J Mater Sci

@ CrossMark

Electrical enhancement of radiation-vulcanized natural
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Syl © Habiseny 2007 An insulating polymer, radiation vulcanization natural of rubber latex (RVNRL),

was successfully converted into electrically conductive nanocomposite by the
© Springer Science+Business  addition of reduced graphene oxide (rGO) assisted by sodium 1,4-bis(neopenty-
Media New York 2017 loxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate (TC14) surfactant.
The starting material, graphene oxide (GO), was initially synthesized by electro-
chemical exfoliation assisted by TC14 surfactant. Then, GO/RVNRL nanocom-
posite was fabricated by latex technology. For rGO/RVNRL nanocomposite, the
synthesized GO was further reduced to rGO using hydrazine hydrate and showed
electrical enhancement up to 1.32 x 107> S cm™' compared with GO when
composited with RVNRL (8.64 x 107* S cm™"). For comparison, rtGO/RVNRL
nanocomposite assisted by the commercially available surfactant sodium dodecyl
sulfate was prepared, and its electrical conductivity was found to be
1.79 x 107> S cm™ !, which was several orders of magnitude lower than those of
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GO/RVNRL and rGO/RVNRL nanocomposites prepared with TC14 surfactant.
C-V measurements taken for TC14-rGO/RVNRL and TC14-GO/RVNRL nan-
ocomposites showed specific capacitances of 95 and 63 F g™, respectively. The
structural properties of nanocomposites were characterized using FESEM, HR-
TEM, UV-Vis, micro-Raman, XRD, FT-IR spectroscopy, and TGA studies. This
study was the first to report on the success of converting the insulator polymer
RVNRL into a conductive nanocomposite assisted by TC14 surfactant. The na-
nocomposite can be a new electrode material for supercapacitor application.

Introduction

The natural rubber industry has grown steadily since
the 1960s; consumption of natural rubber has
increased because of massive demand for various
applications, such as in aerospace, defense industry,
biomedicine, and electronics [1-3]. Liquid natural
rubber latex (NRL) is preferred because it is easily
processable and cheap and contains abundant raw
materials for fabrication and modification of
nanocomposites. NRL can be categorized into two
groups: (1) pure NRL (collected from rubber trees
and only ammonia was used for durable purpose)
and (2) synthetic NRL (processed and blended with
other activators, antioxidants, and cross-linking
agents). Pure NRL is weak for practical uses without
being chemically cross-linked because it is sticky and
sensitive to heat and has low solvent resistance and
non-elastic properties [4]. Thus far, sulfur vulcan-
ization (SV) and radiation vulcanization (RV) are
more popular than other methods for NRL vulcan-
ization. In the recent years, two types of vulcaniza-
tion using RV method are commonly used for rubber
cross-linking and are preferred than SV method;
these types of vulcanization include radiation
through high penetration of gamma ray from a
radioactive source (i.e., ®°Co) and acceleration of low-
energy electron beams from the electron accelerator
[4]. Currently, selection of radiation-vulcanized nat-
ural rubber latex (RVNRL) is favorable in rubber
industries, especially for the production of condoms
and gloves [2, 5]; RVNRL exhibits low cytotoxicity
and highly degradable nature as well as lower
emission of sulfur dioxide than sulfur-vulcanized
natural rubber latex (SVNRL) [4]. The synthetic rub-
ber RVNRL, which is used for non-sulfur vulcaniza-
tion or zinc-free vulcanizing system, possesses high
thermal stability and modulus strength against
resistance [6]. Since the 1950s, various works have
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been systematically conducted on RVNRL because it
satisfies high levels of end-product applications over
SVNRL [7].

NRL polymers exhibit multifunctional properties,
such as mechanical, thermal, gas barrier, and elec-
trical conductivity [8-10]. NRL polymers also suffer
from brittle fracture and poor crack growth resistance
[10, 11]. This limitation could be resolved by adding
nanofillers. Nanofillers exist at least in the one-di-
mensional (1D) range to enhance nanocomposite
performance. Previous studies showed that silica,
mica (1D) [12, 13], carbon black, and carbon nan-
otubes (2D) [14, 15] are effective nanofillers for elas-
tomer nanocomposites. High conductive nanofillers
are crucial to improve the properties of NRL and its
derivative groups because of the low conductivity of
the nanocomposites. In addition, the distribution of
the high surface area of nanofillers can affect the
properties of nanocomposites produced [9]. Gra-
phene (GE) structures feature abnormal electrical
properties and high surface area [16, 17]; hence, this
extraordinary carbon material has been extensively
investigated in many fields, particularly in polymer
nanocomposites, since its discovery in 2004 [18, 19].
The filled NRL matrix with GE dispersion confers
NRL with outstanding properties. However, only few
studies have been documented on GE-filled rubber
nanocomposites because of (1) lack of functional
groups in GE that efficiently interact with the NRL
matrix, (2) high surface area, which tends to
agglomerate in nanocomposites and even in the ear-
lier preparations in a water-based medium, and (3)
high manufacturing cost. Therefore, fabrication of
graphene oxide (GO)/NRL or reduced graphene
oxide (rGO)/NRL polymer nanocomposites has been
extensively studied [20].

GO is a well-known multilayer planar sheet that is
oxidized from graphite sources through various top-
to-bottom approaches. rGO consists of several layers



of graphite, which has been reduced from the GO
sheets through two processes: (1) chemical reduction,
such as that performed with hydrazine hydrate [21],
and (2) thermal treatment, such as that performed
through microwave irradiation [22]. The rGO is
highly valuable due to the restoration of n-conjugated
system and the presence of reactive sites along the
structures renders it soluble in water-based polymers
[23]. Recently, the treatment of GO solution using
hydrazine hydrate has gained interest due to several
benefits such as reduction procedures that can be
operated at a low temperature and low consumption
of a certain volume of GO solution to produce a bulk
quantity of rGO in a short time [24]. Recently, the
introduction of chemically produced rGO materials
gives highest efficiency in the energy storage and
nanoelectronic applications due to efficient interac-
tion between the oxygen containing functional
groups with the electrolyte [25, 26]. Previously, Jin
et al. [25] have adopted rGO instead of GO materials
for the use as electrode materials of supercapacitor.
Therefore, instead of using GO, the widely used rGO
in the nanocomposite has clearly shown an interest-
ing increment of capacitive behavior in the electro-
chemical supercapacitor due to outstanding
properties contained in the graphene structure.
Numerous studies investigated the synergetic
effects of various polymers with GO and rGO mate-
rials. Elastomer nanocomposites can be produced
through three main processing methods: melt com-
pounding [27], solution mixing [28], and in situ
polymerization [29]. Our previous studies demon-
strated the effective dispersing role of the tailgroup
surfactant, and the use of tripletail sodium 1,4-bis(-
neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-
dioxobutane-2-sulfonate (TC14) surfactant above the
critical micelle concentration (cmc) (21.63 mM) has
proven to increase the dispersion level between the
GO and NRL matrix. This is despite the fact that GO
is far more difficult to disperse due to strong van der
Waals interactions [30-32]. The proposed graphene
suspension mechanism by TC14 relies on the low
surface tension of tripletail TC14 that gives triple
interaction to hydrophobic carbonaceous materials.
Therefore, we extended our work and investigated
the effectiveness of the TC14 surfactant toward the
new system of rGO dispersions in the RVNRL matrix
because of the similarity of elastomer groups to NRL
polymer. To the best of our knowledge, this work is
the first attempt to prepare electrically conductive

RVNRL polymer-based nanocomposite by introduc-
ing rGO dispersions assisted by TC14 surfactant,
which is believed to serve as versatile nanocomposite
electrodes for supercapacitor application.

Materials and methods

Two pieces of high-purity graphite rods (99.99%)
with the diameter and length of 10 and 150 mm,
respectively, were purchased from Good Fellow
Company, Germany. RVNRL was collected from
Malaysian Institute of Nuclear Technology Research,
Bangi, Malaysia. The RVNRL polymer (52% of TSC)
was irradiated with doses up to 12 kGy using y-rays
from a ®°Co source at a constant dose rate (2 kGy/h)
for 6 h of radiation time.

Preparation of rGO/NRL nanocomposite
through two-step method

Hydrazine hydrate (Merck; 80% solution in water) was
consumed as a reducing agent for rGO solution. The
1:100 volume ratio of hydrazine hydrate to GO solution
was mixed in a triple neck, round-bottom flask that
was readily immersed in a hot water. The mixture was
stirred for 24 h using a magnetic stirrer, and the tem-
perature was maintained around ~95 °C. Then, the
dispersions were subjected to ultrasonic dissolution
for 30 min. The fabrication process of 1:1 volume ratio
rGO/NRL nanocomposite was conducted by similar
stirring and ultrasonication processes as in a previous
study [30, 33]. In addition, for comparison purposes,
the rGO/RVNRL nanocomposite assisted by the
commercially available surfactant sodium dodecyl
sulfate (SDS) was prepared with similar fabrication
procedures, in which a 0.1 M SDS electrolyte solution
was used with an applied voltage of 7 V at 24 h to
synthesize GO. The dispersion was then stirred
(3000 rpm) and sonicated for 2 h with the introduction
of RVNRL matrix before overnight cast drying. A total
of ~4.15-4.30 wt% of GO and rGO was consumed
during the fabrication of the nanocomposites assisted
by TC14 and SDS surfactants.

Characterizations
The electrical properties of the nanocomposites were

measured using a standard four-point probe instru-
ment (Keithley 2636A). Surface morphologies of the
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Figure 1 -V and C-V curves of nanocomposite.

pristine GO and rGO were conducted using HRTEM
(JEOL JEM 2100) at 160 kV of accelerating voltage.
Meanwhile, the cryogenically nanocomposite sam-
ples using Leica Ultramicrotome, UC6, at room tem-
perature with a diamond knife at temperature
—110 °C were used. The nanocomposite samples
were then analyzed using FESEM (Hitachi SU8020)
with an operating voltage at 2-5 kV. Further analysis
of the reduction process from GO to rGO was con-
firmed with an Agilent Cary 60 spectrophotometer,
and the absorption spectrum was recorded within
200-800 nm. For capacitance measurement, the cyclic
voltammetry measurement (GamryPotentiostat Ser-
ies-G750 USA) was used for electrochemical testing.
Crystallinity was measured using micro-Raman
spectroscopy (RenishawInVia Raman Microscope)
with 514 nm wavelength using Ar* ion laser recor-
ded from 400 to 4000 cm™', and XRD patterns were
collected between 0° and 40° from a diffractometer of
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PANalytical X'pert Pro monochromatized CuKa
(. = 1.54 A). FT-IR was carried out using a Thermo
scientific Nicolet 6700 spectrophotometer within
4000-500 cm™" to confirm the interfacial interaction
between the rGO dispersions and the RVNRL matrix.
Meanwhile, the thermal stability of the nanocom-
posite samples was studied using a thermogravi-
metric analysis (TGA) Mettler Toledo SDTA 851
at a heating rate of 10 °C min~' under nitrogen
atmosphere.

Results and discussion

After the reduction process, the conductivity of the
TC14-rGO/RVNRL nanocomposite obtained was
found tobe1.32 x 107> S cm ™', which was higher than
the TC14-GO/RVNRL nanocomposite (2.65 x 10~*
S cm ™). The results obtained were also found much
higher than the nanocomposite assisted by
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Figure 2 HRTEM of GO- and rGO-assisted surfactants.

commercially available SDS surfactant (1.79 x 10>
Scm™") (Fig. 1a). This finding shows that the intro-
duction of rGO sheets assisted by low surface tension of
tripletail TC14 surfactant above its cmc level in the
RVNRL matrix led to effective adsorption onto the rGO
sheets and can easily form a high conductive
nanocomposite as compared with the SDS surfactant
[30-32, 34]. In fact, the value of electrical conductivity
for nanocomposite assisted by SDS surfactant was
much lower than the nanocomposite assisted by TC14
surfactant for both GO and rGO sheets.

C-V measurement was taken to determine the
ability of highly conductive and homogenous rGO/
RVNRL and GO/RVNRL nanocomposite-assisted
surfactants. Higher capacitance value of 95 F g™ at
100 scan rates was measured for TC14-rGO/RVNRL
as compared with the TC14-GO/RVNRL nanocom-
posite with lower capacitance value of 63 F g
(Fig. 1b—c). This finding represented the electrocat-
alytic activity of rGO on the surface of electrodes [35].

400
Wavelength (nm)

The incorporation of RVNRL polymer actually con-
tributed to the slightly increased charge-transfer
resistance in the rGO/RVNRL nanocomposite [36].
Nonetheless, the wrinkled structures of the produced
rGO offered better electrolyte ion accessibility, which
not only penetrated the outer region of rGO but also
its inner region, compared with the highly agglom-
erated structures of GO sheets. This phenomenon
aided the enhancement of capacitance performance
[37]. In addition, the wettability of rGO/RVNRL
nanocomposite electrodes was also enhanced by the
residual functional groups on the rGO sheets, which
increased the number of hydrophobic polar sites and
thus contributed to the capacitance measured [38, 39].
The present study open a new pathway to producing
simple, green, and low-cost electrode materials for
fast charge-discharge supercapacitor application.
These results confirmed the conversion of insulating
RVNRL matrix to highly conductive nanocomposite
was induced by the introduction of TC14-assisted
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Figure 3 FESEM and HRTEM images of nanocomposite.

rGO dispersions. The measured capacitance is appli-
cable and reliable when considering the electrodes
were free from other carbon additives. In comparison,
the SDS-rGO/RVNRL polymer nanocomposite shows
a low specific capacitance of 11 F g~' (Fig. 1d). This
sample presents the lowest capacitive performance
among all nanocomposites embedded with GO-as-
sisted TC14. This result is consistent with electrical
conductivity measurements, where the used of low
surface tension of tripletails of TC14 at higher than the
cmc in the RVNRL matrix induced effective adsorption
onto the rGO sheets. Therefore, large surface sheets
were obtained and a pathway for ion transfer between
the electrolyte and electrode was easily formed.
Pristine GO- and rGO-assisted surfactants were
further characterized by HRTEM (Fig. 2a—c). The
typical wavy appearances of multilayer GO sheets
due to the oxidation process were observed (Fig. 2a).
Meanwhile, Fig. 2b shows the highly crumpled and
large transparent sheets of rGO resulting from the
chemical reduction process. However, the absence of
transparent characteristics of rGO assisted by SDS
was probably due to the stacking of multiple sheets
(Fig. 2c). The successful reduction process was also
shown by the shifted peak of 227 nm in GO to the
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higher wavelength of 253 nm (rGO) (Fig. 2d), which
was due to the restoring n—m conjugation within the
graphitic structures. This was attributed to the con-
version of functional groups through the reduction
process [23].

Upon incorporation of GO and rGO into the
RVNRL matrix, the FESEM image of fractured and
few cracked surfaces was observed in the TC14-GO/
RVNRL nanocomposite (arrows in Fig. 3a). These
characteristics confirmed the interaction of linked-
radiated chain with the GO surfaces [40]. Meanwhile,
the TC14-rGO/RVNRL nanocomposite shows better
distribution of rGO sheets with a few aggregations
(shows by circles in Fig. 3b). This was due to the low
affinity between the TC14-rGO sheets and the
RVNRL matrix which were attributed to successful
reduction process of rGO [41]. In comparison, the
rGO/RVNRL nanocomposite assisted by SDS sur-
factant showed highly agglomerated rGO sheets
which consequence from the low effective interaction
between the SDS-rGO dispersions and the RVINRL
matrix (Fig. 3c). HRTEM images of the GO/RVNRL
nanocomposite assisted by TC14 surfactant (Fig. 3d)
also show obvious unexfoliated sheets as compared
with rGO/RVNRL nanocomposite where a uniform
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Figure 4 Micro-Raman, XRD, and FT-IR analysis of pristine GO, rGO, and nanocomposite.

and well-dispersed nanocomposite was detected
(Fig. 3e). In comparison with the nanocomposite
assisted by SDS surfactant, a largely significant size of
agglomerated rGO sheet was observed (Fig. 3f)
which led to the lowest conductivity nanocomposite
films.

Micro-Raman analysis was used to further evaluate
the dispersion level and the crystallinity of the sam-
ples, as shown in Fig. 4a. The intensity of D to G band
for the pristine GO (0.82) was slightly higher than
that of pristine rGO, which was found to be 0.74. The
decrease in Ip/Ig ratio was due to the defect reduction
at the rGO edges caused by the strong reduction that
suppressed the oxygen on the surface [42], signifying
the rise of sp® carbon intensities within the rGO sites
[37, 43]. In addition, the result obtained indicated the
successful elimination process of the several

functional groups from the GO structures using
hydrazine hydrate. With the addition of rGO in the
RVNRL matrix, the increase in Ip/Ig ratio and slightly
higher in the rGO/RVNRL nanocomposite (Ip/
Ic = 1.10) than the GO/RVNRL nanocomposite ((Ip/
I = 1.08) was observed. This result was due to the
increase in rGO ripples and the presence of other
impurities such as organic dopants through the harsh
oxidation-reduction process, which retained the sig-
nificant defect level in the nanocomposite [44].

The homogeneity of the prepared samples was
further confirmed by XRD analysis. Figure 4b shows
the pristine GO and rGO, as well as pure RVNRL,
GO/RVNRL, and rGO/RVNRL nanocomposites. The
broad and low-intensity peak at 18° for pure RVNRL
matrix confirmed the amorphous nature. Meanwhile,
a shifted peak of GO from ~10.2° to 26.5° was due to
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the reduction process [35, 45]. In the nanocomposite
sample, the disappearance of the sharp peak at 26.5°
corresponding to the unoxidized graphite was
observed, indicating that GO and rGO were com-
pletely exfoliated in the RVNRL matrix. The rGO/
RVNRL nanocomposite showed a broad and high-
intensity peak at 18.7° than the GO/RVNRL
nanocomposite (18.2°), indicating better distribution
of rGO sheets in the RVNRL matrix. This was due to
the high surface area obtained from rGO that offered
a large space for RVNRL particle to be intercalated
and increased the interaction between rGO and
RVNRL matrix.

The interfacial interaction was further confirmed
using FT-IR analysis. Figure 4c shows the FT-IR
spectra of pure RVNRL, pristine GO and rGO, GO/
RVNRL, and rGO/RVNRL nanocomposites. For
pristine rGO, a clear and broad peak was observed at
2860 cm™' and attributed to C-H bonding. Mean-
while, in the case of pure RVNRL, prominent peaks
at 1369, 1428, 2853, 2913, 2972, and 3362 cm™ ' were
observed, which were attributed to the typical NRL
functional groups [46]. The shifted peak from 1089 to
1098 cm™! in the rGO spectrum provided evidence
for the reduction of GO [47]. The observed hydroxyl
band around 3311 cm™' in rGO and GO spectra
shifted to a higher wavelength, which was found to
be 3379 em™' for rtGO/RVNRL and 3441 em™' for
GO/RVNRL nanocomposite. A low shifted peak at
around 68 cm™' for rGO/RVNRL nanocomposite

compared with GO/RVNRL nanocomposite
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120
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Figure 5 TGA analyses of pristine GO, rGO, and nanocomposite.
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(b)

Weight (%)

(130 cm™') was correlated to the high interaction of
hydrogen bond between rGO dispersion and RVNRL
matrix possibly due to reduction [47]. In addition, the
remaining oxygen functional groups on the rGO
facilitated the physical and chemical interactions
between the rGO sheets and RVNRL matrix [48].
TGA analysis is useful for the evaluation of poly-
mer thermal stability. Figure 5a, b shows the ther-
mogravimetric curves of pure RVNRL, pristine GO
and rGO, GO/RVNRL, and rGO/RVNRL nanocom-
posites. Figure 5a shows the enhanced thermal sta-
bility of pristine rGO as compared with GO. A
gradually decreasing pattern was observed for both
curves. The calculated residue weight loss for pristine
rGO was found to be ~35%, which was higher than
that of pristine GO (~15%). This finding demon-
strated the successful elimination of several oxygen
functional groups anchored onto the GO structures
using hydrazine hydrate [49]. Meanwhile, careful
observation showed that the rGO/RVNRL
nanocomposite presents a high thermal stability at
the onset decomposition temperature of 276 °C as
compared with GO/RVNRL nanocomposite (196 °C)
and its pure form, RVNRL (~100-250 °C) (Fig. 5b).
This result indicated that the addition of rGO in the
nanocomposite caused a shifted curve to higher
temperature, which was probably due to a sheet
barrier effect that reduced the volatilization activity
of RVNRL and to the higher heat capacity of rGO
itself as compared with the RVNRL matrix [50, 51].
This finding has also been reported by Rajkumar
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et al. [52], where a high thermal stability of
nanocomposite was achieved by adding nano-
graphite to a rubber matrix.

The proposed mechanism of the electrical con-
ductivity enhancement of the nanocomposite is
shown in Fig. 6a-b. A typical synthesized GO was
usually loaded with an abundance of oxygen func-
tional groups at the basal plane and the edges
structure [30, 33, 53]. The GO surface with the oxy-
geneous groups hindered the low surface tension
TC14 to have free access along the GO surface, and
this led to a minimum number of the attachment
TC14 on the GO structure [Fig. 6a(i)]. This may result
in a slightly low homogeneity and electrical con-
ductivity obtained for GO when composited in the
RVNRL matrix [Fig. 6a(ii)]. Meanwhile, upon the
reduction process, the epoxide and carboxylate
groups were successfully eliminated with a small
quantity of the hydroxyl groups [53] [Fig. 6b(i-ii)].
This then promoted reactive and radical sites of rGO
structure, which subsequently formed dangling
bonds. This offered an advantage to the existing
electron clouds at tailgroup TC14 in the system to
attach onto the dangling bond spaces. The highly
reactive sites of rGO increased the numbers of the
attached tail groups onto the rGO surfaces and thus
increased the conductive pathways [30-32, 54]
[Fig. 6b(ii)]. In addition, the use of RVNRL polymer
containing an alkyl radicals was promoted to a new
hydrogen bond formation between the TC14-rGO
sheets and the RVNRL matrix [40] [Fig. 6b(iii)]. The
increase in interactions and highly accessible tail-
group TC14 surfactant onto the rGO sheets after the
reduction process paved a new pathway for the
electron transport of free radicals within the TC14-
rGO/RVNRL nanocomposite, as supported by the
I-V and C-V analyses.

Conclusion

The rGO/RVNRL nanocomposite assisted by TC14
performed the highest electrical conductivity and
capacitive value of ~x10>Scm™' and 95F g/,
respectively, as compared with GO/RVNRL
(~x107*Sem™" and 63 F g '). The electrical con-
ductivity obtained was two orders of magnitude
higher than that of rGO/RVNRL nanocomposite
assisted by SDS (~x107> S cm ™). The possible rea-
sons were the increased number of attached tripletail
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TC14 on the reactive site of rGO dangling bonds after
reduction. The existence of alkyl free radicals in
RVNRL matrix also promoted a new hydrogen bond
formation and increased the interaction between the
rGO and the RVNRL matrix. This phenomenon
resulted in higher electrical conductivity and capac-
itive value, as well as improved uniformity of
nanocomposite produced. Thus, a conductive TC14-
rGO/RVNRL nanocomposite paved the way for cost-
effective, highly bendable electrodes with potential
application in fast charge-discharge supercapacitors.
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