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Abstract

Lithium iron phosphate (LiFePO4) thin film electrodes were prepared by pulsed laser deposition (PLD). The thin films were annealed at
various temperatures under argon gas flow and the influence of annealing temperature on their electrochemical performance was studied. The
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hin films annealed at 773 and 873 K exhibited a couple of redox peaks at 3.4 V (versus Li/Li+) that are characteristics of the electrochem
ithium insertion/extraction of LiFePO4. Atomic force microscopy (AFM) observation revealed that the film annealed at 773 K (773K-film)
onsisted of small grains with 50 nm in thickness, and the grain size increased with an increase of annealing temperature. Be
mall-sized grains, the773K-filmshowed high rate capability and the discharge capacity at 10�A maintained 65% of that at 25 nA. Howev
he discharge capacity of the773K-filmwas ca. 10% smaller than that of the film annealed at 873 K, indicating that annealing at 7
lightly insufficient to obtain well-crystallized LiFePO4. From these results, it was concluded that a point of optimization between hig
apability and capacity would be found between 773 and 873 K.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lithium iron phosphate (LiFePO4) is a promising candi-
ate for positive electrode materials in rechargeable lithium
atteries because of its environmental benignity, thermal sta-
ility, and low cost[1]. It has been pointed out that one of the
rawbacks of LiFePO4 is poor electronic conductivity, which
revents full use of its theoretical capacity (170 mAh g−1).
ence, several studies to overcome this problem have been

eported so far[2,3]. In contrast to these studies, electrochem-
cal lithium insertion/extraction properties of LiFePO4, such
s lithium diffusion in the active material and charge trans-

er reaction rate at the electrode/electrolyte interface, have
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not been clearly understood, although they also should
important roles in its charge–discharge performance.

Thin film electrodes are useful to investigate electroch
ical properties of active materials in detail. This is espec
true for poorly conductive active materials because the th
ness can be reduced to a value at which the poor elec
conductivity does not significantly affect the electroche
cal behavior. However, studies on the fabrication of LiFe4
thin film electrodes and their electrochemical properties
not been reported so far[4,5].

In this study, we prepared LiFePO4 thin film electrode
by pulsed laser deposition (PLD) and investigated the
pendency of annealing temperature on their electroche
performance. We revealed that both rate capability an
pacity of LiFePO4 thin films can be optimized when they a
annealed at 773 K <T< 873 K.
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2. Experimental

The target of LiFePO4 for PLD was prepared by a
solid state reaction using LiOH·H2O (99.95%, Aldrich),
(CH3COO)2Fe (99.995%, Aldrich), and NH4H2PO4 (99%,
Wako Pure Chemical) as raw materials. The target used for
PLD was rich in lithium and phosphorus to the stoichiometric
composition to compensate the loss of these elements dur-
ing deposition. The mixture was first calcined at 723 K for
12 h under argon gas flow and was ground again. The resul-
tant powders were pressed into a pellet and then sintered at
1073 K for 24 h under argon gas flow.

Thin films of LiFePO4 were prepared with a conventional
PLD system. The films were deposited on platinum plates
or basal planes of highly oriented pyrolytic graphite (HOPG,
Advanced Ceramics, STM-1 grade) for 30 min at room tem-
perature. The films were then annealed at 673–973 K for 3 h
under argon gas flow. Hereafter, the film annealed atTK is
referred to asTK-film. The resultant films were character-
ized by atomic force microscopy (AFM) and transmission
electron microscopy (TEM). XRD measurements were also
conducted to clarify the crystal structure of the annealed thin
films. Unfortunately, films deposited for 30 min gave no clear
diffraction peaks even when they were annealed at 973 K.
Hence, films deposited for 120–180 min were specially fab-
ricated on glass substrates or basal planes of HOPG for XRD
m

by
c hese
t thin

film electrodes prepared by PLD were used as working elec-
trodes. The counter and reference electrodes were lithium
foil. The electrolyte solution was 1 mol dm−3 LiClO4 dis-
solved in propylene carbonate (PC). Cyclic voltammetry was
carried out at 5 mV s−1 between 2.0 and 4.5 V (versus Li/Li+).
Charge–discharge tests were performed at a constant current
(25 nA–10�A) between 3.0 and 4.0 V. All of these electro-
chemical measurements were conducted in an argon-filled
glove box.

3. Results and discussion

Cyclic voltammograms of the thin films annealed at
673–973 K are summarized inFig. 1. When the films were an-
nealed at 673 K, a couple of broad anodic and cathodic peaks
were observed at around 3.0 V. Because as-deposited film
also exhibited nearly the same voltammogram, these broad
peaks are probably due to the electrochemical lithium in-
sertion/extraction properties of an amorphous lithium iron
phosphate phase[6]. Annealing at 773 and 873 K (Fig. 1(b
and c)) drastically decreased the current peak at around 3.0 V
and produced only a couple of anodic and cathodic sharp
peaks at 3.4 V. These redox reaction peaks are characteristics
of electrochemical lithium insertion/extraction reactions of
L ese
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F 773 K, strates for
3

easurements.
Electrochemical properties of the films were studied

yclic voltammetry (CV) and charge–discharge tests. T
ests were performed using a three-electrode cell. The

ig. 1. Cyclic voltammograms of the films annealed at (a) 673 K, (b)

0 min and then annealed at different temperatures for 3 h under argon gasv =
iFePO4 [1]. Other redox peaks were not observed in th
wo voltammograms, indicating that the films anneale
73–873 K consisted of single-phase LiFePO4 and did no
ontain impurity phases such as Li3Fe2(PO4)3, LiFeP2O7,
nd Fe4(P2O7)3 [1]. On the other hand, when the films w

(c) 873 K, and (d) 973 K. The films were deposited on platinum sub
−1
flow;5 mV S .
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annealed at 973 K, the peak current at 3.4 V greatly decreased
and, alternatively, broad peaks appeared again at around
3.0 V. The peak at 3.4 V completely disappeared when the
films were annealed at temperatures higher than 973 K, and
some couples of sharp redox peaks newly appeared in the
range of 2.6–3.0 V.

Fig. 2 shows the variation of XRD patterns (30◦–40◦) of
the films deposited for 180 min with annealing temperature
in the range of 673–973 K. Diffraction peaks observed at
2θ = 35.6◦, 36.6◦, and 37.9◦ on the XRD pattern of the773K-
film are indexed as the (1 3 1), (2 1 1), and (1 4 0) reflections
of LiFePO4, respectively. On the other hand, the673K-film
gave no visible diffraction peaks in this range, which indi-
cates that the673K-filmwas not well crystallized or was in an
amorphous state. The973K-filmexhibited visible diffraction
peaks; however, some diffraction peaks marked by asterisks
were not assigned to any of the reflections of LiFePO4, in-
dicating that impurity phases were formed in the973K-film.
Because the773K-filmhad nearly the stoichiometric compo-
sition (P/Fe = 0.99 and Li/Fe = 0.98)[5], the impurity phase
would be formed by the decomposition of LiFePO4 through
reactions with residual oxygen in argon gas. These results
can qualitatively explain the CVs of the films annealed at
different temperatures shown inFig. 1.

Fig. 2. XRD patterns (30◦–40◦) of thin films annealed at different tempera-
tures. The films were deposited on basal planes of HOPG or glass substrates
for 120–180 min at room temperature and then annealed for 3 h under argon
gas flow. JCPDS data (No. 40-1499) is shown for comparison.

F
a

ig. 3. AFM images of the films deposited on basal planes of HOPG for 30 min: (a) as-deposited film (before annealing) and (b) after annealing at 773 K under
rgon gas flow for 3 h. The height profiles were measured along the white lines in the images.
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Surface morphology of the film electrodes was studied by
AFM. Fig. 3(a) shows the AFM image of an as-deposited film
fabricated on a basal plane of HOPG for 30 min. The AFM
observation was performed by the contact mode, in which the
AFM tip was constantly in contact with the surface during
scanning. Hence, the AFM tip can scrape off the film by its re-
peated scanning of the surface. InFig. 3(a), the 5�m× 5�m
area is seen as a square hole, where the films were scraped
off during repeated scanning. A flat plane is observed below
the scraped film, which is probably the atomically flat basal
plane of HOPG. It is also seen that the scraped films accumu-
lated at the right side of 5�m× 5�m area on the film surface.
The height profile of the surface revealed that the thickness
of as-deposited film was ca. 50 nm, and the film covered the
substrate uniformly. When the film was annealed at 773 K
for 3 h, the substrate was covered with small grains with ca.
50 nm in thickness (Fig. 3(b)).

Fig. 4 shows TEM images of the films annealed at
673–973 K. The films were directly deposited on Au micro
grids, and microstructure of the film was observed at the edge
of the grid (seen as black shaded area inFig. 4). As shown in
these images, grain growth in the film was clearly observed
when the film was annealed at 873 K or higher. This means
that small-sized grains are expected when the film is annealed
at temperatures lower than 873 K.Fig. 5shows magnified im-
ages of the surface structure of the 773 K- and873K-films.
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Fig. 4. TEM images of the films annealed at different temperatures: (a)
673 K, (b) 773 K, (c) 873 K, and (d) 973 K. The films were deposited on Au
micro grids directly for 30 min and then annealed under argon gas flow.

sistance at the electrode/electrolyte interface. The difference
in rate capability of these two films is probably due to these
structural advantages of the773K-film. From these results, it
is reasonable to expect that a point of optimization between
high rate capability and large capacity would be found be-
tween 773 and 873 K. Quite recently, we confirmed that the
823K-filmobtained larger capacity than that of the873K-
film and also showed high rate capability than that of the
773K-film.

Yamada et al. have synthesized LiFePO4 powders at var-
ious conditions and reported that LiFePO4 powders are op-
timized on their electrochemical properties when they are
n both images, a layered structure with an interlayer spa
f 0.43 nm was observed, which is in good agreement

he (0 1 1) planes of LiFePO4. Clear facet planes were n
ormed in the film surface in contrast to the case ofc-axis
riented LiCoO2 thin film [7]. It should be noted that th
lectrode surface was covered with an amorphous laye
ach film. The thickness of the amorphous layer seem

ncrease when annealing temperature was increased as
n Fig. 5. From the results of CVs, it is speculated that
morphous layer is a decomposition product of LiFePO4.

Charge–discharge curves of the773K-and873K-filmsbe-
ween 3.0 and 4.0 V are shown inFig. 6. Flat potential profile
t 3.4 V correspond to the couple of sharp redox peaks at

n Fig. 1(b and c). The theoretical capacity of the film cal
ated from the film thickness (50 nA), the density of LiFeP4
3.6 g cm−3), and the geometric electrode area (0.13 cm2) is
oughly estimated to be 0.4�Ah, which was in good agre
ent with the capacity obtained experimentally at 25 nA
oth films. The discharge capacity obtained at 25 nA o
73K-filmwas ca. 10% larger than that of the773K-film,

ndicating that the773K-filmwas poorly crystallized tha
he873K-film. However, the773K-filmexhibited better rat
apability than the873K-film. The relative discharge capa

ties obtained at different current densities to the capac
5 nA are summarized inFig. 7. The capacities at 10�A of

he773K-and the873K-films maintained ca. 65 and 50
espectively, to those at 25 nA. The773K-filmwas formed
y small-sized grains, which could sustain enough elect
onductivity, decrease the diffusion length of lithium ion
he active material, and also reduce the charge-transf
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Fig. 5. TEM images of LiFePO4 thin films annealed at (a) 773 K and (b)
873 K.

Fig. 6. Charge–discharge curves of LiFePO4 thin films annealed at (a) 773 K
and (b) 873 K. The curves were measured at different current densities
(25 nA–10�A) between 3.0 and 4.0 V.

Fig. 7. Rate capability of LiFePO4 thin films annealed at 773 K (shown by
closed circles) and 873 K (shown by open circles). The discharge capacities
at different current densities were normalized with the discharge capacity at
25 nA as a standard.

sintered at 823 K[8]. They attributed this optimization to
non-crystalline phase formation atT< 773 K and undesir-
able particle growth atT> 873 K. Although their prepara-
tion method is different from that used in the present study,
electrochemical properties of LiFePO4 thin films can be op-
timized when they are annealed at 773 K <T< 873 K. This
optimization is probably due to a compromise between small-
sized grains and well-crystallized structure of the film elec-
trode. As was discussed earlier, suppression of an amorphous
layer formation on the electrode surface may be another im-
portant factor to improve the electrochemical properties of
LiFePO4.

4. Conclusions

Olivine-structured LiFePO4 thin film electrodes were pre-
pared at various conditions, and their electrochemical and
structural properties were studied. The films annealed at
773–873 K gave only a couple of redox peaks at 3.4 V in
cyclic voltammograms between 2 and 5 V, which is charac-
teristics of electrochemical lithium insertion/extraction re-
action of LiFePO4. The films annealed at 673 K or lower
were not well crystallized or were in an amorphous state,
while those annealed at 973 K or higher were not of single-
phase LiFePOand contained an impurity phase. The film
a n that
a film
e abil-
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r high
r een
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nnealed at 873 K gave a larger discharge capacity tha
nnealed at 773 K. Unfortunately, grain growth in the
lectrode occurred at 873 K, and thereby the rate cap

ty of the former film was poorer than the latter one. Th
esults indicate that a point of optimaization between
ate capability and large capacity would be found betw
73 and 873 K. This optimized annealing temperature
lso in good agreement with the results for LiFePO4 pow-
er reported by Yamada et al.[8]. These results will giv



564 C. Yada et al. / Journal of Power Sources 146 (2005) 559–564

an important insight to fabricate LiFePO4 used in large-size
rechargeable lithium batteries requiring high rate capability
and large capacity. Extended studies on the interfacial reac-
tions of LiFePO4 by using optimized thin film electrodes will
be reported in the near future.
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