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a b s t r a c t

V-doped LiFePO4/C cathode materials were prepared through a carbothermal reduction route. The
microstructure was characterized by X-ray diffraction, X-ray photoelectron spectroscopy and scanning
electron microscopy. The electrochemical Li+ intercalation performances of V-doped LiFePO4/C were
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compared with those of undoped one through galvanostatic intermittent titration technique, cyclic
voltamperometry, and electrochemical impedance spectrum. V-doped LiFePO4/C showed a high discharge
capacity of ∼70 mAh g−1 at the rate of 20 C (3400 mA g−1) at room temperature. The significantly improved
high-rate charge/discharge capacity is attributed to the increase of Li+ ion “effective” diffusion capability.

© 2009 Elsevier B.V. All rights reserved.

-doping

. Introduction

Since Padhi et al. [1] proposed olivine-type LiMPO4 (M = Fe, Co,
n, or Ni) as cathode materials in Li ion batteries, this kind of

ompounds have been attracting much research and development
nterest. Among all these isostructural compounds, LiFePO4, with
theoretical capacity of ∼170 mAh g−1 and a flat charge/discharge
otential at 3.45 V vs. Li+/Li [1–3], has been established as a promis-

ng candidate for next-generation cathode materials in Li ion
atteries. LiFePO4 has many advantages over LiCoO2, such as low
ost, nontoxic properties, safety advantages, and long cyclic life.
i ion batteries with LiFePO4 as cathode materials also have great
otential as power sources for electric vehicles (EV), hybrid electric
ehicles (HEV), etc.

However, pristine LiFePO4 has the disadvantage of poor rate per-
ormances due to its low electrical conductivity (∼10−9 S cm−1).
onsiderable efforts have been made to increase its electrical
onductivity by carbon coating [4], metal-rich phosphide nano-
etworking [5], or super-valence ion doping [6,7]. Through these
ethods, its electrical conductivity was increased to as high

s 4.8 × 10−2 S cm−1 [6,8]. Even though, the increased electrical
onductivity did not result in the improvement of the rate perfor-
ances of LiFePO4 as expected. Accordingly the ability of Li+ ion
hemical diffusion in the electrode bulk may play a more important
ole in the rate capability of LiFePO4.

Recently, other methods have been explored to enhance Li+

on diffusion in LiFePO4. Rho et al. [9] proposed that sub-�m or

∗ Corresponding author. Tel.: +86 22 23503623; fax: +86 22 23498941.
E-mail address: zhouzhen@nankai.edu.cn (Z. Zhou).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.03.061
nanoscale LiFePO4 particles minimized the path length for Li+ trans-
port. Wang et al. [10] reported that the rate capability and cyclic
stability of LiFePO4 were greatly enhanced by bivalent cation (Ni,
Co or Mg) doping at Fe-site. Under a high rate of 10 C at room
temperature, the specific capacity of LiFe0.9Co0.1PO4 maintained at
90.4 mAh g−1 [7]. Fe-site doping increased the ionic mobility and
diffusion coefficient probably by weakening Li–O interaction. More
recently, a composite of LiFePO4 with Li3V2(PO4)3 addition has been
prepared [10,11], and both the electrical conductivity and high-rate
discharge capacity have been improved, leading to a high discharge
capacity of about 100 mAh g−1 at 10 C rate. However, this material
contained mixed phases of LiFePO4 and Li3V2(PO4)3. So far there
has been no report on the electrochemical performances of single-
phase vanadium-doped LiFePO4. In this work, V-doped LiFePO4 was
prepared, and its structural characteristics and electrochemical Li+

intercalation performances were investigated.

2. Experimental

2.1. Material preparation

Vanadium-doped LiFePO4/C was prepared via a carbother-
mal reduction route [12]. The starting materials, containing
0.6895 g LiNO3, 3.9188 g Fe(NO3)3·9H2O, 0.0351 g NH4VO3, 1.1503 g
NH4H2PO4 and 1.3077 g glucose, were dissolved in distilled water
under stirring condition, and then heated at 100 ◦C. The molar ratio

of Li:Fe:V:P in the precursor was 1.05:0.97:0.03:1.00. The resulting
precursor was calcined at 350 ◦C for 4 h and subsequently sintered
at 650 ◦C for 10 h in an argon atmosphere. Carbon converted from
glucose acted as reducing and conducting agent and its amount was
∼5 wt.% in the final product. The undoped LiFePO4/C sample was

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhouzhen@nankai.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.03.061
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Table 1
Lattice constants of pristine and V-doped LiFePO4/C.

a (Å) b (Å) c (Å) V (Å3)

4
V-doped LiFePO4 expands about 0.16% compared with that of pris-
tine LiFePO4, which can be attributed to the comparability between
the atomic radius of V3+ (0.74 Å) and Fe2+ (0.74 Å).
42 C.S. Sun et al. / Journal of Po

lso prepared for comparison through the same procedure except
he addition of NH4VO3.

.2. Structural and morphological characterization

The crystalline phases of pristine and V-doped LiFePO4/C sam-
les were identified by X-ray diffraction (XRD) under the Rigaku
/MAX III diffractometer with a Cu K� radiation. For both sam-
les, Rietveld refinement was carried out with the Fullprof program
13]. X-ray photoelectron spectroscopy (XPS) was obtained for the
-doped LiFePO4/C under Kratos Axis Ultra DLD spectrometer with
onochromatic Al K� radiation (h� = 1486.6 eV). The morphology
as also observed through a Hitachi S-3500N scanning electron
icroscopy (SEM).

.3. Electrochemical tests

Test electrodes were prepared as follows. After rolling the mix-
ure of 85 wt.% active materials with 10 wt.% acetylene black and
wt.% polytetrafluoroethylene (PTFE) binder, the obtained sheets
ere cut into circular strips of 8 mm in diameter, and about
.0 mg cm−2 active material was loaded on an Al foil. The strips
ere dried at 100 ◦C for 8 h. Electrochemical measurements were

onducted in Li test cells with lithium foil as counter and reference
lectrodes. All the test cells contained 1.0 mol L−1 LiPF6 in ethylene
arbonate (EC)–ethyl methyl carbonate (EMC)–dimethyl carbonate
DMC) (1:1:1, v/v/v) as electrolyte and were assembled in an argon-
lled glove box. Charge/discharge tests were performed between
.5 and 4.2 V under a Land CT2001 Battery Tester at 20 ◦C. To get
verpotential–composition isotherms, Li insertion/extraction pro-
edures were compared for pristine and V-doped LiFePO4/C by
alvanostatic intermittent titration technique (GITT). The series
ntermittent current was 6 × 10−3 mA for 2.0 h, and then the elec-
rode was left at the open circuit for 2.0 h between each intermittent
urrent regardless of charge or discharge. Cyclic voltammograms
CV) were performed for both pristine and V-doped LiFePO4/C sam-
les at a scanning rate of 50 �V s−1. The electrochemical impedance
pectra (EIS) were recorded under the IM6e electrochemical ana-
yzer (ZAHNER-elektrik GmbH & Co. KG, Germany). The frequency
ange was 104–1.0 × 10−2 Hz, and the amplitude was 5 mV. The

ristine and V-doped LiFePO4/C pellets used for the electrical con-
uctivity measurements were prepared by uniaxially pressing the
ctive powders with a pressure of 10 MPa, and then Ag paste was
oated on both sides of the pellets of about 13 mm in diameter
nd 1.3 mm in thickness. The electrical conductivity was measured

Fig. 1. Rietveld refinement of V-doped LiFePO4 using space group Pnma.
LiFePO4/C 10.339 6.014 4.700 292.26
V-doped LiFePO4/C 10.350 6.012 4.704 292.74

through linear polarization also under the IM6e electrochemical
analyzer.

3. Results and discussion

3.1. Sample characterization

Pristine and doped LiFePO4/C powders were analyzed by XRD
to verify phase purity. The corresponding Rietveld refinement plot
of V-doped LiFePO4 is shown in Fig. 1. V-doped LiFePO4 was well
crystallized in orthorhombic structure as the pristine one without
any unexpected phase. The lattice constants of these two samples
are listed in Table 1. V-doping results in slight changes in cell size.
The doped one expands the a- and c-axis by 0.1% and 0.06%, respec-
tively, and shrinks b-axis by ca. 0.03%, convincing us that V was
introduced into LiFePO matrix structure. The cell volume, V, of the
Fig. 2. SEM images of pristine (a) and V-doped LiFePO4/C (b).
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tions are presented in Table 2, which implies that the peak current
densities were enlarged by V-doping, and the reversibility was also
improved.
Fig. 3. XPS core levels of Fe(2p3/2) and V(2p3/2) in V-doped LiFePO4/C.

Fig. 2 shows the morphologies of pristine and V-doped LiFePO4/C
amples. The particle size of pristine LiFePO4/C has a wide distribu-
ion range from ∼100 nm to more than 1 �m (Fig. 2a), whereas the
oped one shows uniform particles (100–200 nm) interconnected
ith a porous network (Fig. 2b).

The oxidation states of Fe and V were studied by XPS, and the
e(2p3/2) and V(2p3/2) XPS core levels for V-doped LiFePO4 sample
re shown in Fig. 3. The Fe(2p3/2) XPS shows a single peak with a
inding energy (BE) of 710.7 eV, indicating that the oxidation state
f Fe is +2. The V(2p3/2) core level fits to a single peak with a BE of
17.3 eV, matching well with that observed in Li3V2(PO4)3 (517.2 eV)
14,15]; therefore, the oxidation state of V in the doped sample is +3.
ince the oxidation state of V is higher than that of Fe in the doped
iFePO4, the supervalent doping occurs to olivine LiFePO4. When
he supervalent V3+ ion is doped in LiFePO4, the charge difference
etween V3+ and Fe2+ should be compensated by the M1 site vacan-
ies and the M2 site substitution of Fe2+ for Li+, as in stoichiometric
ompounds [16].

.2. Galvanostatic charge/discharge tests
Fig. 4 shows the galvanostatic charge/discharge curves of
ristine and V-doped LiFePO4/C cathodes at the first cycle,
hich were carried out at C/10 (17 mA g−1) between 2.5 and

.2 V vs. Li+/Li. V-doped LiFePO4/C exhibits significantly bet-
er electrochemical performance with a specific capacity of
Fig. 4. Charge/discharge curves of the first cycle for pristine and V-doped LiFePO4/C
cathodes measured at 0.1 C in the range of 2.5–4.2 V at 20 ◦C.

168.8 mAh g−1; in contrast, the pristine one presents only ca.
137.5 mAh g−1.

The charge/discharge cycling results of these two samples mea-
sured at 20 ◦C are summarized in Fig. 5. At 10 C rate (1700 mA g−1),
V-doped LiFePO4/C shows a specific capacity of about 99.8 mAh g−1,
43 mAh g−1 higher than that of the pristine one. At 20 C rate
(3400 mA g−1), a capacity of ca. 70 mAh g−1 is even obtained for
V-doped LiFePO4/C.

To primarily clarify the improvement of LiFePO4 rate perfor-
mances after V-doping at the electrochemical viewpoint, CV and
GITT tests were performed.

3.3. Cyclic voltamperometry (CV)

Fig. 6 shows the CV curves of the pristine and V-doped LiFePO4/C.
The CV profile of V-doped LiFePO4 shows sharper shape of the
oxidation–reduction peaks than the pristine one does. The details
of the polarized potential and the peak current density of the reac-
Fig. 5. Cycling performances of pristine and V-doped LiFePO4/C cathodes measured
with different rates in the voltage range of 2.5–4.2 V at 20 ◦C.
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Fig. 7. Galvanostatic intermittent charge/discharge curves for pristine LiFePO4/C
(a) and V-doped LiFePO4/C (b) measured at 20 ◦C with a successive current of
6 × 10−3 mA for 2 h followed by a resting time (with open circuit) for 2 h.
ig. 6. CV curves of pristine and V-doped LiFePO4/C measured with a scanning rate
f 50 �V s−1 between 3.0 and 4.2 V at 20 ◦C.

.4. Li insertion/extraction equilibrium potential–composition
sotherm

Fig. 7 shows the GITT charge/discharge curves for the pristine
nd V-doped LiFePO4/C measured with a successive current of
× 10−3 mA for 2 h followed by a resting time (with open circuit)

or 2 h. After the resting time, the open circuit potential for V-doped
iFePO4/C between charge and discharge is about 12 mV. Notice-
bly, the breadth of potential fluctuation in the two-phase region
ncreases from 8 mV to more than 40 mV for the pristine one, while
t increases from 6 mV to only 16 mV with the increase of Li content
n the V-doped LiFePO4/C cathode.

To sum up, the results of CV and GITT convinced us that the elec-
rochemical reaction of LiFePO4 became more reversible and easier
o occur due to the V-doping. Generally, low electrical conductivity
nd Li+ ion diffusion in the material bulk are the main factors con-
rolling the high-rate performances of LiFePO4. To clarify the origin
f the improved rate capacity, linear polarization and EIS at the fully
ischarge state were performed to test the electrical conductivity
nd the Li+ ion “effective” diffusion coefficient of two materials.

The Li+ ion “effective” diffusion coefficient for the finite-space
olid-state diffusion depends on the Warburg slope of straight line
ection in Warburg region [17]:

ω = �Re

(�ω)−1/2
= �Im

(�ω)−1/2
(1)

n Eq. (1), �Re and �Im are the differences between the real and
maginary components of the ac impedance, respectively, and �ω
s the corresponding finite change in angular frequency.

The EIS plots are presented in Fig. 8 for the V-doped LiFePO4/C
nd pristine LiFePO4/C. The Warburg slope can be deduced from

ick’s law as follows [18]:

ω = dE/dx

(
√

2DFACLi+ )
(2)

able 2
olarization potential and peak current density of pristine and V-doped LiFePO4/C
athodes.

EOx (V) ERed (V) �E(Ox−Red) (V) ip (Ox)
(mA g−1)

ip (Red)
(mA g−1)

-doped LiFePO4/C 3.663 3.505 0.158 0.331 0.245
iFePO4/C 3.672 3.494 0.178 0.232 0.179

Fig. 8. Impedance responses of V-doped LiFePO4/C and LiFePO4/C measured at the
fully discharged state at 25 ◦C.
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Table 3
Electrical conductivity and Li+ ion diffusion coefficient of pristine and V-doped
LiFePO4/C.
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LiFePO4/C V-doped LiFePO4/C

lectrical conductivity (S cm−1) 8.49 × 10−3 4.57 × 10−4

i+ ion diffusion coefficient (cm2 s−1) 2.90 × 10−11 1.86 × 10−10

here A is the surface area in cm2 of the electrode, D, the chemical
iffusion coefficient (cm2 s−1), F, the Faraday constant, CLi+ , the bulk
oncentration of Li+ in electrode (0.0228 mol cm−3), and dE/dx is
he slope of the electrode potential (E) vs. x in LixFePO4. To get the
xact value of dE/dx, the ac impedance should be carried out at
he potential of lower or higher than the plane potential where
he value of dE/dx is almost zero and hence irresponsible. Here, we
btained D at the fully discharged state.

The electrical conductivity and Li+ ion “effective” diffusion
oefficient are listed in Table 3 for the pristine and V-doped
iFePO4/C. It is known that the electrical conductivity in the olivine
iFePO4 is ∼10−9 S cm−1, and the Li+ ion “effective” diffusion coef-
cient is found to be ∼10−14 cm2 s−1 [19]. As for our results in
able 3, the electrical conductivity of the materials was improved
o 10−3–10−4 S cm−1 by the existence of carbon, while the elec-
rical conductivity of pristine LiFePO4/C was greater than that of
he doped one. The uniformly distributed smaller particles and
3+-doping in the lattice of LiFePO4 may both affect the elec-

rical conductivity of the materials. On the other hand, the Li+

on “effective” diffusion coefficient of the V-doped LiFePO4/C was
mproved to 1.86 × 10−10 cm2 s−1, about one order of magnitude
igher than that of the pristine one. The results in Table 3 suggest
hat, although the electrical conductivity was improved to the level
f ∼10−3 S cm−1, the increased electrical conductivity did not result
n better rate performances of the pristine LiFePO4/C as expected.
herefore, it is believed that the Li+ “effective” ionic diffusion plays
more important role of the improved rate performances of V-

oped LiFePO4/C. When the electrical conductivity is as high as
0−3 S cm−1, the kinetic characteristics of the electrochemical reac-
ions are dominated by Li+ ion diffusion.

The improvement of Li+ ion diffusion in the V-doped LiFePO4
an partly be attributed to the optimization of the microstructure.
EM images show that the particle size becomes more uniform
fter the V-doping. The uniformly distributed particles with smaller

izes tend to offset the barrier to high rates governed by the slug-
ish charge transport of phosphates [3]. On the other hand, Li+

ons transport along c-axis with lower diffusion energy barrier [20],
ince super-valence doping may induce microstructure distortion.
o get the mircostructural information, Rietveld refinement of XRD

[

[
[
[

urces 193 (2009) 841–845 845

was conducted and the results are disclosed in Table 1. V-doping
expands the a- and c-axis, and Li+ ion transportation may be facil-
itated for V-doped LiFePO4. Totally, the optimization of the Li+ ion
diffusion in the V-doped LiFePO4/C can be attributed both to the
uniform distribution of the minimized particles and to the super-
valence doping.

4. Conclusion

Well crystallized powders of V-doped LiFePO4/C with uniformly
distributed particles were prepared via the carbothermal reduc-
tion route and investigated using XRD, XPS, SEM, GITT, CV and EIS.
The V-doped LiFePO4/C presented a higher rate capability than the
pristine one did. This can be attributed to the optimization of the
morphology and the crystal microstructure, which facilitates the
Li+ ion diffusion. Therefore, it is an effective way to optimizing the
rate performances of LiFePO4/C by the V-doping on the basis of the
improvement of electrical conductivity.
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