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Abstract

A microwave assisted sol–gel method was adapted to synthesize Cl-doped Li3V2(PO4)3/C powder. The structural, morphological and

electrochemical properties were characterized by X-ray diffraction, scanning and transmission electron microscopy, Raman scattering

spectroscopy, and galvanostatic charge–discharge cycling. Experimental results further show that fine Cl-doped Li3V2(PO4)3/C powder

can be synthesized within 20 min under microwave heating and the Cl-doping process contributes to induce the lattice distortion, modify

the particle morphology, and increase the electronic conductivity. The Cl-doped Li3V2(PO4)3/C electrode presents a high initial

discharge capacity of 125.1, 117.2, 110.5, 101.4, 90.7 and 72.3 mAh g�1 at 0.1, 0.5, 1, 2, 5 and 10C between 3.0 and 4.3 V, respectively.

The improvement can be ascribed to the enhanced electronic conductivity and electrode kinetics due to the micro-structural modification

promoted by Cl-doping.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The enhancement of synthesis technique is of great
importance in improving the electrochemical performance
of oxides or polyanion oxides used in energy storage and
conversion applications [1–5]. In particular, finding a con-
venient and energy efficient synthetic route has become
increasingly urgent with the rapid development in this area.
In recent years, as part of efforts for identifying new cathode
material for rechargeable lithium batteries, lithium vanadium
phosphate (Li3V2(PO4)3, LVP) is regarded as a promising
cathode material proposed for lithium ion batteries due to its
large capacity and high discharge potential [6–14]. However,
Li3V2(PO4)3 has a low intrinsic electrical conductivity, and
thus the morphology and composition modifications were
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used and proved to be effective in altering the electrochemical
properties, such as particle size reduction, carbon coating and
(cation) doping etc. [15–23]. Indeed, all these modification
strategies were closely correlated to the synthetic method. In
this regard, sol–gel methods are advantageous over the solid-
state reaction in preparation of LVP, as the starting materials
(usually containing several types of raw substance for
polyanion materials) can be mixed in the molecular level,
which leads to a very high degree of homogeneity [13, 15–17,
20–22]. However, sol–gel method, with the process complex-
ity, still requires long time sintering of the gel in the final
stage in order to obtain the final product, and therefore
increases the reaction time inevitably. In this regard, micro-
wave synthesis is a powerful technique for the synthesis of
ceramics in a remarkably short time under microwave
radiation [24,25]. During the synthesis, since the microwave
energy is absorbed directly by the bulk precursor mixture,
uniform and rapid heating can be achieved within several
minutes. Therefore, utilizing microwave energy for the
thermal treatment could lead to a very fine particle because
ll rights reserved.
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Fig. 1. Refinement result of the Cl-doped Li3V2(PO4)3/C sample with the

observed, calculated, and difference profiles.
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of the shorter reaction time and highly concentrated local
heating.

Previously, Liu et al. [26] proposed a Cl doped spinel
Li1.06Mn2O3.94Cl0.06 cathode material. This material exhib-
ited better cycling ability at ambient and elevated tem-
peratures (55 1C) compared to the un-doped counterpart,
due to a highly reversible spinel structure resulting from
the chlorine doping. Therefore, it can be found that
chlorine doping is also an effective method to optimize
the properties of electrode materials.

In this work, we for the first time, adopted a microwave-
assisted sol–gel method to prepare a Cl-doped Li3V2(PO4)3/C
powder, and the effect of Cl doping on the electrochemical
properties of Li3V2(PO4)3/C were investigated in detail.
Carbon coating was used to ensure the electronic conductiv-
ity on the surface of Li3V2(PO4)3 particles, and the citric acid
was the carbon source. The undoped sample and Cl-doped
sample were synthesized through the same procedure for
comparison except for the usage of Cl source.

2. Experimental

2.1. Microwave-assisted synthesis of Cl-doped

Li3V2(PO4)3/C

The Cl-doped Li3V2(PO4)3/C compounds were prepared by
a microwave assisted sol–gel method employing CH3COO-
Li � 2H2O, NH4VO3, NH4H2PO4 and NH4Cl as raw materials
in the molar ratio of 3.1:2:2.9:0.1. Citric acid was used here not
only as a chelating reagent but also as a source of carbon to
coat the materials with carbon layer. The mol ratio citric acid:
vanadium¼2:1 was selected. An over-dosed usage of Li salt is
to compensate any Li loss during the high temperature
synthesis [27]. A typical synthetic procedure consisted of first
dissolving citric acid and NH4VO3 in deionized water with
magnetic stirring at 80 1C. After a clear blue solution formed,
a mixture of CH3COOLi � 2H2O, NH4H2PO4 and NH4Cl was
added to the solution while stirring for 5 h. After evaporating
the water at 80 1C, the blue solution became a gel. The
resulting gel was put into a vacuum drying oven at 120 1C for
10 h to eliminate the water adequately. Finally, the resulting
powder was reground and placed in a microwave oven
(Makewave co., Ltd, 800 W) run at 350 W power for 20 min
to yield the final LVP or Cl doped LVP products.

2.2. Characterization method

Structural and crystallographic analyses were performed
by X-ray diffraction (XRD) using PANalytical X’Pert Pro
with Cu Ka radiation. The diffraction data were recorded
in the 2y range of 10–601 with a step of 0.021. The
morphologies of samples were characterized by scanning
electron microscope (SEM, Hitachi S-4800) and transmis-
sion electron microscope (TEM, FEI Tec-nai G2-F30).
Raman scattering spectroscopy (LABRAM HR-800) was
recorded at room temperature with the wave number
shift from 4000 to 100 cm�1 in ultraviolet laser excitation
line of 325 nm. The carbon content of the prepared
materials was measured by a Thermo Fisher Flash EA
1112 analyzer.
Electrochemical performances of the samples were eval-

uated in coin-type cells. To prepare the electrodes used for
the electrochemical performances measurement, the pow-
ders of pristine Li3V2(PO4)3/C and Cl-doped Li3V2(PO4)3/
C were mixed with acetylene black and polyvinylidine
fluoride (PVDF) binder in a weight ratio of 80:15:5
respectively in N-methyl-2-pyrrolidone (NMP) to ensure
the homogeneity . The obtained slurry was uniformly
pasted onto the aluminum current collectors and the
electrodes were dried at 120 1C in vacuum for 12 h.
Subsequently, CR2032 coin-type cells were assembled in
an argon-filled glove box using a Celgard 2400 membrane
as a separator and 1 M LiPF6 in EC:DMC:EMC (1:1:1
vol%) as the electrolyte. A lithium foil was used as the
counter and reference electrodes. The coin cells were
galvanostatically charged and discharged over a voltage
range of 3.0–4.3 V (vs. Li/Liþ ) at room temperature on a
Land (Wuhan, China) battery tester. Cyclic voltammetry
(CV) was measured by an electrochemical working station
(PARSTAT 2273, Princeton Applied Research, US) at a
scan rate of 0.5 mV s�1 between 3.0 and 4.3 V.
3. Results and discussion

The Rietveld refinement of Cl-doped Li3V2(PO4)3/C was
performed, and the result is shown in Fig. 1; the doped
material is well crystallized in orthorhombic structure
without any unexpected phase, which indicates that the
microwave-assisted sol–gel method is effective in preparing
the LVP materials. The structural parameters of pristine
Li3V2(PO4)3/C and Cl-doped Li3V2(PO4)3/C were summar-
ized in Table 1. a, b and c values of the latter are shrunken
by 0.24%, 0.19% and 0.15%, respectively, which may be
caused by Cl� ions introduction into Li3V2(PO4)3 matrix.



Table 1

Lattice constants of pristine and Cl-doped Li3V2(PO4)3/C.

Lattice parameters R value

a (Å) b (Å) c (Å) b V (Å3) Rwp (%) Rp (%)

Li3V2(PO4)3/C 8.523 8.453 12.003 90.34 864.7 6.12 5.02

Cl-doped Li3V2(PO4)3/C 8.502 8.437 11.985 90.48 859.7 6.26 5.14
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Fig. 2. SEM images of Li3V2(PO4)3/C (a), Cl-doped Li3V2(PO4)3/C (b), and TEM image of Cl-doped Li3V2(PO4)3/C (c).
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The incorporated Cl� tends to occupy randomly the O
sites (located in P–O sub-lattice) in the crystal lattice of
Li3V2(PO4)3.

The morphologies of pristine Li3V2(PO4)3/C and Cl-doped
Li3V2(PO4)3/C were observed by SEM. Fig. 2a shows that
the size of the particles of Li3V2(PO4)3/C ranges from one
micrometer to several micrometers. For the Cl-doped
Li3V2(PO4)3/C, well-crystallized shapes and a relatively uni-
form particle size distribution are observed (Fig. 2b). The
reduction of particle size could be attributed to the Cl source
addition which interfered with the growth of the grains. In
the TEM image in Fig. 2c, the dark region is the Li3V2(PO4)3
particle, the inter-planar distance is 5.50 Å, which corre-
sponds to (111) plane of Li3V2(PO4)3 phase. The light grey
region is carbon, indicating that the Li3V2(PO4)3 particles are
coated by conductive carbon tightly. The presence of carbon
would also inhibit the crystal growth of Li3V2(PO4)3 during
heat treatment and provide good electronic contact between
Li3V2(PO4)3 particles. The additional carbon source as
well as the resultant amount of carbon in the Cl-doped
Li3V2(PO4)3/C composites may have a major influence on the
electrochemical performance of the materials. The carbon
content of two materials was ca. 3.11wt%.
As an important aid investigating the structure of the

carbon, the Raman measurement was adopted, and the result
was shown in Fig. 3. The Raman spectrum of the Cl-doped
Li3V2(PO4)3/C composite was detected in the range of 1000–
1800 cm�1. In the spectrum, two intense broad bands at
1594.4 cm�1 and 1326.6 cm�1 are attributed to the graphite
band (G-band) and the disorder-induced phonon mode (D-
band), respectively. The relative intensity ratio, R¼ID/IG,
defines the level of order and in-plane crystal size for
pyrolytic carbon, which is helpful for improving the electro-
nic conductivity and electrochemical performance of
Li3V2(PO4)3/C [28,29]. Therefore, it is expected that the
efficient carbon-coated Li3V2(PO4)3 composite would exhibit
favorable electrochemical properties.
The initial CV curves for pristine Li3V2(PO4)3/C and Cl-

doped Li3V2(PO4)3/C are shown in Fig. 4. Both curves
show a similar profile, and there are three oxidation peaks
and three reduction peaks in CV curves, which indicate
that the reaction behavior does not change during the
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Fig. 3. Raman scattering spectrum of Cl-doped Li3V2(PO4)3/C.
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Fig. 4. CV curves of pristine Li3V2(PO4)3/C and Cl-doped Li3V2(PO4)3/C

measured with a scanning rate of 0.5 mV s�1 between 3.0 and 4.3 V.
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lithium extraction/insertion process for the coated elec-
trode. As shown in Fig. 4, the three oxidation peaks of
pristine Li3V2(PO4)3/C are located at about 3.72, 3.79 and
4.20 V, respectively, and the three reduction peaks are
located around at 3.41, 3.56 and 3.95 V, respectively. The
extraction and intercalation potentials are similar to those
reported by Saidi et al. [13]. However, in the case of Cl-
doped Li3V2(PO4)3/C electrode, the oxidation peaks shift
down to 3.70, 3.78 and 4.19 V, respectively, while the
reduction peaks shift up to 3.42, 3.57 and 3.97 V, respec-
tively. In the case of Li3V2(PO4)3/C, the corresponding
oxidation peaks shift to higher potentials, and the reduced
peaks shift to lower potentials, which indicates that
the Li3V2(PO4)3/C has the higher overpotentials for the
lithium extraction/insertion process. The introduction of
Cl� into the lattice of orthorhombic structure weakened
the Li–O bonding, and thus facilitated the extraction of Li
ion from Li3V2(PO4)3/C. The results of CV tests convince
us that the kinetics of electrochemical reaction of
Li3V2(PO4)3/C is improved by Cl-doping.
The initial charge–discharge curves for Li3V2(PO4)3/C and

Cl-doped Li3V2(PO4)3/C at 0.2C in the voltage range of 3.0–
4.3 V are presented in Fig. 5. It can be seen that the profiles of
the charge/discharge curves for the two samples are almost
the same. The voltage profiles exhibit three charge plateaus
around 3.59, 3.68 and 4.07 V and three corresponding
discharge plateaus around 3.59, 3.65 and 4.11 V, which are
identified as the two-phase transition processes during the
electrochemical reaction [14,30,31]; these regions correspond to
three compositional regions of Li3�xV2(PO4)3, where x=0.0–
0.5, 0.5–1.0 and 1.0–2.0. The first lithium ion was extracted in
two steps (3.59 and 3.68 V) for the mixed V3þ /V4þ couple
because of the existence of ordered phases at Li2.5V2(PO4)3
and Li2V2(PO4)3. Then, a single-step removal of the second
lithium ion at 4.07 V can be observed, which corresponds
to a 0.39 V step from the V3þ/V4þ couple to the V5þ/V4þ

couple. The initial discharge capacities for pristine
Li3V2(PO4)3/C and Cl-doped Li3V2(PO4)3/C are 126.3 and
127.1 mAh g�1, respectively, indicating that more Li ions can
be reversibly extracted. These values are close to the theoretical
capacity of monoclinic Li3V2(PO4)3 ( 130 mAh g�1, between
3.0 and 4.3 V vs. Li/Liþ ). From the 100th charge/discharge
curves, the effects of modification with Cl� ion are apparent;
the Cl-doped Li3V2(PO4)3/C composite yields the discharge
capacity of 125.5 mAh g�1, which is higher than that of the
pristine Li3V2(PO4)3/C (118 mAh g�1) composite.
To examine the effect of the Cl element addition on the

electrochemical performance of the Cl-doped Li3V2(PO4)3/C
composite, the rate capability was examined by applying
different current densities to the cell (Fig. 6). The cells were
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first cycled at 1C, and the rate was increased in stages to 20C
in the voltage range of 3.0–4.3 V. For each sample, the
discharge capacity decreases with increasing current density
and the Cl-doped sample displays excellent rate performances.
No obvious loss in capacity is observed over cycling at each
rate. At each current density, it is obvious that the cyclability
of the Cl-doped sample is better than that of pristine
Li3V2(PO4)3/C. The initial discharge capacity for the doped
sample is 121.1 mAh g�1 and the discharge capacity remains
85.2 mAh g�1 at 10C current density, but the discharge
capacity of pristine Li3V2(PO4)3/C degrades sharply and falls
from the initial 111.2 mAh g�1 at 1C to 70.6 mAh g�1 at 10C
after 60 cycles. This clearly demonstrates that our Cl-doped
Li3V2(PO4)3/C is tolerant to varied charge and discharge
currents, which is a desirable characteristic required for
application in high-power batteries.

To further understand the electrochemical dynamic
behavior of electrodes, electrochemical impedance spectro-
scopy (EIS) measurements were performed on the electro-
des. The typical Nyquist plots of EIS are presented in
Fig. 7 for the pristine and Cl-doped Li3V2(PO4)3/C. Similar
EIS patterns are observed for both samples. The semicircle
in the high-frequency region represents charge-transfer
resistance. This impedance spectra can be explained with
solution resistance (Rs), a constant phase element (CPE)
associated with the particle-to-particle resistance (Rct), and
the Warburg impedance (Zw) which is attributed to the
diffusion of Li-ions in the bulk materials [25–28]. The Cl-
doped Li3V2(PO4)3/C sample exhibited smaller Rct which
means that Cl� doping would effectively enhance the on
charge transfer. This observation could mean Cl� doping
enhances the electrochemical activity of Li3V2(PO4)3 and
facilitates the electron diffusion in the Liþ insertion and
extraction process which are both favorable for improving
the cycle performance of positive lithium vanadium phos-
phate materials.

4. Conclusion

Cl-doped Li3V2(PO4)3/C and Li3V2(PO4)3/C were both
prepared via microwave assisted sol–gel route. The rela-
tionship between the electrochemical performances and the
microstructure changes was investigated through XRD,
SEM, TEM and CV. The electrochemical measurements
demonstrate that the Cl-doped material exhibits not only
enhanced initial capacity and coulombic efficiency, but
also high rate capability, indicative of a remarkably
improved electrochemical performance as compared with
the pristine Li3V2(PO4)3/C. The Cl-doped Li3V2(PO4)3/C
sample exhibited initial discharge capacities of 121.1,
117.2, 110.5, 101.4, 85.2 and 68.5 mAhg�1 as it was
discharged at 1, 2, 3, 5, 10 and 20C rates, respectively.
Therefore, the microwave assisted sol–gel method and Cl�

doping method could be a promising approach to improve
the electrochemical properties of Li3V2(PO4)3/C cathode
material.
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