Journal of

Published on 18 August 2015. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 25/08/2016 09:41:57.

Materials Chemistry A
View Article Online

COMMUNICATION

Cite this: J. Mater. Chem. A, 2015, 3,
18839
Received 22nd July 2015
Accepted 18th August 2015

View Journal | View Issue

Self-template synthesis of hollow shell-controlled
Li3VO4 as a high-performance anode for lithiumion batteries†
Qidong Li,‡ Qiulong Wei,‡ Qinqin Wang, Wen Luo, Qinyou An, Yanan Xu,
Chaojiang Niu, Chunjuan Tang and Liqiang Mai*

DOI: 10.1039/c5ta05594f
www.rsc.org/MaterialsA

A hollow shell-controlled Li3VO4 is fabricated via a facile self-template
method, which has a controllable shell thickness in the range of 10–
300 nm. This hollow shell-controlled Li3VO4 composited with reduced
graphene oxide exhibits excellent rate capability (201 mA h g1 at 125
C) and superior high-temperature stability (364.2 mA h g1 after 1000
cycles at 10 C, 60  C).

Lithium-ion batteries (LIBs) have been one of the most important energy-storage devices because of their many merits, such
as high energy density, high power density and environmental
benignity.1 They have been recently regarded as promising
power sources for electric vehicles (EVs) and hybrid electric
vehicles (HEVs) as well as for portable electronic devices.2
However, for EVs and HEVs, the key safety issue in LIBs is the
lithium dendrite growth on the commercial graphite surface
during the charging–discharging process.3 Li4Ti5O12 (LTO) has
been considered as the most promising one to replace graphite
because of its high stability, rate capability, and safety based on
a relatively high potential (1.5 V vs. Li+/Li),4 but its intrinsically
low theoretical capacity (175 mA h g1) prevents its widespread
use in LIBs.
Recently, Li3VO4 (LVO), as a solid ionic-conductor, has
emerged as an alternative to LTO since several studies have shown
its potential as a promising anode for LIBs.5–12 LVO has a theoretical capacity of 394 mA h g1 when lithiated to Li5VO4: Li3VO4 +
xLi+ + 2e 4 Li3+xVO4 (x ¼ 2), whose capacity is higher than that
of LTO.8 Moreover, the appropriate operating voltage (0.5–0.8 V vs.
Li+/Li) avoids the formation of lithium dendrites and guarantees
high voltage and high energy density of the full cell. Owing to its
potential in LIBs, many approaches such as carbon material
compositing, hollow structure construction and particle size
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing,
Wuhan University of Technology, Wuhan 430070, China. E-mail: mlq518@whut.edu.
cn
† Electronic supplementary
10.1039/c5ta05594f

information

(ESI)

‡ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2015

available.

See

DOI:

reduction to the nanoscale have been carried out to prompt the
real application of LVO.7,8,10–13 However, the microstructure of LVO
synthesized by previous methods, such as the solid state method
and high-temperature hydrothermal method,5,8,9 is not feasible to
be controlled over size, shape and dimensionality which are
closely related to the electrochemical performances of LVO. For its
wide applications, a controllable structure with mild reaction
conditions for LVO is of great signicance in the improvement of
its electrochemical performance.
Herein, we rst report a novel and facile self-template
method to synthesize the Li3VO4/reduced graphene oxide
hollow shell (denoted as LVO/rGO-HS). The synthesis involves a
facile oil-bath synthesis of core–shell solid particles in a mixed
solvent (H2O and ethylene glycol (EG)) and subsequent core
removal by water to form LVO/rGO-HS. Importantly, the
resulting LVO/rGO-HS can be easily controlled by varying the
ratio between the H2O and EG in the mixed solvent. When used
as anodes for LIBs, the thinnest LVO/rGO-HS exhibits superior
rate capability and excellent high-temperature cycling stability.
Moreover, the pseudocapacitive behavior of LVO has been rst
analyzed at diﬀerent operating temperatures.
LVO can be synthesized in H2O (denoted as LVO-H) and EG
(denoted as LVO-EG) through the same oil-bath method. These
two as-prepared samples possess diﬀerent physicochemical
properties. The nucleation temperature of LVO-EG is about 75

C in EG, lower than that of LVO-H in H2O (85  C). The XPS
spectra conrm the presence of tetravalent vanadium ions
(516.3 eV) in LVO-EG, which indicate the existence of oxygen
vacancies in it (Fig. S1†).13 For LVO, it is built up of oxygen
atoms in approximately hexagonal close packing and the
cations occupy ordered tetrahedral sites.5 The large number of
oxygen vacancies leads to the higher solubility of LVO-EG in
water than that of LVO-H. Based on the above results, we rst
designed a LVO-EG/LVO-H core–shell structure in a mixed
solvent (denoted as LVO-M), and then removed the LVO-EG core
to form a LVO hollow shell. The whole formation process of
LVO-M can be generally divided into four stages as schematically illustrated in Fig. 1a. In stage I, the LVO-EG is nucleated
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and grown rst in the mixed solvent. Then with increasing
temperature, the LVO-H is nucleated on the surface of the LVOEG, as shown in stage II. These crystal nuclei of LVO-H will grow
up to form the shell as time goes on, as shown in stage III and
stage IV.
To illustrate the formation mechanism of the core–shell
LVO-M, scanning electron microscopy (SEM) is conducted to
monitor the morphological evolution and crystallization
process with increasing reaction time. It can be seen from
Fig. 1b, that aer 8 min, the LVO-EG is composed of spherical
particles with a smooth surface. Aer 10 min, the LVO-H begins
nucleating on the surface of LVO-EG (Fig. 1c). As time goes on,
the small crystal nuclei of LVO-H grow up to larger particles and
connect with each other (Fig. 1d). At the end of the reaction, the
LVO-H shell is formed and coats on the LVO-EG (Fig. 1e).
Moreover, graphene oxide (GO) was introduced to further
improve the electronic conductivity and prevent the agglomeration of LVO particles. Fig. 1f shows the morphology of LVO-M
with the introduction of GO (denoted as LVO-M/rGO). The LVOM/rGO particles are more uniform and smaller compared with
the LVO-M. Water is used to remove the LVO-EG core, and then
the LVO/rGO-HS is obtained (Fig. 1g). From the XRD pattern
(Fig. S2†), the diﬀraction peaks of LVO-M are the mergence of
that of the LVO-EG and LVO-H, which demonstrate the coexistence of LVO-EG and LVO-H. The TEM image (Fig. S3†) clearly
shows the core–shell structure of LVO-M/rGO.
This hollow shell can be easily controlled by adjusting the
volume ratio of water and EG in the mixed solvent. LVO/rGOHS-1/2/3/4 samples exhibit diﬀerent particle sizes and hollow
morphologies, as shown in Fig. 2 and S4.† LVO/rGOHS-1 is
synthesized with a 3 : 1 volume ratio of water and EG (Fig. 2a, d
and g). The hollow shell is inconspicuous in the SEM images
because of the thick shell. The thickness of the LVO/rGO-HS-1
shell is about 300 nm (Fig. 2g). For LVO/rGO-HS-2 (the volume
ratio of water and EG is 1 : 1, Fig. 2b, e and h), the hollow shell is

more obvious and uniform. The TEM image shows that the
thickness of the LVO/rGO-HS-2 sample shell is around 40–80
nm. The LVO/rGO-HS-3 sample (the volume ratio of water and
EG is 1 : 3, Fig. 2c and f) shows a thinner shell which is around
10–30 nm, and many shells are broken during the LVO-EG
removal process because of the thin shell. With more EG in the
solvent, LVO/rGO-HS-4 (the volume ratio of water and EG is
1 : 7, Fig. S4a and b†), the spherical shell would be disintegrated
in the LVO-EG removal process. The elemental analysis results
conrm that the amount of carbon in LVO/rGO-HS-1/2/3/4 is
1.70%, 3.15%, 4.88% and 9.86%, respectively. The above
investigation conrms that the volume ratio of water and EG
has a signicant impact on the hollow shell morphology.
Within a certain range, the larger ratio of EG in the mixed
solvent contributes to an expected and uniform hollow shell
with a thinner shell (from 300 nm to 10 nm Fig. 2g–i) and
smaller particle size (from 1.2 mm to 400 nm, Fig. 2g–i), whereas
too much EG in the mixed solvent limits the formation of LVOH, and prevents the formation of the hollow shell.
The diﬀerent morphologies of LVO/rGO-HS-1/2/3 samples
result in their diﬀerent electrochemical performances. The
lithium storage performances of these three samples are evaluated in a potential window of 0.2–3 V versus Li+/Li. The typical
charge–discharge proles of the LVO/rGO-HS-3 sample at 0.25 C
are shown in Fig. S5,† which are consistent with those results
previously reported.5–13 Fig. 3a shows the cyclic performance
and corresponding coulombic eﬃciency over 1500 cycles at a 10
C (4 A g1). The capacity retention of the LVO/rGO-HS-1, LVO/
rGO-HS-2, and LVO/rGO-HS-3 electrodes at the end of the
cycling test is 72% (163.6 mA h g1), 43% (137.6 mA h g1), and
75% (257.9 mA h g1), respectively. The coulombic eﬃciencies
of the three samples are nearly 100% aer a few cycles and the
high value is maintained aerwards. Among them, the LVO/
rGO-HS-2 and-LVO/rGO-HS-3 samples show high specic
capacity in the rst few cycles. This could be ascribed to the thin

Fig. 1 (a) The formation mechanism of LVO-M; SEM images of the
production without GO at 120  C for 8 min (b), 10 min (c), 10.5 min (d),
and 30 min (e); the volume ratio of H2O and EG is 1 : 1; (f) SEM image of
LVO-M/rGO; (g) SEM image of LVO/rGO-HS. Scale bar 1 mm.

Fig. 2
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The SEM images of LVO/rGO-HS-1 (a and d); the SEM images of
the LVO/rGO-HS-2 (b and e); the SEM images of the LVO/rGO-HS-3 (c
and f); scale bar 1 mm. The TEM images of LVO/rGO-HS-1 (g), LVO/
rGO-HS-2 (h), and LVO/rGO-HS-3 (i), respectively. Scale bar 200 nm.
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(a) Cycling performances and coulombic eﬃciencies of LVO/
rGO-HS-1/2/3 at 10 C; (b) rate capabilities of LVO/rGO-HS-1/2/3.

Fig. 3

shell which reduces the diﬀusion distance of Li+. But for the
LVO/rGO-HS-2 sample, the intact hollow shell with the closed
thin shell may be destroyed in the following cycles, resulting in
fast capacity fading.14 For the LVO/rGO-HS-3 sample, the broken
spherical shells provide an opening edge to release the stress
during the charging–discharging process, leading to the excellent cycling stability at high rate.14 The thick shell of the LVO/
rGO-HS-1 sample with good mechanical robustness makes it
exhibit good cycling stability but low specic capacity. Moreover, improvement in the rate performance is also achieved for
the hollow shell electrode, as shown in Fig. 3b. As expected, the
LVO/rGO-HS-3 electrode with the thinnest shell displays the
best rate capability.15–18 Specically, even at an extremely high
rate of 125 C, the specic capacity still can achieve 201 mA h
g1, higher than the theoretical capacity of LTO. This is the best

Fig. 4 (a) Rate capability of LVO/rGO-HS-3 at 60  C; (b) EIS spectra of
LVO/rGO-HS-3 at 25 and 60  C after 20 cycles; (c) cycling performance and coulombic eﬃciency of LVO/rGO-HS-3 at 60  C.
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rate performance among the published LVO/carbon composite
based anode (Table S1†).7,8,10–13 The rate performances of solid
LVO/rGO, LVO-HS-3 and solid LVO are shown in Fig. S6.† The
comparison of these three samples conrms that the
construction of a hollow structure and the introduction of rGO
signicantly improve the electrochemical performances of LVO.
In the case of a promising practical electrode material, the
electrochemical performance at high temperature is another
crucial factor. To assess the performance of our material, we
selected aggressive tests where the LVO/rGO-HS-3 electrode is
cycled at a temperature of 60  C. Apparently, the capacities
increase from 347 to 374, 333 to 374, 316 to 357, 296 to 337, and
270 to 309 mA h g1 with increasing temperature from 25 to 60

C at the rates of 2.5, 5, 10, 20, and 40 C, respectively (Fig. 4a).
The impressive enhanced capacities attribute to the signicantly reduced contact and charge-transfer resistances in LVO/
rGO-HS-3 architecture at higher temperature, according to the
EIS spectra (Fig. 4b).19 To further understand the inuence of
temperature on our material, increasing voltammetric scan
rates at 25  C and 60  C are used to identify the contribution of
capacitive behavior and faradaic reaction. The total current
response (i) at a xed potential (V) can be separated into two
mechanisms, according to the following equation:

Fig. 5 (a–f) The CV curves of the LVO/rGO-HS-3 electrode at
diﬀerent scan rates at diﬀerent temperatures; (g and h) the contribution of capacitive and insertion processes to the total capacities at
diﬀerent scan rates at diﬀerent temperatures; (i and j) capacitive and
diﬀusion-controlled charge storage contributions separated with a
cyclic voltammogram at 0.2 mV s1 at diﬀerent temperatures.
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(1)

where k1v corresponds to the capacitive contribution, and k2v1/2
stands for the contribution of the diﬀusion-controlled faradaic
intercalation process.20–22 From the cyclic voltammetry (CV)
curves, the polarization of the LVO/rGO-HS-3 electrode has been
reduced at high temperature (Fig. 5a–f), which coincides well
with the EIS results. Fig. 5g and h show the contribution of
capacitive and insertion processes to the total capacities at
diﬀerent scan rates. Notably, the enhancements of the total
capacities almost result from the increase of pseudocapacitive
contribution at high temperature, from 226 to 265 mA h g1. In
Fig. 5i and j, the shaded areas correspond to the voltage curve
for the capacitive current response in comparison with the total
measured current at a scan rate of 0.2 mV s1 at 25 and 60  C,
respectively. Apparently, the Li+ insertion capacities are
observed at peak potential and the nondiﬀusion-controlled
processes dominate the rest of the potentials.23 More remarkably, even at a high temperature of 60  C, the LVO/rGO-HS-3
electrode shows a superior capacity retention of 364.2 mA h g1
aer 1000 cycles at 10 C (Fig. 4c). The impressive results
demonstrate that the LVO/rGO-HS-3 electrode can provide fast
discharging and charging capability with high capacity and long
cycling performance even at high temperature.

Conclusions
In conclusion, a hollow shell-controlled LVO/rGO structure is
successfully designed and synthesized via a facile oil-bath
method. The thickness of the hollow shell can be easily
controlled ranging from 10–300 nm by adjusting the volume
ratio of water and EG in the solvent. The thinnest LVO/rGO-HS
displays a specic capacity of 387 mA h g1 at 0.5 C and stable
cycling performance with 75% retention over 1500 cycles at 10
C. Remarkably, an impressive capacity of 201 mA h g1 is achieved at an extremely high rate of 125 C. Moreover, even at high
temperatures, the LVO/rGO-HS-3 delivers excellent rate capability and superior cycling performance. The superior electrochemical performances are attributed to the reduced Li+ ion
diﬀusion pathway originated from the optimized hollow shell,
the enhanced electronic conductivity arose from the introduction of rGO and the structure stability brought by the opening
edge. We believe that this material with superior electrochemical performances and a facile synthesis method will be a
promising practical anode for high power LIBs.
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