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MnV,0g nanobelts have successfully been synthesized via a hydrothermal route. The obtained nanobelts
are highly crystalline and their thickness is found to be ca. 20-30 nm. These nanobelts were first used
as the anode materials in a rechargeable lithium-ion battery, which exhibits a very reversible dis-
charge/charge capacity and excellent cycling stability even at a current density as high as 1 Ag~1. This
might be attributed to the intrinsic characteristics of MnV,0g nanobelts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, lithium-ion batteries (LIB) have widely been applied
as a powder supply for portable electronic devices, such as digi-
tal cameras, note computers, cell phones, and TV watches. With
increasing the popularization of micro-electronic devices, more
powerful LIB have been demanded. LIB is constituted of two inter-
calation compounds as electrode materials. One is a lithiated metal
oxide as cathode and the other graphite anode. For the latter, the
graphite provides a favorable low potential for the lithium-ion
intercalation/deintercalation and a long cycle life. Unfortunately, it
suffers from small capacity per unit weight (theoretical capacity of
372mAhg~1) or per unit volume due to its low density and its rate
property is not enough for the anode materials of large-scale bat-
teries in the near future. To overcome these problems, much effort
has been devoted to find out alterative anode materials for replac-
ing graphite anode. A large number of materials such as oxides
[1,2], nitrides [3], and metals [4,5] have been widely investigated.
Recently, vanadate MnV,0g has generated a new interest as an
anode material because of'its crystal structure. According to reports
[6-12], the anode made of MnV,0g exhibited a reversible capacity
of 600-900 mA hg~'at the current densities of ~70 mAg~1, which
is larger than that of graphite.
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In recent years, one-dimensional (1D) nanomaterials such as
TiO,-B nanowire [13], TiO, nanotube [14], and V,05 nanoribbon
[15], have successfully been applied in LIB, and a large capacity
was obtained. According to report by Sides et al. [16], 1D nanoma-
terials based electrode showed unique rate capabilities for lithium
batteries, because the diffuse of lithium ions is restricted to the
radius direction, and the distance of diffuse is significantly smaller
than that of electrode composed of usual particles. This encourages
us to investigate MnV,0g nanobelts anode with a large capacity
and excellent cycling stability at a high current density. To the
best of our knowledge, however, investigation on the electrochem-
ical properties of MnV,0g nanobelts has not been reported. In this
study, MnV;,0g nanobelts were synthesized via a simple hydrother-
mal route and used them as the anode materials for lithium-ion
intercalation at a high current density. The results of electrochem-
ical measurement indicate that the anode composed of MnV,Og
nanobelts exhibits a large reversible capacity and excellent cycling
stability.

2. Experimental
2.1. Preparation of electrode materials

The synthesis of MnV,0¢ nanobelts was performed by a simple hydrothermal
process. At first, 1 mmol of commercial V,05 powder was dispersed into 40 mL of
H,0, and was then transferred into a 50 mL Teflon-lined autoclave, which was then
keptin an oven at 200°C for 1 day. After the reaction, a yellow solution was obtained.
Secondly, 1 mmol of MnCl,-4H,0 was added to the above yellow solution, and was
then transferred to autoclave again, and kept at 180°C for 8 days. The product was
washed and filtered for several times, and dried at room temperature.
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Fig. 1. XRD patterns of the products synthesized at 180°C for different reaction
times: (a) 2 days, (b) 4 days and (c) 8 days, respectively.

2.2. Characterizations of materials

X-ray powder diffraction (XRD) patterns were recorded using a diffractome-
ter (Co Ko, PANalytical, X'Pert, data were convert into Cu Ka). Scanning electron
microscope (SEM) and transmission electron microscopy (TEM) were taken on a
Philip-XL30 instrument and a JEOL 2010 instrument, respectively.

2.3. Electrochemical measurements

For the electrochemical measurement, 60 wt% active materials were mixed
and grounded with 10 wt% polyvinylidene fluoride (PVDF) powder as a binder and
30 wt% acetylene back carbon (AB) powder as the conductive assistant materials. The
mixture was spread and pressed on Cu foil circular flakes as the working electrode
(WE), and dried at 120°C for 24 h under the vacuum conditions. Metallic lithium foils
were used as the negative electrodes. The electrolyte was 1 M LiPF6 in a 1/1/1 (vol-
ume ratio) mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl
carbonate (DMC). The separator was UP 3093 (Japan) micro-porous polypropylene
membrane. The cells were assembled in a glove box filled with highly pure argon
gas (02 and H,O0 levels <1 ppm), and charge/discharge tests were performed in the
voltage range of 0.05-3V (Li*/Li) at current densities of 0.5 and 1Ag~" on a Land
automatic batteries tester (Land CT 2001A, Wuhan, China).

3. Results and discussion

Fig. 1 shows X-ray patterns of the products synthesized at 180°C
for 2,4 and 8 days. All the diffraction reflections can be indexed to a
layered structure MnV,Og (JCPDS 35-0139). The intensity of diffrac-
tion reflections increased with increasing reaction time, indicating
that the crystalline of product was improved.

SEM images of the products synthesized at 180°C for 2, 4 and
8 days are depicted in Fig. 2. As shown in Fig. 2a, the products are
composed of a large quantity of the sheets. After the reaction time
was increased to 4 days, the morphology of the product varied from
sheet to belt, as depicted in Fig. 2b. When the reaction time was
further increased to 8 days, nanobelts were formed. As shown in
Fig. 2¢, these nanobelts lie close to each other and their length is
up to several tens of micrometers. Thus, it can be deduced that
the sheets are an intermediate product in the formation process of
nanobelts.

TEM measurements further confirmed the formation of a large
number of nanobelts in the products, as shown in Fig. 3. The width
of these nanobelts is found to be ca. 100-300 nm and the thickness
is only 20-30 nm. These are in agreement with the results observed
by SEM measurements. As shown in Fig. 3b, the high-magnification
image clearly reveals highly crystalline nanobelts and the lattice
fringe is 0.432 nm, corresponding to d, (g spacing in the XRD pat-
tern of MnV,Og. A typical selected area electron diffraction (SAED)

taken from a single nanobelt is presented in Fig. 3b (inset). These
diffraction spots could be indexed onto MnV,0g with a monoclinic
structure.

In the present work, a simple method was developed to syn-
thesize crystalline nanobelts. Based on the experiments results
of XRD, SEM and TEM measurements, a possible model for the
formation of nanobelts is described as follows: (i) V,0s5 precur-
sor was reacted with H,0 to form HVOj3 solution; (ii) HVO3 was
reacted with MnCl, and the layered structure product MnV,Og
was obtained; (iii) MnV;0g was gradually exfoliated to form sheets
under the hydrothermal conditions; (iv) the sheets were splitted in
order to release strong stress and lower the total energy, and then
the nanobelts were formed. In fact, the synthesis of 1D nanomateri-
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Fig. 2. SEM images of the products synthesized at 180°C for (a) 2 days, (b) 4 days,
and (c) 8 days, respectively.
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Fig. 3. TEM images of MnV,0g nanobelts.

als using the layered compounds as the precursor has been widely
reported [17,18].

The electrochemical performances of the MnV,0g nanobelts
were investigated, and the results are shown in Fig. 4. Fig. 4a
shows the discharge—charge curves at a current density of 0.5Ag™1,
and a large irreversible discharge capacity of 1085mAhg-! was
observed. This can be attributed to the structure transformation to
amorphous at the first cycle. It can be seen from Fig. 4b that the
capacity trends to decrease in the initial cycling period, and then
stopped decreasing and eventually reached a ceiling, indicating that
the electrochemical properties of MnV,0¢ nanobelts electrodes

are very stable and the lithium-ion intercalation/deintercalation
into/out of the electrodes is well reversible even at a current den-
sity as high as 1Ag~1. A reversible capacity of 630mAhg-! was
obtained at a current density of 0.5Ag~1 after 30 cycles, corre-
sponding to x=6 for LiyMnV,0g. Even after the current density
was increased to 1 Ag~1, areversible capacity of 370 mAhg-! was
also achieved, which is larger than that of graphite anode. This
might be attributed to the intrinsic characteristics of electrode,
where 1D nanostructured MnV,0g nanobelts provide a short dif-
fusion distance for Li ions intercalation/deintercalation into/out of
the electrodes, as well as the Li ions adsorption on the surface of
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Fig.4. The electrochemical behaviors of the electrode made of MnV,Og nanobelts synthesize at 180 °C for 8 days. (a) charge-discharge profiles at a current density of 0.5A g™,
(b) cycle behaviors at current densities of 0.5 and 1Ag~', and (c) CV curves over the voltage range of 0.05-3 V.
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Fig. 5. XRD pattern of electrode made of MnV,0g nanobelts after first cycle.

electrode, resulting in very excellent cycling stability. Although the
initial capacity was as high as 900 mA h g1 for the electrode made
of nanostructured MnV,0g, but the cycling stability is not satis-
factory [11]. Using MnV,Og particles as an electrode material, the
capacity decreased with increasing cycling [7]. It also can be found
that Coulombic efficiency (ratio of discharge capacity to charge
capacity) for MnV,0g nanobelts electrode being kept more than
100%, as shown in Fig. 4b. Fig. 4c shows the CV curves of MnV,0g
nanobelts at a scan rate of 0.1 mVs~!. It can be found that the CV
curves between the first cycle and the following cycles are differ-
ent. This result might be attributed to the fact that the irreversible
structured transformation has been taken place in the initial cycle.
After the first cycle, the CV curves almost unchanged, indicating
that lithium ions intercalation/deintercalation into/out of MnV;,0g
nanobelts are well reversible.

Fig. 5 shows XRD pattern of electrode material made of MnV,0g
nanobelts after first cycle. Compared to XRD patterns in Fig. 1, it
can be found that the main peaks of MnV,0g disappeared, indicat-
ing that the crystal phase transformation occurred and amorphous
phase was formed after the initial cycle. This is a reason that the ini-
tial capacity decreased severely after first cycle. The similar result
was also observed by Wakihara and co-workers [7].

4. Conclusions
In conclusion, we have demonstrated a simple synthetic route

for preparing MnV,0g nanobelts. The synthesized nanobelts are
highly crystalline and their thickness is found to be ca. 20-30 nm.

These nanobelts were used as the electrode materials in a recharge-
able lithium-ion battery, which displayed a large initial capacity
of 1085mAhg-1. The electrode made of MnV,0g nanobelts also
exhibits a very reversible discharge/charge capacity and excellent
cycling stability even at a current density as high as 1Ag~1. These
properties might be attributed to the intrinsic characteristics of
MnV,0g nanobelts. 1D structural nanobelts about 20-30nm in
width greatly reduced the diffusion distance of lithium ions and
electrons in the solid state. On the other hand, the layered structure
of MnV,0g could provide a diffusion space for lithium-ion interca-
lation/deintercalation into/out of the electrodes, resulting in very
good cycling stability.
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