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Abstract. Ginger extract (GE) was employed for the reduction of graphene oxide (GO) by refluxing in an aqueous
medium with different reduction times. The reduced GO was characterized by X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy and Raman spectroscopy. X-ray photoelectron spectroscopy (XPS) to investigate structural,
chemical bonding and functional groups, respectively. The XRD results reveal that the maximum reduction GO was
observed at 12 h. The scanning electron microscopy (SEM) images showed the formation of a thin sheet-like structure for
ginger reduced graphene oxide (GRG12). The electrochemical properties of GRG samples were further evaluated by
cyclic voltammetry (CV), galvanostatic charge–discharge (GCD) and electrochemical impedance spectroscopy (EIS). The
GRG12 showed the highest specific capacitance value of 99.61 F g-1 at a scan rate of 5 mV s-1 with cycling stability of
98% after 1000 cycles. This study demonstrates the potential of GE for the reduction of GO and efficiency of the reduced
product for application in supercapacitors.
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Introduction

Though, various synthesis procedures, such as exfoliation,
chemical vapour deposition (CVD) [1], epitaxial growth [2],
thermal [3] and photoreduction [4] have been proposed for
graphene, the search for a simple, easy and efficient method
for mass production of graphene is still on. Hence, in recent
years, the research on the synthesis of superior quality and
large quantity graphene has derived tremendous recognition. One such method which fulfills these criteria is the
chemical reduction method [5]. The chemical reduction
method involves the removal of oxygen functional groups
(OFGs) from the edges and basal plane of graphene oxide
(GO) to produce reduced graphene oxide (rGO). The
properties of rGO are on par with pristine graphene. However, the chemical reduction method suffers from the disadvantage of involving the use of perilous reducing agents,
such as sodium borohydride, dimethylhydrazine and
hydrazine hydrate, etc. The hazardous byproducts formed
after reduction, using these reducing agents require special
handling techniques which increases the cost for industrial

production. Moreover, the trace amounts of toxic moieties
present in the final product cannot be used in bio-applications. Thus, arises the requirement for alternative reducing
agents. Recently, researchers have found various ecofriendly reducing agents for the synthesis of rGO which
include plant extracts, microorganisms and biomolecules
[6,7]. Out of these, mainly plant extracts have gained
tremendous attention because they are safe to use, costeffective and easily available. The polyphenols and flavonoids present in the plant extracts make them good reducing
agents [8]. The rGO synthesized using plant extracts are
used for various applications viz., sensors [9,10], supercapacitors [11], catalysis [12], biomedical [13] and biocomposites [14]. Bhattacharya et al [15] used varying amounts
of aloe vera for the reduction of GO which showed
improved current density and decreased charge transfer
resistance. The aloe vera rGO is capable of removing dye
with the highest efficiency of *98%. Salvadora persica L.
(Meswak) root extract acted as bioreductant for reduction of
GO which was highly dispersible in water [16]. Hou et al
[17] for the first time used Lycium barbarum extract which
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exhibited an effective reduction of GO. Few-layered
graphene was formed with a high C/O ratio of 6.5. Similarly, several plant extracts viz., lemon [18], coconut water
[19], rose water [20], eucalyptus tree bark [11], pomegranate [21] and many more have been studied as efficient
reducing agents for the synthesis of rGO in both qualitative
and quantitative ways.
In search of an efficient green reducing agent, we have
selected ginger (Zingiber officinale Roscoe) in the present
work. Ginger belongs to the Zingiberaceae family and is
widely used as a spice for adding flavour to food. Additionally, ginger possesses many medicinal and therapeutic
values [22,23]. Hence, it is generally found in the household. Moreover, ginger shows antioxidant properties owing
to the presence of compounds, such as pyrogallol, gallic
acid, ferulic acid, caffeic acid and 6-gingerol [24]. Ginger is
largely cultivated in India for export especially in the northeast region. One such state is Sikkim where people largely
grow it as a cash crop [25]. Thus, ginger can be procured
very easily. Ginger extract (GE) demonstrated its potential
in the synthesis of various metal nanoparticles, such as zinc,
copper, iron, silver and gold [26,27]. These reports suggest
the ability of GE as a reducing agent for the reduction of
metal salts instead of hazardous chemical agents.
In the present work, we demonstrate the reducing ability
of GE for the synthesis of rGO. The morphological, structural and elemental characterizations of the as-synthesized
GRG samples are performed. Also, the supercapacitive
behaviours of the prepared samples are investigated.

2.
2.1

Experimental
Materials

Graphite powder (Loba Chemie) was sieved through a mesh
before use. Sodium nitrate (Rankem), potassium permanganate (Rankem), sulphuric acid (Rankem) and
hydrochloric acid (Rankem), hydrogen peroxide (SD Fine
Chemicals Ltd.) and ethanol (SD Fine Chemicals Ltd.) were
used without further purification. Ginger was bought from
the local market. Double distilled (DD) water was utilized
for all the experiments.
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to 100 ml water and constantly stirred for 1 h. Ten
millilitres of GE was added to the dispersion and stirred
vigorously. Then, the mixture was refluxed at 90°C for 4 h.
The reduction of GO was indicated by the change in colour
from brown to black. The black precipitate was filtered and
washed several times with DD water. Finally, it was washed
with ethanol three times which was then left to dry in a
desiccator containing fused CaCl2. Further, the reduction
was carried by varying the reaction time viz., 6, 8, 10 and
12 h. The overall reaction is shown in scheme 1.

2.3

Characterization techniques

The microstructure of GRG samples was characterized by
scanning electron microscope (SEM) (model: JEOL JSM6700F USA). The structural and chemical bondings of GRG
samples were characterized by X-ray diffraction (XRD) and
attenuated total reflectance–Fourier transform infrared
(ATR–FTIR) spectra characterization were performed using
Rigaku Ultima III and Shimadzu ATR–FTIR spectrophotometer, respectively. The Raman and X-ray photoelectron
spectroscopy (XPS) of GO and GRG samples were collected from LabRam HR laser micro Raman system and
PHI 5000 Versa Probe III, respectively.

2.4

Electrochemical measurements

Electrochemical properties of the GRG samples were
analysed using CH Instruments Inc. (electrochemical analyzer CHI608E). The cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic
charge–discharge (GCD) measurements were taken in a
three-electrode system. Glassy carbon electrode (GCE) was
used as a working electrode, Ag/AgCl as the reference
electrode and platinum wire as the counter electrode. An
electrolytic solution of 1 M H2SO4 was used for supercapacitance measurements. GCE was polished with alumina
powder of different sizes (1, 0.3 and 0.5 lm). Then, it was
cleaned in ethanol and water under ultrasonication for
5 min, respectively. A dispersion of GRG samples with
ethanol was prepared. Then, the electrode was fabricated by
drop-casting the dispersion of GRG samples on GCE with
the active mass of 0.1 mg.

Procedure

Ginger was washed with water and the skin was peeled off.
Then, it was sliced into small pieces and left to dry under the
sun for two days. Then, the dried ginger was ground to
powder. Ten grams of ginger powder was added to 100 ml
water and refluxed for 3 h. The extract was cooled and then,
filtered first through a cheesecloth and then through filter
paper. The extract was stored in the refrigerator for further use.
Graphene oxide (GO) was synthesized following the
modified Hummer’s method (S1). The 0.07 g GO was added

3.

Results and discussion

SEM was employed to study morphology of the as-prepared
GRG samples. Figure 1a and b shows the SEM images of
GRG4 and GRG12 samples, respectively. The images
reveal that at 4 h, creased and agglomerated sheets of GRG
are formed, while with the increase in reduction time, the
agglomeration and also creases decrease. For reaction time
of 12 h, thin and transparent sheets of GRG are formed.
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Scheme 1.

Schematic for reduction of GO using GE.

Figure 1.

SEM images of (a) GRG4 and (b) GRG12.
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Table 1.

Data acquired from XRD analysis.

Sample code

Peak position 2h (°)

Interlayer spacing, d (Å)

9.92
23.79
22.74
24.01
24.22
24.34

8.9
3.74
3.91
3.70
3.67
3.65

GO
GRG4
GRG6
GRG8
GRG10
GRG12

spacing of 8.9 Å which shows the oxidation of graphite to
GO [28,29]. The interlayer spacing (d) was calculated using
Bragg’s law:
nk ¼ 2d sin h:

Figure 2. (a) XRD patterns and (b) FTIR spectra of GO, GRG4,
GRG6, GRG8, GRG10 and GRG12 samples.

This shows the efficiency of reduction with GE increases
with the increase in time. The SEM image also reveals the
formation of multilayered RGO as shown in supplementary
figure S1.
Figure 2a presents XRD patterns of GO and GRG synthesized at various times ranging from 4 to 6 h. An intense
peak at 9.92° is attributed to (001) plane with an interlayer

ð1Þ

In the case of GRG4, the aforementioned peak disappears
and a characteristic peak at 2h equal to 23.79° appears
corresponding to (002) plane which ensured the reduction
capability of GE. Also, the d spacing for GRG4 is found to
reduce to 3.74 Å [30]. This is caused by the removal of
oxygen functional groups (OFGs), such as OH, C=O and C–
O–C which is further supported by the FTIR analysis. The
2h and d spacing values for GO and GRG samples are listed
in table 1. The d spacing decreases with the increase in the
reduction time. This shows that as time increases, the
reduction of OFGs increases as a result of which the layers
of rGO approach each other.
The functional groups of GO and GRG samples were
studied using FTIR spectroscopy (figure 2b). The FTIR
spectra for GO, a broadband at 2874–3701 cm-1 is located
which corresponds to stretching of OH group [20]. Besides,
peaks at 1724, 1615, 1360 and 1044 cm-1 which are
ascribed to vibrations of C=O of carboxy group, C=C of the
aromatic ring, C–OH and C–O of the epoxy group are also
present [31]. For GRG samples, the peak for OH group
disappears and the peaks for other OFGs, such as C=O, C–
OH and C–O decreased. This suggests that GO is successfully reduced to GRG and is in agreement with the literature
[32,33].
Figure 3 shows the Raman spectra of GO, rG4 and rG12
samples. Raman spectroscopy is very sensitive to the
electronic structure of carbon nanostructures, becomes a
valuable tool for the evaluation of defect states, ordered and
disordered crystal structures of graphene and its derivatives
[33]. The Raman spectrum of graphene derivatives generally shows three main characteristic bands, D, G and 2D
bands corresponding to defect states, vibrational modes of
sp2 carbons, and symmetry allowed overtone of D band,
respectively [32,34]. In the present work, the Raman spectra
of GO shows D and G bands at 1358.91 and 1595.73 cm-1,
respectively. For the GRG4 sample, the characteristic bands
are present at 1356.86 and 1585.48 cm-1, while that for
GRG12 sample, is present at 1348.66 and 1600.48 cm-1,
respectively [35].
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Figure 3. (a) Raman spectra and (b) deconvolution of the
second-order peak of GO, GRG4 and GRG12.

The intensity ratio of D to G band, (ID/IG) provides the
extent of defect states present in the graphene-based samples. ID/IG ratio assesses the presence of disordered sp3 and
ordered sp2 carbons [36]. The ID/IG ratio for GO, GRG4 and
GRG12 samples was calculated and listed in table 2. The
ID/IG ratio decreases on the reduction of GO suggesting the
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restoration of sp2 carbons by removal of OFGs in GRG due
to reduction by GE which is also shown by the FTIR and
XRD analyses. Also, a lower ID/IG ratio is attributed to
lesser defects in the GRG samples at higher reduction time
[37]. This is contrary to previously reported results
[18,34,38,39] which shows an increase in ID/IG ratio during
the reduction of GO due to the increase in defect states in
rGO. It signifies GE to be a better reducing agent for the
synthesis of rGO.
For GO as well as GRG samples, the second-order
Raman peak is present in the range of 2300–3500 cm-1.
The shape of the 2D band indicates the formation of multilayered RGO, supporting the result from SEM analysis.
For further analysis, the 2D band was deconvoluted into
three Gaussian peaks (figure 3b) at *2500, 2900 and
3200 cm-1 corresponding to G*, 2D and D?G, respectively. Similar peaks were obtained by Bhujel et al [40] for
biomass-synthesized graphene. G* corresponds to highly
disordered sp3 hybridized amorphous carbon structures. The
2D peak is attributed to the transverse optical phonon
modes and D ? G is a combination of D and G modes. The
peak positions for GO, GRG4 and GRG12 are tabulated in
table 2. The intensity ratio of 2D to D ? G band (I2D/ID?G)
gives more information about the sp2 domains in the graphitic structure [34,38]. The I2D/ID?G ratio (table 2) for
GO \ GRG4 \ GRG12 which indicates that the sp2 sites of
aromatic carbon structure are restored when GO is reduced
using GE and is more evident at higher reduction time.
The GO and GRG samples were further characterized
using XPS for the analysis of elements present. The wide
scan spectra of GO and GRG samples are shown in supplementary figure S2. The core orbital binding energy of C
(1s) and O (1s) are present in the range of 275–350 eV and
525–545 eV, respectively. The binding energy signature of
S (2p), S (1s) and N (1s) in addition to C (1s) and O (1s)
peaks are observed in the XPS spectrum of graphene oxide.
On the contrary, the spectrum of GRG does not show any
such peaks reflecting the presence of only O and C in the
sample. This indicates that on the reduction of GO by GE,
no heteroatoms are introduced in rGO. Also, the spectra
clearly show a decrease in the intensity for the peak of O
(1s) and an increase for that of C (1s).
Figure 4 displays the high-resolution XPS spectra of core
level C (1s) and O (1s) for GO and GRG12 samples. The C
(1s) spectrum of GO demonstrates three peaks at 284.7,
286.7 and 287.2, respectively, which are ascribed to sp2
carbon (C=C), epoxy (C–O) and carboxyl (O–C=O) groups,
respectively [41]. After reduction with GE, the C (1s)
spectrum of GRG also shows the aforementioned peaks, but
the intensity of peak for C=C increases, while those for C–O
and O–C=O decreases indicating the reduction in GO. Also,
the O (1s) spectrum clearly shows that the intensity of peak
decreased in GRG compared to GO further confirming the
reduction of GO. Moreover, the atomic % of C and O in GO
and GRG12 are found to be 66.42; 33.58 and 73.12; 26.88,
respectively. The C/O ratio increased from 1.97 to 2.72
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Peak positions, ID/IG and I2D/ID?G values for GO, GRG4 and GRG12.
Peak position (cm-1)

Sample code
GO
GRG4
GRG12

D

G

G*

2D

D?G

ID/IG

I2D/ID?G

1358.91
1356.86
1348.66

1595.73
1585.48
1600.48

2566.06
2523.51
2517.36

2923.85
2913.59
2926.92

3213.97
3222.68
3244.73

1.14
0.97
0.91

3.68
7.25
13.74

Figure 4.

High-resolution XPS spectra of core orbital C (1s) and O (1s) for GO and GRG12.

which is similar to the reports in the literature [14,42,43].
Thus, the reduction of GO to RGO using GE is confirmed
by XPS analysis.
The above discussion confirmed that the OFGs were
successfully reduced by GE. The GE in water contains
many phenolic compounds, such as pyrogallol, gallic acid,
caffeic acid and 6-gingerol [24,44]. Out of these, 6-gingerol
is an active component of ginger. It may be the major
component involved in the reduction of GO for which a
possible mechanistic pathway is proposed in scheme 2. The

hydroxyl group of 6-gingerol attacks the epoxy group of GO
leading to the ring-opening reaction followed by the elimination of methanol. A six-member intermediate is formed
facilitating the reduction reaction. Again, the hydroxyl
group of 6-gingerol attacks the carboxylic acid group giving
a condensation reaction. Next, bond breaking takes place
with the elimination of dicarbonyl compound forming rGO.
Moreover, the hydroxyl groups of GO and 6-gingerol condense together, following which methanol is eliminated
with the formation of a five-member intermediate. Finally,
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Scheme 2.
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Proposed mechanism for reduction of GO by 6-gingerol.

the elimination of monocarbonyl compound yields rGO.
The reaction takes place under heating conditions.
The electrochemical performance of the GCE modified
with GRG samples was examined by EIS, CV and GCD
analysis. The electrolyte for the electrochemical study was
optimized (supplementary figure S3) using 1 M aqueous
solution of KOH, H2SO4 and Na2SO4. 1 M H2SO4 was
found to be the best among the three and was used for
electrochemical studies in this work.
The CV measurement was performed in the range from
-0.3 to 0.4 V at the scan rates of 5, 10, 30, 50, 70 and
100 mV s-1. The CV plots for GRG samples are shown in
figure 5. The CV curve of the GRG samples is different
from the usual rectangular shape. The difference in the
shape of the curve may be due to the presence of OFGs
[45]. Here, the supercapacitance behaviour is caused by the
contribution of both electrochemical double-layer capacitance (EDLC) and pseudo-capacitance. Pseudo-capacitance
is attributed to an oxidation–reduction reaction taking place
on the surface of rGO caused by the interaction of OFGs
and H? ions [46,47]. From supplementary figure S4, it is
apparent that the area under the curve as well as the peak

current increases as the reduction time increases and
shows the increasing trend as GRG4 \ GRG6 \ GRG8
\ GRG10 \ GRG12.
The specific capacitance values for GRG samples were
calculated using the following equation:
Cs ¼

r IdV
;
SDVm

ð2Þ

where Cs is the specific capacitance value in F g-1, r IdV
the area under the CV curve, S the scan rate in mV s-1,
DV the potential difference in volts and m the mass of the
active material in grams. The calculated values of Cs from
CV measurements are tabulated in table 3. The Cs value is
the highest for GRG12 samples. This may be due to the
increased conductivity of the samples as the sp2 graphitic
structure is restored which is shown by Raman analysis.
SEM images show an agglomerated structure for the GRG4
sample. The agglomeration decreases the net surface area as
a result of which the electrolyte can interact only with
limited active sites which leads to low Cs value. The
agglomeration decreases as the reduction of time is
increased. The resultant of the highest reduction time i.e.,

40
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Cyclic voltammetric curves for GRG samples.

Figure 5.
Table 3.

Bull. Mater. Sci. (2021)44:40

Specific capacitance values of GRG samples acquired from CV and GCD curves.
Specific capacitance values (F g-1) calculated from

Sample code
rG4
rG6
rG8
rG10
rG12

Cyclic voltammetry

GCD

Scan rates (mV s-1)

Current densities (A g-1)

5

10

30

50

70

100

0.1

0.2

0.3

0.4

0.5

31.69
52.48
67.39
74
99.61

23.28
37.23
57.78
58.14
69.23

12.52
21.26
32.96
38.52
37.76

9.39
17.41
26.43
31.71
31.44

7.88
15.77
23.51
27.95
28.36

6.86
14.84
20.42
26.57
27.15

2.97
4.09
28.19
30.71
70.85

1.89
2.17
21.89
25.53
50.16

1.47
1.69
18.21
24.09
39.19

1.38
1.26
16.34
21.18
33.72

1.09
1.08
15.17
21.59
32.08

GRG12 sample is less agglomerated as observed from SEM
analysis which results in increased surface area. The larger
surface area provides more active sites for the interaction
with the electrolyte and charge storage ensuing higher Cs
value.
The Cs value calculated from the CV study is a function
of the scan rate. Figure 5f shows that the Cs values are
inversely proportional to the scan rate. The highest values of
calculated Cs are observed at a slow scan rate (5 mV s-1).
The reason for such observation is that a slow scan rate

provides sufficient time for the electrolyte to interact with
the inner interstitial sites and more charge is stored on the
electrode material. On the contrary, for fast scan rates, the
electrolyte is unable to disseminate into the inner active
sites which lead to the lesser area for charge storage and
hence, lower Cs values.
For the further evaluation of the supercapacitance properties of GRG samples’ GCD, the experiment was performed. Figure 6 presents the GCD curves of all GRG
samples at varying current densities of 0.1–0.5 A g-1 and a
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Figure 6.
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Galvanostatic charge–discharge curves for GRG samples.

potential window of -0.3–0.4 V. The GCD curves for GRG
samples show some unsymmetrical nature with more discharge time than the charging time due to the occurrence of
quasi-reversible Faradic reactions. Because of these Faradaic reactions, the charge/voltage ratio does not remain
constant and varies with time. The presence of a greater
number of oxygen-containing functional groups like –OH,
C=O groups are responsible for showing such pseudocapacitive behaviour in addition to EDLC. In case of higher
time reduced GRG samples, the oxygen-containing functional groups are reduced therefore, hence, the GCD curves
are almost symmetrical in nature [48]. The Cs values from
GCD curves are calculated using the following mathematical equation:
Cs ¼

40

IDt
:
mDV

ð3Þ

Here, I is the discharge current (A), Dt the discharge time
(s), m the mass of the active electrode material (g) and
DV the potential difference (V).
The calculated Cs values using equation (3) are tabulated
in table 3. The Cs values of GRG4, GRG6, GRG8, GRG10
and GRG12 samples are 2.97, 4.09, 28.19, 30.71 and 79.85
F g-1, respectively, at a current density of 0.1 A g-1. The
tabulated values show that the Cs value is the highest for

GRG12 samples at all current densities. This result is in
accordance with the CV analysis.
EIS is a useful tool for studying conductivity and the
charge transport between the electrolyte and electrode.
Figure 7a shows the Nyquist plot for all GRG samples. The
experiment was conducted within the frequency range of
1 Hz–1 MHz. Semicircular plots are obtained for all the
GRG samples as shown in figure 7a. The curves were fitted
using Z-view software [49]. The inset in figure 7a represents the equivalent circuit diagram for the system. The Re,
RCT and CPE represent electrolytic resistance, charge
transfer resistance and constant phase element, respectively.
The intercept of the semicircle in higher frequency with the
X-axis gives the value for Re and the diameter of the
semicircle gives the value for RCT. The calculated values of
RCT from the Nyquist plot are 63.86, 28.62, 21.65, 19.02
and 14.6 X for GRG4, GRG6, GRG8, GRG10 and GRG12,
respectively. The lower value of RCT suggests higher conductivity. Hence, from EIS analysis, it can be concluded
that the GRG12 sample shows an easy flow of charge
between electrolyte and electrode which results in higher Cs
values.
A very crucial property of supercapacitor is the charge
retentivity i.e., the potential of the electrode material to
retain the charge capacity. For the same, the stability of the
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decreases as the reduction time is increased which indicates
the formation of rGO with fewer defects. The removal of
OFGs from GO was evidenced by XPS analysis. The
GRG12 sample shows minimum charge transfer resistance
and maximum specific capacitance value against other GRG
samples. Further, the GRG12 sample shows excellent
cycling stability of 98%. This process shows the potential
for scalable production of rGO and can be applied as a
supercapacitor electrode material.
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