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Lithiated MoO3 Nanobelts with Greatly Improved Performance
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Recently, nanostructured materials have attracted great interest 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 contact surface area between the electrode and electrolyte, and
large flexibility and toughness for accommodating strain introduced by Li+ insertion/extraction.[1–3] Among the transition-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 octahedra along [001] and [100]; the two sub-layers stack together by sharing the edges of the octahedra along [001]. An alternate 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 anisotropy of a-MoO3 for tuning its properties by interlayer structural
modification, annealing, and lithiation.[5,8,9] In this Communication, we report the electroactivity of a-MoO3 nanobelts
after lithiation that show superior performance to nonlithiated a-MoO3 nanobelts.
An X-ray diffraction (XRD) measurement was performed
using a D/MAX-III X-ray diffractometer. Fourier-transformed infrared (FTIR) absorption spectra were recorded
using the 60-SXB IR spectrometer. Raman spectra were taken 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. Transmission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), and selected-area electron
diffraction (SAED) were recorded by using a JEOL JEM2010 FEF microscope. The electrochemical properties were
studied with a multichannel battery testing system. Batteries
were fabricated using a lithium pellet as the negative electrode; 1 M
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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.

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-
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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 nonlithiated 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 frequency 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 conclusion. The stretching mode of Mo-terminal oxygen is located at
999 cm–1. The absorption bands at 867 and 555 cm–1 are assigned 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. Figure 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 insertion 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 hydrothermal lithiation process occupying some sites that are electrochemically 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 density of 30 mA g–1 and at a temperature of 25 °C. For the nonlithiated MoO3 nanobelts, the discharge capacity decreased to
180 mAh g–1 after 15 cycles, corresponding to a capacity retention 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 2. (A) Raman and (B) FTIR spectra of MoO3 nanobelts before and after lithiation.
may be attributed to the enhanced
structural stability of the electrodes as a
result of lithiation, which possibly indiMoO3 nanobelts, ds are 3.48 % and 0.58 %, respectively, indicates a reduced volumetric change of the nanobelt electrode.
cating much less capacity loss per cycle for the lithiated nanoThe Li+ ions, first introduced during lithiation and later rebelts.
maining in the lattice, enhance the electrical conductivity,
The voltage curve for the MoO3 nanobelts exhibits an obwhich may assist the transport of the Li+ ions to be inserted
vious hysteresis in the discharge/charge profile (Fig. 4). The
and extracted in future charge–discharge processes.
hysteresis degree is determined by the difference between the
In summary, hydrothermally synthesized a-MoO3 nanobelts
potential during lithium insertion and extraction at the half
were successfully lithiated by a secondary reaction with LiCl
reversible capacity D(V(Q/2)). For the lithiated nanobelts,
solution while retaining their crystal structure and surface
D(V(Q/2) = 0.15 V, which is less than that of non-lithiated namorphology. The lithiated MoO3 nanobelts exhibited excelnobelts (D(V(Q/2) = 0.21 V), showing that the lithiated nanolent cycling capability, with a capacity retention rate of 92 %
belts exhibit better insertion/extraction reversibility.
after 15 cycles, while the non-lithiated nanobelts retained only
To understand the superior performance of lithiated nano60 %. Transport measurements showed that the conductivity
belts for Li+ storage, we measured the electrical transport
of a lithiated MoO3 nanobelt (10–2 S cm–1) is increased by
through individual MoO3 nanobelts before and after lithiation
close to two orders of magnitudes compared to that of a non(Fig. 5). A single nanobelt was placed across two gold
lithiated MoO3 nanobelt (10–4 S cm–1), suggesting that Li+ ions
electrodes, and the final contacts were improved by Pt deposiwere introduced into the MoO3 layers during lithiation. This
tion at the two ends. Before lithiation, the I–V characteristics
provides a possible explanation as to why the performance of
of the nanobelt showed asymmetric Schottky barriers at
lithiated nanobelts is superior to that of non-lithiated ones.
the two ends (the solid curve in Fig. 5), as created beFurthermore, a secondary reaction with Li salt solution was
tween semiconductor MoO3 (with a band gap of 3.1 eV;
shown to be an effective technique for improving the cycling
1 eV = 1.602 × 10–19 J) and Au/Pt electrodes, and the transperformance and stability of MoO3 nanobelts for applications
ported current was in the order of ca. 300 pA at ca. 2 V. After
in Li batteries.
lithiation, the I–V curve showed ohmic behavior (the dashed
curve in Fig. 5), and the transported current was of the order
Experimental
of 10 nA at a bias of ca. 2 V. This result suggest that the Li+
ions introduced during lithiation effectively converted the
a-MoO3 nanobelts were synthesized by a hydrothermal synthesis
MoO3 nanobelts from semiconductor to metallic behavior.
technique, and lithiation was carried out by treating the sample
Using the measured resistance, the effective length, and cross
using LiCl. The synthesis of a-MoO3 nanobelts was carried out as
section of the nanobelt, the conductivity was evaluated to be
follows. MoO3·nH2O sol was prepared by ion exchange of
approximately 10–4 S cm–1 and 10–2 S cm–1 before and after
(NH4)6Mo7O24·4H2O (≥99.0 %) through a proton-exchange resin.
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Figure 4. (A, B) Voltage hysteresis loops during the charge/discharge
process for the MoO3 nanobelts before and after lithiation, respectively.

Figure 3. (A) Potential vs. capacity curves for the first cycle of charge-discharge process of the nanobelts before and after lithiation. (B) The discharge capacity as a function of the cycle number for the MoO3 nanobelts before and after lithiation.
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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 hydrothermal 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 dispersed MoO3 nanobelts were stirred with 0.29 g LiCl for 2 days, and
the resultant light-blue solution was transferred to a 50 mL Teflonlined 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 nanobelts. The resulting “slurry” was allowed to dry on the filter paper at
100 °C.
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Figure 5. I-V transport measurements of single nanobelt fabricated devices using the samples before and after lithiation.
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