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a b s t r a c t

One-dimensional manganese oxide nanobelt bundles with layered structure have been synthesized by
hydrothermally treating the precursor, K-type layered manganese oxide in a NaOH solution of 6.0 mol L−1

at 150 ◦C for 30 h. The obtained material is characterized by XRD, SEM, TEM and BET analysis. The man-
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ganese oxide nanobelt bundles are more than 50 �m long and 20–50 nm wide, and the specific surface
area is about 160 m2 g−1. The electrochemical property of the synthesized manganese oxide nanobelt
bundles has been studied using cyclic voltammetry in a mild aqueous electrolyte. The manganese oxide
nanobelt bundle exhibits good capacitive behavior and cycling stability in a neutral electrolyte system,
and its initial capacitance value is 268 F g−1.
ydrothermal treatment
apacitance

. Introduction

Electrochemical supercapacitors show a promising application
n energy storage devices [1,2]. There are two different type elec-
rochemical capacitors based on their energy storage mechanisms,
hich are electrochemical double-layer capacitors based on car-

on electrodes and pseudocapacitors with transition metal oxides
nd others as electrode materials [3–5]. Among the transition
etal oxides, manganese oxide has been extensively studied; it

an be used as good candidate electrode material because of its
bundance, low-cost, good electrochemical reactivity and envi-
onmental friendliness in comparison with the ruthenium oxides
r other transition metal oxides [6–8]. Up to now, many man-
anese oxides with various structures and morphologies have been
abricated via electrochemical and chemical routes, and their elec-
rochemical properties have been investigated. The investigated

aterials mainly focus on the amorphous or poorly crystallized
anganese oxides, and manganese oxide thin films [9–11]. The

esearch results indicate that manganese dioxide have shown an

verage specific capacitance of 160 F g−1, while the manganese
ioxide thin films have a capacitance in the range between 100 and
00 F g−1 due to high utilization of the materials [12–14], which are
ar from its theoretical specific capacitance of ∼1000 F g−1. There-
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fore, manganese oxides with high specific capacitance, good cyclic
stability and low fabrication cost are expected to be synthesized.

Research results show that the specific capacitance of the elec-
trode materials is related to their specific surface area, the electrical
conductivity in the solid phase and ionic transport within the
pores [15]. In this regard, one-dimensional (1D) nanobelt mate-
rials not only give large electrode surface area and surface to
volume ratio to contact with an electrolyte, which will provide
conducting pathways for ions and electron and result in a high
capacity and fast kinetics [16], but also provide better accom-
modation of large volume changes which results in improved
cycle performance of the cathode materials [17]. Till now, 1D
nanostructured manganese dioxide materials with different crystal
structures have been fabricated by a sol–gel technology [6,18], elec-
trochemical deposition technology [19], hydrothermal treatment
methods [20] and so on. Ge et al. have prepared 1D ultra-
long layered K-birnessite bundles by a PEG-assisted hydrothermal
method based on the reaction of KMnO4 with 2-ethylhexanol,
but �-Mn2O3 as an impurity is detected [21]. Ma et al. have pre-
pared 1D Na-birnessite nanobelts by a hydrothermal reaction in a
10 mol L−1 of NaOH solution using Mn2O3 as precursor, and they
have found the obtained Na-birnessite nanobelts exhibit enhanced
Li ions intercalation properties in comparison with the bulk man-
ganese oxide [22]. Therefore, one-dimensional (1D) nanostructure

materials with different morphology and large surface area are
expected for potential applications in the electrochemical capac-
itor. In this work, manganese oxide nanobelt bundle with layered
structure was prepared at 150 ◦C for 30 h by a simple method
of hydrothermally treating K-type layered manganese oxide in a
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and 0.24 nm from neighboring fringes of an individual nanobelt
corresponds to the (0 0 2) and (1 0 1) planes of manganese oxide
nanobelt bundles, respectively. In general, H-type layered man-
ganese oxide contains one molecular layer of water between the
manganese oxide sheets. Because the thickness of the manganese
56 X. Tang et al. / Journal of Po

aOH solution of 6.0 mol L−1, and its electrochemical capacity was
tudied.

. Experimental

.1. Preparation of manganese oxide nanobelt bundles

The precursor, K-birnessite manganese oxide, was prepared by
sol–gel method as described in literature [23]. A KMnO4 solu-

ion (0.38 mol L−1, 50 mL) was added quickly to a glucose solution
1.4 mol L−1, 20 mL) under vigorous stirring. The resulting mixture
as further stirred for 10–15 s and then kept without further agita-

ion, and a brown gel was obtained within 30 s of initial mixing. The
rown gel was cooled at room temperature for 30 min, and then
ried at 110 ◦C overnight, resulting in a brown xerogel. After the
rown xerogel was calcined at 400 ◦C for 2 h, a fine gray powder was
btained. The powder was thoroughly washed with water and dried
t 110 ◦C overnight, the precursor, K+-type birnessite manganese
xide was obtained, which was abbreviated as K-BirMO.

The precursor, K-BirMO (0.6 g) was added in NaOH solution
6.0 mol L−1, 36 mL) under vigorous stirring to form a homogenous
uspension, and then the homogenous suspension was transferred
nto a Teflon-lined stainless steel autoclave with a capacity of 50 mL.
he autoclave was maintained at 150 ◦C for 30 h and then cooled to
oom temperature naturally. The resultant product was collected
y filtration, washed several times with distilled water, and dried
t 50 ◦C overnight. Manganese oxide nanobelt bundle with layered
tructure was finally prepared, which was abbreviated as BirMO
anobelt.

.2. Characterization

The powder X-ray diffraction pattern was recorded on a
/Max-3c X-ray diffractometer with Cu-K� (� = 1.5406 Å), using
n operation voltage and current of 40 kV and 40 mA, respec-
ively. SEM images were taken using a Quanta 200 environmental
canning electron microscopy operated at the accelerating voltage
f 20 kV. Transmission electron microscopy (TEM) and high-
esolution TEM (HR-TEM) characterization were performed with

JEM-3010 transmission electron microscope (CCD, Gatan894).
pecimens for TEM observation were prepared by dispersing the
anganese oxide powder into alcohol by an ultrasonic treatment. A

eckman coulter-type nitrogen adsorption–desorption apparatus
ASAP 2020M) was used to investigate the pore property degassing
or 4 h below 10−3 mm Hg. A CHI 600 electrochemical workstation
Chenhua Instrument Co., Shanghai, China) was used for electro-
hemical measurements.

.2.1. Electrochemical measurement
Electrodes were prepared by mixing the obtained materials

80 wt.%) as active material with acetylene black (15 wt.%) and
olyvinylidene fluoride (5 wt.%). The first two constituents were
rstly mixed together to obtain a homogeneous black powder.
he polyvinylidene fluoride solution (0.02 g mL−1, in N-methyl-
etopyrrolidine) was then added. This resulted in a rubber-like
aste, which was brush-coated onto a Ni mesh. The mesh was dried
t 110 ◦C in air for 2 h for the removal of the solvent. After drying,
he coated mesh was uniaxially pressed to completely adhere to
he electrode material with the current collector.

A beaker type electrochemical cell was equipped with the

btained material as a working electrode, a Pt-foil (2 cm2) as the
ounter electrode and saturated calomel electrode (SCE) as the ref-
rence electrode. CV curves were taken between −0.2 and 0.8 V
n a Na2SO4 electrolyte (1.0 mol L−1) at a sweep rate of 5 mV s−1.
he average specific capacitance was evaluated from the area of
urces 196 (2011) 855–859

the charge and discharge curves of the CV plot according to the
following equation [24]:

Cm = i

mv

where m is the total mass of active materials in the electrode, v is
the potential sweep rate, and i is the even current response, which
is obtained through integrating the area of the curve.

3. Results and discussion

3.1. Crystalline structure and morphology

The precursor, K-BirMO shows a layered structure character-
istic, and its basal spacing is 0.71 nm (Fig. 1a). After K-BirMO is
treated in a NaOH solution at 150 ◦C for 30 h, the layered structure
still maintains and the basal spacing hardly changes, and only the
peak intensity increases for the obtained BirMO nanobelt (Fig. 1b).
The lattice constants of sample BirMO nanobelt are calculated to be
a = 2.85 Å and c = 21.57 Å, which are essentially identical with those
reported for potassium manganese oxide hydrate KxMnO2·yH2O
(JCPDS 52-0556). These results indicate that the layered structure
can be maintained when K-BirMO is hydrothermally treated in a
NaOH solution at 150 ◦C for 30 h.

SEM image of K-BirMO shows an irregular plate-like morphol-
ogy (Fig. 2a), while sample BirMO nanobelt is dominated by the
very long flexible bundles assembled with nanobelts (Fig. 2b). The
manganese oxide nanobelt bundles are usually more than 50 �m
long and 20–50 nm wide. SEM images suggest that the hydrother-
mal treatment of the precursor, K-BirMO in NaOH solution causes
an obvious morphology change although no crystalline structure
changes. TEM image of sample BirMO nanobelt clearly shows that
the bundles are assembled with thick nanobelts along the belt
axis direction (Fig. 2c). HR-TEM image of the nanobelt bundles
obtained from Fig. 2c (indicated by the black pane) shows an inter-
planar spacing of about 0.56 nm (Fig. 2d). The width of 0.56 nm
Fig. 1. XRD patterns of samples K-BirMO and BirMO nanobelt.
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cyclic voltammetry curves of the K-BirMO and BirMO nanobelt
electrodes. The CV curves of two samples obtained in a Na2SO4
(1.0 mol L−1) solution at a sweep rate of 5 mV s−1 shows relatively
rectangular mirror images with respect to the zero-current line,
Fig. 2. SEM image of sample K-BirMO (a), SEM (b), T

xide layer is 0.45 nm and the diameter of water molecules is about
.28 nm [25,26], the H-type layered manganese oxide has a basal
pacing of about 0.73 nm. In sample BirMO nanobelt, additional
ater layers do not form, and therefore K+ ions may be randomly

xchanged with the monolayer water molecules, producing a struc-
ure similar to that of synthetic potassium birnessite. When the
ater molecules are radiated by high energy electron beam during

he TEM experiment, the electron beam radiation causes a removal
f the water molecules from the interlayer of the layered birnes-
ite, which results in an interplanar space shrinkage and gives a
ew layered manganese oxide phase with an interplanar spacing
f about 0.56 nm with only K+ ions existing between manganese
xide layers (JCPDS 27-0751) [27].

.2. Surface area

N2 adsorption–desorption isotherms of the precursor, K-BirMO
n comparison with BirMO nanobelts synthesized in a NaOH
olution of 6.0 mol L−1 at 150 ◦C for 30 h are shown in Fig. 3.
he precursor, K-BirMO is apparently non-porous, having a
runauer–Emmett–Teller (BET) surface area of 38 m2 g−1 (Fig. 3,
ottom). In contrast, the isotherm feature of the sample BirMO
anobelts clearly indicates the presence of mesopores in this sam-
le, classified as type IV as defined by the International Union of
ure and Applied Chemistry (IUPAC) (Fig. 3, above) [28]. A hys-
eretic loop between the adsorption and desorption branches can
e considered as type H3, indicative of slit-like pores. Sample BirMO
anobelts show a much higher BET surface area of 160 m2 g−1 and

arger N2 adsorption volume. The BET surface area is larger than
hat reported by Wei et al. [29], in which nanostructured MnO2 is

btained and its BET surface area is of 132 m2 g−1. A t-plot analysis
nd BJH average pore diameter of 15.4 nm confirm the predominant
resence of mesopores in sample BirMO nanobelts. The meso-
orous surface area is about 142 m2 g−1, and contributed to about
9% of the total specific surface area. These results clearly indi-
) and HR-TEM (c) images of sample BirMO nanobelt.

cate that the formation of the nanobelt bundles in sample BirMO
nanobelts drastically enhances the mesoporosity as well as the spe-
cific surface area.

3.3. Electrochemical property

Extensive studies have shown that manganese oxides are
promising electrode materials for electrochemical supercapacitors,
while cyclic voltammetry is an important tool to investigate the
capacitive behavior of the obtained materials. Fig. 4 shows the first
Fig. 3. N2 adsorption–desorption isotherms of samples K-BirMO and BirMO
nanobelt.
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ig. 4. The first CV curves of samples K-BirMO and BirMO nanobelt at a scan rate of
mV s−1 in 1 M Na2SO4 solution.

ndicating a obvious capacitive behavior for the obtained materi-
ls. Meanwhile, these curves show no peaks in the range between
0.2 and 0.8 V, indicating that the electrode capacitor is charged
nd discharged at a pseudoconstant rate over the complete voltam-
etric cycle [7,30]. The CV curve of the K-BirMO electrode is

istorted, while the one of the electrode obtained from sample
irMO nanobelts exhibits good symmetrical characteristics, sug-
esting that the reversibility of the K-BirMO electrode is not good
t this potential range. For sample BirMO nanobelts, the specific
apacitance value calculated from the cyclic voltammetry curve is
ound to be 268 F g−1, indicating the BirMO nanobelts prepared by
he present method behave as good capacitor within the window of
0.2 to 0.8 V. The good electrochemical behavior may be ascribed

o the relative large amount of manganese and large BET surface
rea. Electrochemical property of sample BirMO nanobelt is more
lucidated by CV cyclic voltammetry in a 1 M Na2SO4 solution in
he range between −0.2 and 0.8 V at different potential scan rates
anging from 2 to 30 mV s−1 (Fig. 5). At lower scan rates, the rectan-
ular characteristic of CV curves hardly changes, indicating almost
deal good capacitive behavior for the obtained materials (Fig. 5
–d). Even if at relative high scan rate of 30 mV s−1, the relatively

ectangular mirror image with respect to the zero-current line is
lso found (Fig. 5e), indicating that sample BirMO nanobelts show
high reaction activity and reversibility.

The cycle performances are of important for the supercapac-
tor. The long-term stability of sample BirMO nanobelt based on

ig. 5. CV curves of sample BirMO nanobelt in a 1 M Na2SO4 solution at differ-
nt potential scan rates ranging from 2 to 30 mV s−1, respectively: (a) 2 mV s−1, (b)
mV s−1, (c) 10 mV s−1, (d) 20 mV s−1, and (e) 30 mV s−1.
Fig. 6. The variation of specific capacitance of sample BirMO nanobelt over 1000
cycles at 10 mV s−1.

as-prepared powder upon cycling is investigated and the variation
of specific capacitance over 1000 cycles at 10 mV s−1 is depicted in
Fig. 6. A capacitance increase behavior is observed upon cycling and
the capacitance increase remains stable and close to 222 F g−1 after
1000 cycles. Similar improvement of the specific capacitance upon
cycling has also been reported for MnO2 thin films [31] and �-MnO2
[7]. The specific capacitance increase is probably attributed to the
increase of the active points due to the incomplete intercalation or
de-intercalation of the guest ions at relative high scan rate. The elec-
trode can withstand 1000 cycles without significant capacitance
loss. This demonstrates that, within the test voltage window, the
intercalation and de-intercalation processes of the guest ions do not
seem to induce significant structural or meso-structural changes of
the electrode as expected for pseudocapacitive reactions. In com-
parison with the first curve, the shape of the 1000th curve of sample
BirMO nanobelt at 10 mV s−1 is more like a rectangle (Supporting
information Figure S1, left), and the nanobelt morphology is still
maintained (Fig. S1, right), indicating that sample BirMO nanobelt
shows a relatively good cycling stability.

Until now, two mechanisms have been proposed to explain the
MnO2 charge storage behavior. The firstly mechanism is based on
the concept of intercalation of H+ or alkali metal cations such as Na+

ions in the electrode during reduction and de-intercalation upon
oxidation.

MnO2 + A + e− ↔ MnOOA

And the secondary one is based on the surface adsorption of
electrolyte cations.

(MnO2)surface + A + e− ↔ (MnO2
−A)surface

In the present study, we think that the redox process is mainly
governed by the intercalation and de-intercalation of Na+ ions from
the electrolyte into the mesoporous manganese oxide nanobelt,
similar to the work reported by Toupin et al. [32].

4. Conclusion

One-dimensional manganese oxide nanobelt bundles with lay-
ered structure have been synthesized by hydrothermally treating
the precursor, K-BirMO, in a solution of 6.0 mol L−1 NaOH at 150 ◦C
for 30 h. The as-prepared manganese oxide nanobelt bundles not

only have a large area of 160 m2 g−1, but also show good capacitive
behavior and cycling stability in a neutral electrolyte system. The
specific capacitance of sample BirMO nanobelt is 268 F g−1, and also
shows a good cycling stability.



wer So

S

a
T
t
a

A

m
S
t

A

t

R

[
[
[

[

[
[
[

[

[

[

[

[

[
[
[
[
[
[

X. Tang et al. / Journal of Po

upporting information

The first and the 1000th CV curves of sample BirMO nanobelt at
scan rate of 10 mV s−1 in 1 mol L−1 Na2SO4 solution (above) and
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