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bstract

LiFePO4 as a cathode material for rechargeable lithium batteries was prepared by hydrothermal process at 170 ◦C under inert atmosphere. The
tarting materials were LiOH, FeSO4, and (NH4)2HPO4. The particle size of the obtained LiFePO4 was 0.5 �m. The electrochemical properties of
iFePO were characterized in a mixed solvent of ethylene carbonate and diethyl carbonate (1:1 in volume) containing 1.0 mol dm−3 LiClO . The
4 4

ydrothermally synthesized LiFePO4 exhibited a discharge capacity of 130 mA h g−1, which was smaller than theoretical capacity (170 mA h g−1).
he annealing of LiFePO4 at 400 ◦C in argon atmosphere was effective in increasing the discharge capacity. The discharge capacity of the annealed
iFePO4 was 150 mA h g−1.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Phosphates LiMPO4 (M = Mn, Fe, Co, or Ni) have been inves-
igated intensively as promising cathode materials for lithium
atteries [1–15]. Among this series of materials, LiFePO4 is a
ow cost material and highly compatible to the environment.
iFePO4 has a highly stable three-dimensional framework due

o strong P O covalent bonds in (PO4)3− polyanion, which pro-
ibits the liberation of oxygen. These characteristics provide
n excellent safety under abuse conditions of the batteries [3].
iFePO4 can be synthesized using conventional solid-state reac-

ions [1]. However, it is difficult to attain its full capacity, because
ts electronic conductivity is very low, and diffusion of Li+ ion in
he olivine structure is slow [1,8]. Several alternative synthetic

ethods have been applied to the preparation of LiFePO4. It
as been reported that the control of particle size is useful in
ncreasing the charge and discharge capacities of LiFePO4 [5,6].
n addition, highly dispersed conductive substances such as car-
onaceous materials and some metals in the cathode composite
lectrode were reported as being efficient additives [5–10].
The hydrothermal synthesis is a useful method for prepar-
ng fine particles. It also has other advantages such as a simple
rocess and energy efficient. Yang et al. have already demon-
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trated the hydrothermal synthesis of LiFePO4 [16,17]. We have
repared LiFePO4 via a hydrothermal route and reported that
he surface impurity on the LiFePO4 particle gives a significant
nfluence on its electrochemical properties [18–20]. The impu-
ity was amorphous phase containing Fe3+, which was formed on
he particle surface during the hydrothermal process. It has been
lso reported that the addition of ascorbic acid to the precursor
s a reducing agent is useful in prohibiting undesirable oxida-
ion of Fe2+ during hydrothermal process [19]. In the present
tudy, LiFePO4 was hydrothermally synthesized under strictly
ontrolled inert atmosphere, and its electrochemical behavior
as characterized.

. Experimental

LiFePO4 was prepared by hydrothermal process from
iOH·H2O, FeSO4·7H2O, and (NH4)2HPO4. LiOH·H2O and

NH4)2HPO4 were dissolved into purified water, and then FeSO4
queous solution was added subsequently. In order to prohibit
he conversion of Fe2+ to Fe3+, the water was degassed by N2 gas
ubbling for 30 min prior to preparing the starting solution, and
he mixing process was carried out under nitrogen atmosphere.
he concentration of Fe2+ in the precursor solution was con-
rolled to be 0.5 mol dm−3. The molar ratio of the Li:Fe:P in the
recursor solution was x:1:1 (1 ≤ x ≤ 3). The precursor solution
f 40 mL was put into a Teflon-lined Parr reactor (inner volume:
20 mL) with nitrogen gas, and the reactor was heated at 170 ◦C

mailto:kanamura-kiyoshi@c.metro-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.10.027
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n an oven for 12 h. During this hydrothermal process, precip-
tation took place inside the reactor. After the hydrothermal
eaction, the reactor was cooled down to room temperature. The
recipitated powder was washed with ultra pure water and ace-
one. Then the obtained powder was dried at 110 ◦C for 1 h under
acuum. In some cases, heat treatments for hydrothermally syn-
hesized LiFePO4 were carried out in an electric tube furnace
nder purified argon gas flow (200 mL min−1). The crystalline
hases were identified with X-ray diffraction (XRD, RINT-2000,
igaku Co.) with Cu K� radiation. The morphology of parti-
le was observed with a scanning electron microscope (SEM,
SM-5310, JEOL). The thermogravimetry (TG, DTG-60, Shi-
adzu) was performed to investigate the thermal stability of the

ydrothermally synthesized LiFePO4.
The performance of the LiFePO4 as cathode was evaluated

sing a coin-type cell (size: 2016) with a lithium metal anode. A
omposite electrode was prepared by mixing the LiFePO4, Ket-
en black, and polytetrafluoroethylene (PTFE) in weight ratio
f 80:15:5. This composite was rolled into a thin sheet with
niform thickness (ca. 150 �m), and it was cut into a circle
hape (13 mm diameter). The mass of LiFePO4 contained in the
omposite cathode was ca. 12 mg cm−2. The electrolyte was a
ixed solvent of ethylene carbonate (EC) and diethyl carbonate

DEC) (1:1, v/v) containing 1.0 mol dm−3 LiClO4. Galvanos-
atic charge and discharge tests were performed using an auto-

atic charge–discharge equipment (HJR-110mSM6, Hokuto
enko Co.) in the voltage range of 2.0–4.2 V at various rates

anging from 0.1 to 5 C (1 C = 170 mA g−1). All electrochemi-
al measurements were carried out at 25 ◦C.

. Results and discussion

Fig. 1 shows XRD patterns of hydrothermally synthesized
iFePO4. The XRD patterns of samples prepared with x = 1 and 2
gree very well with that of phosphpo-olivine LiFePO4 [13,14],
nd no impurity phase was detected. Yields of the hydrother-
al process were very good. Although all solid products could
ot be collected, yields were about 95% for both cases of x = 1
nd 2. This suggested that almost all the Fe2+ species in the
recursor solutions were converted to LiFePO4. In the case of
= 3, Li3PO4 and Fe2(PO4)OH were obtained as impurities due

s

L
g

Fig. 2. SEM images of LiFePO4 prepared by hydrothermal method at 170 ◦C. The m
ig. 1. XRD patterns of the materials prepared by hydrothermal method at
70 ◦C. The molar ratios of Li:Fe:P in the precursor solutions were 1:1:1 (a),
:1:1 (b), and 3:1:1 (c).

o the strong basic condition. The pH values of the precursor
olutions of x = 1, 2, and 3 were 8.04, 8.99, and 9.54, respec-
ively. This suggests that slightly basic or neutral conditions
re preferable for hydrothermal synthesis of LiFePO4 [20,21].
ig. 2 displays SEM images of the prepared LiFePO4 powders.
he obtained powders were composed of agglomerated parti-
les. The primary particle sizes of samples of x = 1 and 2 were 3
nd 0.5 �m, respectively. The primary particle size decreased
s increasing the concentration of LiOH in the precursor

olution.

Fig. 3 shows the TG result of the hydrothermally synthesized
iFePO4 (x = 2). TG measurement was carried out under nitro-
en atmosphere. The weight change was less than 2.5% in the

olar ratios of Li:Fe:P in the precursor solutions were 1:1:1 (a) and 2:1:1 (b).
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ig. 3. TG curve of hydrothermally synthesized LiFePO4. TG measurement was
arried out under N2 atmosphere, and heating rate was 5 ◦C min−1.

ange from 50 to 800 ◦C. The sample prepared with x = 1 showed
he similar thermal behavior. Therefore, significant decomposi-
ion of LiFePO4 did not take place in this temperature range,
nd the sample hardly contained any crystal water. Some oxida-
ion of the sample might take place at higher than 400 ◦C due to
esidual oxygen in the furnace.

The charge and discharge curves of hydrothermally synthe-
ized LiFePO4 samples (x = 1 and 2) are shown in Fig. 4 .The
harge and discharge were carried out at 0.1 C (17 mA g−1).
n both cases, the plateaus were observed in the charge and
ischarge curves at the potential of 3.5 V versus Li/Li+. This
lectrochemical behavior corresponded to the solid-state redox
f Fe2+/3+ in the LiFePO4 accompanying with Li+ ion extrac-
ion and insertion [1]. The discharge capacity of the sample of
= 1 was 30 mA h g−1, which was considerably smaller than

he theoretical capacity (170 mA h g−1). On the other hand, the
ischarge capacity of the sample of x = 2 was 130 mA h g−1.
he small discharge capacity of the sample of x = 1 was due to

he relatively large particle size. The electronic conductivity of
iFePO4 is very low, and diffusion of Li+ ion in the olivine struc-

ure is slow [1,5,8]. The smaller particle size, which is helpful
or accessibility of the redox centers, is preferable to achieve
arger capacity.
In order to enhance the charge–discharge performance of the
iFePO4, a heat treatment was carried out. The hydrothermally
ynthesized LiFePO4 (x = 2) was annealed at 400 ◦C under argon

t
b
e

ig. 4. Charge and discharge curves of LiFePO4 prepared by hydrothermal method a
nd 2:1:1 (b). The charge–discharge measurements were carried out at 0.1 C rate.
ig. 5. Charge and discharge curves of LiFePO4 annealed at 400 ◦C in
r. LiFePO4 was prepared from the precursor of Li:Fe:P = 2:1:1. The

harge–discharge measurements were carried out at 0.1 C rate.

as flow for 1 h. The XRD pattern and the particle morphology
f the annealed LiFePO4 (not shown here) were very similar
o those of non-annealed sample. In fact, the particle morphol-
gy changed at higher than 500 ◦C because of grain growth, and
eat treatment at higher temperature was avoided. Fig. 5 shows
he charge and discharge curves of the annealed LiFePO4. The
harge and discharge capacities were increased by the anneal-
ng. The discharge capacity was about 150 mA h g−1, which was
8% of the theoretical capacity. This result shows a good agree-
ent with our previous work [19]. It was considered that small

mount impurity, which was electrochemically inactive, was
nvolved in the hydrothermally synthesized LiFePO4. The impu-
ity was assumed to be amorphous, because no impurity phase
as detected by XRD (Fig. 1(b)). The amorphous component
ight exist on the particle surface and be non-conductive layer.
fter the heat treatment, it might be crystallized and activated.
Finally, the rate capability of the annealed LiFePO4 (x = 2)

as evaluated. Fig. 6 shows discharge curves of the LiFePO4
easured at various rates. The electrode was charged up to 4.2 V

t 0.1 C rate prior to each discharge. The annealed LiFePO4
xhibited a good rate capability, and the discharge capacity at 1 C
2 mA cm−2) rate was ca. 110 mA h g−1. This good rate capabil-
ty was due to the small particle size of the LiFePO4 as discussed
he electronic conductivity of the material by using some car-
on coating techniques [5–11]. Carbon coating on the particle is
ffective in decreasing the impedance of the cathode [11], which

t 170 ◦C. The molar ratios of Li:Fe:P in the precursor solutions were 1:1:1 (a)
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ig. 6. Discharge curves of LiFePO4 annealed at 400 ◦C in Ar. LiFePO4 was
repared from the precursor of Li:Fe:P = 2:1:1. The electrode was charged up to
.2 V at 0.1 C rate prior to each discharge and discharged at various rates.

ay further enhance the charge–discharge performance of the
iFePO4 prepared via the hydrothermal route. Further efforts

o improve the charge–discharge performance of the hydrothe-
ally synthesized LiFePO4 are underway in our group, and it
ill be reported in due course.

. Conclusions

LiFePO4 was hydrothermally synthesized from LiOH,
eSO4, and (NH4)2HPO4 under inert atmosphere at 170 ◦C. The
ontrol of pH and concentration of the precursor solution was
mportant to obtain LiFePO4 as a main product by hydrothermal
rocess. The particle size of the obtained LiFePO4 was 0.5 �m.
he discharge capacity of hydrothermally synthesized LiFePO4

as 130 mA h g−1. Annealing of the LiFePO4 at 400 ◦C in argon

tmosphere was effective in improving the charge–discharge
erformance. The discharge capacity of the annealed LiFePO4
as 150 mA h g−1.
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