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a b s t r a c t

In addition to lattice doping and carbon-coating, surface modification with other metal oxides can also
improve the electrochemical performance of LiFePO4 powders. In this work, highly conductive vanadium
oxide (V2O3) is in situ produced during the synthesis of carbon-coated LiFePO4 (LiFePO4/C) powders by a
solid state reaction process and acts as a surface modifier. The structures and compositions of LiFePO4/C
samples containing 0–10 mol% vanadium are analyzed by X-ray diffraction, Raman spectroscopy, scan-
eywords:
ithium iron phosphate
anadium oxide
ithium ion battery
athode
iffusion coefficient

ning electron microscopy and transmission electron microscopy. Their electrochemical properties are
also characterized with galvanostatic cell cycling and cyclic voltammetry. It is found that vanadium is
present in the form of V2O3 that is incorporated in the carbon phase. The vanadium-modified LiFePO4/C
samples show improved rate capability and low-temperature performance. Their apparent lithium dif-
fusion coefficient is in the range of 10−12 to 10−10 cm2 s−1 depending on the vanadium content. Among
the investigated samples, the one with 5 mol% vanadium exhibits the best electrochemical performance.
. Introduction

With the ongoing depletion of fossil energy resources and global
arming, it is necessary to develop large-scale lithium-ion batter-

es (LIB) for high power applications such as hybrid electric vehicles
nd energy storage devices. Since the appearance of the first com-
ercial LIB in 1990, cathode materials have always been the most

mportant components of the cells because they generally deter-
ine the capacity and safety of LIB. Among the available cathode
aterials, the iron-based orthophosphate LiFePO4 is believed to

e the most probable candidate to be used in the next generation
IB for its high safety, non-toxicity and excellent cycle life [1–4].
owever, like most of other phosphates, its intrinsically low elec-

ronic conductivity is an adversity that needs to overcome through
arious structural modifications [5,6]. The strategies to improve
he properties of LiFePO4 include the synthesis of nanocrystalline
articles [4,7–12], ion doping [15–21], carbon coating [13,14], and
on-carbon second phase modification [22].

In this study, we attempt to introduce a metal oxide with high

lectronic conductivity as the third phase to modify carbon-coated
iFePO4 (LiFePO4/C) particles in order to enhance their conduc-
ivity. In literature, some vanadium oxides have been extensively
eported to be used as active electrode materials for LIB [23–25].
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Also, V2O3 possesses a very high electronic conductivity of over
103 S cm−1 at room temperature [26,27]. Therefore, it is interesting
to investigate the influence of V2O3 modification on the electro-
chemical performance of LiFePO4/C composite.

2. Experimental

A solid state reaction method was employed to prepare V2O3
modified LiFePO4/C powders. Lithium carbonate (Li2CO3, A.R.,
China Lithium, Shanghai), ferrous oxalate hydrate (FeC2O4·2H2O,
A.R., Asialon, Hefei), ammonium phosphate (NH4H2PO4, C.R.,
China Medicine Group, Shanghai) and ammonium metavanadate
(NH4VO4, A.R., China Medicine Group, Shanghai) with Li:Fe:P:V
molar ratios of 1:1:1:x (x = 0, 0.01, 0.03, 0.05, 0.1) were mixed in ace-
tone for 6 h through a wet ball-milling process. Then, the mixtures
were dried at room temperature in air and subsequently calcined
at 330 ◦C for 10 h under pure nitrogen to obtain five intermedi-
ate powders. For the vanadium-free powder (x = 0), it was mixed
with 7, 10 and 15 wt% glucose and grinded in an agate mortar in
order to prepare three solely carbon-coated LiFePO4 powders with
different carbon contents. For the other four intermediate pow-
ders, they were similarly mixed with 10 wt% glucose. Finally, all

of them were sintered at 700 ◦C for 8 h under nitrogen to obtain
seven products including three vanadium-free LiFePO4/C powders
(referred as G7, G10 and G15 for the samples prepared with 7,
10 and 15 wt% glucose additive, respectively) and four vanadium-
containing LiFePO4/C powders (referred as A, B, C and D for the

dx.doi.org/10.1016/j.jpowsour.2011.02.059
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Table 1
Lattice parameters of the samples calculated from the XRD patterns. For comparison,
the standard data and results from Goodenough’s work [1] are also listed in the table.

a (Å) b (Å) c (Å) Volume (Å3)

PDF-40-1499 6.018 10.340 4.703 292.95
Goodenough’s [1] 6.008 10.334 4.693 291.39
Sample A 5.999 10.338 4.695 291.36
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Sample B 5.986 10.335 4.706 291.32
Sample C 5.998 10.332 4.702 291.38
Sample D 6.003 10.334 4.694 291.35

amples containing 1, 3, 5 and 10 mol% V, respectively).The struc-
ures of the powders were analyzed by X-ray diffraction (XRD,
igaku TTR-III, CuK� radiation) and Raman spectroscopy (LABRAM-
R). The particle morphology of the powders was observed with a

canning electron microscope (SEM, JSM-6390LA) and a transmis-
ion electron microscope (TEM, JEOL-2010).

For electrochemical measurements, the obtained V-modified
iFePO4/C powders (90 wt%) were mixed with acetylene black
5 wt%) and poly(vinylidene fluoride) (Kynar HSV900) binder
5 wt%) in N-methylpyrrolidone to obtain slurries. Each of these
lurries was cast onto an aluminum foil to form an electrode lam-
nate. After vacuum drying at 80 ◦C, the laminates were punched
nto round discs (1.4 cm in diameter) to be used as the working
lectrodes of Li/LiFePO4 half-cells. The electrolyte was a solution of
M LiPF6 dissolved in ethylene carbonate/diethyl carbonate (1:1,
/w). CR2032 coin-type cells were assembled in an argon-filled

love-box (MBraun Lab Master130).
These cells were cycled on a multi-channel battery cycler

Neware BTS-610, Shenzhen) in the voltage range from 2.2 to 4.0 V
uring the first 3 cycles at room temperature. The charge mode
as a constant current–constant voltage (CC–CV) condition, i.e., the

ells were first charged at a constant current of 0.1 mA–4.0 V and
hen continuously charged at 4.0 V till the current dropped below
.02 mA. To measure the electrochemical performance at various
emperatures, the cells were cycled at 1, 2, 5 C rates at room tem-
erature and at 0.2 C rate at −10 ◦C in the same voltage range. Note
hat 1 C rate was equivalent to a current density of 150 mA g−1.
lso, the lithium-ion diffusion coefficient (DLi+ ) in the electrodes
as measured by means of cyclic voltammetry (CV). The CV was
erformed on a CHI604B electrochemical workstation from 2.0 to
.0 V at scan rates of 0.05, 0.1, 0.2 and 0.5 mV s−1, respectively.

. Results and discussion

.1. Structural analyses

Fig. 1 shows the X-ray diffraction patterns of the V-modified
iFePO4/C powders. Obviously, the main phase in these samples
s orthorhombic LiFePO4 with a space group of Pmnb. In addition
o the peaks of LiFePO4, the main diffraction peaks (0 1 2), (1 0 4)
nd (1 1 6) of V2O3 are also clearly detected in samples C and D.
he formation of V2O3 must be resulted from the decomposition
f NH4VO4 and the carbothermal reduction from V5+ to V3+. Based
n the amount of NH4VO4 in the starting compositions, the the-
retical content of V2O3 in each final sample is calculated to be
wt% (G10), 0.45 wt% (A), 1.4 wt% (B), 2.3 wt% (C) and 4.6 wt% (D),

espectively. Because the sensitivity of the XRD analysis is about
wt%, V2O3 is likely present in samples A and B. Thus, V2O3 exists
s a second phase instead of lattice doping in all of the V-modified
amples. It should be noted that other possible impurity phases

ike Li3V2(PO4)3, V2O5 and FeP2 are not detected in these sam-
les. Based on this result, we may reasonably presume that the
roduction of LiFePO4 is preferential to that of Li3V2(PO4)3.

Table 1 gives the lattice parameters of the samples calculated
rom the XRD patterns. For comparison, the standard data and
Fig. 1. XRD patterns of four V2O3-modified LiFePO4 powders. The standard patterns
for LiFePO4 and V2O3 are also plotted in the figure.

results from Goodenough’s work [1] are also listed in the table.
The obtained parameters of our four samples are very close to
the results of Goodenough et al. This result suggests again that
vanadium does not enter the olivine lattice structure and exists
as another phase in the V-modified LiFePO4/C composites.

Raman spectroscopy is employed to investigate the structure of
the carbon phase which is amorphous and not detected by XRD.
Fig. 2a–c are the Raman spectra of the samples G10 (0 mol% V)
(pristine), A (1 mol% V) and C (5 mol% V), respectively. Each of the
spectra consists of two intense broad peaks at 1350 and 1600 cm−1.
According to Doeff et al. [28,29], these two peaks, namely D-band
and G-band, are attributed to carbon and can be fitted with four
separated dotted-line peaks at 1194 (peak 1), 1347 (peak 2), 1510
(peak 3) and 1585 cm−1 (peak 4), respectively. The peak 2 and peak
4 are contributed by sp2-type graphite-like structure (i.e., sp2 C–C
bonds), while peak 1 and peak 3 by sp3-type diamond-like struc-
ture (i.e., sp3 C–C bonds), which is often related to amorphous
carbon. Hence the integrated intensity ratio Isp2 /Isp3 can be used
to characterize the degree of graphitization of carbon, where Isp2

and Isp3 are the total areas of (peak 2 + peak 4) and (peak 1 + peak 3),
respectively. The ratio of Isp2 /Isp3 as a function of vanadium con-
tent is plotted in Fig. 2d. The Isp2 /Isp3 values of pristine (0 mol%
V), sample A (1 mol% V) and sample C (5 mol% V) are 1.01, 1.04
and 1.35, respectively. Therefore, the degree of graphitization for
the carbon in the LiFePO4/C composites increases with the con-
tent of vanadium. Because the electron conduction in the LiFePO4/C

samples is preferably through the more conductive graphite-like
carbon compared to the less conductive amorphous carbon, the
conductivity of the LiFePO4/C samples increases accordingly with
increasing the vanadium content. In fact, it has been found [30]
that some transition metal oxides can improve the graphitization
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well-crystallized area, the gap between every two parallel stripes
is measured to be 0.26 nm, which corresponds to the interplanar
spacing distance of (1 0 4) planes of V2O3 crystals. Meanwhile, the
interplanar spacing distance of the stripes in the light area sur-

Table 2
Quantity and ratios of P, Fe, V elements in samples G10 (i.e., pristine), A, B, C and D
measured by EDS.

Element Atom (%) Error (%) Normalization (Fe as 1.00)

Pristine
P 10.37 0.08 0.97
Fe 10.74 0.12 1.00
V 0 Null 0

Sample A
P 9.41 0.13 0.95
Fe 9.86 0.38 1.00
V 0.15 0.35 0.02

Sample B
P 12.36 0.18 0.98
Fe 12.60 0.31 1.00
V 0.35 0.15 0.03

Sample C
P 8.47 0.11 0.98
Fe 8.61 0.29 1.00
ig. 2. Raman spectra of (a) pristine, (b) sample A and (c) sample C (the dotted lin
ontent.

f carbon decomposed from organics at a relatively low temper-
ture (e.g., 1000 ◦C). Thus, the improvement of graphitization in
ur experiment can be attributed to the presence of vanadium
xides.

Fig. 3 shows the SEM images of the V-modified LiFePO4/C
amples. It can be seen that the average size of LiFePO4 parti-
les apparently increases with increasing the content of vanadium
from Fig. 3a–d). Considering the high melting point of V2O3 (about
000 ◦C) and V2O5 (670 ◦C), there is no possibility of liquid sin-
ering process during the synthesis that can cause grain growth.
ence, the difference in particle size is likely caused by the differ-
nce in carbon content. The presence of carbon in the composites
an restrain the growth of LiFePO4 particles effectively during heat
reatment. Because the carbon decomposed from glucose may be
artly consumed to reduce V5+ into V3+, it is easy to understand
hat the carbon content decreases with increasing the content of
anadium and consequently the LiFePO4 particles grow larger. The
arbon contents in these samples can be determined through an
cid-dissolution method, and the results are shown in Fig. 4. It is
ndeed confirmed that the carbon content drops from about 2.5 wt%
sample A) to 0.9 wt% (sample D). The analysis of element distri-
ution mapping by Energy Dispersive Spectroscopy (EDS) (Fig. 3e
nd f) displays rather uniform distribution of Fe and V in these
amples, indicating that vanadium is everywhere on the grain sur-
ace. This result can help us to understand that so small amount
f vanadium additive can lead to so remarkable improvement in
he electrochemical performance (see below). Table 2 gives the
uantity and ratios of elements Fe, P and V in the pristine sample,
amples A, B, C and D measured by EDS. Obviously, the atomic ratios
mong these three elements are quite consistent with the initial

omposition.

To further determine the existence and location of V2O3 in the
-modified LiFePO4/C powders, sample C was analyzed by TEM

Fig. 5). Fig. 5a indicates clearly that a layer of loose carbon coat-
ng on the surface of secondary particles of LiFePO4 and fills the
from a Guassian numerical simulation), and (d) the relationship of Isp2 /Isp3 vs. V

interspaces between primary particles of LiFePO4. The diameter
of a LiFePO4 grain is approximately 500 nm, being consistent with
the result of the SEM analysis (Fig. 3c). If we magnify the selected
square area in Fig. 5a and observe the structure of the carbon layer
more carefully, many inhomogeneously distributed dark grains are
observed to be incorporated in this carbon layer (Fig. 5b). The
dark grains have a well-crystallized structure with a diameter of
20 nm that is surrounded by a partially crystallized structure. In the
V 0.34 0.20 0.04
Sample D

P 0.90 0.11 0.99
Fe 10.03 0.29 1.00
V 1.25 0.21 0.12
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Fig. 3. SEM photos of (a) sample A, (b) sample B, (c) sample C, and (d) sample
ounding V2O3 grains is measured to be 0.34 nm, corresponding to
he interplanar spacing distance of (1 1 1) planes of graphite. Hence,
he surface of LiFePO4 particles is actually modified by a partly
raphitized carbon layer that is incorporated with V2O3 grains.

Fig. 4. Relationship of carbon content vs. vanadium content.
and (f) are the element distribution mappings of Fe and V in sample C by EDS.

3.2. Electrochemical performance

Fig. 6 illustrates the voltage profiles of the half cells with the
surface-modified LiFePO4 laminates as the positive electrodes. For
the vanadium-free carbon-coated LiFePO4 with different carbon
contents (Fig. 6a), the sample prepared with 7 wt% glucose additive
has a rather low specific capacity (114 mAh g−1) and a relatively
low discharge potential. The samples prepared with 10 and 15
wt% glucose additive have a higher specific capacity of 121 and
122 mAh g−1, respectively. Thus, under the synthesis conditions in
this study, the maximal capacity of the carbon-coated LiFePO4 is
about 120 mAh g−1 and the sample prepared with 10 wt% glucose
additive is selected as the baseline and pristine composition for
vanadium modification.

It can be seen that during the cycling at room temperature
(Fig. 6b), the four V-modified samples give rise to typical voltage
profiles of LiFePO4 with very smooth plateaus at 3.46 V (charge)

and 3.37 V (discharge) as well as rather vertical tails. The dif-
ference between the charge and discharge plateaus is as low as
100 mV, indicating that the polarization of the V-modified sam-
ples is low due likely to their good conductivity. On the contrary,
the pristine LiFePO4 sample shows a high polarization which leads
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Fig. 5. TEM photo of sample C (a) and t

o a largely divided charge/discharge plateaus and a curved dis-
harge tail. The initial discharge capacity of the five samples is
20.6 mAh g−1 (pristine), 132.7 mAh g−1 (sample A), 130.4 mAh g−1

sample B), 143.5 mAh g−1 (sample C) and 125.5 mAh g−1 (sample
), respectively. Among them, the pristine LiFePO4 has the least
apacity, suggesting that 10 wt% of glucose additive does not lead
o sufficient conductivity [14]. According to the result in Fig. 6a,
he enhancement in conductivity cannot be achieved by adding

ore glucose during the synthesis. Samples A and B show higher
apacity due to the positive contribution of vanadium additive.
owever, compared with sample C containing 5 mol% vanadium,

or 3 mol% vanadium additive is not enough to increase the capac-

ty to above 140 mAh g−1. It is evident that the optimal content
f vanadium additive is 5 mol% that leads to an initial specific
apacity of 143.5 mAh g−1 that is over 83% of theoretical capacity
172 mAh g−1) at 0.2 C rate. Since V2O3 is an electrochemically inert
gnified image of the selected area (b).

component in this voltage range [24], the capacity will decrease
when the amount of vanadium additive is too much, which is the
case for sample D containing 10 mol% vanadium.

Fig. 6c shows the voltage profiles of these cells at a low
temperature of −10 ◦C. Compared with the room temperature per-
formance, the voltage profiles vary a lot. Among the five samples,
sample C also exhibits the best performance in capacity (about
135 mAh g−1) and the least polarization. Meanwhile, the pristine
sample shows a rather poor performance with a low capacity of
less than 60 mAh g−1 and a large polarization.

Fig. 7 shows the cycling behaviors of the five samples at room

temperature. The four V-modified samples reveal higher capacity
than the pristine sample, especially when the current is above 1 C
rate. From 0.2 to 2 C rate, the capacity and cycling performance of
the four V-modified samples cannot be distinguished very easily.
But, on a severe condition of long life cycling at 5 C rate, their capac-
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ig. 6. Voltage profiles of samples G7, G10 (i.e., pristine) and G15 (a). The pristine sa
.2 C.

ties vary remarkably and a sufficient vanadium (above 5 mol%)
an significantly suppress the reduction in capacity with current
ising. When the vanadium additive amount is 5 mol% (sample C),
he capacity can remain at a high value of over 100 mAh g−1 at 5 C
ate even after 50 cycles. Sample B also shows an evident rise in
apacity compared with the pristine sample or sample A with less
mount of vanadium. Considering the relatively large primary par-
icles in samples C and D (Fig. 3), it is reasonable that their high
-rate capacity is lower than Dahn’s result [14].
.3. Apparent lithium ion diffusion coefficient

Cyclic voltammetry (CV) measurement at different scan rates
an be used to derive the lithium ion diffusion coefficient in an

ig. 7. Cycling behaviors of the pristine sample, samples A, B, C and D at room
emperature. The current rate was 0.2–5 C.
, samples A, B, C and D at room temperature (b) and −10 ◦C (c). The current rate was

electrode material. However, it is usually valid for an intercalation
compound in a single-phase region such as LiCoO2. As for LiFePO4,
there are coexistence of two phases, i.e., LiFePO4 and FePO4 during
the lithium insertion and extraction. Therefore, the diffusion coeffi-
cient thus derived has only apparent meaning. A number of groups
have adopted this approach for similar two-phase-coexisting elec-
trode materials such as Li3V2(PO4)3 [31] and LiFePO4 [18,22]. In
this study, to make a parallel comparison on the samples with
different vanadium contents, their apparent lithium ion diffusion
coefficients derived from CV are helpful.

Fig. 8a shows the CV curves of sample C at a scan rate from 0.05
to 0.5 mV s−1. It is obvious that the intensity and area of the redox
peaks increase with the scan rate. The linear relationship of the
peak current (ip) as a function of square root of scan rate (v1/2) is
illustrated in Fig. 8b. Thus, the apparent diffusion coefficient can be
derived according to following Eq. (1):

ip = (2.69 × 105)n3/2AD1/2
Li+ C∗

Liv
1/2 (1)

where, ip is the peak current (A), n is the charge-transfer num-
ber (one), A is the contact area between LiFePO4 and electrolyte
(here A approximates the surface area of electrode, 1.54 cm2), C∗

Li is
the concentration of lithium ions in the cathode (0.023 mol cm−3),
and v is the scan rate (V s−1). Based on the slopes of the lines in
Fig. 8b, the apparent diffusion coefficients (Dapp

Li+ ) of samples A, B, C

and D are calculated to be 1.5 × 10−11, 6.1 × 10−11, 1.3 × 10−10 and
1.7 × 10−11 cm2 s−1, respectively, during charge, and 8.0 × 10−12,
3.5 × 10−11, 7.6 × 10−11 and 6.5 × 10−12 cm2 s−1, respectively, dur-

ing discharge. These results are also illustrated in Fig. 8c. The
values of the apparent diffusion coefficient vary from 10−12 to
10−10 cm2 s−1 depending on the amount of vanadium additive.
Sample C gives the highest value, being consistent with the electro-
chemical performance measurements (Figs. 6 and 7). The difference
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ig. 8. Cyclic voltammetry of V2O3-modified LiFePO4/C electrodes to derive appare
ange of 2.0–4.0 V at scan rates of 0.05, 0.1, 0.2 and 0.5 mV s−1. (b) The relationship o
nd vanadium content.

n Dapp
Li+ is the reflection of the difference in the rate of transport

or lithium ions in the electrodes. It is collectively determined by
hree factors: surface resistance, lithium ion diffusion and phase
ransition (LiFePO4 and FePO4) along the internal boundary diffu-
ion coefficient. As discussed before, sample C has the least surface
esistance due to the relatively high degree of graphitization and
dequate content of V2O3 so that it is reasonable that its Dapp

Li+ is the
ighest.

. Conclusions

Through a simple solid state reaction process, V2O3 modified
iFePO4/C composite powders have been prepared. The nanoscale
2O3 particles are incorporated in the carbon coating structure
niformly and LiFePO4 particles are collectively modified by this
arbon–V2O3 surface layer. Raman spectroscopy analysis indicates
hat the V2O3 particles can increase the graphitization degree of
he carbon coating and consequently the electronic conductivity
f the electrodes. The V2O3-modified LiFePO4/C materials exhibit
mproved electrochemical performance both in rate capability
nd low-temperature behavior. The measurement of the apparent
ithium ion diffusion coefficient has proved that the good electron-
cally conducting carbon–V2O3 layer can significantly facilitate the
ithium ion transport in the LiFePO4/C electrodes.
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