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a b s t r a c t

This is the first report about supercapacitive performance of hybrid film of manganese dioxide (MnO2)
and polyaniline (PANI) in an organic electrolyte (1.0 M LiClO4 in acetonitrile). In this work, a high surface
area and conductivity of active carbon (AC) electrode is used as a substrate for PANI/MnO2 film electro-
codeposition. The redox properties of the coated PANI/MnO2 thin film exhibit ideal capacitive behaviour
vailable online 19 May 2010
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in 1 M LiClO4/AN. The specific capacitance (SC) of PANI/MnO2 hybrid film is as high as 1292 F g−1 and
maintains about 82% of the initial capacitance after 1500 cycles at a current density of 4.0 mA cm−2, and
the coulombic efficiency (�) is higher than 95%. An asymmetric capacitor has been developed with the
PANI/MnO2/AC positive and pure AC negative electrodes, which is able to deliver a specific energy as high
as 61 Wh kg−1 at a specific power of 172 W kg−1 in the range of 0–2.0 V. These results indicate that the

omis
symmetric capacitor
ymmetric capacitor

organic electrolyte is a pr

. Introduction

The performances of supercapacitors are mainly determined by
lectrode materials [1]. Conducting polymers and inorganic par-
icle composite materials have attracted considerable attention as
hey can combine the advantages of their separate components and
ave potential applications in many fields [2]. Research of compos-

te materials in supercapacitors for electrode materials has been
ndertaken by many researchers in recent years [3–10].

Polyaniline (PANI) is one candidate for supercapacitors due
o its electrochemical reversibility and stability [11]. Manganese
xides are also promising supercapacitor materials due to their
ow cost and the fact that manganese oxides are considered more
nvironmental friendly than other transition metal oxide systems
12,13]. The composite of polyaniline and manganese oxides can be
chieved by chemical or electrochemical polymerization [14–17].
nfortunately, most studies on PANI/MnO2 composite electrodes

or supercapacitor applications reported in the literature [13–17]
ave focused on the use of aqueous electrolytes whose major draw-
ack lies in its low cell voltage. For example, Sun et al. [16,17]
tudied the capacitive properties of PANI/MnO2 hybrid films in

.0 M NaNO3 (pH = 1) only with a window of 0.65 V applied poten-
ial. In that case, the PANI/MnO2 composite electrodes usually show
quite low energy density according to the calculation equation

18].

∗ Corresponding author. Tel.: +86 532 66781927; fax: +86 532 66781320.
E-mail address: clwang@mail.ouc.edu.cn (W. Wang).
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ing candidate for PANI/MnO2 material application in supercapacitors.
© 2010 Elsevier B.V. All rights reserved.

Generally, the stability of electrode materials will decrease dras-
tically with an increase in the potential window. Under a high
applied potential window, if the PANI/MnO2 hybrid films could
improve the stability and show a higher specific capacitance in
an electrolyte, it means that this electrolyte is a suitable candi-
date for PANI/MnO2 material application in supercapacitors. For
this purpose, this work will be devoted to an investigation of
the supercapacitive performance of PANI/MnO2 composites in 1 M
LiClO4/AN electrolyte. To the best of our knowledge, this study
has not been reported yet. We prepared the nanocomposite thin
film of PANI/MnO2 codeposited on an active carbon (AC) substrate
since a high surface area of carbon substrate will be propitious to
enhance the total conductivity and stability of the composite elec-
trode [19,20]. In addition, the asymmetric capacitor was assembled
with the PANI/MnO2/AC positive and pure AC negative electrodes.

2. Experimental

2.1. Preparation of active carbon (AC) electrode

Activated carbon powders serving as the main electrode mate-
rials (specific surface area: >2000 m2 g−1) and an amount of
conductive acetylene black were added to a solution of polyvinyli-

denefluoride (PVDF) in N-methyl-pyrrolidone (NMP). The mixture
was stirred at about 170 ◦C to form the carbon slurry. Carbon elec-
trodes (1 cm × 1 cm square) were fabricated by coating the slurry
on stainless steel nets, which were subsequently dried at 80 ◦C for
24 h to remove the NMP.

dx.doi.org/10.1016/j.jpowsour.2010.05.020
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:clwang@mail.ouc.edu.cn
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7 wer Sources 195 (2010) 7489–7493

2
e

p
w
t
A
M
i
a

2

c
e
e
a
r
c
f
t
p
w
C
a
s

3

3

t
s
t
F
e
(
a
w
o
i
w
P
fi
i
p
m
f

P
c
o
a
i
d
a
h
g
f
s
a

490 W.-y. Zou et al. / Journal of Po

.2. Preparation of PANI/MnO2/AC and PANI/AC composite
lectrodes

The synthesis of PANI/MnO2 thin films was done in a sim-
le method. Briefly, electrodepositions of PANI/MnO2 hybrid films
ere produced simultaneously on the active carbon substrate elec-

rodes through CV in the potential range of −0.2 to 1.45 V (vs.
g/AgCl) at 50 mV s−1, from solutions of 0.4 M aniline and 0.1 M
nSO4, containing 0.5 M H2SO4. The PANI film was deposited sim-

larly in 0.5 M H2SO4 containing 0.4 M aniline. The preparation of
ll samples was conducted under a nitrogen atmosphere.

.3. Characterization

Electrochemical tests were carried out within a three-
ompartment cell with the PANI/MnO2/AC or AC as the working
lectrode, using a platinum foil (A = 1.0 cm2) as the counter-
lectrode, and Ag/AgCl being the reference electrode. The
symmetric hybrid capacitor was assembled with PVDF-HFP sepa-
ator and 1 M LiClO4 in acetonitrile (AN) electrolyte. A symmetric
apacitor containing two identical pure AC electrodes was also
abricated under the same condition. CV tests were realized on
he LK9805Z electrochemical workstation system (Lanlike Com-
any, Tianjin). The galvanostatic charge–discharge experiments
ere conducted on the battery test system (Land CT2001A, Wuhan,
hina). The microstructure of the samples was characterized using
scanning electron microscope (SEM, JSM-6700F Japan). XRD mea-
urements were performed on Bruker AXS D8 Advance.

. Results and discussion

.1. Characterization of AC, PANI/AC and PANI/MnO2/AC

Surface morphologies of PANI/MnO2 hybrid films, bare elec-
rodes (AC), and PANI films are investigated by SEM (Fig. 1). The
urface morphologies of AC electrodes are rough and porous due
o the intrinsic nature of the activated carbon substrate (Fig. 1(A)).
ig. 1(B) shows nanofibrous morphology for PANI/AC, which is the
vidence of PANI deposition on AC substrate. For PANI/MnO2/AC
Fig. 1(C)), the PANI nanofibers are coated by a mass of particles
nd the diameter of fibers is larger than that of pure PANI fibers,
hich suggests the codeposition of MnO2 with the growth of PANI

n the AC substrate. The EDS analysis of PANI/MnO2/AC (Fig. 1(D))
ndicates the existence of Mn, O and C species in the composites,

hich should be attributable to the MnO2 and PANI phases. The
ANI/MnO2 films on the AC electrode present a large amount of
bers with diameters of 100–200 nm in the mass and the fibers

nter-twine together to form a three-dimensional reticulation. Such
orous microstructure would be an ideal candidate as electrode
aterial for supercapacitors since it has more available active sites

or faradic reaction and is also favorable for charge-transfer.
Fig. 2 shows powder X-ray diffraction patterns of samples. For

ANI (Fig. 2(b)), the crystalline peaks appeared at 14.9◦, 20.6◦, 25.5◦,
orresponding, respectively, to (0 1 1), (0 2 0) and (2 0 0) reflections
f PANI in its emeraldine salt form [21]. The peaks of 22.5◦ and 28.5◦

re attributable to the AC substrate (Fig. 2(a)), which is indicative of
ts high electrical conductivity. Compared with PANI, there are no
istinguished XRD peaks in the hybrid film (Fig. 2(c)), revealing the
morphous nature of MnO2 in the composites. Brousse et al. [22]

ave reported that amorphous MnO2 can be seen to contain inter-
rowth of different tunnel structures which should be convenient
or cation diffusion. Subsequently, this can translate into a large
cattering of capacitance values not based only upon the surface
rea but also on the structural disorder of the samples.
Fig. 1. SEM morphologies of AC (A), PANI/AC (B), PANI/MnO2/AC (C), and EDS of
PANI/MnO2/AC (D).

3.2. Supercapacitive properties of PANI/MnO2/AC

The PANI/MnO2/AC nanocomposites are tested using the
method of potential sweep in 1 M LiClO4/AN to study the super-
capacitive properties. Fig. 3 shows the CV curve of the AC and
PANI/MnO2/AC electrode. The CV curve of the substrate electrode is

in the nature of a double layer capacitor, while the PANI/MnO2/AC
shows the pseudocapacitive behaviour [23]. Theoretically, the pure
PANI and MnO2 material should have an obvious redox charac-
teristic [24,25]. However, in our case, the redox peaks are not
clear in Fig. 3. The possible reasons may be: (I) the highly disor-
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a current density of 4.0 mA cm−2, which is very close to the calcu-
lated results of CV. The SC of the coated PANI/MnO2 thin film can
Fig. 2. XRD patterns of AC (a), PANI/AC (b) and PANI/MnO2/AC (c).

ered structure of the electrodeposited amorphous MnO2 in the
ANI/MnO2/AC electrode [18,26,27]; (II) low levels of MnO2 in the
anocomposite electrode (only 0.95% by EDS analysis); (III) a more
ositive potential (>0.8 V) would accelerate the degradation of PANI
n the polymerization [28,29]. This results in a decrease of activity
n the chains of PANI.

Fig. 4 shows the CV curves of PANI/MnO2/AC at various scan
ates. During potential cycling, the increase of scan rate usually
as a negative impact on the pseudocapacitance of the working
lectrode [4]. However, when increasing the scan rate from 1 to
mV s−1, the CV shapes comparatively little change and all the CV
urves show near ideal rectangular image, which indicates the good
seudocapacitive behaviour. This capacitive nature may be caused
y combining the double layer capacitance of AC substrates and the
seudocapacitance of PANI/MnO2 film [13].

The SC of the electrodes is estimated by CV. A 187 and 413 F g−1

re achieved for pure AC electrode and PANI/MnO2/AC electrode
ith the high applied potential of 1.2 V. The values of SC and
otential window are higher than the literature results in aque-
us electrolyte [13,14]. Based on the combined mass of AC, PANI
nd MnO2 phases, the SC of 413 F g−1 for this nanocomposite elec-

rode is even impressive in an organic electrolyte, especially under
high potential window.

Fig. 5(A) illustrates the typical charging–discharging behaviours
f the PANI/MnO2/AC hybrid electrode recorded in 1 M LiClO4/AN.

ig. 3. CV tests of AC electrode and PANI/MnO2/AC electrode in 1 M LiClO4/AN elec-
rolyte at 5 mV s−1 (a: AC and b: PANI/MnO2/AC).
Fig. 4. CV tests of PANI/MnO2/AC electrode at 1 mV s−1 (a), 2 mV s−1 (b), and 5 mV s−1

(c) in 1 M LiClO4/AN electrolyte.

The curve shows an almost linear decline of potential between
the operating voltages 0 and 1.2 V, which is the characteristic of
capacitive behaviour. The SC of the nanocomposite electrode was
calculated from the discharge profile. The value of SC is 408 F g−1 at
Fig. 5. (A) Charging–discharging curves of PANI/MnO2/AC electrode at 4.0 mA cm−2

in 1 M LiClO4/AN electrolyte; (B) variation of specific capacitance and coulombic effi-
ciency with charging–discharging cycle number for PANI/MnO2/AC at 4.0 mA cm−2

in 1 M LiClO4/AN electrolyte.
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[
[
[

ig. 6. First charge/discharge profiles of the hybrid capacitor at 0.17 A g−1. (a)
ymmetric capacitor containing two identical pure AC electrodes; (b) asymmet-
ic capacitor using PANI/MnO2/AC and AC as the positive and negative electrode,
espectively.

e calculated based on the following equation:

PANI/MnO2
= Chybrid − Csubstrate

MPANI/MnO2

(1)

here CPANI/MnO2
, Chybrid, Csubstrate and MPANI/MnO2

are the SC of
ANI/MnO2 composite film, PANI/MnO2/AC composite electrode,
ure AC substrate electrode and the mass of PANI/MnO2 film,
espectively. The SC of coated PANI/MnO2 was as high as 1292 F g−1

t a voltage window of 1.2 V. This value is far higher than that of
hese papers [13,14,16,17,25]. Out of question, the energy density
f this PANI/MnO2 film has the same conclusion.

Furthermore, the composites display a sustained cyclic ability,
hile being subjected to 1500 charge/discharge cycles at a current
ensity of 4.0 mA cm−2. The variation of specific capacitance as a
unction of cycle number is shown in Fig. 5(B). A capacity fade of
ust 18% was observed after 1500 charge/discharge cycles, which
s better than the previous report, indicating the high stability of
ANI/MnO2/AC nanocomposite and its potential as an electrode
aterial for long-term capacitor applications in such organic elec-

rolytes. The explanation of these results can be as following:
1) the MnO2 particle clusters in the polymer matrix essentially
rovide rigid support for the stability of the PANI chains during
edox cycling. (2) Hydrolytic reaction of PANI disappeared under
n organic environment, which greatly retards the degradation of
ANI [23,30]. (3) The reversible intercalation/deintercalation of Li+

n the MnO2 solid phase, which can be ascribed to the small radius of
he Li+ and poorly crystallized MnO2 [22]. (4) The high conductivity
f the AC substrates. (5) The PANI/MnO2 film was homogeneously
oated on the porous AC surface and the film was quite thin.

The coulombic efficiency (�) of the PANI/MnO2/AC is also shown
n Fig. 5(B). The result reveals that the nanocomposite electrode has
very stable coulombic efficiency of about 95.5% over 1500 cycles.

In order to further investigate the supercapacitive performance
f PANI/MnO2 hybrid material under a higher potential, an asym-
etric capacitor, respectively using PANI/MnO2/AC nanocomposite

nd AC as the positive and negative electrode materials was
ssembled. For comparison purpose, a symmetric capacitor con-
aining two identical pure AC electrodes was also fabricated. Fig. 6
hows the first charge/discharge profiles of the capacitor cells.
he charge/discharge cycle for the cell was performed in 1 M

iClO4/AN at a constant current of 0.17 A g−1 between 0 and 2.0 V.
he discharge profiles of the asymmetric and symmetric capaci-
or show a typical capacitive behaviour with a linear slope. These
esults accord with Fig. 3. The specific energy (E) and power (P)
ere calculated by following equations from the constant current

[
[
[

[

urces 195 (2010) 7489–7493

charge/discharge cycle:

E = 1
2

CV2(Wh kg−1) (2)

P = E

t
(W kg−1) (3)

where C is the specific capacitance of the hybrid capacitor, V is
the potential range from the end of the charge to the end of
the discharge and t is the discharge time. Using these equations,
the specific energy of the asymmetric capacitor is 61 Wh kg−1 at
a specific power of 172 W kg−1 based on the total weight of AC
and PANI/MnO2/AC nanocomposite, while the symmetric capacitor
shows a 31 Wh kg−1 at a specific power of 179 W kg−1 according
to the weight of active material in both electrodes. The specific
power of symmetric capacitor is slightly higher than the asym-
metric capacitor, which can be explained on basis of the nature
of electrical double layer in AC electrode. But the specific energy
of the latter is expected to show ∼2 times higher than the former.
This result reveals the asymmetric capacitor containing PANI/MnO2
positive material show a great capacitor performance using organic
electrolyte.

4. Conclusion

In this study, a hybrid thin film of PANI/MnO2 with nanofibrous
morphologies was electro-codepositied on an AC substrate. The
electrochemical properties of this PANI/MnO2/AC electrode were
examined in 1 M LiClO4/AN. This is the first attempt to research
the performance of PANI/MnO2 hybrid film in organic electrolyte.
At a current density of 4.0 mA cm−2, the coated PAN/MnO2 film
could produce SC as high as 1292 F g−1 and the composite electrode
showed a capacity fade of only 18% after 1500 cycles. The specific
energy of asymmetric capacitor which consists of PANI/MnO2/AC
positive and AC negative electrodes was 61 Wh kg−1 at a specific
power of 172 W kg−1. These results indicated that the nonaqueous
organic electrolyte is suitable for PANI/MnO2 hybrid material to
apply in supercapacitors.
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