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Nanocarbon materials are critical ingredients with unique properties in emerging materials. In this study,
various carbon nanofillers, such as carbon nanotube (CNT), graphene oxide (GO), reduced GO wrapped by
poly(styrene sulfonate) (PSS-RGO), and graphite nanoplatelet (GNP), were utilized to examine the effects
of nanofiller types and surface treatments on the electrical and rheological properties of polystyrene (PS)
nanocomposites prepared by latex-based process. The PS/CNT nanocomposites exhibited the most
enhanced electrical and rheological properties among the composites evaluated. The PS/GO nanocompos-
ites showed improved rheological properties and significantly increased electrical conductivity, despite the
decrease in the intrinsic properties of graphene due to the change in hybridization from sp2 to sp3 by strong
acid treatment. Interestingly, they exhibited higher conductivity than PS/PSS-RGO due to the higher
graphene moiety and the thermal reduction of GOs during compression molding. The PS/GNP nanocom-
posites showed marginal enhancement because GNP is a larger aggregate of graphene layers bonded by van
der Waals force. The results of this study on the electrical and rheological properties, surface modification,
and size and dispersion of conductive nanofillers in an insulating polymer matrix are beneficial for the
development and application of electrically conductive nanocomposites.
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1. Introduction

Various forms of natural and artificial composite mate-
rials have been extensively used. Currently, nanocompos-
ites play a major role as functional materials for
reinforcement and electrical conduction (Mezzenga and
Ruokolainen, 2009). A considerable interest has arisen in
fabrication methods of nanocomposites containing a poly-
mer matrix and nanoscale fillers. These polymer nano-
composites can be facilely produced by the incorporation
of nanofillers into a polymer matrix. Nanofillers are
defined as fillers with at least one dimension measuring
<100 nm. Nanofillers can substantially improve the opti-
cal, mechanical, magnetic, thermal and electrical proper-
ties of composites (Manias, 2007). The high specific
surface area of nanofillers provides minimal disruption to
the polymer matrix (Njuguna et al., 2008). Nanofiller-
based composites show superior reinforcement and func-
tional enhancement over conventional microfiller-based
composites (Šupová et al., 2011). Polymers generally fea-
ture excellent processability but poor conductivity except
for high-performance polymers and conjugated polymers.
Electrically conductive polymer composites have been
widely utilized for engineering applications such as elec-
tromagnetic interference shielding (Al-Saleh et al., 2013),

thermal interface materials (Shahil and Balandin, 2012),
electrostatic discharge protection (Smith et al., 2004),
antistatic protection (Ma et al., 2006), flexible optoelec-
tronics and electronic devices (Wang et al., 2008). The
polymer nanocomposites with tunable electrical conduc-
tivity have shown increasing demand every year (Chizari
et al., 2017; Zhan et al., 2017).

The electrical conductivity of polymer nanocomposites
is highly dependent on the concentration of the conductive
nanofiller (Zhan et al., 2017). The percolation threshold of
nanocomposites is defined as the theoretical nanofiller
content required to provide the conducting path through
the polymer matrix (Kalaitzidou et al., 2007). At low
nanofiller concentrations, the fillers are rarely connected
to one another, thereby endowing the nanocomposites
with an electrical conductivity as low as that of the pure
insulating polymer matrix. The electrical conductivity of
polymer nanocomposites rapidly increases by several
orders of magnitude at the suitable nanofiller concentra-
tions, causing the formation of a nanofiller-interconnected
network structure throughout the matrix. This phenome-
non enables the transition from an electrically insulating
composite into a conductive composite (Sandler et al.,
2003). Above this electrical percolation threshold, addi-
tion of nanofillers into the polymeric matrix can improve
the conductivity (Ma et al., 2010). By contrast, the high
loading of conductive nanofillers aggravates the mechan-*Corresponding author; E-mail: sjlee@suwon.ac.kr
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ical properties and pecuniary advantages of the polymer.
Achieving the low electrical percolation threshold is a key
factor to developing light-weight, economically viable
next-generation conductive nanocomposites (Ramanathan
et al., 2008). 

Considering that the conductivity of a composite is
directly related to the nature of nanofillers, selecting
developed nanofillers has been subjected to extensive
research (Bagotia et al., 2018; Zhang et al., 2019). In most
composite systems, inorganic fillers, such as metal nano-
materials, are incorporated into a polymeric matrix (Kart-
tunen et al., 2008; Sureshkumar et al., 2015). Electrically
conductive metallic polymer nanocomposites present cer-
tain disadvantages, such as corrosion, heaviness, high cost
and processing difficulties due to metal materials (Al-
Saleh, 2015). To overcome the hitches of metallic fillers,
researchers have utilized carbonaceous fillers, including
graphene (Li et al., 2014), carbon nanotubes (CNTs) (Kim
et al., 2018), graphite nanoplatelets (GNPs) (Li and Zhong,
2011) and carbon black (Huang, 2002) with extraordinary
properties, maintaining the electrical conductivities of
polymer composites as high as the metallic composites.
The overall properties of carbonaceous allotrope nano-
filler-based composites strongly depend on the nature of
host polymer, processing technique, size and volume frac-
tion of nanofillers, degree of aggregation, and orientation
of conductive network (Bhattacharya, 2016; Brigandi et

al., 2014). The rheological characteristics of nanocompos-
ites also noticeably change through the incorporation of a
high aspect-ratio carbonaceous nanofillers (Zhang et al.,
2008). Excellently conductive carbonaceous nanofillers
are remarkably expensive. Hence, polymer nanocompos-
ites with carbonaceous nanofiller are in their early stage of
commercialization, and extensive effort is still needed to
improve the overall outcome of conductive composites.

The simple mixing of nanosized carbon fillers with a
polymer matrix is not a straightforward process due to
poor dispersion of nanofillers. Predominantly, van der
Waals force between carbon nanofillers leads to their
agglomeration (Narh et al., 2008). For example, the poor
dispersion and weak interfacial adhesion between the
graphene nanofiller and the polymer matrix result in
agglomeration (Kuilla et al., 2010). Graphene oxide (GO)
is of eminent interest as an alternative form of atom-thick
carbon scaffold nanofillers. GO contains a two-dimen-
sional platelet-shaped sheet with abundant oxygen-rich
functional groups (Stobinski et al., 2014), which is hydro-
philic but non-conductive; a reduction step is required to
recover the electrically conductive properties. Using effec-
tive chemical reducing reagents and high-temperature
reduction routes produce reduced GO, sacrificing hydro-
philicity (Pei and Cheng, 2012). This phenomenon leads
to the aggregation of reduced GO in the composites. To
prepare agglomeration-free polymer nanocomposites,

numerous methods, such as direct melt processing (Steurer
et al., 2009), coagulation (Ramanathan et al., 2008), in-
situ polymerization (Trujillo et al., 2007), and latex blend-
ing (Wu and Chen, 2008), were introduced. Furthermore,
modification of the conductive nanofiller surface with a
conjugated polymer improves the dispersion quality of the
nanocomposite while maintaining its intrinsic properties.
Covalent modifications substantially reduce electrical con-
ductivity by the change from sp2 to sp3 structure, whereas
physical modifications such as - interactions between
graphene and conjugated polymers preserve sp2 hybrid-
ization orbitals (Song et al., 2021). For instance, poly(sty-
rene sulfonate) (PSS)-stabilized graphene platelet nanofiller
(Yoo et al., 2014) and poly(N-vinylpyrrolidone)-grafted
polymer (Long et al., 2013) decreased the agglomeration
of nanofillers. Another major issue in preparing carbona-
ceous nanocomposite is the usage of organic solvents
(Compton and Nguyen, 2010), which are harmful to the
environment and limit the processing temperature range.

Latex-based process is one of the protocols to overcome
aggregation, which allows the straightforward incorpora-
tion of predominantly individual nanofillers into a highly
viscous polymer matrix (Mechrez et al., 2014). This pro-
cess is involved with mixing a stabilized aqueous nano-
filler dispersion with a polymer latex, followed by freeze-
drying and compression molding (Tkalya et al., 2010;
Regev et al., 2004). Latex-blended nanocomposites also
show low percolation threshold and good electrical con-
ductivity due to good dispersibility. In addition to facile
incorporation, the latex process is environmentally friendly,
versatile, reproducible, and reliable. This process requires
no toxic solvents and can be easily scaled up with high
dispersion qualities. It can be easily extended to various
polymers synthesized by emulsion polymerization (Cai
and Song, 2008; Dufresne et al., 2002; Grossiord et al.,
2005).

Conductivity varies with many factors, such as the thick-
ness of samples, polymer matrix type, fabrication method,
and processing conditions. To further understand and
develop the carbonaceous polymer nanocomposites, com-
parative studies based on different carbon nanoallotropes
are required. In view of the limited comparative studies,
the present work focused on nanocomposites consisting of
polystyrene (PS) and four different conductive nanofillers,
such as CNT, GO, reduced GO wrapped by PSS (PSS-
RGO), and GNP.

2. Experimental

2.1. Materials
Potassium persulfate (KPS, 30 wt% in H2O), sodium

dodecylsulfate (SDS), hydrazine monohydrate, graphite
(average particle size of < 20 μm), and PSS (70,000 g/
mol) were purchased from Sigma Aldrich (St. Louis, MO,
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USA). Styrene monomer (Samchun Chemical, Seoul,
Korea) was purified by vacuum distillation prior to use.
Deionized (DI) water was purified by Option-Q (PureLab,
ELGA, High Wycombe, UK). H2SO4, KMnO4, H2O2, HCl,
and ethanol were obtained from Samchun Chemical.
Multi-walled CNT (NC-7000) was purchased from Nano-
cyl (Sambreville, Belgium). P2O5 was obtained from Kanto
Chemical (Tokyo, Japan). GNP (xGnP M-5) was pur-
chased from XG Science (Lansing, MI, USA). The SEM
images of CNTs and GNPs are shown in Fig. 1.

2.2. Synthesis of monodispersed PS particles
Monodispersed PS particles with an average diameter of

ca. 500 nm were synthesized via emulsifier-free emulsion
polymerization (Song et al., 2021). A total of 43.2 mL
ethanol and 360 mL DI water were placed in a three-neck
double-jacket Pyrex reactor under N2 atmosphere. A total
of 40 mL styrene and 0.3676 g KPS (water-soluble initi-
ator) were added to the reactor. Polymerization was car-
ried out at 70°C for 24 h at a stirring speed of 300 rpm.
The PS particles were purified by centrifugation and
washing cycles with ethanol and DI water.

2.3. Preparation of GO
GO sheets were synthesized via graphite oxidation

based on modified Hummers method (Kovtyukhova et al.,
1999). For preoxidation, 2.0 g graphite flake was added
into the solution mixture comprising 5.0 mL H2SO4, 0.8 g
K2S2O8, and 1.0 g P2O5 and the whole solution was stirred
for 6 h. Afterward, the suspended mixture was diluted
with DI water and centrifuged repeatedly to achieve neu-
tral conditions. Then, it was vacuum dried after glass-fil-
tering the suspension. For oxidation, 2.0 g graphite
prepared at the preoxidation stage was added slowly to the
cooled solution (0°C in an ice bath) of 46 mL H2SO4 and
6.0 g KMnO4 to keep the temperature of the mixture
below 20°C. Then, the mixture was heated up to 35°C and
stirred for 2 h. Subsequently, 92 mL DI-water and 5.0 mL
H2O2 were added to the mixture. When the color of the
mixture transitioned to bright yellow, 375 mL DI water
and 125 mL of 5 wt% HCl aqueous solution were added
and stirred for 1 h. Subsequently, the mixture was diluted

with DI-water and centrifuged to neutral condition. The
resultant GO nanosheets were obtained by filtering and
drying.

2.4. Preparation of PSS-RGO
PSS-RGO sheets were prepared by the modification of

previously reported procedures involving the chemical
reduction of aqueous GO suspensions (Stankovich et al.,
2006). The GO suspensions (200 mL, 1 g/L) were soni-
cated for 30 min using an ultrasonication bath (Branson
3510, Branson Ultrasonics Co., Danbury, CT, USA), and
then 2 g PSS was added and dispersed at 50°C for 4 h.
Afterward, 4 mL hydrazine monohydrate was added and
heated under reflux at 100°C for 24 h. Excess PSS and
hydrazine monohydrate were removed by repeated filtra-
tion (Nylon filter, pore size of <0.2 μm) and washing
cycles. Finally, PSS-RGO sheets were obtained by drying
the residual solid at 80°C for 2 h.

2.5. Preparation of PS/nanofiller nanocomposites by

latex-based process
PS/GO nanocomposites were fabricated through the fol-

lowing procedure. GO nanosheets were dispersed in DI
water and sonicated at 20 W for 30 min with an ultrasonic
probe (VC 505, Sonics & Materials Inc., Newtown, CT,
USA). The GO aqueous suspension was mixed with the
synthesized PS particles and ultrasonicated again for 30
min with the probe. The homogeneously dispersed PS/GO
mixture was abruptly frozen with liquid nitrogen, after
which the aqueous moiety in the frozen mass was removed
by freeze-drying (FD-1000, EYELA, Tokyo Rikakikai
Co., Tokyo, Japan). Finally, the freeze-dried PS/GO nano-
composite powders were compression-molded into 1-2
mm thick disk-type samples with a diameter of 25 mm at
180°C for 5 min. The fabrication procedure for the PS/
PSS-RGO nanocomposites was the same as that for the
above GO nanosheets. For the preparation of PS/CNT or
PS/GNP nanocomposites, surfactant SDS was added to

Fig. 1. SEM images of commercial carbon nanofillers used in
this study: (a) CNTs (NC-7000, Nanocyl) and (b) GNPs (M-5,
xGnP).

Fig. 2. (Color online) Procedure for fabrication of PS/nanofiller
nanocomposite by latex-based process.
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aid the aqueous dispersion of CNT or GNP. The weight
ratios of SDS:CNT and SDS:GNP were 2 and 1, respec-
tively. Figure 2 shows a schematic diagram of the proce-
dure for the preparation of the PS/nanofiller nanocomposites
by latex-based process.

2.6. Characterization
The size and morphology of PS particle, carbon nano-

fillers, PS/nanofiller freeze-dried powder, and fracture sur-
face of nanocomposites were investigated with field-
emission scanning electron microscopy (FE-SEM, JSM
6700F, Jeol, Akishima, Japan). Thermogravimetric analy-
sis (TGA, STA 409, Netzsch, Selb, Germany) of graphene
nanofillers was carried out at a heating rate of 10°C/min
under N2 from room temperature to 600°C. Fourier trans-
form infrared (FT-IR) spectroscopy was performed on a
Spectrum Two (Perkin Elmer, Waltham, MA, USA). Pow-
der X-ray diffraction (XRD, D8 Advance, Bruker, Biller-
ica, MA, USA) was carried out using a diffractometer
with CuKα radiation. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a Sigma Probe
(Thermo Fisher Scientific, Waltham, MA, USA).

The electrical properties of the nanocomposites were
measured with a picoammeter (Keithley 6487, Keithley
Instruments, Solon, OH, USA) and a digital multimeter
(Fluke 189, Fluke Corp., Everett, WA, USA). After apply-
ing silver paste (Elcoat P-100, CANS, Tokyo, Japan) on
both sides of the specimens, the resistance of the sample
was measured. The electrical conductivity was calculated
from the following equation,

, (1)

where , , R, d, and S denote the electrical conductivity,
resistivity, resistance, sample thickness, and sample cross-
sectional area, respectively.

The rheological properties of the nanocomposites were
investigated with a rotational rheometer (MCR 300, Anton
Paar, Graz, Austria) in small-amplitude oscillatory shear
mode using parallel plate geometry. After confirming that
the amplitude was recorded within the linear viscoelastic
range, frequency sweeps between 0.03 and 100 s-1 were
performed at a strain amplitude of 3% throughout the
measurements. All measurements were conducted at
210°C.

3. Results and Discussion 

The morphology of polymer nanocomposites is import-
ant in predicting and correlating various properties. Nano-
composites are typically subjected to morphological
examination by SEM. The properties of nanocomposites
are determined by the types, size, concentration, and dis-
persion of the nanofillers and molecular weight (MW) of
the polymers. For instance, the MW of PS increases with

decreasing size of PS particles, thereby influencing mor-
phologies and mechanical properties (Paine et al., 1990).
Herein, considering that the characteristics of the synthe-
sized monodispersed PS particles were identical, the prop-
erties of nanocomposites can be influenced by the types of
nanofiller and the associated polydispersity. Figure 3
shows the nanocomposite powder mixtures consisting of
monodispersed PS particles and each nanofiller. As can be
seen in Fig. 3(a), CNTs are well-dispersed in PS particles.
The SDS molecules adsorbed on CNT attenuate the aggre-
gation of CNT nanofillers in the aqueous solution. How-
ever, when the surface-to-surface interparticle distance
between the CNT nanofillers becomes smaller than the
diameter of SDS micelle, the micelle is excluded with
depletion volume, resulting in CNT aggregation due to
capillary forces (Bonard et al., 1997). Figures 3(b) and
3(c) display the PS/GO and PS/PSS-RGO nanocomposite
powder mixtures, respectively. GO and PSS-RGO with
platy structures were coated on the PS particles with nano-
filler connections. GO was exfoliated with good dispersity
due to the combination of oxidation and ultrasonication
during preparation. In addition, freeze-drying impeded
aggregation and phase separation during drying. The mor-
phology of PS/PSS-RGO was analogous to that of PS/GO.
The hydrophilic PSS was attached to the GO surface in
aqueous solution, and then PSS-GO was chemically
reduced with hydrazine monohydrate while preventing the
aggregation of GO platelets (Stankovich et al., 2006; Jo et

al., 2011). This delicate process enhanced the dispersion
and chemical reduction at the same time. By contrast,
GNP was thicker and broader (Figs. 1(b) and 3(d)) than
GO and PSS-RGO although these three nanofillers fea-
tured similar tabular structures. Thus, PS particles were
adsorbed on the partially aggregated GNPs, limiting the

1 d RS  

Fig. 3. SEM images of freeze-dried PS/nanofiller powder mix-
ture: (a) 3 wt% CNT, (b) 3 wt% GO, (c) 3 wt% PSS-RGO, and
(d) 15 wt% GNP. 
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homogenous nanolevel dispersion. Figure 4 shows the
cryogenic fracture surfaces of nanocomposites, which
were compression-molded with the powder mixture at
180°C for 5 min. The nanofiller dispersity of the PS/GNP
nanocomposite was poorer than that of the PS/CNT, PS/
GO, and PS/PSS-RGO nanocomposites.

XRD was utilized for the GO and GNP to probe their
crystallographic difference (Fig. 5). Given that GNPs orig-
inated from graphite, the crystallographic distance (3.3 Å,
2θ = 26.70°) between (002) GNP crystal planes was anal-
ogous to that (3.35 Å) for graphite, indicating their iden-
tical crystal structure. A peak at 2θ = 11.13° was observed
for GO, representing 7.9 Å of the distance between the
(002) GO crystal planes. This increment in distance was
observed because the oxygen-based functional units gen-
erated during oxydation spread in the space between the
GO crystal planes (McAllister et al., 2007). This phenom-
enon proved that GO was produced by graphite oxidation.

FT-IR has been routinely performed to examine surface-

modified GOs. Figure 6 shows the FT-IR spectra of GO,
thermally reduced GO (TRGO, treated at 180°C for 5
min.), and chemically reduced GO (PSS-RGO). GO
exhibited various characteristic peaks at 3400, 1735, 1622,
1414, and 1228/1045 cm-1 for –OH, C=O (carbonyl), C=C
(aromatic), C–O (carboxylic), and C–O (epoxy), respec-
tively. For TRGO, the peaks for most functional moieties
including oxygen disappeared or decreased, whereas the
peak at 1600 cm-1 for aromatic C=C relatively increased.
The peak for epoxide was still observed. These results
suggested that most –OH and –COOH groups were
reduced to C=C groups, whereas the reduction of epoxide
was not completely achieved during mild heat treatment at
180°C. PSS-RGO showed the characteristic peaks at
1190/1128/1039/1005 cm-1 as absorption frequencies of
the –SO3

– moiety in PSS (Sun et al., 2014). FT-IR analysis
confirmed that GO was substantially thermally reduced
and that PSS-RGO was encapsulated by PSS.

XPS was utilized to further confirm the synthesis of car-
bon nanofillers, such as GNP, GO, TRGO, and PSS-RGO
(Fig. 7). For GNP, the peaks at approximately 284.5, 286.8
and 288.5 eV were assigned to C–C/C=C, C–O, and C=O,
respectively. The intense peak at 284.5 eV was observed
for all samples. For GO, the second intense peak at 286.8
eV (C–O) with a shoulder at 288.5 eV (C=O) appeared
due to the synthesis via graphitic oxidation. The spectra of
TRGO showed an intense peak at 284.5 eV accompanied
by some shoulders at higher binding energies due to the
presence of oxygen linkages. The atomic C/O ratio of GO
and TRGO increased from 2.25 to 2.76 when GO was
thermally treated at 180°C, which is similar to the cases of
RGO (Jo et al., 2011; Paredes et al., 2008). The thermal
treatment for GO partially recovered the sp2 structure,
thereby possibly enhancing the electrical properties. For
PSS-RGO, the strong peak of C–C/C=C appeared as a

Fig. 4. SEM images of fracture surfaces of PS/nanofiller nano-
composites: (a) 3 wt% CNT, (b) 3 wt% GO, (c) 3 wt% PSS-
RGO, and (d) 15 wt% GNP.

Fig. 5. (Color online) XRD patterns of GO and GNP.

Fig. 6. (Color online) FT-IR spectra of GO, TRGO, PSS, and
PSS-RGO.
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result of chemical reduction of GO, and the C/O ratio
increased to 4.14. The overall shape and peak positions of
corresponding bonds were maintained after adding PSS,
which indicates the strong π-π interactions and good com-
patibility between RGO and PSS chains. Compared to
TRGO, the chemically reduced PSS-RGO showed weaker
shoulders for oxygen-containing binding energies, indicat-
ing that PSS-RGO was reduced more strongly than
TRGO.

TGA is a facile method to predict chemical degradation,
surface modification, and chemically structural change by
detecting the weight loss of a material. As shown in Fig.
8, the residual weight of CNT showed 95.7 wt% at 600°C,

but decreased to 68.9 wt% at 800°C, indicating that it was
thermally stable up to 600°C. The weight of GO started to
decrease at 200°C due to the decomposition of labile oxy-
gen-containing functional groups, yielding CO, CO2 and
H2O. The GO weight of 46.8 wt% remained at 800°C. The
weights of residual compounds for PSS and PSS-RGO at
800°C were 54.5 and 65.6 wt%, respectively. Compared
with the weight loss of GO at 220°C, PSS-RGO did not
follow this trend, indicating that it was almost completely
reduced during chemical reduction. The GO chemically
reduced by hydrazine monohydrate (RGO) was also ana-
lyzed to determine the PSS moiety in PSS-RGO. The
weight of RGO was 76.7 wt% at 800°C. From the residual
weights of RGO, PSS and PSS-RGO, the PSS content of
PSS-RGO was determined to be about 50 wt%, indicating
that RGO was encapsulated with PSS chains of equal
weight. PS showed a drastic weight loss in the range of
400-450°C, and weights less than 0.1 wt% were remained
at 800°C. The surfactant SDS showed a sharp decrease of
weight in the range of 200-300°C, but 26.7 wt% still
remained at 800°C due to undecomposed S- and Na-bind-
ing compounds.

The electrical properties of nanocomposites consisting
of conductive nanofillers and insulating polymers are an
attractive phenomenon giving high electrical conductivity
obtained by the incorporation of a small amount of nano-
fillers into a polymeric matrix. In addition to type, aspect
ratio, and concentration of nanofillers, the dispersion of
nanofillers in a polymer matrix strongly influences the
electrical conductivity of nanocomposites (Du et al., 2004;
Kim et al., 2019). Figure 9 shows that the electrical con-
ductivities of nanocomposites were highly determined by
the nanofiller content and types. Their electrical conduc-
tivities were as low as that of the pristine PS (ca. 10-11 S/

Fig. 7. (Color online) C 1s XPS spectra with deconvoluted peaks:
(a) GNP, (b) GO, (c) TRGO, and (d) PSS-RGO.

Fig. 8. (Color online) TGA of CNT, GO, RGO, PSS, PSS-RGO,
SDS, and PS.

Fig. 9. (Color online) Electrical conductivity of PS/nanofiller
(PS/CNT, PS/GO, PS/PSS-RGO, and PS/GNP) nanocomposites.
The solid line represents a regression fit to the power-law relation
shown in Eq. (2).
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m), that is, below the electrical percolation threshold of
each composite. Above this threshold, the conductivities
significantly increased. These phenomena represented the
formation of conductive networks, which was consistent
with the SEM studies. The electrical behavior of polymer
nanocomposites complied well with the percolation theory
predictions despite the possible barriers, such as surfactant
molecules, monolayer coating, and gaps in the composites
(Balberg, 2009; Wu et al., 2006). The electrical percola-
tion threshold is typically determined by a power–law
relationship between electrical conductivity and nanofiller
loading, as follows, 

σ ∝ (m – mc)
b, (2)

where σ, m, mc, and b denote the electrical conductivity of
nanocomposite, weight percent of nanofiller, electrical
percolation threshold, and critical exponent related to the
system dimension, respectively. Table 1 summarizes the
experimental parameters of nanocomposites, regression-
fitted by Eq. (2). The critical exponent b is an index cor-
related with the microstructural properties of composites
(Hu et al., 2006). The b value for polymer composites
with globular fillers is generally ca. 1.9, and that with
fibrous fillers is above 2 (Weber and Kamal, 1997).

The electrical conductivity of the PS/GO nanocomposite
was higher than anticipated, and such result was caused by
the partially recovered graphene structure due to thermal
reduction. The thermal reduction of GO may occur during
composite fabrication such as high temperature melt blend-
ing and compounding. PS/PSS-RGO showed a lower elec-
trical conductivity than PS/GO, despite their similar
morphologies (Figs. 3 and 4) and rheological properties
(Fig. 10). Whereas PSS-RGO was highly chemically
reduced as seen in Fig. 7(c), the electrically insulating PSS
impeded the electrical network and the graphene portion
of PSS-RGO was lower than that of TRGO as mentioned
in the TGA results. Thus, the two negative factors for
electrical conductivity enhancement prevailed over the
positive factors by chemical reduction. In terms of PS/
CNT nanocomposite, the adsorbed SDS on CNT surfaces

Table 1. Summary of the experimental parameters of conductive
nanocomposites, where m

c
, b and 

max
 stand for electrical perco-

lation threshold, critical exponent, and maximum electrical con-
ductivity

Nanofiller
m

c

 [wt%]
b


max

 [S/m]

CNT 0.23 3.34 3.42E+0 (4 wt%)
GO 0.50 3.82 6.93E-1 (5 wt%)

PSS-RGO 1.01 2.60 6.92E-4 (5 wt%)
GNP 5.82 6.37 1.66E+1 (30 wt%)

Fig. 10. (Color online) Rheological properties (storage modulus and complex viscosity) of PS/nanofiller composites: (a) PS/CNT, (b)
PS/GO. (c) PS/PSS-RGO, and PS/GNP nanocomposites.
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improved the aqueous dispersion. After achieving stable
dispersion in the matrix, the low-MW and heat-sensitive
SDS can be easily desorbed from the CNT surfaces during
melt processing, leading to the sturdy CNT-CNT network
formation with the highest electrical conductivity. More-
over, the electrical conductivity of PS/CNT must be
higher than that of PS/GO because of the GO damaged by
acid treatment, incomplete reduction of GO, and high
aspect ratio of CNT. The PS/GNP nanocomposite showed
an electrical conductivity as high as that of PS/CNT
because of the well-developed sp2 structure and no oxi-
dation step as in the case of CNT, thereby maintaining the
intrinsic properties. However, the electrical percolation
threshold of PS/GNP was considerably higher than that of
PS/CNT because of much bigger size and poorer disper-
sity. Thus, in terms of the electrical percolation threshold,
PS/CNT exhibitd a superior performance, whereas PS/
GNP showed the poorest. For the electrical conductivity,
PS/PSS-RGO was the lowest.

The rheological properties of nanocomposites is highly
correlated with various factors, including particle disper-
sion, viscoelasticity, mixing behavior, productivity rate,
and energy consumption; their applications range from
paints to electronics (Nikolić et al., 2011; Lee et al.,
1999). Accordingly, the nanocomposites fabricated in this
study were subjected to rheological investigation for the
dispersion characteristics, microstructural transition, and
viscoelasticity. Figure 10 shows the rheological properties
of the compression-molded nanocomposites. The complex
viscosity of the pristine PS showed a Newtonian behavior
at low frequencies and a shear thinning behavior at high
frequencies, which is similar to typical polymer melts.
However, the slope of complex viscosity versus frequency
for nanocomposites became steep because of the incorpo-
ration of nanofillers, such as CNT, GO, PSS-RGO, and
GNP into the PS matrix. By contrast, the slope of storage
modulus versus frequency became gentle with increasing
nanofiller content. The infiltration of nanofillers into the
PS matrix enhanced the storage modulus. The storage
modulus (G′) of nanocomposites rarely changed as a func-
tion of frequency (ω), which was in contrast to those of
the pure PS. For monodispersed MW polymers, a terminal
behavior (G′ ~ ω2) appears at low frequency ranges. This
phenomenon is suppressed by increasing nanofiller load-
ing because the nanofiller network structure hindered the
relaxation behavior of polymers, thereby showing solid-
like characteristics instead of liquid-like characteristics
(Du et al., 2004). However, the rheological properties of
the nanocomposites at high frequencies are approaching
those of neat PS. The physical network structure between
nanofillers was destroyed due to high frequency-induced
strong shear force. Thus, the rheological properties were
influenced by the polymer matrix rather than the nanofill-

ers, leading to only a slight increment in rheological prop-
erties in the high frequency ranges as a function of
nanofiller loading. 

In the nanocomposites, except for the PS/GNP nano-
composite, the rheological properties were significantly
increased at 1 wt% addition of nanofillers. Above 1 wt%,
the rheological behavior marginally changed because the
rheological network structure was already built below 1
wt% caused by excellent dispersion (Du et al., 2004; Hu
et al., 2006), which indicates the rheological percolation
threshold is lower than 1 wt%. The PS/CNT nanocom-
posite in Fig. 10(a) showed the highest rheological prop-
erties because of the SDS-triggered homogeneous
dispersion, high aspect ratio, and no chemical damage in
CNT. The rheological properties of the PS/PSS-RGO
nanocomposite shown in Fig. 10(c) were almost identical
to the PS/GO counterpart shown in Fig. 10(b). Consider-
ing that the graphene portion of PSS-RGO was about half
of that of GO, it is speculated that the PSS-RGO nanofiller
was well dispersed in the matrix and the PSS chains sur-
rounding the GO also actively interacted with the matrix
PS chains. However, the rheological properties of 10 wt%
PS/GNP given in Fig. 10(d) showed a smaller increase
compared with those of 3 wt% PS/GO due to the sub-
stantially larger size and lower dispersibility of GNPs in
the PS matrix.

4. Conclusions

We examined the effects of carbon nanofillers (i.e.,
CNT, GO, PSS-RGO, and GNP) in the PS matrix on var-
ious properties, especially electrical and rheological prop-
erties. The nanocomposites were fabricated by the latex-
based process followed by compression molding. Chem-
ical analysis of nanofillers was performed by FT-IR, XRD,
XPS, and TGA. GO was partially thermally reduced
through heat treatment upon molding, thereby leading to
partial recovery of inherent graphene structure with
enhanced electrical properties. According to SEM images,
and electrical and rheological properties, the uniform dis-
persion of nanofillers (CNT, GO, and PSS-RGO) in the
PS matrix was confirmed, whereas the poor dispersion of
GNP was observed. The electrical percolation thresholds
of nanocomposites containing CNT, GO, and PSS-RGO
reached lower than 1 wt%. The electrical percolation
threshold of PS/CNT was the lowest (0.25 wt%) among
all the samples, whereas that of PS/GNP was over 5.8
wt% due to the poorest dispersity of GNP in the PS
matrix. Despite the highest electrical percolation thresh-
old, the PS/GNP at higher GNP contents exhibited fairly
good electrical conductivity. The results of this study can
be beneficial for the applications of electrically conductive
nanocomposites.
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