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Abstract. The electrolyte used, plays a crucial role in the electrochemical performance of supercapacitors. It is known
that the concentration of electrolyte is also a controlling parameter for a given active material where the performance will
be optimum for a particular concentration. Herein, we report a study on the effect of electrolyte concentration on the
electrochemical performance of reduced graphite oxide–potassium hydroxide supercapacitor. The supercapacitor achieves
a maximum specific capacitance of 232 F g-1 in 6 M KOH with energy and power density values of *21 Wh kg-1 and
*400 W kg-1, respectively. The kinetics of charge storage reveals that the combination of surface phenomenon and
intercalation process leads to maximum specific capacitance.
Keywords.

1.

Supercapacitor; reduced graphite oxide (RGO); electrolyte concentration, hybrid charge storage.

Introduction

The finite availability of fossil fuels and environmental
concerns, such as pollution, global warming, etc., generate a
need for renewable energy production [1,2]. The urgency of
the practical realization of efficient renewable energy
sources is followed naturally by the significance of refining
the existing energy storage devices. One of such promising
storage devices is supercapacitor [3]. Supercapacitors are
characterized by higher energy densities than conventional
dielectric capacitors and higher power density than conventional batteries [4]. Supercapacitors based on electric
double-layer capacitance (EDLC) store and release energy
by nanoscopic energy separation at the electrode–electrolyte interface [5]. Another class of supercapacitors is
based on pseudocapacitance, which involves a transfer of
electrons across the electrode–electrolyte interface and fast
reversible redox reactions between electrolyte and electroactive species on the electrode surface [5]. Commonly
used electrode materials for EDLCs are carbon-based
materials, such as activated carbon, carbon black, carbon
gel, skeleton carbon and meso carbon [6]. Transition metal
oxides and conducting polymers, such as polyaniline are
used as electrode materials in pseudocapacitors [4].
Electrolyte plays a crucial role in the electrochemical
performance of supercapacitors [7]. Generally, liquid electrolytes can be classified into aqueous electrolytes, organic
electrolytes and ionic electrolytes [8]. Organic electrolytes

are often used in commercial supercapacitors due to the
larger voltage window that lead to higher energy densities
though they are not environment friendly. Aqueous electrolytes have the advantages, such as less expensive, handy,
environment friendliness, etc., and thus, considerably simplifying the fabrication of supercapacitors. The aqueous
electrolytes can be classified into alkaline, acidic and neutral electrolytes, are frequently used because of high conductivity and distinct proton transport mechanism [9]. It is
known that the same electrode material when used with
different aqueous electrolytes, the performance drastically
varies [10]. Further, the concentration of electrolyte is also a
controlling parameter for a given active material where the
performance will be optimum for a particular concentration.
Therefore, it is interesting to study the performance of an
active material in combination with an aqueous electrolyte
with different concentrations.
Among the alkaline aqueous electrolytes, potassium
hydroxide (KOH) is a commonly used electrolyte in carbonbased supercapacitors because of non-toxicity, low-cost and
excellent conductivity [8]. The potential window for the
KOH electrolyte is 1.0 V [11]. Recently, graphene and
related materials, such as graphite oxide (GO) and reduced
graphite oxide (RGO) have emerged as a new class of
electrode material for supercapacitors because of their high
surface area and unique physical properties [9,12]. However, in practice, the high specific surface area of singlelayered graphene cannot be utilized for the supercapacitor
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electrode. The reduction of graphite oxide by chemical or
thermal process often yields multilayered RGO, because of
the restacking of graphene layers [13]. Vivekchand et al
[14] had synthesized graphene by three different methods
and investigated their performance as electrode material in
supercapacitors. Among the three methods, RGO prepared
by thermal exfoliation of graphite oxide (GO) showed the
highest specific capacitance of 117 F g-1 with aqueous
H2SO4 electrolyte [13]. Stoller et al [15] had reduced suspended GO sheets in water using hydrazine hydrate and the
specific capacitance of thus prepared electrode was
135 F g-1 in 5.5 M KOH. Wang et al [16] reduced GO
powder in vacuum using hydrazine for 72 h and further
annealed at 400°C for 3 h in argon. A maximum specific
capacitance of 205 F g-1 was obtained at 100 mA g-1 in
30 wt% KOH aqueous electrolyte. Demarconnay et al. [17]
had fabricated a high voltage symmetric carbon/carbon
supercapacitor using 0.5 M Na2SO4 aqueous solution with a
voltage window of 1.6 V and obtained a specific capacitance of 135 F g-1. Du et al [18] thermally exfoliated
graphite oxide to synthesize functionalized graphene sheets.
The specific capacitance was measured in aqueous and nonaqueous electrolytes. In aqueous KOH, the value of specific
capacitance is 230 F g-1 and in ethylene carbonate, the
specific capacitance drops to 73 F g-1. Gao et al [19] had
prepared all carbon self-standing micro-supercapacitors by
patterning RGO electrodes on hydrated GO films by laser
reduction conversion technique and obtained a volumetric
capacitance of 3.1 F cm-3. Lin et al [20] synthesized
functionalized graphene by controlled reduction graphite
oxide in solvothermal method at a temperature of 150°C. A
specific capacitance of 276 F g-1 was obtained in 1 M
H2SO4 electrolyte for this sample. Zhang et al [21] had
prepared graphene hydrogels by hydrothermal reduction
graphene oxide dispersions. The conductivity was improved
by further reducing with hydrazine. The electrochemical
performance was evaluated in 5 M KOH and obtained a
specific capacitance of 220 F g-1. Chen et al [22] fabricated supercapacitor using partially reduced graphene
oxide. The reduction was carried out using hydrobromic
acid. The specific capacitance was measured in aqueous and
ionic electrolytes and reported as 348 and 158 F g-1,
respectively. Bai et al [23] RGO hydrothermally and the
specific capacitance of thus prepared electrode was
230 F g-1 in 30 wt% KOH aqueous electrolyte. Yang et al
[24] prepared graphene by laser-irradiated reduction graphite oxide aqueous dispersions. For this sample, the electrochemical activity was measured in 1 M Na2SO4 and the
highest specific capacitance obtained was 141 F g-1.
Kumar et al [25] investigated the electrochemical performance of micro-supercapacitors. Laser treatment was conducted to reduce and pattern the electrodes on thick graphite
oxide free standing films. The electrochemical performance
was evaluated in three electrolytes, NaOH, Na2SO4 and KCl
and areal capacitance was reported to be 2.40, 2.23 and 1.62
lF cm-2, respectively.
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From previous reports, it is clear that GO reduced
through different techniques have been used in combination
with different electrolytes for supercapacitors. There is a
wide range of difference in their electrochemical performance. Previous reports suggest that the extent of reduction
of GO as well as the reduction technique could significantly
influence the performance as well as mechanism of the
supercapacitor action of RGO active material. This is
because of factors, such as conductivity of the active
material, morphology and the type and concentration of
oxygen containing functional groups vary with reduction
time and all these factors could significantly influence the
supercapacitor action [26]. However, an exhaustive literature survey did not reveal any investigation on the effect of
concentration of electrolyte on the electrochemical performance of RGO active material. In the present work, RGO
was synthesized from GO using hydrazine hydrate where
the reduction time was fixed as 2 h [27]. To understand
adaptability of RGO in different concentrations of aqueous
electrolytes, the electrochemical performance of RGO
electrode in a two-electrode configuration was studied for
different concentrations of KOH aqueous electrolyte. To the
best of our knowledge, there are no reports available on the
effect of concentration of alkaline aqueous electrolytes on
the supercapacitor action of RGO active material. Percentage contribution of different storage mechanisms involved,
viz. pseudocapacitive mechanisms that originate only due to
surface phenomena (capacitor like) and diffusion-controlled
Faradic intercalation process (battery like) at different
electrolytes concentrations is also reported.

2.
2.1

Experimental
Synthesis of chemically RGO

All chemicals used were of analytical grade and used
without any further purification.
Graphite oxide was synthesized by the oxidation of graphite powder (particle size \ 50 lm, Merck) using modified Hummers method [28]. The GO powder was dispersed
in distilled water (3 mg ml-1) by ultrasonication in a bath
ultrasound for 3 h. Hydrazine hydrate (1 ll for 3 mg of GO,
80% Merck) was successively added to the dispersion and
stirred in a water bath at 80°C for 2 h. The resulting black
powder was washed several times with distilled water until
pH becomes neutral and dried in an oven at 60°C [28].

2.2

Characterization

X-ray diffraction (XRD) analysis of graphite, GO and RGO
samples were carried out in a Bruker D8 advance X-ray
diffractometer with a step size of 0.02° using CuKa radiation (k = 1.5406 Å). The structural changes during reduction were monitored from Micro Raman spectroscopy
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analysis (Horiba Lab RAM HR Evolution with 532 nm
DPSS laser source). The Fourier transform infrared (FTIR)
spectra were obtained in an IRAffinity-1 spectrometer
(Shimadzu make). The chemical composition of the samples was estimated using a CHNSO analyzer (Thermo
Finnigian make).
X-ray photoelectron spectroscopy analysis (XPS) was
done with a Thermo Scientific ESCALAB Xi? XPS System
with AlKa radiation as the excitation source. The morphology and microstructure were explored using a field
emission scanning electron microscope (FESEM, FEINOVA nanoSEM 450) with a beam potential of 10 kV and
high resolution transmission electron microscopy (HRTEM,
Tecnal G2, F30, beam potential 300 kV).

2.3 Preparation of electrodes and fabrication of
supercapacitors for electrochemical measurements

E ¼ 1=2Cs DV 2 ;

P ¼ E=Dt;

The electrochemical properties of two-electrode configuration were studied from cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS) using an electrochemical
workstation (VERTEX, IVIUM).
The specific capacitance is calculated from the GCD
curves using the equation:
Cs ¼

2I
m

DV
Dt

;

ð1Þ

where I is the constant current for charge–discharge,
DV/Dt the slope of the discharge curve and m the mass of
the electroactive material in each electrode [23].
The energy (E) and power (P) densities were estimated
from the GCD curves at different current densities using
equations (2 and 3), respectively:

ð3Þ

where Dt is the discharge time.
EIS was carried out in the frequency range of 100 kHz–
100 MHz at 10 mV.
As already mentioned, the electrochemical performance
of the two electrode system was studied for different
concentrations of KOH, viz.1.5, 3, 4.5, 6, 7.5 and 9 M.
Further, the specific conductivity of KOH aqueous solution for all these concentrations were measured using a
Scientech Deluxe COND/TDS meter.

3.1

2.4 Electrochemical characterization and
characterization of electrolytes

ð2Þ

where DV is the voltage window of discharge curve.

3.

Working electrodes were prepared by grinding 80 wt%
RGO, 15 wt% carbon black (Alfa Aesar, CAS: 1333-86-4)
and 5 wt% polytetrafluroethylene (PTFE, Alfa Aesar,
China, CAS: 9002-84-0) as binder in 1-methyl-2-pyrrolidone (NMP, TCI, Japan, M3055). This paste was coated on
two stainless steel coins and then, dried in an oven at 70°C.
The supercapacitor was then fabricated using an assembly
of twice-coated stainless steel coins separated by Whatman
filter paper (cat. no. 1001-110) soaked with the aqueous
KOH electrolyte (Merck, India). The concentration of the
electrolytes used were 1.5, 3, 4.5, 6, 7.5 and 9 M. The
loading mass of the active material on the stainless steel
coin are 2.44, 2.04, 2.4, 2.24, 2.5 and 2.24 mg, respectively,
in combination with electrolyte concentrations of 1.5, 3, 4.5,
6, 7.5 and 9 M.
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Results and discussion
XRD, morphology and chemical composition

Figure 1a shows the XRD patterns of graphite, GO and
RGO in the 2h range between 5 and 80°. Graphite has an
intense peak at 26.4° corresponding to (002) crystal planes
with an interlayer distance of 0.338 nm. As graphite was
oxidized to GO, (002) peak shifts to 2h = 10.2° with an
interlayer distance of 0.866 nm. The intercalation of oxygen
functional groups and water molecules between the layers
of hydrophilic GO causes expansion in the interlayer distance of GO compared to that in graphite [13]. The (002)
diffraction peak of GO shifts to higher 2h on reduction and
is broadened. This broad peak of RGO is deconvoluted into
three peaks with d002 values of 0.70, 0.46 and 0.36 nm as in
figure 1b, indicating turbostratic nature [29]. The interplanar spacing values, layer staking distances (Lc) and the
number of graphene layers (N) estimated from the 002
peaks are enlisted in supplementary table S1. The total
number of layers for RGO is *12.
Figure 1c and supplementary figure S1 show the HRTEM
images of the RGO sample. This shows the restoration of
graphitic order. But the restacking is not perfect in graphite.
It is an indication of turbostratic nature of the sample [29].
The selected area electron diffraction (SAED) pattern
(supplementary figure S2) shows continuous diffused circular rings. The absence of diffraction spots indicate multilayered sheets, stacked in different orientations as
expected in turbostratic nature. FESEM image in figure 1d
shows thin, agglomerated, layered, wrinkled sheets. The
low-magnification image (supplementary figure S3) indicates relatively higher degree of folded stacked layers.
The chemical compositions of GO and RGO are analysed
using CHNSO analyzer. The possible chemical compositions of GO and RGO are C5.74H5.26O1.6 and
C4.13H0.86O0.24N0.13. As GO is reduced, the fraction of
carbon atoms with respect to oxygen and hydrogen atoms
increases [30]. There is approximately four-fold increase in
C/O and C/H ratio as compared to that of GO

288

Page 4 of 11

Bull. Mater. Sci.

(2021) 44:288

Figure 1. (a) XRD patterns of graphite, GO and RGO, (b) deconvolution of (002) XRD peak of
RGO, (c) HRTEM image of RGO and (d) FESEM image of RGO at high magnification.

(supplementary table S2). Thus, the removal of functional
groups can also be confirmed from CHNSO analysis.
Presence of traces of nitrogen in RGO is induced from
hydrazine reduction and is in agreement with previous
reports [31].

3.2

Raman and FTIR analyses

The structural changes of graphite that occur during oxidation and reduction are studied from the Raman spectra
(figure 2a). For comparison, Raman spectra of graphite are
also shown. Graphite has a characteristic D band at
1354 cm-1 and G band at 1581 cm-1. It is also characterized by a second order of the D band at 2715 cm-1 [32].
The weak D band of graphite is due to carbon atoms at the
layer edges or defects and the strong G band is due to the
in-plane vibration of sp2 hybridized carbon atoms in the
two-dimensional hexagonal lattice [32]. The D/G ratio of
graphite is 0.20. Raman spectra of GO shows both D and G
bands respectively, at 1357 and 1593 cm-1. The D and G
bands are broadened and moreover, the D band becomes
prominent. This indicates disorder in GO, resulting from
defects associated with vacancies, grain boundaries and
amorphous carbon species [33]. The D/G ratio is increased
to 0.91 in the Raman spectra of GO (supplementary

table S3). In RGO, the positions of D and G bands are same
as in GO, while the D/G ratio increases to 1.27 due to the
presence of unrepaired defects [33].
Figure 2b compares the FTIR spectra of GO and RGO
samples. GO has a broad peak at 3191 cm-1 due to O–H
stretching vibrations in the range of 2850–3700 cm-1 [30].
The absorption peak centred at 1718 cm-1 corresponds to
C=O stretching vibrations and the absorption at 1622 cm-1
is the bending mode of water [34]. C=C vibrations are weak
in GO with the absorption centred at 1507 cm-1 [30]. The
deformation peak of O–H group is seen at 1404 cm-1 [34].
The peaks at 1225 and 1059 cm-1 are assigned to C–O
(epoxy) stretching vibrations [23]. C–O (alkoxy) stretching
peak at 1619 cm-1 is the skeletal vibrations from graphitic
domains due to the adsorbed water and aromatic C=C [23].
For RGO, the broad and intense absorption band in GO
originating from OH stretching centred at 3121 cm-1
become narrower indicating removal of water and hydroxyl
groups on reduction [27]. The stretching vibrations
appearing at 1710 cm-1 becomes prominent than the
bending mode of water at 1655 cm-1 [30,34]. The C=C
stretching vibration at 1550 cm-1 becomes more prominent
than the deformation peak of O–H at *1397 cm-1 [30,34].
The dominance of C=C peak on reduction is a sign of
restoration of graphene lattice [35]. Further, C=O stretching
vibrations at 1212 cm-1 and epoxide peak at 1136 cm-1 are
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Figure 2.

XPS analysis

Figure 3c and d shows the C 1s XPS spectra of GO and
RGO, respectively. The deconvolution of C 1s spectra of
GO has five peaks centred at binding energies of 284.7,
285.8, 286.8, 288.3, 289.2 eV, assigned to C–C/C=C,
C–OH, C–O (epoxy and alkoxy), C=O (carbonyl) and
COOH (carboxyl) groups, respectively [33]. The C 1s XPS
spectrum of RGO has peaks corresponding to all these
oxygen functionalities, but their relative concentration
varies. C–OH is the most dominant oxygen functionality in
RGO. Previous studies where theoretical analysis of

Figure 3.
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(a) Raman spectra of graphite, GO and RGO. (b) FTIR spectra of GO and RGO.

more prominent in comparison with that of GO [34]. All
these observations indicate reduction of GO due to hydrazine treatment. However, RGO still has oxygen containing
functional groups and is not completely reduced.

3.3
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hydrazine reduction of GO by density functional theory
(DFT) method reveals that the epoxide groups located at the
interior of aromatic domains are removed at ordinary temperatures, while those at the edges are changed into
hydrazino alcohols [36]. As the epoxide groups attached to
the edges are abundant in GO and their removal is energetically forbidden, the relative fraction of –OH groups is
higher than that in GO. The atomic wt% of oxygen functionalities are enlisted in supplementary table S4.

3.4

Electrochemical performance

The galvanostatic charge/discharge curves of RGO at
current densities of 0.5, 0.6, 0.8, 1, 2, 3 and 4 A g-1 are
completed for different concentrations of KOH. The typical
GCD curves of RGO at a current density of 0.5 A g-1 for
different concentrations of KOH (1.5–9 M) in the voltage

Deconvolution of XPS C 1s spectra of (a) GO and (b) RGO.
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Figure 4. (a) and (b) GCD curves of RGO for different molar concentrations of KOH at 0.5 A g1, (c) GCD curves of RGO using 6 M
KOH at different current densities and (d) the Ragone plot of RGO using 6 M KOH.

Table 1. Variation of specific conductivity of aqueous KOH solutions with molarity along with specific
capacitance values of RGO supercapacitor evaluated from GCD at 0.5 A g-1.
Concentration of KOH
(M)

Specific conductivity of KOH
(S cm-1)

Specific capacitance
(F)

0.33
0.48
0.64
0.67
0.63
0.61

49.9
158.2
184.6
232.4
167.7
155.4

1.5
3
4.5
6
7.5
9

range of 0–0.8 V are as shown in figure 4a and b. The
corresponding specific capacitances (Cs) are listed in
table 1. The specific capacitance value increases from 50 to
232 F g-1 as KOH concentration increases from 1.5 to 6 M,
then drops to 155 F g-1 as the concentration of KOH

becomes 9 M. These values show that Cs increases with
increase in concentration of KOH and the maximum value
is obtained for 6 M KOH. With further increase in the
concentration of KOH electrolyte, the value of Cs decreases.
GCD curves of RGO supercapacitor in 6 M KOH at
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different current densities is shown in figure 4c. From
figure 4c, in the initial portion of discharge curves of RGO
in 6 M KOH show a smaller IR drop compared to other
concentrations. The energy and power densities are calculated for RGO using 6 M KOH and given in supplementary
table S5. The Ragone plot of RGO in 6 M KOH is shown in
figure 4d. It is seen that the RGO-based supercapacitor
shows a maximum energy density of *21 Wh kg-1 and
power density of *400 W kg-1 at a current density of
0.5 A g-1 in 6 M KOH.
The effect of concentration of KOH (1.5–9 M) on specific
capacitance of RGO is investigated from CV and GCD.
Figure 5a and b shows CV curves for different electrolyte
concentrations in the voltage range of 0–1 V at a scan rate
of 10 mV s-1. The shapes of CV curves are neither symmetric nor rectangular for KOH concentrations below 6 M.
CV curves are more distorted at lower electrolyte concen-
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trations. CV curves become more symmetric and rectangular for KOH concentrations of 6 M and above. Figure 5c
presents the CV curves of RGO for 6 M KOH at different
scan rates ranging from 10 to 400 mV s-1. The near rectangular CVs suggest capacitive type charge storage mechanism involving surface or near-surface charge transfer
[37]. The CV curves enclose maximum area in 6 M KOH.
The detailed CV and GCD curves in different concentrations KOH are given in supplementary figures S4–S8.
One factor that could affect the performance of any electrolyte is its conductivity. The variation in specific conductivity of aqueous KOH with concentration at ambient
temperature is measured. The specific conductivity increases
from 0.33 to 0.67 S cm-1 as the concentration of KOH
increases from 1.5 to 6 M, then, it slightly drops to
0.61 S cm-1 at 9 M (table 1). The specific conductivity of
aqueous KOH is maximum at 6 M concentration and then,

Figure 5. CV curves of RGO for (a) 0, 1.5, 3 and 4.5 M, (b) 6, 7.5 and 9 M concentrations of KOH at 10 mV s-1, (c) CV curves of
RGO at different scan rates for 6 M KOH and (d) relationship between peak current density with scan rate for RGO in 6 M KOH using
data from figure 3c.
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decreases gradually with increase in molar concentration.
This observation is in agreement with reports by Gilliam et al
[38] that the conductivity of KOH solution at 30°C increases
with increase in concentration and becomes maximum at 6 M
and then decreases. It is evident from the CV and GCD
performances of RGO in KOH aqueous electrolyte that the
specific conductivity of electrolyte is a crucial parameter that
determines the electrochemical performance.
The kinetics of charge-storage mechanism can be
studied by analysing CVs, the dependence of peak current
(ip) at a fixed voltage on scan rate (dv/dt) can be represented as ip= a(dv/dt)b, where a, b are adjustable parameters [39]. The nature of the process involved controls the
value of b. For Faradic intercalation process (battery-like),
the value of b is 0.5 and for EDLC and pseudocapacitive
mechanisms involving only surface phenomena (capacitor
like) lead to b = 1 [40]. The slope of log–log plot of ip
and dv/dt gives the value of b. log ip vs. log(dv/dt) plots
of RGO using 6 M KOH is shown in figure 5d. The value
of b obtained for KOH concentrations of 1.5, 3, 4.5, 6,
7.5 and 9 M are 0.45, 0.54, 0.66, 0.87, 0.57 and 0.56,
respectively (supplementary figure S9). The value of b
close to 0.5, a diffusion-controlled charge storage mechanism for KOH concentrations of 1.5, 3, 7.5 and 9 M. For
6 M KOH, the value of b is 0.87, which has the highest
specific capacitance (figure 3d). The increase in b value
reflects a hybrid charge storage mechanism. The hybrid
charge storage mechanism offers increased energy density, still retaining high power density [41]. The value of
b in 4.5 M KOH is 0.66 (supplementary figure S9c), also
reflects a hybrid charge storage. The kinetics of this
hybrid charge mechanism can be explained as the sum of
surface phenomena and diffusion-controlled phenomena
[39]. The current response, ip at a fixed potential V
depends on the scan rate dv/dt by the relation:
ip ðVÞ ¼ k1 ðdv=dtÞ þ k2 ðdv=dtÞ0:5 :

ð4Þ

The first and second terms in the r.h.s of the above
relation denote the capacity contributions from surface and
diffusion controlled insertion process, respectively. The
values of k1 and k2 at a specific potential corresponding to
peak current are determined by plotting ip/(dv/dt)0.5 vs.
(dv/dt)0.5 (figure 6a and b). The slope of the above plot gives
the value of k1 and y-intercept gives the value of k2. For
RGO supercapacitor in 4.5 M KOH electrolyte, 13% of the
total capacity is from surface phenomenon and the
remaining is due to the insertion process at 20 mV s-1. The
capacity contributions at other scan rates are also calculated
as shown in figure 6c. The capacity contribution profile
shows that the capacity contribution from surface phenomenon (surface capacity) gradually increases with
increase in scan rate. The surface capacity increases from
13 to 41% as the scan rate increases from 20 to
400 mV s-1. At scan rates of 20–100 mV s-1, the fraction
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of insertion capacity is higher (74–87%). In 6 M KOH
electrolyte, 27% of the total capacity of RGO supercapacitor is from the surface phenomenon and the rest is due to
diffusion-controlled insertion process at 20 mV s-1. The
capacity contributions at other scan rates are also calculated
as shown in figure 6d. The capacity contribution profile
shows that surface capacity increases from 27 to 62% as the
scan rate increases from 20 to 400 mV s-1. The decrease in
the capacity contribution from diffusion-controlled insertion
process may be due to the fact that with high scan rates, it
limits the ion diffusion process [39]. Therefore, the contribution of surface capacity of electrode becomes more
notable at high scan rates. In addition, at scan rates of
20–100 mV s-1, the fraction of insertion capacity is higher
(55–73%).
The cycle life of the RGO supercapacitor in KOH electrolyte with maximum specific capacitance was studied
from GCD technique in the voltage window of 0–0.8 V at a
current density of 1 A g-1 for 1000 cycles. The cyclic
performance is shown in figure 7a. The supercapacitor
shows 82% capacitance retention after 1000 cycles, indicating good stability.
The EIS data is represented in the form of Nyquist plot.
The typical Nyquist plot for RGO in 6 M KOH is shown
in figure 7b for the frequency range of 100 kHz–100 MHz.
It shows a semicircular arc in the high frequency region
and a 45°-inclined straight line in the low frequency
region. The diameter of the semicircle in the high frequency region represents charge transfer resistance at the
electrode–electrolyte interface [42]. The intersection of the
semicircle in the high frequency section characterizes
equivalent series resistance (ESR). ESR consists of solution resistance, intrinsic resistance of active material and
contact resistance of the substrate and active material [43].
The equivalent circuit is identified using IVIUM software.
The equivalent circuit consists of resistance, called
equivalent series resistance (R1) in series with a parallel
network of double-layer capacitor (C) and a series combination of a charge transfer resistance (R2), Warburg
impedance element (W) and a constant phase element
(Q) [44]. The data corresponding to depressed semicircles
in the Nyquist plot can be fitted using constant phase
element along with the capacitor [44]. The detailed EIS
spectra and values of equivalent circuit parameters of
RGO supercapacitors using different molarities of KOH
are given in supplementary figure S11 and table 2. The
fitted R1 values of the device are 1.01, 1.56, 0.90, 1.84,
3.00 and 1.90 X in 1.5, 3, 4.5, 6, 7.5 and 9 M KOH
electrolytes, respectively. The device exhibits R2 values of
18.0, 4.71, 7.22, 7.73, 19.7, 24.0 X, respectively. The
detailed EIS spectra and values of equivalent circuit
parameters of RGO supercapacitors using different
molarities of KOH are given in supplementary figure S10
and table 2.
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Figure 6. .ip/(dv/dt)0.5 vs. (dv/dt)0.5 plot of RGO supercapacitor in (a) 4.5 M KOH and (b) 6 M KOH. Surface and insertion capacity
contributions are at different scan rates of RGO supercapacitor in (c) 4.5 and (d) 6 M KOH.

Figure 7. (a) Cyclability of RGO supercapacitor in 6 M KOH at a current density of 1 A g-1 and (b) impedance spectra of RGO in 6
M KOH and the corresponding equivalent circuit.
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Values of components of equivalent circuits of RGO supercapacitors in different molarities of KOH.
RCW

Sample
RGO-1.5M
RGO-3M
RGO-4.5M
RGO-6M
RGO-7.5M
RGO-9M

4.

R1 (X)

R2 (X)

1.01
1.56
0.90
1.84
3.00
1.9

1.80 9 101
4.71
7.22
7.73
1.97 9 101
2.4 9 101

Conclusions

In summary, the electrochemical performance of RGO
supercapacitor in different concentrations of aqueous KOH
is studied. The RGO supercapacitor achieves a maximum
specific capacitance of 232 F g-1 in 6 M KOH with energy
and power density values of *21 Wh kg-1 and
*400 W kg-1, respectively. The kinetics of charge storage
reveals the combination of surface phenomenon and intercalation process that leads to maximum specific capacitance
when the electrolyte concentration is 6 M.
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