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Abstract

LiFeO; has been synthesized at low temperature (150 °C) using the solid-state method. It was composed of orthorhombic LiFeO,
and small amount of spinel LiFesOg phases. A Li/LiFeO; cell showed not only a fairly high initial discharge capacity of over 150
mAh/g, but also a good cycle retention rate at room temperature. During the cycling test, the Li/LiFeO; cell exhibited a unique
abrupt capacity drop near the 13th cycle and continuously showed an excellent cycling performance of over 99% for 25 cycles. We
found that the orthorhombic LiFeO, underwent a structural change to the spinel phase during the charge/discharge process which
resulted in the capacity decline during the long-term cycling. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The commercial lithium battery with high energy
density and good cycle life has been studied as a power
source for portable electronics. Many research groups
have investigated various cathode materials for the
lithium secondary batteries such as a layered oxide;
LiMO; (M =Co, Ni, Mn, Fe), which consists of alter-
nating layers of trigonally distorted MOg and LiOg oc-
tahedral sharing edges [1-6].

LiCoO; has many problems such as high cost, envi-
ronmental concerns and low practical capacity (about
130 mAh/g) [1,2]. Although LiNiO, has a higher prac-
tical capacity than LiCoO,, it is highly possible that
exothermic decomposition of the oxide will occur by
releasing oxygen at high temperature [3,4]. LiMnO, still
shows a small discharge capacity in the 4 V region which
is a problem for commercialization it, especially the
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orthorhombic type, because of the increasing initial
discharge capacity in the early stage [5,6].

LiFeO, has many advantages over these layered
cathode materials because it is nontoxic and contains
the most abundant metal in the world. It is well known
that LiFeO, has different forms, i.e, the o-, B-, and
y-forms, due to the synthetic conditions and synthetic
method. The a-LiFeO; is a cubic unit cell of space group
Fm3m, B-LiFeO, (monoclinic, C2/c) is formed by an
intermediate phase during the ordering process. The
v-LiFeO, (tetragonal, 14;/amd) is obtained by reducing
the symmetry from cubic to tetragonal by ordering the
Li" and Fe*" ions at octahedral sites [7-15].

Kanno et al. [7,8] found that the corrugated layered
structure LiFeO, compound was electrochemically ac-
tive during the lithium insertion/extraction reaction.
They noticed one interesting point that orthorhombic
LiMnO, using LiOH and y-MnOOH, which has a
structure similar to the conjugated LiFeO,, was suc-
cessfully synthesized by an ion exchange method at low
temperature [16,17]. They succeeded in synthesizing
LiFeO, using the H'/Li" ion exchange reaction from
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v-FeOOH at a reaction temperature of 100-500 °C.
Although this Li/LiFeO, cell exhibited a fairly high
initial discharge capacity of about 100 mAh/g and lith-
ium reversibly inserts/extracts in the FeO, layers, it
shows a large capacity decline due to the cationic dis-
order in the voltage region of 4.2 and 1.5 V.

Tabuchi et al. [9-13] reported many interesting results
for all types of LiFeO, compounds. They successfully
adopted a new synthetic process, the hydrothermal
method, for the LiFeO, system. Many kinds of starting
materials (0-FeOOH, FeCls, Fe(NOs),, LiOH, NaOH,
and KOH) at various Li/Fe (1-50) ratios were distilled
in a Teflon beaker and hydrothermally treated at 230 °C
in an autoclave. Although the a-LiFeO, derivatives were
successfully obtained from a-FeOOH (Fe** source) and
LiOH by a one-step method, the cycling performance of
the a-LiFeO, compound was very poor (5-10 mAh/g) in
the range 4.5-1.5 V.

However, Sakurai et al. [14] recently reported a new
result that the corrugated LiFeO, material, which in
synthesized by a H" /Li* ion exchange method, could be
easily obtained at low temperature when alcohol used as
the reaction medium in the synthetic process. Further-
more, they succeeded in synthesizing another electrically
active form of a-LiFeO, material, which is known to be
very difficult to insert/extract lithium into and out of the
structure, by reacting LiOH and a-FeOOH in 2-phenoxy-
ethanol. Although this Li/a-LiFeO, cell delivered a small
discharge capacity of 50 mAh/g after 50 cycles, it is a
fairly good cycling result if we consider the electro-
chemical characteristics of the a-LiFeO; compound [15].

From a review of previous studies, we found that
almost all LiFeO, materials were obtained using a
complex reaction mechanism (e.g., ion exchange reac-
tion, hydrothermal method). It needed a long reaction
time or other reaction steps against the conventional
solid-state method. Moreover, almost all the LiFeO,
materials using these methods were unsatisfactory as a
practical cathode material, from the viewpoint of a re-
versible discharge capacity and cycling performance, in
lithium secondary batteries.

Therefore, we report here a new and easy synthetic
method of orthorhombic LiFeO, with good battery
performances using a conventional solid-state reaction
at low temperature and present the unique cycling be-
havior of the orthorhombic LiFeO, material.

2. Experimental

LiFeO, was synthesized using LiOH - H,O (Kishida
Chemical, Japan), y-FeOOH (High Purity Chemicals,
Japan) by conventional solid-state method. The stoi-
chiometric amount of each material was grounded and
calcined at 150 °C for 15 h in argon atmosphere in the
box furnace. The contents of Li and Fe in the resulting

material were analyzed with atomic absorption spec-
troscopy (AAS, AA-6200, Shimadzu, Japan) by dis-
solving the powder in the dilute nitric acid.

The powder X-ray diffraction (XRD, Rint 1000,
Rigaku, Japan) using CuKa radiation was employed to
identify the crystalline phase of the synthesized material.
To investigate the structural difference of the positive
electrode before and after capacity drop, each tested cell
was left in a glove box for 2 days to reach equilibrium
after the cycling. The electrodes after cycling were wa-
shed with DMC solution to remove LiPFg salt. The
particle morphology of LiFeO, material was observed
using a scanning electron microscope (SEM, S-4000,
Hitachi, Japan). Transmission electron microscope
(TEM, JEM 2010, JEOL, Japan) equipped with energy-
dispersive X-ray spectrometer (EDS) was employed to
characterize the microstructure of powder.

The electrochemical characterizations were per-
formed using CR2032 coin-type cell. The cathode was
fabricated with 20 mg of accurately weighed active
material and 12 mg of conductive binder (8§ mg of
Teflonized acetylene black (TAB) and 4 mg of graphite).
It was pressed on 200 mm? stainless steel mesh used as
the current collector under a pressure of 300 kg/cm? and
dried at 130 °C for 5 h in an oven. The test cell was made
of a cathode and a lithium metal anode (Cyprus Foote
Mineral) separated by a porous polypropylene film
(Celgard 3401). The electrolyte used was a mixture of 1
M LiPF¢—ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:2 by vol., Ube Chemicals, Japan). The charge
and discharge current density was 0.4 mA/cm? (or 0.1
mA/cm?) with a cut-off voltage of 1.5-4.5 V at room
temperature.

3. Results and discussion

To synthesize orthorhombic LiFeO, (herein referred
to as 0-LiFeO,) by a conventional solid-state reaction,
two mixtures of the LiOH and y-FeOOH starting ma-
terials were thoroughly ground for 20 min in a mortar.
One was calcined in a ceramic boat without pressing; the
other was pressed at a 300 kg/cm? pressure into a 20 mm
diameter pellet to improve the reactivity between the
particles of the precursor.

Fig. 1 shows X-ray diffraction patterns (XRD) of the
raw y-FeOOH and the two LiFeO, materials which were
calcined at 150 °C for 15 h in an Ar atmosphere. The
LiFeO, mixture without pressing (Fig. 1(b)) shows a
very similar XRD pattern when compared to the
v-FeOOH. It seems to have failed to form an ortho-
rhombic structure, although there are some differences
versus that of the original y-FeOOH, which resulted
from the reaction with lithium hydroxide at 80 °C. On
the other hand, Fig. 1(c) displays a well-defined ortho-
rhombic pattern in the XRD diagram. The characteristic
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Fig. 1. X-ray diffraction patterns of (a) y-FeOOH, (b) LiFeO, without
pressing, and (c) LiFeO, with pressing.

indications of the o0-LiFeO, material are the well-defined
split between the (011) and (110) peaks and between
the (012) and (200) peaks, although there is a small
amount of B-LiFesOg impurities. We found that the
pelletizing in this study played an important role in ac-
celerating the slow reaction of lithium and y-FeOOH
particles because the rate of the surface reaction of two
starting materials slowly occurred at a low synthesis
temperature.

Kanno et al. already reported that LiFeO, made
from LiOH and y-FeOOH (1:1) calcined for 1 h at the
reaction temperature of 150 °C was composed of three
kinds of phases, i.e., a-LiFeO,, an unknown phase, and
B-LiFesOg. Even though they controlled the synthesis
conditions (low vapor pressure) to obtain pure ortho-
rhombic LiFeO, without a-LiFeO,, the best sample still
contained about 23% of the a-LiFeO, impurity in the
LiFeO; powder. Fig. 2 shows the transmission electron
microscope (TEM) bright field image and selected area
electron diffraction (SAD) patterns of the o-LiFeO;
material. All the electron diffraction patterns were ob-
tained from the o-LiFeO, particle in this study. It shows
that the LiFeO, sample consisted of 100-200 nm sized
needle-type particles. It is composed of an orthorhombic
phase(a—40A bh=3.0A, and ¢ = 6. 1A)W1thasrnall
amount of B-LiFesOg (a =8.3 A) phase (Fig. 1(c)).
Additionally, some of the orthorhombic phases (Fig.
2(d)) had different stacking sequencing in the c-direc-
tion, giving rise to the superlattice peak. The white ar-
rows indicate the spots arising from the superlattice
generated by the altered stacking sequence in the c-di-
rection as shown above. We assume that the altered
stacking sequence and higher spinel phase amount have

(d)

Fig. 2. TEM image and SAD patterns of resulting powder: (a) bright
field image of orthorhombic LiFeQO,, (b) orthorhombic LiFeO, in
[110] direction, (c) spinel B-LiFesOg in [112] direction, and (d) de-
fective LiFeO; in [100] direction.

combined to decrease the discharge capacity of the
LiFeO; material. From the TEM analysis, it was found
that the LiFeO, powder in this study was mixed with
well-crystallized orthorhombic LiFeO,, B-LiFesOg, and
defective LiFeO, phases.

Fig. 3 shows the charge/discharge curves for Li/1 M
LiPF¢—EC/DMC/LiFeO, calcined at 150 °C for 15 h in
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Fig. 3. The charge/discharge curves for the Li/l M LiPFs—EC/DMC/
LiFeO, calcined at 150 °C for 15 h in argon. The test condition was a
current density of 0.1 mA/cm? between 4.5 and 1.5 V at room tem-
perature.
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an argon atmosphere. The test condition was a current
density of 0.1 mA/cm? between 4.5 and 1.5 V. The first
charge of the Li/LiFeO, cell rapidly increased to 4.0 V
and showed a plateau region between 4.2 and 4.3 V.
While the first discharge curve abruptly decreased below
3.0 V and displayed a voltage plateau in the 2.0-2.1 V
region followed by two more small voltage steps. From
the second cycle, the plateau region in the 2.0 V region
was not detected and it exhibited a slightly different
cycle behavior. The initial discharge capacity of the
Li/LiFeO; cell was 150 mAh/g, which was one of
the previously reported largest values. Actually, the
Li/LiFeO; cell in this study could insert lithium into
the Li,FeO, structure up to 259 mAh/g (x = 1.92) at the
very low current density of 0.01 mA/cm?. We assume
that the large discharge capacity of Li/LiFeO; cell in
this study might result from the absence (or scarcity) of
the inactive a-LiFeO, impurity in the LiFeO, structure
and its small nano-sized particles improved the struc-
tural stability of LiFeO, powders during cycling pro-
cess.

Fig. 4 shows the variation in the specific discharge
capacity with the number of cycles for the LiFeO; ma-
terial. The current density was 0.4 mA/cm? between 4.5
and 1.5 V. The Li/LiFeO; cell exhibited a very excellent
cycle performance until the 13th cycle; however, the
discharge capacity abruptly decreased about 8.2% of the
capacity at the 14th cycle and it again showed very
stable cycling to 25 cycles. The cycle retention rate was
97% from the 1st to 13th cycles and 99.4% from the 13th
to 25th cycles. This indication was perfectly reproduced
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Fig. 4. A plot of the specific discharge vs. number of cycles for the Li/1
M LiPF¢sEC/DMC/LiFeO; system calcined at 150 °C for 15 h in
argon. The test condition was a current density of 0.4 mA/cm? between
4.5 and 1.5 V at room temperature.

in other test cells. We suggest that it can be one char-
acteristic of the LiFeO, material obtained by the solid-
state synthesis method at low temperature.

In order to investigate the unique cycling behavior
observed with the Li/LiFeO, cell before and after the
13th cycle, ex situ XRD measurements were taken of
four LiFeO, electrodes in the discharged state after
various cycles as shown in Fig. 5. Each cell was left in a
glove box for 2 days to reach equilibrium after being
tested from 1.5 to 4.5 V. Unfortunately, it was impos-
sible to detect a significant difference in the XRD in
two electrodes between the 10th cycle and 15th cycle
because of the very low crystallinity after cycling.
However, it has been found that there are two main
differences. First was the change in the (001) peak
about 20 = 14.6°, which is a characteristic peak of the
orthorhombic structure in the XRD diagram. As the
cycling proceeded, the intensity of the (001) peak
gradually decreased. Second, the Li/LiFeO, cell
showed a gradual capacity loss after 25 cycles and the
cycle retention rates after 50 cycles were 73.4% (82%
from capacity drop on 13th cycle). Moreover, the XRD
pattern after 50 cycles was very similar to that of the
spinel B-LiFesOg (cubic, a = 8.33 A). This means that
the orthorhombic Li/LiFeO, cell is inclined to undergo
a structural change during the cycle testing and ulti-
mately reach the spinel phase after long-term cycling.
Therefore, we suggest that the main capacity loss of the
Li/LiFeO; cell is based on the structure change from
orthorhombic to the spinel phase during cycling. A
similar indication has also been reported in the ortho-
rhombic Li/LiMnO, system. Many research groups
proposed that the capacity loss mechanism of the
Li/LiMnO, cell is due to the conversion from the
orthorhombic to spinel structure based on various
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Fig. 5. Ex situ XRD patterns of LiFeO; electrodes in discharge state
after (a) 3th cycle, (b) 10th cycle, (c) 15th cycle, and (d) 50th cycle.
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analysis techniques [5,6,18,19]. However, we still have
one curiosity about lots of structural transformation in
the first cycle, because the almost structural change of
the layered cathode materials occurred gradually with
cycling. Therefore, we expect that the TEM analysis
offers an concrete proof of the capacity loss mechanism
in this system as well as the main difference in the
electrodes between the 10th and 15th cycles. Further
work is now in progress and the results will be reported
elsewhere.

4. Conclusion

A well-defined orthorhombic LiFeO, material has
been synthesized at low temperature using a pressing
process. It was composed of orthorhombic LiFeO,,
small amounts of spinel LiFesOg, and defective LiFeO,
phases. The Li/LiFeO, cell showed not only a fairly
high initial discharge capacity over 150 mAh/g, but also
a good cycle retention rate at room temperature. It ex-
hibited a very unique characteristic, i.e., a sudden ca-
pacity drop near the 13th cycle. We found that
orthorhombic LiFeO; underwent a structural change to
the spinel phase during the charge/discharge process and
it might be the main reason for the induced capacity loss
during the long-term cycling.
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