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Alien atom doping has been adopted to modify the electrochemical performance of olivine type LiFePO4
for cathode material. Here, we report that vanadium-doping can improve the performance of LiFePO4/C
immensely. LiFePO,4/C and V-doped LiFePO,4/C cathode materials were first synthesized by carbothermal
reduction method. Physico-chemical characterizations were done by X-ray diffraction, scanning electron
microscopy and transmission electron microscopy. Electrochemical behavior of the cathode materials
was analyzed using cyclic voltammetry (CV) and galvanostatic measurements. ICP and XRD analyses

Ke.y V.VordS" indicated that Vions were sufficiently doped in LiFePO4 and did not alter its crystal structure and exhibited
Olivine compound L. . . . .
V-ion doping the variation of lattice parameters with the doped degree. From the CV, the V ion doping affected the

Li* ionic diffusion coefficient during both the delithiation and lithiation processes and it became larger
with an appropriate amount doping. From the results, it is noted that vanadium ions doping can improve

Li* diffusion coefficient
Electrochemical properties

performance of LiFePO4, especially on the aspect of stable cycle-life at higher C rate.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

For their great potential to be used as power sources for electric
vehicles and hybrid electric vehicles, lithium ion batteries have cap-
tured a large share of the rechargeable battery market. The cathode
material is a crucial factor of performance and safety of Liion batter-
ies, which has the greatest potential for improvement. As a result,
phosphate-based materials have attracted considerable interest
as a promising new class of cathode materials. Among them, the
LiFePO4 with olivine structure are particularly in the center of
attention [1,2]. The main advantages of LiFePO, are high theoreti-
cal capacity (170 mAh g—1), low cost, excellent cycling stability, low
toxicity and environmentally benign nature [3-5]. However, there
are still some drawbacks of this material, such as poor electronic
conductivity and low Li ion motion ability [2,6,7], which are in
need to be improved before its commercial applications. The ways
of doping supervalent cations, synthesis of nanocrystalline grains
and electronic conductive carbon coating have been regarded as
effective methods to enhance its electronic conductivity and Li-ion
diffusivity rate [8-12].

Meanwhile, various synthesis routes have been proposed to
prepare LiFePO4 for enhancing its ionic/electronic conductivity by
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optimization of particles with suitable preparation procedures.
Besides the traditional solid-state reaction synthesis routine, alter-
native synthesis processes including sol-gel preparation [13,14],
co-precipitation [15,16], microwave processes [17], hydrother-
mal reaction [18,19], vapor deposition procedure [20], etc. have
been developed continually. However, many obstacles have been
encountered for synthesis methods reported from a laboratory
process to large-scale manufacture because of the complicated syn-
thesis techniques, the hard-controlled synthesis situation and the
relatively high cost Fe(Il). Some reported methods were not fit
for the large-scale manufacture of LiFePO4 cathode material. The
solid-state reaction route is the most effective method to expand
to large-scale industrialization at present.

As is known to all, the electronic conductivity of LiFePOg4 is much
higher than ionic. And the discharge capacity of LiFePO4-based
electrodes drops approximately linearly with average particle size,
regardless of the presence/absence of a native carbon coating [21].
However, only controlled particle size is complicated for mass pro-
duction. Based on the idea that electrochemical reaction in the
cathode is composed of connections of intra- and inter-particle
conduction and using a simple synthesis method, we have recently
proposed the combination of carbon-coating surface modification
by thermal decomposition of sucrose and the particle substitution
of Vion which enhances the bulk conductivity. It was found that the
initial capacity, the capacity fading with cycling and the polariza-
tion were significantly improved with the combined modification.
In this work, we have reported, through a carbothermal reduction
method with mechanical activation, V ions were doped to pursue a


dx.doi.org/10.1016/j.jallcom.2010.04.233
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xueyakang@yahoo.cn
dx.doi.org/10.1016/j.jallcom.2010.04.233

N. Hua et al. / Journal of Alloys and Compounds 503 (2010) 204-208 205

Table 1

V ion contents of precursors determined from ICP.
Samples b c d e
Target values (at.%) 1 2 3 4
Practice values (at.%) 0.95 1.96 2.96 3.97

kind of sufficient and homogenous doping way. The structure, the
electrochemical properties and effects of a substitution of Fe with
V have been studied carefully.

2. Experimental

V-doped LiFePO4 samples were prepared by a carbothermal reduction route
from the starting material like Li,CO3, Fe;03, NH4H2POy4, V205 and 10 wt% sucrose
(all chemicals of 99.5% purity) and final product was expected to contain ca. 2 wt%.
The stoichiometric amounts of them (Li, Fe, P) and V, 05 (Vion to Fe ratio value from 0
to 4 at.%) were mixed together by a planet mixer (QM-BP) for 15 h. Liquid medium of
ethyl alcohol was employed. After milling, the mixtures were dried in oven at 60 °C
for 12h in the air. Then they were transferred to a temperature-controlled tube
furnace equipped with flowing argon and heated at 350°C for 2 h, and then heated
at 700°C for 12 h. The products were removed from the furnace after cooling, named
asa, b, ¢, d, and e according to the dopant content of Vion 0, 1, 2, 3, 4at.%.

The structures of the as-prepared materials were characterized by XRD (D8-
Advance, Bruker) using Cu-Ka radiation in the range of 15-60° with a scanning
rate of 2°min~'. The content of V ion was investigated by inductively coupled
plasma (ICP, IRIS intrepid XSP, Thermo Electron Corporation). The morphologies
and microstructure of powder particles were observed by SEM (LEO-1430VP) and
TEM (H-600, Hitachi Limited).

The cathodes were prepared by mixed with 85 wt% of active material, 10 wt% of
acetylene black as a conducting material, and 5 wt% of polyvinylidene difluoride as a
binder in N-methyl-2-pyrrolidinone solvent to form homogeneous slurry. Then the
slurry was coated onto an aluminum foil and cut into 10 mm diameter and then dried
by a vacuum oven at 120°C for 12 h. Finally, coin-type cells 2025 were assembled
in a glove box, using lithium foil as the counter electrode, celgard 2400 as the sep-
arator, and LiPFg (1 M) mixed with 1:1:1 (v/v/v) ratio of dimethyl carbonate (DMC),
ethyl methyl carbonate (EMC) and ethylene carbonate (EC). The electrochemical
properties of the cells were characterized using cyclic voltammetry at scan rates
0f 0.05-1.0mVs~! (CHI660) and galvanostatic charge and discharge studies over a
voltage rang of 2.3-4.3V (BTS-5V/1 mA).

3. Results and discussion

The ICP results of different precursor are shown in Table 1, it is
clear that V contents of samples 0.95, 1.96, 2.96, 3.97 at.%, respec-
tively, are highly close to target values, 1, 2, 3 and 4 at.%, which
demonstrates our method could hold the content of dopant with
more accurate.

Fig. 1 shows the X-ray diffraction patterns of V-doped LiFePOg4
samples. All peaks can be indexed as an olivine phase with an

Fig. 1. X-ray diffraction patterns of various V ion content on samples.

Fig. 2. Variation of lattice parameters with the substitution degree.

ordered orthorhombic structure belonging to the phase group
Pnma. The absence of any other signals indicates there are no
unwanted impurity phases, such as V°* related compounds because
of the low doping concentration. There is no evidence of diffrac-
tion peaks for carbon, indicating the carbon is amorphous. In this
work, Fe3* in the precursor was reduced to Fe2* with the help of
strong reductive agent, which was generated by sucrose decompo-
sition and stuck particles of the reactant together. The variation of
the refined lattice parameters with the V ion substitution degree is
shown in Fig. 2. The lattice parameters decreased almost linearly
with the amount of V ion substitution. It is found that the lattice
parameters have diminished obviously, that is, the value of a, b
and c are both decreased on increasing V ion contents. The possible
reason is that V°* permeated into the lattice of LiFePO4/C and sub-
stituted Li* or Fe2* as substitution ions when V,05 was dropped
into furnace and diffused permeated on the surface of the precur-
sor. The ionic radius of V>* is 0.059 nm and smaller than 0.076 nm of
Li* or 0.078 nm of Fe2*. The volume contraction of doped materials
should be attributed to the increased vacancies, which would like
to benefit the diffusion of Li* by shortening the pervasion routes.

Fig. 3 shows the influence of various V ion contents on the SEM
images of samples. As shown, the particle morphologies of sam-
ples are near-spherical, more than one hundred nanometer size and
various agglomeration degrees different from every picture. That is
to say, the morphology of LiFePO,4 can be easily controlled during
the calcinations and V ions in the solid solution inhibit particles to
conglomerate, which is conductive to shorten the lithium diffusion
distance. The morphology of LiFePOy is of great importance to its
electrochemical performance and homogenous spherical LiFePOy4
is preferred. Based on our result, such LiFePO4 was easily obtained
by employing our preparation method by ball milling time, revs
and ball/powder weight ratio. It is obvious that particles of sample
d, prepared with 3 at.% V, obtained the optimum distribution.

It is reported that the electronic conductivity is much higher
than ionic, which means electrons move ahead of the lithium ions
[21]. Besides, it is that there is interplay between electrons and
ions, in order to maintain electro neutrality of the crystal lattice,
the accelerated electrons are slowed down and the lithium ions
will become faster by an internal electric field [22]. Moreover, the
shorter lithium ions diffusion distances as discussed above, will
benefit lithium insertion and de-insertion. Therefore, both the con-
ductivities of electrons and lithium ions would like to increase more
or less, and a better electrochemical performance and cycle ability
at various C rates of samples should be expected. The TEM micro-
graph of V-doped sample d is shown in Fig. 4. The crystal of LiFePOg4
appears dark, and the carbon coating appears gray in the TEM pic-
ture. The thickness of carbon coating is about 10 nm and it appears
as an envelope surrounding the whole crystal.
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Fig. 3. the SEM images of samples with various V ion contents.

Fig. 5 shows the first charge-discharge capacity plateaus vs. the
working voltage at 1 C. The batteries were measured at room tem-
perature, about 20°C. Extremely flat voltage plateaus at ca. 3.4V
for charging and ca. 3.3 V for discharging are observed. The specific
discharge capacities of samples (a, b, ¢, d and e) are 120.9, 133.4,
138.2, 140.9 and 130.2mAh g1, respectively. Under the assump-
tion that only Fe?*/Fe3* redox contributes to the electrochemical
reaction, the calculated values should be almost invariable. It was
clear that the utilization of Fe2*/Fe3* redox reaction was improved
by the doping. It was also seen that the V ion doping reduced the
polarization that was defined as the separation between charging
and discharging plateaus. These results indicated that kinetic limi-
tations on the electrochemical redox reaction were relaxed with the
Vion doping. Besides, the high performance of sample d is partially
attributed to its uniform morphology with small particles having a
thin and efficient carbon coating as shown in Fig. 4.

The cyclic voltammograms of various V ion content are shown
in Fig. 6, where the sweeping rate was fixed at 0.05mVs~!. Both
oxidation and reduction current peaks were observed around
3.5V and the current peak shape implied that the electrochemical
lithiation/delithiation of the samples proceeded with two-phase
reaction. The peak value increased with the doped degree up to the
0.03, took a maximum and then decreased with further increase in

the doping. On the V ion doping, the oxidation peak position first
shifted higher then lower, and the reduction peak potential was the
same as oxidation. The peak potential separation corresponded to
the polarization degree, which varied with the doped degree.

In order to reckon the Li* diffusion coefficient in V ion doped
samples, the cyclic voltammetry was carried out at 20 °C, where the
sweeping rate was changed, and typical results are shown in Fig. 7,
which is sample b. As the sweeping rate was raised, the oxidation
peak shifted higher and the reduction peak shifted lower. Fig. 8
shows the relationship between the peak current and the sweep-
ing rate and it was shown that the peak current was proportional
to the square root of the sweeping rate. This suggested that the CV
result was related to Li* diffusion within the active material. We
can use these data to reckon the effective diffusion coefficient Dy;
of samples. The variation of the effective diffusion coefficient of the
oxidation and reduction reactions was shown in Fig. 9. The obtained
values of the D;; were on the order of 10-13 cm? s~1, and in the same
order as the reported values [23-24]. It was found that the D;; on the
oxidation reaction was slightly larger than that value on the reduc-
tion process, irrespective to the V ion doped degree. From this, it
was clarified that the discharging reaction in the olivine compound
was slower than the charging reaction. Next, it was found that Dy;
in both charge and discharge reactions was increased with V ion
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Fig. 4. the TEM micrograph of sample d.

Fig. 5. The first charge-discharge curves of samples at 1C.

Fig. 6. CVs of various V ion content with a constant sweeping rate of 0.05mVs-!.

Fig. 7. CVs of sample b with various sweeping rate from 0.05 to 1.0mVs~'.

Fig. 8. Plot of peak current to the square root of the sweeping rate.

doped, besides it took a maximum around x = 3 at.%. Therefore, the V
ion doping may improve the ionic conduction in olivine compound
on both delithiation and lithiation processes. It was also possible to
explain the experimental facts about the electrochemical perfor-
mance improvement of the Vion doped from the viewpoint of the
ionic conduction, which was shown in Fig. 5.

Fig. 9. Diffusion constant vs. doped degree of samples.
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Fig. 10. Cycling performance of V-doped sample d with 3 at.%.

From the above discussion, we show the cycling performance
of sample d in Fig. 10. As shown in Fig. 10A, the material shows
good cycle reversible capability with little capacity fading at each
current density. Though the discharge capacities decreased regu-
larly with the increase of the current density, it can be fully regained
once the current density return to 1 or 5 C rates, which exhibits that
the LiFePO4/C material has good electrochemical reversibility and
structural stability. Good cycling performance is the remarkable
advantage of the LiFePO4/C. Fig. 10B shows the long cycle perfor-
mance of sample d at 1 C rate. The initial capacity was 140 mAh g1,
and increased up to 143 mAhg-! at the following 50 cycles. The
reversibility after 250 cycles was retained at more than 98% and
there was no noticeable fading for more than 450 cycles. The
coulombic efficiency is close to 100%, which indicates that the sam-
ple has good electric conductivity. The long cycle performance of
this material could be attributed to the well-distributed particle and
improved conductivity through carbon coated and V ion doped, as
mentioned above.

4. Conclusion

In this study, phase pure Vion doped LiFePO4/C(x=1,2, 3,4 at.%)
compounds were synthesized by a carbothermal reduction method.
ICP and XRD analyses indicate that V ions were sufficiently doped in
LiFePO,4 and did not alter its crystal structure. It is noted that V ion
doping had some influence on the electrochemical performance
of the olivine cathode: both the increase of the initial capacity
and the suppression of the cycle fading at high rate. It was found
from the cyclic voltammetry that the contribution is related to the
modification of the ionic conduction with the doped. The effective
diffusion coefficient exhibited larger values in the charging reac-
tion than those in the discharging process, and the V ion doping
affected the ionic diffusion during both the delithiation and lithi-
ation processes. The diffusion coefficient was maximized around
the doped degree of x=3 at.%. From these results, the V ion dop-
ing had no direct contribution to the electrochemical reaction but
enhanced both electronic and ionic conductivities. Therefore, the
doping may release somehow the kinetic limitation in the olivine
LiFePOy4 structure.

The 3 at.% V ion doped LiFePO4 demonstrates the good cycling
performance. Though the discharge capacities decreased regularly
with increasing the current density, it can be fully regained once
the current density return to 1 or 5 C rates. The initial capacity was
140mAh g1, and increased up to 143 mAh g1 at the following 50
cycles. The prepared composite exhibits an excellent cycling per-
formance, with more than 91% discharge capacity retention over
500 cycles.
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