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a b s t r a c t

Spherical-like LiFePO4 was synthesized by hydrothermal synthesis method using Phenanthroline as a
complexing-agent to avoid the Fe(II) ions from oxidation and control the growth of the crystal. Structural,
electron valence state, morphology and particle size were investigated by X-ray diffraction (XRD), X-ray
photoelectron spectra (XPS), Mössbauer spectra, scanning electron microscopy (SEM) and laser particle
vailable online 4 May 2008
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iFePO4

ydrothermal
omplexing-agent

sizer. Charge–discharge cycling performances were used to characterize its electrochemical properties.
The sample possesses uniformly distributed spherical-like particles with an average size of 0.5–1 �m. Test
shows that the reversible capacity of spherical-like LiFePO4 is about 140 mAh g−1 at 0.1 C. The capacity
fading is neglectable.

© 2008 Published by Elsevier B.V.
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. Introduction

Lithium iron phosphate has become of great interest as a cath-
de for rechargeable lithium ion batteries in terms of its high
heoretical capacity of 170 mAh g−1, low cost, and environmen-
al benignancy and safety [1–3]. Olivine-type LiFePO4 has an
rthorhombic unit cell, which accommodates four units of LiFePO4.
n phosphor-olivine, all of the oxygen ions form strong covalent
onds with P5+ to form the PO4

3− tetrahedral polyanion and sta-
ilize the entire three-dimensional framework. This guarantees
table operation at higher temperatures and extreme safety under
busive conditions which adds greatly to the attractiveness of the
live-type cathode [4]. But the stable structure induces the decreas-
ng of conductivity of LiFePO4, which is a disadvantage for the
ransferring of lithium ions. At this time, the main obstacle for
eaching a perfect performance of LiFePO4 at ambient temperature
s its very low electronic conductivity and low lithium ions diffusion
oefficient. Two possible means to overcome this major problem

ere recently explored: one is the synthesis of a LiFePO4/electronic

onductor composite compound; the other is the achievement of
small and homogeneous particle size distribution to shorten the
iffusion distance of lithium ions [5].

∗ Corresponding author. Tel.: +86 10 67396158; fax: +86 10 67396158.
E-mail address: dgxia@bjut.edu.cn (D. Xia).
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Hydrothermal synthesis is a better route to synthesize a small
nd homogeneous particle size distribution LiFePO4 than solid-
tate reaction. What’s more, hydrothermal synthesis is better at
ow-energy cost and readily scalable [6]. However, LiFePO4 pow-
ers prepared by hydrothermal method are mostly plank shape,
hich is disadvantageous for the physical and chemical properties

f LiFePO4. In this paper, spherical-like LiFePO4 was synthesized by
ydrothermal route using complexing-agents in the conditions of
H 9.5, 300 ◦C and 0.1 mol L−1 of Fe(II). The obtained spherical-like
iFePO4 exhibits homogeneous microstructure and better electro-
hemical properties of materials in terms of capacity delivery, cycle
ife and discharge capability.

. Experimental

The samples of LiFePO4 were prepared by hydrothermal method
n an autoclaved stainless steel reactor. The starting materi-
ls were FeSO4·7H2O (98% Aldrich), (NH4)2HPO4 (98% Aldrich),
iC6H5O7·4H2O (98% Aldrich) and Phenanthroline (99% Aldrich).
n a typical synthesis, the mol ratio of Fe:P is 1:1, and FeSO4 of
.3 mol L−1 was mixed with Phenanthroline of 0.1 mol L−1. The

esulting red solution was transferred into a 200 ml stainless steel
utoclave. The pH values of solution was adjusted by dropping dif-
erent amount of LiOH to be 6.0, 8.5, 9.0, 9.5, respectively, which
ere labeled as samples 1, 2, 3 and 4. The autoclave was sealed and
eated to 240 ◦C for 2 h. Precipitates were collected by filtration and

http://www.sciencedirect.com/science/journal/03787753
mailto:dgxia@bjut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.04.066
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Fig. 1. XRD pattern for LiFePO4 samples 1, 2, 3, 4 and 6.

Table 1
Results of Rietveld refinement of LiFePO4 samples 1, 2, 3, 4 and 6

Sample

1 2 3 4 6

pH 6.0 8.5 9.0 9.5 9.5
a (Å) 10.3441 10.3302 10.3304 10.3166 10.3275
b (Å) 5.9988 5.9953 5.9973 5.9912 5.9959
c (Å) 4.7046 4.6960 4.6957 4.6892 4.7001
Vol. (Å3) 291.9 290.8 290.9 289.8 291.0
Rwp 10.34 11.6 11.6 11.09 9.16
Rp 7.85 8.63 7.96 8.19 7.67
RF 5.93 6.13 4.65 5.47 5.13

Samples 1, 2, 3 and 4, synthesized in the pH value 6.0, 8.5, 9.0 and 9.5 deionized
water solvent at 240 ◦C, and the concentration of all reaction agents is 0.3 mol L−1.
Sample 6, synthesized in pH value 9.5 glycol solvent at 300 ◦C, and the concentration
is 0.1 mol L−1.

Fig. 2. Rietveld refinement of sample 1.

Fig. 3. XPS for LiFePO4 samples 2 and 4.
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Fig. 4. Mössbauer spectra for samples 2 and 4.

ried at 120 ◦C for 5 h in the vacuum oven. XRD measurements of
he LiFePO4 materials were carried out using D8 X-ray diffraction
XRD) with Cu K� radiation at room temperature. Particle morphol-
gy of the LiFePO4 powders was observed using a SEM (JEOL, JSM
400). XPS (AXIS ULTRA DLD) was done to determine the valence of
e. The cathodes were prepared by pressing a mixture of the active
aterials acetylene black and binder (PTFE) in a weight ratio of

0/20/10. The Li metal was used as the counter electrodes. The elec-
rolyte was 1 M LiPF in a mixture of ethylene carbonate (EC) and
6
imethyl carbonate (DMC). The cells were assembled in an argon-
lled dry box. The electrochemical properties of the cells were
easured at a current of 0.1 C (17 mA g−1), with a charge–discharge

oltage limit of 2.0–4.2 V.

able 2
article size, capacity and conductivity of LiFePO4 samples

Sample

1 2 3 4 6

H 6.0 8.5 9.0 9.5 9.5
article size (D50) (�m) 10.4 30.2 25.4 16.4 0.5
apacity (mAh g−1) 26.7 41.2 64.8 82.3 143.5
onductivity/logs (S cm−1) −10.1 −9.9 −9.6
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ig. 5. SEM for LiFePO4 samples 1, 2, 3, 4, 5 and 6; samples 1, 2, 3 and 4, synthe
oncentration of all reaction agents is 0.3 mol L−1. Sample 5, synthesized in the pH
ample 6, synthesized in pH value 9.5 glycol solvent at 300 ◦C, and the concentratio

. Results and discussions

Fig. 1 shows the X-ray diffraction patterns of the samples pre-
ared using Phenanthroline as complexing-agent under different
H value by hydrothermal method. The samples preserve a sin-
le ordered olivine structure indexed by orthorhombic Pnma. No
mpurity phases are detected in the XRD pattern. Additionally, the
eak profiles are quite narrow, indicating a well-crystallized phase.
he structural parameters obtained from X-ray Rietveld refinement
f the material are listed in Table 1. The reliability factor (Rwp) is
round 10%, which indicates a good solution. The lattice parameters

nd atomic coordinates are in agreement with the ones obtained
y other authors with other techniques [7]. The cell volumes of
iFePO4 samples at different pH value are among 291.9–289.8 Å3.
his is consistent with the previous cell volume reported by other
eference [3]. In this work, we found that the cell volumes of these

t
s
b
[

in the pH value 6.0, 8.5, 9.0 and 9.5 deionized water solvent at 240 ◦C, and the
9.5 in the deionized water solvent at 300 ◦C, and the concentration is 0.1 mol L−1.

1 mol L−1.

amples decrease with the increase of pH value. It may be related to
better crystallinity of the sample at higher pH value. The Rietveld

efinement pattern of LiFePO4 sample 1 was shown in Fig. 2. The
rystallite size was calculated for [1 3 1], [0 2 1] and [0 2 0] crystallo-
raphic directions using the Sherrer’s formula, giving a mean value
f 48 nm.

XPS spectra of the Fe 2p of samples 2 and 4 are reported
n Fig. 3. The Fe 2p signal derives from the contribution of two
oublets. The main species can be related to Fe2+ at a binding
nergy (BE) at 710.40, 723.80 eV and 710.37, 723.77 eV for LiFePO4
8,9].
Mössbauer measurements provide direct in sight into the con-
ent of Fe(III) in LiFePO4. The Mössbauer spectra of LiFePO4 is
imple to interpret as two quadrupole-split doublets; one dou-
let from Fe2+ in LiFePO4 and a second doublet from Fe3+ in FePO4
10,11]. Fig. 4 shows the Mössbauer spectra of the LiFePO4 sam-
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ig. 6. (a) The cycling test of sample 6; (b) The discharge curves of samples 1, 2, 3,
, and 6.

les 2 and 4 taken at room temperature. Fe(II) are characterized
y Mössbauer parameters of CS = 1.2 mm s−1, QS = 3.0 mm s−1. The
nalysis indicates the hyperfine parameters characteristic of high-
pin (S = 2 Fe(II)) ferrous ions, suggesting the reduction of Fe(III)
uring the preparation. No iron cluster or Fe3+ is observed in the
pectrum.

SEM images of the LiFePO4 particles are presented in Fig. 5.
here are two types, plank and spherical-like, of the particles.
rom the results of SEM mapping (not shown here), it is found
hat Fe is distributed uniformly in the plank and spherical parti-
les. As an example, for 240 ◦C, pH 6.0 and Fe(II) concentration of
.3 mol L−1, plank of approximately 15–20 �m length and 5–10 �m
idth can be obtained (Fig. 5(1)). Increasing the pH value to 8.5,

.0 and 9.5, morphology remains the same (Fig. 5(2–4)). To com-
are the particle size, D50 of LiFePO4 samples with different pH
alue were measured by laser particle sizer Winner2000 in deion-
zed water. It can be seen that the particle size D50 obviously
ecomes small with the increase of pH value with the exception
f sample 1 (shown in Table 2). Decreasing the Fe(II) concentra-
ion to 0.1 mol L−1, the morphology of the particles obtained at
40 ◦C also remains the same, while the temperature increases to
00 ◦C, spherical-like particles of 2–3 �m (sample 5) are obtained
Fig. 5(5)). The spherical-like particles of LiFePO4 of 0.5–1 �m (sam-
le 6) are synthesized when the deionized water solvent is replaced
y glycol (Fig. 5(6)). Compared with sample 5, the particle size of
ample 6 decreases. This could be due to the higher viscosity of
lycol.

The first cycle charge–discharge curves of LiFePO4 samples
re shown in Fig. 6(b). With the increase of pH value, the spe-
ific capacity of LiFePO4 increases. From Fig. 6, the material

ith smaller cell volume synthesized at pH 9.5 delivered bet-

er capacity of 81 mAh g−1 at room temperature. The morphology
f sample 5 is fine and uniform, but the electrochemical perfor-
ance is about 80 mAh g−1 (not shown here), not better than that

f sample 4 which showed the sheet of morphology. However,

[

[
[
[

urces 184 (2008) 633–636

he sample 6 with spherical-like morphology delivers a higher
apacity, about 140 mAh g−1, and shows a perfect cycling abil-
ty.

To compare the electronic conductivity of LiFePO4 samples with
ifferent particle size, electronic conductivity measurements at
oom temperature for sample 1, samples 3 and 6 were carried by the
wo-point dc methods using a Picoammeter/Voltage Source (Keith-
ey 2400). 0.15 g of LiFePO4 powders were pressed into a slice with
diameter of 13 mm by a pressure of 20 MPa for 1 h. Table 2 shows

he electronic conductivity of sample 6 does not increase greatly
12,13] relative to sample 3. The high discharge capacity of sample
is mainly due to the smaller particle size which provides a short
iffusion distance for lithium ions.

. Conclusions

Spherical-like LiFePO4 was prepared by hydrothermal method
sing Phenanthroline as the complexing-agent to avoid the Fe(II)

ons from oxidation and control the growth of the crystal. Morphol-
gy of LiFePO4 synthesized by hydrothermal was mainly dependent
n temperature and the concentration. XRD pattern, XPS profile
nd Mössbauer spectra were applied to characterize the struc-
ure, electron state and component of LiFePO4 synthesized by
ydrothermal route in different pH value solution. The decrease
f particle size cannot improve the electronic conductivity but can
bviously reduce the diffusion distance of lithium ions. Because
f the smaller particles forming at higher pH value, the specific
apacity of the sample increases with the increase of the pH value,
specially, the resulted small spherical-like LiFePO4 showing a bet-
er electrochemical properties. That means that the particle size
nd morphology plays an important role on the electrochemical
erformance enhancement.
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