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bstract

Manganese dioxide has been synthesized by a new simple self-reacting microemulsion method. The synthesized MnO2 has been found to be
morphous structure containing a moderate amount of water by X-ray diffraction, Fourier transform infrared spectroscopy and thermogravimetric
nalysis. Particles in a spherical shape with about 4 nm in diameter have been observed by transmission electron microscopy. Cyclic voltammetic

ests have been performed between −0.5 and 0.5 V versus Hg/Hg2SO4 in 1 mol L−1 Na2SO4 solution at sweep rates up to 50 mV s−1. A specific
apacitance value as high as 246.2 F g−1 was obtained, which was much higher than 146.5 F g−1 of MnO2 prepared by chemical co-precipitation.
fter 600 cycles, only 6% decrease of specific capacitance was measured which indicated that such a material possesses good cycling property.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical supercapacitors can be divided into two
ypes based on the fundamental mechanisms that govern the
apacitances. First is based on the electrical double layers in
igh surface area materials such as activated carbons which have
pecific surface area in excess of 1000 m2 g−1. Second is the
edox capacitors where a faradic charge exchange occurs lead-
ng to the pseudo-capacitance [1]. Many noble or transition metal
xides can show pseudo-capacitive behavior, and among differ-
nt metal oxides, amorphous hydrous RuO2 has a high specific
apacitance (760 F g−1) in H2SO4 solution [2]. However, high
ost, low porosity and rapid decrease of power density at high
harge–discharge rate are prohibitive to large-scale commercial
roduction. Thus, the suitable materials with good capacities and

ow cost have attracted much attention. Since Lee and Goode-
ough first reported the ideal capacitive behavior of hydrous
anganese dioxide in mild solutions, more and more attentions

∗ Corresponding author. Tel.: +86 10 6277 3752; fax: +86 10 6277 1160.
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ave been paid to manganese dioxide because it is inexpensive,
ts raw materials are abundant, and it is environmentally friendly
3].

Manganese dioxide powders, synthesized by chemical co-
recipitation, sol–gel and hydrothermal synthesis, have shown
hat the average specific capacitance is about 160 F g−1 [4–7],
hich is competitive with carbon supercapacitors, but falls

ar short of the 760 F g−1 obtained with hydrous RuO2 [2].
anganese dioxide thin films prepared by dip-coating, anodic

eposition or electrochemical oxidation can reach as high as
capacitance of 450 F g−1 due to high utilization of material

8–13]. However, this high specific capacitance can only be
btained at a very low loading mass, less than 0.2 mg cm−2.
oreover, only half of this value, 230 F g−1, is left, if loading
ass increases to 0.3–0.4 mg cm−2 [9–16]. Considering these

isadvantages, thin films are limited to microsystems for energy
torage such as integrated devices. Industrial application in high-
ower density devices requires the use of the active material

sually mixed with a binder and a conductive additive to prepare
omposite electrodes [4].

Based on the above points of view, it is more desirable
o employ an alternative method to replace the chemical

mailto:fykang@tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.02.029
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o-precipitation or sol–gel method for preparing hydrous
anganese dioxide powder with excellent capacitive char-

cteristics (i.e. high reversibility, acceptable capacitance and
ong cycle life) and simple process. Microemulsion is a route
or synthesis of nanoparticles of metals and metal oxides.

icro–nano droplets of water phase containing the reactants
re dispersed and stabilized by a surfactant in an organic
edium, and reactions carried out in microemulsion media
ill produce nanopaticles [17]. However, it was a complicated,

ime-consuming and raw materials-wasting method because the
mulsion of each reactant must be prepared before synthesis and
he surfactants are not involved in reaction.

In this study, we report a simple self-reacting emulsion
ethod for the first time. The nanosized hydrous manganese

ioxide was synthesized by one step process, in which surfac-
ant sodium bis(2-ethylhexyl) sulfosuccinate (AOT) was used
s both dispersant and reductant. KMnO4 aqueous solution was
ispersed in iso-octane by AOT to form nano droplets of water
hase, and then KMnO4 was reduced by AOT. The manganese
xide particles were found to possess a spherical shape of about
nm in diameter. Electrochemical characterization studies of
nO2 pertaining to supercapacitor properties were also per-

ormed.

. Experimental

.1. Preparation of MnO2

The MnO2 powder was synthesized by a simple method. A
.1 mol L−1 KMnO4 aqueous solution was prepared by dissolv-
ng potassium permanganate (AR, 99%) in deionized water.

eanwhile 13.32 g surfactant of high purity sodium bis(2-
thylhexyl) sulfosuccinate (Aerosol-OT, AOT) was added in
00 mL iso-octane (oil) and stirred well to get an optically trans-
arent AOT/iso-octane solution. Then 32.4 mL of 0.1 mol L−1

MnO4 solution was added in AOT/iso-octane solution, and
his solution was dispersed by ultrasound for 30 min to prepare

dark brown precipitate. The product was separated, washed
opiously several times with distilled water and ethanol, and
ried at 80 ◦C for 12 h. The sample is denoted as s-MnO2 for the
ollowing tests.

In order to compare the electrochemical properties of as-
repared MnO2 with conventional synthesis methods, chemical
o-precipitation technique was also used to prepare MnO2.

0.1 mol L−1 KMnO4 solution was prepared by dissolv-
ng potassium permanganate (AR, 99%) in deionized water.

hile stirring the solution, a 0.15 mol L−1 Mn(CH3COO)2 was
uickly added. The KMnO4/Mn(CH3COO)2 molar ratio was
:3. A dark brown precipitate was immediately obtained accord-
ng to

Mn(VII) + 3Mn(II) → 5Mn(IV) (1)
The solution was then stirred for 4 h until the reaction com-
leted. The product was separated, washed copiously several
imes with double distilled water, and dried at 80 ◦C for 12 h.
he sample is denoted as co-MnO2.

p
d
n
a
s
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.2. Characterization

Thermogravimetric analysis (TGA) and differential scan-
ing calorimetry (DSC) for both samples were recorded in
he temperature range from ambient to 600 ◦C in nitrogen
tmosphere at a heating rate of 10 ◦C per min using Sta449C
Netzsch) tester. Powder X-ray diffraction (XRD) patterns of

nO2 powders were obtained by using TW3040/60 diffrac-
ometer (Tanalygical Company, Holland) in which Cu-K�
as used as the source. Morphology of MnO2 was examined
sing scanning electron microscope, SEM (Hitachi, S-5200)
nd transition electron microscope (TEM) (Jeol JEM2100F).
ourier transform infrared spectroscopy (FT-IR) analysis was
arried out by Nicolet Magna-IR 550/560 spectrophotome-
er and the weight ratio of sample to KBr is 1:500. N2
dsorption and desorption studies were carried out using
SA P2010 (Micromeritics Company) surface area ana-

yzer.

.3. Electrochemical measurement

Electrodes were prepared by mixing 70 wt% of MnO2 powder
s active material with 20 wt% acetylene black and 10 wt% poly-
etrafluoroethylene (PTFE). 70 mg of MnO2 powder and 20 mg
f acetylene black were first mixed and dispersed in ethanol by
ltrasound for 30 min. Then the ink was dried at 80 ◦C for 4 h to
et dark mixed powder and 200 mg of PTFE aqueous solution
5 wt%) was added to get a paste. Then the paste was dried at
0 ◦C and a few of 1-methy-2-pyrrolidinone (NMP) were added
o get a syrup. The syrup was cold rolled into thick films. Pieces
f film with 5 mg weight, typically 1 cm2 in size, were then
ot-pressed at 80 ◦C under 100 MPa on a stainless steel mesh
onnected to a nickel wire.

Electrochemical tests were performed with an Im6e (Zah-
er) electrochemical station. A piece of platinum gauze and
g/Hg2SO4 (in saturated K2SO4) were assembled as the counter

nd reference electrode. The cyclic voltammetry was carried out
n a potential range of −0.5 and 0.5 V (versus Hg/Hg2SO4)
t sweep rates ranging from 2 to 50 mV s−1. Galvanostatic
harge–discharge cycling experiments were performed in a
ange of current densities from 0.7 to 7 mA cm−2.

In order to determine the contribution of acetylene black to
he overall charge capacity of electrode, a cyclic voltammetric
xperiment was performed on an acetylene black electrode with-
ut MnO2. The charge capacitance of this electrode was found
o be negligible (≈10 F g−1).

. Results and discussion

.1. Material characteristics

There may be two steps involved in the formation of MnO2
recipitation. At first the KMnO4 solution (water phase) was

ispersed in iso-octane (oil phase) by surfactant AOT to form
ano droplets of water phase. KMnO4 is a strong oxidation agent
nd can easily oxidize sulfonates, thus KMnO4 can be reduced
ubsequently by AOT to produce MnO2 precipitation and the
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rowth of MnO2 particles was restricted by extra AOT to remain
anoscale.

Surface morphologies of s-MnO2 and co-MnO2 are shown
n Fig. 1. It can be seen from Fig. 1c and b that co-MnO2
as a rodlike morphology. The diameter of nanorods is about
2 nm, and the length is about 100 nm. TEM images (Fig. 1a
nd b) of s-MnO2 show each particle of s-MnO2 consists of an
gglomeration of small spherical particles with an individual
article size of about 4 nm, which is much smaller than that of

o-MnO2.

TGA and DSC thermograms of s-MnO2 and co-MnO2 pow-
ers are shown in Fig. 2a and b, respectively. TGA and DSC
hermograms of both samples powders show 20% weight loss

a
l
i
t

Fig. 1. Surface morphology of (a and b)
urces 180 (2008) 664–670

nd endotherm around 100 ◦C, which correspond to dehydra-
ion of the powders. Small weight loss and exotherm around
00 ◦C could be attributed to the loss of oxygen from MnO2 lat-
ice resulting in phase transition from MnO2 to Mn2O3 [17,18].
GA/DSC results show that two types of MnO2 are hydrous
xides and could be described as MnO2·H2O.

Fig. 3 shows XRD profiles for both samples. They are similar
nd only a few broad peaks appear. Lack of clear peaks and
roadening of peaks indicate the amorphous nature. Broad peaks

round 2θ = 37.0◦ and 65.3◦ are present, which is similar to the
iteratures [5,17,19]. It is thus inferred that the samples present
n a partially crystalline state and the profiles seem to correspond
o some peaks of �-MnO2 (JCPDS NO. 44-0141).

s-MnO2 and (c and d) co-MnO2.
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Fig. 2. TGA and DSC curves of (a) s-MnO2 and (b) co-MnO2.

N2 adsorption and desorption studies were performed to
etermine the specific surface area and the pore size distribu-

ion of both samples. SBET values of s-MnO2 and co-MnO2 are
45.7 and 217.3 m2 g−1, respectively. Pore size distribution of
-MnO2 and co-MnO2 are shown in Fig. 4. According to IUPAC
omenclature, micropores are less than 2 nm in diameter, meso-

Fig. 3. XRD patterns of s-MnO2 and co-MnO2.
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Fig. 4. Pore size distribution of co-MnO2 and s-MnO2.

ores are between 2 and 50 nm in diameter, and macropores are
reater than 50 nm in diameter.

Fig. 4 shows that for s-MnO2, a very broad distribution rang-
ng from 2 to 100 nm with a mean width around 10 nm is found
n the mesopore and macropore region. Moreover, according to
he TEM images, the primary particles of s-MnO2 are about
nm in diameter and no pores inside the primary particles were
bserved. Therefore, it seems that the mesopores and macrop-
res of s-MnO2 sample come from the pileup of its primary and
econdary particles and the specific surface area mainly con-
ributes from the surface of its primary particles. For co-MnO2,
wo narrow peaks with mean pore widths of around 1.3 and 4 nm
ere emerged. Considering the large particle size, it seems that

o-MnO2 possess a porous structure with small pore sizes. It
s clear that the high specific surface area of co-MnO2 mainly
ontributes from the pores inside the particles.

Physical characterizations indicate that s-MnO2 and co-
nO2 possess almost the same crystalline structure, and contain

he same water content, but they are quite different in morphol-
gy, specific surface area and pore size distribution. A smaller
ize with spherical shape was obtained for s-MnO2, as compared
ith co-MnO2. Although s-MnO2 has a smaller SBET value, but

t mainly contains architectural mesopores and macropores, and
as a wide pore size distribution in the mesopore and macropore
egion, on the contrary co-MnO2 seems to be a porous material
ith small pore sizes and a narrow pore size distribution.

.2. Electrochemical properties

As-prepared samples were subjected to typical cyclic voltam-
etric tests in 1 mol L−1 Na2SO4 solution. The potential range

s from −0.5 to 0.5 V versus Hg/Hg2SO4 and different scanning
ates are taken from 2 to 50 mV s−1. Figs. 5 and 6 show the cyclic
oltammograms (CVs) of s-MnO2 and co-MnO2, respectively.
These CVs are relatively rectangular in shape and exhibit
ear mirror-image current response on voltage reversal indicat-
ng a reversible reaction and ideal capacitive behavior for both
amples. With the increase of scanning rates, there is no signifi-
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ig. 5. Cyclic voltammograms of s-MnO2 at different scanning rates in
mol L−1 Na2SO4.

ant change in rectangular shape exhibiting high electrochemical
eversibility in this potential range at high sweep rate. The spe-
ific capacitance (SC) of electroactive material can be estimated
sing half the integrated area of the CV curve to obtain the charge
Q), and subsequently being divided the charge by the mass of
he active material (m) and the width of the potential window
�V):

C = Q

�Vm
(2)

Dependence of capacitances calculated from CVs and scan-
ing rates is shown in Fig. 7 for both MnO2 samples. At a low
weep rate of 2 mV s−1, the SC of s-MnO2 calculated from CV
urve is 246.2 F g−1. At a scanning rate of 50 mV s−1, a high
alue of 157.3 F g−1of s-MnO2 was obtained, but a very low

alue of 26.4 F g−1 was measured for co-MnO2, which indicates
he s-MnO2 is a promising electrode material for high-power
upercapacitors.

ig. 6. Cyclic voltammograms of co-MnO2 at different scanning rates in
mol L−1 Na2SO4.

i
t

t
v

o
r

c
T
“
t
s
e
s
H
i
q
“
T
(
t

ig. 7. The dependence of SC for (a) s-MnO2 and (b) co-MnO2 on scanning
ates.

There are two mechanisms proposed for the charge storage
n MnO2 material. The first one is based on the concept of H+

r alkali metal cations (C+) such as Na+ in this case during
eduction and deintercalation upon oxidation. This process is
ccompanied by the reversible reaction of Mn4+/Mn3+.

nO2 + C+ + e− ↔ MnOOC (3)

The second one is the adsorption of cations in the electrolyte
n the MnO2 surface.

MnO2)surface + C+ + e− ↔ (MnO2
−C+)surface (4)

For hydrous MnO2, a common viewpoint is that the redox
rocess is mainly governed by the insertion and deinsertion of
a+ and or H+ from the electrolyte into nanostructured MnO2
atrix [4,6]. Increasing the scanning rate will have a direct

mpact on the diffusion time of cations into matrix leading to
he sharp decrease of available capacity.

In order to understand the difference of SC values between
wo samples, the dependence of voltammetric charge, q, on
−1/2 for both samples is shown in Fig. 8a. In Fig. 8b the inverse
f the voltammetric charge, q−1, is plotted as a function of square
oot of sweep rate, v1/2.

The method to discriminate the so-called “inner” and “outer”
harges was proposed by Trasatti and his co-workers firstly [20].
he whole surface of MnO2 electrode could be divided into
inner” surface (such as loose grain boundaries, pores inside par-
icles, cracks etc.), which is more difficult to access and “outer”
urface (such as architectural large mesopores or macropores
tc.), which is straightforwardly accessible to cations. At high
weep rate, the fast scanning rate will lead to the Na+ and or
+ reaching only the “outer” surface of MnO2 particles that

s straightforwardly accessible. Therefore the extrapolation of
to v = ∞ from the q versus v−1/2 plot (Fig. 8a) gives the
outer” charge of q0, the charge on the active “outer” surface.
he extrapolation of q to v = 0 from the q−1 versus v1/2 plot

Fig. 8b) gives the total charge qT, which is the charge involved
o the whole “inner” and “outer” surfaces of cations [5,7,20,21].
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Fig. 8. Variation of the voltammetric density (q) with respect to scanning rate
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charge–discharge cycling at a current density of 3.5 mA cm
and the result is shown in Fig. 10. After 600 cycles, only 6%
decrease of SC was found, which shows good cycling properties
of s-MnO2.
v): (a) q versus v−1/2 plot and (b) q versus v1/2 plot for s-MnO2 (closed square)
nd co-MnO2 (open square).

The estimated charges of s-MnO2 and co-MnO2 at very
ow and very high sweep rates are presented in Table 1. The
harges of s-MnO2 and co-MnO2 at very low scanning rate are
95.2 C g−1and 212.8 C g−1, respectively. A high value of q0 for
-MnO2, 156.8 C g−1, is obtained, which indicates most surface
f s-MnO2 are straightforwardly accessible for cations. The real
harge, qr, at 2 mV s−1 is also presented in Table 1. The ratio
f qr to qT may symbolize the utilization of MnO2 represent-
ng the proportion of active material, which is involved in the
harge storage process. As high as 83.4% of s-MnO2 is obtained
ompared with 68.8% of co-MnO2.
Previous results of physical characterizations indicate that s-
nO2 mainly contains architectural mesopores and macropores,

ut co-MnO2 is a microporous material with the narrow pore size

able 1
he estimated charges density at very low and very high sweep rate, and real
harge density at 2 mV s−1 of both samples

q0 (C g−1) qT (C g−1) qr (C g−1) q0/qT (%) qr/qT (%)

-MnO2 156.8 295.2 246.2 53.2 83.4
o-MnO2 27.7 212.8 146.5 13.0 68.8

F

urces 180 (2008) 664–670 669

istribution. It is well know that large pores are advantageous
n mass transport and the ions in the electrolyte can transport in
he macropores and mesopores more easily and rapidly than in
he micropores. For the whole charge storage process of hydrous

nO2 involving transport and insertion of cations in the elec-
rolyte, large pore size and a wide pore size distribution in the

esopore and macropore region insure most surface of s-MnO2
re straightforwardly accessible for cations. For co-MnO2, its
mall pores inside particles are hardly accessible for cations and
ack of macropores may slow down the transport of cations.
herefore a high SC value and less decrease in SC at high scan

ates are expected for s-MnO2.
The electrode of s-MnO2 was subjected to galvanostatic

harge–discharge cycling between −0.5 and 0.5 V versus
g/Hg2SO4 in 1 mol L−1 Na2SO4 solution at a current density
f 4.2 mA cm−2. Typical curves of potential variation during
he beginning three cycles with time of cycling are shown in
ig. 9. There is a linear variation of potential during charg-

ng and discharging processes, which is another criterion for
apacitance behavior of a material in addition to exhibiting rect-
ngular voltammograms. Fig. 9 shows that the time of charge and
ischarge are almost the same, which implies high reversibil-
ty and high Coulombic efficiency. The SC are calculated
rom galvanostatic charge–discharge cycling using the following
quation

C = It

�Vm
(5)

here I is charge or discharge current, t is charge or discharge
ime, m is the mass of active material, and �V is potential win-
ow of cycling. Discharge SC obtained from second cycle is
19.7 F g−1. The Coulombic efficiency is about 98% for all
ycles.

An electrode made of s-MnO2 was subjected to an extended
−2
ig. 9. Charge–discharge curves of s-MnO2 at current density of 4.2 mA cm−2.
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Fig. 10. Cycle-life data of s-MnO at 3.5 mA cm−2.

. Conclusion

Nanostructured hydrous manganese dioxide was prepared by
new simple method. KMnO4 aqueous solution was dispersed in

so-octane by surfactant AOT and then KMnO4 was reduced by
OT to produce MnO2. The particles of MnO2 are about 4 nm in
iameter, which is much smaller than that of MnO2 prepared by
chemical co-precipitation. A SC value as high as 246.2 F g−1 at
mV s−1 in 1 mol L−1 Na2SO4 solution was obtained. Deceas-

ng in three-dimensional particle size will increase the outer
urface area dramatically and improve the utilization of MnO2,
hich is shown to be an efficient way to improve electrochemi-

al properties of MnO2 electrode for high-power supercapacitors
pplications.
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