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Abstract The nano-particles, Li;V,(PO,4); embedded in car-
bon matrix, are synthesized by a novel two-step procedure
based on a sol-gel method. In the two-step process, the
carbon-encapsulated trivalent vanadium phosphorus precur-
sors are obtained without adding lithium compound in the first
step. Because of carbon matrix, small particle size of
Li;V,(PO,4)3/C composite is obtained in the second step,
which involves lithiation and heating to 800 °C in argon.
The electronic conductivity of LizV,(PO,)s/C composite is
2.88x107° S ecm !, increased by five orders of magnitude
compared with the pristine LisVo(PO4); (2.3x10°% S em ™).
The prepared LizV,(PO,4)s/C shows high discharge capacity
132 mAh g ' (3.0-4.3 V), which is up to 99.2 % of the
theoretical value, and good high-rate specific discharge capac-
ity, which is greater than 100 mAh g at a rate of 10 C. Even
after cycling at 15 C, the charge—discharge performance of the
prepared Li;V,(PO,);/C cathode hardly deteriorates at 1 C
indicating that the structure of Liz;V,(POy); is not destroyed
irreversibly at high rate. The improved electrochemical prop-
erties of the LizV,(PO4)3/C cathode electrodes are also veri-
fied by electrochemical impedance spectroscopy.
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Introduction

Enhanced energy density, power density, cyclability, and safe-
ty of lithium-ion batteries have been the research objects since
it became commercialized in 1990. In short, it is to get better
performance. These new needs have boosted research and
optimization of new materials for lithium-ion batteries.
NASICON monoclinic Li;V,(POy4); phase, a cathode material
that, besides having a high theoretical specific capacity
(197 mAhg',3.0-4.8V; 133 mAh g ', 3.0-4.3 V) and stable
crystalline structure displaying remarkable rate performance,
will apply to vehicle batteries especially [1-3]. The host lattice
is composed of interconnected corner-shared P-O tetrahedron
and V-O octahedron, which forms a 3D framework. The three
Li sites account for a halfway situation vis-a-vis the two
adjacent members [4—6]. Because V-O octahedron is separat-
ed by P-O tetrahedron, Li;V,(PO,4); presents poor solid state
diffusion and electrical conductivity, discharge specific capac-
ity is low at high rate charge [7, 8]. Li;V,(POy4); nano-
particles coated with carbon layers are obtained in our work
resulting in improved ion and electronic conductivity.

The small size and large surface area of nano-materials
provide such greater contact area between the electrode ma-
terial and the electrolyte. The distance of lithium ions diffus-
ing across the electrode is shortened. Therefore, improved
charge/discharge ability, that is, a higher rate capability, can
be expected for nano-structured electrodes. The fabrication of
nano-structured electrodes has become one of the main goals
in battery materials [9]. Apart from the sol-gel preparative
methods [10-13], a wide variety of synthetic approaches have
been developed to obtain nano-particles and to improve the
rate capabilities of the Li3V,(PO,); materials, such as solid
state method [14—-16], microwave method [17], hydrothermal
method [18, 19], and electrostatic spray deposition [20]. How-
ever, it is known from ceramic processing [21] that light
elements, such as lithium, can increase the particle growth
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rate at high temperatures, which is due to the increased diffu-
sion rate of the light elements. To address these defects, Pivko
etc. synthesized LiMnPO, with small particle size (15-20 nm)
via a two-step technique [22]. Barker etc. synthesized
LiVPO,F by a novel two-step reaction method based on a
carbon thermal reduction (CTR) process [23].

In order to obtain the nano particle size of LVP/C compos-
ite, we herein propose a two-step process based on the sol—gel
method to prepare Li;V,(PO,);. In this article, we present a
novel approach toward a two-step synthesis of small particles,
Li3V,(POy,)3, embedded in a carbon matrix via an oxalic acid-
based sol—gel process assisted by glucose, in which oxalic
acid and glucose serve as double carbon sources. To achieve
this goal, we modified the first step (sol—gel) without adding
lithium compounds into solution. Then, the prepared trivalent
vanadium phosphorus composites (VPO) were mixed lithium
salts by using a planetary ball milling. Homogeneous
LizV,(POy,); particles were distributed in a conductive carbon
matrix after the second heat treatment. The electrochemical
performances of Li3V,(PO,)3/C particles were investigated.

Experimental

Two-step synthesis In the first step, oxalic acid (4.40 g) and
V,05 (1.82 g) in a stoichiometric molar ratio 3:1 were dis-
solved in 30-ml deionized water with magnetic stirring at
80 °C. After a clear blue solution formed, a mixture of stoi-
chiometric NH4H,PO, (3.45 g) and glucose (1.60 g) was
added to the solution while stirring for 30 min (the molar ratio
of V:P was 2:3), and dried sol formed in an air oven at 110 °C.
The dried sol was pre-decomposed at 350 °C for 5 h, then
thermally treated at 800 °C for 2 h in an argon atmosphere.

In the second step, the composite from the first step was
mixed with adequate quantity of LiOH (1.40 g) using plane-
tary ball milling for 30 min. The final Li;V,(PO,4);/C com-
posite material was obtained with additional thermal treatment
at 800 °C in argon for 12 h (LVP2 for short).

Sol-gel method A homogeneous mixture of reactants was
prepared by stirring stoichiometric quantities of oxalic acid
(4.40 g), V,05 (1.82 g), NH4H,PO, (3.45 g), LiOH (1.40 g),
and glucose (1.60 g) in 30-ml deionized water (the molar ratio
of Li:V:P was 3:2:3). The dried sol was pre-decomposed at
350 °C for 5 h, then thermally treated at 800 °C for 12 h in an
argon atmosphere. The obtained final Li;V,(PO4);/C compos-
ites was called LVP1 for short. In the sol-gel process, oxalic
acid is often used as chelating ligand, which can also act as
carbon source and reducing agent. In this work, LVP/C com-
posites were synthesized via oxalic acid-based sol-gel route
assisted by glucose. Here, glucose served as the additional
carbon source to modify the carbon-coated layer achieved by
oxalic acid in LVP/C composites.
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The structural properties of the prepared material and the
intermediate precursor obtained from the both methods were
determined by X-ray diffraction (XRD), using a SIMENS
D5000 diffractometer (A\=1.5406 A). The surface morpholo-
gy of the prepared composites was characterized by a field-
emission scanning electron microscopy (FE-SEM) (Model
JSM-6700F, 5 kV). The morphology of individual nano-
particles was examined in a Model JEM-3010 F, 200 kV,
transmission electron microscopy (TEM). The TGA-DTA
measurements were performed under 20 ml min ™' argon flow
at a heating rate of 10 °C min' with a simultaneous thermal
analysis system (Setsys Evo24, SETARAM, France). The
electronic conductivity of powder was determined by two
electrode method on a GM-II resistivity tester connected to a
34401A type Digit multimeter.

The positive electrodes comprised weight of 80 % active
materials, 10 % carbon black, and 10 % PVDEF. These com-
ponents were mixed in N-methyl-2-pyrrolidone (NMP). The
obtained slurry was cast onto a circular aluminum foil with a
diameter of 16 mm. Before being transferred to a glovebox
(water content <1 ppm), the electrodes were dried in vacuum
oven at 120 °C for 12 h. Galvanostatic charge/discharge tests
were performed in a coin battery between 3.0-4.3 V (the
electrolyte may deteriorate partly when charged to 4.8 V),
where the working electrode and counter electrode (lithium
foil) were separated by a separator soaked in the electrolyte.
The electrolyte consisted of 1 M solution of LiPF6 in a
mixture of 1:1 by weight of ethylene carbonate (EC) and
dimethyl carbonate (DMC). The galvanostatic charge/
discharge tests were performed with an Arbin BT2000 battery
tester at different current densities at 25 °C. Rate performance
was obtained by applying varying current densities during
charge/discharge without additional constant voltage charge
(1 C=133 mA g !, 3.0-4.3 V). Electrochemical impedance
spectroscopy (EIS) was recorded on an electrochemical work-
station with the frequency ranging from 10 kHz to 10 mHz
and an AC signal of 5 mV in amplitude as the perturbation at
25 °C (CHI660C, Shanghai).

Results and discussion

The XRD patterns of Li;V,(PO,)3/C obtained from one-step
sol—gel (short for LVP1) and LizV,(PO,4)s/C obtained from
two-step approach (short for LVP2) are shown in Fig. 1. All
diffraction peaks can be assigned to the single-phase of
Li3V,(POy4); (JCPDS:97-016-1335) [1, 24]. There is no sig-
nificant difference between the XRD patterns of LVP1 and
those of LVP2. Additionally, no peaks of impurities were
detected from the XRD patterns. Pyrolytic carbon obtained
from glucose under thermal condition is amorphous and can-
not be detected through XRD. The mean crystallite size of
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LVPI and LVP2 particles are calculated from broadening of
XRD peaks by Scherrer’s equation: D=0.89)\ / (3 cosf),
where ) is the X-ray wavelength and ( is the full width at
half maximum of the diffraction peak on a 26 scale. Based on
diffraction planes of (121), (020) and (220), the mean value of
grain size of LVP1 and LVP2 are 31 and 38 nm, respectively.

In the second step of the synthesis, lithium salts must be
distributed very homogeneously across the precursors to
achieve a complete transformation of VPO into LizV,(POy)s.
The method of ball milling in this work is adopted to achieve
the goal of sufficient mixing. As described by Pivko etc., the
lithium diffusion through the mixture facilitates the transfor-
mation of VPO into Li3V,(POy); under high heating temper-
ature [22]. After heating mixtures, a sample is obtained with-
out detectable impurities (Fig. 1b).

To better understand the formation mechanism, structure,
and particle morphology of the intermediate phase VPO, we
performed TGA-DTA analyzation of precursors, XRD and
SEM characterization of VPO samples sintered at 800 °C.
The TGA-DTA analytical curves of mixed precursors are
shown in Fig. 2a. The inset shows a DTA curve of glucose.
Corresponding to the peaks of glucose, the first main endo-
thermic peak occurs at around 180 °C in the DTA curve of
precursors. The first part of its weight loss attributes to the
early decomposition and dehydration of glucose. The large
endothermic peak at 280 °C and the major weight loss can be
attributed to the formation of VPO compounds with the con-
sequent formation of NHj, H,O, and CO, gas caused by
decomposition [25]. XRD pattern of VPO is shown in
Fig. 2b, where there are no obvious peaks and no indication
of the presence of NH4H,PO, or VPO, samples. The VPO
samples formed in the first step of synthesis are amorphous
phase, and there are no VPO, crystals generated from the
reaction. Figure 2¢ shows the SEM micrograph of the inter-
mediate phase VPO. As can be seen, flake structure appears in
the morphology of the VPO. As shown in XRD (Fig. 1), the
VPO completely transformed into Li;V,(PO,); crystal
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Fig. 1 XRD patterns of LVPI (a) and LVP2 (b)

(LVP2) ultimately after the addition of lithium salts and high
temperature heating.

Figure 3a, b shows the SEM images of the LVP1 and LVP2
composite. It can be observed that the morphology of both
LVPI1 and LVP2 particles is irregular. The morphology of both
LVPI1 and LVP2 particles are different from that of the VPO,
indicating Li atoms played an important role in the formation
of LVP/C composites.

Figure 4a, b shows the low magnification TEM images of
LVPI and LVP2, respectively. As can be seen, there is more
carbon matrix existing in LVP2 particles than in LVP1 parti-
cles. Meanwhile, the particle size of LVP2 (<300 nm) is much
smaller than of LVP1 (ca. 500 nm) suggesting that Li atoms
facilitated formation of large particle size under high temper-
ature, in accordance with those reports described in the “In-
troduction” part. The matrix formation of carbon appears in
the interstitial grain-boundary region, which can limit the
growth of particles and provide good contact between the
particles. The crystal nature of Li;V,(PO,); is evidenced by
the SAED patterns (inset of Fig. 4c, d). As can be seen, LVP1
particles are composed of small polycrystalline grain, whereas
LVP2 particles are more like monocrystals with large size.
These results are in good agreement with the XRD investiga-
tions. The higher degree of crystallinity of LVP2 than that of
LVP1 may contribute to the faster lithium ion transport, which
is the neck of a bottle, when charging at large current density.
By observing the edge of one particle, we could also find the
presence of carbon layer, as seen in Fig. 4c, d. The distribution
of amorphous carbon around particles is continuous, but the
thickness of carbon coating is not completely homogeneous.
The thickness of amorphous carbon coating can be controlled
by changing the weight of pyrolytic carbon source [26, 27].
The residual carbon content is approximately 4.75 % wt. in
LVP1 and the same as in LVP2. The residual carbon content of
glucose is determined by pyrolysis in Ar atmosphere from
room temperature to 800 °C in tubular furnace.

The electronic conductivity of the as-prepared LVP1 and
LVP2 composite is 1.38x107° S/cm and 2.88x107° S/cm,
respectively, which are much higher than the pristine
LisV,(PO,); (2.3x10°° S/em) at 300 K [5]. According to
the TEM results, higher conductivity of LVP2 than that of
LVP1I is attributed to the small particle size and carbon matrix
in the composite. In general, one could come to a conclusion:
the particle size of active particles can be suppressed by
simultaneously introducing carbon through carbon precursors
and avoiding lithium during the first firing step. The
Li3V,(POy,); particles imbedded in the carbon matrix can be
obtained through a two-step routine, which results in im-
proved electronic conductivity.

The discharge curves for LVP1 cells and LVP2 cells at
different current densities are shown in Fig. 5, which are
measured in the potential range of 3.0-4.3 V at 25 °C. All
cells exhibited three discharge plateaus around 4.0, 3.7, and
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3.6 V at rate of 0.2 C, which are identified as the two-phase
transition processes during the electrochemical reactions,
LiV5(POy4)3—LiyV5(PO4)3— Liz s Va(PO4)3 — Liz Va(POy)3
[5, 7]. The discharge capacities for LVP1 and LVP2 are 131
mAh g " and 132 mAh g, accounting for 98.5 % and 99.2 %
of theoretical specific capacity (133 mAh g') respectively.
When the rates increased, namely the charge—discharge cur-
rent density increased, the discharge plateaus evolved into a
slope gradually, which can be attributed to the electrode
polarization [28, 29]. The discharge specific capacities of

Fig. 3 SEM micrographs of
LVP1 (a) and LVP2 (b)
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LVPI cells are much smaller than those of LVP2 cells at
increasing rates, due to the deteriorating polarization degree
of LVP1 cells. The superior charge—discharge performance of
LVP2 is attributed to the decreased particle size and improved
electronic conductivity, in good agreement with TEM inves-
tigations above.

The rate capacities of LVP1 and LVP2 samples are shown
in Fig. 6a. The electrodes were cycled between 3.0 and 4.3 V
versus metallic lithium without additional constant voltage
treatment. It is obvious that the high-rate performance of
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Fig. 4 TEM micrographs of
LVPI (a, ¢) and LVP2 (b, d) at
different magnification. /nsets in
(c) and (d) are the corresponding
SAED patterns of LVP1 and
LVP2 in red square areas,
respectively

LVP2 cells is better than that of LVP1. The discharge capac-
ities of LVP1 and LVP2 samples are almost the same at 0.2, 1,
and 5 C (132, 125, and 115 mAh g '). The conductivity
capability and particle size have little impact on the discharge
capacities of Li3 V,(PO,); at low charge—discharge rate. How-
ever, when the charge—discharge rates rise to 10 and 15 C, the
discharge capacities of LVP1 are about 80 and 60 mAh g ',
which is much smaller than those of LVP2, 100 and 88
mAh g ', respectively. The inset of Fig. 6a shows the
charge—discharge curve of LVP2 electrodes at 1 C after cy-
cling 5 times at 15 C. The apparent plateaus are observed and
discharge capacities hardly deteriorate yet. The discharge
capabilities do not decrease even if LVP2 cycles at high
current density charge—discharge rate. This may be ascribed
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to the decreasing particle size and improved conductivity of
LVP2. Because the smaller particle size leads to shorter Li
ions transport distance, it facilitates the fast ion transport rate.
Also, the benefit of LizV,(PO,); particles imbedded in the
carbon matrix in the electrode leads to enhanced rate perfor-
mance of samples. Cycle performance of LVP1 and LVP2 ata
rate of 10 C is shown in Fig. 6b. Both LVP1 and LVP2 show
good cycling stability after 50 cycle numbers. As shown in the
previous results, LVP2 exhibits larger capacity than LVP1
because of superior structure. We can conclude that
Li3V,(POy4); samples prepared by two-step process are in
favor of superior rate and cycling performance, due to de-
creased particle size and enhanced electronic conductivity of
the LVP2 composite.
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Fig. 5 Discharge curves of LVP1 cells (a) and LVP2 cells (b) at various rates
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Fig. 6 a Discharge capacities of LVP1 cells and LVP2 cells at various rates. /nset shows the charge—discharge curves of LVP2 cells at a rate of 1 C after

cycling at 15 C. b Cycle performance of LVP1 and LVP2 at rate of 10 C

The electrochemical impedance spectroscopy (EIS) mea-
surements were performed for LVP1 and LVP2 electrodes at
the potential of 3.0 V after the first cycle ata 0.2 C rate and the
Nyquist plots are shown in Fig. 7. Both electrodes exhibited a
depressed semicircle in the high-frequency region and an
inclined line in the low-frequency region. The high-
frequency semicircle is assigned to the charge-transfer imped-
ance in the electrode/electrolyte interface, and the inclined line
corresponds to the lithium-ion diffusion process [30]. It is
known that the electrolyte resistance through the separator
and contact resistance contribute to a large fraction of the
Ohmic potential drop while the charge transfer resistance
may control the rate of lithium insertion. The charge-transfer
impedances for LVP1 and LVP2 electrodes are 115 and 60
Q cm 2, respectively. The charge transfer impedances de-
creased greatly with the decreased particle size and enhanced

electronic conductivity because of decreased Li-ion transport
distance and fast ion transport rate. Moreover, the lower
contact resistance of LVP2 than that of LVP1 electrodes led
to enhanced rate performance, in accordance with the above
results (Figs. 5 and 6).

Conclusion

The Li;V,(PO,); particles embedded in a carbon matrix were
obtained via a two-step approach. The particle size of active
particles can be suppressed by simultaneously introducing
carbon coating through carbon precursors and avoiding lithi-
um during the first firing step. The LVP2 electrodes exhibited
enhanced discharge capacities, 25 % higher than those of
LVP1 electrodes at a rate of 10 C or higher rate. The LVP2

Fig.7 Nyquistplots of LVP1 and 400 o)
LVP2 electrodes at potential of " o LVPI
3.0 V after initial charge— 350 - & LVP2
discharge cycle o "
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g &
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electrodes exhibited decreased charge transfer impedances
and enhanced rate performance, which are attributed to the
decreased particle size and enhanced electronic conductivity
of the material. The primary results illustrate that the as-
prepared Li3V,(PO,)s/C can be a promising cathode material
for higher energy density and power demanding lithium-ion
batteries.
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