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ARTICLE INFO ABSTRACT

A simple with cost-effective method in the production and fabrication of graphene-based rubber nanocomposites
as electrode materials is still remain a global challenge. In this work, we proposed one- and two-step approaches
to fabricate an exfoliated graphene oxide (GO) as nanofiller in three different types of rubber latex polymer,
namely, low ammonia natural rubber latex (NRL), radiation vulcanized NRL (RVNRL), and epoxy NRL 25 (ENRL
25). The electrical conductivity and capacitive behavior of nanocomposite samples were investigated under a
four-point probe and cyclic voltammetry measurements, respectively. Meanwhile, the morphological properties
were observed using field emission scanning electron microscopy, energy dispersive X-ray, optical polarization
microscope, high-resolution transmission electron microscopy, Fourier-transform infrared spectroscopy, micro-
Raman spectroscopy, and X-ray diffraction. The thermal stabilities of the nanocomposites were also investigated
by thermogravimetric analysis. Among all, the GO/RVNRL polymer nanocomposite samples performed a better
homogeneity with an improved electrical conductivity (~8.6 x 10~* Scm ') as compared with the GO/ENRL
25 (~3.1 x 10~ *Sem ™ 1) and GO/NRL (~2.6 x 10~ *Sem ™) polymer nanocomposite samples. In addition, the
GO/RVNRL polymer nanocomposite electrodes showed acceptable specific capacitance (5 Fg'). The successfully
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fabricated conductive GO-based rubber nanocomposites are suitable for new supercapacitor electrodes.

1. Introduction

The 1960s was the decade when the rising growth of the rubber-
based industry [1,2]. Rubber-based products were a hot topic, espe-
cially in mechanical technology, due to their excellent elastic properties
and mechanical strength [3]. Therefore, new revolutions in many fields,
such as vehicle engineering, electronics, biomedicine, and aerospace
industries, have attracted numerous researchers [4-6]. Milk liquid latex
is originally harvested from the bark of the natural rubber tree or
known as Hevea brasiliensis [7]. The isoprene monomer consisted in the
latex polymer, which is good for its elasticity features and the double
bonds in the backbone chain, has opened a window for the functiona-
lization process. However, several imbalanced properties, especially in
the dynamic mechanical and thermal properties, make the NRL
polymer unpractical for other industry uses unless reinforced with na-
nofillers. Nanofillers with versatile surface characteristics, such as

having an exceptional high mechanical strength, large surface area with
high aspect ratio, and water-based, are highly needed [8,9].

Thus far, graphene (GE) is known to be a good nanofiller due to its
electrical, mechanical, and optical properties [10,11]. Various methods
have been used to synthesize GE [10-12]. Among a variety of methods,
the production of GE via a wet chemical exfoliation route has gained
numerous interests because it is readily-available in dispersions, easy
for fabrication with other polymers, and susceptible for functionaliza-
tion stages. However, GE suspensions in an aqueous solution contain a
tremendous amount of oxygen functional groups, and it is called as
graphene oxide (GO). To the best of our knowledge, instead of ex-
ploiting GO, the reduction of GO to rGO is more likely valuable in terms
of electronic conjugation improvement. However, the low concentra-
tion and weak stability of rGO suspensions make GO the most prefer-
able candidate as a nanofiller in electrode applications. In addition, GO
is considered an ideal reinforcing and functional nanofiller due to its
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Fig. 1. The synthesis method of the GO/NRL polymer nanocomposites produced via (a) one-and (b) two-step methods, respectively.

chemical structures, and considerable research has been actively car-
ried out since a decade ago [12]. Taking the advantages of GO, the use
of GO in NRL may alter insulating polymers to conductive rubber na-
nocomposites.

Many commercial exploitations of GO-based/NRL composites have
been widely practiced, including latex technology [13], melt com-
pounding [14], solution mixing [15], and in situ polymerization [16].
However, these methods have several drawbacks, such as time con-
suming, difficult to control, tedious preparation procedure, and com-
plex technology needed. Many review articles on GO-based rubber for
nanocomposites covering various aspects, such as morphological
properties, mechanical properties, and fracture behavior, have been
published [17-19]. Earlier, we carried out a systematic investigation on
GO/NRL and rGO/RVNRL nanocomposites as new electrodes for su-
percapacitors [20,21]. However, no report has been published with

respect to the preparation of various types of NRL polymers, such as
polar and non-polar rubbers. Interestingly, synthetic or polar NRL
polymers also exhibit advantages, such as high mechanical strength due
to a crosslinking agent.

Therefore, in this work, a comparison study was made for three
different types of GO/NRL in terms of electrical conductivity and its
effect to the capacitive behavior. Conductive GO/NRL, GO/RVNRL, and
GO/ENRL25 polymer nanocomposites were prepared by incorporating
GO suspensions with NRL via an electrochemical exfoliation and simple
solution mixing approach for one- and two-step methods, respectively.
However, the use of GO without a stabilization treatment can greatly
reduce the dispersion level of the nanosize-scale materials in nano-
composites. Therefore, in this work, we still maintained the use of hy-
perbranched triple-tail surfactant, known as sodium 1,4-bis(neopenty-
loxy)- 3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulphonate (TC14),
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Fig. 2. -V properties of the GO/NRL, GO/RVNRL, and GO/ENRL 25 polymer
nanocomposites.

as previously reported [21]. The use of a TC14 surfactant is highly
beneficial for the exfoliated, intercalated, and stabilized process of GO
sheets in an aqueous solution via an electrochemical exfoliation
method. The effects of the TC14-stabilized GO/NRL nanocomposites on
the composites’ morphological and electrical properties are in-
vestigated. This research greatly took advantage on the fabrication of
new conductive supercapacitor electrodes from different types of NRL
polymers.

2. Materials and methods

Two high-purity graphite rods (99.99%, Goodfellow Company,
Germany) with a length and diameter of approximately 15.0 and
1.0 cm, respectively, were used. The polymers were collected from the
Malaysian Institute of Nuclear Technology Research, Bangi, Malaysia.
The RVNRL polymers were irradiated at RAYMINTEX Plant, with doses
up to 12kGy using y-rays from a®°Co gamma ray source at a constant
dose rate (2 kGy/hour) for 6h of radiation time. Meanwhile, the de-
termination values for total solid content (TSC) and dry rubber content
(DRC) of low-ammonia NRL were determined as per ISO 124: 1997 (E)
and ISO 126: 1995 (E), respectively. The TSC and DRC values obtained
were 33.87 = 0.01% and 32.51 * 0.08%, respectively. Meanwhile,
25 mol% of epoxidation was performed to the ENRL 25 polymer. The
TSC of the ENRL 25 polymer was 47.28 + 0.01%. The three NRL
polymers were used without any purification.

2.1. Preparation of nanocomposites via one-and two-step methods

This study adopted one- and two-step methods for the fabrication of
GO/NRL nanocomposites as reported in previous works [20,21]. Basi-
cally, the GO/NRL and GO/RVNRL nanocomposites implemented the
one-step method via an electrochemical exfoliation approach. A 1:1 vol
ratio between TC14-GO and NRL was used with an applied voltage of
7 V for a 24 h synthesis. The dispersion was then stirred (3000 rpm) and
sonicated for 2h before overnight cast drying. Meanwhile, the GO/
ENRL 25 polymer nanocomposite was produced via a two-step method
due to the inhomogeneous admixture observed at the initial prepara-
tion by the one-step method of electrochemical exfoliation technique
(Supplementary). The resulting two phases of the GO/ENRL 25 ad-
mixture during the one-step method might be due to the additional
epoxy group in the NRL structure, which brought an incompatible
mixture to the home-made surfactant TC14. Similar procedures for the
mechanical stirring and bath sonication of the GO/NRL polymer na-
nocomposite were carried out during the fabrication of the GO/ENRL
25 polymer nanocomposite. The overall procedures of the one- and two-
step methods are shown in Fig. 1.
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2.2. Characterizations

The initial analysis was performed by measuring the electrical
properties of GO-filled NRL nanocomposites, followed by capacitance
and morphological properties. Through this study, a standard four-
point probe measurement (Keithley 2636A) was used for electrical
testing. Meanwhile, the capacitance performance was measured using
Gamry Potentiostat Series G750, USA). The nanocomposite samples
were then analyzed using field emission scanning electron microscopy
(FESEM) equipped with energy-dispersive X-ray (EDX) spectroscopy
(Hitachi SU8020) with an operating voltage of 2-5V, a standard optical
polarizing microscopy (OPM) at Universiti Pendidikan Sultan Idris, and
high-resolution transmission electron microscopy (HRTEM) (JEOL
JEM-2100) with an accelerating voltage of 160kV for surface ob-
servations. The investigations of the chemical properties of the nano-
composites were performed using Fourier-transform infrared spectro-
scopy (FTIR) (Nicolet Macna-IR760 spectrometer) within the region of
500-4000 cm ', For crystallinity measurements, micro-Raman spec-
troscopy (Renishaw inVia confocal Raman microscope) using an ex-
citation of Ar™ ion laser at 514nm and X-ray powder (XRD)
(PANalytical X'pert PRO XRD instrument) were employed. In addition,
the effect of nanocomposites on the thermal stability was studied using
thermogravimetric analysis (TGA)/SDTA 851 (Mettler-Toledo) under a
nitrogen gas flow at 10 °C min~"! of heating rate.

3. Results and discussion
3.1. Electrical conductivity testing

Prior to the supercapacitor measurement, the electrical testing was
performed to all prepared nanocomposite samples for electrical con-
ductivity measurement. Fig. 2 shows the [-V curves for the samples.
Surprisingly, among all nanocomposite samples, the I-V characteristic
of GO/RVNRL showed the highest electrical conductivity (~8.6 x 104
Sem™ 1), followed by GO/ENRL 25 and GO/NRL, which had ~3.1 x
107% Sem ™! and ~2.6 x 10~* Sem ™!, respectively. The results ob-
tained were 10% magnitudes higher than those of the pristine GO film in
a previous work [22].

The slightly high conductivity for GO/RVNRL polymer nano-
composite is believed to be due to the homolytic process that occurred
after irradiation of the latex particles [23]. The stable latex particles
upon irradiation directly opened up the latex structure for further
crosslinking with the incorporation of GO. Moreover, the defects of the
GO/RVNRL polymer nanocomposite samples were higher than the
other polymer nanocomposites, as indicated from the micro-Raman
analysis. Therefore, several forms of defects, such as carboxylic and
epoxide groups in the GO sheets, probably enhanced the electrical
properties, as these defects are believed to act as an effective reactive
site for the electron pathways [24]. High defect levels in the GO/
RVNRL polymer nanocomposite were also accredited to the strong in-
teraction between the GO dispersion and RVNRL matrix.

Another factor believed to assist the differences in the electrical
conductivity improvement for the GO/RVNRL polymer nanocomposite
was the presence of crosslinks in the latex itself. The RVNRL polymer
contains the highest number of crosslinks due to the irradiation pro-
cesses that introduced many free radicals in the structure [25]. This
probably enhanced the crosslinking between GO sheets and the RVNRL
polymer matrix. In addition, due to the double-stage fabrication of the
GO/ENRL 25 polymer nanocomposite, the GO/RVNRL polymer nano-
composite samples produced via the one-step method had a more effi-
cient and simple way in fabricating the nanocomposites.

Meanwhile, a slight improvement in the GO/ENRL 25 polymer na-
nocomposite, as compared with the GO/NRL polymer nanocomposite,
confirmed that the GO sheets formed a better interconnection in the
ENRL 25 matrix than the GO/NRL polymer nanocomposite. The elec-
trical improvement is believed to be due to the associated epoxy group
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Fig. 3. C-V curves of the (a) GO/NRL, (b) GO/RVNRL, and (c) GO/ENRL 25
polymer nanocomposites.

in the structure of the ENRL 25 polymer, which increased the interac-
tion and connection between the GO dispersions and ENRL 25 matrix.
The increase in the interaction and connection is due to the fact that GO
also possessed high aspect ratios and moderate conductivity, which
helped in the formation of electrical conductive pathways by the GO
sheets in the ENRL 25 matrix [26,27]. The data are tabulated in the
supplementary material.

3.2. Cyclic voltammetry measurements
The C-V properties of the prepared nanocomposite samples were

studied to investigate the capacitance performance of the polymer na-
nocomposite produced, as presented in Fig. 3. The C-V measurement of
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the polymer nanocomposite samples was carried out within a potential
window of 0-1 V using a 1 M KOH solution. Generally, the addition of
GO in the different types of NRL polymer nanocomposite enhanced the
supercapacitor performance. The nanocomposite electrodes exhibited a
leaf-like curve. The cyclic pattern was known to contribute to the en-
hancement of the charge-discharge process between the electrodes in
the supercapacitor application. However, the cyclic behavior was dis-
torted from a rectangular shape due to the densely packed GO layer
used in the different types of RVNRL matrix. This might be explained as
the electrolyte ions are kinetically limited from penetrating into the
inner GO structure at a high scan rate [28].

The highest specific capacitance was presented by the GO/NRL
polymer nanocomposite (30 Fgl'), followed by the GO/ENRL 25
polymer nanocomposite (10 Fg'*) and GO/RVNRL (5 Fg'). The differ-
ence in specific capacitance obtained was speculated not only due to the
acceptable high conductivity (~ x 10™* Sem™') but also to the GO
wrinkles distributed in the matrices, which ensured the formation of
sufficient electric double layers [29]. The GO wrinkles’ structures has
increased the platform of the ion movement between the electrodes and
electrolyte due to the insertion of many oxygen functional groups, thus
improving its specific capacitance. This finding was consistent with the
higher current response achieved by the GO/NRL polymer nano-
composite (~3.5mA) than the GO/ENRL 25 (~0.72mA) and GO/
RVNRL polymer nanocomposites (~0.6 mA). The summarized results
are presented in the supplementary material.

The lowest capacitance performance of the GO/RVNRL polymer
nanocomposite was observed, which presumably resulted as part of the
oxygen functional groups on the GO structure are unable to participate
at a high scan rate [30]. In addition, the highest number of defects
presented in the RVNRL matrix might restricted the penetration of ions
in the electrodes. The crosslinks existing in the RVNRL matrix has
promoted the higher interaction between the GO sheets and RVNRL
matrix, thus reducing the wrinkle structures of GO in the nanocompo-
site, and leading to the low access of ion penetration in the electrode
materials. This phenomenon has resulted to the lowest specific capa-
citance obtained for the GO/RVNRL polymer nanocomposite sample
(C = 5 Fg'l). Capacitance performance is actually applicable and reli-
able when considering that the electrodes were free from other carbon
additives. The results hold a potential for the design of highly bendable
and fast charge-discharge supercapacitor devices. In the following
section, the structural properties of the nanocomposites produced are
briefly explained to support the electrical conductivities and capaci-
tance performance enhancement.

3.3. Surface morphology observations

The nanocomposite samples produced using different polymers,
which include NRL, RVNRL, and ENRL 25 polymer nanocomposites
were also prepared for structural characterizations. Prior to the fabri-
cation of GO in the NRL polymers, the surface morphology analysis of
pristine GO was observed through FESEM, as shown in the supple-
mentary material. The typical wavy appearance of separated graphitic
sheets was observed to presumably have occurred due to the successful
oxidation process via the electrochemical exfoliation method.

Meanwhile, the FESEM images of GO/NRL, GO/RVNRL, and GO/
ENRL 25 polymer nanocomposite samples are presented in Fig. 4.
Fig. 4a reveals the formations of bumpy-like-particles of GO, which are
unevenly distributed in the polymer nanocomposite. This is believed to
be due to the high interaction of van der Waals for the GO itself
therefore resulting in poor GO-NRL interaction as discussed in a pre-
vious study [31]. Big agglomerated GO particles were pulled out from
the NRL interface, thus resulting in a slightly low electrical conductivity
measured for the GO/NRL polymer nanocomposite (o6 = ~2.6 X 10~*
Sem ™).

Meanwhile, a fracture and few crack surfaces were observed in the
GO/RVNRL polymer nanocomposite (pointed by red arrows in Fig. 4b.
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Fig. 4. FESEM images of the (a)-(a’) GO/NRL, (b)-(b’) GO/RVNRL, and (c)-(c’) GO/ENRL 25 polymer nanocomposites.

In addition, the absence of rough bumpy-like GO particles was observed
in a high-magnification image. These characteristic morphologies were
considered responsible for the better interaction of linked-radiated
chain with the GO surfaces [32]. For the GO/ENRL 25 polymer nano-
composite, the crumple characteristic of GO sheets was observed on the
surface even in a high-magnification image. This may be due to the
incomplete insertion of the polar group of epoxy into the interlayer
spacing of the GO sheets, which resulted to the pull-out of GO layers
from the polymer nanocomposite [33]. However, the GO/ENRL 25
polymer nanocomposite showed better interaction as compared with
the GO/NRL polymer nanocomposite sample.

These results were supported by the EDX analysis presented in
Fig. 5. The GO/NRL polymer nanocomposite has an oxygen and carbon
contents of 36.95% and 54.08%, respectively. Meanwhile, the GO/
RVNRL polymer shows the highest atomic percentage of carbon at
75.16%, indicating the successful intercalation and tight bond between
the GO and RVNRL matrix. The GO/ENRL 25 polymer nanocomposite
sample possesses a lower carbon percentage, estimated to be 55.04%,
compared with the GO/RVNRL polymer nanocomposite samples. This
finding justifies a significant weak interaction between the GO disper-
sions and the NRL and ENRL 25 polymers, as convincingly shown in the

FESEM images.

The effects of GO synthesized in the different NRL polymers were
further investigated via the optical micrographs observations, as shown
in Fig. 6. Fig. 6 show the different magnifications of optical micro-
graphs of GO dispersions in the different types of NRL matrices at a
micrometer scale. Almost all polymer nanocomposite samples show a
loosely pack of GO clusters (shown by arrows) distributed in the ma-
trices. Such aggregate clusters were obviously seen throughout the NRL,
RVNRL, and ENRL 25 matrices due to the strong van der Waals at-
traction between the GO sheets [34] as compared with the interactions
between the GO and the NRL matrix [35].

Meanwhile, the island-like morphologies for GO/NRL and GO/
RVNRL polymer nanocomposite samples were observed, as shown in
high-magnification images (Fig. 6a’-b’). This might be attributed to the
high compatibility of the hydrophobic GO sheets with the NRL and
RVNRL matrices. However, the GO/RVNRL polymer nanocomposite
shows fewer regions of island-like structures due to the higher inter-
action between the oxygen functional groups of the GO sheets and
hydroxyl groups and free radicals in the RVNRL polymer matrix, thus
yielding a homogeneous distribution and higher electrical conductivity.

As compared with the GO/ENRL 25 polymer nanocomposite, the
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nanocomposite sample shows more aggregated GO sheets, as shown in
Fig. 6¢, which is believed to be due to the low compatibility between
the GO-assisted home-made TC14 surfactant and the epoxy groups in
the ENRL 25 matrix. Thus, a high density of GO sheets was seen to be
pulled out from the ENRL 25 matrix. The few aggregated GO clusters
accumulated in a specific region in the polymer nanocomposite samples
also contributed to the blurred images for the GO/NRL polymer nano-
composite due to the lowering intensity of light transmitting through
the samples [36,37]. In comparison, the GO/RVNRL and GO/ENRL 25
polymer nanocomposites showed well-dispersed connected GO sheets
throughout the RVNRL and ENRL 25 matrices. This might be the main
reason for the better electrical conductivities of both samples, as com-
pared with the GO/NRL polymer nanocomposites.

HRTEM was also employed to investigate the morphologies of the
GO sheets in the nanocomposites. Fig. 7 reveal the dispersion level of
GO sheets in three types of polymer matrices. In general, dark portions
in the HRTEM images were observed in almost all nanocomposite
samples, which implies that the aggregated GO sheets were due to the
strong van der Waals interaction [34]. Meanwhile, the magnified
images show that the distributed GO sheets were visible but almost
transparent. This finding demonstrates that the GO sheets were well-
distributed and the oxygen functional groups in the GO structures in-
teracted with the hydroxyl groups in the NRL polymers.

The GO/NRL polymer nanocomposite shows a low exfoliated GO in
the matrices with the appearance of a big cluster on the nanocomposite

surface. This is probably due to the restacking behavior of the GO itself
and the low covalent reaction between the GO and NRL matrix [34]. By
contrast, uniformly attached GO particles are assisted by the TC14
surfactant on the surface of the GO/RVNRL polymer nanocomposite,
which can be viewed by big and large exfoliated GO sheets (yellow
dotted curve) and well-dispersed GO in the RVNRL matrix, as compared
with the GO/NRL and GO/ENRL 25 polymer nanocomposites shown by
small arrows and dotted curves. The high synergistic effect of the GO
dispersions stabilized by triple-tails TC14 surfactant and RVNRL matrix
contributed to the enhancement in the dispersion level in the polymer
nanocomposite, leading to the fracture surface as observed in the
FESEM images. The fracture surface observed for the GO/RVNRL
polymer nanocomposite sample evidences a better interaction between
the oxygen functional groups of the GO sheets and the hydroxyl groups
and free radicals in the RVNRL matrix.

In comparison, the GO/ENRL 25 polymer nanocomposite shows a
decrease in the cluster size of the GO and transparent sheets, as pointed
by the arrows and dotted lines, as compared with the GO/NRL polymer
nanocomposite. This was due to the improved compatibility and
covalent reaction between the GO dispersions and the ENRL 25 matrix
with the presence of epoxide end groups in the ENRL 25 matrix [38].
However, some large agglomerates of the GO sheet (dark region) in the
ENRL 25 polymer matrix (pointed by red arrow and dotted curve) can
still be seen on the matrix surface, thus producing non-uniform surfaces
as compared with the GO/RVNRL polymer nanocomposite.
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The interfacial interaction between the GO dispersions and NRL
matrices was further investigated through the FTIR spectra, as shown in
Fig. 8. Before the addition of GO dispersions in the polymer matrix, the

FTIR spectrum of the GO showed several characteristics. Obviously, the
broad peak at ~3336 cm ™! was assigned to the stretching of the -OH
groups on the GO sheets [39]. The weak asymmetric and symmetric
peaks appeared at ~2891 and 2973 cm ™ ?, respectively, indicating the
vibrations of C-H groups from the surfactant molecules attached along
the GO sheets [40]. In addition, the hexagonal carbon structures of C-C
stretching in the aromatic ring could be detected through the existence
of a weak peak at around ~1459 cm ™! [40]. Peaks at ~1279 and
1375cm ™" were clearly observed, which may be attributed to the
stretching vibration of the C-O and C-O-C groups, respectively [40].
Meanwhile, the sharp and intense peaks at ~1079, 1045, and 873 cm !
unveiled the stretching vibrations of the carboxylic, epoxy, and car-
bonyl groups [39,41,42]. The FTIR results have confirmed the presence
of various functional groups in the GO sheets.

In the case of the nanocomposite, the broad absorption bands at
hydroxyl groups (O-H) and a strong peak around ~1370 cm ™!, which
indicated the vibration of CHjz in isoprene units [43], were observed in
all nanocomposite samples (shown by the dotted lines). Meanwhile, a
clear peak at around ~1740 cm ™!, which is characteristic of the car-
bonyl group of fatty acid ester of the linked phospholipids [43], was
found in the GO/NRL and GO/RVNRL polymer nanocomposites but
disappeared in the GO/ENRL 25 polymer nanocomposite, which con-
firmed the absence of phospholipids linked to the NRL polymer chain
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(shown by the dotted lines). The presence of the proteins and phos-
pholipid components in the NRL and RVNRL matrices were believed to
enhance the structural properties of the polymers and promote rubber
crystallization, which might later give the distinctive properties of the
GO/NRL nanocomposite [44,45]. The obvious and highest intense peak
at 1740 cm ™! in the GO/RVNRL polymer nanocomposite as compared
with GO/NRL polymer nanocomposite confirmed an improved homo-
geneity of the nanocomposite and better interaction as proved in the
FESEM and HRTEM analyses.

In addition, the GO/ENRL 25 polymer nanocomposite spectrum
shows a slightly different intensity pattern. The GO/ENRL 25 polymer
nanocomposite sample has a weak peak around ~880 cm ™!, which was
attributed to the bending vibration of CH, in the -C=CH, [43] (pointed
by the small arrows). Weak absorption bands were observed around
~1126 and 840 cm ™!, which was attributed to the vibrations of the
epoxy groups [46] and the cis-alkene group [47] (pointed by the small
arrows). These groups appeared due to the epoxide structure of the
ENRL 25 polymer and ring-opening reactions in the formation of the
GO/ENRL 25 polymer nanocomposite [48].

As mentioned before, the absorption band of GO around 3336 cm ™
was red-shifted in the polymer nanocomposite samples. This was at-
tributed to a new formation of the hydrogen bonds between the epoxy
(in ENRL 25 polymer), hydroxyl (in other polymers), and oxygeneous
groups of the GO sheets [49]. However, the GO/RVNRL polymer na-
nocomposite shows a higher red-shift with the lowest intensity at the
—OH groups, calculated around 119 cm™*, as compared with the GO/
NRL and GO/ENRL 25 polymer nanocomposites with 102 and 60 cm ™7,
respectively. Therefore, the peak at ~3300cm ™! in the GO/RVNRL
polymer nanocomposite sample confirmed the effective interaction
between the GO and RVNRL matrix, which subsequently reduced the
-OH intensity. Again, the GO/RVNRL polymer nanocomposite con-
firmed the structural properties and effective interaction at
~1740 cm ™! and red-shift at ~3336 cm ™.

To observe whether the stacking GO synthesis was ordered, micro-
Raman spectroscopy was carried out. The micro-Raman spectra of
pristine GO and polymer nanocomposite samples are given in Fig. 9.
The pristine GO has an Ip/I; ratio of 0.82, which indicated a typical
quality of GO produced via the electrochemical exfoliation method. The
characteristic peaks of GO at 1347.0-1364.5 (D-peak) and
1577.4-1665.2 cm ™ * (G-peak) were clearly observed in all nano-
composite samples. Generally, a higher D-peak detected from the
micro-Raman spectra for the NRL-based polymers were due to the
highly amorphous nature of NRL-based polymers, as compared with the
other polymers [50].

By focusing on the micro-Raman spectra of GO/NRL and GO/ENRL
25 polymer nanocomposite samples, shifted peaks and low intensity
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Fig. 9. Micro-Raman spectra of the pristine GO, GO/NRL, GO/RVNRL, and GO/
ENRL 25 polymer nanocomposites.
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were detected around ~1347.0-1352.9 and 1577.4-1581.2 cm ™ . The
low intensity of GO in the GO/NRL polymer nanocomposite synthesized
via the one-step method was suggested due to the low amount of ag-
glomerated GO diffused between the rubber matrices. The red shift
from 1595.5cm ™" (pristine GO) to 1577.4cm ™" for the GO/ENRL 25
polymer nanocomposite shows the enhanced networking of hexagonal
of atom carbon GO due to the interaction created between the epoxy
and hydroxyl groups, which is proven by the appearances of a uniform
distribution of wrinkled GO sheets over the ENRL 25 matrix, as com-
pared with the GO/NRL polymer nanocomposite in the FESEM image.
The results can be further confirmed by the slightly higher I/I ratio of
GO/ENRL 25 polymer nanocomposite, which was 1.00, as compared to
the GO/NRL polymer nanocomposite (Ip/Ig = 0.95), which is believed
to be due to the good linkage that was promoted by the epoxy group in
the ENRL 25 matrix. These results were supported by the OPM, FESEM,
and HRTEM analyses.

However, the distribution of GO in the RVNRL matrix has the
highest Ip/I; ratio of 1.08, as compared with the GO/NRL and GO/
ENRL 25 polymer nanocomposite samples, which were 0.95 and 1.00,
respectively. This finding confirmed that the GO dispersions stabilized
by the home-made surfactant, TC14 and the RVNRL polymer, were
highly self-linked during the electrochemical exfoliation method which
contributed to the higher distortion in aromatic structures.
Furthermore, the G-peak blue-shifted from 1595.5 cm ™! (pristine GO)
to the longer wavelength of 1665.2cm ™! in the GO/RVNRL polymer
nanocomposite sample proved that a low number of stacked GO sheets
might appear in the nanocomposite due to the higher interaction be-
tween the oxygen functional groups of the GO sheets and the RVNRL
matrix, thus leading to a higher shifted peak of approximately
69.7 cm ™!, In comparison, the GO/NRL and GO/ENRL 25 polymer
nanocomposite samples show a red-shift at approximately 14.3 and
18.1cm ™!, respectively, which was expected due to the increased
number of agglomerated GO sheets in the matrices. The result obtained
for the GO/RVNRL polymer nanocomposite supports the improvement
in the electrical conductivity and homogeneous distribution of the
sample. The summaries of the micro-Raman analyses are tabulated in
the supplementary material.

In a further structural investigation, the XRD spectroscopy was
employed to confirm the existence and crystallinity of the GO in the
nanocomposite samples. Based on the XRD pattern given in Fig. 10, the
pristine GO sample shows a typical peak of GO at 26 value of ~10.27°
assigned to (002) planes. After the addition of the NRL polymer, an
obvious peak at ~17.58° in the GO/NRL nanocomposite arises due to
some re-aggregation of intercalated layers of the GO sheets [51].
Meanwhile, the absence of a strong peak at ~17.58° for the GO/RVNRL

~10.27°

—GO

—— GO/NRL
—— GO/RVNRL
—— GO/ENRL 25

~17.58°

Intensity (Arb.units)

5 10 15 20 25 30 35
2 Theta (°)

Fig. 10. XRD spectra of the pristine GO, GO/NRL, GO/RVNRL and GO/ENRL
25 polymer nanocomposites.
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Fig. 11. TGA and (c) DTGA curves of the GO/NRL, GO/RVNRL, GO/ENRL 25 polymer nanocomposites.

and GO/ENRL 25 nanocomposites proves the better exfoliation of GO
sheets in the matrices. However, the obvious broad and intense peak
observed at ~18.24° for the GO/RVNRL polymer nanocomposite sug-
gests the formation of a high interaction between the GO sheets and the
RVNRL matrix thus leading to more homogeneous nanocomposites as
compared with the GO/ENRL 25 and GO/NRL nanocomposites.

TGA was utilized to examine the stability of GO-filled polymer na-
nocomposite samples. The degradation temperatures of pristine GO,
GO/NRL, GO/RVNRL, and GO/ENRL 25 polymer nanocomposites are
presented by the TGA curves in Fig. 11a. Before the incorporation with
NRL polymers, the pristine GO shows the gradual decrease of de-
gradation temperature due to the presence of unstable functional
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groups on the GO structures [52]. Meanwhile, the TGA curves for the
nanocomposite samples show an obvious increase in the thermal sta-
bility, as shown by the red line, as compared with the pristine GO itself.
The nanocomposite samples show two clearer stages of decomposition
in the range of ~200-450 °C which were attributed to the percentage of
water and ammonia decomposition from the GO and polymers [53,54],
the decomposition of polymer backbone [20,21,55] and low boiling
point of rubber chemicals [56]. Due to the naturally depolymerized
NRL under certain heat conditions, the polymer part was degraded into
isoprene, dipentene, and p-menthene, as reported in a previous study
[57].
For the GO/RVNRL polymer

the nanocomposite samples,
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nanocomposite shows an onset decomposition around ~196 °C, fol-
lowed by the GO/NRL (~222 °C) and GO/ENRL 25 (~240 °C) polymer
nanocomposites, as shown in Fig. 11 (b). The early decomposition of
the GO/RVNRL polymer nanocomposite was due to the strong inter-
facial bonding effect leading to the increase in the covalent bonding and
gamma crosslinking interaction between the GO and the RVNRL matrix,
as compared with the GO/NRL and GO/ENRL 25 polymer nano-
composite samples [32,58,59]. In addition, the free radicals consist of
the RVNRL structures and the existence of double bonds in the RVNRL
and NRL polymer backbones were susceptible to degradation first, as
compared with the ENRL 25 polymer [56,60].

Moreover, the onset degradation at around ~200-350 °C was at-
tributed to the decomposition of oxygen functional groups, such as C=
0, C-0-C, and —OH, from the GO dispersion [61]. The weight loss by
the GO/RVNRL polymer nanocomposite in this temperature region was
calculated as 14 wt%, as compared with GO/NRL (16 wt%) and GO/
ENRL 25 (20 wt%). For the GO/RVNRL polymer nanocomposite, the
amounts of oxygen groups were 36.95 wt%, according to the elemental
analysis, and the quantity of decomposed oxygen was approximately 14
wt%, according to TGA analysis. The small amount of the weight loss
observed was related to the non-full decomposition of oxygen groups
due to the high interaction between the GO sheets and the free radicals
of the RVNRL matrix. As compared with the GO/ENRL 25 polymer
nanocomposite, the significantly large amount (20 wt%) of weight loss
in this temperature region indicates that the GO/ENRL 25 polymer
nanocomposite contains much water due to the incompatible mixing
between the TC14-GO with the ENRL 25 matrix, as proven by the dif-
ficulty to mix via a one-step method of electrochemical exfoliation, thus
producing an easy degradation step at this stage.

The nanocomposite samples were observed to burn up at above 400
°C with a residual weight loss of 7% for the GO/NRL and GO/RVNRL
polymer nanocomposites and 3% for the GO/ENRL 25 polymer nano-
composite. The residual weight loss was believed to be due to the be-
havior of the GO itself and other non-volatile compounds [56,60].
Meanwhile, the pristine GO shows a slow decomposition up to 900 °C.
The slightly lower degradation temperature of the GO/RVNRL polymer
nanocomposite was also probably due to the effective diffusion of GO
dispersions into the RVNRL matrix. The result was in a good agreement
with the FESEM, HRTEM, FTIR and micro-Raman analyses, as pre-
viously discussed.

Fig. 11b shows the DTGA curves of pristine GO, GO/NRL, GO/
RVNRL and GO/ENRL 25 polymer nanocomposites. Pristine GO shows
a clearer single-step degradation in the range of 0-100 °C. Meanwhile,
the double-step degradation was observed in the nanocomposite sam-
ples as the obvious peaks were located at 380 °C, 376 °C, and 397°C,
whereas the shoulder peaks were located at 397 °C, 388 °C, and 426 °C
for the GO/NRL, GO/RVNRL, and GO/ENRL 25 polymer nanocompo-
sites, respectively. The results were attributed to the breaking of the
main chains of polymers in the nanocomposite samples [60]. The
slightly different degradation steps in the nanocomposite samples were
related to the chemical reaction between the oxygenic functional
groups from the GO, hydroxyl, and epoxy groups and the free radicals
from the polymers, leading to the formation of rubber-filler interaction
between the GO sheets and the NRL polymers [49,60]. This result
shows that the high interaction of the GO/RVNRL polymer nano-
composite presents a better thermal stability than the GO/NRL polymer
nanocomposite. The highly crosslinked RVNRL matrix improved the
interconnection between the GO particles, thus leading to electrical and
structural enhancement.

Meanwhile, the ENRL 25 nanocomposite filled with GO sheets
presented the highest thermal stability, which showed that the presence
of the epoxy group in the matrix improved its thermal behavior and
electrical properties, as compared with the pure NRL matrix-based
nanocomposite. However, due to the cumbersome double-stage pre-
paration, the GO/ENRL 25 polymer nanocomposite as compared with
the GO/RVNRL polymer nanocomposite was seen as inefficient
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electrode materials for scalable productions. The details of the de-
composition temperatures are summarized in the supplementary ma-
terial.

These results illustrate how differences in compatibility between the
GO and matrix can affect electrical, capacitance, and structural prop-
erties. The starting point for the production of each type of nano-
composite was a kinetically stable aqueous suspension of the nanofiller,
which was mixed with NRL and subsequently co-coagulated. However,
the surface chemistry mismatch between GO dispersions and NRL
polymers may have driven some agglomeration of GO via a two-step
method. Therefore, some efforts to reduce GO were taken. This attempt
may give further information regarding the important role of GO in
enhancing the electrical, and structural properties and its capacitance
performance.

4. Conclusions

In summary, the fabrications of GO/NRL polymer nanocomposites
in this study were prepared by two approaches, namely, one- and two-
step methods of electrochemical exfoliation. Significant differences in
the GO/NRL polymer nanocomposite morphologies were found using
the two methods, resulting from the differences in polymer groups in-
troduced. By using the one-step method, the GO/RVNRL nanocompo-
site demonstrated better uniformity as compared with the GO/NRL
polymer nanocomposite sample. The one-step method adopted was
seen as a simple route for fabricating GO/RVNRL polymer nano-
composites in comparison with GO/ENRL 25 polymer fabrication via
the two-step method. The homogeneous dispersion of the GO/RVNRL
polymer nanocomposites obtained led to the improvement in the
electrical conductivity, which was ~8.6 x 10™* Sem™*, as compared
with the GO/ENRL 25 (~3.1x10"% Sem™!) and GO/NRL
(~2.6 x 107% Sem™ 1) polymer nanocomposites. In addition, the GO/
RVNRL polymer nanocomposites electrodes showed acceptable specific
capacitance (5 Fg'). The use of one- and two-step methods to fabricate
the nanocomposites paves the way for the greener and low cost pro-
cessing method.
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