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a  b  s  t  r  a  c  t

Multi-walled  carbon  nanotube  (MWCNT)/MnO2 supercapacitor  electrodes  containing  MnO2 nanoflakes
in the  MWCNT  network  are  fabricated  through  the oxidation  of  manganese  acetate  with  poly(4-
styrenesulfonic  acid)  (PSS)  dispersed  MWCNTs.  The  structural  evolution  of  the electrodes  under
charge/discharge  (reduction/oxidation)  cycles  and  its impact  on  the  electrodes’  electrochemical  prop-
erties  are  evaluated.  Structural  evolution  involves  the  dissolution  of  MnO2 upon  reduction,  the  diffusion
eywords:
ulti-walled carbon nanotube
anganese oxide

harge/discharge cycles
tructural evolution
upercapacitor

of the  reduced  Mn  species  from  the  MWCNT  network  toward  the  electrolyte  solution,  and  the  deposition
of MnO2 on  the  electrode  surface  upon  oxidation.  Electrode  structural  changes,  including  the electrode
dissolution  and  the  growth  of  the  MnO2 crystals,  are  scan  rate  dependent  and  have  deteriorating  effect
on  the  electrode’s  electrochemical  properties  including  the  specific  capacitance  and  cyclic  stability.

Published by Elsevier Ltd.
. Introduction

Electrical energy storage systems including conventional capac-
tors, batteries, and electrochemical capacitors or supercapacitors

ill play important roles in smart grids by storing energy gener-
ted from sun and wind, or other renewable energy sources [1–4].
mong them, supercapacitors are the primary choice for applica-

ions where faster- and higher-power energy storage systems are
eeded due to their higher energy density than conventional capac-

tors, and higher power density and faster power delivery than
atteries [3,4]. Manganese dioxide (MnO2) is a promising material
or electrochemical supercapacitors because of its high theoreti-
al specific capacitance (1370 F/g), fast charge–discharge process,
ow cost, and environmentally benign nature [5].  Energy extracted
rom a MnO2 electrode strongly depends on the MnO2 crystal mor-
hological structure as well as the quality of the MnO2/current
ollector and MnO2/electrolyte interfaces. To improve the energy
torage efficiency of MnO2 electrodes, various MnO2 nanostruc-
ures have been synthesized by different methods but demonstrate

uch lower specific capacitance than the theoretical specific capac-

tance [6–19]. However, composite electrodes containing MnO2
nd carbon based materials have been synthesized and demon-
trate improved electrochemical performance [20–40].  Nam et al.

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

013-4686/$ – see front matter. Published by Elsevier Ltd.
oi:10.1016/j.electacta.2011.11.017
have recently shown that electrodeposited MnO2 on carbon nan-
otubes (CNTs) displays improved electrode performance and rate
capability in comparison to the electrodeposited MnO2 film [33].
The specific capacitance of CNT/MnO2 electrodes based on the mass
of MnO2 is ∼471 F/g and the MnO2 utilization in the CNT/MnO2
electrode (43%) is much higher than that of 12% in electrodeposited
MnO2 films. Ternary composite structures containing dispersed
multi-walled carbon nanotubes (MWCNTs), conductive polymers
and MnO2 have demonstrated a synergistic effect to enhance the
electrochemical utilization of MnO2 [41–46] The specific capaci-
tance of MnO2 in these composite electrodes was estimated to be
as high as 781 F/g [43]. These results demonstrate the promising
potential applications of CNT/MnO2 composites as efficient super-
capacitor electrodes.

While much attention has been paid to improve the specific
capacitance of active materials for supercapacitors, the structural
evolution of the composite electrodes and its subsequent effect
on the electrode performance during the long charge–discharge
cycles should not be ignored. It has been seen that MnO2 thin
film electrodes undergo structural change in the charge/discharge
(or redox) cycles, and such change results in the fading of their
electrochemical performance up to 50% of the original capaci-
tance [47–53].  The MnO2 pseudocapacitive behavior is attributed

to a Mn4+/Mn3+ redox system involving a single-electron trans-
fer [5].  In aqueous electrolytes, the general charge/discharge
mechanism in MnO2-based supercapacitors can be described by:
MnO2 + M+ + e− → MnOOM where M represents hydrated protons

dx.doi.org/10.1016/j.electacta.2011.11.017
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:lzhai@mail.ucf.edu
dx.doi.org/10.1016/j.electacta.2011.11.017
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H3O+) and/or alkali cations such as K+, Na+, and Li+. The reaction
echanism suggests a reduction/oxidation of the MnO2 electrode

ccompanied by a cation adsorption/desorption at the material
urface and/or insertion/extraction into the material bulk. It has
een reported that MnO2, with crystal structures that allow for the

nsertion/extraction process, demonstrates high capacitance. The
lectrochemical performance of MnO2 in energy storage depends
n its structural parameters such as polymorphs, morphology, par-
icle size, and bulk density [54]. Therefore, the structural change
f MnO2 is believed to cause the capacitance fading. The capac-
tance fading studies on electrodeposited MnO2 suggest that the
rreversible reduction of MnO2 to Mn+3 species such as Mn2O3 and

nOOM on the electrode causes the mechanical failure or the dis-
olution of the electrodes [48,52]. Nanosize MnO2 particles and
arge MnO2/current collector and MnO2/electrolyte interfacial area
n CNT/MnO2 composites are expected to undergo different struc-
ural evolution from previously reported systems. Since the MnO2
lectrode morphological change is generally believed to follow an
rreversible dissolution of MnO2 at the electrode/electrolyte inter-
ace, [52] we hypothesize that the evolution of the MnO2 crystal
n the MWCNT/MnO2 composite follows the dissolution of MnO2
pon reduction, the diffusion of the reduced manganese ions from
NT network toward electrolyte solution, and the deposition of
nO2 upon oxidation.
In this paper, we report a systematic investigation of the struc-

ural evolution of MWCNT/MnO2 supercapacitor electrodes during
he charge/discharge (or redox) cycles and the effect of such
hanges on the electrodes’ electrochemical performance. It was
ound that the structural evolution of the MWCNT/MnO2 electrodes
ollows our hypothesis. The dependence of the electrode structure
n the scan rate and the effect of the electrode structural change
n the electrochemical properties are discussed.

. Experimental

.1. Synthesis of MWCNT/MnO2 composites

MWCNTs were purchased from Nanolab (Newton, MA)  with
 diameter of 10–20 nm and length about 5–20 �m.  Poly(4-
tyrenesulfonic acid) (PSS), Mn(CH3COO)2·4H2O and KMnO4 were
urchased from Sigma–Aldrich (St. Louis, MO)  and used as received.
ll aqueous solutions were prepared with triply distilled water
ith 18 M�/cm resistivity (Barnstead B-Pure). 20 mg  MWCNTs and

.4 mL  18 wt% PSS were added to 20 mL  DI water followed by son-
cation to disperse MWCNTs. 84.5 mg  Mn(CH3COO)2·4H2O were
issolved in 30 mL  DI water, and then were stirred with the PSS
ispersed MWCNTs overnight. 37 mg  KMnO4 dissolved in 50 mL DI
ater was added dropwise into the above solution to synthesize
WCNT/MnO2 composite by following the reaction.

Mn2+ + 2Mn7+ → 5Mn4+

n4+ + 2H2O → MnO2 + 4H+

The fabricated composite was centrifuged and washed with
I water through 3 sonication/centrifugation cycles. The resulted
omposite dispersion was deposited on a TEM grid and examined
y TEM.

.2. Electrode fabrication and characterization

The as-synthesized composite was mixed with Nafion (5 wt%  in

ater) as a binder in DI water by sonication and sprayed onto the

urface (1 cm × 1 cm for each surface) of six graphite plates to build
upercapacitor electrodes. All electrodes were dried in a vacuum
ven for 12 h at 80 ◦C. Masses of the active materials (1.8 ± 0.05 mg
ta 59 (2012) 548– 557 549

on each graphite plate) were calculated by weighing the graphite
plates before and after spraying/drying. In order to monitor mass
changes at the surface of the modified electrodes during elec-
trochemical measurments, Electrochemical Quartz Microbalance
(EQCM) experiments were carried out on polished EQCM crystals
modified with the as-synthesized composite. All EQCM crystals
were obtained from Maxtek Inc. coated with a 100 Å Ti adhesion
layer, followed by 1000 Å Pt. EQCM experiments were performed
on a Maxtek RQCM system combined with a CHI 660B electrochem-
ical workstation which was also used to test the electrochemical
performance of the electrodes. Electrochemical measurement were
performed at room temperature in a three-electrode electrochem-
ical system containing a MWCNT/MnO2 composite coated graphite
plate as working electrode, a platinum wire as the counter elec-
trode, and an Ag/AgCl reference electrode. An aqueous solution
of 0.5 M Na2SO4 was used as the electrolyte which was purged
with N2 for 10 min  before electrochemical measurements were
made. In order to test the impact of charge/discharge process at
different scan rates on the structure and electrochemical perfor-
mance of MWCNT/MnO2 electrodes, the electrodes were scanned
500 life-cycles (cyclic voltammetry cycles) at 20, 60, 100, 300 and
500 mV/s, and are noted as MCM20, MCM60, MCM100, MCM300
and MCM500 in the paper, respectively. The pristine as-fabricated
electrode was used as a controlled sample and is noted as MCM0.
The nanostructures of the samples were examined using high res-
olution transmission electron microscopy (HRTEM) equipped with
energy dispersive X-ray spectroscopy (EDS). The composite mate-
rials were scratched off the electrode surfaces, dispersed in water,
and deposited on a TEM grid for TEM examination. The surface and
cross-section morphologies of the prepared electrodes before and
after charge–discharge cycles were examined using field-emission
scanning electron microscopy (FESEM). The chemical composition
of these electrodes was  analyzed by X-ray photoelectron spec-
troscopy (XPS).

3. Results and discussion

3.1. Characterization of material structure

The five electrodes noted as MCM20, MCM60, MCM100,
MCM300 and MCM500, respectively, were used to investigate the
structural change of MWCNT/MnO2 supercapacitor electrodes dur-
ing the charge/discharge process at different scan rates. The pristine
as-fabricated electrode was used as a controlled sample and is
noted as MCM0.  The electrode structure was  investigated by study-
ing the surface and the cross-section morphology of the electrodes
using SEM, the nanostructure of the active materials using TEM,
and the chemical composition of the electrode surfaces using XPS.

Fig. 1a and b shows the surface and cross section of as-
synthesized MWCNT/MnO2 composites sprayed on a graphite
substrate (MCM0). The MCM0  electrode composite has a thickness
about 5.8 �m with a smooth surface morphology. The SEM images
clearly show that MnO2 nanoflakes uniformly embed in the MWC-
NTs network as the electrochemical storage materials while the
MWCNT network works as the support of MnO2 nanoflakes and
an effective conductor of charges. In contrast, Fig. 1c–h demon-
strate dramatic changes of the electrode structures after 500 CV
cycles, and the structural change varies with different scan rates.
Generally, it appears that MnO2 embedded in the MWCNT network
migrates from the network and deposits as cactus-like MnO2 rods
decorated with MnO2 nanoflakes on the electrode surface. The SEM

images of the surface and the cross-section of MCM20, MCM100
and MCM500 demonstrate that different structures form when
the electrodes undergo 500 CV cycles at different scan rates. The
MCM20  surface has MnO2 rods with an average length around 3 �m
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ig. 1. Surface and cross-section morphologies of MCM0,  MCM20, MCM100 and MC

nd diameter about 1.5 �m (Fig. 1d) while MCM100 surface has
enser MnO2 rods with average length about 4.5 �m and diameter
bout 1 �m (Fig. 1f). It is interesting to observe a 0.5 �m thick film
omposed of sub-micron MnO2 particles on the surface of MCM500
Fig. 1h), indicating that a small amount of MnO2 is deposited on
he surface. The SEM images of the surface and cross-section of

CM60  and MCM300 in Fig. A.1 shows that MCM60  has an inter-
ediate structure between MCM20  and MCM100, and MCM300

as a similar structure to MCM500, indicating a scan rate dependent
tructural evolution. The SEM studies of the electrodes demonstrate
he pristine electrode that underwent 500 CV cycles at the scan rate
f 100 mV/s (MCM100) has the most obvious structural change.

he X-ray linescan spectra of Mn  element also show that MnO2
migrates” from the MWCNTs network and “deposits” on the sur-
ace where the Mn  concentration varies from the electrode surface
o the MWCNT network depending on the scan rate (Fig. A.2).
 (a) and (b) MCM0, (c) and (d) MCM20, (e) and (f) MCM100 and (g) and (h) MCM500.

The nanostructure of the as-synthesized MWCNT/MnO2 com-
posite was  examined using TEM. Fig. 2a shows that MnO2
nanoflakes with a length about 50 nm and a thickness about
10 nm randomly attach on MWCNT surfaces. The energy dis-
persive X-ray spectroscopy (EDS) spectrum of the composites
(inset in Fig. 2a) shows that the nanoflakes are composed of
manganese and oxygen. The sulfur peak in the EDS spectrum
is assigned to the sulfur from the PSS used to disperse MWC-
NTs. The carbon peak is attributed to the carbon in the MWCNT
and PSS while the copper peak is generated by the copper TEM
grid. The high resolution TEM image of the nanoflake (Fig. 2b)
shows that the MnO2 nanoflakes contain a variety of small MnO2

nanoparticles about 10 nm in size. These MnO2 nanoparticles with
different crystal lattice orientations overlap on each other, caus-
ing different shapes of Moiré fringes in the high resolution TEM
images.
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ig. 2. TEM images of pristine MWCNT/MnO2 and MnO2 grew on MCM100. (a) Low
b)  high magnification image of the selected area in (a), (c) low magnification image

agnification image of the selected area in (c).

To examine the nanostructure evolution of the active materials
uring the charge/discharge cycles, the composite materials were
ollected from the MCM100 electrode (the electrode with most
bvious structural change according to SEM studies) surface and
xamined by TEM. The microstructure of MnO2 rods grown on the
urface of MM100 is shown in Fig. 2c. The MnO2 rods are com-
osed of a variety of thin MnO2 nanoflakes. The size of these MnO2
anoflakes is about 0.2 �m,  and an EDS spectrum of the selected
anoflake (indicated by the arrow in Fig. 2c) shows the existence of

 and Mn  atoms. A high resolution image of the selected nanoflake
Fig. 2d) shows that the size of one MnO2 crystal is more than 30 nm
hich is larger than that of the as-synthesized MnO2 nanoparti-

les in Fig. 2b. The distance between neighboring lattice fringes
s 0.281 nm,  as shown in Fig. 2d. The data suggests that smaller
rystals, formed from fast chemical oxidation, are dissolved and re-
eposited during slow oxidation processes and form larger crystals.

The electrode surfaces were investigated by XPS to determine
he chemical composition before and after CV cycles. The Mn  2p
pectra of all electrodes show negligible shifts of Mn  2p3/2 or Mn
p1/2 peaks, suggesting that all electrode surfaces have a similar
nO2 composition (Fig. 3a). The binding energies of 642.0 eV for Mn
p3/2 and 653.7 eV for Mn  2p1/2, with energy separation of 11.7 eV,
re in agreement with Mn  2p3/2 and Mn  2p1/2 data reported pre-
iously for MnO2 [5].  It is also found that the absolute intensities
from baseline to peak top) of Mn  2p3/2 and Mn  2p1/2 peaks in the
ification image of MWCNT/MnO2, the inset is the EDS spectra of the selected area,
nO2 grew on MCM100, the inset is the EDS spectra of the selected area and (d) high

samples follow the order MCM100 > MCM20  > MCM500 > MCM0,
and are consistent with the change tendency of Na 1s peaks in
Fig. 3b. The trend in Mn  and Na concentration is in good agree-
ment with the surface morphology of the different electrodes. In
Fig. 1, the SEM images of the electrodes show that MCM100 has
the most MnO2 deposited on the surface, followed by MCM20  and
MCM500. With more MnO2 on the surface, more Na ions are coor-
dinated with the reduced Mn  species, leading to higher absolute
intensity of Mn  2p and Na 1s.

The SEM, TEM and XPS studies on the composite electrodes sug-
gest that MnO2 diffuses from MWCNT networks and deposits on the
electrode’s surface during the charge/discharge cycles. Comparison
among the structures of MCM20, MCM60  and MCM100 indicates
that the dimension of MnO2 rods on MCM100 surface are denser,
longer and thinner than those on MCM20  and MCM60 surfaces,
indicating that a higher scan rate would generate more MnO2 on
the electrode surface. However, the SEM images of MCM300 and
MCM500 show much less MnO2 on the electrode surfaces com-
pared with those of MCM20, MCM60, and MCM100, suggesting a
more complicated structural evolution mechanism.
3.2. Investigation of structural evolution using EQCM

In order to better understand the structural evolution of
MWCNT/MnO2 composite electrodes upon oxidation/reduction,



552 Q. Li et al. / Electrochimica Acta 59 (2012) 548– 557

F
a

c
E
a
a
c
t
u

F
r
a

Table 1
EQCM data showing the total and %mass loss after completion of 500 CV cycles at
the  given scan rates.

Electrode Scan rate (mV/s) Total mass loss
(�g/cm2)

% Mass loss

MCM20  20 46.027 ∼0.1
MCM60 60  30.578 ∼0.07
MCM100 100 22.406 ∼0.06
MCM300 300 15.865 ∼0.03
ig. 3. XPS spectra of MCM0,  MCM20, MCM100, and MCM500: (a) Mn 2p region
nd (b) Na 1s region.

hronoamperometry combined with EQCM was performed. An
QCM crystal was coated with MWCNT/MnO2 composite material
nd then alternating voltages of 0.8 V and −0.2 V (vs. Ag/AgCl) were
pplied for 30 s in 0.5 M Na SO electrolyte solution. During the
2 4
hronoamperometric steps, the resonating frequency of the crys-
al was monitored using EQCM and converted into change in mass
sing the Sauerbrey equation. Results are shown in Fig. 4

ig. 4. Repeated 30 s chronoamperometric steps of 0.8 V and −0.2 V vs. an Ag/AgCl
eference electrode. Also shown is the mass of the electrode in response to the
lternating oxidation/reduction voltages.
MCM500 500 11.634 ∼0.02

As seen in Fig. 4 the mass increases upon application of an oxida-
tion potential (0.8 V) indicating the deposition of species onto the
surface of the EQCM crystal. However, when a reduction potential
(−0.2 V) is applied, the mass immediately begins to drop, indicat-
ing the dissolution of species from the surface of the crystal. Within
each chronoamperometric step there are subsequent increases
and decreases in mass determined by the potential being applied.
Fig. 4 also shows the overall mass of the electrode decreasing with
time as the amount of deposited MnO2 becomes less due to the
dissolution and diffusion of reduced Mn  species. These results sug-
gest that upon oxidation, MnO2 deposits onto the surface of the
electrode, while when a reduction potential is applied, reduced
manganese ions diffuse from the MWCNT network toward the
electrode/electrolyte interface because of the concentration gra-
dient.

To determine the effect of scan rate on the structural evolution
of MWCNT/MnO2 composite electrodes, five identical electrodes
were fabricated on the surface of EQCM crystals and scanned 500
CV cycles (from 0.8 V to −0.2 V vs. Ag/AgCl) at different scan rates
(20, 60, 100, 300, 500 mV/s). During the CV scans the total mass of
the electrodes was monitored using EQCM. Table 1 shows total and
% mass loss data from the EQCM experiment.

It was found that the scan rate is indirectly correlated with %
mass loss. The data shows a five-fold decrease in % mass loss when
the scan rate is raised from 20 mV/s to 500 mV/s which indicates
that a faster scan rate limits the total mass lost from the elec-
trode. This can be explained by longer diffusion times of reduced
Mn species which occurs at slower scan rates. When the reduced
Mn  species is allowed more time to diffuse, less MnO2 will be re-
deposited upon oxidation, leading to an electrode with an overall
lower mass. When the MWCNT/MnO2 undergoes CV cycles at a scan
rate of 20 mV/s, a certain amount of MnO2 reduces and starts to
diffuse out of the MWCNT network. After ∼50 s, these reduced Mn
species are oxidized into MnO2 and deposited on the electrode. At
a scan rate of 100 mV/s, the higher current density generates more
reduced Mn  species but the diffusion time is shortened to 10 s. Such
diffusion time still allows the reduced Mn  species to reach the sur-
face and be oxidized into solid MnO2. The scan rate, therefore, has a
two-fold effect on the MnO2 structural change. The lower scan rate
gives the reduced species more time to diffuse before subsequent
oxidation, but the associated lower current density generates less
reduced species. In contrast, the higher scan rate allows less time for
the reduced species to diffuse before subsequent oxidation, but the
associated higher current density produces more reduced species.
This contradictory effect can be expected to generate a scan rate
which causes the most dramatic structural evolution of MnO2. SEM
and TEM images show that compared with MCM20, larger amounts
of reduced Mn  species lead to denser MnO2 rods and the higher cur-
rent density generates thinner rods on MCM100 surface. However,
at a high scan rate (such as 500 mV/s) although a large amount of
MnO2 was  generated upon reduction, it had ∼2 s to diffuse before

being oxidized. Therefore the EQCM data suggests that at faster
scan rates most MnO2 particles remained in the MWCNT network
with sub-micron particles forming on the surface.
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Fig. 6. (a) Cyclic voltammograms of MCM0,  MCM20, MCM60, MCM100, MCM300
ig. 5. (a) Cyclic voltammograms of MCM0  at various scan rates. (b) Cyclic voltam-
ograms of MCM100 at various scan rates.

.3. Effects of structure on electrochemical properties

The impact of the electrode structural change on the electro-
hemical properties was examined by cyclic voltammetry (CV) in

 potential window from −0.2 V to 0.8 V (vs. AgCl/Ag) at various
can rates using a three-electrode system in 0.5 M Na2SO4 solu-
ions. The specific capacitance (SC) was calculated from CV curves
ccording to C = I/m�, where I is the current, m is the mass of reac-
ive material, and � is the potential scan rate. The impact of the
lectrode structure on the electrochemical properties such as the
C was studied by comparing the CV curves of MCM0 and MCM100
Fig. 5).

Previous SEM studies show that MCM0  has uniformly dispersed
nO2 nanoflakes (about 10 nm × 50 nm,  Fig. 1b) in the MWCNTs

etwork while MCM100 has less MnO2 nanoflakes inside MWCNT
etwork and more MnO2 rods (about 1 �m × 4.5 �m,  Fig. 1f) on the
urface. The TEM studies indicate that MCM100 has larger MnO2
rystals than MCM0.  Such structural distinction leads to the differ-
nt electrochemical properties. The SC of each electrode decreases
ith the increase of the scan rate and this phenomenon can be

xplained by the shorter diffusion distance of Na+/H+ ions into the
ctive materials at a higher scan rate that leads to lower contribu-
ion of MnO . However, the SC of MCM100 is less than that of MCM0
2
hen scanned at the same scan rate, suggesting that the MnO2 in
CM0  is more efficiently used for the redox reaction in CV. Dis-

inct utilization of MnO2 is believed to be caused by the different
and MCM500 at potential scan rate of 5 mV/s. (b) Specific capacitance of MCM0,
MCM20, MCM60, MCM100, MCM300 and MCM500 as a function of scan rates.

structure of MnO2 in MCM0  and MCM100. Well dispersed MnO2
nanoflakes in MCM0  are more accessible to Na+/H+ ions than the
MnO2 rods in MCM100, [50] allowing more efficient electrochem-
ical utilization of MnO2 in MCM0.

Fig. 6a shows the CV curves of MCM0, MCM20, MCM60,
MCM100, MCM300 and MCM500 at a potential scan rate
of 5 mV/s. The SC of these six electrodes follows the order
of MCM0  > MCM300 ≈ MCM500 >MCM60 > MCM100 > MCM20.
Such order demonstrates the impact of structural change on
the SC of these six electrodes. The surface and cross-section
morphologies of these electrodes (Fig. 1 and Fig. A.1) indi-
cate that the degree of structural change follows the order of
MCM0  < MCM300 ≈ MCM500 < MCM20  < MCM60  < MCM100. It is
obvious that, with the exception of MCM20, electrodes with larger
structural deviation from MCM0  have smaller SC. The relatively
high amount of MnO2 dissolved from MCM20  causes it to obtain the
lowest SC, although MCM20  shows smaller structural change than
MCM100. Fig. 6b summarizes the SCs of these electrodes as a func-
tion of scan rate from 5 mV/s to 100 mV/s and clearly indicates that
the SCs heavily depend on the MnO2 dispersion and morphologies
in the electrodes which were illustrated by the SEM investigation
of the electrodes (Fig. 1 and Fig. A.1).

The electrochemical impedances of MCM0,  MCM20, MCM100
and MCM500 were examined over the frequency range of 10 KHz

- 10 MHz  at a dc bias of 0 V with a sinusoidal signal of 5 mV.  Their
Nyquist plots are shown in Fig. 7. The Nyquist plot of MCM0  has
the curve with the largest slope at low frequency, suggesting that
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ig. 7. Nyquist plots of MCM0,  MCM20, MCM100 and MCM500 showing the changes
f  resistance with CV scan times.

CM0  has the capacitance behavior closest to that of an ideal
apacitor. After 500 charge/discharge cycles, MCM500 has simi-
ar capacitive performance to MCM0,  but MCM20  and MCM100
how declined capacitive performances. Fig. 7 also shows that the
urve length of MCM20  at low frequency is much longer than
hose of MCM100 and MCM500, which indicates that the ion dif-
usion/transport resistance of MCM20  is much higher than those
f MCM100 and MCM500 [55]. Therefore, although the Nyquist
lope of MCM100 is less than that of MCM20, MCM100 has better
pecific capacitive performance than MCM20, as shown in Fig. 6.
he equivalent series resistance (ESR) at high frequency (i.e. the x-
ntercept of the Nyquist plots) increases slightly from 8.3 � (MCM0)
o 8.6 � (MCM20 and MCM100) and 8.8 � (MCM500). It is interest-
ng to note that the interfacial charge-transfer resistances (i.e. the
emicircles at the high frequency range) of MCM20  and MCM100
ecrease while that of MCM500 slightly increased compared with
hat of MCM0.  Although MCM500 has higher ESR and interfacial
harge-transfer resistance than MCM20  and MCM100, the SC of
CM500 is higher than those of MCM20  and MCM100 at the same

otential scan rate (Fig. 6). Therefore, the increases of the ion dif-
usion/transport resistances for MCM20  and MCM100 could have

ore negative effect on the specific capacitive behavior than the
light increase of ESR and interfacial charge-transfer resistance for

CM500. This observation is in good agreement with the reported

ata, which demonstrates that the SC of MnO2 materials is mainly
etermined by their ionic conductivity [16].

ig. 8. Cycling stability of electrodes examined at 20, 60, 100, 300 and 500 mV/s.
ta 59 (2012) 548– 557

The cycling stability of MWCNT/MnO2 electrodes (Fig. 8) indi-
cates a capacitance decaying rate (SC retention after 500 CV
cycles = the SC in the 500th cycle/the SC in the 1st cycle) in the
order of MCM20  (31%) > MCM100 (60%) > MCM60 (88%) > MCM300
(93%) ≈ MCM500 (92%), which demonstrates the impact of scan
rate on the electrode structural evolution and the electrochemi-
cal properties. The electrode scanned at 20 mV/s starts with the
highest SC followed by the electrodes scanned at 60, 100, 300 and
500 mV/s, because less time is allowed for the electrolyte ions to dif-
fuse into the active materials when scan rate increases. However,
the structural change of the electrodes has significant effect on their
electrochemical stability. MCM20  undergoes significant structural
change during the first 20 cycles that leads to a dramatic decrease
of its SC. Although it is true that composite electrodes have bet-
ter electrochemical performance at lower potential scan rates, our
studies suggest that low scan rates have deteriorating effects on
the electrode properties. As shown in Fig. 8, the SC of the electrodes
scanned at 60, 100, and 300 mV/s exceeds the SC of the electrode
scanned at 20 mV/s after 22, 98, and 160 cycles, respectively. There-
fore, it is necessary to acquire a scan rate that provides the best
electrochemical performance for different active materials during
the long cycles in practical supercapacitor applications. In addition,
the results of our studies suggest that it is possible to slow down the
diffusion of reduced species by developing a charged CNT network
that can form electrostatic interaction with reduced species. Such
structure is currently under investigation and may  allow longer
electrode life time.

4. Conclusions

The structural evolution of MWCNT/MnO2 supercapacitor elec-
trodes in charge/discharge cycles and the effect of the structural
change on the electrochemical properties were investigated by
studying the structure and electrochemical properties of iden-
tical electrodes that underwent 500 CV cycles in 0.5 M Na2SO4
electrolyte under different potential scan rates. Through the use
of EQCM it was found that MnO2 “migrated” from the MWC-
NTs network and “deposited” on the electrode surface during the
charge/discharge process, which involved the dissolution of MnO2
upon reduction, the diffusion of the reduced Mn  species from the
MWCNT network toward the electrolyte solution, and the deposi-
tion of MnO2 on the electrode surface upon oxidation. Electrode
structural change is influenced by two factors associated with scan
rate: current density (determining the amount of materials being
reduced and oxidized) and diffusion time (determining the diffu-
sion distance of reduced species). At high scan rates, large amounts
of material are reduced but the diffusion distance of the reduced
species is small; however, at low scan rates the diffusion distance
of the reduced species is large but the amount of reduced material is
low. The combined effect leads to a scan rate (i.e. 100 mV/s) at which
the most obvious structural change is observed. The effect of the
electrode structural change on the electrochemical properties was
studies by examining the CV curves of the electrodes. The specific
capacitance of electrodes scanned at different scan rates is less than
that of the pristine electrode, and the electrodes with larger struc-
tural deviation from the pristine electrode have smaller specific
capacitance. Although the electrode scanned at 20 mV/s has higher
specific capacitance than those scanned at a higher rate in the first
20 charge/discharge cycles, its electrochemical stability decreases
dramatically due to electrode dissolution. This phenomenon sug-

gests that a low scan rate allows high specific capacitance but may
have deteriorating effects on electrode cyclic stability. Therefore, it
is necessary to find the best scan rate for different active materials
in order to obtain the best electrochemical performance during the
long cycles in practical supercapacitor applications.
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Fig. A.1. Surface and cross-section morphologies of MCM60
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Appendix A.

The X-ray linescan spectrum of Mn  in Fig. A.2a shows that MnO2
uniformly dispersed in the MWCNTs network of MCM0.  After 500
charge/discharge cycles at different potential scan rates, MnO2 was

observed to migrate from MWCNTs network to the surface, as
shown in the X-ray linescan spectra of Mn  element in Fig. A.2b–f. For
MCM20, MCM60  and MCM100, the MnO2 in the MWCNTs network
is very low compared to MCM0,  MCM300 and MCM500.

, MCM300: (a) and (b) MCM60, (c) and (d) MCM300.
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