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Abstract Monoclinic structure LizV,(PO4)3/C composite
powders are synthesized via a novel homogeneous mixing
route followed by a one-step heat treatment. The com-
posites were characterized by X-ray diffraction (XRD) and
galvanostatic charge/discharge, CV measurements. The
influence of the heat treatment on the electrochemical
properties of Li3V,(PO,4)3/C composites was investigated.
To examine the effect of residual carbon content on the
properties of the composites, six samples with 1.2, 2.3, 3.4,
4.4, 5.8, and 7.0 wt% carbon were prepared. The sample
with 4.4 wt% carbon exhibited good cycling performance
and rate capability in the range of 3.0-4.8 V.

Keywords Li3V,(POy4)3/C composite - Li3V,(POy); -
Cathode material

1 Introduction

Recently, framework materials based on the phosphate
polyanion have been identified as potential electroactive
materials for lithium ion battery applications. The lithiated
transition metal phosphates based on either the olivine or
Nasicon structures, such as LIMPO,4 [M = Mn, Fe, Co] [1-
12], LizV,(POy); [13-31], and LiVOPO, [32, 33], appear
to hold particular promise. In comparison with lithiated
transition metal oxides, they display high redox potentials,
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good Li™ transport, remarkable electrochemical and ther-
mal stability, and comparable energy density [28];
however, their low electronic conductivity prevents full use
of the total capacity even at slow rates, presenting a major
drawback to practical implementation of these materials.
Fortunately, this problem may be overcome by such
methods as coating the particles with a thin carbon layer or
minimizing the particle size [34].

Among these compounds, olivine structured iron phos-
phates are the most promising candidates as new cathode
materials due to their abundant supply, low toxicity, and
high theoretical capacity of 170 mAh g~'. Vanadium
phosphates are also appealing. Although vanadium is not as
environmentally benign as iron, studies show that vana-
dium is somewhat tolerated by many animals [28].
Li3V,(PQOy); for application in lithium ion batteries exists
in two forms: the thermodynamically stable monoclinic
form, isotypic with the form of several other monoclinic
LisM,(PO4); (M = Sc, Fe, and Cr) materials, and the
rhombohedral or NASICON phase that can be formed by
ion exchange from the stable sodium analogue or oxidizing
NASICON Na3V,(POy); with Cl, in CHCI; to form
V,(POy)3 and then reacting with Lil. Two lithium ions per
Li3V,(PO4); formula unit can be extracted from the
rhombohedral form at 3.77 V (vs. Li/Li™), and only 1.3 can
be reinserted [25]. However, all the three Li ions per
Li3V,(PO4); formula unit in monoclinic form can be
removed and reversibly intercalated; high capacity can then
be expected in this system.

Usually, monoclinic Li;V,(PO,4); materials are obtained
through high temperature solid-state reactions [15-27] or
sol-gel methods followed by heat treatment [28—31]. These
methods comprise a pre-sintering step and a subsequent
final heating step. In this investigation, we developed a
novel homogeneous mixing route to prepare a sucrose-
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containing precursor, in which sucrose acted not only as a
chelating reagent, but also a carbon source, and success-
fully synthesized Li;V,(PO,);/C composites without a pre-
sintering treatment step. In addition, based on the influ-
ences of heat treatment methods on the electrochemical
properties of the composite, the effect of the amount of
residual carbon on the properties of the composites is also
evaluated.

2 Experimental

The precursors were prepared as follows. First, stoichi-
ometric V,05 was added to the solution which contained
the stoichiometric amount of H3;PO, and an appropriate
amount of sucrose, with continued stirring at about 70 °C
until a clear blue solution formed. Second, stoichiometric
LiOH was added to above mixture. Finally, the resultant
solution was heated on a hot plate to dryness.

As-prepared precursors were heat-treated according to
two different methods as follows:

(i) The precursor was pressed into pellets and heated at
350 °C in a tubular furnace with flowing argon gas for
5 h. After slowly cooling to room temperature, the
pellets were ground for 30 min, pressed into pellets
again, then heated to 700 °C and held at this
temperature for 3 h under flowing argon to yield the
Li3V,(PO,4)3/C composite.

(i) After grinding for 30 min, the precursor was pressed
into pellets and sintered at 700 °C for 3 h under
flowing argon to yield the Li;V,(PO4)3/C composite.

Structural and crystallographic analysis of the reaction
product was taken from powder diffraction data obtained
using diffractometer (D/MAX-3C) with Cu Ko radiation.
The thermal behavior of the sucrose-containing precursor
was examined by thermogravimetric (TG) analysis using a
WRT-3P instrument at a heating rate of 20 °C min~"' in a
nitrogen atmosphere.

The electrochemical characterization of LizV,(POy);
powders as cathode of two-electrode electrochemical cells
were measured using a Neware battery tester (BTS-51,
Shenzhen, China). The cathodes of the two-electrode
electrochemical cells were fabricated by blending the
prepared powder with polyvinylidene fluoride (PVDF)
binder and acetylene black in a weight ratio of 80:5:15 in
N-methyl-2-pyrrolidone. The obtained slurry was coated on
Al foil and dried at 70 °C for 24 h in a vacuum. Two-
electrode electrochemical cells were assembled in a glove
box filled with high-purity argon, where the lithium metal
foil were used as anode, Celgard2400 as separator, and 1 M
LiPFg in a mixture of ethylene carbonate (EC) and dime-
thyl carbonate (DMC) with the volumetric ratio of 1:1 as
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electrolyte. The electrochemical capacity measurements
were performed in the voltage range between 3.0 and
4.8 V, and the electrochemical capacity of samples was
evaluated on the active materials. Cyclic voltammetry
(CV) tests were conducted using a CHI 660 electrochem-
ical analyzer. CV tests were performed between 3.0 and
4.8 V at a scan rate of 0.05 mV s~ at about 25 °C.

3 Results and discussion

3.1 Effect of heat treatment on sucrose-containing
precursor

The TG curve of the sucrose-containing precursor is shown
in Fig. 1. For the sucrose-containing precursor, there is an
initial loss of lattice water from the precursor decomposing
at <236 °C. In the temperature range 236420 °C, there is
a weight loss due to the pyrolysis of sucrose and its pos-
sible derivatives that were formed during preparing
precursor. A slight weight loss is observed above 420 °C
because pyrolysis of the remaining sucrose and its possible
derivatives continues until 540 °C. After pyrolysis of
sucrose and its possible derivatives, the product weight
decreases due to the formation of carbon oxides in carbo-
thermal reaction between 540 and 600 °C. The temperature
of the carbothermal reaction is in accordance with that
reported by Fu et al. [22] and Li et al. [35].

On the basis of TG analysis, we were able to determine
the sintering temperature at which Li;V,(PO,); was pre-
pared by heat treatment of the sucrose-containing
precursor. First, we attempted a simple one-step heat
treatment at 700 °C. Second, a pre-sintering temperature,
namely 350 °C, was applied to a two-step heat treatment
which consisted of the pre-sintering step and a subsequent
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Fig. 1 TG curve of sucrose-containing precursor
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Fig. 2 Cycling performance of Li3V,(PO,4);/C composite with
4.4 wt% carbon at C/5 rate in voltage range of 3.0-4.8 V

final heating at 700 °C for the formation and crystallization
of Li3V2(PO4)3.

The discharge capacities of Li;V,(POy); prepared with
two kinds of process at the C/5 rate in the voltage range of
3.04.8 V are given as a function of cycle number in
Fig. 2. The materials prepared by the one-step heat treat-
ment and by the two-step heat treatment with pre-sintering
at 350 °C deliver a first discharge capacity of 170 and
166 mAh g~', and their corresponding discharge capacity
after 30 cycles remain about 151 and 148 mAh g™ ',
respectively.

The material synthesized by the one-step heat treatment
is equivalent to that material prepared using the two-step
heat treatment in terms of specific capacity and capacity
retention. The latter prepared route is, however, consider-
ably more complicated. Therefore, the one-step heat
treatment is a promising LizV,(PO,4)3/C composite prepa-
ration technique.

3.2 Effect of carbon content on LisV,(PO,)s/C
composite materials

In order to study further the performance of LizV,(PO,4)s/C
composites prepared by one-step heat treatment, it is nec-
essary to investigate the effect of residual carbon content
on the properties of the composites. Six samples with dif-
ferent amounts of sucrose added to the precursors were
synthesized by the one-step heat treatment. It was found by
TG and chemical analysis that the amount of remaining
carbon in the composites is 1.2, 2.3, 3.4, 4.4, 5.8, and
7.0 wt%, respectively.

The XRD patterns of LizV,(PO4)3/C composites with
various amounts of residual carbon are shown in Fig. 3,
where all samples are Li3V,(PO,); with an ordered

Fig. 3 XRD patterns for Li;V,(PO,4);/C composites with various
carbon content. (a) 1.2 wt%; (b) 2.3 wt%; (c) 3.4 wt%; (d) 4.4 wt%;
(e) 5.8 wt%; (f) 7.0 wt%

monoclinic structure (space group P2,/n). There is no
evidence of the formation of crystalline or amorphous
carbon in the XRD curves. As shown in Fig. 3f, the dif-
fraction peaks are broadened and the crystallinity of the
Li3V,(POy); powder is decreased due to suppression of the
formation of crystalline LizV,(PO4); by the excessive
carbon content. A similar observation in LiFePO,/C com-
posite was reported by Yun et al. [34].

The initial charge—discharge voltage curves of prepared
samples at the C/5 rate in the voltage range of 3.0-4.8 V
are shown in Fig. 4. Four charge plateaus around 3.6, 3.7,
4.1, and 4.6 V appear in the charge process, which corre-
spond to the complicated phase transition processes
between the single phases Li,V,(POy); (x = 2.5, 2.0, 1.0,
and 0) [17, 24]. On the other hand, the discharge profiles
display an S-shaped curve, which exhibits an electro-
chemical signature of solid-solution behavior, and two
plateaus around 3.5 and 3.6 V, which correspond to the two
phase transition in the reinsertion of the last lithium,
Li;V2(POg)3 — LizVo(POy)s.

The CVs of Li/LizV,(PQOy,)s cells between 3.0 and 4.8 V
at a scan rate of 0.05 mV s~ are presented in Fig. 5. Four
anodic peaks, indicative of lithium ion extraction from
Li3V,(PQy);, occur at 3.60, 3.69, 4.11, and 4.59 V (vs. Li/
Li"), and three reduction peaks are located around 3.57,
3.64, and 3.93V (vs. Lit/Li), respectively, in good
agreement with the charge/discharge curves shown in
Fig. 4 and previously published results [20, 24, 30, 31]. On
the other hand, the large irreversibility of the materials in
the first cycle, shown in Fig. 4, is reflected in the
voltammograms.

The discharge capacities of LizV,(PO,4)3/C composites
at the C/5 rate are presented in Fig. 6. Although there is
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Fig. 4 The first charge/discharge profiles of Li3V,(PO,);/C compos-
ites with various carbon content. (a) 1.2 wt%; (b) 2.3 wt%; (c)
3.4 wt%; (d) 4.4 wt%; (e) 5.8 wt%; (f) 7.0 wt%
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Fig. 5 CV curve for LizV,(PO,)3/C composite with 4.4 wt% carbon
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Fig. 6 Discharge capacities versus cycle number at C/5 rate between
3.0 and 4.8 V for LizV,(PO,4)3/C composites with various carbon
content. (a) 1.2 wt%; (b) 2.3 wt%; (c) 3.4 wt%; (d) 4.4 wt%; (e)
5.8 wt%; (f) 7.0 wt%

little difference in the XRD patterns of the LisV,(POy4)s/C
composites, the cell performance of the cathode materials
is dependent on the amount of residual carbon in the
composites. Samples with 3.4 and 5.8 wt% carbon deliver
higher initial discharge capacities, but their reversible
capacities fade as cycling proceeds, indicating poor
capacity retention. The LizV,(PO,4)3/C material with
4.4 wt% carbon gives the highest initial capacity
(170 mAh g~'), and after 50 cycles, the discharge capacity
is 142 mAh g~!, which reaches the previously published
results for Liz;V,(PO,4); samples prepared by conventional
high-temperature solid-state reactions [24] and the sol-gel
route based on V,05 - nH,O hydro-gel [30]. Samples with
a low carbon amount deliver low initial discharge capaci-
ties and have diminished capacity retention. On the other
hand, the Li3V,(PO,4)3/C composite with 7.0 wt% carbon
displays good capacity retention, although a small revers-
ible discharge capacity is observed. A reduced discharge
capacity originates from the thicker carbon coating layer,
and may be attributed to difficulty in lithium ion diffusion
through the thicker carbon coating layer.

4 Conclusion

Monoclinic structured Li3V,(POy4)3/C composites were
synthesized successfully via a novel homogeneous mixing
route followed by one-step heat treatment at 700 °C. All
as-prepared samples with various carbon contents were
Li;V,(PO,); with an ordered monoclinic structure. For
materials with a low carbon content, the Li/LizV,(PO,)3
gives a small discharge capacity and displays poor capacity
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retention. For materials with high carbon contents, Li/
Li3;V,(POy); gives a small reversible discharge capacity,
although good capacity retention is observed. Therefore, it
is found that a LizV,(POy4)3/C composite with 4.4 wt%
carbon content displays the best electrochemical properties,
e.g., the highest initial discharge capacity (170 mAh g~ ")
and good capacity retention (142 mAh g~' after 50
cycles).
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