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a b s t r a c t

Aligned carbon nanotube (ACNT)/MnO2 nanocomposites were fabricated using the reduction between
potassium permanganate and ACNT under the microwave irradiation. Due to good contact between ACNT
and current collector during the charge/discharge process, compressible ACNT/MnO2 nanocomposites
show better electrochemical properties compared to pure MnO2 and ACNT, such as high specific capac-
itance, good rate performance and cycling stability (2.7% loss of the initial value after 3000 cycles). These
results demonstrate that ACNT/MnO2 nanocomposites have potential application for supercapacitors as
high-rate electrode materials.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction Whereas aligned CNTs with supercompressible response, excellent
Recently, supercapacitor has become one of the most promising
energy storage devices due to the increasing power demand for
portable devices and automotive applications [1]. Based on differ-
ent energy storage mechanisms [2–4], pseudo-capacitor possess-
ing both double-layers effects and Faradaic reactions shows
higher energy density than electrical double-layer capacitor (EDLC)
[2–5]. Among pseudocapacitive transition-metal oxides such as
RuO2, NiO, and MnO2 [6–8], manganese oxide has recently received
considerable attention as electrode material for supercapacitors
due to its high theoretical specific capacitance (1110 F g�1) [9],
low cost, and environmental friendly characteristics [10,11]. Up
to now, nanostructured manganese oxides possessing high specific
surface area and short proton-transport path can effectively im-
prove their specific capacitance [12–19]. However, the poor con-
ductivity of MnO2 (10�5–10�6 S cm�1) results in low rate
capability for high power performance, thus limiting its wide
application in energy storage systems [20]. To improve the electri-
cal conductivity of MnO2 electrode materials, the combination of
highly conductive materials such as carbon nanotubes (CNTs)
[21–25], graphene [26,27], or conducting polymers [28,29], as a
hybrid structure, has been explored to improve the electrochemi-
cal performance.

During the past 20 years, random CNTs as electrode materials
have been widely investigated for energy applications, such as sup-
ercapacitor [30–41], Li-ion batteries [42–46], and fuel cell [47].
ll rights reserved.
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strength and flexibility under mechanical compression can be used
as nano- and microscale springs or shock absorbers [48]. However,
the use of vertically aligned CNTs (ACNT) as electrode materials is
rarely reported. Recently, the incorporation of MnO2 with ACNT
grown on the Ta foils exhibits good rate capability and high capac-
itance [49]. However, such a thin film limits its further practical
application. As we have demonstrated previously, nanostructured
MnO2 anchored on the surfaces of random CNTs synthesized by
the reduction of potassium permanganate under microwave
irradiation, exhibits high capacitance and excellent cycle stability
[25].

In this paper, we used the reaction between potassium perman-
ganate and ACNTs under microwave irradiation to prepare the
ACNT/MnO2 nanocomposites as electrode materials for superca-
pacitors (Fig. 1). Nanoscale MnO2 particles uniformly deposit on
the surface of compressible spring-like ACNTs, which recover
themselves during the charge/discharge process to maintain good
contact with current collector due to their excellent mechanical
strength and compressibility [50,51]. Therefore, ACNT/MnO2 nano-
composites show good rate performance, meaning that ACNT
played an important role in the ion and electron transport during
the electrochemical reaction.
2. Experimental

2.1. Synthesis of ACNTs and ACNT/MnO2 nanocomposites

ACNTs were synthesized according to the previous report [51].
Briefly, Fe/Mo/vermiculite was placed into a quartz tube, main-
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Fig. 1. Schematic illustration of the synthesis of ACNT/MnO2 composite as electrode material.
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tained at 650 �C within an atmosphere of argon and hydrogen
(10:1) at a flow rate of 600 mL min�1. Then, a mixture of ethylene
(80 mL min�1), argon (550 mL min�1) and hydrogen (50 mL min�1)
was introduced into the quartz tube for 15 min to allow CNT
growth. ACNT/MnO2 nanocomposites were prepared as follows:
At first, 0.2 g ACNT was added into 100 mL distilled water and stir-
red for 3 h. Then predetermined amount of KMnO4 (ACNT and
KMnO4 mass ratio of 1:1, 3:7, 7:3, respectively) was added into
the above suspension and stirred for 1 h, subsequently heated
using a household microwave oven (Haier MA-2270, 2450 MHz,
700 W) for 5 min. Finally, the suspension was filtered, washed sev-
eral times with distilled water and absolute alcohol, and dried in
an oven at 100 �C for 12 h. The resulting black powder was col-
lected for the following characterization. For comparison, birnes-
site-type MnO2 was also synthesized under hydrothermal
condition as described elsewhere [52].

2.2. Characterization

The samples were analyzed by a powder X-ray diffraction system
(XRD, TTR-III) equipped with Cu Ka radiation (k = 0.15406 nm).
The microstructure of the samples was optically studied by a scan-
ning electron microscopy (SEM, Camscan Mx2600FE) and transition
electron microscopy (TEM, JEOL JEM2000FX).

2.3. Electrochemical measurements

As-prepared nanocomposites, carbon black and poly(tetrafluo-
roethylene) (PTFE) were dispersed in ethanol, and their mass ratio
was 75:20:5. Then the mixture was coated onto nickel foam
(1 � 1 cm2) with a spatula, which was followed by drying at
100 �C for 12 h in a vacuum oven.

All electrochemical measurements were done in a three elec-
trode setup: A Ni foam coated with as-prepared nanocomposites
as the working electrode, a platinum foil as the counter electrode,
and a saturated calomel electrode (SCE) as the reference electrode.
The electrochemical measurements included cyclic voltammo-
grams (CVs), galvanostatic charge/discharge and electrochemical
impedance spectroscopy (EIS), which were measured by a CHI
660C electrochemical workstation. All electrochemical measure-
ments were carried out in a 1 mol L�1 Na2SO4 aqueous electrolyte
at room temperature and the potential range was �0.1 to 0.9 V
(vs. SCE).
10 20 30 40 50 60 70 80
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Fig. 2. Typical XRD patterns of ACNT, pure MnO2 and ACNT/48%-MnO2 composite.
3. Results and discussion

3.1. Microstructure characterization

The typical XRD patterns of ACNT, pure MnO2 and ACNT/48%-
MnO2 are shown in Fig. 2. The presence of birnessite-type MnO2
(JCPDS 42-1317) with mixed crystalline and amorphous parts
was confirmed by the XRD analysis. Three broad peaks at 2h
around 12�, 37� and 66� can be indexed to brinessite-type MnO2

[53,54]. Broad peaks correspond to poorly crystallized compound
indicate amorphous nature of the powder.

The morphology of ACNTs shows stacking structure with a
length of 5–20 lm as shown in Fig. 3a. After MnO2 deposition,
the stacking structure of ACNTs still keeps its morphology
(Fig. 3b and c). In this work, the self-limiting reaction between per-
manganate and carbon was applied to deposit birnessite MnO2

onto the surface of ACNT (the diameter of 10–20 nm, Fig. 3d).
Therefore, the advantage of this process is that thin MnO2 film clo-
sely anchored on the surface of nanotubes (Fig. 3e). For compari-
son, pure MnO2 with flower-like structure was also prepared by
the hydrothermal synthesis method (Fig. 3f).

3.2. Electrochemical behavior of the ACNT/MnO2 electrodes

Fig. 4a shows the CV curves of ACNT and ACNT/MnO2 nanocom-
posites at the same scan rate of 20 mV s�1. CV curve of ACN is rel-
atively rectangular in shape, indicating an ideal capacitive
behavior. With the MnO2 loading increasing from 25 to 64 wt.%,
CV curves of the ACNT/MnO2 electrodes are still symmetrical.

The specific capacitance of the electrode can be calculated
according to the following equation:

C ¼
Z

I dV
� �

=ðtmVÞ ð1Þ

where I is the response current density (A cm�2), V is the potential
(V), t is the potential scan rate (mV s�1), and m is the mass of the
electroactive materials in the electrodes (g).



Fig. 3. SEM images of ACNT (a) and ACNT/48%-MnO2 (b and c). TEM image of ACNT (d) and ACNT/48%-MnO2 (e). SEM image of pure MnO2 exhibiting flower-like structure (f).
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Fig. 4b shows that the discharge time for ACNT/48%-MnO2 is
about six times higher than that of ACNT at the same current den-
sity of 5 A g�1, meaning high energy storage after MnO2 loading
onto ACNT. Moreover, the linear voltage–time profile and the
highly symmetric charge/discharge characteristics show good
capacitive behavior. The ACNT/MnO2 nanocomposite electrodes
exhibit an enhanced capacitance performance and rate capability
compared with ACNT electrode (Fig. 4c). For ACNT electrode, its
specific capacitance is only 40.6 F g�1 at 5 mV s�1, while all
ACNT/MnO2 electrodes show high specific capacitance and good
capacitance retention. For example, the specific capacitance of
ACNT/48%-MnO2 is 194.5 F g�1 at 5 mV s�1 and 165.4 F g�1 at
200 mV s�1, meaning a high-rate electrode for supercapacitor.
When MnO2 loading is increased to 64 wt.%, there is a decrease
in specific capacitance due to dense or agglomerate MnO2 with
limited electrochemically active surface area [55].

The cycling stabilities of ACNT and ACNT/48%-MnO2 nano-
composite electrode were measured by CVs at 100 mV s�1 in
1 M Na2SO4 solution. It is obviously observed that the specific
capacitance of ACNT/48%-MnO2 is much higher than that of
ACNT, only 2.7% capacitance loss after 3000 cycles. The good cy-
cling stability of the ACNT/48%-MnO2 composite electrode can be
explained by the following reasons: On the one hand, compress-
ible ACNT can effectively inhibit the conductivity loss due to the
volume change of electrode material during the repeat CV cycles.
On the other hand, the stacking structure of ACNT is beneficial to
the ion transport from the electrolyte solution to the surface of
the MnO2.

Moreover, pure MnO2 as electrode material was also
investigated for comparison. CV curves of MnO2 and ACNT/48%-
MnO2 nanocomposite at 20 mV s�1 in 1 M Na2SO4 solution are
shown in Fig. 5a. Compared to pure MnO2, CV curve of ACNT/
48%-MnO2 is relatively rectangular in shape and exhibits near
mirror-image current response on voltage reversal, meaning
ideal capacitive behavior. At the same time, the galvanostatic
charge/discharge curves of the ACNT/48%-MnO2 nanocomposite



-4

-2

0

2

4

6

C
ur

re
nt

 (A
 g

-1
)

Potential (V vs.SCE)

 ACNT
 ACNT/25%-MnO2

  ACNT/48%-MnO2

  ACNT/64%-MnO2

0

50

100

150

200

250

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

(F
 g

-1
)

Scan rate (mV s-1)

ACNT
ACNT/25%-MnO2

ACNT/48%-MnO2

ACNT/64%-MnO2

0

20

40

60

80

100

120

C
ap

ac
ita

nc
e 

re
te

nt
io

n 
(%

)

Cycle number

ACNT/48%-MnO2

ACNT

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

0 50 100 150 200 0 500 1000 1500 2000 2500 3000

0 10 20 30 40 50 60
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Po
te

nt
ia

l (
V 

vs
.S

C
E)

Time (s)

ACNT
ACNT/25%-MnO2

ACNT/48%-MnO2

ACNT/64%-MnO2

(a) (b)

(c) (d)

Fig. 4. (a) CV curves of ACNT and ACNT/MnO2 nanocomposite at 20 mV s�1 in 1 M Na2SO4 solution. (b) Galvanostatic charge/discharge curves of ACNT and ACNT/MnO2

nanocomposite at a current density of 5 A g�1. (c) Specific capacitances of ACNT and ACNT/MnO2 nanocomposite at different scan rates. (d) Cycle stability of ACNT and ACNT/
48%-MnO2 at 100 mV s�1 in 1 M Na2SO4 solution.
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(Fig. 5b) are highly linear and symmetrical. In addition, the cure
of ACNT/48%-MnO2 has little iR drop (0.01 V) compared with pure
MnO2 (0.06 V), indicating a rapid I–V response and an excellent
electrochemical reversibility.

There are two mechanisms proposed for the charge storage in
MnO2 material. The first one is based on the concept of H+ or alkali
metal cations (C+) such as Na+ in this case during reduction and
deintercalation upon oxidation. This process is accompanied by
the reversible reaction of Mn4+/Mn3+.

MnO2 þ Cþ þ e� $MnOOC ð2Þ

The second one is the adsorption of cations present in the elec-
trolyte on the MnO2 surface.

ðMnO2Þsurface þ Cþ þ e� $ ðMnO2—CþÞsurface ð3Þ

For hydrous MnO2, a common viewpoint is that the redox pro-
cess is mainly governed by the insertion and deinsertion of Na+
and or H+ from the electrolyte into the nanostructured MnO2

matrix [56,57]. Increasing the scanning rate will have a direct
impact on the diffusion time of cations into the matrix leading to
the sharp decrease of available capacity [58].

ACNT/48%-MnO2 nanocomposite exhibits higher specific capac-
itance from 5 to 200 mV s�1 (Fig. 5c), compared with pure MnO2

(172.2 F g�1 at 5 mV s�1 and 93.6 F g�1 at 200 mV s�1). In addition,
the capacitance of ACNT/48%-MnO2 at 10 mV s�1 is lower than that
of random CNT/48%-MnO2 based on the overall electroactive mate-
rial, however, ACNT/48%-MnO2 exhibits the best rate performance
than pure MnO2 and random CNT/48%-MnO2 due to its stacking
structure (Fig. 5d). The improved electrochemical performance
was also confirmed by Electrochemical Impedance Spectroscopy,
which is presented in Fig. 5e. It can be seen that the impedance
spectra are almost similar in form, composed of one semicircle at
high-frequency end followed by a linear part at the low-frequency
end. The spectra of ACNT/48%-MnO2 show nearly 90� capacitive
spike starting from the mid-high frequency, indicating the suitabil-
ity of ACNT/48%-MnO2 composite as an electrode material for sup-
ercapacitors. In addition, the equivalent series resistances (ESR) for
ACNT/48%-MnO2 electrode extracted from 100 kHz is estimated to
be �0.39 X, in contrast to �0.60 X for MnO2 electrode, meaning
higher conductivity and more capacitive behavior of electrode for
supercapacitors.
4. Conclusions

In summary, ACNT/MnO2 nanocomposites were synthesized
using the reduction between potassium permanganate and ACNT
under microwave irradiation. ACNT/48%-MnO2 as electrode
materials show excellent electrochemical properties, such as
good rate performance, and excellent cycle stability (only 2.7%
capacitance loss after 3000 cycles). Compared with random
CNT, the integration of ACNT and MnO2 enables such nanocom-
posite to possess better rate performance due to the excellent
compression and resilience properties of ACNT. Meanwhile, the
stacking structure of ACNT also improves the diffusion of elec-
trolyte ions in the electrode. Therefore, such kind of nanocom-
posite would be a promising high-rate electrode material for
supercapacitor.
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Fig. 5. (a) CV curves of pure MnO2 and ACNT/48%-MnO2 nanocomposite at 20 mV s�1 in 1 M Na2SO4 aqueous solution. (b) Galvanostatic charge/discharge curves of pure
MnO2 and ACNT/48%-MnO2 nanocomposite at 5 A g�1. (c) Specific capacitance of pure MnO2, ACNT/48%-MnO2 and CNT/48%-MnO2 nanocomposite at different scan rates. (d)
Capacitance retention of pure MnO2, ACNT/48%-MnO2 and CNT/48%-MnO2 nanocomposite at different scan rates. (e) Nyquist plots of MnO2 and ACNT/48%-MnO2 electrode in
the frequency range of 100 kHz to 0.1 Hz.
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