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Abstract Nanocrystalline MnO2 was synthesized by the
hydrothermal method with or without pulsed magnetic fields.
It was found that the morphology of the MnO2 prepared
without magnetic field has an urchin-like structure, while the
MnO2 prepared with magnetic fields has a rambutan-like
structure. A pronounced increase in the Brunauer–Emmett–
Teller specific surface area was obtained when the intensities
of the pulsed magnetic fields increased. The battery perform-
ances were improved for the samples prepared with magnetic
fields. The MnO2 prepared under a magnetic field of 4 T shows
a capacity of 121.8 mAh g−1, while the MnO2 prepared without
magnetic field only shows 103.0 mAh g−1 after 30 cycles.

Keywords Magnetic field . Nanostructured manganese
dioxide . Cathode . Rechargeable lithium batteries

Introduction

Manganese oxides have porous structures and can be used as
cathode materials for lithium batteries [1, 2]. Nanostructured

manganese oxides have demonstrated enhanced electrochem-
ical properties compared to their bulk counterparts [3–5]. It is
well known that cathodes with high surface area show better
discharge performance and lower degradation rates than
cathodes having lower surface areas [6]. Therefore, better
electrochemical performance can be expected by adopting
various synthesis conditions which can yield high surface
area nanostructured materials with different morphologies.

Nanostructured manganese oxides can be prepared
through various methods, such as combining the template-
based method and sol–gel chemistry [4], the facile wet
chemical method [7], and the hydrothermal method [8].
Hydrothermal synthesis has been an interesting technique to
prepare materials with different nano-architectures, such as
nanowires, nanorods, nanobelts, nanoflowers, and so forth
[9–11]. The main advantage of the hydrothermal technique
over other soft chemical routes is the ability to control the
nanostructures by properly choosing the reaction tempera-
ture, time, solvent, and concentrations without any major
structure-directing agents or templates. The effects of
temperature, time, solvent, and concentration on the mor-
phologies of powders prepared by the hydrothermal method
have been extensively studied and reported [11–13]. How-
ever, study of the effects of pulsed magnetic field on the
morphologies of the resultant powders during hydrothermal
synthesis is a new exploration. This is the motivation behind
the present work on the synthesis of nanostructured MnO2

using the hydrothermal method under pulsed magnetic field.
The possibility of using this MnO2 material as cathode for
rechargeable lithium batteries is also examined.

Experimental

Manganese dioxide synthesis Manganese dioxide (MnO2)
powder was synthesized by the redox hydrothermal method
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with or without different pulsed magnetic fields. The
chemical reaction between MnSO4 and (NH4)2S2O8 is as
follows:

MnSO4 þ NH4ð Þ2S2O8 þ 2H2O

! MnO2 þ NH4ð Þ2SO4 þ 2H2SO4

All chemical reagents in this work were analytical grade.
In a general experiment, 1.082 g (6.4 mmol) manganese
sulfate monohydrate (MnSO4·H2O) and 1.461 g (6.4 mmol)
ammonium persulfate ((NH4)2S2O8) were put into 20 ml
distilled water at room temperature to form a homogeneous
solution, which was then transferred into a 25-ml Teflon-
lined stainless steel autoclave, filling it up to 80% of the
whole volume. The sealed solution was kept at 150 °C for
8 h. During this time, different intensities of pulsed
magnetic fields (0, 2, and 4 T) were applied respectively.
After the autoclave was cooled down to room temperature
naturally, the obtained products were then filtered and
washed with distilled water to remove the remaining ions.
Finally, the as-prepared materials were dried in a vacuum
oven at 80 °C overnight.

Instrumental analyses X-ray diffraction (XRD) results were
obtained using a GBC-MMA-017 X-ray diffractometer
with Cu Kα radiation (λ=1.5418 Å). The morphology of
samples was investigated by field emission scanning
electron microscopy (FE-SEM, JEOL JSM-7500F) and
transmission electron microscopy (TEM, JEOL-2011,
200 kV). Energy-dispersive X-ray (EDX) spectroscopy
was used for elemental analysis of the materials. To
fabricate the MnO2 electrodes, 70 wt.% MnO2 powder
was mixed with 20 wt.% carbon black and 10 wt.%
carboxymethyl cellulose binder. De-ionized water was used
as the dispersant to form the slurries. The electrochemical
characterizations were carried out using CR 2032 coin-type
cells, which were assembled in an Ar-filled glove box
(Mbraun, Unilab, Germany) by stacking a porous polypro-
pylene separator and a lithium foil counter electrode. The
electrolyte used was 1 M LiPF6 in a 50:50 (v/v) mixture of
ethylene carbonate and dimethyl carbonate. The cells were
galvanostatically discharged and charged within a voltage
window of 2.0–4.0 V (vs. Li/Li+) at a current density of
50 mA g−1 and a temperature of 20 °C. The discharge
capacities are based on the amount of active material in the
electrodes.

Results and discussion

Figure 1 shows the XRD patterns of the MnO2 materials
obtained at 150 °C with (4 T) and without magnetic field.

All the diffraction peaks correspond well with standard
crystallographic data and can be indexed primarily to the
pure tetragonal structure of β-MnO2 (JCPDS card 00-024-
0735), but very tiny peaks also correspond to γ-MnO2

(JCPDS card 00-014-0644) and α-MnO2 (JCPDS card
00-044-0141).

Figure 2a–c are FE-SEM images of the MnO2 powders
synthesized with no magnetic field and with 2 and 4 T
pulsed magnetic fields. Comparing the three images, it can
be easily seen that the as-prepared MnO2 without magnetic
field exhibits urchin-like structures which consist of nano-
fibers about 1 μm in length (Fig. 2a); after using 2 and 4 T
pulsed magnetic fields, the morphology of the MnO2

changes to rambutan-like structures with longer nanofibers
(Fig. 2b and c). From observation of the images we can
estimate that the nanofibers for the MnO2 obtained at 2 T
are approximately 2 μm long. In the material synthesized
under a 4 T magnetic field, the nanofibers are even longer
than 3 μm. Figure 2d and e are the EDX spectroscopy
results for the as-prepared materials obtained at 0 and 4 T
magnetic fields. They show that MnO2 was the only
product, which is consistent with the XRD patterns. The
peaks in the region labeled C are from the conductive
adhesive.

Figure 3 contains TEM images of the as-prepared
MnO2 materials obtained in 0 and 4 T magnetic fields. It
can be seen that the diameter of the nanofibers prepared
with a 4 T magnetic field (10–20 nm) is much smaller than
for the sample obtained without magnetic field (40–
50 nm). The selected-area electron diffraction (SAED)
patterns (inset) display several concentric electron diffrac-
tion rings and some regular highlighted diffraction spots
on the rings which can be indexed to β-MnO2. These
results also agree very well with the XRD analysis. The
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Fig. 1 XRD pattern of the MnO2 obtained without magnetic field and
with a 4 T field
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possible reason for the magnetic field effect on the
materials is that the magnetic field provides a special
directional environment during the hydrothermal process,
which affects the nanoparticle nucleation and growth.
Thus, the crystals of the MnO2 materials follow the
magnetic field direction and form narrower and longer
fibers. To further study the magnetic field effects on the
materials, Brunauer–Emmett–Teller (BET) tests were also
performed. The results made it clear that an increase in the
intensity of the pulsed magnetic field produced a pro-
nounced increase in the BET specific surface area, SBET.
The powders obtained from the 2 and 4 T pulsed magnetic
fields exhibit the remarkably high SBET values of 40.27
and 46.18 m2 g−1, respectively, while the sample prepared
without magnetic field has a value of only 23.65 m2 g−1.

Cyclic voltammograms of the MnO2 materials synthe-
sized without magnetic field and with a 4 T pulsed
magnetic field at a scan rate of 0.1 mV s−1 at 20 °C are
shown in Fig. 4. During the cathodic and anodic scanning
processes, an oxidation potential peak (EO) and a reduction

potential peak (ER) were observed. It can be easily seen that
the peak intensities are higher for the sample of MnO2

prepared under the 4 T pulsed magnetic field than for the
sample of MnO2 prepared without magnetic field, which
demonstrates that the 4 T synthesized MnO2 material has
higher reactivity in the lithium cells due to the larger BET
specific surface area.

Figure 5a presents the first two typical discharge and
charge curves for MnO2 materials prepared under
different magnetic fields. Comparing the first discharge
and charge capacities of the MnO2 electrodes synthesized
without magnetic field with those synthesized with 2 and
4 T pulsed magnetic fields, it can be found that the
irreversible capacity loss for the first cycle is about 27.6%
(0 T), 9.8% (2 T), and 2.1% (4 T), respectively. These
results show that applying pulsed magnetic fields can
greatly help to improve the electrochemical properties of
MnO2.

Figure 5b shows the discharge capacity versus cycle
number for cells made with MnO2 electrodes synthesized

a

c d

e

b

Fig. 2 SEM images (a, b, and c) for the MnO2 obtained without magnetic field, and with 2 and 4 T fields, respectively; EDX results for the
MnO2 obtained d without magnetic field and e with a 4 T field
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with and without magnetic fields. It can be observed that
the capacity of the electrodes made with MnO2 materials
synthesized under 4 T pulsed magnetic field (121.8 mAh g−1)
is improved compared to the MnO2 synthesized without
magnetic field (103.0 mAh g−1) after 30 cycles. Furthermore,
the MnO2 synthesized under 4 T pulsed magnetic field gives a

better capacity retention of about 64.5% compared to results
for the 0 and 2 T materials, which are 50.7% and 54.2%,
respectively, beyond 30 cycles. We may conclude that these
improvements are due to the special morphologies and the
increase in the BET surface areas of the materials. The
reactivity of MnO2 electrodes with lithium is improved when
the samples have larger BET surface areas, as has been
reported by Xia’s group [14].

Conclusions

Nanostructured MnO2 powders were synthesized by the
hydrothermal method under different pulsed magnetic
fields, and studied physically and electrochemically in
this paper. Magnetic fields have obvious effects on the
morphologies of MnO2 materials. The BET surface areas
of the MnO2 materials were increased when the intensities
of the magnetic fields increased (SBET 4>2>0T). The
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Fig. 5 a Discharge and charge curves for the MnO2 materials
prepared with different magnetic fields. b Discharge capacities vs.
cycle number for the as-prepared MnO2
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Fig. 4 Cyclic voltammograms for the MnO2 materials synthesized
with and without magnetic field
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Fig. 3 TEM images and SAED patterns (inset) of the MnO2 obtained
a without magnetic field and b with a 4 T field
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electrochemistry results show that the electrochemical
performance of the MnO2 materials was improved with
increasing BET surface area.
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