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KEYWORDS Abstract A green, non-toxic and eco-friendly approach for the reduction of graphene oxide (GO)
Beta carotene; nanosheets using natural B-carotene is reported. The FTIR spectroscopy and thermogravimetric
Deoxygenation; analyses reveal the oxygen scavenging property of B-carotene successfully removes oxygen function-
Reduced graphene oxide; alities on GO nanosheets. Complete GO reduction is achieved within 16 h with 10 mM B-carotene as
Supercapacitor confirmed by the UV spectroscopy results. The high resolution transmission electron microscopy

images provide clear evidence for the formation of few layers of graphene nanosheets. Furthermore,
the mechanism of GO reduction by B-carotene has been proposed in this study. The electrochemical
testing shows good charge storage properties of f-carotene reduced GO (142 F/gat 10 mV/s; 149 F/g
at 1 A/gin Na,SO,), with stable cycling (89%) for up to 1000 cycles. The findings suggest the reduc-
tion of GO nanosheets by B-carotene is a suitable approach in producing graphene nanosheets for
supercapacitor electrode.

© 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

The green development of novel materials with superior
properties is a main concern faced by modern chemistry.
In this context, the advances in nanotechnology have led to
the synthesis of novel materials in order to meet the increas-
ing demand of the industries for advanced functional materi-
als. Graphene, a two-dimensional array of sp*-hybridized
carbon atoms in honeycomb lattice, represents a conceptually
e i 0 new class of materials since its first discovery in 2004
ELSEVIER Production and hosting by Elsevier (Novoselov et al.,, 2004). Unlike other nanomaterials,
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graphene nanosheets exhibit exceptionally high mechanical,
thermal and electronic qualities (Novoselov et al., 2005;
Lee et al., 2008; Balandin, 2011). These unique properties
thus make graphene a promising material for a wide variety
of new technological applications such as solar cells (Wang
et al., 2009), fuel cells (Jeon et al., 2013; Ng et al., 2010), bat-
teries (Mukhopadhyay et al., 2013), ultracapacitors (Stoller
et al., 2008), fiber polarizers (Bao et al., 2011) and gas sen-
sors (Schedin et al., 2007).

Several approaches for fabricating graphene nanosheets
such as chemical vapor deposition (CVD) (Petrone et al.,
2012; Ismach et al., 2010), epitaxial growth (Strupinski
et al., 2011) and chemical reduction of exfoliated graphite
oxide (Stankovich et al., 2007) have been reported where
the latter one is preferable, due to its cost effectiveness and
bulk-scale production feasibility (Park and Ruoff, 2009). Typ-
ically, the synthesis of chemically reduced graphene is
achieved by oxidation of graphite, followed by exfoliation
to produce graphene oxide (GO), and finally GO reduction
using hydrazine as a reducing agent. The conventional condi-
tion, however, formulates the synthesis of chemically reduced
graphene as not eco-friendly due to the consumption of extre-
mely toxic and potentially explosive hydrazine as reducing
agent (Li et al., 2008). Thus, any new insight to replace the
hazardous chemicals in the synthesis of graphene nanosheets
is urgently needed.

The reduction of GO using more eco-friendly and non-
toxic reducing agents such as ascorbic acid (vitamin C) was
first reported by Fernandez-Merino and co-workers (2010).
They reported that the ascorbic acid has similar deoxygen-
ation efficacy as hydrazine in the reduction of GO and the
reduction can be performed either in organic or aqueous sol-
vents. Since then, non-toxic compounds such as starch-based
materials (Feng et al., 2013), rose water (Haghighi and
Tabrizi, 2013), tea polyphenol (Wang et al., 2011), aqueous
phytoextracts (Thakur and Karak, 2012), sugar (Zhu et al.,
2010) and yeast (Khanra et al., 2012) have been reported as
potential replacement for hydrazine as reducing agents in
graphene synthesis.

B-Carotene is a natural product that could abundantly
be found in fruits and vegetables. It is composed of polyun-
saturated hydrocarbons with two retinyl groups and it has
been proven as a powerful anti-oxidant with excellent sin-
glet oxygen scavenging property that prevents attack of free
radicals in the body (Ciccone et al., 2013). Its abundance in
food and non-toxic nature could be the interest in mass
production of chemically reduced graphene, which could
potentially reduce the production cost as well as the toxic
waste. Thus, its deoxygenation efficacy in the synthesis of
chemically reduced graphene is worth to be further
explored.

Herein, we report the reduction of GO using B-carotene
and the process is monitored by spectroscopic and
microscopic techniques. The deoxygenation performance of
B-carotene is then compared with the hydrazine reducing
system. Furthermore, an investigation into the charge storage
properties of B-carotene reduced GO using electrochemical
analysis is also explored for the potential use as a supercapac-
itor electrode.

2. Experimental section

2.1. Preparation of graphene oxide (GO ), p-carotene reduced
graphene oxide (CRGO) and hydrazine reduced graphene oxide
(HRGO)

Prior to GO preparation, graphite powder (50 pm, >99.5%,
Merck) was pre-oxidized in order to prevent incomplete oxida-
tion. Briefly, graphite powder (20.00 g) was added into a solu-
tion containing H>,SO4 (30 mL, 95%, Sigma—Aldrich), K,S,0g
(10.00 g, >99.0%, Sigma—Aldrich) and P,Os (10.00 g,
99.99%, Sigma-Aldrich) prior to heating at 80 °C for 6 h.
The mixture was then diluted with distilled water, filtered
and washed until the filtrate became neutral in pH. The pre-
oxidized graphite powder was dried overnight at room temper-
ature before being subjected to oxidation using Hummers’
method (Hummers and Offeman, 1958). The pre-oxidized
graphite powder (20.00 g) was added into H,SO, solution
(460 mL), followed by the addition of KMnO, powder
(60.00 g, 99%, Merck). The addition of KMnO,4 powder was
done slowly with stirring and cooling to maintain the temper-
ature of the mixture at 20 °C. The mixture was then stirred at
35 °C for 2 h before the addition of distilled water (1 L). The
stirring was continued for 15 min and additional distilled water
(3 L) and H,0, (50 mL, 30 wt.%, Sigma—Aldrich) were then
added into the mixture. The mixture was filtered, washed with
1:10 HCI (37%, Fluka) and dried overnight (60 °C) in vacuum
to obtain the dry graphite oxide. The exfoliation of graphite
oxide was done by sonicating (200 W) the graphite oxide dis-
persion (2 mg/mL) for 30 min. The unexfoliated graphite oxide
was then removed by centrifugation (10,000g) for 10 min. The
remaining homogeneous yellow brown supernatant was
obtained as GO dispersion.

The CRGO was prepared by adding appropriate amounts
of B-carotene (97%, Sigma) into GO dispersion (50 mL) and
the mixture was refluxed at 95 °C for 24 h. The dried CRGO
was obtained by vacuum filtration, washing with distilled
water and drying overnight (60 °C) in vacuum. A similar
procedure was also applied to HRGO except hydrazine
monohydrate (0.25 mL, 98%, Sigma—Aldrich) was used to
replace B-carotene as reductant.

2.2. Characterization

The degree of GO reduction was monitored using a Thermo
Scientific (Genesys 10S) UV spectrophotometer. The func-
tional groups of samples were confirmed by using a Perkin
Elmer (Spectrum 100) infrared spectrophotometer over the
range of 400-4000 cm™". The thermal stability was determined
with a TA Instrument (Q500) thermal analyzer heating from
room temperature to 700 °C at a heating rate of 10 °C/min
in N, environment. The crystal structures of samples were ana-
lyzed using a Rigaku X-ray diffractometer (Miniflex 1T with
Cu-K,, radiation at 40 kV, 30 mA, A = 1.5406 A) within the
20 range of 5° to 90° at a scanning rate of 1° per second with
a step time of 2s. The surface morphology and nanosheet
thickness were studied by PHILIPS (CM-12) transmission
electron microscope (TEM) with an accelerating voltage of
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Table 1 Reduction of GO by B-carotene as a function of
concentration and time.

Functions Reductant Reaction Absorption
concentration time (h) peak position
(mM) (nm)
Reductant concentration 1 24 244
2 24 251
5 24 264
10 24 270
12 24 270
Reduction time 10 0 230
10 2 237
10 3 242
10 7 263
10 16 270
10 24 270

200 kV. The defects in graphene were examined by using a
Renishaw (In-via) Raman microscope with 532 nm laser as
the excitation source.

2.3. Electrochemical study

Prior to electrochemical measurement, a glassy carbon
electrode (CH Instruments) was polished with alumina pow-
ders and was sequentially sonicated in deionized water and
anhydrous ethanol. The CRGO electrode was made by drop
casting CRGO suspension (in N-2-methyl-pyrrolidone (99%,
Aldrich)) onto the polished glassy carbon electrode. A three-
electrode system was constructed for electrochemical study
with CRGO electrode as a working electrode, platinum wire
(CH Instruments) as a counter electrode, and Ag/AgCl (CH
Instruments) as a reference electrode. Autolab (PGSTATI101)
potentiostat/galvanostat was used to perform electrochemical
study. Cyclic voltammetry (CV) tests were performed in the
potential range between 0 V and 1 V versus Ag/AgCl with a

Table 2 Comparison table for reducing efficacy of different
natural reducing agents.

Reducing agent Duration for complete References

reduction (h)

Ascorbic acid 24 Gao et al. (2010)
Ascorbic acid 24 Pruna et al. (2013)
L-ascorbic acid 48 Zhang et al., 2010
Dopamine 24 Xu et al. (2010)
Wild carrot root 24 Kuila et al. (2012)
B-Carotene 16 This work

scan rate from 10 to 100 mV/s. Charge—discharge galvanostat-
ic tests were performed at a current density from 1 to 10 A/g.

3. Results and discussion

3.1. Optimization study

UV-Vis spectroscopy allows visualization of the formation of
reduced GO since the reaction involves the restoration of
C=C bonds. Time-dependence and concentration-dependence
experiments were carried out and monitored with UV-Vis
spectrophotometer to determine the optimal synthesis condi-
tion for CRGO. The shifting of UV absorption peak position
as a function of concentration and time during the course of
reduction is shown in Table 1. As shown in Fig. 1a, the initial
position of absorption peak is at 230 nm where a shifting of
absorption peak to 270 nm (due to restoration of electronic
conjugation during reduction process) is identified as a com-
plete reduction process (Fig. 1b) (Fernandez-Merino et al.,
2010). The reductant-concentration dependence kinetic study
shows that the rate of reduction increases with the concentra-
tion of B-carotene where 10 mM of B-carotene is sufficient to
complete the reduction of GO within 24 h (Table 1).
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Figure 1
absorption peak shifting of CRGO as a function of time.

UV spectra of (a) GO, (b) CRGO and (c) HRGO. The reduction was performed using 10 mM reductants. Inset: UV-Vis
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Figure 2 Visual observation of (a) CRGO and (b) HRGO
suspensions in N-2-methyl-pyrrolidone after 2 weeks.

The reduction was also performed as a function of time
while keeping the concentration of [-carotene constant
(10 mM) to obtain the optimum reaction time. As shown in

the inset of Fig. 1 and Table I, at least 16 h of treatment is
required to complete the GO reduction by B-carotene. For
comparison, GO reduction by hydrazine was also conducted
and the shifting of absorption peak to 270 nm could be
observed, as shown in Fig. lc. It can be clearly seen that in
the reduction of GO, B-carotene is able to restore the electronic
conjugation of reduced GO as hydrazine does. In addition, the
reducing efficacy of P-carotene is also compared with other
reported natural reducing agents and the performance is sum-
marized as in Table 2. It can be seen that the B-carotene could
complete GO reduction at a faster rate than ascorbic acid,
dopamine or wild carrot root extracts.

The GO suspension has yellow brownish color in deionized
water. After reduction by p-carotene, the reduced GO
precipitated out as black sediment. Thus, this confirms with
the UV-Vis spectroscopy data that the reduction of GO by
B-carotene has successfully occurred. The CRGO colloid-
stable suspension in common organic solvent is vital in
material manipulation and processing for practical applica-
tions. Thus, the CRGO suspension stability was tested on
N-2-methyl-pyrrolidone solvent and it can be clearly observed
that CRGO is colloidally stable in N-2-methyl-pyrrolidone
solvent, showing no signs of precipitation even after 2 weeks
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Figure 3  XRD diffraction patterns of (a) GO, (b) CRGO and (c) HRGO.

Figure 4 TEM images of (a) CRGO and (b) HRGO. Inset shows the sheet thickness at high magnification.
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Figure 5 ATR-FTIR spectra of (a) GO, (b) CRGO and (c) HRGO.
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Figure 6 TGA plots of (a) GO, (b) CRGO and (c) HRGO.

(Fig. 2a). The CRGO suspension is also compared with that of
HRGO (Fig. 2b) and there is no significant difference between
both reduced samples in terms of color and colloid stability.

3.2. Structural analysis

The crystal nature of CRGO was confirmed by XRD analysis.
Fig. 3 shows the XRD patterns of GO and CRGO where the
diffractogram of HRGO is also included for comparison
purposes. Initially, GO exhibits an intense diffraction peak
(002) at 10.3°, which is corresponding to the d-spacing of
0.862 nm (Fig. 3a) (Moon et al., 2010). Upon GO reduction
by B-carotene, the intensity of (002) diffraction peak decreases

and the peak width is broadened due to the stacking of
graphene layers. Furthermore, the signal is also shifted to
23.13° with a d-spacing of 0.392 nm (Fig. 3b). The decrease
in d-spacing is attributed to the removal of oxygen functional
groups and water molecules within GO sheets (Kuila et al.,
2012). Furthermore, the XRD pattern of HRGO is also shown
in Fig. 3¢ and similar diffraction patterns with broad diffrac-
tion band at similar 20 position as CRGO are observed.

The morphology of CRGO was studied and compared with
that of HRGO based on TEM analysis. Fig. 4 shows the TEM
images of CRGO and HRGO. As shown, both reduced
nanomaterials exhibit similar morphology with curvy and
wrinkled sheets. From the images of high magnification (inset
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of Fig. 4a), the thickness of CRGO is measured at ca. 2.4 nm.
It suggests the presence of at least 2-3 layers of reduced GO
sheets as the reported thickness for the single-layer reduced
GO sheet is ~1 nm (Stankovich et al., 2006). For comparison,
HRGO has a thickness of ca. 2.4 nm (inset of Fig. 4b), which is
identical to the CRGO thickness. The presence of few layers of
reduced GO sheets is attributed to the restacking of layers in
the absence of stabilizing molecules.

ATR-FTIR spectra of GO, CRGO and HRGO are shown
in Fig. 5. The presence of a broad band at 3287 cm ™' (for O-H
stretching vibrations), intense narrow bands at 1695 and
1747 cm™! (for C=O0 stretching vibrations), 1637 cm™! (for
O-H bending vibrations), 1233 and 1065cm~' (for C-O
breathing vibrations), and 981 cm~! (for vibrations from
epoxy, ether or peroxide groups) indicates the presence of var-
ious oxygen functional groups in GO structure (Fig. 5a)
(Fernandez-Merino et al., 2010). After B-carotene reduction,
the intensity of the bands associated to oxygen functional
groups decreases to a great extent, indicating the removal of
oxygen functional groups on CRGO (Fig. 5b). In addition,
some of the bands are slightly shifted due to the change of
hydrophobic chemical environment (contains merely carbon—
carbon bonds) in the deoxygenated sample compared to the
initial GO. The pattern of IR spectrum of CRGO, interest-
ingly, is almost similar to the one of HRGO (Fig. 5c¢).

The organic moiety and thermal stability of GO, CRGO
and HRGO were studied with TGA analysis. The mass loss
at a temperature below 100 °C due to the removal of absorbed
water can be seen for all samples (Fig. 6). For GO, two stages
of mass loss are shown; the first stage starts at 150 °C is due to
the loss of hydroxyl, epoxy functional groups and remaining
water molecules (Fig. 6a). The second stage (450-650 °C)
involves the pyrolysis of the remaining oxygen-containing
groups as well as the burning of ring carbon (Jeong et al.,
2009). At a temperature of 700 °C, GO shows a total mass loss
of 71.3% while CRGO and HRGO only experience mass
losses of 21.6% and 16.4%, respectively (Figs. 6b and c).
The findings suggest that most of the labile oxygen functional

groups have been removed from CRGO and HRGO after
reduction process.

Raman spectroscopy is a powerful non-destructive tool to
characterize electronic structure of carbonaceous materials.
The Raman spectra of GO and CRGO are shown in Fig. 7a
and b. There are two main features in Raman spectra for
GO and reduced GO, namely G band (ca. 1580 cm™') and D
band (ca. 1345 cm™'). The G band is assigned to the first order
scattering of E,, phonon of sp* carbon atoms, while the D
band is the breathing mode of x-point phonons of A;, symme-
try (Fan et al., 2011). Furthermore, the ratio of peak intensity
of D and G bands (Ip/Ig) also provides information on the
distance between defects in graphene and it increases with
increasing mean distance between two defects (Lucchese
et al., 2010; Cancado et al., 2011). The Ip/Ilg ratio for GO
and CRGO is computed and found to be 0.86 and 1.01, respec-
tively. This could be related to the removal of functional
groups and the formation of defects in CRGO (Moon et al.,
2010). Furthermore, the Ip/Ig ratio of CRGO is almost iden-
tical to that of HRGO (1.08, Fig. 7c). Thus, these data suggest
that the reduction process by B-carotene, without any doubt,
produces similar results as hydrazine.

3.3. Proposed reduction mechanism of GO by [-carotene

The reduction of GO by B-carotene is promising and hence a
mechanism for GO reduction by [-carotene is proposed
(Fig. 8). The reaction starts with the addition of oxygen mole-
cule at the central double bond of B-carotene to form epoxide
group (Step 1). The epoxide then undergoes hydrolysis result-
ing in the formation of a diol group (Step 2). Due to the elec-
tron donating effect of conjugated double bond in B-carotene,
the two protons from the diol group are readily dissociated to
form oxygen anions (Woggon, 2002). The oxygen anions act as
nucleophiles and attack epoxide moiety of GO through Sy2
pathway. As a result, the oxirane ring is opened up and a water
molecule is eliminated to yield aldehydes and CRGO as the
final products (Steps 3-5). On the other hand, other oxygen
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Figure 7 Raman spectra of (a) GO, (b) CRGO and (c) HRGO.
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> H
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Figure 8 Proposed reduction mechanism of GO to CRGO by B-carotene.

functional groups on GO such as hydroxyl group also experi-
ence a similar nucleophilic attack by the oxygen anions to form
CRGO as final product.

The reduction mechanism and the formation of aldehydes
after CRGO synthesis were verified with FTIR spectroscopy.
Fig. 9 shows the FTIR spectra of B-carotene solution before
and after reduction reaction. As shown, an additional IR
absorption band at 1650 cm™! corresponding to the carbonyl
group of aldehyde is detected for the B-carotene solution after
reduction. Thus, the observation of IR analysis further sup-
ports the findings of spectroscopy, thermogravimetry and pro-
posed mechanism.

3.4. Electrochemical study

The charge storage properties of CRGO were evaluated by
cyclic voltammetry (CV) and galvanostatic charge/discharge
analyses. In CV study, the specific capacitance is calculated
by integrating over the CV curve. As shown in Fig. 10, CRGO

Step 1

Step 2

Step 3

Step 4

+

CRGO

Step 5

exhibits a rectangular shape in CV curve which is an indication
of good charge propagation within the structure. The variation
of CRGO specific capacitance as a function of scan rate is also
measured and is summarized in the inset of Fig. 10. It can be
clearly seen that the specific capacitance is dependent on the
scan rate whereby the specific capacitance increases at a lower
scan rate. The finding is attributed to the diffusion and pene-
tration of ions into CRGO internal sheets at a low scan rate,
leading to more ion adsorption that contributes to a higher
specific capacitance. From the CV experiment, the maximum
specific capacitance attained on CRGO is 142 F/g at 10 mV/s.
The maximum specific capacitance of HRGO is also measured,
and is just slightly higher (150 F/g at 10 mV/s) than that of
CRGO (Fig. 10c). Interestingly, the specific capacitance value
of CRGO is much higher than the reported value of RGO pro-
duced by other natural reducing agents such as phytoextracts
(21 F/g)) (Thakur and Karak, 2012).

The galvanostatic charge/discharge curves for GO, CRGO
and HRGO are shown in Fig. 11. The specific capacitance is
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Figure 9

FTIR spectra of B-carotene reaction solution (a) before, and (b) after reduction process.
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Figure 10  CV curves of (a) GO, (b) CRGO and (c) HRGO in 1.0 M Na,SO4 at 100 mV/s. Inset: Variation of specific capacitance as a

function of scan rate for CRGO in 1.0 M Na,SO,.

calculated from the slope of the discharge curve. It is clearly
shown that the charge/discharge curve for CRGO is linear
and symmetrical without significant iR drop, indicating the
rapid current-voltage response and good charge discharge
reversibility of CRGO. Variation of the specific capacitance
of CRGO as a function of current density is also obtained
and is summarized as the inset of Fig. 11. From charge/dis-
charge experiment, the highest specific capacitance attained
on CRGO is 149 F/g at 1 A/g, comparable to 158 F/g obtained
on HRGO. Prior to analysis, similar experiments were done on
GO electrode. As shown in Figs. 10 and 11a, both the CV and
galvanostatic charge/discharge curves indicate that GO con-
tributes negligible amounts of capacitance. Electrode stability

represents an important element in the characterization of sup-
ercapacitor electrode. Fig. 12 summarizes the CRGO electrode
stability, cycled at 1 A/g for 1000 cycles. It is interesting to
observe the CRGO electrode possesses high stability with
capacitance retention of 89% after 1000 cycles. Furthermore,
the charge/discharge curves remain unchanged after 1000
cycles, suggesting the suitability of CRGO as supercapacitor
electrode (inset of Fig. 12).

Thus, by comparing with the HRGO which is prepared by
using highly toxic and explosive reductant, B-carotene offers us
another safe replacement for the reducing agent since it is nat-
ural, non-toxic and eco-friendly for deoxygenation reaction.
Furthermore, CRGO has good charge storage properties as
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cycle.

proven by the electrochemical study, and hence, offers another
possibility to use environmentally benign B-carotene in the
production of graphene as supercapacitor electrode and in
nanotechnology applications.

4. Conclusions

In conclusion, the current work reports the potential use of
natural, eco-friendly and non-toxic f-carotene as reducing
agent for GO reduction. The oxygen scavenging property of
B-carotene successfully removes oxygen functionalities on
GO nanosheets. The reduction optimization study shows that
complete reduction can be achieved within 16 h using 10 mM

of B-carotene. Furthermore, spectroscopic and microscopic
analyses indicate that the reduction efficacy of B-carotene is
comparable to the commonly used hydrazine reducing agent.
The electrochemical study also reveals that the CRGO has
good charge storage properties, and offers the green replace-
ment possibility of B-carotene in the production of graphene
as supercapacitor electrode.
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