the aluminosilicate lattice is formed, so that the tunnel size is determined by the
templating cation (Kulprathipanja 2010). The zeolite synthesis is carried out with inorganic as well as
organic precursors. The inorganic precursors yielded more hydroxylated surfaces, whereas the organic
precursors easily incorporated the metals into the network. Temperatures higher than 200-300 °C
often give denser materials. The addition of fluoride to the reactive gel led to more perfect and larger
crystals of known molecular sieve structures as well as new structures and compositions (Villaescusa
and Camblor 2003). The fluoride ion is also reported to serve as a template or SDA in some cases.
Fluoride addition extends the synthesis regime into the acidic pH region.

At present more than 180 distinct framework structures of zeolites are known. Several of them are
listed in Table 8.3 and shown in Fig. 8.6. Some of the more important zeolite types, most of which have
been used in commercial applications, include: the zeolite minerals mordenite, chabazite, erionite, and
clinoptilolite; the synthetic zeolite types A, X, Y, L, “Zeolon” mordenite, ZSM-5, beta, and MCM-22;
and the zeolites F and W. They exhibit pore sizes from 0.3 to 1.0 nm and pore volumes from about
0.10-0.35 cm?/g. Typical zeolite pore sizes include: (1) small-pore zeolites with eight-ring pores, free
diameters of 0.30-0.45 nm (e.g., zeolite A); (2) medium-pore zeolites with 10-ring pores, 0.45-0.60 nm
in free diameter (ZSM-5); (3) large-pore zeolites with 12-ring pores of 0.6-0.8 nm (e.g., zeolites X, Y
(see Fig. 8.0)); and (4) extra-large-pore zeolites with 14-ring pores (e.g., UTD-1) (Flanigen et al. 2010).
It should be noted that the zeolite framework should be viewed as somewhat flexible, with the size and
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Table 8.3 Typical oxide formula of some synthetic zeolites

Effective channel

Framework Cationic form Formula of typical unit cell Window diameter (nm)
Na Na,,[(AlO,) ,(Si0,) ,] 8-ring 0.38
A Ca Ca,Na,[(AlO,) ,(SiO,) ,] 8-ring 0.44
K K,,[(AlO,) ,(Si0) ] 8-ring 0.29
Na Na,[(AlO,),(Si0,), ] 12-ring 0.84
X Ca Ca,Na[(AlO,),(Si0,) ] 12-ring 0.80
Sr, Ba Sr, Ba,,[(AlO,),(Si0)) ] 12-ring 0.80
Na Na,[(AlO,),(Si0,), ] 12-ring 0.80
Y K K [(AlO,)(Si0,) ] 12-ring 0.80
Mordenite Ag Ag,[(AlO,),(Si0), ] 12-ring 0.70
H H,[(AIO,)(Si0,),,]
Silicalite - (Si0,)4 10-ring 0.60
ZSM-5 Na Na,[(AlO,),(Si0,),,] 10-ring 0.60

Fig. 8.6 Dimensions of the
pores of different zeolites (in
nanometers) (Reprinted with XY
permission from Ribeiro ;
(1993). Copyright 1993
Springer)
Mordenite
ZSM-5
ZK-4, A
Chabazite
Offretite
Erionite

shape of the framework and pore responding to changes in temperature and guest species. For example,
ZSM-5 with sorbed neopentane has a near-circular pore of 0.62 nm, but with substituted aromatics as
the guest species, the pore assuming an elliptical shape, 0.45-0.70 nm in diameter.

It was established that the ratio of silicon to aluminum atoms in the lattice, x/y, is a very important
parameter for zeolite characterization. The more aluminum-based units present in the zeolite lattice,
i.e., the higher y, the more cations are needed for charge compensation. As a consequence, zeolites
with high aluminum content are highly polar materials with excellent ion-exchange capacity and
potential for high ion conductivity. This means that by changing the framework Si/Al ratio of the
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zeolite, the ion-exchange capacity, and conductivity, the interaction between the zeolite and the
adsorbed molecules and the modification of hydrophilic or hydrophobic properties can all be changed
(Xu et al. 2006). The zeolites with low silica contents are hydrophilic, and are usually used as drying
agents for absorbing steam, whereas hydrophobic highly siliceous zeolites are used for absorbing
organic molecules from humid air or water. Thus, varying the framework Si/Al ratio of zeolites greatly
changes the adsorption selectivity toward molecules with different polarity. In addition, the aluminum
ions form catalytically active sites, since they may either act as Brunstedt or Lewis acids. Such sites
are of great interest in a number of catalyzed organic reactions. The x/y ratio indicates the amount of
acidic centers per unit cell as well as the content of mobile cations.

Their surface and structural properties can easily be modified, which makes them ideal candidates
for the selective adsorption of various volatile hydrocarbons and small organic molecules (Pejcic et al.
2007). For example, various post-synthesis steps were developed to modify the zeolite chemically by
incorporating catalytically active metal clusters such as Pt, Fe, or Cu, or by anchoring organic dyes
within the pore structure.

8.2.1 Zeolite-Based Gas Sensors

As shown earlier, zeolites have several physical and structural features that can be exploited for sens-
ing (Zheng et al. 2012). The internal microporosity of zeolites that gives rise to the high surface area
also provides sites for adsorption of molecules. The negative aluminosilicate framework of zeolites
necessitates the presence of neutralizing ion-exchangeable cations within the framework. These cat-
ions can influence adsorption, diffusion, and catalytic properties of zeolites and, thereby, influence
sensing behavior. The extra-framework cations are bound electrostatically at preferential sites and can
perform energy-activated motion between these sites. The presence of guest molecule within the zeo-
lite can interfere with this motion and has been used as the basis of sensing. Interaction of the mole-
cule with the cation is manifested in the change in impedance/capacitance as measured by the
frequency-dependent impedance spectra. Upon adsorption, mass changes as well as optical/electrical
properties are altered, which can be used for sensor transduction. Selectivity toward analytes has also
been observed by adsorption of species within a zeolite. Microporous spaces within the zeolite can
serve as hosts for guest species.

A number of review papers on zeolite-based gas sensors are available in the literature (Moos et al.
2006, 2009; Xu et al. 2006; Walcarius 2008; Sahner et al. 2008; Zheng et al. 2012). They focus on
various aspects of this materials class and mostly classify devices according to the analytes to be
detected or the type of sensor transduction. When used in sensor elements, zeolites can take various
roles, which fall into two major categories (see Fig. 8.7).

In a great number of cases, zeolites are used as auxiliary elements. They may act either as a frame-
work to stabilize the sensor material, as filter layers (either catalytic or size restrictive) to enhance
selectivity of a sensitive film, or as a preconcentrator of specific analytes from diluted solutions. For
example, due to excellent chemical and thermal stability, zeolites can be used as a substrate to prepare
compounds and devices with desirable fundamental physical and chemical properties (Xu et al. 2006).
For example, inorganic or organic compounds, metal and metal—organic compounds, and their clusters
can be assembled into the pores and cages in zeolites. Some nanosized metal or metal oxide particles
have been successfully inserted into the caves and the pores or highly dispersed on the external surface
of zeolites.

The second group encompasses devices in which the zeolite itself is the main functional material
leading to a sensor effect. Such detection principles rely directly on adsorptive, catalytic, or conduc-
tive properties of one specific zeolite that are subject to well-defined changes depending on the com-
position of the gaseous surroundings (Alberti and Fetting 1994; Xu et al. 2006; Sahner et al. 2008).
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Fig. 8.7 Classification On various Optochemical
of zeolite-based gas sensors semisonductors, High surface systems (dyes,
(Adapted with permission polymers, SnO; encapsulated
from Sahner et al. (2008). composites ions)
Copyright 2008 Elsevier) .
Filter High surface Host/cage
template

[ Auxiliary element ]

BN

Zeolite

1

Functional element ]

/

lon

conducting AdT:r::lve Catalyst
layer Yy
Interface QCM, Catalumi-
effect, SAW, nescence,
bulk effect cantilever mixed potential

For example, the encapsulating ruthenium(Il) complexes inside zeolite supercages make it possible to
design oxygen sensors, the insertion of methylene blue or LiCl into zeolites is effective for humidity
sensing (Zou et al. 2004), and the fixing of zeolites on the surface of conductometric, quartz crystal
microbalance or SAW-based sensors improves selectivity of these devices (Moos et al. 2009; Zheng
et al. 2012). It was established that better selectivity can be achieved through the correct choice of
both geometrical properties, i.e., pore sizes and types of porous network, and acidic properties of
zeolites, which can be controlled, for example, by the Si/Al ratio and the nature and quantity of the
compensation cations (Ribeiro 1993; Moos et al. 2009). Only molecules of a certain size are able to
be absorbed by a given zeolite material, or pass through its pores, while molecules of bigger sizes
cannot (see Table 8.4). The size of the pores can be chosen from large-pore zeolites, like zeolite Y and
ZSM-20, which are very useful in the transformation of large molecules, to intermediate-pore zeo-
lites, like ZSM-5, which already present shape selectivity toward molecules, such as ramified paraffins,
down to small-pore zeolites that have many applications in the separation of very small molecules like
oxygen and nitrogen. Ammonia gas sensors using proton conductive zeolites and measuring imped-
ance spectroscopy have been developed as well (Rodriguez-Gonzalez et al. 2005; Moos et al. 2009).
Various composites with specific properties can also be designed based on zeolites. For example,
Chuapradit et al. (2005) reported on polyaniline/zeolite composites responsive to CO. Several exam-
ples of zeolites applications in gas sensors are presented in Table 8.5.

However, zeolites do have a strong tendency to adsorb water preferentially relative to analyte,
and this appears to be hindering their application in environments with elevated moisture levels.
Moreover, due to the above-mentioned effect, thermal treatment for zeolites activation is
required. We also need to take into account that, due to small-pore size diffusion, a limitation
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Table 8.5 Types of zeolite-based materials for gas sensors

Material Sensor type/function of zeolite Target gas
Ru(II) complex/zeolite Optical/support (guest/host) O,
methylene blue/zeolite; LiCl/ H,0
zeolites (FAU)
Zeolite films (zeolite A, FAU, QCM; SAW; microcantilever/ NO; SO,; H,0; NH,; acetone;
ZSM-5, etc.) change of mass(absorption) pentane; hexane; Freon;
dimethyl methylphosphonate
Ion conductive zeolite (ZSM-5, etc.) Conductometric; potentiometric/ NH,; hydrocarbons; methanol;
conductivity change (adsorption) 2-propanol and 3-pentanol
Zeolite films (LTA, etc.) Chemiresistors; optical/filter 0,; CO,; CO; organics; butylamine
(absorption)
Composites: polyaniline/zeolite; Conductometric; optical/support CO; NO; H,; ethanol; hydrocarbons
ZrO,:Y/zeolite; Pt/Y-zeolite; (methane; butane; propane)

SrTi, Fe O./zeolite; TiO,/zeolite;
CrTiO/zeolite; SnO /zeolite

Source: Reprinted from Xu et al. (2006). Published by MDPI

Fig. 8.8 Resistive response 18 F
of WO, sensors to 400 ppb
NO, in dry air at an operating 4
temperature of 350 °C: b
1—WO,; 2—WO,+H- = 16
ZSM-5; 3—WO +Cr-ZSM-5; 5 2 3
4—WO,+Cr-LTA (Adapted — e
with pefmission from Varsani E 1.4
etal. (2011). Copyright 2011 8_
Elsevier) Fy

= 1.2
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Time, s

will be present in kinetics of zeolite-based gas sensors. This means that response and recovery
will be slow. Figure 8.8 shows this effect for zeolite-modified WO,-based gas sensors. It is
believed that the use of very thin zeolitic films (nanometer dimensions) can only improve
response and recovery times. In addition, we need to take into account that the main problems
with the use of zeolites with small sizes (nanosizes) are their low synthesis yields and inconsis-
tent reproducibility. Chiral zeolites have better reproducibility, but the difficulties in resolving
enantiopure zeolites still persist.
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Chapter 9
Cavitands

9.1 Cavitands: Characterization

In the last 2 decades, researchers active in the field of supramolecular chemistry have designed and
prepared an amazing number of different synthetic receptors for binding and recognition of neutral
molecules (Vogtle 1996). Cavitands, synthetic organic compounds with a container shape, are
extremely interesting and versatile molecular receptors (Cram 1983). Possible structures of cavitands
are shown in Fig. 9.1. The specific interactions between the cavitand and guest molecules are mainly
based on their bucket-like conformation. The cavity of the cavitand allows it to engage in host—guest
chemistry with guest molecules of a complementary shape and size. As seen in Fig. 9.1, cavitands
have different shapes and sizes of their cavities, which are easy to modify, and therefore they have
different complexing abilities with target molecules.

Phosphonate cavitands represent one class of molecular receptors that have been studied in detail
to reveal the factors that lead to selective binding using alcohols as model analyte vapors.

It was established that these factors include: (1) simultaneous hydrogen bonding with a P=0 group
and CH-t interactions with the m-basic cavity; (2) a rigid cavity that provides a permanent free vol-
ume for the analyte around the inward facing P=O groups, which is essential for effective hydrogen
bonding; and (3) a network of energetically equivalent hydrogen-bonding sites available to the analyte
(Melegari et al. 2008). The nonspecific dispersion interactions can be much stronger than the specific
interactions and can depend on the chain length of sensed alcohols and their concentration (Pinalli et
al. 2004). Thus, the main specific interactions responsible for recognition are H-bonding, CH-r, and
dipole—dipole interactions (Hartmann et al. 1994; Dickert and Schuster 1995). This strategy for selec-
tivity enhancement is fundamentally different from that used in other chemically selective coatings
(e.g., polymers) that rely on the solubility of the targets with the coating layer.

Examples of cavitands include cyclodextrins (CD), calixarenes, pillarenes, and cucurbiturils.
However, in gas sensors, cyclodextrins and calixarenes are usually used. These compounds are a rela-
tively new family of ion receptors that are receiving increasing attention due to their ease of synthesis
and multiple sites for structural modification. For example, the calix[n]arenes are a class of cyclooli-
gomers, cyclic supramolecules, synthesized via a phenol-formaldehyde condensation. The n in
calix[n]arenes represents the number of aryl units in the macrocyclic ring which are linked to each
other through methylene bridges. A great number of calix[n]arenes varying in shape and diameter of
the nano-cavity (cylinder, truncated cone) as well as in the type of peripheral functional groups have
been developed (Parker 1996). One of the examples of calixarenes is shown in Fig. 9.2. It was found

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 147
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Fig. 9.1 Three cavitands: (a) methylene bridged (Me-Cav), (b) pyrazine bridged (Py-Cav), and (c) quinoxaline bridged
(Qx-Cav) (Reprinted with permission from Feresenbet et al. 2004, Copyright 2004 Elsevier)
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Fig. 9.2 Synthesis of p-tert-butyl-octathiacalix[8]arene

that calixarenes form cavities of various diameters and are able to capture metal ions and organic
molecules into these cavities (“host—guest” complexation) (Gutsche 1989). Forster (1998) have shown
that the nature of the ionophoric activity displayed by derivatized calixarenes is strongly dependent
on the cavity size, which can be conveniently altered by varying the reaction conditions and the num-
ber of phenyl units (n=4-20) in the macrocycle. Taking into account the synthetic flexibility of the
calix[n]arenes allowing direct control, the number of phenolic units present within a single supramo-
lecule, and the nature and length of the spacer units, we make it possible to manage ionophoric activ-
ity of calixarenes over this cavity size. It was established that prominent calix[n]arenes (called major
calixarenes when n=4, 6, or 8) can be prepared in excellent yields with high purity and at the multi-
gram scale. Calix[n]arenes containing five and seven aryl units (called minor calixarenes) have been
obtained in low yields. Calix[r]arenes containing more than eight aryl units (referred to as higher
calixarenes) have been discovered only recently and have not yet become readily available. One can
find in Chawla et al. 2011 and Sharma and Cragg 2011 more detailed information about the synthesis,
properties, and applications of calix[n]arenes in chemical sensing.

Cyclodextrins (CD) possess the same features. They are natural-occurring cyclic oligosaccharides,
which have a rigid torus shape, with an inner hydrophobic cavity and an outer hydrophilic one (Szetjli
1998). Similarly to calix[n]arenes, they possess the remarkable ability of forming inclusion com-
plexes with host molecules. The inner diameter of the cavity, hydrophobic properties, and the weak
van der Waals forces are the factors that decide the bonding between CD molecules and guest mole-
cules. Moreover, sulfated B-cyclodextrin, in particular, shows a high solubility in water and an anionic
behavior in aqueous solution, so it can be electrochemically incorporated in a polymer matrix during
an oxidative process. The structure of B-cyclodextrin is shown in Fig. 9.3.
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Fig. 9.3 Model of
B-cyclodextrin (http://en.
wikipedia.org)

9.2 Cavitands as a Material for Gas Sensors

The above-mentioned features of calixarenes and cyclodextrins reveal multiple possibilities for using
cavitand films as sensitive layers for various kinds of sensors. By functionally modifying either the
upper or lower rims it is possible to prepare various derivatives with differing selectivities for various
guest ions and small molecules (Diamond and Nolan 2001; Rudkevich 2007). For example, calix-
arene derivatives can be incorporated into plasticized poly(vinylchloride) membranes to produce
functioning ion-selective electrodes (ISEs) and fluorescence-based matrices (Forster 1998; Ludwig
and Dzung 2002) in electrochemical and optical gas sensors. It was found that calixarenes are also
useful building platforms in the design of multichromophoric systems in which photoinduced phe-
nomena (electron, charge, and proton transfers, excimer formation, and resonance energy transfer) are
controlled by ions. The outstanding selectivities offered by calixarene-based ligands are of major
interest for sensing ions (Valeur and Leray 2007). This possibility was realized in CI,, NH,, HClI, and
NO, calixarene-based gas sensors (Lavrik et al. 1996; Rudkevich 2007; Ohira et al. 2009). In particu-
lar, Grady et al. (1997) designed calixarenes-based optical sensors for gaseous ammonia detection in
fish samples. The optical detector was based on a calix[4]arene to which a nitrophenylazophenol
chromophore was attached. Similarly, it has been observed that the calixarene derivatives respond
very strongly to chloroform vapors (Wang et al. 2002). The specific and selective formation of a col-
ored complex of alkylated calixarenes has been utilized to develop a fiber-optic-based colorimetric
NO, sensor (Ohira et al. 2009). Maffei et al. (2011) established that fluorescent phosphonate cavitands
are also good basis for designing selective optical sensing of alcohol vapors. Moreover, they demon-
strated that it is possible to achieve high selectivity in chemical vapor sensing by harnessing the bind-
ing specificity of a cavitand receptor.

Shenoy (2005) has shown that, by using a real-time, label-free, optical technique called surface
plasmon resonance (SPR), refractive index changes induced by analyte—cavitand interactions provide
selective signals for sensitive chemical vapor detection as well. For sensor fabrication, cavitand solu-
tions (0.38 mM) in chloroform were spin coated onto SPR substrates (50-nm-thick gold-coated cover
glass). Feresenbet et al. (2004) established that the methylene-bridged cavitands (Me-Cav) (see
Fig. 9.1) with shallow cavities do not complex aromatic vapors, the pyrazine-bridged cavitands
(Py-Cav) show intermediate selectivity, whereas the quinoxaline-bridged cavitands (Qx-Cav) with
the deepest cavities show the best selectivity for aromatic vapors. A comparison with polymer coat-
ings, polyepichlorohydrin (PECH) and polyisobutylene (PIB), shows that cavitands have higher
selectivity despite the fact that the polymer coatings are more than twice the thickness of the spin-
coated cavitand films (Shenoy 2005).

However, the application of calixarenes and other cavitands such as the phosphorus-bridged ones or
B-cyclodextrin in low-temperature gas sensors, particularly quartz crystal microbalance (QCM)- and
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Fig. 9.4 Experimental
response of calixarene-based
QCM sensors to injection of
acetone vapor: sensitive
layers are 1 (calix[4]arene),
2 (calix[4]arene) containing
single O=P(OPri)Ph
functional group (Reprinted
with permission from
Kalchenko et al. 2002,
Copyright 2002 Springer)
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surface acoustic wave (SAW)-based sensors, is also possible (Grady et al. 1997; Dickert et al. 1997,
Rosler et al. 1998; Li and Ma 2000). For example, Hartmann et al. (1996) and Kalchenko et al. (2002)
reported about cavitand-based QCM sensor arrays aimed at detection of volatile organic vapors including
pentane, heptane, benzene, chloroform, methanol, acetonitrile, tetrachloroethylene, diethylamine, etha-
nol, and nitrobenzene (see Fig. 9.4). Dickert et al. (1997) have shown that, in combination with aliphatic
spacers, this material fulfills the required demands of high sensitivity and short response times, and the
detection of solvents in the gas phase to 2.5 ppm can be realized. Moreover, according to Dickert et al.
(1997), the molecular structure of calixarenes could be modified to tune the density and porosity of the
coating to the special requirements of SAW and QCM devices. For example, this could be realized on
the one hand by using various aldehydes to create different basic calix[4]resorcinarene cavities with
variable spacers, such as alkyl chains or alkyl thiolates for self-assembling on gold surfaces, and on the
other via bridging of two resorcin molecules of the cavitand by forming cyclic ethers (Davis and Stirling
1995). Sensitivity and selectivity of the host molecules could be varied within a large range in this way.
Pinalli et al. (2004) have shown that phosphate and phosphonate cavitands are also sensitive to ethanol,
methanol, and benzene vapors. The same result was observed for B-cyclodextrin-based QCM sensors
(Wang et al. 2001; Palaniappan et al. 2006). In this study, alkenyl-3-CD was used as the sensing material
because guest molecules such as benzene bind tightly to B-CD when compared to a-CD or y-CD.
In addition, it was found that the presence of alkenyl groups in B-CD ensures a covalent attachment of
B-CD to the silica matrix used (Palaniappan et al. 2006). Clathrate materials that crystallize in phases
with channels or cavities containing solvent molecules can also be used as sensing materials (Ehlen et
al. 1993; Finklea et al. 1998; Yakimova et al. 2008; Cha et al. 2009). It was shown that these materials
were ~100 times more sensitive to VOCs than polymer-coated thickness shear mode (TSM) devices at
low concentrations (Finklea et al. 1998).

Cavitand-based devices have advantages and disadvantages similar to those of polymer-based
devices. In particular, cavitand-based sensors are low-temperature devices. For example, the melting
temperatures of calix[r]arenes usually vary from 200 to 450 °C. Experiments carried out with cavi-
tand-based QCM sensors have shown that the increase of operating temperature is accompanied by
strong decrease of sensor signal (see Fig. 9.5). Ferrari et al. (2004) believe that the observed tempera-
ture dependence of response is due to the partition coefficient behavior. Another characteristic feature
of calixarenes and tetrathiacalixarenes, which limits technological possibilities of sensor fabrication,
is their insolubility in water as well as in aqueous bases and their very low solubility in organic solvents.
The solubility of calixarenes can be substantially modified only via derivatization (Asfari and Vicens
1988). We should also note that the response of cavitand-based gas sensors is usually slow. Response
and recovery times for various sensors vary within the range 10 s to 10 min (Ferrari et al. 2004).
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Liu et al. (2005) established that the recovery during the N, purging cycle can even be irreversible at
room temperature.

In addition we have to recognize that, despite all attempts, a fully specific supramolecular sensor,
in which nonspecific interactions and competitive binding by undesired analytes have been elimi-
nated, has not yet been obtained. It was found that selectivity response patterns of cavitands to small
molecules can be similar to those of common amorphous polymers (Grate et al. 1996), indicating that
cavitand sensors can respond not only to molecules with an ideal fit in the cavity but also to sorbed
molecules occupying both intracavity and intercavity sites (Dickert and Schuster 1995; Grate 2000;
Pirondini and Dalcanale 2007; Schneider 2009). Grate et al. (1996) have shown that the binding and
selectivity in the examples cited are governed primarily by general dispersion interactions and not by
specific-oriented interactions that could lead to molecular recognition. Nevertheless, the presence of
a preorganized cavity in cavitands promises an advantage in sensitivity compared to amorphous poly-
mers, especially if applied to the sensor in multilayers (Grate 2000). Moreover, Pirondini and Dalcanale
(2007) believe that a truly specific receptor for a given molecule can be designed and prepared.
According to Pirondini and Dalcanale (2007), two different strategies can be envisioned to avoid
nonspecific interactions. From the receptor side, the challenge is to design a host incorporating a suit-
able transduction group (i.e., a chromophore), which can be activated exclusively by the molecular
recognition event. Alternatively, the collective behavior of self-organizing materials can be tapped to
amplify the molecular recognition phenomena at the macroscopic level.
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Chapter 10
Metallo-Complexes

Because transition metals are capable of establishing reversible interactions with other atoms, they
can be exploited to form metallo-complexes (MCs), which may act as receptors for different types of
analytes. It was shown that macrocyclic compounds such as crown ethers, cyclodextrins, calixarenes,
cyclophanes, cavitands, cryptands, spherands, carcerands, cyclopeptides, and other structurally related
species can be incorporated in these metallosupramolecules (Atwood et al. 1996). Metal phthalocya-
nines (MPcs), aromatic macrocyclic compound which have semiconductor properties, can also be
referred to as this class of materials (Schollhorn et al. 1998; Fietzek et al. 1999; Ceyhan et al. 2006).
Phthalocyanine (Pc) ligands can coordinate with various metal ions, and the central metals can interact
with small molecules through a coordination bond (see Fig. 10.1). The phthalocyanines are stable up to
450 °C; at this temperature, the materials decompose but do not melt. Because of their high decom-
position temperature, they can be vacuum evaporated to produce thin films. Porphyrin molecules can
also be assembled into nanostructures using several methods (Kosal et al. 2002; Medforth et al. 2009).
Several reviews are available analyzing the performance of porphyrins and cyanines in gas sensing
(Di Natale et al. 1998, 2007; Ozturk et al. 2009; Nardis et al. 2011; Trogler 2012). In metalloporphyrins,
metallophthalocyanines, and related macrocycles, gas sensing is accomplished either by n-stacking of
the gas into organized layers of the flat macrocycles or by gas coordination to the metal center without
the cavity inclusion. In particular, metalloporphyrins provide several mechanisms of gas response
including hydrogen bonding, polarization, polarity interactions, metal center coordination interac-
tions, and molecular arrangements (Di Natale et al. 2007; Nardis et al. 2011).

Harbeck et al. (2011) and Sen et al. (2011) have shown that metal complexes of vic-dioximes can
be characterized as candidate materials for volatile organic compound sensing with sorption-based
chemical gas sensors as well. The vic-dioximes are known to form stable complexes with a variety of
metals such as Ni**, Pd*, Cu*, Co?*, Zn*, or Cd**. Furthermore, they can be modified easily in the
substituent structure. Metallodendrimers are representative of metallo-complexes as well (Albrecht
and van Koten 1999; Hwang et al. 2007). Metallodendrimers can be categorized (see Fig. 10.2), such
as when metal centers are positioned at the infrastructure’s core and connectors positioned between
branching centers, or act as terminal groups. Metal centers can also be integrated as structural auxiliary
points within the dendritic framework by their incorporation after dendrimer construction. This means
that there are numerous combinations in metallo-complexes. It is important that all these supramolecules
possess specific host—guest behavior with different luminescent or electronic properties, which can be
exploited for sensing purposes. The necessary components can be incorporated in metallo-complex
according to the needs of the analyte to generate analytically useful and observable signals.

G. Korotcenkov, Handbook of Gas Sensor Materials, Integrated Analytical Systems, 155
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Fig. 10.1 Structural formula

of (a) 29H,31H-
phthalocyanine (H,Pc) and
(b) copper(II)
2,3-naphthalocyanine (CuPc)
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Fig. 10.2 The different roles metals can play in metallodendrimers (Reprinted with permission from Hwang et al.
2007, Copyright 2007 Royal Society of Chemistry)

10.1 Gas Sensor Applications of Metallo-Complexes

Of course, metallo-complexes are preferable for cation recognition (De Silva et al. 1997; Bergonzi et
al. 1998; Bren 2001). However, the application of MCs for detection of gas molecules sensing using
different transduction principles such as impedometric, optical, and mechanical is also promising.
One of the possible examples of metallo-complexes applied in luminescence- and QCM-based VOCs
sensors is shown in Fig. 10.3. It was established that, first, the metallo-complex is generally more
sensitive and responsive on electro- and photochemical stimuli compared to metal-free organic mac-
rocyclic molecules (Kumar et al. 2008). According to Albrecht and van Koten (1999), a proper choice
of the (transition) metal center and the corresponding ligand array is crucial for gas sensor design since
the metal center generally exhibits a high selectivity for particular substances. This enables the prepara-
tion of detector materials of high selectivity. Second, various functionalities can easily be introduced
into metallo-complex structure by employing functional ligands. For example, experiment has shown
that a wide range of chromophores, fluorophores, and redox-active functionalities have been success-
fully incorporated into supramolecular frameworks (Holliday and Mirkin 2001). Furthermore, ligand
tuning in organometallic complexes can be used as a method to modify and optimize selectivity and
sensitivity of the detector units through electronic and steric effects. Ligand fragments that have minor
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or no influence on the sensor activity may also serve as potential anchoring points to immobilize the
sensor sites on an appropriate support, €.g., on dendrimers or polymers (Albrecht and van Koten 1999).
In addition, they provide sites for the introduction of signal transduction and amplification devices.
Through a suitable fixation of the sensing unit, recovery of the sensors by common separation tech-
niques is facilitated.

In addition, metallo-complexes may play the role of catalysts (Hwang et al. 2007). In particular,
MPcs and derivatives are shown to catalyze reactions like the reduction of oxygen and CO, (Ceyhan
et al. 2006). The catalytic behavior of MPc complexes is associated with the redox activity of the
central metal which undergoes oxidation and reduction. The values of the oxidation or reduction
potentials of the central metal in an MPc thus strongly influence the catalytic behavior of the com-
plexes which is essential for the design of more efficient gas sensors.

The principal advantage of using metal complexes as the sensing layer is the reversible specific
reactions between the analytes and the devices. The coordination bonds formed during the detection
process can be broken by increasing the temperature or changing the chemical environment of the
sensor. One can assume that, due to specific interactions in metallo-complexes, MCs can provide
new opportunities to develop novel devices with improved sensitivity and selectivity. The most
significant features, which arise from the architecture of metallo-complexes, include encapsulation of
guest molecules, luminescence, and redox activity. Jimenez-Cadena et al. (2007) believe that, due to
the indicated properties, metallo-complexes can also find application as specific receptors in function-
alizing processes that use other nanostructured materials as transducers. One can find in review papers
by De Silva et al. (1997), Leininger et al. (2000), Donilfo and Hupp (2001), Holliday and Mirkin
(2001), and Kumar et al. (2008) more detailed descriptions of metallo-complexes. Several examples
of metallo-complexes, which are usually used in various types of gas sensors, are listed in Table 10.1.
Phthalocyanines tested as gas-sensing material are listed in Table 10.2.

As research has shown, the approach, based on the incorporation of metallo-complexes in gas-
sensing devices, found application mainly in optical- (Del Bianco et al. 1993; De Silva et al. 1997;
Albrecht and van Koten 1999; Elosua et al. 2006), SAW-, and QCM-based sensors (Nieuwenhuizen
and Harteveld 1994; Benkstein et al. 2000; Kimura et al. 2010). In particular, Elosua et al. (2006)
reported an optical fiber sensor coated with a complex of Au and Ag {[Au,Ag,(CF,),(CH.N) ]} for
detecting volatile alcoholic compounds. The recognition layer of the sensor was a nanometer-scale
Fizeau interferometer, doped with the complex which, in the presence of methanol, ethanol, and iso-
propanol vapors, exhibits vapochromic behavior. The complex was incorporated in the last layer of
the cationic polymer. Albrecht and van Koten (1999) have shown that organoplatinum complexes
containing a terdentate coordinating monoanionic “pincer” ligand [C H,(CH,NMe,) -2,6]", abbrevi-
ated as NCN, are prime candidates for SO, detection as these complexes reversibly bind SO, in the
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Table 10.1 Metallo-complexes and gas sensors, which can be based on this material

10 Metallo-Complexes

Me-complex Sensor type Target gas Principle References

Au-Ag complex Fiber optic Methanol; ethanol; Transmittance Elosua et al. (2006);
[Au,Ag,(CF)),(CHN),] isopropanol; (vapochromic) Casado-Terrones

acetic acid et al. (2006)

Bis(histidinato)cobalt(Il) [Co(His),] ~ Fiber optic O, Transmittance Del Bianco et al.

(vapochromic) (1993)

Arylplatinum(II) complex Optical SO, Transmittance Albrecht et al. (2000)
[PtX(4-E-2,6-{ CH,NRR'},-C H,)] (vapochromic)

Ir(III) complex [Ir(2- Optical o, Phosphorescent ~ Medina-Castillo et
phenylpyridine)2(4,4'-bis(2-(4- quenching al. (2007)
N,N-methylhexylaminophenyl)
ethyl)-2-2'-bipyridine)Cl]

Ru(byp)3Z+ Optical O, in hexane Luminescence Garcia et al. (2005)

quenching

4,4'-Bipyridine-bridged [Mn(I) and  QCM Toluene; Adsorption Benkstein et al.
Re(I)] molecular rectangles 4-fluorotoluene; (2000)

benzene;
fluorobenzene

Copper octanediylbis(phosphonate) ~ SAW CO, Adsorption Brousseau et al.
and p-xylylenediamine (pXDA) (1997)

La(II1) 2-bis(carboxymethyl)amino ~ SAW DMMP; NO,; Adsorption Nieuwenhuizen and
hexadecanoic acid (LaBHA) ethanol; NH,; Harteveld (1994)

n-hexane; toluene

CeoHs0N,,S,,0,7Zn, Resistive VOCs Redox Ceyhan et al. (2006)

Table 10.2 Metal phthalocyanine materials used for gas sensor design

Me-complex Sensor type Target gas Principle References

Sulfonated CoPc QCM VOCs Adsorption Kimura et al. (2010)

Copper phthalocyanine (CuPc) SAW NO, Adsorption Hechner and Soluch (2002)

FET NO, Work function Oprea et al. (2006)
Resistive NO, Redox Moriya et al. (1993)
Titanyl phthalocyanine (TiOPc) Resistive NO, Redox Liu et al. (1998)
Lead phthalocyanine (PbPc) Resistive NO, Redox Bott and Jones (1984);
Sadaoka et al. (1990a, b);
Liu et al. (1996)

CoPc, CuPc, NiPc, and PbPc Resistive NO,, NH,, water Redox Belghachi and Collins (1990)

(AIPcF)n Resistive 0,,NO,, Redox Passard et al. (1994)

1,4-Bis(4-hydroxybutyl)-8,11,15,18,  Resistive NO,, C1,, CO, Redox Crouch et al. (1994)
22,25-hexahexylphthalocyanine

Zinc hexadecafluorophthalocyanine  Resistive NH,, H, Redox Schollhorn et al. (1998)
(ZnF, Pc)

Bis-metallo [Co(II)] phthalocyanines Resistive CO, Redox Altun et al. (2008)

solid state and in solution (see Fig. 10.4). Furthermore, the color change, upon coordination of SO,,
can serve as a signal transduction device for the molecular recognition of SO,.

It was found, however, that metallo-complexes that contain transition metal centers are especially
convenient for fluorescence sensors as they undergo fast and kinetically uncomplicated one-electron
redox changes (Bergonzi et al. 1998). Moreover, transition metals tend to participate in luminescence
quenching of both the electron transfer, €T, and energy transfer, ET, varieties (see Fig. 10.5). Finally,
the potential of the metal-centered redox couple can be modulated by varying the nature of the hosting



10.1  Gas Sensor Applications of Metallo-Complexes 159

Fig. 10.4 Reversible gas NRg NR; so
adsorption and desorption of ' S0, ‘ / 2
PtII complexes 1 containing E Pt—X E —px
the “pincer” ligand via . .
formation of a colored \;)E;gggglrpgg I
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(Reprinted with permission E B X=Cl Br. | . B
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1999, Copyright 1999 1 R= Me, Et, (CHz)s 2
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Fig. 10.5 The basis of an OFF/ON redox switch of fluorescence. Either an energy transfer (ET) or an electron transfer
(eT) mechanism can be responsible for the quenching of the light emitting fragment fluorophore (FI1*) in a multicompo-
nent redox unit-spacer-fluorophore system. Switch efficiency requires that the control unit C in its oxidized form, C_,
quenches the proximate photo-excited fluorophore FI* and the reduced form C_, does not (OFF/ON switch). The other
favorable on/off situation can be obtained when C_, quenches FI* and C__does not (Reprinted with permission from
Bergonzi et al. 1998, Copyright 1998 Elsevier)

coordinative environment. We should note that fluorescence dyes, which are used in optical gas sensors
and will be discussed in Chap. 15 (Vol. 2), are metallo-complexes as well.

One can find in Kimura et al. (2010) an example of QCM sensors based on metallo-complexes.
One can find in a review by Wright (1989) a detail discussion of gas adsorption on metal phthalocya-
nines. Analyzing the response of the QCM sensor with an MPc-sensing layer, Kimura et al. (2010) has
shown that the incorporation of sterically protected MPc within the polymer brushes on QCMs allows
them to work as molecular receptors to recognize the chemical properties of VOC vapors based on
their size and polarity. The selectivity and sensitivity of the sensing layer on QCMs can be tuned by
modifying both molecular recognition receptors, which depend on the structure of peripheral substituents
and the central metals, and polymer brushes. In particular, they found that sulfonated CoPc shows a
stronger affinity for acetone, ethanol, and pyridine vapors relative to other MPcs (NiPc, CuPc, ZnPc).
These coordinative VOC vapors can form a weak coordination interaction with the central metal, and
the formation of coordination bonds enhances the selectivity of sensors.

However, the application of metallo-complexes, mainly MPcs, in conductometric gas sensors is
also possible. One can find in papers published by Wright (1989), Schollhorn et al. (1998), and
Germain et al. (1998) detailed analyses of MPc-based conductometric gas sensors. We must say that
metal phthalocyanines, which are organic semiconductors (Wright 1989), can also be used for design-
ing gas-sensitive thin-film transistors. This application was discussed in Chap.20 (Vol. 1). Regarding
MPc-based conductometric gas sensors, that many reports have been published on the response of
MPc films to electron donor and electron acceptor gases such as NH,, H,, NO , VOCs, and halogens
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(Schollhorn et al. 1998; Ceyhan et al. 2006) (see Table 10.2). For explanation of MPc gas sensitivity
the approach based on gas molecule interaction with the n-electron network of the phthalocyanines is
normally used (Roisin et al. 1992). For example, in the case of VOCs sensors the VOCs would play
an electron acceptor role. When the VOC molecules interact with the n-electron network of the phtha-
locyanines, it causes the transfer of an electron from the phthalocyanine ring to the VOC molecule
(Schollhorn et al. 1998). Thus, the induced positive holes on the film surface give rise to an increase
in the p-type conductivity of the film.

According to Germain et al. (1998), gas sensitivities of metallophthalocyanines can be related to
the values of their redox potentials. Analyzing gas-sensing properties of LuPc,, CuPc, ZnPc, (AlPcF)n,
PNnNN82nLu, and ZnF Pc, Germain et al. (1998) found that LuPc, and PNnNN82nLu are highly
sensitive to oxidizing gases. The energy E . required for the charge transfer process between a phtha-
locyanine and the oxidizing gas NO, is lower in the case of PNnNN82n and LuPc, than in the case of
classic phthalocyanines. Due to their low reduction energy, they should also exhibit sensitivity to
reducing gases, but the effect is hidden by their high intrinsic conductivity due to a low energy gap
and by the significant action of oxygen. ZnF16Pc is more interesting than LuPc, and PNnNN82nLu
for gas-sensing application because, if it is sensitive to reducing gases, its sensitivity to oxidants is low
and its energy gap is wide enough so that intrinsic conductivity does not noticeably interfere with gas
effects. Sensitivity of CuPc, ZnPc, and (AIPcF)n to reducing gases is weak because of their high
reduction energy levels, but they are more sensitive than ZnF16Pc to oxidizing gases, and, like it, they
exhibit a negligible intrinsic conductivity. Bott and Jones (1984) also tested several metal phthalocya-
nines and found that (Mg, Co, N1, Cu, and Zn) PCs were less sensitive than PbPc to oxidizing gas
NO,. Conductivity changes of PbPc and H, Pc films in NO, atmosphere are shown in Fig. 10.6a. Other
common atmospheric pollutants, namely H,S (50 ppm), NH, (40 ppm), SO, (10 ppm), H, (100 ppm),
CH, (1 %), CO (100 ppm), and H,O (50 % RH), and variation in oxygen pressures, had comparatively
little effect (<20 % change) on the conductance of PbPc sensors. Chlorine, however, had an effect
comparable to NO,.

However, we need to recognize that the indicated sensors in comparison with conventional metal
oxide gas sensors have low sensitivity to many specific gases and slow responses and recovery
processes even at YLW: 180 °C (see Figs. 10.6b and 10.7). Sadaoka et al. (1990a, b) found that post-
deposition annealing at 330 °C could shorten the response time. However, this improvement is not
cardinal. The failure to return to baseline after the VOC vapors or other gas molecules are removed
originates from the strong bonding of the gas molecules on the surface. This appreciably limits the



10.2  Approaches to Improvement of Gas Sensor Parameters and Limitations 161

current (A)
?.DE—iD ‘ 7.0E-9 current (A)
— N2
' ; ] N2
6.0E-10 ! .0E-9 —
| "; 6.0E: f |
/ 1 y
5.0E-10 e 5.0E-9 - } 3
o p ] f \
I 3 3
4,0E-10 i \ 4,0E-9
3.0E-10 |* 3.0E-9
| |
2,0E-10 T~~——r—— 2.0E-9 —
N2 i
— 1000 ppm NH3/N2 2000ppm H2/N2
1.0E-10 LN S I R R S R B L R 1.°E'9—|_|'|1IJIIIIIIIII|II
0.0 05 1.0 1.5 20 00 05 10 15 20 25 3.0
time (h) time (h)

Fig. 10.7 Current variation of a ZnF, Pc layer exposed to the gaseous run: N,—NH, in N,—N, and N,—H, in
N,—»N,. T =180°C. V=1V (Reprinted with permission from Schollhorn et al. 1998, Copyright 1998 Elsevier)

application of these materials to devices for the sensor market. Operation characteristics of MePc-
based devices are also sensitive to water vapor, especially at low temperatures (Belghachi and Collins
1990). NiPc is found to display much greater humidity sensitivity than the other metal Pcs studied.

10.2 Approaches to Improvement of Gas Sensor Parameters and Limitations

According to Schollhorn et al. (1998), the selectivity and sensitivity of metal complexes to gases
could be improved by molecular engineering, which can be done in three ways:

1. Change of the macrocycle structure: porphyrins, phthalocyanines, etc. No structure could be found
yet that immediately fulfills the requirements of high sensitivity to a gas, selectivity to a gas toward
interferents, and good reversibility. However, owing to their properties (good chemical stability, for
instance), phthalocyanines appear as good materials for gas-sensing purpose.

2. Change of central metal ion M. The exchange of the metal in metallophthalocyanine complexes
(MPc) results in variations of sensitivity to gases that can be assigned both to changes in oxidation
potentials and to morphological modifications. Unfortunately, the selectivity toward gases cannot
be significantly improved this way.

3. Change of peripheral substituents of the macrocycle. Addition of electron-withdrawing/donating
substituents on a metallophthalocyanine macrocycle decreases/increases the electron density of the
conjugated cycle and increases/decreases the oxidation potential of the macrocycle. The sensitivity
to reducing/oxidizing gases should be increased by substitution of the cycle by electron-withdrawing/

donating groups.

For example, Schollhorn et al. (1998) found that the substitution of ZnPc by electron-withdrawing
fluorine atoms makes it sensitive to the reducing gases NH, and H,, when unsubstituted ZnPc is not
or only weakly sensitive. In addition, ZnF Pc is less sensitive to oxidizing gases than ZnPc. Using the
same approach, Ceyhan et al. (2006) designed novel multinuclear metallophthalocyanines (Zn, Co)
with alkylthio substituents, which provided acceptable sensitivity to VOCs. The use of convention MPcs
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vapors (Reprinted with permission from Ceyhan et al. 2006, Copyright 2006 Elsevier)

for the detection of VOCs vapors is limited due to the low reactivities of organic gases compared with
inorganic gases. 2-Nitro-2-methyl-1,3-bis(3,4-dicyanophenoxymethyl)propane was used as a key
compound for the preparation of the above-mentioned MPcs. Operating characteristics of the designed
sensors are shown in Fig. 10.8. It was found that the substitution of MPcs can improve their structural
properties as well. It is known that nonsubstituted Pcs do not dissolve in any solvents owing to their
strong aggregation tendency. The aggregation between MPcs hindered the access of small molecules
into the central metal. To diminish the intermolecular aggregation of MPcs, bulky substituents have
been introduced at the peripheral positions of MPcs (Walsh and Mandal 2000). When bulky oligophe-
nylene units were introduced at the peripheral positions of the Pc ring, they served to prevent direct
interaction between the MPcs.

However, we need to note that the synthesis of these metallo-complexes can be expensive. It is
known that as the scale and complexity of target molecules increase, the stepwise synthesis of large
discrete supermolecules from molecular building blocks becomes increasingly difficult, often low
yielding, and specific to only a few approaches. The synthesis of large symmetric structures is long
and requires careful consideration of the entropic and enthalpic costs involved. This process includes
the time required for the linear, stepwise synthesis of complex macromolecules and molecular assem-
blies composed of hundreds or even thousands of subunits as well as a decrease of the overall yield in
multistep reactions. The purification of the larger molecules also still poses some problems (Leininger
et al. 2000). This means that the reproducibility of sensor parameters can be low. Advantages and
disadvantages of various approaches, such as directional-bonding approach, symmetry-interaction
approach, and weak-link synthetic strategy, usually used for synthesis of metallo-complexes, were
reviewed in detail by Holliday and Mirkin (2001). We also note that the problem related to sensor
stability is also present for the discussed sensors. For example, Elosua et al. (2006) reported only
about 3 months stability of optical gas sensors based on (Au-Ag) [Au,Ag (CF,) (CHN),] complex.
As we noted before, in principle, metallo-complexes are promising materials for designing selective
gas sensors because each receptor can be designed to interact with a specific analyte. Unfortunately, till
now, such gas sensors have not been developed.
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Chapter 11
Metal-Organic Frameworks

11.1 General Consideration

Over the past few decades, a myriad of solids have been described that contain metal ions linked by
molecular species. In particular, metallo-complexes (MCs) discussed in the previous chapter are
related to such materials. Metal-organic frameworks (MOFs) can be ascribed to this class of materials
as well. MOFs, also referred to as porous coordination polymers (PCPs) (Rowsell and Yaghi 2004;
Fang et al. 2010), are relatively new highly porous hybrid organic—inorganic crystalline supramolecular
materials composed of ordered networks formed from organic electron-donor linkers and metal
cations via coordination bonds (Fang et al. 2010; MacGillivray 2010; Meek et al. 2011). Depending
on the metal ion and its oxidation state, coordination numbers could commonly be 2—6 for transition
metals, or 612 for lanthanides. Different coordination numbers result in various geometries, which
can be linear, T- or Y-shaped, tetrahedral, square—planar, square—pyramidal, trigonal-bipyramidal,
octahedral, trigonal prismatic, pentagonal-bipyramidal, or polyhedral coordination geometry, and
the corresponding distorted forms (Kitagawa et al. 2004). Besides crystallinity, one great advantage
of MOFs is that, given a starting framework geometry, it is possible to build frameworks that have the
same topology but that differ by the presence of functional groups and by the size of the organic building
blocks. This concept, called isoreticularity (Eddaoudi et al. 2002; Cavka et al. 2008; Garibay and
Cohen 2010), allows one to tune the pore size of the material and adds the possibility of introducing
functional groups within the framework. Moreover, if two or more isoreticular organic linkers are
employed, frameworks bearing different functionalities that are randomly and homogeneously distributed
within the framework are produced by exploiting the concept of multivariable or mixed MOFs
(MTV-MOFs or MIXMOFs) (Burrows et al. 2008; Kleist et al. 2009; Deng et al. 2010).

The potential to construct porous structures of coordination polymers by the coordination bonds was
initially proposed in 1989 by Hoskins and Robson (1989); however, it took almost 10 years to realize
the first few porous MOFs with permanent porosity established by gas adsorption studies (Kondo et al.
1997), as exemplified by MOF-5 in 1999 with significantly high surface area of greater than 3,000 m%/'g
(Li et al. 1999; Chui et al. 1999). The availability of various building blocks of metal ions and organic
linkers makes it possible to prepare an infinite number of new MOFs with diverse structures, topolo-
gies, and porosity. Several examples of MOFs with their characterization are presented in Table 11.1.
The typical structures of MOFs are shown in Fig. 11.1.

It is known that mesoporous silica, porous carbon, and other related materials can also have very
large apertures (up to 100 nm), and their pore size can be varied in the scale of a few nanometers
(Barbour 2006). Unlike these mesoporous materials, the formation of MOFs is governed by the pre-
cise linkage of organic struts with the metal atoms to form the secondary building unit (SBUs) (Yaghi
et al. 2003). The formation of the SBUs imposes the precise disposition of the links. In this way, the
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Table 11.1 Characteristic data of several MOFs

Window Open
BET surface Pore/channel diameter metal Thermostability

MOFs Formula area (m*/g) diameter (A) (A) sites  (°C) Moisture
MOF-74 M,(2,5-DOT) 10, 14 300
(M is Zn*, Mg*)
IRMOEF-74-1 M,(2,5-DOT) 1,350-2,510 10, 14-85, 98 300
to -XI (M is Zn**, Mg?")
MIL-101(Cr) Cr,0(H,0),F(BDC), 2,736-2,907 29, 34 12,16  Yes 300-330 Yes
MIL-100(Cr) Cr,0(H,0),F(BTC), 1,595 25,29 5.6,8.6 Yes 350 Yes
MOF-5, Zn,0(BDC), 630-2,900 11,15 7.5,11.2 No 400480 No
IRMOF-1
HKUST-1, Cu,(BTC), 1,000-1,458 12 8,9 Yes 280 No
MOF-199
IRMOF-3 Zn,0(NH,-BDC), 1,957 9.6 No 320 No
ZIF-8 Zn(2-methylimidazole), 1,504 114 3.4 No  380-550 Yes
MIL-53(Al) Al"'(OH)(BDC) 940-1,038 8.5 8.5 No 330 Yes
MIL-47(V) VYO(BDC) 800 8.5 8.5 No 350 Yes
ZIF-7 Zn(benzimidazolate), 4.3 2.9 No 480 Yes
Copper(II) Cu(4-C;H,N-COO0), 146 No Yes
isonicotinate (H,0),

Source: Data from Gu et al. (2012), Deng et al. (2012)
BDC terephthalic acid, BTC 1,3,5-benzenetricarboxylate, DOT dioxidoterephthalate

Fig. 11.1 Structures of
typical MOFs used in
analytical chemistry
(Reprinted with permission
from Gu et al. 2012,
Copyright 2012 American
Chemical Society)

pore aperture of MOFs can be controlled at the Angstrom level through the gradual increase in the
number of atoms in the organic links used in the MOF design. These features, coupled with the
flexibility in which the MOFs’ composition and structure metrics can be varied (Rowsell and Yaghi
2004; Shekhah et al. 2011; Deng et al. 2012), make them highly desirable for well-defined inclusion
processes and indeed distinguish them from other mesoporous materials. In addition, the surface areas
of MOFs are much higher as compared with those found in mesoporous silica, porous carbon, and
zeolites, thus providing more readily available surfaces for interaction with large guest molecules.

It should be noted that, due to their great similarity to zeolites, MOFs can have the same area of
applications. In particular, owing to their fascinating structures and unusual properties, such as perma-
nent nanoscale porosity (up to 90 % free volume), high surface area, tunable pore size, adjustable



11.2  MOFs Synthesis 167

internal surface properties, good thermostability, uniform structured cavities, and unique sieving
properties, MOFs have great potential for diverse applications in clean energy, most significantly as
storage media for gases such as hydrogen and methane and as high-capacity adsorbents to meet various
separation needs. Additional applications in membranes, thin-film devices, catalysis, analytical chemistry,
chemical sensors, and biomedical imaging are increasingly gaining in importance (Gu et al. 2012;
He et al. 2012). However, compared to crystalline and microporous fully inorganic zeolites, MOFs have
much broader synthetic flexibility facilitated by the coordination environment provided by the metal
ion and the geometry of the organic “linker” groups (Meek et al. 2011). The combination of the two
components of an MOF, the metal ion or cluster and the organic linker, provides endless possibilities.
The sum of the physical properties of the inorganic and organic components and the possible synergistic
play between the two provide intriguing properties for an MOF. In addition, the pore size in MOFs
can be changed over a bigger range. In contrast to nanoporous materials such as zeolites and carbon
nanotubes, the MOFs have the ability to tune the structure and functionality of MOFs directly during
synthesis. This tunability is significantly different from that of traditional zeolites whose pores are
confined by rigid tetrahedral oxide skeletons that are difficult to alter. However, at the same time, we
need to recognize that MOFs have worse stability in comparison with zeolites. This limits application of
these materials in high-temperature devices.

11.2 MOFs Synthesis

It was established that various synthetic methods, including microwave, electrochemical, mechano-
chemical, ultrasonic, and high-throughput syntheses, can be applied to MOFs synthesis (Meek et al.
2011). However, it was found that MOFs and zeolites alike are produced almost exclusively by hydro-
thermal or solvothermal techniques, where crystals are slowly grown from a hot solution of metal
precursor, such as metal nitrates, and bridging ligands (Li et al. 1999; Yaghi and Li 1995; Yaghi et al.
2003; Pichon et al. 2006). We should note that MOFs and zeolites have very similar synthetic tech-
niques. Ligands (see Table 11.2), the organic units used for MOFs synthesis, are typically mono-, di-,
tri-, or tetravalent. This means that the pores can be tuned by the organic linkers of different length
and/or space. Thus, similar to the synthesis of organic copolymers, the building blocks of an MOF
should be chosen carefully (Rowsell and Yaghi 2004). Whereas the nature and concentration of the
monomers in an organic polymer determine its processability and physical and optical characteristics,
it is the network connectivity of the building units that largely determines the properties of an MOF, for
example, the definition of large channels available for the passage of molecules. The choice of
metal has significant effects on the structure and properties of the MOF as well. For example, the
metal’s coordination preference influences the size and shape of pores by dictating how many ligands
can bind to the metal and in which orientation. Thus, interchangeable linkers and coordinating metal
ions offer great flexibility in framework design (see Fig. 11.2). This allows judicious manipulation
of the pore or channel sizes, surface area, and type of metal sites in the MOFs (Li et al. 1999; Eddaoudi
et al. 2002; Rowsell and Yaghi 2004; Rosseinsky 2004; Sudik et al. 2005; Kitagawa et al. 2006).
Rowsell and Yaghi (2004) believe that several factors must be borne in mind when approaching the
synthesis of a new MOF, aside from the geometric principles that are considered during its design. By
far the most important is the maintenance of the integrity of the building blocks. Quite often a great
deal of effort has been expended on the synthesis of a novel organic link, and conditions must be
found that are mild enough to maintain the functionality and conformation of this moiety, yet keep it
reactive enough to establish the metal-organic bonds. The inclusions of chiral centers or reactive sites
within an open framework are also active goals for generating functional materials (Rowsell and
Yaghi 2004). It was found that the pore surfaces can be functionalized by the immobilization of func-
tional sites, such as -NH, and -OH, into their isostructural MOFs (Eddaoudi et al. 2002; Chen et al.
2010a, b; Vaidhyanathan et al. 2010).
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Table 11.2 Common ligands in MOFs

Metal-Organic Frameworks

Common name IUPAC name

Chemical formula

Structural formula

Bidentate carboxylics

Oxalic acid Ethanedioic acid

Malonic acid Propanedioic acid

Succinic acid Butanedioic acid

Glutaric acid Pentanedioic acid

Phthalic acid Benzene-1,2-dicarboxylic acid

o-phthalic acid

Isophthalic acid Benzene-1,3-dicarboxylic acid

m-phthalic acid

Terephthalic acid Benzene-1,4-dicarboxylic acid

p-phthalic acid

Tridentate carboxylates
Citric acid 2-Hydroxy-1,2,3-
propanetricarboxylic acid

Trimesic acid Benzene-1,3,5-tricarboxylic acid

Azoles

1,2,3-Triazole 1H-1,2,3-triazole

Pyrrodiazole 1H-1,2,4-triazole

HOOC-COOH

HOOC—(CH,)-COOH

HOOC—~(CH,) ~COOH

HOOC—(CH,),~COOH

C,H,(COOH),

C,H,(COOH),

C,H,(COOH),

(HOOC)CH,C(OH)
(COOH)CH,(COOH)

C,H.O,

CHN

CHN

(continued)
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Table 11.2 (continued)

Common name IUPAC name Chemical formula Structural formula

Other

Squaric acid 3,4-Dihydroxy-3-cyclobutene-1,2- C,H,O, HO, o]
dione /

\,

Source:  http://www.absoluteastronomy.com/topics/Metal-organic_framework; http://en.wikipedia.org/wiki/Metal-
organic_framework

HO

10A
]

g

IRMOF-74.) 'RMOF-74-1
IRMOF-74-11I
IRMOF-74-IV

IRMOF-74-1X IRMOF-74-XI

—
10A

Fig. 11.2 Crystal structures of IRMOF-74 series. (a) Perspective views of a single one-dimensional channel shown for
each member of IRMOF series, starting from the smallest (top right). Pore aperture is described by the length of the
diagonal and the distance between the two opposite edges in the regular hexagonal cross section. Hexyl chains as well
as hydrogen atoms are omitted for clarity. C atoms are shown in light gray, O atoms in black, Mg atoms in dark gray.
IRMOF-74-VlIinstead of Mg includes Zn in dark gray. (b) Perspective side view of the hexagonal channel, showing the
ring of 282 atoms (highlighted in gold) that define the pore aperture of the largest member of the series, IRMOF-74-XI
(Reprinted with permission from Deng et al. 2012, Copyright 2012 AAAS)
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Zeolite synthesis often makes use of a variety of templates, or structure-directing compounds, and
a few examples of templating, particularly by organic anions, are seen in the MOF literature as well.
A particular templating approach that is useful for MOFs intended for gas storage is the use of metal-
binding solvents such as N,N-diethylformamide and water. In these cases, metal sites are exposed
when the solvent is fully evacuated, allowing hydrogen to bind at these sites. A solvent-free synthesis
of a range of crystalline MOFs can also be used (Pichon et al. 2006).

It should be noted that one important issue during MOFs preparing is the activation of MOFs after
synthesis. Solvents used during synthesis usually remain in the pores of the materials, and activation
by heating is usually required to remove these solvent molecules. Studies have shown that activation at
elevated temperatures can cause sample decomposition, whereas activation at lower temperatures
greatly minimizes the danger of reducing metal ions (Liu et al. 2007).

Post-synthetic functionalization of MOFs opens up another dimension of structural possibilities
that might not be achieved by conventional synthesis (Ranocchiari et al. 2012). This post-synthetic
modification of MOFs gives a large additional variety of materials with different chemical and physical
properties (Wang et al. 2009; Cohen 2011; Tanabe and Cohen 2009). A great deal of recent work
explores covalent modification of the bridging ligands. Of particular interest to MOFs for gas sensors
are modifications which expose metal sites. This has been demonstrated with post-synthetic coordination
of additional metal ions to sites on the bridging ligands and addition and removal of metal atoms to
the metal site.

11.3 Gas Sensor Applications

We have to recognize that MOFs were designed first of all for application as hydrogen storage,
sorbents, and membranes for gas separation (Eddaoudi et al. 2002; Sudik et al. 2005; Kuppler et al.
2009; Thomas 2009; Shekhah et al. 2011; He et al. 2012; Gu et al. 2012; Shah et al. 2012). Experiment
has shown that, in these materials, MOFs, the specific recognition of gases is accomplished through
several types of interactions that include van der Waals interactions of the framework surface with
gases, coordination of the gas molecules to the central metal ion, and hydrogen bonding of the framework
surface with gases (Kuppler et al. 2009; MacGillivray 2010; Chen et al. 2010a, b; Zacher et al. 2011).
However, unique properties of MOFs such as the unusually high surface area (>3,000-6,000 m?%g)
(Ferey et al. 2005; Furukawa et al. 2010), the ability for tuning pore size, controlling the interaction
with guest molecules by varying the nature of the organic linker molecules as well as the coordination
environment of the constituting metal ions, chemical functionality, and post-synthetic modifications
make these materials attractive for gas sensing using different transduction principles as well. Generally
speaking, MOFs with pores functionalized by both tuning the pore/window sizes to make use of
size-exclusive effects and immobilizing functional sites such as Lewis basic or acidic and open metal
sites within porous MOFs to introduce their specific interaction with gas molecules can demonstrate
great abilities for specific and unique gas molecular recognition (Allendorf et al. 2008). The pore
apertures dictate the size of the molecules that may enter the pores, which provide the surface and space
to carry out these functions (Deng et al. 2012).

Taking into account high surface area and high porosity, one can assume that selective filters, pre-
concentrators (Gu et al. 2010), and sorptive layers in mass-sensitive gas sensors (Biemmi et al. 2008;
Zybaylo et al. 2010; Khoshaman and Bahreyni 2012) are the best area for MOF applications. Highly
porous materials such as MOFs should be inherently sensitive for gas or vapor detection using
mass-sensitive devices because they effectively concentrate analyte molecules at higher levels than
are present in the external atmosphere. For example, Gu et al. (2010) reported that MOF-5 has good
performance for in-field sampling and preconcentration of formaldehyde from air samples with a relative
humidity less than 45 %. The collected formaldehyde on MOF-5 sorbent was stable for at least 72 h
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Fig. 11.3 Response to isopropyl alcohol (IPA) of QCM-based sensors with electrosprayed MOF film (Reprinted with
permission from Khoshaman and Bahreyni 2012, Copyright 2012 Elsevier)
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Fig. 11.4 (a) UV-vis transmission spectra of 10-cycle ZIF-8 film grown on glass substrate after exposure to propane
of various concentrations from 0 to 100 % and (b) corresponding interference peak (originally at 612 nm) shift vs.
propane concentration. The propane concentration is expressed as a percentage of the total gas flow where nitrogen is
used as diluents (Reprinted with permission from Lu and Hupp 2010, Copyright 2010 American Chemical Society)

at room temperature before TD-GC/MS analysis. Typical response of MOF-based QCM sensors
is shown in Fig. 11.3. Khoshaman and Bahreyni (2012) have found that these sensors can detect
organic vapors of acetone, tetrahydrofuran, and isopropyl alcohol with concentrations of 50, 10, and
2 ppm, respectively.

However, it was established that the application of MOFs for detection of gas molecule sensing
using other transduction principles such as impedometric (Achmann et al. 2009a), optical (Lu and
Hupp 2010; Kreno et al. 2010; Hinterholzinger et al. 2012), and mechanical (Allendorf et al. 2008;
Venkatasubramanian et al. 2010) is also possible. In particular, Fig. 11.4 shows the changes in UV-vis
transmission spectra of ZIF-8 film under the influence of vapors of propane. ZIF-8 coatings of vari-
ous thicknesses were also used to fabricate a Fabry—Perot interferometer. The resulting colorimet-
ric signal was successfully used to detect various hydrocarbons and EtOH (Lu and Hupp 2010). The
sensor is unresponsive to water due to the hydrophobic nature of the ZIF-8 pores. The changes of
optical properties of MOFs under the influence of vapors of solvents were also discussed by Beauvais
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Fig. 11.5 (a) Stern—Volmer plot showing [ /I vs. O, partial pressure for Ir complexes (L1-H, and L2-H,) and
[Zn,O(carboxylate) ] coordination polymers (1-3). (b) Reversible quenching of phosphorescence of Ir(ppy), deriva-
tives- [Zn,O(carboxylate),] complex upon alternating exposure to 0.1 atm O, and application of vacuum. The inset
shows rapid equilibration of phosphorescence after each dose of O, (Reprinted with permission from Xie et al. 2009,
Copyright 2009 American Chemical Society)

et al. (2000), Lu et al. (2011), and Lee et al. (2011). For example, Beauvais et al. (2000) showed that
exposing Co?* MOFs to various vapors could shift the optical absorption across the visible region. The
explanation was a change in coordination environment from the as-synthesized octahedral to a tetra-
hedral geometry.

Although luminescent MOFs have yet to be incorporated into actual gas-sensing devices, Allendorf
et al. (2009) believe that the wide variety of fluorescent MOFs and the synthetic versatility inherent in
these materials would seem to make them ideal for molecular recognition. This prediction is sound,
because luminescent frameworks are by far the most widely explored type of MOF sensor to date (Qiu
et al. 2008; Zou et al. 2009; Chen et al. 2010a, b; An et al. 2011; Kent et al. 2011). The popularity of
luminescence over other transduction mechanisms is a consequence of several key elements, such as
the production of a signal that is visible by eye. For example, recently, Li and co-workers (Lan et al.
2009; Pramanik et al. 2011) reported two fluorescent Zn-based MOFs capable of sensing nitro-
containing molecules relevant to detection of explosives. Xie et al. (2009) have shown that lumines-
cent MOFs-based sensors can be used for oxygen sensing (see Fig. 11.5). Xie et al. (2009) incorporated
phosphorescent complexes of iridium(III) into an MOF as struts and showed that emission is quenched
by energy transfer to O,.

Temporal response of the cantilever-based sensor to water vapor diluted in N, is shown in Fig. 11.6.
Allendorf et al. (2008) established that the energy of molecular adsorption within a porous MOF
structure could be transformed into mechanical energy which could be utilized to create a responsive,
reversible, and selective sensor. Allendorf et al. (2011) believe that this application is limited only by
the development of MOFs with high chemical selectivity and the ability to grow these onto the desired
substrate.

However, it seems that the application of MOFs in localized surface plasmon resonance (LSPR)-
based optical gas sensors is especially promising. Despite its high refractive index sensitivity, LSPR
spectroscopy has been generally restricted to large biological analytes. Kreno et al. (2010) have shown
that in the case of MOF usage, LSPR-based sensors can be utilized to detect hazardous or toxic gases.
MOF, Cu,(BTC),(H,0),, used for coating the plasmonic substrate, was grown on Ag nanoparticles
using a layer-by-layer method in order to control the MOF thickness. Kreno et al. (2010) believe that,
in principle, because the sensing signal originates in the nanoparticle extinction spectrum and not in
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the MOF itself, MOFs can be tailored for sorbing different analytes, making them ideal materials for
this amplification strategy. In particular, they established that preferential concentration of CO, within
the MOF pores produces a 14-fold signal enhancement for CO, sensing.

Although electrical and electrochemical methods have been widely used in sensors based on solid
electrolytes, chemiresistive metal oxides, and metal oxide semiconductor field-effect transistors, they
have been minimally explored for MOFs. This is most likely because the majority of MOFs are insu-
lating (Kreno et al. 2012). To our knowledge, only one group has reported measurement of MOF
electrical properties as a means of gas sensing. For example, Achmann et al. (2009a, b) found that
M-BTC (M-Al, Fe, Cu) MOF did not show any signal to O, (10 vol.%), CO, (10 vol.%), C.H,
(1,000 ppm), NO (1,000 ppm), and H, (1,000 ppm). Noticeable effects that were observed only for
hydrophilic gases like ethanol (0-18 vol.%), methanol (0-35 vol.%), and water (0-2.5 vol.%) were
applied. However, even in this case, impedometric gas sensors had low sensitivity.

Several recent reviews summarize the gas adsorption isotherms and gas-sensing applications of
MOFs (Thomas 2009; Chen et al. 2010a; Fang et al. 2010; Allendorf et al. 2011; Keskin and Kizilel
2011; Meek et al. 2011; Shekhah et al. 2011; Khoshaman and Bahreyni 2012; Kreno et al. 2012).
Table 11.3 summarizes results of research related to application of MOFs in gas sensors.

It should be noted that, in spite of extraordinary properties of MOFs, we have to recognize that the
exploration of porous MOFs for sensing functions is still at a very early stage. Therefore, to date, we
do not have any MOFs-based gas sensors acceptable for the sensor market. New approaches to film
deposition and sensor fabrication are required and new effective methods should be designed to reduce
the amount of drift and improve the reproducibility in order to make them suitable for long-term
applications in various environmental conditions. It was found that many MOFs tend to decompose
once exposed to humid air (Huang et al. 2003; Greathouse and Allendorf 2006; Kaye et al. 2007
Kusgens et al. 2009). In order to improve the sensitivity and stability of sensor response, suitable
methods should be employed to provide good control over the uniformity and surface properties of
the sensing materials (Khoshaman and Bahreyni 2012). Other limitations of MOFs-based gas sensors
are the following (Allendorf et al. 2011; Kreno et al. 2012): (1) expensive technology, i.e., high cost;
(2) extremely slow growth rates, typically requiring up to a day to produce films on the order of
100 nm thick; (3) low thermal stability; (4) limited long-term stability; (5) the absence of large-scale
manufacturing—present methods of growing bulk samples of MOFs produce no more than ~1 g
of material; (6) limited number of gases which can be tested by MOF-based sensors—for example,
MOF devices are not sensitive to toxic gases; (7) strong sensitivity to air humidity—Ilike other
nanoporous materials, MOFs have the ability to adsorb large quantities of water; for example, it is
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Table 11.3 Examples of MOFs application in gas sensors
MOF Sensor type/ TO_Er Gas tested Characterization References
Zn,0(BDC), (MOF-5)  Preconcentrator Formaldehyde RH<45 %. One tube Gu et al. (2010)
packed with 300 mg
of MOF-5 lasted 200
cycles of adsorption/
TD without significant
loss of collection
efficiency
Zn(mim), (ZIF-8) Optical; RT H,0, EtOH, Not sensitive to H,O Lu and Hupp (2010)
(Fabry—Perot n-hexane,
interference) propane
ZIF-8-TiO, Optical (reflection) EtOH, MeOH, Maximum sensitivity to  Hinterholzinger
(three-bilayer Bragg isobutanol, EtOH with maximal et al. (2012)
stack) pentanol hydrophobicity

Ag-Cu,(BTC),(H,0),

Ir(ppy), derivatives-
[Zn,O(carboxylate),]
complex

Cu(I)-BTC,(H,0),
(HKUST-1)

Cu,(BTC),(H,0),xH,0
(HKUST-1)

Fe-BTC; Cu-BTC;
Al-BDC

Optical (LSPR)
Optical
(luminescent)

Mechanical; RT
(microcantilever)
Mechanical;
30-70 °C
(microcantilever)
QCM; RT

QCM; 294-343 K

Impedometric;
120 °C

(0-100 % +N,)
co

2

O, (0-1 atm)

N,,0,,CO,, H,0

CO, (0-10 % in
dry N,)

Acetone, THF,
1IPA

H,O

2

0,, C,H,, NO,
€O, H,, H,0,
MeOH, EtOH

High sensitivity
Linear dependence

Sensitive only to water

Microfabrication
technology

Electrospraying gave
better results than
drop-casting method

Good sensitivity.
Hysteresis is absent at
T,.=343K

Sensitivity only for
hydrophilic gases
(H,0, MeOH, EtOH)

Kreno et al. (2010)
Xie et al. (2009)

Allendorf et al.
(2008)

Venkatasubramanian
et al. (2010)

Khoshaman and
Bahreyni (2012)

Biemmi et al. (2008)

Achmann et al.
(2009a, b)

BTC 3,5-benzenetricarboxylate, BDC 1,4-benzenedicarboxylate, THF tetrahydrofuran, mim 2-methylimidazolate, ndc
2,6-naphtalenedicarboxylic acid, ur urotropin, DMF dimethylformamide; LSPR localized surface plasmon resonance,
IPA isopropyl alcohol

reported that HKUST-1 can adsorb as much as 40 wt% water (Chui et al. 1999; Wang et al. 2002)—as
was shown by (Mintova et al. 2001; Allendorf et al. 2008), this makes them attractive for humidity
sensing using different platforms; however, water vapor is also a common interfering gas and must be
addressed in the design of MOF-based sensing systems—there are several approaches to resolving
this problem, for example, hydrophobic MOFs, such as the ZIF materials (Lu and Hupp 2010),
could be used; unfortunately, ZIF materials cannot be used in all devices; (8) low selectivity—
though the potential selectivity of MOF materials for specific analytes, or classes of analytes, is
substantial, as yet, it is not highly developed.
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Chapter 12
Nanocomposites in Gas Sensors: Promising Approach
to Gas Sensor Optimization

Nanocomposites provide another promising direction in the development of materials for gas sensors
(Ferroni et al. 1999; Gas’kov and Rumyantseva 2001; Comini et al. 2002; Galatsis et al. 2002; Sadek
et al. 2006; Rumyantseva et al. 2006; Yang 2011). Nanocomposite materials have recently attracted
increasing interest because of the possibility of synthesizing materials with unique physical-chemical
properties (Gas’kov and Rumyantseva 2001; Zhang et al. 2003a, b). It was established that highly
sophisticated surface-related factors important for gas sensor applications such as optical, electronic,
catalytic, mechanical, and chemical properties can be obtained by advanced nanocomposites synthe-
sized from various materials. Recently, various nanocomposite films consisting of either metal-metal
oxide, mixed metal oxides, polymers mixed with metals or metal oxides, or carbon nanotubes mixed
with polymers, metals, or metal oxides have been synthesized and investigated for their application as
active materials for gas sensors. For example, it was established that metallic and metal-oxide nano-
particles incorporated in various matrixes are capable of increasing the activities for many chemical
reactions due to the high ratio of surface atoms with free valences to the cluster of total atoms. As a
result, we can obtain an ideal platform for gas sensor design. In particular, we should note that most
of the chemiresistors are devices based on metal oxide—noble metal nanocomposites. Nanoclusters of
noble metals such as Pd, Pt, Au, Rh, and Ag incorporated in a metal-oxide matrix increase catalytic
activity of gas-sensing materials, change adsorption/desorption parameters, and promote the reducing
operation temperature, increasing sensor response, enhancing the response rate, and improving sensor
selectivity. More detailed reviews of the effects of doping on metal oxide gas sensors are avai