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Abstract Lithium iron phosphate (LiFePO,) powders were
prepared by hydrothermal reactions under a nitrogen
atmosphere or an air atmosphere, and the microstructure
and electrochemical properties of the LiFePO, powders
were investigated. The LiFePO, powder prepared under the
nitrogen atmosphere (LiFePO4—N,) had a small particle size
in the range of 300-500 nm, whereas the powder prepared
under the air atmosphere (LiFePO4—air) had a large particle
size in the range of 1-5 um. Although the Fe**/Fe®" ratio
was not significantly different in both LiFePO, powders,
the Fe?'/Fe’" ratio in the precursor suspension prepared
under the nitrogen atmosphere was much higher than that
prepared under the air atmosphere, thereby resulting in the
small particle size of the LiFePO4—N, powder. The
discharge capacity of a LiFePO4,—N, electrode was
149 mAh g ! at a low current density of 10 mA g ',
whereas that of a LiFePO,4—air electrode was 83 mAh g .
Impedance analyses indicated that the charge transfer
resistances normalized to the surface area of LiFePOy4
particles for the LiFePO4—N, and LiFePO,—air electrodes
were 4.6 and 4.8 Q m?, respectively. These values were not
significantly different. This revealed that the factor domi-
nating the electrochemical properties of LiFePO4—N, and
LiFePO,—air powders was particle size and not crystalline
lattice or Fe** concentration.
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1 Introduction

Energy storage devices with a high energy and a high
power are being developed for use as power sources of
electric and hybrid vehicles. Lithium ion batteries [1] have
been applied in many portable electronic devices because of
their high energy density. However, besides this high
specific energy requirement, long cycle life, environmental
safety and low cost are also required. Lithium iron
phosphate (LiFePO,) is a promising candidate cathode
material for lithium ion batteries [2]. The olivine-based
structure of LiFePO, consists of a polyoxyanionic frame-
work containing LiOg, FeOg4 octahedra and PO, tetrahedra
[3]. LiFePO, has a large theoretical charge/discharge
capacity of 170 mAh g7l and a long cycle life [4]. In
addition, when lithium is extracted from LiFePO,, a flat
potential plateau is observed owing to the existence of
LiFePO,4 and FePO, phases. Moreover, LiFePO, is non-
toxic and inexpensive. However, the electrochemical
property of LiFePOy is limited by its low lithium diffusion
constant (approximately 10 "~107'¢ e¢m? s') and low
electronic conductivity (approximately 10°Sem ™) [2, 5]
Padhi et al. reported that the degree of lithium intercalation/
deintercalation of LiFePOQy is limited to approximately 0.6
Li per formula unit [6]. A low lithium diffusion constant in
electrodes leads to a charge/discharge capacity loss due to
lithium diffusion limitations.

Many studies have been conducted to eliminate lithium
diffusion limitations in LiFePO,4 by reducing particle size.
Yamada et al. reported that LiFePO, with a small particle
size synthesized by a solid state reaction shows a large
discharge capacity of 162 mAh g ' [7]. A reduction in
particle size leads to a reduction in lithium diffusion
distance. Therefore, lithium diffusion limitations are elim-
inated by reducing particle size. Yamada et al. also analyzed
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the oxidation state of Fe by Mossbauer spectroscopy and
reported that the oxidation state of Fe is Fe*' in most of
LiFePO,. Preventing the formation of Fe*" as impurities in
LiFePO, contributes to achieving a large lithium intercala-
tion charge/discharge capacity. Kim et al. reported that
LiFePO, with nanoparticles synthesized by a polyol process
shows a large discharge capacity of 166 mAh g~' [8]. The
nanoparticles of LiFePO, showed an excellent high-rate
charge/discharge performance. Yang et al. reported a
hydrothermal reaction method for synthesizing LiFePO,
which showed a discharge capacity of 100 mAh g ' [9].
The particle sizes of LiFePO, synthesized by hydrothermal
reactions are smaller than those of LiFePO, synthesized by
solid-state reactions. However, its discharge capacity
decreases with an increase in the amount of Fe*' ions,
which are produced through Fe*' oxidation by dissolved
oxygen in aqueous solutions. Accordingly, a synthesis
method for obtaining a small particle size without inducing
Fe** oxidation is required. Tajimi et al. reported the addition
of polyethylene glycol to the precursor solution to obtain
fine particles, and the obtained LiFePO, showed a large
discharge capacity of 143 mAh g ' [10]. Shiraishi et al.
reported an additional heat treatment under an inert
atmosphere to crystallize the amorphous phase on the
surface of particles of LiFePO, synthesized by hydrothermal
reactions [11]. Dokko et al. reported a hydrothermal reaction
of LiFePO,4 under an inert atmosphere to prohibit undesirable
oxidation of Fe*" during a hydrothermal process, and the
obtained LiFePO, showed a large discharge capacity of
150 mAh g ' [12]. Hydrothermal reaction of LiFePO, under
an inert atmosphere is used to obtain high-purity crystals
[12—14]. Whittingham et al. reported that the temperature
above 175 °C for hydrothermal synthesis of LiFePO,
contributes to a decrease in iron disorder [13]. Nazar et al.
controlled particle size of hydrothermally synthesized
LiFePO, by selecting synthesis temperature and reactant
concentrations [14]. They indicated that a high concentration
of reactants leads to a large number of nucleation sites for
LiFePO, and then to the formation of small particles.
Accordingly, when oxygen gas is contaminated during
hydrothermal synthesis, it is assumed that a decrease in Fe*"
concentration as the nucleation site and a change in particle
size of LiFePO, are brought about. Although many
researchers conducted controlling synthesis atmosphere to
obtain high-purity crystals, no studies to investigate the
relationship between particle size and synthesis atmosphere
in hydrothermal reactions have been conducted.

In this study, hydrothermal reactions of LiFePO,4 under a
nitrogen atmosphere were used to synthesize LiFePO,
powder with a small particle size and to achieve a large
discharge capacity by maintaining a low Fe’" concentra-
tion. The particle size and lithium intercalation properties of
the LiFePO4 powder were examined, and compared with
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those of LiFePO, powder synthesized under an air
atmosphere. The relationship between particle size and
synthesis atmosphere in hydrothermal reactions was eval-
uated, and the mechanism of particle growth was elucidated
in the hydrothermal reactions.

2 Experimental

LiFePO, was synthesized by hydrothermal reactions [7, 9,
11] under a nitrogen atmosphere. 1 M of FeSO,47H,0
(Wako Chemicals), 85 wt% of H3;PO, (Wako Chemicals),
and 1 M of LiOH'H,O (High Purity Chemicals) in the
molar ratio 1.0:1.0:3.0 were dissolved in deionized water
under the nitrogen atmosphere and then mixed. The Fe**
concentrations in precursor suspensions were measured by
adsorption spectroscopy at a wavelength of 470 nm in
FeSO, solutions. Polyethylene glycol (Wako Chemicals)
was added to the solution at half the volume of the solution
to obtain fine particles [10]. The resulting solution and
nitrogen gas were placed in a Teflon crucible of 100 ml
inner volume, which was then sealed and set in a pressure-
resistant container. Hydrothermal reactions were performed
at 150 °C for 3 h in the nitrogen atmosphere, and the
LiFePO, powder obtained was annealed in a 1% hydrogen—
99% argon atmosphere at 500 °C for 1 h to crystallize
amorphous phases [15]. The particle size of the LiFePO,4
powder was determined by scanning electron microscopy
(Hitachi, S-4500). The specific surface area of the LiFePO,
powder was evaluated by nitrogen adsorption-desorption
measurement (Micromeritics, TriStar3000). The crystal
structure of the LiFePO, powder was evaluated by X-ray
diffraction analysis using Cu Ko radiation (Bruker AXS,
D8 diffractometer). The X-ray diffraction data were refined
by the Rietveld method at angle intervals from 15° to 105°
(20) in 0.02° (20) steps. The Rietveld refinement was
carried out using the RIETAN program [16] in the space
group Pnma. Atomic positional parameters and isotropic
thermal factors were refined. The valence states of Fe in the
LiFePO,4 powder were analyzed by Mdssbauer spectrosco-
py, which was performed in the transmission mode using
>7Co +y-ray sources at room temperature. Doppler velocity
was calibrated using pure Fe as a standard.

LiFePO, powder for comparison was synthesized by
hydrothermal synthesis in an air atmosphere. The synthesis
conditions except for the atmosphere during mixture
preparation and hydrothermal reactions were the same.

The electrodes for electrochemical measurement were
fabricated by pressing a mixture of LiFePO, powder,
acetylene black (Denki Kagaku Kogyo) and Teflon binder
(Du Pont) onto a nickel mesh. The weight ratio of LiFePOy,
acetylene black and Teflon was 45:45:10. The mass loading
of LiFePO, in the electrodes was approximately 1x10 % g
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Fig. 1 Scanning electron microscopic images of various LiFePO,4
powders. (a) LiFePO4-N,, (b) LiFePO4—air

cm 2. Electrochemical measurement was performed using a
three-electrode cell with a counter-electrode and a refer-
ence-electrode both made of lithium. The electrolyte used
was 1 M LiClO4/PC (Kishida Chemical). The cells were
assembled in an argon-filled glove box at room tempera-
ture. Cyclic voltammetry was carried out at a sweep rate of
0.1 mV s ', and galvanostatic charge and discharge
measurements were carried out in the current density range
of 10-2,000 mA g '. All measurements were performed in
the voltage range of 2.5-4.3 V with a potentiostat/
galvanostat (Hokuto Denko, HAG-5001) at room temper-
ature. Electrochemical impedance measurement was carried
out in the frequency range of 20 kHz—10 mHz with ac
amplitude of 20 mV at a potential of 3.45 V.

3 Results and discussion

Figure 1(a) and (b) show scanning electron microscope
images of the LiFePO, powders hydrothermally synthe-
sized in the nitrogen (LiFePO4—N,) and air (LiFePO4—air)
atmospheres followed by annealing in the 1% hydrogen—
99% argon atmosphere, respectively. The particle size of
the LiFePO4—N, powder was in the range of 300-500 nm,
and that of the LiFePO4—air powder was in the range of 1—
5 um. The particle size of the LiFePO4—N, powder was
smaller than that of the LiFePO—air powder. The Brunauer—

Emmett-Teller (BET) surface areas of the LiFePO4—N,
powder and LiFePO,—air powder were 4.54.7 m*> g '
and 2.4-2.5 m> g ', respectively. The surface area of
the LiFePO4—N, powder was larger than that of the
LiFePO4—air powder. A decrease in particle size leads to a
reduction in lithium diffusion distance and an increase in
specific surface area. Thus, a large charge/discharge
capacity is expected in LiFePO4—N, with a small particle
size.

Figure 2(a) and (b) show the measured X-ray diffraction
patterns and the result of Rietveld refinement using the
program RIETAN [16] for the LiFePO4-N, powder and the
LiFePO4—air powder, respectively. All the peak positions of
these LiFePO4 powders were consistent with the calculated
peak positions of LiFePO, indicated by the vertical marks.
Therefore, no impurities were detected by X-ray diffraction
analysis in both LiFePO, powders. The cell parameters
obtained by Rietveld refinement for the LiFePO4,—N,
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Fig. 2 X-ray diffraction patterns of various LiFePO, powders. (a)
LiFePO4—N,, (b) LiFePO4—air. The measured and calculated patterns
are represented by the dotted and solid lines, respectively. The vertical
marks in the middle show the positions calculated for Bragg
reflections. The trace at the bottom is a plot of the difference between
the calculated and measured intensities
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powder were a=1.03280(5) nm, »=0.60040(3) nm and c=
0.46936(2) nm, and the cell volume was 0.29105(2) nm®.
Ry, and S were 4.50% and 1.39, respectively. The cell
parameters for the LiFePO4—air powder were a=1.03264(9)
nm, b=0.60013(5) nm and ¢=0.46980(4) nm, and the cell
volume was 0.29114(4) nm’. Ry, and S were 5.69% and
1.64, respectively. These cell parameters were almost the
same and were in good agreement with previous results of
LiFePO, synthesized by hydrothermal reactions [13].
Figure 3(a) and (b) show the room-temperature Mossbauer
spectra of the LiFePO4,—N, powder and the LiFePO,—air
powder, respectively. Both spectra separated into two
doublets. The spectrum of the LiFePO4—N, powder showed
an isomer shift (IS)=1.22 mm s~ ' and a quadrupole splitting
(QS)=2.96 mm s ' in the major symmetric doublet. In the
minor doublet, [S=0.45 mm s ' and QS=0.63 mm s ' were
obtained. The areas of the major and minor doublets were
91% and 9% of the total area, respectively. The major
doublet is typical of octahedral Fe** ions in ionic compounds
[7]. Therefore, Fe*" ions in the LiFePO, powders existed in
an abundance ratio of 91%. Fe*" ions of 9% are assumed to
be formed by the reaction with residual oxygen in deionized
water or already exist in FeSO, although the LiFePO,—N,
powder was synthesized under the nitrogen atmosphere. The
spectrum of the LiFePO,—air powder showed IS=1.22 mm

Intensity ( a.u.)

Intensity ( a.u.)

1

Velocity / mm s~
Fig. 3 Mossbauer spectra of various LiFePO, powders. (a) LiFePO,—
N,, (b) LiFePO4—air. The measured pattern is represented by the
dotted line. The calculated patterns are represented by the solid lines
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s ' and QS=2.95 mm s ' in the major symmetric doublet. In
the minor doublet, IS=0.48 mm s ! and QS=0.67 mm s '
were obtained. The areas of the major and minor doublets
were 90% and 10% of the total area, respectively. Therefore,
Fe?* ions in the LiFePO, powders existed in an abundance
ratio of 90%. The Fe*' amounts in the LiFePO,~N, and
LiFePO4—air powders were not significantly different,
although there is a slight deviation. No impurity phase with
Fe** ions in these LiFePO, powders was detected by X-ray
diffraction analysis. It is assumed that impurities are
amorphous or exist as nanoparticles [7].

The reaction equations in this hydrothermal condition
are described in two step reactions. The reaction formula
for the first reaction, that is the generation of the suspension
solution with Fe(OH),, can be written as

2LiOH + FeSO4 — +Fe(OH),+Li,SO;. (1)

The reaction formula for the second reaction, that is the
formation of LiFePO, during hydrothermal synthesis, can
be written as

LiOH + Fe(OH),+H;PO4 — LiFePO, + 3H,0. (2)

In the first reaction step, the color of the precursor
suspension for the LiFePO4—N, powder was greenish
white, and the major suspended solids were Fe(OH),. The
color of the precursor suspension for the LiFePOj—air
powder was dark green, and the suspended solids were a
mixture of Fe(OH), and Fe(OH);. Fe*" concentrations in
the LiFePO4,—N, and the LiFePO4—air precursor suspen-
sions were 83% and 28%, respectively. In the second
reaction step, Fe(OH), solids function as the cores of
LiFePO, crystals. In the precursor solution of LiFePO,—air,
Fe(OH); solids as impurities are produced through oxida-
tion of Fe*" ions due to oxygen dissolved in aqueous
solutions. Therefore, the amount of Fe(OH),, crystal
nucleation cores, in the LiFePO,—air precursor solution is
less than that in the LiFePO4—N, precursor solution. This
change is consistent with the result of Nazar et al. [14],
indicating the formation of small particles by increased
reactant concentrations. In the hydrothermally synthesized
LiFePO,, the Fe®" concentrations in the LiFePO,~N,
powder and the LiFePO4—air powder were 91% and 90%,
respectively. The Fe*" amounts in the LiFePO4~N, powder
and the LiFePO4—air powder were not significantly differ-
ent although hydrothermal reactions were conducted in
different atmospheres. It is assumed that polyethylene
glycol performed as a reduction agent [17, 18] and the
reduction of Fe** components occurred during hydrother-
mal reactions. When the formation of LiFePO, occurs with
Fe?" reduced by polyethylene glycol in hydrothermal
reactions (Eq. 2), the formation of LiFePO, occurs
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dominantly on the surface of LiFePO, particles already
present. Therefore, the particle growth of the LiFePO,—air
is enhanced because the amount of crystal nucleation cores
is small and the amount of Fe*" reduced in the hydrother-
mal reactions is large.

Figure 4 shows the cyclic voltammograms of the
LiFePO4—N, and LiFePO,—air electrodes at a sweep rate
of 0.1 mV s '. Each electrode exhibited reversible
reduction and oxidation. The anodic/cathodic peaks cen-
tered at an equilibrium potential of 3.45 V were attributed
to the lithium intercalation/deintercalation of LiFePO,.
However, the degree of peak shift from the equilibrium
potential differed between these LiFePO, electrodes. The
difference between the peak potentials of the LiFePO4—N,
electrode was approximately 250 mV, and that of the
LiFePO,—air electrode was approximately 275 mV. When
lithium intercalation and deintercalation occur rapidly and
the electronic resistance of the electrode is sufficiently
small, the difference between the peak potentials becomes
smaller and the peaks become sharper. The electrical
resistances of these LiFePO, electrodes were sufficiently
small because of the high carbon contents of the electrodes.
Therefore, it is suggested that lithium intercalation and
deintercalation occurred rapidly in the LiFePO4,—N, elec-
trode. The large surface area of the LiFePO4,—N, electrode
is responsible for the increase in apparent lithium interca-
lation and deintercalation rate.

Figure 5(a) shows the charge and discharge curves for
the LiFePO,—N, electrode at 10 mA g ' and the discharge
curves in the current density range of 101,000 mA g .
The charge and discharge capacity per unit weight of
LiFePO, was 149 and 150 mAh g ' at a low current density
of 10 mA g '. The LiFePO, electrode showed reversible
capacities under charge and discharge, and a flat discharge
potential plateau was observed at approximately 3.4 V. This
discharge capacity was approximately 90% of the theoret-
ical capacity of LiFePO,. Discharge capacity losses
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Fig. 4 Cyclic voltammograms of various LiFePO, electrodes. (a)
Solid line representing LiFePO4—N,, (b) dashed line representing
LiFePO,—air. The sweep rate was 0.1 mV s~'
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Fig. 5 Charge and discharge curves for various LiFePO, electrodes.
(a) LiFePO4—N,, (b) LiFePO4—air. The current density range was 10—
1,000 mA g

occurred and flat discharge potential plateaus disappeared
with increasing current density. The discharge capacities of
the LiFePO, electrode were 131 mAh g ' at 100 mA g’
and 77 mAh g ' at 1000 mA g .

Figure 5(b) shows the charge and discharge curves for
the LiFePO,—air electrode at 10 mA g ' and the discharge
curves in the current density range of 101,000 mA g .
The charge and discharge capacity of the LiFePO,
electrode was 83 and 85 mAh g ' at a low current density
of 10 mA g '. The LiFePOy, electrode showed reversible
capacities under charge and discharge, and a flat discharge

100 ——————7— I
k-0 --(a) LiFePO4-N,
0L ® (b) LiFePOy-air @ i
8 . 4
E eof .
e} .
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N 40+ . o 8
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Oy‘ . I OQ

Z'/ Ohm

Fig. 6 Impedance plots of various LiFePO, electrodes. (a) White circles
representing LiFePO4—N,, (b) black circles representing LiFePO,—air.
The potential voltage was 3.45 V and the ac amplitude was 20 mV
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potential plateau was observed at approximately 3.4 V.
Discharge capacity decreased markedly with increasing
current density, and reached 44 at 100 mA g ' and 15 at
1,000 mA g'. At a low current density of 10 mA g ', the
discharge capacity of the LiFePO,—air electrode was much
smaller than that of the LiFePO4—N, electrode. The small
discharge capacity at the low current density of the
LiFePO,—air electrode was not consistent with the Fe*"
ratio of 90% for LiFePO, although the discharge capacity
of the LiFePO4—N, electrode was consistent with the Fe**
ratio for LiFePO4. This small discharge capacity of he
LiFePOy—air electrode is caused by the slow lithium
intercalation and deintercalation rate due to the small
surface area of the LiFePOy—air electrode and by a long
lithium diffusion distance in LiFePO, due to the large
particle size. In the LiFePO,—air electrode, the current
density of 10 mA g ' is not sufficiently low for
performing the electrochemical lithium deintercalation
reaction completely.

Figure 6 shows the impedance plots for these LiFePO,
electrodes at a potential of 3.45 V. The spectra indicated a
combination of two semicircles in the high and interme-
diate frequency ranges. A Warburg region, assigned to the
diffusional transport of intercalated ions in cathode
materials, appears at very low frequencies. However, no
Warburg region was observed in the measured frequency
region. The diameter of a high-frequency semicircle was
assigned to an electrical resistance of the electrode and
that of an intermediate-frequency semicircle was assigned
to the charge transfer resistance between an electrolyte and
active materials [19, 20]. The electrical and charge transfer
resistances of the LiFePO4—N, electrode were 1.9 and
1.0x10% Q, respectively. The electrical and charge transfer
resistances of the LiFePO,—air electrode were 8.4 and
1.9%10% Q, respectively. In these LiFePO, electrodes, the
dominant resistance component was the charge transfer
resistance. The charge transfer resistance of the LiFePO4—
N, electrode was much lower than that of the LiFePO4—air
electrode. The result was consistent with the difference
between the peak potentials in the cyclic voltammograms
shown in Fig. 4. The charge transfer reactions occur at the
interface between LiFePO, particle surfaces and electro-
lytes. The area specific resistances, (the charge transfer
resistance normalized to the surface area of LiFePOy,
particles), were estimated to be 4.6 Q m? for the LiFePO,—
N, electrode and 4.8 Q m? for the LiFePO,—air electrode.
These area specific resistances were almost the same,
indicating that the surface reaction resistances per unit
area are not significantly different for the LiFePO4—N,
and LiFePOgj—air electrodes. This revealed that the
factor dominating the electrochemical properties of the
LiFePO4—N, and LiFePO4—air powders was particle size
and not the crystalline lattice or Fe** concentration.
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4 Conclusions

LiFePO,4 powder with a small particle size was synthesized
by hydrothermal reactions under nitrogen atmosphere. The
LiFePO,4 powder prepared under the nitrogen atmosphere
(LiFePO4—N,) had a small particle size in the range of
300-500 nm, whereas the particle size of the LiFePO,
powder prepared under the air atmosphere (LiFePO4—air)
was in the range of 1-5 um. The Fe*" concentrations of the
LiFePO, powders were as high as approximately 90% and
were not significantly different. However, the Fe*" concen-
tration in the precursor suspension of the LiFePO4,—N,
powder was 83% (much higher than 28% in the case of the
LiFePO,4—air powder). It was suggested that a large amount
of crystal nucleation cores and a low Fe>* concentration in
the precursor suspension are required to obtain small
particles of LiFePO, in the hydrothermal synthesis. The
discharge capacity of the LiFePO,—N, electrode was
149 mAh g ' at a low current density of 10 mA g ',
whereas that of the LiFePO,—air electrode was 83 mAh g .
The large discharge capacity of the LiFePO4—N, electrode
is attributed to the small LiFePO, particles with a large
surface area, leading to the elimination of lithium diffusion
limitations and the decrease in apparent charge transfer
resistance. Impedance analysis indicated that the charge
transfer resistances normalized to the surface area of
LiFePO, particles were not significantly different for the
LiFePO4—N, and LiFePO,—air electrodes. This revealed
that the factor dominating the electrochemical properties of
the LiFePO4—N, and LiFePO4—air powders was particle
size and not the crystalline lattice or Fe*" concentration.
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