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9LiFePO4-Li3V,(PO4);3/Cis synthesized via a carbon thermal reaction using petroleum coke as both reduc-
tion agent and carbon source. The as-prepared material is not a simple mixture of LiFePO4 (LFP) and
Li3V,(POy4)3 (LVP), but a composite possessing two phases: one is V-doped LFP and the other is Fe-doped
LVP. The typical structure enhances the electrical conductivity of the composite and improves the elec-
trochemical performances. The first discharge capacity of 9LFP-LVP/C in 18650 type cells is 168 mAhg~!
at 1C (1 Corppvpc =166 mAg~1), and exhibits high reversible discharge capacity of 125 mAhg~! at 10C
even after 150 cycles. At the temperature of —20°C, the reversible capacity of 9LFP-LVP/C can maintain
75% of that at room temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since Padhi et al. [1] firstly reported that lithium iron phos-
phate was a potential cathode for lithium ion batteries, many works
had been devoted to preparing transition metal polyanion materi-
als based on PO,43-, such as orthorhombic LiMPO,4 (M = Fe, Mn, Co)
and monoclinic LisM5,(PO4)3 (M’ = Fe, V) [2,3]. Among these materi-
als, LiFePO4 (LFP) and Li3V,(POg4)3 (LVP) attract the most attention
for their high specific capacities (1770mAhg-! and 194mAhg-1,
respectively) as well as low cost. Although LFP is considered as
the most promising high-rate cathode candidate [4], it should be
treated with carbon coating [5], metal-rich phosphide nanonet-
working [6], or super-valence ion doping [7-12] to facilitate the
migration of electron and Li*. For LVP, though Li* can transfer
fast in its open three-dimensional framework, the high-rate prop-
erty is somewhat disappointing for its poor electrical conductivity
[13-15]. Moreover, the synthesis temperature of LVP is extremely
high (higher than 850°C) [16].

In order to simplify the synthesis process and improve the elec-
trochemical properties of the electrode material as well, we firstly
report a simple solid-state synthesis of xLFP-yLVP/C composites
using micro-size petroleum coke as both reduction agent and car-
bon source. The microstructure and composition of the composites
are discussed and the electrochemical performances at different
rates and working temperatures are investigated.
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2. Experimental

Stoichiometric Li;CO3, NH4H;POg4, FePO4-4H,0, NH4VO3 and
micro-size petroleum coke were dispersed in alcohol, and then ball
milled in a planetary mill for 15 h with agate ball and agate jar. The
mass ratio of ball to powder was 10:1 and the rotation speed was
350 rpm. After alcohol was completely evaporated, the precursor
was collected and sintered at 650 °C for 8 h in argon flow to obtain
XLFP-yLVP/C composites.

The structure and composition of the samples were charac-
terized by X-ray diffraction (XRD, Philips PC-APD with Cu Ko
radiation), transmission electron microscopy (TEM, JEOL JEM-
2010F) and energy dispersive spectrometer (EDS, GENENIS 4000),
respectively. Electrical conductivity measurements were carried on
a conductivity meter. The powders were uniaxially hot-pressed at
700°C, 80 MPa for 1h in vacuum.

The electrochemical performances were investigated in 18650
type cells assembled in an argon glove box. The cathode
was prepared by coating the slurry consisted of 87wt% as-
prepared particles, 8 wt.% graphite and 5 wt.% PVDF on aluminum
foil. The mesocarbon microbead coating on copper foil was
used as the anode. 1.0M (0.9LiBF4-0.1LiBOB) in PC-EC-EMC
(1:1:3 in volume) was used as the electrolyte. The galvanos-
tatic charge-discharge tests were conducted on LAND battery
program-control test system at different discharge rates and dif-
ferent working temperatures in the voltage range of 2.5-4.3V
(vs. Li/Li*). The capacity was calculated based on xLFP-yLVP/C.
Cyclic voltammogram (CV) and electrochemical impedance spec-
troscopy (EIS) were performed on CHI660C electrochemical
workstation. A three-electrode cell was used for EIS test, where
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Fig. 1. (a) XRD patterns of xLiFePO4-yLi3V,(PO4)3/C composites, (b) and (c) TEM images and (d) EDS spectrum of 9LiFePO4-Li3V,(PO4);/C.

lithium foils act as both the counter and reference elec-
trodes.

3. Results and discussion

Fig. 1a shows the XRD patterns of the as-prepared xLFP-yLVP/C.
When x:y=1:0 and 0:1, all the diffraction peaks correspond well
to orthorhombic LFP (space group Pmnb (62), JCPDS 40-1499) and
monoclinic LVP (space group P2¢/n (14), JCPDS 47-0107), respec-
tively. When x:y=9:1, 4:1, 1:1, 1:4 and 1:9, both the peaks of
orthorhombic LFP and monoclinic LVP appear in the XRD patterns of
the as-prepared materials. Besides, there is no evidence of diffrac-
tion peaks of carbon in all the products, which indicates the coated
carbon is amorphous or the carbon quantity is too small to be
detected. The solid-state reaction is described as follows:

4NH4VO3 + 3LiyCO3 + 6NH4H,PO4 +2C — 2LisV(POy4)3 +5C0,
+10NH; + 11H,0 1)

2FeP04-H,0 + Li,CO3 +C — 2LiFePO,4 +CO, +8H,0 + CO  (2)

The lattice constants of LFP/C, LVP/C and XLFP-yLVP/C (x:y=9:1)
are listed in Table 1. Itis discovered that the cell sizes of LFP and LVP
in the composite slightly change. For LFP, the one in the composite
shrinks a-, b- and c-axis by 0.064%, 0.361% and 0.186% compared
with the pristine one, respectively. For LVP, the one in composite
shrinks a- and c-axis by 0.260% and 0.081%, and expands b-axis

Table 1
Unit cell parameters of LFP/C, LVP/C and 9LFP-LVP/C.

Material Unit cell parameters

a(nm) b (nm) c(nm) V (nm?3)
LFP/C 1.06257 0.63365 0.46854 0.31547
LVP/C 0.86859 1.20627 0.85638 0.89728
LFP in 9LFP-LVP 1.06189 0.63136 0.46767 0.31354
LVP in 9LFP-LVP 0.86633 1.21258 0.85569 0.89890
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Fig.2. The first charge/discharge curves of the xLiFePO4-yLi3V,(PO4);/C composites.

by 0.523% compared with the pristine one, respectively. The cell
volume of LFP shrinks 0.612% while LVP expands 0.181% in the
composite compared with those of pristine LFP and LVP. The slight
changes in cell sizes indicate that doping occurs in the xLFP-yLVP/C
composites (x,y # 0).Itis even supposed that LFP in the composite
is doped with V, and LVP in the composite is doped with Fe.

In order to further characterize the structure of xLFP-yLVP/C
composites (x,y # 0), TEM images of 9LFP-LVP/C are presented in
Fig. 1b and c. It can be seen that the particles are uniform with
diameters of 300-500 nm. Amorphous carbon layer is coated well
on the surface of the particles. The EDS spectrum of two adjacent
particles in Fig. 1b is shown in Fig. 1d. Both the two particles con-
tain Fe and V elements, but the molar rate of the elements is quite
different. For particle A, the molar rate of Fe to P is nearly 1:1,
which is close to that of LiFePO4. And the content of V in parti-
cle A is relative low. For particle B, the molar rate of V to P is nearly
2:3 which is close to that of Li3V,(POg4)3. And the content of Fe in
particle B is relative low. Obviously, the particles A and B are V-
doped LFP and Fe-doped LVP, respectively. It is a good evidence for
the assumption mentioned above that the as-prepared xLFP-yLVP/C
composites (x, y # 0) possesses two phases: one is V-doped LFP
and the other is Fe-doped LVP. In addition, the content of carbon
in all the XLFP-yLVP/C composites are about 5.0 wt.% measured by
elemental analysis.

Fig. 2 shows the initial charge-discharge curves
of the xLFP-yLVP/C composites at 1C (charge rate:
1 Cyrrpyrve =(170x +132y)/(x+y) mA g1y from 25V to 43V.
All the electrodes show similar charge-discharge behaviors.
During the charging process, long plateaus appear around 3.5V,
corresponding to the phase transition from LiFePO4 to FePOy.
The three subsequent plateaus around 3.6V, 3.7V, and 4.1V can
be indexed to the transformation of Li3V,(PO4)3 to LixV,(POy4)s,
where x=2.5, 2, and 1, respectively [17]. It can be clearly seen
that different contents of LFP and LVP phases in the composites
result in different electrochemical performances. The 9LFP-LVP/C
composite exhibits the highest discharge capacity (168 mAhg-1)
and initial coulombic efficiency (98%) among all the composites.

The cycling performances of 9LFP-LVP/C at different rates and
working temperatures are shown in Fig. 3a and b. At rates of
1C 5C, 10C and 15, the first discharge capacity of 9LFP-LVP/C
in 18650 type cells is 168 mAhg-!, 143mAhg-!, 131 mAhg™!
and 102mAhg-1, respectively. And the discharge capacity is
163 mAh g after 80 cycles at 1 Cand 125 mAh g~! after 150 cycles
at 10 C, respectively. Furthermore, at the temperature of 65 °C, 0°C
and —20°C, the reversible capacity of 9LFP-LVP/C is 166 mAhg™!,

Fig. 3. Cycling performance of 9LiFePO4-Li3V,(PO4)3/C: (a) at different discharge
rates and (b) at different working temperatures.

134mAhg-! and 115mAhg-!, respectively. As can be seen, even
at —20°C, the capacity of 9LFP-LVP/C after 150 cycles still sustains
75% of that at room temperature. The improved electrochemical
performances of 9LFP-LVP/C is greatly attributed to the enhanced
electrical conductivity shown in Table 2. As can be seen, the elec-
trical conductivity of 9LFP-LVP/C is improved to 2.50 x 10~2Scm™!,
much higher than those of pristine LFP/C and LVP/C. It is also sug-
gested that the excellent cycling performance at high rate and wide
working temperature range is attributed to the interaction of V-
doped LFP and Fe-doped LVP in the composite not only the V doping
in LFP. As previous work reported, the electric conductivity of V-
doped LFP is even lower than that of pure LFP, and V-doped LFP
delivered specific capacity of about 100mAhg-! at 10 C [9], which
ismuch lower than that of 9LFP-LVP/C. Moreover, the rate capability
of 9LFP-LVP/C in the present work is also improved over previ-
ously reported LFP-LVP/C [18]. It is thus concluded that under the
interaction of V-doped LFP and Fe-doped LVP, the electronic con-
ductivity of 9LFP-LVP/C is greatly enhanced, and the rate capability
and reversibility are significantly improved.

The physical characteristics of 18650 cell electrodes are shown
in Table 3. It can be seen that the energy and power density of

Table 2

Electrical conductivities of LFP/C, LVP/C and 9LFP-LVP/C.
Material LFP/C LVP/C 9LFP.LVP/C
Electrical conductivity (Scm=') 6.75x 103 2.88x103 250 x 102
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Table 3

Physical characteristics of 18650 cell electrodes.
Characteristics Electrodes

LFP/C LVP/C LFVP/C
Mass of the electrode material (g) 9.55 9.72 9.93
Mass of the active material (g) 8.33 8.46 8.64
Electrode area (cm~2) (two side) 784 784 784
Surface density of the electrode 12.18 12.40 12.67
material (mgcm~—2) (one side)

Capacity (mAh) 1200 1100 1400
Nominal voltage (V) 3.2 3.7 3.4
Mass of the cell (g) 343 34.6 35.1
Energy density (Whkg=1) 112 118 135
Power density at 15C (Wkg1) 680 626 805

Fig. 4. XRD pattern of 9LiFePO4-Li3V,(PO4)s3/C after 20 cycles at 1C.

9LFP-LVP/C are increased by 21% and 19% compared with the pris-
tine LFP/C and LVP/C, respectively. The XRD pattern of 9LFP-LVP/C
after 20 cycles at 1 C is shown in Fig. 4. The orthorhombic LFP and
monoclinic LVP phases still sustain well in the composite, which
also suggests the good cycling performance of 9LFP-LVP/C.

The initial cyclic voltammogram curves of LFP/C, LVP/C and
9LFP.LVP/C between 2.5V and 4.3V at a scan rate of 0.1 mVs~! are
presented in Fig. 5. The anodic and cathodic peaks correspond well
with the charge-discharge plateaus shown in Fig. 2. The interval
between anodic and cathodic peaks of 9LFP-LVP/C is smaller than

Fig. 5. Cyclic voltammogram curves at a scan rate of 0.1 mVs~! from 2.5V to 4.3 V.

Fig. 6. Electrochemical impedance spectra measured at the discharge potential of
3.6V in the 20th cycle.

those of pristine LFP/C and LVP/C, indicating the lower electrochem-
ical polarization of 9LFP-LVP/C. Under the interaction of V-doped
LFP and Fe-doped LVP, the electrical conductivity of 9LFP-LVP/C is
improved and the electrode polarization is reduced, which results
in the enhanced electrochemical properties.

EIS measurements were conducted in the frequency range of
100 kHz to 10 mHz at the discharge state (3.6 V) after 20 cycles. The
Nyquist plots of the electrodes are shown in Fig. 6. Equivalent circuit
and simulated curves are also provided. R, represents the solution
resistance; R (i) and Cy(i) (i=1, 2 and 3) stand for the Li* migration
resistance and capacity of surface layer, respectively; R and Cgy
designate the related charge-transfer resistance and double-layer
capacitance, respectively; Zy, represents the diffusion-controlled
Warburg impedance [19]. The simulated charge-transfer resistance
Rt of LFP/C, LVP/C and 9LFP-LVP/C are 60.1 €2, 288.2 2 and 16.1 €2,
respectively. The 9LFP-LVP/C composite exhibits the smallest R
value, which indicates the electrons and Li* can transfer more
quickly on the interface of active materials and electrolyte. It is also
an evidence for the improved electrical conductivity and enhanced
reaction kinetics of the 9LFP-LVP/C composite, which possesses V-
doped LFP and Fe-doped LVP at the same time.

4. Conclusions

9LiFePO4-Li3V,(P0O4)3/C composite is synthesized by a simple
solid-state method using petroleum coke as both reduction agent
and carbon source. The composite shows enhanced electrochemical
performance at high rate and wide working temperature range over
pristine LFP/C and LVP/C. At 10 C, 9LiFePO4-Li3V,(PO4)3/C exhibits
reversible discharge capacity of 125 mAh g~! even after 150 cycles.
At temperature of —20°C, the reversible capacity still remains 75%
of that at room temperature. The improved electrochemical perfor-
mances of 9LiFePO4-Li3V,(PO4)3/C are attributed to the interaction
of V-doped LFP and Fe-doped LVP, which increases the electronic
conductivity and facilitate the insertion/extraction of lithium ions.
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