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a b s t r a c t
In this work, ␥-MnO2 nanoparticles and ␣-MnO2 urchin-like nanostructures have been successfully
synthesized by the microwave-assisted reﬂux as short as 5 min under neutral and acidic conditions,
respectively. The crystal structure, morphology and chemical composition of the MnO2 products were
investigated be X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and
N2 adsorption–desorption. ␥-MnO2 nanoparticles showed a smaller particle size, a higher speciﬁc surface
area, and a larger pore volume than those of ␣-MnO2 urchin-like nanostructures. The electrochemical
performance was investigated by using cyclic voltammetry and galvanostatic charge–discharge techniques. ␥-MnO2 nanoparticles obtained from the neutral condition exhibited a capacitance of 311 F g−1
at a current density of 0.2 A g−1 , which is much higher than that of ␣-MnO2 urchin-like nanostructures
(163 F g−1 ). The speciﬁc capacitance retention and coulombic efﬁciency after 5000 cycles at 1 A g−1 were
about 93% and almost 100% for ␥-MnO2 nanoparticles, respectively, suggesting that it is a promising
electrode material for supercapacitors.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Manganese dioxides have attracted a great deal of interest due to
their distinctive physicochemical properties and potential applications in the ﬁelds such as catalysts [1], ion exchangers [2], magnetic
materials [3], alkaline batteries [4], lithium ion batteries [5], and
supercapacitors [6–17]. MnO2 exists many crystallographic forms,
such as ␣-, ␤-, ␥-, and ␦-types, which differ in the way in which
the basic octahedral MnO6 units are linked together [18]. Several
methods have been developed for the preparation of nanoscale
MnO2 , including coprecipitation [19], hydrothermal synthesis
[20–24], reﬂux [25], sol–gel progress [26], thermal decomposition [27], sonochemical synthesis [28], solution-combustion [29],
and electrodeposition [30–32]. It is known that the properties of
nanostructured MnO2 highly depend on the crystal structure and
morphology. Various nanostructures of MnO2 , such as nanoparticles [33], nanorods/nanoﬁbers [34], nanowires [35], nanotubes
[36], and nanosheets [37], have been prepared. However, these
synthesis processes mostly require long reaction times and the
preparation of desired hierarchical three-dimensional (3D) architectures remains a signiﬁcant challenge due to the difﬁculty in
controlling the crystal growth.
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In recent years, microwave-assisted synthesis of inorganic
materials has received great attention as it can shorten the reaction
time from several hours to a few minutes with enormous energy
savings [38–40]. The greatest advantage of microwave heating is
that it can heat a substance uniformly, leading to a more homogeneous nucleation and a shorter crystallization time compared
with those for conventional heating. Microwave heating has been
introduced to assist in the synthesis of MnO2 materials recently
[41–45]. For example, Nyutu et al. prepared ␣-MnO2 nanoﬁbers in
mixed aqueous and dimethyl sulfoxide solvent by use of microwave
reﬂux [41]. This process required about 10 min to start crystallizing
the ␣-MnO2 phase and about 90 min to fully crystallize the phase.
Huang et al. used a microwave hydrothermal technique to prepare
␣-MnO2 nanoﬁbers at 200 ◦ C with a hold time of 10 s to 30 min
[42]. Very recently, Ming et al. reported the synthesis of ␦-MnO2
nanospheres by the microwave hydrothermal method at 75 ◦ C for
30 min [43]. However, a facile process to synthesize MnO2 with different crystal structures and morphologies is still a challenge by the
microwave-assisted method.
In this paper, we report a facile microwave-assisted reﬂux process to synthesize ␥-MnO2 nanoparticles and ␣-MnO2 urchin-like
nanostructures on a large scale without templates or surfactants
in the reaction system. To the best of our knowledge, this is the
ﬁrst report on the synthesis of ␣-MnO2 urchin-like nanostructures
at a short time (5 min). The crystalline nature, morphology, speciﬁc surface area, and pore size distribution of the as-prepared
MnO2 can be tuned easily by changing the pH of the reaction
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Fig. 1. XRD patterns of MnO2 prepared under neutral (a) and acidic (b) conditions at reﬂux times from 5 min to 30 min (*: ␣-MnO2 ); (c) the structures of ␣-MnO2 and ␥-MnO2 .

Fig. 2. FESEM images of MnO2 prepared at (a) and (b) 5 min, (c) and (d) 10 min, and (e) and (f) 30 min under the neutral condition.
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solution. The electrochemical properties of products have been
studied in 1 M Na2 SO4 aqueous solution. ␥-MnO2 nanoparticles
obtained from the neutral condition at the reaction time of 5 min
exhibited a capacitance of 311 F g−1 , while ␣-MnO2 urchin-like
nanostructures obtained from the acidic condition at the same reaction time showed a capacitance of 163 F g−1 . The effect of the reﬂux
time on the capacitance performance of MnO2 products was also
investigated.
2. Experimental
All chemicals were purchased from Beijing Chemical Regent Co.
with analytical grade and used without further puriﬁcation.
In a typical synthesis, 10 mmol K2 S2 O8 and 10 mmol
MnSO4 ·H2 O were dissolved in 150 mL deionized water. The
mixture was transferred into a 250 cm3 round-bottomed ﬂask and
placed in XH-100B (Beijing, Xianghu Co.) microwave oven ﬁtted
with a reﬂux condenser, stirring capability employing a Teﬂon
coated magnetic stirrer, and a ﬁber-optic probe temperaturemeasuring device directly inserted into the reaction mixture. The
microwave power was set to 100% of 800 W but ﬂuctuated in order
to maintain the input temperature value of 98 ± 2 ◦ C with a hold
time of 5–30 min. The resulting black product was ﬁltered, washed
thoroughly with deionized water and ethanol, and dried at 80 ◦ C
for 12 h. Other sample was also synthesized similarly except for
adding 5 mL concentrated H2 SO4 . The as-prepared samples under
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neutral (pH ∼8) and acidic (pH ∼1) conditions with different hold
times (from 5 min to 30 min) are referred to as MnO2 -N-time
and MnO2 -A-time, in which “time” is deﬁned to 5, 10 and 30,
respectively.
X-ray diffraction (XRD) patterns were performed using an X’
Pert Pro system with Cu K␣ radiation. Crystalline particle size
of the as-prepared MnO2 was determined by using the Scherrer equation. The crystallite size reported is the average of the
values obtained by applying Scherrer’s equation to the diffraction peaks at 2 = 36.9◦ (1 3 1) and 55.8◦ (1 6 0) for ␥-MnO2 , and
2 = 28.6◦ (3 1 0) and 49.7◦ (4 1 1) for ␣-MnO2 , respectively. The
particle morphologies and cation composition of the as-prepared
MnO2 were investigated by means of ﬁeld emission scanning electron microscopy (FESEM)/energy-dispersive X-ray spectrometry
(EDS) with a Hitachi H-4800 microscope equipped with an energydispersive spectrometer. Transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) studies were performed
on a JEOL 2010 microscope at an accelerating voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo VG ESCALAB 250 instrument equipped
with a monochromatic Al K␣ X-ray source (1486.6 eV) at a constant analyzer pass energy of 20.0 eV. The binding energy scale
was calibrated with respected to the C 1s (284.8 eV) signal. The
nitrogen sorption experiments were performed with Micromeritics
Instrument Corporation TriStar II 3020 V1.03.01. The adsorption

Fig. 3. FESEM images of MnO2 prepared at (a) and (b) 5 min, (c) and (d) 10 min, and (e) and (f) 30 min under the acidic condition.

640

X. Zhang et al. / Electrochimica Acta 87 (2013) 637–644

and desorption experiments were carried out at 77 K with samples previously degassed at 120 ◦ C for 4 h. The speciﬁc surface area
of the samples was determined by the Brunauer–Emmett–Teller
(BET) method. The pore size distribution was calculated by the
Barrett–Joyner–Halenda (BJH) method.
The working electrode was prepared by mixing 70 wt% active
material, 20 wt% acetylene black and 10 wt% poly(vinylidene ﬂuoride) (PVDF) in N-methyl-2-pyrrolidone and the slurry was
spread onto a stainless mesh with 1 cm2 geometry area. The electrode was heated at 100 ◦ C for 2 h to evaporate the solvent. The
mass of active material on the working electrode was in the
range of 0.3–0.4 mg cm−2 , using Mettler Toledo AB135-S semimicrobalance with an accuracy of 0.01 mg.
The electrode performance was measured in a beaker-type electrochemical cell equipped with the working electrode, a platinum
sheet as the counter electrode, and a standard calomel electrode
(SCE) as the reference electrode. The electrolyte was 1 M Na2 SO4
aqueous solution. Cyclic voltammetry scans were recorded from
−0.1 V to 0.8 V (vs. SCE), using a CHI 660C electrochemical workstation. Galvanostatic charge–discharge test was performed by an
Arbin MSTAT4 multichannel galvanostat/potentiostat.
3. Results and discussion
Time-dependent study was conducted to examine the conditions for the crystallization of MnO2 materials. Fig. 1 shows the
XRD patterns of MnO2 materials prepared in neutral and acidic
conditions at reﬂux times from 5 min to 30 min. Under the neutral condition (Fig. 1a), the main peaks of products can be indexed
to the orthorhombic phase of ␥-MnO2 (JCPDS 14-0644). In addition, a small amount of ␣-MnO2 can also be observed at the reﬂux
time of 10 and 30 min, respectively. The peaks of products obtained
under the acidic condition are indexed to the tetragonal phase of ␣MnO2 (JCPDS 14-0141), as shown in Fig. 1b. The crystalline ␥- and
␣-MnO2 phases were formed only within 5 min and the relative

intensities of the diffraction peaks slowly increased with increased
reﬂux time. The XRD patterns indicate that MnO2 with different
crystallographic forms can be obtained through microwaveassisted reﬂux at a short time (5 min). The crystallographic
structure of ␣-MnO2 is constructed from double chains of [MnO6 ]
octahedral forming 2 × 2 tunnels. The structure of ␥-MnO2 is a
random intergrowth of ramsdellite (1 × 2) and pyrolusite (1 × 1)
domains that may be described in terms of De Wolff disorder and
microtwinning [46]. The differences between these two structures
are illustrated in Fig. 1c. The stability of ␣-MnO2 structures depends
on the hydration/protonation effects. A low pH value (a high H+
content) could therefore efﬁciently stabilize ␣-MnO2 compared to
␥-MnO2 . We also studied the inﬂuence of counter-cation nature on
the structure of products. When Na2 S2 O8 was used to substitute
for K2 S2 O8 in neutral conditions at microwave-assisted reﬂux for
5 min, ␥-MnO2 was obtained (Fig. S1). However, no products were
obtained for Na2 S2 O8 system in acidic conditions, even the reﬂux
time was prolonged to 1 h. The role of K+ cation is considered to
prefer to support and stabilize the tunnel structures of ␣-MnO2
[47,48].
Fig. 2 shows the FESEM images of MnO2 -N-5, MnO2 -N-10, and
MnO2 -N-30, respectively. It can be seen that all products prepared under neutral condition consist of nanoplates and nanowires.
When the reﬂux time was prolonged from 5 min to 30 min, the
ratio of nanowires to nanoplates in the products increases and the
length of nanowires also increases. When Na2 S2 O8 was used to substitute for K2 S2 O8 , ␥-MnO2 with single plate-like morphology can
be obtained (Fig. S2). The MnO2 -N-5 was further characterized by
TEM and HRTEM examinations, as shown in Fig. 4a and b. The TEM
images also conﬁrm the plate-like and ﬁbrous morphologies of the
products, which is in agreement with the FESEM results. The platelike structure shows a size of ∼50 nm, and the ﬁbrous structure
shows a diameter of ∼5 nm. The HRTEM image (Fig. 4b) reveals a
lattice spacing of ∼0.4 nm, corresponding to the distance of two
neighboring (1 2 0) crystal planes in ␥-MnO2 .

Fig. 4. TEM and HRTEM images of (a) and (b) MnO2 -N-5, (c)–(e) MnO2 -A-5; (f) SAED image of MnO2 -A-5.
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When the experimental process was carried out under acidic
condition, uniform urchin-like nanostructures with a diameter of
1–2 m can be seen in Fig. 3. Careful observation (Fig. 3b, d and
f) can ﬁnd that these urchin-like nanostructures consist of uniform nanorods with the diameter of 10–40 nm and length up to
several hundred nanometers. With increasing the reﬂux time to
30 min, we obtained nanorods with high aspect ratio grown radially
from the core particles (Fig. 3e and f). From the TEM observations (Fig. 4c), MnO2 -A-5 shows an urchin-like morphology with
a solid core. Interestingly, urchin-like ␣-MnO2 hollow structure
was obtained by a hydrothermal method in our group [9]. From
the HRTEM image (Fig. 4d), it can be seen that the nanorods have
a diameter of 10–20 nm. The lattice fringes show two distinct sets
of lattice spacing of ca. 0.48 and 0.31 nm that correspond to the
(2 0 0) and (3 1 1) planes of ␣-MnO2 , respectively (Fig. 4e). The
presence of clear lattice fringes in the HRTEM image conﬁrms the
single-crystal nature of the nanorods. SAED pattern of a typical
sphere in Fig. 4f shows the sphere is polycrystalline as expected.
The “Ostwald ripening process” could be used to explain the formation of urchin-like ␣-MnO2 nanostructure. During the reaction
procedure, a large number of nuclei are formed in a short time and
aggregated continuously to form a sphere with a solid core. Then,
nanorods are epitaxially grown along the surface of initial spheres
and formed the solid urchins. This process unusually requires several hours to complete by conventional heating [9,49]. However, it
only needs 5 min to synthesis urchin-like ␣-MnO2 nanostructure
in our experiments. The “Ostwald ripening process” is accelerated
by microwave heating, which leads to the small primary nanoparticles in favor of the crystallite reorganization and growth of a stable
near-single crystal. However, the exact reasons are still not clear.
The existence of Mn and K elements in samples was conﬁrmed by
EDS analysis. The atomic ratios of K/Mn are determined to be 0.012
and 0.04 for MnO2 -N-5 and MnO2 -A-5, respectively. On the basis
of the XRD, FESEM and TEM results, it can be concluded that the
crystal structure, morphology and chemical composition of MnO2
products are strongly dependent on the pH value of the reaction
solution.
The oxidation state of MnO2 products could be veriﬁed by XPS
analysis. As shown in Fig. 5, Mn 3s core level spectra of MnO2 -N-5
and MnO2 -A-5 exhibit multiple splitting in the form of two peaks
at ∼89 and ∼84 eV. The separation of the peak energy (E) is sensitive to the oxidation state of manganese. According to the linear
relationship between the average oxidation state of manganese and

Fig. 5. XPS spectra and their deconvolution results in Mn 3s of MnO2 -N-5 and MnO2 A-5.
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Fig. 6. N2 adsorption–desorption isotherms (a) and the corresponding pore size
distributions (b) of MnO2 -N-5 and MnO2 -A-5.

the E value in the literature [50], the E values (∼5 eV) obtained
correspond to an average oxidation level of ∼3.5 for MnO2 -N-5 and
MnO2 -A-5. There are characteristics of a mixed-valence manganese
system (Mn4+ and Mn3+ ).
Fig. 6 shows the N2 adsorption–desorption isotherms and BJH
pore size distribution curves of MnO2 -N-5 and MnO2 -A-5. The
N2 adsorption–desorption isotherm of MnO2 -N-5 shows type IV
isotherms (IUPAC classiﬁcation) with a distinct hysteresis loop at
high partial pressures (P/P0 > 0.8), which indicates the purely mesoporous nature [42]. In contrast, the N2 adsorption–desorption of
MnO2 -A-5 exhibits a hysteresis loop in a broader relative pressure
range of 0.45 < P/P0 < 1.0. The abrupt nitrogen uptake occurring at
P/P0 > 0.8 suggests the presence of an interstitial space between
the nanorods of MnO2 -A-5. These results are in agreement with
FESEM and TEM observations. The BJH pore size distribution curves
derived from the desorption branch (Fig. 6b) reveal the presence of
bimodal mesopores for MnO2 -N-5. However, the bimodal distribution is not obvious for MnO2 -A-5. The mesopores may be beneﬁcial
for ionic transportation through the electrolyte to enhance the electrochemical performance. The BET surface area, total pore volume,
and crystalline particle size of the as-prepared MnO2 are presented
in Table 1. The surface area and total pore volume of MnO2 -N-5
are 76 m2 g−1 and 0.32 cm3 g−1 and are higher than those of MnO2 A-5. The porosity, surface area and structure of the samples have
shown a corresponding impact on the electrochemical properties
as discussed later.
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Table 1
Speciﬁc surface area, total pore volume, crystalline particle size, and speciﬁc capacitance of the as-prepared MnO2 .
Sample

BET surface area (m2 g−1 )

Pore volume (cm3 g−1 )

Crystalline particle size (nm)

Speciﬁc capacitancea (F g−1 )

MnO2 -N-5
MnO2 -N-10
MnO2 -N-30
MnO2 -A-5
MnO2 -A-10
MnO2 -A-30

76
69
66
55
44
33

0.32
0.28
0.20
0.12
0.14
0.13

12.1
15.1
11.1
12.7
13.2
14.3

311
289
275
163
157
152

a

The speciﬁc capacitance measured by the galvanostatic charge–discharge at a current density of 0.2 A g−1 .

Fig. 7. CV curves of MnO2 -N-5 and MnO2 -A-5 at different scan rates.
Fig. 8. Charge–discharge curves of MnO2 -N-5 and MnO2 -A-5 at current densities
of (a) 0.2 and (b) 1 A g−1 .

Fig. 7 shows the CV curves of the MnO2 -N-5 and MnO2 -A-5 at
the scan rates of 10, 50, 200, 500 and 1000 mV s−1 , respectively.
It can be seen that all the CV curves exhibit approximately a rectangular shape in the potential window from −0.1 V to 0.8 V (vs.
SCE), which indicates ideal capacitive behavior of the MnO2 -N-5
and MnO2 -A-5. Besides, as the scan rate increase from 10 mV s−1
to 1000 mV s−1 , the shapes of the CV curves do not signiﬁcantly
change and stay nearly rectangular, showing the excellent capacitive nature and fast diffusion of electrolyte ions into the electrode.
This could be attributed to their unique microstructure and crystal structure. The MnO2 with nanoscale and porous structure may
shorten ions solid-state transport distances and apply a continuous pathway for electrolyte fast diffusion, in favor of improving the
electrochemical performance of electrode materials.
Fig. 8 shows the galvanostatic charge–discharge curves of the
MnO2 -N-5 and MnO2 -A-5 between −0.1 V and 0.8 V at current densities of 0.2 and 1 A g−1 , respectively. The speciﬁc capacitance of the

electrode measured by the galvanostatic discharge method can be
calculated from the equation:
C=

It
Vm

(1)

where C (F g−1 ) is the speciﬁc capacitance, I is the constant discharge current, t is the discharge time, V is the potential
window, and m (g) is the mass of the active material in the electrode.
According to this equation, the speciﬁc capacitance of the MnO2 N-5 at the current density of 0.2 A g−1 is as high as 311 F g−1 (or 98
mF cm−2 ), which is much higher than that of MnO2 -A-5 (163 F g−1
or 60 mF cm−2 ). However, the speciﬁc capacitance of MnO2 -N-5 is
still less than theoretical capacitance (1370 F g−1 ), which may be
due to its poor conductivity and low speciﬁc surface area. At the
current density of 1 A g−1 , the speciﬁc capacitances of the MnO2 N-5 and MnO2 -A-5 are 172 and 78 F g−1 , respectively. The reduction
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(discharge capacitance/charge capacitance) remains almost 100%.
This good electrochemical stability reveals a highly reversible
Faradic reaction between the electrolyte and MnO2 -N-5 electrode.
As for MnO2 -A-5, the capacitance retention decreases to about 82%
after 5000 cycles.
4. Conclusions

Fig. 9. Speciﬁc capacitances of MnO2 prepared at 5, 10 and 30 min under (a) the
neutral condition and (b) the acidic condition at a current density of 0.2 A g−1 .

in the speciﬁc capacitance with increasing charge–discharge current density can be attributed to an inadequate supply/transport of
electrolyte throughout the thickness of the electrode, resulting in
less of the MnO2 being electrochemically active.
The effect of reﬂux time on the speciﬁc capacitance of MnO2
products at a current density of 0.2 A g−1 is presented in Fig. 9.
The speciﬁc capacitances are 289, 275, 157 and 152 F g−1 for
MnO2 -N-10, MnO2 -N-30, MnO2 -A-10 and MnO2 -A-30 electrodes,
respectively. It can be seen that the speciﬁc capacitance of MnO2
decreased as the reﬂux time increased from 5 min to 30 min both
synthesis under neutral and acidic conditions. Prolonging the reﬂux
time can result in increase of crystalline nature and particle size,
and a decrease in the surface area, thereby leading to lower capacitance performance [51].
To evaluate the stability of the MnO2 -N-5 and MnO2 -A-5, the
values of speciﬁc capacitance with respect to the cycle numbers at a constant current density of 1 A g−1 are measured and
the corresponding result is shown in Fig. 10. For all samples,
the speciﬁc capacitance increases slightly in the ﬁrst 100 cycles
and then decreases slowly. The increase of the speciﬁc capacitance may be attributed to the activation effect of electrochemical
cycling [52]. The MnO2 -N-5 exhibits good long cycle life with
about 93% initial speciﬁc capacitance retained after 5000 cycles.
Moreover, during the cycling process, the coulombic efﬁciency

Fig. 10. Cycle life of (a) MnO2 -N-5 and (b) MnO2 -A-5 at a current density of 1 A g−1
between −0.1 V and 0.8 V; (c) Coulombic efﬁciency with cycle number for MnO2 N-5.

In conclusion, a facile microwave-assisted reﬂux method has
been developed for the rapid synthesis of ␥-MnO2 nanoparticles
and ␣-MnO2 urchin-like nanostructures on a large scale. The crystal
structure, morphology, speciﬁc surface area, and pore size distribution of the products could be regulated simply by changing
the pH of the reaction solution. A speciﬁc capacitance of 311 F g−1
was obtained for ␥-MnO2 nanoparticles at a current density of
0.2 A g−1 , which is much higher than that of ␣-MnO2 urchin-like
nanostructures (163 F g−1 ). The speciﬁc capacitance retention and
coulombic efﬁciency after 5000 cycles at 1 A g−1 were about 93%
and almost 100% for ␥-MnO2 nanoparticles, respectively. As the
microwave-assisted reﬂux time increased from 5 min to 30 min,
the crystallinity of MnO2 products increased, while the speciﬁc
capacitance decreased. Furthermore, the rapid process and high
yield of the synthetic procedure indicate that the MnO2 nanostructures should be promising electrode materials for supercapacitor
applications.
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