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Abstract A novel type of composite electrode based on
hydrous manganese oxide and a single-walled carbon
nanotube has been prepared and used in electrochemical
capacitors. Cyclic voltammetry, galvanostatic charging/
discharging tests and electrochemical impedance mea-
surements were applied to investigate the performance
of the composite electrodes with different ratios of hy-
drous manganese oxide and single-walled carbon nano-
tube. For comparison, the performance of pure hydrous
manganese oxide and pure carbon nanotubes was also
studied. In this way, the composite electrode with a 6:4
ratio of hydrous manganese oxide to carbon nanotube
was found to be the most promising active material for
an electrochemical capacitor, which shows both good
capacitance and power characteristics.
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Introduction

Electrochemical (EC) capacitors have attracted much
attention owing to their high power capability and long
cycle life. The EC capacitor can be used for power
enhancement and cycle life improvement of primary
power sources such as batteries and fuel cells. It has been
demonstrated that the hybrid power source, which pla-
ces the EC capacitor and battery side-by-side, can sig-
nificantly improve the pulse power performance of
batteries [1, 2, 3, 4]. The possible applications for hybrid
power sources include space communications, digital

cellular phones, and electric and hybrid vehicles. In or-
der to achieve maximum performance in such applica-
tions, EC capacitors with high power and energy
densities are critical [4, 5].

The amorphous hydrous ruthenium oxide (a-
RuO2ÆnH2O) is known as the most promising material
for high power and energy density EC capacitors be-
cause of its high specific capacitance and excellent
cyclability [6]. However, the high cost of the material
itself and the environmental unfriendliness of electro-
lytes such as acidic media lessen its commercial attrac-
tion. Recently, amorphous manganese oxide (a-
MnO2ÆnH2O) has received attention as a new candidate
for solving these problems [7, 8].

As a-MnO2ÆnH2O shows high resistivity and the
equivalent series resistance (ESR) of a-MnO2ÆnH2O
electrode is very large, carbon should be added as a
conducting agent to increase the electrical conductivity
[9]. It is well known that carbon nanotubes have obvious
advantages over active carbon, for example, low resis-
tivity, high stability, a highly accessibly surface area and
a narrow distribution of pore sizes [10]. Hence, in this
work, we added carbon nanotubes to a-MnO2ÆnH2O to
form a-MnO2ÆnH2O/carbon nanotube composite elec-
trodes to observe their performance. In addition, the
performance of a pure carbon nanotube electrode and
the role of the carbon nanotubes in the composite elec-
trode are discussed.

Experimental

a-MnO2ÆnH2O was synthesized by oxidation of aqueous MnSO4

with KMnO4 solution at pH�10.6, as described previously by Shan
et al. [11]. Carbon nanotubes were prepared and purified as de-
scribed by Li et al. [12]. TEM and HRTEM were conducted at
200 kV using a JEM-2010 (JEOL) instrument.

The composite electrode materials were made by mixing a-
MnO2ÆnH2O and carbon nanotubes in a ball mill. The mixing ratio
of a-MnO2ÆnH2O to carbon nanotubes was 8:2, 6:4, 4:6 and 2:8.
For comparison, pure a-MnO2ÆnH2O and carbon nanotubes were
also used as active materials. In addition, composite electrodes
composed of a-MnO2ÆnH2O and graphite with different weight
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fractions (8:2, 6:4, 4:6 and 2:8, respectively) were also prepared as
comparison.

The electrode was formed by mixing 80 wt% active material,
15 wt% acetylene black and 5 wt% PTFE as binder before rolling
into a thin sheet of uniform thickness. Pellets cut out of the sheet
were pressed with a hand oil press onto a Ni-foam current collector
(1·1 cm2).

The electrode performance was measured in a beaker-type
electrochemical cell equipped with the working electrode, a plati-
num counter electrode and a standard calomel reference electrode
(SCE). The electrolyte was a 0.5 M Na2SO4 aqueous solution and
the geometric surface area of the working electrode was 1 cm2.
Cyclic voltammetry scans were recorded from )0.2 to 0.8 V at a
scan rate of 5 mV/s using a CHI660A electrochemical workstation
(Covarda). Charge/discharge cycle tests were performed using a
LAND Celltest (Wuhan, China) at different constant current
densities, with a cutoff voltage of )0.2 to 0.8 V. Impedance mea-
surements were performed on a CHI660A electrochemical work-
station (Covarda) in the frequency range from 100,000 to 0.01 Hz,
and the a.c. modulation was controlled at 5 mV.

Results and discussion

A TEM image of the carbon nanotubes used here is
shown in Fig. 1. From it the abundant rope-like nano-
tube networks are observed, and the support material
and other contaminants could hardly be found in the
sample. Shown in the inset is a typical high-magnifica-
tion TEM image, from which high-quality individual
single-walled nanotubes with a diameter of around
1.3 nm is clearly observed.

Figure 2 shows the cyclic voltammograms (CVs) of
different composite electrodes between )0.2 and 0.8 V
versus SCE, taken at a sweep rate of 5 mV/s. Curves a,
b, c, d, e and f correspond to pure carbon nanotubes,
8:2, 6:4, 4:6, 2:8 composite electrodes and pure a-
MnO2ÆnH2O, respectively. All these curves show no
peaks, which indicates that the electrode capacitor is

charged and discharged at a constant rate over the
complete cycle. Moreover, these CVs show a mirror
image with respect to the zero-current line and a rapid
current response on voltage reversal at each end poten-
tial, namely, the rectangular-like and symmetric I–E
responses of ideal capacitive behavior are clearly ob-
served. Figure 2 shows, under such conditions, that the
carbon nanotube electrode has minimal specific dis-
charge and charge capacitances, and the specific capac-
itance increases as the a-MnO2ÆnH2O content increases.
This is because the carbon nanotubes have only electric
double layer capacitance, while a larger faradaic
pseudocapacitance occurs for a-MnO2ÆnH2O. The com-
posite electrode d shows the largest specific capacitance,
which is even higher than that of f and e. This may due
to the added carbon nanotubes reducing the electronic
resistivity of the electrode and increasing the overall
electrode porosity. With the help of the added carbon
nanotubes, the accessible specific capacitance increases
as the available active material increases and therefore
the specific capacitance increases rapidly. The composite
d shows the appropriate ratio of a-MnO2ÆnH2O to car-
bon nanotubes for which the specific capacitance reaches
the maximum. However, accurate capacitance values
should be obtained from the constant charge/discharge
tests.

Figure 3 shows the constant current charge/discharge
curves for different working electrodes. The cutoff
voltages for charging/discharging were )0.2 and 0.8 V
with a 5 mA/cm2 current density. For all these curves, a
good linear variation of potential versus time was ob-
served, which is another typical characteristic of ideal
capacitor behavior. The measured specific discharge
capacitance values for a, b, c, d, e and f are 38.0, 65.0,
116.1, 160.7, 141.5 and 127.2 F/g, respectively. The

Fig. 1 TEM image of carbon
nanotubes (shown in the inset is
a typical HRTEM image)
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carbon nanotubes initially have a minimal capacitance
value of 38.0 F/g; then, as faradaic pseudocapacitance
occurs, the capacitance increase as the a-MnO2ÆnH2O
content increases. Interestingly, the composite electrode
d shows the largest capacitance, higher than the pure a-
MnO2ÆnH2O and the others. Here the result is agreement
with that of the CV tests, and the role of the added
carbon nanotubes is proved.

To investigate the performance of the composite
electrode, all of these electrodes were charged/dis-
charged at different current densities. Figure 4 shows the
specific capacitance as a function of charge/discharge
current density for all these electrodes. The special
capacitance was obtained from Eq. 1:

C ¼ IDt
DV

ð1Þ

The pure carbon nanotubes show almost unchanged
specific capacitance of about 40 F/g when the current
density is altered. This is because the carbon nanotubes
exhibit almost only electric double layer capacitance,
and have low resistivity and a highly accessible surface
area; also the polarization is very small and the revers-
ibility of the electrode is very good when the current
density increases. The contrary case is f, the pure a-
MnO2ÆnH2O electrode. This shows the largest specific
capacitance, 385.4 F/g when the current density is
1 mA/cm2, but as the current density increases the spe-
cific capacitance decreases rapidly, owing to the high
resistivity and the strong polarization of this electrode.
For the other composite electrodes, as the a-MnO2Æn-
H2O content alters, the specific capacitance decreases to
some extent as the current density increases. The com-
posite electrode d shows a larger specific capacitance
even when the current density is bigger. This indicates
that d has the best performance with the proper ratio of
carbon nanotubes to a-MnO2ÆnH2O.

Fig. 2 Cyclic voltammograms of different composite electrodes
and pure electrodes. Curves a–f represent pure carbon nanotubes,
8:2, 6:4, 4:6 and 2:8 composite electrodes and pure a-MnO2ÆnH2O,
respectively. Scan rate: 5 mV/s

Fig. 3 Galvanostatic charge/discharge curves for different com-
posite electrodes and pure electrodes. Curves a–f represent pure
carbon nanotubes, 8:2, 6:4, 4:6 and 2:8 composite electrodes and
pure a-MnO2ÆnH2O, respectively. Current density: 5 mA/cm2

Fig. 4 Specific capacitances of different composite electrodes and
pure electrodes as a function of current density. Curves a–f
represent pure carbon nanotubes, 8:2, 6:4, 4:6 and 2:8 composite
electrodes and pure a-MnO2ÆnH2O, respectively
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The power characteristics of different kinds of com-
posite electrodes and pure electrodes were also investi-
gated. Figure 5 shows the normalized capacitance of
different electrode materials. Normalized capacitance
was obtained using Eq. 2:

Normalized capacitance ¼ C

C ð1 mA=cm2Þ
ð2Þ

The carbon nanotubes showed the best power char-
acteristics between 1 mA/cm2 and 10 mA/cm2 current
density, while the a-MnO2ÆnH2O showed the worst.
From Fig. 3 it is shown that the specific power can be
improved by adding carbon nanotubes to a-MnO2ÆnH2O
to form a composite electrode. To investigate the effect
of the additive type, a-MnO2ÆnH2O/graphite composite
electrodes were also prepared and tested. The specific
capacitance values of different kinds of a-MnO2ÆnH2O/
carbon nanotube and a-MnO2ÆnH2O/graphite compos-
ites are summarized in Table 1. The specific capacitances
for the a-MnO2ÆnH2O/carbon nanotube composite
electrodes are consistently higher than those of the
corresponding ones with the same weight fraction of
additive. The results especially show that a-MnO2ÆnH2O/
carbon nanotube composites containing lower amounts
of a-MnO2ÆnH2O exceed the performance of a-
MnO2ÆnH2O/graphite composites with larger amounts,
i.e. the specific capacitance of the former with a ratio of
4:6 is higher than the latter with 8:2. This means that the
active sites of a-MnO2ÆnH2O may be increased with less
carbon nanotube than graphite and therefore the specific
capacitance is greatly increased. At higher rates, this
point becomes more obvious. It implies that the elec-
tronically conducting network and the nature of the
contact between the conductive component and the
MnO2 phase may be an important consideration for
achieving higher specific capability; from this point of
view, carbon nanotubes are much superior to graphite

for use as a conductive component. In fact, the carbon
nanotubes have a particular hollow tube structure with
low resistivity and highly accessible surface area com-
pared to graphite, the proper addition of which may
enormously improve the contact between the a-
MnO2ÆnH2O particles, and the surface of the a-
MnO2ÆnH2O particles far from the current collector can
work as an active site for a faradiac reaction rapidly and
therefore a better performance may be obtained.

Electrochemical impedance spectroscopy, as a pow-
erful technique for the investigation of the capacitive
behavior of electrochemical cells, has been also used to
check the ability of the composite materials to store
electrical energy. Figure 6 presents Nyquist plots of the
composite electrodes and pure electrodes. All the
impedance spectroscopy is almost similar in form,
composed of one semicircle followed by a linear part at
the low-frequency end. At very high frequencies, the
measured resistance is composed of the following terms:
the ionic resistance of electrolyte, the intrinsic resistance
of the active material, and the contact resistance at the
active material/current collector interface. We can see
that although the intrinsic resistance of the material is
different, the very high frequency resistance is roughly
the same, about 2.2 W. At high frequencies, Fig. 6 shows
the presence of a semicircle, which has been described as
a pseudo-charge transfer resistance and is associated
with the porous structure of the electrode [13]. The
semicircles a and b are almost the same, and c and d only
increase a little; however, for e and f, there is a rapid
increase. For double layer charging only, semicircles in
the high-frequency range of the impedance of porous
electrodes were also discussed by the presence of oc-
cluded pores [14]. Here we can see that carbon nanotu-
bes and the carbon nanotube composite electrodes
contain smaller occluded pores in the electrode and
therefore smaller pseudo-charge transfer resistance;
when the a-MnO2ÆnH2O content further increases, the
occluded pore amount and pseudo-charge transfer
resistance increase rapidly. This may due to the added
carbon nanotubes having a low resistance; also it may
change the porous structure of the electrode and facili-
tate the charge transfer.

Table 1 The specific capacitance values (F/g) for different kinds of
a-MnO2ÆnH2O/carbon nanotube and a-MnO2ÆnH2O/graphite
composites

Current density (mA/cm2) 1 2 5 8 10

Pure MnO2 385.46 178.56 127.28 109.98 102.06
MnO2–SWNT (8:2) 279.18 174.96 141.59 120.78 115.92
MnO2–SWNT (6:4) 219.57 189.89 160.76 142.60 134.63
MnO2–SWNT (4:6) 147.42 130.01 116.15 112.19 109.31
MnO2–SWNT (2:8) 76.39 69.13 65.07 63.43 62.43
Pure SWNT 41.45 38.16 37.62 36.36 34.92
MnO2–graphite (8:2) 100.72 90.45 79.25 68.76 64.55
MnO2–graphite (6:4) 97.57 73.28 60.36 51.52 49.55
MnO2–graphite (4:6) 80.63 55.78 49.51 41.72 40.49
MnO2–graphite (2:8) 49.42 40.36 34.91 31.26 29.45
Pure graphite 1.59 1.25 1.24 1.2 0.68

Fig. 5 Comparison of capacitance decays for different electrodes as
a function of the discharge current density. Curves a–f represent
pure carbon nanotubes, 8:2, 6:4, 4:6 and 2:8 composite electrodes
and pure a-MnO2ÆnH2O, respectively
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At low frequencies, the impedance plot should theo-
retically be a vertical line, which is parallel to the
imaginary axis. The carbon nanotubes show almost ideal
capacitive behavior; however, the others show some

Fig. 6 Impedance Nyquist plots for different electrodes. Curves a–f
represent pure carbon nanotubes, 8:2, 6:4, 4:6 and 2:8 composite
electrodes and pure a-MnO2ÆnH2O, respectively
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departure from that expected, which can also be ex-
plained by the electrode surface inhomogeneity and a
‘‘constant phase element’’ occurs [15], which results in
the straight-line behavior of the Nyquist impedance with
a slope angle smaller than p/2 for these electrodes, with
the exception of the pure carbon nanotubes. This means
that the porous electrodes have different pores with
different dimensions and for the composite electrodes
there exists some inhomogeneity in the surface, which
leads to the low-frequency impedance behavior being
shifted. Compared to the total impedance plots, we
think that the d composite electrode has a smaller
resistance and better capacitive behavior; it should be
the most promising for use in electrochemical capacitors.

Conclusions

To achieve both high specific capacitance and high
power simultaneously, adding a proper proportion of
carbon nanotubes to hydrous manganese oxide to form
a composite electrode may be an effective method.
Comparing different ratios, the composite of 6:4 of a-
MnO2ÆnH2O to carbon nanotubes was the most suitable
for electrode materials in electrochemical capacitors.
The reason may be due to the added carbon nanotubes
lowering the electric resistivity and improving the
contact between the a-MnO2ÆnH2O particles, and the
surface of the a-MnO2ÆnH2O particles can work as an
active site for rapid faradiac reactions.
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