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Graphene nanoplatelet (GNP)—polystyrene nanocomposites filled with up to
20 wt.% GNPs were prepared by melt mixing. The microstructure, direct-
current (dc) electrical percolation behavior, and dielectric characteristics were
investigated as functions of frequency. In addition, the effects of dc bias on the
complex impedance and charge transport mechanisms were explored. The dc
electrical percolation curve showed a gradually transition from the insulating
to conducting state. At 15 wt.% GNP loading and frequency greater than
10* Hz, the nanocomposite exhibited dielectric constant and loss factor of 180
and 0.11, respectively, revealing remarkable storage capabilities at high fre-
quencies. For nanocomposites filled with 12 wt.% to 20 wt.% GNPs, the
alternating-current conductivity was found to follow the universal dynamic
response behavior, implying electron conduction due to tunneling in addition
to direct contact between GNPs.
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INTRODUCTION

Nowadays, there is increasing interest in devel-
opment of conductive and dielectric nanostructured
polymeric materials based on graphene for a wide
range of applications.’™ In polymer nanocompos-
ites, both single- and multisheet graphene have
been investigated as conductive nanofillers.l*®
However, multisheet graphene, known as graphene
nanoplatelets (GNPs), is more favorable because of
its cost advantage over single-sheet graphene.®!°
GNP has high aspect ratio, high electrical and
thermal conductivities, and remarkable tensile
properties. Moreover, GNPs are not as expensive
as carbon nanotubes (CNTs), since they can be
obtained by simple exfoliation of graphite. However,
because of their two-dimensional (2D) geometry,
GNPs are not as effective as one-dimensional (1D)
CNTs in creating conductive networks in polymer
matrices. Thus, GNP-based nanocomposites are
expected to have higher electrical percolation
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threshold and lower electrical conductivity than
CNT-based nanocomposites. Nonetheless, the 2D
geometry of graphene is suitable for energy storage
applications, and the anisotropic electrical and
optical properties of graphene are considered advan-
tageous for applications such as flexible transparent
electrodes.!! Moreover, conductive composites based
on GNPs have potential applications in batteries,
conductive coatings, sensors, and electromagnetic
interference (EMI) shielding materials.'?

Recently, several studies have appeared on the
electrical, > 1° dielectric,”'® and EMI shielding®®'”
characteristics of graphene—polymer nanocompos-
ites; For example, Monti et al.? studied the electri-
cal and dielectric properties of GNP-epoxy
nanocomposites. The alternating-current (ac) con-
ductivity of a nanocomposite filled with 12 wt.%
GNPs was found to follow the universal dynamic
response (UDR) behavior. Martin-Gallego et al.'®
compared the electrical percolation threshold (EPT)
of CNT—epoxy with that of expanded graphite (EG)—
epoxy. The CNT-based nanocomposite showed lower
EPT because of the rod-like, 1D geometry of CNTs,
which is more effective than the sheet-like, 2D
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geometry of graphene for building conductive net-
works. Xu et al.'® analyzed the dielectric properties
of EG—fluoroelastomer nanocomposite as functional
filler loading. Nyquist plots of complex impedance
were found to yield good semicircles, revealing a
single relaxation time due to polarization. Paszkie-
wicz et al.?° reported an EPT of only 0.05 wt.% for
EG—polyethylene terephthalate prepared by in situ
polymerization. This low percolation threshold was
attributed to the high aspect ratio and perfect
dispersion of the EG sheets. However, for nanocom-
posites prepared by dry mixing of EG powder with
polymer powder, both Panwar et al.®> and Srivas-
tava et al.?! reported an EPT of 2 vol.% (4 wt.%).

In this work, the microstructure, direct-current
(dc) electrical properties, dielectric characteristics,
and energy storage capabilities of melt-mixed GNP—
polystyrene (PS) nanocomposite filled with up to
20 wt.% GNPs were investigated. In addition, the
mechanisms of electron transport were investigated
as a function of GNP concentration, dc bias, and
frequency. Melt mixing is a favorable compounding
process in the composite industry because it is
simple, environmentally friendly (with no need for
solvents), and cost advantageous compared with
in situ polymerization and solution processing
techniques.

EXPERIMENTAL PROCEDURES
Materials and Nanocomposite Preparation

GNP-PS nanocomposites were prepared by melt
mixing in a small (55 cm?®) batch mixer (Plastograph
EC, Brabender, Germany). In a typical experiment,
x g GNP (xGnP-M, average diameter = 5 um, aver-
age thickness =7 nm, XG Sciences, USA) was
mixed with 30.0 g PS (PS 125, SABIC, Saudi
Arabia). The mixing conditions were as follows:
mixing time 13 min (3 min for polymer fusion and
10 min for GNP-PS compounding), mixing temper-
ature 190°C, and mixing speed 100 rpm. After melt
compounding, the nanocomposites were placed in a
compression molding machine (Carver Inc., USA) to
prepare 1.0-mm-thick rectangular (4 cm x 2 c¢m)
plates. The molding was conducted at 220°C and
25 MPa pressure for 10 min.

Characterization Tools

The GNP-PS microstructure was investigated by
scanning electron microscopy (SEM; Quanta 450
FEG, FEI). Before imaging, the GNP-PS composites
were fractured in liquid nitrogen, or thick sections of
GNP-PS nanocomposite were obtained using an
ultramicrotome (Reichert-Jung, Ultracut E). The
thick sections and fractured surfaces were then
coated with a thin layer of gold using a sputtering
machine (Q150R ES, Quorum Technologies Ltd.,
UK). The dc electrical resistivity was measured using
two setups. For nanocomposites with resistivity

>10° Q cm, a Keithley 6517B electrometer con-
nected to a Keithley 8009 two-electrode test fixture
was used. For conductive materials, a Keithley 2010
digital multimeter connected to a four-wire probe
was used. The reported dc conductivities represent
averages of at least four rectangular specimens.

Impedance characterization was carried out using
an impedance/gain phase analyzer (Solartron-1260
with 1296 dielectric interface, Solartron Analytical).
Measurements were carried out at room tempera-
ture in the dc bias range of 0 V to 4 V and frequency
range of 10° Hz to 10 Hz. Z-60 and Z-View software
(Scribner Associates, NC, USA) were used for data
processing. Based on the obtained amplitude and
phase shift of the resulting current, the components
of the complex impedance components, i.e., real (Z”)
and imaginary (Z”), were calculated, yielding the
dielectric permittivity, loss factor, and ac conduc-
tivity.

RESULTS AND DISCUSSION
Microstructure

Figure 1 shows a SEM image of the 6 wt.% GNP-
PS nanocomposite. It is evident that the GNP
particles are randomly dispersed within the PS
matrix. These randomly dispersed particles have
irregular geometry with equivalent diameter of a
few microns. The absence of voids at the GNP-PS
interface indicates excellent adhesion between the
GNPs and PS matrix. No major agglomerates, at
micron scale, were observed during SEM analysis,
revealing a good level of GNP dispersion. Investi-
gation of the GNP dispersion at nanoscale, as
representatively shown in Fig. 2, showed that the
GNPs were dispersed as individual sheets and
aggregates of tens of GNP sheets.
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GNP aggregate
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Fig. 2. High-magnification SEM image showing the dispersion of
GNPs as aggregates and individual sheets.

dc Conductivity

Melt-mixed GNP-polymer nanocomposites are
heterogeneous systems in which the GNP particles
are randomly dispersed in the insulating PS matrix.
At the EPT, the nanoparticles form a conductive
network and transform the nanocomposite from the
insulating to conducting state. Figure 3 shows the
dc conductivity of the GNP-PS nanocomposites as a
function of GNP concentration. It is apparent that,
at GNP loading up to 6 wt.%, the nanocomposite is
not conductive. However, in the concentration range
of 7Twt.% to 10 wt.%, there is a gradual but
significant increase in the electrical conductivity.
In the aforementioned concentration range, the
electrical conductivity increased by almost six
orders of magnitude, revealing a gradual (not sharp)
transformation from the insulating to conducting
state. Theoretically, the EPT for the GNP-PS
nanocomposite can be estimated based on the
following model?*:

2
EPT — (27”7]'”)3 (1)
4(D + IPD)
This model was developed for nanofiller with disc-
shape geometry and based on the average interpar-
ticle distance (IPD) concept.?? In the model, D and ¢
are the GNP diameter and thickness, respectively.
For composite systems, IPD less than or equal to
10 nm is needed to allow conduction by electron
tunneling.?? Thus, based on an IPD of 10 nm and
GNP dimensions of { = 7 nm and D = 5 um (accord-
ing to manufacturer information), a theoretical EPT
of 3 vol.% GNPs (~6 wt.%) is obtained. However,
since the GNP particles were not perfectly dispersed
within the PS matrix, the experimentally obtained
EPT was ~5.0 vol.% (~10 wt.%). This finding, along
with the SEM microstructure analysis, reveals that

Al-Saleh and Abdul Jawad

-10

Log [ (Q2-cm)]

12
-14
-16

-18
0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 22%

GNP wt%

Fig. 3. Electrical percolation curve of melt-mixed GNP-PS
nanocomposite.

the GNP dispersion is good with minor agglomer-
ates. Further improvement in GNP dispersion
would remarkably decrease the EPT.

Complex Electrical Impedance

It is widely accepted that proper analysis of
dielectric relaxation profiles can provide valuable
information about the microstructure and electrical
properties of heterogeneous systems.?> 2" Electrical
impedance is a complex quantity (Z = Z’ + iZ”), in
which the real part represents the resistance of the
material while the imaginary part represents the
reactance (i.e., loss factor) of the material. Based on
the complex impedance, the bulk resistance and
capacitance can be determined. Figure 4 depicts the
real part of the complex impedance as a function of
frequency and GNP concentration. For composite
materials at filler loading below the electrical
percolation threshold, Z’ decreases with increase
in frequency over the entire frequency range. This
behavior was observed for composites filled with up
to 10 wt.% GNPs. The inset of Fig. 4 shows the Z’
profile of the 10 wt.% GNP-PS nanocomposite as an
example for this behavior. However, above the EPT,
the GNP-PS nanocomposites exhibited a frequency-
independent plateau (resistive-like behavior) at low
frequencies followed by a frequency-dependent
region (capacitive-like behavior) at higher frequen-
cies, as shown in Fig. 4 for nanocomposites filled
with 12 wt.%, 15 wt.%, and 20 wt.% GNPs. Figure 4
also shows a clear decrease in the Z’ plateau with
increasing GNP mass fraction. This trend reflects
the increase in the number of conductive pathways
within the composite with increasing GNP
concentration.

The frequency at which the Z’ profile of the
composite switches from frequency independent to
frequency dependent is called the characteristic fre-
quency (f.). This frequency is clearly seen to increase
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Fig. 4. Real part of complex impedance as function of frequency and
GNP mass fraction. Inset shows Z for the 10 wt.% GNP-PS
nanocomposite.
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Fig. 5. Imaginary part of complex impedance as function of fre-
quency and GNP mass fraction. Inset shows Z” for the 10 wt.%
GNP-PS nanocomposite.

with increase in the GNP content; For example, it is
4 x 10% Hz for the 12 wt.% GNP nanocomposite but
6 x 10° Hz for the 20 wt.% GNP nanocomposite. The
broadening of the resistive-like region with increase
in the GNP concentration can be ascribed to increase
in the nanocomposite conductivity with increase in
the GNP concentration.'® However, the characteristic
frequencies of the GNP-PS nanocomposites are much
lower than our previously reported characteristic
frequency for CNT-acrylonitrile/butadiene/styrene
(ABS) nanocomposite, where an f, of 10* Hz was
reported for 0.25 wt.% CNT-filled nanocomposite.?®
This is related to the 1D structure of the CNTs, which
is very effective for building 3D conductive networks.
Nevertheless, for the 12 wt.% to 20 wt.% GNP-PS
composites, the presence of both frequency-indepen-
dent and frequency-dependent regions means that
the conduction in this composite is due to both
tunneling and direct contact between GNP particles.
The capacitive behavior of the GNP-PS nanocom-
posites was also confirmed from the damping pro-
files of Z”, as shown in Fig. 5. The GNP-PS
nanocomposites showed clear damping behavior,
where the peak of the imaginary impedance is seen
to decrease and shift towards higher frequency with
increase in the GNP concentration from 12 wt.% to
20 wt.%. This trend reflects the increase in the
nanocomposite conductivity with increase in the
GNP content. Similar behavior was reported for
CNT-polysulfone composites®® and exfoliated gra-
phite—flouroelastomer composites.*?

Nyquist Plots

Figure 6 shows Nyquist plots for the complex
impedance of the GNP-PS nanocomposites. The
10 wt.% GNP-PS nanocomposite is an insulator
and thus did not show semicircle behavior. However,
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Fig. 6. Nyquist plot of GNP-PS nanocomposites. Inset shows Ny-
quist plot for the 10 wt.% GNP—PS nanocomposite.

the nanocomposites filled with at least 12 wt.% GNPs
showed a clear semicircle, revealing the presence of a
single relaxation time.'® The diameter of the semi-
circle, which represents the nanocomposite resis-
tance, decreased with increase in the GNP content. In
addition, the center of the semicircle, which repre-
sents the distance between nanoparticles, is seen to
move with increase in the GNP content.>°

Permittivity

Based on the complex impedance, the complex
relative permittivity (¢ = ¢ +i¢”) and loss factor
[tan(d)] can be calculated as follows:
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g = ﬁ (2)
¢ = %;Zz’ (3)
Co =10, (4)
tan(o) = 2—,,/ = 5_/// (5)

In the above equations, ¢ and ¢’ are the real and
imaginary parts of the complex relative permittiv-
ity, Co is the geometric capacitance, f is the fre-
quency in Hz, & is the vacuum permittivity
(= 8.85 x 1072 F/m), A is the contact area between
the specimen and testing electrode, and d is the
thickness of the specimen. Figure 7 shows the
influence of the GNP content and frequency on the
permittivity. It is apparent that the dielectric
constant (¢) and dielectric loss (¢”) of the nanocom-
posites increased with increase in the GNP concen-
tration. The GNP particles act as capacitor
electrodes,” the increase in concentration of which
results in an increase of interfacial polarization and
consequently an increase in ¢ and &”.2%%° For the
dielectric constant, it is apparent that the 15 wt.%
and 20 wt.% GNP nanocomposites exhibited a con-
stant ¢ of 180 over the frequency range from 10% Hz
to 10® Hz. At very low frequencies (below ~50 Hz),
the dielectric constant is seen to increase signifi-
cantly with decrease in frequency. This profile is
related to the interfacial golarization or Maxwell—
Wagner—Sillars effect.?1?> In the low-frequency
region, the remarkable decrease in ¢ with no loss
peak in the &” ;)roﬁle is characteristic of charged
carrier systems.®"2 Similar observations have been
reported by many researchers for conductive CNT-
polymer nanocomposites.?®3

Figure 7b shows that the dielectric loss decreases
with increase in frequency and/or decrease in GNP
concentration. In composite materials, ¢’ reflects
the contributions of dc conductance, interfacial
polarization, and/or dipole orientation. The log(c”)
versus log(f) profiles show straight lines with slope
of approximately —1.0 over a wide frequency region,
indicating that ¢” is mainly due to dc conductance in
this region.??* The region of linear profile is seen to
extend to higher frequencies with increase in the
GNP content due to the increased GNP networks.

For energy storage applications, a material with
high dielectric constant and low dissipation factor is
needed.?® In the previous section, it was found that
the GNP-PS nanocomposites have remarkably high
dielectric constant. To explore the potential of such
nanocomposites for energy storage, the loss factor
should be investigated. Figure 8 depicts the loss
factor as a function of frequency. A remarkable
decrease in loss factor with frequency can be
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Fig. 7. Complex permittivity of GNP—PS nanocomposites as func-
tion of CNT content and frequency: (a) real and (b) imaginary part.

observed.? A similar observation was reported for
CNT-based nanocomposite.>® At low frequency, a
loss factor as high as 700 was obtained, while at
high frequencies the loss factor approached 0.12 for
all nanocomposites. At high frequencies, the
nanocomposite is suitable for energy storage appli-
cations, since it is characterized by dielectric con-
stant of 180 and dissipation factor of 0.12. This
value is significant compared with 1.28 wt.% CNT-
polypropylene (PP), which exhibited dielectric con-
stant of ~ 150 and loss factor of ~30.%¢ Since the
performance of a good dielectric depends on both the
dielectric constant and the loss factor, Fig. 9 shows
¢/tan(o) as a function of frequency and GNP con-
tent. It is apparent that the GNP-PS nanocompos-
ites exhibit poor energy storage capabilities at low
frequencies. However, at high frequencies, ¢'/tan(d)
values exceeding 1000 can be obtained. This value
exceeds the recently reported ¢/tan(s) values for
foamed CNT-PP nanocomposite [¢/tan(s) = 500],
graphene  oxide—polyurethane  nanocomposite
[¢/tan(5) = 500], and polypyrrole-modified CNT-PS
nanocomposite [¢/tan(d) = 630].3” However, the
GNP-PS nanocomposite suffers from instability of
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Fig. 8. Dissipation factor as function of frequency of GNP-PS
nanocomposites.

tan(o) with frequency, thus more work is needed to
enhance the stability of the loss factor over a wide
range of frequencies.

ac Conductivity

The ac conductivity (o,.) behavior has been widely
used to probe the conduction mechanisms of poly-
mer nanocomposites.®® The ac conductivity can be
calculated as follows:

Oac = 2nfege”. (6)

Figure 10 shows the effects of the GNP concen-
tration and frequency on g, of the GNP-PS
nanocomposites. It is evident that the log(oy.)
versus log(f) profiles can be divided into two distinct
zones following the UDR model, expressed as®’:

Oac = 0 +A0°. (7)

In the UDR model, ¢” is the plateau of o, (i.e., the
frequency-independent conductivity), A and s are
constants, and o is the angular frequency. In ac
characterization, ¢’ is typically called oq4.; however,
herein and in order to eliminate any confusion
between the dc conductivity measured by the dc setup
and the plateau of the o, spectra, the plateau of the
04c spectra is called ¢’. According to Fig. 10, the ac
conductivity profiles of the GNP-PS nanocomposites
consist of two parts. The first part is frequency
independent and reflects the conductivity due to
direct contact between GNP particles, while the
second part is frequency dependent (Aw®) and reflects
the conductivity due to tunneling and hopping of
electrons between adjacent particles. This behavior
has been reported for nanocomposites based on
CNTs, 22940 carbon black,?® copper nanowires,*!
and EG.'®19 It is apparent that, with increase in the
GNP concentration (i.e., increase in conductive net-
works), ¢’ increased and the frequency-independent
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Fig. 9. Performance of GNP—PS nanocomposites as function of
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Fig. 10. ac conductivity of GNP—PS nanocomposites as function of
frequency and GNP content.

region broadened to higher frequencies. In the fre-
quency-dependent region, the increase in conductiv-
ity with frequency can be attributed to removal of any
charge buildup due to space charge.

Effect of dec Bias

The effects of dc bias on the dielectric properties of
12 wt.%, 15 wt.%, and 20 wt.% GNP-PS nanocom-
posites were investigated. Identical responses were
obtained regardless of the nanofiller content. Thus, in
this section, we show only profiles for the 15 wt.%
GNP-PS nanocomposite. Figure 11 shows Z’ and Z”
for the 15 wt.% GNP-PS nanocomposite as functions
of frequency and dc bias. Two major zones can be
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observed in the Z’ versus log(f) profile. The first zone
is the frequency-independent zone, which is seen to
broaden with increase in the dc bias. The presence of
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this zone over a wide range of dc bias indicates that
direct contact between particles is the dominant
conduction mechanism. The second clear zone is the
frequency-dependent zone, in which Z’ remarkably
decreases with frequency. Also, in this high-fre-
quency region, Z” exhibited a well-defined relaxation
peak and Nyquist plots of the complex impedance
showed semicircles, as shown in Fig. 12. The diam-
eter of the semicircles is clearly seen to decrease with
increase in the dc bias. Figure 13 depicts the influ-
ence of the dc bias on the ac conductivity as a function
of frequency. It is apparent that the ac conductivity
follows the UDR behavior. In addition, the critical
frequency at which the ac conductivity transforms
from frequency independent to frequency dependent
increases with increase in the dc bias due to the
increase in electron tunneling between adjacent
particles.

CONCLUSIONS

GNP-PS nanocomposites filled with up to
20 wt.% GNPs were prepared by melt mixing. The
microstructure, electrical percolation behavior, and
dielectric properties of the nanocomposites were
investigated to reveal the conduction mechanisms
as a function of GNP content and dc bias. In
addition, the energy storage capabilities of the
nanocomposites were investigated. The nanocom-
posites exhibited a good level of GNP dispersion
with electrical percolation threshold of ~10 wt.%.
The dc conductivity, ac conductivity plateau, and
characteristic frequency were found to increase with
increase in the GNP content, because of the con-
struction of more GNP networks. For nanocompos-
ites filled with 12 wt.% to 20 wt.% GNPs, two
distinct zones according to the UDR model were
observed in ac conductivity versus frequency plots.
The presence of both frequency-dependent and
frequency-independent zones means that conduc-
tion in these nanocomposites is due to tunneling
and direct contact between GNP particles. At
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frequency above 10* Hz, the 15 wt.% GNP-PS
nanocomposite exhibited remarkable storage capa-
bilities with dielectric constant and loss factor of 180
and 0.11, respectively.
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