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Abstract: LiVPOF/C samples were synthesized by one-step solid-state reaction and two-step solid-state reaction methods,
respectively. The X-ray diffraction (XRD), scanning electron microscopy (SEM) and electrochemical performance tests were
adopted to characterize the properties of LiVPO4F/C. XRD results show that the LiVPO,F/C samples prepared by one-step solid-state
reaction method have the same triclinic structure (space group p1) as that synthesized by conventional two-step solid-state reaction.
SEM image exhibits that the particle size of LiVPO4F/C prepared by one-step solid-state reaction method is smaller than that of the
sample synthesized by two-step solid-state reaction. The improved electrochemical properties of the LiVPO,F/C are attributed to the
depressed grain size and enhanced electrical conductivity produced via one-step solid-state reaction method using oxalic acid as both
reduction agent and carbon sources. AC impedance measurements also show that the LiVPO,F/C synthesized by one-step solid-state

reaction route significantly decreases the charge-transfer resistance.
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1 Introduction

Rechargeable lithium-ion batteries are considered
one of the most advanced energy storage systems.
However, the development of lithium-ion batteries
cannot keep up with the fast development of the current
information-rich mobile society. Therefore, more efforts
have been made to explore novel Li" insertion materials
for both cathodes and anodes [1-3]. In commercial
lithium-ion batteries, cobalt-based oxide is utilized as the
cathode material [4], but its high cost hinders the
large-scale use. Recently, lithiated transition metal
phosphates, such as Li;V,(POy); [5-9], LiVPO,F [10—13]
and LiFePO, [14—16], have been proposed as a new class
of cathode materials for lithium-ion batteries. Among
those, LiVPO,F, proposed by BARKER et al [10], is
considered a novel 4 V cathode material to substitute
LiCoO, in lithium ion batteries, owing to its good
electrochemical performance, high voltage platform,
high energy density and excellent thermal stability. It is
isostructural with the naturally-occurring mineral tavorite,
LiFePO,-OH or ambylgonite, LiAIPO,F, crystallizing
with a triclinic structure (space group p1) [11]. The

reversible Li extraction/insertion reaction for Li;_ VPO,F,
based on the V*/V* redox couple, operates at about 4.2
V (vs Li/Li"). However, the conductivity of lithiated
transition metal phosphates is not so good. To improve
the conductivity of lithiated transition metal phosphates,
an effective way is to decrease the particle size. The
reduction of particle size may shorten the diffusion path
of Li ions, and accordingly enhance the electrochemical
performance.

Usually, the LiVPO,F is synthesized by two-step
solid-state reaction [10—12] and sol-gel method [13]. The
two-step solid-state reaction method is complicated
because of the preparation of VPO, intermediate, which
is used to react with LiF to produce the final LiVPO,F.
Moreover, it is really hard to get the LiVPO,F with high
purity by two-step solid-state reaction route. It is also
found that the particle size of LiVPO4F synthesized by
this method is relatively large and ununiform, which
results in the poor electrochemical performance of the
material. Though the particle size of the LiVPO,F
synthesized by sol-gel method is small and the
electrochemical performance is good, the synthesis needs
high cost and long time, leading to the difficulty for the
realization of industrialized production [13]. In this work,
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LiVPO,F was synthesized by a novel one-step solid-state
reaction method using oxalic acid as both reduction
agent and carbon sources. Compared with the two-step
solid-state reaction method and sol-gel method, this
method is superior in the simple synthesis process and
industrialized production. In addition, the raw material
oxalic acid will decompose during the heat treatment,
which can restrict the growth of LiVPO,F particles, and
consequently enhance the electrochemical performance.

2 Experimental

LiVPO,F/C samples were synthesized by one-step
solid-state reaction method. Firstly, appropriate amounts
of V,05, NH4H,PO,, LiF and oxalic acid were initially
ground in a mortar and then thoroughly mixed by ball
milling for 4 h. Finally, the precursor was calcined at 600
°C for 2 h to yield LiVPO4F/C. To avoid the oxidation of
vanadium, the process was carried out under flowing Ar
atmosphere.

LiVPO,F/C samples were also synthesized by
two-step solid-state reaction method [12]. It followed
two main processes. Firstly, appropriate amounts of
V,0s, NH,H,PO, and acetylene black were ground in a
mortar and then thoroughly mixed by ball milling for 4 h.
The mixed precursor was decomposed at 300 °C for 4 h
to remove NH; and H,O, and then calcined at 750 °C for
6 h to obtain VPO,. Secondly, appropriate amounts of
VPO, and LiF were thoroughly mixed by ball milling for
2 h, and calcined at 750 °C for 30 min to yield the
LiVPO,F material. To avoid the oxidation of vanadium,
each step of the process was carried out under flowing
Ar atmosphere. The samples synthesized by two-step
solid-state reaction and one-step solid-state reaction are
abbreviated to LiVPO4F/C(T) and LiVPO,F/C(O),
respectively.

The powder X-ray diffraction (XRD, Rint-2000,
Rigaku) measurement using Cu K, radiation was
employed and recorded at room temperature to identify
the crystalline phase of the synthesized materials. The
particle size and morphology of the LiVPO,F powders
were observed by scanning electron microscope (JEOL,
JSM—-5600LV) with an accelerating voltage of 20 kV.
The carbon contents of samples were determined by a
carbon-sulfur analyser (MIti EA2000).

Charge/discharge tests were performed using
CR2025 coin-type cell. The cells were charged and
discharged over a voltage range from 3.0 to 4.4 V (vs
Li/Li") at room temperature. The cyclic voltammetric
(CV) measurements were carried out with a CHI 600A
electrochemical analyzer. The CV curves for the above
test cells were recorded in the potential range of 3.0—4.9
V at a scanning rate of 0.1 mV/s. The EIS spectra were
recorded by applying an AC voltage of 5 mV amplitude

in the frequency range of 0.01 Hz—10 kHz. The CV and
EIS experiments were performed in a three-electrode
system using metallic foils as both counter and reference
electrode.

3 Results and discussion

In the one-step solid-state route, oxalic acid is
selected as a reductant and a carbon source, which can
reduce the V> to V*" during the heat treatment. Figure 1
shows the XRD patterns of the prepared LiVPO,F/C(T)
and LiVPO,F/C(O). It is evident that all fundamental
peaks can be indexed to the triclinic structure [11] with
space group pl (JCPDS card No.42-1412) for both
samples. In addition, the XRD patterns of both samples
are similar, indicating that different synthesis routes do
not affect the crystalline phase. The mass fraction of
carbon in LiVPO,F/C(T) and LiVPO,F/C(O) are 1.83%
and 1.95%, respectively. However, no diffraction peaks
are observed for the crystalline carbon, indicating that
carbon in the samples is amorphous or the carbon
amount is too small.
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Fig. 1 XRD patterns of LiVPO4F/C(O) (a) and LiVPO,F/C(T)
(b)

SEM images of LiVPO,F/C(T) and LiVPOLF/C(O)
are shown in Fig. 2. It is obvious that the particle size of
the two particles are different. LiVPO4F/C(T) consists of
large and ununiform particles. Contrast to LiVPO4F/C(T),
LiVPO,F/C(O) shows small particle in the size of about
200 nm and a narrow size distribution. This indicates that
the one-step solid-state reaction may inhibit the particle
growth during the sintering process. Reducing the
particle size can shorten the diffusion path of lithium
ions, and consequently improve the electrochemical
performance of LiVPO4F/C.

The first charge-discharge curves of LiVPO,F/C(T)
and LiVPO,F/C(O) between 3.0 V and 4.4 V at the rate
of 0.2C are shown in Fig. 3. For both the samples, the
shapes of charge-discharge curves are similar. However,
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Fig. 2 SEM images of LiVPO,F/C(O) (a) and LiVPO,F/C(T)
(b)
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Fig. 3 First charge-discharge curves of LiVPO,F/C(O) and
LiVPO4F/C(T) at rate of 0.2C

the initial capacities of LiVPO4F/C(T) and LiVPO4F/
C(0O) are obviously different. The first charge and
discharge capacities of LiVPO,F/C(T) are 140 and 119
mA-h/g, respectively, showing that the columbic
efficiency is 85.0%. While, the capacities of LiVPO4F/
C(O) are 146 and 138 mA-h/g, respectively, and the
columbic efficiency is 94.5%. Obviously, the initial
charge-discharge performance of LiVPO,F/C(T) is worse
than that of LiVPO,F/C(O).

The cycling performances of LiVPO4F/C(T) and
LiVPO,F/C(O) were evaluated in the Li/LiVPO4F cell
configuration in the voltage range of 3.0—4.4 V at room
temperature. Figure 4 shows the cyclic discharge profiles
for the LiVPO4F cathode materials at different rates.
After 30 cycles, the LiVPO,F/C(T) sample exhibits the
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Fig. 4 Cycling performance of LiVPO4F/C(O) (a) and
LiVPO4F/C(T) (b) at room temperature

discharge capacities of 89, 79 and 74 mA-h/g at 0.2C,
0.5C and 1.0C rates, with the capacity losses of 25.20%,
33.61%, and 37.82%, respectively. However, under the
same condition, the LiVPO,F/C(O) sample delivers
discharge capacities of 132, 129 and 124 mA-h/g,
respectively. Namely, the capacity loss is 4.35% at 0.2C,
6.52% at 0.5C, and 10.14% at 1.0C. From the above
results, it can be concluded that the LiVPO4F/C(O)
sample synthesized by one-step solid-state reaction has
better cycling performance than LiVPOLF/C(T) sample
synthesized by two-step solid-state reaction at room
temperature.

The electrochemical cycling performance of
LiVPO,F/C was also tested at 55 °C in the voltage range
of 3.0-4.4 V at different rates. As shown in Fig. 5, the
LiVPO,F/C(T) sample has the capacity loss of about
23.52% at 0.2C, 31.09% at 0.5C, and 36.97% at 1.0C
after 30 cycles. In contrast, the LiVPO4F/C(O) sample
still exhibits better cyclic performance with the capacity
loss of about 3.62%, 5.07%, and 7.25%. It also indicates
that the two samples have better cycling performance at
55 °C than at room temperatures. The improved cycle
performance is attributed to the increased diffusion of
lithium ions at the elevated temperatures.

The electrochemical impedance spectra (EIS) of
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LiVPO,F/C(O) and LiVPOLF/C(T) electrodes were
measured at different charging states, as presented in
Fig. 6. Similar EIS patterns are observed for LiVPO,F/
C(0) and LiVPO4F/C(T) samples. A semicircle is
observed to center on the real axis in the high frequency
range. In the low frequency range, a straight line with an
angle of about 45° to the real axis corresponds to the
Warburg impedance. The high frequency semicircle is
related to the charge-transfer resistance (R.) and the
double-layer capacitance. The low frequency tail results
from the diffusion of lithium ions in the bulk active mass.
In the case of LiVPO4F/C(O), the diameter of the
semicircle significantly depends on the potential during
charging, indicating that the film formation process is
dependent on the lithium ion content. On the other hand,
the charge transfer resistance, R, shows a greater

dependence on the lithium insertion and extraction levels.

In the highly charged states, the sample is found to have
lower R values. Comparing the diameter of semicircles
of the above two systems, it can be found that LiVPO4F/
C(O) shows lower R value than LiVPO,F/C(T),
indicating that the one-step solid-state reaction may
increase the electronic conductivity and improve the Li"
kinetic behavior.

The cyclic voltammetry (CV) curves for LiVPO,F/
C(0) and LiVPO4F/C(T) electrodes at a scanning rate of
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Fig. 5 Cycling performance of LiVPOF/C(O) (a) and
LiVPO4F/C(T) (b) at 55 °C

0.1 mV/s are shown in Fig. 7. The two CV curves are
similar, suggesting that the reaction mechanism does not
change during the lithium extraction/insertion process.
However, the redox peak potentials are different for
the two samples. LiVPO4F/C(T) exhibits oxidation and
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Fig. 6 Nyquist plots of LiVPOLF/C(O) (a) and LiVPOLF/C(T)
(b) at different charging and discharging states
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reduction peaks at around 4.48 and 4.09 V, respectively.
For LiVPO,F/C(O), the oxidation peak potential
decreases to 4.42 V, and the reduction peak potential
increases to 4.15 V. Moreover, the potential difference of
the redox peaks for LiVPOLF/C(T) is about 0.39 V,
whereas that of the LiVPO4F/C(O) decreases to 0.27 V.
Therefore, the reversibility of the LiVPOL4F/C(O)
electrode reaction is better than that of LiVPO,F/C(T).

4 Conclusions

1) The grains of LiVPO4F/C synthesized through
one-step solid-state route are significantly small. The
LiVPO,F/C(O) sample exhibits a much higher discharge
capacity and lower capacity loss than LiVPO4F/C(T)
after 30 cycles. It is confirmed that the sample prepared
by one-step solid-state route show smaller resistances of
the lithium-ion migration and charge transfer. The
improved electrochemical properties of the LiVPO,F/C
can be attributed to the depressed grain size and
enhanced electronic conductivity produced via one-step
solid-state reaction method using oxalic acid as both
reduction agent and carbon sources.

2) One-step solid-state route proposed in this
investigation must increase the possibility of the
application LiVPO,F/C to commercial lithium-ion
batteries.
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