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Introduction

With the rapidly growing market in portable electronic devices
and electric vehicles, there has been an ever-increasing and
urgent demand for efficient, clean, and sustainable sources of
energy, as well as new technologies associated with energy
conversion and storage.[1–3] Supercapacitors are considered
a promising candidate for energy storage because of their
faster and higher power capability, longer life, wider thermal
operating range, and lower maintenance costs relative to sec-
ondary batteries.[4] In general, the electrode materials for su-
percapacitors can be categorized into three types:[5–7] carbon
materials, conducting polymers, and metal oxides.

Graphene, which consists of atom-thick sheets of carbon or-
ganized in a honeycomb structure, has attracted a great deal
of attention in recent years since its discovery in 2004 by Geim
and co-workers.[8] This is mainly because this material has
unique electrical, optical, catalytic, and mechanical properties
and a large variety of applications in nanoelectronics, sensors,
batteries, supercapacitors, and hydrogen storage.[8–13] Gra-
phene possesses a high theoretical specific surface area
(2630 m2 g�1) and theoretical capacitance (about 550 F g�1).[14, 15]

However, the observed capacitances were mainly limited
owing to the agglomeration of graphene sheets, so it is diffi-
cult to reflect the intrinsic capacitance of an individual gra-

phene sheet. Hence, chemical modification of graphene has
been proposed to increase the distance between graphene
sheets for making full use of the specific surface area. Various
materials, such as polymers, other carbon nanomaterials, small
organic molecules, metal nanoparticles, and the nanoparticles
of metal compounds, have been used for the fabrication of
graphene nanocomposites.[16] Among these materials, poly(3,4-
ethylenedioxythiophene) (PEDOT) has attracted much atten-
tion because of its excellent conductivity, transparency, and en-
vironmental stability.[17–19] Three methods were used for the
preparation of a graphene/PEDOT (G/PEDOT) hybrid: 1) mixing
of preformed PEDOT with graphene;[20] 2) in situ chemical poly-
merization of the 3,4-ethylenedioxythiophene (EDOT) mono-
mer in the presence of graphene;[21] and 3) chemical reduction
of graphene oxide (GO) in the presence of the PEDOT:PSS
(poly(styrene sulfonate)) dispersant.[22] For example, Zhao and
Zhang have synthesized G/PEDOT by direct coating of PEDOT
on graphene sheets, which displayed a specific capacitance of
108 F g�1 at a current density of 0.3 A g�1.[23] Lee and co-work-
ers have prepared thin multilayer G/PEDOT films through
layer-by-layer assembly of graphene and PEDOT by an electro-
chemical method, and the specific capacitance was 139 F g�1

at a current density of 1 A g�1.[24] The capacitance is much
lower than the theoretical capacity of graphene. Accordingly,
the development of facile chemical methods suitable for the
synthesis of a high-performance G/PEDOT hybrid is still a great
challenge in the field of materials science.

Herein, we report a novel in situ synthesis of G/PEDOT
hybrid through microwave heating by using GO/EDOT com-
pounds as the single-source precursor. GO as an oxidant could
be reduced to graphene, whereas EDOT was polymerized
in situ on the surface of the graphene. In this strategy, no re-
ducing agent (EDOT) or oxidizing agent (GO) existed in the
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troscopy, Fourier transform infrared spectroscopy, atomic force
microscopy, X-ray photoelectron spectroscopy, field-emission
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synthesized product, which guaranteed the purity of the
G/PEDOT hybrid. Scheme 1 depicts the synthetic route for the
G/PEDOT hybrid. First, the GO dispersion was mixed with
EDOT, and GO/EDOT compounds were formed through
a strong adsorption between EDOT and GO. The free EDOT
monomer was removed by dialysis from the GO/EDOT disper-
sion. Then, under microwave heating, the adsorbed EDOT mo-
nomer on the GO surface was oxidized by GO to the cation
radical EDOT+ C, and the electron from EDOT was transferred to
GO, which converted the sp3-hybridized carbon in GO to sp2-
hybridized carbon in graphene. Because the EDOT radical cat-
ions were very active, they combined with one another rapidly
and formed PEDOT on the surface of the reduced GO at the
same time. This method is very simple and fast, it can be used
in bulk synthesis, and has potential commercial applications.
The maximum specific capacitance of the G/PEDOT hybrid was
270 F g�1 at a current density of 1 A g�1 in 1 m H2SO4 electrolyte
solution. It had an excellent cyclic stability (93 % retention after
10 000 cycles) at a high discharge current density of 5 A g�1,
and had high energy density (34 W h kg�1) at a reasonable
power density (25 kW kg�1). The synthesis method developed
in this study opens up a new route to prepare graphene-based
composite materials with broad application prospects.

Results and Discussion

Characterization of the G/PEDOT hybrid

The reaction progress was first monitored by UV/Vis absorp-
tion spectroscopy. It has been reported that GO and graphene
show absorption peaks at 225–231 and 261–270 nm, respec-
tively.[25–27] Figure 1 A shows that the absorption peak of the
GO/EDOT compounds at 230 nm (curve a; 227 nm of the GO,

see Figure S1 in the Supporting Information) shifts to 265 nm
(curve b) after microwave heating, thus demonstrating that the
GO in GO/EDOT compounds was reduced to graphene. For
comparison with the oxidative polymerization of EDOT in the
absence of GO, the UV/Vis spectra of EDOT before (curve a)
and after (curve b) reaction are shown in Figure 1 B. There are

Scheme 1. Schematic diagram of the synthesis of the G/PEDOT hybrid.

Figure 1. A) UV/Vis spectra of GO/EDOT compounds (curve a) and G/PEDOT
hybrid (curve b). B) UV/Vis spectra of EDOT before (curve a) and after
(curve b) reaction in the absence of GO.
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two peaks at 235 and 255 nm of EDOT. Before and after reac-
tion, the peak positions and the strength ratio (0.76) did not
change, which indicated that EDOT (without GO) did not poly-
merize under the same reaction conditions.

Figure 2 A shows the X-ray photoelectron spectroscopy (XPS)
results of GO (curve a), graphene (curve b), and G/PEDOT

hybrid (curve c). Li and co-workers analyzed the elemental
composition of chemically converted graphene that was pre-
pared by using different ratios of hydrazine to GO.[27] They
found the minimum content of oxygen was 11.42 wt % in the
chemically converted graphene. XPS revealed that the atomic
percent of oxygen in GO was 22.73 % (Figure 2 A curve a), and
in graphene obtained by microwave heating this decreased to
11.65 % (Figure 2 A curve b), which was consistent with the re-
sults produced by using hydrazine. However, the atomic per-
cent of oxygen in the G/PEDOT hybrid was 16.45 % (Figure 2 A
curve c), which was slightly higher than that in graphene pre-
pared by microwave heating. The increased oxygen level could

be ascribed to the contribution of the PEDOT in the G/PEDOT
hybrid. The results of XPS also demonstrated that the GO in
GO/EDOT compounds was reduced to graphene by microwave
heating.

In the high-resolution C1s XPS of the G/PEDOT hybrid (Fig-
ure 2 B), there are six peak components with binding energies
at about 284.5, 285.0, 285.8, 286.6, 287.3, and 288.7 eV, which
are attributed to the sp2-hybridized carbon, sp3-hybridized
carbon, C�S, C�O, C=O, and O�C=O species, respectively.[22]

Moreover, the G/PEDOT hybrid exhibited the characteristic
peaks (Figure 2 C) of spin-split doublet S2p at 163.6 (S2p3/2)
and 164.8 eV (S2p1/2), which corresponded to thiophene from
PEDOT.[19]

Figure 3 shows the Fourier transform infrared (FTIR) spectra
of graphene (curve a), G/PEDOT hybrid (curve b), and GO/

EDOT compounds (curve c). Compared with graphene and GO/
EDOT compounds, the G/PEDOT hybrid showed the character-
istic peaks of PEDOT. The peaks at 1522 and 1352 cm�1 are at-
tributed to the C=C and C�C stretching vibrations from the
PEDOT backbone. The peaks at 999, 831, and 689 cm�1 can be
attributed to the C�S bond in the thiophene ring.[28] The
bands at 1150, 1083, and 1039 cm�1 are assigned to stretching
in the alkylenedioxy group. It can be observed that the hybrid
has the same absorption bands as PEDOT synthesized by
a chemical method.[29]

Figure 4 A is a typical atomic force microscopy (AFM) image
of GO. The average thickness measured from the height profile
of the AFM image is about 1.0 nm, which corresponds to that
of the single-layered GO.[30] Figure 4 B shows the AFM image of
the as-prepared G/PEDOT hybrid. However, PEDOT and gra-
phene sheets can be observed. Figure 4 C is a partial magnifi-
cation image of Figure 4 B. The height was analyzed at y =

278.9 nm (green line). The average height profiles of the AFM
image are 0.8, 3.4, and 0.4 nm in the ranges of 100–360, 360–
440, and 440–520 nm in the x axis, which are consistent with
the heights of double-layer graphene, G/PEDOT hybrid, and
single-layer graphene, respectively.[31] The thickness of the gra-
phene here is larger than that of the theoretical single gra-
phene layer (about 0.335 nm). It is reasonable to draw the con-
clusion that a very small number of oxygen-containing func-

Figure 2. A) XPS spectra of (a) GO, (b) graphene, and (c) G/PEDOT hybrid.
B, C) High-resolution XPS data of the C1s and S2p regions of the G/PEDOT
hybrid, respectively.

Figure 3. FTIR spectra of a) graphene, b) G/PEDOT, and c) GO/EDOT com-
pounds.
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tional groups remained on the graphene after microwave heat-
ing.

Electrochemical performance of the G/PEDOT hybrid

Cyclic voltammetry (CV) and galvanostatic charge–discharge
measurements were employed to characterize the electro-
chemical performance of the G/PEDOT hybrid. Figure 5 A
shows the CV curves of the G/PEDOT electrode at various scan
rates in 1 m H2SO4 electrolyte in the potential range from �0.2

to 0.8 V. The CV curves exhibited
a nearly rectangular shape at the
applied scan rates, which indi-
cated an excellent supercapaci-
tive behavior and a low contact
resistance in the supercapaci-
tors.[5, 32] Specific capacity values
were calculated from the CV
curves to be 261, 257, and
250 F g�1 at scan rates of 20, 40,
and 80 mV s�1, respectively.[2] The
galvanostatic charge–discharge
curves (Figure 5 B) of the
G/PEDOT hybrid electrode in 1 m

H2SO4 aqueous electrolyte
showed a linear relationship
with nearly the same slopes,
thereby suggesting the reversi-
ble charge–discharge capacitive
behavior of the electrode. The
specific capacitance calculated
from the first discharge curve
was 253 F g�1, which decreased
to 236 F g�1 after 10 000 cycles at
a current density of 5 A g�1 (see
Figure S2 curve a). Only 7 % of
the initial capacitance was lost,
which confirmed the high stabili-
ty of the G/PEDOT electrode.

The relationship between the
specific capacitances of the
G/PEDOT hybrid electrode and
the charge–discharge current
densities is shown in Figure 6 A
(curve a). The specific capaci-
tance of the electrode calculated
from the discharge curves at
a current density of 1 A g�1

reaches 270 F g�1, which is
higher than the reported values
under the same conditions for
graphene (245 F g�1),[33] PEDOT
(130 F g�1),[34] and G/PEDOT.[23, 24]

The remarkable enhancement in
the specific capacitance of the
G/PEDOT hybrid can be attribut-
ed to anchoring of the PEDOT

on the surface of the graphene sheets, which greatly decreases
the van der Waals force among the graphene sheets and effec-
tively prevents the graphene sheets from agglomerating. Fur-
thermore, the expanded distance between graphene sheets re-
sults in expansion of the contact area with the electrolyte solu-
tion, which facilitates ion transport in the G/PEDOT hybrid.
With increasing current densities from 0.5 to 5 A g�1, the specif-
ic capacitance decreases from 280 to 250 F g�1. The specific ca-
pacitance retention is about 89 %. Interestingly, the specific ca-
pacitance only decreases from 250 to 235 F g�1 with the

Figure 4. Tapping-mode AFM images of A) GO and B, C) G/PEDOT hybrid.
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growth of the discharge current densities from 5 to 100 A g�1.
The specific capacitance retention is 94 % (with a negligible ca-
pacitance loss of 6 %), which is higher than the retention in
the first current densities range (0.5 to 5 A g�1). The results

confirm that this G/PEDOT hybrid is suitable for the high-cur-
rent charge–discharge application. Compared with other
carbon materials, such as activated carbon containing large
mesopores[35] and carbon-nanotube films,[36] the specific capac-
itance of the G/PEDOT hybrid is less affected by the charge–
discharge rates.

However, the specific capacitance of the G/PEDOT hybrid is
lower than that of the graphene/polypyrrole hybrid (the maxi-
mum specific capacitance was 482 F g�1)[37–40] or the graphene/
polyaniline hybrid (the maximum specific capacitance was
1130 F g�1),[41–47] which is ascribed to the contribution of farada-
ic capacitance resulting from electrochemically active polyani-
line or polypyrrole in the hybrid. The combination of electric
double-layer capacitance and faradaic capacitance of the two
kinds of hybrid is responsible for both the nonlinear charge–
discharge characteristic and the rapid drop of the discharge
voltage at the beginning of the discharge curve. In contrast,
PEDOT is electrochemically stable under the same conditions;
therefore, the G/PEDOT hybrid shows good capacitive proper-
ties[19] and linear charge–discharge characteristics.

Power density and energy density are the two most impor-
tant factors for the investigation of electrochemical cells.[41, 48, 49]

The Ragone plot of the G/PEDOT hybrid illustrates the corre-
sponding energy/power densities as shown in Figure 6 B
(curve a), which were calculated from the constant-current
charge–discharge at various current densities. It was observed
that the energy densities reduced very slowly with the increase
of power densities. For example, if the power density increased
from 500 to 25 000 W kg�1, the energy densities dropped
slowly from 37.5 to 34 W h kg�1. The highest energy density ob-
tained from the G/PEDOT hybrid is 38.9 W h kg�1 with the cor-
responding power density of 250 W kg�1. The energy density is
close to the level of lead–acid batteries or nickel–hydrogen
batteries.[1] These high energy/power densities demonstrated
that the as-prepared G/PEDOT hybrid could be used as a prom-
ising material for the fabrication of supercapacitors.

Energy-dispersive X-ray (EDX) spectroscopy was used to de-
termine the content of sulfur in the G/PEDOT hybrid for esti-
mating the content of PEDOT. The EDX spectrum of the
G/PEDOT hybrid in Figure 7 shows peaks corresponding to C,
O, and S elements. It can be seen that the sulfur content ac-
counts for 1.83 wt %. According to the content of sulfur, the
PEDOT content in the G/PEDOT hybrid, 8.13 wt %, can be calcu-

Figure 5. Electrochemical capacitance performance of the G/PEDOT hybrid
in 1 m H2SO4 solution. A) CV at different scan rates. B) Charge–discharge tests
at a current density of 5 A g�1.

Figure 6. A) Specific capacitance versus discharge current density of differ-
ent G/PEDOT hybrids in different solutions. B) Ragone plot of different G/
PEDOT hybrids in different solutions: a) and c) in 1 m H2SO4 solution; b) in
1 m LiClO4 solution. The G/PEDOT hybrid was synthesized a, b) by the one-
step method described herein and c) by a stepwise method.[21]

Figure 7. EDX analysis of the G/PEDOT hybrid.
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lated. The specific capacitance of the G/PEDOT hybrid calculat-
ed from discharge curves at a current density of 5 A g�1 is
250 F g�1, whereas the specific capacitance for pure graphene
is 231 F g�1 [33] under the same conditions. On the basis of
these conditions we deduce that the specific capacitance of
PEDOT in the G/PEDOT hybrid is 465 F g�1.

We compared the electrochemical performance of graphene
combined with PEDOT synthesized by a stepwise method[21]

(Figure S3) with that of the G/PEDOT hybrid obtained by the
one-step synthesis presented herein (Figure 5). The CV and the
galvanostatic charge–discharge curves in Figure 5 and Fig-
ure S3 showed that they all had an excellent supercapacitive
behavior under the same conditions. However, the specific ca-
pacitance (Figure 6 A curve c) calculated from the galvanostatic
charge–discharge curves and the energy density (Figure 6 B
curve c) for the G/PEDOT hybrid synthesized by a stepwise
method[21] were lower than those for material prepared by
one-step synthesis (Figure 6 A curve a and Figure 6 B curve a).
This finding could be explained as follows. In the stepwise
method for preparation of the G/PEDOT hybrid, the separately
prepared graphene was easily agglomerated because of the
van der Waals force between the graphene sheets. The field-
emission scanning electron microscopy (FESEM) image (see
Figure S5 A) showed larger particles of PEDOT on the graphene
from the stepwise method. However, our previous AFM experi-
ments revealed that the average height of PEDOT particles on
the surface of the graphene was only 2.6 nm. They were
nipped among the graphene sheets and prevented the sheets
from undergoing agglomeration. Because they were nipped
among the graphene sheets, the PEDOT particles could not be
observed in the FESEM image (Figure S5 B). But the separate
graphene sheets could be clearly observed, which indicated
that the effective specific surface area of the G/PEDOT hybrid
prepared by one-step synthesis was larger than that of the
G/PEDOT hybrid synthesized by the stepwise method. Further-
more, specific surface analysis also confirmed that the specific
surface area of the former (242.5 m2 g�1) was larger than that
of the latter (232.8 m2 g�1).

For comparison, 1 m LiClO4 aqueous electrolyte was used to
test the electrochemical performance of the G/PEDOT hybrid
prepared by one-step synthesis. In 1 m LiClO4 aqueous solution,
the CV and the galvanostatic charge–discharge curves of the
G/PEDOT hybrid exhibited a similar supercapacitive behavior,
in contrast to measurements in 1 m H2SO4 electrolyte (Fig-
ure S4). However, upon increasing the discharge current densi-
ties from 5 to 100 A g�1, the specific capacitance decreased
from 203 to 113 F g�1 (Figure 6 A curve b). The specific capaci-
tance retention was only 55.7 %, which was clearly lower than
that in 1 m H2SO4 solution. If the power density increased from
500 to 25 000 W kg�1, the energy densities dropped from 30.8
to 19.4 W h kg�1 (Figure 6 B curve b). The energy density reten-
tion was only 63.0 %, which was also lower than that in 1 m

H2SO4 solution. The electrochemical stability was examined by
charge–discharge cycling at a current density of 5 A g�1 (Fig-
ure S2 curve b). The specific capacitance calculated from the
first discharge curve was 203 F g�1, which decreased to
193 F g�1 after 10 000 cycles. Only 5 % of the initial capacitance

was lost, which indicated that the G/PEDOT electrode in 1 m

LiClO4 electrolyte also possessed good stability. However, the
specific capacitance and the energy density were lower than
those in 1 m H2SO4 solution because of the fast proton diffu-
sion/penetration (Figure 6 A curve b and Figure 6 B curve b).

Electrochemical impedance spectroscopy (EIS) was used to
evaluate the electrochemical performance of the G/PEDOT
hybrid. The impedance spectra include a semicircle portion
and a linear portion. The semicircle portion at higher frequen-
cies corresponds to the electron-transfer-limited process, and
the linear portion at lower frequencies represents the diffu-
sion-limited process. The semicircle diameter equals the elec-
tron-transfer resistance (Ret). Figure 8 illustrates the Nyquist

plots of EIS for the different electrodes in the presence of
a redox probe, Fe(CN)6

4�/3�. At a bare glassy carbon electrode
(GCE; Figure 8 curve a), the redox process of the probe
showed an electron-transfer resistance of about 125 W, where-
as the G/PEDOT hybrid electrodes prepared by the one-step
method or the stepwise method all displayed an almost
straight line (Figure 8 curves b and c), thus indicating a fast
electron-transfer process of Fe(CN)6

4�/3�. This also meant that
the G/PEDOT hybrid prepared by the one-step and stepwise
methods had similar conductivity and the GO in the one-step
method could be reduced to graphene.

Conclusion

We have reported the novel synthesis of a graphene/poly(3,4-
ethylenedioxythiophene) (G/PEDOT) hybrid by the in situ poly-
merization of EDOT monomer using the precursor of gra-
phene, graphene oxide (GO), as an oxidant under microwave
heating. The EDOT attached on the surface of the GO is oxi-
dized by GO and the GO can be reduced simultaneously to
produce the G/PEDOT hybrid. The G/PEDOT hybrid exhibited
high specific capacitance, excellent electrochemical stability,
and high energy density. The method developed in this study
opens up a simple and fast route to prepare graphene-based
hybrid materials with broad application prospects.

Figure 8. Nyquist diagrams of electrochemical impedance spectra recorded
from 0.01 to 105 Hz for [Fe(CN)6]3�/[Fe(CN)6]4� (2.5 mm, 1:1) in 0.5 m KNO3 :
a) bare GCE, b) G/PEDOT hybrid electrode synthesized by the one-step
method, and c) G/PEDOT hybrid electrode synthesized by the stepwise
method.[21]
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Experimental Section

Materials and chemicals

Graphite powder (KS-10, 99.95%) was obtained from Sigma–Al-
drich. 3,4-Ethylenedioxythiophene (EDOT) was purchased from
Bayer AG (more than 97 %). H2SO4 (98 %) and H2O2 (30 %) were pur-
chased from Nanjing Chemical Reagents Factory (Nanjing, China).
Doubly deionized water (18.2 MW cm at 25 8C) prepared on a Milli-
Q water system was used throughout the experiments. All other
reagents were of analytical grade and used as received without fur-
ther treatment.

Apparatus

UV/Vis absorption spectra were obtained by using a UV-3600 spec-
trophotometer (Shimadzu). Fourier transform infrared (FTIR) spectra
were obtained on a Nicolet 6700 spectrophotometer (Nicolet,
USA). Atomic force microscopy (AFM) images were obtained in tap-
ping mode with an Agilent 5500 instrument. The X-ray photoelec-
tron spectra were taken on a Thermo Scientific K-alpha electron
energy spectrometer with AlKa radiation (1486.6 eV) as the X-ray ex-
citation source. Electrochemical impedance spectroscopy (EIS) was
performed with an Autolab electrochemical analyzer (Eco Chemie,
The Netherlands) in a 2.5 mm K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture
with 0.5 m KNO3 as the supporting electrolyte, at an alternating
current voltage of 5.0 mV, within the frequency range of 0.01 Hz–
100 kHz. Field-emission scanning electron microscopy (FESEM) and
energy-dispersive X-ray (EDX) spectroscopy were performed with
a Hitachi S4800 instrument. The specific surface area was obtained
from the N2 adsorption/desorption analysis at 77 K (Micromeritics,
ASAP2020).

Synthesis of G/PEDOT hybrid and graphene

GO was synthesized from graphite powder by the modified
Hummers method[50] and then dispersed in water to yield a yellow-
brown dispersion by sonication for 2 h, followed by centrifugation
to remove any unexfoliated graphite oxide. The concentration was
estimated by calibration curve from the absorbance at 231 nm in
the UV/Vis spectra (see Figure S6). Then the homogeneous GO dis-
persion (100 mL, 1 mg mL�1) was mixed with EDOT (500 mL) and
stirred for 30 min at room temperature. Upon addition of the
EDOT monomer, the color of the mixture became darker, which
was attributed to the formation of GO/EDOT compounds through
strong electrostatic adsorption. Finally, the material was purified by
dialysis with distilled water to remove the free EDOT monomer.
The purified GO/EDOT compounds (30 mL) were transferred to a re-
action tube and placed into the cavity of a microwave oven (CEM
Discover, USA). The reaction was maintained at 160 8C and 180 psi
for 20 min under microwave irradiation (200 W). The final products
of the G/PEDOT hybrid were collected by filtration, washed with
doubly deionized water, and then dried at 60 8C in a vacuum oven.
Graphene was synthesized from GO and the synthetic procedure
was the same as that for the G/PEDOT hybrid.

Electrochemical measurements

First, a glassy carbon electrode (GCE) with a diameter of 4 mm was
polished with 1.0, 0.3, and 0.05 mm alumina slurry, sonicated in eth-
anol and water successively, and then dried by blowing with N2.
Typically, the G/PEDOT hybrid (10 mg) was dispersed in an ethanol
solution (5 mL) containing a Nafion solution (10 mL, 5 wt % in

water) by sonication for 30 min. The mixture was then dropped
onto the GCE and dried at room temperature before the electro-
chemical tests.[43, 44]

Electrochemical measurements were conducted with a CHI660D
workstation (Chenhua, Shanghai). Cyclic voltammetry (CV) and gal-
vanostatic charge–discharge measurements were used to evaluate
the electrochemical performance. The electrolytes were 1 m H2SO4

and 1 m LiClO4 aqueous solution. The G/PEDOT-modified GCE was
used as the working electrode, a platinum wire as the auxiliary
electrode, and a saturated calomel electrode (SCE) as the reference
electrode.

The average specific capacitance values, Cavg (F g�1), of the samples
were estimated from the charge–discharge process according to
Equation (1):[2]

Cavg ¼
I � Dt

m� DV
ð1Þ

in which I is the charge–discharge current (A), Dt is the charge or
discharge time (s), m is the mass of active material in a single elec-
trode (g), and DV represents the voltage change after a full charge
or discharge (V). The power density and the energy density can be
estimated from Equations (2) and (3):[2]

E ¼ 1
2

C DVð Þ2 ð2Þ

P ¼ E
t

ð3Þ

in which E, C, DV, P, and t indicate the average energy densi-
ty (W h kg�1), specific capacitance based on the G/PEDOT hybrid in
the electrodes (F g�1), the potential window of discharge (V), aver-
age power density (kW kg�1), and discharge time (s), respectively.
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