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Graphene/Polymer Nanocomposites:
Role in Electronics

Deepalekshmi Ponnamma and Kishor Kumar Sadasivuni

Abstract Discovery of graphene nanolayers has made a big bang in nanotechnology
and many industrial innovations have come up as a result. Graphene and its deriva-
tives filled polymers also contribute towards the fabrication of numerous electronic
and mechanical devices such as sensors, capacitors, tyres, shields etc. In this regard
a detailed survey of this topic has utmost importance mainly focusing on the applica-
tion side. This chapter is aimed at providing a brief introduction about various gra-
phene nanocomposite systems, its major properties especially relevant in electronics
and a few applications. We also discuss the thermal, piezoelectric, optoelectric and
actuating properties of graphene polymer nanocomposites in addition to the electro-
magnetic interference shielding and ferroelectric performances.

Keywords Electrical properties + Actuation + Piezoelectrics *+ Shielding -
Ferroelectrics

1 Introduction

Nowadays technology depends mainly on nanoparticles and the two dimensional
graphene sheets has emerged as a subject of enormous scientific interest due to
its exceptional electron transport, mechanical properties, and high surface area.
This one atom thick single layer of graphite was first produced by mechanical
exfoliation and is the lightest, thinnest and strongest material ever discovered [1].
Because graphene is only 1 atom thick, it is possible to create other materials by
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interjecting the graphene layers with other compounds, effectively using graphene
as atomic scaffolding from which other materials are engineered. The promis-
ing applications of graphene as in electronics is due to its high theoretical surface
area of 2,630 m?> g~! and ability to facilitate electrons or hole transfer along its
two-dimensional surface. The only problem with graphene is that high-quality
graphene is a great conductor that does not have a band gap (it can’t be switched
off). Therefore to use graphene in the creation of future nano-electronic devices,
a band gap will need to be engineered into it, which will, in turn, reduce its elec-
tron mobility to that of levels currently seen in strained silicone films. The excep-
tional property of graphene overtakes the silicon based electronics and the field
is hanging around commercialization. Graphene possesses low cost, two external
surfaces, facile fabrication and modification and absence of toxic metal particles
when compared to its carbon counterparts [2, 3]. The novel functionalities of it
include ultracapacitors, transparent conducting electrodes etc. [4, 5] since because
of the exceptional electron mobility of 200,000 cm? V~! s~! [6] and room-temper-
ature quantum Hall effects [7].

Generally quasi one dimensional graphene of narrow width and atomically
smooth edges called graphene nanoribbons (GNRs) provide field effect transis-
tor (FET) application with excellent switching speed and high carrier mobility
at room temperature. The very high electrical conductivity and mechanical flex-
ibility of graphene make its derivatives applicable in light emitting diode (LED),
FET, memory and photovoltaic devices. The GNRs, were quite different from
those of graphene in terms of carrier mobility and fabrication [8]. It was Geim
and Novoselov [9] who first reported the electric field effect of graphene by dem-
onstrating its ambipolar characteristics with electron and hole concentration of
1,013 ¢cm? with mobilities up to 10,000 cm? V=L s1 at room temperature based
on the fabricated FET [8, 9]. Graphene based micro-supercapacitors have use in
low energy applications such as smart phones and portable computing devices and
could potentially be commercially available within the next 5-10 years. A gra-
phene foam-based battery design bridges the gap between batteries and capacitors
based on lithium technology. It can discharge and charge as quickly as a capacitor
and can discharge completely in 20 s. It is also flexible, and works perfectly when
it is bent.

Graphene and its polymer composites show excellent properties in electrolumi-
nescent devices, gate dielectrics, and touch panel devices due to their high flexibil-
ity, thermal and electrical conductivity, low temperature processing conditions, and
simple fabrication process [10-12]. They have many applications in nanoelectronic
devices, chemical and biological sensors, energy storage and biomedical fields and
many other applications as shown in Fig. 1. Though many articles discuss about
the graphene-based polymer composites and their applications in different fields
[13-16], the topic is so hot that an updated picture of its applications in electronics
is aimed here at. As the introductory chapter of a book on applications of graphene
nanocomposites in electronics, the major characteristic properties of graphene is
discussed briefly here along with an introduction towards the various applications
which this book focuses on. A glimpse to polymer graphene composites thermal
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Fig. 1 a Flexible transparent electronics, touch screen. b Aeronautical field. ¢ Solar panels.
d Batteries. e Actuators. f Conductive ink, flexible electrodes. g Gas sensors. h Biosensors

and electrical conductivity, dielectric property, piezoresistivity, optical behavior,
actuation and electromagnetic interference shielding (EMI) is made in the begin-
ning. Later on we move to the major applicability of graphene filled polymers in
fabricating fuel cells, actuators, energy storage devices and so on.

2 Characteristic Properties of Graphene
and Its Nanocomposites

2.1 Thermal Properties

Graphene possesses high thermal conductivity, k [17] and the electronic devices
based on it outperform silicon devices in the record-high electron mobility [18].
The k values calculated from the temperature rise of a laser heated graphene sheet
by Raman spectroscopy [19, 20] are respectively in the range of 1,500-5,800 and
~2,800 W m~! K~ for single and bilayer suspended graphenes. It is reported that
the lattice thermal conductivity of freestanding graphene is dominated by contri-
butions from the out-of plane acoustic (ZA) phonons in flexural modes [21] and
the damping of which limits the « of single-layer graphene to ~600 W m~! K1,
considerably lower than the basal-plane values of highly ordered pyrolytic
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graphite (HOPG) [22]. The measured thermal conductivity depends temperatures
at <150 K attributed to a dominant contribution from the ZA modes, but the room-
temperature thermal conductivity <225 W m~! K~! was lower than the theoretical
prediction of the ZA contribution. The researchers have investigated the synergis-
tic effect of GNPs and SWCNTs as well (10-20 wt% at 1:3 ratio) and found the
bridging effect of flexible CNTs with planar GNPs via van der Waals attraction
extended the contacting area of SWNT-GNP junctions for more phonon transfer.
Here the k value reached up to 1.75 W m~! K~! at 10 wt% combined filler load-
ing. Synergy was disappeared above 30 wt% of filler addition [21].

Liem et al. observed enhanced k value in the range of 6.2-9.5 W m~! K~!
for graphene and boron nitride filled polymer nanocomposites with the help of
Raman spectra (variations in the absence of doping due to the excess charges).
D peak was absent due to the infinitesimal structural defects in the pristine gra-
phene and the polymer filled with this filler alone gave a thermal conductivity
of ~21.6 W m~! K~!. It is found that the graphene nanocomposite is a ther-
mal management material and can effectively lower the surface mounted tem-
perature by 21 °C. In another work with epoxy, the k value was improved to
6.44 W m~! K=! upon the addition of 25 vol% multi-layer GNPs. The rea-
son for this observation was attributed to the flat surface and large surface area
of high aspect GNPs with which strong interactions were made with epoxy [20].
The silane functionalized thermally expanded graphite at 20 wt% also enhanced
the k value of epoxy from 0.2 to 5.8 W m~! K~!, though the high loading of the
nanofillers affect the ductility of polymers seriously [22]. Exfoliated graphite
at 20 vol% filled nylon-6 also exhibited a k value of 4.1 W m~! K~!. All these
results highlight graphene sheets of various structures and thicknesses are useful to
fabricate highly thermally conductive polymer/graphene nanocomposite materials.

Finally graphene sheets are capable of acting like barriers to prevent the propa-
gation of heat generated from the external environment in polymeric matrices and
improve the thermal stability. The thermal conductivity mainly depends on the
thermal stability, aspect ratio and dispersion of nanofillers and the latter two are
affected by the percolation threshold of nanofillers. In order to achieve good dis-
persion, functionalization of graphene has also been used and such functionalized
graphene exhibit super thermal conductivity; however, low level of functionalities
may result in unsatisfactory dispersions of the fillers in polymers [19].

2.2 Electrical Properties

Electrical conductivity of graphene is excellently used in fabricating polymer
based sensors, anti-statics, microwave absorbers, and conductive coatings. The
conducting mechanism in graphene polymer nanocomposites is explained as the
formation of a continuous electrical conductive network at percolation threshold
depending on the nature and rate of dispersion and the interaction with polymer
matrix [23, 24]. The larger aspect ratio graphenes more effectively decrease the
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percolation threshold in nanocomposites [25] and thus synthesizing excellent
conducting films at low filler loading. For polymer/graphene systems, the high
reduction temperature of graphene oxide results towards increased electrical
conductivity compared with extending the reduction time at lower temperatures.
When reduced thermally, the nanocomposites obtained show low percolation
threshold and high electrical conductivity. This is attributed to the removal of sur-
factants originally present during thermal reduction and thus maintaining the low
contact resistance between the interlayers of rGO sheets. Moreover the thermal
reduction takes shorter time (15-30 min) than the chemical reduction of graphene
oxdie (24 h).

For instance the electrical conductivity of the polyvinyl alcohol (PVA)/LrGO
nanocomposites is observed to be 2.5 x 107% S/m at 0.3 wt% of LrGO. At 1 wt%
LrGO the electrical conductivity again increased to 2.09 x 10~* S/m indicating
the efficiency of LrGOs in improving the conducting network. In this case the per-
colation threshold was found to be only 0.198 wt% [26]. It is also established that
graphene’s lowest percolation value achieved is 0.1 vol% and this is in the case of
graphene/polystyrene composites.

2.3 Energy Storage

Polymer graphene composites outperform the conventional rechargeable lithium
batteries in energy storage applications as they possess superior energy as well
as power density. Graphene-based composites are widely reported as superca-
pacitors [27-32]. Guo et al. [32] used graphene to enhance the electrochemical
performance of a polymer cathode at a loading of 60 %. This is really high con-
centration and to commercially develop such products, enhanced electrochemical
performance must be achieved at low graphene loading. Graphene supercapaci-
tors are able to be charged very quickly, yet also be able to store a large amount
of electricity and are lightweight. The graphene based lithium ion batteries could
be used in higher energy usage applications such as electrically powered vehi-
cles, in smartphones, laptops and tablet PCs but at significantly lower levels
of size and weight. The general requirement of an electrochemical double layer
material in the capacitor is high specific surface area and high conductivity. The
chemically reduced GO in hydrazine is reported to have high conductivity, large
specific surface area and chemical stability, with a specific capacitance of up to
205 F/g in aqueous electrolyte [33]. In other works, the chemically modified gra-
phene showed specific capacitances of 135 F/g [34] and 247 F/g [35] in aqueous
electrolytes.

There are several reports regarding graphene-based ultracapacitors using
metal oxides/graphene [36-38]. The SnO,-graphene exhibits reversible capacity
of 810 mAh/g and enhanced cycling performance compared to bare SnO; nano-
particles [39]. Another electrochemically active material out of self-assembled
TiO,-graphene hybrid nanostructure is prepared by Wang et al. [40]. A SnSb
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nanocrystal/graphene hybrid nanostructure is used as a potential high capacity
anode material for lithium ion battery by Xie et al. [41]. Xiao and his cowork-
ers used hierarchical arrangement of functionalized graphene sheets to fabricate
a novel air electrode with an exceptionally high capacity of 15,000 mAh/g [42].
GO-MnO; composite supercapacitor was reported by Chen et al. [38].

Polymers have low dielectric constants and generally ferro-electric ceramic
(e.g., barium titanate or strontium titanate) and/or electrically conductive fillers are
incorporated in them to increase the dielectric constant. These fillers cause induced
interfacial or space charge polarization and increase the capacitance [43]. Partially
chlorinated rGO platelets filled polymer composite films showed an enhanced
dielectric constant with a low dielectric loss due to the polar and polarizable C—Cl
bonds [44]. The electrical conductivity, the specific surface area of fillers and
polymer-filler interactions are strongly related to the dielectric properties of com-
posite films as the fillers increase interfacial polarization at the polymer filler inter-
face [45, 46]. Our group has also developed modified graphene filled polyurethane
composites and the filler-polymer interfacial reinforcement was addressed through
rheological analysis [47]. The rGO/CNT hybrid structure affects the dielectric per-
formance of cyanoethyl pullulan polymer (CEP) and at 0.062 wt% the composite
film showed a dielectric constant of 32 and a dielectric loss of 0.051 at 100 Hz while
neat rGO had a dielectric constant of 21 with a dielectric loss of 0.038, and the pris-
tine polymer film had a dielectric constant of 15 with a dielectric loss of 0.036. The
increase in dielectric constant of the composite film was attributed to its increased
specific surface area and increased density of interfacial polarization. Though this is
the case, several problems like formation of the gate dielectrics for FET should be
solved to develop graphene-based electronic devices. Graphene is chemically inert
and impedes uniform deposition of gate dielectric films [48]. Also the usually used
plasma-enhanced chemical vapor deposition and sputtering degrade the already
formed graphene layer due to damages caused by the oxygen radicals created in the
process [49]. Due to this reason spin coated polymer materials are used as the gate
insulator in organic thin-film transistors and such gate shows excellent dielectric
properties despite its low-cost and easy-fabrication nature [50, 51].

2.4 Optoelectrical Properties

A material must transmit more than 90 % of light and also offer electrical con-
ductivity exceeding 1 x 106 'm! in order to find use in optoelectronics and the
highly transparent graphene (transmit up to 97.7 % of light) is widely applied in
this field in the form of touchscreens, liquid crystal displays (LCD) and organic
light emitting diodes (OLEDs). This nanomaterial matches the properties of the
currently used brittle and relatively unstable indium tin oxide (ITO) and also, its
optical absorption changes by adjusting the Fermi level. Highly strong and flexible
graphene based e-paper display interactive and updatable information and applied
in flexible electronic devices including portable computers and televisions. In
OLED, graphene acts as anode and also makes it entirely transparent and flexible,
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expanding the design and application in solar cells as well [52, 53]. In solar cells,
graphene in the form of p-doped or n-doped is applied in which photoelectronic
reactions can occur [54]. However the surface roughness and uneven distribution
of hole density [55-57] are considered to be the shortcomings of graphene which
can be solved by regulating the mode of synthesis and doping techniques.

Rice researchers have come up with a graphene based transparent, flexible and
eco-friendly electrode possessing higher conductivity than ITO. For the FETs
fabricated on PET substrates graphene works as source/drain electrodes and the
device showed high optical transmittance and mechanical bendability. In addi-
tion to the low contact resistance between graphene and organic materials, the
outstanding stability in conductivity even after hundreds of bending cycles make
graphene an ideal electrode material [54]. It was Bae et al. who demonstrated the
applicability of graphene as touch screen [58] by leaving behind the easy to handle
ITOs having low sheet resistance. This has become a basement for the graphene
based electronics market and even the single layer graphene shows excellent resil-
ience upon bending and when written on with a touch screen pen.

Graphene is also used as a novel acceptor for bulk hetrojunction polymer pho-
tovoltaic cells due to its high hole transport mobility, large surface area and inert-
ness against oxygen. Such cells showed reduced photoluminescence and efficient
energy transfer [5]. In short the optoelectronic applications of graphene films
include the highly flexible polymer coated films, display devices and solar cells
[59]. Graphene filled cellulose nanocrystal is fabricated for proximity sensing in
flexible electronics [60] as well.

2.5 Piezoelectric Properties

Graphene enhances the piezoelectric properties of the polymer without detri-
ment to the elastic modulus and an optimized composite was reported to design
a synthetic muscle fiber with a cross-section of 26 mm?. This rtGO-PVDF
(poly(vinylidene fluoride)) composite was actuated at 4.5 V, producing an actua-
tion force of 0.5 N, sufficient to flex a human finger joint. The polymer, PVDF has
been used in environmental energy harvesting and in low-cost sensors due to its
high ductility, high applicability to curved structures, advantage of free adjustment
of sizes etc. [61]. But the low coupling between electrical and mechanical proper-
ties and its relatively low generated voltage and force cause polymers to be less
applicable in such area and graphene fillers are often employed to clear this issue.

In another study MWNTSs and GnPs filled epoxy composites are studied for
their piezoelectric properties and the developed hybrid composite film exhib-
ited enhanced mechanical strength, poling behavior and sensitivity to excitation.
Here GnPs offered more advantages over MWNTs, as evidenced by the greater
improvement in electromechanical properties and poling behavior and the com-
posite is very applicable in pressure sensors. Our group has also developed gra-
phene filled butyl rubber pressure sensors where a construction destruction
mechanism was used to explain the piezoresistivity [62].
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2.6 Actuating Performance

Actuators undergo large scale shape or mechanical property changes in response
to an appropriate external stimulus and optical-induced actuators compared to
the actuators driven by other stimuli, offers an alternative means to couple energy
remotely into actuator structures [63]. Polymer graphene composite actuators are
used in micro-electro-mechanical system (MEMS)-based micro-grippers [64, 65,
69] photonic switches, robotics, plastic motors and adaptive micro-mirrors due to
their wireless/remote actuation, displacement control using infrared intensity mod-
ulation, low noise, massively parallel actuation of positioner arrays from a sin-
gle light source and electrical/mechanical decoupling. GNP photo-actuators with
an optical-to-mechanical energy conversion factor of 7 MPa/W report reversible
actuation, high actuator stresses, saturable absorption, layer and dimensional state
dependent mechanical stiffness, low fabrication costs and ability to integrate with
existing commercial electronics [66—78].

Graphene based polymer composite actuators include overall mechani-
cal enhancement of the matrix material and novel characteristics such as salient
thermal stability and electrical conductivity derived. In graphene/TPU nanocom-
posite IR triggered actuator graphene works as photoactive energy transfer and
TPU as molecular switch units and possesses enhanced mechanical performance.
Sulfonated-graphene/TPU nanocomposite was also reported for remarkable light-
triggered actuation [69]. Park et al. prepared a GO/CNT bilayer paper showing a
curling actuation behavior depending on humidity and temperature. Rogers and
Liu [70] also demonstrated the electrochemical actuation of graphene-based paper,
the mechanism being quantum chemical expansion due to electrochemical dou-
ble-layer charging. Zhu et al. [71] also developed an electromechanically driven
microactuator with rapid response based on a graphene-PDA (polydiacetylene)
film hybrid bimorph. Upon low direct current, the flexible graphene-PDA actua-
tor showed large and controllable actuation bending motion higher than natural
muscles (more than 160 MPa/g under dc of only 0.29 A/mm?). Many other high-
performance actuators were also established out of graphene based composites
[72-75]. Polymer graphene composites possess flexibility, light weight, biocom-
patibility and a large displacement under low potential stimuli and are applicable
in robotic actuators, artificial muscle, and dynamic sensors [76].

2.7 Electromagnetic Interference Shielding

Interference among the communication devices and instruments in electronics
degrade their performance and the tools to shield or block the electromagnetic
signals are very necessary. Metals are usually used in this regard, but since they
are expensive, heavy and prone to corrosion, light-weight polymeric composites
have much significance. Flexible multilayer graphene/polymer composite films
achieved high EMI shielding depending on the optimized thickness, skin depth and
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electrical conductivity in the shielding materials. The shielding effectiveness up to
27 dB was observed and reflection was proposed to be the dominating shielding
mechanism for the as fabricated polymeric graphene films [77].

Conducting polymer composites have tremendous opportunity in EMI shield-
ing applications [78]. Calculation based on electrical conductivity was usually
applied to suggest the shielding performance in order to understand the shielding
mechanism and the target value required for specific EMI shielding applications
is 0.1 S m~!. Hu et al. developed a graphene/ultra high molecular weight poly-
ethylene segregated composite with an electrical conductivity of 0.04 S m~! at
0.62 vol% graphene [79]. The graphene/natural rubber composite synthesized by
Zhan et al. possessed an electrical conductivity of 0.03 S m~! at 1.78 vol% of gra-
phene loading [80]. Very recently, Li et al. also prepared TRGO/poly(vinylidene
fluoride)  segregated composites with ultimate electrical conductivity of
0.02 S m~!, still much lower than the target conductivity [81].

PMMA embedded with chemically reduced GOs showed good EMI perfor-
mance of 13-19 dB [80]. Graphene-PMMA nanocomposite microcellular foams
formed using subcritical CO; possessed excellent electrical conductivity, EMI
shielding efficiency and mechanical properties. Microcellular foams solve this
problem by providing increased toughness, improved fatigue life and energy
absorption [82, 83]. The tensile strength, ductility, and fracture toughness of such
polymer foams are also investigated since the larger pores in the foams can make
them brittle. Polymer composite foams of light weight were reported with high
electrical conductivity and high EMI shielding efficiency and are applicable in the
areas of aircraft, spacecraft and automobiles [84, 85]. The electrical conductivity
and thus EMI shielding efficiency of polymer composites depend mainly on the
intrinsic conductivity, aspect ratio and filler concentration.

3 Applications of Graphene Nanocomposites

3.1 Fuel Cell

In this section some major applications of graphene filled polymers such as fuel
cell, sensor, microwave absorbers and photovoltaics are discussed. For a fuel cell,
graphene acts as a catalyst support for oxygen reduction and methanol oxida-
tion [86, 87] and can also work as both window electrode and counter electrode.
Fuel cells provide feasible energy conversion due to their high power density and
low greenhouse gas emission [88, 89]. Graphene constitutes low cost alternatives
to Nafion membranes in fuel cell technology by offering additional advantages of
thermal and mechanical stability and high selective permeability [90]. Wang et al.
[91] demonstrated the influence of polymer/graphene composites in organic solar
devices. Graphene doped conducting polymers such as poly (3,4-ethylenedioxy-
thiophene), poly (styrene sulphonate) and poly(3-hexylthiophene) have shown bet-
ter power consumption efficiency of 4.5 % compared to the neat polymer counter
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electrode (2.3 %) [92]. Functionalized GOs exhibit unique ion-exchange capacity,
phosphate adsorption ability, electro-chemical detection of H,O», the onset poten-
tial, electron transfer number in oxygen reduction reaction process, electrochemi-
luminescence activity, good solubility and stability. Such functionalized graphenes
was used to synthesize low humidifying polymer electrolyte membrane fuel cells
with Nafion using the microwave reduction method. Though the fuel cell exhib-
ited quick start-up and high efficiency, the high cost of Nafion with good chemical
resistance and high conductivity often limits its widespread usage [93-95].

The electrical conductivity of hydrophilic pure GO is 5 x 1073 S cm™! at a
bias voltage of 10 V and is an electronic insulator [96, 97]. GO based polymer
composites using high tensile strength and flexibile poly(ethylene oxide) (PEO)
[98] led to high ionic/protonic conductivity as abundant protons are present in
the PEO/GO composite membrane. The high conductivity at low temperatures
20-60 °C resulted in the fabrication of low temperature membrane materials
for fuel cells. The comparison of GO filled PVA-based membranes with Nafion
revealed interesting properties such as improved conductivity and reduced biofoul-
ing on the membranes leading to enhanced power generation and higher power
densities in single chambered microbial fuel cells [99-101]. The unique structure
and high surface area of the GO provide more proton transport channels and hold
more water, which could be beneficial for the improvement of the proton conduc-
tivity and mechanical properties of the membranes [102]. It is found that the varia-
tion in GO loadings and functionalization of GOs affect the current generation and
biofouling of the membranes.

Microbial fuel cells (MFC’s) of graphene electrochemically deposited on car-
bon cloth [103] as well as polyaniline hybridized three-dimensional graphene
were also made [104]. The membrane materials in MFCs separate the anolyte
from reaching the cathode [105, 106] and at the same time membrane less fuel cell
with low cost, simple configuration, and relatively high power density at a small
scale have also been found to be promising. However the absence of a membrane
increases the oxygen and substrate diffusion and thus decreases the catalytic activ-
ity making the MFC less efficient. Moreover the electrode spacing is about 2—4 cm
(possibility of short circuit) and the design is also limited in this case [107, 108].
All these facts necessitate the use of membranes in fuel cells and for this, other
than reducing the manufacturing costs, the internal resistance of the membrane
and biofouling on the membrane [109] should be optimized. Economically viable
membrane fuel cells are possible if the manufacturing costs are reduced by simpli-
fying the design [102]. In addition these composite membranes show good perfor-
mance at high temperature and at low relative humidity conditions.

3.2 Photovoltaics and Photodetectors

Conversion of solar energy to electricity generally takes place by the mechanism
of light absorption exciton generation, exciton diffusion, dissociation and charge
formation and charge transport and collection. The separation of the photoexcited
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electron-hole pair is achieved in conjugated polymers by creating a heterojunction
with an acceptor material with larger electron affinity than the polymer. It is this
heterojunction supplies the driving force to dissociate the tightly bound electron-
hole pairs into separate charges. The acceptor material should have a relatively
lower HOMO level than the conjugated polymer to transfer an electron to it and
to retain the hole in the polymer valence band [110]. The efficiency of the planar
heterojunction device depends on the exciton diffusion length [110] and various
polymer composites of graphene satisfy the essential criteria for good photovoltaic
devices [111-113].

Graphene based materials are used as window electrodes for bulk heterojunc-
tion polymer organic photovoltaic cells with ease of processing and flexible sub-
strate compatibility [114]. Direct spin-casting graphene solutions as electrodes
make low fabrication cost and simple processing. Electrically conductive gra-
phene electrodes were made by chemical reduction of spin-coated functionalized
graphene solution [115]. The obtained graphene film showed increasing red shift
of 52 nm in its UV-Vis spectra and the absorption increased significantly, indicat-
ing the restoration of electronic conjugation within the graphene sheets [116]. It
is found that the chemically reduced graphene films at temperatures of 300, 500
and 700 °C respectively give transmittances of 75, 73 and 69 % at a wavelength of
550 nm. This darkening of the reduced material is due to the partial restoration of
the p-electron system in the graphene structure [117] and such films find applica-
tion for transparent conductors.

A thin film of GO and rGO is used for fabricating photovoltaics with the
device performance depending on the thickness of the insulating GO [118-121].
The very low levels of light absorption (at around 2.7 % of white light) along with
high electron mobility of graphene offer itself an alternative to expensive silicon
or ITO in the manufacture of photovoltaic cells. The advantage of graphene lies
in the fact that during photon absorption it generates multiple electrons thereby
reducing the heat energy loss observed for conventional silicon devices. Moreover
graphene is able to work on all wavelengths and is flexible and thin; making it
applicable in photovoltaic cells in clothing, retro-fitted photovoltaic window
screens or curtains etc.

In a bulk heterojunction solar cell, the basic requirements include strong light
absorption over the whole solar spectrum, appropriate energetic distance between
HOMO and LUMO of the donor/acceptor for a high open-circuit voltage, and high
and balanced electron and hole mobilities in the active layer. Hsu and his cowork-
ers also reported a layer-by-layer molecular doping process on graphene for forming
sandwiched graphene/tetra cyano quino dimethane stacked films for polymer solar
cells [122]. Such a cell is made of solution processable conjugated p-type semicon-
ducting and environmentally stable material poly (3-hexylthiophene) with extended
absorption in the red region up to 650 nm, high hole mobility in regioregular state
and high degree of crystallinity blended with a soluble fullerene derivative. The solar
cell performance depends on the intrinsic electronic characteristics of the individual
materials, processing conditions, morphological issues and device structure [123].
Other structural characteristics like molecular weight, polydispersity, region regular-
ity and the purity of the polymer also affect solar cell performances.
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3.3 Microwave Absorbers

Microwave absorptive fabrics avoid pollution of EM radiation and widely applied
in military field [124]. Microwave absorbing materials absorb electromagnetic
waves and dissipate it by converting to other forms of energy [125]. Generally
dielectric loss, magnetic loss and impedance matching characteristics affect the
electromagnetic absorption property [126, 127] and such dielectric or magnetic
materials are often incorporated [128, 129]. Because of the non magnetic nature
of graphene, magnetic particles are doped with it to make it good microwave
absorber [130]. Liu et al. [131] found the absorption bandwidth of FeCo alloy par-
ticles/graphite nanoflake composites of thickness <2 mm as 5 GHz. The magnetic
particles have the advantage of controllable size and shape [132, 133] and Fe3Oq4
particles enhance the electromagnetic absorption property of RGO to great extent
[134-136]. The semiconducting Co30y filled composites are also used as micro-
wave absorbing materials [137]. A successful combination of RGO and Co304
particles for microwave absorption with a narrow absorption bandwidth exceeding
—10 dB was practiced by Liu and his coworkers.

Polymer based absorbers are flexible and light weight compared to met-
als but the too narrow bandwidths cause awful absorption effects. For instance
carbon fiber fabric impregnated with conductive polymer and the fabric
coated with barium ferrite doped composite exhibit a bandwidth of only 4 and
6-14 GHz respectively. Researchers synthesized EG/novolac phenolic resin
composite and an attenuation of 13 dB were obtained in the range of 8-12 GHz
for 3.7 mm thickness. It is also observed that the bandwidth of flake graph-
ite prepared by milling reach 6 GHz and for graphite nanoplatelet after acid
treatment 14-18 GHz for a sample thickness of >2 mm. Another composite
expanded graphite/polyaniline/CoFe,O4 [138] reports a maximum reflection
loss of —19.13 dB with a thickness of 0.5 mm. The shielding effectiveness of a
hybrid polyaniline/graphene/Fe3O4 was found to be 26 dB [139]. The graph-
ite nanosheets/PU nanocomposites (30 wt%) coated vinylon fabrics with thinner
coatings exhibited good shielding effectiveness with a wet coating thickness of
0.39 mm and dry coating areal density of 130 g/m”. An electromagnetic attenua-
tion mechanism is attributed to the better impedance matching and the maximum
reflection loss of the polymer—RGO—Co0304 was — 51.1 dB at 10.7 GHz and the
bandwidth below —10 dB was 3.1 GHz at a thickness of 2 mm.

3.4 Sensors

The superior electrical conductivity of graphene is the major factor contributing
towards its use in sensing technology. A sensor detects the variations in physical
property and converts the changes to measurable signal responses (like resist-
ance, capacitance etc.). An evenly distributed graphene nano ripple was created
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to fabricate highly sensitive sensors by applying graphene strips to pre-strained
polymer substrate [140]. Here the sensor works based on the increase in the sheet
resistance of graphene due to the electron scattering that occurs at the ripples
when the ripples were disturbed by physical change. Monolayer graphene finds
excellent use in sensing gases and biomolecules [141, 142] where the charge trans-
fer between the adsorbed molecule and graphene regulate the chemical response.
While Schedin et al. demonstrated sensing of graphene towards NO;, NH3, H,O
and CO [141] Fowler et al. reported graphene sensitivity to dinitrotoluene as well
[143]. By electrodeposition of Pd nanoparticles on graphene surface Sundram
et al. fabricated Hy sensors [144]. At the same time gold nanocomposite of gra-
phene nanosheets was utilized for electrochemical sensing by Hu et al. [145]. High
performance NO; gas sensors were reported from few-layer graphene [146] and
reduced graphene oxide (rGO)-conjugated CuyO nanowire mesocrystals [147].
Graphene derivatives are used as a super quencher for organic dyes and quantum
dots and also in measuring nanoscale distance and change [148]. Graphene carbon
nanotube hybrid filler combination was used by our group to synthesize a natural
rubber solvent sensor [149]. Since graphene possess excellent capability in fluo-
rescent resonance energy transfer (transfer of energy from a donor fluorophore to
an acceptor fluorophore), it is applied in fluorescent detection also.

One of the important sensing properties of graphene is attributed to its capabil-
ity to detect biomolecules. It was Lu et al. [148] who first reported a graphene-
based biosensor consisting of a dye-labeled as DNA probe that could be bound
and quenched by GO, resulting from the fluorescent energy transfer between the
dye and GO. In addition the sensitive charge carrier modulation of chemically
modified graphene has allowed the development of biodevices that can detect a
single bacterium/sense DNA. Jang et al. [150] developed a novel GO-related assay
to investigate the helicase-mediated duplex DNA unwinding activity. The molecu-
lar beacons are elaborately designed DNA hairpin structures with more sequence
specificity compared to linear probes, and have been widely used in genetic
screening biosensors and biochips, detection of single nucleotide polymorphism
and mRNA monitoring in living cells [151]. The GO quenched beacons detect
DNA with higher sensitivity and single-base mismatch selectivity [152—155].
Graphene fluorescent bio optical sensors to recognize DNA are widely reported
[156, 157]. Several other studies reveal the use of graphene and its derivatives in
cellular target monitoring (used for DNA and protein analysis and intercellular
tracking) [158], protein micropatterning (glucose sensors and cell sensors) [159]
and in identifying amino acids, oligonucleotides, dopamine, adenosine triphos-
phate (ATP) thrombin etc. [160-162]. Nickel and silver nanoparticles coupled
with rGO was used as non-enzymatic glucose sensor and amperometric immuno-
assay for thrombomodulin respectively by Wang et al. [163] and Yang et al. [164].
The graphite oxide and graphene modify electrodes in electrochemical detec-
tion of hydroquinone and ascorbic acid and also works as uric acid sensor (gra-
phene doped chitosan as functional matrix and uric acid as template) [165, 166].
Graphene based drug delivery has combined with other techniques for cancer
therapy as well.
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The recent discovery of graphene’s ability to facilitate the differentiation of
stem cells without interference of growth or alteration of the growth environment
of the cells [167] have instigated more interest in graphene in the biomedical com-
munity. Graphene can be fast and efficient bioelectric sensory devices, with the
ability to monitor glucose levels, haemoglobin levels, cholesterol and even DNA
sequencing. Finally we can observe in the recent future that the applicability of
‘toxic’ graphene in preparing antibiotics or even anticancer treatment. Also, due
to its molecular make-up and potential biocompatibility, it could be utilised in the
process of tissue regeneration. Though graphene derivatives are widely used in
biological applications we still need to understand its biocompatibility.

In short the graphene-based polymer nanocomposites are applied in the fields
of transparent flexible electrodes, mechanical parts, energy storage, memory stor-
age, sensors and organic electronics. The charge mobility of RGO is considerably
higher than that of the amorphous silicon and existing semi-conducting conjugated
polymers, enlightening the probable path for the application in electronics. Better
understanding of physics and chemistry at the surface of graphene and interaction
of chemicals and biomolecules at the interface of graphene will play an important
role in applying graphene as nanoscaffold in catalysis, chemical/biosensing, imag-
ing and drug delivery [168, 169].

3.5 Ferroelectrics

Graphene based ferroelectric systems have the unique ability of ferroelectric polar-
ization and form distinct Schottky junctions to win over conventional semicon-
ductors. Such materials have potential applications in old non-volatile memories,
transparent flexible electrodes, solar cells, photodetectors, etc. Jie et al. narrated
the graphene integrated ferroelectric lead zinc niobate (PZT), lead magnesium nio-
bate-lead titanate (PMN-PT) and organic PVDF as promising materials for future
electronics and optics. Since the hybrid systems of graphene-functional materials
are useful components for widespread potential applications, heterostructures are
developed based on atomically thin graphene films. This facilitates the develop-
ment of ultrathin and flexible devices for future nanoelectronic and nanophotonic
applications [170]. A flexible graphene-based nonvolatile memory device was
made using PZT ferroelectric material by Lee et al. During the fabrication step the
graphene and PZT ferroelectric layers were respectively deposited using CVD and
sol-gel methods. The graphene-PZT memory device on a plastic substrate dis-
played an on/off current ratio of 6.7, a memory window of 6 V and reliable opera-
tion [171]. However a comprehensive understanding of the nonlinear, hysteretic
ferroelectric gating and its effective control are still needs to be investigated.

Ni et al. applied nonvolatile ferroelectric polymer gating in engineering large-
scale CVD monolayer graphene having low sheet resistance. The graphene
ferroelectric transparent conductors (GFeTCs) exhibited more than 95 % transmit-
tance from the visible to the near-infrared range owing to the highly transparent
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nature of the ferroelectric polymer. The ferroelectric polymer acts as an excel-
lent mechanical supporting layer, making GFeTCs easily transferable and adapt-
able with flexible electronics, optoelectronics, and photonics platforms [172]. It is
really important to know about the graphene ferroelectric interface to effectively
manufacture advanced ferroelectrics and this was addressed by Yusuf et al. They
have observed that the intrinsic charge trap from the ferroelectric superlattice
PbTiO3/SrTiO3 surface defects adversely affect the graphene channel hysteresis
and can be controlled by sample processing. The authors have derived a charge
trapping mechanism for the graphene-superlattice system from which the reduc-
tion of interfacial adsorbates has come out by the absence of slow charge trapping
processes. The extent of this intrinsic charge trapping on the graphene channel as
well as the nature of the channel resistance-voltage response is identified from
the growth conditions or surface morphology [173]. In another work, a proto-
type of graphene/(Ba, Sr)TiO3 hybrid thin film field effect sensor was developed
by Rajapitamahuni et al. They analyzed the dielectric constant, pyroelectric coef-
ficient, and ferroelectric polarization of the 100-300 nm thin films and observed
that the interface chemistry regulates the device performance. Moreover the ferro-
electric hysteresis in resistance and carrier density below 100 K cause an antihys-
teresis behavior activated by the combined effects of electric field and temperature
[174]. Finally graphene based metal oxides have many applications as excellent
ferroelectrics and its study needs to be further investigated for future electronics.

4 Conclusion

In summary, graphene and polymer graphene composite combines several func-
tionalities into a single material and thus applicable in a wide variety of techno-
logical devices. However certain points restrict its applications in electronics and
these technical challenges are summarized below.

1. Though CVD makes bulk manufacture of graphene layers possible, the cost
and quality needs to be normalized. The implementation of graphene based
electronics and consumer products mainly lies in the cost effective fabrication
process and reduction in damages during etching and control in graphene’s
electrical properties.

2. Though the exceptional properties of graphene replace silicon in electronics its
inherent semi-metal characteristic has to be modified to realize the applications
in transistors. However, the chemical and thermal modification lowers its elec-
trical and mechanical properties, along with its chemical reactivity.

3. The health risk associated with graphene and their derivatives needs to be eval-
uated through the investigation of the toxicity and biocompatibility.

4. In order to fabricate the composite, homogeneous distribution of individual
graphene platelets, their orientation, connectivity, and interface bonding with
matrix still require more investigation.
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. More research is needed to develop a simple detection method of pristine gra-

phene that is independent of support material. Although the advanced deposi-
tion technique of single layer and bilayer made it possible to fabricate large
area devices, creating band gap in a controlled and practical manner is still
challenging for the application in logic devices. Several methods aiming at tun-
ing the substrates properties and nanoribbon dimension have been proposed to
introduce tunable band gap essential for nanoelectronics.

. Cutting graphene into nanoribbon has shown great promise for FET logic

applications, but associated with the electron scattering at the rough edges
and disorder from the back substrate. On the other hand, FETs based on gra-
phene bilayer still require large on/off ratio for logic applications. However,
the electronic band structure is not clearly understood due to the nanoscale
inhomogeneity.

. The several challenges existing in each application field must be solved. For

example, taking electrochemical sensing into consideration, there is an urgent
need in this area to fabricate reliable, reproducible, and low-cost sensors with
high detection sensitivity using well-defined graphene.
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Electrical Properties of Graphene Polymer
Nanocomposites

P. Noorunnisa Khanam, Deepalekshmi Ponnamma and M.A. AL-Madeed

Abstract Graphene, a monolayer of sp?> hybridized carbon atoms arranged
in a two dimensional lattice has attracted electronic industrial interest due to its
exceptional electrical properties. One of the most promising applications of this
material is in polymer nanocomposites in which the interface of graphene based
materials and polymer chains merge to develop the most technologically prom-
ising devices. This chapter presents the electrical properties of such graphene
based polymer nanocomposites and also discusses the effect of various factors on
their electrical conductivity. Graphene enables the insulator to conductor transi-
tion at significantly lower loading by providing percolated pathways for electron
transfer and making the polymers composite electrically conductive. The effect of
processing conditions, dispersion, aggregation, modification and aspect ratio of
graphene on the electrical conductivity of the graphene/polymer nanocomposites
is conferred.

Keywords Conductivity + Percolation - Filler modification *+ Volume fraction -
Fabrication

1 Introduction

Graphene, a two-dimensional, single-atom-thick structure of sp> bonded carbon
atoms, has attracted tremendous research interest due to their excellent reinforce-
ment, electrical properties, unique physical characteristics and high mechanical
properties. Therefore, recent research has focused on developing high perfor-
mance polymer nanocomposites, with the benefit of graphene nanotechnology, to
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achieve novel composite materials for a wide range of industrial fields. Graphene
dramatically improves the properties of polymer based composites at a very low
loading and its most fascinating property is the very high surface conductivity
leading to the formation of numerous electrically conductive polymer composites.
Such conducting graphene nanocomposites have been widely applied in anti-static
materials, electromagnetic interference (EMI) shielding, chemical sensor, bipolar
plates for fuel cells etc. Other possible applications include radio-frequency inter-
ference shielding for electronic devices and electrostatic dissipation [1-3].

By using conventional processing methods, graphene composites can be eas-
ily fabricated into intricately shaped components with excellent preservation of the
structure and properties. This is very important to make full use of the outstanding
properties of graphene. Compared with carbon nanotubes (CNTs), graphene has a
higher surface-to-volume ratio because of the inaccessibility of the CNT’s inner
tube surface to polymer molecules. This makes graphene potentially more favora-
ble for improving the properties of polymer matrices, such as electrical properties.
Therefore, graphene-based polymer composites have attracted both academic and
industrial interest [3].

The present chapter gives an overview of the electrical properties of graphene
based polymer nanocomposites. A brief description about the synthesis and
characterization of graphene is also included in this chapter. Since the present book
deals with the applications of graphene nanocomposites in various fields of flexible
and wearable electronics, we think this chapter is of much significance as electrical
conductivity is the basis for graphene’s such applications. After giving an outline
about the electrical properties of graphene polymer composites, the various fac-
tors affecting the conductivity such as filler aspect ratio, dispersion, modification
of graphene surfaces etc. are also discussed here. The phenomenon of percolation
threshold is also well pictured and finally this chapter ends with a few applications.

2 Synthesis and Characterization

2.1 Synthesis of Graphene

Graphite is available in large quantities as in the form of both natural and synthetic
sources and is rather inexpensive [4]. The main graphite derivatives include EG,
graphite oxide, graphene nanoplatelets (GNP), graphene oxide (GO), reduced gra-
phene oxide (RGO), and graphene. Because the electronic, photonic, mechanical,
and thermal properties of graphene depend on the number of layers [5] [although
the monolayer (ML), bi-layer (BL), and tri-layer (TL) graphenes have practical
significance] and its crystalline structure, the controlled synthesis of graphene with
defined layers is rather significant. The mechanical peeling method by which gra-
phene is first produced [6] is not used for an industrial scale of production. The
GO and RGO derivatives are usually synthesized via solution-based oxidation
and reduction by thermal and chemical methods, whereas graphene layers with
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superior electron transport characteristics are always synthesized using dry meth-
ods such as chemical vapor deposition (CVD) and surface segregation [6—13].
Although more than 95 % of graphene has been grown on Cu foil [5], this growth
was not epitaxial, and thus complete growth over the entire substrate remains a
major challenge. The surface of Ni(Ill) proved to be the best substrate for the epi-
taxial growth of structurally homogeneous graphene due to the small lattice mis-
match of this surface with that of graphene and highly oriented pyrolytic graphite
[14]. However, this method suffers from the disadvantage of carbon solubility in
nickel, and thus achieving uniform thickness throughout the substrate is difficult.
The simple method of surface segregation [15-17] was recently introduced to
solve this problem and to epitaxially grow graphene over Ni film (~100 nm thick)
[18]. Raman spectroscopy and scanning tunneling microscopy (STM) verified the
homogeneity of the graphene layer over the entire Ni film [19-21].

2.2 Preparation of Graphene Polymer Composites

Various preparation methods employed to synthesize graphitic filler reinforced
polymer nanocomposites include melt mixing, solution mixing and in situ polym-
erization. In addition to these three traditional polymer composite preparation
methods, many other methods are also practiced for material fabrication. Since the
common methods were the subjects for several reviews, a few other methods are
introduced here. In a typical tape casting method [22], a mixture of natural flake
graphite powders (NGP) and polyvinyl butyral (PVB) is stirred magnetically in
ethanol, and after removing air bubbles by evacuation, this mixture is casted on a
plastic film using a blade, as shown in Fig. 1a. The blade imparts a shearing force
that orients the composite containing anisotropic graphite particles. This method
was tested by varying the concentration of graphite powders from 10 to 95 wt%
and varying the blade heights from 300 to 500 wm. A narrow blade gap is essential
for producing a strong shearing force for better orientation, and the different testing
conditions also affect thermal conductivity as well as the degrees of orientation [23].

(a) (b)

Random NG powders Blade

DA-PMMA solution

PVB drop-casting
Shearing force . DA-PMMA
Textured NG powders - remoning sob
/'\ Braphene irradiation graphene
450 of 254nm
g * \ PDA-PMMA UV light
o 30rm - " POA-PMMA
+ = electrical current
Tape casting direction * graphene " graphene

Fig. 1 Schematic of a tape-casting process and b electrochromic process [22]. Copyright 2012.
Reproduced with permission from Elsevier Ltd. [24]. Copyright 2013. Reproduced with permis-
sion from American Chemical Society
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In another preparation process, polydiacetylene (PDA)-Polymethylmethacrylate
(PMMA)/graphene composites were developed that are capable of respond-
ing to electrical current with a color change. In the so-called electrochromic
method (Fig. 1b), PDA acts as the electrochromic material and the graphene pro-
vides conductivity. The PMMA serves as the inert polymer matrix and improves
the mechanical properties and colorimetric phenomenon. The blue-red phase
transition is clearly visible in PDA-PMMA/graphene compared with that of
PDA/graphene. The critical current for the color transition can be varied with the
amount of graphene [24].

Mixing of functionalized GO with epoxy resin by sonication transfers the
modified GO particles from the water to the epoxy. This is yet another fabrica-
tion method practiced. After decanting the water, heating the mixture forms a dark
violet epoxy-modified GO composite, and the epoxy can be cured by adding hard-
ener. The calculated volume fractions of functionalized GO in the final composites
were 1.16 and 2.2 g/cm?, respectively [25]. Copper oxide nanoparticle/graphene
(CuO-GR) nanocomposites were prepared using GO synthesized by Hummers
method. The copper-acetate-adsorbed GO acts as a precursor. The GO was
washed with de-ionized water to remove the remaining metal ions and acid, and a
copper(Il) nitrate aqueous solution was added. Again, ammonium hydroxide was
added under magnetic stirring, and the mixture was transferred to an autoclave at
100 °C. The black CuO-GR nanocomposites formed were washed with distilled
water and ethanol [26].

2.3 Characterization of Polymer Nanocomposites

Many important characteristic techniques reveal the morphology, structure and
superior properties of graphitic fillers and their polymer composites. Of the vari-
ous characterization techniques, three important methods of analysis for the
materials are explained in this section- X-ray diffraction spectroscopy (XRD),
Fourier Transformation Infrared (FTIR) Spectroscopy and Raman spectroscopy.
Figure 2 shows the XRD pattern for the graphite, GO and their mode of dispersion
in polyaniline (PANI). Using the peak observed at 26/10.04°, the GO grain size
was estimated as 5.1 nm. In the case of a polymer, the crystallized PANI gives a
broad band extending from 15° to 34° [27]. For the PANI composite, the intensity
of the peak at 10.04° is affected (Fig. 2a) [28]. Variation in the XRD spectrum
is also observed for PDA composites prepared under different temperature condi-
tions because of the influence of experimental conditions on the exfoliation rate
of RGO fillers [28]. The peak centered at 26° corresponding to the (002) plane of
graphite [29] is observed in Fig. 2b [30]. EG also shows the same peak, whereas
for GO, the diffraction peak is shifted to 9.8° corresponding to a d-spacing of
0.9 nm [30]. The weak diffraction maximum of EG compared to graphite is attrib-
uted to its exfoliated nature. In GO, the d-spacing depends on the method of prep-
aration and the number of layers of water trapped in the structure of the material
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Fig. 2 a XRD patterns of the a GO film, » PANI/GO nanocomposite film, and ¢ PANI film [28].
Copyright 2013. Reproduced with permission from Elsevier Ltd. b XRD Pattern of FGS, GO,
and EG [30]. Copyright 2009. Reproduced with permission from John Wiley & Sons

[30]. Functionalised graphene sheets (FGS) show no characteristic peak indicating
the loss of long-range stacking order in the material. Also in the graphene case, the
Bragg peak is totally absent because pure graphene contains no stacks.

Another important characterization tool is FTIR, which confirms the chemi-
cal structure of nanocomposites and interactions among them. The FTIR spectra
obtained for graphite, GO, magnetite—graphene (MG), and Pd/Fe3O./graphene
(PMG) nanocomposites are shown in Fig. 3 [31]. In GO, the presence of different

Transmittance (%)

3 1 Y I ks I 2 I ¥ ] . 1 o 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 FTIR spectra of a graphite, b GO, ¢ MG and d PMG nanocomposite [31]. Copyright
2012. Reproduced with permission from Elsevier Ltd.
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types of oxygen functionalities are confirmed as evidenced from the bands at
3,429, 1,723, 1,630, 1,618 and 1,073 cm™! corresponding to the O-H groups,
C = O carbonyl/carboxyl groups, C = C aromatic groups and C-O in the epox-
ide group, respectively [31, 32]. As a result GO interacts with metal ions and the
additional peak at 582 cm~! in MG and PMG composites implies the formation
of Fe—O bond. The two additional peaks at 1,037 and 1,088 cm~! for MG and at
1,044 ¢cm~! for PMG corresponds to distinct C—O stretching vibrations, involv-
ing the formation of metal nanoparticles by binding C—O with different metal
ions [31].

In general RGO, the intensity of the O—H band at 3,430 cm~! was reduced due
to the de-oxygenation of the GO functionalities. For the RGO-(PMMA) nanocom-
posites obtained from the in situ method, the bands present at 3,420, 1,726 and
1,620 cm~! are due to the presence of O-H, C = O and C = C groups, respectively
[33]. When GO-PMMA is reduced in the case of R-(GO-PMMA), the intensity of
the C = C bands increases, whereas that of the C = O band decreases.

The best technique for discriminating graphite and graphene is Raman spec-
troscopy, which is explained with the aid of Figs. 4, 5, and 6 [34-36]. This simple
spectroscopy technique is capable of identifying the number of graphene layers,
orientation and crystalline quality of the graphene layers [5, 37]. Figure 4a [34]
shows the typical Raman signals of graphene recovered from dispersions of 3-gly-
cidoxypropyl trimethoxysilane (GPTMS) and phenyl triethoxysilane (PhTES), and
both are similar. In particular, graphene obtained from PhTES exhibits a G band at
1,577 cm~!, a 2D band at 2,696 cm~!, and a D peak at 1,346 cm™!, whereas for
the other graphene obtained from GPTMS, the G band is located at 1,574 em™ L
the 2D band at 2,701 cm~!, and the D band at 1,345 cm~!. The 2D bands are
de-convoluted in Fig. 4b [34], and the components of the 2,701 cm™! peak resem-
ble those of bilayer graphene [38]. The 2D peak of graphite consists of two com-
ponents, and the main peak is upshifted to 2,713 cm~".
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Fig. 4 Raman spectra of graphene obtained by sonication in PhTES and GPTMS from 5 wt%
of the initial graphite compared with graphite (a) 2D peaks evaluation for this systems (b) [34].
Copyright 2009. Reproduced with permission from Springer
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Fig. 5 Raman characterization of CVD graphene. All Raman maps for Ip (a), Ig (b), Iop (¢),
Ip/lg (d), and Irp/lg. In the histograms, x-axis indicates the ratios of Ip/lg and I>p/lg and y-axis
indicates counts. All of scale bars in maps are 2 um, except (a) inset. Raman spectra shown in (f)
measured from the marked location L1, L2 and L3 in (e), respectively. The D, G, and 2D bands
are labeled in the spectra [35]. Copyright 2010. Reproduced with permission from Elsevier Ltd.

Spatially resolved Raman measurements on the CVD graphene films from a
Si0,/Si substrate were collected to probe the sample uniformity. A Raman map
showing the intensity of the D, G and 2D bands measured in a 100 m?* area of the
CVD graphene sample is presented in Fig. Sa—c [35]. The insets of Fig. 5a, d and
e [35] correspond to the optical microscope images of the scanned area and the
histograms of Ip/lg and Ihp/lg. The data are fitted with Lorentzian formula, and
the intensity of a given band is determined in terms of the amplitude value of the
Lorentzian function fit. For fitting of the range, the D, G, and 2D bands were con-
sidered at 1,320-1,380, 1,560—1,620 and 2,640-2,720 cm™~! intervals.

From Fig. Sa—c [35], it is clear that the intensity maps of the G and 2D bands
are correlated, whereas the D band is not. This occurs because the spatially non-
uniform adhesion of transferred graphene causes the high-density locations of the
G and 2D bands to be the same and also affects the intensity of the Raman spectra.
It is noteworthy that the D band is always low, indicating the high quality of the
graphene [5, 39]. The Raman map of Ip/lg of the same scanned area is given in
Fig. 5d [35]. In this figure, the Ip/Ig < 0.1 again confirms the low defect density in
the graphene.

From Fig. 5 [35], for most of the mapped area, the value of I,p/Ig > 2 indicates
monolayer graphene. Additionally, as shown in Fig. 5f [35] from the corresponding
marked spots in Fig. Se [35], substantial variations from Irp/lg > 2 are observed
at monolayer locations. This observation and notably large Ihp/Ig > 5 values are
the reasons for spatially non-uniform adhesion between the graphene film and the
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Fig. 6 Raman spectra of —_— -
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underlying SiO, substrate [40]. The adhesion can significantly affect the G and
1D band but to different extents. Quantum Hall measurements also support the
presence of monolayer graphene [41]. In short, Fig. 5 provides information on the
high quality and uniform monolayers of CVD-grown graphene films.

The Raman spectra of graphene on a SiO,/Si substrate (black curve) and
buckled on PDMS (with a pre-strain of 30 %; red curve) are illustrated on Fig. 6
[36]. Due to the difference in the elastic moduli of graphene and PDMS, graphene
ripples are spontaneously formed during pre-strain release. During buckling,
compressive strain occurs in the graphene basal plane in addition to a geometry
change. The spectra are obtained by subtracting the PDMS substrate Raman signal
(red in figure). The D or 2D bands of graphene are quite sensitive to strain [42, 43]
and the absence of any obvious variations in either the G and D peak positions or
the 12D/IG ratios after many stretch-and-release cycles indicates that the defects
of the graphene ribbons are independent of the buckling process. However, a blue
shift of 15 cm™! for the 2D peak is observed for graphene on PDMS compared
with that on SiO,/Si. This observation goes against the observation reported by
Mohiuddin et al. [44] in which blue shifts were noted for both the G and 2D peaks
for graphene formed on PMMA. Because the shift in the G band is affected only
by doping, the shift in the 2D peak is the only parameter for estimating uniaxial
strain in the Raman measurements. This uniaxial strain can be quantified as well.

3 Electrical Conductivity and Percolation Threshold in
Graphene Polymer Nanocomposites

Superior electrical conductivity is the most important property of graphene. When
graphene fills the insulating polymer matrix, conductive polymer composites result.
Various polymers, including PMMA, PVA, PVC, PP, PE, PA12, PS etc. [45, 46]



Electrical Properties of Graphene Polymer Nanocomposites 33

have been used as matrices to prepare electrically conductive graphene/polymer
composites. Such composite materials generally exhibit a non-linear increase of the
electrical conductivity as a function of the filler concentration. The two parameters,
electrical conductivity and percolation threshold are together associated with. At a
certain filler loading fraction, which is known as the percolation threshold (p.), the
fillers form a network leading to a sudden rise in the electrical conductivity of the
composites [45, 46]. Sometimes addition of a very low amount of conducting parti-
cles can make filler contact to form effective conducting paths and thus making the
whole composite conductive.

A theoretical study by Xie et al. [47] predicted that graphene is more effec-
tive for conductivity improvement than competing nanofillers such as CNTs
because of their large specific surface area. An outstanding electrically conduc-
tive graphene/polymer composite is expected to have lower percolation threshold
and higher conductivity at a lower graphene loading, which can not only decrease
the cost of filler but also preserve the processability of the composite. Ruoff et al.
[48] synthesized graphene/PS composites and they observed a low percolation
threshold at 0.1 vol% of graphene. The electrical conductivity variation in com-
posites occurs in three stages, as illustrated in Fig. 7. Here the process is explained
with a Graphene filled polymer. At first, the conductivity is quite low (Fig. 7a)
due to a smaller number of additives, but large clusters gradually begin to form
(Fig. 7b) with a slight increase in conductivity. At this stage, tunneling effects
occur between neighboring graphene flakes, making it useful in Sensing materials.

Polymer

Grappene

A
Tunneling effect

Fig. 7 Percolation process in conductive composites
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As the graphene flakes increases, a complete conductive path (red) is formed
by the contacting flakes (Fig. 7c) at the percolation, and further increase in the
conducting particles enhances the number of conducting networks, as shown in
Fig. 7c, until the conductivity levels off [49].

This explanation based on the way those nanoparticles form conducting net-
work when dispersed in polymer matrix is called percolation theory. Various
factors influence the electrical conductivity and the percolation threshold of the
composites such as concentration of filler, aggregation of filler, processing meth-
ods, functionalization and aspect ratio of graphene sheets, inter-sheet junction,
distribution in the matrix, wrinkles and folds etc. A more detailed study of these
factors is done in the subsequent sections.

3.1 Effect of Graphene Concentration

In nanocomposites containing conducting fillers conduction takes place via tun-
neling between the thin polymer layers surrounding the filler particles, and this
tunneling resistance is said to be the limiting factor in the composite conductiv-
ity. So in order to get a current flow in the composite, the direct contact between
the filler is not necessary. However percolation of filler particles occurs and this
enhances the electrical conductivity. The concentration of the filler for creating the
percolation threshold varies from polymer to polymer. For instance Liang et al.
reported a very low percolation threshold of 0.1 vol% for the solution-processa-
ble functionalized graphene filled epoxy composites compared to the percolation
of 0.53 vol% for the neat graphene/epoxy nanocomposite [50]. For the graphene/
ultra high molecular weight polyethylene composite, the percolation threshold
was 0.070 vol% [51]. The graphene/polyethylene terephthalate (PET) nanocom-
posite [52] fabricated by melt compounding exhibited a percolation at 0.47 vol%.
Kim et al. [53] reported lower percolation threshold of <0.5 vol% for TRGO
while >2.7 vol% for graphite.

The synergy between MWCNTSs and GNPs is successfully used to fabricate
their polystyrene (PS) composites exhibiting a good response in terms of its DC
conductivity value. Figure 8 illustrates the room temperature conductivity of
PS/MWCNT/GNP nanocomposites prepared by in situ suspension polymerization
of PS—GNP beads (50, 60 and 70 wt%) and MWCNT (0.1, 0.2 and 0.3 wt%). The
increase in weight percent of both PS—GNP beads increased the conductivity of
the composites, as shown in the figure [54].

The maximum electrical conductivity of ~9.47 x 1073 S cm~! is obtained
in the case of PS-GNP (70 wt%) beads polymerized with 30 wt% PS-MWCNT
containing 0.3 wt% MWCNT loading. Similar to the previous case, PSMWCNT
without PS-GNP beads was non-conducting with a 0.1 wt% loading of MWCNT.
However, in situ polymerization of styrene—MWCNT in the presence of 50 wt%
PS—-GNP showed a conductivity value of ~8.26 x 1077 S cm~!. The MWCNT
concentration in the in situ polymerized PS increases if PS—GNP is present and
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thus develops a continuous GNP—CNT—GNP conductive network path. These
interactions that occur in the composite are schematically shown in Fig. 8c [54],
where the m—t interaction between the phenyl rings of the PS and GNP sheets
and the MWCNT is clear. For the excluded volume of PS-GNP beads in PS, the
stick-like MWCNTSs cannot enter, and thus the concentration of MWCNT will be
high in the region of the in situ polymerized continuous PS phase adjoining the
PS—-GNP beads. These continuous GNP-CNT-GNP conductive network paths
and m— interactions with PS throughout the matrix cause the DC conductivity to
enhance. In the case of PET/graphene composites electrical conductivity increases
rapidly to 7.4 x 1072 S m~! from 2.0 x 10713 S m~! with a slight increase in
graphene content from 0.47 to 12 vol%. Here the percolation of the graphene
filled composites was achieved at a 2.4 % loading [55]. At this filler concentra-
tion PET/graphene exhibits higher increment in electrical conductivity compared
to PET/graphite composites.

Yue et al. [56] prepared epoxy/GNP/CNT hybrid composites at different mix-
ing ratios by dissolving the fillers in the epoxy resin using simultaneous magnetic
stirring and sonication in warm bath. The electrical conductivity studies for the
composites with different filler content reported a percolation threshold of about
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0.84 % for the CNT and 0.88 wt% for the GNP single filler epoxy composites.
At 4 wt% the GNP/epoxy nanocomposite shows an electrical conductivity of
2.1 x 107> S m~! which is almost 7 times the conductivity of neat epoxy. This
substantiates GNP’s excellent capacity in conduction at low concentration and
good conductivity network was formed for both filler systems at low filler con-
centration. Low percolation threshold of graphene is also observed at 0.1 vol%
for PS/graphene composites [48]. Moreover in RGO filled PVC/vinyl acetate
copolymer composite and in PET composite the percolation values were 0.15
and 0.47 vol% respectively [46]. This is concluded to be due to the large surface
area of graphene and also filler/matrix interaction mediated by surface functional
groups of graphene which has a moderate role in this operation.

3.2 Effect of Fabrication Process

The mode of synthesis of graphene filled composites influence the filler distribu-
tion within the polymer matrix and thus regulate the electrical conductivity. It is
reported that the electrical conductivity is higher for in situ polymerized and solvent
blended samples than melt blended at the same filler volume fraction. This indi-
cates better dispersion from solvent based strategies [46]. However the conductivity
observed for melt processed samples is attributed to the annealing happened during
the process by which particles disorient and regain contacts between one another.

The static and electrical conductivity of the polyvinylidene difluoride (PVDF)
composites containing two different fillers, solvothermally reduced graphene
(SRG) and RGO were checked and a lower percolation threshold was observed for
the SRG/PVDF composites [57, 58] compared to the graphene/PVDF composite
prepared by direct blending of chemically/thermally reduced GO sheets with poly-
mers [59]. In the composite [57] the SRG sheets were homogeneously dispersed,
which is attributed to the low p. value. Additionally, the SRGs remain stable in the
PVDF solution for weeks, whereas without PVDF, they precipitate in dymethyl
formamide (DMF) after 1 day. During the fabrication step of the solvothermal pro-
cess, the GO sheets enclosed by the PVDF chains were reduced and did not fold
easily or form aggregates. This behavior facilitated the formation of a conducting
network and resulted in a low percolation threshold. The large aspect ratios of the
SRGs make the percolation threshold even smaller and its value calculated math-
ematically yield a percolation value at 0.31 vol%. Equation 1 gives the mathemati-
cal formula used for calculating the percolation threshold.

o(p) = og(P — Py)’, forP > P, (1)

where p. is the percolation threshold, p is the filler content, and ¢ is the critical
exponent.

It is found that at 2.2 wt% RGO, the electrical conductivity of the RGO-filled
PVDF increases enormously to 0.04 S m~!, which is 14 orders of magnitude
higher than that of neat PVDF. However at high concentrations of RGO, con-
ductivity was notably low due to poor dispersion of the nanofiller in the polymer.
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Once percolation is achieved, the RGO-PVDF shows high conductivity, and this
material finds many electrical applications. The electrical conductivities of the
RGO-PVDF composite again increase with the amount of RGOs due to the above-
mentioned conductivity and percolation effects. He et al. [57] reported a very low
percolation threshold of 0.31 vol% for the chemically reduced GO filled PVDF
prepared by direct blending, which is lower than that of graphene/PVDF compos-
ites due to the homogeneous graphene dispersion achieved in the former case.

The electrical conductivity of fast- and slow-cooled nanocomposites contain-
ing EG is shown in Fig. 9 [27]. The slow-cooled sample containing 0.075 wt% EG
was excluded from the continuous line fit (according to Eq. 1). This sample with
0.075 wt% EG exhibited the highest conductivity of all the nanocomposites and
therefore was not considered in the fitting. Additionally, the values calculated for
the fast-cooled nanocomposites were well within the expectations of the percolation
theory, whereas those for the slow-cooled case were much greater. The surface resis-
tivity of a material is the electrical resistance to a leakage current along the surface
of the insulator and the effect of GNS filler on the surface resistivity of unsaturated
polyester resin (UPR) nanocomposites is reported. It is found that the surface resistiv-
ity decreases with increase in the concentration of GNS due to the platelet structure,
the larger surface area of GNS and the larger free path available within the polymer
matrix for the free electrons to propagate. The surface resistivity value varies between
0.99 x 1,015 and 0.14 x 1,015 € cm from 0.01 to 0.1 concentrations of GNS.

The PS/GNS composite prepared using in situ emulsion polymerization showed
and electrical conductivity of ~2.9 x 1072 S m~! at 2.0 wt% of GNS [60]. The
higher conductivity occurred here is attributed to the compatibility between the PS
microspheres and GNS which is sufficient to obtain nanosized dispersions with-
out any additional surface treatment. The electrical conductivity of WPU/FGS
nanocomposite prepared by in situ polymerization method [61] was also increased
up to 10" fold compared to pristine WPU. This is due to the homogeneous dis-
persion of FGS particles in the WPU matrix and the formation of a conducting
network throughout WPU cause an abrupt change in electrical conductivity. Here
the percolation threshold was obtained at 2 wt% FGS loading. FGS can be used
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to improve the electrical conductivity of WPU as effectively as that of CNTs. The
percolation threshold observed for PVDF were 2 wt% FGS and 5 wt% EG load-
ing respectively and these nanocomposites were prepared by solution processing
and compression molding method [30]. The higher aspect ratio of FGS compared
to EG, makes better conductive network leading to a lower percolation threshold.
Polycarbonate composites reinforced with graphite and FGS produced by melt
compounding also results in high electrical conductivity with lower percolation
threshold for FGS than graphite [62].

3.3 Effect of Filler Modification

There are two factors limiting the application of graphene based polymer compos-
ites, i.e. (1) poor dispersion of graphene in the given matrix due to their high spe-
cific surface area and strong intermolecular interactions between graphene sheets
(2) at low filler content, graphene sheets are covered by polymer chains and thus
difficult to achieve the percolation. These issues can be solved by the modification
of graphene which impart the desired properties to the platelets. Generally covalent
or noncovalent functionalization is employed to increase the effective dispersion
of graphene sheets within the polymer. It is established that the chemical function-
alization facilitates the dispersion, stabilize graphene and prevent agglomeration
[63, 64]. The functional groups attached to graphene can be small molecules or
sometimes large polymer chains. The chemical functionalization of graphene is
particularly attractive as it can improve the solubility and processability as well
as enhance the interactions with organic polymers [65]. Amination, esterification
[65], isocyanate modification [66] and polymer wrapping were used in the litera-
ture for the functionalization. The electrochemical modification of graphene using
ionic liquids has also been reported [67]. Other than the covalent [65, 66] and non
covalent modifications [68], other methods such as reduction of GO in a stabilized
medium [69], nucleophilic substitution to epoxy groups [70], and diazonium salt
coupling [71] are also being practiced.

A homogeneous aqueous suspension of chemically modified graphene in water
by means of strong base reduction of graphite oxide in a stabilization medium is
reported by Park et al. [69]. Electrostatic stabilization used by Li et al. [72] ena-
bles the development of a facile approach to the large scale production of aqueous
graphene dispersions. The different surface modifying agents like organic amines,
alkyl lithium reagents, isocyanates, and diisocyanate compounds reduce the hydro-
philic character of GO sheets by forming amide and carbamate ester bonds with
the carboxyl and hydroxyl groups, respectively [66]. Graphite fluoride with alkyl
lithium reagents were used for preparation of soluble graphene layers with cova-
lent attachment of alkyl chains to the graphene layers [73].

In another work, the two dimensional GO was modified by isocyanation and
dispersed in PS using compression molding and a low percolation threshold at 0.1
vol% was achieved [48]. This value was about 3 times lower than that obtained
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for other fillers. The reasons for this high electrical conductivity is attributed to the
high aspect ratio of the graphene sheets and their homogenous dispersion in PS
as that reported for epoxy/graphene composites [3]. Conductivity of these com-
posites satisfied the approximately 0.15 vol% loading of the antistatic criterion
(107° S m~!) for the films. The value increased rapidly over a 0.4 vol% range
and at 2.5 vol% loading, the electrical conductivity of composites showed ~0.1 to
~1 S m~!. GNP also enhances the electrical conductivity as seen in its PS com-
posite where 0.38 vol% GNP enhance the value to 5.77 S m~! [46]. Eda et al. pre-
pared PS/FGS composite thin films by [74] a solution blending method and the
films exhibited a semi conducting and ambipolar behavior. These composites thin
films were electrically conducting with a conductivity ranging from 1 to 24 S m~".

The electrical conductivity of Poly Aniline (PANI), PANI/GO and
PANI/graphene prepared using the chemically modified graphene and PANI nano
fibre by in situ polymerization of aniline monomer in the presence of GO under
acidic conditions were reported to be 10.6, 23.12 and 168.7 S m~! respectively.
The conductivity of PANI/graphene composites was slightly lower than that of the
PANI/GO composites, probably due to decrease in the degree of doping in PANI
and a change in the morphology of the composite during the reduction, reoxida-
tion and reprotanation processes [75].

Figure 10 [3] shows the plot of the electrical conductivity o, of chemically
reduced graphene oxide (CRGO)/Polystyrene composites as a function of filler
volume fraction ¢. It can be seen that in situ CRGO/PS composites exhibit a typi-
cal percolation behavior and the introduction of CRGO to PS increase the con-
ductivity to higher than 10 orders of magnitude. Percolation in the composites
occurs when the filler concentration is near 0.1 vol%. At 1 vol% CRGO loading,
the composite has a conductivity of ~0.1 S m~!. The right and left insets respec-
tively show the plot of log o, against log(¢ — ¢.) with ¢, the percolation threshold
and the four probe setup for measurements with the computed distributions of the
current density (contour lines) with directions and magnitude (arrows).
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In another work by Chen et al. the electrical properties of both CRGO and ther-
mally reduced graphene oxide (TRGO)/Poly dimethyl siloxane (PDMS) compos-
ites observed are much lower than CVD graphene/PDMS composites [76]. They
directly synthesized three-dimensional graphene by template directed CVD, in
which an interconnected flexible network of graphene exist as the fast transport
channel of charge carriers for high electrical conductivity. Even with 0.5 wt% of
graphene loading, the PDMS composite shows a very high electrical conductivity
of 1,000 S m~!, which is much higher than CRGO and TRGO/PDMS. This good
conductivity with a low graphene loading is mainly due to the high electrical con-
ductivity of CVDG and the interconnected 3D network structure in which all the
graphene sheets are in direct contact with one another without breaks.

Xu et al. [77] modified graphene via the covalent attachment of a porphyrin
ring on the GO surfaces. Thionyl chloride was used to activate the carboxylic acid
group in the presence of porphyrin using DMF. Organic isocyanates were used for
graphene modification by DMF solvent with methylene chloride and these iso-
cyanate compound was attached to the hydroxyl and carboxyl groups of GO via
the formation of carbamate and amide functionalities [66]. The lowest percolation
occurred at 0.1 vol% in situ of CRGO reported by Stankovich et al. [68] is attrib-
uted to the excellent homogeneous dispersion with solution phase mixing of exfo-
liated phenyl isocyanate-treated GO sheets with PS.

Modification of graphene was also done by nucleophilic substitution in which ali-
phatic amine was used to modify GO [68] and the substitution occurs on the epoxy
groups of GO and grafting was completed at room temperature [70]. For long chain
aliphatic amines (octadecylamine), the reaction mixture was heated under reflux for
24 h. These modified GO derivatives were dispersed more easily in organic solvents.
Bourlinos et al. [70] also used an alkaline solution of amino acids was used to mod-
ify GO. Nucleophilic attack of the -NH, end group on the epoxide groups of GO
suggests a flat orientation of the amino acid molecules in the interlayer zone of GO.
Dodecyl benzene sulfonate was used in reduction of GO with hydrazine and func-
tionalized by a treatment with aryl diazonium salts [71]. Epitaxial graphene grown
on SiC wafers were modified chemically with aryl groups via the formation of
covalent bonds to the conjugated carbon atoms [78]. Electrochemical modification
is also employed for graphene where graphite is electrochemically treated to pro-
duce a colloidal suspension of chemically modified graphene. The pyrene treatment
done on graphene by Kim et al. reveals the capability of polycyclic aromatic hydro-
carbon, pyrene/perylene to adsorb strongly on the graphene surface through m—m
interactions [79]. As a result the conductivity was significantly improved.

Since ultrasonic treatment failed to achieve a good dispersion of graphene in
water soluble polymer in the presence of surfactants, polymeric anions were used
in the reduction which results the stable aqueous dispersion polymer-grafted dis-
persion of graphene [80]. High quality water soluble and organic solvent solu-
ble graphene sheets for a range of applications were obtained from EG using
7,7,8,8-tetracyanoquinodimethane (TCNQ) anion as a stabilizer [81]. Water solu-
ble pyrene derivative, l-pyrenebutyrate (PB) also acted as a stabilizer for the prep-
aration of aqueous dispersions of graphene sheets [82].
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3.4 Other Factors

In addition to the three factors discussed in the previous sub sections, several
miscellaneous points also influence electrical conductivity of graphene and its
derivative filled polymers. Zhang and co-workers [80] studied the effect of oxy-
gen content on graphene sheets on the electrical property of graphene-PMMA
nanocomposites. The percolation threshold increased with increasing oxygen con-
tent and the composite with lowest oxygen content (graphene-13.2) show a dra-
matic increment in electrical conductivity of over 12 orders of magnitude, from
3.33 x 1071% S m~! with 0.4 vol% of graphene to 2.38 x 1072 S m~! with 0.8 %
of graphene. At 2.67 vol% the electrical conductivity reached up to 10 S m™!
indicating interconnected graphene network. Moreover the composite with low-
est oxygen content exhibited much higher conductivity, in the percolation tran-
sition range than composites with higher content of oxygen (graphene-9.6 and
graphene-5.0). The presence of oxygen-containing groups on graphene has been
proved to disrupt its graphitic sp? network and decrease its intrinsic conductivity
leading to a final conclusion that the higher the oxygen content, the lower the
intrinsic conductivity.

Orientation of graphene platelets in polymer is another factor influencing composite
conductivity. When graphene sponge containing randomly distributed graphene sheets
are added to epoxy (insulator with conductivity around at 10713 S cm™1) [83] the mag-
nitude of conductivity increased 12 times attributed to the compactly interconnected
graphene network constructed within the polymer. Further improvement was also
noticed upon graphene sponge treatment [84]. The filler surface area is yet another fac-
tor which causes the conductivity variation as noticed in the case of PVA/RGO nano-
composites [85]. Both large area (LRGO) and small area RGOs (SRGO) were used to
fabricate the nanocomposites and found higher electrical conductivity for PVA/LRGO
than that of SRGO at the same filler content. Percolation happened at 0.189 wt% of
filler. The conductivity increased with specific surface area as well as with the reduc-
tion temperature. Conductivity improves when thermal reduction temperature exceeds
critical temperature. Also high temperature is more efficient for reducing the GO
sheets than low temperature. The electrical conductivity increased to the highest value
at the reduction temperature 200 °C which indicating that the critical temperature for
the thermal reduction in PVA/GO system is 200 °C. Swelling was also employed to
understand the mechanism involved and found a decrease in conductivity after swell-
ing due to the destroyed conductive networks. During swelling, water molecules inter-
act between the RGO sheets and destroy the electrical networks and the conductivity is
lower for PVA/LRGO than PVA/SRGO nanocomposites after swelling. This indicates
easy destruction of the SRGO network after treatment [85].

Thermal reduction is an efficient way to produce the nanocomposite with low
percolation threshold and high electrical conductivity and also it’s suitable for pre-
paring the thermoset or thermoplastic polymer/RGO nanocomposites through reduc-
tion of GO sheets at appropriate temperature. The long reduction time improves the
electrical conductivity of nanocomposites [85]. It is reported that thermally reduced
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GO has higher electrical conductivity than chemically reduced GO due to the
absence of oxygenated functional groups in TRGO [45, 46]. This effect of thermal
and chemical reduction of GO on the electrical properties of graphene/PU compos-
ites was studied by Kim et al. [53]. The electrical properties of graphene and graph-
ite in terms of conductivity or sheet resistance can be modulated by controlling the
number of graphene layers [86]. For this purpose, the sheet resistance values were
checked for graphene and graphite films containing different numbers of layers. The
sheet resistance was reduced by a factor of approximately 25 as the number of lay-
ers increased from 24 to 850 layers. Additionally, the current versus back-gate char-
acteristics showed much stronger modulation in 24-layer graphene compared with
a negligible change in the thick graphite (850 layers) due to the stronger screening
effect as the number of layers increases. The low sheet resistance and field-effect
response of graphite are advantageous for applications in conductive films or elec-
trodes. In contrast, the superior transconductance level of the 24-layer graphene is
appropriate for the active channels of field-effect transistors (FETS).

On the basis of the above results, we can conclude that many factors includ-
ing filler aspect ratio, surface area, concentration, dispersion state, mode of syn-
thesis and contact resistance are key factors affecting the electrical properties of
graphene/polymer composites.

4 Applications

Based on this chapter, it is clear that the reinforcement of graphene and its poly-
mer nanocomposites have shown very promising results in enhancing the electrical
conductivity at low percolation threshold. The discovery of graphene as nanofiller
has opened a new dimension for the production of light weight, low cost, and high
performance composite materials for a range of applications. The electrically con-
ductive polymer/graphene nanocomposites have been widely used for making var-
ious sensors, memory and energy storage, antistatic coatings, EMI etc. and have
potential applications in the biomedical fields, such as ultraminiaturized low cost
sensors for the analysis of blood and urine. Moreover the polymer/graphene flex-
ible electrode has some commercial applications in LEDs, transparent conducting
coatings for solar cells and displays.

5 Conclusion

The development of a nanolevel dispersion of graphene particles in a poly-
mer matrix has opened a new and interesting area in materials science in recent
years. Its unique properties make it suitable to improve the electrical properties
of polymer composites. This chapter summarizes the electrical properties of vari-
ous polymer/graphene composites and the different factors affecting electrical
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conductivity. We discussed the percolation threshold based on filler volume frac-
tion, processing methods, aspect ratio, surface area, orientation etc. In order to
improve conductivity, the dispersion of graphene in polymer matrices and the
graphene—polymer interaction needs to be improved, which are achieved by the
surface modification of graphene. Finally a few electronic applications of these
high-performance graphene composite materials is mentioned.
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Graphene/Polymer Nanocomposites
with High Dielectric Performance:
Interface Engineering

Dongrui Wang, Feng You and Guo-Hua Hu

Abstract High permittivity polymer-based composites are highly desired due to
their potential applications as high energy density capacitors and inherent advan-
tages of easy processing, flexibility and light weight. Graphene, a two-dimensional
nanomaterial with a layer thickness of one atom, has showed many outstanding
properties and aroused tremendous research enthusiasm. Its large aspect ratio, high
surface area and high electric conductivity make it an ideal filler for fabricating
polymer-based percolative nanocomposites with high dielectric performance.
This chapter reviews progresses in graphene-filled polymer nanocomposites with
high permittivity that have been made over the past few years. The basic theory
of percolation and the interface effect of graphene/polymer on the dielectric
properties of nanocomposites are discussed.

Keywords Graphene * Nanocomposite * Dielectric permittivity - Percolation -
Energy storage

1 Introduction

Dielectric materials have long been investigated and widely applied in power
and electronic industries. They exhibit polarization and conducting phenomena
under an applied electric field through charge migration. Due to their insulating
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nature, charge in dielectric materials is restricted in the dielectric molecular or
local space, which results in local migration under the electric field and generates
induced dipole moment. Therefore the dielectric properties of a material, including
dielectric constant, dielectric loss, and dielectric breakdown strength, are closely
related to polarization. The complex permittivity of a material can be described as:

P _jell (1)

where ¢’ and ¢” are the real and imaginary parts of the complex permittivity and
Jj = «/—1. The real part of the permittivity is given by:

& = goe, @)

where ¢ is the permittivity of vacuum (8.85 x 10~!2 F/m) and ¢, is the relative
permittivity or dielectric constant of the material. Conventionally, the dielectric
constant can also be expressed as “k” for dielectrics in engineering applications.
The magnitude of dielectric constant can reflect the storage capability of electrical
energy from the applied electric field. A parallel plate capacitor with area A and
thickness d shows a capacitance given by:

C = goe,A/d 3)

Meanwhile, the imaginary part of the complex permittivity &¢” is called the
dielectric loss, which means some of the energy is dissipated due to the charge
migration and molecular vibration under an applied electric field. For an energy
storage device, we would like to minimize the dielectric loss for a given dielectric
constant. Therefore, for a given dielectric material, a quantity named loss factor
(or loss tangent) is often used to describe the dielectric loss:

tand = &” /¢’ “4)

The polarization of dielectric materials may vary with external conditions, such as
temperature and electric field frequency. Consequently, the dielectric properties of
materials may vary upon changes in these conditions. Different applications may
require different values of dielectric constant. High dielectric constant (high-k)
and high dielectric strength are essential for capacitors with a high energy storage
density, while a low dielectric constant (low-k) is needed for insulative packing
material in micro-electronics industry to decrease the circuit capacitance.
Nowadays, demands have become more and more stringent for dielectric
materials. Traditional polymeric or ceramic dielectric materials can hardly meet
all the requirements for dielectric properties for specific applications. For instance,
the dielectric constant and energy storage density of a biaxially oriented polypropylene
(BOPP) dielectric film in capacitor are only 2 and 1 J/cm?, respectively. If
the dielectric constant of the BOPP film can be increased by a factor of 100
while its dielectric loss and strength are retained, its energy storage density
can be increased to 100 J/cm3, a value very close to that of lithium cell or
electrochemical supercapacitors. However, this goal is almost impossible to
achieve by optimizing the chemical structure of PP alone. An efficient method is
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to incorporate functional fillers to obtain polymer-based composites with high-k
materials [1, 2]. Many research groups have reported that the dielectric constant
of polymeric matrices can be efficiently enhanced through incorporating high-k
ceramic nanoparticles such as barium titanate (BaTiO3) whose & is 1,700 at room
temperature [3, 4]. However, the high-k of the resulting nanocomposites can only
be achieved when the volume fraction of ceramic fillers exceeds 50 %. Such high
loadings of inorganic fillers severely suppress the merits of flexibility, low density,
and low cost of polymers and deteriorate the final performance of composites [5].

Recently, fabrication of nanocomposites with high-k through incorporating con-
ductive nanoparticles (such as metal nanoparticles, carbon nanotubes, etc.) into
polymer matrices has aroused intensive interests. Generally, the dielectric constant
of a polymer matrix can be enhanced by a factor of 10 by adding only less than
10 vol% of conducting nano-fillers. For example, the dielectric constant of polyvi-
nylidenefluoride (PVDF) can be increased by 400 and 500 times with the addition
of 17 vol% of Ni nanoparticles [6] and 8 vol% of multi-walled carbon nanotubes
[71, respectively. The dramatic increase in dielectric constant is related to the for-
mation of a conducting percolation network of the conductive fillers in the polymer
matrix. The percolation threshold in nanocomposites is closely dependent of the
shape and dimension of nano-fillers, which decrease with increasing aspect ratio of
nano-fillers [8]. Therefore, one can expect to obtain dielectric nanocomposites with
high-k by incorporating a lower fraction of nano-fillers with a larger aspect ratio.

Since its first experimental finding by Geim’s group in 2004 [9], graphene, a mon-
olayer of graphite, has attracted the most intense interest in recent years. Owing to
its unique structure in which sp? hybridized carbon atoms packed into a two-dimen-
sional honey-comb lattice, graphene exhibits many superior fundamental physi-
cal properties such as high mobility of charge carriers (200,000 cm? V~! s~1), high
thermal conductivity (5,000 W m~'K~1), excellent Young’s modulus (~1,100 GPa)
and fracture strength (125 GPa) [10, 11]. Because of these properties, graphene is
considered as a very promising material for a wide range of applications, includ-
ing advanced field effect transistors [12, 13], sensors [14, 15], transparent conduc-
tive electrodes [16, 17], energy storage devices [18, 19], high-performance polymer
composites [20-22], and so on. Strictly speaking, the term graphene only refers to
the monolayer graphite flake without any structural defects. However, in this chap-
ter, this term will be generalized to a class of graphene-like substances, includ-
ing the strict sense of graphene nanosheets, chemically modified graphene (CMG),
graphene oxide (GO), etc. Recently, interest among chemists and researchers from
other disciplines has increasingly shifted from graphene as an individual component
to graphene-based hybrid materials in which graphene nanosheets are functionalized
with other matters such as organic functional groups, metal oxide nanoparticles, and
polymers [23, 24]. Graphene-based hybrid materials have opened up more possibili-
ties in practical applications ranging from polymer electronics, energy materials, to
biomaterials.

Owing to the large aspect ratio and superior conducting nature of graphene,
nanocomposites with high-k can be realized by filling the polymer matrix with
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graphene nanosheets at relatively low loading. Compared to zero-dimensional
metallic conducting particles or one-dimensional carbon nanotubes, two-
dimensional graphene nanosheets can form a conducting network in the polymer
matrix through contact and overlap with each other. Consequently, the percolation
threshold in the resulting nanocomposites is lower than that in metal nanoparticles
or carbon nanotube-filled nanocomposites. This means that high-k can be achieved
by using smaller amounts of fillers while the merits of polymers, including flex-
ibility, easy-processing, and low-cost, can be retained to a great extent. Actually,
research on the dielectric properties of graphene-filled nanocomposited started to
appear in the literature in 2009 and has aroused many interests over the past five
years. The dielectric properties of this type of nanocomposite can be well-tuned
and optimized by controlling the state of dispersion of graphene in polymer matri-
ces and the interfacial interactions between graphene and polymer.

2 Basic Theory of Percolative Dielectrics

Significant enhancement in permittivity of polymer matrices can be realized
by incorporating only a small amount of graphene. The main reason is that two-
dimensional graphene nanosheets dispersed in polymer matrices act as large
amounts of micro-capacitors, which improve the electric energy storage capability
of the nanocomposites. As graphene nanosheets are being incorporated into poly-
mer matrices, they tend to interconnect with each other to form a conducting net-
work. When the graphene loading reaches a critical value, the conducting network
is built up and the nanocomposite is transformed from an insulator to a conductor.
This transition is called “percolation transition” and the critical fraction of fillers is
known as “percolation threshold”.

As the volume fraction of conductive fillers approaches the percolation thresh-
old, the conductivity of the nanocomposites can be described as follows [8],

o xoi(p—¢), wheng > g *)

o xox(pe —@)~°, when ¢ < ¢ (6)

where ¢ is the volume fraction of conducting filler, ¢, is the percolation threshold,
o1 and oy are the electrical conductivity of the conductive filler and insulative
matrix, respectively, ¢ and s are the dimensional parameters. Generally, the values
of t and s for two-dimensional materials are in the range of 1.6-2, while those for
three-dimensional materials are in the range of 1-1.3 [25]. In addition, the per-
colation threshold is closely related to the shape of the fillers. When the fillers
are randomly dispersed in the matrix, the percolation threshold decreases with
increasing aspect ratio of the fillers [8]. This is why two-dimensional graphene
nanosheets with an ultrahigh aspect ratio have attracted so much attention to be
utilized as fillers for high conductive and high-k nanocomposites.
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For the insulator-conductor composites discussed above, when the percolation
threshold is approached from a lower filler loading, the dielectric constant k of the
composite also undergoes a dramatic transition as follows,

k o¢ k(o — @) ™° (7)

where k and ky, are the dielectric constants of the composite and the polymer
matrix, respectively. This equation suggests that a large dielectric constant can be
achieved in composites when the fraction of fillers is very close to the percolation
threshold. Moreover, the dielectric constant of the polymer matrix plays an
important role in the dielectric properties of resulting composites. Choosing a
polymer with a higher dielectric constant as the matrix is more efficient to prepare
composites with a higher energy storage capacity.

In such percolative composite systems, the conductivity and dielectric per-
mittivity show strong dependency on the frequency of the applied electric field.
According to the percolation theory, the relationships between the conductivity (or
the permittivity) and the frequency can be expressed by the following exponential
equation when the content of fillers approaches the percolation threshold:

o(w, @) < w" (8)

k(w,pc) x o™ 9)

where o is the angular frequency, u and v are the critical parameters. Theoretically,
there is a relationship for the four parameters (u, v, ¢, s) [25]:

u=t/t+s),v=s/t+s),u+v=1 (10)

The dielectric permittivity of such percolative nanocomposites also shows strong
dependency on temperature. The dielectric spectroscopy, i.e. the dielectric
constant and loss in wide frequency and temperature ranges, can provide infor-
mation about dielectric relaxations, including the relaxation of polymer chain
segments and filler/matrix interfaces. The temperature dependence of the relaxa-
tion frequency obeys the Arrhenius equation:

AE,
f—foeXp<kBT> (11)
where AE, is the activation energy of a dielectric relaxation process in the com-
posites, fy is a characteristic frequency, kg is the Boltzmann constant, and 7 is
the absolute temperature. The temperature dependence of the dielectric constant
or loss is often used to investigate the relaxation mechanisms in nanocomposites.
The movement of dipoles in nanocomposites becomes easier as the temperature
increases, which will lead to two different results. On the one hand, more dipoles
will be induced and higher orientation degree of the dipoles can be reached in the
applied electric field. On the other hand, the disorientation of dipoles will also
become easier because of the high kinetic energy at a high temperature [26]. These
two competitive processes complicate the temperature dependence of percolative
composites’ dielectric properties.
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3 Graphene-Filled Nanocomposites with High Permittivity

Basically, fabrication methods for graphene-filled nanodielectrics are the same
with those of conventional composites. Different compounding methods, including
solution mixing, melt blending, and in situ intercalation polymerization, can be
utilized according to the nature of the polymer matrix and that of the filler. Each
method has its advantages and disadvantages. Many review articles have summa-
rized preparation strategies for the graphene/polymer nanocomposites [21, 22].
Therefore, it will not be discussed in detail here.

3.1 Dielectric Properties of Graphene/Polymer
Nanocomposites Through Simple Compositing

For the graphene-filled percolative nanocomposites, as described above, the selec-
tion of polymer matrix is very important for the final dielectric properties. A poly-
mer matrix with a relatively high dielectric constant is more efficient to fabricate
nanocomposites with higher permittivity. PVDF is a ferroelectric polymer with
a relative dielectric constant of 9—11, which is the highest among common poly-
mers. Therefore, many researchers have used PVDF as the polymer matrix to fab-
ricate graphene-filled nanocomposites with high dielectric performance. However,
the final dielectric properties of resultant nanocomposites vary greatly with the
fabrication procedures.

He et al. [27] reported on graphene-filled nanocomposites with high-k by using
PVDF as the matrix. Exfoliated graphite nanoplatelets (xGnPs) were mixed with
PVDF through a solution mixing process. As shown in Fig. 1, the percolation
threshold was low (1.0 vol%) and the dielectric constant was as high as 200 near
the percolation threshold at 1 kHz. It should be mentioned that the dielectric loss
increased to 0.48 near the percolation threshold, which is relatively high and is not
suitable for energy storage.

The literature reported on the use of GO as the starting material to mix with
PVDE, followed by in situ chemical reduction to fabricate graphene/PVDF
nanocomposites with high-k. Li et al. [28] realized in situ reduction of GO in
PVDF matrix by using hydrazine as a reduction agent. The resulting nanocom-
posite showed a percolation threshold of 2.5 wt% of reduced graphene oxide
(rGO). Shang et al. [29] used the same reduction method to prepare a series of
rGO/PVDF nanocomposites with a percolation threshold of 1.3 vol%. Their
rGO/PVDF nanocomposites showed a high-k of 63 at 100 Hz near the percolation
threshold. Cui et al. [30] reduced GO in PVDF solution by using phenylhydrazine.
They found that the dielectric constant of the resulting nanocomposite at ¢, = 4.1
vol% was as high as 2,080 at 1 kHz. Fan et al. [31] also prepared rGO/PVDF
nanocomposites through solution mixing and in situ phenylhydrazine reduction
method. The resulting nanocomposites showed a very low percolation threshold of
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Fig. 1 Permittivity of PVDF/xGnPs nanocomposites with various xGnP loadings, measured at
1 kHz and room temperature. Reprinted with permission from Ref. [27]. Copyright 2009 John
Wiley & Sons, Inc

0.18 vol%. Near the threshold, the dielectric constant of the rGO/PVDF nanocom-
posites reached 340 at 100 Hz.

Besides chemical reduction, GO can also be thermally reduced, which avoids
the use of toxic reduction agents. The as-prepared graphene is called thermally
reduced graphene oxide (TRGO). Tang et al. [32] developed a simple thermal
in situ reduction method of GO in PVDF matrix to prepare TRGO/PVDF nano-
composites and the percolation threshold was 1.60 vol%. Yu et al. [33] fabri-
cated TRGO/PVDF nanocomposites through solution mixing. The percolation
threshold of this nanocomposite was 4.5 wt% and the dielectric constant near
the threshold was about 40 at 100 Hz. Recently, Almadhoun et al. [34] carefully
examined the effect of reduction methods of GO on the dielectric performance of
graphene/PVDF nanocomposites. They prepared two types of rGO through hydro-
thermal reduction (HT-rGO) and hydrazine reduction (HZ-rGO) and incorporated
those two different types of fillers into poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) (P(VDF-TrFE-CFE)). The results, as shown in Fig. 2,
revealed that nanocomposites with a higher dielectric constant can be achieved by
using the HZ-rGO as the filler near the percolation threshold (ca. 1 vol%).

The following conclusion can be drawn from the literature results described
above: the percolation threshold and dielectric constant of the graphene/PVDF
nanocomposites depend very much on the nature of graphene nanosheets and the
fabrication processes of nanocomposites. Compared with TRGO, rGO-filled nano-
composites generally show a lower percolation threshold, which should be attributed
to the fact that they have larger aspect ratio than TRGO. Furthermore, the higher
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of the conductivity of graphene nanosheets could lead to the higher dielectric
constant of the corresponding nanocomposite.

In addition to PVDEF, there is a rich literature on the incorporation of graphene
nanosheets into other polymer matrices to prepare high-k nanocomposites. Dimiev
et al. [35] compared the effects of graphene and carbon nanotubes on the dielectric
properties of a silicon rubber. Their results revealed that graphene nanosheet
filled silicon rubber exhibited a higher dielectric constant and a lower dielectric
loss than carbon nanotube filled one. Das et al. [36] obtained similar results and
found that graphene also had a greater effect on improving the microwave absorb-
ance of thermoplastic polyurethanes than carbon nanotubes. Our group prepared
rGO-filled PP nanocomposites by in situ reducing GO in PP emulsion. The per-
colation threshold of the resulting nanocomposite was as low as 0.03 vol% [37].
Shevchenko et al. [38] used an in situ polymerization method to fabricate rGO/
PP nanocomposites and obtained a percolation threshold of 0.25 vol%. Srivastava
et al. [39] also prepared graphene-filled polystyrene (PS) nanocomposites by an in
situ polymerization process, and found that the dielectric constant of the nanocom-
posites near the percolation threshold (¢, = 1.10 vol%) was 12 at 100 Hz. Panwar
et al. [40] fabricated graphene-filled acrylonitrile-styrene copolymer (SAN) nano-
composites by melt blending. Their results revealed that the percolation thresh-
old was 2.71 vol% and the corresponding dielectric constant near the threshold
reached 468 at 100 kHz. Romasanta et al. [41] investigated the effect of graphene
loadings on the dielectric constant of polydimethylsiloxane (PDMS). They found a
percolation threshold of 2.0 wt% and a dielectric constant of 23 at 10 Hz near the
percolation threshold. Bhadra et al. [42] fabricated rGO by using a hydrothermal
reduction technique and found that the percolation threshold of rGO-filled poly-
vinylalcohol (PVA) nanocomposites was 0.41 vol%. The dielectric constant of the
resulting nanocomposites near the percolation threshold reached 1,000 at 1 kHz.

Though the incorporation of graphene nanosheets can significantly enhance the
dielectric constant of the polymer matrix, the dielectric loss of the nanocomposites
also increases to a relatively high degree due to the increase in leakage current
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induced by the conducting fillers. As a substitute, GO can not only enhance the
dielectric constant but also maintain the dielectric loss of resultant nanocompos-
ites at a low level. For instance, Wang et al. [43] have reported that the dielectric
constant of PDMS can be increased to 8 by blending with 5 phr of GO while the
dielectric loss is only 0.02.

3.2 Effects of Interfacial Functionalization on Dielectric
Properties of Graphene/Polymer Nanocomposites

It has long been known that aggregation of nano-fillers must be efficiently sup-
pressed to obtain nanocomposites with superior performance. For graphene-filled
polymers, interactions between graphene and polymer matrices are generally
weak. Thus graphene nanosheets tend to aggregate to decrease the interfacial
energy, resulting in a decrease in the aspect ratio and deterioration of the final
performance of the nanocomposites. Furthermore, incorporation of conducting
graphene nanosheets also gives rise to a large increase in dielectric loss, which
must be avoided for insulating materials. Therefore, interfaces between gra-
phene nanosheets and polymer matrices should be well-designed and tailored
to improve the dispersion of graphene and the final properties of nanocompos-
ites. To date, several efficient interfacial functionalization approaches have been
developed to fabricate graphene/polymer nanocomposites with high dielectric
performance.

Chu et al. [44] prepared porous graphene nanosheets through etching graphene
in sodium hydroxide solution during a hydrothermal process. Thus the graphene
changed from a conductor to a semiconductor because its conjugating structure
was destroyed. The structure of the resultant graphene nanosheets is shown as
Fig. 3. They further prepared “semiconductor-conductor-semiconductor” sandwich
hybrid nano-fillers by using the porous graphene and unmodified one and incor-
porated this type of filler into PVDF matrix. Their results revealed that the hybrid
nano-fillers could be well dispersed in the PVDF matrix because of the strong
interaction between the porous graphene and the PVDF. In addition, the leakage
current could be effectively suppressed due to the low electrical conductivity of
the outer layer of the hybrid nano-filler. Consequently, the dielectric constant of
resulting nanocomposites was increased to 350 at 1 kHz while the dielectric loss
was only 0.52 near the percolation threshold (¢. = 3.0 vol%).

More works have concentrated on improving the filler-matrix interactions
through tailoring the surface properties of graphene nanosheets to develop nano-
composites with superior dielectric performance. For example, Wang et al. [45]
made (1-hexadecyl) triphenylphosphonium bromide (HTPB)-functionalized gra-
phene through non-covalent absorption of HTPB on graphene surfaces. Owing to
good dispersion of the HTPB-functionalized graphene in PVDF matrix, the nano-
composites showed a low percolation threshold of 0.66 wt%. They also found
that the dielectric constant of the nanocomposite with 0.86 wt% of functionalized
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Fig. 3 Schematic structure and the AFM image of porous “‘semiconductor-conductor-semiconductor”
sandwich graphene nanosheets. Adapted with permission from [44]. Copyright 2013 Elsevier

graphene was 3 times higher than that of the neat PVDF, while the dielectric loss
was as low as 0.07.

Besides the non-covalent functionalization manner, the surface properties of
graphene nanosheets can also be modified through the covalent bonds. For example,
our group investigated the effect of PVA modified GO (rGO-PVA) on the dielec-
tric properties of PVDF matrix [46]. The results are shown in Fig. 4. Although the
percolation threshold was increased from 0.61 vol% for rGO filled PVDF nano-
composites to 2.24 vol% for rGO-PVA filled nanocomposites, the dielectric loss
of the latter near the percolation threshold was only 0.5, which was lower than
that of the former. Two hypotheses were made to explain this interesting phe-
nomenon. One is strong hydrogen bonding between rGO-PVA and PVDF matrix
which could lead to more homogenous dispersion of nano-fillers. The other is that
the PVA layer on rGO surfaces could suppress charge transportation between rGO
nanosheets, which would effectively decrease dielectric loss.
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Fig. 4 Schematic structure of rGO-PVA and comparison in dielectric properties of rtGO/PVDF
and rGO-PVA/PVDF near the percolation threshold. Reprinted with permission from Ref. [46].
Copyright 2012 American Chemical Society

Fig. 5 Schematic description of the reaction in P(VDF-TrFE-DB)/GNS crosslinked nanocomposites.
Reprinted with permission from Ref. [47]. Copyright 2013 American Chemical Society

Recently, Wen et al. [47] functionalized graphene with PVDF derivatives
(poly(vinylidenefluoride-trifluorethylene with double bonds) and obtained
P(VDF-TrFE-DB)) covalently grafted on surfaces. Figure 5 depicts the prepara-
tion procedure. The covalent grafting can improve the dispersion of graphene in
PVDF matrix, leading to a decrease in dielectric loss. The percolation threshold of
the nanocomposites was about 4 wt% and the dielectric constant was 74 at 1 kHz
near the percolation while the dielectric loss was as low as 0.08.

There is still a rich literature on the preparation of graphene/polymer nanocom-
posites with high dielectric performance by using surface functionalized graphene
to fill polymer matrices [48—53]. The basic idea is to anchor insulative small mole-
cules or polymer chains onto graphene surfaces by covalent or non-covalent bond-
ing. Consequently, the functionalized graphene can be well dispersed in polymer
matrices due to improved interfacial interactions. In addition, the current leakage
can be effectively suppressed. The fact that the surfaces of graphene are coated
with insulating materials may result in a decrease in dielectric loss of resulting
nanocomposites.
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3.3 Nanocomposites Co-filled with Graphene and High-k
Ceramic Nanoparticles

The permittivity of polymers could be efficiently enhanced by blending with con-
ductive graphene nanosheets or high-k ceramic nanoparticles. Would it be possible
to reach a synergistic effect on improving the dielectric properties of polymers by
incorporating graphene and ceramics at the same time? Shen et al. [54] prepared
hybrid nanoparticles composed by rGO nanosheets and BaTiO3 nanoparticles and
filled PVDF with them. The results revealed that the rGO nanosheets improved
the state of dispersion of BaTiO3 nanoparticles in PVDF, and the BaTiOs
prevented rGO from forming a conducting network. Thus the resulting nanocom-
posites showed a high dielectric constant and a low dielectric loss. Furthermore,
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the dielectric strength was as high as 150 kV/mm, which would be suitable for
practical applications. Our group used functionalized rGO and BaTiO3 as co-fillers
for PVDF and the resulting nanocomposites exhibited high permittivity and low
dielectric loss, as shown in Fig. 6 [55].

Wu et al. [56] investigated the effect of hybrid nanoparticles, TiO, nanorod
modified graphene, on the dielectric properties of PS. They found that the dielec-
tric constant of nanocomposites with 10.9 vol% of hybrid fillers reached 1,741 at
100 Hz, which was 643 times that of the neat PS (2.7), and the dielectric loss was
only 0.39. The permittivity of the nanocomposites was further tuned by control-
ling the amount of TiO; nanorods on the graphene nanosheets. The high dielec-
tric performance could be attributed to anchoring of TiO, nanorods onto the
graphene surfaces, which prevented conducting graphene nanosheets from direct
contact and suppressed the leakage current. Similarly, Wang et al. [57] fabricated
BaTiO3 nanoparticle modified graphene and then used the hybrid filler to enhance
the permittivity of PDMS. The results confirmed that the introduction of BaTiO3
nano-fibers efficiently prevented dielectric loss from increasing by the conduct-
ing graphene. By carefully tuning the ratio of BaTiO3 nano-fibers to graphene
nanosheets, PDMS-based nanocomposites with high permittivity and low dielectric
loss were obtained. There are still some examples on the enhancement of dielectric
properties of polymers by co-filling with graphene and high-k ceramics [58, 59].
Improved dielectric properties, including high-k, high breakdown strength, and low
loss may be realized at the same time through optimizing the multi-phase struc-
tures of the nanocomposites.

4 Summary and Outlook

According to the percolation theory, a high dielectric permittivity can be achieved
by introducing conductive fillers into an insulative polymer matrix. Over the past
five years, great progresses have been made in fabricating graphene-filled polymer
nanocomposites with high dielectric properties. Compared with OD nanospheres
and 1D nanotubes, the graphene nanosheets with 2D structures can create more
interfacial area, thus can trap more charges at the interfaces. The works in this
field during the past few years have demonstrated the great potential of graphene/
polymer nanocomposites. To date, research interest in this field has been shifted
from simply blending graphene nanosheets with polymers to tuning the hierar-
chical structures of the nanocomposites to afford advanced nanodielectrics with
desired dielectric properties. By appropriate structural design and good control of
the preparation process, researchers have already successfully fabricated graphene/
polymer nanocomposites with permittivity of several hundreds and dielectric loss
of smaller than 0.1, which are very close to the requirements of dielectrics for high
energy density storage.

Despite the great achievement in fabricating high-k graphene/polymer
nanocomposites, there are still some severe challenges to conquer. One is the
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dielectric breakdown strength of the resultant nanocomposites. Although it is
rarely mentioned in the literature, the fact is that the dielectric breakdown strength
of polymer matrix may undergo a dramatical decrease by blending with conduc-
tive fillers due to the increase of conductance. The lowered breakdown strength
offsets the advantage of an increased dielectric constant. Such nanocomposites
may not be used as energy storage materials. This limitation may be partially
addressed by tailoring the electronic transport properties of graphene. Recently
it is reported that the fluorinated graphene shows a high breakdown strength of
10 MV/cm, which is about ten times that of graphene [60]. In view of this, one
can expect that graphene/polymer nanocomposites with an acceptable breakdown
strength can be obtained through optimizing the structure of graphene nanosheets.

Another challenge is how to fabricate high quality graphene/polymer nanocom-
posites with superior dielectric performance. Many works on graphene/polymer
nanocomposites have been reported and have claimed that monolayer graphene is
obtained and well-dispersed in polymer matrices. The fact is that most of them are
graphene nanosheets containing several graphene layers, but not monolayer gra-
phene. This is a reason that the properties of reported nanocomposites are often
far below theoretical predictions. Thus it is very important and critical to develop
specific preparation methods of monolayer graphene. In addition, fabrication
approach is also crucial to the ultimate properties of graphene/polymer nanocom-
posites. Avoiding aggregation of monolayer graphene during the dispersion pro-
cess is a huge challenge.

Furthermore, the dielectric properties of the nanocomposites strongly depend
on the chemical structures of graphene and the fabrication methods. However, it
is still very challenging to develop theoretical tools to predict dielectric properties
and to design the structure of graphne/polymer nanocomposites that will provide
prescribed properties.

In summary, graphene/polymer nanocomposites with high dielectric perfor-
mance are very promising for energy storage and electromagnetic shielding appli-
cations. Nevertheless big efforts are still needed to develop relationships among
fabrication processes, hierarchical structures, and dielectric properties of gra-
phene/polymer nanocomposites.
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Multi Functional and Smart Graphene
Filled Polymers as Piezoelectrics
and Actuators

Kishor Kumar Sadasivuni, Abdullahil Kafy, Lingdong Zhai,
Hyun-U Ko, Seong Cheol Mun and Jaehwan Kim

Abstract Graphite and its derivative materials are widely used in fabricating
energy harvesters and are known as materials of this generation. The excellent
applications of these materials in technology come from their superior electronic
properties. Piezoelectric, Actuator and other tactile materials based on graphene
have come up with substantially improved properties. The present chapter deals
with these aspects of graphene filled polymer nanocomposites where a thorough
investigation of the design and properties of them is carried out. Effect of homo-
geneous distribution of graphene within the matrix, interfacial interaction and
functionalization of fillers are discussed to bring dynamic control to nanoscale
actuators and piezoelectrics. In addition to explaining the fundamental require-
ments to make the best piezoelectric and actuator materials, the existing confronts
to guide future progress is also undertaken in this study.

Keywords Graphene - Electronics * Elastomers * Piezoelectric + Actuator

1 Introduction

As part of the technological evolution, miniaturization has attained tremendous
importance and many flexible and light weight conducting materials form the
basics of wearable electronics. The two dimensional graphene is a zero band gap
semi-metallic conductor where the valence and conduction bands intersect at a sin-
gle Dirac point and various composites are widely used in electrical and electronic
applications. Our basic aim here is to review the major applicability and use of
such graphene filled polymers as piezoelectric and actuators. The piezoelectricity
is not an intrinsic property of a particular material phase and it is often engineered
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into intrinsically non-piezoelectric and mechanically flexible graphene [1].
Functionally graded graphene reinforced composite plates used as good piezoelec-
trics in electronics are reported [2-5]. These types of piezoelectrics are frequently
used for dynamical control of material deformation and are useful to fabricate
pressure sensors [6], acoustic transducers [7] and high voltage generators [8].

In general the vibration to electrical conversion follows electromagnetic,
electrostatic and piezoelectric transductions mechanisms [9, 10] of which the latter
is of great importance due to its large power density, easy application (piezoelec-
tric devices can be fabricated on both the macro and the micro scale due to well
established production techniques), and the fact that the output voltage is obtained
directly from the piezoelectric material itself, which removes the requirement of
an external voltage input [10]. The energy conversion in piezoelectric materials is
based on variations in the dipolar moment when a strain is applied, and therefore
the formation of a potential difference which can be used to power devices [11].
Zhu et al. [12] investigated the design and analysis of a broadband piezoelectric
energy harvester that used a simply supported piezoelectric beam compressed by
dynamic loading. They have used parametrically excited cantilever beams and the
method of multiple scales in their study to obtain analytical expressions for the tip
deflection, output voltage and harvested power near the first principal parametric
resonance.

On the other hand the actuators undergo shape or mechanical change in
response to an appropriate external stimulus [13]. Actuators based on polymers
especially electroactive polymers (EAPs) give larger displacements at less force
unlike their conventional ceramic counterparts and possess light weight, good
processability and low cost [14]. The lower power requirement of EAPs makes
it applicable in wireless sensor networks for monitoring in which the devices
work using the vibrational energy available in their environment, thus avoiding
the maintenance cost of external power sources [11]. Actuators find use in indus-
trial automation tasks, such as robotic assembly of small, delicate objects, medi-
cal equipment during surgery [15-20], artificial muscles and energy harvesting
materials [11]. Within the pure polymer/polymer composite actuators, an ‘energy
transfer’ unit absorbs the light energy and transfers to a ‘molecular switch’ unit
which undergoes the mechanical change [21]. The molecular switch is the pol-
ymer network itself whereas the energy transfer unit can either be a functional
group as in the case of pure polymers or a filler material as in composites [22].
Many polymer composite optical actuators with improved mechanical and thermal
properties and tunable actuation have published so far [23-35]. The optical actua-
tor have additional advantages like wireless actuation and remote control and also
useful when stimulus other than electricity or heat is preferred especially in bio-
medical field [20].

By incorporating graphene nanomaterials into polymer performance of actua-
tors are developed that convert external stimuli such as thermal, light, electrical or
chemical energy to mechanical energy. Reversible mechanical actuators based on
graphene and polymers have suggested applications in robotics, sensors, mechani-
cal instruments, microscopy tips, switches, and memory chips [36, 37]. Recently,
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electromechanical resonators composed of single and multilayer graphene sheets
were reported [38]. Another report illustrates a novel macroscopic graphene-based
actuator depending on variation in humidity and/or temperature [39] where the
aromatic sp? carbon networks of graphene extend structural compatibility and a
stable interface. Such developed bilayer paper actuator is anticipated to have
applications in gas sensors as well as in micro and nanoelectromechanical sys-
tems (NEMS) [40—42]. The derivative materials of graphene including graphene
oxide, reduced graphene oxide, graphene ribbons and functionalized graphene
are used to fabricate photomechanical actuators [43]. For instance the sulfonated
graphene/TPU and isocyanate-graphene/TPU composites possess photomechani-
cal properties [43]. The highly efficient actuators similar to human muscles are
applied in micro robotics and artificial muscles [44, 45].

Before going to the details of piezoelectrics and actuators, a brief discussion
about the synthesis and characterization of graphene and its polymer nanocomposites
is first done.

2 Synthesis and Characterization

2.1 Graphene and Its Derivatives

The micromechanical exfoliation of graphene from graphite using the simple
adhesive tape is well known [46]. Direct growth on suitable substrate and chemical
reaction are also employed. Depending on the preparation method, the graphene
flakes differ considerably in size (from nanometers to several tens of microm-
eters) and thickness. A liquid phase preparation enables highly processable gra-
phene and its easy dispersion in suitable matrix. Simple sonication of graphite in
organic solvent by applying voltage produces high quality graphene with low com-
plexity and high production [47, 48]. The principle of liquid-phase exfoliation can
also be used to exfoliate graphite oxide as well, by which hydrophilic and water
soluble GOs are formed. The oxidation and micromechanical cleavage of graph-
ite also generates GO and its further thermal or chemical reduction, the graphene
[49]. The growth of graphene on a surface occurs by chemical vapour deposition
(CVD) and epitaxial growth (simply heating and cooling graphene on SiC crystal)
[50, 51]. In CVD gas mixture of Hy, CH4 and Ar decompose on a Ni film at about
1,000 °C [52]. By Nickel patterning and using polymer support on the top of gra-
phene, the shape of graphene can be controlled [50, 53]. By this method graphene
layers of 30-in. thickness can be grown. CVD also allows doping of graphene in
order to decrease the resistance and offers graphene with high optical and electri-
cal performance, more or less unlimited size, high controllability, low complexity
and large production.

In the epitaxial method, single- or bi-layer graphene forms on the Si face and
few-layer graphene on the ‘C’ face of the crystal [51]. Moreover the growth of
graphene depends on temperature, heating rate and pressure and if the conditions
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are high, nanotubes grow instead of graphene. Thus the grown graphene is not
perfectly homogeneous and of good quality except grown on a perfect single
crystal. This method is controllable and less complex, but the limited size of
graphene layers and low production are considered to be some demerits.

2.2 Polymer Nanocomposites

It is really important to disperse the graphene in the given matrix polymer to
synthesize composites with improved properties. Depending on the polarity,
molecular weight, hydrophobicity and reactive groups of the polymer, graphene
and solvent [50], there are three general ways for fabricating graphene filled poly-
mer composites. In the in situ intercalative polymerization, graphene or modified
graphene is first swollen within the liquid monomer by adding an initiator which
initiates the polymerization either by heat or radiation [54, 55]. A large number
of polymer nanocomposites such as polystyrene (PS)/graphene have been pre-
pared by this method [54, 55]. In the solution intercalation, both the polymer or
pre-polymer and graphene or modified graphene layers are allowed to swell in the
suitable solvent system (water, acetone, chloroform, tetrahydrofuran (THF), dime-
thyl formamide (DMF), toluene etc.) and thereafter mixing. Polymer adsorbs on to
the delaminated graphene sheets and finally the solvent is evaporated [56] to obtain
the nanocomposites such as polyethylene-grated maleic anhydride (PE-g-MA)/
graphite [57], PS/graphene [58], polypropylene (PP)/graphene [59], plyvinylalcohol
(PVA)/graphene, TRGO/TPU [43] etc. Melt intercalation allows mixing the
filler and polymer in molten state. Usually thermoplastic polymers are mixed at
elevated temperatures using conventional methods like extrusion and injection
molding [58-60]. A wide range of polymer nanocomposites such as PP/expanded
graphite (EG) [59], High dense polyethylene (HDPE)/EG [61] etc. have been pre-
pared by this method. In a non liquid-phase, graphene is dispersed by vacuum
filtration, simple drop-casting, spin coating etc. of which the spin coating allows
homogeneous and large area graphene dispersion.

3 Piezoelectric and Actuating Properties

3.1 Mechanism Involved in Piezoelectrics

Piezoelectric materials or piezoelectrics produce electricity upon mechanical
stress (squeezing or stretching). Upon pressure, a small voltage is produced from
the changing charge created by the moving electrons and changes their shape in
some way. Crystalline materials like quartz come under this category and there
are several gadgets such as phonographs, microphones, loudspeakers, signal
transducers and barbecue lighters work on this principle [62]. The mechanism
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involved in piezoelectricity is explained by considering the polarization of individ-
ual crystal molecules. It is assumed that the polar axis passes through the center of
both charges on the molecule, and in a Monocrystal (Fig. 1a), the polar axes of all
the dipoles lie in one direction whereas in a polycrystal (Fig. 1b), different regions
within the material have different polar axes. A polycrystal is heated by applying
strong electric field by which the molecules move more freely and the electric field
forces all of the dipoles in the crystal to line up in nearly the same direction and
thus make it piezoelectric (Fig. lc, d).

A piezoelectric crystal can be made into various shapes at different frequencies
and can achieve different vibration modes and thus realize small, cost effective,
and high performance products capable of working in the kHz-MHz range. The
material distorts upon voltage and the electricity generated by deformation is high-
voltage and low current characterizing a transducer. Since walking generates pres-
sure, and is applied on a piezoelectric ceramic electrical energy production and
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Fig. 2 Classification of EAP actuators a electronic EAP. b Tonic EAP

storage can be made easily, cost low, green, and pollution-free. Piezoelectrics also
find applications in tweeters, pressure sensors, acceleration sensors etc.

3.2 Mechanism in Actuator

EAPs are very good at actuation and based on their actuation mechanism these
polymers can be electronic (driven by electric field or coulomb forces) and ionic
(functions with a liquid medium). The two classes are shown in Fig. 2.

In electronic EAPs, two flexible electrodes are arranged on both sides of the
polymer and high voltage (>1 kV) generates coulombic attraction between the two
electrodes and collapses the Elastomer [63]. At the same time in ionic EAP actua-
tors, large deformation occurs due to the movement of charge by flexible ions at
low voltages (<5 V) as seen in conducting polymer [64, 65], ionic—polymer metal
composite [66, 67], and CNT based variations [68]. For a dielectric elastomer, the
electrodes designed comply with the elastomer deformations and thus gives rise
to coulomb forces between opposite charges, generating a pressure, known as the
Maxwell stress. This stress causes the electrodes to move closer and thus squeezes
the polymer and it elongates in the directions perpendicular to the applied force.
The dielectric elastomer is basically a compliant capacitor and its applications
include artificial muscles, robotics, micropumps, moulding in aviation and auto-
motive microactuators.

3.3 Piezoelectric Properties

The superior properties of graphene imparts piezoelectric to its polymer nano-
composites. In a typical rGO-PVDF nanocomposite film, the output voltage gives
rise to peaks in each frequency with rGO content (0.05 and 0.2 wt%, 30 Hz) [69]
and compared with the pure PVDF, the signals possess higher amplitudes, good
responsiveness and traceability to the excitation and so useful in strain sensor
applications. It is also found that small rGO contents do not have major influence
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on the film stiffness and the more the b-crystalline phase is present, the better is the
piezoelectric performance of the material. The output voltage of nanocomposite
films increased with the addition of rGO as well.

Sometimes atoms of potassium and lithium are present on the surface of
graphite and graphene [70-72] and may diffuse away from the configurations.
The dependence of such atom positions on the piezoelectric response is investi-
gated and found an absence of centrosymmetry regardless of the adatom location.
Figure 3 illustrates how equibiaxial in-plane strain varies under applied electric
fields perpendicular to the surface for the Li adatom positions at the hollow, bond,
or top site in a sample of C8Li. The results indicate that the piezoelectric response
does not strongly depend on adatom location.

ZnO nanorods were fabricated on the single layer graphene coated PET poly-
mer substrate and its piezoelectric response was studied. Using AFM in contact
mode the bending of well aligned ZnO nanorods was investigated as shown in
Fig. 4. Bending resulted in an average output potential of 80—100 mV (Fig. 4b)
and upon releasing the nanorods the output potential turned to be zero. From the
directly recorded topography image of the bending distance in Fig. 4c the mech-
anism behind the generation of the piezoelectric potential can be understood in
terms of the potential created by the relative displacement of the Zn** cations
with respect to the O>~. However, these ionic charges cannot freely move and can-
not recombine without releasing the strain. The symmetric ZnO nanorods are in
contact with the graphene single layer coated PET polymer substrate as well. It
is clear from Fig. 4d that at the time of applied external force, the ZnO nanorods
were deformed and a piezoelectric potential was produced along the top and bot-
tom electrodes due to short lived presence of charges. This allows the electrons
to flow along the external force at the point of equilibrium. But the piezoelectric
nanogenerator gains its original position when the applied force is cut-off thus
diminishing the piezoelectric potential and making the reverse movement of stored
electrons. Here the AFM tip acts as the applied external force on the nanorods and
a Schottky barrier develops between the ZnO nanorods and the electrode.
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Fig. 4 Piezoelectric power generation from as-grown ZnO nanorods fabricated on single
layer graphene coated PET polymer substrate. a Three-dimensional plot of the output voltage.
b Typical AFM tip scanning the surface of ZnO nanorods in micrometers. ¢ AFM opography
image. d Mechanism of the electrical pulse generation by ZnO nanorods [73]. Copyright 2014.
Reproduced with permission from John Wiley & Sons

The idea of conserving electricity from human body movement was first dem-
onstrated by Wang and co-workers through the conversion of bio-mechanical
energy from muscle movement to power wireless devices and charge mobile
phones. They have made self-powered ZnO-based NGs with nanowire diameter
100-800 nm and lengths ~100-500 pwm. The SWG was attached to the joint posi-
tion of the index finger as shown in Fig. 5a and repeated bending of the finger
produce a cycled strain in the nanowire. As a result the nanowire deforms, cre-
ates a piezoelectric potential within it and drives the flow of external electrons thus
producing electric power output as shown in Fig. 5b. The -V characteristic shows
Schottky behavior and the side with Shottky contact is identified as the positive
side.

The forward and reverse connections are respectively made by connecting the
positive and negative sides of the single wire generator (SWG) with the positive
and negative probe of the measuring instrument and vice versa. The magnitude of
the signal differs with different connecting methods due to the contribution from
the bias current of the measurement system, which is usually a few picoamperes.
But to ensure true signal generated by SWG, the switching polarity has to be satis-
fied. Figure 5c, d respectively represent the open-circuit voltage and short-circuit
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Fig. 5 Energy harvesting from an oscillating human index finger using an SWG. a An SWG
attached to a human index finger, which drove the SWG to bend and produce power output.
b I-V characteristic of the SWG. The inset illustrates the connection configuration of the SWG
in reference to the measurement system. Open-circuit voltage (¢) and short-circuit current power
output (d) from the SWG when the finger was periodically bent back and forth [74]. Copyright
2009. Reproduced with permission from American Chemical Society

current output from the SWG when the index finger oscillates at a relatively slow
rate. The periodic motion of the finger was recorded and the average straining
rate of the SWG is found to be (4-8) x 1073 s~! at a maximum nanowire strain
of ~0.2 %. From a single SWG device voltage output up to 25 mV and current
output more than 150 pA are obtained. The variation in bending speed, finger
oscillation and irregular finger movement can cause fluctuation in the output volt-
age and the current.

Figure 6 shows both the piezoelectric and pyroelectric effect evidenced for a
Hybrid Stretchable NanoGenerator (HSNG) device. Here stretching and releasing
enhanced the piezoelectric output voltage up to 0.7 V whereas the thermal heating
and cooling condition increased the pyroelectric output voltage up to 0.4 V. This
substantiates the possibility of integrating the device to get a total output voltage
of up to 1.1 V by simultaneously applying the strain (stretch-release mode) and
thermal gradient (heat and cool mode) (Fig. 6a). The output voltage can again be
enhanced to 1.4 V by applying a different mode of strain like compress-release
(output voltage ~ 1.0 V) and heat and cool (output voltage =~ 0.4 V) as illustrated
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Fig. 6 a Piezoelectric output voltage of the HSNG under stretchrelease condition, pyroelectric
output voltage of the device under heatcool condition, and the total output voltage by the cou-
pling between the piezoelectric and pyroelectric effects, and b piezoelectric output voltage of the
device under compress-release condition, pyroelectric output voltage of the device under heat-
cool condition, and the total output voltage of the HSNG by the coupling between the piezoelec-
tric and pyroelectric effects [75]. Copyright 2014. Reproduced with permission from John Wiley
& Sons

in Fig. 6b. This stands out as the first demonstration of simultaneous harvesting
the mechanical and thermal energies from a single cell of highly stretchable NG.
Another work has also demonstrated a piezoelectric power generation device
which includes a piezoelectric ceramics in the insole and the external integrated
circuit outside of the shoes and the research explained an easy to replace, low cost
and easy-to-production piezoelectric energy harvesting device useful to charge the
battery for continuous and intermittent charging.

3.4 Polymer/Graphene Composite Actuators

Various polymers reinforced with graphene and its derivative nanofillers have
proved their capability in actuation by different modes. Figure 7a represents a
GNP/elastomer photo-thermal actuator with the composite expressed as sample
[15] and the pre-strained and heated samples as sample [16] and sample [17]. The
GNP/polydimethylsiloxane (PDMS) possesses random polymeric chain arrange-
ment/entanglement and the addition of weight to its free-end stretches the com-
posite to a more ordered arrangement by reducing the entropy. Upon heating the
composite by IR illumination, GNPs absorb light and optical energy is efficiently
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Fig. 7 a Photo-thermal actuation schematic. Three thin GNP/PDMS composite strips (samples
1, 2 and 3) are mounted with their upper ends fixed to a rigid plate. Illumination via an IR LED
results in energy transduction to the polymeric chains, causing a contraction in the actuator (and
thus usable work). b Simplified single-axis nanopositioner layout. A laser displacement sensor
is used to measure stage position. Independently controlled diodes on either side of the stage
allow for differential positive or negative axis stage motion [23]. Copyright 2013. Reproduced
with permission from Nature

transduced into thermal energy through phonons in the sp? graphene sheets [76].
The high macroscopic thermal conductivity of graphene [77] (300 W/m/K) and
good dispersion of GNPs within the PDMS result in heat percolation and poly-
mer chain contraction. When the temperature is increased the spring constant also
increases [78]. The constant weight applied to the composite contracts it and lifts
the weight, resulting in usable work done through the system by so called “‘rub-
bery elasticity”’. The large amplitudes of photo-thermal actuation is the result of
the strong covalent sp? bonding in GNPs resulting in efficient heat transfer by lat-
tice vibrations and accomplished through heat transduction from the GNP lattice
to the PDMS [78, 79].

A simplified model of a single-axis photo-thermal nanopositioning system
using the thin GNP/PDMS composite strip held at a fixed pre-strain is presented
in Fig. 7b. The nanopositioning stage is mounted in the composite center, and IR
light-emitting diodes (LEDs) on either side via both positive and negative stage
actuation. The working of the device is explained as follows. When the left LED
is illuminated the GNP/PDMS composite around the light spot gets heated and
the polymer chain in that region contracts and subsequently transfers the effect to
the right. Similarly the LED on the right side causes the stage to translate right.
The dynamic modulation of IR intensity balances a force on either side of the
stage and maintains the desired displacement. The intensity of the LED is con-
tinuously tuned by a proportional-integral-derivative control loop which monitors
stage position and compensates the thermal drift even when the stage is at a set
position. A high speed laser displacement sensor measures the stage displacement
and in short this highly dynamic nanopositioning system works by controlling
polymeric chain extension/contraction through thermal energy modulation.
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Fig. 8 Positioning diode response characterization. a Maximum stage displacement as a func-
tion of GNP wt% loading for coarse adjust and fine adjust positioning diodes. b Displacement
kinetics as a function of composite actuator thickness for a 1 wt% GNP sample. Useful displace-
ment limit and time are also indicated. ¢ Displacement versus time curves shown for a 1 wt%
GNP sample at ambient pressure (760 Torr) and at medium vacuum (20 Torr) [23]. Copyright
2013. Reproduced with permission from Nature

The maximum displacement for a coarse and fine adjust diode is plotted as a
function of GNP wt% as in Fig. 8a. Since the steady-state equilibrium positions
are reached only after long wait times (180 s), these nanopositioning devices are
not practically useful. Consequently the selection of a tripwire value for slope of
the displacement versus time curve was set to determine useful displacement ver-
sus maximum displacement and attained a balance between quick actuation times,
maximum possible displacement and allowed ample additional displacement con-
trol. This fact is considered and a displacement of 47.2 mm is achieved at 8.5 s for
the sample as derived from the Fig. 8b. Whereas for a thicker sample, a displace-
ment of 58 mm or 60 % of maximum is obtained at 14 s. Moreover the actuation
speed was calculated by dividing the usable displacement by the time required to
reach those values and found the values as 5.5 mm/s for thin sample and 4.1 mm/s
for the thick. In order to improve the actuation speed, ultra thin composite samples
must be used, but this requires additional preparation steps. However integration
of thinner films onto MEMS substrates with on-chip positioning stages improves
photo-thermal actuation velocity. The ambient pressure dependency of the actuator
was also checked as given in the displacement versus time curves of Fig. 8c. The
analysis done on a 1 wt% 210 mm thick composite sample at atmospheric pressure
and in vacuum indicates a drop in composite heat loss as pressure decreases due to
natural convection. At vacuum pressure displacement was 30 % higher than that at
atmospheric pressure and this behavior depends on the fluid density and thus the
heat transfer coefficient.

In another work the photomechanical actuation of TRGO/TPU composites at
different prestrains and filler loadings were checked [43] and found better actua-
tion. For instance the TRGO/TPU at 1 wt% loading gives a photomechanical
force of 0.383 N with a stress of 1,532 kPa at ~120 % prestrain and it can lift a
weight of 39.08 g to a height of 10.8 mm. This was really high when compared to
the GNP/PDMS at 2 wt% (50 kPa) and sulfonated graphene/TPU composites at
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(0.21 N) at 1 wt% [80] filler loadings. The actuation also depends on the intensity
of IR light as the same TRGO/TPU at 1 wt% gave a photomechanical stress of
1,357 kPa (0.475 N) at 166 % prestrain at lower light intensity. Similarly at 2 wt%
TRGO/TPU can lift 42.85 g to a height of 25 mm under IR irradiation. This is
attributed to the fact that upon IR absorption the composites restore the sp> carbon
network in TRGO and causes in a homogeneous distribution of TRGO in TPU.
There is a strong absorption of IR light in TRGO due to the resonant induction by
edge oxygen motion of mobile electrons localized in the vicinity of the oxygen
and it acts as energy transfer unit. Whereas neat TPU is transparent to IR light and
hence shows negligible photomechanical response.

By varying the voltage (1-4 kV) and frequency (1-5 Hz) the performance of
an FLG-driven actuator was monitored using a laser displacement sensor [25].
When the actuating voltage was increased at 1 Hz, the displacement increased
with a maximum reaching at 946 Im. This effect was attributed to the variation
of the compression force directly as a function of applied voltage [81]. Moreover
the displacement was slightly increasing during 1-2 Hz and thereafter decreasing
at 2-5 Hz (916-674 Im) due to the decrease in molecular orientation or relaxation
time with frequency increase [82, 83]. At 4 kV the transparency of the FLG-driven
actuator was analysed with the help of a digital single lens reflex camera [25]. At
“ON” voltage, the actuator bends in the meniscus shape and the manuscript image
becomes out of focus and blurred due to the altered focal length triggered by the
actuator, which result from the thick center than that of the boundary [83]. This
confirms the possibility to alter the focal length by varying the voltage input at
the FLG-driven actuator and ensures its applicability in opto-electromechanical
devices such as lenses, sensors and touch screens. However the authors couldn’t
report the lifetime and durability of such devices.

Actuators find excellent applications in fiber and textile devices. In this regard
flexible G/GO fibers having a tensile strength of 100 MPa are fabricated and the
oxygen-rich functional groups of GOs allow fast and reversible expansion/contrac-
tion of GO layers through the adsorption and desorption of water vapor [84, 85].
Thus the moisture-sensitive asymmetric G/GO fiber actuator shows a rapid bend-
ing to the G side when (Fig. 9¢c) exposed to moist air having 80 % relative humid-
ity (Fig. 9d), and returns to the initial state at ambient conditions (Fig. 9c). This
is a reversible process occurring per 88 s and thus the fiber behaves like shape
memory material.

Figure 9b indicates the influence of humidity on the G/GO fiber actuation and
observed a fiber deformation to the GO side due to the contraction of GO lay-
ers caused by loss of adsorbed water. The bending degree of the fiber is plotted
against the relative humidity in Fig. 9e. As the Ry increases from 25 to 80 % the
G/GO fiber rapidly bends from 0 to 140°. At lower than 25 % RH the fiber moves
in the opposite direction indicated by a bending angle of —30° at 10 % RH. More
facile deformation is observed towards the G side than the GO side, because of the
tensile strength from the moisture-insensitive G layers. Also the increased reduc-
tion of GO led to improved actuation response. The humidity is altered at 10-80 %
and the response is found to be stable even after 1,000 cycles (Fig. 9f). Using the
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Fig. 9 a Representation of the possible bending of a G/GO fiber exposed to different relative
humidities. b—d Photographs of a G/GO fiber (2 cm in length) under different relative humidities.
e Plot of the curvature of a G/GO fiber versus RH. f Durability test for a G/GO fiber undergoing
repeated changes in relative humidity. g-h Photographs of three-wire moisture tentacles made of
the G/GO fibers on a sunny and a rainy day, respectively; scale bars: 5 mm [24]. Copyright 2013.
Reproduced with permission from John Wiley & Sons

sensitive G/GO fibers a three-wire moisture tentacle was made (Fig. 9g, h) and its
performance on a sunny and a rainy day was monitored respectively to be stand-
ing and lowering their heads. This substantiates its use in devices like moisture-
triggered claw. Laser irradiation causes spot reduction in the fiber and thus the
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Fig. 10 IR-triggered actuation performance for the sulfonated-graphene/TPU nanocomposites.
Recovery rate (left axis) and energy densities (right axis) for the IR-induced actuation behav-
ior of composites a at 1 wt% filler loading for 11 cycles, b at 0.1, 0.5 and 1 wt% loading. The
weights lifted by all the samples are about 21.6 g [26]. Copyright 2009. Reproduced with permis-
sion from American Chemical Society

moisture-insensitive G region can be extended in G/GO. In this case the G region
deforms like a hinge to allow the reversible folding of the fiber and such region-
specific G/GO fibers can be applied for complex deformation-predefined actuators.
The fibers alternate its response upon moisture exposure and removal and exhibit
good durability at different relative humidities as well.

In another example of IR-induced actuation behavior, the sulfonated-
graphene/TPU nanocomposites were analysed at different filler loadings. At 1
wt% loading (Fig. 10a) the energy densities and recovery rate sustain stabilization
after 10 cycles without significant attenuation indicating the repeatable response
to IR light. The actuation performance was studied at different concentrations and
found its dependence (Fig. 10b) as the energy densities and shape recovery rate
increased with the increasing contents of sulfonated-graphene. For all the sam-
ples the energy densities and the recovery rate fluctuated between 0.33-0.40 J/g
and 88-95 %, respectively. The increased performance at higher concentration is
attributed to the higher thermal energy generated in the composites at higher load-
ing [86, 87]. But this phenomenon was noticed only up to 1 wt% and the reasons
behind this need to be further understood.

Bi et al. demonstrated the actuation of a G/GO bilayer paper as a function of
applied voltage. The actuator was made by assembling the bilayer papers (G thick-
ness 3.61 mm and GO 1.62, 2.69, 3.77, and 4.85 mm) in U-shaped beams and
the free ends curled upward with respect to the applied voltage. The beam actu-
ally rolled towards GO face at low voltages and thereafter rolled with higher cur-
vature [27]. As the voltage varied the displacement changed linearly and finally
the beam was unrolled and returned to its original shape when the power was cut
off. The displacement of the beam became negligible at a voltage called thresh-
old voltage and it decreased slightly with the thickness of the GO layers (for the
thinner the displacement can be up to 9 mm which is 14 times higher). While
checking the durability and stability of the G/GO actuator for a month, the dis-
placement was observed to decrease by only 5, 7 and 3 % over 100 measurement
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cycles respectively at 10, 15 and 20 V indicating sufficient stability, good con-
sistency and good performance [86]. The actuation of the bilayer paper was also
checked as a function of temperature using a thermal infrared imager to monitor
the temperature changes of the beam surface. With applied voltage the temperature
of the beam rises gradually leading to greater displacement and the actuation of
beams may be attributed to the internal heat generated by the current (Joule heat)
[87, 88]. The thermal reduction of the GO paper under the working voltages is
not a concern and in addition, when the actuators were inserted into a drying oven
with controlled temperature, the beam started to curl as expected. For U-shaped
beams, the GO layer showed the lowest electrical conductivity while the graphene
layer showed a resistance of several thousand ohms due to their completely differ-
ent surface chemistry. These layers could generate a large amount of heat when
an electric current passes through them, causing a rise in local temperature. As a
result a significant thermal stress prevails at the G/GO interface and the rise in
temperature of the GO layer through heat transfer generates a temperature gradient
across the interface [89].

A site-specific, hinge-like bending was observed in a hydrogel actuator in
response to the nIR-laser irradiation (Fig. 11a). Regardless of the surface exposed
to the beam, the hydrogels always bent maintaining the porous surface on the con-
cave side. The bending rates and angles increased with increasing laser intensity
and rGO concentration in the bending hydrogels (Fig. 11b, c). The gels unbent
when the nIR light is removed, recovering ~74—84 % within 10 s. The durability
was ensured by following the nature of the hydrogels during 100 repeated cycles
of bending and unbending. Whereas in the case of composite hydrogels synthe-
sized with isotropic networks similar motions were not observed even after 1 min
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Fig. 11 Light-controlled bending of ELP-rGO composite hydrogels. a Images of site-specific
nlR-induced bending of an anisotropic hydrogel. Measurement of bending angle, 0, as a func-
tion of exposure time, 7. 9(0) = ZLOL = 0. 6(m) = ZLOM. 6(n) = ZLON. b Change in bending
angle in response to nIR laser exposure for hydrogels with varying rGO concentrations. wt% cor-
respond to the mass of VS0GB-rGO hybrids divided by the total mass of V50GB-rGO hybrids,
V50CK1, and 4-arm PEG cross-linker. ¢ Change in bending angle of 2.6 wt% gels in response to
nlR laser exposure of different power densities [28]. Copyright 2013. Reproduced with permis-
sion from American Chemical Society
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of nIR irradiation, other than small shape changes. This is consistent with the
slow kinetics observed with previous macroscale photothermally driven hydrogels
[90, 91] and thus porosity in the given hydrogels creates photomechanical
responses that do not require extended heating times.

The performance of a GO-Nafion and pure Nafion membrane actuators was
illustrated in Fig. 12. It is clear that one end of the membrane is fixed in the
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Fig. 12 Displacement photo of an IPMC of pure Nafion membrane and Nafion hybrid mem-
brane (a and c¢) before test, b and d driven under a 3 V electrical field. Dependence of e the gen-
erated strain (¢), f the blocking force on the GO content of the membranes [92]. Copyright 2012.
Reproduced with permission from American Chemical Society
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apparatus whereas the other end is free to deflect (Fig. 12a—d). At 3 V the 10
wt% GO-Nafion actuator exhibits a perceptibly larger displacement (Fig. 12d)
than that of the pure Nafion (Fig. 12b). The generated strain (¢) was calculated
according to the tip displacement and a larger strain showed a higher deflection
of membrane and a better displacement behavior (Fig. 8e). With GO content
the strains increased and all hybrid membranes exhibit excellent displacement
compared to pure Nafion membrane. The sample containing 10 wt% GO exhib-
ited the largest displacement due to its higher conductivity. It is also found
that the composite membranes have higher blocked force (Fig. 8f) with high-
est performance for membrane containing 10 wt% GO (four times that of pure
nafion). This was a great result as the CNT/Nafion actuator at 1 wt% concen-
tration showed a blocking force of two times than that of pure Nafion. Anyhow
the effect of size and dispersibility of GO on the actuation performance is not
addressed here.

Using conducting polymers, GO actuators are made where the GOs cova-
lently attach on the polymer to improve its electrochemical properties [93]. The
bending displacement response of the air-operable conducting polymer actuator
for different electrolyte concentrations at 3 V and 1 Hz showed enhanced bend-
ing displacement with the electrolyte concentration. Upon voltage, positive and
negative charges are generated separately on the actuator electrodes and to main-
tain charge neutrality, ions in electrolytes move towards opposite charges and
this is the reason for the bending displacement. At different voltages (2, 3, and
4 V) bending displacement increases (maximum strain of 0.78, 1.40, and 2.18 %
at 2, 3, and 4 V, respectively) with voltage as more ions from the electrolyte pen-
etrate into the actuator backbone. The neat sample of conducting polymer did
not show actuation due to its very low conductivity and poor electrochemical
properties.

Finally actuation behavior of graphene/PDA composite is shown in Fig. 13.
When the frequency of the applied ac (0.58 A/mm? density) reached 17 Hz, the
actuator showed a tip displacement of 4.8 mm. The authors have established
controlled resonance frequencies through controlling the dimensions of the
graphene/PDA actuators and the value of the ac input (Fig. 13b). At a fixed dimen-
sion, the resonance frequency increased with ac input and at a fixed ac input, the
actuator with larger dimensions produced resonance at lower frequency and at a
fixed ac frequency, it can generate resonance below the lower value of the ac. The
resonance identifies the tendency of the material to absorb energy and oscillate
when the frequency of the applied external stimulus matches its intrinsic resonant
frequency of vibration. This intrinsic resonant frequency depends on the nature,
shape, size, and mechanical properties of the material and a system with larger
size has a lower natural frequency as indicated in Fig. 13b for graphene/PDA
actuators.
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Fig. 13 a Dependence of frequency of applied ac (0.57 A/mm? density) on the tip displacement
for the graphene/PDA actuators (9.0 mm x 1.2 mm). Inset represents the movement of the tip (b)
ac density dependence of the resonance frequency for graphene/PDA actuator with three different
dimensions [29]. Copyright 2010. Reproduced with permission from American Chemical Society

4 Conclusions and Perspectives

Integrating graphene into smart systems that spontaneously respond to external
stimuli is important to develop advanced smart devices such as actuator, piezoelec-
tric switches and artificial muscles. In this featured article, we have systematically
reviewed the recent progress in piezoelectric and stimulus-responsive graphene
actuation systems that are able to convert electrical, chemical, photonic, thermal
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and other types of energies to mechanical energies in actuation. Application like
harvesting energy by converting the pressure produced during walking on an inex-
pensive piezoelectric material is of great significance. The fundamental principle
of piezoelectric film producing power is also studied, the transfer relationship
between piezoelectric patch and the storage capacitor is derived. These kind of
systems have many advantages like wearing comfortable, while occupying space,
easy replacement, low cost, and it is green environmental protection. In the future,
it is of great theoretical and practical interest to develop all-graphene based actua-
tors working using other stimuli. With these achievements of polymer graphene
contains actuation with better piezoelectric properties and efficiency of system is
envisaged to have wide applications in various fields.
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Graphene Polymer Nanocomposites
for Fuel Cells

Jinghan Zhu, Fei Liu, Nasir Mahmood and Yanglong Hou

Abstract Fuel cells have long been considered as highly efficient devices for
energy conversion which transform chemical energy directly into electricity, with-
out any venomous pollutants emitted into ambient environment. In recent years,
graphene-polymer nanocomposites have attracted intense interest as functional
components in fuel cells. This chapter focuses on the potential applications of
graphene-polymer composites in fuel cells. Recent advancement in the synthesis
of graphene, polymer, graphene-polymer composites will be presented. Then, lat-
est explorations of graphene-polymer composites applied as membranes, anode
and cathode materials will be summarized. Furthermore, the vital roles of gra-
phene-polymer to support noble metal catalysts will be illustrated. Finally, pros-
pects of graphene-polymer composites for fuel cells will be outlined for further
development.

Keywords Graphene * Polymer *+ Nanocomposites *+ Fuel cells + Membrane -
Anode - Cathode - Electrocatalysts
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BMI 1-butyl-3-methylimidazolium
CccC Carbon cloth

CCG Chemically converted graphene
CDP B-Cyclodextrin polymer
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CVD
DGO
DMEFC
DFAFC
ECSA
EG
ERGO
GC
GCN
GF
GM-silica
GNP
GNS
GO
K-L
LbL
LSV
MEFC
MNF
NG
NPs
O-EDOT
ORR
PAA
PANI
PB

PBI
PBS
PDDA
PEDOT
PEEK
PEM
PEMFC
PMF
PMAA
PSS
PPy
PSF
PVA
PVP
RGO
SGO
SPES
SPI
SPEEK

Chemical vapor deposition
Modified graphene oxide

Direct methanol fuel cells

Direct formic acid fuel cells
Electrochemical active surface area
Expanded graphite
Electrochemically reducing graphene oxide
Glass carbon

Graphitic carbon nitride

Graphite felt

Graphene-based silica

Graphite nanoplatelet

Ggraphene nanosheets

Graphene oxide

Koutecky-Levich

Layer by layer

Linear sweep voltammetry
Microbial fuel cell
Mesonaphthobifluorene
Nitrogen-doped graphene
Nanoparticles

Oxidized Ethylenedioxythiophene
Oxygen reduction reaction
Polyallylamine

Polyaniline

Platinum black
Polybenzimidazole

Phosphate buffer solution
Poly(diallyldimethylammonium chloride)
Poly(3,4-ethylenedioxythiophene)
Polyether ether ketone

Proton exchange membranes
Proton exchange membrane fuel cells
Phenol-melamine—formaldehyde
Poly(methacrylic acid sodium salt)
Poly(sodium 4-styrenesulfonate)
Polypyrrole

Polysulfone

Polyvinyl alcohol
Polyvinylpyrrolidone

Reduced graphene oxide
Sulfonated graphene oxide
Sulfonated poly(ether sulfone)
Sulfonated polyimide

Sulfonated polyether ether ketone
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STA Silicotungstic acid
TCNQ 7,7,8,8-Tetracyanoquinodimethane
3D Three-dimensional

1 Introduction

Rapid consumption and over-exploration of conventional fossil fuels such as
coals, petroleum and natural gases have consequently given rise to heavy natu-
ral resource depletion. During the utilization process of fossil fuels, green-house
gases and even some poisonous byproducts are inevitably generated, harassing the
environmental balance and aggravating the climate change. Many scientists are
devoted to fulfilling the crucial task of developing clean and sustainable energy
for commercial applications, in advance of the complete exhaustiveness of fossil
fuels. Fuel cells have long been considered as highly efficient devices for energy
conversion which transform chemical energy directly into electricity, without any
venomous pollutants emitted into ambient environment [1—4]. Since the primitive
invention of a fuel cell prototype over 160 years ago, fuel cells have attracted a lot
of research interests [5]. Various kinds of fuels such as hydrogen, methanol, formic
acid and even waste water have been explored to continuously power the fuel cells.
However, several obstacles hindered the commercialization of fuel cells, including
high cost, counterproductive power output and inefficacious stability [6-9].

Graphene, as a unique one-atom-thick layer composed of sp>hybridized car-
bon atoms aligned in a honeycomb lattice, possesses many unique properties
such as extraordinary electrical conductivity, greatly optimized specific surface
area (up to 2,600 m?/g), mechanical strength and resilience and chemical stabil-
ity. Great research efforts have confirmed that graphene could play a vital role in
many application fields [10-14]. Polymers are frequently blended with graphene
materials to form functional nanocomposites, and to achieve the processibility and
surface modification. The multifunctional properties endowed graphene-polymer
composites copious potentials in the advance of various energy conversion and
storage systems, such as fuel cells [15-17], supercapacitors [18-20], lithium ion
batteries [21-24], solar cells [11, 15, 17, 25].

Graphene-polymer nanocomposites which possess excellent electrical conduc-
tivity, exceptional mechanical properties, abundant surface functionality, and out-
standing electrochemical properties have been investigated as promising candidates
to build the ideal fuel cells. In this chapter, we aim to outline recent progress in
the preparation and potential applications of graphene-polymer composites in fuel
cells. The chapter fist discusses the synthesis of graphene and graphene-polymer
nanocomposites. It will then summarize the latest explorations of graphene-polymer
composites applied as membranes, anode, cathode materials. Toward the end, the
vital roles of graphene-polymer to support noble metal NPs are illustrated. Further,
this chapter will lead towards possible solution to the challenges associated with
graphene-polymer nanocomposites and their applications in the field of fuel cell.



94 J. Zhu et al.

2 Synthesis of Graphene-Polymer Nanocomposites

2.1 Synthesis of Graphene

Since the first time that graphene was successfully produced via mechanical cleav-
age in 2004, many synthesis methods have been developed to pursue high qual-
ity graphene nanosheets. Currently, there are several dominant methods including
chemical vapor deposition (CVD) on metal substrates, epitaxial growth on single-
crystal SiC, oxidation-exfoliation-reduction of graphite powder, direct exfoliation
of graphite via sonication, and organic coupling reactions [12]. In terms of these
methods, the oxidation-exfoliation-reduction synthesis provided great opportu-
nities for synthesis of functional hydrophilic graphene nanosheets in large scale
at low cost. Several oxidation protocols such as Hofmann (1937), Hummers
and Offeman (1958) and Tour (2010) methods have been developed towards
Graphene Oxide (GO) [26]. The as-obtained GO can be well dispersed as single-
layer nanosheets in water and other solvents, under the assistance of stirring or
sonication. Given that GO layers possess abundant functional groups containing
hydroxyl, epoxy and carboxylic groups, further modification with organic or inor-
ganic components can be easily achieved [27, 28].

While severe oxidation process can greatly enrich the surface functionality of
GO, it brings about plenty of structural defects and attenuation in some properties
such as electrical conductivity. Thus several strategies were adopted to reduce the
oxygen contents of GO, among them thermal annealing and use of reducing agents
are mostly used [29]. Figure 1 represents the various characteristics of Reduced
graphene oxide (RGO) (synthesized via post-reduction treatment of GO) over GO
[30]. Thermal annealing and reducing agents are commonly adopted to achieve
RGO nanosheets [26, 30, 31]. Research analysis revealed that RGO showed an
obvious decline in oxygen content and revitalized a graphitic structure. These
features, to some extent, contributed to the enhanced electrical conductivity and
structure stability of RGO.

Apart from the above mentioned oxidation-reduction synthesis methods to
produce GO-derived RGO nanosheets, it is also applicable in other liquid-phase
synthetic adopting heat treatment or microwave irradiation to expand the graphite
precursor. Our group has developed a facile liquid synthesis to prepare high qual-
ity graphene well dispersed in aqueous suspensions. In the study, TCNQ anions
were employed as a stabilizer and expanded graphite (EG) as the starting mate-
rial [32]. Figure 2 displayed the synthesis process. Transmission electron micro-
scope (TEM) images demonstrated that the products were mainly composed of
isolated graphene layers, as shown in Fig. 3. We also generated monolayer and
bilayer graphene via a simple solvothermal-assisted exfoliation with the assis-
tance of acetonitrile, a highly polar organic solvent [33], as shown in Fig. 4. This
method showed advantages in maintaining the defect-free state and intrinsic gra-
phene without any stabilizer or modifier. Moreover, it shed light on the large scale
synthesis of high quality graphene.
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Fig. 1 Conversion of GO to RGO via reduction: a pictures of GO suspensions aged at 50 and
80 °C at different time intervals. b AES oxygen mapping of as-synthesized and annealed GO
films. The white spots indicate oxygen-rich regions and the black spot indicate oxygen-poor
regions or, in other words, carbon-rich regions. Scale bar, 2 mm. ¢ Schematic depicting the
proposed phase-separation process in as-synthesized GO structures. Synthetic protocols of GO
structures lead to a mixed sp?>—sp> phase that has the potential to separate into two distinct oxi-
dizedand graphene phases through diffusion of oxygen atoms on the graphene basal plane under
the influence of an external stimulus. a.u., arbitrary units [30]. Copyright 2013. Reproduced with
permission from nature

2.2 Synthesis of Graphene-Polymer Nanocomposites

Generally, graphene-polymer composites are fabricated by blending graphene and
polymers in liquid solution. According to the reacting condition and parameters,
blending methods are classified into three types: solvent mixing, melt blending
and in situ polymerization [34, 35]. A solution mixing synthesis is feasible for sol-
uble and malleable polymers, e.g., Polyvinyl alcohol (PVA) [36, 37], Nafion [38],
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Fig. 2 Scheme of the preparation of TCNQ anion stabilized graphene: a pretreated EG;
b TCNQ insertion into the interlayer of EG; ¢ TCNQ anion stabilized graphene; d photograph
of TCNQ anion stabilized graphene dispersed in different solvents (water, ethanol, DMF and
DMSO) [32]. Copyright 2008. Reproduced with permission from Royal Society of Chemistry

Fig.3 TEM images of a
several isolated graphene
and b GNR; ¢ the SAED
pattern of graphene [32].
Copyright 2008. Reproduced
with permission from Royal
Society of Chemistry
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Fig. 4 Scheme of the preparation of graphene via solvothermal process in acetonitrile: a pristine
expandable graphite; b EG; ¢ acetonitrile molecules insertion into the interlayer of EG; d exfoli-
ated graphene dispersed in acetonitrile; e photograph of four samples obtained under different
conditions [33]. Copyright 2009. Reproduced with permission from Royal Society of Chemistry

0 250 500 7.50(um)

Fig. 5 Characterization of individual graphene sheets and dispersion state of GO in the polymer
matrix. a Typical tapping-mode AFM image of graphene sheets deposited on mica substrate from
an aqueous dispersion; the height difference between the arrows is ~0.8 nm, indicating the typi-
cal height of an individual GO sheet. b Typical TEM image of an individual graphene sheet in
water solution. ¢ SEM cross-sectional image of graphene/PVA nanocomposites with GO concen-
tration of 0.7 wt%. The black arrows indicate GO sheets, and the white arrow points to a fracture
[41]. Copyright 2009. Reproduced with permission from John Wiley & Sons

polyurethane [39, 40]. Usually, graphene and polymer are evenly amalgamated in
designated solvents, and after the homogenous distribution of graphene in polymer
matrix through stirring solvent was evaporated by simple heating. Chen et al. pre-
pared PVA-GO nanocomposites via a facile aqueous solution blending method and
testified the molecule-level dispersion, as shown in Fig. 5. Composites with only
0.7 wt% GO exhibited a 76 % increase in tensile strength, compared with pristine
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PVA [41]. The disadvantage of solution mixing is creation of voids by the solvent
during evaporation process that introduces the structural defects which brings poor
thermal and electrical conductivity [42]. Besides simple mixing method, melt
blending has also been developed, and considered more feasible for the simple
reason of being free of solvents. In this synthesis, graphene was mixed with melt
polymers via shear force to generate composites. Despite the facile manipulation,
melt blending is not efficient enough to achieve well dispersion of high content
graphene, due to the heavy viscosities of melt polymers. Thus the aggregated gra-
phene exist in composite that inversely effect the final properties and limits the
applications. In situ polymerization of monomers premixed with graphene or GO
suspensions can also be used to produce highly uniform composites. The degree
of polymerization is of vital importance on the properties of final products, which
can be tailored by reaction parameters.
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Fig. 6 Morphology, fracture surface, electrical conductivity and mechanical properties of GF/
PDMS composites. a Photograph of a bent GF/PDMS composite, showing its good flexibility.
b SEM image of the fracture surface of the composite. ¢ Electrical conductivity of GFs and
GF/PDMS composites as a function of the number of graphene layers (corresponding to differ-
ent weight fractions of GFs in the composites). The average conductivity of GFs and GF/PDMS
composites was calculated over five specimens for each sample and error bars for standard devia-
tion are shown [49]. Copyright 2011. Reproduced with permission from Nature
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Recently, 3D graphene monolithic templates have been developed to support
polymers. Graphene frameworks with continuous and interconnected channels
were constructed using several methods like vacuum filtration of graphene suspen-
sion, CVP on nickel foams, hydrothermal synthesis, thermal reduction and lyophi-
lization [43-46]. 3D graphene provided a superior platform to form high quality
composites [47, 48]. For instance, Cheng et al. successfully loaded poly(dimethyl
siloxane) into 3D graphene foams by infiltration, as shown in Fig. 6. The compos-
ites possessed extraordinary electrical conductivity and flexibility, determined by
the porous network structure [49].

3 Graphene-Polymer Nanocomposites Directly Applied
in Fuel Cells

3.1 Fuel Cells

Fuel cell is a device of energy storage and conversion, which transforms the
chemical energy of fuels into electrical energy, under the assistance of effective
catalysts. Various kinds of fuels such as hydrogen, methanol, formic acid and even
waste water have been explored to continuously power the fuel cells. Typically,
Proton Exchange Membrane Fuel Cells (PEMFCs), Direct Methanol Fuel Cells
(DMFCs), and Direct Formic Acid Fuel Cells (DFAFCs) have been considered
promising candidates with high efficiency and high energy density. Generally, a
classical PEMFC is amalgamation of three main units, including cathode, anode
and electrolyte membrane [4] (Fig. 7), which takes use of the hydrogen fuel.
At the anode, H, molecules are oxidized into Ht cations, while at the cathode,
0O, molecules are reduced into O%~, which further react with Ht and form H,O

Fig.7 Schematic cross 4H™ +4e” +0, - 2H,0
section of a typical PEM % -

fuel cell. PEM fuel cells are
composed of anode, cathode
and membrane. At the anode,
H; molecules are oxidized
into HY cations, while at

the cathode, O, molecules
are reduced into O?~, which
further react with H* and
form H,O molecules [4].
Copyright 2007. Reproduced
with permission from
American Chemical Society
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molecules. This process is clean since the only chemical product is water. In other
words, fuel cells are promising alternatives for traditional energy forms such as
fossil fuels, which caused heavy air pollution and global climate change.

The components of PEMFC are exposed to a harsh environment consisting
of strong oxidizing atmosphere, liquid media, strongly acidic conditions, high
electrochemical potentials, reactive intermediate reaction products and high
electric current. Thus, many scientists have made great efforts to design a well-
developed fabrication to lower the negative effects. As shown in Fig. 7, the anode
and cathode each have an electrocatalyst layer and a gas diffusion layer to increase
the electron diffusion rate and energy transfer efficiency. Fuel cells are stacked
together to obtain a considerable voltage, with each cell providing 0.6-0.7 V.
Parallel to the bipolar electrodes are the GDLs, which contain two macroporous
substrate layer and a microporous layer, in order to direct gases to the catalyst
layer, providing an interconnected network of paths for liquid water to flow flu-
ently from outwards the electrode.

3.2 Membranes in Fuel Cells

In fuel cells, especially PEMFC, proton-conducting membranes account for one of
the most important part. There are usually several evaluation parameters to evalu-
ate the quality of PEM, mainly including the following: (1) excellent mechanical,
chemical and thermal properties; (2) fast proton transfer and good electrical con-
ductivity; (3) low methanol and gas permeability; (4) geometry stability without
swelling [8].

Primarily, various kinds of polymers were adopted and fabricated into
membrane-like products for fuel cells. It is revealed that the properties of
proton conducting polymer mainly depend on the degree of sulfonation and the
nano-phase separation. Commonly used electrolyte membranes are made of
perfluorosulfonated ionomers, although they possess high cost and conductivity
degradation. However, there are always contradicting problems to solve such as
how to keep a balance between proton conductivity and geometry stability [50].

DMEFC, which make use of methanol fuel, have special requirement for high
quality membrane to prevent methanol crossover effect. However, traditionally
selected perfluorosulfonic acid membranes, such as Nafion, are unable to effec-
tively prevent the methanol leaching from anode to cathode unit. This crossover
effect caused serious fuel waste and electrocatalyst poisoning, and eventually
resulted in dramatic performance degradation. Many research efforts have been
devoted to combine Nafion with multiple additives, including silica, polymers
such as Polypyrrole (PPy) and Polyaniline (PANI), polycarbon nanotubes and
functionalized GO. The modified Nafion membranes exhibited supreme properties
such as alleviated methanol permeability and maintenance of good proton conduc-
tivity. Among them, GO is unique due to profound functional groups, high thermal
and electrical conductivity as well as large surface area.
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GO with luxuriant oxygen containing functional groups, high surface area,
robust strength and remarkable resilience has long been considered to work as
nanofillers so as to enhance the proton transport, ionic conductivity, chemical sta-
bility and mechanical properties of PEMs. Besides, Nafion can be incorporated
with functionalized graphene in order to tailor the ionic structure and physical
properties. Choi et al. [51] have integrated Nafion with sulfonated GO, transport
properties of which were superior to those of pristine Nafion and GO-Nafion nano-
composites. The confined bound water resulted to enhanced properties including
high proton conductivity and low methanol crossover, for the purpose of high
performance fuel cells. While most studies utilized a similar mixing approach to
combine GO with the base polymer followed with the simple casting to obtain
membrane, Lin et al. [52] reported the fabrication of parallel-oriented GO paper
via vacuum filtration and subsequent adhesion of laminated Nafion 115 membrane
via transfer printing and hot-pressing, as shown in Fig. 8. The as-obtained dual-
layer laminate membrane took advantage of 2D GO paper as efficient methanol
barrier under high methanol feed concentrations. The thickness of GO paper in the
composite membrane was calculated to be 1.0 mm thick, according to scanning
electron microscopy (SEM) analysis. Compared with GO-PVA composite mem-
brane made by simple casting method, the dual layer GO-Nafion nanocomposites
possessed 70 % lower methanol penetration at a cost of 22 % decrease in proton
conductivity, revealing great potential as membranes for DMFCs. Layer by layer
(LbL) deposition technique is widely adopted to fabricate GO/PDDA onto Nafion
membranes to suppress the methanol crossover and enhance the strength [53]. To
decrease the methanol crossover effect of PEM membranes for direct methanol
fuel cells, LbL synthesis is adopted to fabricated PDDA-GO onto the surface of
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Fig. 8 Comparison of DMFC performances at § M methanol feed concentration by using Nafion
115 membrane and GO-laminated Nafion membrane [52]. Copyright 2013. Reproduced with per-
mission from Elsevier
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Nafion membranes. It is revealed that the bilayers formed a uniform and thin film
on Nafion®, and thus induced high methanol-blocking properties. The methanol
diffusion efficiency was oppressed to 67 % that of the pristine membrane [53].

Graphene/polymer nanocomposites have been explored as remarkable mem-
branes for fuel cells integrating both high proton and electron conductivity and
anti-methanol crossover properties. It is still challenging to blend pristine gra-
phene with polymer molecules and obtain atomically well-dispersed nanohybrid
because of its novel nature due to existence of aromatic structure. GO nanosheets,
decorated with plentitude of functional groups such as hydroxyl and carboxyl ones
and were speculated as effective intermediate to disperse polymer electrolytes. In
general, GO is advantageous in chemical compatibility with polymers over hydro-
phobic graphene. Besides, GO surface modification is easy to manipulate with
ionic or cationic functional groups. Following thermal treatment or reducing pro-
cess convert GO into RGO.

For instance, Ansari prepared GO-Nafion nanocomposites initially by suspen-
sion solution casting and then chemically reduced the membrane via hydrazine
to obtain G-Nafion nanocomposites. This two-step approach is critical to achieve
well-oriented structure where GO platelets were aligned parallel to the membrane
surface. While simple mixing of hydrophobic graphene with Nafion via solution
casting results in random distribution of graphene in matrix. GO are well accus-
tomed to the polymer matrix than graphene, as confirmed by XRD analysis. The
G-Nafion nanocomposites showed dramatic increase in electrical conductivity
compared with pure Nafion, due to the highly conductive reduced graphene [54].

Limitation of Nafion, sulfonated perfluoropolymers and flemion membranes
include limited operation temperature (0-80 °C) and high cost. And Nafion is
of little function under low humidity environment [55]. The decrease in proton
conductivity above 80 °C hinders the use of Nafion for large scale applications.
Alternatives to Nafion membrane aromatic polymers, such as PEEK, PBI, and
PSF, have received significant attention to meet the operating requirements for fuel
cell applications [56] GO nanosheets have also been investigated as contributors to
escalate the proton conductivity and methanol crossover resistance of these binary
and ternary systems.

Mishra reported that the addition of Sulfonated polyether ether ketone
(SPEEK) into Nafion will greatly improve the proton conductivity. The utility of
two dimensional GO could enhance the mechanical properties of the membrane to
a great extent [57]. Sulfonated Graphene Oxide (SGO) and Sulfonated Poly(ether
sulfone)(SPES) were formed into membrane nanocomposites via sonication and
solution casting, which possessed improved proton conductivity, ion exchange
capacity and mechanical strength because of the strong interaction between the
large surface area of SGO and the SPES. Nanocomposites containing 5 % SGO
was revealed with the best proton conductivity and large methanol crossover
resistance, as an ideal candidate for fuel cells and other high-temperature applica-
tions [58].

A set of SPES decorated with MNF moiety were synthesized polycondensa-
tion, Friedel-Crafts reaction, and sulfonation reaction, which held graphene-like
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structure. The SPES membrane showed excellent proton conductivity, as high as
that of Nafion 211®, which is suitable for fuel cell application [55].

Size effect of GO integrated into Sulfonated Polyimide (SPI) membrane on
performance enhancement of fuel cell membranes were revealed. GO nanosheets
ranging from 60 nm to 1 pwm were synthesized via modified Hummers method
by tuning graphite size, oxidation time, centrifugation and sonication time, which
were hybridized into SPI membrane to achieve well-defined microstructures and
well-connected proton transport channels owing to strong hydrogen bonding inter-
action. The properties mainly include proton conductivity, methanol permeabil-
ity and mechanical property were affected by size of GO nanosheets. It is worth
to note that the SPI-0.5 %-GO composite membrane with the smallest size GO
showed the best and outstanding fuel cell performance compared to that of pure
SPI and other SPI-GO composite membranes [50].

SPEEK-SGO nanocomposites as membrane electrolytes were prepared for
fuel cells. The proton transport channels within the polymer were interconnected
by SGO. The uniform distribution of GO within the polymer structure were con-
firmed by SEM, and functionalization between SGO and SPEEK was revealed by
FTIR analysis. The composite membrane showed excellent proton conductivity
(0.055 S cm~!)and fuel cell performance measured at 80 °C and 30 % RH, com-
pared with that of recast SPEEK [56].

Ye et al. [59] reported synthesis of graphene-PVA nanocomposites by a sim-
ple blending method. Graphene formed uniformly well-connected ionic channels
in the membrane and lead to enhanced ionic conductivity. 0.7 wt% addition of
graphene resulted in 126 % enhancement in ionic conductivity and 55 % reduc-
tion in methanol permeability, as shown in Fig. 9. Strong mechanical properties
were observed since graphene possess robust strength within PVA matrix because
of strong adhesion among matrix and graphene. The PVA/graphene membranes
were investigated in alkaline fuel cells, which showed 148 % increase of maxi-
mum power density in the fuel cell performance. It is believe that the addition of
graphene into fuel cell membranes could modify the transport kinetics.
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PEM used in specific environment such as under high temperature and
anhydrous media was investigated. It is reported that the introduction of
functionalized graphene oxide could large enhance the ion conductivity, thermal
and mechanical properties and wide applicability under harsh conditions.
Polydopamine-modified graphene oxide (DGO) sheets were incorporated into
SPEEK matrix to obtain anhydrous PEM. The DGO bore -NH; and -NH-groups
conjugated with the SPEEK acidic polymer to form acid-base-paired nanocom-
posite membranes. This interaction could act as long-range and low-energy barrier
pathways for proton hopping and imparted increased proton transfer. The intercon-
nected DGO nanofillers through electrostatic interaction could effectively adjusted
the thermal and mechanical behaviors of membrane, with only 2.5 % DGO rais-
ing the Young’s modulus and tensile strength up to 896.1 and 57.5 MPa. By using
the DGO-SPEEK membranes, the cell worked at up to 120 °C in anhydrous con-
ditions yielded a 47 % enhancement in maximum current density and a 38 %
increase in power density [60].

3.3 Cathode

At the cathode of fuel cells, electrocatalysts for ORR are core materials. There are
two common pathways for reduction of O: a direct four-electron transfer route,
where O is reduced to HyO or OH™ in an acidic or alkaline media; a two-electron
transfer pathway, where O, is partly reduced to HoO, or OOH™ in an acidic or
alkaline media. Empirically, cyclic voltammetry (CV) analysis is usually adopted
to examine the ORR pathways. Typically, a featured cathodic peak can be obvi-
ously identified in the presence of O, while no current shift is observed near the
same potential range under N, protection.

LSV measurements provide efficient characterization results about the catalytic
activity. The kinetic parameters including electron transfer number (1) were ana-
lyzed on the basis of K-L equations:

1 1 1

7 :E—FBiw]/z (1)

B = 0.2nFCo(Dg)*?(v)~1/® (2)

in which J is the measured current density, Jx is the kinetic-limiting current
density, w is the electrode rotating rate, n is the electron transfer number, F is
the Faraday constant (F = 96,485 C mol_l), Co is the bulk concentration of O
(Co=12 x 10~° mol cm™3), Dy is the diffusion coefficient of O; in 0.1 M KOH
(Do = 1.9 x 1073 cm? s~ 1), and v is the kinetic viscosity (v = 0.01 cm? s~!). The
constant 0.2 is adopted when the rotation rate is expressed in rpm.

Electrocatalysts are key material to build high quality fuel cell cathode and
anode. However, dominant high cost noble metal based catalysts, together with
tremendous oxygen crossover from anode to cathode are major obstacles for the
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commercialization of fuel cells. Polymer-graphene nanocomposites have been
explored as both cathode and anode electrocatalysts, owing to their low cost, rich
resources, excellent electron conductivity and remarkable electrochemical prop-
erties. In this section, graphene-polymer nanocomposites and derived nitrogen-
doped graphene applied as ORR electrocatalysts are summarized.

4 Graphene-Polymer Nanocomposites as ORR Catalysts

Polymer-functionalized graphene, especially nitrogen-containing polymer, have
been extensively investigated as promising metal-free electrocatalysts towards
ORR at the cathode in fuel cells and lithium air batteries. These metal free nano-
materials provided efficacious alternatives to supplant traditional Pt-based cata-
lysts badly interrupted with high cost, scarcity, and poor stability.

According to quantum mechanics calculation, the electron-accepting nitrogen
atoms imparted a high positive charge on adjacent carbon atoms via intramolecu-
lar charge transfer. The charge delocalization could induce readily attraction of O»
springing from anode, and convert the O, chemisorption from the common end-on
to a side-on mode, which effectively facilitate the ORR process [61, 62]. Many
research efforts have been made to pursue optimized carbon-based electrocatalysts
with appropriate and tunable nitrogen-carbon atomic interactions.

Wang et al. reported synthesis of PDDA-decorated graphene nanohybrids via
reduction of PDDA-GO mixture with NaBH4. PDDA acting as an electron accep-
tor to impart electrocatalytic activity for ORR. PDDA-G showed a superior onset
potential of 0.15 V (vs. SCE) compared with pristine graphene electrode (0.25 V),
and exhibited better fuel selectivity, anti-CO poisoning ability and good stability
compared to commercial Pt/C catalysts [63].

Sun immobilized graphitic carbon nitride (GCN) onto chemically converted
graphene (CCG) substrates by polymerizing melamine molecules adsorbed on gra-
phene under high temperature and obtained GCN-CCG nanocomposites, as shown
in Fig. 10. The addition of graphene largely increased the poor electric conduc-
tivity of GCN and endowed the nanocomposites with large specific surface area,
which consequently induced better electrocatalytic activity and stability for ORR
with Pt/CCG nanocomposites. GCN-CCG is considered to be a low cost, versatile
metal free electrocatalysts for fuel cells [64].

O-EDOT functionalized two dimensional graphene nanocomposites were syn-
thesized via a simple, one-step route combining reduction of GO to graphene and
oxidation of EDOT to O-EDOT. The polymer induced functional groups resid-
ing on planar graphene assisted to tailor the physical and chemical properties of
graphene. Compact interaction between the polymer and graphene contributed to
superior electrocatalytic activity for the reduction of oxygen and I*~ to I~ com-
pared with pristine graphene. In this case, the nanocomposites can be used as an
efficient cathode electrocatalyst for alkaline anion exchange membrane fuel cells
and dye-sensitized solar cells [65].
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Fig. 10 a CVs of GCN, G-GCN and G-Pt electrodes at a scan rate of 100 mV sand b RDE
voltammograms of GCN, CCG, G-GCN and G-Pt electrodes at a scan rate of 10 mV s~land
a rotation rate of 1,500 rpm in Os-saturated 0.1 mol L~'KOH solution [64]. Copyright 2010.
Reproduced with permission from Royal Society of Chemistry

Carbon nitride, especially g-C3Ny, is a type of well-developed synthetic poly-
mer, which can be synthesized via polymerization of cyanamide, dicyandiamide
or melamine. Featured with high N content, stable chemical structure and thermal
stability, g-C3N4 have long been considered as promising metal-free ORR electro-
catalyts [66-68].

Lyth et al. first examined ORR electrocatalytic properties of pristine g-C3N4 in
acidic medium, which exhibited higher onset potential (0.69 V vs. NHE) than car-
bon black (0.45 V). However, the current density of g-C3N4 was too low, probably
because of limited surface area, which greatly hindered potential applications of
2-C3Ny in fuel cells. Further investigation confirmed that blending carbon black
support with g-C3N4 could induce a considerable increase in current density as
well as onset potential to 0.76 V [69].

Many other studies proposed combination of g-C3N4 with conductive carbon
nanomaterials to improve the electron transfer rate and electrochemical properties
[70]. Among the common used carbon substrates, 2D graphene nanosheets with
excellent electron accumulation ability and high surface area have been revealed to
be an optimal choice to synthesize g-C3N4-carbon based nanocomposites [66, 71,
72]. Since g-C3N4 nanosheets had analogous planar organization with graphene,
they attached firmly with each other in the LbL mode, providing a superior trans-
port channel for electrons.

Sun et al. adopted a high temperature polymerization of melamine in the
presence of graphene to decorate g-C3N4 onto graphene nanosheets, and
obtained g-CsNa/graphene nanocomposites. The addition of graphene greatly
enhanced electrocatalytic activity and CO tolerance ability of g-C3Ny4 for ORR,
which approached that of 23 wt% Pt/graphene catalysts. They provided a prop-
osition that the catalytic mechanism of on g-C3N4/graphene resembled that of
other well developed metal-free ORR catalysts such as nitrogen doped carbon
nanotubes [64].
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Fig. 11 a RDE linear sweep voltammograms of G-CN80O in Os-saturated 0.1 M KOH
with various rotation rates at a scan rate of 5 mVs~!. b Koutecky—Levich plots of G-CN800
derived from RDE voltammograms in a at different electrode potentials [73]. Copyright 2011.
Reproduced with permission from John Wiley & Sons

Yang et al. developed a novel synthesis method to produce graphene-carbon
nitride nanosheets, as shown in Fig. 11. They employed GM-silica nanosheets
as hard templates, ethylenediamine and carbon tetrachloride as CN precursors.
Compared with pristine carbon nitride nanosheets without graphene, the obtained
G-CN nanosheets exhibited high activity and selectivity for 4¢ ORR pathway,
as well as long term durability. The excellent electrocatalytic performance were
attributed to high nitrogen content, large surface areas, thin thicknesses and
enhanced electrical conductivity. Besides, they revealed that the amount of pyri-
dinic N had an enormous effect on the catalytic activity [73].

In terms of nitrogen-carbon catalytic system, major ORR active sites depended
on the type and amount of nitrogen, which created net positive charge density on
the abut carbon atoms, especially those at quaternary sites at the graphene edges,
according to theoretical simulation results [71, 72, 74, 75].

MEFC is a typical energy conversion device to convert chemical energy stored in
organic wastes at places like municipal sludge and submarine sediment into elec-
tricity power. Similar to other types of fuel cells, cathode is of vital importance for
improving the electricity generation of MFCs [76]. Graphene-polymer conjugated
nanocomposites were thoroughly investigated as cathode electrode for rapid power
output of MFC, due to their remarkable electron transfer efficiency and fast oxy-
gen reduction rate.

PANI-GNS modified cathodes were fabricated via in situ polymerization of
aniline in well-dispersed GNS solutions. The PANI-GNS electrodes participated
as the cathode of MFCs to improve the electricity generation capacity and ORR
efficiency. The properties of modified cathode can be readily tuned by the mass
ratio of aniline and GNS in the precursor solution and optimized performance was
achieved at the ratio of 9:1. The addition of highly conductive GNS assisted PANI-
GNS electrode to outperform the PANI electrode with the highest output voltage
of 640 mV and maximum power density of 99 mW/m?, much higher than the
blank MFC [76].
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5 Nitrogen-Doped Graphene Derived from
Graphene-Polymer Nanocomposites as ORR Catalysts

Generally, only non-covalent interaction can be created between polymer and gra-
phene nanosheets. This kind of weak attraction mainly including static interaction
is unstable under harsh environment and prone to cause collapse of nanocompos-
ites. Ruoff et al. have employed PANI and PPy to dope nitrogen atoms into GO
substrates and achieve strong covalent interactions, as shown in Fig. 12. N content
of PANI/RGO and PPy/RGO after annealed at 850 °C maintained as high as 10 %,
due to high nitrogen percentage in these two polymers. By ranging the annealing
temperature from 550 to 1,000 °C, nitrogen state and total amount in the final prod-
ucts were readily tuned, resulting in variations in electrocatalytic properties. In this
sense, the generated N-graphene with controlled stoichiometry not only provided a
series of highly active catalysts, but also act as a suitable platform to investigate the
intrinsic relation between N dopant species and catalytic activity [77].

Up to date, many advanced synthesis protocols have been explored to synthesize
NG nanosheets, such as CVD [78, 79], solverthermal method [80], thermal anneal-
ing of nitrogen sources and graphene oxide [81, 82]. However, it remained an
enigma to clearly distinguish the effect of nitrogen states on the electrochemical
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Fig. 12 Schematic diagram for preparation of N doped graphene with different N states.
N-RG-O 550, 850, and 1,000 °C are prepared by annealing of G-O powder at temperatures of
550, 850 and 1,000 °C under a NH3 precursor. PANi/RG-O and Ppy/RG-O are prepared by
annealing of PANi/G-O and Ppy/G-O composites at 850 °C [77]. Copyright 2012. Reproduced
with permission from Royal Society of Chemistry
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properties. Our group have synthesized NG nanosheets with superior electrocata-
Iytic performance towards ORR [62], as shown in Fig. 13. By systematically inves-
tigating the roles of various nitrogen states in annealing derived NG, it is revealed
that the enhanced catalytic activity towards ORR are mainly due to the pyridinic
N or graphitic N, while some other factors (e.g., the graphitic degree) might to
some extent influence the results. Noteworthy, amino N with considerable stabil-
ity, has been proved to be critical in escalating electrocatalytic performance of
NG. Furthermore, the roles of pyridinic, pyrrolic and graphitic nitrogen states in
ORR were extensively studied via a simple annealing method via NG with tunable
nitrogen dopants, as shown in Fig. 14. Similarly, we demonstrated that phosphorus
dopants also contribute greatly to the increase in electrocatalytic performance in
phosphorus doped graphene [83].

Sun et al. have synthesized nitrogen-doped graphene via carbonization of a
mixture of PMF pre-polymer and GO under the assistance of F127 soft template.
The obtained G-PMF nanocomposites were composed of sandwich structures,
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Fig. 13 a CV curves of nitrogen-doped graphene in a Nj- and Oj-saturated 0.1 M KOH
solution; b LSV curves of CCG, Pt/C and nitrogen-doped graphene in an O-saturated 0.1 M
KOH solution at a rotation speed of 1,600 rpm; ¢ RDE curves of nitrogen-doped graphene in an
0s-saturated 0.1 M KOH solution with various rotation speeds at a scanning rate of 10 mV s~
Inset shows the K-L plots of J~! versus m~!/? at different electrode potentials derived from RDE
measurements; d current-time response of nitrogen-doped graphene and Pt/C at —0.28 V in an
Op-saturated 0.1 M KOH at a rotation speed of 1,600 rpm [62]. Copyright 2013. Reproduced
with permission from Elsevier
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graphene; the change of ¢ onset potential, electron transfer number and d current density at dif-
ferent potentials in nitrogen-doped graphene [62]. Copyright 2013. Reproduced with permission
from Elsevier

in which a graphene layer was covered by two PMF layers. G-PMFs possessed
large specific surface areas up to 630 m%/g, with good electrocatalytic activity and
robust stability for ORR. Furthermore, a Zn—air battery equipped with a G-PMF
anode showed similar capacity to that of the Zn—air cell with a commercial Pt/C
anode [84].

5.1 Anode

At the anode, continuous inflows of fuels are pumped across the electrocatalysts
to convert chemical energy of fuels into electricity. Various types of fuels such
as methanol, ethanol, and formic acid have been thoroughly explored as energy
resources for fuel cells. Dominant anode electrocatalysts for the oxidation of these
fuels are Pt and Pd based nanomaterials. MFC, environmentally benign and sus-
tainable energy devices that employ organic wastes as fuel sources, have aroused
great research efforts. Since MFCs depend on microbial metabolism rather than
electrocatalysts to trigger the energy conversion, graphene-polymer nanocom-
posites have found a good position acting as ideal supports for microbials. Due
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to their outstanding abilities to provide rapid extracellular electron transfer and to
keep microbials from aggregation, graphene-polymer substrates have been consid-
ered promising anode materials in MFCs.

Yong et al. [85] utilized 3D monolithic graphene/PANI anode for MFC for
the first time. Since the 3D graphene fabricated via CVD showed hydrophobic-
ity which hindered the bacteria loading, conducting PANI molecules were in situ
polymerized and decorated onto the graphene surface to achieve good biocom-
patibility. Due to the large specific surface area and the capability to form three
dimensional structure with bacterial biofilm, the 3D nanocomposites owned high
bacteria loading. Meanwhile, the interconnected highly conductive networks were
responsible for the fast extracellular electron transfer efficiency. As expected, the
3D graphene/PANI anode functioned MFC yielded higher power output (up to
768 mW/m?) than carbon cloth anode (158 mW/m?), as shown in Fig. 15. Besides,
another noteworthy merit is that the performance of 3D structures can be easily
boosted by simply raising the thickness. Thus, the 3D graphene/PANI nanocom-
posites showed promising potential in high-power large scale MFCs.
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Fig. 16 Synthesis of iron nitride-nitrogen doped graphene aerogel [48]. Copyright 2014. Repro-
duced with permission from John Wiley & Sons

3D graphene monoliths with high surface area and sufficient interconnected
channels have been proved to be promising templates to support metal nanocrys-
tals [46, 49, 86, 87]. Mullen et al. [87] reported hydrothermal synthesis of 3D
nitrogen doped graphene aerogel supported Fe3Os nanoparticles which were
highly efficient electrocatalyts for ORR. Our group have fabricated a novel iron
nitride decorated nitrogen doped graphene aerogel [48], as shown in Fig. 16. The
3D graphene framework greatly improved the surface area and electrocatalytic
performance for ORR, revealing an intimate synergistic interaction between iron
nitride and graphene.

Hou et al. [88] reported a facile protocol by electrochemically reduced gra-
phene oxide (ERGO) onto CC substrate and further coated PANI nanofibers. The
electrochemical synthesis was easily proceeded by cyclic voltammetry in PBS.
Graphene served as excellent substrate with high electrical conductivity and
large surface area, while PANI nanofibers provided efficient redox properties and
good biocompatibility. Thus the PANI/ERGO/CC nanocomposites owned several
advantages including fast charge transfer rate and high bacterial loading. The as-
obtained PANI/ERGO/CC nanocomposites worked well as microbial fuel cell
anodes, and a maximum power output of 1,390 mW/m? was generated, which tri-
pled the MFC made of CC anode.

Graphene and PEDOT conductive polymer were hybridized through galvano-
static electropolymerization and G/PEDOT nanocomposites were examined as
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anode for a MFC. The negatively charged bacteria and positively charged PEDOT
formed a dense biofilm. Compared with three similar anodes such as carbon
paper, graphene modified carbon paper, and PEDOT-modified carbon paper, the
G/PEDOT anode possessed lower resistance, good stability, high voltage output
and larger active surface area [89].

PPy/GO nanocomposites were immobilized onto the graphite felt (GF) sub-
strates by a facile electropolymerization method. The PPy/GO-modified anode
was cycled in MFCs and their power performance was tested. PPy/GO nanocom-
posites were produced to integrate good stability and high conductivity, and to
overcome the low stability of PPy polymer as well as poor adhesion of GO used
alone as anode in MFCs. Compared with PPy-GF, ERGO-GF and GF anodes,
the PPy/GO-GF anode generated the maximum cell potential (0.33 V), highest
short-circuit currents (7.53 A m~2), lowest ohmic resistance (1.30 €2) and charge
transfer resistance (2.6 €2). SEM analysis revealed that interfacial surface area
and improved adhesion of bacteria on the anode material might attribute to the
enhanced performance of PPy/GO-GF anode [90].

Khilari et al. reported a proton-exchange polymer membrane separator com-
posed of GO, PVA and STA. The nanocomposite membranes were investigated
as cathode materials in single-chambered MFC. The power density and Columbic
efficiency were monitored to evaluate the performance of PVA-STA-GO mem-
brane made sSMFC. GO concentration had an observable influence on the proton
conductivity and mechanical properties, as well as power output and Columbic
efficiency of SMFC. The addition of GO increased proton conductivity due to
wealthy ion-exchange groups (-COOH), and the interconnected ion transport
networks. Appropriate amount of GO additives will largely enhance the tensile
strength to 58.25 MPa at 0.9wt% GO loadings, because GO fillers firmly con-
tacted with the polymer matrix and generated interconnected structure. In sMFC
measurement, the 0.5 wt% GO-modified PVA-STA nanocomposite generated a
maximum power density of 1.9 W/m3, utmost voltage of 0.21 V, and weakened
oxygen permeability, compared with a Nafion 117 membrane. Meanwhile, GO
content should not be higher than 0.9 % which caused blocking effect in properties
and performance [37].

6 Graphene-Polymer Nanocomposites Supported Noble
Metal NPs as Electrocatalysts

Noble metalbased nanomaterials, especially Pt and Pd, are the dominant catalysts
for both ORR and fuel oxidation reaction in acid media. Theoretical results con-
firmed that, Pt owned unique electronic structure and d-band center which is ben-
efit for the fast growth of ORR. Pd, with approaching catalytic activity and lower
price compared with Pt, have also been considered as promising catalyst for both
cathode and anode of fuel cells. Meanwhile, Pd possessed better durability than Pt
in presence of methanol, indicating its potential of enhanced cycling performance.
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Both Pt and Pd are expensive catalysts, which raised the cost of fuel cells. To
lower the cost and further enhance the properties, PtIM (M = Fe [91, 92], Co [93,
94], Ni [95-97], Au [98, 99], Bi [100], Cu [94] ) and PAM (M = Co [101], Bi
[100, 102] ) alloy electrocatalysts have been developed. Besides the development
of noble metal catalysts, many research efforts were devoted to the advance of
non-precious catalysts. Plenty of transition metal nanomaterials such as transition
metal oxide and chalcogenide (Fe3O4 [86, 87], Co304 [103, 104], CozS4 [105],
Mn3O4 [106, 107]), and M/N/C structure [108—111] have been investigated as
electrocatalysts in alkaline media.

Recently, Hou’s group have reported a facile synthesis of FePc supported on
NG nanocomposites, denoted as FePc/NG [112]. Compared with pristine FePc,
mechanically mixed FePc-NG and Pt/C, the FePc/NG hybrid exhibited remarkable
catalytic activity and stability towards ORR, as shown in Fig. 17. The enhanced
performance is attributed to the tight contact between aromatic planes of graphene
and FePc.

CCG evolved from GO, with large surface area and abundant functional
groups, have been extensively investigated to support noble metal NPs. CCG/
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Fig. 17 a TEM image of FePc/nitrogen-doped graphene composite; b FTIR and ¢ Raman spec-
tra of FePc, nitrogen-doped graphene and FePc/nitrogen-doped graphene composite; d XPS sur-
vey spectra of nitrogen-doped graphene and FePc/nitrogen-doped graphene composite [112].
Copyright 2012. Reproduced with permission from American Chemical Society
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noble metal nanocomposites represent a new class of robust fuel cell electrocat-
alysts. Generally, chemical synthesis via reduction and decomposition of noble
metal salts in presence of CCG nanosheets were adopted. Noble metal NPs could
selectively anchor onto the two dimensional graphene layer, driven by strong elec-
trostatic attraction and low interface free energy. However, in most cases, noble
metal nanostructures tended to reside randomly on the graphene substrate rather
than evenly distributed. Meanwhile, it is difficult to control the size and shape of
noble metal NPs and prevent particle aggregations, just like the challenges we
faced in controlling the uniformity of graphene surface functional groups and
defects.

However, directly deposited noble metal NPs (such as Pt, Pd, and Au) and
alloys on GO substrates were not homogeneously distributed and the size distribu-
tion was too wide to produce excellent cathode and anode. Many efforts have been
made to develop facile and effective protocols to improve the even distribution and
uniformity of size, in order to guarantee the overall controlled performance of fuel
cells. Many researchers adopted polymer functionalized graphene as substrates to
deposit noble metal nanostructures because of several advantages. First, the nega-
tively charged GO conjugated with positively charged polymers such as PAMAM,
PDDA, PEI expose positive surface, which is suitable for anchoring of noble
metal NPs through reduction of negative metal salts. Second, the noble metal
NPs could be easily settled in polymer pore on graphene planar sheets [113, 114],
and resulted in small size and narrow size distribution. Third, the polymer could
partly reduce the GO through electrostatic reaction, and further improve the elec-
trical conductivity, chemical stability and mechanical properties. Fourth, polymer
molecules could effectively constrain the embedded metal NPs and prevents the
occurrence of aggregation, thus maintaining the high stability.

Polymers have greatly relieved the stress and provided a useful tool to improve
the quality of CCG/noble metal electrocatalysts for fuel cells [115]. The hydro-
philic polymer additives behaved well in several aspects, such as saving graphene
from stacking into precipitates, acting as intermediate linker between graphene
and noble metal NPs, as well as raising electrical transfer rates. Furthermore,
narrow size range and even distribution of noble metal NPs were achieved, since
some charged polymers, comparable to surfactants, closely contact with NPs
and stabilize the surface morphology. For instance, Guo et al. reported that could
effectively induce the formation of small Pt NPs (2.6 nm) dispersed on graphene.

Widely used polymers are classified into two major types, polyelectrolyte and
conducting polymer [116]. Both types have been investigated to functionalize gra-
phene and to manipulate the growth of metal NPs.

6.1 Graphene-Polyelectrocatalytic Nanocomposites

Polyelectrocatalyte has been illustrated to show great potential in producing
polymer/graphene substrates for noble metal catalysts, since it can induce large
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amount of surface charge density and fortify the electronic attraction with metal
salt precursors [117, 118]. As an example, PDDA is a widely used cationic poly-
electrolyte and could act as capping ligand to stabilize metal nanocrystals. As
revealed via XPS and PA-FTIR analysis, PDDA could adhere onto carbon nano-
tubes and graphene through m—m interaction and electrostatic attraction [119]. It
is confirmed that this unique PDDA-assisting synthesis guaranteed small sized
Pt NPs on graphene [120-122]. Qiu et al. reported that large amount of availa-
ble amine moieties on PDDA provided plenty of positively charged sites, which
readily captured negatively charged [PtClg]?>~ precursor and converted into tiny Pt
NPsupon reduction. In this study, Pt loading amount were ranged from 30 to 78
wt% by adjusting the mass ratio of PDDA-GO to H,PtClg precursor. It is note-
worthy that the average size of Pt NPs remained almost the same (4.6 nm) at
varying concentrations, as shown in Fig. 18. This synthesis method successfully
realized size control of Pt NPs on graphene under high loading density. Small size
and uniform distribution of Pt NPs endowed the electrocatalysts with large elec-
trochemical active surface area (ECSA) up to 141.6 m?%/g, which conveyed higher
utility and electrocatalytic activity of Pt atoms, compared with previously reported
Pt-based electrocatalysts. In consequence, Pt-PDDA/graphene nanocomposites
showed greatly enhanced catalytic activity and anti-CO poisoning ability for meth-
anol oxidation, and moreover also worked well for ORR [123].

Besides, Pt/PDDA-graphene nanocomposites were synthesized for catalysis of
methanol oxidation as anode materials for fuel cells. It is confirmed that Pt/PDDA-
graphene anode electrode possessed larger ECSA of 66 m?%/g than the pristine
Pt/graphene electrode of 55 m?/g. The role of PDDA is to assist the formation of
small Pt NPs (1.8 nm), and to provide a bridge between both negatively charged
GO and Pt precursor. Raman and SEM analysis confirmed the mono dispersed dis-
tribution of Pt/PDDA-graphene anode materials. The unique sandwich structure
also endowed excellent stability and durability against CO gas poisoning [124].

Huang el al. prepared a uniform aqueous solution containing PDDA,
Poly(sodium 4-styrenesulfonate) (PSS) and RGO. Then they employed a layer-
by-layer assembly method to fabricate [117] multilayer films. The film was fur-
ther adopted as novel substrates to electrodeposit Pt NPs. Cyclic voltammetry and
chronoamperometric analysis confirmed the high electrocatalytic activity of Pt/
{PDDA-GN/PSS-GN }n multilayer films for methanol oxidation [117].

Au/PDDA/graphene nanocomposites were prepared via similar method, with
highly uniform 4.1 nm Au NPs. PDDA acted as both a reducing agent and stabi-
lizer. The obtained hybrids showed high electrocatalytic performance in ascorbic
acid media [125]. Zhang et al. confirmed that PDDA acted not only as a stabiliz-
ing but also reducing agent in GO aqueous suspensions, as XPS results confirmed
obvious decline in oxygen content. Moreover, PDDA/graphene nanocomposites
loaded with Pt or Pd NPs were demonstrated to be promising electrocatalysts for
formic acid oxidation [126].

Similar synthesis methods were applied to deposit Pt(Pd)-based bimetallic
or trimetallic alloys. He et al. have deposited PtPd alloys with varying composi-
tions (Pd4Pt;, Pd3Pt;, Pd,Pt;, and PdPt;) under the reduction of ethylene glycol.
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Fig. 18 TEM images of Pt/graphene nanocomposites synthesized from precursors with different
mass ratios of PDDA-GO to HyPtClg: a 1:1, b 1:1.5, ¢ 1:2.5, d 1:3.5, e 1:6.0, and f 1:8.5 [123].
Copyright 2011. Reproduced with permission from American Chemical Society

These novel PtPd-based catalysts all demonstrated excellent ORR durability in
the presence of PDDA, confirming the critical role of PDDA in embedding and
stabilizing PtPd NPs [127]. PtAu NPs with an average diameter of 3.2 nm were
successfully blended onto PDDA-modified graphene via reduction of by NaBH4.
PDDA formed suitable templates for preparation of PtAu alloy NPs, and further
guaranteed the even distribution of PtAu NPs on graphene. After degradation test,
PtAu/graphene showed a current density of 0.120 A mg~!, much larger than that
of PtAu/CB (0.091 A mg_l) and commercial Pt/C (0.004 A mg_l). This result
revealed that PDDA/G substrates greatly contributed to the catalytic stability in
direct formic acid fuel cells [98].

6.2 Graphene-Conducting Polymer Nanocomposites

Numerous investigations have confirmed that conducting polymers are promis-
ing reinforcers to endow graphene with low resistance, high electrical conductiv-
ity, reversible doping/de-doping process, and excellent electrochemical stability.
In this sense, graphene-conducting polymer nanocomposites are also promis-
ing support for noble metal electrocatalysts. Mayavan et al. demonstrated that Pt
NPs on poly(sodium styrene sulfonate)-functionalized graphene showed better
catalytic activity and durability for methanol oxidation, compared with Pt NPs
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directly supported on pristine graphene [128]. Huang et al. have deposited Pt NPs
onto PANI-modified GNP using an aqueous solution blending approach. The as
obtained Pt/PANI/GNP composite exhibited remarkable electrocatalytic activ-
ity, nearly two times that of Pt/GNP catalysts. Uniform size (4—5 nm) of Pt NPs
and the noncovalent interaction between PANI and GNP are the main reasons
for the outstanding performance [129]. Zhao et al. reported synthesis of Pd/PPy-
graphene nanocomposites. In this method, PPy-graphene nanosheets were first
fabricated via reduction and in situ polymerization process. Then the as-obtained
carbon supports were employed to grow uniformly distributed Pd NPs. Compared
with Pd/C and Pd/graphene, the Pd/PPy-graphene showed remarkable electro-
catalytic activity and durability for methanol oxidation. This enhancement in per-
formance might be that w-bonded graphene surface strongly conjugated with the
pyrrole ring, which endowed the nanocomposites with high electron transfer and
conductivity. Meanwhile, smaller size and better dispersion of Pd contributed to
higher utilization of Pd atoms, increased the anti-CO poisoning ability. The for-
ward peak current density of the three catalysts were in the order of Pd/PPy—
graphene > Pd/graphene > Pd/Vulcan, indicating that Pd/PPy-graphene is a more
promising catalyst for methanol oxidation [130]. Zong et al. decorated the Pt NPs
onto PPy-graphene nanosupport through in situ synthetic method. Interaction
between graphene and PPy interface attribute to the modification of the m—m con-
jugation and the electron density structure of the nanocomposites, and further
enhanced the physical and chemical properties. The Pt/PPy-graphene electrocata-
lysts showed enhanced activity towards methanol oxidation reaction and stronger
anti-CO,q, oxidation of PPy molecules [131].

PAIn polymer was electropolymerized on graphene decorated GC electrode and
further electrodeposited Pt NPs to obtain Pt/PAIn/G/GC electrode for methanol
oxidation in alkaline medium. PAIn could modify the surface of GE and provide
large amount of anchoring sites for Pt NPs to achieve homogeneous distribution.
After 300 cycles of stability test, the PAIn/G/GC electrode showed only 33 % cur-
rent degradation, superior than that of PAIn/GC electrode (56 %). Since the struc-
ture of 5-Aminoindole(Aln) is similar to both aniline and pyrrole, this conducting
polymer also played a part in the surface functionality of graphene. The unique
properties of GE such as large surface area, excellent electrical conductivity and
fast electron transfer rate attributed to the enhanced electrochemical activity for
methanol electrooxidation in alkaline medium [132].

ERGO nanosheets were blended with PEDOT, and then act as high quality sup-
ports to deposit Pt NPs. As electrocatalysts for ethanol oxidation, the prepared
Pt-PEDOT/ERGO nanocomposites exhibited remarkable peak current density (up
to 390 A g~!), long-term stability and robust anti-poisoning ability, compared with
commercial JM Pt/C (20 %). Since PEDOT exhibited remarkably high electrical
conductivity and excellent stability, among various conducting polymers, the com-
bination of PEDOT and graphene greatly buttressed ionic transport and cyclic sta-
bility. These features together with well dispersion of Pt NPs resulted in the high
ECSA of Pt (47.1 m?/g). Thus, PEDOT/ERGO was a promising support for noble
metal catalysts [133].
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Moreover, the catalytic activity of Pt/PAIn/GE/GC electrode was compared
with Pt/GC and Pt/PAIn/GC electrode. The electronic interaction between Pt and
polymer matrixes induced well dispersed Pt NPs onto the PAIn/GE substrate
and assisted the fast electron transfer between Pt and polymer and consequently
resulted in enhanced methanol oxidation catalytic activity [132]. Shi et al. utilized
graphene to catalyze the electrochemical polymerization of pyrogallol to achieve
poly(pyrogallol) (PPG)/graphene composite. The composite rich in oxygen-
containing functional groups served as a supreme platform to control the well
dispersion of Pt NPs. According to cyclic voltammetry and chronoamperometry
techniques, the order of anodic peak current density and anti-CO poisoning stabil-
ity of three catalysts was as follows: Pt/PPG/RGO>Pt/PPG > Pt [134].

Guo etl al. developed a wet-chemical synthesis of well-controlled three-dimen-
sional Pt-on-Pd bimetallic nanodendrites decorated on PVP-functionalized gra-
phene substrates. This novel method involved three major steps. PVP-graphene
was at first reduced by hydrazine and then decorated with Pd nanocrystals. Porous
Pt-on-Pd nanodendrites well dispersed on PVP-G were finally obtained via
decomposition of Pt precursor using ascorbic acid as reducing agent. The elec-
trochemical results indicate that the Pt-on-Pd nanodendrites-PVP-graphene nano-
composites exhibited much better electrocatalytic activity for methanol oxidation
reaction than PB and commercial E-TEK Pt/C catalysts, as shown in Fig. 19 [135].

Zhang et al. reported a versatile and environmentally benign aqueous solution
synthesis to produce Au-PAA/graphene nanocomposites. PAA was used to reduce
and stabilize Au NPs. The hybrid film exhibited excellent electrocatalytic activity
towards reduction of both O, and H»O», indicating promising potential applica-
tion in fuel cells [136]. Nitrogen and other heteroatom doped graphene nanosheets
were revealed to possess high catalytic activity towards ORR due to their two
dimensionality and high conductivity. Blending graphene nanosheets with nitro-
gen-containing polymers to form G/P nanocomposites will shed light on develop-
ing advanced catalysts of more distinct physical and chemical properties.

It is reported that in methanol oxidation reaction, the best substrate for Pt col-
loidal NPs is sulfonated graphene rather than other carbon derivatives such as
carbon black and graphene. And PVA exhibit much higher activity as the anionic
conductive polymer rather than Nafion [137].

PBI-modified graphene nanosheets were produced via PBI assisted graph-
ite exfoliation via sonication process, without excessive oxidative sites on gra-
phene, which acted as well defined substrates to homogeneously deposit Pt NPs
to obtain Pt-PBI-G electrocatalysts. The surface area of prepared electrocatalysts
maintained almost the same even after 2,000 cycles of cyclic voltammogram tests,
which confirmed the exhibited excellent electrochemical durability, superior than
the conventional Pt/C catalyst. The presence of PBI molecules over the surface of
graphene were of vital importance for the homogeneous distribution of Pt nano-
particles on the 2D substrates and prevented aggregation of particles during the
catalytic process [138].

Pd and PdCo alloy NPs supported on polypropylenimine dendrimere grafted
graphene (Pd and PdCo/PPIl-g-G) were prepared, which exhibited excellent
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Fig. 19 a TEM of three-dimensional (3D) Pt-on-Pd bimetallic nanodendrites supportedon graphene
nanosheets. b Cyclic voltammogram of PB (trace a), E-TEK catalyst (trace b), and TP-BNGN
(trace c) [135]. Copyright 2009. Reproduced with permission from American Chemical Society

performances for formic acid electro-oxidation. This enhancement in catalytic
activity may be attributed to well dispersed metallic NPs with a lower particle
size achieved with the PPI-G supported materials [139]. B-cyclodextrin polymer
(CDP)-functionalized carbon nanomaterials (including fullerenes, single-walled
carbon nanotubes, multi-walled carbon nanotubes, and graphene sheets) were pro-
duced via a one-step synthesis. Noncovalent interaction between carbon and CDP
polymer endowed these nanocomposites good solubility and stability in water.
Further conjugation of PATP onto CDP produced PATP-CDP-MWCNTSs, which
acted as ideal support for heterogeneous distribution of noble metal NPs such as
Au and Pt for catalysis of methanol oxidation in direct methanol fuel cells [140].
Tonic liquid, a highly conductive type of polymer, can be also integrated into the
graphene system to form graphene-polymer nanocomposites. GO nanosheets func-
tionalized by 1-butyl-3-methylimidazolium (BMI), denoted as BMI-GONSs, were
prepared by a simple electrochemical method. Pt NPs were easily assembled onto
the ordered sandwich structure and formed novel BMI-GONSs/Pt nanohybrid, which
exhibited excellent catalytic activity towards methanol oxidation with current density
of 41.8 mA mg? and activity retention of 78.9 % after 1,000 cycles at 50 mV s~
The in-between BMI ionic liquid molecules provided high electron transfer and
enhanced the close interaction between GONs and Pt. The anti-CO poisoning ability
(the ratio of I¢/Iy equals 1.97) of the nanohybrids was improved in this manner [141].

7 Conclusions

Graphene-polymer nanocomposites which possessed excellent electrical con-
ductivity, exceptional mechanical properties, abundant surface functional-
ity, and outstanding electrochemical properties have been investigated as
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promising candidates to build the ideal fuel cells. GO nanosheets synthesized via
liquid phase synthesis are feasible and easy to manipulate in various solvents,
prone to form molecule interactions and well dispersions in polymer. Commonly
used synthesis methods of graphene-polymer nanocomposites included solution
mixing, melt blending, and in situ polymerization. Since the uniformity and qual-
ity of graphene-polymer nanocomposites are responsible for their mechanical and
electrochemical properties, selecting the supreme synthesis protocols becomes
extremely important, which results in homogeneous dispersion and strong adhe-
sion among graphene and polymeric matric. Integrating graphene with sulfonated
polymers such as Nafion can largely enhance the proton conductivity and prohibit
the methanol crossover effect, providing robust and reliable long-term perfor-
mance of fuel cells, especially PEMFC and DMFC. Graphene-polymer nanohy-
brids decorated with microbial have been applied as MFC anode, taking advantage
of both their electrochemical properties and biocompatibility. Nitrogen containing
polymer and graphene can form covalent interaction between N—C atoms, gener-
ating ideal N—C active sites for ORR activity. Carbon nitride and other polymers
with high nitrogen content have been investigated as apropos sources to dope
nitrogen into graphene. Moreover, graphene-polymer nanocomposites have been
extensively probed as feasible substrates to support noble metal NPs such as Pt,
Pd, Au and their alloys. The composite substrate with tunable functional groups
and superior electrochemical properties not only provide effective platforms to
guarantee uniformity and small size of grown metal NPs, but also buttressed rapid
electron transfer and longevity of both cathode and anode of fuel cells. Therefore,
large-scale synthesis of high-quality graphene at low cost is required. Commonly
used techniques, which take use of either exfoliation or deposition principles,
require precise control of reaction parameters. Moreover, yet the productivity of
well-developed graphene nanosheets cannot be guaranteed. In addition pristine
graphene nanosheets have been proved to be highly conductive and well-dispersed
structures, the CCG nanosheets, which are commonly used as substrates for the
fabrication of graphene/polymer nanocomposites, have comparatively low con-
ductivities owing to the structural defects. Thus, the majority of graphene/polymer
nanocomposites are salvaged with low electric current in use. Finally, the stabil-
ity characteristics for long-term use of these nanocomposites membranes have not
been fully understood or evaluated. Although some recent samples reported inves-
tigations on this topic, more focused efforts are urgently required.

However, there are still some knots related to the graphene-polymer nano-
composites are waiting to be unraveled as following: (1) synthesis methods of
graphene-polymer nanocomposites are still limited, difficult to provide enough
choices to meet the numerous requirements for structures and properties; (2) it is
challenging to assure the ideal molecule and electron structure of graphene-poly-
mer composites which determined the electrocatalytic activity and chemical sta-
bility; (3) practical applications of graphene-nanocomposites in commercialized
fuel cell still keep in stasis, demanding standard evaluation system for membranes,
anode and cathode materials. Great research efforts are essential and imperative to
advance the application of graphene-polymer nanocomposites in fuel cells. This
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chapter is dedicated to provide a summary of current progress, to inspire appropri-
ate solutions to break the obstacles, and to pave the way for commercialization of
graphene-polymer nanocomposites and fuel cells. The better interaction between
graphene and polymer to build continues and faster conductive path is highly
desired along with stable performance for long cyclic life of fuel cell.
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Graphene Nanocomposites
in Optoelectronics

Yuye Zhang, Zhixin Zhou, Jianhai Wang, Songqin Liu
and Yuanjian Zhang

Abstract As a kind of emerging two-dimensional (2D) materials, graphene has
attracted worldwide attentions both in fundamental studies and practical applica-
tions across many fields such as physics, chemistry, materials and electronics. Here,
we will survey the recent advances in optoelectronics properties of graphene and
graphene nanocomposites, as well as their potential applications. Moreover, the
chemistry, the preparation techniques, and the structure—property relationships of
the graphene nanocomposites would be highlighted.

Keywords Graphene < Chemical functionalization * Optoelectronics - Structure-
property relationships

1 Introduction

As the most significant component of diverse compounds and the fundamental ele-
ment of the building blocks for organisms, the chemistry of carbon has charmed
researchers for generations. The electron surrounding carbon atom enables the
formation of C—C covalent bond, thereby developing thousands of molecules. There
are several allotropes of carbon, for instance, diamond, graphite and amorphous
carbon. Different bonding between carbon atoms brings huge variation of the
allotropes. For example, diamond is the hardest material found naturally on earth
while graphite is soft enough to act as a lubricant for machines running under high
temperature.
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Fullerene and carbon nanotube, the carbon allotropes which were found in
1985 [1] and 1991 [2] respectively, exhibit interesting properties due to the zero-
dimensional (0D) or one-dimensional (1D) structures. The 2D carbon allotrope was
not identified until 2004, when Andre Geim and Konstantin Novoselov produced
the single-layer graphene by mechanical exfoliation [3]. Before that, strictly 2D
crystals were considered unstable from both theoretical and experimental perspec-
tive [4-6]. And researchers had made some efforts to prepare thin films of graphite,
but the result was not satisfied. Therefore, the discovery of graphene and its unique
properties attract tremendous attention in the following years.

The distinguished features of graphene make it promising in many fields. For
instance, owing to the excellent electrical properties, graphene is expected to be
faster and more energy efficient than silicon when applied in transistors. This is
pretty welcomed in the post silicon era. However, the actual application of gra-
phene in electronics is hampered by the lacking of a band gap, although some
methods were developed for the opening of a band gap [7-9]. In this sense, there
is still a long way for graphene in replacing silicon in electronics.

Nevertheless, graphene has emerged in applications ranging from utilizing
its optical properties and the electrical properties so far. For instance, the atomic
thickness of graphene makes it a practically transparent material. Together with
the outstanding electrical properties, graphene is deemed a promising candidate
for optoelectronics, such as transparent conductors. Superior to the conventional
transparent conductors such as indium tin oxide (ITO), graphene is flexible, inex-
pensive and more abundant, thus supposed to be the next generation of transparent
conductor (Scheme 1la). In addition, due to facile structural manipulation, gra-
phene nanoribbon or some graphene derivatives are photoactive and themselves
can be used as photoluminescent probes in bioanalysis or major light absorption
components in optoelectronic devices such as light-emitting diodes (LEDs) and
transistors (Scheme 1b). Moreover, graphene is a kind of m-conjugated material.
It may be used as an electron accepter, and capable of quenching other fluorescent
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Scheme 1 General principle and charge-transfer pathway for graphene in optoelectronics.
a Graphene as a transparent charge collector for poly(3-hexylthiophene) (P3HT)/[6,6]—phenyl
Cg1-butyric acid methyl ester (PCBM) donor/acceptor system, b graphene quantum dots (GQDs)
as photoactive component to generate free electrons and holes, and ¢ graphene as an electron
acceptor in resonance energy transfer process
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materials upon a proper resonance energy transfer, which is quite promising for
optical devices in visualized biosensing (Scheme 1c). Besides, but not less impor-
tant, based on the same proof-of-the-concept, graphene-based nanocomposites
also show some successful applications in the sister field of optoelectronics such
as photoelectric conversion and photocatalysis.

In recent years, researchers have seen remarkable electronic and optical proper-
ties of graphene, and many excellent studies were carried out on graphene, ranging
from the methods for graphene growth, modification, and transfer, to the possible
photonics and optoelectronics applications [10, 11]. Notably, many investigations
were devoted to revealing the structure—property relationships of the graphene-based
nanocomposites, and a wide variety of sophisticated methods has been developed
to prepare them in a chemical way. Therefore, in this chapter, the fundamental
optical and electric properties of graphene and its derivatives, the relevant emerging
applications and the structure—property relationships of graphene nanocomposites,
and the chemistry that was involved for preparing graphene-based materials would
be discussed.

2 Transparent Conductors with Graphene
and Graphene Nanocomposites

Transparent conductors are widely used in solar cells, displays, LEDs and etc.
High optical transparency and electrical conductivity are the two most significant
features of transparent conductors. Nowadays, the industry standards of transpar-
ent conductors are ITO and stannic oxide (SnO,) due to the satisfied electrical and
optical properties as well as the ease of fabrication. However, these materials
suffered from some shortcomings such as the conductivity losses upon bending
[12], which hamper the application in flexible devices. In addition, the resource of
indium is depletable and the production cost of ITO increases continuously. These
drawbacks push forward the search of alternatives to ITO.

As an allotrope of carbon, carbon nanotube was investigated as transparent con-
ductor for various applications [13—15]. Besides carbon nanotube, graphene is also
considered a potential candidate of transparent conductors. High optical transparency
and carrier mobility of graphene meet the basic requirements of transparent conduc-
tors. It is worth noting that graphene is stretchable, which enable the fabrication of
flexible devices. This is rather competitive in contrast with conventional transparent
conductors. In addition, other merits such as thermal stability and abundant sources
also make it a research hotspot of the next generation transparent conductors.

The high optical transparency of graphene in visible spectrum can be attrib-
uted to its atomical thickness nature. From atomic force microscopy (AFM) stud-
ies, single layer graphene (SLG) sheet possesses a height of 0.34—1.2 nm [16].
Meanwhile, the transmittance of SLG (97.1 %) is observed by UV-visible spectra.
For bilayer graphene, it shows a transmittance of 94.3 % at the same wavelength
of 550 nm [17].
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2.1 Liquid Exfoliated Graphene from Graphite

Direct liquid-phase exfoliation of graphite is a feasible approach to produce gra-
phene of high-quality in large scale. Due to the unique structure of graphene, only
a few solvents, e.g. N-methyl-2-pyrrolidone (NMP) and N,N-dimethylacetamide
(DMA), can be applied to disperse graphene [18-20]. It was revealed that the opti-
mal solvents should have surface tension of ca. 40-50 mJ m~2 which matches the
surface energy of graphite [18]. Although the exfoliation efficiency is relatively
low (~0.01 mg mL~!), graphene prepared from this method retains the original
electronic properties owning to the absence of defects.

Blake et al. [21] reported that liquid-phase exfoliated graphene could be used to
fabricate transparent electrodes for liquid crystal devices which showed excellent
performance such as a high contrast ratio. They prepared graphene suspension by
sonicating natural graphite in dimethyl formamide (DMF) and then centrifuging
to remove thick flakes. The remaining suspension consisted of high concentration
of SLG [up to 50 %, see transmission electron microscope (TEM) and electron
diffraction pattern in Fig. la]. After depositing onto a glass substrate by spray-
coating and annealed subsequently, a thin film of 4-5 layer of graphene was pre-
pared. The scanning electron microscopy (SEM) image in Fig. 1b illustrated that
the as-prepared graphene film consisted of overlapping individual graphene and
few-layer graphene (FLG) flakes. The transparency of these graphitic layers was

Fig. 1 a TEM image and electron diffraction pattern of a graphene flake obtained by the
chemical exfoliation. b SEM of a thin graphitic film on the glass substrate obtained by spray-
coating and annealing. Inset the enlarged image. ¢ Light transmission through an original glass
slide (left) and the one covered with the graphitic film (right). d Temperature dependence of the
film’s sheet resistance. Inset the same data but for the low temperature interval. Blake et al. [21]
Copyright 2008. Reproduced with permission from American Chemical Society
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approximately 90 % (Fig. 1c). The four-probe resistance was further measured as
a function of temperature (Fig. 1d). It was found that the room temperature sheet
resistance was of the order of 5 k2. Considering the high transparency, the film
was already acceptable for some optoelectronic devices, such as liquid crystals.

Except for direct exfoliation of graphite in organic solvents, another method for
the preparation of graphene is to disperse graphite in water-surfactant solutions
[22]. Since the surface energy of water is too high for the exfoliation, surfactants
were utilized to adjust the surface energy so as to disperse graphene. For instance, with
the aid of sodium dodecylbenzenesulfonate (SDBS), graphene can be suspended in
water stably by Coulomb repulsion, which enabled the fabrication of conductive films
by vacuum filtration [22].

As the preliminary study of graphene as transparent conductors, the perfor-
mance of films prepared from liquid exfoliated graphene remains to be improved.
The sheet resistance of films is still too high, and most of the solvents used during
the process are not environment friendly. However, these pioneering works paved
the potential applications of graphene as transparent conductors in many devices.

2.2 Graphene Oxide (GO)

The mass production is essential to the application of graphene in transparent con-
ductor field. However, for the liquid-phase exfoliation strategy, the concentration
of graphene dispersion is very low (~0.01 mg mL~!) even after days of sonica-
tion, thus not practical for large scale applications. For this, a feasible alternative
approach is to synthesize GO (see proposed molecular structure in Fig. 2a) [23]
from graphite and then reduce it to restore the electrical conductivity subsequently.
The oxidation can be easily reached by several methods including Brodie method
[24], Staudenmaier method [25] and Hummers method [26]. Among them, the
Hummers method is most widely used to oxidize graphite to graphite oxide in a
large scale by using concentrated sulfuric acids and highly oxidizing agents [26].
After that, graphite oxide could be exfoliated to obtain single layer or few lay-
ered GO sheets. Li et al. [27] proposed that due to the existing of large amount of
oxygen-containing groups, GO could be further dispersed in water solution easily
through electrostatic stabilization (Fig. 2b). Notably, such dispersion did not need
any polymeric or surfactant stabilizers. Furthermore, water is a non-toxic solvent
with lower boiling point, much greener than commonly used organic solvents for
dispersing pristine graphene. Thus, it offered a low-cost solution processing tech-
nique to prepare graphene materials in large scale. As a result, it was demonstrated
that a 10-pwm-thick chemically converted graphene paper that exhibited a shiny
metallic lustre could be prepared by vacuum filtration of chemically converted gra-
phene dispersion through an alumina membrane [27].

The water-soluble GO enable the further processing which require sample in
liquid phase, for instance, spin coating and dip coating. For instance, Wang et al.
[28] reported that exfoliated GO was used to fabricate ultrathin graphene films
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(a)

(b)

Fig. 2 a The proposed molecular structural of GO. b Scheme of the chemical route to the syn-
thesis of aqueous graphene dispersions from GO. / Oxidation of graphite to graphite oxide; 2
exfoliation of graphite oxide in water by sonication to obtain GO colloids that are stabilized
by electrostatic repulsion; 3 controlled conversion of GO to reduced graphene oxide (rGO) by
hydrazine reduction. Gao et al. [23] Copyright 2009. Reproduced with permission from Nature.
Li et al. [27] Copyright 2008. Reproduced with permission from Nature

by dip coating and a subsequent thermal reduction. The as-obtained films showed
a high conductivity (550 S/cm) and transparency (70 % between the wavelengths
of 1,000-3,000 nm). In another interesting work, Langmuir-Blodgett (LB) tech-
nique was exampled to assemble GO single layers [29]. It was found that GO
single layers could float on a water surface because of the electrostatic repulsion.
Thus, the SLG films without overlapping during compression were successfully
prepared on hydrophilic substrates.

Spin coating is also widely used to fabricate uniform thin films with control-
lable thicknesses [30, 31]. GO films on quartz by spin coating were reported by
Becerril et al. [32]. The sheet resistance and optical transparency were measured
to evaluate the efficiencies of different reduction treatments, including chemical
and thermal reductive treatments. Their results showed that in comparison with
chemical reduction using hydrazine a thermal graphitization procedure at high
temperature was the most effective procedure to produce films with sheet resist-
ances as low as 10>-10° Q/[] (ohms per square) with 80 % transmittance at
550 nm (Fig. 3).

rGO was also reported as the precursor of flexible graphene films [33]. For
instance, during the reduction process, pyrenebutyric acid and NaOH were added
to stabilize the rGO through the strong t—7 interactions between 1-pyrenebutyrate
(PB7) and basal plane of graphene sheets. The resulting PB™-rGO can be stably
dispersed in water and the suspension was used to prepare flexible PB™-rGO films
with layered structures by filtration.
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Fig. 3 Optical and electrical characterization of spin-coated GO films on quartz. a Photograph
of an unreduced (leftmost) and a series of high-temperature reduced GO films of increasing
thickness. Black scale bar is 1 cm. b Optical transmittance spectra of the films in (a) with the
film thickness indicated. ¢ Comparison of the dependence of sheet resistance versus optical trans-
mittance to 550 nm light for films reduced using chemical reduction or high temperature gra-
phitization. d Film conductivity versus % transmittance for films shown in (c¢). Becerril et al. [32]
Copyright 2008. Reproduced with permission from American Chemical Society

2.3 Chemical Vapor Deposition (CVD)
Synthesized Graphene

CVD is another promising method for synthesizing large area defect-free graphene
[34-36], which is preferable in the fabrication of transparent conductor. This
method is usually carried out in a tubular furnace, selected substrate is exposed to
carbon-containing volatile precursors (e.g. CHy), which decompose and deposit on
the substrate surface at high temperature condition.

Graphene synthesized by CVD was firstly deposited on nickel substrates [37].
CH4 mixed with H and Ar in particular proportion was used as the reaction gas
and react on the substrate surface at 1,000 °C. After the substrate was cooled down
to room temperature rapidly, two methods can be applied to transfer the graphene
films to other stretchable substrates, either by etching the nickel substrate or using
the polydimethylsiloxane (PDMS) stamp. The resulting graphene films showed a
low sheet resistance of 280 2/[] at ~80 % optical transparency.

Li et al. reported that copper foil was another fine substrate for the preparation of
graphene by CVD [35]. Unlike the nickel substrate, graphene grown on copper foils
were predominantly of single-layer. This might be due to the low solubility of car-
bon atoms in copper, which appeared to make the growth process self-limiting. An
improved transfer process of graphene on Cu foils using polymethyl-methacrylate
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(PMMA) was reported by the same group [38]. By this method, fewer cracks were
introduced into the graphene films to show better devices performance.

Since the Cu foils are flexible and easy to roll up in limited space, preparing
graphene of ultra large scale by CVD in tubular furnace is possible. Bae et al.
demonstrated that monolayer 30-inch graphene films were synthesized onto rolled
copper foils in an 8-inch-wide tubular quartz reactor, and could be transferred by
roll-to-roll method (see detailed synthesis procedures in Fig. 4) [39]. The mon-
olayer graphene films showed sheet resistances as low as ~125 Q/[] with 97.4 %
optical transmittance. Further using layer-by-layer stacking technique and p-type
doping with nitric acid (HNO3), the sheet resistances of the as-prepared four-layer
film would decrease to ~30 2/[] with optical transparency of ~90 %. These data
had been already superior to commercial ITO. The proof-of-the-concept appli-
cation of such transparent conductive film was exampled as a fully functional
touch-screen panel device capable of withstanding high strain. The future com-
mercialization of large scale transparent electrodes replacing ITO by this method
still needs detailed investigation.

2.4 Graphene Based Hybrid Materials

As an emerging material with excellent properties, graphene can be hybrid with
plenty of other materials for additional interesting performance [40-44]. The first
example of a transparent and electrically conductive ceramic composite of gra-
phene-based sheets was reported in 2007 by Watcharotone et al. [40]. Transparent
and electrically conductive composite silica films were fabricated on glass and
hydrophilic SiOy/silicon substrates by incorporation of individual GO sheets into
silica sols followed by spin-coating, chemical reduction, and thermal curing.

Since carbon nanotubes is another promising candidate for transparent conduc-
tors, nanocomposite comprised of carbon nanotubes and chemically converted
graphene was prepared and deposited onto a variety of substrates by spin-coating
[41]. A resistance as low as 240 Q/[] was observed at 86 % transmittance from
the resulting films after doping. Yan et al. [45] reported that carbon nanotubes
could be used to reinforce graphene through both w—mn stacking domains and cova-
lent bonding. The synthesized graphene sheets showed improved sheet resistance
at higher transparency as compared to general polycrystalline CVD graphene.
This made it a promising candidate for flexible all-carbon transparent electrode.
Electroluminescent structures were also fabricated from transparent electrodes
based on graphene nanoplatelets and carbon nanotubes by spray-coating [46].
Compared to ITO based structures, the graphene based structures exhibited higher
mechanical endurance in periodical mechanical stress test and better performance
during accelerated aging process.

Khrapach et al. [42] reported that ferric chloride could improve the electri-
cal conductivity of FLG. This can be reached by intercalating FLG with ferric
chloride. Transparent conductors from this material showed a sheet resistance
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Fig. 4 Photographs of the roll-based production of graphene films. a Copper foil wrapping
around a 7.5-in. quartz tube to be inserted into an 8-in. quartz reactor. The lower image shows the
stage in which the copper foil reacts with CH4 and Hj gases at high temperatures. b Roll-to-roll
transfer of graphene films from a thermal release tape to a PET film at 120 °C. ¢ A transparent
ultra large-area graphene film transferred on a 35-in. PET sheet. d Screen printing process of
silver paste electrodes on graphene/PET film. The inset shows 3.1-in. graphene/PET panels pat-
terned with silver electrodes before assembly. e An assembled graphene/PET touch panel show-
ing outstanding flexibility. f A graphene-based touch-screen panel connected to a computer with
control software. Bae et al. [39] Copyright 2010. Reproduced with permission from Nature
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of 8.8 Q/[] at transmittance of 84 %, which outperformed the best values of ITO
and other carbon-based materials, and a carrier density as high as 8.9 x 104 cm=2
with a room temperature and carrier mean free path as large as ~0.6 um. In addition,
the FeCl3-FLGs were stable in air up to 1 year, which was favorable in practical
application.

Graphene-Conducting polymer hybrid transparent electrodes was reported
by Lee’s group [47]. They developed a new method for the transfer of CVD-
synthesized graphene by using a popular conducting polymer, i.e. poly(3,4-eth-
ylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), which acted as a
supporting layer. Since PEDOT/PSS is a well-known conducting polymer widely
used as a hole-transfer layer or electrode in many organic electronic devices, unlike
the conventional transfer (CT) method (Fig. 5a), the graphene/PEDOT/PSS bilayer
electrodes could be used directly form any applications as a doping layer without

(a) SUSIO/NIGR/PMMA GR/PMMA SUb/GR/PMMA Sub/GR/PMMA Residue

PMMA

(b) sirsio/NiIGR/PEDOT:PSS

';' GR/PEDOT:PSS

Ni Blchl ng
& doping

Height

Fig. 5 Schematic illustrations and representative AFM image for the a conventional transfer
(CT) and b doping transfer method (D7) using PEDOT/PSS. Lee et al. [47] Copyright 2014.
Reproduced with permission from John Wiley & Sons
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removing the supporting layer in the following processes. By using this doping
transfer (DT) processes (Fig. 5b), the graphene/PEDOT:PSS hybrid electrodes
showed less residue contamination compared with the CT method, and together
with the achievement of stable doping, a better devices performance in bulk hetero-
junction (BHJ) polymer solar cells was achieved.

3 Photoluminescence of Graphene and Biosensing
by Photoluminescence Quenching by Graphene

The luminescence of carbon materials have been studied by many researchers since
the discovery of carbon dots in 2004 [48] due to the potential applications in bio-
imaging, photocatalyst, LEDs and other optoelectronic systems [49, 50]. Similarly,
graphene has also been reported a promising material in these fields by sophisti-
cated chemical tailoring. On account of the large conjugated system in the struc-
ture, perfect one-atom thick graphene is a zero-band gap semiconductor [3, 51] and
is not of photoluminescence. However, photoluminescent emission was observed
in the imperfect graphene when the electronic structure was changed. For example,
photoluminescence was observed in GO, which contains a portion sp3-hybridized
carbon instead of the former sp>-hybridized carbon [52-55]. Another strategy is to
control the size of graphene smaller than 100 nm to obtain GQDs. GQDs possess
quantum confinement and edge effect, as well as an energy band gap. These enable
the observation of bright photoluminescence emissions in GQDs [56, 57].

3.1 Synthesis of GQDs and Structure-Dependent
Photoluminescent Properties

Preparation of GQDs with expected photoluminescence in an efficient manner is
significant for the applications in future devices. Great efforts have been devoted
for developing strategies to prepare GQDs, and the reported methods can be
divided into two categories: top-down and bottom-up methods. The main idea of
top-down methods is cutting graphene into small pieces while the bottom-up is
synthesizing GQDs from small-molecule precursors.

Among them, Pan et al. proposed that hydrothermal treatment was one of the
easy-to-implement top-down methods for the synthesis of GQDs with blue pho-
toluminescence. Graphene sheets that were prepared by thermal reduction of
GO sheets were oxidized in concentrated HoSO4 and HNO3 to introduce oxy-
gen-containing functional groups at the edge and on the basal plane, including
C=0/COOH, OH, and C-O-C. After that, the sheets were hydrothermal treated
in a poly(tetrafluoroethylene) (PTFE)-lined autoclave at 200 °C for 10 h, during
which, epoxy groups might break and form smaller graphene sheets (Fig. 6) [56].
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Fig. 6 a TEM/AFM images, size distribution and height profile of GQDs prepared by hydro-
thermal method. b Mechanism for the hydrothermal cutting of oxidized graphene sheets into
GQDs, models of the GQDs in acidic (right) and alkali (/eff) media, and the typical electronic
transitions of triple carbenes at zigzag sites observed in the optical spectra. The two models can
be converted reversibly depending on pH. The pairing of o (filled circle) and 1 (open circle)
localized electrons at carbene-like zigzag sites and the presence of triple bonds at the carbyne-
like armchair sites are represented. Pan et al. [56] Copyright 2010. Reproduced with permission
from John Wiley & Sons

TEM and AFM images of the GQDs showed their diameters were narrowly
distributed around 5-13 nm and the topographic heights of ca. 1-2 nm. The as-
prepared GQDs illustrated a strong blue luminescence, which was ascribed to the
free zigzag sites with a carbene-like triplet ground state described as o' mt.

GQDs also can be synthesized from graphite using electrochemical methods.
As a pioneer, a facile one-pot electrochemical exfoliation was applied to synthe-
size fluorescent carbon nanoribbons, nanoparticals, and graphene sheets from
graphite electrode in ionic liquids. The fluorescence of the nanoparticles can be
tuned from the ultraviolet to visible regions by changing the water/ionic liquid
ratio in the electrolyte [58]. Li et al. reported that functional GQDs with a uniform
size of 3-5 nm could be prepared by means of electrochemical approach in phos-
phate buffer solution. The obtained GQDs exhibited a green luminescence and
were able to be well dispersed in water. Due to the high mobility of GQDs, it was
used in the polymer photovoltaic devices in which act as an electronic-accepting
material [59].

Apart from the popular approaches described above, other interesting strategies
were also developed for top-down synthesis of GQDs. For example, photo-Fen-
ton reaction was carried out to prepare GQDs in mass scale from GO. Fenton rea-
gent could produce -OH and reacted with GO under UV irradiation. The reaction
involved the cleavage of C—C bonds and the subsequent formation of GQDs with
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plenty of carboxylic groups [60]. Ye et al. reported that coal was another abun-
dant source for producing GQDs. Three different types of coal were selected and
various GQDs with different morphologies were obtained by sonication of coals
in concentrated sulfuric acid and nitric acid (Fig. 7a, b). Due to the unique struc-
ture of these coals over pure sp>-carbon allotropes, the fabricated GQDs showed
stable size-dependent (Fig. 7c) and pH-dependent photoluminescence in aqueous
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Fig. 7 a Macroscale image and simplified illustrative nanostructure of coal. b SEM image of
ground bituminous coal with sizes ranging from one to hundreds of microns in diameter. Scale
bar, 50 mm. ¢ Schematic illustration of the synthesis of b-GQDs. Oxygenated sites are shown
in red. d PL emission of GQDs excited at 345 nm. Inset is the photograph showing fluorescence
of yellow (a-GQDs), green (c-GQDs) and blue (b-GQDs*). e PL emission wavelength versus the
size of the GQDs, smaller GQDs lead to blue shift. Ye et al. [61] Copyright 2013. Reproduced
with permission from Nature
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solutions [61]. Besides, but not less important, the synthesized GQDs, produced in
up to 20 % isolated yield from coal, were soluble and fluorescent in aqueous solu-
tion, providing promise for applications in areas such as bioimaging, biomedicine,
photovoltaics and optoelectronics. Nevertheless, the reduction products of GQDs
remain to be studied as well as their insertions into practical optical, electronic and
structural composite materials.

In addition to the facile and efficient top-down methods, bottom-up methods
were explored to synthesize GQDs with more concise structures and sizes. Yan
et al. demonstrated the large colloidal GQDs with a uniform and tunable size were
synthesized through solution chemistry. The structure formula and the synthetic
steps were outlined in Fig. 8. They consist of graphene moieties containing 168,
132, and 170 conjugated carbon atoms, respectively. By further increasing their
sizes of the GQDs and tuning their redox potentials by chemical functionaliza-
tion, the GQDs illustrated large extinction coefficients in a wide spectral range
from UV to near-infrared region, thus could be used as a new type of light har-
vesting media for photovoltaics. By this method, structures could be designed
to cater to the diverse demands of devices [62]. Liu and co-workers reported the

Fig. 8 Synthesis of GQDs in a bottom-up way. Yan et al. [62] Copyright 2010. Reproduced with
permission from American Chemical Society
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unsubstituted hexa-peri-hexabenzocoronene as the precursor of bottom-up fabri-
cated GQDs. They obtained monodispersed GQDs with a size of ~60 nm diameter
and 2-3 nm thickness, and multicolor photoluminescence was observed at dif-
ferent excitation wavelength [63]. GQDs prepared using glucose by microwave-
assisted hydrothermal method was also reported. The GQDs possessed an average
diameter of 1.65 nm (~5 layers) and exhibited ultraviolet emission of 4.1 eV.
Unlike previously reported GQDs, the emission wavelength was independent of
the size of GQDs from this method. These might be caused by the self-passivated
layer on the surface of the GQDs. The as-prepared GQDs showed quantum yields
of 7-11 % and were able to convert blue light to white light when coated onto a
blue light emitting diode [64].

The tunable optical properties of GQDs are of significant importance for appli-
cations in optoelectronic devices. Some efforts were made to tailor the properties
of GQDs. Zhu et al. [65] demonstrated that the functional groups on the surface
of GQDs were modified or reduced, the original green luminescence would con-
vert to blue luminescence. The mechanism was studied and attributed to the trans-
formation between defect state emission and intrinsic state emission. Jin et al.
further explored the possible mechanism by both experimental analyses and den-
sity functional theory (DFT). It was revealed that the charge transfer effect due
to the chemical functionalization with amine groups (Fig. 9a) was responsible for
the photoluminescent emission shift (Fig. 9b, c). Moreover, it was found that the
photoluminescence emission of GQDs also changed upon modulate the pH of the
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Fig. 9 a Schematics of GQDs and GQDs-NHR from GO, b PL, ¢ normalized PL spectra of
GQDs and GQDs-NHR in water (inset photograph of GQDs (left) and GQDs-NHR (right) taken
under 355 nm laser excitation); pH-dependent PL spectra of d GQDs and e GQDs-NHR. Jin
et al. [66] Copyright 2013. Reproduced with permission from American Chemical Society
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solutions (Fig. 9d). These observations were also in line with the DFT calculations
[66]. Therefore, it is feasible to prepare GQDs with task-specific photoluminescent
properties by delicate chemical functionalization of the target GQDs and selecting
proper solution conditions. It should be noted that the most GQDs that have been
reported so far only emit blue light or the light with shorter wavelength. In this
sense, it is highly anticipated to further tailor GQDs so as to broaden their photo-
luminescent emission in the visible/near-infrared light in the future studies.
Besides the surface chemistry, size and shape are also significant factors of the
photoluminescent properties of GQDs. Kim et al. [67] reported the anomalous vis-
ible photoluminescence observed from GQDs in the size of 5-35 nm. The photolu-
minescence peak energies of these GQDs have a minimum at d, = ~17 nm.

3.2 Photoluminescence of GO and RGO

Although GO possesses a larger planar size than GQDs, photoluminescence in
ultraviolet to near-infrared region was observed from GO in many studies. Both
liquid and solid GO emits fluorescence in visible with a long infrared emission
tail under a proper excitation. Interestingly, Luo et al. reported that the photolu-
minescence of solid GO and the band gaps would be modulated to near-infrared
region upon progressive chemical reduction using hydrazine vapor (Fig. 10) [54].
Mechanism investigations revealed that a Kekule pattern of bond distortions might
account for the observed phenomenon. Near-UV-to-blue photoluminescence from
chemically derived GO in a solution-processed way was reported by Eda et al.
[55]. DFT calculation of the fused aromatic rings containing different atomic
number showed smaller sp? clusters of few aromatic rings had a smaller energy
gap (Fig. 11a). In this sense, the PL intensity could be manipulated by varying
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Fig. 11 a Energy gap of w—mnt* transitions calculated based on DFT as a function of the number
of fused aromatic rings (N). Inset the structures of the graphene molecules used for calculation,
b—d structural models of GO at different stages of reduction. e Representative band structure of
GO. The energy levels are quantized with large energy gap for small fragments due to confine-
ment. A photogenerated e-h pair recombining radiatively is depicted. Eda et al. [55] Copyright
2010. Reproduced with permission from John Wiley & Sons
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the evolution of sp?> domains using different reduction conditions (Fig. 11b—d).
Detailed mechanism studies showed the presence of isolated sp? clusters within
the C—O sp> matrix leaded to the localization of e~h pairs, facilitating radiative
recombination of small clusters (Fig. 11le). It also evidently suggested that the
framework of graphene could provide a parent structure on which fluorescent
components would be engineered sophisticatedly in a chemical way meanwhile
maintaining the macroscopic structural integrity. As shown, the possible lumines-
cent mechanism of GO have been studied by many groups [54, 55], but the incon-
trovertible mechanism still need further investigations.

3.3 Photoluminescence Quenching
by GO and Its Applications

It is notable that GO can quench fluorescence from other materials such as dyes
and quantum dots [68-70], even though it is photoluminescent. This unique prop-
erty enables graphene to be applied in visualized biosensors [70, 71]. He et al.
reported a graphene nanoprobe for the detection of DNA targets, as shown in
Fig. 12. The high quenching efficiency of GO contribute to a high signal-to-back-
ground ratio in the analysis. And, the large surface of GO enable a multicolor sen-
sor for the detection of multiple DNA targets in the same solution [72].

GO coupled with quantum dots were also demonstrated for the effective sens-
ing of biomolecules. Dong et al. reported the efficient fluorescence resonance
energy transfer (FRET) from quantum dots to GO. The presence of target would
increase the distance between CdTe quantum dots and GO, consequently hinder-
ing the FRET and leading to the increase of fluorescence (Fig. 13) [70].
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Fig. 12 a Scheme of the GO-based multicolor DNA analysis. Fluorescence spectra of mix-
ture probes (P5, P6, P7) in the presence of different targets TS (blue), T6 (red) and T7 (orange)
with the excitation wavelengths of 494, 643, and 587 nm. b Fluorescence quenching of FAM of
50 nM in the absence (black) and presence of GO with a series of concentrations (fop to bottom
5, 10, 15, 20, 25, 30, 35 mg/mL). FAM: carboxyfluorescein, Cy5: cyanine 5, ROX: 6-carboxy-X-
rhodamine. He et al. [72] Copyright 2010. Reproduced with permission from John Wiley & Sons
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Fig. 13 Schematic representation of GO-induced fluorescence quenching of molecular beacon-
QDs and biosensing mechanism. Dong et al. [70] Copyright 2010. Reproduced with permission
from American Chemical Society

4 Graphene-Based Nanocomposites for Photocatalysis
and Photoelectrochemical Solar Fuels

The utilization of solar energy is a research focus in recent years, for instance,
solar cells, photocatalysis for hydrogen evolution and photocatalytic degradation
of organic pollutions. However, the efficiency of solar energy conversion remains
to be improved. As a 2D novel material, graphene was incorporated into semicon-
ductors for the performance optimization due to the large surface area and high
carrier mobility.

For instance, titanium dioxide (TiO,) nanoparticles were loaded onto photo-
catalytic reduced GO to form rGO-TiO; composite, and the photocurrent gener-
ated from this composite was ~10 times larger than pure TiO; nanoparticles. This
phenomenon was studied by both current transient analysis and electrochemical
impedance spectroscopy (EIS). From current transient analysis, the electron life-
time of the composite was 4 times longer. And, EIS show that rGO enhances the
conductivity within the composite as well as the conduction between the com-
posite and FTO substrates [73]. Kim et al. fabricated the nanographene-coated
TiO, composite which had a core/shell structure, and compared the photoelectro-
chemical properties between this composite and typical composite in which TiO»
nanoparticles were loaded onto graphene sheets. These results of photocatalytic
and photoelectrochemical measurements indicated that the nanographene-coated
TiO, performed better than the latter one in hydrogen evolution due to the slower
charge recombination and faster electron transfer [74]. Graphene was also applied
to decorate TiO; nanotube array, and the fabricated photoelectrode showed higher
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4 Fig. 14 Idealized motif of graphene (a) and graphitic C3N4 (g-C3Ny) sheet (b). Brief procedure
of preparing rGO-intercalated g-C3Ny4 (c). Photo voltammograms of rGO-doped and pristine
2-C3Ny synthesized in Ar (d) and in air (e) under chopped visible light (AM 1.5G) in 0.1 M KCl
aqueous solution, scan rate: 10 mV s~!, the arrows indicated the respective photocurrent onset
potential, which was used to estimate Ef, inset proposed mechanisms for anodic and cathodic
photocurrent, respectively. The correlation of Ef, and relative rtGO wt% for various rGO-doped
2-C3Ny (f). Zhang et al. [81] Copyright 2011. Reproduced with permission from Royal Society
of Chemistry

photocatalytic activity for the degradation of methyl blue compared with the pris-
tine TiO; nanotube array [75].

Graphitic carbon nitride (g-C3Ny) is an organic semiconductor which possesses
2D structure and tunable band gap [76, 77]. The low cost of mass-production and
high thermal stability against oxidation make it a promising candidate in photo-
voltaic and photocatalytic fields [78-80]. Due to both 2D conjugated structure
(Fig. 14a, b), through t—7 stacking interaction, GO was intercalated into g-C3Ny
matrix to modulate the electronic structure of g-C3Ny (Fig. 14c). As a result, the
flat band potential of the composites could be negatively or positively shifted
depending on the —m stacking interaction between rGO and g-C3Ny4, which could
be facilely adjusted by their interlayer distance. As the thickness of GO would
increase if it had more oxygen-containing groups, the interlayer distance was
manipulated by doping g-C3Ny4 with rGO upon different reduction. In this case,
both the cathodic and anodic photocurrent was enhanced in a controlled manner
[81]. This work also suggested the utilization of graphene as the dopants for other
semiconductors, which was very rarely reported previously. Hou et al. reported
that nitrogen-doped graphene coupled with molybdenum disulfide (MoS,) were
introduced into g-C3Ng4 to form a ternary nanojunction. With the aid of the MoS,,
the composite can absorb more light and separate photogenerated charge more
efficiently. Nitrogen-doped graphene act as an electron mediator for shuttling elec-
trons-holes between g-C3N4 and MoS; sheets. The nanojunction show a higher
photocurrent density and photocatalytic activity than pure g-C3Ny4 under the simu-
lated sunlight irradiation [82].

5 Conclusion and Perspectives

In summary, graphene and graphene-based composites have shown potential appli-
cations in optoelectronics due to its unique optical and electric properties. The
high transparency and conductivity of graphene make it promising for flexible
transparent conductors, as well as the graphene-based nanocomposites for higher
photoelectrochemical activity. Moreover, the photoluminescence and photolumi-
nescence quenching ability of graphene also attracted tremendous attentions for
the optoelectronics. Notably, the different size and structures of graphene are of
significant to modulate their roles in different applications. For example, synthesis
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of graphene with expected scale and less defection efficiently, together with the
transfer of graphene to a target substrate are still a challenge for the development
of graphene as transparent conductors. Simultaneously, the luminescent proper-
ties can be tuned by the functionalization and size regulation of graphene, thus
the structure-property relationship is remaining a research focus for the usage of
graphene. Different structures of graphene also influence the performance of com-
posites based on graphene. For this, the synthesis and fabrication of graphene and
graphene-based nanocomposites with particular task-specific structure should be
further studied. We anticipate optoelectronic devices based on graphene-based
nanocomposites would change our life in the near future.
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Graphene Filled Polymers in Photovoltaic

Dipankar Barpuzary and Mohammad Qureshi

Abstract Graphene—a two-dimensional lattice oriented monolayer of sp>-hybridized
carbon atoms—has taken up considerable attention leading to a growing scientific
interest due to its exceptionally high electrical conductivity (orders of magnitude
higher than copper), optical transparency (>90 %), chemical robustness (more than
500 °C) and mechanical stiffness (more than 1,000 GPa) as well as high specific sur-
face area. Design and development of graphene incorporated polymer photovoltaics
is one of the promising routes to harness the extraordinary properties of graphene for
the generation of efficient solar-to-power conversion devices. Graphene as well as its
chemically functionalized forms, graphene oxide (GO) and reduced-GO, are the smart
materials for photovoltaic cells performing specific functions depending upon their
intriguing properties. Herein we review the multifunctional and practical applicabil-
ity of graphene and its composite materials as the electron acceptor, counter electrode
and hole transport components of polymer solar cells. We conclude the chapter with
the present scenario and challenges related to the stability and commercialization of
graphene—polymer based photovoltaic devices.

Keywords Solar cell + Counter electrode < Photovoltaics * Electron-hole transport

1 Introduction

An emerging approach towards the high-technology photovoltaic applications
employing graphene—a two-dimensional (2D) lattice oriented monolayer of sp>-
hybridized carbon atoms—as the smart material has led to a growing scientific
interest due to its exceptionally high electrical conductivity, optical transparency,
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chemical and mechanical robustness, high specific surface area as well as fracture
strength [1-4]. Andre K. Geim and Konstantine S. Novoselov of the University
of Manchester, UK, were awarded the Nobel Prize in Physics (2010) for their
discovery to isolate “free” and “perfect” graphene as the single sheet of carbon
atoms from Graphite demonstrating extraordinary electronic properties in 2004.
As a result of their achievement, the current state-of-the art scenario of polymer
nanocomposite based photovoltaics has been modified and improved dramatically.
The unique property of graphene is the excellent electron transport with a mini-
mum scattering or resistance as well as a high electron mobility value of ~20,000—
25,000 cm?/V s depending on the synthesis protocol and purity of the sample
[5, 6]. One of the possible technical approaches to harness the outstanding proper-
ties of graphene for practical applications is to incorporate them into a suitable
polymer or composite material thereby improving the physical properties of the
host material even at a smaller loading. Particularly, the introduction of graphene
has changed the landscape of graphene-based polymer nanocomposite materials
and their recent advancements in photovoltaics. Moreover, the “wonder material”
graphene and its derivatives, graphene oxide (GO) and reduced GO (RGO), have
been extensively investigated as the promising candidates to enhance the perfor-
mance parameters of energy-related devices [7]. In addition to the development
of photovoltaics, graphene has significantly influenced the fabrication and imple-
mentation of a wide variety of potential device applications such as nanoelectron-
ics, nanocomposites, sensors, batteries, supercapacitors etc [8—19]. In photovoltaic
cells, graphene can be exploited in plentiful ways—electron/hole transport and
electron acceptor materials, interfacial or buffer layers to retard the charge recom-
bination within the components, transparent counter electrodes, etc. However con-
sidering the practical performances and low-cost of manufacturing, there needs a
large-scale production of graphene in sufficiently pure quantity in its sheet form
as well as their homogeneous distribution into the host/polymer materials. Even
if the large-scale production of graphene nanosheets at low-cost is achieved, it is
still a scientific challenge to determine how to apply these graphene nanosheets
in the most effective way for efficient output. Herein the exfoliation of graphene
or its chemical functionalization to produce GO and RGO to enhance the binding
interactions and the intriguing properties of graphene—polymer composites comes
into picture. Interestingly, compared to graphene, the use of GO is advantageous,
wherein, it clutches the polymer composites owing to the presence of chemically
reactive oxygen functionality (carboxylic, epoxy and hydroxyl groups) at the basal
planes of GO [20]. The electrical conductivity and electron/hole mobilities of
GO can be further enhanced by its reduction to produce RGO, but RGO offers
a less interactive ability in contrast to GO [21]. It can be concluded that regard-
less the smaller or bigger size, the organic/polymer composite materials can be
non-covalently attached to the graphitic surfaces of chemically modified graphene
and covalently anchored to GO via the highly reactive oxygen functionalities
thereby improving the customized properties for the optoelectronic applications.
In this chapter, we focus the general methodologies to synthesize graphene and
graphene—polymer composites by the exfoliation and chemical functionalization
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of graphene with an emphasis on the fabrication and production of graphene—
polymer based photovoltaic devices in detail. We conclude with present scenario
and challenges related to the stability and commercialization of graphene—polymer
based devices.

2 Graphene Based Organic Polymer Solar Cells

Recent advancements in the polymer-based photovoltaic devices have changed
the landscape of its current state-of-the art technological approach to challenge
or overwhelm the ever-increasing global energy demand and sustainability issues.
Since the discovery of dye-sensitized solar cells by Gritzel in 1991, tremendous
efforts have been carried out by the researchers to develop and synthesize or
modify the innovative materials to incorporate them in photovoltaic devices to
achieve high efficiency employing a number of polymer materials, organic mole-
cules or metal complexes [22]. If we look back at the practical acquirement of the
natural solar energy in terms of electricity, silicon based solar cells have primarily
gained the commercial enactment, however, the high cost of device fabrication
and production limits its indoor—outdoor implementation at a larger scale [23]. As
a replacement for the inorganic photovoltaic assemblies, the organic or polymer-
based photovoltaic devices have been deemed to be one of the attractive and effi-
cient alternative low-cost renewable energy resources concerning the scalability,
compatibility and practical execution [24-29]. The organic or polymer solar cells
(PSCs) are advantageous owing to the structural diversity and facile functionaliza-
tion tunability of the organic or polymer components via chemical modifications
to achieve the characteristic prerequisites for better performance of the devices,
such as light absorption, charge separation and electron transport. In addition, the
solution processed low-cost fabrication compatibility by screen printing, doctor
blading, inkjet printing and spray deposition techniques in conjugation with the
flexibility, transparency and light weight stimulate the potential role of PSCs to
achieve high throughput over large-area production [30]. The PSCs incorporat-
ing the conjugated polymers as the electron donor materials blended with vari-
ous electron acceptor organic molecules/polymers have demonstrated high PCEs
up to ~8 % using single bulk-heterojunction (BHJ) device structures [31-34].
You et al. [35] have recently established an excellent power conversion efficiency
(PCE) of ~10.6 % for a tandem PSC utilizing a bezothiadiazole based polymer
having narrow band gap. The electron transport property of the polymers used in
the fabricated device have been tuned via chemical modification of the molecu-
lar framework that altered the band gap alignments within the system leading to
an enhanced light absorption as well electron transfer. The prime target to pro-
mote the development of PSCs is the facile molecular engineering of the conju-
gated polymers or their blends with the materials having highly efficient electron
transport properties. In accordance to the importance of developing new strategies
as the driving forces to improve the photovoltaic performance, the conjugated
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polymers should uphold three fundamental features: (i) a narrow band gap ensur-
ing efficiently broad region solar light harvesting, (ii) suitable highest-occu-
pied molecular orbital (HOMO) level and lowest-unoccupied molecular orbital
(LUMO) level ascribing an effective charge separation with minimum energy loss
and (iii) higher hole mobility improving the charge transport [36]. Even though,
appropriate modification of the structural components and side groups of 7 con-
jugated polymers usually enhances their light absorptivity and band edge align-
ments, the combination of efficient electron acceptor/transport material to these
polymers also needs sincere attention in order to enhance their charge carri-
ers mobilities (~1073-10~* cm?/V s) and exciton diffusion lengths (~10 nm) to
achieve high performance photovoltaic devices [37]. In this regard, an emerging
tactic to accomplish the milestones of PCEs is to employ the ever-known thin-
nest smart material graphene having exceptional inherent physical properties.
Theoretically, graphene has a zero-band gap with a small area overlap between
its valence and conduction bands leading to the electrical conductivity anticipat-
ing the access to graphene-based organic photovoltaics [38]. Moreover by virtue
of quantum confinement effect, the band gap of graphene can be fine-tuned via
its size reduction up to the nano regime (less than 100 nm) forming graphene
quantum dots (GQDs) and graphene nanoribbons, which carry unique semicon-
ducting and photoluminescence properties to demonstrate a potential application
in photovoltaics [39—42]. For the first time, Yong and Tour [43] have predicted an
efficiency of ~12 % for the single-cell graphene-based organic photovoltaic cell.
Their experimental evidences suggested that the bandgap and band position tun-
ability as well as higher thermal, mechanical stability of graphene endowing it as
a credible material for the fabrication of next-generation graphene-based flexible
organic or PSCs.

Although appears to be very simple, working principle of PSCs needs to be
understood and grasped to improve our ability to categorize the predictive mate-
rials based on their optimized chemical anonymity in the device architecture. In
general, the primary design of organic solar cells comprises of an organic mol-
ecule or polymer material as the active layer sandwiched between the two elec-
trodes as shown in Fig. 1. When the device is illuminated, photons are absorbed
by the molecule in the active layer (donor) and electrons gets excited from its
HOMO to the LUMO level generating electron—hole pairs, known as excitons,

(a) (b)

cathode
acceptor (A)

cathode

anode anode

Fig. 1 Basic architectures for three donor—acceptor morphologies of organic solar cells: a
double layer morphology, b blended D—A morphology and ¢ ideal BHJ morphology [108].
Copyright 2012. Reproduced with permission from Elsevier Ltd.
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which relaxes with a binding energy between ~1.0 and 0.14 eV [44—46]. The exci-
ton binding energy of inorganic semiconductor materials remains within a range
of few milli electron volts, while the same for the organic semiconductors are rela-
tively larger due to their localized electron and hole wave functions and lower die-
lectric constants (¢ &~ 3-4) thereby enhancing the Coulombic attraction between
the electron and hole. In order to generate the photocurrent in the devices, these
Coulombic bound electron-hole pair needs to get separated into its component
electron and hole, if not then it eventually recombines and loses via the competi-
tive processes like photon emission (fluorescence) or thermal decay (non-radiative
recombination). In the case of PSCs, the exciton dissociation relies on gradients
of the potential created across the interface of an electron donor (D) and electron
acceptor (A). The photoinduced electron transfers from the donor material to the
acceptor component, provided, the acceptor possesses a higher electron affin-
ity (EA) and lower ionization potential (IP) than that of the donor material [47].
The donor—acceptor (D—A) heterojunction provides the driving force necessary to
dissociate the electron—hole pair by means of the difference in EA and IP of the
donor and acceptor materials. Additionally, an acceptor material should possess
a HOMO level relatively lower than that of the donor material in order to facili-
tate the photo excited electron transfer from the donor to acceptor material leaving
behind the hole in the valence band of the donor itself. A schematic of the working
principle of a donor—acceptor type solar cell has been illustrated in Fig. 2.

D+A+hy—D"+A(orD+A*) > D+ + A~

It can be envisioned that for the planar heterojunction type devices, where the
active layer of the device is composed of separated donor and acceptor layers, the
efficiency is governed by the exciton diffusion length of the organic counterparts.
The average distance traveled by the excitons before undergoing recombination

Cathode
...... (Metal)

HOMO

Donor Acceptor

Fig. 2 Schematic drawing of the basic working principle of an organic or polymer solar cell.
Processes involved in the conversion of light into electrical energy: (1) absorption of photons by
the active material generating the exciton, (2) diffusion of excitons to an active donor—acceptor
interface, (3) separation of the exciton into an electron and a hole at the donor—acceptor interface
and (4) collection of the electrons and holes at the terminal cathode and anode, respectively



162 D. Barpuzary and M. Qureshi

- . J _i‘ X /
PEDOT:PSS We‘-ﬁ}: derivative
ITO Coated Glass Substrate

\
b
, PCBM
""'\-\.\_\_\_\_\_ s

Fig. 3 Basic principle of the photon absorption to photocurrent generation in an organic bulk
heterojunction solar cell, where ITO (indium tin oxide) is the transparent conductive electrode,
PEDOT:PSS is the buffer/hole transport layer and P3HT:PCBM is the electron donor—acceptor layer

is ~3—10 nm for most of the organic semiconductors [48—50]. Once the photo
generated excitons are dissociated into electrons and holes, the charge carriers are
collected at the electrodes by means of a built-in-field drift and the diffusion pro-
cess. This occurs within the lifetime of excitons to avoid the recombination pro-
cess [51]. Notably, the exciton formation near the heterojunction is very crucial
to have the maximum proficiency for light harvesting by the active material,
which is practically problematic for the planar bilayer heterojunction cells due to
the requirement of extremely thin photoactive layer. In contrast, the BJH struc-
tures are advantageous for the PSCs, where most of the excitons are separately
generated at the heterojunction within the exciton diffusion length in an interpen-
etrating network of the donor and acceptor materials thereby creating an efficient
solar harvesting via highly folded architectures. The simplest device showing the
D-A interface is a BJH solar cell based on poly (3-hexylthiophene): [6,6]-phenyl
C71 butyric acid methyl ester (P3HT:PCBM) blended films as shown in Fig. 3,
where P3HT, PCBM and poly(3,4-ethylenedioxythiophene):poly(styrenesulfo
nate) (PEDOT:PSS) acts as the electron donor, electron acceptor and hole trans-
port layer, respectively. Although ITO/FTO coated rigid glass substrate based BHJ
solar cells employing P3HT:PCBM blends have shown efficient power conversion
efficiencies (1) up to ~6 %, the complete processing advantages of the organic
materials can be fulfilled only by using the flexible substrates [52—-56]. Potential
use and roll-to-roll manufacturing process of the flexible substrates have stimu-
lated rich interests in terms of manufacturing throughput and economy [57]. It
should be noted that the observed performances of the flexible PSCs comprised of
P3HT:PCBM are comparatively lower in contrast to those having rigid ITO/FTO
electrodes depending on the sheet resistance [58-61].

The challenge to improve the ultimate efficiency of these BHJ solar cells basi-
cally includes the approaches to overcome the limiting factors in the devices such
as—(i) charge transport explained by inefficient hopping (ii) structural traps hinder-
ing the electron transport, (iii) isolated domains and (iv) phase-segregation mediated
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incomplete pathways in the random percolation networks etc [62, 63]. In this regard,
several attempts have been carried out to generate continuous pathways within
the components of the BHJs in order to enhance the charge transport efficiently to
the electrodes prior to the recombination process. One such approach to overcome
the electron transport bottleneck is to substitute the zero-dimensional (0-D) fullerene
based PCBM with other allotropes of carbon, such as one-dimensional (1D) carbon
nanotube (CNT) or graphene, as the electron acceptors in the devices [64].

2.1 Graphene as the Electron Acceptor Material

As discussed earlier, the electron transport property of graphene can be uti-
lized by applying graphene as an electron acceptor material in the polymer
composites to enhance the charge transport in the photovoltaic devices. Liu
et al. [65] have fabricated a PSC integrating P3HT as the electron donor and
graphene-doped PCBM as the electron acceptor yielding a PCE of ~1.4 %,
which was found to be 59 % enhanced PCE as compared to that of the identi-
cal graphene-free device. Enhanced performance of the graphene loaded
device is accredited to the prolonged exciton diffusion area and faster elec-
tron transfer through graphene. However, Chen et al. [66] have unexpect-
edly observed the lower efficiency (<0.5 %) for the PSCs employing CNTs
as the electron acceptor material owing to a few unfavorable factors of CNTs
such as solubility, impurity and bundling structures eventually hindering the
device performance. Indeed, the PSCs incorporating graphene in its solu-
tion-processable functionalized form as the electron acceptor material against
poly(3-octylthiophene) (P30T) or P3HT donor polymers have shown a maxi-
mum PCE of ~1.4 %, which is moderately comparable to the best perform-
ing PSCs employing non-fullerene based electron acceptors (Fig. 4) [16, 67].
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Fig. 4 a The scheme of an organic photovoltaic cell using graphene as the electron accep-
tor material. b The model of the 3-D hybrid graphene/CNT material [109]. Copyright 2012.
Reproduced with permission from American Chemical Society
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In their report, the electron transport from the electron donor materials to gra-
phene, attributed to the higher electron mobility (~7 x 10* cm?/V s) of graphene,
was confirmed by significant quenching of fluorescence. The quenching in fluores-
cence emission of the donor-graphene composite is attributed to a faster decay of
the excited state electron lifetime of the donor molecule in presence of graphene.
Similarly, Liu et al. [68] have also reported an efficiency of ~1.4 % utilizing solu-
tion-processed functionalized graphene (SPF Graphene) in D—A type based PSC.
Chen et al. [66] have revealed the combined performance of two carbon allo-
tropes, namely, SPF Graphene and functionalized single walled CNTs (f-SWC-
NTs), in the active layer of the device ITO/PEDOT:PSS/P3HT-f-MWCNTs-SPF
Graphene/LiF/Al. Even with a maximum efficiency of ~1.05 %, the device pre-
sented the mutual intriguing properties of SPF Graphene as the electron acceptor
providing an electron percolation path as well as f-SWCNTs as the competent hole
transporter. Another methodology to enhance of the device efficiency, as shown by
Yu et al. [69], is to employ the PCBM-—graphene hybrid as an electron acceptor,
where in the chemical interaction of graphene with PCBM altering the HOMO-
LUMO energy levels is expected. In the presented work, the fullerene-grafted
graphene composite material, obtained using lithiation reaction, have been used
in aP3HT based PSC to exhibit an efficiency of ~1.22 %. Interestingly in a very
recent report, Chauhan et al. [70] have demonstrated a simple process of ultra-
sonic exfoliation of graphene flakes and the resultant thinner graphene sheets to be
interacted with PCBM molecules via the m—m interactions to form their compos-
ite. These PCBM—graphene sheet composite was further used to fabricate a flex-
ible BHJ solar cell exhibiting a promising efficiency of ~2.51 % using ITO-coated
polyethylene naphthalate (PEN) substrates, P3HT electron donor and PEDOT as
the hole transport material (Fig. 5).In the fabricated devices, the PCE of ~1.23 %
for the graphene-free device (ITO/PEDOT/P3HT:PCBM/AI) has been observed to
enhance to ~2.51 % for the graphene-based device (ITO/PEDOT/P3HT:PCBM-
graphene sheet/Al). In the control device ITO/PEDOT/P3HT:PCBM-graphene
flake/Al using simple blending of PCBM and graphene flake, the PCE perfor-
mance was found to reduce dramatically even from that of the graphene-free iden-
tical devices. This could be ascribed to the absence of proper interfacial interaction
in the PCBM—graphene flake blend, which impedes the charge migration due to
the aggregation of graphene flakes in the blend films. The complete miscibility
between PCBM and graphene is of paramount importance to ensure a strong elec-
tronic interaction between the two components in the PCBM—graphene compos-
ites resulting an efficient charge separation and transport in the devices.

The interactions between graphene sheets and PCBM can also be evidenced
from the AFM images of active layers, where the root-mean-square (rms) rough-
ness of P3HT:PCBM films are observed to be reduced from ~4.2 to ~3.2 nm in
presence of graphene sheets. The typical AFM images of P3HT:PCBM films con-
firm the promoted packing of the active layer in presence of graphene sheets. The
interaction between the P3HT:PCBM and graphene can also be established from
the Raman spectroscopy by comparing the characteristic Raman peaks for P3HT
(~1,380, 1,450 cm~!), PCBM (~1,430, 1,465, 1,573 cm™!) and graphene (D band
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Fig. 5 AFM images of active layer blend films of a P3HT:PCBM and b P3HT:PCBM-graphene-
sheets, ¢ Raman spectra recorded for the films of pure graphene-sheets, PBHT:PCBM and
P3HT:PCBM-graphene composite, d current—voltage characteristics for the bulk heterojunc-
tion solar cells fabricated using different active layers: ( i) P3BHT:PCBM, ( ii) P3HT:PCBM-
graphene-sheets and ( iii) P3HT:PCBM-graphene-flakes. The inset shows the dark current for
(i) P3BHT:PCBM and ( ii) P3HT:PCBM-graphene-sheets based devices, e energy level diagrams
for the solar cell structures: ITO/PEDOT/P3HT:PCBM/Al and ITO/PEDOT/P3HT:PCBM-
graphenesheets/Al [70]. Copyright 2014. Reproduced with permission from American Institute
of Physics

for sp> carbon and G band for sp? carbon). The presence of strong electronic inter-
action between PCBM and graphene shows a downshift of the characteristic G
band for graphene. This strong interaction between P3HT:PCBM and graphene
sheets leads to an efficient dissociation of excitons at the D—A interface and col-
lection of the separated charges at the electrodes. The energy difference between
the excitonic state and charge separated excited state mediates the exciton disso-
ciation and is associated with the difference in the LUMO levels of the donor and
acceptor. Therefore it should be mentioned that in the presence of graphene sheets,
LUMO level of PCBM-graphene composite is up fielded by ~0.13 eV towards
the vacuum level, which should theoretically oppose the exciton dissociation.
However, the lesser exciton dissociation triggered by graphene is compensated by
the enhanced charge carrier mobility achieved by the improved morphology of the
D-A interface due to the presence of graphene sheets. The closely packed struc-
ture of the P3HT:PCBM—graphene blend enriched with higher degree of ordering
and phase separation offers the efficient charge transport within the device. Based
on these effects, the current density—voltage (J-—V) characteristics of the devices
have shown higher short-circuit current (Js) and open-circuit voltage (V,), yield-
ing higher PCE for the graphene sheet based device.

Interestingly, graphene in the quantum dot (QD) form also exhibits excellent
optical and electrical properties in conjugation with high specific surface area and
electron mobility as well as tunable band gap. The unique properties of GQDs
can be explored as the electron acceptor material in solar cells. Gupta et al. [42]
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Fig. 6 a J-V characteristics of the photovoltaic devices based on ANI-GQDs with different
GQDs content and ANI-GS (under optimized condition) annealed at 160 °C for 10 min, in AM
1.5 G 100 mW illumination. AFM images of b P3HT/ANI-GSs and ¢ P3HT/ANI-GQDs [42].
Copyright 2011. Reproduced with permission from American Chemical Society

have demonstrated the application of aniline functionalized GQDs (ANI-GQDs)
as the electron acceptor in the device ITO/PEDOT:PSS/P3HT:ANI-GQDs/LiF/
Al and compared the performance with respect to the graphene sheet (ANI-GS)
based control devices. A simple hydrothermal route was carried out to synthesize
the ANI-GQDs and the effect of 0.5, 1.0, 3.0, 5.0 wt% GQD loading to P3HT
was tested in the devices. A maximum PCE of ~1.14 % was accomplished with
1.0 wt% GQD loading to P3HT, which was higher than the identical device loaded
with graphene sheets. The photovoltaic performance of the cells is governed by
the transport of photo generated charge carriers through the P3HT/ANI-GQD
blend. In contrast to the larger domains (~100-200 nm in diameter) representing
a large scale phase separation in P3HT/ANI-GSs film, using AFM image, P3HT/
ANI-GQDs offer a uniform film the phase separation at the nano regime enhanc-
ing the migration of excitons to the D—A interface with less resistance. However,
the superior performance of GQDs was observed to decrease at the higher loading
of GQD in the fabricated solar cells. A maximum Jg. of ~3.5 mA/cm? with a Vi,
of ~0.61 V and a FF of ~53 %, affording the PCE of ~1.14 % were achieved by the
GQD based cell as shown in Fig. 6. An alternate to the 2D graphene sheets, 0-D
GQDs can also be electrochemically prepared in order to facilitate their applica-
tion in the nanodevices. Based on this idea, Li et al. [40] have reported an elec-
trochemical conversion technique of 2D to 0-D approach for direct formation of
functional GQDs with a uniform size distribution of ~3-5 nm and stability of sev-
eral months in water. A PCE of ~1.28 % was achieved using these green lumi-
nescent GQDs as the electron acceptors in the fabricated PSCs with structure
ITO/PEDOT:PSS/P3HT:GQDs/Al

The critical prerequisite to demonstrate the overwhelmed performance of gra-
phene sheets or QDs as the additive/dopant to the acceptor material is the proper
interaction of graphene to the donor material. In this context, a functionalized
form of graphene can reinforce its binding interactions with the electron accep-
tor materials more efficiently. The chemical conversion of graphene to produce
GO appears to be a convenient approach to introduce various functional groups
(—-COOH, -OH, epoxy etc.) to the basal planes of graphene, which enhances its
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Fig. 7 Synthesis procedure for chemical grafting of CH,OH-terminated P3HT chains onto
graphene, which involves the SOCI, treatment of GO (step 1) and the esterification reaction
between acyl-chloride functionalized GO and MeOH-terminated P3HT (step 2). a Schematic and
b energy level diagram of an ITO/PEDOT:PSS/G-P3HT/C60/Al photovoltaic device, ¢ current—
voltage characteristics of the photovoltaic devices using P3HT/C60 or G-P3HT/C60 as the active
layer [16]. Copyright 2010. Reproduced with permission from American Chemical Society

covalent anchoring ability with the acceptor molecules. As a result of this, GO
can be incorporated to PCBM in the devices to achieve higher current and con-
ductivity. Hill et al. (2011) have shown an enhancement in Js. and conductivity
upon GO binding to P3HT in the device ITO/PEDOT:PSS/P3HT:GO/Al, but the
Voc decreased [71]. In another report, Yu et al. (2010) have fabricated a bilayer
photovoltaic device, as shown in Fig. 7, involving the P3HT covalently grafted
GO sheets (GP3HT) heterostructures as the acceptor material and observed a PCE
of ~0.61 % [16]. The solution processable GP3HT involves the chemical grafting
of regio-regular P3HT onto GO sheets via the ester linkage between the -COOH
groups of GO and —CH,OH terminal groups of P3HT. The ester linkage stimulates
the blend to be highly soluble in organic solvents favoring the structure/property
characterization and the solution processing. The bilayer device ITO/PEDOT:PSS/
G-P3HT/C60/Al using solution-cast GP3HT and thermally evaporated Ceo showed
an increment of 200 % in contrast to the GO-free device. As illustrated in Fig. 7,
the improved performance of the GP3HT based cell in presence of GO is attrib-
uted to the improved charge transport/collection concomitant with the GO sheets
leading to an enhanced J value from ~1.9 to ~3.5 mA/cm?2. Moreover, the reduc-
tion of the HOMO energy level of P3HT upon ester linked grafting to GO leads to
an increase in the V. value from ~0.23 to ~0.43 V in the fabricated devices.
Similarly, Liu et al. [72] have also shown a PCE of ~1.1 % with a maximum Jg
of ~4.0 mA/cm? and V. of ~0.88 V using SPFGraphene-P3HT composite in the
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Fig. 8 a The schematic chemical structure of SPF Graphene and P3HT. b Schematic struc-
ture of the devices with the P3HT/SPF Graphene thin film as the active layer; ITO (~17 Q/
sq)/PEDOT:PSS (40 nm)/P3HT:SPF Graphene (100 nm)/LiF (1 nm)/Al (70 nm). ¢, d J-V char-
acteristics of the P3HT/SPF Graphene-based photovoltaic devices with different graphene con-
tents (2.5, 5, 10, and 15 wt%) under a simulated AM1.5G 100 mW illumination with annealing at
160 °C for 10 min and at 210 °C for 10 min [72]. Copyright 2009. Reproduced with permission
from John Wiley & Sons

active layer of the device ITO/PEDOT:PSS/P3HT:graphene/LiF/Al as depicted in
Fig. 8. In this study, the graphene based device performances have been tested by
varying the amounts of graphene (in wt%) loaded to that of P3HT and observed
a maximum PCE at 10 wt% graphene loading along with a post annealing treat-
ment at 160 °C, while increasing the annealing temperature to 210 °C has shown
a reduction in PCE up to ~0.57 %. The SPF Graphene-P3HT composite was syn-
thesized by following the chemical functionalization route, wherein, the mixing of
water-soluble graphene to the organic-soluble P3HT is promoted through a chemi-
cal reaction process, which is otherwise a challenging task due to the water—sol-
vent immiscibility. Stankovich et al. (2006) have demonstrated an idea to achieve
higher conductivity and low percolation threshold in a graphene—polystyrene
composites via simple mechanical mixing [4]. Following the same, a chemical
method was applied by Liu et al. (2009) to synthesize the P3HT-SPFGraphene
composites in two steps—oxidation of graphene to produce GO, followed by
its ester-linked organic functionalization. In the first step, graphene is oxidized
using strong oxidizing agents (H>SO4, KMnOQOy) following Hummers or modified-
Hummers method, which cuts the graphene sheets into small pieces of several
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hundred nanometers along with the introduction of polar functional groups such
as —COOH, —OH, epoxy, —-C=0 and —CH,- into the basal planes of the graphene
sheet [73, 74].

Certainly the presence of these highly reactive oxygen functionalities in GO is
vital for further chemical functionalization with polymers; however, they introduce
hydrophilicity in the GO sheets that hinders their direct application as the fillers in
the hydrophobic polymer matrices which are soluble only in organic solvents. In
order to anchor the GO sheets into water insoluble polymer matrices, the hydro-
philic surface properties of GO can be altered into the hydrophobic nature using
an organic isocyanate (phenyl isocyanate), which ultimately proclaims the solu-
bility of GO in organic solvents such as 1,2-dichlorobenzene [75]. This technique
offers a homogenous dispersion of graphene sheets in the organic matrices, par-
ticularly conjugated polymer molecules, to use the composites in the fabrication
of solution-processable photovoltaic devices. It should be noted that a post anneal-
ing treatment at an optimum temperature (~160 °C for 10 or 20 min) is often per-
formed after the deposition of the active layer in the typical solution-processable
P3HT—graphene based PSCs. The post-annealing treatment usually removes the
organic functional groups from the graphene sheet thereby enhancing the recovery
of the w—m conjugation and charge carrier mobility of the graphene sheets within
the composite of the device. However, prolonged annealing at an optimum tem-
perature or annealing at higher temperature might alter the work function of gra-
phene and raise its Fermi level, which eventually decreases the performance of the
SPF Graphene—-P3HT based devices because their V. is directly governed by the
difference between the work function of graphene and the HOMO level of P3HT.

In the similar manner, another approach involving an organic synthetic route via
the 1,3-dipolar cycloaddition reaction of azomethine ylide could also be utilized
for the polymeric functionalization of RGO [76-78]. Herein, a highly soluble func-
tional material incorporating the m conjugated polymer and RGO can be achieved
from the reaction between the sarcosine, RGO and polymer having aldehyde
groups. Li et al. (2012) have demonstrated the synthesis of a new solution-process-
able poly[(9-phenyl-9H-carbazole){4,7-di(thiophen-2-yl)benzo[c] [1,2,5] thiadia-
zole }(9,9-dihexyl-9H-fluorene)] (PCTF) polymer material covalently grafted with
RGO to form the functional derivative PCTF-RGO (Fig. 9) [79]. The functional
composite PCTF-RGO is advantageous due to its ability to offer the binary req-
uisites for the device applications—(i) D—A character facilitated by the electron
accepting benzothiadiazole unit and the electron donating carbazole, thiophene and
fluorene moieties and (ii) RGO as the hole transporting material. The cell configu-
ration ITO/PEDOT:PSS/PCTF-RGO/LiF/Al has shown a PCE of ~0.01 % probing
the photovoltaic performance of PCTF-RGO. A blend of PCTF and [70]JPCBM
([6]-phenyl C71 butyric acid methyl ester) in a 1:3 w/w ratio in the device has
exhibited a PCE of ~1.14 %, whereas the identical device in presence of RGO
shows a PCE up to ~1.45 % especially showing a considerable enhancement in the
photocurrent (Js¢) from ~3.94 to ~4.68 mA/cm?. This elucidates the primitive role
of RGO in the device performance directly through an enhancement in the number
of photons absorbed by the active layer, favorable generation of mobile carriers due
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Fig. 9 a Molecular structure of PCFT-RGO; b the device structure; and ¢ current density—
voltage characteristics (J-V) of the PCTF-RGO-based photovoltaic device with and without
[70]PCBM under a simulated AM1.5G 100 mW illumination, d J-V of the device using PCTF-
CHO: [70]PCBM or PCTF-RGO: [70]PCBM as active layer [79]. Copyright 2012. Reproduced
with permission from John Wiley & Sons

to D-A interfacial charge separation as well as the accelerated charge collection at
the two electrodes. Thus an increment of ~259 % in the Jy. and ~144 % in the PCE
has been accredited by the PCTF-RGO: [70]PCBM in contrast to the PCTF-RGO
counterpart. The remarkable improvement in the Js. value enhancing the PCE of
the devices (with and without [70]PCBM) can be directly correlated to the higher
number of photons absorbed by RGO and [70]PCBM.

In view of the solar energy conversion mechanism that has been understood so
far, the most essential criteria to bring all the solution processable PSC technol-
ogy one step further in terms of the efficiency improvement is the development of
electron transport. It is thereby preferable to perform the possible modification to
the electron transport layers mediated through a solution processable route for the
development of printable PSCs. In this regard, a recent approach by Jayawardena
et al. [80] have shown a solution processable metal oxides—RGO based electron
transporting interfacial layer in the PSCs (Fig. 10). The performance of the
ZnO-RGO and TiO,—RGO interfacial layers has been explored in the PSC involv-
ing a low band gap [3,4-b] thiophene/benzodithiophene (PTB7) donor polymer
and [70]PCBM acceptor. The metal oxide—RGO devices yielded a maximum PCE
of ~7.5 %, whereas the similar RGO-free devices have shown a PCE of ~7.2 %.
The enhancement in Ji. (exceeding ~15 mA/cm?) observed in presence of RGO
is attributed to the characteristic charge transport property provided by RGO as
well as the reduced series resistance (Rg) of the metal oxide—RGO counterpart in
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Fig. 10 a Schematic of the energy levels of ITO, PEDOT:PSS, PTB7, PC70B, ZnO, TiO,, RGO,
BCP and Al, b schematic of the device architecture employed. The boxed areas in (b) indicate
the different solution processed layers used in the device [80]. Copyright 2013. Reproduced with
permission from Royal Society of Chemistry

the device as compared to bare ZnO and TiO;. Moreover, the metal oxide—-RGO
assisted improvement in the FF of the devices approaching ~68 % is ascribed to
the balanced electron and hole mobilities. The core—shell type metal oxide—-RGO
composite also offers the Ohmic contact of RGO with the metal oxide, which
improves the charge extraction properties between the metal oxide nanoparticles.

2.2 Graphene as the Counter Electrode

Ideal counter electrode for the photovoltaic device should possess high transpar-
ency (>80 %) over wider wavelength range, lower sheet resistance (Ry < 100 €/
sq) and suitable work function of ~4.5-5.2 eV. Although at present ITO coated
glass or flexible polymer substrates having transparency (>90 % at 550 nm) and R
of ~10-30 Q/sq are mostly being used as the counter electrodes for PSCs, efforts
are being made to develop the new generation transparent electrodes based on gra-
phene with low-cost, unique optical property, chemical robustness and high flexi-
bility. The superior electron transportability of graphene can be exploited by using
it as a transparent counter electrode material for the PSCs. A few of the recent
advances in the organic solar cells using graphene as the counter electrode are
shown in Table 1.

In principle, the transmittance and electrical conductivity of graphene sheets
depend on the thickness of the film. In case of one-atom thick layer of graphene,
the electrons in its individual sheet gets delocalized over the complete sheet
providing a ballistic electron transport as well as a lower light absorption [81].
Chen et al. [66] have demonstrated a favorable transmittance of >80 % (400-
1800 nm) for the single-layer graphene sheets suitable for the device applications,
but with a high Ry of ~10>-10° Q/sq as compared to that for the ITO electrodes.
Unlikely for the practical applications, large area graphene film fabrication using
solution processing route leads to an increase in the electrical resistance of the
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Table 1 Summary of graphene-based transparent electrodes and the PCEs of the corresponding
OPVs [66]

Graphene material Ry (kQY/ T (%) Device structure® PCE References
sq) (%)

RGO 100-500 | 85-95 G/CuPc/C60/BCP/Ag | 0.4 [81]

RGO 1.6 55 G/PEDOT:PSS/P3HT: | 0.78 [83]
PCBM/TiO/Al

CVD 0.23-8.3 | 72-91 G/PEDOT:PSS/CuPc/ | 1.18 [85]
C60/BCP/Al

CVD-multilayer 0.374 84.2 G/PEDOT:PSS/ 1.17 [87]
P3HT:PCBM/Ca:Al

CVD-AuCl3 doped 0.5-0.3 97.1, G/PEDOT:PSS/CuPc/ | 1.63 [88]

91.2 C60/BCP/Ag

CVD-acid doped 0.08 90 G/MoO3/PEDOT:PSS/ | 2.5 [89]
P3HT:PCBM/LiF/Al

CVD-organic mol- 0.278 92.2 G/PEDOT:PSS/ 2.58 [91]

ecules doped P3HT:PCBM/Ca:Al

RGO/CNTs 0.24 86 G/PEDOT:PSS/ 0.85 [92]
P3HT:PCBM/Ca: Al

4 G represents graphene or its derivatives (including reduced graphene oxide (RGO), doped gra-
phene, or multilayered graphene, etc.)-based transparent electrodes
Copyright 2013. Reproduced with permission from Royal Society of Chemistry

material due to the generation of multiple grain boundaries, lattice defects and
oxidative traps. The sheet resistance can be fine-tuned to minimize its value to a
practical limit by making thicker layers or a multilayer stacking approach—while
doing so, the transmittance of the graphene film is reduced. A photovoltaic cell
based on graphene anode offered a PCE of only ~0.4 % (~0.84 % for ITO based
identical device) owing to the high resistivity of graphene, provided the thicknesses
of ~4 and 7 nm of graphene film showed a transmittance of ~95-85 % and a Rs
of ~100-500 k€2/sq, respectively. Even if the RGO sheets has the high resistivity
as compared to the corresponding ITO substrates, it offers a unique advantage of
excellent flexible nature for the practical applicability as the transparent flexible
electrodes in PSCs. Yin et al. [82] have shown a transparent (~55 %) and conduc-
tive (Rs ~1.6 k2/sq) electrodes made of RGO on flexible polyethylene terephthalate
(PET) substrate and achieved a PCE of ~0.78 % as shown in Fig. 11. Even though
the observed PCE of the highly flexible device was inferior in contrast to the ITO
counterpart, the device sustained a thousand cycles of bending at a tensile strain
of ~2.9 %, whereas the flexible ITO-based devices cracked down upon bending.

In order to enhance the efficiency of the graphene electrode based cells, the
resistivity of graphene could be further reduced by applying a chemical vapor
deposition (CVD) method, which could yield high quality graphene in-build with
high transmittance and electrical conductivity [83]. Typically the multi-layered
smooth graphene films as the flexible transparent electrode can be fabricated by
the CVD approach in large-area with respect to the device fabrication as reported
by Arco et al. [84]. They have obtained continuous graphene films with a surface
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Fig. 11 a Photograph of RGO/PET and the schematic representation of the layer structure of the
device, i.e., RGO/PEDOT:PSS/P3HT:PCBM/TiO/Al, with RGO as the transparent electrode; b
current density—voltage (J-V) curves of the device after applying (1) 400, (1) 800, and (I1I) 1200
cycles of bending; ¢ the short-circuit current density (J), overall power conversion efficiency
(1), and the sheet resistance (Rsr) of the device as a function of bending cycles [82]. Copyright
2010. Reproduced with permission from American Chemical Society

roughness of only ~0.9 nm. Notably, a comparable PCE of ~1.18 % in contrast
to ITO based device (PCE ~1.27 %) has been demonstrated, where RGO shows
a minimal resistivity (Rg) of ~230 Q/sq at ~72 % transparency. In addition, the
graphene-based device has shown a superior flexibility to operate even at a bend-
ing angle of 138°, while the ITO-based devices have cracked and irrevocably
failed at a maximum bending tolerability of 60°. The sheet resistance of graphene
is governed by the relation Ry = (oopN)~L, where oyp is the 2D sheet conductiv-
ity and N is the number of layers [85]. We have already discussed the possibility
to increase the number of layers via stacking multilayers of graphene, keeping in
mind the retention of an optimum transparency of the film. Alongside, the conduc-
tivity of graphene films can also be enhanced by chemical doping thereby increas-
ing the carrier concentration. Following the same, Choi et al. [86] have reported a
PCE of ~1.17 % for the device MLG/PEDOT:PSS/P3HT:PCBM/Ca/Al (Fig. 12)
fabricated on the CVD-grown multilayer graphene (MLG) films having a relatively
lower R of ~374 Q/sq. The 4-layered MLG films, as confirmed by its characteristic
G and 2D bands obtained from Raman spectra, applied in the devices have shown
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Fig. 12 a Cross-sectional FESEM image and b band diagram of a bulk-heterojunction OSC
fabricated on MLG, ¢ current density—voltage characteristics (AM 1.5 G with an incident light
power intensity of 100 mW cm~2) of OSCs fabricated on the MLG electrode and reference ITO
electrodes [86]. Copyright 2012. Reproduced with permission from Elsevier Ltd.

a promising transparency of ~84.2 % at the wavelength range of 400-800 nm
comparable to ITO substrates. Although a lower FF of ~32.6 % was obtained, the
fabricated device has demonstrated a Ji of ~6.9 mA/cm? and Vi of ~0.521 V,
whereas the similar device with ITO electrode has yielded a Jy. ~ 8.5 mA/cm?, a
Voe ~0.589 V and a FF ~ 68.4 %. The lack of formation of smooth and wrinkle-free
MLG in contrast to the cost-intensive sputtered ITO electrode in the devices gen-
erated lower shunt resistance, which produced the leakage current and lowered the
overall PCE.

In an earlier report by Choe et al. [87] a maximum PCE of ~1.3 % has been
achieved using CVD-grown (at 1,000 °C) MLG films as the transparent con-
ductive electrodes in the device MLG/PEDOT:PSS/P3HT:PCBM/AI. In their
work, the effect of CVD growth temperature for MLG films in the device per-
formance has been explored. It has been observed that at lower temperatures of
800 and 900 °C, the MLG films show higher transparency, but at the same time
lowering of the sheet resistance depending on the defect density of graphene is
also been observed. This was confirmed from the Raman peak intensity ratio
analysis for the MLG films grown at the varying temperatures of 800, 900 and
1,000 °C, which reflected the increased film thickness, reduced optical transpar-
ency, decreased defect density and lowered sheet resistance of graphene with an
increase in its CVD growth temperature (Fig. 13). Indeed, the sheet resistances
of ~1,730 (£600), ~990 (£400) and ~610 (£140) Q/sq and mobility values
of ~660 (£270), ~1,030 (+440) and 1,180 (£260) cm?/V s were observed for
the MLG films grown at 800, 900, and 1000 °C, respectively—however, the work
function (~4.45 £ 0.04 eV) of the MLG films, measured using Kelvin probe meas-
urement, did not show any significant variation with the change in the growth tem-
perature. Typically, a Ji. of ~6.25 mA/cm?, aV,. of ~0.62 V and a FF of ~0.35
was obtained by the fabricated device, which could be further enhanced to achieve
Jee ~9.03 mA/cm?, Vi ~0.60 V and FF ~0.48, yielding a PCE of ~2.6 % by
applying a hole-blocking TiOy layer between the P3HT:PCBM active layer and
Al cathode. The added TiOy layer executes its dual role in enhancing the device
performance by being—(i) an optical spacer facilitating the charge transport
that improves the Jy. value and (ii) a hole-blocking layer reducing the contact
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Fig. 13 a Schematic diagram of the photovoltaic device structure with MLG electrodes and a
hole-blocking TiOy layer. b AFM image of a MLG film showing the edge of the MLG layers
(dashed) on a SiO; substrate. ¢ TEM image of a region of MLG. The insets show an HRTEM
image of the rippled regions d Transmission spectra of MLG films. The inset shows the trans-
mittance of 90.7 £ 1.5, 88.8 &+ 2.2, and 86.9 £ 1.2 % at 515 nm wavelength, 800, 900, and
1,000 °C, respectively. e Mobility versus sheet resistance of MLG films prepared at differ-
ent growth temperatures (800, 900, and 1,000 °C). f J-V curves of photovoltaic devices with
1,000°C-grown MLG electrodes (circles) and with ITO electrodes (diamonds); the curves with-
out the TiOx layer (filled symbols) are compared to the ones with the TiOx layer (open symbols)
[87]. Copyright 2010. Reproduced with permission from Elsevier Ltd.

resistance between the active layer and Al counter electrode thereby increasing the
FF of the devices.

As discussed earlier, a practical approach to improve the conductivity or reduce
the resistivity is the stacking of multilayers of graphene or its chemical doping.
An enhanced PCE of ~1.6-2.5 % has been recognized by Wang et al. [89] in the
P3HT:PCBM based devices containing the acid-doped multilayer graphene as
the anodes. Despite the use of HCI and HNO3 doped 4-layer graphene multilay-
ers having a R of ~80 (U/sq at ~90 % transmittance (at 550 nm) has exhibited
a PCE of ~2.5 %, which is ~83.3 % of the PCE of ITO-based cell, the devices
suffered from the reliability issues. This is attributed to the fact that upon heat-
ing or electrical stressing, the acid dopants are released and ultimately diffuses
through the P3HT:PCBM active layer thereby causing the stability problems
in the device. In a similar device, reported by Lee et al. [90], top laminated
10-layer graphene electrode has been deposited using thermal releasing pro-
cess simultaneously during the thermal annealing of the P3HT:PCBM layer and
a PCE of ~2.5 % has been recorded. Apart from the acid dopants, organic mol-
ecule can also be chemically doped to graphene to enhance the conductivity of
graphene electrode. For instance, Hsu et al. [91] have demonstrated a sand-
wiched type graphene/TCNQ/graphene (G/T/G) stacked films (Fig. 14), where
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Fig. 14 a Four anode structures prepared using graphene and TNCQ, where G and T represent
a graphene layer and a thermally evaporated TCNQ layer, respectively, b the schematic of the
device architecture showing the G/T/G layers. Statistical Hall effect measurement results for
these four anode films: ¢ sheet resistance and d hole carrier mobility. Inset to d shows the scheme
for the solar cell device with G as an anode, where the graphene anode is sitting on a glass
substrate and PEDOT:PSS is spun on top of the graphene anode for enhancing hole transport.
Ca/Al is used as the reflective cathode. A band diagram for the solar cell is also shown, e meas-
ured current density (/sc)—applied bias (V) curves of the fabricated devices [91]. Copyright 2012.
Reproduced with permission from American Chemical Society

the tetracyanoquinodimethane (TCNQ) molecules were thermally evaporated onto
the surfaces of graphene sheets in a controlled mode to obtain the layer-by-layer
G/T/G films with tunable conductivities and investigated their role as the anode
for the device performances. The intrinsic p-dopant character of TCNQ, due
to the presence of highly electron deficient aromatic rings, induces an increased
hole concentration in the multilayered graphene sheets and lowers the Ry value
of graphene-TCNQ electrodes. As the number of layer-by-layer structure of gra-
phene-TCNQ is increased, the Rg value of ~839 /sq for monolayer graphene
electrode is observed to decrease in the order ~629 Q/sq (for G/T/G), ~278 Q/
sq (for G/T/G/T/G) and ~182 Q/sq (for G/T/G/T/G/T/G). In view of the highest
conductivity or the lowest R of the graphene—TCNQ films, the best performance
is expected for the device involving G/T/G/T/G/T/G electrode, but the maximum
PCE of ~2.58 % have shown by the device involving G/T/G/T/G—however, PCEs
of ~1.37 and ~1.99 % has been achieved for G/T/G and G/T/G/T/G/T/G based
devices. This could be attributed to the optimum optical transparency of ~92.2 %
and an enhanced FF of ~0.48 with respect to the number of G/T layers.

In addition to the smaller molecules like TCNQ, poly(vinylidene fluoride-co-
tri-fluoroethylene) (P(VDF-TrFE)) type ferroelectric polymers can also be used
as the p-dopants of graphene [93]. The advantage of such polymers is the stabil-
ity and durability under ambient conditions as well as the higher optical transpar-
ency of more than ~95 % from the visible to the near-infrared wavelength range
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due to the very low optical absorption of the ferroelectric polymer. Ni et al. [93]
have reported a high loading capacity (~3 x 10'3 cm™2) of P(VDF-TrFE) as the
dopant to the CVD grown monolayer graphene and achieved a low sheet resist-
ance of ~120 Q/sq.

In a different approach by Emmanuel et al. [94], laser-reduced GO (LRGO)
films are deposited via spin coating on temperature sensitive substrates directly to
fabricate the in situ flexible transparent conductive electrodes in one step. Conductive
graphene films having a R value of ~700 Q)/sq at an optical transparency of ~44 %
has been fabricated in a large area for the device applications. A PCE of ~1.1 % has
been yielded by the flexible ITO-free device PET/LRGO/PEDOT:PSS/P3HT:PCBM/
Al having LRGO film with R ~1.6 kQ/sq at 70 % transparency.

2.3 Graphene as Hole Transporting Layer

The performance efficiency of PSCs is governed by their characteristic Jy¢, Vo,
FF and cell life-time values, all the four are dependent on the interfacial proper-
ties between the active layer and electrodes as well as on the physical properties of
the materials. The basic PSC device model encounters the direct electrical contact
of the donor and acceptor layers with the respective electrodes, which leads to the
possible carrier recombination and leakage current. In order to overwhelm such
recombination and to suppress the current leakage, the electron blocking and hole
transporting layers (HTLs), particularly the wide band gap p-type materials, are
often deposited on the top of the transparent counter electrodes. The semiconduct-
ing polymer PEDOT:PSS is mostly employed as such anode interfacial layer that
improves the anode contact as well as the hole collection. The solution process-
ability of PEDOT:PSS is advantageous as it can reduce the surface roughness of
ITO as well as the suitable alignment of the work functions between P3HT and
ITO for smooth collection of holes. Notably, a few practical problems exists along
with the use of PEDOT:PSS, namely, ITO corrosion at high temperatures facili-
tated by the highly acidic (pH ~ 1) aqueous suspensions of PEDOT:PSS, introduc-
tion of water into the active layer and the non-homogeneous electrical properties
ensuing deprived long-term stability [95-97]. Even though several inorganic semi-
conductor metal oxides such as V05, MoOj3, NiO, etc. have also been tested as
the HTL for the organic solar cells achieving PCEs of ~3-5 %, the requirement of
cost-intensive vacuum deposition method has lead a way to search for the alternate
solution processable materials for HTL. In this context, GO has received consider-
able attention as a robust material having mechanical flexibility and tunable elec-
tronic properties to use as a hole-transporting material [98—100]. Li et al. [101]
have applied the chemically derived GO thin films (thickness of ~2 nm), deposited
from the neutral aqueous suspensions, as the HTL in the devices wherein a maxi-
mum PCE of 3.5 % has been achieved with a Ji. ~11.4 mA/cm?, a Vo ~0.7 V and
a FF ~0.54, while the identical device employing PEDOT:PSS showed a compara-
ble PCE ~3.6 % and the GO-free device yielded a PCE of only ~1.8 %.



178 D. Barpuzary and M. Qureshi

) (d)
NA L - N—‘ L
E ol ™ Pl g
L 9 d 0
< i d <
E' -2r 7 __E_ 2F
2 4r ; 2 4
e -6} s 2 sf
@ @
© 8} - T Spo”
- = '
£ ——GO(2nm) £ .ol :
S § —-=-ITO only g “10kole-o" - GOf4nm)
5.12F ) - — PEDOTPSS ST o —4— GO(10nm)
o 0.0 0.2 0.4 0.6 o 0.0 0.2 0.4 0.6
Voltage (V) Voltage (V)

Fig. 15 a Schematic of the photovoltaic device structure consisting of the following: ITO/
GO/P3HT:PCBM/AI, b energy level diagrams of the bottom electrode ITO, interlayer materi-
als (PEDOT:PSS, GO), P3HT (donor), and PCBM (acceptor), and the top electrode Al, ¢ cur-
rent—voltage characteristics of photovoltaic devices with no hole transport layer (curve labeled as
ITO), with 30 nm PEDOT:PSS layer, and 2 nm thick GO film, d current—voltage characteristics
of ITO/GO/P3HT:PCBM/ALI devices with different GO thickness. All of the measurements were
under simulated A.M. 1.5 illumination at 100 mW/cm? [101]. Copyright 2010. Reproduced with
permission from American Chemical Society

In the presented PSC with structure ITO/GO/P3HT:PCBM/AI as shown in
Fig. 15, the work functions of GO and ITO matched well and the LUMO level
of P3HT has also favored an effective hole transfer within the device. It should
be mentioned that GO as the HTL has established longer stability in contrast to
the PEDOT:PSS devices. The increase in the thickness of the GO layer from ~2
to ~10 nm has decreased the device performance, which could be ascribed to
the increased sheet resistance as well as the optical transmittance along with the
increased thickness. However, the spin coating deposition of smooth GO films
with a thickness of ~2 nm resulting in single or bilayer GO film is a challeng-
ing task. On the other hand, the full coverage underlying ITO surface for a larger
area device fabrication needs thicker GO films, which results in higher sheet
resistance thereby lowering the Jy., Vo and FF of the devices. In this regard, Kim
et al. [102] have introduced an idea to use the composites of GO and single-walled
CNTs (SWCNTs) as the HTL for the PSC fabrication, where a PCE comparable
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to the PEDOT:PSS-based device has been recorded. The GO-SWCNT compos-
ite has significantly improved the vertical conductivity of GO without affecting
its surface roughness even at the presence of a small amount of SWCNTs with
a diameter of ~1 nm. Herein the present approach demonstrates the possibility to
use slightly thicker and thus easier-to-make GO films as HTL via solution pro-
cessed spin coating route. The substantial role of the SWCNTs in the device per-
formance has been demonstrated by comparing the PCEs of the devices with the
varying thickness of the GO films in presence and absence of SWCNTs. It was
observed that the SWCNT-free devices have shown a decreased trend in the PCE
from ~3.26 to ~2.36 % with the increase in the thickness of the GO layer from ~1
to ~3—4 nm, while the same involving the GO-SWCNT composite showed an effi-
ciency decrease from ~3.66 to 3.13 %.

In another report, Yun et al. [103] have compared the performance of the pho-
tovoltaic devices ITO/AIL/P3HT:PCBM/Ca(Al) employing GO, a conventional
RGO and a p-toluenesulfonyl hydrazide reduced GO (PRGO) films of different
thicknesses as the anode interfacial layer (AILs) or HTLs as shown in Fig. 16. The
maximum PCEs of ~3.63 and 3.53 % have been recorded for the PRGO based
devices for ~2 and 5 nm thicker PRGO (HTL) film, respectively. In the fabri-
cated devices, the PRGO films exhibited a higher conductivity values (Rg ~ 2.0—
2.2 Q cm?) than the GO films (Rs ~ 16.5-483.4 Q cm?), while the conductivities
of RGO films (Rs ~ 4.0-4.1 Q cm?) were found to be similar to PRGO. On the
other hand, the film quality of PRGO films (rms roughness ~1.23—-1.24 nm) was
found to be better than that of RGO films (rms roughness ~2.65-3.39 nm) and
similar to that of the GO films (rms roughness ~1.17-1.21 nm). Thus, depend-
ing on the combined effects of the sheet resistance as well as smoothness of the
GO, RGO and PRGO films, a deprived PCE maxima of ~2.23 % for GO-based
and ~2.83 % for RGO-based devices are observed in contrast to the PRGO-based
devices (PCE ~ 3.53-3.63 %). It has been further investigated that apart from
achieving a comparable performance efficiency, the PRGO-based PSCs have
offered a superior long-term stability as compared to PEDOT:PSS counterpart.

Murray et al. [104] have investigated the role of an electronically tuned single
layer GO credibly facilitating the device durability and replacing the traditional
PEDOT:PSS as the HTL (Fig. 17). The fabricated GO based devices involving
PTB7 as the donor and PC71BM as the acceptor materials have shown a prom-
ising PCE up to ~7.39 % with a Jy. of ~15.21 mA/cm?, a Vi of ~0.716 V and
a FF of ~67.7 %, while the PEDOT:PSS device resulted in Jy. ~ 14.55 mA/
cm?, Voo ~ 0.741 V, FF ~ 68.1 % yielding a PCE ~ 7.46 %, provided PTB7 is
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]
[3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno[3,4-b]thiophenediyl]] and PC71BM
is [6]-phenyl-C71-butyric-acidmethyl-ester. Moreover, incorporating GO as the
HTL in the devices have exhibited 5 times improvement in the thermal aging
lifetime and 20 times enrichment in the humid ambient lifetime in contrast to
the equivalent PEDOT:PSS-based devices. The observed rms roughness for
PEDOT:PSS film was found to be ~3.5 nm, while the comparatively lower value
of only ~0.7 nm for the Langmuir—Blodgett derived GO film reflects the lower
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Fig. 16 a Schematic of the device structure ITO/AIL/P3HT:PCBM/Ca(Al), where AIL repre-
sents GO, RGO and PRGO. b The representative J-V curves for the devices with varying thick-
nesses of GO, RGO and PRGO films with the thicknesses measured as: GOl (2 nm), GO3
(5 nm), RGO1 (4 nm), RGO3 (5 nm), PRGO1 (2 nm) and PRGO3 (5 nm). ¢ Changes in PCE of
a conventional PEDOT:PSS-based organic solar cell (OSC) and an OSC with the pr-GO anode
interfacial layer during exposure to air [103]. Copyright 2011. Reproduced with permission from
John Wiley & Sons

sheet resistance of the GO film. Also the GO films template PTB7 polymer face-
on oriented T stacking more effectively as compared to PEDOT:PSS leading to an
enhanced PCE for GO based cells.

2.4 Graphene Filled Hybrid Solar Cells

The growing interest of graphene based photovoltaic devices and cost-effective
large-area synthesis of graphene composites upholds the current research attention
on the photovoltaic technology one step forward by utilizing hybrid nanostructure
based heterojunction assemblies. The unique physical properties of graphene in its
pure, oxidized or reduced form can be incorporated in the inorganic—organic type
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Fig. 17 AFM image of a a spin-cast and annealed PEDOT:PSS film with an rms roughness
of 3.5 nm and b a GO film deposited by LB assembly, annealed, and treated with UV ozone
(UVO) having an rms roughness of 0.7 nm, ¢ chemical structures of the PTB7 donor polymer,
PC71BM acceptor, and GO, d comparative photovoltaic performance of PTB7:PC71BM device
with PEDOT:PSS or GO HTLs. Inset (leff) shows the schematic of a standard OPV indicating the
location of the IFLs. Inset (right) shows the structural model from GIXS data showing prefer-
ential face-on PTB7 m-stacking on ITO/GO substrates [104]. Copyright 2011. Reproduced with
permission from American Chemical Society

hybrid solar cells. For instance, Park et al. [105] have shown a method to use the
CVD grown graphene thin films (R ~ 300 £ 12 Q/sq, transparency ~92.0 + 0.4 %
at 550 nm) on glass substrates as the conductive electrodes, onto which ZnO
nanowires can be vertically grown using a low-temperature (90 °C) hydrother-
mal treatment (Fig. 18). Notably, the ZnO seed layer is needed to spin coat over
the ITO or graphene sheet in order to provide a platform for the uniform growth
of ZnO nanowires, but the lower surface free energy and hydrophobic nature of
graphene causes poor wetting of the seed solution over the graphene surface.
Therefore, the graphene surface is modified using two non-destructive conduct-
ing polymers (PEDOT:PEG and RG-1200), which eventually acted as the inter-
facial layers, over which ZnO seed layer is spin coated. Herein, the smoothness of
the seed layer is the critical parameter for the uniform one dimensional growth of
ZnO nanowires over the modified graphene surfaces. The graphene/PEDOT:PEG
and graphene/PEDOT:PEG/ZnO films have shown the rms roughness of ~34
and ~24 nm, respectively. The graphene films were further smoothened when RG-
1200 polymer was used resulting in the decreased rms roughness values of ~6
and ~2 nm for graphene/RG-1200 and graphene/RG-1200/Zn0 films, respectively.
Moreover, ZnO nanowires grown on the RG-1200 substrates have shown better
nanowire alignment (order parameter, Srg-1200 = 0.992) than PEDOT:PEG sub-
strates (SpepoT-pEG = 0.938) and a comparable alignment to the nanowire arrays
grown on ITO (Sro = 0.997), which is in good agreement with the smooth-
ness observed for the as-grown films. The P3HT based hybrid solar cells involv-
ing graphene/RG-1200/ZnO have shown a maximum PCE of ~0.5 % along with
a Jg of ~2.4 mA/cm?, a Voo of ~0.57 V and a FF of ~32.9 %, while analogous
devices involving graphene/PEDOT:PEG/ZnO (Js. ~ 1.9 mA/cm?, Voo ~ 0.49 V,
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Fig. 18 SEM characterization of ZnO nanowire arrays grown on a ITO substrates, b
graphene/PEDOT:PEG(PC), and ¢ graphene/RG-1200, d left Schematic diagram of the gra-
phene cathode hybrid solar cells: graphene deposited on quartz is covered by a polymer
(PEDOT:PEG(PC) or RG-1200), followed by the ZnO seed layer and 400 nm long ZnO nanow-
ires. The nanowires are then infiltrated and covered with P3HT (700 nm) and finally with MoO3
(25 nm)/Au (100 nm) top electrodes. Right Flat-band energy level diagram of the device. e J-V
characteristics of representative graphene-based P3HT devices with different polymer interlayers,
compared with an ITO reference device. Inset to (e) shows SEM cross-section images of the com-
plete device, showing substantial infiltration of P3HT into the nanometre-scale gaps between ZnO
nanowires [105]. Copyright 2013. Reproduced with permission from American Chemical Society

FF ~ 33.8 %, PCE ~ 0.3 %) and ITO/ZnO (Jsc ~ 1.7 mA/cm?, Voo ~ 0.59 V,
FF ~36.8 %, PCE ~ 0.4 %) have exhibited inferior photovoltaic performances.
Tong et al. [106] have recently shown another high performance inorganic—
organic hybrid PSC demonstrating the integration of poly[[9-(1-octylnonyl)-
9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-
2,5-thiophenediyl] (PCDTBT) polymer as the donor and a composite of core—shell
CdSe/CdTe nanocrystals and RGO as the electron acceptor (Fig. 19). The homoge-
neous mixture of the components were achieved by introducing a chemical treat-
ment with amines endorsing the compatibility of the interfaces. The treatment with
oleylamine promotes the surface modification of the tetrapod shaped CdSe/CdTe
nanocrystals by inducing hydrophobic properties. On the other hand, the acidic
functional groups of RGO binds with the amine through acid-base complexation
ensuring an enhanced solubility of RGO in organic solvents such as 1,2-dichlo-
robenzene. Thus, the amine treatment dramatically increases the homogeneous
dispersion of the nanocrystal in RGO and the miscibility of the acceptor to the
donor facilitating an excellent interfacial charge transfer. The significant role of
amine treatment has been evidenced from more than 2-fold enhancement in the
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Fig. 19 a Photovoltaic device configuration used in the current study. b Schematic energy level
diagram of the device. J-V characteristics of the devices with ¢ different photoactive layer and d
PCDTBT:Tetrapod-RGO in various blend ratio under light illumination intensity of 100 mW/cm?
[106]. Copyright 2013. Reproduced with permission from John Wiley & Sons

PCEs of the devices with the hybrid active layer of PCDTBT:tetrapod—RGO in
contrast to PCDTBT:tetrapod, tetrapod-RGO and PCDTBT:RGO. The ternary
hybrid exhibited an outstanding device performance achieving a Js. of ~6.0 mA/
cm?, a Voc of ~0.82 V and a FF of ~59 %, affording a PCE of ~3.27 %, while the
reference devices involving PCDTBT:tetrapod, tetrapod-RGO and PCDTBT:RGO
have exhibited lower PCEs of ~0.04, 0.29, and 1.43 %, respectively.

In a different methodology, Liu et al. [107] have demonstrated a controlled
functionalization GO involving a simple charge neutralization process using
Cs>CO3, wherein the periphery —COOH groups present in GO are converted to
—COOCs. As a result of this, the hole-extraction GO as well as its work func-
tion of ~4.7 eV are altered to produce electron-extraction Cesium-neutralized
GO (GO-Cs) with an work function of ~4.0 eV as shown in the schematic of
Fig. 20. The hole-extraction property of GO is administered by the presence of
peripheral -COOH groups, which eventually dope the P3HT polymer to facilitate
an Ohmic contact between GO and P3HT at the interface created by the similar/
matched work function values of GO (~4.7 e¢V) and the HOMO level of P3HT.
Once these peripheral -COOH groups are converted to —COOCs, the altered work
function of GO-Cs (~4.0 eV) matches with the LUMO level of P3HT providing
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Fig. 20 Device structures (a) and energy level diagrams (b) of the normal device and the
inverted device with GO as hole-extraction layer and GO-Cs as the electron-extraction layer,
¢ chemical structures and synthetic route of GO and GO-Cs, d J-V curves of devices with
-structures 1TO/interlayer/P3HT:PCBM/LiF/Al and ITO/PEDOT:PSS/P3HT:PCBM/interlayer/
Al) [107]. Copyright 2012. Reproduced with permission from John Wiley & Sons

an efficient electron-extraction property of GO-Cs. Moreover, the relatively weak
optical absorption property and solution-processability of both GO and GO-Cs
favor an ultrathin film formation with a thickness ~2 nm for the device applica-
tions. The measured conductivity of these GO and GO-Cs thin films are found
to be ~3.8 x 1073 and ~5.0 x 107> S m~!, respectively. The normal configura-
tion of the devices involving hole extraction GO layer has shown a maximum PCE
of ~3.67 % with a Js of ~10.3 mA/cm?, a Vo of ~0.61 V and a FF of ~59 %,
whereas the inverted structure of the devices using electron-extraction GO-Cs
layer afforded a maximum PCE ~ 2.97 %, a Jy. ~10.6 mA/cm?2, a Vo, ~0.51 V and
a FF ~54 %. In another hybrid solar cell approach, the promising role of GO as
an electron acceptor to minimize the electron-hole recombination has also been
explored in a ternary ZnO-CdS-GO composite based device affording a PCE of
~2.8%, while the GO-free device yielded a PCE of only ~1.9 % [110]

3 Conclusion and Outlook

Since the discovery of graphene in 2004, the substantial growth of graphene based
materials has been continuously demonstrating its superior electronic properties in
the BJH and hybrid photovoltaic assemblies. Recent advances in this area have wit-
nessed the new pathways to develop high-performance photovoltaic assemblies. In
the brief discussion on graphene based PSCs, in this article, we have focussed on
the variety of interesting roles of graphene to enhance the device performance effi-
ciencies. Excellent electronic as well as the surface properties of graphene could be
employed in the devices via its single-layered, oxidized or reduced forms, which
offer great opportunities to produce the functionalized and composite materials
involving graphene. Coupling of graphene with polymer, organic or semiconduc-
tor materials presents a contemporary approach to design and develop wide variety
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of novel materials for the photovoltaic applications. Although pristine, oxidized
or highly reduced forms of graphene have exhibited best prospects in the PSCs,
experimental routes applied to incorporate graphene into the polymer hosts and the
fabrication of highly conducting graphene based electrodes need sincere attention.
Pristine graphene exhibits inferior device performance owing to its poor compat-
ibility with the organic polymers. In this regard, graphene sheets seemed to be a
promising choice to fulfil the conductivity requisites as well as the easy synthetic
routes to accomplish well-dispersed blends with the polymer matrix, especially
using the solution processed approaches. Chemical and surface modifications
of graphene can also be carried out to improve the surface properties and electri-
cal conductivity of graphene, thereby enriching the graphene—polymer electronic
interactions for the best results. In addition to the advancement of the properties
of active layer in PSCs, graphene based materials can likewise promote the role of
counter electrodes to replace or modify the rigid electrodes due to their superior
electrical conductivity, chemical robustness and high flexibility, consecutively suc-
ceeding the roll-to-role industrial processing applicability. Single- or multi-layered
sheets of graphene have been explored as the counter electrodes that can outshine
the performance of platinum based electrodes in terms of flexibility and compa-
rable sheet resistance, optical transparency and mechanical strength. Nevertheless,
it is still challenging to stabilize the large area production of high quality gra-
phene films onto flexible substrates for the practical applications. One of the suit-
able applied routes is the solution processed fabrication of mono-layer graphene
electrodes, but it induces a serious increase in the electrical resistance within the
material. The resistivity of the electrodes could be further lowered to a minimum
practical limit by introducing the thicker or multi-layer stacking approach—while
doing so, optical transparency of the films is compromised. Indeed, a CVD tech-
nique can be employed as an effective alternate to overcome these issues producing
transparent and high quality multi-layer graphene films with a very low resistiv-
ity or high electrical conductivity. The electrical conductivity of multi-layer gra-
phene films could also be enhanced by introducing p-dopants, which eventually
promotes the hole concentration thereby minimizing the sheet resistance in the sys-
tem. Graphene in its oxidized or reduced forms have also been applied as the smart
hole transport materials establishing a longer stability in contrast to the well-known
material PEDOT:PSS. However, the fabrication or spin coating of smooth GO or
RGO films with a thickness of ~1-2 nm ensuring the single or bilayer structure is
a prime challenge. Similarly for the large scale applications, the widespread cover-
age of ITO surfaces with a GO/RGO HTL is anticipated—while doing so, a thicker
GO/RGO layer is needed that encounters a higher sheet resistance, lowering the
device performance. Rather exciting results are observed applying the monolayer
GO as the HTL, electronically coupled through a w-stacked face-on microstructure
of the active layer in the device, enriching the durability and lifetime comparable to
PEDOT:PSS. Moreover, graphene and its chemically modified derivatives or their
doped structures can be utilized to perform superior enhancement in the efficien-
cies of hybrid inorganic—organic solar cells. Thus far, using graphene based materi-
als in PSCs have perceived a rapid upsurge in research and prolific results, keeping
in mind that specific graphene material have specific properties— inherently
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dependent upon the synthesis route and fabrication process —and each specialized
material performs specific functions in the solar cells. An advanced phase of inno-
vative research, to involve these graphene materials in the PSC community pro-
gressively, is obligatory to study whether the applications briefed in this article can
be carried over to produce modern graphene devices.
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Graphene Composites Based Photodetectors

Shichao Song, Long Wen and Qin Chen

Abstract Graphene is an amazing material with unique electrical and optical
properties that have never been observed in conventional materials. Graphene can
absorb light from ultraviolet to infrared and transit carriers at a speed of 1/300 of
light, which make graphene an excellent candidate for optoelectronic applications.
Graphene composites consisting of graphene and other materials combine the high
carrier mobility property of graphene and the excellent light absorption properties
of other semiconductors, which are ideal for development of next-generation opto-
electronic devices, especially photodetectors. In this chapter, we review the recent
progress of graphene composite photodetectors with significant performance
improvement compared to the original graphene photodetectors and discuss its
future developments. We consider that graphene composite photodetectors would
play an important role in future optical interconnect and imaging systems.
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uv Ultraviolet
THz Terahertz

1 Introduction

Graphene, the origin of all graphitic forms, can be described as a one-atom thick
layer of graphite and is densely packed in a regular sp>-bonded hexagonal pattern.
Over the past decades, graphene has become one of the most exciting topics of
research in nanoscience and nanotechnology [1]. It has a large specific surface
area (2,630 m?> g~!), high intrinsic mobility (200,000 cm? v=! s=1) [2, 3], large
Young’s modulus (~1.0 TPa) [4], high thermal conductivity (~5,000 W m~! K~1)
[5, 6], and broadband photoresponse (300 nm—6 pwm) [7, 8], etc. The prominent
properties that graphene possesses merit attention for applications in such as heat
sinks [9-11], transistor [12, 13], photodetector [12, 14—17], modulator [18-21],
polarization controller [22], transparent conductive electrode [23, 24], etc. To fur-
ther exploit these properties in various kinds of applications, versatile and reliable
synthetic routes have been developed to grow graphene, such as mechanical exfo-
liation [25], chemical vapor deposition (CVD) [26], liquid phase exfoliation [27],
molecular assembly [28], synthesis on SiC [29], etc. Since Geim and Novoselov
at University of Manchester first isolated single-layer graphene from bulk graphite
[30-32], which were awarded the 2010 Nobel Prize in Physics, great progress in
graphene fabrication has been achieved, for example, Sungkyunkwan University
and Samsung have developed a novel fabrication technology for 30-in. graphene
film massive production via CVD and roll-to-roll transferred methods in 2010
[24]. With all these advantages in preparation of graphene, it is desirable to har-
ness the useful properties of graphene in composites, through the incorporation
with various kinds of functional materials [33]. Till now, graphene-based com-
posites have been successfully made with polymers [34-36], nanostructures [37,
38], CNTs [39, 40] and are intensively explored in applications such as superca-
pacitors [41, 42], transparent conductive electrodes [43], photovoltaic devices [44,
45], photodetectors [46, 47], sensors [48, 49], etc. There is no doubt that graphene
transparent electrodes will be the first appearance outside laboratories for the
applications in OLEDs, touch screen and so on. In a recent important review on
graphene [50], graphene photodetector, one of the most actively studied devices,
is considered to be the first graphene optoelectronic devices for optical intercon-
nect applications before 2020. In this chapter, we will review recent development
in graphene composites based photodetectors and discuss the possible urgent tasks
to push this device to the market. The chapter is organized as follows: Sect. 2 gives
a brief introduction of the graphene production method; Sect. 3 introduces the car-
rier transition and light absorption property in graphene; Sect. 4 gives a general
introduction of graphene optoelectronic applications; Sect. 5 focuses on various
graphene composite photodetectors; In Sect. 6, we will summarize the chapter.
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2 Graphene Production Method

There are several production methods nowadays for graphene. High quality gra-
phene was first produced by mechanical exfoliation of graphite [25]. It is a very
simple way to get monolayer and few graphene layers by a scotch tape and pro-
vides the best quality graphene so far. However, it is not an efficient method to
produce graphene on a large scale due to the less controllability and low repeat-
ability. Therefore it is only used in academic research. Liquid phase exfoliation
method is to exfoliate graphene in aqueous or non-aqueous solvents by ultrasoni-
cation [27]. Control of lateral size and number of layers can be achieved by sepa-
ration in centrifugal fields. Therefore, it has advantages of low cost and scalability,
and also it is a perfect method to fabricate graphene composite. However, these
exfoliation methods are not ideal for the integration of graphene devices into the
existing platforms. CVD is the most popular way to produce graphene as all the
process steps occur in completely semiconductor compatible environment. Large-
area uniform polycrystalline graphene films are usually grown by CVD on metal
foils and then transferred onto other substrates [26], for example, 30-in. graphene
films have been produced via CVD [24]. The issue of the CVD method is that
most as-grown samples are multilayered [14].

Transferring graphene layer is a key step in all above methods. Extensive experi-
ences of transfer process have been developed for CNTs, which are also applied to
graphene. A single layer graphene and few layer graphene on SiO»/Si were reported
to be transferred to other substrates [51]. In this method, a layer of poly(methyl meth-
acrylate) (PMMA) is spin coated on the graphene covered substrate. Then the sub-
strate is subsequently detached by SiO» wet etching. After this, the PMMA/graphene
membrane is placed on the target substrate and the PMMA is dissolved in acetone. It
is worth to mention that a scaled transferring process of roll-to-roll method has been
already reported to transfer graphene from copper foil onto plastic substrates [24].

3 Carrier Transition and Light Absorption in Graphene

Graphene, a zero-bandgap material or semimetal, has a linear dispersion relation-
ship around the Dirac point as shown in Fig. 1, which causes an ultra-high intrinsic
mobility and broadband absorption. The dielectric constant of graphene is usually
taken as 1 + 4mio/wt, where o is the conductivity, w is the angular frequency and ¢
is the thickness of graphene [52]. The conductivity from both interband and intra-
band contributions for graphene can be calculated using the Kubo formula [53, 54],
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where ojper and oy, are the interband and intraband contribution to conductivity,
respectively. 4 and h are Planck and reduced Planck constant. p is the chemical
potential of graphene. kg is Boltzmann constant, T is the thermodynamic tem-
perature. e is the charge of the electron, 7 is the average scattering time of free
electrons.

As illustrated in the Fig. 1, in the visible and near infrared ranges, the light
absorption of graphene is calculated to be independent of frequency and have a
magnitude given by ma & 2.3 %, where « is the fine constant [55]. And with a
negligible reflectance (<0.1 %), this absorbance increases linearly with the layer
numbers from 1 to 5 [55]. Such broadband absorbance, not affected by the details
of the graphene band structure, is equivalent to a universal optical sheet conduc-
tivity o9 = wGo/4, where Gy = e2/(4h) ~ 6.08 x 1079Q 1 is the quantum con-
ductance [56]. However, as shown in Fig. lc, the deviation from this broadband
absorption is found with the energy of incident light less than 0.5 eV (or wave-
length larger than ~2,480 nm), which is attributed to the effects of finite-tempera-
ture, doping, and intraband transitions [54, 57].
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Fig. 1 a Schematic of a grapheme sheet and the near electric field produced by a perpendicular
dipole situated 10 nm away from doped graphene. b The linear dispersion relation around the
Dirac point and the interband/intraband transition. ¢ Calculated graphene absorption spectra and
sheet conductivity from O to 1.2 eV, including both the inter band and intra band contributions at
a temperature of 300 K. a,b Reference [58], Copyright 2011. Reproduced with permission from
American Chemical Society. ¢ Reference [54], Copyright 2008. Reproduced with permission
from American Physical Society
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4 Graphene Optoelectronic Devices

Graphene can be seen as two dimensional electron gas, where electrons in gra-
phene behave as massless two-dimensional particles, leading to a significant wave-
length-independent absorption (~2.3 %) for normal incident light below about
3 eV [50]. Additionally, mono- and bi-layer graphene become nearly transparent
when the optical energy is smaller than double the Fermi level due to Pauli block-
ing. These properties would suit many controllable photonic devices [50], such as
transparent conductive electrodes, photodetectors, modulators, etc. In this section,
we briefly introduce graphene optoelectronic devices.

4.1 Transparent Conductive Electrodes

Transparent conductive coatings, such as Indium Tin Oxides (ITO), Aluminum-
doped Zinc Oxide (AZO), are widely used in optoelectronic devices such as touch
screen displays, electronic paper and OLEDs, which require both low sheet resist-
ance and high transmittance. Graphene monolayer provides a high transmittance
of 97.7 % but with a large resistance of 2,000-5,000 Q. Combined with metal
meshes, a screen with ~90 % transparency and 20 Q2 was achieved [59]. Graphene
also has outstanding mechanical flexibility and chemical durability, which is very
important for flexible devices. In contrast, traditionally used material, ITO, has a
transmittance of 90 % and a resistance of about 50 Q. But ITO is expensive due
to indium scarcity, brittle and difficult to process [24, 50]. Therefore, graphene is
very promising for the application as transparent conductive electrodes in OLEDs,
organic photovoltaics, display, and so on.

4.2 Optical Modulator

Optical modulator is one of the key active components used to encode signals into
light by altering phase, intensity and polarization [60]. There are various tech-
niques to modulate light such as electro-optic effect [61], thermal-optic effect [62],
acoustic-optic effect [63], electroabsorption [64], and so on. Graphene is a perfect
material for optical modulation because its optical transmission largely depends
on the Fermi level that could be dramatically modified by electrical gating [18,
19, 65] or chemical doping [66]. For photons with energy large than 2Ef (Fermi
energy), there is no interband transition.

Graphene electroabsorption modulators have excellent performance in terms of
large modulation depth and modulation speed, which are two important figure-of-
merits of optical modulators. With some electromagnetic-confined structures, an
operation bandwidth of more than 50 GHz has been suggested, using integrated
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dual graphene layers [19] to reduce the resistance in the RC delay time, offering
a pathway to a regime of hundreds of gigahertz. The optical bandwidth of such
modulators exceeds 12 THz with an operation speed ranging from 160 to 850 GHz
and limited only by graphene resistance [67]. A record high electroabsorption
modulation of 1 dB/pum was demonstrated by integrating a graphene monolayer
onto a silicon waveguide [68]. What is more, this graphene waveguide modula-
tor has a bandwidth of more than 500 nm due to the broadband photoresponse of
graphene.

4.3 Photodetector

A photodetector absorbs light and converts it to electrical signal, which is usu-
ally manifested as a photocurrent. Generally, there should be at least two energy
levels for electrons transition, where only the incident photons with energy larger
than the energy difference between these two levels can be absorbed. Therefore, it
has limited detecting wavelength range like semiconductor photodetectors, such
as InGaAs-based photodetector for infrared and Si-based photodetector for vis-
ible. However, graphene can in principle be used for a wide spectral range from
ultraviolet to infrared due to its linear dispersion around the Dirac point [55]. And
the ultrahigh carrier mobility of graphene provides high speed of graphene-based
photodetectors [12]. Photoresponse in graphene has been extensively investigated
both theoretically [69] and experimentally [70]. Three main mechanisms including
photovoltaic effect [71], thermoelectric effect [72] and bolometric effect [73] have
been identified as the origins of photocurrent in graphene junctions. Furthermore,
hot carrier transport and carrier multiplication are believed to play an important
role [74]. Beside light absorption, carrier separation and collection are also very
important in photodetector and it is usually realized by introducing an electric field
by external bias or build-in field, where p—n junction and Schottky junction are
usually applied. The recent develop progress of graphene composite photodetec-
tors will be reviewed in Sect. 5 in details.

4.4 Graphene Plasmonics in Terahertz

The intraband transition in graphene is in the THz range resulting in various
graphene THz devices. Furthermore, optical properties of graphene in the THz
range are similar to the noble metals in the visible range [52]. Therefore, it is
expected that graphene film or nanostructure graphene could provide plasmonic-
like phenomena, for example, perfect absorption [75, 76], beam manipulating
[77], spectral engineering [78, 79], and even THz generation [72, 80] and detec-
tion [70, 81].
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5 Graphene Composite Photodetectors

In a recent review on graphene [50], a graphene photodetector is considered
to be the first graphene optoelectronic devices for optical interconnect appli-
cations and it first prototype could be expected before 2020. Although both the
transition-limited bandwidth up to 1.5 THz and the RC-limited bandwidth up to
640 GHz predict a high-speed performance, the photoresponsivity of current gra-
phene photodetector is at a level of a few mA/W, which is quite low compared
to the required 1 A/W for applications. There are three main reasons for the low
responsivity of graphene photodetectors: (1) the weak light absorption of graphene
monolayer; (2) the ps-timescale combination; (3) small junction region for charge
carrier collection. Combining graphene with other nanomaterials or nanostructures
is an effective way to improve light absorption and carrier collection. Conversely,
graphene benefits the carrier transition and separation in other active nanomate-
rials. In this Section, we will review the recent progress of graphene composite
photodetectors and the contents are arranged as follows: (Sect. 5.1) graphene-sem-
iconductor film photodetectors; (Sect. 5.2) graphene-NW photodetectors; (Sect.
5.3) graphene-QDs photodetectors; (Sect. 5.4) graphene-CNT photodetectors;
(Sect. 5.5) nanophotonic graphene photodetectors.

5.1 Graphene-Semiconductor Film Photodetectors

Since Xia demonstrated the first ultrafast (40 GHz) transistor-based graphene
photodetector [12], lots of efforts have been put into the development of high-
response, ultrafast, broadband graphene photodetectors [15, 70, 81-88]. The basic
structure is as shown in the inset of Fig. 2a, which can be seen as a back gate FET.
The photocurrent can be observed without a source-drain bias due to the build-in
field near the Schottky junction. However, the small junction area and the fast car-
rier recombination limited the photoresponsivity of the first graphene photodetec-
tor to only ~0.5 mA/W [12]. To solve this issue, Xia proposed a MSM graphene
photodetector with interdigitated electrodes as shown in Fig. 2b [15]. The photore-
sponsivity increased to 6.1 mA/W due to the better carrier collection and the larger
junction area compared to the device in Fig. 2a. But the metal shielding effect and
the low single path absorption still limited the photoresponsivity.

Alternatively, the low photoresponsivity can be simply increased by integra-
tion of multiple graphene layers [89-91]. As shown in Fig. 3a, p—i—n junctions are
formed due to chemical doping or electrical gating. Each depleted intrinsic section
(i) is formed at reverse bias, where the photocarriers induce the photocurrent in
each graphene monolayer. Then the photogenerated electrons and holes propagate
through the channel toward the p-section and n-section, respectively. In theory, the
responsivity of the multiple-graphene-layer photodetectors with large number of
graphene layers could be very high, for example 74 % for 20 layer graphene [89].
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Fig. 2 a [-V curves of the graphene photodetector with and without light illumination. Inset
is the schematic of the device. b Metal-graphene—metal photodetectors with asymmetric metal
contacts. a Reference [12], Copyright 2009. Reproduced with permission from Nature Publishing
Group. b Reference [15], Copyright 2010. Reproduced with permission from Nature Publishing
Group

The optimized detectivity with different graphene layers, shown in Fig. 3b, gets its
limit order of 10'3 cm Hz!2 W—! (Jones) at 77 K and 10° Jones at 300 K due to
the dark current limit. However, the photoresponsivity increases with the increas-
ing number of the graphene layer, and gets its maximum 227 A/W when the num-
ber is 100. Although the photoresponsivity is improved, the fabrication process
becomes very complex, resulting in low production.

Different from the pure graphene photodetector above where light is absorbed
in graphene with generated electron-hole pairs, using graphene as a junction mate-
rial has been considered. Graphene has near-zero band gap and high conductivity,
and thus it can be regarded as metal. Semiconductor/graphene interface therefore
forms a semiconductor/metal-like Schottky contact. An et al. [92] demonstrated a
graphene-silicon Schottky detector at visible range, where silicon forms an Ohmic
contact with the bottom Gold/Titanium electrode and a Schottky contact with the
top graphene layer as shown in Fig. 4. Compared to graphene FET [70, 82] and
MSM [15] photodetectors, there is no metal shadow effect due to the high trans-
parency of graphene. Furthermore, the junction area only depends on the size of
graphene but not limited by the metal/graphene interface. Therefore, charge car-
riers are generated at the whole graphene/silicon interface and separated by the
build-in field of the Schottky barrier. Because of the vertical transport of charge
carriers and the thin thickness of graphene, the recombination of carrier is sup-
pressed. The photocurrent responsivity reaches 225 mA/W at 2 V bias, which is
1-2 orders of magnitude higher than those of previously graphene-based photo-
detectors, such as the reported ~6.1 mA/W by Mueller et al. [15]. Similar device
structure was applied to develop a graphene-Si detector in the near infrared range
[93]. An internal quantum efficiency as high as 30 % was obtained, which is much
higher than 6-16 % in Ref. [12]. Compared to an all-Si-based photodetector [94],
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Fig. 3 a A gradual optimized multiple-graphene-layer p—i—n photodetector. b Responsivity of
multiple-graphene-layers photodetector versus numbers of graphene layers with the radiation
frequencies ranging from 2 to 20 THz. ¢ The detectivity of the photodetector versus number of
graphene layers with different temperatures. Reference [90], Copyright 2011. Reprinted with per-
mission from Elsevier

the photoresponse of 9.9 mA/W of the graphene-Si Schottky detector is 123 times
higher. As seen, the graphene-Si Schottky detectors show broadband characteris-
tics as graphene photodetectors.

Encouraging by the simple device fabrication process of graphene-silicon
detectors, other semiconductor materials were also investigated to construct a
Schottky detector with graphene. A graphene-Ge Schottky photodetector showed
a responsivity of 51.8 mA/W and a detectivity of 1.38 x 10'° Jones under
1.55 wm light illumination with power of 18 W/cm? [95]. A Schottky junction
can be formed between graphene and CdSe, owing to the work function differ-
ence between graphene (~4.5 eV) and CdSe (4.2 eV), which is a direct bandgap
material. By constructing a Schottky photodetector with graphene and CdSe, high
response photodetection was achieved in the visible range [96, 97]. As shown in
Fig. 5, CdSe nanobelts were fabricated on graphene sheet coated SiO,/Si substrate
(Fig. 5a) and polyethylene terephthalate (PET) substrate (Fig. 5d). Under 633 nm
light illumination, the photoresponsivity of such graphene-CdSe photodetectors
are about 10.2 and 8.7 A/W, and the on/off ratios are 3.5 x 10° and 1.2 x 10°,
respectively, which are much higher than the graphene-silicon one [93]. Although
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Fig. 4 a Schematic of the graphene-Si Schottky diode. b The photocurrent of the graphene-Si
Schottky junction photodetector as a function of incident power for different applied voltages. d
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Fig. 5 Schematics and microscope photos of the graphene/CdSe nanobelt photodetector on
SiO,/Si substrate (a) and PET (d, e), respectively. b Photocurrent response of the photodetec-
tor (a) under a 1,000 Hz light switching frequency with 633 nm laser illumination. ¢ The energy
band diagrams of the photodetector under light illumination. e The photocurrent responses of
the device (d) with the calculated external quantum efficiencies under different photon wave-
lengths with fixed photon density (~1.3 x 107 s~! cm™2). a, b Reference [96], Copyright 2012.
Reprinted with permission from Royal Society of Chemistry. c—e Reference [97], Copyright
2013. Reprinted with permission from Royal Society of Chemistry
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the success in improving the photoresponsivity, these graphene-semiconductor
junction photodetectors may lose the high-speed property because of the limited
carrier mobility of semiconductors.

5.2 Graphene-Nanowire Photodetectors

Semiconductor nanowires with excellent photoelectric properties are important
building blocks for ultracompact photodetectors [98]. For example, ZnO UV
photodetectors show great potential in high sensitivity and fast response [99].
Generally, Schottky nanowire photodetectors have much higher sensitivity than
photoconductive detectors. However, the metal electrodes shield the light and dra-
matically reduce the absorption efficiency. The good transparency and high carrier
mobility make graphene a promising candidate as transparent electrodes. What’s
more, graphene-nanowire is expected to form a Schottky barrier for affiliating the
charge carrier separation and collection for fast response. It is particularly impor-
tant for UV photodetectors as the traditional transparent conductive electrode, for
example ITO [100], has significant absorption in UV range.

Several graphene-nanowire photodetectors have been recently reported based
on CdS [101], ZnO [102, 103], GaN [104] nanowires and TiO, nanotubes [105].
In these graphene-nanowire configurations, graphene can be used as Schottky con-
tacts [85], transparent electrodes [102] and even just a growth template [106]. In
Ref. [102], ZnO nanowires were grown by electrodeposition technique with high
residual n-type doping and the graphene sheet consists of four graphene mon-
olayer as shown in Fig. 6. As a result, the work function of ZnO is very close to
that of graphene electrode. Due to the low resistance contact formed between gra-
phene and nanowires, Ohmic-like behavior was observed, indicating that graphene
acts as transparent electrode. The excellent light-trapping effect of nanowire array
and the high transparency of graphene electrode provide responsivity as high as
104 A/W in the near UV range with a long rise/fall time above 100 s. Similar work
was demonstrated by a graphene-GaN nanowire composite photodetector [104],
where a room-temperature responsivity of 25 A/W at 357 nm was demonstrated.

In the above examples [102, 104], the Ohmic contact was formed at the gra-
phene-ZnO nanowire interface due to the low resistance contact for heavily doped
nanowires. If a high resistance contact, i.e., a Schottky contact, could be formed, it
provides better carrier separation and collection than the Ohmic contact. As shown
in Fig. 7, ZnO nanowire forms Schottky contacts at both top and bottom interfaces
with graphene layers [85], where ZnO nanowires were synthesized via a chemical
vapor deposition technique and the graphene sheet is monolayer resulting in high
resistance contacts. The photoconductive gain of the UV photodetector was cal-
culated to be ~1.6 at the bias of 3 V and under a UV laser power of 50 W/pm?.
The recovery time is approximately 0.5 s, much faster than the previously reported
ZnO nanowire photodetector with Ohmic contact (several seconds to minutes).
The graphene-ZnO nanowire Schottky junctions provide fast electron-hole pair
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Fig. 6 a Schematic of the UV photodetector. b Dependence of the photoresponsivity and pho-
tocurrent on the incident power density. ¢ Current transient under UV illumination during 450 s
and relaxation during 600 s. Inset shows the response to multiple illumination cycles with 5 s on
and 240 s off time. Reference [102], Copyright 2013. Reprinted with permission from AIP Pub-
lishing LLC

separation, resulting in a decrease of the recombination rate and an increase of the
carrier lifetime. It is believed that the increased carrier density in ZnO raises the
Fermi level and reduces the work function of ZnO, resulting in lower and thin-
ner Schottky barriers, i.e., fast recovery time. In addition, the vertical sandwiched
dual Schottky barrier structure has larger light absorption than the conventional
one with metal electrodes due to the high transparency of graphene. Besides the
single nanowire-graphene composite photodetector, nanorod array combined with
graphene were also developed for Schottky junction photodetectors as shown in
Fig. 8 [103]. Due to the formation of Schottky junction, the strong light trapping
effect of the ZnO nanorod arrays and the ultra-high mobility of graphene, a high
photoresponsivity of 113 A/W was obtained and the response speed was extremely
high (rise/fall time: 0.7/3.6 ms), much quicker than that of similar UV photodetec-
tors (order of 1-10 s) [107, 108].

Most recently, a ZnO MSM photodetector as shown in Fig. 9 was fabricated on
graphene coated oxidation silicon substrate [106]. The crystalline quality of ZnO
was greatly improved due to the smaller difference of the lattice constant between
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Fig. 7 a Schematic and SEM image of the graphene/ZnO NW/graphene Schottky junction UV pho-
todetector. b /-V characteristic of the graphene/ZnO NW/graphene device in dark and under illumi-
nation of a 325 nm. ¢ Time dependence of the photocurrent with switching on/off the 325 nm UV
laser illumination with the 2 V bias voltage. d Magnification of the detailed behavior of the photocur-
rent decay. Reference [85], Copyright 2012. Reproduced with permission from AIP Publishing LLC
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Fig. 8 a [-V characteristics of multilayer graphene film/ZnO nanorod array Schottky diode at
temperatures ranging from 80 to 300 K, inser shows the cross-sectional SEM image of the UV
photodetector. b Schematic illustration of the experimental setup for studying the time response

of the UV photodetector. ¢ The rise and decay edges of the device. Reference [103], Copyright
2013. Reprinted with permission from John Wiley & Sons, Inc.

graphene and ZnO. Both the photoluminescence spectra and the photoresponsivity
show a performance improvement by the introduction of graphene. With 1 V bias
voltage, the highest responsivity is 188 A/W for the 370 nm-incident light, and
average responsivity is 0.02 A/W for an incident visible light wavelength from 410
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Fig. 9 a The fabrication steps and a schematic diagram of ZnO MSM photodetector. b Room
temperature photoluminescence spectra of ZnO NWs grown on a graphene layer and on a silicon
dioxide substrate. ¢ Spectral photoresponse of the ZnO NW MSM photodetector at 1 V bias volt-
age. Reference [106], Copyright 2014. Reproduced with permission from IOP Publishing

to 450 nm. The surface plasmon at the interface of ZnO nanowires and graphene
was believed to enhance the response by the strong near field confinement.

5.3 Graphene-QDs Photodetectors

QDs are nanocrystals made of semiconductor materials that are small enough to
exhibit quantum mechanical properties. QD photodetectors attract broad research
interests due to its large tunability of the response band, high photoresponsivity,
high operation temperature and low noise. But it also suffers from the poor car-
rier transition property due to the non-continuous distribution and surface defects,
which degenerates both photoresponsivity and transient response. Therefore, it is
highly desired to improve the carrier transition in QD photodetectors.

Recently, a graphene-ZnO QD UV photodetector was proposed and demon-
strated a significant enhancement of the photocurrent [83], where the photocurrent
increases from 3.36 x 107 to 5.15 x 1073 A for the devices without and with gra-
phene, respectively (Fig. 10). As shown in Fig. 10a, graphene is embedded between
aluminum electrode and the hybrid layer of ZnO QD and poly-N-vinylcarbazole
(PVK). The graphene layer with a high electrical conductivity attached to the
hybrid layer facilitates the electron transportation to aluminum electrode as shown
in Fig. 10b. This high carrier transition also improves the response speed of the
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Fig. 10 a Schematic of a graphene-ZnO QDs UV photodetector. b Schematic diagram of the
energy bands. ¢ Currents as functions of the applied voltage for the UV photodetector with (rec-
tangles) and without (triangles) graphene under illumination by a 365 nm UV light at a power of
6 W. Reference [83], Copyright 2010. Reprinted with permission from Elsevier

photodetectors. In Ref. [49], a fast transient response on the order of 10 ms together
with a large photoresponsivity of 247 A/W was achieved in a graphene-ZnO QDs
composite photodetector by using atomic layer deposition method.

A recorded high photoresponsivity of 10”7 A/W was obtained in graphene-PbS
QDs composite photodetectors [109]. As shown in Fig. 11, the graphene flake is
deposited onto a Si/SiO; structure and then coated with PbS QDs. Light absorp-
tion by a sensitizing layer of QDs results in exciton generation. Holes are trans-
ferred to graphene and then transit to electrode with a timescale of Tyqpsit, but
electrons are trapped in QDs (Tjifetime)- The ultrahigh gain is caused by the high
carrier mobility of graphene and the recirculation of charge carriers during the
long trapped-charge lifetime in QDs, which is given by G = Tifetime/ Tiransit- 1t 1S
the reason that we see a significant enhancement of photoresponsivity in such a
graphene-PbS QDs composite photodetector.

Differ from the simple graphene-QD composite structure, coupling quantum
dots (QDs) on graphene in a PbSe-TiO,-Graphene hybrid photodetector [110],
shown in Fig. 12a, potentially allow the excited state of the QDs to be transformed
into a charge-transfer state, and the charge injection to graphene is expected to
occur on a timescale faster than exciton recombination [111]. Meanwhile, the syn-
ergistic effects of these QDs on graphene also cause a broadband photoelectric
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of the graphene/quantum dot interface. On photo-excitation of PbS quantum dots, holes are trans-
ferred to the graphene under the built-in field, leaving electrons trapped in the PbS quantum dots.
Reference [109], Copyright 2012. Reprinted with permission from Nature Publishing Group
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ferent components as a function of wavelength measured at —1 V applied bias. ¢ Schematic of a
ZnO nanoparticles-Graphene core-shell photodetector. d Transient response of the UV photode-
tector. e Responsivity of the photodetector. a, b Reference [110], Copyright 2012. Reprinted with

permission from John Wiley & Sons, Inc.; c—e Reference [113], Copyright 2013. Reprinted with
permission from Royal Society of Chemistry



Graphene Composites Based Photodetectors 209

conversion [112], thus, the detectivities in the visible and IR range can reach
~3x10"3 Jones and ~5.7 x 10'2 Jones, respectively. Alternatively, a ZnO nano-
particle-graphene core-shell structure [113] may be another method to improve the
photoresponsivity of the photodetectors, as shown in Fig. 12c. Warping graphene
onto the ZnO nanoparticles makes graphene to better contact with each nanopar-
ticle, which contributes to a high responsivity and fast transient response. A large
photoresponsivity of 640 A/W with an order of 10 ms transient response was
achieved in this core-shell photodetector.

It is worth to note that light absorption and charge-transport processes are
decoupled in the graphene-QDs composite photodetectors. Different from gra-
phene field-effect phototransistors [12], light absorbers are semiconductor QDs
rather than graphene. Therefore, we might not expect the broadband and high
speed photoresponse in such devices as in a graphene photodetector. For exam-
ple, only 10 ms transient response was achieved in [113]. It is also expected in
the graphene-semiconductor film Schottky junction detectors in Sect. 5.1 and the
graphene-nanowires detectors in Sect. 5.2.

5.4 Graphene-CNT Photodetectors

Graphene can also form a junction photodetector with CNT [40]. The graphene-
CNT hybrid suspension as fabricated by mixing graphene flakes and CNTs. After
vacuum filtration, the films were transferred onto an oxide coated silicon substrate
as shown in Fig. 13a. Graphene may form heterojunctions on CNTs with band
edge offset. As shown in the inset of Fig. 13b, the work function of multiwall CNT
is larger than 4.5 eV with a diameter of several tens of nm. Significantly enhanced
photoresponsivity in near-IR region was achieved in the graphene/multi-walled
nanotubes (MWCNT) nanohybrid IR photodetectors as compared to the best
achieved so far on MWCNT IR photodetectors. In addition, the photodetectivity
increases by a factor of 500 % to 1.5 x 107 Jones. The improvement attributes to
a novel exciton dissociation mechanism through heterojunctions self-assembled at
the graphene-multiwall CNT interfaces.

5.5 Nanophotonic Graphene Photodetectors

All the above sections focus on the photodetectors consisting of graphene and
various semiconductor materials, in which the performance improvement relies
on the decrease of charge carrier recombination, the increase of junction area, and
the enhanced carrier separation and collection in the graphene composite. There is
another important issue in all kinds of graphene photodetectors, i.e., the weak light
absorption. In this section, we review the techniques and results of nanophotonic
graphene photodetectors, in which nanostructures rather than nanomaterials are
applied to improve the photoresponsivity.
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Fig. 13 a SEM image of graphene/MWCNT nanohybrid structure. b Schematic of exci-
ton dissociation in graphene/MWCNT nanohybrid. The inset shows the band diagram of
graphene/MWCNT nanohybrid structure. ¢ Comparisons of photodetectivity as a function of fre-
quency for graphene/MWCNT nanohybrid and reference MWCNT films with ~0.3 mW/mm?
NIR intensity and 2 mA bias current. Reference [40], Copyright 2013. Reprinted with permission
from American Chemical Society

5.5.1 Microcavity-Based Graphene Photodetectors

Pristine graphene monolayer has light absorption of 2.3 % from UV to IR for a
single pass. A direct way to increase the photocurrent is to use multilayer gra-
phene as shown in Fig. 3 [89-91]. Alternatively, we can modify the light pathway
to allow multiple pass through graphene monolayer. It is actually typical pho-
ton recycling in nanophotonics. A planar cavity with active material sandwiched
between two reflectors is the easiest way to realize the photon recycling, for exam-
ple resonant cavity enhanced photodetectors [114-118]. Besides the recycling
effect, a microcavity supports highly confined resonant modes, which significantly
increase the overlap between active materials and light leading to larger absorption
and photocurrent. Furthermore, the compact size of the cavity-based photodetector
enables high-speed operation due to the reduced RC parameters. In addition, the
resonant mechanism provides wavelength selectivity, which is very useful in spec-
troscopy and spectral imaging [117, 118].

Figure 14a shows such a dielectric microcavity with two distributed Bragg
reflector (DBR) mirrors [119]. Optimization of the cavity structures ensures
a maximum of field distribution at the position of graphene and the high reflec-
tion of the DBRs minimizes the transmission and reflection loss at the resonant
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Fig. 14 a Schematic of dielectric microcavity graphene photodetector. b Performance compari-
son for devices in (a) with and without microcavity. The dashed lines are calculation results for
the microcavity device: reflection (red), transmission (green), and absorption (blue). The solid
lines show the photoresponse of the cavity-enhanced device (solid blue) and conventional (with-
out cavity) photodetector (solid red). ¢ Schematic of metallic microcavity graphene photodetec-
tor. d Optical transmission spectrum (black line) of the device in (¢) measured with white light
illumination. And the measured laser-induced photocurrent amplitude (red dots) samples the
spectral profile of the optical cavity resonance. a, b Reference [119], Copyright 2012. Reprinted
with permission from American Chemical Society; ¢, d Reference [120], Copyright 2012.
Reprinted with permission from Nature Publishing Group

wavelength, which is tunable and determined by the cavity structures. In theory
the graphene absorption could be up to 100 % and the measured result researched
60 %, 26 times higher than that of pristine graphene monolayer. The photorespon-
sivity of 21 mA/W was achieved as shown in Fig. 14b, indicating a positive effect
of the cavity. In contrast to the dielectric DBR cavity, metallic Fabry-Pérot cavity
as shown in Fig. 14c was proposed [120], where metal reflectors rather than die-
lectric ones are placed at both sides of graphene. An increase of photocurrent by
twice was also observed in experiment. Comparing these two cavities, both have
pros and cons. Dielectric one has a higher improvement of photocurrent due to
the lossless cavity structure but suffers from complex fabrication process and poor
electrical properties, for example gating graphene is difficult through dielectric
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Fig. 15 a Optical microscope image of the planar photonic crystal cavities integrated with exfo-
liated graphene. b Schematic of the planar photonic crystal cavity integrated graphene photode-
tector. ¢ SEM image and schematic of cross section of a planar photonic crystal cavity integrated
with single-layer graphene. a, b Reference [121], Copyright 2012. Reprinted with permission
from American Chemical Society ¢ Reference [122], Copyright 2013. Reprinted with permission
from AIP Publishing LLC

DBRs. Metallic one allows an easy way to gate graphene using one metal reflector
as the gate electrode but the surface reflection and the metal attenuation reduced
the photoresponsivity

Photonic crystal cavities are also used to enhance the light-graphene interac-
tion [121-123]. A linear defect cavity in a 2D photonic crystal concentrates the
light into the high-quality slow light mode as shown in Fig. 15. The interaction
between the graphene and the evanescent field dominates the cavity loss and gives
estimated 45 % light absorption. The measured reflection spectra show a 20 dB
more attenuation in a cavity with graphene compared to the same cavity without
graphene [121]. By fabricating source and drain electrodes on the graphene cov-
ered photonic crystal, the measured photocurrent shows an eight-fold enhance-
ment [122]. Most recently, Piper and Fan [124] proposed another technique based
on photonic crystal to improve the light absorption in graphene. By placing gra-
phene onto a high-index photonic crystal slab, the incident light is expected to be
coupled into the guided resonance mode in the slab and be absorbed in graphene
during the lateral propagation.

5.5.2 Surface Plasmon Enhanced Graphene Photodetectors

Surface plasmon has been widely used in optoelectronic devices to improve light
radiation [125], detection [126], modulation [127], and so on. Especially, its strong
near field and super-scattering effects show significant improvement of photocur-
rent in plasmonic solar cells. Similarly, plasmonic or metamaterial nanostructures
can enhance the photoresponsivity of graphene photodetectors [17, 69, 74].

As shown in Fig. 16a, the gold nanostructures were fabricated on graphene
film [16]. By excitation of surface plasmon resonance assisted by the metal-
lic nanostructures, the near field at the nanostructure significantly enhanced the
light-graphene interaction, resulting in a photo responsivity of 10 mA/W. The
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strong confined electromagnetic field in the nanogap between gold particles was
also used to improve the photoresponsivity as shown in Fig. 16b [128]. However,
the responsivity is as small as 3 WA/W due to the very limited effective area in
the nanogap. Large scale surface plasmon resonance enhanced graphene pho-
todetector was obtained by annealing thin film gold layer on top of graphene as
shown in Fig. 16¢ [17]. The fabricated nanoparticles increase the forward scatter-
ing and enhance the local electric fields. As a result, a responsivity of 2.2 mA/W
is achieved, i.e., an average more than 400 % enhancement over the one of
0.42 mA/W for the device without gold nanoparticles.

To further increase the photoresponsivity by surface plasmon, optimization of
nanostructures with a strong Fano resonance was investigated and show a maxi-
mum responsivity of ~8 mA/W in a gold heptamer array sandwiched between two
layers of graphene monolayer as shown in Fig. 16d [74]. The significant enhance-
ment of photoresponsivity is due to the strong near field of Fano resonance and the
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Fig. 16 a Normalized photocurrent and maximum enhancement coefficient for a graphene pho-
todetector with metallic finger structures as shown in the inset. b Wavelength dependence of the
photocurrent of a gold nanogap graphene detector as shown in the inset. ¢ Photocurrent generated
as a function of laser power under 514 nm light illumination in a nanoparticle covered graphene
photodetector as shown in the inset. The red and black lines indicate the response of the device
with and without Au nanoparticles, respectively. d Photocurrent measurements with the line scan
position in the graphene photodetector, in which the two layers of graphene monolayer sand-
wich the gold heptamer array. e Absorption spectrum of a graphene-metamaterial photodetector
as shown in the inset. The absorption spectra of the whole MPA and a bare graphene monolayer
are shown for comparison. a Reference [16], Copyright 2011. Reprinted with permission from
Nature Publishing Group; b Reference [128], Copyright 2011. Reprinted with permission from
American Chemical Society; ¢ Reference [17], Copyright 2011. Reprinted with permission from
Nature Publishing Group; d Reference [74], Copyright 2012. Reprinted with permission from
American Chemical Society; e Reference [69], acknowledgements to be used by RSC authors
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conformal contact between the gold nanostructures and graphene. The hot-carrier
effect was also claimed to contribute to the photocurrent.

We also proposed a novel graphene-metamaterial photodetector [69], where
the graphene monolayer is embedded in a metamaterial perfect absorber as shown
in Fig. 16e. The metamaterial perfect absorber consists of a periodically nanopat-
terned top metal layer and a continuous bottom metal film separated by a dielectric
layer. The graphene is placed between the top metal nanostructure layer and the
dielectric layer. By optimization this sandwich structure, we can obtain a perfect
impedance matching between the structure and the air and therefore suppress the
reflection loss at a resonance. At the same time, the transmission is zero for an
optically thick bottom metal film. As a result, a perfect absorption occurs at a reso-
nance of 1.07 wm and 40 % comes from graphene as shown in Fig. 16e. Besides of
the 17 times enhancement of the light absorption, the device structure we proposed
natively matches with the transistor, where the bottom metal layer can be used as
the back gate and the top metal nanostructures can be used source and drain elec-
trodes. Due to the impedance match, no metal shadow effect has to be worried.

6 Conclusion

Graphene is a unique two dimensional nanomaterial in the sense that it combines
many superior properties, from mechanical to electronic. Its high carrier mobility,
broadband optical absorption and ultra-thin properties have potential applications
in high-speed and broadband optical processing and communication such as pho-
todetectors. However, graphene monolayer has very weak light absorption due to
the sub-1 nm-scale thickness, resulting in very low photoresponsivity, especially
in photodetectors. Various methods have been reported to improve the photore-
sponsivities of graphene-based photodetectors. In this chapter, we reviewed the
recent progress of graphene photodetectors and presented the promising results
on graphene-nanomaterial and graphene-nanostructure composite photodetectors.
Although different mechanisms for improving the photoresponsivity, all devices
focus on increasing the light/graphene interaction, enlarging the junction area and
improving the carrier separation and collection. It is found that both nanomaterials
(QDs and nanowires) and nanostructures (microcavity and surface plasmon) can
significantly increase the light absorption. One or two orders of magnitude high
photocurrents have been achieved for devices from UV to IR range. Although it is
still lower than the traditional semiconductor photodetectors, it shows a possibil-
ity to further improve the performance by optimization of the composite material
and structures. Graphene composites consisting of graphene and other materials
combine the high carrier mobility property of graphene and the excellent light
absorption properties of other semiconductors. Therefore graphene composite
photodetectors are one promising candidate for development of next-generation
photodetectors. It is worth to note that we may lose the broadband and high-speed
properties of graphene if all the focus is on improving the photoresponsivity, for



Graphene Composites Based Photodetectors 215

example in graphene-QDs detectors [109] or graphene nanostructure detectors
[129]. Of course, another important step is developing fabrication techniques
for high-quality graphene devices at low cost and a large scale. Operation speed,
power consumption and chip integration should be also carefully considered. With
the fast continuous developments of material preparation, device design and fabri-
cation, we believe that graphene composite photodetectors would play an impor-
tant role of the future optoelectronic chips and systems.
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Polymer/Nanographite Composites
for Mechanical Impact Sensing

Maris Knite and Artis Linarts

Abstract The purpose of this chapter is to give a review of the polymer/
nanographite composite (PNGC) materials specially developed for applications
in mechanical strain and pressure sensors that can be used for design of flexible
sensing systems. Our recent achievements in design, processing, and investigation
of physical properties of elastomer and nanostructured carbon composites as pro-
spective materials for mentioned sensors are also presented. In the beginning, the-
oretical principles of tunneling percolation theory and piezoresistivity have been
described. We discuss the most suitable polymer matrices and electrically conduc-
tive nanographite fillers for sensitive PNGC. Preparation methods of mechanically
sensitive PNGC have been considered. Different particularly produced and tested
polymer/nanographite composites are overhauled and possible advantages and dis-
advantages of PNGC in different possible applications are analyzed.

Keywords Strain - Pressure + Sensors * Electronics

1 Introduction

The purpose of this chapter is to give a review of the polymer composite materials
developed directly for application in strain and pressure sensors by using differ-
ent nanographite structures as filler. We understand with the term “nanographite”
the following fillers: extra-conductive highly structured carbon black (HSCB), car-
bon nanotubes (CNT), thermally exfoliated graphite (TEG) as well as the recently
developed graphene. All of them have sp>hybridized crystal structure like graph-
ite, and at least one dimension is smaller than 100 nm. Extra-conductive carbon
black can be attributed to nanographite because its primary nanoparticle faces
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consist of graphene platelets [1] or have “graphitic like organization™ [2]. Our
recent achievements in design, processing, and investigation of physical properties
of elastomer and nanographite composites as prospective materials for mechanical
(pressure, strain) indicators are also presented in this chapter.

Piezoelectric ceramics or constantan-chromium-alloy-based strain gauges are
widely used as mechanical impact (MI) sensors. Such sensors are separate units
from the monitored material or structure. There is a demand for new flexible
large area sensors that could be easy embedded in different integrities and used
for sensing multiple locations. High elasticity (hyperelasticity) polymer matrix
based materials are still of interest. All of flexible polymer composite materials
developed for MI sensing can be generally classified as electrically active (elec-
tronic response) or optically active (photonic response) materials. An example of a
photonic response polymeric composite transducer for tactile sensing is based on
optical fiber with Bragg grating embedded in polydimethilsiloxane [3]. The basic
principle of this transducer lies in the monitoring of the wavelength shift of the
returned Bragg-signal as a function of the strain or force. Comprehensive picture
of current status of micro- and nanostructured flexible optical fiber sensors with
particular reference to surface plasma resonance fiber sensors and photonic crystal
fiber sensors is given by Fortes et al. [4], Yan et al. [5] and Lee et al. [6].

In the present chapter, we concentrate on smart polymer/nanographite composites
(PNGC) that can give considerable electrical response to mechanical impact.

In the first section, the theoretical aspects of tunneling percolation as well as
mechanical impact sensing mechanisms for PNGC based on quantum tunneling
effect are going to be discussed. Thermodynamic force-response aspects of pie-
zoresistivity are also presented.

In the second section, the most suitable nanographite filler materials, polymer
matrix materials, and methods of preparation as well as principle of design of most
sensitive PNGC are analyzed.

The third section informs about the most interesting PNGCs developed and
investigated somewhere for mechanical impact sensing.

Our recent achievements in development of polymer/nanographite composite
sensor-element systems for mechanical impact sensing as well as survey of par-
ticular technical solutions for sensing systems are given in the fourth section.

2 Theoretical Aspects of Mechanical Impact Sensing
by Polymer/Nanographite Composites

2.1 Principles of Tunneling PercolationTheory

Conductive polymer composite for strain sensing can be obtained when parti-
cles of good conductors (carbon black, graphite powder, particles of metals, car-
bon nanotubes, graphene i.e.) are randomly inserted into an insulating polymer
matrix. A continuous insulator—conductor transition is observed in two-component
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systems at gradual increase of the number of randomly dispersed conductor par-
ticles in an insulator matrix. Most often such transitions called percolation tran-
sitions are described by the model of statistical percolation [7, 8]. The volume
concentration of conductor particles ¢¢ at which the transition proceeds is called
percolation threshold or critical point. According to the statistical model, conduc-
tor particles, in the vicinity of ¢¢, assemble in clusters and the correlation radius ¢
(average distance between two opposite particles of a cluster) diverges as

E~|p—¢" ifp> ¢, (1)

upon approaching ¢¢ (v—critical indices) [7].
In the vicinity of percolation threshold, electric conductivity o of the composite
changes as:

o~lp—o¢l if¢> ¢ 2
here r—critical index [8]. Balberg et al. [9] developed a theory for percolation-
like behavior for polymer and conductive nanoparticle composites where inter-
particle charge tunneling considerably prevailed against direct (geometrical)
interparticle contacts. It was found that Eq. (2) can still be used for such tunneling
supported percolation system only the nonuniversal behavior of critical index ¢
should be taken into account [9]. It means that the experimentally obtained values
of ¢ remarkably differ from the “universal” value + = 2. When such conductive
composites are mechanically stressed, then the both & and o change correspond-
ingly. This is the reason of piezoresistance (the resistance changes vs. mechanical
strain) effects. Changes of electric resistance with strain and pressure can be sim-
ply explained on microscopic level as a result of the percolation structure change
of conductive particles network (destruction or formation of conductive micro-
and nanochannels).

New interesting properties are expected in case when the composite contains
dispersed nanosize extra-conducting particles [10]. Polymer/electroconductive
nanostructure composites offer attractive alternatives for developing new genera-
tion of flexible large-size sensors because of their superior mechanical and electri-
cal properties.

2.2 Charge Tunneling Models of Piezoresistivity

The phenomenon where the electrical resistivity of a material changes due to
applied mechanical stress is called piezoresistivity. Correct theoretical description
of piezoresistivity on macroscopic or phenomenological level has been done by
Rocha et al. [11]. They developed piezoresistive coefficient tensor that describes
all possible mechanical force effects on the electric resistivity of a composite
with only one term “piezoresistivity”. In the scientific literature term, “tensore-
sitivity”” has also been used by some authors [10, 12]. If the resistivity changes
under tensile force such material exhibits the tensoresistivity effect. For better
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understanding the particular manifestation of piezoresistivity in PNGCs, in this
chapter, we propose to use terms “pressure coefficient of resistance” or “tension
coefficient of resistance” like “temperature coefficient of resistance” used for
characterization of temperature dependence of resistance on materials. So, it is
possible to distinguish four different experimentally observed cases of resistivity
change under MI forces:

1. negative pressure coefficient of resistance (NPR) when the resistivity decreases
with compressive force [13, 14];

2. positive pressure coefficient of resistance (PPR) when the resistivity increases
with compressive force [10, 14, 15];

3. positive tension coefficient of resistance (PTR)—resistivity rises by tensile
strain [10]

4. negative tension coefficient of resistance (NTR) if the resistivity under stretch-
ing force decreases [16].

Generally speaking all of the above-mentioned effects of mechanical impact on
mechanoelectrically active polymer composites can be explained by changes
of nanodimensional structure of electroconductive nanoparticle grid inside the
polymer matrix. If the inter-particle distance rises or the number of conductive
channels diminishes, the resistivity of the sample rises (PPR and PTR). If the
interparticle distance decreases or the number of conductive channels increases,
the resistivity of sample decreases (NPR and NTR). Further, in this section, we
report the more exhaustive theoretical explanations of all four effects on micro-
scopic level based on quantum charge tunneling.

Theoretical description of NPR effect experimentally observed in polymer/
metallic microparticle composites has been done by Zhang et al. [13] based on
early developed theory for tunneling conductivity between dissimilar electrodes
separated by a thin insulating film [17].

Knite et al. [10] modified the previously mentioned charge tunneling theory for
experimentally observed reversible PTR effect in polyisoprene/HSCB composites.
To explain the large PTR and PPR effects Knite et al. [10] assumed that bonds
between the nanostructured agglomerates of carbon black and the hyperelastic
polymer chains are stronger compared to the bonds between carbon nanoparticles
themselves. Possibly, they are bonded by the free radicals of the chains thermally
activated at vulcanization. At stretching of the composite, the carbon agglomerates
remain covalently bonded to the polymer chains, as they are dragged along with
the polymer chains and pulled apart. In case of poorly structured or microsize car-
bon filler, the bonding between carbon particles and polymer chains is weak and
the filler makes irreversible (rigid and rather immobile) clusters in the insulating
matrix. The effects are irreversible. In case of (HSCB) like PRINTEX-XE2, after
the stretch is released, the contacts between carbon agglomerates are restored as
the polymer chains return practically to its original positions [10].

The total electrical resistance of conductor-filled polymer composite is a func-
tion of both the resistance of each conducting particle and of the polymer matrix.
As the conductivity of the conducting particles is very large in comparison to that
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of the polymer matrix, the resistance across the particles may be neglected. When
particles are separated far enough from each other, no current flows through the
composite. If the distances separating particles are small, tunneling currents may
arise.

According to the model derived by Zhang et al.[13], the total electrical resist-
ance R of the composite is calculated as:

R ( n ) 8mhs exp (v5)
= —_— —_— S),

N/ \3a2ye? Py 3)
where n is the number of particles forming a single conducting path, N—the num-
ber of conducting paths, ~—Plank’s constant, s—the least distance between con-

ductive particles, a’—the effective cross-section, where tunneling occurs, e—the
electron charge, and y is calculated as:

47 (2me)"-
= - ,
where m is the electron mass and ¢—the height of potential barrier between adja-
cent particles.
If stress is applied to a composite sample, the resistance will be altered due to
the change of particle separation. Assuming that under applied stress, the particle
separation changes from sy to s, the relative resistance (R/Ry) is given by

R
R = (s> exp [y (s — 50)] (5)

S0

“4)

where Ry is the initial resistance, and so—the initial particle separation [13]. In
case of elastomer composite, the separations under tensile strain is calculated as

Al
s=so(1 +¢) =50 {14- <lo>} (6)

where ¢ is the tensile strain of the elastomer matrix, A/—deformation of the com-
posite sample, and lp—initial length of the sample. Substitution of Eq. (6) into

Eq. () yields
Al Al
InR=InRy+In |1+ — || +A0| — @)
lo lo
where Ag = ys0.

It was shown [10] that the model of tunneling currents quite well describes
the experimental data at small deformations Al/lp < 0.1 with Ap = 6.491 and
Ro = 3.770 x 10° Q. Knite et al. [10] proposed that the high rate of the increase
of R/Ry at larger deformations Al/ly is related to destruction of the conducting net-
work, i.e., with decrease of the number of conducting paths N:

No

N= 2 3 1
exp [Al (89) +B(5) +c(8) +p(5) ] ®)
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where Ny is the initial number of conducting path, A1, B, C, and D all are constants
[10].
The substitution of Eq. (8) into Egs. (3) and (7) yields

(Y ol (2O Al A0 L p(ANY L (A oA
(R)—[ *(m)]* (m)* (z) " (,) i (,)
)

Equation (9) comprises both mechanisms—change of tunneling currents and dis-
ruption of tunneling currents in the conductive nanochannels. A good agreement
between the theoretical and experimental curves have been achieved at A = 8.206;
B = -90.979; C = 873911; D = —1,333.339, and Ry = 3.835 x 105 Q for
polyisoprene/HSCB composite [10].

At the first sight surprising surprising PPR effect in PNGC observed first by
Knite et al. [10] has been later quantitatively explained by Zavickis et al. [18]
by taking into account the transversal slippage that causes strain in the direc-
tion perpendicular to the applied axial pressure, which in turn provokes the tun-
neling barrier thickness increase at small deformations and subsequential rupture
of the conductive channels in the direction perpendicular to the applied pressure
at relatively larger strain. The exceptionally high structure of the conductive car-
bon black filler provides extremely entangled conductive grid structure and pre-
vents new conductive pathways to develop in the direction parallel to the strain
applied. Based on this, Zavickis et al. [18] adopted a more advanced theoretical
model that describes the dependence of electrical resistivity directly on operational
pressure for piezoresistive PNGC. This was done to simplify future calculations,
since to characterize piezoresistive properties of PNGC the pressure is the primary
argument instead of deformation. In case of compression of the elastomer matrix,
authors considered the transversal elongation of the sample, thus the separations
between adjacent particles can be calculated as

s=so(1+gL)=so{1+<AL,L )} (10)
0

where e-L is the transversal strain of the matrix in the perpendicular direction to
applied axial pressure force, AL'—transversal deformation of the sample, and
Lo'—transversal length of the sample. Zavickis et al. [18] proposed that the rela-
tive elongation of the sample in the direction perpendicular to applied axial pres-
sure AL'/L'y can be expressed as follows:

AL AL P
= —\| —VvV— =V,
L Lo ) (D

where v—Poisson ratio, A—elastic modulus of composite, P—compressive pres-
sure on the sample, and —AL/Ly is the negative elongation (reduction) in the
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direction parallel to applied compressive force. After taking into account Egs. (10)
and (11), Zavickis et al. [18] got equations similar to Egs. (7) and (9), respectively:

InR = InRy + AyP (12)
for small values of pressure (small deformations) and
InR=InRy+AP+BP>+CP +DP (13)

for large values of pressure (large deformations), where
ay=a0t, =4 B=8(2), c=c(%) awa p=n(%)
o=z A=Az B =B(3). '=c(3) md 0'=D(3)
To verify the assumptions in the theoretical description of the PPR effect, Zavickis
et al. [18] fitted the experimental data points of the first upgoing cycle using
Egs. (12) and (13) and near perfect agreement was found between the two theoreti-
cal curves and the corresponding experimental values (Fig. 1). This was done for the
operational pressure range of up to 4.1 bar where, according to approximate calcula-
tions, relative unidimensional axial compressive deformation of the sample is consid-
ered to be less than 10 %, which should correspond to the elastic deformation region.
Developed by Knite et al. [10], the combined piezoresistance model based
on both the tunneling effect and the destruction of conducting paths have been
modified and used also by other authors for theoretical description of different
piezoresistance effects in some PNGCs [15, 19-21]. In two cases, our combined
piezoresistance model was successfully applied for elastomer/graphite nanosheet
composites [15, 20].
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Fig. 1 A linear (12) and a fourth-order polynomial (13) fit to the experimentally observed posi-
tive piezoresistivity of a completely flexible sensor prototype [18]. Copyright 2011. Reproduced
with permission from Elsevier Ltd
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Wang Luheng et al. [19] generalized Eq. (9) for both PPR and NPR effects
observed experimentally in the same kind of silicone rubber/HSCB composites
but with different concentration of HSCB. The PPR effect has been observed
in PNGCs with low mass ratio of HSCB to silicone rubber F (0.08 < F < 0.09)
but NPR—in PNGCs with (0.14 < F < 0.24). These experimental results were
explained by analyzing the changes due to the applied pressure in the gap sizes in
the existing effective conductive paths and in the number of effective conductive
HSCB paths in the composite samples [19].

Surprising at first, a NTR effect has been observed and qualitatively (non-
numerically) explained by Flandin et al. [16] in case of ethylene-octene elasto-
mer (EO)/HSCB composite. Authors (Flandin 2001 Polym) reported that the EO
filled with HSCB exhibits a reversible decrease in resistivity under stretching with
up to 30 % strain. In addition, these characteristics have been observed only in
high-structure carbon black, as composites of the EO elastomer with low-struc-
ture carbon black or carbon fibers exhibited conventional PTR behavior [16]. An
explanation was given by taking into account the unique features of both filler and
matrix as follows. In contrast to covalently cured (chemically cross-linked) elas-
tomers, the structural basis for EO elastomers is provided by a network of flexible
chains with fringed micellar crystals (physically cross-linked). Authors believe
that upon stretching, the fringed micellar junctions of EO elastomers do not
remain fixed, but slide by a process of detachment—attachment, which can also be
considered as partial melting. Due to local stress concentrations, the actual strain
in the vicinity of the carbon particle can be noticeably higher than the average
macroscopic strain. Therefore, the crystalline junctions can “melt” and flow out
from the space between nearby particles. Either an existing pathway is improved
by a rise in the charge tunneling conductivity or a new electrical pathway is thus
created. Particularly interesting for strain gauge applications was a reversible and
strain-rate independent decrease in resistivity with up to 30 % strain [16].

2.3 The Shift of Percolation Threshold Under External
Thermodynamic Forces

From the macroscopic point of view, the principle of strain sensing is based on the
shift of the percolation threshold due to some thermodynamic forces, for example,
under tensile strain as shown in Fig. 2.

One can see that due to the shift of percolation threshold under 40 % strain the
electric resistance changes more than 10* times for composite with 10 phr (parts
per hundred rubber) of nanostructured carbon black. The maximum strain sensi-
tivity is identified in the percolation region (9—11 mass parts of filler) for relaxed
PNGC (Fig. 2). Thus, one may expect the maximum sensitivity of PNGC mate-
rials to the external thermodynamic forces in filler concentration region slightly
above the percolation threshold of electric conductivity as demonstrated by Knite
etal. [10].
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3 Principles of Design and Characterization
of Polymer/Nanographite Composites for Mechanical
Impact Sensing

3.1 Most Suitable Filler Materials

In this chapter, we describe only such sp?> hybrid carbon nanostructures
(nanographites) that can be attributed to 2D nanostructures and we are going to
pass the 1D ones like carbon nanotubes (CNT). One can find useful informa-
tion about polymer/CNT composites developed for mechanical impact sensing in
review papers [23, 24].

3.1.1 Extra-Conductive Carbon Black as Nanographite Filler

HSCB PRINTEX XE2 (ECB) is a commercially provided nanographite filler that
is used in most cases for elaboration the PNGC [10, 25]. Several authors [1, 2]
have reported a graphite-like organization of carbon atoms in HSCB nanoparticles
near surface. In Fig. 3 one can see the polyhedron-like shape of primary particles
of HSCB that is an indirect verification of the nanographite structure of HSCB. We
believe that the faces of primary carbon nanoparticle consist of graphene nano-
platelets. Another indirect evidence for this is the high value of electric conductiv-
ity in comparison with other technical carbon blacks.

3.1.2 Thermochemically Exfoliated Graphite

Graphene is a single layer of sp>-bonded carbon atoms that can be thought of as an
individual atomic plane extracted from graphite [27]. Recent studies [28-30] have
demonstrated that several stacked graphene layers, which essentially represent
partially exfoliated graphite, can be applied successfully as fillers for polymeric
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Fig.3 TEM image of
high-structured carbon black
nanoparticle PrintexXE2 .
Scale mark 200 nm [26].
Copyright 2007. Reproduced
with permission from
Elsevier Ltd

matrices. Thermochemically exfoliated graphite (TEG) produced from graphite
subjected to thermal shock is shown lower on Fig. 10.

3.2 Most Suitable Matrix Materials

The polymer elastomers are the most useful matrix materials for the develop-
ment of sensing elements intended for recurrent detection of large-scale mechani-
cal impact there for they require reversible piezoresistive effect. For this purpose,
the natural polyisoprene rubber has been found as the most promising matrix [10].
Silicone rubber also has been used as hyperelastic matrix for PNGC development
[15, 19].

General principles of designing the structure of materials with the highest sen-
sitivity that we adapted in this chapter for obtaining most sensitive multifunctional
elastomer/nanographite composites are as follows:

1. Polyisoprene (natural rubber) with the best hyperelastic properties has to be
chosen as the matrix material;

2. High-structured graphitized carbon nanoparticles (HSNP) (for example Printex
XE2) providing a fine branching structure and a large surface area (better adhe-
sion to polymer chains compared to low-structure graphitized nanoparticles
(LSNP); short CNTs or small-size graphene platelets should be taken as filler.
Because of a higher mobility of HSNP compared with LSNP, the electrocon-
ductive network in the elastomer matrix in this case is easily destroyed by very
small tensile or compressive strain. We suppose this feature makes the elasto-
mer—HSNP composite an option for more sensitive tactile elements.

3. The highest sensitivity is expected in the filler concentration region slightly
above percolation threshold of a relaxed polyisoprene composite. The small-
est mechanical strain or swelling of the composite matrix remarkably and
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reversibly increases the resistance of such a composite. The sharper is the per-
colation transition of insulator/conductive particle composite, the higher should
be the compressive stress sensitivity of sensing element [10].

3.3 Preparation Methods of Composites

Piezoresistive composites composed by an insulating matrix and conductive filler
have been widely studied in the past years. Various fillers, polymers, and pro-
duction methods have been used to produce continuous electrically conductive
networks throughout the insulating polymer matrix. Electrical conductivity param-
eters of these heterogeneous composites have been found to be strongly dependant
on filler concentration, filler geometry, and even composite preparation methods.

Depending on whether or not specific solvents have been used to lower the vis-
cosity of the polymer matrix, all composite production methods can be divided
into two groups:

1. Use of conventional polymer/rubber processing equipment that does not uses
solvents—the filler is mechanically mixed into polymer, includes usage of vari-
ous mixing mills, kneaders, banbury mixers, and even extruders. The polymer
viscosity is generally high (Fig. 4);

2. Usage of certain solvents to dissolve the matrix and the filler is added to the
mixture afterward. Polymer viscosity is much lower (Fig. 5).

In general, conventional polymer/filler mixing equipment offers high processing
amounts and rates however the homogeneity of the composite structure is far worse
compared to the polymer dissolution methods. Figure 5 shows typical scheme of
piezoresistive composite production. At first, polymer is dissolved in adequate sol-
vent then filler is added to the mixture and stirred for a certain period, afterward the
solvent has to be evaporated. Long durations and usage of sometimes harmful sol-
vents are the only drawbacks for this method. Ultrasound homogenizer can be used
to produce suspensions/colloids of fillers and solvents before mixing with dissolved
polymer. However even after the ultrasound treatment particles tend to aggregate
due to the high specific surface of the nanosize fillers intermolecular Van Der Waals
forces. Functionalization of particle surface might overcome this problem; how-
ever, the surface modification degrades the electrical properties of fillers.

Fig. 4 Composite production
scheme using conventional
rubber processing equipment
[25]. Copyright 2011.
Reproduced with permission
from lietuvos moksly
akademija Polymer

Nanographite

PNCC sample
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Fig. 5 Composite production /—(

scheme when the matrix is @ <
dissolved and then mixed

with conductive filler [25].

Copyright 2011. Reproduced
with permission from lietuvos
moksly akademija

Nano
graphite

PNCC sample

Drying

4 Produced and Tested Polymer/Nanographite Composites
for Mechanical Impact Sensing

4.1 Polymer/Extra Conductive (Graphitized) Carbon
Nanoparticle Composites

Significant and reversible both PTR and PPR effects first were observed in
polyisoprene/HSNP composites have been reported by Knite et al. [10]. Plates of
12 mm diameter were cut for piezoresistivty effect measurements from 1 mm thick
20 cm x 20 cm sheets vulcanized at high pressure. For studying the tensoresistiv-
ity effect 15 cm x 1.5 cm samples were cut. Copper foil electrodes were glued on
both sides at sample ends and each pair of electrodes was shortcut by copper wir-
ing. On a relaxed sample the distance between electrodes did not exceed 50 mm.
Sandpaper was glued on the electrodes to fasten the samples in the stretching
machine. Authors reported that of all the composites examined, the best results
were obtained on samples with 10 phr of carbon nano-particles, which appar-
ently belonged to the region of percolation phase transition. Electrical resistance
of the samples increases by more than 4 orders upon a 40 % stretch (PTR effect)
and more than 3 orders upon a 0.30 Mpa pressure (PPR effect) as seen in Fig. 6.
Resistance practically returns to its previous value after the samples are relaxed
(reversibility). The reversibility and the significant changes of electric resistance
under both tensile and compressive strain were explained due to comparatively
higher mobility of high structure nanoparticles compared to low structure parti-
cles as well as stronger adhesion of carbon nanoparticles to the polymer matrix
compared to cohesion between nanoparticles themselves [10]. The growth of elec-
tric resistance with uniaxial stretching as well as with pressure can be explained
as a result of destruction of the structure of the carbon electro-conductive nano
size channel network. At low stretching deformation the experimental data has
good coincidence with model of tunneling conductance [10], see also Eq. 7 in
Sect. 2.2. The AC conductivity measurements also verify the tunneling model of
conductance [10]. For description of the experimental results at high deformation
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the destruction of conductive network and decrease of conducting path have to
be taken into account [10], see also Eq. 9 in Sect. 2.2. In case of uniaxial pres-
sure (Fig. 7) destruction of electrically conductive channels is caused by deforma-
tion of the polyisoprene nanocomposite perpendicular to the direction of pressure
(Eqgs. 12 and 13, Sect. 2.2).

A tapping mode AFM Nanoscope III (Dimensions 3,000, Digital Instruments)
was used to investigate the local nano-size properties of the polymers. The local
conductivity patterns on the surface were studied on a modified conductive AFM.
The AFM had standard silicon nitride cantilever tips. The AFM tip and cantile-
ver were coated with a 5 nm thick Cr adhesive layer and a 15 nm thick Au layer.
With a contact mode conductive atomic force microscope authors succeeded in
obtaining a topographic picture of the sample surface and a nanoscale map of
cross-sections of the electro-conductive channels and the insulating matrix of the
same local spot. For example, it is seen in Fig. 8 that the extra-conductive car-
bon black nano-particles agglomerate during vulcanization process in clusters of
size around 100 nm forming conductive channels throughout the whole sample.
The blue regions in Fig. 8 represents insulating polyisoprene matrix and the red
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block as function of uniaxial 9 : Z:::: :g :::r g
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Fig. 8 Map of conductive 30 nA
channel sections of
Polyisoprene matrix with

10 mass parts of nano-size
carbon black. Relaxed state,
T =294 K, image size

250 nm [10]. Copyright 2004.
Reproduced with permission
from Elsevier Ltd

regions the electrically conductive HSNP channel sections on the surface of the
PNGC sample [10].

The effect of a plasticizer on the change of the electrical resistance under defor-
mation at strain was studied in polyisoprene composites containing dispersed HSCB
at concentrations slightly above the percolation threshold [31, 32]. The addition
of plasticizer to the initial materials increases the strain sensitivity of the compos-
ite and broadens the HSCB concentration interval of the percolation threshold. The
observed improvements of the tensoresistive response are explained by decrease of
cohesion forces between carbon nanoparticles and a higher mobility of the carbon
nano-particles in the elastomer matrix in the presence of the plasticizer [31, 32].

Based on the PPR effect data Zavickis et al. [18] developed a completely soft
matter hyper-elastic pressure (SHP) sensor prototype without any solid state
(metallic) details. Sensor element is made using functional gradient multilayer
approach, when elementary layers of PNGC with different conductive filler con-
centration are vulcanized together and forms uniform sensor body with integrated
soft (hyper-elastic) electrodes as seen in Fig. 9.

Fig. 9 The SEM picture

of the interface between
completely vulcanized sensor
(S) and electrode (E) PNGC
layers. Picture made from
surface of the sample broken
in liquid nitrogen [18].
Copyright 2011. Reproduced
with permission from
Elsevier Ltd
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The SHP sensor element was made from 3 functional layers of PNGC, each
with different concentration of HSCB: The pressure sensitive middle layer was
chosen with 10 phr of HSCB that is slightly above previously obtained percolation
threshold [10], to achieve maximal piezoresistivity of the structure. The electrode
layers on both sides of the sensitive layer were chosen with comparably larger
HSCB concentration, to promote good electrical conductivity. All the conductive
parts were incorporated into dielectric natural rubber shell without any HSCB
filler. Thin brass wires were used only for easy connection of the measuring equip-
ment, but according to SHP concept, the electric wiring although can be made
from conductive rubber strips, incorporated into dielectric shell. Corresponding
components were pre-shaped using incomplete vulcanization in reduced vulcani-
zation temperature and shorter curing times in hot steel mould, using high tem-
perature resistive polymer film inserts to prevent sticking to mould during sample
removal. Afterwards the pre-vulcanized components were assembled according to
sequence mentioned above and cured until complete vulcanization [18]. The meas-
ured PPR effect in this prototype is shown on Fig. 1 and is theoretically explained
by quantum tunneling effect (Eqs. 12 and 13, Sect. 2.2).

Zheng et al. [21] recently investigated the piezoresistive behavior of PNGC cast
films and pressed films made from high-density polyethylene and PRINTEX XE-
B. The mechanical and piezoresistive response were measured under axial tensile
test and the PTR effect was observed for all samples tested. Authors stated that the
normalized electrical resistance of the cast film was almost constant with strain
in the elastic region of stress-strain curve and starts to increase with strain in the
plastic region. Authors described these experimental results by successfully modi-
fying the Eq. (9) (combined piezoresistance model based of both tunneling effect
and destruction of conducting paths). It was also concluded that cast PNGC films
could be potentially used as a strain sensor to identify the elastic and plastic defor-
mation regions of the films [21].

4.2 Polymer/Graphite Nanosheet Composites
and Polymer/Graphene Composites

In the latest review papers particulary devoted to tactile sensors [14, 33] as well
as to development and application of graphene based polymer composites [34—
36] only few research papers were analyzed regarding to use polymer/graphene
composites in field of mechanical impact sensing. In this section we are going to
attempt to fulfill this space. The use of graphene for the development of a strain
and damage sensor to be utilized in structural health monitoring of fiber rein-
forced polymers was evaluated and modeled by Chiacchiarelli et al. [29]. An
Epikote 862 diglycidyl ether of bisphenolF(DGEBF)epoxy resin, kindly supplied
by Hexion, was used as a matrix. Diethyltol-uenediamin e (DETDA), supplied
by Lonza, was used as curing agent (26.4 phr). Graphenenanoplatelets (GNPs)
were supplied by Cheap Tube Inc. (Grade 2). According to the manufacturer, the
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GNPs had a surface area of 100 m%/g, an average thickness of around 10 nm and
an average diameter of 25 wm. They were used as supplied by the manufacturer.
Autors obtained colloidal suspension of GNPs in chloroform after sonication
with a Vibracell® VC750 tip sonicator for 1 h at an amplitude of 30 % (225 W).
Then, the epoxy monomer was added and the mixture was further sonicated for
1 h at identical conditions. Afterwards, in order to fully remove the solvent, the
solution was heated on a hot plate (Infrared spectroscopy was used to corroborate
solvent evaporation). Finally, the hardener was added and the system was mag-
netically stirred for 5 min. This reactive mixture was then used to create a coating
(50 x 6 mm 2 area) onto the carbon fiber/epoxy composite (CFRC) specimens
with previously prepared Al electrodes. Finally, the coated specimens were cured
at130 °C for 5 h. The PTR effect of sensitive composite layer was measured CFRC
bending test cycles. Authors observed reversible and irreversible behavior of sen-
sor tensoresistivity. Authors explained both these behaviors by modifying Eqgs. (7)
and (8) respectively (Sect. 2.2). It was experimentally shown that both the stress
and damage of the composite can be detected by a simple measurement of the
sample electrical resistance change.

Lu et al. found that in high-density polyethylene graphite nanosheet (5-20 jm;
30-80 nm) composites there is a critical pressure at which the piezoresistive
behavior changes from PPR effect to NPR effect. The HDPE and GNs were first
wet-mixed to achieve a uniform dispersion and afterward mixed on a two-roll mill.
The critical pressure value increases with increasing filler concentration and gen-
erally up to 10 Mpa pressure, the effect is negative due to a decrease of interpar-
ticle separation but at even higher pressures (up to 40 Mpa) the PPR effect has
been stated reason for this is the large deformation of polymer matrix that leads
to destruction of conductive channels [37]. However, the NPR effect at low pres-
sures might be attributed to increased/better electrical contact area when pressure
is applied since sensors’ resistivity is measured between steel electrodes.

Chen et al. produced finger pressure-sensitive composite based on silicone rub-
ber graphite nanosheets (5-20 pm; 30-80 nm) [15]. Percolation threshold for such
composition was determined to be 0,9 vol%, a composite containing 1,36 vol%
conductive filler was found to be the most sensitive to external pressure reach-
ing R/Rq values around 800,000 under 0.7 MPa pressure. Authors described the
piezoresistive behavior by the tunneling models as well as used the models for
change of the number conducting paths that are similar to model developed for
polyisoprene high-structure carbon black composites [10]. In the same way as
Knite et al. [10] stated for nanostructured carbon black, the authors [15] made
conclusions that stronger adhesion of the GNs to the polymer matrix compared to
the cohesion between the nanosheets themselves lead to excellent piezoresistive
properties of composite.

Alkyl-functionalized graphite oxide nanosheet polydimethylsilicone com-
posites with low percolation threshold (0.63 vol%) have been prepared by Hou
et al. [38] through wet mixing method. Low percolation threshold is attributed
to high aspect ratio and homogeneous nanosheet dispersion in the polydimethyl-
silicone. The thickness of functionalized graphene oxide nanosheets was 2.7 nm.
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Composites containing 1.19 vol% conductive filler showed the highest piezoresis-
tive sensitivity (R/Ro > 400).

Pressure-sensitive nanocomposites have been made by Soltani et al. [39] from
room temperature vulcanizing silicone rubber, graphite nanosheets, and interfacial
compatibilizer alkyl ammonium salt. Use of compatibilizer decreased the percola-
tion threshold from 3 to 1 wt% as well as piezoresistive sensitivity from more than
100,000 to around 100 R/R . The decrease of piezoresistive sensitivity is attributed
to the high dispersion state of filler throughout the composite leading to insuffi-
cient distance between particles to make conductive paths under external pressure.

Sampo Tuukkanen et al. [40] report about the fabrication and characteriza-
tion stretchable CNT and graphene nanocomposite electrodes on different rubber
substrates. Authors used commercially available graphene ink (P3014 Graphene
Screen Printing Ink from Innophene Co., Thailand) as well as custom-made CNT
ink wich was prepared by mixing CNTs and cellulose derivatives with ultrasoni-
cation (obtained from Morphona Ltd., Finland). Both inks were deposited as
stretchable electrodes using blade-coating method on four different types of rubber
substrates: (1) blend of natural rubber (NR) and butadiene rubber (BR)—NR/BR
with 15 phr clay, (2) NR/BR with 25 phr carbon black, (3) nitrile-butadiene rub-
ber NBR unfilled, and (4) was chlorosulfonated polyethylene CSM. These sub-
strates were chosen due to their different chemical structure and mechanical
properties. Before the electrode deposition, the substrate rubber samples were
stretched reversibly up to 20 % elongation to remove tensile stress softening. After
deposition, the graphene film-like electrodes were dried for 7 min and the CNT
electrodes for 5 min at 403 K. To obtain the sheet resistances approximately the
same for both materials and in such way to make the analysis of the results more
consistent, the final thicknesses of the graphene films were approximately 3-5
iwm and 1 wm of the CNT films. The electrical resistance of the fabricated sheet
electrodes was measured using four-point probe method. Accordingly to classifi-
cation given in Sect. 2.1., the PTR effect has been found for both types of sheet
electrodes. The CNT ink sheets showed good properties for all four rubber sub-
strates. Their electrical resistance before and after the stretching was not changed.
In contrary, the graphene ink was highly dependent on the substrate material.
High-quality electrodes with low resistances were obtained in the cases of high
surface energy rubbers 3 and 4. The graphene ink samples on substrates 1 have
some cracks already before stretching but in case of substrate 2, the graphene
electrodes contained some bubbles. Authors [40] believe that these faults caused
higher resistances both before and after stretching. Authors also conclude that the
relative resistance change during the stretching is larger and rubber relaxation after
the stretching affects less to the electrical resistance in the case of CNT electrodes.
This makes the CNT films more suitable for sensor applications where varying
stress is applied to the element. On the other hand, the smaller relative resistance
change during the stretching of the graphene electrodes would make them applica-
ble to be used as stretchable electrodes.

Kumar et al. [41] have stated NPR effect for poly(isobutylene-co-isoprene)
(ITR)/reduced graphene oxide (RGO) composites with 5 wt% RGO. The RGO was
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synthesized from graphite flakes using Improved Graphene Synthesis [42] with
subsequent thermal reducing at 473 K temperature for 30 min. (IIR/RGO) com-
posite samples with 5 wt% RGO were prepared by the solution mixing process in
tetrahydrofuran (THF) using subsequent ultrasonic treatment for RGO suspension
and mechanical mixing of RGO suspension with IIR in THF for 3 h. Thereafter,
the mixture was dried at 333 K in vacuum oven until it achieves a constant weight
and samples were molded at 433 K for optimum curing time determined by
rheometer. SEM, AFM, and XRD investigations showed homogeneous dispersion
of RGO in IIR whereas IIR/expanded graphite (EG) composites tested for com-
parison indicated poor dispersion of EG. The thickness of the sensor sample was
0.1 mm and relative resistance change of the sensor was measured while applying
force in the range of 0.05-0.1 kN. Unfortunately, the comprehensive theoretical
explanation of the piezoresistivity effect in this material is not given. Authors [41]
mentioned only that the resistivity of the composite can change with external pres-
sure due to the construction and destruction of conductive networks as explained
in [39].

Very promising results for future development of highly sensitive tactile sen-
sors have got Hodlur and Rabinal [43] by preparing polyurethane foam (PM) with
self-assembled graphene layers inside of pores on the surface of polymer. They
used the simple method as follows: First, the flexible PF was impregnated with
hydrazine hydrate for a minute and washed with distilled water. Home-synthesized
graphite oxide (GO) sample was dispersed in distilled water (0.5 mg in 1 ml
water) to get GO colloidal solution. Second, the PF was soaked in GO colloidal
solution and left to dry for an hour. Third, the PF was saturated with hydrazine
hydrate to reduce GO to graphene. At the end it was washed as well as sonicated
for few times in distilled and dried in room conditions. Authors [43] chosen for
testing PF with approximately 3 wt% graphene. The conductivity of this sample
changes by more than 5 orders of magnitude at applied voltage of 1 V if pres-
sure rises from 1.01 to 1.52 atmospheres. So the negative pressure coefficient was
stated for this material. Authors believe that such high value of pressure sensitiv-
ity can be explained by vertically oriented stacked graphene layers on polyure-
thane pores inside surface. FTIR analysis and SEM measurements indicates strong
chemical bonding between PF surface and graphene flakes in vertically tilt con-
figuration. In our opinion, the evidence for this are a little bit sophisticated because
the high-resolution SEM recordings should be limited by the fact that high-energy
electron beam is going to burn the PF. In our opinion, more convincing evidences
for existence of vertically oriented stacked graphene layers on the inside surface of
polyurethane pores should be found in future. We also hope that authors [43] will
elaborate more comprehensive numerical model for mechanism of pressure sens-
ing for this very promising material.

Vera Goncalves et al. [44] studied piezoresistive properties of electrically con-
ductive polymer composites made from porous polyether block amide (PEBA
4,033 from “Atofina Chemicals”) and various grades of graphene platelets
obtained from “XG Sciences.” Altogether five graphene platelet grades where
used: C-750 (length 1-2 pm; thickness 2 nm; surface area 750 mz/g), M5 (length
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5 wm; thickness 6-8 nm; surface area 120-150 mz/g), MI15 (length 15 pm; thick-
ness 6—8 nm; surface area 120—-150 mz/g), M25 (length 25 pm; thickness 6—8 nm;
surface area 120-150 m2/g), and HS (length 5 pwm; thickness 15 nm; surface area
50 m?/g). The composites were prepared similarly to polymer dissolution method
as described previously in Sect. 3. Porous morphology of electrically conductive
polymer composite structures was achieved using all graphene platelets except
C-750. The reason for this result is not explained in the following paper as well as
the authors studied the influence of the remaining various graphene platelet grades
on the piezoresisitive properties of their produced porous composites only at one
specific concentration of conductive fillers—15 vol%. Therefore it is our responsi-
bility to notify that the further discussed results might be inaccurate for determina-
tion of the most suitable graphene platelet grade for production of piezoresistive
polymer/nanographite composites since piezoresistivity and conductivity highly
depends on the conductive filler geometry and concentration. Composites contain-
ing H5 grade graphene exhibited the lowest electrical resistivity; however it did
not exhibit any pressure sensitivity. The most promising piezoresistive response
was achieved from composites containing M5 grade filler, which as authors high-
light exhibited almost linear negative piezoresistive response to pressure up to
0.254 MPa on a log(R)-log(P) plot, but in cyclic loading/unloading conditions
sensor exhibited significant hysteresis and resistivity drift due to poor mechanical
properties of porous morphology. In Table 1, piezoresistive behavior and sensitivity
of the previously mentioned polymer/graphite nanosheet composites are compared.

4.3 Hybrid Polymer/Nanographite Composites

Kim et al. [45] report about the preparation and investigation of nano smart hybrid
material based on graphene. However, there is not explanation given why authors
named the epoxide/graphene composite (EGC) a hybrid material. The appropri-
ate amounts of graphene (KITECH) were incorporated into the epoxy (KUKDO
CHEMICAL Co., YD-128) by direct dispersion into aqueous epoxy using ultra-
sonic homogenizer. A curing agent, Jeffamine (KUKDO CHEMICAL Co.,
A-230) was added to the dispersed graphene/epoxy suspension which was then
located in a vacuum oven to remove the air. Afterwards the mixed suspension was
poured into a silicon mold and cured at room temperature for 24 h and at 80 °C
and 120 °C for 2 and 3 h respectively. The sensing element electrodes were made
from conductive silver epoxy. The prepared sensor was tightly bonded on a steel
beam with superglue to transfer the tensile strain from steel beam to a prepared
epoxy/graphene sensor element [45]. Percolation threshold was found to be 3 wt%
graphene. It is not shown by authors how percolation threshold was determined
and the investigated piezoresistive sample also contains 3 wt% graphene. It is odd
since, according to the definition, at percolation thresholds the composite merely
starts to become conductive and its resistivity is too large for real piezoresistiv-
ity sensor application. The electrical resistance of EGC layer has been measured
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Table 1 Comparison of piezoresistive sensitivity of polymer composites based on the graphite

nanosheets

Filler Matrix Percolation | Piezoresistive Piezoresistive
threshold behavior sensitivity
Alkyl- Silicone rubber 0.63 vol% | Positive R/Ry > 400 under
functionalized 1.2 MPa
graphite oxide [38]
(thickness
2.7 nm)
Graphite Silicone rubber 0.9 vol% Positive R/Ry = 800,000under
nanosheets 0.7 MPa
(5-20 pm; [15]
30-80 nm)
Graphite Acrylnitrile 0.5 phr Positive R/Ry > 100 under
nanoplatelets butadiene rubber 6 MPa [20]
(thickness
10 nm)
Graphite Silicone rubber 3 wt% Negative R/Ry = 0.00001 under
nanosheets 1 MPa [39]
(thickness
30-80 nm)
Graphite High-density Negative till R/Ry = 0.15 under
nanosheets polyethylene 12 MPa 12 MPa;
(5-20 pm; Positive after R/Ry = 800 under
30-80 nm) 12 MPa 40 Mpa [37]
Reduced poly(isobutylene- Negative AR/Ro = 0.5 under
graphite oxide co-isoprene) 0.05 kN [41]
(nanoscale)
Graphite oxide Polyurethane Negative R/Rop ~0.000001 under
foam 52.7 kPa [43]

Graphene Porous Negative R/Ry = 0.42 under
platelets (5 wm; | polyether block 245 kPa [44]
6-8 nm) amide

versus steel beam deflection. The beam deflection was converted to strain by
means of beam theory. In our classification the PTR effect was investigated.
Except for some inaccuracies, authors [45] obtained promising results—exactly
linear piezoresistivity in the range of 1,000 micro-strain as well as comparatively
large gauge factor of 11.4 in comparison with epoxy/ MWCNT composite—2.9.
Authors also presented interesting explanation of such large gauge factor. If the
strain sensor is subjected to tension, the contact resistance between adjacent
graphene in conductive channel is increased mainly due to the reduction of the
contact area of these overlapping adjacent graphene nanosheets. Based on this
hypothesis, authors supposed that higher strain sensitivity of graphene compos-
ites can be explained as follows. The larger intercontact area among the graphene
nanofillers due to their 2D structure may induce larger contact resistance change
than other 1D structure carbon nanotubes. Charge tunneling between adjacent con-
ductive nanoparticles was not discussed in this case.
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Very interesting graphene-functionalized carbon nanotube and PVDF matrix
composite strain-sensing materials were developed by Varrla Eswaraiah et al. [46].
These materials can be related to the class of hybrid composites. Authors prepared
graphene-wrapped CNTs (GWCNTs) from fine ground powders of graphene oxide
and alloy hydride (MmNi3) in a quartz tube in a furnace in subsequent argon,
hydrogen, argon, acetylene, and argon atmospheres. The prepared graphene-
wrapped CNTs were purified by refluxing in concentrated HNO3. Using the ultra-
sonic-assisted solvent casting method, GWCNTSs were dispersed in PVDF matrix
as follows: Definite quantity of GWCNTs as well as the corresponding amount of
PVDF was dispersed separately in DMF with the help of ultrasonicator for 1 h at
room temperature. These two solutions were mixed together by ultrasonicating for
1 h and the mixed solution was transferred into shear mixer and stirred at room
temperature at 4,000 rpm for 2 h and at 80 °C for 30 min. The composite solu-
tion was taken out from the mixer and transferred into a Petri dish and kept in
an oven at 80 °C in vacuum for 6 h to remove the solvent. Automatically peeled
off polymer composite films were collected and cut into the required dimensions
for further measurements. GWCNTs-based PVDF composite film was attached
to one side of the aluminum (Al) specimen using high-strength epoxy to make a
perfect bonding between the Al and the nanocomposite film; on the other side, a
conventional metallic strain gauge was attached using glue. The specimens were
investigated under tensile strain and the PTR linear effect was experimentally
determined. Authors [46] compared results with insulating hydroxyl-group-func-
tionalized CNT-based PVDF nanocomposites to show the superior performance of
the graphene wrapped over CNT-based PVDF composites. A strain gauge factor
of ~20 has been obtained with 3 wt% conducting graphene wrapped over CNT-
based PVDF composites whereas the gauge factor is &2 with insulating-mole-
cule-functionalized CNT-based PVDF composites. Authors mentioned three main
possible reasons for the piezoresistivity effect: (1) loss of conductive intercon-
nections; (2) a tunneling effect between neighboring fillers, and (3) conductivity
change from the deformed graphene-wrapped CNT hybrid. Authors concluded that
since the conductance of the composite mainly comes from the nanofiller used and
its distribution in the polymer matrix, a change in the number of conductive nano-
fillers or the loss of contacts in the polymer matrix is responsible in large for the
change in resistance of the composite.

5 Development of Polymer/Nanographite Composite
Sensor Element Systems for Mechanical Impact Sensing

Most of the pressure sensing systems are created as stiff structures made from
brittle materials and therefore their usage is usually limited by ability to endure
impact, vibrations, or large deformations. On the other hand, industries like civil
and medical engineering, automotive as well as robotics are interested in cheap,
reliable sensors without these limitations. In the above-described research, PNGC
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was proposed as a potential material for pressure and strain sensor elaboration.
In this section, the influence of various nanographite fillers on the piezoresistive
properties of PNGC is investigated and based on these results we chose the most
suitable compositions for the development of relatively large-scale hyperelas-
tic pressure sensor system (HPSS). Afterward the piezoresistive response of the
developed HPSS was measured under external 0.1 and 1 MPa pressure in cyclic
loading-unloading conditions; in addition, we determined the processing pressure
influence on the piezoresistive sensitivity and behavior of HPSS under 0.1 MPa of
pressure.
Two different types of nanographite fillers have been used:

1. O-dimensional nanostructures—highly structured carbon black Printex XE2
obtained from Degussa®—specific surface area 950 m?/g, average primary
particle diameter 30 nm, DBP absorption 380 ml/100 g;

2. 2-dimensional nanostructures—thermally exfoliated graphite obtained from
Kyiv National Taras Shevchenko University. Authors from this university
showed that plastic deformation of graphite-epoxy/TEG composites under
mechanical loading leads to irreversible changes in the value of normalized
resistance R/Ry. The rate of these changes is determined by graphite filler con-
tent in epoxy matrix, method of preparation, and composite matrix porosity [47].

Depending on the filler type, two different raw PNGC production methods were
used. In the case of HSCB filler, the polyisoprene (PI) and the necessary vul-
canization ingredients (sulfur, stearic acid, zinc oxide, and N-Cyclohexyl-2-
BenzothiazoleSulfenamide) were mixed with various high-structure carbon black
concentrations using roll mixing. The obtained composition further in text is ref-
ered to as PICB. In contrast, for TEG filler, a multistep solution mixing method
was used:

1. PI with curing ingredients was stirred and dissolved at room temperature for 24 h;

2. dispersion of TEG filler in chloroform (dispersed using ultrasonication with
specific power 1 W x 5 min/1 ml to reduce the particle size Fig. 10) was added
to the PI solution and stirred for 24 h;

3. obtained mixture was poured into Petri dishes and left for 24 h in drying cham-
ber for chloroform to evaporate;

4. films were homogenized using cold rolling. Obtained compositions are abbrevi-
ated as PITEG.

To determine electrical as well as piezoresistive properties for each PNGC com-
position flat, round-shaped samples (diameter of 18 mm and average thickness of
1 mm) with brass foil electrodes were made by vulcanizing the raw rubber com-
posites in hot stainless steel mold using Rondol thermostated press for 15 min
under 3 MPa of pressure at 150 °C. The optimal curing conditions were determined
using Monsanto 100 dynamic rheometer. After curing, the samples were shelf aged
at room temperature for at least 24 h before any measurements were made.

The electrical conductivity of each PNGC sample was measured using Keithley
6,487 Picoammeter/Voltage source. The piezoresistive effect was determined
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Fig. 10 Scanning electron images of TEG (leff) and TEG after ultrasound treatment (right)
particles

using Zwick/Roell Z2.5 universal material-testing machine coupled with Agilent
34970A data acquisition/switch unit. Due to the technical limitations of this meas-
uring equipment, PNGC samples with conductivity lower than 10-8 S/m were not
tested for piezoresistivity.

First the electrical conductivity of PNGC samples was determined. Figure 11
shows nanographite filler influence on the percolation transitions of PNGC com-
positions. The concentration of the conductive fillers is expressed in parts per
hundred rubber (phr). PICB composition shows the steepest percolation curve;
therefore, theoretically it could be expected for this composition to have the best
piezoresistive behavior. Also it should be kept in mind that PICB composites were
prepared with a different production method. TEG, on the other hand, is more or
less a 2D nanostructure therefore the highest percolation transition in this case
could be explained with difficulty to form a continuous conductive network of
TEG particles throughout the matrix.
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Fig. 12 a (left) schematic view of AHPS and schematic AA cross section of AHPS; b (right)
schematic view of EHPS and schematic AA cross section of EHPS; consisting of : / non-conduc-
tive outer shell, 2 piezoresistivePiCB, 3 upper layer of conductive PICB, 4 lower layer of con-
ductive PICB, 5 wires with soldered small brass foil plates. The geometrical dimensions of both
designed systems were 100 x 70 x 5 mm

The hyperelastic pressure sensor system was made using layered composite
design where pressure-sensitive elements were jointed with electrode elements and
incorporated into protective nonconductive natural rubber shell (Fig. 12). As the
pressure-sensitive elements, PICB with 8 phr CB was used since the piezoresistive
sensitivity of this composition under 0.1 MPa was found to be the highest. Since
the specific electrical conductivity for the composition PICB with 10 phr CB was
high enough, it was used as hyperelastic electrode elements on both sides of sensi-
tive elements. The placement of electrode layers in HPSS was designed to insure
that:

1. each of the sensitive elements could be monitored separately (AHPS—
addressed hyperelastic pressure sensor system);

2. the sensitive elements were connected in series to provide better piezoresistive
sensitivity under external pressure (EHPS—enhanced hyperelastic pressure
sensor system);

All HPSS elements were first separately partially vulcanized for 11 min under
3 MPa of pressure at 140 °C to ensure that they could maintain their shape during
the final vulcanization when all elements where assembled in designated positions
and cured together under 3 MPa of pressure at 150 °C for 20 min. To determine
the influence of the vulcanization pressure on the piezoresistive behavior of the
sensor, the EHPS elements were semi-vulcanized and the final product was vul-
canized into one solid block under 0.5, 1, and 2 MPa of pressure (EHPS 0.5,
EHPS 1, and EHPS 2). To connect HPSS to measuring equipment, small wires
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with soldered brass foil extensions were added to the side electrode layers. Cross-
section of the EHPS system is shown in Fig. 13.

The piezoresistive behavior of EHPS under 0.1 MPa and 1 MPa operational
pressures was determined (Fig. 14). As can be seen in Fig. 14, the piezoresistive
behavior is very similar under 0.1 and 1 MPa of cyclic operational pressure; how-
ever, the piezoresistive sensitivity under 0.1 MPa of pressure is comparatively low
(less than 2 %) as well as the piezoresistive behavior under repeated cyclic loading
tends to decrease gradually. This can be explained with different speed of electri-
cal relaxation for separate structural PICB elements of EHPS and therefore leads
to the decrease of total piezoresistive effect in both ranges of operational pressure.

Figure 15 shows the piezoresistive behavior of EHPS made using different pro-
cessing pressures under operational 0.1 MPa pressure. One can see that EHPS, which
was made using highest processing pressure—3 MPa, appears to be the most piezo-
sensitive. As one can see for small operational pressures (0.1 MPa), the sensitiv-
ity of EHPS drops considerably when processing pressure is reduced—this can be
explained with improved mobility of electrically conductive particles in vulcanization
process, leading to more electrically conductive channels in the composite structure.

Likewise, the piezoresistivity was determined for each AHPS each sensitive
element up to 0.1 MPa pressure (Fig. 16). Variance of each element sensitivity at
0.1 MPa pressure is observable.

Fig. 13 Cross-section image of EHPS
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Fig. 14 Piezoresistive behavior of EHPS under cyclic operational pressure up to 0.1 MPa (left)
and 1 MPa (right)
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Similarly to HPSS manufacture, hyperelastic pressure sensor (HPS) with only
one sensitive element (HPS) was developed. In Fig. 17 one can see a schematic
image of HPS structure. As the pressure-sensitive elements in HPS, the PICB with
8 phr CB or the PITEG with 15 phr TEG were used since the piezoresistive sen-
sitivities of these compositions were found to be the highest. As hyperelastic elec-
trode elements on both sides of sensitive elements PICB with 10 phr filler was
used. Small wires with soldered brass foil were added to the hyperelastic elec-
trodes for resistivity monitoring. Finally, all of this was incorporated into protec-
tive nonconductive natural rubber shell.

The piezoresistive behavior of HPS with both sensitive elements was deter-
mined up to 0.1 MPa pressure (Fig. 18). As seen from Fig. 18, hyperelastic
pressure sensor with PITEG sensitive layer shows noticeably higher pressure sen-
sitivity. HPS with PICB-sensitive layer exhibits better effect reversibility. This
could be explained as follows—in PITEG and PICB composites conductivity is
possible due to tunneling currents between nanographite particles. Since intensity
of tunneling currents is highly dependent on the average distance between conduc-
tive particles, piezoresistive behavior can be observed under external influences
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Fig. 17 Schematic view of HPS consisting of: / nonconductive outer shell, 2 piezoresistive
PiCB or PITEG, 3 upper layer of conductive PICB, 4 lower layer of conductive PICB, 5 wires
with soldered small brass foil plates. The geometrical dimensions of designed system was 18 mm
in diameter and 5 mm thickness
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(pressure, strain) of PNGC. HSCB particles are believed to have a very complex
surface characteristics possibly leading to more than one electrical contact point
between two particles when forming conductive channels in PICB composites;
therefore, electrical percolation is observed at lower filler concentrations com-
pared to PITEG composites (Fig. 11). However, PITEG composites exhibits
higher piezoresistive sensitivity since two TEG particles can form only one elec-
trical contact point between them (due to geometrical nature of two planes) in
PITEG-conductive channels leading to reduced electrical shunting of conductive
channels when the whole structure is deformed.

6 Summary and Conclusions

Comparatively with other nanographite fillers, both graphene and graphene plate-
lets are rather little used as fillers to elaborate the nanocomposite for mechanical
impact sensing; however, in the last 2 years, the number of original papers in this
field is rising very sharply [34-36, 40, 41, 43, 44]. One can see from the litera-
ture analysis that elastomers are mostly used as matrix material in such kind of
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sensitive nanocomposites, because of better sensitivity and comparatively faster
recovery of electrical resistivity after reduction of mechanical loading.

At the end of this chapter, we are going to discuss the main strengths
and weaknesses of mechanical impact sensing systems made on the basis of
polymer/nanographite composites.

As main strengths of rubber-like sensors, we consider:

1. the durability against direct and strong mechanical impact in comparison with
brittle piezoceramics or plastic metallic materials;

2. the durability against influence of definite environment factors like humidity,
oxidation, etc.;

3. the possibility to adjust the chemical composition of composite material to
cover broad dynamical diapason of mechanical stress sensing from few Pa to
hundreds of MPa;

4. the cost of materials, relatively simple preparation of sensor material as well as
detection of sensors output

5. the possibility to fabricate large and continuous sensing elements integrated in
different provable systems.

As significant weaknesses one should mention:

1. the long-drawn recovery processes of small reorientations of polymer chains
after mechanical impact that seriously limits the use of such materials for very
accurate mechanical strain or stress measurement;

2. as follows from the previous, polymer nanographite composites at the state of
the art can be used only for registration or counting of mechanical impacts on
sensing element.

The future perspective as well as the challenges in this field we see as follows:

1. development of polymer nanographite composites with permanently aligned
graphene 2D particles to improve the sensitivity;

2. elaboration of porous elastomer nanographite composites to improve the sensi-
tivity; and

3. creation of hybrid polymer composites with mixed different allotropes of
nanographite, where the sensor material properties will be improved due to the
synergy between these fillers.
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Graphene Filled Polymers for Vapor/Gas
Sensor Applications
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Abstract With their unique and excellent properties such as high carrier mobil-
ity and high surface area, graphene-base materials have shown great promise as
efficient sensing materials for highly sensitive and low noise sensors. Graphene
offers some important advantages over other carbon-based materials such as car-
bon nanotubes (CNTs), which includes enhanced sensitivity and low inherent
electrical noise. These merits mainly comes from their structural features, as it is
composed of all surface carbon atoms with large and flat geometry enabling high
sensitivity and low contact resistance. Moreover, their surface can be functional-
ized with organic molecules (e.g., polymers, nanocrystalline, bio-molecular),
and surface molecules on graphene surface can also be used as gas/vapor sens-
ing materials that promote the sensing capability of overall composites. This has
sparked interests in the development of highly sensitive and selective gas/vapor
sensors based on graphene-based materials and their polymer composites. In this
review, recent progress on graphene and its composites will be discussed in the
context of their use in sensors. It mainly focuses on how engineering graphene
with other functional molecules can affect their ability to detect a number of dif-
ferent gas/vapor. It also emphasizes achievements made with graphene-filled poly-
mer composites for gas/vapor sensor applications.
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1 Introduction

Vapor/gas sensor is a device that transforms vapor/gas information, (e.g., compo-
sition, concentration, activity, pressure, etc.), into analytically useful signal which
can be easily monitored. In recent years, vapor/gas sensors have attracted scien-
tific interests in a variety of applications including human health, public safety,
environmental monitoring, petroleum industry, and so on [1-6]. Nanostructured
materials with novel physicochemical properties are considered as promising can-
didates for high performance sensing applications, and are expected to potentially
replace the conventional gas analysis instruments based on semiconductors and
gas chromatography mass spectrometry (GC-MS) in the future. One dimensional
(1ID) carbon nanostructured materials such as carbon nanotubes (CNTSs) and
nanofibers (CNFs) are well-known chemical sensing materials as their electrical
conductance is sensitive to gases. These materials have shown to adapt conditions:
easy-to-use processing, low cost and room temperature operation [7, 8]. The func-
tionalization of CNTs for their application in gas/vapor sensors have been widely
studied during the last decades [9-13]. However, their safety, rigid cylindrical
structure, coupled with massive aspect ratios and relative inertness is still being an
open question [14—17]. Recently, graphene, one-atom thick two-dimensional (2D)
carbon nano-sheet, has also been the focus of recent research due to its remark-
able properties such as high value of mechanical strength (fracture strength,
125 GPa), thermal conductivity (5,000 W m_lK_l), mobility charge carriers at
room temperature (200,000 cm? V_ls_l) with a carriers density of 102 cm~2,
and specific surface area (theoretical value, 2,630 m? g_l) [18-20]. These excel-
lent properties make graphene attractive as sensing materials for vapor/gas sen-
sors. Previous reports described that graphene, with its unique 2D crystal lattice
and high electron mobility, outperforms CNTs for vapor/gas sensing applications
in term of low inherent electrical noise at room temperature. The large and pla-
nar geometry of graphene make them easier for making electrical contact as well
[21-24]. Still a number of drawbacks, however, such as the dependence on spe-
cialized equipment for the fabrication of devices, the low solubility of graphene
in most solvents, and the limited stability of graphene suspension, in particular
specificity and reversibility monitoring, hinder the applications of these materi-
als in the field of sensors. Nevertheless, these challenges possibly overcome by
functionalizing graphene platelets with organic molecules (e.g., polymers, con-
ducting polymers, bio-molecular) [25, 26]. The organic molecules introduced on
the surface of the graphene platelets can function as effective stabilizer for gra-
phene, preventing their agglomeration in liquid phase and thereby facilitating their
processing for device fabrication [27, 28]. Moreover, those molecules can also be
used as gas/vapor sensing materials that promote the sensing capability of over-
all composites. Hence, the combination of graphene and organic molecules has
becomes an important strategy to achieve improved sensing performance, where
the graphene provide electrically conductive path and organic molecules promotes
adsorption of targeted analytes. This has attracted interests in the development of
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Fig. 1 Schematic illustrating the use of chemical vapor sensors based on graphene composite
for detection of gas and vapor and their possible applications in public safety, human health,
environmental monitoring, and food safety. Copyright 2010 and 2012. Reproduced with
permission from John Wiley & Sons and American Chemical Society, respectively

highly sensitive and selective gas/vapor sensors based on graphene composites,
and it holds a great potential for practical applications where sensors are widely
used to monitor early indications. Figure 1 illustrates gas/vapor sensor devices
based on graphene composite, which extends their potential applications in the
area of human health, public safety, environmental monitoring, food packaging,
petroleum industry and so on.

2 Preparation of Graphene and Its Derivatives for Using
in Vapor/Gas Sensors

Single- to few-layered graphene can be prepared by a variety of methods such as
micromechanical exfoliation [29], epitaxial growth [30], chemical vapor deposi-
tion [31], and chemical exfoliation route (i.e., sequential oxidation-exfoliation-
reduction route) [32-34]. Pioneering studies was reported in 2007 by Geim and
co-workers, where mechanically cleaved single-layer-graphene was used for
gas sensors [35]. In this work, graphene-based gas sensor has shown to detect
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Fig. 2 SEM images of back-gated graphene devices (left). Different vapors induce noise with
different characteristic frequencies f. with the same graphene transistor (right). Copyright 2009.
Reproduced with permission from Nature [34]

individual gas molecules adsorbed or desorbed on the graphene surface by chang-
ing their local carrier concentration, leading to stepwise changes in electrical
resistance. The gas-induced changes depend on gas type, either electron accep-
tors (e.g., N2O, H>O) or electron donors (e.g., NH3, CO, ethanol). The Hall-effect
measurements showed that extra carriers were created during gas adsorption on
their sensor device, and gas adsorption can increase the number of holes if the gas
in an acceptor or increase the number of electrons if the gas is a donor. Modulation
of carrier concentration by gas adsorption/desorption is basic mechanism that
governs the operation of graphene-based gas sensors. They also claimed that this
graphene-based gas sensor had a limit of detection (LOD) as low as parts per
billion (ppb), and this value is comparable to those of the most sensitivity gas
sensors ever reported. Balandin and co-wokers reported that a single pristine layer
graphene transistor can possibly detect different chemical vapors by producing
distinguishably different effects on the low-frequency Lorientzian noise spectra
[36]. Upon gas exposure, the gas molecules can create specific traps and scattering
centers in graphene, leading to the carrier fluctuation (due to fluctuation of traps
or the scattering) and/or the kinetics of the molecules adsorption and desorption
contributing to noise. Figure 2 shows that a different vapor induces noise with
different characteristic frequencies.

The limitation of pristine graphene for gas sensor application is its incontrol-
lable size and shape which hampers the fabrication of devices, and therefore it has
been used for theoretical study and proof-of-concept demonstration. Recent stud-
ies have focused on the use of graphene grown by epitaxial growth and chemical
vapor deposition (CVD) methods for the fabrication of sensors [37]. Such methods
are most promising techniques for bottom-up synthesis of high-quality graphene
sheets. In the epitaxial growth method, SiC substrate is heated under ultrahigh
vacuum, so that silicon atoms sublimated from the substrate and carbon atoms
rearranged into graphene layers. The thickness of graphene layers depend on
annealing temperature and time [38, 39]. Recently, Giesbers et al. reported a high
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Fig. 3 a Schematic illustration of the sensing experiment where the sensing gas X diluted in Nj
carrier gas flows over a graphene-on-SiC sample while the resistance change of the graphene is
measured, AFM phase image showing the single layer graphene areas (dark) and double layer
graphene areas (bright) on top of the terraces. Chemiresistive gas sensors of epitaxial graphene
(EG) and intercalated epitaxial graphene exposed to pure Np, 100 ppb NO; (for EG), 40 ppb NO»
(for QFEG), 300 ppm NHj3 and 3,000 ppm CO during annealed at 150 °C [37]. Copyright 2013.
Reproduced with permission from American Institute of Physics

sensitive quasi freestanding epitaxial graphene gas sensor on 6H-SiC [40]. They
have shown that the electrical response to NO,, N», NH3, and CO for both epi-
taxial graphene and quasi freestanding epitaxial graphene (hydrogen intercalated
graphenes) on 6H-SiC substrate at 1 parts per million (ppm) and it can be possi-
bly down to sub-ppm level. Specifically, the quasi freestanding epitaxial graphene
shows a 6-fold increase in sensitivity towards NO, compared to epitaxial graphene
(Fig. 3). The drastic increase in sensitivity of quasi freestanding epitaxial graphene
can be explained by a Fermi-energy close to the Dirac point, leading to a strongly
surface doping dependent sample resistance.

The CVD technique has led to the preparation of graphene film on metal sub-
strates such as Ni, Cu, Co under decomposition of hydrocarbon gas source at mod-
erate temperature (<1,000 °C) [41]. The resulting graphene is then transferred to
other substrates for fabrication of gas sensor devices. The high conductivity, trans-
parency and high-yield not only make the CVD-graphene desirable for the high
performance electronic sensors, but also enable the mass production of devices
with high flexibility.

It has been reported that nano-sized detector based on graphene could detect
atomic oxygen with a LOD of 1.25 % [42]. Peter Boggild and co-workers showed
that nanopatterned CVD-graphene using a spherical block copolymer etch mask
presents a high defect density between the mesh and holes, achieving sensitivi-
ties for NO; concentrations as low as 300 ppt with an ultimate LOD of tens of
ppt [43]. The dramatic improvement in the gas sensitivity is likely due to the high
adsorption site density, from the combination of edge sites and points defect sites.
Koratkar et al. [44] have developed another novel approach, which exploited a
macroscopic three-dimensional (3D) network of graphene sheets, referred to as
graphene foam (GF) for gas sensors. In this work, a scaffold of porous nickel foam
was used as a template for the deposition of graphene. Then, nickel skeleton was
etched by chemical etchants. The walls of the resulting foam are comprised of
few-layer-graphene (FLG) sheets. The FLG grow uniformly on the entire surface
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Fig. 4 a Photograph. b SEM image of the microporous 3D interconnected graphene grown on
porous nickel foam by CVD method. Normalized change in electrical resistance of the GF as a
function of time indicating the real-time detection of ¢ NH3 and d NO; at different concentra-
tions [41]. Copyright 2009. Reproduced with permission from Elsevier Ltd

of the nickel foam and make them interconnected into each other, such that there
is no interface or physical breaks in the network. This facilitates efficient electron
transport though the FG and thus high sensing performance (Fig. 4). They demon-
strated that the GF-based sensor can detect NH3 and NO, at ~20 ppm level in air
at room temperature.

However, both of epitaxial graphene and CVD-graphene entail additional
transfer process for devices fabrication, which typically results in the surface
contaminations and destruction of graphene intact. In addition, pristine graphene
described above have limitative reversibility. Alternatively, chemical exfoliation
route (i.e., sequential oxidation-exfoliation-reduction route) shows distinct advan-
tages in terms of yield and cost [45—47]. This chemical method typically produces
bulk quantities of reduced graphene oxide (rGO), which resembles graphene but
with some oxygen groups and structural defects. Therefore graphene-based sen-
sors can be mass-producible at cost [48, 49]. The certain amount of oxygen func-
tional groups exist in the corresponding rGO due to incomplete reduction and
structural defects and these can act as adsorption sites for interaction of gas mol-
ecules [50, 51]. Fowler et al. [52] reported a chemoresistance sensor made with
a single-layer rGO coated on interdigitated electrode. This rGO-based sensors
function as p-type semiconductor, in which the electron-withdrawing NO, cause
a decrease in resistance, while the electron-donating NH3 leads to an increase
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Fig. 5 a Digital image of inkjet-printed rGO/PET four-probe sensor. b Vapor sensing by inkjet-
printed rGO/PET obtained by ascorbic acid reduction of dispersed GO when the film was
exposed to a Clp vapor at different concentrations ranging from 6 to 75 ppm, and ¢ selectivity
of sensor towards saturated organic vapors, NHz (100 ppm), NO; (100 ppm), and Cl, (100 ppm)
[48]. Copyright 2008. Reproduced with permission from American Chemical Society

in resistance. This chemoresistor enable detection of 2, 4-dinitrotoluene (DNT),
a relatively volatile component found in the trinitroluene (TNT) explosive at the
ppb level. Dua et al. [53] developed a flexible chemiresistor composed of over-
lapped rGO film printed onto poly(ethyleneterephthalate) (PET) using inkjet
printing technique. The rGO has both high electrical conductivity and chemi-
cally defect sites, making it a promising candidate for gas sensing. This sensor
allows for reversible operation and shows selectivity towards chemical vapors
such as NO,, Cl, at concentration ranging from 100 ppm to 500 ppb. Electron-
withdrawing vapors such as NO, sharply increase the conductivity of the inkjet-
printed rGO/PET films with an increase in the charge carrier density (Fig. 5).

In general, graphene has high sensitivity toward diverse gases even at low gas
concentration. However, there are still some challenges facing graphene-based
sensors, for example particular specificity, reversibility monitoring, and reliabil-
ity, which limits its use in practical application. In order to overcome these chal-
lenges many efforts have been made including functionalization of graphene with
nanocrystalines or organic macromolecules. These hybrid materials display not
only the individual properties of each component, but also additional novel proper-
ties due to the synergistic effect between them [54-57]. For example, Star et al.
[58] developed field-effect transistor (FET) devices using metal nanoparticle-
decorated rGO as active materials for Hy gas detection. In this work, enzymatic
oxidation generated holes within the basal plane of honey graphene oxide (hGO),
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Fig. 6 a SEM images of Pt-decorated hrGO deposited on pre-patterned Au interdigitated
microelectrodes. b Theoretical modeling on hydrogen adsorption on Pt-hrGO surface. Relative
conductance (AG/Gy) versus time curves for Hp concentrations 40-40,000 ppm (in Ny) for bare-
hrGO, Au-hrGO, Pt-hrGO, and Pt-rGO. Calibration curve of Pt-hrGO for response to H gas, left
inset shows the device response to Hy 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 CH4 (0.4—4 % in Nj) [58]. Copyright
2011. Reproduced with permission from American Chemical Society

and after reduction with hydrazine, reduced graphene oxide (hrGO) was formed.
When Pt nanoparticles was decorated on the surface of hrGO by electrochemical
method, the resulting hybrid materials exhibited a large and selective electronic
response toward hydrogen gas. Based on the experimental results and theoretical
modeling, they proposed that the increased edge-to-plane ratio, oxygen moieties,
and Pt nanoparticle decoration were responsible for the improved gas sensing per-
formance of hrGO nanostructures (Fig. 6).

In other work, Pd-functionalized multilayer graphene nanoribbons were
fabricated and used for Hy sensing [59]. Intrinsic graphene is a semimetal with
zero band gap. However, graphene could exhibit band gaps useful for transistor
operations, by engineering the graphene structure into a nanoribbon. This Pd-
functionalized graphene nanoribbons with high specific surface area facilitates
efficient functionalization and gas adsorption. These networks show high sen-
sitivity to hydrogen at ppm concentration levels at room temperature with a fast
response and recovery time.
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Recently, we have demonstrated high performance chemical sensor that can
reversibly detect volatile organic compounds (VOCs), based on the graphene dec-
orated with silver nanoparticles [60]. The one-pot synthesis of the Ag-rGO hybrid
materials is carried out by the in situ thermal reduction of Ag precursor and GO
in the presence of poly(ionic liquids) (PIL). The PIL of poly(1-vinyl-3-ethylim-
idazolium) salt not only serves as a dispersant or capping agent for GO and Ag
microspheres, but also acts as a linker for coupling rGO with Ag nanoparticles. In
addition, PIL within the Ag-rGO hybrids can be used to transfer Ag-rGO hybrids
between water phase and organic solvent phase by simply exchanging anions of
PIL. Based on these Ag-rGO/PIL hybrids, we constructed the chemical vapor sen-
sors to detect various VOCs and evaluate their performances in terms of response/
recovery time, selectivity, and reliability. The improved sensing performance
of Ag-rGO/PIL sensors was attributed to the synergistic effect of hybrid sensing
materials. The Ag-rGO/PIL hybrid materials showed 3D porous structures enabled
by Ag nanoparticles acting as spacers for graphene sheets, thus allowing for large
surface area and a range of surface active sites. This translated into a large amount
of organic vapour molecules adsorbed onto the sensing material. Therefore, a
rapid and sensitive current response was achieved with Ag-rGO/PIL-based sensor
by effective electron transfer between sensors and detection molecules.

Besides, there are studies on the effect of noble metal and metal oxide-based
catalysts, e.g., Pt, Au, SnO», and Cu,0, on gas sensing performance of graphene-
based sensors [61-64]. They have demonstrated that the synergistic effect between
them will play the role for improved gas sensing performance. At the same time,
ternary systems with graphene and two distinct nanocrystals (NCs) have also been
proposed and showed improved sensing performance as compared to pure gra-
phene and graphene-NC binary systems [65].

Functionalization of graphene with organic molecules (capture agents) also
enables the specific binding of target gases to the surface of graphene. Shi et al.
[66] reported chemiresistive sensor based on sulfonate-modified rGO (S-G) and
ethylenediamine-modified rGO (EDA-G) for selective detection of NO; gas. They
have shown that the presence of functional groups played an important role in the
sensing process. The electron-withdrawing NO, molecules tend to adsorb on elec-
tron-rich sites such as the lone-pair electrons of S or O atoms in those functional
groups. The sensors were tested upon exposure to 50 ppm different vapor of NO»,
NH3, HO and toluene, in which sensor has relatively good selectivity to NO, by
high response (conductance change) whereas less reponse to NH3 or no detectable
can be observed for toluene or water. In other work, Jonhson et al. [67] showed
one route towards improving the ability of graphene to work as a chemical sensor
by using single stranded DNA (ssDNA) as a sensitizing agent. Graphene transis-
tors were constructed using exfoliated graphite onto silicon substrate, then func-
tionalized with a self-assembled layer of ssDNA. The current-gate voltage (I-Vg)
characteristic of an individual device shows how the hole and electron mobilities
change by carriers scattering on the surface of sensors. The sensor devices showed
fast response times, complete and rapid recovery to initial state at room tempera-
ture, and discrimination between several similar vapor analytes (Fig. 7).
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Fig. 7 AFM line scans of ssDNA on graphene, I-Vg characteristics for a graphene device through
the steps of functionalization showing the expected doping shifts due to ssDNA application.
Normalized changes in current versus time for comparison of clean graphene device (black curve)
and ssDNA-functionalized graphene device (red and blue curve) when exposed to DMMP at con-
centrations of 20, 40, 60, 80, 100, 120 ppm (fop) and propionic acid at concentrations of 90, 220,
435 ppm (bottom) [57]. Copyright 2012. Reproduced with permission from Elsevier Ltd

3 Hybrid Materials of Graphene and Conducting
Polymers for Gas/Vapor Sensors

Conducting polymers (CP) can be used an active sensing material in chemi-
cal sensors since they exhibit physical changes occurring upon the exposure to
various chemicals [68, 69]. In addition, they offer great design flexibility due to
light weight, mechanical flexibility, and tunable opticaltransmittance [70-72].
Intrinsically conducting polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOQOT), polyalinine (PANi) and polypyrrole (PPy) are the most widely used
due to their excellent properties such as gas sensing ability, response to a wide
range of VOCs and good environment stability [73—77]. Therefore, the sensitiv-
ity and selectivity of graphene-based chemical sensors can be improved through
their hybridization with conducting polymers. Various attempts have been made
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Fig. 8 SEM images of graphene/PANi nanocomposite a top view, b tilted view showing that
PANI nanofibers have been grown on the surface of the graphene nanosheets. Dynamic responses
of the Hp gas sensors with sensitive layers of graphene/PANi and graphene only for low con-
centrations of less than 1 % Hy gas [67]. Copyright 2010. Reproduced with permission from
American Institute of Physics

to combine graphene or its derivatives with conducting polymers. For example,
Al-Mashat et al. [78] developed a graphene/PANi nanocomposite for hydrogen
gas sensor. Graphene was prepared using a chemical synthetic route, and it was
then mixed with aniline monomer and ammonium persulfate and polymerized
subsequently to form a graphene/PANi composite. A rapid reaction promotes
homogeneous nucleation growth of PANi into uniform nanofibers which is then
deposited on the surface of graphene. Gas sensors based on graphene/PANi were
tested toward 1 % concentration of H, gas balanced in synthetic air and their sens-
ing performance was compared with PANi nanofiber and graphene only devices.
The results showed that the normalized resistance (R/Rg) of graphene/PANi com-
posite was up to 16.7 %, which is higher than the sensitivities of PANi-based
sensor (9.83 %) and only graphene (0.83 %) due to the higher porosity of the
graphene/PANi composite (Fig. 8).

In other work, Wu et al. [79] reported a HCl-doped graphene/PANi composites
synthesized by an in situ chemical oxidation polymerization. When graphene was
hybridized with PANi, the m electrons cloud of graphene and PANi may overlap
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Fig. 9 SEM micrographs and ammonia gas sensitivity of graphitic materials (/eft, a) and nano-
composites of PPy and graphitic materials (right, b). PPy coating on the surface of graphitic
materials plays an important role in the NH3 sensing [69]. Copyright 2007. Reproduced with per-
mission from Multidisciplinary Digital Publishing Institute

and form an extended m—m conjugation system. The extended 7 electron clouds of
graphene/PANi composites promotes charge interaction with NH3 gas molecules,
achieving improved sensing performance as compared to PANi at the same NHj3
gas concentration. In addition, as graphene is homogeneously dispersed as a nano-
filler in PANI, the surface area of graphene/PANi composites increases, enhancing
the sensitivity of graphene/PANi sensor for NH3 gas.

Jang et al. [80] prepared a nanocomposite of rGO and PPy using in situ polym-
erization method and used this composites to fabricate a NH3 gas sensor with high
sensitivity and rapid response time (Fig. 9). The improved response for NH3 gas
was mainly due to the effective electron change transfer between PPy and NH3 as
described below

PPy* + NH3; — PPy’ + NH3" adsorption
PPy0 + NH;r — PPy" 4+ NH3 desorption

The PPy/rGO composite-based gas sensor also showed the excellent reproducibil-
ity during the recovery process at lower temperature of 373 K.
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Hu et al. [81] has also reported a NH3 gas sensors based on rGO and pyr-
role, showing excellent responsive sensitivity and selectivity to ammonia (NH3)
gas. These rGO sensors showed resistance change as high as 2.4 % and response
time as fast as 1.4 s when the concentration of NH3 gas was as low as 1 ppb.
Furthermore, the rGO sensors could rapidly recover to their initial states with IR
illumination. The devices also showed excellent repeatability and selectivity to
NH3. These rGO sensors have advantages such as low cost, low power, easy fabri-
cation, and scalable properties, showing great potential for ultrasensitive detection
of NH3 gas in a wide variety of fields. Shi et al. [82] prepared graphene oxide/con-
ducting polymer (GO/CP) composite hydrogels including GO/PPy, GO/ PEDOT
and GO/PANi by in situ chemical polymerization of corresponding aromatic
monomers in aqueous dispersions of GO sheets. Among them, GO/PPy compos-
ite hydrogels showed high sensitivity towards ammonia gas by increasing 40 %
resistance within 600 s upon exposure to 800 ppm NHj3 (about 7 % higher than
pure PPy). The resistance increase is likely associated with dedoping of PPy by
NH3. The high performance of this sensor is partially attributed to the ultrathin
PPy layers on the graphene sheets.

Our works have focused on graphene/PEDOT composite-based chemical
sensors. We have developed a method to yield an interconnected 3D graphene
network in conducting polymer matrix [83]. In this work, we used poly(ionic lig-
uid)s (PIL) of poly(1-vinyl-3-ethylimidazolium) or poly(ViEtIm™) salts, as they
can function to stabilize rGO platelets in the suspension and provide an effec-
tive linkage for the polymerization of PEDOT molecules on the rGO surface.
Interestingly, these rGO-PIL complex and rGO-PIL/PEDOT composites were eas-
ily transferred from aqueous into organic solvent through an anion exchange of
PILs adsorbed on the rGO surfaces. In comparison with pristine rGO sensor, the
rGO-PIL and rGO-PIL/PEDOT-based sensors can detect VOCs such as metha-
nol, ethanol, acetone, methyl acetate, dimethylsulfide and toluene with enhanced
sensitivity and selectivity, especially at low VOC concentration in the range of
several ppm. They also showed fast response characteristics as a steady signal was
typically observed within 3 s (Fig. 10).

The electro-sorption behavior can be studied using the Langmuir-Henry-
Clustering (LHC) model [Eq. (1)]. This model can be used not only to evaluate the
amount of analyte in the environment of the chemical sensors from the amplitude
of response, but also to identify the diffusion regimes taking place in the transducer.

by " gl ,
A=m+kyf+B(f—f’)f" (1)
where by the Langmuir affinity constant, kz the Henry diffusion parameter, n’ the
average number of solvent molecules per cluster, B the extra clustering coefficient,
f' the solvent fraction over which clustering takes place and f” the vapour fraction
over which Langmuir’s diffusion is replaced by Henry’s diffusion. Based on the
shape of the electro-sorption curves, it can be deduced that for graphene based
sensors plotted for methanol and methyl acetate, the diffusion follows a Henry
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Fig. 10 TEM images of a rGO, b rGO-PIL, ¢ rGO-PIL/PEDOT nanocomposite; d cyclic
response of the nanocomposites with different VOC vapors, e a principal component analy-
sis (PCA) indicated that sensors were capable of identifying types of VOCs, f sensitivities of
graphene-only and functionalized graphene sensors for different VOCs [72]. Copyright 2005.
Reproduced with permission from IEEE Xplore
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Fig. 11 Schematic of vapor-phase polymerization of PEDOT on PIL-modified rGO surface. The
topographic AFM of the rGO:PIL/PEDOT composite on IDA substrate, in which PEDOT is seen
as agglomerated granule on rGO sheets with an average thickness of 30 nm. Normalized elec-
trical resistance change to different VOC vapor at 1 ppm concentration and their response and
recover times [73]. Copyright 2005. Reproduced with permission from John Wiley & Sons

regime corresponding to a linear evolution, whereas the evolution is exponential
for the rGO-PIL/PEDOT sensor exposed to methanol, suggesting a clustering
regime of diffusion.

In other work, we prepared hybrid thin films of rGO and PEDOT using a vapor
phase polymerization of PEDOT onto rGO platelets, and used them as active



Graphene filled Polymers for Vapor/Gas Sensor Applications 267

materials for chemiresistor to detect and monitor trace levels of different VOCs
[84]. For hybridization of rGO with PEDOT, rGO platelets were decorated with
ferric ions (Fe3*) and modified by PILs. In this case, Fe>* ions on the rGO plate-
lets function to initiate the polymerization of EDOT, while PILs act as a bridg-
ing molecule for rGO and PEDOT to faciliated hybridization between rGO and
PEDOT. For the fabrication of sensing devices, GO suspension containing oxida-
tive Fe3* ions and PIL in acetonitrile was spin-coated onto an inter-digitated elec-
trode, followed by reduction of GO through both chemical and thermal methods.
Finally, the as-prepared rGO:PIL was exposed to EDOT vapors to form hybrid
film of rGO:PIL/PEDOT composites. The chemical sensors based on this hybrid
film showed capability of detecting different VOC vapors at a level of ppm con-
centration with high sensitivity, selectivity and fast response (Fig. 11).

The high performance of the sensor arrays based on rGO:PIL/PEDOT is attrib-
uted to the synergistic effect of hybrid sensing materials—rGO and PEDOT.
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Fig. 12 a Representative TEM micrograph of the rtGO-Fe304/PIL-PEDOT composites showing
that magnetite NPs were decorated on rGO surface and then covered by layer of PEDOT. b AFM
image shows a map of topography. ¢ Representative sensor responses as a step of function of
concentration for methanol. d Noise signals from sensors response at 2.5 ppm [74]. Copyright
2007. Reproduced with permission from John Wiley & Sons
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Graphene-based material is well known to have a greatest possible surface per unit
volume and extremely high electron mobility enabling high sensitivity and highly
low noise sensing at room temperature. On the other hand, PEDOT functions as
an absorbent layer that concentrates analyte molecules at the surface of graphene
composites. The VOC analyte vapors can be dopants for rGO, which controls its
hole/electron transport and carrier mobility, and yields a significant change in
resistance. In addition, VOC vapors can also induce conformational change or
doping of PEDOT chains, both of which are responsible for a change in electrical
resistance. Therefore, hybrid film of rGO and PEDOT exhibits the combinatorial
sensing characteristics from each active component with a synergistic contribution
to the high sensitivity and fast response.

In order to explore full potential of graphene, we have also developed a hybrid
materials consisting of graphene and nanocrystals of magnetic nanoparticles
(e.g., Fes04 NPs) [85]. Once again, PIL was used as a versatile coupling agent
to combine all the components together. Then the FezO4-rGO/PIL was used as a
template for further hybridization with conducting polymer PEDOT resulting
Fe304-rGO/PIL-PEDOT composites. Throughout the reaction, PILs serve as ionic
stabilizers and/or counter ions of conducting polymers to create a multifunctional
nano-architectured hybrid material. We demonstrated that the chemical sensor
based on multi-component hybrid materials was capable of detecting both polar
(ethanol, methanol, acetone, water) and non-polar (chloroform, styrene, dichlo-
robenzene, toluene) volatile organic compounds (VOC) (Fig. 12). It is underlined
that the sensor’s responses are still well defined at the ppm or sub-ppm level as
attested by a SNR around 10. This result suggests its application in smart packag-
ing to monitor food’s degradation by the analysis of released VOC.

4 Graphene Filled Polymer Composites for Highly
Sensitive Gas/Vapor Sensors

The ‘perfect’ graphene without any dangling bonds on its surface is unlikely to
be very sensitive as vapor sensors, because gaseous molecules cannot readily get
absorbed onto its surface. During the course of studying the graphene-based gas
sensing, Johnson et al. [86] found that conventional nanolithographic processing
typically leaves a polymer photoresist (e.g., PMMA) on the surface of graphene. The
contamination layer degrades the electronic properties of the graphene. However,
this layer can chemically dopes the graphene, enhances carrier scattering, and acts
as an absorbent layer that concentrates analyte molecules at the graphene surface,
thereby enhancing the sensor response. Figure 13 shows the graphene sensor with
PMMA layer residue exhibits a strong electrical response towards vapor in ppm
level, whereas a cleaning process that verifiably removes the contamination on the
device structure made the intrinsic chemical responses of graphene to be insensitive.

Shi et al. [87] reported a GO/polypyrene (GO/PPr) composite films prepared by
electrochemical co-deposition of GO and PPr in organic electrolyte. Blending of
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Fig. 13 AFM image of a typical GFET based on the graphene, device schematic of the elec-
trode fabrication by e-beam lithography. Sensing response before (black) and after (red) sample
cleaning to vapors of water (left) and nonanal (right). The cleaning process removes resist resi-
due from the lithography step that enables the measurement of intrinsic response of the sensors
device [75]. Copyright 2009. Reproduced with permission from American Chemical Society

PPr with GO improves the mechanical properties and gave the composite a con-
tinuous and porous morphology with an uninterrupted conducting phase. A chem-
oresistor-type vapor sensor based on the GO/PPr composite film demonstrated a
fast, linear and reversible response to toluene with a high normalized sensitivity
of 9.87 x 10~% ppm~!. They claimed that the sensing mechanism of the GO/PPr
composite film is due to the PPr layer on rGO sheets interacting with toluene
vapor.

Paul et al. [88] reported a graphene nanomesh as highly sensitive chemiresis-
tor gas sensor. In this work, a grown p-type semiconducting large-area monolayer
graphene film was grown by ethanol-CVD method and patterned into a nanomesh
by the combination of nanosphere lithography and reactive ion etching. The fabri-
cated graphene nanomesh was then tested as a FET and chemiresistor gas sensors.
The neck-width of the synthesized nanomesh was about 20 nm corresponding to
the gap between polystyrene (PS) spheres. The chemiresistor gas sensor of the eth-
anol-based graphene nanomesh (gEtOH nanomesh) showed excellent sensitivity
toward NO, and NH3. Their sensors exhibited sensitivities of about 4.32 %/ppm in
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Fig. 14 Morphology of ethanol-CVD nanomesh on SiO/Si substrate after etching the unpro-
tected areas of PMMA/graphene films, followed by removal of the Pt mask and PMMA in ace-
tone. Comparison of dynamic responses of methane-based CVD graphene (gCH4) and gEtOH
sensor devices when exposed to 1 ppm NO; in air (a), their response when exposed to various
concentrations of NO; in dry air ranging from 1 to 10 ppm (b) [77]. Copyright 2014. Reproduced
with permission from Multidisciplinary Digital Publishing Institute

NO; and 0.71 %/ppm in NH3 with limits of detection of 15 and 160 ppb, respec-
tively (Fig. 14).

Hu et al. [89] presented a useful gas sensor based on chemically rGO using
p-phenylenediamine (PPD) as a reduction agent. A gas sensor based on PPD-rGO
showed selective detection of dimethyl methylphosphonate (DMMP). It showed
4.7 times better than hydrazine rGO in response to DMMP at 30 ppm.

Ji et al. [90] reported layer-by-layer films of graphene/ionic liquids (G-IL)
composites on quartz crystal microbalances (QCM) for highly selective gas sens-
ing. GO was reduced to form graphene (G) in the presence of different ionic
liquids in water. The ILs effectively controls the separation of the graphene lay-
ers ranging from 2 to 4 layers with an intercalation of very thin ILs layer, while
an increase in alkyl chain length of the imidazolium salt resulted in a longer
mean-layer spacing. Composites of graphene/ionic liquids (G-IL) behave like
charge-decorated nanosheets and were assembled alternately with poly(sodium
styrenesulfonate) (PSS) by electrostatic LbL. adsorption on appropriate solid sup-
ports. This procedure provides layered assemblies of G—IL composites with PSS
on the surface of a QCM resonator, as indicated by regular shifts of the QCM fre-
quency. The different QCM frequency shifts upon gas adsorption of benzene to
LbL films of showing their selective toward different chemical vapor at room tem-
perature (Fig. 15).

Very recently, Wang et al. have reported a nanocomposite made of polydiacety-
lene (PDA) and graphene using stacking film method. As-prepared composite was
used as sensors for the detection of environmental hazardous VOCs [91]. The gra-
phene is exploited as a transparent and efficient supporter for the highly ordered
PDA monolayer. This colorimetric sensor exhibits a sensitive response to low
concentrations of VOCs (~0.01 %), including tetrahydrofuran, chloroform, metha-
nol, and dimethylformamide. The color change caused by relatively high concen-
trations of VOCs can be perceived by the naked eye, and it is noteworthy that a
logarithmic relationship is observed between the chromatic response and the VOC
concentration in the range of ~0.01-10 % (Fig. 16).



Graphene filled Polymers for Vapor/Gas Sensor Applications 271

gr:_aé)hene G-IL composite
oxide -

reduction layer-by-layer

assembly

ionic liquid

=\

NIN-g x= ‘O
EMIMBF ;R = C,Hg, X = BF, /:Nﬁ“é’,: )
BMImBF,: R = C,Hg, X = BF, ¢ S0; Na*

BMImPF;: R = CH, X = PF, DEMEABF, | poly(sodium styrenesulfonate) (PSS)
HMIMBF ;R = CgH, 5, X = BF,,

quarz crydially
balance (QCM)

(6 ) 1 (b) ¢ 1
5 2
N -1 3
I 4 J':‘J
iy - 4
=4 5 © 7
> -2
= e
5 K=
- -3 o
g g s
@ c -5 1
1 5]
4 3
[= g =
- ® -6
= 5 &= 7
-5 -TF
1 L 1 1 L 1 1 1 1 1
0 1 2 3 4 5 1] 1 2 3 4 5

tx10°/s tx10°/s

Fig. 15 Schematic illustration of the preparation of graphene/ionic liquid (G-IL) composites
and their LbL assembly on a QCM. QCM frequency shifts upon gas adsorption of benzene to
LbL films of different G-Ils (a), and G-HMImBF;, film prepared by using 10 LbL cycles fre-
quency shifts upon gas adsorption of different vapors of (1) hexane, (2) cyclohexane, (3) ethanol,
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permission from Elsevier Ltd
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Fig. 16 a-d Schematic showing the preparation of the composite films and the molecular arrange-
ment of how the PDA film self-assembles on graphene starting with PCDA: before b and after ¢
polymerization, and upon exposure to VOC vapors d. SEM cross-section images of PDA/graphene
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5 Conclusions and Outlook

Graphene-based gas/vapor sensors shows tremendous advantages such as high
sensitivity, fast response/recovery, low operation temperature, and relatively low
cost, that could be ideal for the development of the next generation gas/vapor
sensors. While graphene and its derivates have proven to be remarkably effective
in detecting trace amounts of various gases at room temperature, there are still
a number of challenges that need to be overcome for future practical applica-
tions. Firstly, selective detection of a particular gas in a gas mixture needs to
be studied and developed. In fact, most graphene-based sensors works on the
basic principles that target gases are physically or chemically adsorbed on the
graphene surfaces. A variety of gases can be adsorbed on graphene sensing lay-
ers and in some cases, it gives only small changes in conductivity of materials
that may generate the same sensing behaviors. Secondly, the development of
cost-effective and scalable production methods for graphene is critically impor-
tant for the commercialization of graphene-based sensors. CVD growth method
allows for high quality of 2D graphene films; however it needs additional trans-
fer process for devices fabrication, resulting in complicated process which will
hinder for large-scale manufacturing. Chemical exfoliation process shows dis-
tinct advantages in terms of yield and cost and is amenable to functionalization
of graphene-based materials with organic macro-molecules. However, process-
ing optimization is still required to control the graphene structure and defects
for effective sensing. Thirdly, there are challenges in the reliability of graphene-
based gas/vapor sensors. As graphene is known as a material sensitive to a vast
of external stimuli, graphene-based sensors may be sensitive to changes in envi-
ronmental conditions such as moisture, temperature, contamination, electro-
magnetic field and so on [26], raising an issue of reliable detection and lifetime
of the sensors. Thus, the environmental effects should be taken into account for
the practical applications.

To address these challenges, many practical approaches have been explored
including functionalizing graphene with capture agents including different
nanocrystalines, biomolecules or organic macromolecules (polymers). The
capture agents enable binding specific target gases on the surface of graphene,
allowing for the selective detections of the sensors. On the other hand, function-
alization can possibly induce defective sites on which desorption of the vapor/
gas from sensors is difficult. Particularly when capture agents are organic mol-
ecules or macromolecules, the thermal energy at room temperature may not
be enough to overcome the activation energy needed for the desorption of gas
molecules. Therefore, a balance should be taken between the selectivity and fast
desorption.

In short, if the aforementioned issues are fully and addressed, graphene-based
gas sensors hold tremendous promise for use in numerous applications and
commercialization.
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Development of Biosensors from Polymer
Graphene Composites

Ramendra Sundar Dey

Abstract Graphene has been considered as excellent two dimensional support
in recent-times for next-generation graphene-polymer composites towards the
development of biosensors. The remarkable properties of polymer and graphene
with respect to electrical, mechanical, optical and structural aspect offers an ideal
composite support for the development of biosensor. The frontiers of this com-
posites technology is by combining of the polymer and graphene through synergy
to achieve the goal of enhanced performance of biosensors with good efficiency
and cost effectiveness. Graphene combined with polymer enhances the perfor-
mance of biosensors in terms of sensitivity, selectivity, response time, and multi-
plexing capability of biosensors for clinical diagnostics. In this chapter, various
methods have been provided to produce the polymer-based graphene composite
materials and also discussed the importance of the composite materials to the
development of biosensors for clinically important analytes, DNAs, aptamers and
iMmunosensors.
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1 Introduction

R.S. Dey

Biosensing of clinically important analytes play a crucial role in human life for the
monitoring and diagnosis of various diseases. The development of sensitive, selec-
tive and low-cost biosensor device is an important role for early stage screening
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of disease. Graphene-based composites are extensively used for biosensor devel-
opment due to its excellent electrical conductivity and high mechanical stiffness
and biocompatibility [1, 2]. The high surface area and biocompatibility of gra-
phene-based material help to immobilization of bioreceptor (enzymes, DNA and
antibody) on its surface [3, 4]. Additionally, graphene-based material promotes the
electron transfer reaction of various redox protein [5, 6]. Moreover, in terms of
practical applications, graphene-based material suffers from dispersibility, as it has
tendency to irreversible agglomeration due to its planer sp>carbon [7].

The combination of the unique properties of polymer and graphene has
attracted copious attention in recent times due to the design and creation of a new
material in material chemistry and for its enormous application in the field of next-
generation sensor devices. Since the discovery of graphene [8], graphene-based
polymer nanocomposities is an important material for the nanoscience and nano-
technology. Graphene is a one-atom-thick, planar, sp?-hybridized carbon nano-
structures, possess large specific surface area, high-speed electron mobility, good
mechanical strength, high electric and thermal conductivity, room temperature
quantum hall effect, good optical transparency, tunable band gap, high elasticity
and biocompatibility [9-12]. Because of these excellent characteristics, graphene
represents the new growing star at the horizon of materials science, polymer sci-
ence, condensed matter physics and nanoelectronics [13, 14]. Since 2004 more
than 65,000 papers on graphene have materialize (according to scifinder).

Polymer grafted with graphene changes the in-plane properties of the com-
posite material. Polymer help to more complete exfoliation of the graphitic layer
towards single sheet and increase the dispersibility of the composites in solution
state [15, 16]. It is established that graphene-based polymer composites shows
better mechanical, thermal, gas barrier, electrical and flame retardant properties,
compared to the straight polymer [16-20]. Although carbon nanotubes (CNT) hold
comparable thermal and mechanical properties with graphene, but graphene is still
superior material as nano-scale filler material in certain respect such as electri-
cal and thermal conductivity, optical transparency and large surface area [21-25].
It is also described that graphene-based polymer composites have improved
mechanical and thermal properties than that of clay and other carbon filler-based
composites materials [26, 27]. Therefore, graphene and graphene-based polymer
composites triggered scientific interest and impressively used in various field.
Graphene-based polymer composites is used in wide range of application like
energy storage system (supercapacitor and battery), catalyst for energy conversion
system, dye-sensitize solar cell, nanoelectronics, optoelectronics, electrochemical
sensors and biosensors [28—34].

As it is clear from the above discussion that graphene-based polymer compos-
ites is becoming popular to the scientific communities and current research in the
field of nanoscience and bioelectronics demand this material for the development
of biosensors. This chapter aims to focus on the recent developments in the field
of graphene-based polymer composites and their uses in the biosensors develop-
ment. This chapter will only describe those polymer-based graphene materials
that are used for biosensors application. It includes the method of preparation of
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Fig. 1 Figure represents the development of biosensors based on graphene with different
polymers

various polymers (PANi, Nf, PDDA, PPy, PS, PDEOT, PSS, PAAc, PAAm, PPD
etc.)-based graphene nanocomposites through different route and the application
of these materials towards the development of biosensors for biologically impor-
tant molecules like metabolities, DNAs, aptamers and antigens (Fig. 1).

2 Graphene-Based Polymer Composites and Biosensors

Since the excessive interest generated by the outstanding properties of graphene
sheets and the discovery of their various production methods, graphene-based
composites materials continued to be an essential research focus around the
world. In recent times, a number of processing methods have been conveyed for
the dispersion of graphene fillers into polymer matrices. Many of them are similar
to those used for other nanocomposite systems, even though some of these tech-
niques have been useful distinctively to graphene-based composites [35].

It is established that graphene oxide (GO)-based fillers exhibit high electri-
cal conductivities (order of thousands S/m) [36], high moduli (ranging from 208
to 650 GPa) [37], and can be functionalized without any trouble to modify their
compatibility with the host polymer [38]. Bunnell, in a patent in 1991, proposed
the production of polymer nanocomposites incorporating “as thin as possible”
as fillers [39]. This study reported tremendous property developments versus
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conventional polymer composites depend on micron-scale fillers such as untreated
flake graphite or carbon black [40, 41].

Graphene is much cheaper than CNTs and other nanocarbon-based material
because of its easy synthetic procedure (easily derived from a graphite precursor)
and large-scale production. Therefore, graphene-based polymer composites have
attracted both academic and industrial importance in recent years. A variety of pol-
ymers, such as polyaniline (PANi), Nafion (Nf), Poly(diallyldimethylammonium
chloride) (PDDA), Polypyrrole (PPy), PS, Poly-3,4-ethylene dioxythiophene
(PDEOT), Polystrynesulfonate (PSS), Polyacrylic acid (PAAc), polyalylamine
(PAAm) and PPD (Table 1) have been traditionally used as matrices to the assem-
ble of graphene/polymer composites.

Biosensors are capable of produce electroanalytical information using bio-
logical recognition system. According to IUPAC, ‘An electrochemical biosen-
sor is a self-contained integrated device, which is capable of providing specific
quantitative or semi-quantitative analytical information using a biological recog-
nition element (biochemical receptor) which is retained in direct spatial contact
with an electrochemical transduction element’ [42]. Recently, graphene fam-
ily has become promising for the construction of various biosensors with high
sensitivity, lower detection limit, selectivity and good stability of the sensors
compared to other carbon materials. Its unique structure, extremely high carrier
mobility and capacity, prominent electron transfer rate, high surface-to-volume
ratio, outstanding flexibility and high mechanical properties [43—45] make it a
promising candidate for development of biosensors. Other member of graphene
family such as GO and reduced GO (rGO) are more electrochemically active
as compared to pristine graphene due to the oxygen-containing reactive sites at
edges and in the basal plane, suggesting use for the maturity of biosensors [46].
However, due to higher conductivity of reduced graphene oxide (rGO), it exhib-
its a higher sensitivity and electrocatalytic activity than GO-based electrode,
[45, 47]. But, with the idea of avoiding the irreversible aggregation of graphene,
combining with other components like polymer is a promising choice and an
encouraged route to stabilize graphene and to extend the purpose of graphene-
based materials.

3 Polymer: Functionalization on Graphitic Layers

Functionalization of polymer into graphitic layer is an immense challenge to the
researchers in both aqueous and organic solvents. The synthesis of graphene-based
polymer composites depends on the polarity, molecular weight, hydrophobicity
and reactive groups present in the polymer, graphene and solvents used [45]. There
are two different ways for functionalization of the polymer to the basal plane or
the edge of graphitic layers.
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3.1 Chemical Polymerization

Chemical functionalization of polymer with graphene is divided by two sub cat-
egories; covalent and non-covalent functionalization. Covalent functionalization
is generally involves coupling reaction with oxygen functionalities of GO with
active group present in the polymer. However, in case of non-covalent polymeri-
zation, polymer molecule physically adsorbed on the basal plane of GO. In both
cases, first GO is prepared from naturally occurring graphite by modified hummers
method [48]. The synthesized GO was then subjected to disperse in either aqueous
or organic solvents. Functionalization of polymer with GO/rGO occur (a) mono-
mer, initiator and GO mixed together and follow in situ polymerization to get gra-
phene-based polymer composites [49-51]; (b) this method comprises the synthesis
of polymer followed by mixing with GO/rGO to get the desired product [52].

Polyaniline is widely studied polymer among others because of its high conduc-
tivity, environment friendly and easy synthetic procedure. Vallés et al. reported
the simultaneous reduction GO and PANi followed by the method reported by
Jiménez et al. [53] It includes in situ oxidative polymerization of aniline in pres-
ence of dispersed GO [49]. However, Chen et al. synthesized PANi nanorod
embedded single layer GO nanosheets by in situ polymerization method, where
molar ratio of aniline to APS was fixed at 1:1; the weight ratio of GO to aniline
was 1:2 [50]. Recently, Yang et al. reported that sulfonated PANi-GO nanocom-
posite and poly(m-aminobenzenesulfonic acid)-GO hybrid material by mixing all
the required component to get the desired product [51]. They claimed that the —mt
planar structure of GO and the carboxyl groups on the surface of GO ensured it
could act as an excellent substrate for adsorption and polymerization of aniline
monomer. Ruecha et al. developed a cholesterol biosensor based ongraphene/
polyvinylpyrrolidone/PANi nanocomposite. First, Camphor-10-sulfonic acid
doped PANi and polyvinyl alcohol (PVA)/graphene was synthesized separately
and then these two solution were mixed together to get the composite material
[52]. Liu et al. described the synthesis of GO nanosheets PANi nanowire com-
posite materials by mixing all the component in stepwise manner [54]. Li et al.
[55] developed graphene-PANi composites followed by the method of Zhang et al.
[56]. Xu et al. [57] developed graphene/PANi/AuNPs nanocomposite, where mass
ratio of aniline to graphene was 100:1. In a report, Du et al. [58] described that
preparation of graphene/PANI/GCE electrode where first graphene/GCE electrode
was prepared and chemically synthesized PANi drop cast on graphene/GCE elec-
trode and then dried in air.

Nafion The hydrophobic backbone of Nf can be used for the functionaliza-
tion of graphene sheets for the high performance hybrid materials. Choi et al.
reported the preparation of free-standing flexible conductive reduced graphene
oxide/Nafion (RGON) hybrid films by solution chemistry [59]. They demonstrated
that the hydrophobic backbone of Nf could afford well-defined integrated struc-
tures (Fig. 2), on micro- and macroscales for the assemblying of hybrid materials
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Fig. 2 Figure represents the procedure to design RGON film and development of biosensor [59].
Copyright 2010. Reproduced with permission from American Chemical Society

through self-assembly, while the hydrophilic sulfonate groups enabled highly sta-
ble dispersibility and long-term stability for graphene. Homogeneous dispersion of
Nf solution with graphene can be made under vigorous ultrasonication for about
1 h and used as an electrode material reported by Xin et al. [60].

It should be noted here that, most of the cases GO/rGO mixed with ethanolic
Nf solution either by ultrasonication or by stirring at room temperature to form
homogeneous mixture and directly coated on electrode surface for further use
[61-66]. Nf also can be used as layer film over the modified electrode to stabilized
the electrode material [67].

PDDA is a well-known polymer can act as stabilizing agent to prepare soluble
graphene nanosheets from GO. It can also act as reducing agents in some cases.
Zhang et al. [68] proposed the synthesis of Pt/graphene composites functionalized
with PDDA as shown in Fig. 3, where PDDA induced the reduction of GO and act
as stabilizer. In a report, Song et al. was also used PDDA as a reducing agent for
the reduction of GO at 90 °C for 5 h [69]. Liu et al. first time synthesized function-
alized graphene with PDDA by solution mixing method [70]. First PDDA solution
mixed with homogeneous dispersion of GO and reduced by hydrazine hydrate at
90 °C for 24 h. Another work of PDDA functionalized graphene composite mate-
rial with PDDA-capped AuNP(s) (AuNP) reposted by Yu et al. [71].

PAAc is a nono-conductive polymer, but when PAAc doped with graphene, gra-
phene helps to improve the conductivity of PAAc. Ma et al. [72] reported the
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Fig. 3 Scheme represents the PDDA-induced reduction and decoration of GO and in situ growth
of Pt nanoparticles on them [68]. Copyright 2011. Reproduced with permission from American
Chemical Society

PAAc functionalized graphene surface was used as building block to construct
electrochemically functionalized multilayer via electrostatic LbL assembly.

PAAm hold a long alkyl chain with a number of reactive amine groups that can
easily react with xygen functional groups of the GO sheets. PAAm chemically
cross-linked with GO form homogeneous aqueous suspension has good mechani-
cal properties is recently reported [73]. Zhang et al. [74] reported a nanocomposite
based on amine functionalized graphene and plasma polymerized PAAm. PAAm
was deposited onto the graphene with self-assembled octadecylamine under
plasma input power for various time periods using allylamine as the monomer gas.

PDEOT and/or PSS Poly(3,4 ethylenedioxythiophene):polystyrene sulfonic acid
(PEDOT:PSS) is considered as a highly promising conducting polymer matrix.
Chemical modification of PDEOT/PSS with graphene can be achieved by solution
mixing method recently reported by Gao et al. [75]. Wang et al. [76] reported an
improved procedure to fabricate graphene/PDEOT nanocomposites, where they
followed the in situ polymerization of EDOT monomer on GO and PSS was used
as charge balancing dopant. In another report, Xu et al. [77] proposed a sonochem-
ical method for the preparation of polystyrene functionalized graphene starting
from graphite flakes and a reactive monomer styrene. This paper demonstrates that
the polystyrene chains are formed from sonochemically initiated radical polymeri-
zation of styrene and can make up to ~18 wt% of the functionalized graphene.

Polyphenelinediamine is a highly aromatic polymer containing 1,4-diaminophen-
azine or quinoraline repeating unit. Chen et al. [78] synthesized PPD by a sim-
ple chemical method, where GO and phenelinediamine were mixed together and
stirred at 200 rpm for 48 h at rt. During this process, phenelinediamine molecules
were conjugated onto GO nanosheets by the m-stacking interactions. Meanwhile,
the immobilized phenelinediamine molecules were self-polymerized due to the
instability of phenelinediamine monomers.

Polypyrrole is one of the most promising conducting polymers for commercial
applications because of its stability and flexibility. In addition, the facile preparation
and easy control of the properties of PPy are also attractive features. Recently, Park
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et al. [79] described a simple route for graphene-PPy nanotube composites synthesis.
First one-dimensional PPy nanotube was synthesized and then mixed with GO
dispersion followed by reduction by hydrazine to obtain the nanocomposites. Kwon
et al. [80] synthesized PPy-converted nitrogen-doped few-layer graphene (PPy-
NDFLG) grown on Cu substrate by chemical vapor deposition combined with vapor
deposition polymerization. The step-by step procedure is shown in Fig. 4. Zhang
et al. [81] synthesized the functionalization of rGO sheets with conducting PPy graft
copolymer, poly(styrenesulfonic acid-g-pyrrole), via 7t-t noncovalent interaction.

3.2 Electrochemical Polymerization

Electrochemical polymerization is a promising approach to make polymer layer
directly on the electrode surface. During the last 20 years, electronically polymers like
PANI, PPy, and polythiophene have received significant attention because of their easy
synthetic procedures, less time consuming, remarkable electronic, magnetic, and opti-
cal properties and their wide range of potential applications in many areas [82-94].

Polyaniline Among the various electrochemically synthesized polymers, PANi has
been mostly studied polymer as a potential candidate with unique doping/dedoping
performance, inherent electrical conductivity, facile synthesis and environmental
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Fig. 4 Scheme represents the protocol of PPy-converted few layer N-doped graphene on flexible
substrate [80]. Copyright 2012. Reproduced with permission from American Chemical Society
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stability. Recently, Bo et al. [85] developed a synthetic route for oxidized graphene
and PANi nanowires modified glassy carbon electrode (GCE) comprise three steps
electrochemical method followed by the work reported by Liang et al. [86]. First, a
larger current density was applied on the electrode in 1.0 mol L' HCI solution con-
taining 0.5 mol L ™! aniline. Then the initial stage was followed by continuous polym-
erization with reduced current density. A typical polymerization procedure consist of
a current density of 0.06 mA cm~2 was applied for 0.5 h, then 0.03 mA cm~2 for
3 h, finally followed by another 3 h at 0.015 mA cm~2. Devi et al. [87] reported a
method for deposition of chitosan/PANi/GO nanoparticles/PPy on gold (Au) elec-
trode. First, a mixture of GO nanoparticles and PPy was electropolymerized onto Au
electrode followed by electrodeposition of a mixture of PANi and CHIT onto GO
nanoparticles/PPy/Au to construct CHIT/PANi/ GO nanoparticles/PPy/Au electrode.
The nanocomposites of GO-PANi were prepared by electrochemical deposition of
a mixture of HCI, aniline and GO solution demonstrated by Radhapyari et al. [88].
The electropolymerization was demonstrated at scan rate of 20 mV s~! in the
potential range from 2.0 to 1.1 V. Feng et al. [89] described a large-scale one-step
elctrodeposition method using GO and aniline as starting materials via potential
scanning in the potential range of —1.3 to 1.0 V in HSO4 solution.

Polypyrrole Yang et al. [90] investigated the polymerization of pyrrole co-depos-
ited with sulfonated rGO. They also demonstrated that due to strong chemisorp-
tions between polymers and carbon materials, tGO was readily incorporated into
the PPy to avoid aggregation. In another report, Alwarappan et al. [91] described
a method where graphene is covalently conjugated with the enzyme glucose oxi-
dase (GOx) and immobilized onto the electrode surface. Prior to immobilizing
graphene-conjugated GOx onto the electrode surface, the working electrode was
electrochemically modified with PPy, which forms a stable matrix that will encap-
sulate graphene-GOx on its surface.

Polyphenylinediamine In a current report, Wen et al. [92] described the synthesis
of poly(o-phenylenediamine)/graphene composites by electrochemical cycling in
the potential range from —0.50 to 1.00 V at 0.1 V s~! for 4 cycles at GCE fol-
lowed by the drop casting of graphene solution.

Some other methods are also reported for synthesizing grapheane-polymer
composites are described below. Wisitsoraat et al. [93] developed graphene-
PDEOT:PSS composite based on electrophoretic method. Su et al. [94] demon-
strated the synthesis of PVA-chitosan-GO nanocomposites by electrospinning the
solution of PVA, chitosan, GOx and GO.

4 Application of the Graphene-Based Polymer Composites

Even though there are plentiful of challenging works remain in developing with
graphene based polymer composites, but the materials are already travel around in
the area of energy storage and conversion system, electronic devices, drug delivery
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and electrochemical sensors and biosensors [95, 96]. Among them electrochemical
biosensor is a promising field for the use of graphene-based polymer composites
as a matrix because of its superior conductivity, high stability, large surface area
and biocompatibility.

4.1 Electrochemical Biosensors

Biosensors are composed of detection technology exploiting enzymes or other
biomolecules to sense information relative to biological systems or to mimic bio-
logical sensing processes. An electrochemical biosensor comprises of two com-
ponents; a chemical or biological recognition element and a physical transducer
that transduce the analytical signal of the sensing event to an electronic circuit
[97]. The actual function of biosensors is the detection of an electroactive analyte
involved in the chemical or biological recognition event. The sensing potential of
biosensors is evaluated in terms of selectivity, sensitivity, detection limit, response
time, stability, etc. The recognition and transduction are the two key factors that
determine the overall performance of the biosensor. The environment of recogni-
tion elements, that of the transducer, and that of the matrix used for the immobi-
lization of recognition elements generally control the sensing event. The efficacy
of the biosensing device can be enhanced by the careful choice of novel func-
tional nanomaterials such as nanocarbon like graphene and polymers. The skill-
ful combination of catalytically active nanoscale materials with polymer and redox
enzymes can enhance the overall performance. The large surface-to-volume ratio
of nanoscale materials ensures the immobilization of an adequate amount of rec-
ognition elements. The high electronic conductivity, admirable catalytic activity,
and biocompatibility of nanomaterials make sure the facilitated signal transduction
during the sensing experience. The following part of this chapter will describe the
biosensors of clinically important analytes such as enzymatic biosensors forme-
tabolites like glucose, cholesterol, uric acid, etc., direct electron transfer (DET)
of enzymes, electrochemical immunosensors, aptasensors and DNA biosensors
(Table 1).

4.1.1 Enzymatic Biosensors

Enormous attempt has been made to build up new enzyme-based electrochemi-
cal biosensors that are suitable for a highly selective, sensitive, and rapid analy-
sis of various biological substances in vivo and in vitro [98]. However, the
constancy of enzymes immobilized on electrode surface will not remain intact
for a longer period, and as a result, the stability and the sensitivity of the elec-
trode decay with time. DET between redox enzymes and the electrodes surface
can be utilized to investigate the enzyme—catalyzed redox reactions in biological
systems and to study the electrochemical property for the study of the structure
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of enzymes, kinetics and thermodynamics of redox transformations of enzyme
molecules, and metabolic processes involving redox transformations [99-101].
The graphene-based polymer composites may provide insight to fabricate novel
biosensors for practical applications because of its much higher sensitivity result-
ing from the conductivity and its copious reactive functional groups that can eas-
ily bind with the free-NH; terminals of the enzyme to result in a strong linkage
of enzymes with composites material. Three important strategies have been used
for the enzymatic biosensors. These are based on (1) first-generation biosensors:
detection of enzymatically generated HO; or measuring the change in the concen-
tration of dissolved oxygen, (2) second-generation biosensors: redox electrochem-
istry of the electron transfer mediators, and (3) third generation biosensors: direct
electrochemistry of enzyme [102].

Glucose is one of the important metabolites; its normal level in human serum is
80-120 mg/dL. Diabetes mellitus is a life-threatening diseases caused by glucose.
Abnormal levels of blood glucose (hyperglycemia and hypoglycemia) are respon-
sible for various life-threatening diseases like stroke, heart disease, kidney failure,
blindness, etc. [103].

A number of efforts are being attempted to develop glucose biosensors with
improved performance at reasonably priced. Different approaches have been used
for the biosensing of glucose. Kong et al. [104] developed disposable screen-
printed carbon electrode (SPCE) based third-generation glucose biosensors. The
electrode was modified with graphene/PANi/AuNp/GOx biocomposite and then
covered by a paper disk impregnated with the sample (Fig. 5). This glucose sen-
sor not only shows the properties of paper (low cost, simplicity, capillary wicking,
pre-stored reagent), but also it hold the high specificity of enzyme reaction. They
have also demonstrated that this inexpensive, portable, miniaturized, disposable
sensor enabled the direct determination of single analyte in complex samples with
small volume and without the need of any pre-processing steps. Another glucose
biosensor was developed by Xu et al. based on the direct electrochemistry of GOx
adsorbed in graphene/PANi/AuNPs nanocomposite [56]. The adsorbed GOx dis-
played a pair of well-defined quasi-reversible redox peaks with a formal potential
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Fig. 5 Schematic representation of the fabrication and assay procedure for the paper-based glu-
cose sensor [104]. Copyright 2014. Reproduced with permission from Elsevier Ltd.
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of —0.477 V (vs. SCE). The modified electrode was linearly proportional to the
concentration of glucose in the range of 4.0 uM to 1.12 mM with a low detec-
tion limit of 0.6 uM. Nguyen et al. describes a glucose electrochemical biosen-
sor, layer-by-layer fabricated from graphene and PANi films [105]. This graphene
patterned sensor denoted as graphene/Fez04/PANi/GOx shows improved glucose
sensitivity of 47 nA mM~! cm™2. Jia et al. [106] selected PDDA as an electron
acceptor for functionalizing graphene. PDDA-graphene bio-nanocomposite was
used as a biosensor for the detection of glucose with a linear range from 0.02 to
1.8 mM and a detection limit of 8 pM. Yu et al. [71] reported PDDA-caped AuNP
functionalized graphene nanocomposites for the DET of GOx and biosensing of
glucose. The modified electrode shows high sensitivity of 29.72 mA M~! cm~2
and low detection limit of 4.8 uM. Song et al. [107] developed a bi-protein bio-
interface where GOx and Cytochrome C (Cyt ¢) were co-entrapped in the PDDA—
graphene nanosheets—AuNP hybrid nanocomposites. The optimal molar ratio and
total amount of Cyt ¢ and GOx in the bio-interphase for DET of GOx was esti-
mated to be about 3:1 and 1.40 nmol, respectively. The bi-protein bio-interphase
was used to detect glucose based on the consumption of O, with the oxidation of
glucose catalyzed by GOx. Alwarappan et al. [91] reported the enhanced perfor-
mance of PPy-graphene-GOx based enzymatic biosensors employed for in vitro
electrochemical detection of glucose. Prior to immobilizing graphene-conjugated
GOx on the electrode surface, the working electrode was electrochemically modi-
fied with PPy, which forms a stable matrix that will encapsulate graphene-GOx on
its surface (Fig. 6).

Wisitsorrat et al. [93] developed a sensitive glucose biosensor based on gra-
phene—poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (graphene-
PEDOT:PSS) modified SPCE for electrochemical detection of glucose. Direct
electrochemistry of GOx at the graphite/PEDOT:PSS electrode was checked
by cyclic voltammetry and graphene plays the main role in a quasi-reversible
redox process. GOx/GP-PEDOT:PSS electrode exhibits high sensitivity of 7.23
wA mM~! good stability with only 30 % loss of enzyme activity after 30 days.

Fig. 6 Scheme represents the graphene-GOx entrapped within a porous PPy matrix [91]. Copy-
right 2010. Reproduced with permission from American Chemical Society
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Su et al. demonstrated a biosensing platform by combining the advantages of
electrospun PVA/chitosan nanofibers and GO [94]. The biosensor was success-
fully applied for the determination of glucose in human serum samples. The
mechanism of the efficient biosensing was analyzed in detail and the results
show that it can be due to the synergy effects of electrospun nanofibers and GO
nanosheets. Flow-injection amperometric glucose biosensors based on rGO/Nf
hybrids was described by Choi et al. [108]. The hybrid biosensors showed the fast
response time of ~3 s, the sensitivity of 3.8 uA mM~! cm™2, the limit of detec-
tion of 170 uM, and the linear detection range of 2-20 mM for the flow-injection
amperometric detection of glucose. Zeng et al. demonstrated an unconventional
method for the LbL assembly of graphene multilayer films using PAAc and
poly(ethyleneimine) [109]. They demonstrated this concept by combining the gra-
phene multilayer with a bienzyme system of GOx and glucoamylase for the fabri-
cation of a maltose amperometric biosensor for glucose and maltose. Chen et al.
developed a colloidal suspension of nanostructured poly(N-butyl benzimidazole)-
graphene sheets (PBBIns-Gs) for the development of glucose biosensors [110].
These materials have some advantages including a negative working potential,
high sensitivity toward H>O», and non-destructive immobilization. Based on the
advantages, the glucose biosensor exhibited a fast response time (5.6 s), broad
detection range (10 uM to 10 mM), high sensitivity (143.5 yA mM~! cm~2) and
selectivity, and excellent stability. They have also developed a choline biosensor
by dipping a PBBIns-Gs/Au electrode.

The cholesterol level in blood is an important parameter in the diagnosis
and prevention of life threatening coronary heart diseases, cerebral thrombo-
sis, arthrosclerosis, etc. [62, 63, 97]. Ruecha et al. prepared a nanocomposite of
graphene/PVP/PANI and used to modify the electrode of a paper-based biosen-
sor via electrospraying [52]. As shown in Fig. 7, the droplet-like structures of the
graphene/PVP/PANi nanocomposite-modified electrodes were used for the sensi-
tive determination of H,O» and cholesterol using amperometry technique.

ChOx Cholesterol
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Fig. 7 Scheme represents the enzymatic reaction between cholesterol and ChOx in
graphene/PVA/PANI modified electrode [52]. Copyright 2014. Reproduced with permission from
Elsevier Ltd.
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Hypoxanthine is an essential metabolite to degrade adenine nucleotide mainly
accumulated in biological tissues. The determination of hypoxanthine is very
essential for the quality control of fish products in food industries [111]. Zhang
et al. was designed a biosensing platform for hypoxanthine by the functionaliza-
tion of rGO sheets with conducting PPy graft copolymer, poly(styrenesulfonic
acid-g-pyrrole), via m—7 non covalent interaction [81]. The biosensor exhib-
ited a wide linear response ranging from 3.0 x 1078 to 2.8 x 107> M with a
high sensitivity of 673 & 4 pA M~! cm~2 and the detection limit of 10 nM.
Organophosphates have been commercially used as pesticides, yet their con-
tamination remains a serious public concern for food safety and human health
because of their long-term accumulation in the environment. Yang et al. [112]
developed a nanohybrid of AuNPs, PPy, and reduced GO sheets (Au—PPy—rGO)
by electrochemical deposition of rGO with pyrrole and the introduction of
AuNPs. Acetylcholinesterase (AChE) was further encapsulated in a silica matrix
and immobilized on the Au-PPy-rGO nanocomposite by co-deposition with
(NHy4)2SiFs. The biosensor led to the rapid and sensitive detection of paraoxon-
ethyl from 1.0 nM to 5 mM with a detection limit of 0.5 nM.

Gao et al. developed a sensitive Electrochemiluminescence (ECL) platform for
ethanol biosensor based on enzyme and Ru(bpy)*?* co-immobilized using poly
PEDOT and PSS capped graphene (PEDOT-PSS-G) [71]. The biosensor shows
enzymatic selectivity with the amplification of PEDOT-PSS-G performed well
with a wide linear range, high sensitivity and good stability. The sensing platform
also was applied to the determination of amounts of alcohol in real samples. Hu
et al. described layer-by-layer assembly of GO sheets/PANi/CdSe quantum dots
(GO/PANI/CdSe) nanocomposites layer assembly for the ECL detection of Cyt ¢
[113]. The GO/PANi/CdSe biosensor shows that the ECL intensity decreased lin-
early with the Cyt ¢ concentrations in the range from 5.0 x 1073 t0 1.0 x 107* M
with detection limit of 2.0 x 1078 M.

H>0O; is a reactive oxygen species, is connected to several health-disorders
such as atherosclerosis, cancer, and Alzheimer’s disease [114]. However, HyO> is
also a component in the physiological signaling pathways of healthy cells and is
indispensable for cell growth, differentiation, migration, and immune system func-
tion [115]. Detection of H>O» is a significant challenge for applications of health-
care, food science, pharmaceutical science, and environmental monitoring [116].
Recently, metal nanomaterials, including Ag, Au, Pt, and Pd nanoparticles, have
been studied as alternative electrochemical catalysts for nonenzymatic hydrogen
peroxide sensors [62, 117-120]. However, rapid response and sensitive methods
are required for practical applications.

Feng et al. [89] used graphene/PANi composite film for DET between HRP and
the electrode and the enzyme exhibited high bioelectrocatalytic activity toward
H>0,. A disposable biosensor for determination of H,O, based on FezOs—Au
magnetic nanoparticles coated HRP and graphene sheets—Nf film modified SPCE
was fabricated by Xin et al. [60] (Fig. 8).

Under optimized experimental conditions, CV demonstrated that the DET
of HRP was realized. The biosensor had an excellent performance in terms of
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Fig. 8 Schematic diagram of the electrochemical biosensor apparatus (a) and the surface of
working electrode (b) [60]. Copyright 2013. Reproduced with permission from Elsevier Ltd.

electrocatalytic reduction toward H,O». A report by Song et al. [69] describing the
entrament of Cyt c in thin films of the RTIL containing nanocomposites of PDDA-
graphene nanosheets-gold nanoparticles (PDDA-graphene-AuNPs) at 11-mer-
captoundecanoic acid-6-mercapto-1-hexanol modified electrode. They claim that
AuNPs/PDDA-graphene nanocomposites could increase the effective surface of
the electrode, enhance the fixed amount of Cyt ¢ on the electrode surface, stim-
ulate the electron transfer and facilitate the catalytic activity of Cyt c. Whereas,
RTIL could provide a biocompatible microenvironment to keep Cyt c biological
activities, act as an effective mediator to immobilize a large number of Cyt c on
the electrode and have good conductivity to improve electron transfer. Another
report by Feng et al. [121] deals with the AuNPs/PDDA-graphene nanocomposite
film exhibited enhanced capability for hemoglobin (Hb) immobilization and real-
ization of its direct electrochemistry. This AuNPs/PDDA-graphene based sensor
showed prominent electrocatalytic activity for the detection of HyO» with a wide
linear range from 6 to 1,010 uM and a low detection limit of 0.39 uM. Direct elec-
trochemistry of myo globin (Mb) within GO sheets and Nf composite films was
fabricated by Guo et al. [122].

They have also showed that Mb in the films displayed good electrocatalytic
activities towards various substrates such as hydrogen peroxide, nitrite and oxy-
gen. Park et al. [79] reported a rapid-response and high-sensitivity H2O; biosen-
sor based on a liquid-ion-gated field effect transistor (FET) using graphene-PPy
nanotube (rGO-PPy NT) composites as the conductive channel. The rGO-PPy NTs
hybrids exhibited enhanced conductivity and surface area that yielded unprec-
edented sensing performance. The FET sensor provided rapid response (<1 s) in
real time and high sensitivity toward H,O, with a limit of detection of 100 pM
(Fig. 9). Recently, Wang et al. [76] studied the direct electrochemistry of Cyt c
embedded in a novel support matrix of graphene/poly graphene-PEDOT nanocom-
posite on a GCE. The immobilized Cyt ¢ in G-PEDOT matrix displays admirable
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Fig. 9 a Schematic diagram shows a liquid-ion-gated FET-type sensor based on rGO/PPy NTs.
b Real-time responses and ¢ a calibration curve for HyO, based on rGO, PPy NTs, and rGO/PPy
NTs composites were measured at Vg = 10 mV (V, = 0.1 V) with H,O» concentrations of 0.1—
100 nM. Storage stability based on rGO/PPy NT nanohybrid sensor performance is shown in part
(d). Real-time responses to PBS, UA, AA, glucose, and HyO, are shown in part (e). f A histo-
gram details the sensing performance of the rGO/PPy NTs composites to UA, AA, glucose, and
H>0, [79]. Copyright 2014. Reproduced with permission from American Chemical Society
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direct electrochemistry and retains its bioelectrocatalytic activity toward the reduc-
tion of hydrogen peroxide. Choi et al. reported an electrochemical biosensing
platform for organophosphate detection using free-standing flexible conductive
rGO/Nf (rGON) hybrid films [61]. High conductivity (1,176 S/m), facilitated elec-
tron transfer, and low interfacial resistance recognized by the synergistic electro-
chemical characteristics of rGON. The biosensors show sensitivity of 10.7 nA/uM,
detection limit of 1.37 x 10~7 M, and response time of <3 s. In addition, the relia-
bility of rGON biosensors was established by a fatigue test of 100 bending cycles.

4.1.2 DNA Biosensors

The development of DNA biosensors/genosensors has become progressively sig-
nificant because of their prominence for the detection of genetic disorders, spe-
cific DNA sequences, prevention and treatment of various human diseases in
various field such as genetics, pathology, criminology, pharmacogenetics, food
safety, and forensics [123-125]. DNA sequence detection is very important in
numerous human health areas such as diagnostics, genomics, and clinical medi-
cine. In DNA sensing, the alteration in the transduced signal during hybridiza-
tion of unknown target DNA with the immobilized probe DNA is measured
using an appropriate label. Several attempts have been made to the development
of biosensing technologies in the fields of optical and electrochemical DNA
biosensors. Graphene-based polymers have been successfully used to achieve
the high sensitivity, selectivity and detection limit for the development of DNA
biosensors/genosensors in recent times [51, 58, 85].

Yang et al. [51] report a simple and economical approach to construct a direct
DNA sensing platform based on self-redox signal change of highly conductive sul-
fonated polyaniline (SPAN) enhanced by GO. Because of abundant sulfonic acid
groups, the resulting nanocomposite showed self-redox signal even at physiologi-
cal pH. When the flexible probe DNA was successfully grafted through covalently
attached to the modified electrode (as shown in Fig. 10), the electron transfer
between electrode and buffer was restrained. As a result, the inner impedance
value of SPAN increased significantly. After hybridization, the rigid helix opened
the electron channel, which prompted impedance value decreased dramatically. As
an initial application of this system, fusion gene sequence formed from promyelo-
cytic leukemia and retinoic acid receptor alpha was successfully detected. Bo et al.
[85] developed a DNA biosensor based on oxidized graphene and PANi nanowires
modified GCE.

The biosensor displayed a fast amperometric response, high sensitivity and
good storage stability for the DNA detection. The current response of the sen-
sor increases linearly with the concentration of target from 2.12 x 107° to
2.12 x 107'2 mol L~! with a relative coefficient of 0.9938 and the detection
limit was 3.25 x 10713 mol L=!. Du et al. [58] described a DNA electrochemi-
cal biosensor for the detection of specific gene sequences by electrochemically
reduced GO prepared on PANi nanofibers modified GCE. The hybridization of
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Fig. 10 Schematic diagram of the DNA detection on different electrode modifications [51].
Copyright 2013. Reproduced with permission from American Chemical Society

ssDNA probe with complementary DNA was monitored by the change in the
response of surface-bound [Ru(NH3)]?*. The dynamic range of the DNA bio-
sensor for detecting the sequence-specific DNA of cauliflower mosaic virus
gene was from 1.0 x 1073 to 1.0 x 1077 mol L~!, with a detection limit of
3.2 x 107 mol L.

4.1.3 Aptasensors

Angiogenesis, the formation of new blood vessels developing from the pre-
existing vasculature, has been well-thought-out at the molecular mechanism
level because it is an important factor associated to the metastasis and growth of
human tumors [80, 127]. There are various proangiogenic factors such as platelet-
derived growth factor (PDGF), basic fibroblast growth factor (bFGF) and vascu-
lar endothelial growth factor (VEGF) are well documented in the literature [127,
128]. However, all of these procedures (or recognition processes) still have need of
rapid detection and high sensitivity for further improvement.

Kwon et al. [80] developed a flexible FET-type aptasensor based on PPy con-
verted nitrogen-doped few-layer graphene grown on Cu substrate by chemical
vapor deposition combined with vapor deposition polymerization to detect VEGF
as a cancer biomarker. Field induced high sensitivity was observed for the ana-
lyte-binding events, ultimately leading to the recognition of the target molecules
at very low concentration of 100 fM. The aptasensor also exhibited excellent reus-
ability, mechanical bendability, and durability in the flexible process (Fig. 11).
The developed methodology described the fabrication of N-doped graphene
using conducting polymers including heteroatoms in their structures as the car-
bonization precursor and demonstrates its use in a high-performance aptasensors.
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Fig. 11 a Current—voltage curves of PPy-NDFLG on the polyethelene naphthalate film before
and after aptamer immobilization in air (Vgs = —0.5 to 40.5 V and scan rate was 10 mV s,
b Schematic diagram of a liquid-ion gated FET using aptamer-conjugated PPy-NDFLG. ¢
I4s—Vqys output characteristics of PPy-NDFLG-aptamer at different V, from —0.1 to 0.5 V in a
step of 0.1 V in phosphate-buffered solution (Vgs, 0 to 0.5 V in a step of 50 mV). d Real-time
responses and a calibration curve (S in the inset indicates AI/I0) of aptasensor with various vas-
cular endothelial growth factor concentrations [80]. Copyright 2012. Reproduced with permis-
sion from American Chemical Society

Wen et al. [92] demonstrated a unique graphene/aptamers interaction for the con-
struction of electrochemical aptasensors by immobilizing graphene/aptamers
complex on the surface of poly(o-phenylenediamine) modified GCE. Adenosine
triphosphate (ATP) was chosen as a model analyte and a well-studied 27-mer
single-stranded DNA aptamer was tailor-made to have methylene-blue at both
ends for use as an electrochemical probe. The biosensors detected ATP down
to a detection limit of 0.3 nM with a wide detection range of 10 nM-2 mM and
were successfully applied in the field of biological analysis of real samples. Deng
et al. [126] constructed a label-free electrochemical aptasensor based on PDDA-
protected graphene-AuNPs composite for detection of PDGF based on the direct
electrochemistry of GOx. With the DET of double layer GOx membranes, the
aptasensor displayed admirable electrochemical response and the peak current
decreased linearly with increasing logarithm of PDGF concentration from 0.005
to 60 nM with low detection limit of 1.7 pM. The aptasensor exhibited high
specificity, good reproducibility and long-term stability, which provided a new



Development of Biosensors from Polymer Graphene Composites 299

encouraging technique for aptamer-based protein detection. In another report,
Zhang et al. [74] developed an aptasensor based on an amino-functionalized nano-
composite of graphene and plasma-polymerized allylamine (PPAA) for throm-
bin detection. The amounts and kinetics of aptamer immobilization and thrombin
detection were recorded using QCM measurements. The aptasensor hold high
affinity constant K, of aptamer bonding on the graphene—PPAA film with the high-
est saturated adsorbed aptamer amount of 956.76 ng. The limit of thrombin detec-
tion was of approximately 5.57 nM.

4.1.4 Immunosensors

The favorable nanolabels for the electrochemical immunoassay generally con-
tain the following features, e.g., high specific surface area, good electron transfer
ability and good biocompatibility [129]. The unique properties of graphene based
polymer composites make them best fit to fulfill the criteria to the fabrication of
sensing platforms for cancer biomarkers. The precise complexation of an antigen
with an antibody (Ab) is the key principle in arrears of immunosensing technol-
ogy. The large surface area of nanocomposites enables the immobilization of suf-
ficient amount of Ab and hence enhancement of the sensitivity can be realized.

GO nanosheets/PANi nanowires/CdSe quantum dots (GO/PANi/CdSe) nano-
composites are successfully used as ECL immunosensor for detection of human-
interleukin-6 (IL-6) by Liu et al. [54]. GO/PANi nanocomposites were used to
enhance the ECL of CdSe quantum dots. The ECL immunosensor had a sensitive
response to IL-6 in a linear range of 0.0005-10 ng mL~! with a detection limit of
0.17 pg mL~!. In another report, Li et al. developed an estradiol immunosensor
based on graphene—PANi composites and carboxylated GO GO [56]. The current
response of the immunosensor was remarkably improved due to the synergistic
effects of GR and PANi. The immunosensor showed a wide linear response to
estradiol in the range 0.04-7.00 ng mL~! and a limit of detection of 0.02 ng mL~!
(S/N = 3) and was y applied to the detection of estradiol in real samples.

Chen et al. designed a electrochemical immunosensing protocol for detection
of carcinobryonic antigen (CEA) by using graphene-carried poly(o-phenylen-
ediamine)/Au hybrid nanosheets as signal tags on the hierarchical dendritic Au
microstructures modified GCE [78]. The electrochemical immunoassay exhib-
ited a wide dynamic range of 0.005-80 ng mL~! toward CEA standards with a
low detection limit of 5.0 pg mL~!. Liu et al. [130] developed fabricated an
electrochemical immunosensors by combining PDDA functionalized graphene
nanosheets and AuNPs for the detection of human IgG. The immunosensor dis-
played excellent analytical performance for the detection of human IgG range
from 0.1 to 200 ng mL~! with a detection limit of 0.05 ng mL~'. Wu et al. [131]
described a signal amplification strategy for ultrasensitive multiplexed detection
of cancer biomarkers using a paper-based microfluidic electrochemical immu-
nodevice based on GO-chitosan polymer matrix. Glycidylmethacrylate (GMA)
was used as the monomers to provide epoxy groups for immobilization of
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electrochemical tags HRP. In this work, they have detected four cancer biomark-
ers, namely, CEA, alpha-fetoprotein (AFP), cancer antigen 125, and carbohydrate
antigen 153, as model analytes. These biomarkers were detected using the HRP-
O-phenylenediamine-H»O, electrochemical system under optimized environment.

4.2 Optical Biosensors

In recent times, optical/colorimetric biosensors have attracted copious attention
because of its simplicity, low cost, and sensibleness. Since color changes can
be read by the naked eye, colorimetric biosensors does not require expensive or
sophisticated instrumentation and can be applied to field investigation and point-
of-care diagnosis [132, 133]. The basic strategy of colorimetric biosensors is
converting the detection events into color changes. There are many smart mate-
rial including graphene-based polymer nanomaterial are used into this events. It
is worth mentioned here that there is only handful report published that described
the optical biosensor based on graphene and polymer nanocomposites. This field is
still open for the young researchers.

In a report, Lim et al. [134] described a GO-based immunosensing system for
the detection of interleukin 5 (IL-5) through the quenching of intrinsic GO fluo-
rescence by peroxidase catalyzed polymerization of 3,3’-diaminobenzidine (DAB)
naccording to Fig. 12. The fluorescence of GO-based immunosensor diminished
by approximately 20 % with 4 ng mL~! IL-5 and the limit of detection of IL-5

Poh d DAB
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Fig. 12 Scheme represents GO-based immunoassay system employing the fluorescence-quench-
ing of GO by a peroxidase-catalyzed polymerization of DAB [134] Copyright 2012. Reproduced
with permission from John Wiley & Sons
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was estimated to be approximately 4 pg mL~!. They also reported the lowest
level of IL-5 detected in human serum solution was 10 pg mL~!, which is close
to the detection limit in phosphate buffered salien, and the degree of fluorescence
quenching reached about 50 % at 100 ng mL~! IL-5. Zhao et al. [135] developed
a biosensor by exploiting localized plasmons in graphene and biomolecule adsorp-
tion on it. The transparent substrate supporting graphene was chosen potentially
from a wide range of materials including insulators, semiconductors, polymers,
and gels. They have shown that the interaction between sensing medium (contain-
ing biomolecules) and incident optical fields is strong. High sensitivity values of
up to 1,697 nm/RIU were achieved when the wavelength shift in the plasmon reso-
nance is detected. Moreover, they have also demonstrated that the device can work
in a wide-angle range of incident light or on rough substrates. Such a biosensor
also works in a reflection structure by using the shift of nearly perfect absorption
spectra.

5 Summary, Conclusions, Outlook

This chapter pointed a detailed overview of various type of biosensors based on
graphene and polymer nanocomposites. The synthesis and strategy of the material
used for the development of such biosensors are demonstrated. The combination
of the unique properties of polymer and graphene creats a new material in material
chemistry which have enormous application in the field of next-generation sen-
sor devices. Various attempts are being made to further improve and enhance the
properties of the graphene-based polymer composites for the development of bio-
sensors. The advantage of graphene-based polymer composite to the development
of biosensor are the dispersibility of the material, improve properties of the hybrid
material, and analytical performance of the sensing interface. Graphene is a prom-
ising nanofiller candidate in the composites materials among the other carbon-
based materials, which is likely to replace in the near future. Composite industries
are looking for more and more graphene in their product for large scale production
and commercialization. The graphene-based polymer composite or hybrid materi-
als can offer a solution for the existing analytical challenges in the fabrication of
biosensing devices. There is still some challenges for the production and commer-
cialization of biosensor, this material may be engineered combine with some other
nanomaterial for the one-step close to make the biosensing devices.
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Graphene/Polymer Nanocomposites as
Microwave Absorbers

Vadali V.S.S. Srikanth and K.C. James Raju

Abstract A major application identified for graphene/polymer nanocomposites is
as electromagnetic (EM) wave absorbers in high frequency electronics which is the
backbone of present day communication systems. In this application area, thin and
flexible absorbers are essential for ensuring electromagnetic interference (EMI)/EM
compatibility standards. Presently, communication modes are primarily mobile in
nature and inherently light weight and small in size. In this context, there is a great
demand for high performance novel absorbing materials that can offer required
solutions. The properties of graphene-filled polymer nanocomposites clearly make
them outstanding candidates for microwave absorption. Graphene as a filler is quite
unique as it offers the highest surface-to-volume ratio and hence once it is incorpo-
rated inside a polymer matrix it offers increased conductive and dielectric loss with-
out a large increase in impedance mismatch. It is possible to disperse graphene in
some polymers uniformly and hence their large surface-to-volume ratio becomes
advantageous. Once they are well dispersed in the host, the composite can be imag-
ined as a kind of distributed capacitors combining in series and parallel resulting in
reduced capacitance but increased dissipation, yielding impedance-matched absorber.
Graphene can be functionalized with various functional groups giving an additional
degree of freedom to fine-tune its properties. This in turn increases the flexibility in
designing novel graphene-based materials. For an absorber, not only its EM response
but its mechanical, adhesive, and weatherability characteristics are also important.
Since meeting the EM absorption requirement over a range of frequencies by a single
material is difficult, the possibility of functionalization of graphene opens up many
opportunities and hence graphene/polymer nanocomposites open up scope for a wide
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spectrum of combinatorial investigations that are able to give solutions for the emerg-
ing scenario where in the usage of microwave spectrum is becoming more wide-
spread, rather than not merely confined to the strategic sector as it used to be.

Keywords Microwave + Shielding + Graphene * Absorbers

1 Microwave Absorbers and Electromagnetic Shielding
Materials

1.1 General Background

The need for absorbers of EM radiation was recognized from the time this radiation
began to be used in mid 1930s. First known application is a simple resonant absorber
used behind a 2 GHz antenna to improve its front-to-back ratio. As their usage pro-
liferated so is the need to remove them from regions where they are deemed unnec-
essary. The exploration that followed brought out solutions based on materials and
design, often requiring a combination of both. The primary material’s parameters that
help in electromagnetic absorption are the imaginary parts of complex permittivity
(* = ¢ — j&"), complex permeability (u* = ' — ju””) and complex conductivity
(6* = ¢’ — jo"). No material exists that exhibits high values for all these param-
eters at all frequencies. Hence, there is a need for composites that meet the required
set of characteristics. When it comes to applications, apart from the above-mentioned
primary characteristics, a number of key material parameters have to be considered
depending upon the specific application. A few important requirements that generally
need to be met in addition to the EM absorption characteristics are physical strength,
weather resistance, light weight, flexibility and resilience, minimum thickness, wide
operational bandwidth, low reflectivity, higher power handling capability, stable prop-
erties over wide temperature range, low outgassing and more importantly all of these
at low costs. Most of the applications involve the following: reduction of undesirable
reflections from objects and devices, reduction of radar cross section of target objects
(like aircraft, ship, tanks, vehicles, buildings, etc.,), making dummy loads for testing
purposes, making test chambers where outside radiation and undesirable radiation are
absorbed, and making shielding enclosures to reduce EMI.

1.2 Principles of Absorber Function

A. Material Systems Having Equal Complex Magnetic Permeability and
Complex Dielectric Permittivity

If &* and u* of a medium are equal, there would not be any interface reflection
of EM wave (at normal incidence) as such and the medium would offer the same
impedance as that of free space. Then depending on medium’s thickness and
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absorption characteristics, the EM wave will be dissipated as it travels through the
medium. Only ferrites give similar complex dielectric permittivity and complex
magnetic permeability albeit over a limited frequency range. However, the real
and imaginary parts of permittivity and permeability of even ferrites are highly
dependent on the incident EM wave’s frequency and hence to utilize ferrites for
absorbing, extensive composition modifications are required. At present, only a
limited range of compositions with a thickness of only about 6 mm are available
for reflection reductions of 10-25 dB in 30 MHz-1 GHz range. Ferrites are inor-
ganic ceramics that are stable at even high temperatures, are incombustible and
possess required outgassing properties. They can dissipate power levels greater
than 3 W/cm?. Ferrites are used in the pure form to make anechoic chambers and
absorbing antenna caps that can work up to 1 GHz.

B. Resonant Absorbers Having a Quarter Wavelength Thickness Operating
Over a Narrow Frequency Range

For most of the materials, the above-mentioned condition of nearly equal val-
ues of permeability and permittivity does not exist for most of the frequencies.
Permeability for most of the materials will be too low compared to permittivity. In
such situations, the impedance mismatch between free space and the material is so
high that the energy will be reflected back from the material. There are compos-
ites that contain metal nanoparticles which exhibit dielectric constant in the range
of 10° and loss tangent of 102, However, such high values of loss tangent are not
useful because of the reason that the resulting impedance mismatch will make most
of the energy reflected back. Therefore, it is necessary to look for ways by which
an extended interaction between the material and the incident EM energy is pos-
sible. Achieving this over short range of frequencies is relatively easy by using
“Resonant” absorbers. In this approach, the high interface reflection is canceled by
another reflection from the back surface. Interface reflection will take place if the
material is backed by either a metal or by free space. Now the condition for destruc-
tive interference is that the path length should be an integral multiple of half of the
wavelength in the medium. That means the material/medium thickness should be a
quarter of wavelength. By adjusting the thickness and complex magnetic permeabil-
ity and permittivity of the medium, a condition of low reflection is achieved at the
resonant frequency for angles close to normal incidence. The condition is slightly
different for other angles of incidence. If magnetic permeability is nonzero, a wider
band width would be used. Then absorption would take place over the full thickness
of the material but over a limited range of frequencies.

It is possible to achieve an absorber function by making use of a solution from
transmission line theory. A quarter wavelength ahead of a short (conductive sur-
face), the line acts as open and if a resistive sheet with sheet resistance of free
space (377 Ohm per square) is kept there, full dissipation of energy will take
place in the resistive sheet at the frequency where the quarter wave condition is
matched. This is called as “Salisbury Screen.” Composite flexible materials can
be used to make such screens and depending on the amount of resistive material
added to them, their sheet resistance can be varied.
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If the bandwidth of an application is narrow, a resonant absorber will offer a
thin absorber. They are generally used as flexible absorbers over metallic surfaces
to absorb power from selected regions at narrow frequency ranges like in parts
of antennas or to mask reflecting objects. Another variant of it is a “Jaumann”
absorber which extends the “Salisbury Screen” concept to multiple layers. Resistive
sheets separated by low-loss dielectrics enable broadband performance. In general,
the resistivity of the sheets decreases from front to back in a Jaumann absorber.

C. Broadband Absorbers

In a metal-backed resonant absorber, the path length becomes doubled because of
the reflection from the metal surface, thereby increasing the absorption. If a metal
layer cannot be used, the attenuation offered by the material should be quite high
so that any wave leaving the material should have sufficiently low amplitude.
Increasing the imaginary part of permittivity of the material medium alone is not
the correct solution as it will also increase the real part of permittivity making the
impedance of the medium different from free space and thereby making it difficult
for the energy to freely enter the absorber. Even though high values of permittivity
of the medium can miniaturize the size of the medium, it will not always result in
reduction in absorber size. Under such circumstances, the method employed is to
adopt a composite approach wherein at the front face the impedance offered by the
medium will be close to that of free space while the medium changes its character-
istics slowly so that both propagation and absorption will progress. Hence at the
front face the permittivity will be very low and as the wave advances inside, it will
see that the medium is offering increasing values of permittivity with higher loss
characteristics. It is achieved either by a graded inclusion of the absorber material
in the host or by using multiple layers of the absorbers with changing impedance
and loss characteristics or by using geometric tapering of the absorbers. Since it is
not a resonance type of absorption, such absorbers can support broadband absorp-
tion. Since multiple layers of absorbers with stepped characteristics or concentra-
tion gradient of inclusion of absorbers is required, it is possible to use materials
with different values of permittivity, loss, and conductivity to achieve broadband
absorption. Under best conditions, absorption levels less than 60 dB below incident
energy levels are reported by such approaches.

D. Thin Absorbers to Attenuate Induced Surface Currents on Metal Structures

Most of the absorbers are designed for minimum specular reflection which is the
case with the main lobe of the radiation where the angles of incidence are not so
large. To attenuate the side lobes, surface current absorbers are required. Surface
current absorbers attenuate the side lobe energy by reducing the currents flowing
along reflecting surfaces. The surface currents on a metallic surface give rise to
reflections when the current encounters discontinuities like gaps, steps, and sharp
bends or edges. The absorbers perform by reducing the amplitude of surface cur-
rents before they encounter such discontinuities. It is the surface currents that act
as the source for the secondary radiation which is the reflection from a metal-
lic surface. Hence a reduction in surface current leads to a reduction in radiated
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energy. They can be made with thin sheets or coatings with high permeability or a
material that contains absorbers with large values of ¢ such as carbon or poten-
tially graphene.

2 Basic Theory of Absorbers
2.1 General Idea

Absorbers are in general composites with a matrix material containing one or more
filler materials which do most of the absorbing. The host matrix is generally cho-
sen for its physical properties like adhesion, temperature stability, water absorption,
weatherability, etc. It is the complex permittivity, permeability, and conductivity
that determine the absorption characteristics of a material. Permittivity dictates the
interaction of the electric field of the EM radiation with the material while perme-
ability governs the interaction between the magnetic field of the radiation and con-
ductivity determines the fate of the induced oscillating current [1].
The permittivity is complex and is generally written as

e =g — j o
The permittivity arises from the dielectric polarization of the material. The quan-
tity €’ is a measure of the attenuation of the electric field caused by the material.
The electric loss tangent of a material is defined as
"
tand, = —
€
The greater the loss tangent of the material, the greater the attenuation as the wave

travels through the material. Analogous to the electric permittivity is the magnetic
permeability which is written as
ph=p'—ju”
With magnetic loss tangent defined as
"
tand,, = —

The free space has a permittivity value of g9 = 8.854 x 10~!% (F/m) and perme-
ability value of uo = 4m x 1077 (H-m™!). At present, they are termed as “elec-
tric constant” and “magnetic constant”, respectively. In general, permittivity and
permeability of a medium are expressed relative to that of vacuum and they are
termed as relative permittivity (€;) and relative permeability (ju;), respectively.
The relative permittivity is used to be known as dielectric constant and that is now
replaced with the term “relative static permittivity”.

The permeability is a measure of the material’s influence on the incident mag-
netic field. Both components contribute to wavelength compression inside the
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material. Additionally, due to the coupled EM wave, loss in either the magnetic or
electric field will attenuate the energy in the wave. In most absorbers, both permit-
tivity and permeability are functions of frequency [2]. If the complex permittiv-
ity and permeability are known over a frequency range then the material’s effect
on the wave is completely known. Hence, it is these quantities that are primar-
ily measured for a material medium as a function of frequency. In terms of these
material parameters, the other parameters of engineering design importance like
reflection, and transmission coefficients are to be calculated and hence the corre-
sponding relations are given below. Most absorber filler materials are spherical in
shape leading to isotropic EM parameters, i.e., propagation and attenuation in the
material is independent of direction.

2.2 Attenuation

Attenuation is a measure of how much a wave propagating through a material is
attenuated. It is not a direct measurement but is calculated from the material’s
complex permittivity and permeability. The definition is that if all space is filled
with the material, a wave will attenuate at this rate per unit distance. Attenuation
is usually expressed in dB/cm. Attenuation values do not relate directly to any par-
ticular measurement and they cannot be used to predict reflectivity [3]. It is used to
compare the relative absorption of different materials when their material imped-
ance is also taken into account. Attenuation in dB/cm is given by

Attenuation (42 ) = 2r(3656) \/% (1/ (1 + tan28e) (1 + tan8n) = (1 = tandetansin))

A0

2.3 Reflection and Transmission of Waves at a Material
Boundary

Absorbers are used to eliminate unwanted EM energy. In free space they do so
by presenting an impedance to an incoming wave equal to the impedance of
free space (377 2). At a material interface, the incident, reflected, and refracted
waves must obey the boundary condition that the sum of E and H fields of the
waves must be continuous. Requiring continuity of the amplitudes leads to
Fresnel’s equations. Continuity of phase leads to Snell’s Law. Reflection from a
dielectric interface depends on the polarization. There are two polarization states
defined. Parallel polarization occurs when the electric field vector is parallel to
the plane of incidence. The plane of incidence is defined by the vector normal
to the material and the propagation direction of the incident wave. Perpendicular
polarization occurs when the electric field vector is perpendicular to the plane of
incidence.

The phase delay experienced by the wave in propagating a distance d is given by
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2md -
¢ = T\/s*,u* — sin26

where \ is the free space wavelength. For a nonmagnetic material, these equations
are simplified by p* = 1.

The interface reflection coefficients are only half the story. Eventually, the wave
will reach the other side of the absorber and reflect. The total reflection is then
derived from the sum of the reflected waves [4].

The voltage reflection coefficient for a thickness d of a material is

—r*(1 — e /29)

k= 1 — r2e=i2¢

where r is the appropriate interface reflection coefficient given by

Veru* — sin? — p*e*cosd

(e*p* — 5in20) + p*e*cosd

Ypar =

cosd — \/s*u* — sin’0

Tper =
cosd + 1/ (e*pu* — sin®0)

where 6 is the angle of incidence.
Reflection coefficients is usually expressed in dB.

1
Reflection Coefficient (dB) = 10 log <|R|2)

The voltage transmission coefficient is given by

(1 —r?)e7®
T=-——"——
1= r2e2%

Transmission coefficient in dB is given by

1
Transmission Coefficient (dB) = 10 log <|T|2)

In most of the cases with absorbers, the material is backed by metal [5]. The total
reflection coefficient (now called the reflectivity) becomes
r—e 2
RMB = m
and the reflectivity in dB is given by

1
Reflectivity(dB) = 10 log (2)
Ryp
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Once the complex permittivity and permeability of a material medium are meas-
ured, these quantities can be calculated. Hence, some of the methods available for
measuring these material parameters over a wide frequency range will be briefly
reviewed in the following sections.

2.4 Material Parameter Measurement Methods

Accurate measurement of EM parameters is critical for modeling the performance of
microwave absorbers. ¢* and p* are in general functions of the frequency, so swept fre-
quency methods are desired. At low frequencies (<1 GHz), parameters can be meas-
ured using an impedance analyzer with custom test fixtures. The permittivity test
fixture measures the capacitance of two parallel test heads both with and without the
material under test. The permittivity is then derived from the capacitance. The perme-
ability is determined from the change in inductance of a cylindrical cavity by inser-
tion of a doughnut-shaped material under test. Very good results can be found down
to 1 MHz. At higher frequencies, measuring the capacitance or inductance no longer
yields satisfactory results and hence field theory must be used. Material parameter
measurement testing at these frequencies requires sending a wave into the material and
measuring the material response. Since four results are needed (real and imaginary val-
ues of ¢* and u*), four measurements need to be taken on a sample which are usually
the magnitude and phase of Sy; (reflection) and Sy (transmission) through the sample.
These are scattering parameters which are generally measured using a vector network
analyzer. If it is known that the material has no magnetic components (. = 1), then
the electric permittivity can be determined with 2 measurements, S1; magnitude and
phase or Sp; magnitude and phase. While free space measurements of reflection/trans-
mission amplitude and phase can yield good results, the best results are seen in closed
systems using coaxial lines or waveguides. In such measurements, the calibration of
the network analyzer is critical. Full 2 port calibration or TRL calibration is needed for
accurate phase measurements, particularly of reflection. Fitting of the sample inside the
coax or waveguide is very important as a poorly fit sample will not yield good results.
As frequencies extend into millimeter waves, calibration and sample fit become even
more critical due to the short wavelength. For nonmagnetic materials, free space tech-
niques can yield excellent results all the way up through millimeter waves. It is much
more straightforward to measure transmission phase in free-space. In addition, good
measurements can be made in free space without the sample fit problem.

2.5 Insertion Loss Measurement

Insertion loss is a measure of how much microwave energy traveling from
Point A to Point B is reduced by the introduction (or insertion) of a micro-
wave absorbent material in the path. An insertion loss measurement does not
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differentiate between all the factors which will affect the reduction in power
including reflection from the material and loss as the wave transits through the
material. A well designed setup for testing insertion loss would include two
antennas oriented so that their maximum directivity is towards each other.
They will be separated sufficiently to satisfy far field requirements though the
greater the separation, the larger the sample size must be to minimize errors
caused by energy leaking around the edges of the sample under test. In prac-
tice insertion loss measurement is straightforward. A signal is transmitted
through one antenna and the response is measured at the second antenna. This
establishes the reference or O dB level and is usually measured as a function of
frequency. The material under test is then placed between the antennas and a
measurement is performed. The insertion loss is expressed in dB as a function
of frequency.

3 Material Measurements in the Microwave Frequency
Range

3.1 General Description

To measure material parameters like complex permittivity and permeability
there are many methods available. For a wide band frequency dependent meas-
urement, the instrument that is widely used now is a vector network analyzer
(VNA). However, it measures only the magnitude and phase of the complex scat-
tering parameters between 2 ports. Deducing the material parameters from the
measured S-parameters requires careful modeling of the test structure in which
except the property of the material under test everything else should be known.
This demands not only a careful calibration but also taking up a test structure
with well-defined boundary conditions so that it is easier to arrive at exact rela-
tions for material parameters in terms of the measured scattering parameters and
the dimensions of the sample. The sample size also matters along with the value
of the material property parameters. For example, the techniques that are to be
used for bulk samples and that for thin films are different. Also the techniques
that work well for low loss samples are not suitable for lossy samples. Similar
selection exists for dielectric measurements and magnetic measurements. Again
there are techniques well suited for narrow band measurements which are dif-
ferent from broadband measurements. Three techniques that can be used in an
academic laboratory for material parameter measurement is briefly introduced
next. However, it must be noted that in the case of a heterostructured medium,
what can be experimentally measured is the “effective permittivity” and “effec-
tive magnetic permeability” of the medium which represents the averaged out
response of a the heterostructured medium in presence of an electric or magnetic
field of the measurement frequency.
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3.2 Waveguide Based Measurement Technique

Advantage in using a waveguide is that the boundary conditions are exact and hence
well-defined field patterns are available leading to relatively simple method to cal-
culate the material parameters. Rectangular or circular waveguides can be used. The
samples should have the same size and cross section as that of the waveguide used.
Hence the measurements have to be done band by band as waveguides of each band
differ in their dimensions. There should not be any air gaps between the sample and
the waveguide walls. In case of any small gaps, especially if the gap is of irregu-
lar shape, it needs to be filled with conducting silver paste. A small length of the
waveguide attached with its flange becomes the sample holder. To connect it with
the measurement ports of VNA that are coaxial cables, a pair of coaxial to wave-
guide adapters are required. The measurement setup is shown in Fig. 1. The cali-
bration is to be carried out using the Thru-Reflect-Line (TRL) method first at the
VNA ports and then at the waveguide adapters and the interface between the adapt-
ers become the calibration plane. Calibration at the VNA ports are to be done with
coaxial standards and the calibration at the waveguide calibration plane is to be
done with a waveguide calibration kit comprising a short, a standard waveguide as
a through transmission line and a quarter wavelength waveguide section are to be
used. The waveguide sample holder should be connected in between the waveguide
adapters (calibration plane). The calibration plane from the adapter surface is to
be extended to the sample surfaces by a port extension procedure which adds the
phase factor that is equivalent to the electrical length of the distance from the sam-
ple surface to calibration plane. This is required if the sample length is less than the
sample holding waveguide length. The microwave scattering parameters were meas-
ured after port extension from the surface of the samples. The material parameters
can be derived using the scattering parameters S1; and Si2 in magnitude and phase.

Fig. 1 A waveguide-based measurement setup using VNA. (Righr) Components before assembly
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There are different approaches available for the calculation of material parameters
from the measured S-parameters. They include Thru-Reflect-Line algorithm (NRW)
[6], NIST algorithm [7], and the calibration comparison technique [8] for which the
details are given in the references. A detailed discussion on these methods and proce-
dures heavily relies on microwave engineering principles.

3.3 Coaxial Line Probe Based Technique

In this procedure, an open-ended coaxial line probe is attached to the VNA probe
and terminated in the material under test. Since the probe is a coaxial transmission
line, the bandwidth of operation is quite wide. The port of the network analyzer
used in the experiment is to be calibrated with open, short, and matched 50 Q loads
in sequence followed by calibrating the coaxial probe with open (air), short circuit
(with a flat-polished metal surface), and deionized water at 25 °C. In this method,
flat samples of thickness higher than 20 < /|er * |mm and diameter >20 mm with
uniform composition are to be used. This method can be used for materials that
give relative permittivity below 100 and a tan § higher than 0.05. The seamless
contact between the sample and the flat face of the coaxial probe is quite important.
Good contacts can be achieved if the sample surface is little pliable. The probe
transmits a signal into the material under test. The measured reflected response
from the material is then related to its dielectric properties. During the measure-
ment, the rigid coaxial cable which is connected to the analyzer and the probe is
to be fixed to avoid the effect of cable position and shape changes on the measure-
ment accuracy. Probes that withstand temperatures from —40 to 4200 °C are avail-
able. After calibration, the S| parameter is measured using VNA in magnitude and
phase. With this data the material parameters can be derived using the procedure
described in [9]. The setup is shown in Fig. 2.

Fig. 2 Measurement of
material properties using a
VNA and open-ended coaxial
line probe
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3.4 Free Space Measurement Technique Using Antennas

The free space method of measurement has found a special place in the field of
research and industry because of its varied attractive features like its ability to do
the measurement over a wide bandwidth, ability to handle large samples and that
too at elevated temperatures [10]. A free space measurement setup usually con-
tain two horn antennas facing each other at the open end either directly or through
reflecting mirrors and connected to a VNA from the back end. A sample holder is
placed in between the antennas where a large planar sample is placed to be ana-
lyzed as shown below (Fig. 3).

The microwave signal, generated in the VNA is transmitted from one of the
antenna. It strikes the sample, gets partly reflected and partly transmitted from it
and comes back to VNA either through the transmitting or reflecting antenna. The
VNA uses the magnitude and phases of these waves to calculate the four complex
S-parameters. Using one of the available algorithms, the material parameters can
be elucidated from the measured S-parameters. NIST algorithm [7] is one of them
mainly used to measure the dielectric properties.

Instead of a simple horn antenna, corrugated circular horn antennas can be used
for the following reasons. A horn antenna may be regarded as a flared out or opened
out waveguide. The function of the horn is to produce a uniform wave front with
a larger aperture than that of the waveguide and hence greater directivity. The cir-
cular horn antennas are excited by circular waveguides. Corrugated horns provide
reduced edge diffraction, improved pattern symmetry, and reduced cross-polari-
zation. Corrugations on the horn walls acting as A/4 chokes are used to reduce E
field to very low values at horn edges at all polarizations. These prevent waves from
diffracting around the edges of the horn. This results in high aperture efficiency
as reflections at the circumference of the aperture can lead to a distorted result. In
order to minimize the effect of the reflection at the edges of the antenna aperture,
the antennas can be made long which also result in enhanced directivity of the wave.

Antennai

,Ej“Sampls Position

Antenna2

Fig. 3 Free Space Measurement setup using VNA, corrugated horn antenna, and ellipsoidal mir-
rors
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However, such reflections at discontinuities cannot be avoided completely. Hence
an important antenna parameter known as the “Effective Aperture” of the antenna
can be used. For horn antennas, the effective aperture is 0.5-0.8 times the actual
physical aperture. Ellipsoidal mirrors can be used to reduce the size of the free space
measurement setup. Two ellipsoidal mirrors are shown in the Fig. 3. These mirrors/
reflectors have two conjugate foci. Waves from one focus passes through the other,
after reflection. Ellipsoids collect a much higher fraction of total emitted energy
than a spherical mirror or conventional lens system. Wider bandwidth and lower
absorption loss are the two features of ellipsoidal mirrors that make them so attrac-
tive. The EM wave will come out of the antenna in the form of a Gaussian Beam.
For a significant analysis, the sample is to be kept at the location of the beam waist.
At this location, i.e., the location of the narrowest part of the beam waist, will be the
sample holder. The free space measurement technique usually involves large sam-
ples but powdered samples kept on the beam waist at fixtures can also be effectively
analyzed. If the measurements are at quasi-optic frequencies, the sample thickness
would be comparable with the wavelength. As the sample is held in air, the free
space measurement technique is contactless and nondestructive. This is an added
advantage of this technique.

The experiment is to be carried out by first performing the calibration of VNA
using gated-reflected-line (GRL) technique. Calibration is the mathematical pro-
cedure of removing imperfections in the test system and is performed before the
actual measurement of the sample. Known quantities called standards are measured
instead of the sample. Error models are used for corrections. Errors are classified as
systematic, random, and drift errors. Systematic errors are due to hardware limita-
tions of the VNA itself and can be removed by calibration. To perform GRL cali-
bration we need two calibration standards, an empty air fixture and a metal plate
of known thickness. First, the measurement of reflection coefficient of the empty
air fixture is done. With the help of the reflection coefficient and time domain
analysis, the transmission coefficients can be determined. The same procedure is
applied for the metal plate also. After the calibration, the sample can be placed in
the sample holder and the measurements are to be made. The obtained values of the
S-parameters are to be subjected to one of the algorithms that determine the values
of complex permittivity and complex permeability of the different samples [11].

NIST ALGORITHM [7]: NIST method performs the calculation using a
Newton-Raphsons root finding method and is suitable for permittivity calcula-
tion only. It utilizes all four S-parameters or a pair of S-parameters (S, Sa1) of
samples to calculate the reflection and transmission coefficients. It works well if
a good initial guess is available. The method bypasses the inaccuracy peaks that
exist in NRW method when the sample thickness is an integer multiple of one half
wavelength (n\/2). By using this method, a stable permittivity over the frequency
spectrum can be obtained from the S-parameters and it allows measurements to
be taken on samples of arbitrary length. This method is robust for low-loss and
high-loss materials. However, this iterative method got the disadvantages that it is
applicable for permittivity measurement only and it need an initial guess value for
permittivity.
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4 Absorber Applications in the Microwave Frequencies

4.1 General Description

Virtually every component of a microwave system uses absorbers. However,
some of the applications are in confined spaces where the objective is to prevent
the radiation generated in one compartment to go to any other compartments and
thereby interfere with the field there. Also in such confined spaces, one would
like to prevent the outside radiation from entering into the compartment which
is being isolated. With the rampant usage of high frequency radiation for com-
munication purposes, need for such isolations in electronic systems are becoming
increasingly important to achieve EMI/EMC standards. Once radiating circuits
are used, the best way to achieve required levels of EMI/EMC in adjacent blocks
is to cover the inner walls of the circuit blocks of a system with suitable absorb-
ers. Since most of the circuit blocks in high frequency circuits that use relatively
higher power are housed in metallic housings, they act as a cavity resonator for
EM radiation. A cavity sustains radiation in different modes governed by its size
and geometry which can seriously impact the circuit performance. The field pat-
tern of the electric and magnetic fields in each mode is different and it can be
computed. The correct absorber material when introduced to the cavity can damp
the resonance, enabling proper operation of the circuit. Even a physically small
cavity or enclosure could encompass several wavelengths at millimeter wave
frequencies.

4.2 Absorbers in Enclosed Space

The physics governing absorber performance in an enclosed space is different
from that of in a free space volume. In an enclosed space, there are no propagating
waves, only standing waves. In standing waves, the E field and H field are 90° out
of phase with each other. Material thickness is not as crucial as it is with free space
absorbers since material resonance is not the goal [3]. In cavity resonance damping
the absorber is a high permittivity/permeability material that will attract the energy
and absorb it. Since the impedance at a given point is proportional to the E field
divided by the H field, the cavity resonance can cause wild swings in impedance
across a cavity. Hence where the electric field is strong, the magnetic field is weak
and vice versa. When an absorber is inserted into the cavity, the high permittivity/
permeability of the absorber causes the energy to move into the absorber. The field
equations are too complex to solve directly for a partially filled cavity but using
Finite Element Method (FEM) software solutions for the fields can be found. The
higher the permittivity and permeability, the more the energy “wants” to go into
the material. The tangential electric field is zero on a conducting wall while the
magnetic field is maximum. For this reason, magnetically loaded absorbers or sur-
face current absorbers are the most effective in damping cavity resonances.
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4.3 Absorbers for Near Field

A radiation pattern emanating from a radiator will have a far field and near field
that are different in their radiation characteristics. The energy in the near field will
be predominantly magnetic. Near-field absorbers are a class of absorbers that are
placed near or directly upon a radiating element and they will have high magnetic
permeability and high magnetic loss. Also, since they are often in direct contact
with circuit elements, they must have very low conductivity. Even the best designed
circuit will contain elements that will resonate and radiate at particular frequencies
[3]. These radiators could be inductors or capacitors or connecting wires that will
behave differently at certain frequencies. Magnetic energy dies off very quickly with
distance but can still interfere with nearby circuit components and hence near-field
absorbers can enhance the EMI/EMC performance of high frequency circuit blocks.

4.4 Free Space Reflection Reduction

Any system that transmits energy can experience interference from reflections
back to the transmitter. Also, unwanted reflections can interfere with other sys-
tems. Often there would not be any control over the source of reflections and
hence absorbers will have to be used to reduce the reflection level. Typical reflec-
tivity reduction for weather resistant outdoor absorber material is —20 dB which
will eliminate 99 % of the reflection. It is necessary that the chosen absorber is
designed to absorb at the transmit frequency.

4.5 Radar Cross Section Reduction (RCSR)

Absorbers can also be used to reduce the radar cross section of a target object. By
reducing the reflection level, the object will present a smaller cross section. However,
due to the narrow-banded performance of thin radar absorbent material (RAM) and
the thickness and weight of broadband RAM, it is difficult to achieve effective radar
cross section reduction using absorber alone over broad range of frequencies.

4.6 Absorbers in Anechoic Chambers

Anechoic chambers are used to create a free space condition in an enclosed room.
Very high performance absorber material is to be used on the walls, ceiling, and
floor to eliminate reflections. Reflectivity of absorbers used in anechoic cham-
bers can be —50 dB or better. Such absorption levels are needed to do an effective
antenna or radar cross section measurement in a controlled environment.
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5 Why Graphene as a Filler?

Nanosized materials of many types have been tried as fillers in polymers and they
offer varying degrees of absorption at different frequencies. However, the oppor-
tunities thrown open by graphene is of a different kind. Being atomically thin, it
offers the highest surface-to-volume ratio with good in-plane conductivity. High
specific surface area of graphene gives an ample opportunity to attach numerous
functional groups or anchoring groups that can alter its properties in a particular
host polymer. The high aspect ratio of graphene allows its uniform dispersion in
polymer matrices. There are ways by which graphene can be dispersed in a poly-
mer matrix such that they can form parallel layers in the matrix resulting in the
formation of capacitor-like structures of the nanometer scale size. The way the
charge carriers in graphene interact with the host matrix depends a lot on the
chemical properties of the host. These factors throw open a large variety of oppor-
tunities to consider different compositions yielding hitherto unexplored proper-
ties and the already published work reflects only a glimpse of that potential. The
requirement for shielding materials in high frequency electronics is also becoming
ubiquitous rendering the available materials inadequate. For example: in mobile
handsets the available dimensions and weight margins are so narrow that a thin
layer of coatable polymer layer is expected to provide sufficient EMI shielding
over many frequency bands to isolate different circuit compartments.

5.1 General Background

Graphene is a 2D monolayer of densely packed sp>-bonded carbon atoms in a hex-
agonal or honeycomb lattice [12, 13]. Graphene has shown a great promise as a
material for electronic and energy applications owing to its unique electronic band
structure [14—17]. Graphene has been touted as an excellent microwave absorber
owing to its high dielectric loss and low density. But its poor impedance matching
characteristic has hindered its application as a microwave absorbing material. In
recent past, graphene-related materials have attracted a great attention as microwave
absorbers. First of such materials is reduced graphene oxide (r-GO), which showed
a microwave absorption (MA) of ~6.9 dB (in other words a reflection loss (RL) of
—6.9 dB) at 7 GHz [18-20]. Impedance matching characteristic was improved by
preparing r-GO by chemically reducing graphite such that the process leaves resid-
ual defects and functional groups (like C—O and C = O) in the material which in
turn will prompt energy transition from contiguous states to Fermi level and intro-
duce defects’ related polarization relaxation and functional groups’ related electronic
dipole relaxation, which will favor microwave penetration and absorption. Figure 4
shows RL in r-GO in comparison to graphite (matching thickness of ~2 mm).

The most popular graphene-related microwave absorbing materials are r-GO
or few-layered graphene (FLG) filled polymer composites. These composites
have gained popularity owing mainly to ease of their preparation, their practical
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applicability and viability of their industrial production. However, fillers” dimensions,
surface area, surface functionality, and aggregate structure effect the overall interac-
tion between fillers and suitable polymer matrices, which in turn affects the overall
physical properties and applicability of the composites as microwave absorbers.
Thorough understanding of the fillers’ intrinsic characteristics, which depend on their
synthesis procedures and/or postsynthesis surface modifications, is also important to
have a control on the required properties of the composite to be used as a microwave
absorber. All in all, suitable fillers have to be homogeneously dispersed in suitable pol-
ymer matrices without compromising on the intrinsic properties of both the fillers and
matrices. Development of novel synthesis procedures has indeed made this possible to
an extent. -GO or FLG particles are being filled into suitable polymer matrices by 1)
mechanically mixing them with molten polymers, or ii) their in situ formation in the
presence of a suitable polymer matrix, or iii) dispersing them in a suitable monomer
solution which subsequently polymerizes to form the host matrix.

5.2 Effective Microwave Absorption

Let an EM wave (possessing an angular frequency o = 2nf, “f” is measured in Hz)
be incident perpendicularly on the surface of a monolayer (of thickness “t”) of an
absorber material in contact with a perfect electric conductor. In this scenario, the
real parts of dielectric permittivity and magnetic permeability of the material indicate
the measurethrough magnetic of the material’s ability to store external EM energy
whilst the imaginary parts govern the dissipation (or loss) of EM energy within the
material. Moreover, out of the total EM power that enters the material, a part is used
in increasing the field energy stored in the material whilst the rest is lost as heat [21].
Dissipation results through conduction, relaxation, and resonance mechanismes, i.e.,
both conductive and dielectric losses contribute to the heat. However, in the case of
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polymer composites filled with diamagnetic fillers like r-GO or FLG (or graphene),
' = 1 whilst W = 0 (i.e., o = 1—j0) and the microwave absorption is purely due
to dielectric losses. Under such considerations, at the matching frequency (i.e.,
f = c/2mte”, where “c” is the velocity of light) the maximum RL is given by

2 + &’ (tand, + 1

tand,

[RL]max = 20log (1 - ! )>

Similarly, at matching frequency, the attenuation constant “o” of the material is

given by o = J%\/<;”) <\/(1 + ﬁ - mnlae)) It is evident from the above

expressions that neither very high nor very low &” values will result in high
absorption capacity. Therefore, designing r-GO or FLG filled polymer composites
with an optimal ¢” is very much needed. It is also evident from the formulae that
an optimal value for loss tangent is required to achieve high absorption capacity.

RL in terms of input impedance Z;, of the absorber material and air impedance
Zy is given by

Zin — 7
RL=2010g10< i O)

Zin + 7y
where Ziy = Zy, /4 tanh | @ (irr)'/?|. & and p, are relative permittivity and
permeability of the material, respectively. In the present case however, iy = 1.
Additionally, MA through magnetic losses by incorporation of magnetic graphene
(mostly achieved by decorating r-GO or FLG with magnetic nanoparticles) into the
design is also possible. Moreover, as the microwave traverses in a composite material
it can come across a variety of interfaces leading to local electric field variations (it
should be noted that there is a quadratic relation between absorption and the inter-
acting electric field intensity) which will strongly influence the overall MA. Three
different mechanisms namely reflection (R), absorption (A), and multiple internal
reflections (M) contribute to the overall attenuation of an EM field as it interacts with
a material. If AER, AEA and AE)y; are attenuation effectiveness components corre-
sponding to R, A, and M, respectively, the total attenuation effectiveness AEq,1 can be
expressed in logarithmic scales as the ratio of transmitted to incident electric (or mag-
netic) powers. AE is conveniently measured in decibels (dB) and is given by:

AEgu = AEg + AE + AEy = —101log;, (‘;—{) = —20logy, (%{) — —20log,, (%)

where Py (EjorHj) and Pt (Et or Ht) are the powers (electric or magnetic field
intensity) of incident and transmitted EM waves, respectively. As mentioned pre-
viously VNA is a popular experimental setup that is used to measure AE. Using
this setup reflected and transmitted power with respect to the power incident on
the sample (sheet/monolayer) surface is generally measured. The sum of absorp-
tion coefficient (A), reflection coefficient (R), and transmission coefficient (T)
is equal to 1. R, T, and A can be calculated using the below given formulae:
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The reflection is related to the impedance mismatch between air and absorber.
Absorption is regarded as the energy dissipation of EM wave in the material
over multiple reflections at the interfaces and scattering from inhomogenieties
inside the material while the multiple reflections are the consequence of imped-
ance mismatch at the two sample-air interfaces. When AEy, > 15dB, it is usu-
ally assumed that Epy is negligible and thus, AEy, ~ AER + AEa. The effective
absorbance A, can be therefore expressed as Aqp= (l(] l_zli)T ). AE due to reflection
and absorption of the sheet material with respect to power of the effective incident

EM wave inside the material can now be expressed as

AEg = —10 log (1 —R)
AE, = —10 log (T/ (1 — R))
AEotal = AER + AEA = —10 log (T)

5.3 Graphene/Polymer Composites as Microwave Absorbers
5.3.1 General Description

Even though there are a variety of graphene-filled polymer composites [22, 23],
only few have been explored as microwave absorbing materials. Polymer matri-
ces explored are also limited. They are epoxy resin, poly vinyl alcohol (PVA), poly
(methyl methacrylate) (PMMA), polyvinyledene fluoride (PVDF), polyaniline
(PANI), poly (ethylene oxide) (PEO), polyetherimide (PEI), polystyrene (PS) and
praffin wax. It can be clearly observed that both electrically conductive and non-
conductive polymer matrices have been considered. Microwave absorbing compos-
ites should have a reasonable (at least 1 S/m) electrical conductivity. This can be
achieved either by filling high amounts of electrically conductive fillers into a non-
conductive polymer matrix or by using electrically conductive matrix and not so
high amount of electrically conductive filler. The former may have adverse effects
on formability of the composite while the latter is difficult to produce. Nonetheless
there are a good number of carefully designed and performed experiments that have
overcome such difficulties. In all of these works, the composite absorber materi-
als are in the form of sheets of different thicknesses. Sheets are the most conveni-
ent to fabricate, handle and are industrially viable. The formulae presented earlier
are valid for all the cases discussed in this chapter. In the following paragraphs,
the graphene-filled polymer composites in which the filler has no magnetic proper-
ties are discussed. It is important to bring to the notice of the readers that several
works include discussion only on MA of nonmagnetic and magnetic graphene-
related materials. These studies are made by incorporating nonmagnetic and
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Fig. 5 Cross-sectional
scanning electron micrograph
of graphene/epoxy composite
with 7 wt% loading of

SPFG [24]. Copyright 2009.
Reproduced with permission
from Elsevier Ltd

magnetic graphene-related materials as fillers in wax matrices. Examples of such
material systems with magnetic graphene as filler are given under the sub-heading
“Graphene/wax composites”.

5.3.2 Epoxy Composites

The first report on graphene-filled polymer is on solution-processable functional-
ized graphene (SPFG) filled epoxy composite [24]. The composite was used for
EM wave shielding in the X-band (8.2-12. GHz). The thickness of each SPFG sheet
is 0.8—1.1 nm corresponding to 2-3 graphene layers stacked along the c-axis. The
lateral dimensions of each SPFG sheet are in the submicron (100400 nm) range.
Epoxy solution was mixed with the suspension containing partially reduced (inten-
tionally retaining oxygen-containing functional groups) SPFG sheets. Simple solu-
tion casting was used to obtain the composite. Electron micrograph (please see
Fig. 5) of the composite’s cross section showed homogeneous dispersion of SPFG
sheets in the epoxy matrix. Different SPFG loadings were used and the compos-
ites showed a low percolation threshold of only 0.52 vol.% owing to the high aspect
ratio of the sheets and their homogeneous dispersion as revealed by electron micros-
copy. DC electrical conductivity could be varied with SPFG loadings.

A high overall AE (or commonly known as shielding effectiveness) of ~21 dB
was measured for a loading of 8.8 vol% (~15 wt%). This was attributed to the con-
ducting interconnected graphene-based sheets’ networks in the insulating epoxy
matrix. However, the mechanism (reflection or absorption or any other) leading to
the overall AE was not discussed. But based on the arrangement of fillers in the
matrix and the measured electrical conductivity it can be speculated that the maxi-
mum contribution to AE is from absorption (dielectric loss). However, in a similar
work [25] which is discussed below elucidates the contribution of RL to the overall
AE of graphene-filled epoxy composites.

Fillers named as graphene nanoplatelet (GNP) particles (these are similar to
SPFG particles) are used to prepare microwave absorbing epoxy composites [25].
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Each GNP particle was ~8 nm thick (i.e., 4-5 layers of graphene) and had lat-
eral dimensions of ~100 nm. Acetone with dispersed GNP particles was mixed
with epoxy resin and sonicated for 1 h. A curing agent EPIKURE 3234 was added
to the mixture and manually stirred for just 3 min. This mixture was then casted
similarly to the work [24] reported earlier.Before casting the acetone evaporated.
Different wt% of GNP particles were added to obtain composites with different
filler loadings. After casting, the samples were cured at 80 °C for 1 h in an oven.
The thickness of all the samples was maintained at 3 mm.

Electron microscopy has shown that for filler loadings of greater than 15 wt%, a
continuous conductive network of GNP particles throughout the epoxy matrix has
formed. DC conductivity measurements on the samples with respect to the filler load-
ing corroborated the observation of conductive network of GNP particles [25]. It was
argued that the edges of GNP particles offer anchor sites that would enable their opti-
mal dispersion in epoxy. The DC conductivity of 15 wt% GNP particles loaded epoxy
composite was measured as 1.3 x 10~ S/m which is far less than 1 S/m. Nonetheless,
this value is 3 orders higher than the value measured for 10 wt% GNP particles loaded
epoxy composite. Further increase in the loading of GNP particles the conductivity
could only be increased to ~2 orders (for epoxy filled with 30 wt% GNP particles).
The improved DC conductivity values with increase in the loading of GNP particles in
correlation with the corresponding cross-sectional morphology (as observed using elec-
tron microscopy) clearly indicate the formation of conductive networks in epoxy matrix
for loadings greater than 15 wt% of GNP particles. Interestingly, in the previously dis-
cussed SPFG filled epoxy composites the optimum AE was observed in the case of
15 wt% SPFG loaded epoxy [13]. As discussed in the section “Affective Microwave
Absorption” the necessity of controlling both ¢” and loss tangent (tand) of the compos-
ite for optimum MA has been clearly demonstrated in reference [25].

The variation of ¢ and €’ with frequency (in the range 8-20 GHz) and differ-
ent GNP loadings is given in Fig. 6. ¢’ of the GNP filled epoxy composites slightly
increased from ~3.6 to ~5.4 as the loading of GNP particles in epoxy increased
from 1 to 10 wt%. This is owing to the absence of long range interaction among the
filler particles even though interfacial polarization (between epoxy and GNP) in the
composite is in existence during the composite’s interaction with the external EM
wave. Further increase in the loading of GNP particles in epoxy resulted in sharp
increase in ¢’ values attributed to Maxwell-Wagner interfacial polarization. This can
be attributed to increase in the concentration of free electrons loosely bound with the
systemwith a increase in loading of GNP particles. In the high frequency regime, ¢’
values depended on frequency. In this regime ¢’ decreased with increase in frequency
for a particular loading of GNP particles. This is expected when induced charges in
the composite lag in response to the reversal of the interacting EM wave. Similar to
the behavior of ¢/, ¢’ of the GNP filled epoxy composites slightly increased from 0
to ~0.4 as the loading of GNP particles in epoxy increased from 1 to 10 wt%. Very
low electrical conductivity of the composites for loadings in the range 1-10 wt% is
the reason for such low ¢” values. Similar to the behaviour of €', as the loading of
GNP particles in epoxyincreased sharp increase in €” values of the composites was
observed owing to the onset of the formation of a suitable conductive network of
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GNP particles. €” values also strongly depended on frequency. In the case of 15 wt%
GNP particles loaded epoxy, €’ increased from ~0.6 at 8 GHz to a saturation value
of ~1.5 for frequencies >13.5 GHz. Saturation €” values of 20 and 30 wt% loaded
epoxy composites are ~3 and ~4, respectively.

RL (in the frequency range 820 GHz) of the GNP/epoxy composites as a func-
tion of loadings of GNP particles is shown in Fig. 7. RL of —5 to —10 dB was
measured for the composites with 10 wt% or less of GNP particles in epoxy. The
minimum RL was measured as —14.5 dB at 18.9 GHz for 15 wt% GNP particles
loaded epoxy. This is mainly attributed to dielectric loss due to optimal electric
conductivity and charge multipoles at the polarized interfaces in the composite.
For loadings greater than 15 wt%RL minimum decreased while the frequency
of RL minimum shifted to lower values. The minimum RL was —11.2 dB at
17.2 GHz and —9 dB at 13.2 GHz for 20 and 30 wt% GNP loadings, respectively.
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In the present case, a minimum reflection requires a perfect matching between
permittivity, frequency, and thickness of the epoxy composite with the free space.
Here, all the samples have the same thickness. Therefore, minimum RL for GNP/
epoxy composites with GNP loadings >15 wt% is mainly determined by the
matching condition of permittivity of these composites for a particular frequency.
The observed decrease in RL minimum for composites with high GNP loadings
(in other words as the loading of GNP particles increased beyond 15 wt%) is due
to impedance mismatch at the interface of air with the composites. The impedance
mismatch is owing to the high-dielectric permittivity values for the composites
with high loadings of GNP particles. However, this can be avoided if the thickness
of the GNP/epoxy composites could be reduced (please see the expressions for RL
and Z;j,) while maintaining the electrical conductivity and dielectric permittivity
for a particular GNP loading.

5.3.3 Poly Vinyl Alcohol (PVA) Composites

PVA is a synthetic polymer and it is well known for its water solubility, high trans-
parency, very good flexibility, and wide commercial availability. It has excellent film
forming, emulsifying, and adhesion properties. These characteristics make PVA an
attractive matrix material to host graphene-related fillers. In a recent work [26], very
thin (0.3-0.6 mm) graphene nanoribbon/polyvinyl alcohol (GNR/PVA) composite
films with different amounts of GNR particles have been developed for shielding
EM waves in the X-band. GNR particles were obtained by unzipping multiwall car-
bon nanotubes [27]. GNR particles were first dispersed in water using sonication and
then PVA was added to the solution. The solution was stirred until PVA completely
dissolved in water to yield a uniform solution containing GNR particles and PVA.
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Fig. 8 Photograph of a
semitransparent FLG/PVA
composite sheet

Solution casting was used to obtain free-standing composite films which were subse-
quently allowed to dry for 12 h in a vacuum oven at 40 °C. EMI shielding of as high
as 60 dB was achieved for a particular GNR/PVA composite. However in this work,
the contributions to overall AE were not elucidated.

In another recent work [28], 1 mm thick flexible FLG/PVA composite sheets
containing different amounts of FLG are synthesized using an easy eco-friendly
solution mixing process followed by a simple casting process. 2.5 g of PVA pow-
der was mixed with 50 ml of distilled water and stirred at 333 K for 3 h to form a
homogeneous solution. 1 wt% (~0.5 vol.%) of the filler material (named as gra-
phene worms [29]) was dispersed in 50 ml of a solution (distilled water+small
volume of ethanol AR) by using probe sonicator. This solution was added drop by
drop to PVA solution and stirred for 2 h to form a homogeneous solution which
was then casted in a borosilicate glass Petri dish and was left overnight under room
conditions. Next day, the cast was dried at 333 K to evaporate any residual water
and ethanol content. This resulted in free-standing, flexible, and semitransparent
(to visible light) FLG/PVA sheet (Fig. 8). The composite contained uniformly dis-
tributed but a network of FLG particles as revealed by the cross-sectional scan-
ning electron micrograph (Fig. 9). A maximum AE of ~19.5 dB was obtained in

Fig. 9 Secondary electron
micrograph of the cross
section of 1 wt% FLG filled
PVA composite
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X-band range (8.2-12.4 GHz) for this composite. AE value decreased as vol% of
FLG in the composite increased above 0.5 vol%. This is attributed to the dispersion
instability of FLG in PVA matrix. It is evident from Fig. 10 that the major contribu-
tion to the overall AE is from the absorption process. Unfortunately, the dielectric
behavior of the composites and its correlation to MA is still unknown.

5.3.4 Poly (Methyl Methacrylate) (PMMA) Composites

Similar to epoxy and PVA, PMMA is another popular and inexpensive polymer.
PMMA is also known for its transparency and machinability. Graphene/PMMA
composite microcellular foams for MA were synthesized by solution blending
(followed by melt compounding) of PMMA with graphene sheets (GS) followed
by foaming with subcritical CO; as a foaming agent [30]. The graphene platelets
used in this work are constituted by 3—4 graphene layers and these platelets are
similar to GNP particles used in preparation of epoxy composites [25]. Figure 11
shows the dispersion of graphene in a cell wall of the graphene/PMMA compos-
ite microcellular foam. Formation of microcellular cells has greatly improved the
ductility and tensile toughness of the foam in comparison to the normal composite.
The composite foam with graphene platelets loading of 1.8 vol.% exhibited a supe-
rior electrical conductivity (of 3.11 S/m) when compared to other compositions.
This is typically due to the formation of an appropriate conductive percolating net-
work among graphene platelets. This particular sample exhibited an overall AE of
13-19 dB in the frequency range 8—12 GHz. At the matching thickness of 1.5 mm
1.8 vol.% graphene platelets loaded composite foam exhibited a maximum absorp-
tion of 18 dB at ~9 GHz (Fig. 12) and a broad band width ranging from 9.5 to
14.6 GHz in which the maximum RL is more than 10 dB. Similar to the case of
PVA composites, the MA of PMMA composite foam was not discussed in correla-
tion with its dielectric behavior.
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Fig. 11 Transmission
electron micrograph of well-
dispersed graphene platelets
in a cellwall of the PMMA
composite microcellular foam
with 0.8 vol.% graphene
sheets. The arrows point to
the cell wall surfaces while
the encircled regions indicate
the graphene platelets [30].
Copyright 2011. Reproduced
with permission from
American Chemical Society

Fig. 12 Comparison of

overall AE, microwave 20 -
absorption (AE,), and

microwave reflection (AER)

measured from 1.8 vol.% 15 4
graphene loaded PMMA

composite foam at 9 GHz =
[30]. Copyright 2011. %
Reproduced with permission bl
from American Chemical %
Society

Overall Avg. AE

0.0 05 10 15 2.0
Vol.% of graphene platelets

5.3.5 Poly Vinyledene Fluoride (PVDF) Composites

PVDF is resistant to chemicals and can sustain high temperatures unlike the polymers
discussed so far. To avail the advantages of PVDF including its excellent dielectric
characteristics, it has also been tried as a matrix material in preparing functionalized
graphene (f-G) filled PVDF composite foam [31]. The thickness of each FLG particle
used as filler in this work is 2-5 nm corresponding to 6-15 graphene layers stacked
along the c-axis. The lateral dimensions of each FLG particle were in the range of
2040 pwm. FLG particles were first functionalized to obtain f-G particles which were
then used in solution mixing and traditional foaming process to obtain f-G filled
PVDF composite foam. The schematic of the synthesis is shown in Fig. 13.
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Fig. 13 Schematic representation of the preparation of -G and f-G/PVDF composite foam [31].
Copyright 2011. Reproduced with permission from John Wiley & Sons

Different f-G loadings were used and the composites showed a low percolation
threshold of 0.5 wt% owing to the high aspect ratio of the sheets and their homo-
geneous dispersion. Each cell in the foam had a uniform distribution of graphene
sheets as revealed by high magnification scanning electron micrograph. DC elec-
trical conductivity could be varied with f-G loadings similar to the case of SPFG
filled epoxy composites. DC conductivity was measured as 10~'® S/m for pure
PVDF while it was measured as 10~ S/m for 0.5 wt% f-G filled PVDF compos-
ite foam. In the calculations, it was assumed that mass fraction and volume frac-
tion of PVDF and f-G are almost the same. AE of 20 dB is measured in X-band
(8-12 GHz) region and 18 dB in broadband (1-8 GHz) region for 5 wt% f-G filled
PVDF composite foam. The increase in AE is attributed to the increase in conduc-
tivity of the composite foam owing the formation of conducting network of -G
fillers in PVDF matrix. As the loading of -G increased the number of conduct-
ing f-G interconnections increased resulting in more interaction between the fillers
as evidenced from the DC conductivity measurements. In turn this has improved
the AE of the composite foam. The coefficients R, T, and A are measured as 0.78,
0.01, and 0.21, respectively for 5 wt% f-G loaded PVDF composite foam. This
shows that AE in the frequency range 1-12 GHz of composite foam is mainly due
to reflection but not absorption. This result is quite different from epoxy compos-
ites which showed stronger MA (more RL). It should be noted that the sizes of
FLG particles used in the case of preparing PVDF composites are greater than
those used in preparing epoxy composites. It FLG particles of even higher aspect
ratio are used, the percolation threshold could have been even less leading to an
improvement of the required properties. Availability of mechanistic studies on
the dielectric behavior of different PVDF composites and on matching thickness
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Fig. 14 Schematic C 2+ S
representation of the ofetitin, g " ¥
preparation of CuS T 4 ‘CTAB
microspheres embedded GO R, EG

in r-GO. EG is ethylene reductiorl‘
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ammonium bromide [33].
Copyright 2013. Reproduced
with permission from Royal
Society of Chemistry

contribution to the overall AE will probably help in the further development of
graphene-filled PVDF composites for MA. Here it is also worth mentioning that
modified graphite filled PVDF composite [32] is far better than the composite
foam discussed above for microwave absorption. Microwave absorption intensity
of —64.4 dB was measured for modified graphite filled PVDF composite (it is also
named as graphite intercalated composite) at 10.59 GHz and it was claimed that
the composite was as flexible as PVDF even for 9 wt% modified graphite loading.
It was elucidated in [32] that the microwave absorption capacity of the modified
graphite filled composites is governed by their conductivity and dielectric behav-
ior which in turn are related to the phenomena like Debye relaxation, Maxwell—
Wagner relaxation, and electronic polarization taking place in the composites
during their interaction with EM waves. Improvement in microwave absorption
was obtained by incorporating microwave absorbing CuS particles along with
r-GO in PVDF [33]. Wet chemical method was used to obtain CuS microspheres
embedded in r-GO layers as shown in Fig. 14. This product was used as the filler
by blending it homogeneously with PVDF solution before hot pressing to obtain
CuS microspheres embedded in r-GO in PVDF matrix.

At a filler loading of 5 wt% (of CuS microspheres embedded in r-GO), 2.5 mm
thick composite exhibited good microwave absorption (i.e., high RL values are
measured) with a maximum RL of 32.7 dB at 10.7 GHz. RL values for different
compositions at a fixed thickness of 2.5 mm and for the composite with a filler
loading of 5 wt% are shown in Fig. 15a, b, respectively.

Higher filler (CuS microspheres embedded in r-GO) loadings lead to increase in
the dielectric constant but did not result an optimal loss tangent which is very impor-
tant to increase microwave absorption capacity. The variation in the loss tangent for
a filler loading of 5 wt% can be accessed from Fig. 16. 4 semicircles (resembling
Cole—Cole plot) are identified in Fig. 16 indicating the contribution of the Debye
relaxation process. For convenience, the variation of dielectric constant with fre-
quency for different compositions is shown in Fig. 17. It was observed that at higher
filler loadings, microwave absorption capacity decreased and this was attributed
to the contributions from leakage current, impedance match and skin effect. The
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Fig. 15 a Reflection loss
values in the frequency range
of 2-18 GHz for different
samples at a thickness of
2.5 mm and b reflection loss
values of 5 wt% filler (CuS
microspheres embedded

in r-GO) loaded PVDF
composite [33]. Copyright
2013. Reproduced with
permission from Royal
Society of Chemistry

Fig. 16 ¢” (imaginary
part) versus ¢’ (real part)

of the permittivity for the
composite with 5 wt% filler

loading [33]. Copyright 2013.

Reproduced with permission
from Royal Society of
Chemistry
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excellent microwave absorption capacity of this composite under certain optimal
conditions was explained in terms of Debye dipolar relaxation, interface polariza-
tion, and orientation polarization taking place simultaneously in the composites dur-
ing their interaction with EM waves.

5.3.6 Graphene/Conducting Polymer Composites

Owing to their ease of preparation and electrical conductivity, intrinsically conducting
polymers are probably the best candidates as matrix materials to host r-GO or FLG
for EMI shielding applications. Even though poor- (i) formability and (ii) mechani-
cal properties are the general drawbacks of conducting polymers, excellent EMI
shielding and/or microwave absorbing materials that are constituted with polyacety-
lene, polyaniline (PANi), and polypyrrole (PPy) related components have been fab-
ricated. Polyacetylene film when exposed to iodine attained metallic conductivity
and was found to be useful for EMI shielding [34]. PANi grafted glass fabrics were
synthesized using p-toluene sulfonic acid or camphor-10-sulfonic acid as primary
dopant and 4-chloro-3-methyl phenol as secondary dopant. These fabrics showed
AE of ~54 dB at 1,000 MHz [35]. PANi-silver and PANI-graphite composites [36]
and PANI coated nickel carbon black composite in co-poly (ethylene-propylene) [37]
have also been found suitable for EMI shielding. AE of fabric complexes coated with
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PPy and thermally evaporated silver was found to be ~80 dB and was found to be
useful in military applications [38]. It was also reported that the far field AE of PPy
impregnated microporous polyethylene tapes was ~40-50 dB [39]. Different gra-
phene (r-GO or FLG like materials) filled conducting polymer composites are dis-
cussed in the following paragraphs.

A. Polyethylene Oxide (PEO) Composites

A green approach to synthesize chemically reduced graphene (CR-G)-poly (ethylene
oxide) (PEO) composite through simple aqueous mixing method was reported [40].
GO was prepared by Hummers method and then it was in situ reduced in PEO by
eco-friendly L-ascorbic acid. The thickness of each CR-G sheet is ~1 nm while its
lateral size is ~1.5 pm. In situ reduction of GO to r-GO or in this case CR-G gen-
erally overcomes the problem of aggregation of the fillers as commonly observed
while using completely reduced GS as the fillers. Electron microscopy has shown
excellent dispersion of the fillers in matrix. X-ray diffraction analysis corroborated
this observation. GO with its enhanced interlayer spacing allows polymers to inter-
calate while the polymers like PVA and PEO can interact with the filler through
hydrogen bonding resulting in the presence of exfoliated GO (i.e., monolayers after
in situ reduction) in final composite. In other words, polymer matrix materials like
PVA and PEO act as barriers for any agglomeration of the graphene fillers. It is note-
worthy that such cases have shown better microwave absorption capacity.

PEO composites (0.54 and 2.6 vol.% CR-G filled PEO) were found to exhibit
very high ¢’ and ¢” values in comparison to PEO. The dielectric loss tangent versus
frequency for the composites in comparison to PEO is shown in Fig. 18. The com-
posites exhibited higher loss tangent values than PEO. The composites exhibited
similar loss tangent values up to ~7.6 GHz. For frequencies greater than 7.6 GHz,
2.6 vol.% CR-G filled PEO composite exhibited greater loss tangent values than
those exhibited by 0.54 vol.% CR-G filled PEO composite.

2.6 vol.% CR-G filled PEO composite exhibited an excellent MA capacity. RL
values pertaining to this composite with different thicknesses are shown in Fig. 19.

Fig. 18 The variation of loss 08
tangent values with frequency
pertaining to PEO composites 0.7 1
in comparison with those of 056 -
PEO in the frequency range = 2.6 Vol.% CR-G in PEO
2-18 GHz [40]. Copyright A 0.5 - » " A
2011. Reproduced with § 0.4 T
permission from American i ’*_,.ﬂ'"‘:’ e T A
Chemical Society 2 0.3
3 0.54 Vol.% CR-G in PEO
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Fig. 19 Reflection loss
curves pertaining to 2.6 vol.%
CR-G filled PEO composite
with different thickness in the
frequency range of 2-18 GHz
[40]. Copyright 2011.
Reproduced with permission
from American Chemical
Society
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For all the thicknesses (ranging from 1.8—4 mm) considered, the RL values were less
than —25 dB in the considered frequency range. For the thickness of 1.8 mm, the
least RL of —38.8 dB was measured. 0.54 vol.% CR-G filled PEO composite can
also be considered as a good microwave absorbing material as it exhibited RL values
of less than —10 dB for sample thicknesses ranging from 3—-5 mm. The superiority
of 2.6 vol.% CR-G filled PEO composite in absorbing microwaves over 0.54 vol.%
CR-G filled PEO composite can be correlated to its higher loss tangent values.
Importantly for frequencies greater than 7.6 GHz, the imaginary part of the dielectric
permittivity has attained an optimal value (neither too high nor too low) whilst the
real part of the dielectric permittivity decreased with increase in the frequency.

B. Polyaniline (PANi) Composites

Yet another composite which is found to be useful for MA is graphene sheets (GS)
filled PANi composite [41]. GS were prepared by using hydrogen arc-discharge
method. Each sheet had a stack of 2-10 graphene layers. GS and PANi powders in
different proportions are first mixed and grounded. The mixed powders are smashed
in the presence of an alcohol by using ultrasonic cell crusher and further ultrasoni-
cated to obtain suspensions of composite powders. The dried composite powders are
molded into sheets by applying a compressive pressure of 3 MPa for 1 min [42]. The
thickness of the composite sheets was 2.4 mm. The morphology analysis showed
that GS are not only coated with PANi but are uniformly dispersed in PANi matrix.
The best overall AE for 33 wt% GS filled PANi was measured as 34.2 dB. AEA was
found to be greater than AER for this composite. AEA values against the overall AE
are found to be 66, 68, 75, 79, and 81 % at 2, 6, 10, 14 and 18 GHz, respectively. The
reason for good MA was attributed to improved electrically conductive network in
the composite. RL values lower than —40 dB are measured for -GO-PANi composite
systems [43, 44]; but these values are obtained by incorporating PANi coated r-GO in
wax and not by directly making PANi composites.

C. Polystyrene (PS) Composites

High pressure (1,000 MPa) compression molding followed by salt-leaching was used to
prepare an excellent microwave absorbing functionalized graphene sheets (FGS) filled
PS porous composite [45]. The schematic of the synthesis procedure is given in Fig. 20.
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Solvent mixing @
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Fig. 20 Schematic for the fabrication of porous FGS/PS composite [45]. Copyright 2012. Reproduced
with permission from American Chemical Society

5.6 vol.% (~30 wt%) FGS filled PS composite exhibited an excellent MA
capacity. The thickness of the sheet was 2.5 mm and the density of the composite
was only 0.45 g/cm?. For this composite the average overall AE, AE4, and AEg
(Fig. 21) are measured as 29, 27.7, and 1.3 dB, respectively. Interestingly the con-
ductivity of the sample was 1.25 S/m which is greater than the required value of
1 S/m for optimal attenuation.

Fig. 21 Comparison 35
of overall attenuation AE
effectiveness (AE),
microwave absorption (AE,),
and microwave reflection
(AER) [45]. Copyright 2012.
Reproduced with permission
from American Chemical
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D. Polyetherimide (PEI) Composites

A facile synthesis of light weight microcellular polyetherimide (PEI)-graphene
nanocomposite foams with a density of about 0.3 g/cm® through a phase separa-
tion process was reported [46]. This foaming process significantly decreased elec-
trical conductivity percolation from 0.21 vol.% for PEI-graphene nanocomposites
to 0.18 vol.% for PEI-graphene foam and also it increased overall AE from 17 to
44 dB.

5.3.7 Graphene/Wax Composites

In this section examples of the composites with paraffin wax as the matrix are
given. Wax is a well-known electrical insulator and is known for its transparency
to EM waves owing to its low dielectric constant and very low tangent loss. In the
composites with paraffin wax as the matrix and excellent fillers, wax has been used
primarily to host the fillers and measure the MA capacity of the fillers. Wax facili-
tates such measurements. There is no discussion about the contribution of wax to
the overall AE. One important aspect that has to be noted is the ability of wax to
be a sink for heat. However, it is very sensitive to temperature and mechanically
not flexible when compared to other polymers and therefore may not be viable as
a matrix material for preparing graphene-based composites for real applications.
Hexgonal Ni nanocrystals decorated monolayer graphene [47], polycrystalline
Fe304 nanoparticles decked r-GO/FLG [48-50], and submicron sized CoFe,O4
hollow spheres decorated on single sheet r-GO [51] filled wax composites showed
an excellent MA capacity (RL less than —10 dB corresponding to 90 % MA for
different thicknesses of the wax composite samples). These composites have
shown far superior microwave absorption capacity than the typical nonmagnetic
r-GO/FLG particles filled wax composites [52, 53].

6 Conclusion

The basics of absorbers along with the governing relationships and a review of a
few primary measurement methods and general applications are discussed under
Sects. 1-4. The details of the behavior of various graphene/polymer nanocompos-
ites at the microwave frequencies are presented in Sect. 5. The discussion was only
on absorbers in the form of a sheet owing to the limited literature available. It is
clear from the discussion that dielectric and magnetic losses are primarily respon-
sible for microwave absorption. These loses can be controlled by adjusting factors
namely nature, distribution and content of fillers, nature of the matrix, and matching
thickness. Unfortunately several, of the reported works are incomplete with respect
to the discussion on the influence of all the factors on the microwave absorption of
a particular material system. This is probably owing to the difficulties in preparing
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the samples for testing and hence the field is open for research. It is well known that
design of the absorber can also influence the absorption characteristics. In the case
of graphene/polymer nanocomposites, there are no research works yet that discuss
about designs other than the sheet form. This is one aspect that is open for research
and development. In the case of discussed examples, wherein there is no prob-
lem of formability and mechanical stability, there was inadequacy in the required
dielectric properties of the composite material. In the cases wherein the properties
were extremely good, formability and mechanical stability are a matter of concern.
Nonetheless, there are examples of extremely good microwave absorbers. It is well
known that metallic magnetic materials and ferrites have strong EM attenuation
property owing to their high complex permeability. In this context, researchers have
recently tried to decorate graphene (and related forms) with such magnetic materials
and then use these structures as fillers in polymers in order to generate both dielec-
tric and magnetic losses in the composite. For example, high dielectric and magnetic
losses have been observed to contribute to the MA value of as high as 26 dB (attenu-
ation >99.7 %) in PANi filled with Fe304 decorated r-GO [54]. In another recent
work, y-FeoO3 decorated r-GO-PANi core—shell structures containing composite
sheet exhibited AE4 as high as 43 dB [55].

The use of graphene/polymer nanocomposites for MA can still be considered at
infancy owing to the inadequacy of the available information. This mainly owes to the
difficulties in synthesizing controlled samples for testing. This in turn has not helped
in fully understanding the science governing the absorption mechanism. For exam-
ple, the presence of any cross-coupling among Debye relaxation, Maxwell-Wagner
relaxation, and electronic polarization has to be ascertained. Local characterization
(graphene/polymer interface) of charge distribution is experimentally challenging.
This forms an interesting area of research. Probing the large shape anisotropy (which
in turn increase the microwave absorption) that the magnetic graphene structures can
bring-in is also worth pursuit. Since high specific surface area helps in functionaliza-
tion of graphene, a great variety of functionalized graphene filled polymers can be
synthesized. Similarly, the high aspect ratio of graphene allows designing composites
with varied filler contents closely following the percolation theory. Last but not the
least, industrial production of graphene/polymer composites which are already well-
understood demands immediate attention.
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Graphene Nanocomposites
for Electromagnetic Induction Shielding

Yang Li and Wentao Zhai

Abstract The unique properties of graphene, such as high specific surface area,
aspect ratio and electrical conductivity, make it very promising to fabricate elec-
tromagnetic induction (EMI) shielding materials. In this chapter, we first made a
brief introduction about the development of EMI shielding materials as well as the
preparation of graphene and polymer/graphene nanocomposites (PGNs). Typical
surface modification of graphene to optimize its dispersion within polymer matrix
was reviewed later. After that, we presented critical factors for the EMI shielding
effectiveness (SE) of PGNs in detail. Meanwhile, the EMI shielding mechanism
was introduced associated with corresponding examples.

Keywords Electromagnetic interference -+ Shielding effectiveness + Graphene -
Polymer - Nanocomposites - Electrical conductivity
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FGS Functionalized graphene sheets
Fe,Os3  Ferric oxide

Fe;O4 Ferroferric oxide

PMMA Polymethylmethacrylate

PS Polystyrene

PVA  Poly(vinyl alcohol)

PEI Polyetherimide

PC Polycarbonate

PSFG Polystyrene-functional graphene
P-GNS Pristine graphene nanosheets

S-GNS STAC-absorbed-GNSs

PANI  Polyaniline

PVDF Polyinylidene fluoride

PU Polyurethane

WPU  Water-borne polyurethane

PDA  Polydopamine

EVA  Ethylene-vinyl acetate

STAC Stearyl trimethyl ammonium chloride
WVIPS Water vapor-induced phase separation

1 Introduction

The electromagnetic induction (EMI) is defined as electromagnetic radiation emit-
ted by electrical circuits under current operation [1]. To date, electronic prod-
ucts have been widely used in many fields ranging from commercial to military
electronic devices [2, 3], leading enormous electromagnetic radiation in our sur-
rounding environment to a high level that has never achieved before. As we know,
electromagnetic radiation at high frequencies (e.g., radio waves) may disturb the
proper operation of electrical equipment nearby and do dreadful radiative dam-
age to human beings [4]. Herein, the development of EMI shields becomes a
significantly meaningful work and exerts a peculiar fascination on a great many
researchers.

In 1821, Michael Faraday first introduced the concept that an enclosed conduc-
tive house has zero electric field, which has been well known to us all as “Faraday
cage.” From then on, it is the principle that exactly established the foundation of
today’s electromagnetic shielding technology. Metals like copper and aluminum
are the most common materials for EMI shielding due to their high electrical con-
ductivity, and the shielding mechanism is reflection which stems from the interac-
tion between free electrons in metals and external fields [4]. However, properties
of metals, such as high density and easily corrosion, restrict their usage to a large
extent as EMI shields in aerospace industries. In order to solve these problems,
polymer-based composites with effective EMI Shielding effectiveness (SE) have
developed and gradually come into fashion. There are various range of composite
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filler, including metallic and magnetic nanoparticles [5—7], intrinsically conductive
polymers like polyaniline (PANI) [8—10], and carbon particles (carbon black, car-
bon fibers, carbon nanotubes, etc.) [11-23].

Graphene, a flat monolayer of carbon atoms tightly packed into a two-dimensional
honeycomb lattice, rose to fame swiftly since it was reported by Novoselov et al. [24].
Because of its unique properties: excellent thermal conductivity (~5,000 W m~! K~1)
[25], remarkable mobility of charge carriers (200,000 cm? V= s~1) [26], high spe-
cific surface area (2,630 m? g~ 1) [27], great values of Young’s modulus (~1,100 GPa)
[28], graphene is regarded as an ideal candidate to take over carbon nanotubes (CNT)
in various fields, such as electrode, supercapacitor, oxidation resistance, transistor,
Lithium ion batteries, fuel cells, solar cells, photocatalysis, Raman enhancement, and
the EMI shielding applications [29-44].

In this chapter, we will initially introduce something about the preparation of
graphene and polymer/graphene nanocomposites (PGNs) as EMI shields, together
with surface modification of graphene. Then the EMI shielding theory will be
briefly summarized and critical factors for the EMI SE of PGNs will be discussed
in detail associated with corresponding experimental results, including the elec-
trical conductivity, magnetic permeability, thickness and structures of PGNs.
Meanwhile, the EMI shielding mechanism will be discussed.

2 Preparation of PGNs

Prior to preparation of PGNs, synthesis of graphene will be given first. Then to
acquire a good dispersion of graphene within polymer matrix, chemical modifica-
tion of graphene containing both covalent and noncovalent methods is presented.
Finally, typically processing methods including in situ polymerization, solution
and melt blending will be summarized briefly.

2.1 Synthesis of Graphene

For years, tremendous efforts have been made in the preparation of graphene,
such as chemical vapor deposition (CVD) [45-47], micromechanical exfoliation
of graphite [24], epitaxial growth on the surface of SiC [48], and the exfoliation
and reduction of graphite oxide (G-O) [49-52]. As we know, synthesis routes like
CVD or epitaxial growth are too expensive for large-scale preparation of graphene
and the micromechanical exfoliation of graphite does hardly control. Therefore,
the exfoliation and reduction of G-O seems to be the only one left. Generally,
the exfoliation and reduction of G—O either can be realized by chemical or ther-
mal treatment. Some researchers prefer thermal techniques to chemical ones for
the simple reason that the enormous usage of reluctant (hydrazine [50] and
NaBHy [53]) for chemical methods does harm to environment. However, a high
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temperature of 1,050 °C and heating rate of about 2,000 °C min~! are required for
thermal method to ensure the complete exfoliation of G-O [52].

As we know, high temperature always means huge consumption of energy.
By taking advantage of vacuum condition, our group managed to synthesis gra-
phene from G-O at a low temperature of 135 °C [54]. The expanded force during
the exfoliation of G—O originates from not only the release of gas like H,O and
CO; by the decomposition of oxygen-containing functional groups in G-O, but
also the negative pressure perpendicular to the surface of G-O produced by vac-
uum condition. We also substituted volatile substance for vacuum condition in the
exfoliation of G-O [55]. The force resulting from the evaporation of volatile sub-
stance like HCI at 135-145 °C may surpass the van der Waals force within graph-
ite interlayers, resulting in the full exfoliation of G—O under ambient atmosphere.
Additionally, the as-prepared graphene contains a number of functional groups,
which is helpful for further chemical modification of graphene.

2.2 Chemical Modification of Graphene

When graphene sheets are dispersed in water or some organic solvents, they tend
to irreversibly agglomerate due to its hydrophobic nature. To address this issue,
people proposed surface modification of graphene, which consists of covalent and
noncovalent methods.

2.2.1 Covalent Modification of Graphene

With covalent modification of graphene, it is inevitable to mention the well-known
“grafting from” and “‘grafting to” methods. The “grafting from” relies on immo-
bilization of initiators at surface of graphene, followed by in situ surface initiated
polymerization. Fang et al., for example, functionalized graphene with polysty-
rene (PS) via atom transfer radical polymerization [56]. The other method, “graft-
ing to,” is performed by bonding the terminated-functionalized polymer chains
to surface of graphene. Considering the existence of two terminated epoxide
groups in epoxy chains, our group coupled successfully epoxy chains onto gra-
phene oxide (GO) via the “grafting to” technique [57]. To further simplify the
preparing process, we also readily functionalized graphene sheets with poly(vinyl
alcohol) (PVA) chains by ultrasonication [58]. In addition, the oxygen-con-
taining groups remaining in GO plane like hydroxyl and carboxyl groups afford
tremendous opportunities to the occurrence of amidation and esterification reac-
tion. Stankovich et al. explored the addition of isocyanates in GO aqueous solu-
tion [59]. The formation of homogeneous colloidal suspension in polar solvent
like N, N-dimethylformamide confirmed that the isocyanate compound had been
attached to the surface of GO via amidation and esterification reaction.
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2.2.2 Noncovalent Modification of Graphene

Though the grafting methods may improve the dispersion of graphene in
polymer matrix, the covalent modification of graphene does certainly disrupt
the conjugated graphene sheets and exert a negative impact on intrinsic elec-
trical conductivity of graphene, and consequently EMI SE of PGNs. In con-
trast, noncovalent methods are more promising as the conjugated structure of
graphene remains unaffected. Especially, when excellent electrical conduc-
tivity and effective EMI SE are required, noncovalent methods receive more
attention.

Generally, traditional noncovalent methods are composed of m-m stacking
interactions, van der Waals force, hydrogen bonding, electrostatic, and coordi-
nation bonding, among which the w-m stacking interactions draw more atten-
tion owing to its strong strength comparable to covalent bonding. With the
formation of m-m stacking, two relatively large nonpolar aromatic rings having
overlapping T orbitals are always needed. Su et al., for instance, verified that
molecules with large aromatic structures and extra negative charges are non-
covalently immobilized on the basal plane of graphene sheets via strong 7w-m
interactions [60]. By melt blending, we realized the formation of m-m stack-
ing between PS/polycarbonate (PC) and graphene [61, 62]. Both the UV-vis
absorption spectroscopy of PS-functional graphene and that of PC-functional
graphene exhibited an obvious red shift, indicating the formation of m-x
stacking.

2.3 Preparation Methods of PGNs

Strategies for preparing PGNs are commonly composed of three segments: in situ
polymerization, solution, and melt blending. Each of them has advantages and dis-
advantages alike. Table 1 has listed different preparation techniques of PGNs, as
well as its corresponding EMI SE. Details are as follows:

2.3.1 In Situ Polymerization

In situ polymerization is initially performed with mixture between graphene
and GO with monomers. Then initiator is added and polymerization begins.
Homogeneous dispersion of incorporated fillers, as well as strong interac-
tions between composite fillers and polymer matrix can be attained in this way.
PGNs as EMI shields made in this way mainly concentrate on epoxy/graphene
[63], PANI/graphene [64], PANI/graphene@Fe304 [65], and polyurethane
(PU)/graphene [66]. The decrease of the polymerization rate at the later stages of
polymerization is its drawback [67].



Y. Li and W. T. Zhai

350

(panunuoo)

[0g] | uwondiosqy 1z TI-T'8 L60 0T %I0A G - uonnjos SNO-d/NdM

[18]| uondiosqy 9'LI €00 - 4 %I0A GL'Y %I0A T°0 s uf SD4d/Nd

[06] | uondiosqy €0C ¥1-T'8 - 9¢°0 - - uonn[os DIN/VAd

[901] - S TI-T'8 - 90 %M ST00 %I SL000 uonnjos D/VAd

[68] | uondiosqy T8I-¢YI 718 - ST %M 01 - uonnjos rofed@D/1dd
9%I0A 8¢'T

[oL]| uondiosqy 1 7178 01 XTT €T %M 01 %I10A 81°0 uonnjog D/1ad
%I0A [8°G

[oL]| uondiosqy 0T TI-8| ¢-0I X 8¥ €T %M 01 %I0A 1770 uonnjog D/1ad

0T T1-8

[1L]| uondspay 8T 81 - - %M %M S0 uonnjog | duoyders/ JqAd
%I0A §°1

[#L]| uondiosqy 61—¢I1 T8 e ¥ PBIN0°G - uonnjog D/VINIA

[69] | uondiosqy ST T8 01 v'e %I0A L9T %I10A T9°0 uonnjog | TE€I-D/VININA

[69] | uondiosqy L1 718 - ¥'e %IOA L9T %I0A LL0 uonnjog 9'6-D/VININd

[69] | uondiosqy SI T8 - ¥'e %I0A L9T %I0A T6'0 uonnjos 0'S-O/VININA

[cL]|  uomdspgey 0T ¥TI-T'8 - 9¢ %I G°¢ —| uonnos myusur | LNOMIN-D/Sd
%I0A 9°G

[89] | uondiosqy €6T ¥TI-T'8 ST1 ST %I 0F - uonnjos SD4/Sd
%I0A T'E

[89] | uondiosqy €LY ¥TI-T'8 70 ST %I 0F - uonnjos SD4/Sd
%I0A §'8

[¢9] - IC TI-T8 - - %I ST %I0A TS0 nyIs uf D4dS/Axody

(zHD) (j_u Q) (wrur) ploysay) spotou
J°d| WSIANFAL | (ap)dSING | ¥4 MINA DDA | SsewyoIyL, | SuIpeo] L] uone[oo1ad uoneredaid To[[Y/XIIEN

sw)sAs auayders/rowAjod Juarolyip jo S [NH oy 1oj uostredwod v | IqEL,



351

Graphene Nanocomposites for Electromagnetic Induction Shielding

WSTURYOIW SUIP[AIYS JAS' *QOUIJIANUI ONJAUTLUWIONO[d JUBUTWOP Y} [ L ‘OSue1 Kouanbaiy y.7

‘QABM OTJAUTRWONIRR MAF “AIMATONPUOD [BIMNOJ[R DT Ioqy uoqied pue dudydeis yjoq paieioddp-£Qlod-A JD-CQ%I-A®D ‘(euaydoryiAXoIpaud[Ayle-1°¢)
Ajod poygrpow-(pmbry otuon)Ajod 7OGFJ-T7Id ‘Quaydeid poje1odop-£0log-A €QlI-A@D ‘soronied prosS ym woﬁuooow quoyder3 ny@n ‘ouoydeis nH

[9L]|  uonoayey LT ¥TI=T8 | (-0l XGT I %I10A 09 uonnjos D/VAH
%10A 099°0

[co1]| uondiosqy ¥'TE-€'8C ¥TI-T'8 '€ (SN 9% 0S°1 %I10A €90°0 uonnjos O/dad
0z -8 00T L8O

[¢]| uondiosqy 0¢ S'1-€00 081 1 I L0 - S1YI0 O/SINdd

uonnjos AND-t0%A

[16]| uondiosqy €8TV ¥TI-T'8 - ¥'0-C0 AINI]S - misup | -A@D/dTousyq

nis YO

(6l - C 1-20°0 - 100 LI | - uf uonnjos | ®H/LOAHd-TId

uonnos INDMIN

[g011| uondiosqy 86 81Tl 0S6°C ST DI Gl - mis uf -D/INVd

mOmom

[Le] | uondiosqy IS Y'CI-C8 - ST DI GL - mis uf -A®D/INVd

[g9] | uondiosqy €7E€-L'9T 81—l - (S %I 799 - misup | FORd®D/INVd

[Lo1] - 021-06 (454 - T - - nmis uf vy @ D/INVd

[6L] - 801-L8 (48 S98 - - - s uf nv®D/INVd

[¢8]| uondiosqy Tre 81—¢C - ¥'C DI €€ - uonnjos D/INVd

[9L]  uwomoospay LT YTI-T8 | (-0l XGT I 9%I10A 09 - uonnjog D/VAA

[0g] | uondiosqy 43 ¥TI-T'8 |NY 0cC %I0A G - uonnjog SNO-S/NdMm

(zHD) (j_w's) (wur) proysaiyy spoyjow
‘4| INSTNAAL | (dP) ASTNA | dd MINA DH DA | SSeWPIYL | Surpeof Jo[[L] uone[odId uoneredald IS[[Y/XIIRIN

(panunuoo) T a1qe,



352 Y. Li and W. T. Zhai

2.3.2 Solution Blending

During solution blending process, graphene or modified graphene can be
readily dispersed in a suitable solvent, sometimes, with the help of ultrason-
ication. Then the solvent is evaporated or distilled, following the addition of pol-
ymer. A diverse range of PGNs like PS/graphene [68], polymethyl methacrylate
(PMMA)/graphene [69], polyetherimide (PEI)/graphene [70] and polyvinylidene
fluoride (PVDF)/graphene [71] have been prepared for EMI shielding. The diffi-
culty in removing residual solvents limits its application [44].

2.3.3 Melt Blending

In contrast, melt blending needs no solvent and graphene or modified graphene
can be easily mixed with polymer matrices in molten state. Due to the simplic-
ity of this method, it is much more commercially attractive than two the others.
The drawback of this technique is the low degree of graphene dispersion so that
researchers rarely utilize it in the preparation of EMI shielding materials as shown
in Table 1.

3 A Brief Introduction of the EMI Shielding Theory

EMI SE is defined as a function of the logarithm of the ratio of incoming power
(P;) to outgoing power (P,) of radiation and normally expressed in decibels (dB).
With any kind of EMI waves, there are three basic mechanisms for the EMI
shielding: reflection, absorption, and multiple reflections. Therefore, the total EMI
SE (SEt) equals the sum of the absorption (SE,), the reflection (SER), and the
multiple reflections (SEp) as given by:

SEt = SEA + SER + SEm = 10log (Pi/PO) (1)

From this equation, we can infer that the higher the EMI SE, the less the trans-
mitted electromagnetic wave through shielding materials. For example, a shielding
efficiency with 20 dB, the value required for commercial applications, leaves only
1 % of electromagnetic waves to be transmitted. Furthermore, when we measure
the scattering parameters with Vector Network Analyzer, the power coefficients
of reflectivity (R), tansmissivity (7), and absorptivity (A) can be calculated using
S-parameters as follows [72]:

Pi=Py+ P+ P, 2)

R="P [ Pi=Is0* =52 3)



Graphene Nanocomposites for Electromagnetic Induction Shielding 353

T = Po/Pi = [S12]* =[S 4)

R+T+A= (P +Po+P)/Pi=1 (5)

where, P, is the power absorbed in slabs; P; is the power reflected at input inter-
face. In the case of SEt > 15 dB, SEy; is usually neglected and, we can have here:

SEt ~ SEa + SEr (6)
The effective absorbance (Aefr) can be described as [23]:
Aer=(1—-R—-T)/(1-R) (7)
SEr = —10log;, (1 —R) (8)
SEa = —10logq (1 — Aefr = —101ogo [T/ (1 = R)]) 9)

Generally, the basic component of electromagnetic energy is a kind of electro-
magnetic wave where any point contains two fields: E-field and H-field, which
always keep perpendicular to each other along the direction of propagation. When
placed in an electric field (E-field), a thin, conductive, and spherical shell will
shield the E-field by inducing electronic charges along the shell and generate an
induced E-field with its direction opposite to that of the original field. In the case
of a magnetic field (H-field), however, Faraday’s effect does not work. The issue
can be addressed effectively by magnetic materials with high permeability (rela-
tive permeability > 1). Additionally, sufficient thickness of magnetic shields is
requested in magnetic absorption [73]. As a matter of fact, it is the electrical and
magnetic properties, together with thickness that have a profound impact on the
EMI SE of a shield [4, 73].

4 Influence Factors on the EMI SE of PGNs

In this section, items that have a critical impact on the EMI SE of PGNs will be
listed, such as electrical and magnetic properties, sample thickness, and structures.
Meanwhile, EMI shielding mechanism will be discussed associated with corre-
sponding examples.

4.1 Electrical Conductivity of PGNs

Previous studies revealed that electrical conductivity is of utmost importance for
EMI SE [14, 74, 75]. Specifically, the electrical conductivity about 1 S m! s
said to be the lowest value to obtain the EMI SE of 20 dB [14, 68]. From the
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EMI shielding mechanism point of view, electrical conductivity plays the most
significant role in the reflection and absorption contribution alike [76]. With
respect to the electrical conductivity of PGNs, there are various influence factors
covering not only the type of polymer matrix but the properties of the graphene
nanosheets (GNSs), such as their concentration, dispersion, aspect ratio, orienta-
tion, etc. [43, 44, 77].

4.1.1 Concentration, Dispersion, and Conductivity of Graphene

A critical concentration of graphene is always necessary for the transition of PGNs
from insulative to conductive state [14, 18, 63]. This critical concentration, known
as percolation threshold, increases the electrical conductivity of PGNs by several
orders of magnitude by forming a continuous network within polymer matrix. The
direct current (DC) conductivity of PGNs can be depicted using a power law as
follows [78]:

0 =0o(P — Pc)' (10)

where, o is the conductivity of PGNS; o, is a saling factor; P represents the con-
tent of graphene; P, represents the percolation threshold of PGNs, thus the critical
concentration of graphene; ¢ stands for the critical exponent describing the lattice
dimensionality.

Liang et al. was the first group to employ G-O as a conductive filler blend-
ing with epoxy resin [63]. The G-O was first exfoliated with ultrasonication
and referred to as solution-processable functionalized graphene (SPFG). Then
the epoxy/SPFG composites were subjected to both chemical and thermal
reduction to increase its conductivity. As shown in Fig. la, the DC conductiv-
ity of the epoxy/SPFC composites agrees well with the power law and exhibits
a nonlinear sharp increase with the increase of SPFG concentration. This low
percolation threshold (0.52 vol%) was attributed to the high aspect ratio of the
graphene and its homogeneous dispersion in the epoxy, which were confirmed
later by atomic force microscopy and scanning electron microscopy, respec-
tively. Above the percolation threshold, further increase in SPFG loading has
few influences on the DC conductivity of the epoxy/SPFG composites. The EMI
SE of the epoxy/SPFG composites is shown in Fig. 1b, from which the EMI SE
increases with the graphene loading increasing over the frequency range of 8.2—
12.4 GHz (X band). This phenomenon was ascribed to the formation of con-
ducting interconnected graphene-based sheets networks in the insulating epoxy
matrix.

In order to improve the dispersibility of GNSs in water or organic solvents,
different sorts of surfactants have been used in the fabrication of PGNs [66, 79,
80]. Ma et al., for instance, used a cationic surfactant: stearyl trimethyl ammo-
nium chloride (STAC) to produce the STAC-absorbed-graphene nanosheets
(S-GNS), effectively preventing the aggregation and restacking of GNSs by
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Fig. 1 a Logjo DC conductivity (o) versus volume fraction (P) of epoxy/SPFG composites
measured at room temperature. /nset: log—log plot for o versus ((P—P.)/P,) for the same com-
posites. The best fit gave values P, = 0.52 vol% and t = 5.37 with a correlation factor of 0.97;
b EMI SE of epoxy/SPFG composites with various SPFG loadings as a function of frequency in
the X band. The epoxy/SPFG composites exhibited SE ~21 dB in the X-band for a 15 wt% load-
ing. [63] Copyright 2009. Reproduced with permission from Elsevier Ltd.

electrostatic attraction [80]. In contrast, GNSs without the STAC was also pre-
pared and named as P-GNS. Then both the S-GNS and P-GNS were blended
with one kind of water-borne polyurethane (WPU) via solution compounding,
respectively. Similar to that of the epoxy/SPFG composites, both the conduc-
tivity of the WPU/S-GNS and the WPU/P-GNS in Fig. 2a present a nonlinear
increase. When loaded with the same content of GNS (5 vol%), the electri-
cal conductivity of WPU/S-GNS is up to 5.1 S m~!, much higher than that of
P-GNS/WPU (0.97 S m™!). What is more, the WPU/S-GNS composite shows a
lower percolation threshold than the WPU/P-GNS. In Fig. 2b, the highest EMI
SE of the S-GNS/WPU is 32 dB in X band, much higher than 21 dB for the
P-GNS/WPU composite with the same graphene loading of 5 vol% (Fig. 2c).
These phenomena were ascribed to the better dispersion of the S-GNS within
the WPU matrix, that is, better graphene dispersion makes easier formation of
interconnected conducting network within polymer matrix and higher EMI SE.
Additionally, Fig. 2d says that the absorption loss (SEa) of the WPU/S-GNS
composites contributes more than 90 % contribution to the total EMI SE (SEqa1)
over the whole S-GNS loadings and varies according to the change in SEia.
While the reflection contribution (SER) seems to be independent with the change
of S-GNS loading, indicating that the EMI shielding for the WPU/S-GNS com-
posite was absorption dominant.

In another case, Yang et al. modified graphene sheets with polydopamine
(PDA) [81]. The as-obtained PDA-coated graphene sheets (D-Graphene) was
then used to blend with PU by solution blending. The low percolation threshold
of the as-obtained PU/D-Graphene nanocomposites (0.1 vol%) was ascribed to
the good dispersion of graphene and the decreased sheet—sheet junction resistance
resulting from the PDA-functionalized conductive interface. The EMI SE of the
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Fig. 2 a The electrical conductivity (o) of WPU/P-GNS and WPU/S-GNS composites measured
at room temperature as a function of GNS content; EMI SE of b WPU/P-GNS and ¢ WPU/S-GNS
composites with various GNS loadings as a function of frequency in the range of 8.2—-12.4 GHz. At
5 vol% loading, the WPU/P-GNS exhibited EMI SE of approximately 21 dB, and the EMI SE of
WPU/S-GNS showed approximately 32 dB in the range of 8.2—-12.4 GHz; d Comparison of SEqa],
SEA and SER of S-GNS/WPU composite at 9 GHz as a function of S-GNS content [80]. Copyright
2013. Reproduced with permission from Elsevier Ltd.

nanocomposites tends to increase with the increasing loading of the D-Graphene
in the frequency range of 0.03—1.8 GHz and reaches to 17.6 dB at graphene load-
ing of 4.75 vol%. Moreover, its EMI SE is dominated by absorption. The explana-
tion, however, was not given.

The electrical conductivity of PGNs depends not only on the concentration and
dispersion of graphene, but also on its intrinsic conductivity [44]. Motivated by this,
our group prepared three kinds of graphene with C/O ratios being 5.0, 9.6, and 13.2
and noted them as graphene-5.0, graphene-9.6, and graphene-13.2, respectively [69].
After incorporated into PMMA via solution process, each of the PMMA/graphene
nanocomposites shows an insulator—conductor transition as shown in Fig. 3a.
Moreover, The PMMA/graphene-13.2 composite exhibits the lowest percolation
threshold of 0.40 vol% for the simple reason that the oxygen-containing groups
within graphene disrupt the conjugate graphitic sp? structure and decrease its intrin-
sic conductivity. As shown in Fig. 3b, the EMI SE of the PMMA/graphene-13.2
tends to increase with the graphene loading increasing and the highest EMI SE
for the PMMA/graphene-13.2 is about 30 dB. In Fig. 3c, we can see clearly that
when loaded with the same graphene content of 2.67 vol%, the EMI SE of the
PMMA/graphene composites is proportional to the value of the C/O ratio of gra-
phene. This phenomenon is in good accordance with the electrical conductivity of
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Fig. 3 a Plots of electrical conductivity of PMMA/graphene composites as a function of gra-
phene content; b EMI SE of PMMA/graphene-13.2 composites; ¢ comparison of EMI SE of
PMMA composites with graphene-13.2, graphene-9.6 and graphene-5.0; d comparison of SEgal,
SEA and SER at 9 GHz as a function of graphene content [69]. Copyright 2012. Reproduced with
permission from Elsevier Ltd.

PMMA/graphene in Fig. 3a. Furthermore, the primary EMI shielding mechanism
of PMMA/graphene composites is absorption rather than reflection as shown in
Fig. 3d, which is related closely to the conductive networks created by graphene.

4.1.2 Aspect Ratio and Orientation of Graphene

To prepare PGNs with enhanced electromagnetic attenuation, Song et al. [82]
enlarged the aspect ratio of commercial expandable graphite (EG) through a
direct chemical exfoliation approach and named the resulting product as carbon
nanosheets (CNS). Then both the EG and CNS were mixed with ethylene-vinyl
acetate (EVA) resin via a solution process, respectively. The results revealed that
the percolation threshold of the EVA/CNS composites is about 20 vol% (36 wt%),
much lower than that of EG/EVA 30 vol% (50 wt%). The reason was mainly
attributed to the larger aspect ratio of the CNS. Moreover, the increase of CNS
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fillers provides the resultant EVA/CNS composites with efficient EMI SE by
means of dielectric loss, interface scattering, and heat conversion.

Similarly, Song et al. [83] also demonstrated that electric conductive intercon-
nections can be much established more easily for the post-alignment composites
at the same graphene loading for the simple reason that the alignment may offer
more opportunities for graphene to form conducting interconnections and enhance
the absorption contribution of electromagnetic waves. Specifically, few-layered
graphene (FLG) may increase the reflection contribution by enlarging the in-plane
effective reflection regions of graphene. Additionally, Tripathi et al. [84] reported
that the PMMA/graphene nanocomposite with better orientation of graphene
shows a higher electrical conductivity.

4.1.3 Electrical Conductivity of Polymer Matrix

Recently, intrinsically conductive polymers like PANI have been widely employed in
the preparation of PGNs as EMI shields. Yuan et al. [85], for example, reported that the
EMI SE of PANI/graphene composite with graphene loading of 33 wt% was 34.2 dB
in X band, higher than 17.3 dB for the PS/graphene composite [68]. The conductivity
of PANI matrix partially leads to the remarkable EMI SE of the composites. In another
case, Chen et al. [64] functionalized graphene by growing PANI nanorods perpendic-
ular to its surface and the absorption contribution in the EMI SE of PANI/graphene
composites was significantly improved because of the conductive property of PANI.

It has been said that there are two sorts of conductive mechanism for PGNs: tun-
neling and direct contact. Tunneling is the dominant mechanism for PGNs whose
I-V curves can be characterized by power law, while the linear /-V relationship
following Ohm’s law means the dominant mechanism of direct contact [18]. For
example, the conductivity of forementioned PU/D-Graphene was supposed to be
tunneling dominant [81]. Yang et al. [14] established that there is a close relation-
ship between the EMI SE of conductive polymer-based composites and its electrical
conductivity. A plot of the EMI SE of PS/CNT composite foam at 10 GHz versus
its electrical conductivity had been given, in which the SE varies slightly at first
with the great increase of conductivity and then increase dramatically above the
percolation threshold even though a small change in conductivity. Similar phenom-
enon was also observed by Thomassin et al. [43] after plenty of statistics.

4.2 Magnetic Permeability of PGNs

In terms of electromagnetic theory, there are two possible contributions for micro-
wave absorption: dielectric loss and magnetic loss [86—88]. Pristine graphene is
nonmagnetic and its contribution to microwave absorption mainly derives from
dielectric loss. To further improve the EMI SE of PGNs, a number of researchers
prefer to introduce magnetic particles into graphene sheets [89].
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Our group functionalized graphene with Fe3O4 particles (G@Fe304) ini-
tially, and then blended the G@Fe304 with PEI through a water vapor-induced
phase separation (WVIPS) [89]. For comparison, PEI/Fe3O4 foams were also
prepared. The results revealed that the specific EMI SE of PEI/Fe3O4 foams is
15.2 dB cm?® g~ !, lower than 41.5 dB cm? g~! for the PEI/G@Fe30, foam. The
specific EMI SE (EMI SE divided by density) proposed by Gupta et al. [14], is
supposed to be more appropriate for comparing the shielding performance
between lightweight conductive polymer composites. So the decrease in specific
EMI SE of the PEI/Fe304 composite was assigned to the high resistivity of FezO4
nanoparticles as well as their poor dispersion in PEI. When compared with the
PEl/graphene foams with the same graphene loading (10 wt%) and sample thick-
ness (almost 2.4 mm), the contribution of absorption to total EMI SE is 97.2 %,
much higher than 90.6 % for the PEI/graphene foam. As shown in Fig. 4b, the G@
Fe30y4 retains their superparamagnetism when mixed with PEI resin and the mag-
netization of PEI/G@Fe304 foams significantly increases with the reduction of
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Fig. 4 Superaramagnetic microcellular PEI/G @Fe304 foam sheets. a magnetization of the com-
posite foams with different G@Fe304 loading. The Ms of the foams is in the range of 0.38-
3.09 emu g~! and tended to linearly increase with the G@Fe304 content (inset at the lower
right). Moreover, the PEI/G@Fe304 foams are superaramagnetic as there is no significant hys-
teresis in the Ms (inset at the fop left); b this free-standing composite foam can be actuated by
an external magnetic field; ¢ EMI SE as a function of frequency measured in the 8-12 GHz
range of the PEI/G@Fe304 foams with various G@Fe304 concentrations; d SE, SEA and
SER of microcellular foams at 9.6 GHz [89]. Copyright 2013. Reproduced with permission from
American Chemical Society
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G@Fe304 concentration (Fig. 4a). Therefore, the introduction of magnetic parti-
cles within graphene plain is supposed to be a good way to enhance the microwave
absorption of PGNs due to the introduction of magnetic loss by Fe3O4 nanoparti-
cles. From Fig. 4c, we can see that the EMI SE of the PEI/graphene foam is pro-
portional to the G@Fe304 content and the highest value of SE is 17.8 dB in X
band. Moreover, Fig. 4d demonstrates that the primary EMI shielding mechanism
of PEI/G@Fe304 foams is absorption.

In addition, Yuan et al., synthesized y-Fe;O3 incorporated graphene nanosheets
(GNS), then used PVA to blend with GNS via evaporation-induced assembly and
obtained PVA/MG hybrid films [90]. In Fig. 5, we can see clearly that the aver-
age EMI SE of the PVA/MG hybrid film is bigger than 20 dB with sample thick-
ness only of 0.36 mm. For most PGNs, at least 2 mm thick is always required
to meet this value. In Fig. 5b, the PVA/MG hybrid film has a higher SE5 than
the PVA/reduced graphene oxide (RGO) film and the EMI shielding mechanism
for the PVA/MG film is absorption rather than reflection. Because of RGO being
nonmagnetic, the enhancement in SE5 for the PVA/MG film was ascribed to the
introduction of magnetic constituents (y-Fe;O3) in RGO sheets. As shown in
Fig. 5a, both the GNS and PVA/MG films are ferromagnetic and their saturation
magnetizations are 5.2 and 0.9 emu g~!, respectively. It is the synergism between
the dielectric loss from RGO and the magnetic loss from y-Fe;O3 that endows the
as-prepared PVA/MG hybrid films with satisfactory EMI SE in X band.

Singh et al. [91] found that the ability of microwave absorption was related to
the interfacial polarization between graphene sheets and magnetic nanoparticles,
as well as the orientational polarization due to the existence of electric dipoles.
In another attempt, they filled Fe3O4-decorated graphene (G@ Fe304) into PANI
matrix via in situ polymerization [65]. The results proved that the microwave
absorption properties had been enhanced by the higher dielectric and magnetic
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Fig. 5 a Magnetic hysteresis loops of MG and MG hybrid film. The fop left inset shows an
enlarged view of the magnetic hysteresis loops. Digital photo of MG aqueous dispersion in the
bottom right inset shows the magnetic response under an external magnetic; b EMI SE, and
SER of RGO and MG hybrid films with thickness of 0.23 mm as a function of frequency [90].
Copyright 2014. Reproduced with permission from Elsevier Ltd.
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loss because of the synergistic effect of graphene and Fe3O4. Similar researches
have also been conducted [92-95] and the results highlighted the important role of
magnetic particles playing in microwave absorption.

In summary, the ability of microwave absorption of PGNs can be enhanced by
introducing magnetic particles in graphene sheets due to the association of die-
lectric loss from graphene and magnetic loss from magnetic particles like Fe3Oj.
Because of the insulative nature of most magnetic fillers, too much of them may
cause a decrease in electrical conductivity, and consequently weak microwave
absorption even though the magnetic loss is relatively high.

4.3 Sample Thickness of PGNs

From the absorption loss point of view, a sufficient thickness is one of the crucial
factors for a shield to acquire the satisfactory EMI SE [73]. The sufficient sam-
ple thickness for efficient EMI SE has two different meanings: (a) to eliminate
multiple reflections; (b) to enhance absorption contribution. Details are given as
follows.

Once an electric wave entering a shield, its amplitude will decrease exponen-
tially. The distance at which the field drops to 1/e or 37 % of the incident value is
defined as the skin depth 8, which can be expressed as follows:

1
S =
T (7.11)

where, f is frequency in Hz; | is magnetic permeability in H m~!; o is electri-
cal conductivity in S m~!. In general, the skin depth decreases with increas-
ing frequency, conductivity as well as permeability. As one of the EMI shieling
mechanisms, multiple reflections occur frequently among interfaces and surfaces
of shielding materials, particularly in fillers with large surface and interface area
[4]. While, it can be ignored when the thickness of a shield is larger than the skin
depth as the internal reflection will be attenuated by the shield. On the contrary, if
the thickness of a shield is smaller than the skin depth, multiple reflections should
be concerned. However, multiple reflections may induce decrement in overall
EMI SE and is always expected to be eliminated effectively by handling shielding
thickness larger than the skin depth [76].

On the other hand, Song et al. prepared EVA/graphene (G-E) nanocomposite
films with different thickness ranging from 50 to 350 pwm [76]. In Fig. 6a, the total
SE of G-E films are proportional to the sample thickness. When in 350 pm thick,
the G-E film containing 60 vol% graphene has an average SE more than 23 dB,
meeting the commercial level of 20 dB. The absorption contribution (SEgps) in
Fig. 6b indicates that thicker shields give more microwave absorption. Yuan et al.
[90] found that the EMI SE of the PVA/MG film in 0.24 mm thick has an aver-
age EMI SE of 15.1 dB in X band, much lower than 20.3 dB for the same film
with 0.36 mm thick (Fig. 7). Chen et al. [11] also demonstrated the significant role
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of materials’ shielding thickness in microwave absorption. Besides, Gupta et al.
[96] investigated the EMI SE of the manganese oxide (MnO,) decorated graphene
nanoribbons (GNRs) in X band tended to increase as the MnO,—GNRs pellets’
thickness increasing from 0.5 to 3.0 mm.

4.4 Structures of PGNs

In this section, EMI shields with cells, multilayers, and core-shell structures will
be reviewed, as well as their influences on EMI SE [76, 89, 97]. Meanwhile, more
emphasis will be given to the shields with cellular structure because of their won-
derful EMI shielding performance.
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4.4.1 Cellular Structure

In 2010, our group first employed graphene sheets to mix with PMMA and the
resultant PMMA/graphene foams have a cell size distribution ranging from 1 to
10 pm. When loaded with 1.8 vol% graphene, the PMMA/graphene foam exhibited
an EMI SE of 13-19 dB in X band and its specific EMI SE is 17-25 dB cm® g~ .
Specifically, the dominant EMI shielding mechanism for this foam is absorption,
instead of reflection for the PS/CNT foam [14]. After that, Ramaprabhu et al. pre-
pared the PVDF/graphene foams via a chemical foaming process for EMI shield-
ing [71]. The EMI SE of PVDF/functional graphene (FGS) foam containing 7 wt%
graphene is 28 dB in X band. Yan et al. [68] also prepared PS/FGS foams as EMI
shielding material using a compression molding plus salt-leaching method. The low-
est density of the PS/FGS foam with FGS loading of 30 wt% is 0.27 g cm~> and
its’ EMI SE in X band approaches 29.3 dB. Furthermore, the corresponding specific
EMI SE was 64.4 dB cm? g~!, much higher than that for the PMMA/graphene foams
mentioned above. Table 2 has listed a comparison of properties of different PGNs.

In order to broaden the applications of PGNs in areas of aircraft, space-
craft and automobiles, higher performance polymer PEI has been utilized by us
to prepare lightweight microcellular PEl/graphene composite foams as EMI
shields [70]. However, there are plenty of challenges lying in the way of foam-
ing PEl/graphene composite solid via traditional physical foaming, including high

Table 2 A comparison of EMI SE of different polymer/graphene foams

Matrix PMMA PVDF PS PDMS PEIL PEI

Filler Graphene | Graphene | Graphene |Graphene | Graphene Graphene
@Fe304

Filler loading | 1.80% 5.00" | 7.00° 30.00P 0.80P 1.38%,10.00° | 10.00°

(vol%®, wt%")

Pore size (um)| 5.0 0.5-2.0 20.040.0 |- 9.0 -

Density 0.79 - 0.45 0.06 0.28 0.40

(gem™)

Thickness 2.4 - 2.5 1.0 23 2.5

(mm)

DCEC 3.11 - 1.25 2.00 2.20 6.50

(Sm~1 x 1073 x 1073

EMI SE (dB) | 13.0-19.0 |28.0 29.3 20.0 11.0 17.8

(8.2-12.4

GHz)

Specific 17.0-25.0 |- 64.4 333.0 44.1 41.5

EMI SE

(dB cm’ g~

TDEMI SE Absorption | Reflection | Absorption | Absorption | Absorption | Absorption

References [74] [71] [68] [33] [70] [89]

DC direct current, EC electrical conductivity, TDEMI the dominant electromagnetic interference,
SM shielding mechanism, a stands for the volume fraction of filler loading in polymer matrix,
while the b is the weight fraction of fillers
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processing temperature (340-360 °C), extremely long saturation time (280-520 h)
as well as the low expansion ratio (<2). To solve these problems, the WVIPS was
applied in the foaming process. The density of the resultant PEI/graphene foams
is 0.28 g cm™3 at graphene loading of 10 wt% and its average cell size is 9.0 pLm.
The EMI SE of the composite foams in X band increased gradually up to 20 dB
at 10 wt% graphene loading. The specific EMI SE of microcellular PEl/graphene
foams is 44.1 dB cm? g, about 2.5 times higher than that of the corresponding
solid. As about 98.9 % electromagnetic energy being absorbed, the primary EMI
shielding mechanism for the PEI/graphene foam is absorption in X band.

To analyze the effect of porous structure on EMI SE, we need to compare the
same sort of PGN composites with porous and nonporous structure under the
same condition. After series of analysis, we consider that the power efficient of
absorptivity A (equals SEA/SET) and the specific EMI SE are more suitable for
the comparison of EMI SE of PGNs solid and foam. Take the PMMA/graphene
composite for an example, the power efficient of absorptivity A for the
PMMA/graphene foam is 94.7 % at graphene loading of 1.8 vol% [74]. The value
for the PMMA/graphene solid with graphene loading of 4.23 vol% is supposed
to be much bigger than 94.7 % due to its higher graphene content and electrical
conductivity, together with its absorption mechanism. However, the truth is that
only 93.3 % incident energy can be attenuated by this PMMA/graphene solid [69],
which is lower than the 94.7 % for the PMMA/graphene foam with the same sam-
ple thick. So we may assume that porous shields may perform better in microwave
absorption than bulk ones. When it comes to the PEI/graphene system, the A for
PEI/graphene foam is 98.9 %, still much higher than 90.8 % for the PEI/graphene
solid with the same graphene loading of 10 wt% and thickness of 2.3 mm [70].
This phenomenon is fully convinced that porous materials possess a higher ability
in microwave absorption.

According to the EMI shielding theory, reflection results from the impedance
mismatch between the incident wave and shielding materials [21, 73, 98]. The
wave impedance is defined as the ratio of E to H (for air, E/H is 377 2), in which
the E and H are the intensity of the electric and magnetic field within electromag-
netic wave [73, 99]. The higher the degree of impedance mismatch, the more the
contribution of reflection, and vice versa. Krause et al. claimed that the air bub-
bles in polymer matrix can decrease the dielectric constant without any effect on
the component of polymer matrix [100]. As shown in Fig. 8, the existence of the
spherical microscale air bubbles in foams can attenuate the incident electromag-
netic microwaves by reflecting and scattering between the cell wall and nanofillers.
Microwaves can hardly escape from the foams before being absorbed and trans-
ferred to heat. In addition, Thomassin et al. also prepared multiwalled carbon nano-
tubes (MWCNTs) filled polycaprolactone (PCL) composite foams via supercritical
CO;. Compared to MWCNT/PCL solids, MWCNT/PCL foams own higher shield-
ing efficiencies and lower reflectivities [21]. Thereby the porous structure can cer-
tainly help to match the wave impedances between foams and ambient atmosphere,
leading to the enhancement in microwave absorption. It makes foaming shields
very promising in the fabrication of lightweight, effective microwave absorbers.
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Oriented Graphene

%i Platelets

Fig. 8 Schematic description of the microwave transfer across PEl/graphene nanocomposite
foam [70]. Copyright 203. Reproduced with permission from American Chemical Society

4.4.2 Core-Shell Structure

Additionally, graphene-based composites with conductive shells and magnetic
cores also exhibited unique properties when used in EMI shielding [101, 102]. For
instance, Singh et al. [97] synthesized y-Fe,O3 decorated graphene (RF) and fab-
ricated PANI-RF shell-core tubes for EMI shielding. High EMI SE around 51 dB
was obtained with sample thickness of 2.5 mm, which was regarded as the result
of interfacial polarization and effective anisotropy energy from the existence of
RF. Additionally, Chen et al. [11] prepared hematite/graphene composites with a
unique quasi shell-core nanostructures. They found that the microwave absorption
of hematite/graphene composites could be enhanced by the unique quasi shell-core
nanostructure, which may yield interfacial polarization and associated relaxation
and make the dielectric loss much bigger.

4.4.3 Multilayered Structure

Fabricating shields with multilayered structure is another way to fabricate
effective EMI shields [43]. One case is to stack several layers of polymer com-
posites with the same content of fillers and the improvement in EMI SE results
mainly from multiple reflections. This strategy has been conducted effectively in
PMMA/MWCNT composites [103]. In another case, the multilayered structure
consists of layers with CNTs concentration increasing from one to the next [104].
The contribution from reflection can be decreased by reducing mismatch of the
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dielectric constant between two media. Song et al. [76] synthesized free-standing
graphene/EVA (G-E) composite films and fabricated wax |[PVA|G - E|PVA| wax
hybrid films with sandwich structure. The results revealed that the highest EMI
SE of the hybrid film is 14 dB at graphene loading of 60 vol% and it is reflection
dominant due to its high electrical conductivity.

5 Conclusions

As a two-dimensional carbon nanofiller, graphene is somehow superior to other
conventional nanofillers like carbon black, carbon nanofiber and CNTs, due to its
unique properties: high surface area, aspect ratio, thermal and electrical conduc-
tivity. Because of this, it is regarded as an ideal carbon filler to blend with lots
of polymer resins and fabricate PGNs for all sorts of applications including EMI
shields. However, traditional strategies for the preparation of graphene, such as
CVD, epitaxial growth, and micromechanical exfoliation, either are too expen-
sive or hardly control. With respect to the relatively convenient method: thermal
exfoliation and reduction of G—O, the high temperature of 1,050 °C used to exfo-
liate GO is another challenge for the large-scale fabrication of graphene. With
the assistance of vacuum condition or volatile substance like HCI, the tempera-
ture has been reduced successfully to 135 °C. As we know, composites with good
properties always need a good dispersion of fillers within matrix, so do PGNs. But
the truth is that the hydrophobic nature of graphene makes it incompatible with
most organic polymers and tend to irreversibly agglomerate itself. To solve this
problem, graphene must be modified by either noncovalent or covalent methods.
Generally, the PGNs made by covalent modification possesses stronger interfacial
interactions between polymer matrix and graphene due to the formation of chemi-
cal bonding. In the case of noncovalent modification of graphene, more emphasis
has been given to the m-m stacking interactions owing to its strong strength com-
parable to covalent bonding. In fact, this technique is much more preferential on
the conditions where excellent electrical conductivity and EMI SE are required,
for the conjugated structure of graphene can be saved in this way.

There are a number of influence factors for PGNs conductivity, including the
intrinsic conductivity, dispersion, aspect ratio and orientation of graphene, coupled
with the type of polymer matrix. Additionally, the idea of decorating graphene
with magnetic nanoparticles has been proved to be very promising. Nevertheless,
too much insulative magnetic particles may lead to a reduction in the electrical
conductivity of PGNs, and finally the EMI SE of PGNs. From the EMI shield-
ing point of view, the EMI SE mechanism is composed of reflection, absorption
and multiple reflections. The absorption contribution stems mainly from dielectric
and magnetic loss. Specifically, the dielectric loss results from complex phenom-
ena such as electronic polarization and relaxation, dipolar relaxation and natural
resonances. For PGNs, graphene nanosheets may induce electronic polarization
and dipolar relaxation and the interface between graphene and polymer matrix is
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able to cause interfacial polarization and relaxation. It is these polarization and
relaxation that make up of the dielectric loss and finally lead to microwave absorp-
tion. In fact, most PGNs are dominated by absorption mechanism, which is related
infinitely to the high electrical conductivity and aspect ratio of graphene. As to
reflection mechanism, it is related to the impedance mismatch between PGNs and
ambient atmosphere. The introduction of air bubbles into PGN solids to form PGN
foams is a good choice for reducing the degree mismatch and reflection loss, as
well as the mass production of microwave absorbers. However, multiple reflec-
tions are frequently considered by the PGNs with multilayered structures due to
the additional reflecting surfaces. Generally, an increase in the thickness of PGNs
does also help to improve their EMI SE. In summary, an effective EMI shielding
material should possess high electrical conductivity and magnetic permeability,
together with sufficient thickness to meet the need of skin depth at low frequency.

Though PGNs have been studied as EMI shields for many years, there are still
some challenges as follows: (a) a homogeneous graphene dispersion within poly-
mer matrix is hard to get due to its hydrophobic nature; (b) the PGNs with sat-
isfactory EMI SE for practical applications always need large graphene loading,
make the preparation of PGNs very expensive and difficult and severely restrict
the applications of PGNs as EMI shields; (c) the magnetic nanoparticles function-
alized graphene sheets like graphene@ Fe3zO4 may have a bad dispersion within
polymer matrix even though effective EMI SE can be achieved by this way and
the interfacial interactions between them are supposed to be week due to the lake
of chemical bondings; and (d) thin EMI shields will be eagerly needed with mod-
ern electronic devices getting smaller and lighter, while the thickness of current
PGN shields is always more than 2 mm. However, good news is that the absorp-
tion mechanism for the PGN foam as well as its extremely high power absorptivity
makes it very promising for the microwave absorber.
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