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A novel spherical LizV,(PO,4)3/C material is synthesized by modified carbothermal reduction. XRD
patterns show that the LisV2(PO4)3 compound is monoclinic crystal structure. The C 1s XPS core
peaks indicate that residual carbon exists in LizV2(PO4)s. The binding energy values in P 2p and O 1s
spectra are attributed to (PO4)* phosphate groups and V 2p core peak at 517.2 eV indicate the
oxidation state of V is +3. SEM results indicate that the LisV,(PO,4)s/C composite had a spherical
morphology with hollow structure and nanosized primary particles. Charge/discharge tests show that
as-prepared sample exhibits discharge capacity of 131 mAh g * at 0.2 C rate in the voltage range of
3.0-4.3 V. The discharge capacities of LisV2(PO,)s/C are 128, 121, 108, 93,84 mAh g * at 1, 8, 15, 25,
35 C rate and high voltage plateaus are achieved. The excellent rate performance of the composite is
due to its unique spherical structure, which improves the processability and wetting ability of the
Li3V2(POa)s electrode, shortens the diffusion length of lithium ions and electrons.
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1. INTRODUCTION

Lithium ion batteries (LIBs) have revolutionized the portable electronics market, but in new
applications, like hybrid electric vehicles, require a higher charge-discharge rate capability [1,2]. The
development of cathode materials with good capacity and capacity retention at high rates is critical in
improving the power of a LIB system [3-5].

Monoclinic structure LizV2(PO4)3 composite has received considerable attention due to its high
operate voltage, good ion mobility and high reversible capacity [6-8]. However, as most of polyanion
materials, the separated [VOg] reduces the electronic conductivity of the material, which results in a
poor rate capability. Small size particles show enhanced kinetic properties in principle due to short
diffusion length for charge carriers and increased reaction area. Benefited from this advantage, high
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rate performances have been achieved in the cases of nanosized polyanion phosphate cathode materials
[9-13].

However, due to high specific surface, nanosized active material easily aggregate and absorb
moisture from the air, and more binder is needed during electrode preparation, all of which are
disadvantageous to the electrochemical properties of cathode material.

Here we report on our work to improve the rate performance of LisV2(PO4); materials, by
making this material nanostructured, more importantly, the synthesized material with micro-spherical
morphology. Through substituting V,0s for NH;VVO3 in vanadium source, the spherical morphology is
more uniform than in our previous work [14] and the voltage plateau of the micro-spherical
Li3V2(PO,)s/C is improved significantly when discharging at high rate.

2. EXPERIMENT

2.1. Preparation and characterization of LizV,(PQO,4)s/C powders

The stoichiometric amount of LiH,PO,4 (99%) and V,0s (99.5%) were dispersed in ethanol and
then ball milled for 15 h. The mixtures were dried at 80 °C, and then transferred into a tube furnace and
heated to 350 °C for 3 h under an argon atmosphere. Then the pre-sintered mixtures and sucrose in the
amount of 25 g per mole LiH,PO, (about 3 wt.% carbon) were ball milled again in ethanol for 15 h.
The ball-milled mixture was dispersed in ethanol to obtain an emulsion, and then spray dried at 120 °C.
The spray dried precursor was then heated to 800 °C at a heating rate of 5 °C min " for 10 h under an
argon atmosphere.

The obtained LizV,(PO4)s/C powder was subjected to X-ray diffraction (XRD, Panalytical X’
Pert, Philips) for phase analysis using CuK, radiation scanned in the range of 10-60° (26). X-ray
photoelectron spectroscopy (XPS, PHI Quantum2000, Physical Electronics, Inc.) was employed to
measure the chemical or electronic state of each element in the surface. Peak fitting was performed
using the XPSPEAK software.

The morphology of the LizV,(PO,)3/C powder was observed by scanning electron microscope
(SEM, EM3200, KYKY).

2.2. Electrochemistry measurements

The Li3V2(POa)s slurry was prepared via mixing 80 wt.% active material, 10 wt.% carbon black
and 10 wt.% polyvinylidene fluoride solution in N-methylpyrrolidone and then was coated onto an
aluminum foil over an area of 1 cm?.

The cells (CR2025 coin type) were assembled in an argon-filled glove box (Etelux). The
electrolyte was 1 mol L™ LiPFg in ethylene carbonate/diethylene carbonate/methyl ethyl carbonate
(1:1:1, vivIv). The cells were measured using Neware galvanostatic charge—discharge unit in the
voltage range of 3.0-4.3 V.
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3. RESULTS AND DISCUSSION

3.1. Physical characteristics

The XRD pattern of the LizV,(POg4)s powder, shown in figure 1, is similar to the previous
reports [6,7]. All the peaks are indexed with monoclinic structure with space group P2:/n (No. 14).
Excess carbon left in LisV,(PO4)s/C composite was not detected because the residual carbon is
amorphous or the thickness of the residual carbon on the LizV,(PO,); powders is too thin [15].
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Figure 1. XRD pattern of the LizV,(PO,4)3/C composite.

Additionally, XPS is used to testify the compositions and valence of elements in carbon-coated
LizV2(POy)s pristine material. Figure 2a shows C 1s core peaks of the LizV2(PO4)s/C powder. The peak
originating from C-C (284.6 eV) bond indicates that sucrose is decomposed into carbon during the
calcination, and residual carbon exists in LizV,(PO,)3 [16].
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Figure 2. XPS spectrum of C, P, O,V, Li of the Li3V2(PO,4)3/C composite.

The absence of the characteristic peak at 290 eV confirms the absence of surface Li,CO3 on our
sample [17]. The P 2p spectrum shown in figure 2b is split in two components 2ps;, and 2p;; due to
spin-orbit coupling (133.4 and 134.3 eV, respectively). Only one P 2p doublet at this binding energy is
attributed to (PO,)* phosphate group. The O 1s core level shown in figure 2c fits to a single peak with
a binding energy of 531.3 eV which is attributed to oxygen atoms of (PO4) >~ phosphate groups. The V
2p core peak shown in figure 2d displays a peak at 517.2 eV, matching well with that observed in V,03
(517.2 eV) [18], so the oxidation state of V in LizV2(PO4)s was +3. And the Li 1s spectrum shown in
figure 2e displays a peak at 55.3 eV can be attributed to Li3V2(PO4)3 [19].

SEM images of precursor powder and LizV,(PO,4)3/C sample are shown in figure 3. Figure 3a
shows that the as-prepared precursor powders obtained from spray-drying had a spherical morphology
with hollow structure due to instant evaporation of ethanol and a relatively smooth surface. The
surface morphology of LizV,(PQO,4)s/C, obtained from the precursor, is shown in figure 3b. The as-
synthesized Li3V2(PO4)s/C sample remains hollow micro-spherical after heating at 800 °C and is
significantly constituted of a large number of nanosized primary particles. The results show that the
substitution of V,0s5 for NH,VO3 as vanadium source can obtain more uniform ultrafine primary
particles, compared with that of the previous work [14], and the spray-drying step bound these
together via sucrose to form micron-sized spherical particles. The structure of the synthesized
LisV,(PO,)s/C favors the penetrating and soakage between the cathode material and electrolyte,
decreases the diffusion length of lithium ions and electrons, and improves the processability of the
Li3V2(PO4)3 cathode.
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Figure 3. SEM images of the precursor powder (a) and LizV,(PO,)3/C sample (b).

3.2. Electrochemical results

Shown in figure 4 is the charge—discharge behavior of the LisV2(PO,)s electrode operating at
0.2 C rate. As shown in figure 4a, the specific discharge capacity for the cathode active material is 131
mAh g ' and the charge—discharge profiles exhibit three charge plateaus and the corresponding three
discharge ones, which corresponds to three compositional regions of Liz—xV2(PQO,)s, that is, x = 0.0—
0.5, x = 0.5-1.0 and x = 1.0-2.0. The voltage plateau in each region corresponds to the reversed two-
phase transition [6]. The differential capacity profile, shown in figure 4b, exhibits three peaks in
deintercalation processes at 3.59, 3.67 and 4.09 V, and correspondingly three peaks in intercalation
processes at 3.58, 3.66 and 4.04 V due to lithium insertion respectively. All the peaks are associated
with V¥*/VV** redox couple, which is in good agreement with the charge-discharge behavior in figure
4a. Also the differential capacity profile indicates the excellent electrode reaction reversibility (as
evidenced by the symmetrical nature of the deintercalation and intercalation responses) and the
relatively low polarization (as shown by the small extent of voltage hysteresis).
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Figure 4. Charge/discharge profiles (a) and differential capacity curves (b) of the LizV,(PO4)s/C
electrode at 0.2 C rate in the voltage range of 3.0-4.3V (1 C =133 mA g ).
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Figure 5. Initial discharge curves of LizV2(PO,)s/C electrode at different rates. The insert shows the
cycling stability curves of LizV,(PO,4)s/C materials.
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Figure 5 demonstrates the rate performance of the as-prepared composite powders. The cells
were charged to 4.3 V at 1 C rate, then discharged to 3.0 V at n C rate (where n = 1, 8, 15, 25, 35). As
shown in figure 5, when the discharge current density increases from 1 to 35 C, the discharge capacity
of 128, 121, 108, 93, 84 mAh g* can still be achieved. Furthermore, there are significant voltage
plateaus even when discharging at 35 C rate which is much better than that of the previous material
[14]. This should be very attractive to development of high-power lithium-ion batteries. The cycling
stability curve of the LisV2(PO4)s/C material at 1 C charge and discharge rate, embedded in figure 5,
indicates that following the 160 cycles the material retains 98% of the original specific capacity. The
excellent cyclability and rate capability of the LizV2(PO4)3/C composites can be attributed to the
special hollow micro-spherical structure of the LisV2(PO4)3/C composites. The spherical morphology
with hollow structure improved the processability and wetting ability of the Li3V,(PO4); electrode. The
nanosized particles shortened the diffusion length of lithium ions and electrons.

4. CONCLUSION

A novel hollow micro-spherical LizV2(PO4)3/C composite has been successfully synthesized
using a modified carbothermal reduction method. The LisV2(PO4)3/C composite shows spherical
morphology with hollow structure and contains a large number of nanosized primary particles. The
rate performance and cyclability of the material are pretty good. The prepared composite is the
promising material proposed as a cathode for high-power lithium-ion batteries.
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