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Abstract Nanometer manganese dioxide spheres were
prepared by water/oil microemulsion technology using
sodium pyrosulfite and potassium permanganate as the
raw materials. The scanning electron microscopy and
the transmission electron microscopy images showed
that the as-prepared MnO, particles aggregated with
many nanosize spheres with an average diameter about
100 nm. From the X-ray diffraction patterns, it suggested
that the achieved materials had the crystal structure of -
MnO,. The electrochemical properties of the nanometer
MnO, spheres doped with various amounts of Cr,O5; were
studied in detail in this paper. The results revealed that the
MnO, particles doped with 4 wt.% Cr,O5; can maintain
more than 150 mAh g~', which is about 84% of the initial
specific capacity, even after 50 cycles indicating a
promising application in the rechargeable lithium batteries.
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Introduction

Manganese dioxide is very attractive electrode materials for
batteries because of its low cost, environmental friendli-
ness, and convenient preparation, which has been used as a
kind of cathode materials for Li primary batteries, the dry
batteries, and the rechargeable lithium batteries [1-3]. As
cathode materials of the rechargeable lithium battery, the
various species of MnO, such as «-MnO, [4, 5], 3-MnO,
[6], Y-MnO, [7], and the layered structure MnO, [8, 9]
have been reported. Among these manganese dioxides, oc-
MnO, has now received special attention as cathode
materials for the rechargeable lithium batteries, since the
large 2x2 tunnels, which exist in the crystalline lattice of
a-MnOQ,, are believed to facilitate the accommodation and
transportation of the inserting lithium ions.

It is well known that the kinetics of the intercalation
process of Li" ions is of vital to determine the electro-
chemical performance of the MnO, electrode. Therefore,
how to accelerate the diffusion of Li" ions becomes an
important problem to be solved. Nanosized materials have
higher active surface area and smaller diffusion length for
the Li" intercalation and therefore should have higher
specific capacity and better rate capability than the large
size particles. Consequently, much effort has been devoted
to the fabrication of 1D MnO, nanomaterials [10, 11]. Very
recently, MnO, nanowires [12, 13] and nanorods [14, 15]
have been reported. Some of them showed a relatively high
specific capacity up to 200 mAh g ' but poor cyclic
performance [16]. Up to date, a vital drawback of MnO,
materials, which used as electrode materials of rechargeable
lithium batteries as well as rechargeable alkaline batteries,
is the poor cyclic property in both nonaqueous and aqueous
electrolytes. Some kinds of additives such as Bi,O5; [17,
18], TiS, [19], TiB, [20], CeO, [21], and so on were doped
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into the electrode to improve the cyclic property of MnO,
materials. Nevertheless, few works are devoted to improve
the cyclic property of «-MnQO, materials. Since the bonding
energy of Mn-O in MnO, is 946 kJ mol ' similar to that of
Cr-O (1,029 kJ mol ") [22], we choose the Cr,O3 as
dopant. In our primary intention, it is presumed that Cr,O;
compounds should be coated on the surface of the
amorphous MnQO, particles or inserted into their framework.
We propose first time to use Cr,O; to modify the
amorphous «-MnO, nanomaterials with novel shapes so
as to improve the electrochemical performances when they
are used as the cathode materials for rechargeable lithium
batteries.

Here, the nanometer MnO, spheres are prepared by
water/oil (W/O) emulsions technology, then doped with
Cr,05 to enhance their electrochemical performances. The
electrochemical properties of the MnO, microspheres
doped with different amounts of Cr,O5; were studied. The
results show that the doped MnO, should be applied as the
electrochemically active materials for the rechargeable
lithium batteries.

Experimental

At first, 18 ml n-hexane and 9 ml 1.5 M Na,S,05 aqueous
solution were mixed with stirring for 30 min forming a
stable emulsion, which contained the surfactant 0.28 g TX-
100 and 0.14 g Span-80 (the ratio of TX-100 to Span-80
was fixed to 2:1). The resultant emulsion was then dropped
slowly to an aqueous solution of permanganate (36 ml,
0.5 M) at 25 °C under intensive stirring within 30 min.
After stillness 4 h, some black materials precipitated at the
bottom of the flask. The obtained precipitates were
centrifuged and subsequently washed with the distilled
water and ethanol twice. The samples were produced finally
by dried at 120 °C in an oven overnight.

To obtain the doped samples, a certain amount of the dried
MnO, samples were added to a solution of Cr(NOs),-6H,O
in ethanol and stirred gently till the ethanol evaporated
completely at room temperature (the mass ratio of Cr,O3 to
MnO, was adjusted to 0%, 2%, 4%, 6%). The resultant
powders were calcined at 150 °C for 2 h and 400 °C for
another 2 h under air atmosphere finally.

The obtained samples were characterized by X-ray
diffraction (XRD; Bruker D8 X-ray diffractometer) with
Cu Ko radiation. Their morphologies were observed with
the scanning electron microscope (SEM; Philips XL-60)
and the transmission electron microscope (TEM; JOEL
JEM2010).

A three-electrode cell using Li foil as the counter and
reference electrode was employed to measure the electro-
chemical properties of the samples. The rechargeable
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lithium batteries were constructed with the MnO, electrode
(the mass ratio of the MnO,, polytetrafluoroethylene, and
acetylene black was 75:15:10), the lithium electrode, and
the nonaqueous electrolyte 1.0 M LiClO, in the mixture of
ethyl carbonate and dimethyl carbonate (volume ratio of
1:1, denoted as LIB315). Charge—discharge tests were
performed at a current rate of 45 mA g’ in the potential
range of 4.0-1.5 V on the Land battery system (Wuhan,
People’s Republic of China). Cyclic voltammetry and
electrochemical impedance spectroscopy (EIS) measure-
ments were carried out by using a CHI-660C electrochem-
ical analysis system.

Result and discussion

Figure 1 shows the XRD patterns of the various amounts
Cr,05-doped MnO,. It finds that the undoped sample
exhibits no sharp diffraction peaks except for a weak and
broad peak at 36.03°, indicating that this sample seems
amorphous. The result is similar to the previous reports
[23-27]. Little amount of Cr,O3-doped samples display the
scarcely same patterns as the undoped sample suggesting
that the doping with little amount of Cr,O3 hardly changes
the crystalline structure of the as-prepared MnO,.

Figure 2 shows the SEM images of the undoped and
doped MnO, particles. Both of them display the morphol-
ogy of aggregation by many nanometer spherical particles
ranged from 60 to 150 nm in diameter. From the TEM
images (Fig. 3), it can be seen that these particles exhibit a
coarse surfaces. The size of the undoped samples is larger
than that of the doped samples because the decomposed
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Fig. 1 X-ray diffraction patterns of the MnO, doped with various
amounts of Cr,O5
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Fig. 2 SEM micrographs of a; the undoped and a, the 4-wt.% Cr,05-
doped MnO,

Cr,03 on the surface of MnO, microspheres may prevent
the MnO, particles from further enlargement.

Figure 4 shows the cyclic performances and charge—
discharge plots of the MnO, particles doped with different
amounts of Cr,O5 at a current density of 45 mA g '. It
finds that, from Fig. 4a, the samples doped with 2 and 4 wt.
% Cr,05 exhibit higher discharge capacity and better cyclic
performance than the undoped MnO, spheres. The specific
capacity of the 4-wt.% Cr,Osz-doped sample reaches the
highest value 180.8 mAh g™'. After 50 cycles, the 4-wt.%
Cr,05-doped sample can deliver 152.0 mAh g, which is
about 84% of the initial specific capacity of this sample. In
case of the undoped sample, it can only deliver 76.9 mAh
g ' corresponding to 51% of its initial specific capacity.
The variation of the specific capacity for the different
MnO, samples may be ascribed to the integration of their
structural characteristics, such as morphology, Cr existing
in the cavity, and specific surface area, which may provide
more active sites and affect the diffusion kinetics of Li"
ions [28]. The charge—discharge plots of the various

samples, shown in Fig. 4b, display that the discharge
voltage plateau of the 4 wt.% is about 2.5 V (vs. Li/Li")
while those of the undoped and 6 wt.% samples disappear.

The cyclic voltammograms (CV) plots recorded at
0.1 mV s ' in the LIB315 electrolyte for the different
MnO, samples are shown in Fig. 5. It exhibits a pair of
redox peaks at 2.6 and 3.6 V vs. Li/Li" with a similitude
shape for the different Cr,O3-doped MnO, samples except
for 6 wt.% Cr,0O5-doped sample. The existing of the
excessive Cr in MnO, crystal lattice may lead to the
structural disorder and affect the deintercalation—intercala-
tion reaction of lithium ions. The reaction corresponding to
the redox peak can be expressed by the equation x Li'+
MnO,+x ¢ ' <> LiMnO, [29]. In addition, the integral
area of the CV plots of the samples increases firstly with
the increasing amount of Cr,O5; not more than 4 wt.% then
decreases with further doping with Cr,O;. At 4 wt%
doping amount, the sample displays the largest integral area
of the CV plot indicating that this sample can deliver more

Fig. 3 TEM micrographs of b, the undoped and b, the 4-wt.% Cr,05-
doped MnO,
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Fig. 4 Cyclic properties (a) and charge—discharge plots (b) of the
MnO, doped with different amounts of Cr,O3 at a current density of
45 mA g ' in a voltage range of 4.0-1.5 V
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Fig. 5 Cyclic voltammogram plots of the MnO, samples doped with
different amounts of Cr,O; at a scanning rate of 0.1 mV s !
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capacity than other samples. It is consistent with the results
of the discharge—charge tests of the samples.

The effect of the spherical structure on the ion diffusion
of the samples was further investigated by the EIS
technology, which has been considered a powerful method
to obtain the dynamic information of ion diffusion [30].
The Nyquist plots (Fig. 6) in the high frequency range
appear as a semicircle indicating the existence of certain
charge transportation resistances, R.. The diameter of the
semicircle decreases firstly with the increasing amount
(=4 wt.%) of doped Cr,O; and increases with further
Cr,05-doped. Unfortunately, the 6-wt.% Cr,O5-doped
sample shows a relatively low specific capacity (Fig. 4).
As a coating layer, the doped Cr,O; influences the
electrochemical performance of the as-prepared MnO,
particles.

Conclusions

In conclusion, nanometer MnO, microspheres have been
successfully prepared by W/O emulsions technology. The
products consist of a large quantity of floccule spheres
with a diameter of 100 nm or so. The results of the
electrochemical measurements suggest that the 4-wt.%
Cr,03-doped MnO, microspheres show a higher discharge
capacity and better cyclic performance than other MnO,
microspheres. The as-prepared nanometer MnO, micro-
spheres may be applied in not only the rechargeable
lithium batteries but also the super electrochemical
capacitors.
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Fig. 6 Typical Nyquist plots of the MnO, samples doped with

different amounts of Cr,O5 at an open circuit potential (3.0 V vs. Li/
Li") within a frequency range from 10 mHz to 10 kHz
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