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Abstract  Graphene, a monolayer of sp2 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 sp2 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(III) 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 μm. 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].

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/cm3, 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(II) 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 2θ/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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[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/Fe3O4/graphene 
(PMG) nanocomposites are shown in Fig. 3 [31]. In GO, the presence of different 

Fig. 2   a XRD patterns of the a GO film, b PANI/GO nanocomposite film, and c 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

Fig.  3   FTIR spectra of a graphite, b GO, c 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−1 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−1 in MG and PMG composites implies the formation 
of Fe–O bond. The two additional peaks at 1,037 and 1,088 cm−1 for MG and at 
1,044  cm−1 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−1 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−1 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−1, a 2D band at 2,696 cm−1, and a D peak at 1,346 cm−1, whereas for 
the other graphene obtained from GPTMS, the G band is located at 1,574 cm−1, 
the 2D band at 2,701  cm−1, and the D band at 1,345  cm−1. The 2D bands are  
de-convoluted in Fig. 4b [34], and the components of the 2,701 cm−1 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−1.

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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Spatially resolved Raman measurements on the CVD graphene films from a 
SiO2/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 m2 area of the 
CVD graphene sample is presented in Fig. 5a–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 ID/IG and I2D/IG. 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−1 intervals.

From Fig. 5a–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 ID/IG of the same scanned area is given in 
Fig. 5d [35]. In this figure, the ID/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 I2D/IG > 2 indicates 
monolayer graphene. Additionally, as shown in Fig. 5f [35] from the corresponding 
marked spots in Fig. 5e [35], substantial variations from I2D/IG > 2 are observed 
at monolayer locations. This observation and notably large I2D/IG > 5 values are 
the reasons for spatially non-uniform adhesion between the graphene film and the 

Fig. 5   Raman characterization of CVD graphene. All Raman maps for ID (a), IG (b), I2D (c), 
ID/IG (d), and I2D/IG. In the histograms, x-axis indicates the ratios of ID/IG and I2D/IG and y-axis 
indicates counts. All of scale bars in maps are 2 µm, 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.



32 P.N. Khanam et al.

underlying SiO2 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 SiO2/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 I2D/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−1 for the 2D peak is observed for graphene on PDMS compared 
with that on SiO2/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] 

Fig. 6   Raman spectra of 
graphene before buckling on 
SiO2/Si and after buckling on 
PDMS. The vertical arrows 
in the inset indicate the 
expected 2D band position 
(∼2,700 cm−1) change [36]. 
Copyright 2011. Reproduced 
with permission from 
American Chemical Society
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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 (pc), 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.  

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 MWCNTs 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 ×  10−3 S cm−1 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, PS/MWCNT 
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 ×  10−7 S cm−1. 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 π–π 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 MWCNTs 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 π–π 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 × 10−2 S m−1 from 2.0 × 10−13  S m−1 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 

Fig. 8   DC conductivity of PS/MWCNT/GNP nanocomposites (a) at different wt% of PS–GNP 
beads and GNP loading with various MWCNT loadings (b) with MWCNT loading. (inset) log–
log plot of σDC versus (p–pc) for the nanocomposites. Straight line in the inset is the model fit 
with the values pc =  0.041 and t =  5.93. c Schematic representation shows π–π interactions 
between GNP, MWCNT, and PS in the composites [54]. Copyright 2013. Reproduced with per-
mission from American Chemical Society
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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 × 10−5 S m−1 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 pc 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.

where pc is the percolation threshold, p is the filler content, and t 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−1, 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. 

(1)σ(p) = σ0(P − P0)
t
, for P > Pc
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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 × 1,015 and 0.14 × 1,015 Ω 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 × 10−2 S m−1 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 1015 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  

Fig. 9   Logarithm of the DC 
electrical conductivity versus 
EG concentration for the fast 
(FC) and slow (SC) cooled 
nanocomposites. Continuous 
lines are the predictions 
of percolation theory [27]. 
Copyright 2012. Reproduced 
with permission from John 
Wiley & Sons
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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 
(10−6    S  m−1) 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−1. 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−1 [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−1.

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−1 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 σc of chemically 
reduced graphene oxide (CRGO)/Polystyrene composites as a function of filler 
volume fraction ϕ. 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−1. The right and left insets respec-
tively show the plot of log σc against log(ϕ − ϕc) with ϕc 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).

Fig. 10   Electrical 
conductivity of insitu CRGO/
PS composites as a function 
of filler volume fraction [3]. 
Copyright 2012. Reproduced 
with permission from John 
Wiley & Sons
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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−1, 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 –NH2 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 π–π 
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,1-pyrenebutyrate (PB)  also acted as a stabilizer for the prep-
aration of aqueous dispersions of graphene sheets [82].



41Electrical Properties of Graphene Polymer Nanocomposites

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 × 10−14 S m−1 with 0.4 vol% of graphene to 2.38 × 10−2 S m−1 with 0.8 % 
of graphene. At 2.67 vol% the electrical conductivity reached up to 10 S  m−1 
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 sp2 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 10−13 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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