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Recently, nanostructured materials have attracted great in-
terest in the field of lithium-ion batteries, essentially because
of their substantial advantages, such as short transport path
lengths for both electrons and Li+ ions, a large amount of con-
tact surface area between the electrode and electrolyte, and
large flexibility and toughness for accommodating strain in-
troduced by Li+ insertion/extraction.[1–3] Among the transi-
tion-metal oxides, nanostructured MoO3 has been extensively
investigated as a key material for fundamental research and
technological applications in optical devices, smart windows,
catalysts, sensors, lubricants, and electrochemical storage.[4–7]

There are two basic polytypes of MoO3: orthorhombic MoO3

(a-type) being a thermodynamically stable phase, and the
metastable monoclinic MoO3 (b-type) with a ReO3-type
structure. The most important structural characteristic of
a-MoO3 is its structural anisotropy, which can be considered
as a layered structure parallel to (010) (See the inset of
Fig. S1, Supporting Information). Each layer is composed of
two sub-layers, each of which is formed by corner-sharing oc-
tahedra along [001] and [100]; the two sub-layers stack togeth-
er by sharing the edges of the octahedra along [001]. An alter-
nate stack of these layered sheets along [010] would lead to
the formation of a-MoO3, where a van der Waals interaction

would be the major binding force between the piled sheets.
One might take advantage of the intrinsic structural anisotro-
py of a-MoO3 for tuning its properties by interlayer structural
modification, annealing, and lithiation.[5,8,9] In this Communi-
cation, we report the electroactivity of a-MoO3 nanobelts
after lithiation that show superior performance to non-
lithiated a-MoO3 nanobelts.

An X-ray diffraction (XRD) measurement was performed
using a D/MAX-III X-ray diffractometer. Fourier-trans-
formed infrared (FTIR) absorption spectra were recorded
using the 60-SXB IR spectrometer. Raman spectra were tak-
en using a Renishaw RM-1000 laser Raman microscopy
system. Scanning electron microscopy (SEM) images were
collected with a JSM-5610 and FES-EM LEO 1530. Transmis-
sion electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), and selected-area electron
diffraction (SAED) were recorded by using a JEOL JEM-
2010 FEF microscope. The electrochemical properties were
studied with a multichannel battery testing system. Batteries
were fabricated using a lithium pellet as the negative elec-
trode; 1 M solution of LiPF6 in ethylene carbon (EC)/dimethyl
carbonate (DMC) as the electrolyte; and a pellet made of the
nanobelts, acetylene black and PTFE in a 10:7:1 ratio as the
positive electrode. The fabrication of a single nanobelt-based
device has been described in detail elsewhere.[10]

XRD measurement was first used to study the phase and
lattice modification of the nanobelts before and after lithia-
tion (Fig. 1A). The diffraction peaks of the XRD pattern for
both samples can be readily indexed to be orthorhombic with
lattice constants of a = 3.962 Å, b = 13.85 Å, c = 3.697 Å (In-
ternational Centre for Diffraction Data (ICDD) No. 05-
0508). No peaks of any other phases were detected, indicating
the high purity of the MoO3 nanobelts. For the non-lithiated
MoO3 nanobelts, the stronger intensities of (020), (040), and
(060) peaks than those for the bulk MoO3 (Fig. S1, Support-
ing Information) indicates the anisotropic growth of the nano-
structure as well as the preferred orientation of the nanobelts
on the substrate. Importantly, in comparison to the non-
lithiated sample, there is a small shift of the (020) peak toward
a lower diffraction angle for the lithiated sample. This is direct
evidence of an expanded b-plane interlayer distance for
0.065 Å after lithiation, possibly due to the introduction of Li
interstitials between the layers.

The morphology and microstructure of the products were
observed by using SEM and TEM. Before lithiation (Fig. 1B),

C
O

M
M

U
N

IC
A
TI

O
N

3712 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2007, 19, 3712–3716

–
[*] Prof. W. Chen, Dr. L. Q. Mai, B. Hu, Y. Y. Qi, Prof. Y. Dai

State Key Laboratory of Advanced Technology for Materials
Synthesis and Processing
Institute of Materials Science and Engineering
Wuhan University of Technology
Wuhan, 430070 (P.R. China)
E-mail: chenw@whut.edu.cn
Prof. Z. L. Wang, Dr. L.Q. Mai, C.S. Lao, R.S. Yang
School of Materials Science and Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332-0245 (USA)
E-mail: zhong.wang@mse.gatech.edu

[**] This work was supported by the National Nature Science Founda-
tion of China (50702039, 50672071, 50672072), the Key Project of
Chinese Ministry of Education (104207, 105124), the Program for
Changjiang Scholars and Innovative Research Team in University
(PCSIRT, No. IRT0547), the Ministry of Education, China, the Foun-
dation for Innovation Research Team (2005ABC004), and the Natu-
ral Science Foundation (2006ABA310) of Hubei Province, the Wu-
han Youth Chenguang Project (20065004116-17). This project is
partly supported by National Center for Nanoscience and Technolo-
gy, China. C.S.L. and Z.L.W. are thankful for support from the US
NSF, DARPA, and NIH (CCNE). Supporting Information is available
online from Wiley InterScience or from the author



the sample showed a long, beltlike morphology with widths of
80–400 nm and lengths of 5–10 lm, and a rectanglelike cross
section was clearly visible. For the lithiated sample (Fig. 1C),
however, the nanobelt length decreased to 2–6 lm, and some
ruptured short segments with lengths of 200–400 nm can
clearly be seen in Figure 1C-1. In Figure 1C-2, the surface of
the lithiated nanobelt is rougher than that of the non-lithiated
sample, with the presence of surface nanoflakes. An SAED
pattern (the inset in Fig. 1B-3) recorded with the incident
electron beam perpendicular to the nanobelt shows the [010]
pattern of a-MoO3, and the growth direction is [001], the top/
bottom surfaces being (010) and the side surfaces being (100).
The formation of the dominant (010) surfaces is the result
of the anisotropic structure.[11] In a-MoO3, because of the
layered structure along the b-axis, the bonding within the
layer is dominated by ionic bonding, while the interlayer
bonding is dominated by van der Waals forces. Growth along
the c-axis results in the exposed top and bottom surfaces of
the nanobelt being the compacted layers of the MoO6 octahe-

dra, which have the lowest energy (see the inset model in
Fig. S1).

Raman and FTIR spectroscopy were applied to investigate
the change in bonding related to MoO3 nanobelts before and
after lithiation. Figure 2A shows the Raman spectra of non-
lithiated and lithiated MoO3 nanobelts. The Raman spectrum
of MoO3 can be discussed in terms of internal and external
modes.[12] The highest stretching frequency at 993 cm–1 (the
so-called molybdyl mode) is attributed to the shortest Mo–O
bond, whereas the next highest stretching frequency at
817 cm–1 is assigned to the intermediate bridging O–Mo–O
bond. The bending modes are located in the medium fre-
quency range, whereas the external modes appear at below
200 cm–1. The Raman data show that intercalation of Li has
no significant effect on the structure of the MoO3 nanobelts.
The FTIR spectra in Figure 2B support a consistent conclu-
sion. The stretching mode of Mo-terminal oxygen is located at
999 cm–1. The absorption bands at 867 and 555 cm–1 are as-
signed to stretching vibrations of the O(3) and O(2) atoms
linked to two or three molybdenum atoms, respectively.[13,14]

The FTIR results confirm that the intercalation of Li has no
appreciable influence on the bond vibration and structure of
the MoO3 nanobelts.

The lithiation results in a drastic improvement in the
charge-storage capacity and stability of the nanobelts. Fig-
ure 3A shows the potential versus capacity curve of the first
cycles for the non-lithiated and lithiated MoO3 nanobelts. The
first discharge capacities are 301 and 240 mAh g–1 before and
after lithiation, respectively, both of which are higher than
that for bulk MoO3 measured under the same conditions. This
is likely to be due to shape and size effects of the nanobelts,
with increased surfaces, edges, and corners shortening the
diffusion lengths of Li ions.[15] Two plateaus are evident in
the first discharge process, suggesting that the lithium inser-
tion proceeds in two steps with the first capacity ranges
of 0–50 mAh g–1 at about 2.75 V and the second 100–
175 mAh g–1 at about 2.30 V. We note that the lithiated MoO3

nanobelts exhibit a discharge capacity slightly smaller than
that of the non-lithiated MoO3 nanobelts, which is likely to be
due to some Li ions introduced during the secondary hydro-
thermal lithiation process occupying some sites that are elec-
trochemically active for Li-storage. Figure 3B shows the
curves of discharge capacity versus the cycle number for the
non-lithiated and lithiated MoO3 nanobelts at a current den-
sity of 30 mA g–1 and at a temperature of 25 °C. For the non-
lithiated MoO3 nanobelts, the discharge capacity decreased to
180 mAh g–1 after 15 cycles, corresponding to a capacity re-
tention of 60 %. However, the discharge capacity of the
lithiated MoO3 nanobelts decreased to 220 mAh g–1 after
15 cycles, corresponding to a capacity retention of 92 %,
showing the stability and enhanced performance of the
lithiated nanobelts.

The cycling behavior can be modeled using a relation giving
the capacity as a function of the cycle number, C = C0(1 – d)n,
where C0 is the initial capacity, n is the cycle number, and d is
the fraction loss per cycle. For the non-lithiated and lithiated
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Figure 1. (A) XRD patterns of MoO3 nanobelts before and after lithiation.
The inset is the corresponding (020) diffraction peak. (B, C) SEM, TEM
and HRTEM characterization of the nanobelts before and after lithiation,
respectively. The insets in the HRTEM images are the corresponding
SAED patterns.



MoO3 nanobelts, ds are 3.48 % and 0.58 %, respectively, indi-
cating much less capacity loss per cycle for the lithiated nano-
belts.

The voltage curve for the MoO3 nanobelts exhibits an ob-
vious hysteresis in the discharge/charge profile (Fig. 4). The
hysteresis degree is determined by the difference between the
potential during lithium insertion and extraction at the half
reversible capacity D(V(Q/2)). For the lithiated nanobelts,
D(V(Q/2) = 0.15 V, which is less than that of non-lithiated na-
nobelts (D(V(Q/2) = 0.21 V), showing that the lithiated nano-
belts exhibit better insertion/extraction reversibility.

To understand the superior performance of lithiated nano-
belts for Li+ storage, we measured the electrical transport
through individual MoO3 nanobelts before and after lithiation
(Fig. 5). A single nanobelt was placed across two gold
electrodes, and the final contacts were improved by Pt deposi-
tion at the two ends. Before lithiation, the I–V characteristics
of the nanobelt showed asymmetric Schottky barriers at
the two ends (the solid curve in Fig. 5), as created be-
tween semiconductor MoO3 (with a band gap of 3.1 eV;
1 eV = 1.602 × 10–19 J) and Au/Pt electrodes, and the trans-
ported current was in the order of ca. 300 pA at ca. 2 V. After
lithiation, the I–V curve showed ohmic behavior (the dashed
curve in Fig. 5), and the transported current was of the order
of 10 nA at a bias of ca. 2 V. This result suggest that the Li+

ions introduced during lithiation effectively converted the
MoO3 nanobelts from semiconductor to metallic behavior.
Using the measured resistance, the effective length, and cross
section of the nanobelt, the conductivity was evaluated to be
approximately 10–4 S cm–1 and 10–2 S cm–1 before and after

lithiation, respectively, and therefore in-
creased by close to two orders of mag-
nitudes. Because the nanobelt grows
along [001], the increase of conductivity
along the nanobelt implies an increase
of carrier density in the MoO6 octahe-
dral layers. This suggests that Li+ ions
have been introduced as interstitials
into the layers.

Based on the voltage characteristic
of the fabricated cells, the plateau of
2.75 V observed in the first discharge
curve (Fig. 3A) suggests first the open-
ing of and then the insertion into the oc-
tahedral layers of the Li+ ions. But this
plateau disappeared in the second and
following discharge processes (Fig. 4A)
meaning that the structure modulation
was not completely reversible, resulting
in less insertion of Li between the layers
in later charge–discharge processes. The
improvement of the cycling perfor-
mance for the lithiated sample (Fig. 3B)
may be attributed to the enhanced
structural stability of the electrodes as a
result of lithiation, which possibly indi-

cates a reduced volumetric change of the nanobelt electrode.
The Li+ ions, first introduced during lithiation and later re-
maining in the lattice, enhance the electrical conductivity,
which may assist the transport of the Li+ ions to be inserted
and extracted in future charge–discharge processes.

In summary, hydrothermally synthesized a-MoO3 nanobelts
were successfully lithiated by a secondary reaction with LiCl
solution while retaining their crystal structure and surface
morphology. The lithiated MoO3 nanobelts exhibited excel-
lent cycling capability, with a capacity retention rate of 92 %
after 15 cycles, while the non-lithiated nanobelts retained only
60 %. Transport measurements showed that the conductivity
of a lithiated MoO3 nanobelt (10–2 S cm–1) is increased by
close to two orders of magnitudes compared to that of a non-
lithiated MoO3 nanobelt (10–4 S cm–1), suggesting that Li+ ions
were introduced into the MoO3 layers during lithiation. This
provides a possible explanation as to why the performance of
lithiated nanobelts is superior to that of non-lithiated ones.
Furthermore, a secondary reaction with Li salt solution was
shown to be an effective technique for improving the cycling
performance and stability of MoO3 nanobelts for applications
in Li batteries.

Experimental

a-MoO3 nanobelts were synthesized by a hydrothermal synthesis
technique, and lithiation was carried out by treating the sample
using LiCl. The synthesis of a-MoO3 nanobelts was carried out as
follows. MoO3·nH2O sol was prepared by ion exchange of
(NH4)6Mo7O24·4H2O (≥99.0 %) through a proton-exchange resin.
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Figure 2. (A) Raman and (B) FTIR spectra of MoO3 nanobelts before and after lithiation.



After ion exchange, a clear light-blue MoO3·nH2O sol (the final pH is
about 2.0) was obtained. Then, the solution was directly added into a
Teflon-lined autoclave and kept at 180 °C for 4 h. After the hydrother-
mal reaction, the light-blue product was washed with distilled water
and ethanol and then dried at 80 °C for 8 h. To attain the lithiated
MoO3 nanobelts, 0.20 g MoO3 nanobelts were dispersed by ultrasonic
treatment in deionized water for half an hour. Subsequently the dis-
persed MoO3 nanobelts were stirred with 0.29 g LiCl for 2 days, and
the resultant light-blue solution was transferred to a 50 mL Teflon-
lined autoclave. The autoclave was sealed and heated at 180 °C for
24 h. Next, the autoclave was left to cool down in air and the solid
precipitate was filtered out and washed with deionized water at least
five times to remove the LiCl adsorbed on the surface of the nano-
belts. The resulting “slurry” was allowed to dry on the filter paper at
100 °C.
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Figure 3. (A) Potential vs. capacity curves for the first cycle of charge-dis-
charge process of the nanobelts before and after lithiation. (B) The dis-
charge capacity as a function of the cycle number for the MoO3 nano-
belts before and after lithiation.
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