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A B S T R A C T

An electrochemical exfoliation method adopted in this study presents the variations quality of GO produced
under different applied voltages. The GOs production was characterized using FESEM, AFM, micro-Raman, FT-
IR, and UV–Vis spectroscopies. Further characterizations were done using I-V, C-V, mechanical, and TGA ana-
lysis. As evident, GOs at 10 V shows the highest quality and several thin GO layers produced with moderate
crystallinity of 0.91. In this study, GOs filled in the nanocomposites synthesized at 5 to 10 V shows higher
electrical conductivity and acceptable capacitance performance at approximate ~×10−5 to ×10−7 S cm−1 and
up to 2.5–103 F g−1, respectively. These thin films paved the way and great potential to be implemented as
flexible electrodes materials in supercapacitor application.

1. Introduction

In recent years, the Graphene Oxide (GO) production via green
solution-based processing namely electrochemical exfoliation method
has been vigorously employed due to several benefits such as simplest
preparation set-up, less harmful chemicals use, low-cost technique,
lower operating temperature and thickness control [1]. GO produced
via electrochemical exfoliation method assisted by surfactant has paid
an attention due to surfactant is able in changing or lowering the sur-
face energy thus increase the interaction of the hydrophobic tail to the
graphene materials to form stable colloidal system [2–4]. Commercially
available surfactant sodium dodecyl sulphate (SDS) is commonly in-
troduced in dispersing graphene-based materials in recent years [2,5].
Apart from surfactant role in determining the high quality of GO pro-
duced, the aids of applied voltage between the electrodes in the elec-
trochemical system were highly needed where the method also relies on
the electrical energy for the oxidation process. Based on the previous
works, the applied voltage plays an important role on the GO produc-
tion via electrochemical exfoliation method [1]. However, only a few
researchers have been explored on the effect of applied voltage on the
quality of GO produced via electrochemical exfoliation method [5].

Previous work found that the size of GO produced in the ionic liquid

will decreased as the applied voltage increased [6]. This finding was
related to the increasing number of GO layers by applying high voltage
but low quality of GO. Meanwhile, Y Matsumoto et al. [7] shows the
successfully production of GO at a very short time approximately< 1 h
but suffers from extremely high applied voltage at 150 V. Hence, the
excessive oxidation process might damage the honeycomb lattice
structure of GO if the applied voltage was uncontrolled. Moreover, the
honeycomb structure can also be affected by the insufficient oxidation
process where a low production of GO was obtained. Due to the fact
that the highest applied voltage gives the highest amount of GO pro-
duced, the appropriate applied voltage varied in the electrochemical
exfoliation method was seen as one of the important parameter in order
to control the quality and quantity for the GO production. The suc-
cessfully controlled system by applying sufficient energy through ap-
plied voltage can paves the way for versatile approach in producing
high quality and quantity of GO. This was due to the production of GO
with low-cost and green synthesis method which involves low applied
voltage is most favourable to be implemented in various applications.
Due to the easily produced GO with an abundant amount in solution
based, the used of GO as nanofillers in nanocomposites are considered
as promising candidates to be used as electrode materials today due to
the unique properties [8].
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Currently, the selection of natural rubber latex (NRL) polymer as a
host polymer is trending because the NRL polymer is one of the
cheapest, readily available and water soluble polymer as compared to
the synthetic rubbers. Since 1960s, the NRL polymer has shown out-
standing properties particularly in mechanical strength and hardness
[9]. Therefore, many attempts have been made in order to improve the
NRL properties especially in electrical conductivity and further explore
the possible potential of NRL-based nanocomposites. The systematic
studies of the conductive electrodes from graphene-based NRL nano-
composites are important to overcome the limited used of natural
sources for forthcoming applications. By taking the advantages of GO
and NRL polymer, researches have introduced both materials to take
the synergy effect of the materials for better nanocomposites produc-
tion. However, the low conductivity and dispersibility of the

nanocomposites, the introduction of surfactant is necessary for im-
proving the interfacial adhesion in the nanocomposites. As previously
reported, the introduction of surfactant gives an extra conductive
pathway to the GO/NRL nanocomposites in order to simultaneously
convert the insulating NRL polymer to the conductive nanocomposites
[2].

To the best of our knowledge, there is no work reported on the effect
of applied voltage on the GO production assisted SDS composited in the
NRL polymer as conductive electrodes for supercapacitor application.
In addition, a new fabrication method of GO/NRL nanocomposites also
give benefits to the conductive electrodes production as this method
demonstrate convenient, simple and innovative approach. Therefore, it
was crucial to properly study on the important role of applied voltage
on the production of GO through an electrochemical exfoliation method

Fig. 1. FESEM images of GO synthesized at (a) 3, (b) 5, (c) 7, (d) 10, (e) 12, and (f) 14 V of applied voltage.
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and its application for supercapacitor electrodes. The greener, eco-
nomical, flexible and conductive nanocomposites was highly demanded
to be implemented as supercapacitor application.

2. Materials and methods

Prior to the fabrication of GO/NRL polymer nanocomposites via
one-step method of electrochemical exfoliation as previously reported
[10], the GOs were initially synthesized to investigate the optimum
applied voltage on the production of high quality and quantity of the
GO solution. The experimental set-up was followed from the previous
work [6]. Two graphite rods (diameter: 10mm and length: 15 cm,
Model MV10) were immersed in the electrolyte solution containing
sodium dodecyl sulphate (SDS) surfactant. The synthesis time was
carried out at fixed 24 h for every set of applied voltage in the range of
3, 5, 7, 10, 12 and 14 V, respectively. The dispersion obtained was
washed with ethanol and directly centrifuged at 5000 rpm for 30min
and dried at 80 °C overnight in an oven. In order to investigate the
electrical conductivities, specific capacitance, and mechanical perfor-
mances of the GO filled nanocomposites, the synthesized GOs were
further fabricated via one-step method. The one-step fabrication
method of GO/NRL nanocomposites was done by intermixing the NRL
polymer into the GO production during electrochemical exfoliation
method at synthesis time of 24 h. The thin films of nanocomposites
were obtained by drop casted and dried in the 5×5 cm2 container at
60 °C.

3. Characterizations

The structural properties of the GO samples were characterized
using field emission scanning electron microscopy (FESEM-Hitachi SU
8020), atomic force microscopy (X100), and micro-Raman spectroscopy
(Renishaw InVia Raman Microscope) at excitation source of 514 nm
and UV–Vis absorption spectroscopy (Agilent 8453
Spectrophotometer). The chemical composition was confirmed by
Fourier transform infrared spectroscopy (Nicolet Macna-IR 760) within
the region of 500 to 4000 cm−1 using an attenuated total reflection
(ATR) accessory. Meanwhile, for nanocomposites samples, four-point
probe measurement (Keitley 2636A) and Gamry potentiostat series-
G750 were used in order to investigate the electrical conductivities and
capacitance performance of the samples. The nanocomposites samples
of 1× 1 cm2 were initially assembled with 1M KOH electrolyte for
capacitance measurement. Mechanical properties were obtained using a
50kN load cell universal tensile machine INSTRON5969 electronic
tensile with computer control systems. The speed rate was
50mmmin−1 at room temperature. Thermogravimetric analysis (Stare,
Mettler Toledo and Perkin Elmer) was used to investigate the thermal
stability of samples in nitrogen atmosphere.

4. Result and discussion

Fig. 1 shows the FESEM images of pristine GO samples produced at
different synthesis voltages of 3, 5, 7, 10, 12, and 14 V, respectively.
Below 5 V, a thick and non-exfoliated GO sheets was observed. This
observation shows that the production of GO with thin and transparent
sheets cannot be started at or below than 3 V of synthesis voltage due to
insufficient energy to exfoliate the bulk graphite. For the GO sample
produced at 5 V applied voltage, showed the slightly thin sheets. This
might due to the medium rate of oxidation process caused to reduce the
thick edges of GO sample to a slightly thin edges structure.

Meanwhile, once the higher voltage was applied in the range of 7 to
12 V, the structures of GO synthesized showed the crinkled silk-like
sheets. The GO structures have a wavy characteristics resulted from the
sufficient energy provided during oxidation process. This can be ex-
plained due to the high applied voltage of 7 V increases the rate of
oxidation process and the GO sheets started to exfoliate into individual

layers. However, the individual GO sheets observed were stacked layer
by layer due to the intrinsic stacked structure and strong van der Waals
interaction [11].

As compared to the GO sample synthesized at 7 V, the synthesized
GO at 10 V showed more wrinkles structures indicating high success-
fully exfoliation process. The sheets were thinner than the former GO
produced at 7 V. This confirmed that the GO was more oxidized at a
higher applied voltage. This can be seen from the folded upward of the
GO edges. In the case of GO sample synthesized at 12 V, the GO
structures were observed to have a thick surface but the folded struc-
tures can still be observed from the sample resulting due to oxidation
process.

This observation shows that by increasing the applied voltage to
12 V, the high amount of GO was produced therefore the GO layers
were started to stack on the middle surface due to strong van der Waals
interaction between the GO sheets [9,12]. The abundance of oxygen
functional groups anchored above and below the GO structures has
caused bright GO structures [13]. This showed that the oxidation pro-
cess through the exfoliation techniques was rapidly occurred.

However, at higher applied voltage of 14 V, a very thick agglom-
eration of GO sheets was detected as pointed by arrows. The GO sample
was seen to have crack-like structures on the GO structures which was
believed due to the elastic strain energy build-up in the sheets during
oxidation [14]. The increasing amount of GO produced were convinced
by the transition colour from light yellow to dark solution as the applied
voltage was increased from 3 to 14 V (see Supplementary). Generally,
the absorption spectra show the appearance peaks at around
224–232 nm. The existence peaks confirmed that the oxygen functional
groups have increased the graphite layer that was correlates to the π-π*
transition of C]C in GO. The morphology results were supported by
AFM images.

For AFM measurement (Fig. 2), the GO samples were drop-casted
onto freshly cleaved mica substrates. Generally, the distortions shown
by AFM images are due to the relative sharpness of the tip and the
surface features of the sample [15]. The thickness of the GO sample was
in the range of 1–107 nm. This indicates that the formation of multi-
layers of graphene sheets increases due to the increasing oxidation level
introduced during the exfoliation process. Note that the gap between
surfactant and graphene sheets is ~0.3 nm [16]. The graphene film was
not uniform, as its thickness varied considerably at different locations.
Obviously, a uniform distribution with low-agglomerated GO samples
was observed at above 5 to 10 V. In this case, the average thickness of
layers GO was not an optimum measurement due to their various sizes,
with non-parallel GO sheets stacked on each other onto the substrate.

However, the average thickness of the GO sheets was considerably
higher than that of the GO produced in previous work [17] contrary to
the GO sample produced at 3 V (~1 nm). The lowest average thickness
might be due to the difficulty of the cantilever to detect the agglom-
erated structures consequence from the lowest amount of GO produced.
Meanwhile, the highest roughness was observed to be due to the in-
sertion of various amount of oxygen functional groups and the insertion
of SDS surfactant in between the graphene layers. The summarized
roughness data and applied voltage are presented in Fig. 2(g). The
higher thickness was shown by the GO sample produced using 14 V due
to the highly restacking of GO sheets with the higher amount of GO
sheets produced. These results support the FESEM images shown on the
various structures and the increasing amount of stacking GO layers as
applied voltage is increased.

Fig. 3(a) shows the micro-Raman spectra of the GO obtained. Micro-
Raman spectroscopy was employed for the GO samples due to the
powerful non-destructive tool to characterize the ordered and dis-
ordered crystal structures. The two main peaks of carbon materials, D-
peaks (~1350.9–1361.6 cm−1) and G-peaks (~1586.8–1598.2 cm−1)
were detected in all samples. The G- and D-peaks were arising from the
first order scattering of the E2g phonon of sp2-bonded carbon atoms and
the latter originates from the defects [4,5]. Therefore, the difference in
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Fig. 2. AFM images of GO synthesized at different applied voltages of 3, 5, 7, 10, 12, and 14 V.
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their intensity ratio was important to be measured. The GO sample
prepared at 3 V shows lowest ID/IG ratio of 0.51. The existence of sharp
G-peak at 1586.8 cm−1 indicated that the GO sample produced was
graphite-like structure due to insufficient energy. By increasing the
applied voltage from 3 to 5 V, the value of ID/IG ratio were increased.
This was due to the size of GO surface decreasing as the edge defects
increased, leading to the detection of higher defect intensity [18]. This
was shown by the highly wrinkled of GO structure (5 V applied vol-
tage), which contributed to the disordered structure which caused the
increase in the ID/IG ratio. However, when the applied voltage was
further increased from 5 to 12 V, the ID/IG ratio subsequently decreased
from 0.99 to 0.90. This was attributed to the high number of openings
in the layer of graphite via the high force of electric field provided from
5 to 12 V. This was proven by the FESEM images (Fig. 1).

The high voltage applied for the graphite rod in weakening the GO
layers has led a number of exfoliated GOs produce. Moreover, the low

number of wrinkles with folded structures observed in the GO samples
indicate that the decrease in the edge defects also contributed to the
decrease in the intensity of D- to G-peaks. In addition, the low calcu-
lated of ID/IG ratio below 1 in every GO samples indicated that the
samples have low defects and residual oxygen functional groups after
the oxidation process, making it acceptable for further implement in
aqueous and non-aqueous applications [19]. This observation sup-
ported the FESEM where a well-separated GO was produced (at 7–10 V)
but an agglomerated GO structure was started to observe at ≥12 V.
However, the edge defects give an advantage to the electrochemical
systems and perhaps can increase the conductivities and the capaci-
tance of the nanocomposites produced.

Further chemical characterization of the GO samples produced was
carried out by FT-IR spectroscopy. Further increases in oxidation level
by increasing the applied voltage from 3 to 14 V, the FT-IR spectra in
Fig. 3(b) shows the presence of the oxygen-containing functional groups

Fig. 3. (a) Micro-Raman of GO synthesized at different applied voltages of 3, 5, 7, 10, 12, and 14 V.
(b) FTIR spectra of GO synthesized at different applied voltages of 3, 5, 7, 10, 12, and 14 V.
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that were successfully attached to the GO surfaces. A previous study has
reported that the GO sheets is highly attached by the epoxy, hydroxyl,
carbonyl and carboxyl groups [20]. Several prominent peaks were de-
tected in the overall GO samples at 1047–1049 cm−1 and
1381–1388 cm−1, which represent the existence of epoxy and hydroxyl
groups, respectively [21]. However, the intensity of the epoxy peaks
can be clearly observed for the GO samples prepared using higher
voltages at 12 and 14 V. This implies that the oxygen functional groups
increased as the applied voltage increased. In addition, a broad and
intense peak was observed at 3307–3342 cm−1 (hydroxyl, OH) in-
dicated the absorption of water molecules while the peak centred at
around ~2970–2975 cm−1 is attributed to CeH stretching in the GO
sample produced using 3, 5, 7, 10, 12, and 14 V [22].

As the applied voltage increased, the OeH peak was observed to
slightly shift from 3307 cm−1 to 3342 cm−1, indicating that the GO
sample prepared at higher applied voltage expanded the graphite in-
terlayer more than the prepared GO using lower applied voltage. The
expanded graphite made the absorption of water molecules easier, and
the SDS surfactant was subsequently inserted during the intercalation
process [5]. However, the shifted peak from 3342 cm−1 to 3327 cm−1

for the 14 V-GO sample indicates that a higher amount of GO was
produced; thus, the GO sample tends to re-agglomerate and become
distorted. The presence of small carbonyl and carboxyl peaks at
1651–1657 cm−1 further confirmed that the various applied voltages
affected the degree of oxidation level for each GO sample [23]. How-
ever, the inconsistent peak evolved in all GO samples, except for 14 V-
GO sample, due to the variation of the edges GO structures as convinced
by FESEM image. Meanwhile, the peaks of the carbonyl groups in the
lower range was slightly shifted from 879 cm−1 to 885 cm−1 due to the
increased oxidation and intercalation processes during the electro-
chemical exfoliation method [24].

5. I-V conductivity

The electrical conductivity of the GO/NRL nanocomposites were
explained by the current-voltage characteristic graph in Fig. 4. The
incremental pattern of the electrical conductivities for all nanocompo-
sites were observed, contrary to the 3 V-GO/NRL nanocomposites (inset
figure), for which the lowest conductivity (4.43× 10−12 S cm−1) was
calculated due to the low quantity of 3 V-GO consumed. This made the
nanocomposites become very close to the electrical conductivity of pure
NRL [25]. By increasing the applied voltage from 3 to 5 V for GO
production, dramatic increases in the electrical conductivity were ob-
served (σ=1.66×10−5 S cm−1). This was due to the synthesized GO

sheets starting to build a conductive pathway within the nanocomposite
sample.

The electrical improvement is believed to be due to the following
factors: (1) an appropriate amount of GO produced under various ap-
plied voltages which reflected from the successful degree of oxidation
process; (2) the amount of effective interfacial interactions between the
SDS-GO sheets and NRL matrix; and (3) the high level of dispersion GO
in the nanocomposite makes the nanocomposite produced become
electrically conductive. However, the decrement pattern of the elec-
trical conductivity was observed as the applied voltage is increased (5
to 14 V). The result demonstrated that the greater amount of GO pro-
duced during the exfoliation process influenced the lower conductivity
of nanocomposites obtained. For example, the GO/NRL nanocomposite
synthesized at above 12 V shows a slightly lower electrical conductivity
of ~×10−8 to ×10−9 S cm−1 as compared to the 7 V- and 10 V-GO/
NRL nanocomposites (~×10−6 to ×10−7 S cm−1). It is worth noting
that, the dramatically decreased of electrical conductivity was attrib-
uted to the higher and rapid oxidation degree from 5 to 14 V [26]. The
higher amount of oxygen functional groups might affect the electron
movement in the GO and caused difficult formation of conductive
pathway in nanocomposite. The electrons confined in the agglomerated
GO structures were believed to rarely tunnel from the inner to the outer
part of GO in the nanocomposite to form efficient conductive network
between the GO neighbours. These results were supported by FESEM,
AFM, and micro-Raman analysis for GO production.

6. C-V measurement

Fig. 5 shows the GO/NRL nanocomposites samples synthesized at
various applied voltages from 3 to 14 V. From the results, all prepared
GO/NRL nanocomposites show a leaf-like shape correspond to the good
ability restoring charges. However, among these, 5 V-GO/NRL nano-
composites exhibited the highest current response (~7mA) with cal-
culated specific capacitances up to 103 F g−1

. The wrinkles GO showed
in FESEM image created higher reactive site for interaction of hydrogen
bond between the oxygen functional groups in GO and the hydroxyl
group in NRL polymer. Moreover, the van der Waals interaction be-
tween the SDS and the GO surface in addition to the hydrogen-bonding
between the GO sheets and the NRL polymer also increased the
pathway for the ions transferred.

This resulted in increased ions movement and charge storage in the
supercapacitor as shown by cyclic measurement. This meant that the
electrochemical performances of the GO/NRL nanocomposite were
enhanced due to the higher amount of effective synergy between the
GO dispersions and the NRL polymer matrix [27,28]. This result was
consistent with the higher electrical conductivity obtained. However,
per Fig. 5(d) (10V-GO/NRL nanocomposite), a slightly non-linear C-V
graph was detected, which might be due to the excessive GO sheets
accumulating and blocking the active surfaces of nanocomposites for
ion diffusion then led to capacity loss and lower electrical conductivity
(× 10−7 S cm−1) obtained. The decrement pattern of specific capaci-
tance was continuously observed as the applied voltage increased. This
further confirmed the existence of bulk GO sheets agglomerated in the
nanocomposites making the ions trapped within the structures pro-
portionally reduce the performance.

7. Mechanical measurement

The dumbbell nanocomposites samples as shown in inset Fig. 6 were
further investigated. The mechanical properties of the nanocomposites,
such as tensile strength and modulus, were investigated, and depicts in
stress-strain curve as shown in Fig. 6. As GO loading increased, both the
tensile strength (σb) and Young Modulus (E) increased, but the elon-
gation at break (EB) of the nanocomposites decreased. From the results,
when the applied voltage increased, the σb and E increased from
0.1973–0.4176MPa and 2490–20,200MPa, respectively. The results

Fig. 4. I-V curves of SDS-GO/NRL polymer nanocomposite synthesized at 3, 5,
7, 10, 12, and 14 V.
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suggested that the GO produced could improve the strength and stiff-
ness of NRL nanocomposites at the expense of flexibility, similar to
previous reports [29,30]. For example, the improvement in the me-
chanical properties was observed at below 7 V of applied voltage for the
fabrication GO/NRL nanocomposites due to the good dispersion of low-
agglomerated GO within the NRL matrix and the strong interfacial in-
teractions between the GO and NRL matrices, as convinced by FESEM
images. When the nanocomposites were under tensile stress, the fillers
were difficult to disconnect from the matrix, and could resist and
transfer the imposed force, leading to the weakening of the loading
stresses of NRL matrix [31]. However, the σb of the GO/NRL nano-
composites are slightly lower than previous reported work, which may
be attributed to the fact that it is difficult to separate the agglomeration
GO during mechanical mixing, especially for the higher applied vol-
tages (above 10 V) [32]. In addition, the slightly difference pattern
observed for the 3 V-GO/NRL nanocomposite, which might be attrib-
uted to the amount of GO consumed in the nanocomposite, is below the

percolation point [33], resulting in a lower σb value. In other case, the
higher interaction between GO in NRL matrix led to the higher force
needed to stretch the nanocomposites to a certain elongation, so adding
GO significantly decreased EB of the nanocomposites. These results are
complimentary to the electrical conductivities and capacitance perfor-
mance of the nanocomposites, as, the appropriate amount of GO sheets
will strongly affect the overall performances of the nanocomposites. A
summary of electrical, specific capacitance, and mechanical testing is
tabulated in Table 1.

8. Nanocomposite morphology

Fig. 7 shows the FESEM micrographs of GO/NRL polymer nano-
composite synthesized at 5 and 10 V. The GO sheets synthesized at 5 V
were highly exfoliated in the NRL polymer matrix through the one-step
method. There were many outcrops of the broken GO on the surface of
the nanocomposite. The results observed were due to the strong

Fig. 5. C-V curves of SDS-GO/NRL polymer nanocomposite synthesized at 3, 5, 7, 10, 12, and 14 V.
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interaction between the GO and NRL polymer matrix which might be
attributed to the various functional groups located on the surface of GO
[34].

The highly wrinkled GO shown in the FESEM image offers a higher
possibility of increased of hydrogen-bonding interaction between the
oxygen groups in GO structures and the hydroxyl group in NRL
polymer. Moreover, the attachment of SDS surfactant to the GO struc-
tures also might increase the van der Waals interaction of SDS-GO,
leading to the higher interaction and higher electrical conductivity.

Meanwhile, the SDS-GO/NRL polymer nanocomposite synthesized
at 10 V shows a rougher surface and larger agglomerated GO sheets on
the nanocomposite surface. In addition, the presence of agglomerated
GO sheets forced crack formation, as detected in several parts as shown
by small arrows. Therefore, when the agglomeration GO was obviously
seen, the conductive pathways between the GO sheets and NRL matrix
is seen to be less effective due to the limited reactive sites for hydrogen-
bonding formation, thus leading to slightly lower electrical con-
ductivity. Due to this, the proper selection of applied voltage with
sufficient amount of SDS surfactant to fabricate GO/NRL polymer na-
nocomposite also had a significant effect on the electrical, capacitance
and structural properties of the nanocomposite produced.

Fig. 8 shows the micro-Raman spectra of the 0.01M SDS-GO/NRL
polymer nanocomposite samples. All prepared samples showed a red-
shifted peak of D- and G-peaks in the range of 1352.9–1368.4 and
1523.0–1579.1 cm−1, respectively. Generally, the addition of GO dis-
persions in the NRL polymer matrix caused the ID/IG ratios to increment
in the nanocomposites produced.

To further understand the effects of different applied voltage on the
GO production and its nanocomposites, TGA was used to evaluate the
thermal stability and decomposition of the residual functional groups in
the prepared samples. Fig. 9(a) depicts the TGA for GO production at 7,

10, 12 and 14 V, with three-step major weight losses was found at
around 150, 250 and 450 °C, except for 3 and 5 V-GO, where only two
major steps weight losses at ~150 and ~300 °C are observed. The
thermal decomposition of species is dictated by the bond dissociation
energies which follows the order, weakly bound water due to H-
bonding < CeOeC (epoxides), COOH, OHeCeCeOH < ketones,
CeC < C]C [13]. An onset decomposition at below 150 °C can be
attributed to the removal of water molecules [21]. This was shown by
all GO samples.

Then, the second weight loss between the 150–300 °C was due to the
decomposition of eOH and ]O [35]. The GO sample produced using 3
and 5 V showed a major decomposition at this region with calculated
weight loss at ~84.24 and ~85.310 wt%, respectively, which might be
due to the low amount of GO produced consequent from the moderate
exfoliation and intercalation processes occurred at this applied voltage.
This subsequently confirmed the low amount of oxygen functional
groups existed in the GO structures as convinced by the edges sheets
showed by FESEM images. Meanwhile, the third major weight loss at
around 300–450 °C was attributed to the dissociation of remaining
unstable carbon structure [35]. By increasing the applied voltage, the
centred band of the decomposition is shifted to a slightly higher at
~450 °C, corresponding to the increased production of GO sheets; thus,
more types of oxygenises functional groups are attached to the GO
sample. The GO samples synthesized at 3 and 5 V were observed to burn
up at above 350 °C with residual weight loss of ~3-8 wt% as compared
to GO synthesized using 7–14 V, were burnt up at around 400 °C
(~10–20wt%). The residual weight loss at this region was due to the
nature behaviour of GO affected by the synthesis process [36]. The
result was in a good agreement with FESEM, AFM, micro-Raman, and
FT-IR analysed. From the results, the optimum GO samples with good
quality and quantity were shown by 5 and 10 V of applied voltage.

Therefore, in Fig. 9(b), the comparison was made between the
pristine GO, pure NRL, and GO/NRL nanocomposite synthesized at 5
and 10 V. In general, it was revealed that both GO/NRL polymer na-
nocomposite samples remain stable at least until 350 °C. The slight
decrease in the thermal stability of the GO/NRL polymer nanocompo-
site synthesized at 5 V as compared to the pristine GO and pure NRL
polymer indicates that the highly wrinkled GO efficiently diffused in
the nanocomposite, increasing the interaction with the NRL polymer.
This also contributed to the enhancement of electrical conductivity
(~×10−5 S cm−1) and capacitance performance (C=103 F g‐−1). In
comparison, the agglomerated GO structures produced using higher
applied voltage of 10 V during electrochemical exfoliation method lead
to the partially diffused GO sheets in the nanocomposite and low in-
teraction between the GO and the NRL polymer, thus slightly affecting
thermal stability to make the nanocomposite more stable. Even though
the higher applied voltages (10 V) in nanocomposite production used
lead to greater thermal stability than the nanocomposite produced at
5 V, the GO/NRL polymer nanocomposite produced at 5 V shows better
interaction between the GO sheets and the NRL polymer due to the low
agglomeration GO sheets.

The proposed mechanism of the electrical conductivity

Fig. 6. Mechanical testing of polymer nanocomposite synthesized at 3, 5, 7, 10,
12, and 14 V.

Table 1
Summarized of GO/NRL nanocomposite produced using different applied voltage.

Sample description Electrical conductivity, σ
(Scm−1)

Specific capacitance, Cs
(Fg−1)

Mechanical test

Max load (N) Tensile strength, σb
(MPa)

Young modulus, E
(MPa)

Elongation at break, EB
(%)

3 V-GO/NRL 4.43× 10−12 0.2 0.51124 0.1973 2490 115
5 V-GO/NRL 1.66× 10−5 103 0.52632 0.2009 3110 89.4
7 V-GO/NRL 4.66× 10−6 2.0 0.74663 0.2083 5360 72.8
10 V-GO/NRL 2.11× 10−7 2.5 0.48072 0.2380 8950 66.6
12 V-GO/NRL 5.60× 10−8 1.4 0.63853 0.2460 13,200 59.5
14 V-GO/NRL 4.92× 10−9 0.6 1.93 0.4176 20,200 53.6
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enhancement of the nanocomposite is basically followed from the
previous work [37]. A typical synthesized GO usually loaded with an
abundance of oxygen functional groups such as carbonyl, carboxyl,
epoxy, and hydroxyl at the basal plane and the edges structure [38].
The oxygenises groups containing on the GO surface sometimes has
hindered the low surface tension of SDS to have free access onto all
regions GO which led to a minimum attachment of SDS tail to the GO
structure. This contributes to the only slightly improved electrical
conductivity for both nanocomposites. However, the nanocomposite
synthesized at 5 V shows higher electrical conductivity
(× 10−5 S cm−1) which was believed due to the formation of more
conductive web connections because of the low amount GO produced
containing minimum functional groups on the surfaces during the
oxidation process. This also led to the higher capacitive value due to the
layered-structure of GO produced allows the kinetic movement of ion

between the electrodes.

9. Conclusion

In summary, GO/NRL polymer nanocomposite was successfully
synthesized under various applied voltage from 3 to 14 V via one-step
method of electrochemical exfoliation. For pristine GO, a highly wrin-
kles structures and moderate crystallinity (ID/IG=0.91) was success-
fully synthesized at 10 V of applied voltage. On the other hand, the
synthesis of GO/NRL polymer nanocomposite at 10 V showed better
dispersions obtained with moderate crystallinity (ID/IG=0.98).
Meanwhile, the effect on the dispersion can be further measured in the
electrical conductivities increment for the GO/NRL nanocomposites
synthesized in the ranges of 5 to 10 V (σ=~×10−7 to
~×10−5 S cm−1). In addition, the overall nanocomposite sample
showed potential in the supercapacitor performance through the C-V
and mechanical analyses. The use of one-step method in the fabrication
of GO/NRL polymer nanocomposite was believed to be easier, cost-ef-
fective and greener because this process efficiently intermixed the ex-
foliated GO and NRL polymer in one time during the exfoliation process
via electrochemical exfoliation method.
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supplying the natural rubber latex polymer to support the work.

Appendix A. Supplementary data
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