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a b s t r a c t

Multi-walled carbon nanotube (MWCNT)/polyaniline (PANI)/MnO2 (MPM) ternary coaxial structures are
fabricated as supercapacitor electrodes via a simple wet chemical method. The electrostatic interaction
between negative poly(4-styrenesulfonic acid) (PSS) molecules and positive Mn2+ ions causes the genera-
tion of MnO2 nanostructures on MWCNT surfaces while the introduction of PANI layers with appropriate
thickness on MWCNT surfaces facilitates the formation of MWCNT/PANI/MnO2 ternary coaxial struc-
tures. The thickness of PANI coatings is controlled by tuning the aniline/MWCNT ratio. The effect of PANI
thickness on the subsequent MnO2 nanoflakes attachment onto MWCNTs, and the MPM structures is
investigated by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
anganese oxide
oaxial
upercapacitor

microscopy (TEM), and field-emission scanning electron microscopy (FESEM). The results suggest that
appropriate thickness of PANI layers is important for building MPM ternary coaxial structures without
the agglomeration of MnO2 nanoflakes. The MPM ternary coaxial structures provide large interaction
area between the MnO2 nanoflakes and electrolyte, and improve the electrochemical utilization of the
hydrous MnO2, and decrease the contact resistance between MnO2 and PANI layer coated MWCNTs,
leading to intriguing electrochemical properties for the applications in supercapacitors such as a specific

nd go
capacitance of 330 Fg−1 a

. Introduction

Energy storage systems are playing important roles in stor-
ng energy generated from sun and wind, or other renewable
nergy sources [1–3]. Electrical energy storage systems include
onventional capacitors, batteries, and electrochemical capacitors
r supercapacitors. Supercapacitors are the primary choice for
he applications where faster- and higher-power energy storage
ystems are needed because they have higher energy density
han conventional capacitors, and higher power density and faster
ower delivery than batteries [2,3]. Supercapacitors are catego-
ized into electrochemical double layer capacitors (EDLCs) and
seudo-capacitors depending on the charge storage mechanisms.

on absorption of the electrical double layer at the electrode
nd electrolyte interface is the mechanism for charge storage in

DLCs which are usually built from carbon-based active materi-
ls with high surface area. Pseudo-capacitors store energy through
ast and reversible redox reactions of transition metal oxides
nd electrical conductive polymers [1]. The active materials of

∗ Corresponding author. Tel.: +1 407 882 2847; fax: +1 407 882 2819.
E-mail address: lzhai@mail.ucf.edu (L. Zhai).

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.06.073
od cycle stability.
Published by Elsevier B.V.

EDLCs and pseudo-capacitors (i.e. carbon materials, conducting
polymers and transition metal oxides) have their own advan-
tages and disadvantages. Carbon materials, such as activated,
graphitic, and carbide derived carbon, carbon fabrics, fibers, and
nanotubes have outstanding electrical properties, long life-cycles
and great mechanical properties, but low specific capacitance
(5–200 Fg−1) [4–10]. Conducting polymers are cost-effective and
flexible, but have poor cyclability [11–13]. Among the transi-
tion metal oxides, MnO2 is the most competitive candidate for
supercapacitors due to its low cost, natural abundance, envi-
ronmental safety, and very high theoretical specific capacitance
(SC) of 1370 Fg−1 [14]. However, its intrinsically poor electronic
conductivity and un-optimized morphology limit its practical
capacitance at only one-fifth or one-sixth of the theoretical SC
[15]. Binary or ternary composites of carbon materials, conduct-
ing polymers and MnO2 have been investigated to utilize their
advantages and overcome their disadvantages in supercapacitors.
For example, carbon materials/conducting polymers [16–25], car-

bon materials/MnO2 [26–30], conducting polymers/MnO2 [31–34],
and carbon materials/conducting polymers/MnO2 [35–38] have
been prepared as active materials for supercapacitor electrodes.
CNT/poly(3,4-ethylenedioxythiophene) (PEDOT) [16], CNT/MnO2
[29] and MnO2/PEDOT [31] binary coaxial structures have been

dx.doi.org/10.1016/j.jpowsour.2010.06.073
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lzhai@mail.ucf.edu
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abricated, leading to exciting electrochemical performances.
ernary composites fabricated from poly(4-styrenesulfonic acid)
PSS) dispersed MWCNT, conducting polymers and MnO2 with

nO2 embedding in conducting polymer matrices have shown
ntriguing electrochemical properties and stability for supercapac-
tor applications [35,36]. These studies have demonstrated that
arger interaction area among the active materials induced by
ano-scale mixing can greatly improve their electrochemical per-

ormance. It is expected that decorating MnO2 nanostructures on
WCNT/conducting polymer coaxial nanostructures would gen-

rate ternary coaxial structures with improved electrochemical
tilization of MnO2 by providing large interaction area between
he active materials and electrolyte.

In this paper, we report the fabrication of MPM ternary coax-
al structures through a cost-effective wet-chemical method and
he investigation of their electrochemical properties as superca-
acitor electrodes. In our studies, negatively charged PSS was used
o stabilize the dispersed MWCNTs [39], as well as provide the
lectrostatic interaction to bind positive Mn2+ ions on MWCNT sur-
aces. Polyaniline (PANI) was deposited on PSS dispersed MWCNTs
ia the polymerization of aniline monomers in acid solutions to
orm MWCNT/PANI coaxial structures. Such MWCNT/PANI struc-
ures acted as templates for the subsequent synthesis of MnO2
hrough the oxidation of Mn2+, generating MnO2 nanoflakes par-
ially embedding in or sticking on to the templates. The resulted

PM ternary coaxial structures provided large interaction area
etween the MnO2 nanoflakes and electrolyte to significantly

mprove the electrochemical utilization of the hydrous MnO2 and
ecrease the contact resistance between MnO2 and PANI layer
oated MWCNTs, leading to intriguing electrochemical properties
or the applications in supercapacitors such as a specific capaci-
ance of 330 Fg−1 and volumetric capacitance of 296 Fcm−3, and
lso good cycle stability.

. Experimental

.1. Fabrication of MWCNT/PANI/MnO2 ternary composites

MWCNTs were purchased from Nanolab (Newton, MA) with
diameter of 10–20 nm and length about 5–20 �m. PSS, ani-

ine, ammonium persulfate (APS), Mn(CH3COO)2·4H2O and KMnO4
ere purchased from Sigma–Aldrich (St. Louis, MO) and used
ithout further purification. Deionized (DI) water was used in all

queous solutions. The MPM ternary composites were fabricated
n two steps. The first step is to prepare MWCNT/PANI binary
oaxial structures. 10 mg MWCNTs and 0.3 mL 18 wt% PSS were
dded to 10 mL DI water followed by 50 min sonication to disperse
WCNTs. Certain amount of 99.8% aniline monomers (25–100 �L)

nd 10 mL 1 M HCl aqueous solution were added to the PSS dis-
ersed MWCNTs solution, and sonicated for 10 min. APS dissolved

n 25 mL DI water was added dropwise into the above mixture in an
ce bath for overnight under stirring. The prepared MWCNT/PANI
omposites were collected using centrifugation and washed with
I water through 3 sonication/centrifugation cycles. The second

tep is to prepare MPM ternary composites. The extracted fab-
icated MWCNT/PANI composites in the first step and 84.5 mg
n(CH3COO)2·4H2O were dissolved in 50 mL DI water, and then
ere stirred overnight. 37 mg KMnO4 dissolved in 50 mL DI water
as added dropwise into the solution and stirred for overnight. The

abricated MPM ternary composites were centrifuged and washed

ith DI water through 3 sonication/centrifugation cycles.

To examine the effect of the thickness of PANI layer coatings on
he surface of MWCNTs on the structure and electrochemical per-
ormance of the MPM ternary composites, 0, 25, 50, 75 and 100 �L
niline monomers were used to synthesize PANI coatings on MWC-
rces 196 (2011) 565–572

NTs, respectively. The molar ratio of aniline monomers to APS is
1:2. The masses of MWCNTs, PSS, Mn(CH3COO)2·4H2O and KMnO4
and the volume of DI water were kept constant. The correspond-
ing as-fabricated MPM ternary composites were marked as MPM0,
MPM25, MPM50, MPM75 and MPM100 in the text, respectively.

2.2. Electrode preparation and characterization

5 mg MPM ternary composites were mixed with 5 �L Nafion
(5 wt% in water) as a binder in 2 mL DI water by sonication and
sprayed onto 1 cm × 1 cm surface of the graphite plates to build
electrodes for supercapacitors. PSS dispersed MWCNTs were also
used to make supercapacitor electrodes by the above method
to be compared with MPM ternary composites. All electrodes
were dried in a vacuum oven for 12 h at 80 ◦C. The masses
of active materials were determined by weighting the graphite
plates before and after spraying/drying. The nanostructures of
the MPM ternary composites were examined using transmission
electron microscopy (TEM) and high-resolution transmission elec-
tron microscopy (HRTEM). The crystal structure and chemical
composition were analyzed using X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS), respectively. The surface
morphologies of the prepared electrodes were examined using
field-emission scanning electron microscopy (FESEM). CHI 660B
electrochemical workstation was used to test the electrochemi-
cal performance of the electrodes. Electrochemical measurement
was performed at room temperature in a three-electrode electro-
chemical system: a MPM ternary composite coated graphite plate
as working electrode, a platinum plate as the counter electrode, and
a saturated calomel electrode (Ag/AgCl) as the reference electrode.
0.5 M Na2SO4 solution was used as electrolyte, with N2 purging for
10 min before the measurement.

3. Results and discussion

3.1. Material characterization

Fig. 1 shows the TEM images of the fabricated MPM ternary
composites with different amounts of aniline (0, 25, 50, 75 and
100 �L corresponding to MPM0, MPM25, MPM50, MPM75 and
MPM100, respectively.). Fig. 1a illustrates that MnO2 nanoflakes
with a size around 100 nm grew in bundles on the PSS dis-
persed MWCNTs (MPM0). In contrast, the size of MnO2 nanoflakes
on PANI coated MWCNTs (50 and 10 nm for sample MPM25
and MPM50, respectively.) is much smaller than that of MnO2
nanoflakes on PSS dispersed MWCNTs (MPM0), suggesting an
improved MnO2/electrolyte interface attributed to PANI. The size of
MnO2 nanoflakes for MPM50 is determined from its HRTEM image
in Fig. 2. Some bare MWCNTs are observed in the sample MPM25
and MPM50 probably due to the low aniline to MWCNT ratio. As
the amount of aniline increased to 75 and 100 �L (MPM75 and
MPM100), all MWCNTs are coated with PANI. However, no MnO2
nanoflake is observed on the surfaces of PANI coated MWCNTs.
Instead, MnO2 nanoflakes with a size about tens of nanometers
formed aggregates in solution. We believe that such phenomenon
is caused by the PANI layers with different thickness in different
samples. In our studies, MWCNTs were initially dispersed in DI
water using negatively charged PSS, yielding a dispersion of indi-
vidual MWCNTs stabilized by the static charge repulsion between
PSS molecules [36]. The MnO2 nanoflakes were synthesized by the

following reactions [40,41]:

3Mn2+ + 2Mn7+ → 5Mn4+

Mn4+ + 2H2O → MnO2 + 4H+
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Fig. 1. TEM images of MPM0, MP
When Mn(CH3COO)2·4H2O was added to the solution of PSS dis-
ersed MWCNTs without PANI coatings, the negative PSS molecules
n the surface of MWCNTs would attract the positive Mn2+ ions
hrough electrostatic interaction and function as the template for

ig. 2. (a) HRTEM image shows a MPM ternary coaxial structure of MPM50 and (b) higher
, walls of MWCNT; II, a layer of PANI; III, a layer of MnO2 nanoflakes.
MPM50, MPM75, and MPM100.
the formed MnO2 nanoflakes. As a layer of PANI deposited on
the PSS dispersed MWCNTs under acidic conditions, the positively
charged PANI shielded the negatively charges on PSS, resulting
in the reduction of electrostatic interaction on Mn2+ ions. Addi-

magnification image of a selected square area in (a) showing three distinct regions:
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ig. 3. (a) XRD patterns for MPM0, MPM25, MPM50, MPM75, and MPM100 and (b)

ionally, the PANI layer can also separate PSS and Mn2+ ions and
ecrease the electrostatic interaction between them according to
oulomb’s law of electric force [42]:

= q1q2

r2
(1)

here F is the magnitude of the electric force, q1 and q2 are the
harges of the two electronic objects, and r is the distance between
he two objects. Due to these two possible reasons, the amount of
ANI on PSS dispersed MWCNTs determines the absorption of Mn2+

ons on MWCNT surfaces. When a thin layer of PANI was deposited
n PSS dispersed MWCNTs, Mn2+ ions were attracted to the surface
nd turned into MnO2 nanoflakes embedding in or sticking on the
ANI layer upon the oxidation of KMnO4, forming the MPM ternary
oaxial nanostructures (MPM25 and MPM50). In contrast, a thick
ayer PANI on PSS dispersed MWCNTs would diminish the electro-
tatic attraction between PSS molecules and Mn2+ ions, causing the
ormation of MnO2 nanoflakes in solutions (MPM75 and MPM100).

Detailed structural information for sample MPM50 was exam-
ned using a high-resolution transmission electron microscope
HRTEM) since it had the best ternary coaxial structures. Fig. 2a
s the HRTEM image of the ternary coaxial structure. Higher mag-
ification image (Fig. 2b) of a selected square area in Fig. 2a

llustrates three distinct regions (I, II, and III) representing the walls
f MWCNT, a layer of PANI, and MnO2 nanoflakes decorating the
ANI layer, respectively. The size of MnO2 nanoflakes is less than
0 nm with a distance of 0.243 nm between the neighboring lattice
ringes, corresponding to the d-spacing (0.244 nm) of the (0 0 6)
lane in birnessite MnO2.

The crystal structures of the composites were studied using X-
ay diffraction (XRD) and the patterns are presented in Fig. 3a.
he diffraction peaks of MPM0, MPM25, and MPM50 are assigned
o those of birnessite MnO2 with cell parameters of ˛ = b = 5.82 Å,
= 14.62 Å (JCPDS 18-0802). The diffraction patterns vary with
ifferent samples probably because of the orientation of MnO2
anoflakes. For example, the diffraction peaks located at 42.6◦ and
5.1◦ in the diffraction pattern of sample MPM0 are not visible

n the diffraction patterns of sample MPM25 and MPM50, while
he diffraction peaks located at 36.8◦ and 65.7◦ become stronger
n the diffraction patterns of MPM25 and MPM50. Such difference
s also illustrated in the HRTEM image (Fig. 2b) where most MnO2

anoflakes have a d-spacing of 2.43 Å ((0 0 6) plane in birnessite
nO2), corresponding to the diffraction peak at 36.8◦ in XRD. The

iffraction peaks of MPM75 and MPM100 can match those of the
bove birnessite MnO2 (JCPDS 18-0802) with small deviations pos-
ibly caused by the dense PANI around MnO2 nanoflakes. The peak
urvey spectra of MPM50, the inset is the magnified spectrum of Mn 2p region.

at 26◦ could be ascribed to the (0 0 2) plane diffraction of MWCNTs
[43], and the peak at 20.8◦ for MPM75 and MPM100 corresponds
to the (0 2 0) plane of PANI in its emeraldine salt form [44,45]. The
broad peak positioned at about 17◦ is caused by the tape used to fix
the composites for XRD examination. The surface chemical compo-
sition of sample MPM50 was investigated by X-ray photoelectron
spectroscopy (XPS). The spectrum in Fig. 3b illustrates the exis-
tence of manganese by peaks assigned to manganese Mn 2p3/2 and
its satellite peaks of Mn 2p1/2, Mn 3s and Mn 3p. The binding ener-
gies of Mn 2p3/2 (642.2 eV) and Mn 2p1/2 (653.9 eV) and their spin
energy difference (11.7 eV) are consistent with the Mn 2p3/2 and
Mn 2p1/2 in MnO2 (inset Fig. 2b) [46].

3.2. Electrochemical characterization

MPM0, MPM25, MPM50, MPM75 and MPM100 were dispersed
with binder in DI water and sprayed on the surface of graphite
plates to build electrodes for supercapacitors. The surface mor-
phologies of the electrodes fabricated from these five as-fabricated
materials were characterized by FESEM (Fig. 4). It is observed that
the electrodes fabricated from sample MPM0 and MPM25, MPM50
have porous surface structures, while those made from MPM75
and MPM100 have a rough dense morphology probably because
of large amount of aniline used to form PANI. The inset of panel
MPM100 in Fig. 4 clearly shows the underneath MWCNTs in the
cracks formed by the shrinking of active materials on the surface of
electrodes. Fig. 4 also demonstrates that the PSS dispersed MWCNTs
are embedded in MnO2 nanoflakes agglomerates for the electrodes
made from MPM0. In contrast, the surface of the electrodes made
from MPM25 and MPM50 is mainly consisted of individual MPM
coaxial nanowires. These different surface morphologies of the
electrodes built from different composites will induce different
electrochemical performances as discussed in the following part.

Cyclic voltammetry (CV) examinations of all fabricated elec-
trodes were performed in a potential window from −0.2 to 0.8 V
(vs AgCl/Ag) at different scan rates using three-electrode system
in 0.5 M Na2SO4 solutions. The specific capacitance was calculated
from CV curves according to the following equation:

C = I

m�
(2)
where I is the current, m is the mass of reactive material, and � is the
potential scan rate. The CV curves of all fabricated electrodes at a
potential scan rate of 5 mVs−1 are shown in Fig. 5a. The MPM50 has
the highest specific capacitance of 330 Fg−1 and volumetric capaci-
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ig. 4. SEM images of the electrodes prepared from MPM0, MPM25, MPM50, MPM
ate of 20 mVs−1). The inset in MPM100 shows a crack on the surface of the electro

ance of 296 Fcm−3 among the five samples, which also much higher
han those of PSS dispersed MWCNTs (15 Fg−1 and 21 Fcm−3). The
V curves of MPM0, MPM25, and MPM50 are relatively rectan-
ular in shape with two weak redox peaks, suggesting that their
apacitance is attributed to the charging/discharging process hap-
ened at the interface between electrolyte and MnO2 nanoflakes
ollowing the pseudocapacitive charge storage mechanism [40].
he MnO2 pseudocapacitance in aqueous media is usually gener-
ted by the transitions of interfacial oxycation species at various
xidation states, and the redox peaks may reflect the redox tran-
itions of manganese between different valence states, including
n3+/Mn2+, Mn4+/Mn3+, and Mn6+/Mn4+ [47,48]. Therefore, energy

xtracted from a MnO2 electrode strongly depends on the qual-
ty of MnO2/electrolyte and MnO2/current collector interfaces. The
ggregates of MnO2 nanoflakes in MPM0 not only hinder the elec-
rolyte ions from reaching MnO2 nanoflake inner structures, but
lso cause the high contact resistance between MWCNTs and MnO2
anoflakes, resulting in the equivalent series resistance (ESR) as
igh as 76 � [36]. In contrast, the MPM coaxial nanostructures in
PM25 and MPM50 have improved dispersion of MnO2 nanoflakes

n the MWCNT/PANI matrix, and effectively enhance the electro-
hemical utilization of MnO2 nanoflakes. Electrical conductivity of
ctive materials is also improved (the ESR is about 8 �) by larger
nterconnected area between MnO2 nanoflakes and conducting

ANI coating on the surface of MWCNTs. The thin PANI layer on
WCNTs functions as an electronically conductive matrix for MnO2

anoflakes, and partially contributes the specific capacitance. The
EM images in Fig. 2 show that MnO2 nanoflakes in MPM50 is
maller than those in MPM25, suggesting a more efficient electro-
d MPM100 and the MPM50-CV (MPM50 after 1000 life-cycles at a potential scan

chemical utilization of MnO2 nanoflakes in MPM50. Such structural
impact on the electrochemical performance is clearly illustrated by
the specific capacitance difference between MPM50 and MPM25 at
potential scan rate of 5 mVs−1. The specific capacitances of MPM75
and MPM100 are almost the same, and much lower than that of
sample MPM0, suggesting that MnO2 nanoflakes in MPM75 and
MPM100 contributes little to their specific capacitances. Such poor
electrochemical performance is due to the thick PANI (as shown in
Fig. 4 MPM75 and MPM100) that limits the effective utilization of
active materials [17,49,50].

Fig. 5b shows the specific capacitances of all fabricated elec-
trodes at different potential scan rates. Generally, the specific
capacitance decreases with the increase of potential scan rate
because the electrolyte ions only reach the outer surface of the elec-
trode at high scan rates, and the active material that is accessible
only through the deep pores does not actively contribute to the
pseudocapacitance [35]. The small change of the specific capaci-
tance for MPM0, MPM75 and MPM100 suggests that these samples
have less porous structures than MPM25 and MPM50. Fig. 5c shows
the CV responses of MPM50 at different potential scan rates. The
CV curves at 5, 10, and 20 mVs−1 are relatively in the rectangular
shape with two weak redox peaks. The cathodic peaks shift pos-
itively and the anodic peaks shift negatively with the increase of
potential scan rates form 5 to 20 mVs−1 is due to the resistance of

the electrode [45,51].

The cycling stability of the electrode fabricated from MPM50
was tested by CV at a potential scan rate of 20 mVs−1 for 1000
life-cycles. Fig. 6a shows the voltammograms recorded for the 1st,
100th, and 1000th cycle. The specific capacitance decreases to 79%
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ig. 5. (a) Cyclic voltammograms of electrodes fabricated from MPM0, MPM25, MP
f the electrodes as a function of scan rates and (c) cyclic voltammograms of the ele
f the original value after 100 cycles and remains 77% of the original
alue after 1000 cycles. The decrease of the specific capacitance is
robably due to the evolution of the MnO2 nanostructures during
he voltammograms cycle. The SEM image of the electrode fabri-

ig. 6. (a) Cyclic voltammograms of the electrode fabricated from MPM50 after the 1st, 1
f the electrode after the 1st, 100th, and 1000th cycles.
MPM75, and MPM100 at a potential scan rate of 5 mVs−1; (b) specific capacitance
e fabricated from MPM50 at various scan rates.
cated from MPM50 after 1000 voltammogram cycles (MPM50-CV
in Fig. 4) clearly shows that the material morphology changes from
coaxial structures to petal-like structures with larger crystal size
and reduced interfacial area with PANI and MWCNTs. Such mor-

00th, and 1000th cycles at a potential scan rate of 20 mVs−1 and (b) Nyquist plots



er Sou

p
m
(
o
c
M
s
d
l
c
e

a
1
s
a
1
6
a
f
t
u
t
i
a
i
a
M
i
t
r
g

4

(
v
b
a
t
i
o
a
t
b
e
M
M
(
c
M
u
r
t
s
i
i
l

A

S
C

[

[

[
[

[
[
[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[
[
[

[

[
[
[
[

[

[

[

Q. Li et al. / Journal of Pow

hology change is believed to follow a dissolution–redeposition
echanism. As the applied potential is scanned from −0.2 to 0.8 V

vs SCE), the MnO2 nanocrystals on MWCNTs are reduced and some
f the reduce manganese is dissolved into the electrolyte as Mn2+

ations. During forward cycling, MnO2 is formed from the dissolved
n2+ cations through the oxidation and redeposits on the electrode

urface. By repeating such redox process, MnO2 oxide nanocrystals
issolve and redeposit to form petal-like nanosheets. The resulted

arger MnO2 crystals have detrimental impact on the MnO2/current
ollector and MnO2/electrolyte interfaces which will reduce the
lectrode capacitance and increase the ESR [52].

The electrochemical impedance of the electrode after 1st, 100th,
nd 1000th cycle were examined over the frequency range of
0 kHz–10 MHz at a dc bias of 0 V with a sinusoidal signal of 5 mV, as
hown in Fig. 6b. A semicircular loop in high frequency followed by
nearly vertical straight line in the low frequency is observed after
st, 100th, and 1000th cycle. The capacitive behaviors start from
9.8 Hz, suggesting a good capacitive respond of sample MPM50
ttributed to a fast charge/discharge process [17]. The ESR increased
rom 7.95 � after 1st cycle to 8.65 � after 100th cycle, and remains
he same value up to 1000th cycle. The ESR is consisted of the
ncompensated electrical resistance of the active materials (R�),
he electrolyte resistance (Re) and the electrical leads (Rl). The
ncrease of ESR is mainly due to the increase of the R� because the Re

nd Rl remain the same in the charge/discharge process [17,53]. The
ncrease of ESR may be caused by the contact resistance between
ctive materials and the graphite substrate due to the increase of
nO2 crystal size. The control of material morphology evolution is

mportant to obtain high capacitance and elongate electrode life-
ime. The relationship between operation parameters such as scan
ate and material morphology evolutions is under current investi-
ation.

. Conclusions

Multi-walled carbon nanotube (MWCNT)/polyaniline
PANI)/MnO2 (MPM) ternary coaxial nanostructures are fabricated
ia a simple wet chemical method. The electrostatic interaction
etween negative poly(4-styrenesulfonic acid) (PSS) molecules
nd positive Mn2+ ions facilitates the formation of MnO2 nanos-
ructures on MWCNTs. The thickness of PANI coating on MWCNTs
s controlled by tuning the aniline/MWCNT ratio. The investigation
f the effect of PANI thickness on the subsequent MnO2 nanoflakes
ttachment onto MWCNTs, and the MPM structures suggests
hat the interaction between PSS and Mn2+ ions is necessary to
uild MPM ternary coaxial nanostructures. The comparison of
lectrochemical properties of MWCNT/MnO2 composites (MPM0),
WCNT/PANI/MnO2 ternary coaxial composites (MPM25 and
PM50) and MWCNT/PANI composites with MnO2 nanoflakes

MPM75 and MPM100) suggests that MWCNT/PANI/MnO2 ternary
oaxial composites provide large interaction area between the
nO2 nanoflakes and electrolyte to improve the electrochemical

tilization of the hydrous MnO2, as well as decrease the contact
esistance between MnO2 and PANI layer coated MWCNTs, leading
o intriguing electrochemical properties for the applications in
upercapacitors. The studies of the electrode cycling stability
ndicate that controlling the evolution of material morphology
s important to obtain high capacitance and elongate electrode
ifetime.
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