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Oxygen-plasma treated graphene nanoplatelet (OGNP), multiwalled carbon nanotube (MWCNT) and polycarbonate (PC) hybrid
nanocomposites were prepared via a melting process using a twin-screw extruder. The contents of the OGNPs were in the range
of 0.0 to 5.0 parts per hundred resin (phr), whilst the dosage of MWCNTs was kept at a constant of 2.0 wt%. Nanocomposites
containing 2.0 wt% ofMWCNTs andmixtures of 2.0 wt% ofMWCNTs at 1.5 to 5.0 phr of OGNPs had tribocharged voltages, surface
resistivities, and decay times, all within the electrostatic discharge (ESD) specification. The X-ray diffraction (XRD) and scanning
electronmicroscopy (SEM) results revealed that theOGNPs slightly intercalated anddistributed alsowithin the PCmatrix.Theglass
transition temperature (𝑇

𝑔
) and heat capacity jump, at the glass transition stages of nanocomposite, slightly changed, as the contents

of the OGNPs increased. The melt flow index (MFI) of nanocomposites significantly decreased when MWCNTs were added to
the PC resin and slightly changed as the dosage of OGNPs was increased. Tensile Young’s modulus of nanocomposites tended to
increase, as the elongation at break and impact strength decreased, when OGNP concentrations were increased.This research work
exhibited that OGNP/MWCNT/PC hybrid nanocomposites do indeed have the potential to be used in ESD applications.

1. Introduction

Nowadays, there are susceptible problems associated with
antielectrostatic discharge (ESD) properties upon the perfor-
mance of electronic circuits, because ESD impacts uponmost
industrial products and their associated qualities. Many elec-
tronic components, especially microchips, can be damaged
byESDand therefore ESDprotection of sensitive components
is necessary during manufacturing, device assembly, pack-
aging, and shipping. Electrostatic dissipating thermoplastic
composites have successfully eliminated ESD failures inmany
applications of the electronics industry, such as injection
moldable packaging and in-process trays. Various conductive

fillers are currently available to material engineers, including
carbon fibers (CFs), carbon black (CB), carbon nanotubes
(CNTs), metallic powders, flakes or fibers, and glass spheres
or glass fibers coated with metals [1]. The conductivity of
ESD composites depends not only upon the filler type and
its concentrations but also upon the specific polymer matrix
used and its associative generated morphology [2].

CNTs, along with a cylindrical nanostructure and
graphene with a two-dimensional sheet of sp2-hybridized
carbon atoms densely packed into a honeycomb network,
have distinctly different geometrical shapes and yet they
have remarkable properties, such as superior thermal and
mechanical properties and exceptional electronic transport
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[3–8], which makes them excellent candidates as reenforcers
and conducting fillers in composites. Recently, theoretical
and experimental studies on polymer composites containing
CNTs have been carried out [9–14]. However, the investiga-
tion onGNP-filled polymer composites has been limited [14–
16]. It is well documented that the morphology of fillers has
a significant effect upon composite properties [17–19]. For
example, Xie et al. [14] reported that GNP-filled composites
exhibit slightly lower percolation thresholds and higher
electrical conductivity and thus could form conductive net-
works more easily than CNT-filled composites, at the same
volume of fraction filler. Furthermore, the improvement of
polymer/graphene nanocomposite properties has also been
obtained at a very low filler load in the polymer matrix [16,
20–23]. Today, the cost of GNPs is relatively more expensive
than that of CNTs and, therefore, the GNP/CNT/polymer
hybrid system is alternative means to obtain nanocomposites
which have balanced properties and economically effective
costing.

Despite this, pristine graphene is incompatible with
organic polymers and does not form homogeneous com-
posites, because graphene has a pronounced tendency to
agglomerate when within a polymer matrix [24, 25]. It has
also been reported that oxidation, followed by chemical
functionalization, will facilitate the dispersion and stabilize
graphene to prevent such agglomeration [26, 27].The chemi-
cal functionalization of graphene is a particularly attractive
target, because it can improve the solubility and process
ability, as well as enhance its interactions with organic
polymers [26, 27]. However, it is a tedious, dangerous, and
time consuming method, which includes environmental and
human health problems. It is also reported that function-
alization and associated defects may distort flat graphene
into highly wrinkled sheets during thermal exfoliation [23].
Sheet wrinkling and atomistic defects upon the surface, after
oxidation and pyrolysis treatments, may account for its low
performance concerning its mechanical properties [28].

Since the 1960s, plasma technology has rapidly evolved
into a valuable technique for engineers, concerning the
enhancement of surface properties without altering the bulk
composition [29]. Compared to other chemical treatment
methods, plasma treatment has the advantage of shorter
reaction times, involves a nonpolluting process, and provides
for a wide range of functional groups, dependent upon
the plasma parameters. Plasma treatment is favored for the
improvement of the interfacial affinity of composites, because
it only modifies the top few nanometers of the surface,
uniformly, and it leaves the bulk properties of the material
unchanged [30, 31]. Plasma surface activation also renders
many polymers receptive to bonding agents and coatings.
Oxygen is usually used as the process gas, although many
plasma activations can also be carried out by simply using
ambient air. Parts remain active for a few minutes and up to
several months, depending upon the particular material that
has been plasma treated. Oxygen plasma treatment provides
various polar functional groups, such as C–O, C=O, and
O=C–O upon the polymer surface, which in turn alters the
surface energy of the material and enhances the interfacial
adhesion [32–34].

In this present work, polymer nanocomposites along
with a combination of OGNPs, MWCNTs, and PC were
prepared for ESD applications. In our preliminary study,
it was found that PC nanocomposites containing 2wt% of
MWCNTs had ESD properties concerning surface resistivity,
tribocharge voltage, and decay times all within the specified
ranges.Therefore, OGNPwas utilized as a cofiller with as low
contents as possible in the hybrid fill system, which contained
2wt% of MWCNTs in order to improve the properties of PC
nanocomposites.The effects of OGNP contents, distribution,
and intercalation upon the thermal and mechanical proper-
ties and MFI and ESD properties were all investigated.

2. Experimental Procedure

2.1.Materials and Sample Preparation. The injectionmolding
grade of the PC resin (Makrolon 2456)was supplied by “Bayer
Material Science,” Thailand. The PC/MWCNT master batch
(Plasticyl PC 1501) and the OGNPs (GNPs grade 4, 99%O+)
were supplied by “Nanocyl,” Belgium, and “Cheap Tubes
Inc.,” USA, respectively, and were used as the nanofillers. All
materials were dried in a vacuum oven at 120∘C for 2 h, under
a pressure of 49.345 × 10−3 atm, and then manually blended
in a plastic container before the melting process, using a
twin-screw extruder (Lab-Tech). The contents of the OGNPs
incorporated into the PC resin were controlled at 0.0, 0.5,
1.0, 1.5, 2.0, and 5.0 phr, whereas the dosages of MWCNTs
were kept at a constant of 2.0 wt%.The screw diameter, screw
length, and screw 𝐿/𝐷 ratio were 20mm, 640mm, and 32,
respectively.The set-up temperature of themixing screwswas
in the range of 240–290∘C. In addition, the rotation of the
feeding screws and mixing screws was 12 rpm and 120 rpm,
respectively.

All composites were dried in a hopper at 80∘C for 3 h,
prior to processing.The injectionmolding of nanocomposites
was carried out using a Fanuc Roboshot 2000i 100B recipro-
cating screw injection molding machine, in order to obtain
required tensile and impact specimens. The plasticization
unit consisted of a standard screw with a diameter of 32mm,
𝐿/𝐷 ratio of 20/1, and a compression ratio of 4𝐷. The
temperature profiles were set at 235∘C, 260∘C, 290∘C, and
280∘C, respectively, from the hopper zone to the nozzle, and
the mold temperature was set at 100∘C. The screw rotation
speed was set at 50 rpm.The injection speed and pressure was
20 cm3/s and 78.95 × 10−3 atm, respectively. Specimens were
kept for 24 h in a desiccator, before characterization.

2.2. Characterization. The electrical resistivity of injection-
molded samples was measured according to ANSI/ESD
STM11.13-2004, using a resistance meter (3M-701). The tri-
bocharge voltage and decay times were determined based
upon ESDADV11.2-1995, using an electrostatic voltagemeter
(Trek-520) and a charged plate monitor system (Trek Model
150A), respectively. Five specimens were tested during each
measurement. Thermogravimetric analyses (TGA) measure-
ments were carried out using “TA Instruments” thermobal-
ance (TGA Q500) under a nitrogen atmosphere and at a heat
ratio of 20∘C/min frombetween 25∘C to 1000∘C.Adifferential
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scanning calorimeter (DSC) (Mettler Toledo, Model-DSC
822e) was used for the dynamic measurement and data anal-
ysis under N2 flow. A heating rate of 20∘C/min was applied
to the samples from between 25∘C and 300∘C. The MFI was
measured using an extrusion plastometer (Davenport model
10, Lloyd Instruments), according to ISO 1133 (ASTMD1238)
at 260∘C with a 0.02 kN weight. The average MFI values
from ten measurements of each sample were recorded. Wide
angle X-ray diffraction (WAXD) characterization was carried
out using a Rigaku Model-TTRAX III X-ray diffractometer.
The incidental X-ray wavelength was 1.54 Å (Cu K𝛼 line),
at 50 kV and 300mA. Samples were scanned over different
diffraction angles (2𝜃) ranging from 1∘ to 45∘, with a scan
speed of 0.5∘/min at room temperature. The cross-sectional
surface morphology of nanocomposites was characterized
using SEM (JEOL, JSM-5410LV). The tensile specimens were
immersed in liquid nitrogen for a few minutes, and subse-
quently broken along, aswell as perpendicular, to thematerial
flow direction, as per injection molding. Fractured samples
were attached to a SEM stub using conducting tape and then
sputter-coated with a thin layer of Au using a JEOL JEC-1200
Fine Coater at 15mA for 120 s. The tensile properties were
measured according to ASTMD638 using a universal testing
machine (Instron 4502), at a crosshead speed of 5mm/min
and a test temperature of 25∘C. The specimen dimensions
were 12.7mm × 165mm × 3.2mm (𝑊 × 𝐿 × 𝑇). Young’s
modulus and elongation at breakwere determined from load-
displacement curves. Izod impact tests were performed on an
impact tester (Radmanamodel ITR 2000) based upon ASTM
standard D256. The notched samples had a size of 12.7mm ×
63.5mm × 3mm (𝑊 × 𝐿 × 𝑇), respectively.

3. Results and Discussion

3.1. X-Ray Diffraction. Figure 1 illustrates the WAXD pat-
terns of the PC resin andOGNP/MWCNT/PC nanocompos-
ites at different OGNP concentrations. Dispersion and orien-
tation of OGNPs in PC nanocomposites were analysed using
2-dimensional X-ray scattering. It is clearly seen that OGNPs
slightly intercalated in the PCmatrix because the peak inten-
sity of OGNPs at 2𝜃 = 26.4∘ firmly remained, and increased
as the amount of OGNPs increased, which corresponds to the
interlayer spacing of unintercalated graphite (𝑑 = 0.34 nm)
[23].These findings are in good agreement with the results of
previous experiments and confirm the existence of graphite
layers of OGNPs in polymer nanocomposites [26, 35, 36].
This may be a result of slight interaction between OGNPs
and the polar groups of PC, sinceOGNPs prepared by oxygen
plasma treatment might not have enough functional groups
on the surface, such as oxygen and hydroxyl groups [37],
and the gap between graphene sheets still remained narrow.
Therefore, variation of the OGNP intercalation levels in
nanocompositesmight insignificantly improve the properties
of PC nanocomposites.

3.2. Scanning Electron Micrograph. SEM images taken
from fractured surfaces of OGNP/MWCNT/PC nanocom-
posites at different OGNP content levels are shown in
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Figure 1: XRDpatterns of the PC resin (a) andOGNP/MWCNT/PC
nanocomposites at different OGNP loadings (phr): (b) 0, (c) 0.5, (d)
1.0, (e) 1.5, (f) 2.0, and (g) 5.0.

Figures 2(a)–2(f). The SEM results showed MWCNT and
OGNP-dispersed morphologies. MWCNTs were uniformly
dispersed in the PC matrix (white spots), whereas OGNPs
were not clearly dispersed and agglomerated structures were
also observed (white lines andwhite thick sheetsmarkedwith
white arrows), thus implying partial distribution of OGNPs
in the PC matrix. However, it is difficult to distinguish
OGNP fillers from the matrix due to the roughness of the
fractured sample. Therefore, a special sample preparation
technique is required in order to obtain a better contrast
between OGNP fillers and the PC matrix, such as polishing
and polish-plasma etching approaches. Wu and Drzal [38]
showed that on a plasma etched surface, the white lines
represented the cross section of the GNP fillers, and the
contrast between GNP fillers and the matrix was better than
a polished surface.

3.3. ESD Measurement. The Electronic Industry Association
(EIA) specifies that the typical requirements for surface
resistivity, tribocharge voltage, and decay times are 106–
109Ω/sq, less than 25V, and less than 5 sec, respectively [39,
40]. The electrical properties such as electrical resistivity,
tribocharge voltage, and decay times of OGNP/MWCNT/PC
nanocomposites are presented in Table 1. Nanocomposites
containing 2.0 wt% of MWCNTs and mixtures of 2.0 wt%
of MWCNTs and 1.5–5.0 phr of OGNPs had tribocharge
voltages, surface resistivities, and decay times within the ESD
specification range. However, 2 wt%MWCNT/PC nanocom-
posites containing 0.5–1.0 phr of OGNPs did not meet the
ESD requirements. At low levels of OGNPs, a conductive net-
work of nanoplatelets was not generated, and ONGPs might
obstruct the conductive network formation of MWCNTs as
well, due to slight intercalation and dispersion degrees of
OGNPs in the PCmatrix. Du et al. [41] revealed that uniform
distribution and low aggregation of carbon fillers in a poly-
mer matrix caused a segregated network structure, resulting
in a high conducting network formation at low filler loading.
Moreover, the increase of OGNP contents did not have
any significant effect upon the conductivity of MWCNT/PC
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Figure 2: SEM images of fractured OGNP/MWCNT/PC nanocomposites at different OGNP content levels (phr): (a) 0, (b) 0.5, (c) 1.0, (d)
1.5, (e) 2.0, and (f) 5.0.

Table 1: ESD results of injection molded specimen based OGNP/MWCNT/PC nanocomposites at different OGNP contents.

OGNP
content (phr)

Tribocharge
voltage (V)

Surface resistivity (Ω/sq) Decay time (sec) from 1000V to 100V
Compared result with
EIA specificationPoint to point Point to

ground
Positive
charge

Negative
charge

0.0 15 3.92𝐸 + 107 1.84𝐸 + 108 0.11 0.26 Passed
0.5 39 4.96 × 107 2.00 × 109 0.89 >5 Failed
1.0 46 5.27 × 107 1.15 × 109 0.52 >5 Failed
1.5 19 4.81 × 107 1.07 × 108 0.10 0.16 Passed
2.0 15 5.16 × 107 4.84 × 108 0.11 0.20 Passed
5.0 11 4.89 × 107 2.19 × 108 0.12 0.20 Passed
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Figure 3: MFI results of (a) the PC resin and OGNP/MWCNT/PC
nanocomposites at different OGNP contents (phr) at 260∘C: (b) 0,
(c) 0.5, (d) 1.0, (e) 1.5, (f) 2.0, and (g) 5.0.

nanocomposites, since the resistivity change may still be
within the steepness range (the percolation threshold) of the
percolation curve. The percolation threshold indicates the
critical amount of filler necessary to initiate a continuous
conductive network, which varies from polymer to polymer
for a given conductive filler type [1].

3.4. Melt Flow Index. The MFI of OGNP/MWCNT/PC
nanocomposites decreased from 11.5 to 4.3 g/10min and 5.2
to 4.3 g/10min compared with the neat PC resin and the
MWCNTs/PC nanocomposite, respectively (see Figure 3).
However, the MFI of nanocomposites did not proportionally
decrease with an increase in OGNP contents, due to poor
dispersion and intercalation of OGNPs within the polymer
matrix. A decrease in MFI indicated that the viscosity of
the system increased with the addition of MWCNT and a
combination of MWCNT/OGNP nanofillers. A transition
from a liquid-like to a solid-like state occurred due to the
formation of nanotube and nanoplatelet networks, which
obstructed the motion of the polymer chains [42]. The
presence of nanoplatelets generally causes a large energetic
barrier for segmentalmotions of polymer chains in a confined
space and thus increases flow activation energy. Furthermore,
Barus et al. [43] revealed that strong interactions between
the polymer matrix and fillers may cause greater activation
energies of flow. The alignment of OGNP fillers during flow
is thus not possible [44].

3.5. Thermal Properties. Thermal stability is very important
for polymeric materials, as it is often the limiting factor
both in processing and in end-use applications. Figure 4
shows the DSC heating thermogram of OGNP/MWCNT/PC
nanocomposites at various OGNP concentrations. An appar-
ent glass transition regionwas observed on the sample curves.
The 𝑇𝑔 values of PC nanocomposites were between circa
146∘Cand 147∘C, as shown inTable 2.The𝑇𝑔 remained almost
constant with the addition of MWCNTs and mixtures of
MWCNTs and OGNPs, compared to the PC resin (𝑇𝑔 =
146∘C). The heat capacity jump at the glass transition stages
was quite constant with increase of OGNP contents, which

0 50 100 150 200 250 300 350

Ex
o 

(a)
(b)
(c)
(d)
(e)
(f)
(g)

Temperature (∘C)

Figure 4: DSC curves of the PC resin (a) and OGNP/MWCNT/PC
nanocomposites at different OGNP contents (phr): (b) 0, (c) 0.5, (d)
1.0, (e) 1.5, (f) (2.0), and (g) 5.0.

was approximately 0.23–0.26 J g−1 ∘C−1 (see Table 2). It was
reported in a previous study that the heat capacity jump at
the glass transition stages strongly decreased with increasing
OGNP contents [45]. It can thus be inferred that OGNPs
restrict the motion of a significant fraction of polymer
chain segments, preventing their participation in the glass
transition process. However, chains that can participate in the
glass transition do not affect the 𝑇𝑔.

Thermal degradation of the PC resin and PC nanocom-
posites with different weight fractions of OGNP was deter-
mined from weight loss measurements during heating.
Figure 5 shows the TGA curves of OGNP/MWCNT/PC
nanocomposites at different OGNP contents compared with
the neat PC resin. The 𝑇𝑑 of OGNP/MWCNT/PC nanocom-
posites changed significantly compared against that of pure
PC (𝑇𝑑 = 493

∘C), as summarized in Table 2. Thermal
degradation of the neat PC and its nanocomposites occurs
as a single step process, with a maximum decomposition
temperature at circa 520∘C.The addition of OGNPs increased
the thermal stability by around 30∘C and 20∘C compared
against PC resin and MWCNT/PC nanocomposites, respec-
tively. The 𝑇𝑑 slightly changed as the dosage of OGNPs was
increased. The improvement in the resistance to thermal
degradation can be attributed to the hindered diffusion of
volatile decomposition products within the nanocomposites,
and this is strongly dependent upon the filler-polymer chain
interactions [46]. OGNPs can be incorporated into a PC
matrix by melt blending and without any noticeable degra-
dation, since they exhibit sufficient thermal stability within
the range where polymer processing is performed, namely, in
the range of 240∘C to 290∘C.

3.6. Mechanical Properties. Mechanical properties of OGNP/
MWCNT/PC composites measured using tensile strength
and impact tests are presented in Figures 6–8. Tensile
Young’s modulus of nanocomposites was approximately in
the range of 2.5–3.0GPa, higher than that of the neat
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Table 2: Thermal properties of OGNP/MWCNT/PC nanocomposites at different OGNP contents.

OGNPs content (phr) 𝑇onset (
∘C) 𝑇mid (

∘C) 𝑇end (
∘C) Change in heat capacity

𝑇
𝑑
(∘C)

J g−1 ∘C−1

0.0 144.2 147.0 151.3 0.23 513
0.5 143.7 146.8 151.6 0.24 520
1.0 143.4 146.1 150.7 0.23 520
1.5 143.7 146.8 151.1 0.25 518
2.0 144.5 147.4 152.0 0.26 520
5.0 143.3 146.4 151.2 0.26 519
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Figure 5: TGA curves of the neat PC (a) and OGNP/MWCNT/PC
nanocomposites at different OGNP contents (phr): (b) 0, (c) 0.5, (d)
1.0, (e) 1.5, (f) (2.0), and (g) 5.0.

PC (2.0GPa). Tensile Young’s modulus of nanocomposites
containing OGNP/MWCNT fillers was higher than that of
the nanocomposite which merely had MWCNTs. Moreover,
tensile Young’s modulus tended to slightly increase as the
contents of OGNPs were increased. The elongation at break
of nanocomposites was more or less in the range of 1.0% to
2.5%, also much lower than that of the PC resin (at circa
45%). The elongation at break of nanocomposites containing
MWCNT/OGNP hybrid fillers was higher than that of the
nanocomposite containing only MWCNTs. However, the
elongation at break slightly increased with an increase in
OGNP concentrations.

The impact strength of nanocomposites was approxi-
mately in the range of between 5.0 and 7.5 J/m2, which is
much lower than that of the PC resin (≅ 75 J/m2).The impact
strength of nanocomposites containing OGNP/MWCNT
hybrid fillerswas slightly higher than that of theMWCNT/PC
nanocomposite, and the OGNP/MWCNT/PC nanocompos-
ite showed little effect upon the mechanical properties com-
pared with the nanocomposite containing only MWCNTs,
due to poor dispersion and intercalation of OGNPs.The filler
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Figure 6: Tensile Young’s modulus of (a) PC resin and OGNP/
MWCNT/PC nanocomposites at different OGNP contents (phr):
(b) 0, (c) 0.5, (d) 1.0, (e) 1.5, (f) 2.0, and (g) 5.0.
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Figure 7: Elongation at break of (a) PC resin andOGNP/MWCNT/
PC nanocomposites at different OGNP contents (phr): (b) 0, (c) 0.5,
(d) 1.0, (e) 1.5, (f) 2.0, and (g) 5.0.

agglomeration can cause defects in the polymer matrix, lead-
ing to poor mechanical properties. Therefore, this implied
that the effect of nanotubes (MWCNTs) was much larger
than that of nanoplatelets (OGNPs), since the MWCNT
master batch was prepared by the extrusion process, resulting
in better dispersion of MWCNTs than that of OGNPs.
It is well known that the modulus of fiber or particulate
reinforced composites depends mainly upon the moduli and
volume fractions of the composite constituents [47]. Unlike



Journal of Nanomaterials 7

74.86

5.05 6.95 7.53 6.56 6.57 6.93

0

10

20

30

40

50

60

70

80

90

(a) (b) (c) (d) (e) (f) (g)
Sample label

Im
pa

ct
 st

re
ng

th
 (J

/m
2
)

Figure 8: Impact strength of (a) PC resin and OGNP/MWCNT/PC
nanocomposites at different OGNP contents (phr): (b) 0, (c) 0.5, (d)
1.0, (e) 1.5, (f) 2.0, and (g) 5.0.

the modulus, however, the strength of composites depends
upon many factors in addition to the strengths and volume
fractions of the composite constituents, amongst which the
interfacial adhesion between the reinforcements and the
matrix is a predominant factor [47]. In the case of nanofillers,
the dispersion and intercalation or exfoliation, especially for
graphenes and nanoclays, are also key factors which can
impact upon the mechanical properties of nanocomposites
[16, 23, 26, 42].

4. Conclusions

The mixtures of MWCNTs (2.0 wt%) and OGNPs at various
concentrations (0.0–5.0 phr) were blended with the PC resin
employing a melt compounding process and using a twin-
screw corotating extruder. Electron microscopy and X-ray
diffraction revealed poor dispersion and slightly interca-
lated morphology of OGNPs in the PC matrix, resulting
in variations and insignificant improvements to nanocom-
posite properties. The oxygen-plasma treatment method
might not be powerful enough to generate suitable func-
tional groups on GNP to interact with the PC resin. The
OGNP/MWCNT/PCnanocomposites containing 1.5–5.0 phr
exhibited ESD properties within the specification range.
The 𝑇𝑔 of OGNP/MWCNT/PC nanocomposites changed
insignificantly when compared to neat PC. The 𝑇𝑑 value of
the PC resin increased when MWCNTs and OGNPs were
added to the system. The addition of OGNPs to PC matrix
resulted in a decreased MFI, indicating an increase in melt
viscosity. Tensile Young’s modulus increased, whereas the
impact strength and elongation at break both decreasedwhen
nanofillers were filled into the polymer matrix. The present
study demonstrates that the OGNP/MWCNT/PC nanocom-
posite with low filler loadings is a promising material for
the next generation of ESD composite applications, especially
for injection moldable electronic packaging required to
prevent electronic parts, devices, and finished products from
electrostatic discharge. However, other surface modification
methods on GNPs are required to improve their dispersion

and intercalation into the PC matrix, such as oxidation and
reduction processes.
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