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The capacitive behavior of the electrodes, fabricated from multiwalled carbon nanotubes (MWCNTs) and poly-
3,4-ethlyenedioxythiophene–polystyrene sulfonate (PEDOT–PSS), before and after dynamic high potential treat-
ment with dilute HNO3 solutions, is investigated. The specific capacitance (Csp) of the treated MWCNTs/PEDOT–
PSS electrodes can be ~2.5 times higher than that of the untreated electrodes. The drop of Csp in cycliability study
for the treated electrodes is 0.8%, andmuch less than that for the untreated electrodes (16%). However, excessive
treatment can deteriorate the capacitive performance of the electrodes. The morphology of MWCNTs/PEDOT–
PSS composites revealed by transmission electron microscopy has no change after the treatment. The data of
Raman spectroscopy show that the chemical structure ofMWCNTs in the treatedMWCNTs/PEDOT–PSS compos-
ites remains unchanged. The newly formed functional groups (COOH, C_O and S_O) are deemed to be gener-
ated by electrochemical oxidation of PEDOT, according to the X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy data. It is suggested that the Csp of the treated MWCNTs/PEDOT–PSS electrodes
is due to the interplay between two effects: 1) the degradation of PEDOT leads to the loss of capacitive character-
istics; and 2) the newly formed functional groups in PEDOT in the treated electrodes result in the increase in the
Csp.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs), possessing the advantages of large
specific surfaces, high conductivity, mechanical strength and chemical
stability [1], are considered as promising material for supercapacitor
electrodes. Pristine CNTs perform as a typical electric double layer
capacitor (EDLC) during charge and discharge [2]. The larger surface
area of pristine CNTs relative to other carbon materials can facilitate
adsorption and desorption of abundant ions in the interface between
the electrodes and electrolytes, leading to an increase in capacitance.
However, since the capacitance of pristine CNTs is only contributed by
simple physical adsorption of ions on the surface of CNTs, and the
hydrophobicity of CNTs limits their electric capacity, the specific
capacitance of pristine CNTs in aqueous electrolytes is not satisfactory
[3].

Poly-3,4-ethlyenedioxythiophene-polystyrene sulfonate (PEDOT–
PSS) is a mixture of polymers, PEDOT and PSS. PEDOT, a conducting
polymer, contains a conjunction chain made of thiophene derivatives
for electrical conduction [4], and it also has good thermal stability
[5,6]. PEDOT–PSS is a promising material for supercapacitor electrodes
).
because it can be used as a binder to fix CNTs onto substrates [3], and is
an electroactive material that contributes pseudocapacitance to
supercapacitors [7,8]. The specific capacitance of PEDOT–PSS varies in
different electrolytes (0.02 F g−1 in Na2SO4 [9] and 10 F g−1 in
TBABF4/acetonitrile [10]). The drawback of conducting polymers is the
poor cyclability because electrochemical degradation on the polymers
causes decreases in both pseudocapacitance and conductivity [11].

In earlier publications, study of composites of carbon nanotubes and
conducting polymers as supercapacitor electrodes has been reported
[12–15]. Recently, some novel carbon-based materials, such as
graphene paper, graphite sheets, mesoporous carbon and their compos-
ites, and doped carbon materials, have also been used to develop high
performance supercapacitor electrodes [16–23]. Our team has investi-
gated the composites of multiwalled carbon nanotubes (MWCNT) and
PEDOT–PSS as supercapacitor electrodes in neutral aqueous solutions
recently [3]. The advantage of composites is the possession of themerits
of the two materials, and the aqueous solutions are safer and environ-
mentally friendlier than organic solvents. In neutral aqueous electro-
lytes, the MWCNTs/5 wt.% PEDOT–PSS composite has the highest
specific capacitance, while theMWCNTs/50wt.% PEDOT–PSS composite
can maintain the best capacitive behavior at higher scan rates. The
pseudocapacitance of the MWCNTs/PEDOT–PSS composites decreases
during continuous cycling due to the chemical degradation of PEDOT.
The –SO3

− groups in PSS can retain the integrity during continuous
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cycling so they can still contribute to the capacitance of the composites
through the ion adsorption and desorption in the electrical double layer
[3].

In order to find a way to further increase the capacitance and the
stability of theMWCNTs/PEDOT–PSS composites as supercapacitor elec-
trodes in aqueous electrolytes, the performance of composites with and
without treatment of dynamic high potentials in dilute acidic electro-
lytes was investigated. In addition, Raman spectroscopy, Fourier trans-
form infrared spectroscopy (FTIR), X-ray Photoelectron Spectroscopy
(XPS) and Transmission electron microscopy (TEM) were also used to
characterize the MWCNTS/PEDOT–PSS composites before and after
the dynamic high potential treatment.
2. Experimental

2.1. MWCNTs/PEDOT–PSS electrode fabrication

The fabrication of MWCNT/PEDOT–PSS electrodes was described
previously [3]. Briefly, MWCNTs (length: 1–12 μm, outside diameter:
13–18 nm, purity: N99 wt.%, Cheap Tubes Inc., USA) and PEDOT–PSS
(3.5 wt.% in solution, Aldrich, USA) with a mass ratio of 95:5 were
dispersed in a mixture of ethanol and methanol (volume ratio of 4:1).
The dispersion was subjected to 15 min of ultrasonic processing and
then stirred overnight. A platinum plate, as a current collector, was
covered with the dispersion of MWCNTs and PEDOT–PSS, and dried in
an oven at 180 °C for 30 min to form the MWCNTs/PEDOT–PSS
electrode.
2.2. Dynamic high potential treatment on MWCNTs/PEDOT–PSS electrodes

MWCNTs/PEDOT–PSS electrodes were treated with dynamic
high potentials in a three-electrode system. A platinum wire and an
Ag/AgCl electrode were used as a counter electrode and a reference
electrode respectively. The treatment was conducted with a VersaSTAT
potentiostat/galvanostat (Princeton Applied Research, USA). MWCNTs/
PEDOT–PSS electrodeswere immersed in HNO3 solutionswith different
concentrations of 0.05M, 0.1 M, 0.2 M and 0.5 M, and the potential was
continuously cycled from 1 V to 2 V at a scan rate of 50 mV s−1. Fig. 1
shows the CV curves of MWCNTs/PEDOT–PSS electrodes in HNO3

solutions during dynamic high potential treatment, and Fig. 1 insert is
the schematic representation of dynamic high potential treatment.
Fig. 1. The CV curves describing the dynamic high potential treatment on MWCNTs/
PEDOT–PSS electrodes in HNO3 solutions, and schematic representation of dynamic high
potential treatment (insert).
2.3. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS)were conducted to evaluate the electrochemical performance
of the MWCNTs/PEDOT–PSS electrodes. All the electrochemical mea-
surementswere carried out using a VersSTAT 3 potentiostat/galvanostat
(Princeton Applied Research, USA). A pure platinum wire as a counter
electrode and an Ag/AgCl electrode as a reference electrode were
employed. The EIS frequency ranged from 100 kHz to 0.1 Hz, and an
ac amplitude of 5mV, superimposed on a dc voltage of 0.4 V (themiddle
value of the operating potential window: 0 V–0.8 V described in the CVs
shown in Figs. 1 and 2), was applied. All the electrochemical measure-
ments were conducted in 1 M HNO3.

2.4. Transmission electron microscopy characterization

The morphology of the MWCNTs/PEDOT–PSS composites was char-
acterized by transmission electron microscopy (TEM, JEOL JEM-2011).
The samples were dispersed in ethanol with 10 min of ultrasonic vibra-
tion. The dispersion was placed on a holey-carbon coated copper gird,
and dried in the oven at 60 °C for 5 min.

2.5. Raman spectroscopy measurement

Raman spectra of the MWCNTs/PEDOT–PSS composites were re-
corded on a MicroRaman/Photoluminescence spectrometer (Renishaw
InVia) equipped with a 633 nm Ar ion laser.

2.6. X-ray photoelectron spectrometry measurement

X-ray Photoelectron spectroscopy measurements on the MWCNTs/
PEDOT–PSS composites were carried out by an Axis Ultra DLD X-ray
photoelectron spectrometer (Kratos). The Al K X-ray source was used,
and the binding energy was collected and calibrated using the C 1 s
peak at 284.5 eV.

2.7. Fourier transform infrared spectroscopy measurement

TheMWCNTs/PEDOT–PSS composites weremixedwith KBr powder
and pressed to form pellets for subsequent FTIR measurements. FTIR
spectra were obtained using a Spectrum 100 FTIR spectrometer
(PekinElmer).

3. Results and discussion

3.1. Electrochemical performance of the MWCNTs/PEDOT–PSS electrodes
before and after dynamic high potential treatment

3.1.1. Cyclic voltammetry measurements
Fig. 2 shows the cyclic voltammetry (CV) curves of the MWCNTs/

PEDOT–PSS electrodes before and after the dynamic high potential
treatment with different concentrations of HNO3 solutions and various
cycles. Before the treatment, a couple of redox reactions occurred in
PEDOT at ~0.7 V in the forward and backward scans. The location of
this pair of redox reaction peaks (~0.7 V) in acidic solutions is some-
what different from that in neutral solutions (~0.55 V) [3]. There were
another couple of redox reactions that happened in PEDOT at ~0.5 V
in the forward scan and ~0.1 V in the backward scan. After the treat-
ment, only a pair of broad redox peaks at ~0.45 V in the forward scan
and ~0.3 V in the backward scan of the CV curves of the MWCNTs/
PEDOT–PSS electrodeswas observed (Fig. 2). Also, the treatment caused
a significant increase in the capacitance of the MWCNTs/PEDOT–PSS
electrodes. However, when the number of treatment cycles increased
to certain values (40th cycle in 0.05 M HNO3; 20th cycle in 0.1 M
HNO3; 10th cycle in 0.2 M HNO3; 5th cycle in 0.5 M HNO3), the CV
curves of the MWCNTs/PEDOT–PSS electrodes changed to a spindle



Fig. 2. Cyclic voltammograms of theMWCNTs/PEDOT–PSS electrodes in 1 M HNO3 with a scan rate of 50mV s−1, obtained using an Ag/AgCl reference electrode, before and after the dy-
namic high potential treatment with (a) 0.05 M; (b) 0.1 M; (c) 0.2 M; (d) 0.5 M HNO3 for various cycles.
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shape from a quasi-rectangle shape. It means that the MWCNTs/
PEDOT–PSS electrodes lose their capacitive characteristics after exces-
sive treatment.
Fig. 3. The specific capacitance of theMWCNTs/PEDOT–PSS electrodes as a function of the
number of the dynamic high potential treatment cycles.
3.1.2. Effects of treatment cycle
The specific capacitance of theMWCNTs/PEDOT–PSS electrodes was

calculated from the CV curves using the following Eq. (1) [3,24]:

Csp ¼ 1
mv V2 � V1ð Þ ∫

V2
V1
I Vð ÞdV ð1Þ

where Csp is the specific capacitance (F g−1), v is the potential scan
rate (V s−1), V1, V2 are switching potentials in cyclic voltammetry (V),
and I (V) denotes the response current (A).

Fig. 3 shows the specific capacitance of the MWCNTs/PEDOT–PSS
electrodes subjected to the dynamic high potential treatment with dif-
ferent HNO3 concentrations (0.05 M, 0.1 M, 0.2 M, 0.5 M), as a function
of the number of treatment cycles. From Fig. 3, the specific capacitance
of the MWCNTs/PEDOT–PSS electrodes before treatment is ~18 F g−1,
and increase to optimum values: ~36 F g−1, ~38 F g−1, ~38 F g−1 and
~30 F g−1 after the treatment with 0.05 M HNO3 for 25 cycles, 0.1 M
HNO3 for 15 cycles, 0.2 MHNO3 for 5 cycles and 0.5MHNO3 for 3 cycles
respectively. From the previous study, the specific capacitance of
PEDOT–PSS in Na2SO4 is only 0.02 F g−1 [9]. When combining with
MWCNTs, the specific capacitance of theMWCNTs/PEDOT–PSS compos-
ite can reach 12 F g−1 in Na2SO4 [3]. In this study, the specific capaci-
tance of MWCNTs/PEDOT–PSS after the treatment can be enhanced to
38 F g−1, around two times higher than the untreated MWCNTs/
PEDOT–PSS electrode (18 F g−1). The improvement of specific



Fig. 4. Cyclic voltammograms of the MWCNTs/PEDOT–PSS electrodes in 1 M HNO3 with a
scan rate of 50 mV s−1, obtained using an Ag/AgCl reference electrode, (a) before and
(b) after the 5-cycle dynamic high potential treatment with 0.2 M HNO3. (c) Cyclability
of the treated and untreated MWCNTs/PEDOT–PSS electrodes.
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capacitance of the treated electrodes may result from the formation of
polar functional groups in PEDOT in the MWCNTs/PEDOT–PSS compos-
ites, and it will be discussed in Sections 3.4 and 3.5. Further increase in
the number of cycles causes the specific capacitance to decline
Table 1
Csp and its drop of MWCNTs/PEDOT–PSS electrodes with and without treatment in different el

Electrode treatment Electrolyte

NA 1 M Na2SO4

NA 1 M HNO3

Dynamic high potentials in acid 1 M HNO3
dramatically because of the loss of the capacitance characteristics
(Fig. 2). Such loss of the capacitance characteristics after excessive
treatment may be attributed to the severe electrochemical degradation
of PEDOT–PSS, which leads to an increase in the equivalent series
resistance (ESR) of the MWCNTs/PEDOT–PSS electrodes. The increase
in the equivalent series resistance will be elaborated with the electro-
chemical impedance data in Section 3.1.5, the XPS spectra in
Section 3.4 and the FTIR spectra in Section 3.5.

From Fig. 3, the dynamic high potential treatment with dilute acids
can further improve the specific capacitance of MWCNTs/PEDOT–PSS
electrodes in acidic solutions. Also, the 15-cycle dynamic high potential
treatment with 0.1 M HNO3 and the 5-cycle dynamic high potential
treatment with 0.2 M HNO3 can attain the same and optimal specific
capacitance. Herein, the treatment with 0.2 M HNO3 for 5 cycles was
chosen in the cyclability study (Section 3.1.5) and other characteriza-
tion study (Sections 3.2–3.5).

3.1.3. Cyclability
Fig. 4 shows the cyclability of the MWCNTs/PEDOT–PSS electrodes

before and after the dynamic high potential treatment with 0.2 M
HNO3 for 5 cycles. For the untreated MWCNTs/PEDOT–PSS electrodes,
the redox peaks at ~0.7 V diminish with increasing CV cycles (Fig. 4a),
and it reflects the gradual electrochemical degradation of the PEDOT–
PSS in the untreated MWCNTs/PEDOT–PSS composites during cycling,
and causing a 16% (3 F g−1) drop of specific capacitance in the first
300 cycles (Fig. 4c). In addition, the specific capacitance of the untreated
MWCNTs/PEDOT–PSS electrodes becomes stable after 100 CV cycles.
After the 5-cycle dynamic high potential treatment with 0.2 M HNO3

(conditions for achieving the optimum specific capacitance according
to Fig. 3), the pair of broad redox peaks at ~0.45 V in the forward scan
and ~0.3 V in the backward scan in nitric acid solutions can remain
stable over 500 CV cycles (Fig. 4b), and only a 0.8% (0.3 F g−1) drop in
specific capacitance in the first 300 cycles was observed (Fig. 4c); there-
fore there is almost no change in the specific capacitance of the treated
MWCNTs/PEDOT–PSS electrodes for 500 CV cycles (Fig. 4c). This pair of
highly reversible broad redox peaks at ~0.45 Vmay be attributed to the
newly formed functional groups in PEDOT in the treated MWCNTs/
PEDOT–PSS electrodes, and this electrochemically modified structure
of PEDOT in the treated MWCNTs/PEDOT–PSS electrodes in nitric acid
solutions shows to bemore stable in the cyclability test than the original
structure of PEDOT in the untreated MWCNTs/PEDOT–PSS electrodes.

Table 1 shows the Csp and the drop of Csp for the MWCNTs/PEDOT–
PSS electrodes with and without the dynamic high potential treatment
in dilute acidic solutions. The Csp of the treated MWCNTs/PEDOT–PSS
electrodes (38±1.62 F g−1; triplicate) is ~2.5 times significantly higher
than that of the untreated electrodes (16± 0.63 F g−1; triplicate) at the
300th cycle because of the newly formed polar functional groups in
PEDOT in the treated MWCNTs/PEDOT–PSS electrodes. The characteri-
zation of these newly formed polar functional groups in PEDOT will be
discussed in Sections 3.4 and 3.5.

According to our previous study, the Csp of the MWCNTS/PEDOT–PSS
electrodes in neutral solutions is 12±0.5 F g−1 (triplicate), and the drop
of Csp in the first 300 cycles is 23% [3]. In the current study, the Csp of the
MWCNTs/PEDOT–PSS electrodes operating in acids is 16 ± 0.63 F g−1

(triplicate),which is 1.4 times significantly higher than that in neutral so-
lutions, and the drop of Csp in acids is only 16% (Fig. 3a). Furthermore, the
Csp and the stability of the treatedMWCNTs/PEDOT–PSS electrodes oper-
ating in acids (38 ± 1.62 F g−1; 0.8% drop in the first 300 cycles) is
ectrolytes, measured at a scan rate of 50 mV/s.

Csp after 300 cycles (F g−1) Drop of Csp at the 300th cycle

12 ± 0.5 [3] 23%
16 ± 0.63 16%
38 ± 1.62 0.8%



129Q. Yang et al. / Journal of Electroanalytical Chemistry 758 (2015) 125–134
significantly greater than those in neutral solutions (12± 0.5 F g−1; 23%
drop in the first 300 cycles). Thus, the MWCNTs/PEDOT–PSS electrodes
can achieve higher stability and specific capacitance in acidic electrolytes
relative to neutral solutions, and they can be improved further after the
dynamic high potential treatment with dilute acids.

3.1.4. Scan-rate dependent cyclic voltammetry
The rate-dependent CV curves of the MWCNTs/PEDOT–PSS elec-

trodes before and after dynamic high potential treatment were
Fig. 5. Cyclic voltammograms of theMWCNTs/PEDOT–PSS electrodes before and after the dyna
rates: (a) 10 mV s−1; (b) 50 mV s−1; (c) 100 mV s−1; (d) 200 mV s−1; (e) 400 mV s−1 in 1 M
measured in 1 M HNO3. The rectangular-shaped CV curves can be
distorted at higher scan rates because of the ionic diffusion limitation
[25], and the equivalent series resistance (ESR) also affects the scan
rate-dependent CV curves [26]. The CV curves of the untreated
MWCNTs/PEDOT–PSS electrodes and the MWCNTs/PEDOT–PSS elec-
trodes subjected to the treatment with 0.2 M HNO3 for 3 cycles can re-
tain a quasi-rectangular shape when the scan rate increases from
10mV s−1 to 400mV s−1 (Fig. 5a–e). Thismeans that they can preserve
capacitive characteristics up to a scan rate of 400 mV s−1. When the
mic high potential treatment (0.2MHNO3; 3 cycles, 5 cycles and 10 cycles) at diverse scan
HNO3 solutions, obtained using an Ag/AgCl reference electrode.



Fig. 6. The specific capacitance of theMWCNTs/PEDOT–PSS electrodes before and after the
dynamic high potential treatment (0.2 M HNO3; 3 cycles, 5 cycles and 10 cycles) under
various scan rates (10 mV s−1, 50 mV s−1, 100 mV s−1, 200 mV s−1, 400 mV s−1).
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treatment cycle increases to 5, the CV curves of the treated MWCNTs/
PEDOT–PSS electrodes become slightly distorted from a quasi-
rectangular shape when the scan rate rises to 200 mV s−1 (Fig. 5d),
and are severely deformed to a spindle shape at a scan rate of
400 mV s−1 (Fig. 5e). After 10 cycles of the treatment, the MWCNTs/
PEDOT–PSS electrodes lose their quasi-rectangular CV curves at the
scan rate of 10 mV s−1 or higher (Fig. 5b-e). The results reflect that
the greater number of the treatment cycles makes the MWCNTs/
PEDOT–PSS electrodes difficultly maintain the capacitive characteristics
at higher scan rates. This may be attributed to a large number of treat-
ment cycles leading to more severe electrochemical degradation of
PEDOT–PSS, hence higher ESR of the MWCNTs/PEDOT–PSS electrodes
results. The higher ESR of MWCNTs/PEDOT–PSS electrodes caused by
more treatment cycles can also be demonstratedwith the electrochem-
ical impedance results shown in Section 3.1.5.

Fig. 6 shows the specific capacitance of the MWCNTs/PEDOT–PSS
electrodes with and without the dynamic high potential treatment, as
a function of the scan rate.When comparingwith the treated electrodes,
the untreated electrodes express a minor drop at higher scan rates.
However, the specific capacitance of the treated electrodes decreases
rapidly with increasing the scan rate, and this drop of specific capaci-
tance becomes severe when the number of treatment cycles increases.
It may be attributed that the treatment raises the ESR of the MWCNTs/
PEDOT–PSS electrodes,which is revealed by the electrochemical imped-
ance data in Section 3.1.5.
3.1.5. Electrochemical impedance
Nyquist plots of the MWCNTs/PEDOT–PSS electrodes, before and

after the dynamic high potential treatment with 0.2 M HNO3 for differ-
ent cycles, are depicted in Fig. 7a. The Nyquist plots consist of semicir-
cles in high frequency regions (Fig. 7a insert) and quasi-vertical lines
in low frequency regions (Fig. 7a). At the high frequency intercepts on
the real axis show an internal resistance including the resistance of
the electrolytes, electrodematerials and the contact resistance between
the electrodematerials and the current collector [27]. The quasi-vertical
lines in the low frequency range reflect that the treated and untreated
MWCNTs/PEDOT–PSS electrodes possess capacitive characteristics
[28]. The diameters of the semicircles corresponding to the charge
transfer resistance (Rct) [29] in the medium frequency range for the
MWCNTs/PEDOT–PSS electrodes increase with the number of the treat-
ment cycles. It can be explained by the electrochemical degradation of
PEDOT after the repeated treatment, reducing the rates of faradic reac-
tions at PEDOT.
The imaginary capacitances of the electrodes before and after the
treatment as a function of frequency are plotted in Fig. 7b. The time con-
stants τwere calculated from the frequencies f0 (τ=(2πf0)−1) atwhich
the imaginary capacitance reaches themaximum values [30]. According
to Fig. 7b, the frequencies f0 decrease when the electrodes are subjected
to more cycles of the treatment. In turn, the calculated time constants τ
increase with the treatment cycles: 0.08 s before treatment; 0.32 s after
treatment for 5 cycles; 0.64 s after treatment for 10 cycles and 1.27 s
after treatment for 15 cycles. Shorter time constants mean quicker fa-
radic processes [31,32], so rates of faradic reactions at electrodes de-
crease with increasing treatment cycles. The conduction mechanism of
PEDOT–PSS involves the faradic reactions at the PEDOT backbone [33],
the depression of the PEDOT faradic reaction rates caused by repeated
treatment can lower the conductivity of PEDOT–PSS. Hence, the ESR of
the MWCNTs/PEDOT–PSS electrodes becomes higher.

3.2. Transmission electron microscopy characterization

Fig. 8 shows the TEM images of the structure of MWCNT in the
MWCNTs/PEDOT–PSS composites before (Fig. 8a) and after the dynamic
high potential treatment with 0.2 M HNO3 for 5 cycles (Fig. 8b) and 15
cycles (Fig. 8c). The structures of MWCNTs in the treated MWCNTs/
PEDOT–PSS composites can maintain the integrity, and no defects on
the sidewalls of MWCNTs appear after the treatment. It implies that
the repeated treatment with cycling from 1 V to 2 V in dilute nitric
acid solutions cannot damage the structure of MWCNTs in the
MWCNTs/PEDOT–PSS composites.

3.3. Raman spectroscopy analysis

Fig. 9 shows the Raman spectra of the pristine MWCNTs and the
MWCNTs/PEDOT–PSS composites before and after the dynamic high
potential treatment with 0.2 M HNO3 for 5 cycles and 15 cycles. The
spectra were normalized to the D band. The typical Raman features of
MWCNTs including the D band (~1340 cm−1), G band (~1580 cm−1)
and Dʹ band (~1620 cm−1) [34] were revealed when the MWCNTs,
and the treated and untreated MWCNTs/PEDOT–PSS composites, were
characterized. Amorphous carbon and structural defects inMWCNTs re-
sult in the D band, and the G band originates from the tangential in-
plane stretching of C_C bonds [35]. The Dʹ band on the stretching of
G band corresponds to the defects on the sidewalls of MWCNTs [36].
The D/G ratios of the MWCNTs/PEDOT–PSS composites, before and
after the treatment, are almost the same. These results indicate that
the surfaces of MWCNTs in the MWCNTs/PEDOT–PSS composites keep
unchanged after the treatment, and there are no additional functional
groups such as carbonyl, carboxyl or hydroxyl forming on the surfaces
of MWCNTs during the treatment. Unlike the oxidation of MWCNTs
in thermal acids with high concentrations reported in other papers
(N60 wt.%, ~16 M) [37,38], the dynamic potential treatment in dilute
HNO3 with a low concentration (0.2 M) cannot induce any chemical
changes on the MWCNT surfaces. Therefore, the MWCNTs in the
MWCNTs/PEDOT–PSS composites remain chemically unchanged during
the repeated treatment, with cycling from 1 V to 2 V, in dilute nitric acid
solutions.

3.4. X-ray photoelectron spectroscopy analysis

The XPS spectra of the pristine MWCNTs and the MWCNTs/PEDOT–
PSS composites before and after the dynamic high potential treatment
with 0.2 M HNO3 for 5 cycles and 15 cycles are displaced in Fig. 10.

Themain peaks in the C 1 s spectra are observed at 284.5 eV (Fig. 10a),
and they originate from the carbon atoms in the sp2-hybridized graphitic
structure of MWCNTs and the carbon atoms binding to hydrogen atoms
in PEDOT–PSS [1,39]. The peaks in the range from 286 eV to 290 eV cor-
respond to the carbon atoms bonding to oxygen atoms [40,41]. The insert
in Fig. 10a shows the signals ranging from 286 eV to 290 eV for the



Fig. 7. (a) Nyquist plots of the MWCNTs/PEDOT–PSS electrodes after the treatment with 0.2 M HNO3 for different cycles, at 5 mV (ac) superimposed on 0.4 V (dc) vs. Ag/AgCl with fre-
quencies that ranged from 100 kHz to 0.1 Hz, measured in 1 M HNO3 solutions; (b) Evolution of imaginary capacitance of the MWCNTs/PEDOT–PSS electrodes before and after the treat-
ment vs. frequency, where the calculated characteristic time constants τ are indicated.
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treated and untreatedMWCNTs/PEDOT–PSS composites, and they can be
assigned to the C–O–C, the C–OH and the C_O in PEDOT generated by
the treatment.

From Fig. 10b, depicting the O 1 s spectra, the strong broad peaks for
the MWCNTs/PEDOT–PSS composites contain two main features: the
signal at 532 eV attributed to the oxygen atoms in the sulfonic groups
in PSS, and the peak at 533.4 eV resulting from the oxygen atoms bind-
ing to carbon atoms in PEDOT [39]. The ratios of the intensity of the peak
at 533.4 eV to the peak intensity at 532 eV for the treated MWCNTs/
PEDOT–PSS composites are higher than the corresponding ratio for
the untreated MWCNTs/PEDOT–PSS composites. It can be explained
by more C–OH and C_O groups being produced during the treatment.
According to the Raman results, there is no chemical change in
MWCNTs in the MWCNTs/PEDOT–PSS composites during the
treatment; therefore, the newly formed functional groups (C–OH and
C_O) are deemed to be generated by the oxidation of PEDOT.

The S 2p spectra are depicted in Fig. 10c. A peak at 168.8 eV is as-
cribed to the S atoms in S–O/S_O in PSS [42,43]. The two peaks at
163.8 eV (S 2p1/2) and 165.2 eV (S 2p3/2), which are attributed to the
S atoms in C–S–C [42,43] in PEDOT in the untreated MWCNTs/PEDOT–
PSS composites. For the treated MWCNTs/PEDOT–PSS composites, the
two peaks at 163.8 eV and 165.2 eV disappear. It is suggested that the
S atoms in PEDOT are oxidized to S–O/S_O during the treatment.

3.5. Fourier transform infrared spectroscopy analysis

The FTIRwas conducted to identify the functional groups on thepris-
tine MWCNTs and the MWCNTs/PEDOT–PSS composites before and



Fig. 10. The XPS spectra of (a) C 1 s, (b) O 1 s and (c) S 2 p for pristine MWCNTs and the
MWCNTs/PEDOT–PSS composites before and after the dynamic high potential treatment
with 0.2 M HNO3 for 5 and 15 cycles.

Fig. 9. Raman spectra of the pristine MWCNTs and the MWCNTs/PEDOT–PSS composites
before and after the dynamic high potential treatment with 0.2 M HNO3 for 5 cycles and
15 cycles.

Fig. 8. TEM images of the structure of MWCNTs in MWCNTs/PEDOT–PSS composites be-
fore (a) and after the dynamic high potential treatment with 0.2 M HNO3 for 5 cycles
(b) and 15 cycles (c).
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after the dynamic high potential treatment with 0.2 M HNO3 for 5 and
15 cycles. The MWCNTs in the MWCNTs/PEDOT–PSS composites re-
main chemically unchanged during the treatment according to the
Raman data, so the chemical changes observed in the FTIR spectra
occur in PEDOT–PSS (Fig. 11). From Fig. 11, the two broad peaks at
1720 cm−1 and 1580 cm−1, assigned to the C_O stretching from
COOH groups [44] and C_O groups respectively, are observed for the
treated MWCNTs/PEDOT–PSS composites, but these two peaks do not
appear for the untreated MWCNTs/PEDOT–PSS composites. It is



Fig. 11. FTIR spectra of pristineMWCNTs and theMWCNTs/PEDOT–PSS composites before
and after thedynamic highpotential treatmentwith 0.2MHNO3 for 5 cycles and 15 cycles.
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suggested that the carbon atoms in PEDOT are electrochemically oxi-
dized to form COOH and C_O during the treatment [39]. The peak at
1640 cm−1 originates from the C_C stretching [40,45]. The broad
peak in the range from 1050 cm−1 to 1200 cm−1 is assigned to the
S(_O)2 stretching [39], and its intensity after treatment is larger than
before the treatment. It can be explained by the S atoms in C–S–C in
PEDOT being oxidized to form S_O during the treatment.
3.6. Mechanisms of lifting the capacitive performance

Fig. 12 shows the schematic of introducing newly formed polar func-
tional groups (COOH, C_O, and S_O) in PEDOT after the high dynamic
potential treatment with dilute acids. These polar functional groups in
the treated MWCNT/PEDOT–PSS composites contribute to the faradic
processes during charge and discharge (CV curves on the right of
Fig. 12) compared with the untreated composites (CV curves on the
left of Fig. 12), exerting pseudo-capacitance on the treated electrodes.
In addition, the newly formed polar functional groups can provide
more active sites to adsorb more ions from electrolytes on the
Fig. 12. Schematic of MWCNTs/PEDOT–PSS before and after the dynamic high potential
electrodes, hence increase the electrostatic double-layer capacitance of
the treated MWCNTs/PEDOT–PSS electrodes relative to the untreated
ones.

4. Conclusions

The specific capacitance of the MWCNTs/PEDOT–PSS electrodes op-
erated in acids is 1.4 times higher than that in neutral solutions. After
the dynamic high potential treatment with dilute nitric acid solutions
for appropriate cycles, the specific capacitance can be elevated further,
and the optimum specific capacitance is ~2.5 times higher than the spe-
cific capacitance without treatment. The cyclability of the electrodes
after the optimum treatment is better than the electrodes without the
treatment. Also, the cyclability for operation in acids is superior to that
in neutral solutions. However, the specific capacitance decreases by in-
creasing the number of treatment cycles because of the loss of the ca-
pacitive characteristics (spindle-shaped CV curves). The larger number
of the treatment cycles also causes theMWCNTs/PEDOT–PSS electrodes
to lose their capacitive characteristics more easily at higher rates of
charge and discharge.

According to the results of TEM and Raman spectroscopy, the mor-
phology of the MWCNTs/PEDOT–PSS composites and the chemical
structure of MWCNTs in the MWCNTs/PEDOT–PSS composites remain
unchanged respectively after the treatment. The XPS and FTIR data re-
veal that the treatment causes the formation of polar functional groups
COOH, C_O and S_O in PEDOT. It is suggested that these newly formed
functional groups in PEDOT reflect the damage to the original conjunc-
tion path in PEDOT by electrochemical oxidation (chemical degradation
of PEDOT) during the treatment, leading to the larger Rct and hence the
greater ESR of the treated MWCNTs/PEDOT–PSS electrodes. On the
other hand, these polar functional groups in PEDOT in the treated
MWCNTs/PEDOT–PSS electrodes provide more active sites to adsorb
more ions from electrolytes on the electrodes, resulting in the higher
specific capacitance, when compared with the untreated MWCNTs/
PEDOT–PSS electrodes. Therefore, achieving an optimum specific capac-
itance is due to the interplay between these two effects produced by the
formation of the aforementioned polar functional groups in PEDOT.
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