
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 1
:4

6:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrochemical
aNational Center for Sustainable Trans

Teknologi Bandung, Jl. Ganesa No. 10, Ban

itb.ac.id
bDepartment of New Investment, PT Rekaya

Jakarta 12740, Indonesia
cDepartment of Chemical Engineering, Gra

University, 1-4-1 Kagamiyama, Higashi-Hiro
dDepartment of Physics, Faculty of Mathem

Sebelas Maret, Jl. Ir. Sutami 36A, Kentingan
eDepartment of Physics, Faculty of Math

Teknologi Bandung, Jl. Ganesa No. 10, Band
fResearch Center for Nanosciences and Na

Bandung, Jl. Ganesha 10, Bandung, 40132,

† Electronic supplementary informa
10.1039/c9ra04346b

Cite this: RSC Adv., 2019, 9, 27896

Received 10th June 2019
Accepted 23rd August 2019

DOI: 10.1039/c9ra04346b

rsc.li/rsc-advances

27896 | RSC Adv., 2019, 9, 27896–279
properties of TiOx/rGO composite
as an electrode for supercapacitors†

Retno Maharsi,a Aditya Farhan Arif, b Takashi Ogi, c Hendri Widiyandariad

and Ferry Iskandar *aef

Transition metal oxides are known as the active materials for capacitors. As a class of transition metal oxide,

Magnéli phase TiOx is particularly attractive because of its excellent conductivity. This work investigated the

electrochemical characteristics of TiOx and its composite with reduced graphene oxide (rGO). Two types of

TiOx, i.e. low and high reduction extent, were employed in this research. Electrochemical impedance

spectroscopy revealed that TiOx with lower reduction extent delivered higher electro-activity and charge

transfer resistance at the same time. However, combining 10% of low-reduction state TiOx and rGO

using a simple mixing process delivered a high specific capacitance (98.8 F g�1), which was higher than

that of standalone rGO (49.5 F g�1). A further improvement in the specific capacitance (102.6 F g�1) was

given by adding PEDOT:PSS conductive polymer. Results of this research gave a basic understanding in

the electrochemical behavior of Magnéli phase TiOx for the utilization of this material as supercapacitor

in the future.
Introduction

Supercapacitors have recently been considered as a new
candidate for energy storage. They have a long cycle life with
high power density due to a fast charge–discharge process, and
simple operating principle. A supercapacitor is expected to
deliver an acceptable energy density (>10 W h kg�1), excellent
cyclability (>100 cycles), fast charge–discharge time, low self-
discharging, safe operation, and low cost.1

Based on energy storage mechanism, capacitor is divided
into two types, i.e. electrical double layer capacitor (EDLC) and
pseudocapacitor. In EDLC, the capacitance is generated from
the electrostatic charge accumulated at the electrode–electrolyte
interface (non-faradaic process).2 Pseudocapacitors involve the
faradaic process, such as redox reactions, for energy storage due
to the presence of electro-active species. Pseudocapacitance can
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be higher than EDL capacitance, but it suffers from the draw-
back of a low power density and short cycle life. Combination of
pseudocapacitive materials and carbon supports leads to a high
capacitance value, high rate capability, and good cyclability.1,3

Carbon-based materials, e.g. activated carbons (AC), carbon
nanotubes (CNT), are common EDLC electrode materials
because of low cost, relatively inert electrochemistry, control-
lable porosity, high surface area, and high conductivity.1,4,5

Graphene, a class of two-dimensional carbon nanostructure,
attracts more attention to be applied as the SC electrode,
recently, due to its large specic surface area (2630 m2 g�1),
excellent electrical conductivity (�2000 S cm�1) and fast elec-
tronic mobility (�2 � 105 cm2 V�1 s�1).1,6–9 Reduction of gra-
phene oxide is one promising approach to produce graphene in
a large scale.10 As the number of oxygen species in the reduced
graphene oxide (rGO) is insignicant, it is reported to have
excellent electron conductivity and a large specic surface area.
These characteristics render rGO effective as electrode active
material of many devices,11,12 including the energy storage
devices.11,13–16 Both graphene and rGO, however, oen re-stack
even aer exfoliation process, which furthermore decrease the
capacitance value. Compositing graphene or reduced graphene
oxide (rGO) with transitionmetal oxide or conductive polymer is
a strategy to minimize the effect of re-stacking, so that it is
applicable for supercapacitor applications.17–19

Adding metal oxides, e.g. Fe2O3, Fe3O4, V2O3, V2O5, MnO2,
Cu2O, RuO2, NiO, into graphite structure as a composite is re-
ported to increase the energy density, as they act as pseudoca-
pacitive materials.11,13,20–23 In their work, Tomiyasu et al.
reported an increase in the energy density from 0.45W h kg�1 to
This journal is © The Royal Society of Chemistry 2019
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Table 1 Characteristic of TiOx

Parameters Sample A Sample B

Resistivity 1.0 � 10�1 5.0 � 10�1

BET-SSA 14 m2 g�1 14 m2 g�1

Particle size 110 nm 250 nm
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28.7 W h kg�1 through the addition of Fe2O3 in the graphite as
both negative and positive electrodes could increase the energy
density of capacitor from 0.45 W h kg�1 to 28.7 W h kg�1. The
addition of Fe3O4 in the negative graphite electrode and MnO2

in the positive graphite electrode increased the energy density
of the capacitor up to 27.8 W h kg�1, at the operation voltage of
3.2 V. Metal oxide in the negative electrode adsorbs the elec-
trons during the charging process, while MnO2 in positive
electrode is known to effectively emit the electrons.21,22

However, most of the metal oxides face some drawbacks, such
as limited reserve, costly raw materials, low electrical
conductivity, and poor rate capability during charge–discharge
process.

Among the transition metal oxides, titanium oxide is
considered to be promising electrode materials for super-
capacitor applications due to its pseudocapacitive behavior,
chemical stability, eco-friendly, low production cost, and
abundant reserve.14,24 However, titanium oxide, just like any
other metal oxide, has poor electronic conductivity which limits
its use in some applications. Therefore, incorporating of tita-
nium oxide into rGO would overcome the shortcomings in the
conductivity and cycling stability of the electrode
materials.14,18,19

Some works have been done to improve the capacitance of
rGO by incorporating anatase phase of TiO2.14,18,19,24 Xiang and
his coworker stated that surface ion adsorption/penetration
mainly affected the specic capacitance of TiO2. Nanobelts
TiO2 (�10 nm diameter) had a better contact with the rGO
surface and a better exposure to the electrolyte compared to
nanoparticles TiO2 (�138 nm diameter). Moreover, larger
contact area between nanobelts TiO2–rGO resulting in better
charge carrier (�4.7 U).18 Hybrid composite of graphene–TiO2

by Ramadoss et al. could deliver the specic capacitance up to
113 F g�1.24 Zhang et al. have produced a 3D TiO2–graphene
hydrogel and obtained 175 F g�1 at 1 A g�1.25 Kim et al. could
produce the rGO/TiOx electrode with specic capacitance of 286
F g�1 at 1 A g�1. However, the electrode material needs to be
heat-treated at 600 �C and the capacitance dropped to 93% aer
1000 cycles.14 Recently, the work of our group has been focused
on the synthesis of electrically conductive Magnéli phase tita-
nium oxide nanoparticles and the observation of their electro-
chemical properties. The results showed that the TiOx

nanoparticle-based electrode had a good cyclability and a stable
performance aer 1000 cycles during cyclic voltammetry and
hence potential to be applied in supercapacitor.26 The electro-
chemical conductivity of TiOx nanoparticles was reported to be
depending on the composition of the Magnéli phase which
constitutes the TiOx. The effect of Magnéli phase composition
on the overall rGO/TiOx electrochemical properties is yet to be
investigated.

In the present work, we investigate the effect of Magnéli
phases composition in the titanium oxide (TiOx) and the TiOx

particle morphology on the electrochemical properties of rGO/
TiOx composite. We used a simple mixing process to produce
the composite. Performance of a composite which included
conducting polymer PEDOT:PSS27–30 was also evaluated for
comparison. This study is expected to complement the current
This journal is © The Royal Society of Chemistry 2019
understanding on the rGO/TiOx composite towards the future
application of this material in supercapacitor.
Experimental
Materials and methods

Reduced graphene oxide (rGO) powder was synthesized using
modied Hummers' method as described in our previous
report.12 Two different types of TiOx powder (Table 1) were ob-
tained from Sakai Chemical Industry, Co., Ltd., Osaka, Japan.
PEDOT:PSS (1 wt%) was obtained from Sigma Aldrich, USA.
Carbon black Super-P and PVDF powder were purchased from
MTI, USA. Active material was synthesized by mixing rGO and
TiOx using certain rGO/TiOx mass ratios in ethanol solution.
The mixture was then dried in an oven at 60 �C for 3 hours. The
resulting composite was named A-xx : yy or B-xx : yy where the
rst letter indicates the TiOx sample used for making the
composite, xx and yy represents the rGO and TiOx composition,
respectively. Active materials of rGO/TiOx/PEDOT:PSS was
prepared by adding PEDOT:PSS into the mixture solution (0.1
mL mL�1).
Characterization

The Fourier transform infrared (FTIR) spectroscopy analysis
was performed using Bruker Alpha Fourier Transform Infrared
(FTIR) Spectrometer, (Bruker Optics, Ltd., Massachusetts, USA)
in ATR mode. The X-ray Diffractometer (XRD) patterns were
analyzed on a D2 Phaser X-ray diffractometer (Bruker AXS
GmbH, Karlsruhe, USA) using Cu Ka radiation (0.154056 nm)
and scanning rate at 0.01� s�1. The morphology and crystal
structures were observed by SU3500 Scanning Electron Micro-
scope (Hitachi High-Tech. Corp., Tokyo, Japan) and JEM-3000F
Transmission Electron Microscope (JEOL, Tokyo, Japan).
Electrochemical characterization

The working electrode was prepared by mixing the 80 wt% of
electrode materials with 10 wt% of Super-P carbon black and
10 wt% of PVDF binder in an NMP solution (Sigma Aldrich,
USA) to form a slurry. The obtaining slurry was casted on the Al
foil current collector cut into a square (1� 1 cm) dimension and
dried at 60 �C for 3 hours in an oven. The electrochemical
measurements were performed using a three-electrode system
in a 3 M LiOH aqueous solution using a Gamry Reference 1000
potentiostat/galvanostat (Gamry Instruments, Pennsylvania,
USA). A platinum wire and Ag/AgCl were used as counter and
reference electrode, respectively. All electrochemical tests in
this study were conducted at ambient temperature. The
RSC Adv., 2019, 9, 27896–27903 | 27897
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Fig. 1 FTIR spectra of GO and rGO.

Fig. 2 X-ray diffraction patterns of rGO, TiOx and the composite
before and after impregnation (a), TEM image (b) and HR-TEM images
and FFT analysis of sample A 90 : 10 (c).

Fig. 3 CV curves of rGO, TiOx A, and TiOx B before impregnation (a),
after impregnation of TiOx A (b) and TiOx B (c) to rGO in a variation
composition at scan rate of 10 mV s�1.
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electrochemical impedance spectroscopy (EIS) measurements
were done by applying an AC voltage of 10 mV amplitude and
a frequency range from 10 kHz to 0.1 Hz at open circuit
potential. The Nyquist plots obtained from EIS characterization
was then analyzed using the equivalent circuit in a Gamry
Echem Analyst soware. The cyclic voltammetry (CV) tests were
done using the same set-up condition, with the scan rate varied
from 10–1000 mV s�1. The specic capacitance was obtained by
integrating the CV curve area using the same soware.

Results and discussion
rGO formation

rGO was synthesized by reducing graphene oxide (GO) as
described in the other report.12 Hydrazine was employed as an
GO reducing agent with the yield of 53%. FTIR spectra depicted
in Fig. 1 shows that GO were well reduced. It is indicated by the
27898 | RSC Adv., 2019, 9, 27896–27903
disappearance of absorbance peaks of O–H group (3162 cm�1),
C]O (1718 cm�1), and C–O (1625 cm�1, 1223 cm�1, and
1026 cm�1).
rGO/TiOx formation

XRD characterization was conducted to further conrm the
formation of rGO. The diffraction patterns of rGO is depicted in
Fig. 2a, which matched with rGO diffraction.11 Fig. 2a also
shows the diffraction pattern of TiOx A and TiOx B which are
dominated by Magnéli phase of Ti4O7 (ref. 26) and rutile phase
of TiO2 (JCPDS card number 00-001-1292), respectively. Aer
This journal is © The Royal Society of Chemistry 2019
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Table 2 Resistance value of initial materials obtained by fitting the
Nyquist plots

Sample rGO TiOx A TiOx B

Rs (U) 2.70 U 3.12 U 2.51 U

Rct (U) 11.29 U 11.86 U 69.94 U
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impregnation, rGO dominated the diffraction pattern of the
samples due to its higher amount. TiOx B showed good stability
aer heat treatment in oven at 80 �C as the diffraction pattern
remained the same (Fig. S1†).

The typical morphology of rGO aer impregnation with TiOx

particles is shown by TEM image in Fig. 2b. According to this
data, the TiOx A particles were successfully attached on the thin
layer of rGO with a rGO : TiOx ratio of 90 : 10. It is worth noting
that the zeta potentials value of rGO, TiOx A, and TiOx B are
�26.2 mV, +1.39 mV, and �4.92 mV, respectively, in ethanol
solvent. Therefore, the electrostatically interaction of rGO–TiOx

A is expected to be stronger than that in rGO–TiOx B.
To further identify the exist phase of TiOx A in the composite,

High-Resolution Transmission Electron Microscope (HR-TEM)
observation was conducted. The images are shown in Fig. 2c.
Fast Fourier Transform (FFT) analysis of the images show that
the detected lattice spacing corresponds to the lattice spacing of
TiOx A or Ti4O7 crystal with Magnéli phase at diffraction angles
of 16.95�, 31.82�, and 34.14�.
Electrochemical properties

CV curves in Fig. 3a show rectangular shape, which indicates
the electric double layer capacitance,32 with a rounded corner
which is associated to a pseudocapacitive properties. The
observed shoulders in each sample were related to the oxygen-
Fig. 4 Nyquist plots of (a) initial materials, (b) sample A and (c) B with va
system.

This journal is © The Royal Society of Chemistry 2019
containing group remained in rGO and TiOx. The area under
CV curve indicates the amount of electroactive species con-
tained in the electrode.9 Hence, TiOx A contained less electro-
active species than TiOx B and rGO. In other words, rutile
phase-dominated TiOx exhibited a better electro-active species
activity than Magnéli TiOx. However, the signicant increase of
current at the potentials >0.5 V in rGO sample indicated that the
materials were no longer capacitive due to the changes in the
electrolyte and/or electrode interface.33

The CV curve area of rGO aer TiOx A addition increased
with rGO/TiOx ratio of 95/5 (Fig. 3b). However, aer addition of
more TiOx (70/30), the curve area was signicantly decreased.
This phenomenon was also observed in rGO/TiOx B (Fig. 3c).
This trend implies that too much addition of TiOx would inhibit
the movement of electroactive species because of the lower
conductivity.14,18,19,33 The weak anodic–cathodic peaks indicated
a weak pseudocapacitive. The small cathodic peaks of sample B
rious composition. Inset in (a) shows the equivalent circuit of the cell

RSC Adv., 2019, 9, 27896–27903 | 27899
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were observed at around �0.45 V. The anodic peak was only
observed at sample B-90 : 10 at around �0.18 V.

The charge transfers and ion diffusion in the system were
investigated using EIS, of which results are shown in the
Nyquist plots (Fig. 4). Aer tting with an equivalent circuit, the
intersection of the semicircle with the x-axis represents the
magnitude of ohmic resistance of the electrode and the elec-
trolyte solution (Rs), which is identied at high frequencies. The
diameter of the semicircle represents the intrinsic charge
transfer resistance (Rct) of the active material. Several factors
affecting the total resistance of the electrode system or equiva-
lent series resistance (ESR) are (i) discontinuity of charge
transfer processes on the surface of the electrolytes, (ii) the
intrinsic resistance of the active material, (iii) the contact
resistance between the active material to the current collector,
and (iv) resistance caused by faradaic process. The inclined line
indicates the diffusion process of electrolyte ions to the active
material. The slope of this line represents the rate of diffusion
of electrolyte ions; lower slope implies the lower the diffusion
rate.31,32

Fig. 4a shows the Nyquist plots of rGO, TiOx A, and TiOx B.
The resistance values resulted from the tting are shown in
Table 2. TiOx B had a lower ionic resistance at the electrolyte-
active materials interface (Rs ¼ 2.51 U). rGO, which is known
Fig. 5 TEM images of sample (a and b) A-90 : 10 P and (c and d) B-90 :

27900 | RSC Adv., 2019, 9, 27896–27903
as a conductive material, exhibited the lowest ionic resistance
with Rct of 11.29 U in this work. However, the ionic resistance of
TiOx B was the highest among the samples with Rct of 69.94 U,
while the Rct of TiOx A was 11.86 U. The ionic resistances are
affected by the particle size, atomic structure and electrode
surface wettability.14 The average particle size of TiOx A and TiOx

B was 110 and 250 nm, respectively. The small size of TiOx A led
to a better contact between the active materials and hence,
decreasing the resistances. The oxygen deciency in the atomic
structure of TiOx A (Ti3+ : Ti4+ ¼ 50 : 50) enabled Li ions to pass
through the structure easily compared with that in TiOx B where
Ti4+ dominated the structure.

Nyquist plots of the composites are shown in Fig. 4b and c.
Combining the TiOx with rGO decreased the Rct. However, in
sample A-95 : 5, the Rct value signicantly increased which
probably due to the imperfect contact between active materials
and the current collector (Table S1†). In rGO–TiOx B composite,
combining the TiOx with rGO affected the Rs value. In sample B-
70 : 30, the increased Rs value implied no improvement in the
charge transfer by combining the TiOx with rGO.

To study the effect of conductive polymer addition on rGO/
TiOx, PEDOT:PSS was added to sample A and B (95 : 5, 90 : 10,
and 70 : 30). According to the diffraction peak in Fig. S2,† there
were only rGO and Ti4O7 peaks in sample A-90 : 10 P, indicating
10 P.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Cyclic voltammetry (CV) curves of sample A and B at composition of rGO : TiOx ¼ 95 : 5 with and without PEDOT:PSS addition (a and b)
and CV curves of sample A-95 : 5 P and B-95 : 5 P at various scan rates of 10–1000 mV s�1 (c and d).
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no phase change in the TiOx aer mixing with PEDOT:PSS.
Interestingly, a weak Ti4O7 peak was also observed at 2q of
approximately 20.5� in sample B-90 : 10 P, besides rGO and
rutile TiO2 peaks. The presence of the new peak suggested
a mild reduction of the TiOx, probably by rGO. The morphol-
ogies of sample A and B (90 : 10) aer PEDOT:PSS addition are
shown in Fig. 5. Based on these images, the TiOx particles are
attached on the rGO layers and surrounded by PEDOT:PSS
matrix. However, the TiOx particles in sample B-90 : 10 P
appeared to be inhomogeneous and porous, which are expected
Fig. 7 Specific capacitance of sample A (a) and sample B (b) before and

This journal is © The Royal Society of Chemistry 2019
to increase the specic surface area of the electrode. FTIR
analysis in Fig. S3† showed that addition of TiOx into rGO
matrix does not affect the bonding structure of rGO. This is in
accordance with the diffraction data of rGO/TiOx which seems
to be the combination of rGO and TiOx diffraction pattern.
However, aer PEDOT:PSS was added to the composite, the
skeleton peak of graphene was slightly appeared at around
1617 cm�1. Moreover, a transmittance peak at around 588 cm�1

was observed, indicating the formation of Ti–O–C bond due to
the anchoring of TiOx nanoparticles on the graphene sheets.24
after PEDOT:PSS addition.

RSC Adv., 2019, 9, 27896–27903 | 27901
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The cyclic voltammetry of both samples before and aer
PEDOT:PSS addition are depicted in Fig. 6. The presence of
PEDOT:PSS enhanced the detected current during CV test,
indicating an increased amount of current stored in the elec-
trode during charge–discharge, promoted by the conductive
polymer. CV performances of sample A-95 : 5 P and B-95 : 5 P
were tested at various scan rate from 10 mV s�1 to 1000 mV s�1.
Sample A was more stable than sample B up to a scan rate of
1000 mV s�1. Sample B, which possessed a lower ionic
conductivity, destabilized as the scan rate was increased to
500 mV s�1.18 Addition of PEDOT:PSS, however, increased the
Rct value of the active materials through an intrinsic redox
reaction (Fig. S4†).
Specic capacitance

Specic capacitance calculated from CV curves integration are
showed in Fig. 7. The composite of TiOx A and rGO, in any TiOx

A concentration, exhibited a lower specic capacitance than
that of standalone rGO (Fig. 7a). 5% loading of TiOx B in the
composite slightly decreased the capacitance, but a further
increase in the TiOx loading to 10% signicantly improved the
capacitance to a value higher than that of standalone rGO (98.8
F g�1 vs. 49.5 F g�1). This implies that TiOx B, which was
dominated by TiO2 phase, is more suitable to provide capaci-
tance than TiOx A. It is speculated that the crystal structure of
TiOx A, although dominated by Ti4O7, is not favorable for the
electron mobility. This is consistent with the Rs value of TiOx A
which was supposed to be lower than that of TiOx B due to the
Ti4O7 phase. Similar behavior was also exhibited in a previous
study.25 The low electron mobility nally lowered the resulting
specic capacitance of TiOx A. 10% was the optimum TiOx B
loading for delivering the specic capacitance, probably
because of the optimum surface sites for charge storage and
electron transfer.

Addition of PEDOT:PSS to the rGO/TiOx composite resulted
a different trend, where the specic capacitance of sample A-
95 : 5 and B-95 : 5 increased signicantly to be 57.1 F g�1 and
106.2 F g�1, respectively. However, the specic capacitance of
sample B-95: P should be increased, as it decreases aer second
cycle (Fig. S5†). The presence of conducting polymer promoted
the charge storage in the active materials due to the anchoring
TiOx.34 This hypothesis is strengthened by the XRD analysis
(Fig. S6†), which shows no crystal structure difference before
and aer mixing with PEDOT:PSS. However, the anchoring TiOx

nanoparticles on the graphene sheets could help to improve the
capacitance of the sample. However, too much conducting
polymer tended to decrease the specic capacitance, likely
because of the blockage of the active surface sites by the
polymer.
Conclusions

Electrochemical characteristics of rGO and TiOx composite with
various rGO to TiOx ratios and two different TiOx structures
have been investigated. The Magnéli phase in the TiOx

contributed to the low intrinsic ionic resistance. However, the
27902 | RSC Adv., 2019, 9, 27896–27903
CV analyses showed that rutile phase exhibited a better pseu-
doactivity which possibly due to the presence of more redox
reactions, indicated by the presence of anodic peak in the CV
curve. Sample with composition of rGO : TiOx ¼ 90 : 10 per-
formed the highest specic capacitance value. The specic
capacitance of rGO/rutile–TiOx composites could be enhanced
by addition of PEDOT:PSS, up to 106.2 F g�1. We believed that
rGO/TiOx/PEDOT:PSS can be developed as an electrode for
supercapacitor or other energy storage devices.
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