
A

u
a
fi
s
e
©

K

1

m
m
s
m
c
i
d
s
s
a
a
a
r
m
f
p

s

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 184 (2008) 574–577

Short communication

LiFePO4 with enhanced performance synthesized
by a novel synthetic route

Jun-chao Zheng, Xin-hai Li ∗, Zhi-xing Wang, Hua-jun Guo, Shao-yun Zhou
School of Metallurgical Science and Engineering, Central South University, Changsha 410083, China

Received 17 December 2007; received in revised form 4 January 2008; accepted 7 January 2008
Available online 16 January 2008

bstract

Pure LiFePO4 was synthesized by heating an amorphous LiFePO4. The amorphous LiFePO4 obtained through lithiation of FePO4·xH2O by
sing oxalic acid as a novel reducing agent at room temperature. FePO4·xH2O was prepared through co-precipitation by employing FeSO4·7H2O

nd H3PO4 as raw materials. X-ray diffraction (XRD), scanning electron microscopy (SEM) observations showed that LiFePO4 composites with
ne particle sizes between 100 nm and 200 nm, and with homogenous sizes distribution. The electrochemical performance of LiFePO4 powder
ynthesized at 500 ◦C were evaluated using coin cells by galvanostatic charge/discharge. The synthesized LiFePO4 composites showed a high
lectrochemical capacity of 166 mAh g−1 at the 0.1C rate, and possessed a favorable capacity cycling maintenance at the 0.1C, 0.2C, 0.5C and 1C rate.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Lithium iron phosphate (LiFePO4) is a promising cathode
aterial for lithium rechargeable batteries. This material has
any advantages compared with conventional cathode materials

uch as LiCoO2, LiNiO2 and LiMn2O4, namely, it is environ-
entally benign, inexpensive, and thermally stable in the fully

harged state [1–3]. In addition, LiFePO4 has a large theoret-
cal capacity of 170 mAh g−1, good cycle stability, and a flat
ischarge potential of 3.4 V versus Li/Li+. However, LiFePO4
uffers from the limitations of poor electronic conductivity and
low lithium ion diffusion, and hence performs unsatisfactorily
t lower temperature and/or higher current densities [4,5]. The
pproach to overcome the insulating nature has been to coat the
ctive particles with conductive carbon, either by its incorpo-
ation as a powder initially [6,7], or doped with high valence
etal ions. The way to solve the limitation of lithium ion dif-

usion focus mainly on synthesizing small particles with high

urity [8].

The olivine LiFePO4 can be synthesized by different synthe-
is techniques including solid-state reaction [9], sol–gel [10],
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ydrothermal [11], co-precipitation [12–14], microwave heat-
ng [15], etc. Traditional solid-state reactions are adopted by
any researchers, However, the lengthy and complex proce-

ures requiring repeated grindings and calcinations usually lead
o the formation of larger particles with lower electrochemical
erformance. Solution methods usually have been developed for
reparing LiFePO4 with small particle sizes. However, many
bstacles have been encountered because of the complicated
ynthesis techniques and the hard-controlled synthesis situation.
n this paper, we introduce a novel, low cost and easy-controlled
ethod to synthesize pure LiFePO4 by using reducing agent

o reduce Fe(III) at room temperature, then followed by heat
reatment at low temperature without adding reducing agent
gain.

In this study, high purity LiFePO4 cathode material was
ynthesized through two steps:(1) amorphous LiFePO4 was
btained through lithiation of FePO4·xH2O using oxalic acid
s a novel reducing agent at room temperature. (2) The amor-
hous LiFePO4 calcined at 500 ◦C in a tube furnace with flowing
rgon (99.999%) to form nanocrystalline LiFePO4.
. Experimental

FePO4·xH2O was synthesized through the following proce-
ure: (1) an equimolar solution of FeSO4·7H2O(99 wt.%) and

mailto:tonyson_011@163.com
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culated using the Scherrer formula, this is attributes to particles
aggregation.

The charge/discharge performance of the crystalline
LiFePO4 was evaluated in the Li/LiFePO4 cell configuration
J.-c. Zheng et al. / Journal of P

3PO4 (85 wt.%) was mixed; (2) then concentrated hydrogen
eroxide (30 wt.%) solution was added to the solution under
igorous stirring; (3) subsequently a white precipitate formed
mmediately and the precipitate (FePO4·xH2O) was washed sev-
ral times in de-ionized water and dried in an oven at 80 ◦C.

LiFePO4 was synthesized from Li2CO3, FePO4·xH2O and
OOCCOOH·2H2O (all chemical 99% purity) taken in stoi-

hiometric quantities. The process steps were: (1) initial mixing
y magnetic stirring of all ingredients together as a slurry in 85%
f distilled water at room temperature for 2 h, (2) ball milling
or 4 h at room temperature, (3) drying in oven at 80 ◦C for 24 h
n the air, and (4) thermal treatment at 500 ◦C for 12 h in argon
tmosphere.

The powder X-ray diffraction (XRD, Rint-2000, Rigaku)
sing Cu K�a radiation was employed to identify the crystalline
hase of the synthesized materials. The particle size and mor-
hology of the LiFePO4 powders were measured by scanning
lectron microscope (JEOL, JSM-5612LV) with an accelerating
oltage of 20 kV.

The electrochemical characterizations were performed using
R2025 coin-type cell. For positive electrode fabrication, the
repared powders were mixed with 10% of carbon black and
0% of polyvinylidene fluoride in N-methyl pyrrolidinone until
lurry was obtained. And then, the blended slurries were pasted
nto an aluminum current collector, and the electrode was dried
t 120 ◦C for 12 h in the air. The electrode loading density
s about 1.95 mg cm−2. The test cell consisted of the positive
lectrode and lithium foil negative electrode separated by a
orous polypropylene film, and 1 mol L−1 LiPF6 in EC, EMC
nd DMC (1:1:1 in volume) as the electrolyte. The assembly of
he cells was carried out in a dry Ar-filled glove box. Electro-
hemical tests were carried out using an automatic galvanostatic
harge–discharge unit, NEWARE battery cycler, between 2.5 V
nd 4.1 V versus Li/Li+ electrode at room temperature.

. Results and discussion

Raw material FePO4·xH2O, Li2CO3 and
OOCCOOH·2H2O under ball milling at room temperature

eacted as the follows:

FePO4·xH2O + Li2CO3 + HOOCCOOH·2H2O

→ 2LiFePO4 + 3CO2↑ + (3 + 2x)H2O

The color of the raw material changed from buff to aqua as
he reaction went on, which is the proof of the Fe(III) being
educed by HOOCCOOH·2H2O. Fig. 1 shows the XRD pat-
ern of LiFePO4 prepared by lithiation of FePO4·xH2O at room
emperature. It can be seen that there is no evidence of diffrac-
ion peaks in Fig. 1, indicating the synthesized LiFePO4 is
morphous. Fig. 2 shows the X-ray diffraction pattern of the
morphous material after heating in argon at 500 ◦C for 12 h. The
RD pattern shows a series of diffraction peaks, indicating that

transformation from amorphous to a crystalline phase occurred
t this temperature. The spectra of LiFePO4 is almost the same
s the spectra of pure ordered orthorhombic olivine structured
iFePO4 (JCPDS card no. 40-1499). Besides, the diffraction
Fig. 1. XRD pattern of LiFePO4 prepared by lithiation of FePO4·xH2O.

eaks are sharp, and the FWHM (full width at half maximum)
s narrow. These indicate the synthesized LiFePO4 is pure, and
aving higher crystallinity. The crystal lattice parameters cal-
ulated by the XRD data are a = 10.33392 Å, b = 6.00914 Å,
= 4.69484 Å, which is almost the same as it reported in the

iterature [16]. The crystallite size, t, was calculated from the
-ray line width using the Scherrer formula, t = 0.9λ/β1/2 cos θ,
here λ is the X-ray wavelength, β1/2 is the corrected width
f the main diffraction peak (3 1 1) at half height, and θ is
he diffraction angle. The line broadening was corrected using
aB6.The t value of the sample synthesized was found to be
3 nm. The SEM morphology of the LiFePO4 sample is shown
n Fig. 3. Fine particles can be observed, and the particle sizes
re about 100–200 nm. The particle sizes are larger than that cal-
Fig. 2. XRD pattern of nano-crystalline LiFePO4.
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Fig. 3. SEM image of LiFePO4 prepared at 500 ◦C, 12 h.

n the voltage of 2.5–4.1 V at room temperature. Fig. 4 shows
he charge/discharge profiles of the crystalline LiFePO4 cath-
de materials at different rate. As seen in Fig. 4, the initial
ischarge capacity of LiFePO4 is about 166 mAh g−1 at 0.1C
ate (theoretical value: 170 mAh g−1). By increasing the rate, the
tilization of the active material decreased, and 160 mAh g−1,
56 mAh g−1, 154 mAh g−1, 139 mAh g−1,130 mAh g−1 and
5 mAh g−1 were delivered at 0.2C, 0.5C, 1C, 2C, 5C and 10C
ate, respectively. This result appears very good when compared
ith lithium iron phosphate synthesized by traditional solid-

tate reaction, in which an increase in the discharge current
esults in severe capacity decrease [17]. From Fig. 4, it can be
een that the charge/discharge potential plateau is almost around
.4 V versus Li/Li+ at moderate current rates (up to 1C), and the
at has little change, which indicate the polarization is com-
aratively small. The excellent performances of the compound
eveloped in our work are due to the unique microstructure and
he small particle size achieved by the solution-based synthesis,
ollowed by crystallization, compared to the procedures reported

n the literature.

The cycle ability of LiFePO4 at different discharge rates
s showed in Fig. 5.The capacity retention was very good.

Fig. 4. Charge–discharge curves of LiFePO4 at different rate.
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Fig. 5. Electrochemical cycling performance of LiFePO4.

s seen in Fig. 5, the initial discharge capacity of LiFePO4
t the rate 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 10C is about
66 mAh g−1, 160 mAh g−1, 156 mAh g−1, 154 mAh g−1,
39 mAh g−1,130 mAh g−1 and 95 mAh g−1, and the dis-
harge capacity is about 165 mAh g−1, 159.2 mAh g−1,
54.66 mAh g−1 and 153.4 mAh g−1, 133 mAh g−1,
23 mAh g−1 and 85 mAh g−1 after 50 cycles. The cell
etains 99.4%, 99.5%, 99.1%, 99.6%, 95.6%, 94.6% and 89.5%
f its initial discharge capacity after 50 cycles at 0.1C, 0.2C,
.5C, 1C, 2C, 5C and 10C rate, respectively.

. Conclusions

Pure LiFePO4 was synthesized by heating an amorphous
iFePO4 at 500 ◦C. The amorphous LiFePO4 obtained through

ithiation of FePO4·xH2O by using oxalic acid as a novel reduc-
ng agent at room temperature. SEM images showed LiFePO4
ith an average particle size between 100 nm and 200 nm

The electrode performance of the pure LiFePO4 synthesized
y this method was shown to be enhanced. An initial dis-
harge capacity of 166 mAh g−1, 160 mAh g−1, 156 mAh g−1

nd 154 mAh g−1 were achieved at room temperature with cycle
ates of 0.1C (17 mA g−1), 0.2C (34 mA g−1), 0.5C (85 mA g−1)
nd 1C (170 mA g−1), respectively. The excellent performance
f pure LiFePO4 synthesized by this method makes it feasible
s a cathode active material for high-energy density, high-power
ithium-ion batteries.
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