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o MWCNTs@PEDOT/PSS core—shell
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and PEDOT noticeably boosts the
capacitive performance.

e The composites exhibit large capaci-
tance and superb cycle stability.
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A facile and feasible electrochemical polymerization method has been used to construct the multi-wall
carbon nanotubes@poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) (MWCNTs@PEDOT/PSS)
core—shell composites with three-dimensional (3D) porous nano-network microstructure. The com-
posites are characterized with Fourier transform infrared spectroscopy, scanning electron microscope,
and transmission electron microscopy. This special core—shell nanostructure can significantly reduce the
ions diffusion distance and the 3D porous nano-network microstructure effectively enlarges the elec-
trode/electrolyte interface. The electrochemical tests including cyclic voltammetry, galvanostatic charge/
discharge measurements, and electrochemical impedance spectroscopy tests are performed, the results
manifest the MWCNTs@PEDOT/PSS core—shell composites have superior capacitive behaviors and
excellent cyclic stability, and a high areal capacitance of 98.1 mF cm~2 is achieved at 5 mV s~! cyclic
voltammetry scan. Furthermore, the MWCNTs@PEDOT/PSS composites exhibit obviously superior
capacitive performance than that of PEDOT/PSS and PEDOT/CI electrodes, indicating the effective com-
posite of MWCNTs and PEDOT noticeably boosts the capacitive performance of PEDOT-based electrodes
for electrochemical energy storage. Such a highly stable core—shell 3D network structural composite is
very promising to be used as electrode materials for the high-performance electrochemical capacitors.
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1. Introduction

The efficient use and storage of energy have attracted world-
wide considerable research interest in recent years in response to
the limited availability of fossil fuel and energy security concerns.
As a type of high-efficiency devices of energy storage, a great deal of
attention has been paid to electrochemical capacitors (also referred
to as supercapacitors) due to their higher power density, cyclic
stability than those of secondary batteries, whilst higher energy
density than that of the dielectric capacitors [1—6].

Supercapacitors work on the basis of two charge-storage
mechanisms: surface ion adsorption (electric double layer capaci-
tance, EDLC) and redox reactions (pseudocapacitance) [7,8]. The
electrodes of EDLC supercapacitors are usually made of different
carbon materials, such as activated carbons, carbon nanotubes,
carbon fibers and graphene, while the redox supercapacitors usu-
ally use transitional metal oxides and conducting polymers as the
electrode materials [9—12]. Commonly, carbon materials show high
power density and long cycle life but low capacitance, while tran-
sition metal oxides and conducting polymer have the large pseu-
docapacitance but exhibit some drawbacks like poor conductivity
for transition metal oxides and low cycle life for conducting poly-
mer [13,14]. For these reasons, considerable effort has been devoted
to developing hybrid materials to obtain supercapacitor electrodes
with superior performance [15—17].

Among all the carbon materials, carbon nanotubes (CNTs) have
been widely investigated owing to their outstanding electric
properties and nanoscale texture, such as high surface area,
chemical stability, electrical conductivity and low cost [18—20]. In
addition, conducting polymers possess the advantages of ease and
versatility in synthesis, high inherent conductivity and low cost
relative to the metal oxides [21], so combining the conducting
polymer and CNTs seems to be a very attractive method, which has
the potential to overcome the disadvantages of low energy density
for CNTs and poor cycling performance for conducting polymers.
The formation of nanocomposite materials through incorporating
CNTs into polymer matrices is an interesting approach to enhance
the properties of materials, because the resulting composites may
exhibit characteristics that differ from those of the individual
components. In the previous reports, conducting polymer/CNTs
composites have been prepared with several approaches such as
chemical polymerization, directly blending, grafting on CNTs,
microwave-assisted method, and electrochemical polymerization
[22—25]. Although these methods have been tried, the weak solu-
bility and processibility of CNTs remain the hinder to achieve the
high-performance electrode materials. Moreover, almost all the
related researches focus on the mass specific capacitance of elec-
trode materials, however, for applications such as small scale
electronics and stationary energy storage devices where areal
capacitance is a better indicator of the supercapacitor performance
than mass specific capacitance [26,27]. Based on the consideration
above, this study will improve the dispersity and solubility of CNTs
through acid-treatment and adding PSS polyelectrolyte, and what's
more, as the electrochemical polymerization show the advantages
that the films can be deposited directly on the electrode substrates,
and the film thickness can be easily controlled and the films are free
from impurities (e.g. the oxidant and its reaction products)
compared to chemical oxidative polymerization [28], we will use in
situ electrochemical polymerization to prepare the high-
performance conducting polymer/CNTs composite electrodes.

In this study, PEDOT was used because the PEDOT exhibits not
only a high conductivity but also an unusual stability in the
oxidized state compared to other types of conducting polymers
(CPs) [29]. We depicted a simple strategy to synthesize the
MWCNTs@PEDOT/PSS composites by a facile electrochemical

codeposition method. Thereinto, MWCNTs was acid-treated to
promote the dispersity and also acted as the counter-ions, PSS
polyelectrolyte was added to system serving as supporting elec-
trolyte to promote the conductivity of solution, also improve the
solubility of CNTs and as the counter-ions. As the comparison,
PEDOT/PSS and PEDOT/CI electrodes have also been prepared un-
der the polymerization system with the same electrochemical
procedure. The compositions and morphology as well as the mi-
crostructures of the composites were studied with Fourier trans-
form infrared spectroscopy (FT-IR), scanning electron microscope
(SEM), and transmission electron microscopy (TEM). Their elec-
trochemical behaviors were compared using cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD) measurements, and
electrochemical impedance spectroscopy (EIS). The composites of
PEDOT and MWCNTs obtained by the feasible and effective elec-
trochemical method are expected to possess a special microstruc-
ture and can significantly improve the performances of the pristine
PEDOT electrodes, consequently achieve the higher energy density,
power capability and cycle stability.

2. Experimental
2.1. Materials

3,4-ethylenedioxythiophene (EDOT, Ourchem®, 99%) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China), MWCNTs were purchased from Chengdu Organic Chemicals
Co. Ltd (Chengdu, China), the length of the MWCNTSs was 0.5—2 pm.
Poly(styrene sulfonic acid) sodium salt (PSS, M.W. = 70,000) was
purchased from Alfa Aesar (Ward Hill, US). FTO conducting glasses
were obtained from Dalian Heptachroma SolarTech (DHS-FTO22-8-
02,8Q 0 1), 1 cm x 1 cm conductive areas were exposed as the
substrate for electrochemical deposition. Prior to use, the glasses
were ultrasonically cleaned with acetone and deionized water
successively.

2.2. Electrode preparation

The MWCNTs@PEDOT/PSS composite films were synthesized
electrochemically via in situ polymerization/codeposition from an
aqueous solution containing acid-treated MWCNTs, PSS, and EDOT
monomer, and the process of acid treatment of MWCNTs and
codeposition were as follows:

Firstly, MWCNTs were pretreated in 3 M HNOs at 140 °C under
magnetic stirring for at least 72 h to remove the metal catalysts.
Then the pretreated MWCNTs were shortened and functionalized
with carboxyl group (—COOH) by ultrasonicating in a mixture of
concentrated H,SO4 and HNO;3 (v: v = 3:1) at 40 °C for 2 h, followed
by thorough rinsing with deionized water until the pH reached
about 6.0. Finally, the carboxylated MWCNTs (MWCNTs—COOH)
were collected and dried at 60 °C for 48 h.

For the procedure of electrochemical codeposition, an aqueous
solution containing 2 mg mL~' MWCNTs—COOH, and 0.01 M PSS
polyelectrolyte was dispersed under ultrasonication for about
15 min to form a metastable homogenous colloidal solution, in
which PSS serves as supporting electrolyte as well as counter-ions,
after that, 0.01 M EDOT monomer was added into the polymerized
solution with ultrasonic dispersion. Subsequently, MWCNTs@PE-
DOT/PSS composite films were electrodeposited onto the FTO
conducting glass with a galvanostatic mode, in which a current of
1.0 mA cm~2 was applied for 30 min. After that, the composite
films-deposited glasses were washed with adequate deionized
water to remove the unreacted substance, followed by drying at
room temperature under ambient air environment, which is shown
in Fig. 1a (left). During the deposition, the cleaned FTO conducting
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Fig. 1. (a) The digital photo of MWCNTs@PEDOT/PSS films-deposited FTO conducting
glass (left) and the supercapacitor cells consisted of two pieces of symmetric com-
posite films-deposited FTO conducting glass for electrochemical measurements (right);
(b) FT-IR spectra of MWCNTs, MWCNTs—COOH, PEDOT/Cl, PEDOT/PSS, and
MWCNTs@PEDOT/PSS composites.

glass was fixed in a two-electrode cell with a large-area Pt sheet
acting as the counter electrode and pseudo-reference electrode. In
order to compare MWCNTs@PEDOT/PSS composite films with
pristine PEDOT films, PEDOT/PSS and PEDOT/CI films were elec-
trodeposited under the same procedure from an aqueous solution
of 0.01 M EDOT mixed with 0.1 M PSS and 0.1 M KCl, respectively.

2.3. Composition and morphology characterization

FT-IR spectra of as-received MWCNTs, MWCNTs—COOH, PEDOT/
Cl, PEDOT/PSS, and MWCNTs@PEDOT/PSS were obtained with a
Bruker Tensor 27 FT-IR spectrometer. PEDOT/CI, PEDOT/PSS, and
MWCNTs@PEDOT/PSS films were scraped from the surface of films-
deposited onto ITO conducting glasses, all test samples were pre-
pared by potassium bromide tabletting. The surface morphology of
the PEDOT/CI, PEDOT/PSS, and MWCNTs@PEDOT/PSS composite
films was observed using a field emission scanning electron

microscope (JSM-6701F, JEOL) operated with a voltage of 10.0 kV.
The microstructures of MWCNT—COOH and MWCNTs@PEDOT/PSS
composites were examined with a high-resolution transmission
electron microscopy (JEM-2100, JEOL) operated at 200 kV.

2.4. Electrochemical measurements

For the electrochemical measurements, the capacitor cells
(Fig. 1a, right) were assembled with two pieces of composite films-
deposited FTO conducting glasses (one oxidized and one reduced)
as the two electrodes, a filter paper soaked with 1.0 M KCl elec-
trolyte served as the separator, the conducting glass itself was used
as the current collector. All the electrochemical measurements
were carried out on an electrochemical workstation (CHI 660B,
Chenhua, China) using two-electrode system. The CV measure-
ments were performed between potentials of —0.5 to 0.5V, and the
scan rates ranged from 5 to 200 mV s~ L. The GCD tests were per-
formed at varying current density with the cutoff voltage of —0.5
and 0.5 V. The EIS were measured using 5 mV (rms) AC sinusoid
signal and at a frequency range from 100 K to 0.01 Hz at the open
circuit potential. During the aforementioned electrochemical tests,
the assembled cells were wrapped with a preservative film to
prevent the volatilization of electrolyte.

3. Results and discussion
3.1. FI-IR spectroscopy

In the experimental design, carboxylic group was covalently
attached to MWCNTs with the acid treatment, and the carboxylic
MW(CNTSs worked as a dopant during the polymerization of PEDOT.
The FT-IR spectroscopy of as-received MWCNTs, MWCNTs—COOH,
PEDOT/CI, PEDOT/PSS, and MWCNTs@PEDOT/PSS are presented in
Fig. 1b. Compared with the spectra of the pure MWCNT, the
appearance of C=O0 stretching vibration peak of the carboxylic
group at 1705 cm~! confirms the carboxylic functionalization of the
MW(CNTs in the MWCNTs—COOH spectrum [30]. For the PEDOT/Cl
spectrum, the vibrations around 1350 and 1520 cm™! originate
from the quinoid structure and stretching modes of C—C and C=C
in the thiophene ring, respectively [31]. Vibrations at 1206, 1144,
1089, and 1053 cm™! are attributed to stretching of the C—0—C
bond in the ethylenedioxy group, peak at 926 cm~! is ascribed to
the ethylenedioxy ring deformation mode, and the vibration modes
of the C—S bond in the thiophene ring are observed at 692, 843 and
980 cm~! [32—34]. With the PEDOT/CI spectrum as the reference,
the spectra of both PEDOT/PSS and MWCNTs@PEDOT/PSS show the
characteristic peaks of PEDOT. The only difference is that the vi-
bration band attributed to C—C stretching in the thiophene ring in
PEDOT/PSS and MWCNTs@PEDOT/PSS has a redshift from 1350 to
1333 and 1329 cm~! (marked with red). This is related to the
electrostatic interaction between the PEDOT cations and the PSS
anions as well as the inclusion of MWCNTs—COOH in the polymer
films. It should be noted that MWCNTs—COOH bands are scarcely
detectable in the MWCNTs@PEDOT/PSS spectrum, probably
because either they are too weak or overlapped with the absorption
peak of PEDOT. In summary, the formation of MWCNTs@PEDOT/PSS
composite films was confirmed by the study of FT-IR spectra.

3.2. Morphology

It is well known that electrochemical performance of an elec-
trode is strongly influenced by its microstructure and the active
surface area accessible to the electrolytic ions [35]. The SEM images
of the PEDOT/CI, PEDOT/PSS, and MWCNTs@PEDOT/PSS electrodes
prepared are displayed in Fig. 2. For PEDOT/CI films (Fig. 2a and b),
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Fig. 2. SEM images of PEDOT/CI (a, b), PEDOT/PSS (c, d) and MWCNTs@PEDOT/PSS (e, f) films with low (a, ¢, e) and high (b, d, f) magnification.

cumulate grains with an average diameter of ~200 nm and aggre-
gated deposits are observed, and the films show the feature of
porosity, which would be beneficial to the access of electrolyte.
Fig. 2c and d exhibits the SEM images of PEDOT/PSS films, pre-
senting a dense and compact microstructure, and the PEDOT/PSS
films essentially comprise of clusters formed by piling up of smaller
grains to yield larger particles of various size. In contrast to those
two types of films, the MWCNTs@PEDOT/PSS composite films
(Fig. 2e) exhibit a very different morphology that a three-
dimensional porous microstructure composed of some nodes,
furthermore, the SEM image of MWCNTs@PEDOT/PSS films at high
magnification (Fig. 2f) depicts a very rough surface where the
PEDOT and PEDOT/PSS polymer have encased bundles of MWCNTs,
with a highly large porous structure apparent. This microstructure
of 3D porous nano-network is very desirable because it maximizes
the electrochemical surface area, potentially allowing large capac-
itances to be obtained. Furthermore, the SEM characterization
suggests that MWCNTs possibly act as an electron conducting
network for the composite film, thus enhancing the electron

conductivity and improving the mechanical performance. More-
over, the porous surface would significantly enlarge the electrode/
electrolyte interface and facilitate ion transfer within the bulk films,
leading to the advanced electrochemical performance over PPy/Cl
and PPy/PSS films, and this will be testified in the following section
of electrochemical tests.

In order to further observe the composite morphology of
MWCNTs@PEDOT/PSS films, TEM characterization was made and
the images are shown in Fig. 3. Fig. 3a shows the morphology of
MWCNTs—COOH, we can see that the MWCNTs—COOH are very
long and entangled with each other as a spider web, indicating the
MWCNTs—COOH show the well dispersibility after acid-treatment.
Fig. 3b exhibits the TEM image of MWCNTs—COOH at high
magnification, it can be observed that MWCNTs—COOH show a
hollow structure with an outer diameter of ~10 nm, and the central
canal of MWCNTs allows for easy accessibility of ions to the elec-
trode/electrolyte interface. Like the SEM characterization, as shown
in Fig. 3¢, the morphology of MWCNTs@PEDOT/PSS composite films
depict a very rough surface where the PEDOT and PEDOT/PSS
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Fig. 3. TEM images of the MWCNTs—COOH (a, b) and MWCNTs@PEDOT/PSS composites (c, d) taken at low (a, ¢) and high (b, d) magnification.

polymer have encased bundles of MWCNTSs, and the TEM image of
composites at high magnification (Fig. 3d) displays the MWCNTs
are coated with the PEDOT/PSS polymer (arrow indicated). Herein,
the MWCNTs and the PEDOT coated forms the core—shell nano-
structure, which can significantly reduce the ions diffusion distance
and improve the charge transfer of pure PEDOT as a result of the
high conductivity of MWCNTs. On the whole, the morphology

characterization reveals that the micro- and nano-meter pores in
the MWCNTs@PEDOT/PSS composites which can provide enough
pathways for the movement of ions and solvent molecules within
the composite films. The tangled MWCNTSs rods incorporated into
composite films probably act as a conductive network and the
formed core—shell microstructure can improve the electrochemical
properties as discussed below.
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Fig. 4. (a) CV curves of the supercapacitor cells assembled by PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes at different scan rates range from 5 mV s~ to
200 mV s '; (b) relationship of the areal capacitance with CV scan rate for PEDOT/Cl, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes; (c) GCD curves of the
supercapacitor cells assembled by PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes at different GCD current densities; (d) areal capacitance vs. GCD current
density for PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes.
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3.3. Electrochemical properties

In this study, the electrochemical behavior was investigated
with two-electrode system, allowing a good estimation of materials
performance in electrochemical capacitors [36]. CV was employed
to evaluate the capacitive performance of PEDOT/CI, PEDOT/PSS,
and MWCNTs@PEDOT/PSS composite electrodes, and the resulting
CV at varying scan rates rang from 5 to 200 mV s~ ! is show in
Fig. 4a. Commonly, the capacitor assembled by two pieces of
identical electrodes are tested by two-electrode system, one piece
of composite is oxidized and the other is reduced during the test,
which will make the oxidation/reduction peaks of PEDOT unob-
vious and show the rectangular CV shape. It can be observed from
the 5 mV s~ ! plots that the MWCNTs@PEDOT/PSS electrodes show
more rectangular-like shape and larger areal CV curve compared
with those of the PEDOT/PSS and PEDOT/CI electrodes, indicating
the MWCNTs@PEDOT/PSS electrodes exhibit more ideal capacitive
behavior as a result of the incorporation of MWCNTSs into the PEDOT
matrix. Furthermore, the rectangular-like CV curves with the
almost symmetric I-E responses can be also observed at higher
scan rates range from 10 to 200 mV s~ ! and the current obviously
increased with increasing scan rate, demonstrating that the
MWCNTs@PEDOT/PSS electrodes have good rate capability, and the
MWCNTs@PEDOT/PSS electrodes still show the larger areal CV
curves than those of the PEDOT/PSS and PEDOT/CI electrodes at all
scan rates. Aiming for the applications such as small scale elec-
tronics and stationary energy storage devices, areal capacitance is a
better indicator of the supercapacitor performance than mass
specific capacitance [37,38], so this research focuses on the areal
capacitance of electrodes. On the basis of the CV curves, the areal
capacitance (Cs) value of a single electrode can be calculated ac-
cording to the following Equation (1):

CS:(/idV)/(SxAva) 1)

where Cs is the areal capacitance in Fcm 2, [idV the integrated area
of the CV curve, S the surface area of active materials in the single
electrode in cm? and it is fixed at 1 cm? in this study, AV the
scanning potential window in V and v the scan rate in Vs~ .

Fig. 4b shows the plots of the areal capacitance vs. CV scan rates
for the three types of electrodes, the PEDOT/CI electrodes display
the areal capacitance of 701 mF cm™2 at 5 mV s ' while
72.9 mF cm~2 at 5 mV s~ ! for PEDOT/PSS electrodes, however,
when the MWCNTSs are incorporated into the PEDOT matrix, the
areal capacitance sharply increase to 98.1 mF cm ™2 at 5 mV s~}
(increase of ~26%) and 94.7 mF cm™2 at 10 mV s~ ! for the
MWCNTs@PEDOT/PSS electrodes, and it is also higher than that of
PANI/graphite oxide composites (25 mF cm~2 at 5 mV s~ ') and
TiO,@PPy core—shell nanowires electrode (64.6 mF cm 2 at
10 mV s~ !) reported previously [38,39]. Furthermore, the
MWCNTs@PEDOT/PSS electrodes have a consistent higher areal
capacitance value at all other scan rates compared to the PEDOT/
PSS and PEDOT/CI electrodes. The CV results indicate the incorpo-
ration of MWCNTs into the composites remarkably boost the
capacitive performance for PEDOT-based supercapacitors.

Fig. 4c depicts the GCD curves of PEDOT/CI, PEDOT/PSS, and
MWCNTs@PEDOT/PSS electrodes at the varying current density
rang from 0.1 to 5 mA cm 2. It can be seen from the 0.1 mA cm ™2
plots that the three types of electrodes exhibit triangular-shape
charge/discharge curves, but the MWCNTs@PEDOT/PSS electrodes
have the longest discharge time. The columbic efficiency () can be
determined by calculating the ratio of discharge time tq to charge
time t. according to the GCD curves. At the current density of
0.1 mA cm~2, the 7 of MWCNTs@PEDOT/PSS electrodes is 98.9%,

which is higher than 96.3% of PEDOT/PSS and 96.2% for PEDOT/CI
electrodes. Moreover, as exhibited in Fig. 4c, the GCD curves at
higher current density range from 1 to 5 mA cm 2 also show the
same results that MWCNTs@PEDOT/PSS electrodes have the
longest discharge time. Meanwhile, the MWCNTs@PEDOT/PSS
electrodes also show the lower iR drops at all GCD current densities.
It should be pointed out that iR drop is usually caused by the overall
internal resistance of the devices [37], indicating the capacitor cells
assembled with MWCNTs@PEDOT/PSS electrodes have the lower
internal resistance. The low internal resistance is important for
energy storage devices, because it will facilitate decreasing the
produce of unwanted heat during the processes of charging/dis-
charging [40]. Based on the GCD curves measured by chro-
nopotentiometry, the areal capacitance (Cs) value of a single
electrode can be evaluated using the following Equation (2):

Cs= (2 xix1t)/(SxAV) 2)

where Cs is the areal capacitance in F cm~2, i the discharge current
in A, t the discharge time in s, S the surface area of the active ma-
terials on the single electrode in cm? and AV the scan potential
window in V.

Fig. 4d compares the areal capacitance value of the three types
of electrodes, the MWCNTs@PEDOT/PSS electrodes display the
areal capacitance of 102.6 mF cm~2 at 0.1 mA cm ™2, which is higher
than those of PEDOT/PSS (76.7 mF cm 2 at 0.1 mA cm 2) and
PEDOT/CI electrodes (71.7 mF cm~2 at 0.1 mA cm2), and the
MWCNTs@PEDOT/PSS electrodes show the largest areal capaci-
tance value at all varying GCD current densities, which is consistent
with the CV results. Likewise, the GCD tests also indicate the
incorporation of MWCNTs into the composites noticeably improve
the capacitive performance of electrodes. The significant
improvement of capacitance for the composites can be derived
from the pronounced increase of specific surface area as the
incorporation of MWCNTSs, in addition, combining the morphology
characterization, the formed nanostructure of 3D porous network
and the core—shell nanostructure of PEDOT/PSS-coated MWCNTSs
can significantly reduce the ions diffusion distance and adequately
take advantage of the double layer capacitance from MWCNTs and
Faradaic pseudocapacitance from PEDOT.

In order to further comparing the electrochemical performance
of the three types of electrodes applied for electrochemical
capacitor, the EIS tests were carried out and the obtained Nyquist
plots at open-circuit potentials are illustrated in Fig. 5a. It can be
seen that the three types of electrodes show a vertical trend at low
frequencies region, indicating the capacitive behavior according to
the equivalent circuit theory [41], no or negligible semicircle
observed at high frequency region for the three types of electrodes
is ascribed to the low interfacial charge-transfer resistance as their
high conductivity of films [31]. The equivalent series resistance
(ESR) can be obtained from the intersection of the curve at the x-
axis, it mainly arises from the electrolyte, the intrinsic resistance of
the active material, and the contact resistance at the active mate-
rial/current collector interface [38]. We can observe from the inset
of Fig. 5a that the intercept at x-axis for the impedance plot of
MWCNTs@PEDOT/PSS electrodes is the smallest, manifesting the
lowest ESR of the assembled capacitor with MWCNTs@PEDOT/PSS
electrodes. Knee frequency (fknee) is another important information
that can be obtained from the plots at higher frequencies, it is the
maximum frequency at which predominant capacitive behavior
can be maintained, beyond which the capacitive behavior is
replaced by the more inclined diffusion line. The finee is determined
by the crossing of Warburg-type line (inclined 45°) and low-
frequency vertical line, the higher knee frequency means the
lower diffusion impedance and faster charge transfer rates [42]. We
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Fig. 5. (a) Nyquist plots of the supercapacitor cells assembled by PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes, insert is the EIS in high-frequency region;
(b) The relationship of conversion areal capacitance with frequency for PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites electrodes.

can see from the inset of Fig. 5a that MWCNTs@PEDOT/PSS elec-
trodes display the highest finee, this will facilitate the rapid charge/
discharge performance, as the results exhibited in the CV and GCD
tests. Fig. 5b presents the conversion capacitance obtained from
EIS. The areal capacitance values of single electrode can be calcu-
lated from the following Equation (3) [41]:

Cs = —1/(71:5]2”) 3)

Thereinto, Cs is the areal capacitance in F cm 2, f the frequency in
Hz, 7" the imaginary part of EIS in Q, and S the geometric surface area
of active materials on single electrode (1 cm? in this study). It can be
seen from Fig. 5b that MWCNTs@PEDOT/PSS electrodes exhibit the
highest areal capacitance at the whole frequency region compared
with those of PEDOT/PSS and PEDOT/CI electrodes, which is in good
agreement with the results measured in CV and GCD tests. The EIS
tests further confirm the superiority of MWCNTs@PEDOT/PSS com-
posites used for electrochemical capacitors.

3.4. Ragone plot and cyclic stability

The areal energy and power density are usually used for evalu-
ating thin film micro-batteries because the comparison has no
dependence on the choice of other components including substrates
and protective packaging [43]. The areal energy density and power
density of the single electrode depicted in the Ragone plot can be
calculated by using the Equations (4) and (5), respectively [38].

WeIN'L

25

E="3500 (4)

p_ 3600E (5)
t

where E is the areal energy density in Wh cm™2, P the areal power
density in W cm™2, Cs the areal capacitance in F cm™2, AV the po-
tential window (excluding iR drop in the beginning of the
discharge) in V and ¢ the discharge time in s.

Fig. 6 shows the corresponding Ragone plots based on the area
of the films according to the above formulas. Obviously, the
MWCNTs@PEDOT/PSS electrodes present the higher energy and
power densities than those of PEDOT/PSS and PEDOT/CI electrodes
all the time. The MWCNTs@PEDOT/PSS electrodes deliver an energy
density of 14.2 pWh cm™2 at a power density of 99.7 pW cm 2,
while it maintains 9.69 pWh cm~? at 4256 yW cm™?2, presenting
higher energy density and power density compared with previous
reports on conducting polymers [38]. This high power capability is

an indication of fast kinetic reaction in the MWCNTs@PEDOT/PSS
composites, which can be attributed to the high electronic con-
ductivity of the CNT network and porous core—shell microstruc-
tures of composites permitting counter-ions which could diffuse
into the polymer and provide a short diffusion distance to facilitate
the ion transport.

In this study, 5000 CV cycles at the scan rate of 100 mV s~ ! were
carried out to investigate the cycle stability of the MWCNTs@PE-
DOT/PSS electrodes and the result is shown in Fig. 7. We can
observe that the cycle measurements for MWCNTs@PEDOT/PSS
electrodes cause an increase in the capacitance up to 1000 cycles. It
can be possibly related to a cycling measurement induced
improvement in the surface wetting of the electrode [44,45], which
is attributed to the large electrochemical surface area caused by the
incorporated MWCNTSs, leading to more available electroactive
surface area with the cycles. Especially, the MWCNTs@PEDOT/PSS
composites retain 97.8% of the initial capacitance after 5000 cycles,
highlighting the MWCNTs@PEDOT/PSS electrodes have the excel-
lent electrochemical stability, as the comparison, the capacitive
retention rate of PEDOT/PSS and PEDOT/CI electrodes decreases to
92.6% and 91.7%, respectively. The excellent stability of composites
can be attributed to the incorporated MWCNTs enhances the me-
chanical strength of the composites and prevents the CPs from
swelling and shrinking during the long-term cycles. Generally, the
significant improvement in the capacitive behavior and excellent
stability for MWCNTs@PEDOT/PSS core—shell composites may be
attributed to the following reasons: firstly, the incorporation of
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Fig. 6. Ragone plots of PEDOT/CI, PEDOT/PSS and MWCNTs@PEDOT/PSS composites
electrodes.
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Fig. 7. The relationship of capacitance retention rate and cycle number for PEDOT/CI,
PEDOT/PSS and MWCNTs@PEDOT/PSS composites at 100 mV s~ CV scan for 5000
cycles. The inset is the CV curves of the supercapacitor cells assembled by
MWCNTs@PEDOT/PSS electrodes at different scan cycles.

large anions MWCNTs makes the polymer films less compact and
form the nanostructure of 3D porous network with large specific
surface area; Secondly, the formed core—shell nanostructure with
MWCNTs core and PEDOT/PSS shell, which may be beneficial to
enhance the rates and accessibility of ionic mass transport into the
PEDOT matrix during the redox process; Thirdly, direct interaction
between the highly conjugated MWCNTs with high conductivity
and the doped PEDOT effectively combine the double layer capac-
itance and Faradaic pseudocapacitance.

4. Conclusions

The MWCNTs@PEDOT/PSS core—shell composites have been
prepared with a facile electrochemical polymerization method.
This special core—shell nanostructure can significantly reduce the
ions diffusion distance and the 3D porous nano-network micro-
structure effectively increases the specific surface area. The elec-
trochemical characterizations indicate the incorporation of
MWCNTs into the composites noticeably improve the capacitive
performance compared to that of the pristine PEDOT electrodes.
The MWCNTs@PEDOT/PSS composites exhibit a high areal capaci-
tance 0f 98.1 mF cm 2 at 5 mV s~ ! and retain the superb stability for
5000 CV cycles. This facile and effective approach for the electrodes
preparation further extends the application of MWCNTs and can be
easily transferred to flexible conductive substrate for future flexible
electrochemical energy storage devices.
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