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Abstract Multi-layered electrodes which consist of polya-
niline (PANI)/manganese dioxide (MnO,)-multi-walled car-
bon nanotubes (MWNTs) are prepared as the electrode
materials for supercapacitors. MnO,-MWNTs are made by
the in situ direct coating method to deposit MnO, onto
MWNTs; the core/shell structure of multi-layered fibrous
electrodes can also be obtained by PANI coating onto the
MnO,-MWNTs. The effect of PANI coating on the electro-
chemical performance and cyclic stability of MnO,-
MWNTs is investigated. From the cyclic voltammograms,
the PANI/MnO,-MWNTs show remarkably enhanced spe-
cific capacitance and cycle stability compared to MnO,-
MWNTs, where the highest specific capacitance (350 F/g)
is obtained at a current density of 0.2 A/g for the PANI/
MnO,-MWNTs as compared to 92 F/g for pristine MWNTs
and 306 F/g for MnO,-MWNTs. This indicates that the
improved electrochemical performance of PANI/MnO,-
MWNTs is due to the enhanced electrical properties by
nano-scale-coated MnO, onto MWNTs and the PANI coat-
ing that leads to the increased cycle stability by delaying the
dissolution of MnO, during charge/discharge tests.

Keyword Multi-walled carbon nanotubes - Manganese
oxide - Polyaniline - Electrochemical performance
Introduction

A supercapacitor, which is also known as an electrochemical
capacitor, is a charge storage device between the traditional
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electrostatic capacitor and the rechargeable battery. It has
been used as an energy storage system for portable electron-
ic devices, backup power sources, and hybrid electric
vehicles due to its high power, energy density, and long
cycle life [1-3]. As the electrode for the supercapacitor,
carbon materials, transition metal oxides (TMs), and a com-
bination of conducting polymers (CPs) [4] and hybrid sys-
tems, consisting of carbon/TMs [5], carbon/CPs [6], TMs/
CPs [7], or all three phases, i.e., carbon/TMs/CPs [8], are
commonly utilized and hence have been studied for their
energy storage capacities to be improved using their syner-
gistic effect.

Recently, much research has been done to design new
electrode materials for supercapacitors to enhance their
electrochemical behaviors. Ruthenium oxide has a specific
capacitance as high as 720 F/g and exhibits excellent cycle
life stability in aqueous electrolytes. However, its high cost
limits potential applications [9]. Therefore, many research
interests have been prompted to focus on other transition
metal oxides and conducting polymers. In this regard, man-
ganese oxide is one of the most attractive candidates for
electrochemical capacitor electrode materials due to its en-
vironmental friendliness and low cost [10, 11], whereas one
of the major challenges with manganese oxide is its low
electrical conductivity. Indeed thin MnO, films exhibited an
electrical conductivity of about ~700 F/g. However, the
specific capacitance gradually decreases with increasing
film thickness, and the reported values are usually in the
range from 100 to 250 F/g [12]. Thus, many approaches
have been taken to overcome this disadvantage through
synthesizing specific nanostructures [13] or composites with
conducting materials, such as carbon nanotubes and con-
ducting polymers [14, 15]. Of these, conducting polymers
have also been widely utilized as electrode materials for
supercapacitors owing to their good electrical conductivity
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and large pseudocapacitance that are comparable to those of
transition metals. Among the conductive polymers, polyani-
line (PANI) is considered to be the most promising electrode
material for supercapacitors due to its excellent capacity for
energy storage, good processability, high conductivity, low
cost, and environmental stability [16—18].

Many studies have recently been carried out on the elec-
trochemical performance of manganese oxide/carbon mate-
rials to improve their electrical properties. However, there
has been a limited amount of work published on the elec-
trochemical performance of multi-phase materials prepared
from conducting polymer/transition metal/carbon materials
for supercapacitor electrodes.

Therefore, in the present study, multi-layered electrodes
in the form of conducting polymer/transition metal/carbon
nanotubes were prepared in two steps: (1) manganese oxide
was coated in nano-scaled thickness onto multi-walled car-
bon nanotubes (MWNTs) by a direct coating method by the
reduction of KMnO, and (2) PANI was further deposited
onto manganese oxide-coated MWNTs (MnO,-MWNTs)
using oxidation polymerization. The synergistic effect,
resulting from the multi-layered structures and pseudocapa-
citive reaction, on the electrochemical properties of the
PANI/MnO,-MWNTs is discussed.

Materials and methods
Materials

MWNTs produced by chemical vapor deposition process were
obtained from Nanosolution Co. (Korea). The properties of
the MWNTs may be summarized as follows: purity >95% (C,
96 %), diameter 10 to 25 nm, and length 25 to 50 pm.
MWNTs were used after conventional acid treatment using a
sulfuric acid and nitric acid (3:1, v/v) mixture. Aniline and
ammonium persulfate (APS) were obtained from Aldrich.
Potassium permanganate (KMnO,4) was supplied by Sam
Chun Chem. (Korea). The citric acid and all other organic
solvents used in this study were of analytical grade and were
used without further purification.

Synthesis of MnO,-MWNTs

First, 1 g of MWNTs was acid-treated with 200 ml of a
sulfuric acid and nitric acid mixture (3:1, v/v) under sonica-
tion for 2 h and was then reacted for 6 h at 80 °C under
stirring. Acid-treated MWNTs (A-MWNTs) were washed
with water until a pH level of 7.0 was attained, after which
the washed sample was filtered and dried at 100 °C.

Then, 0.5 g of A-MWNTs was mixed with 100 ml of 0.2 M
KMnQO, solution in a flask. The solution mixture was then
refluxed at 140 °C with stirring for 12 h. After the reaction, the
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mixture was filtered and washed with distilled water several
times to remove the residual KMnQO,. Subsequently, the filter
cake was redispersed in 200 ml of deionized water followed
by the addition of 10 ml of 1 M citric acid and then maintained
at 160 °C for 12 h under vigorous agitation using a magnetic
stirrer during the whole course. A condenser was fitted to the
reactor to prevent liquid loss by evaporation. Finally, the
composite products were obtained through filtering, purifying
with water, and drying processes. Consequently, the resulting
samples were MnO,-MWNTs.

Synthesis of PANI/MnO,-MWNTs

First, 0.1 g of MnO,-MWNTs was dispersed in 100 ml of
1 M HCI solution with the assistance of ultrasonication for
1 h. Then, 5 ml of the aniline monomer was added to the
MnO,-MWNTs solution with constant stirring. After that,
100 ml of 0.1 M APS solution was added dropwise to the
above solution for 30 min to initiate oxidation polymeriza-
tion. The reaction was continued for 24 h at 0 to 5 °C. Then,
the final product was washed with water and acetone. The
remaining powder was dried in a vacuum oven at 80 °C for
24 h. The scheme for PANI/MnO,-MWNTs preparation is
presented in Fig. 1.

Measurements

The morphologies of MWNTs, MnO,-MWNTs, and PANI/
MnO,-MWNTs were observed by scanning electron micros-
copy (SEM, S-4200, Hitachi).

The thermal properties of MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs were measured using thermogravi-
metric analyses (TGA, Du-Pont TGA-2950 analyzer) from
30 to 750 °C at a heating rate of 10 °C/min in a nitrogen
atmosphere.

The structural characteristics of MWNTs, MnO,-
MWNTs, and PANI/MnO,-MWNTs were confirmed by X-
ray diffraction (XRD, Rigaku D/Max 2200 V) at 40 kV and
40 mA using Cu K« radiation. The XRD patterns were
obtained in 26 range between 5° and 70° at a scanning rate
of 2°/min.

KMnO,

Citric acid

Aniline

0°C,6h

<MnO,-MWNTs>

< PANI/MnO,-MWNTs>

Fig. 1 A scheme for the preparation of MnO,-MWNTs and PANI/
MnO,-MWNTs
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Surface characterization of MWNTs, MnO,-MWNTs,
and PANI/MnO,-MWNTs was carried out using X-ray pho-
toelectron spectroscopy (XPS, K-Alpha) using a VG Scien-
tific ESCALAB MK-II spectrometer equipped with MgKo
(1,253.6 eV) X-ray source and a high-performance multi-
channel detector operated at 200 W.

Electrochemical performances of MWNTs, MnO,-
MWNTs, and PANI/MnO,-MWNTs were characterized us-
ing a three-electrode electrochemical cell. The three-
electrode cell consists of a Pt wire as a counter electrode,
an Ag/AgCl reference electrode, and SUS mesh coated with
the sample as the working electrode. For a working elec-
trode, each sample, carbon black, and PVDF (70:20:10, w/
w) were mixed and dispersed in NMP. The slurry mixture
was then coated onto SUS mesh, which was dried at 100 °C
for 12 h. Cyclic voltammetry measurements were carried
out on an IviumStat instrument in 0.5 M Na,SO, solution at
a scan rate of 2 to 50 mV/s in a voltage range of —0.2 to
1.0 V. Galvanostatic charge/discharge curves were measured
at a current density of 0.2 A/g.

Results and discussion
Characterization of PANI/MnO,-MWNTs

Figure 2 shows the TGA thermogram of MWNTs, MnO,-
MWNTs, and PANI/MnO,-MWNTs. It can be seen that
MWNTs exhibit higher thermal stability (weight loss, about
5%) of up to 750 °C with partial weight loss. However, the
thermogram of MnO,-MWNTs is visibly different. MnO,-
MWNTs exhibit a gradual weight loss (14%) up to melting
point (535 °C), and then the total weight loss with second
degradation is about 20%. The thermal degradation of
PANI/MnO,-MWNTs is a three-step weight loss process.

100
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Fig. 2 TGA thermogram of pristine MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs

The first weight loss at approximately 100 °C is attributed to
the loss of residual solvents and the weight loss from 220 to
310 °C results from the elimination of HCl as a dopant. The
third weight loss, from approximately 400 to 600 °C, cor-
responds to the thermal decomposition of the PANI and
MnO, [19, 20].

The structural features of MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs are determined using XRD (shown in
Fig. 3). The pristine MWNTs revealed reflections
corresponding to d(002) and d(100) planes of the crystalline
graphite-like materials at 20=26° and 43°, respectively [6],
whereas five peaks in MnO,-MWNTs are detected at 260=
18°, 36°, 38°, 44°, 56°, and 64°, corresponding to d(131), d
(230), d(300), d(160), and d(242) of MnO, coated onto
MWNTs (Joint Committee on Powder Diffraction Standards
card no. 14-0644). These results indicate that nano-scaled
MnO, was successfully deposited on the MWNTs. In the
PANI/MnO,-MWNTs, two broad peaks can be observed at
260=20° and 25°, resulting from the periodicity parallel and
perpendicular to the polymer chain [21]. However, the main
peaks of MWNTs and MnO, overlapped with each other
and therefore disappeared after PANI coating.

Recently, the composites between electrical materials,
such as carbons and conductive polymers, and MnO, have
been studied by many researchers to improve the electrical
properties of neat MnO, [22, 23]. Figure 4 shows SEM
images of the pristine MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs. The pristine MWNTs (Fig. 4a) are
in an aggregated form and have a smooth surface where the
diameters are approximately 20 to 40 nm and the lengths are
of a few micrometers. Compared to pristine MWNTs,
MnO,-MWNTs exhibit a rougher surface and a thicker
diameter due to the MnO, coating. The diameter of the
MnO,-MWNTs is approximately 30 to 50 nm, indicating

(a) MWNTSs
(b) MnO,-MWNTs
(c) PANI/MNO,-MWNTs
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Fig. 3 XRD patterns of pristine MWNTs, MnO,-MWNTs, and PANI/
MnO,-MWNTs
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Fig. 4 SEM images of a pristine MWNTs, b MnO,-MWNTs, and ¢
PANI/MnO,-MWNTs

that the MnO, layer is about 10 nm, although the diameter is
locally decreased by the strong oxidation effect. To improve
the electric and electrochemical properties of MnO,,
MWNTs were used as the substrate for the nano-scaled
MnO, layer, and nano-scale coating of MnO, onto MWNTs
leads to improved electrical properties and an increase in the
specific surface area of MnO,. In addition, it can also
provide a synergistic effect not found in either MnO, or
MWNTs alone. In general, the pseudocapacitive reaction of
manganese dioxide occurs at its surface, presenting a nano-
scale layer of MnO, onto MWNTs that can achieve high
specific capacity and good high-rate capability. Furthermore,
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Fig. 5 XPS wide scan of pristine MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs

in the PANI/MnO,-MWNTs, the thickness of MnO,-MWNTs
is also increased with the coating of PANI. As the diameter of
the PANI/MnO,-MWNTs is about 60 to 80 nm, this means
that the PANI layer is about 30 nm.

XPS analysis of PANI/MnO,-MWNTs

The elemental composition of MWNTs, MnO,-MWNTs,
and PANI/MnO,-MWNTs was confirmed by XPS analysis
(shown in Fig. 5 and Table 1). The survey scans, in the 200-
to 800-¢V binding energy range, confirm that acid-treated
MWNTs mainly consist of carbon (285 eV) and oxygen
(530 eV). Compared to MWNTs, with the incorporation of
MnO,, MnO,-MWNTs exhibit peaks for MnO, (approxi-
mately 640 to 650 e¢V) as well as for carbon and oxygen
groups, where the MnO, content is about 13.1 % (shown in
Table 1). After further PANI coating, as expected, a nitrogen
group (about 400 eV; content, 11 %) was newly formed on
the PANI/MnO,-MWNTs surface, whereas only a very
small amount of MnO, was detectable [over the depth
(> 10 nm) of analysis]. Consequently, the thickness of
the PANI layer is estimated to be over 10 nm, as the
SEM images suggest (Fig. 4). From the XPS results, the
nano-scale-coated MnO, layer and the presence of high
nitrogen content in the multi-layered composites could

Table 1 The element components of MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs

C®%) O(%) Mn(%) N (%)
MWNTs 95.24 4.04 - 0.72
MnO,-MWNTs 5629  29.39 13.06 1.26
PANI/MnO,-MWNTs  78.21 10.65 0.14 11.0
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influence the electrochemical performance of the PANI/
MnO,-MWNTs by a pseudocapcitance reaction and sub-
sequently increase the wettability of the electrolyte.
MnO,-MWNTs are further examined to determine the
oxygen anion content and the oxidation state of the Mn
cations in manganese dioxide coated onto MWNTs. Mn,p
and O,g spectra form MnO,-MWNTs are shown in Fig. 6,
and the valence of Mn cations is investigated using the Mn,p
spectrum. In Fig. 6a, the Mn,p3, and Mnyp, » binding energy
peaks are located at 642.1 and 653.9 eV, respectively. The
peak width between Mn,ps, and Mnyp » is 11.8 eV, indicat-
ing an Mn valence of 4" and/or 3". The O, spectrum consists
of two major components, namely, MnO, (Mn*") and
MnOOH oxide (Mn"), and one minor component, the resid-
ual water. Of the two major components, the amount of MnO,
is greater than that of MnOOH. These results provide useful
information regarding the state of oxygen bonding, hydration
of the oxide nanocrystals, and the valence of manganese
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Fig. 6 Mn,, peak a and peak fitting of O;g b of MnO,-MWNTs

cations, which can help to understand the capacitance mech-
anism as a fraction of the reaction sites accessible to the
faradic process [24].

Electrochemical performance of PANI/MnO,-MWNTs

One-dimensional (1D) nanostructured materials provide
short transport/diffusion path lengths for both ions and
electrons, leading to faster kinetics and larger specific sur-
face areas, resulting in high charge/discharge capacities
[25]. In this work, cyclic voltammetry measurements were
carried out to determine the electrochemical performance of
MWNTs, MnO,-MWNTs, and PANI/MnO,-MWNTs at
5 mV/s in a 0.5-M Na,SO, electrolyte solution. The CV
curves of MWNT-, MnO,-MWNT-, and PANI/MnO,-
MWNT-based electrodes are presented in Fig. 7a. It is clear
that the current density of pristine MWNTs is lower than
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Fig. 7 Cyclic voltammetry of a pristine MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs at 5 mV/s and b PANI/MnO,-MWNTs with
different scan rates (2 to 50 mV/s) in 0.5 M Na,SO, solution
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those of the multi-layered composite samples. However, it
can be significantly improved with the incorporation of
nano-scale-coated MnQ,, giving a larger current density.
Furthermore, the current density of MnO,-MWNTs is also
increased by the application of PANI layers. The improved
electrochemical performance of PANI/MnO,-MWNTs is
related to the formation of nano-scaled MnO, layers onto
MWNTs, which provides a high specific surface area and
enhanced electrical property of MnO, compared to the gen-
eral particles, leading to easy and rapid penetration of elec-
trolyte ions. Furthermore, the presence of polar nitrogen
groups by PANI coating enhances the wettability between
the electrode and electrolyte during charge—discharge, and
the highly pseudocapacitive reaction is caused by the MnO,
and nitrogen groups [26].

The rate capability for the supercapacitor is an impor-
tant factor. To determine the rate capability of the elec-
trode, CV measurements of PANI/MnO,-MWNTs were
performed in the range from 2 to 50 mV/s as shown in
Fig. 7b. When the scan rate was increased up to 10 mV/
s, the shape of the CV curve remained stable, and the
current density was significantly increased without defor-
mation of the CV curves, indicating a good rate capabil-
ity of PANI/MnO,-MWNTs. However, the CV curves are
deformed at a high scan rate of over 10 mV/s due to the
resistance of the electrodes.

It is well known that MnO, is one of the most promising
electrode materials for supercapacitors due to its excellent
capacitive performance in the aqueous electrolytes. The
charging mechanism of MnO; is described by the following
reaction [27]:

MnO, + B* + ¢~ =MnO,B (1)

where B" = Li", Na*, K*, H". Equation 1 indicates that a
large surface area and high ionic and electronic conductivity
of the electrode material are necessary in order to utilize the
high theoretical specific capacitance (theoretic value,
1,380 F/g) of MnO, [28].

Figure 8 shows the charge/discharge curves of the
MWNTs, MnO,-MWNTs, and PANI/MnO,-MWNTs.
As shown in Fig. 8, at a current density of 0.2 Alg,
MWNTs are in an ideal triangular shape with a small
ohmic drop at the beginning of the discharge, and this
reveals that MWNTs possess excellent capacitive behav-
iors [29]. However, MnO,-MWNTs and PANI/MnO,-
MWNTs exhibit a large ohmic drop compared to that
of MWNTs, presenting the high equivalent series resis-
tance (ESR) in the interface of multi-layered electrodes.
Although the ESR of the multi-layered electrodes is
high, their charge/discharge duration is significantly in-
creased with the incorporation of MnO, and further
PANI layers. From the charge—discharge curve, the
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Fig. 8 Charge—discharge behaviors of pristine MWNTs, MnO,-
MWNTs, and PANI/MnO,-MWNTs at 0.2 A/g in 0.5 M Na,SOy4
solution

specific capacitance (Cgpec) for the MWNTs, MnO,-
MWNTs, and PANI/MnO,-MWNTs can be calculated
as:

I xt

G = AV m

()
where / is the discharge current, m is the electrode
mass, ¢ is the discharge time, and AV is the voltage
range. The Cgpee (92 F/g) of MWNTs is largely en-
hanced with the MnO, and PANI layer since the Cgpec
values of the MnO,-MWNTs and PANI/MnO,-MWNTs
are 306 and 350 F/g, respectively. The enhancement of
the Cgpec is attributed to the redox reaction by MnO,
and nitrogen groups of PANI, and the improved elec-
trochemical performance of the multi-layered electrode
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Fig. 9 Specific capacitances of pristine MWNTs, MnO,-MWNTs, and
PANI/MnO,-MWNTs as a function of cycle number measured at
0.2 A/g in 0.5 M Na,SOy4 solution
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system is mainly related to the nano-scale MnO, coating
rather than the PANI coating, resulting from the CV
curves and charge/discharge results.

Cycle stability of PANI/MnO,-MWNTs

The long-term cycle stability of each sample, i.e., MWNTs,
MnO,-MWNTs, and PANI/MnO,-MWNTs, was also eval-
uated in this study by cycling the charge/discharge test
between —0.2 and 1.0 V (vs. Ag/AgCl) at a current density
of 0.2 A/g during 500 times. The cycle stability of each
sample is shown in Fig. 9. It is obvious that the pristine
MWNT-based electrode shows high cycle stability over the
entire test period and after 500 cycles, and the capacitance
decreased by approximately 7% of the initial capacitance.
However, despite the specific capacitance of MnO,-
MWNTs being higher than that of pristine MWNTs, it is
gradually decreased with the increasing number of charge—
discharge tests, revealing the low cycle stability of about
20%. Previous studies have reported that the reduction of
the electrochemical performance of the MnO, with cycling
is closely related to the physicochemical and structural
characteristics, such as grain size, surface area, morphology,
and crystallinity [30]. In this system, the gradual decrease of
the MnO,-MWNTs specific capacitance is attributed to the
partial dissolution of MnO, coated onto MWNTs in the
electrolyte during cycling, resulting in an increase of equiv-
alent series resistance at the interface between the electrode
materials and current collector [31, 32].

After an additional PANI coating, the PANI/MnO,-
MWNTs exhibit more stable cycle features than the
MnO,-MWNTs where the capacitance decreases by approx-
imately 16 % of the initial capacitance since the PANI layers
can reduce the dissolution rate of MnO, in the electrolyte
solution. It is well known that a combination of MnO, and
other materials, such as conducting polymers, may reduce
both the MnO, dissolution and the mechanical failure and
hence lead to excellent electrochemical performance after
the number of cycling tests [33]. However, the specific
capacitance is likewise decreased during the charge/dis-
charge test to an extent that is even greater than that of
pristine MWNTs. The decrease of the specific capacitance
of the PANI/MnO,-MWNTs could account for the expan-
sion and shrinkage of the PANI during the long-term charge/
discharge processes [34]. Consequently, the nano-scale coat-
ed MnO, on the MWNTs could provide improved capaci-
tance with higher electric conductivity of MnO, as well as
enhanced electrolyte migration. The coating of PANI also
further improves the electrochemical performance of MnO,-
MWNTs. Therefore, multi-core/shell electrodes are suitable
to be manufactured as electrode materials and have superior
electrochemical performance when compared to that of con-
ventional manganese oxide/carbon electrodes.

Conclusions

In this work, multi-layered electrodes, i.e., PANI/MnO,-
MWNTs, were prepared as electrode materials for a super-
capacitor. The effect of PANI coating on the electrochemical
performance and cyclic stability of MnO,-MWNTs was
determined. From the cyclic voltammograms, PANI/
MnO,-MWNTs showed remarkably enhanced specific ca-
pacitance and cycle stability compared to pristine MWNTs
and MnO,-MWNTs, and the specific capacitance of PANI/
MnO,-MWNTs (350 F/g) was higher than those of pristine
MWNTs (92 F/g) and MnO,-MWNTs (306 F/g). This indi-
cated that the improved electrochemical performance of
PANI/MnO,-MWNTs was due to the synergistic effect
among three components, i.e., PANI, MnO,, and MWNTs,
and the PANI coating resulted in increased cycle stability by
delaying the dissolution of MnO, during charge/discharge
tests.
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