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Abstract

Orthorhombic LiFeO2 was synthesized at low temperature (150 �C) using a solid-state method. The Li/LiFeO2 cell presented not

only a high initial capacity of over 150 mAh/g, but also fairly good cycle retention of 73% after 50 cycles within a voltage range

between 1.5 and 4.5 V. It was found that the orthorhombic phase of the LiFeO2 material underwent a structural change to the spinel

phase during cycling. Especially it showed severe structural changes during the first charge/discharge process, which might be the

main reason to induce the capacity loss of the Li/LiFeO2 system. We reported a new observation about the structural change

mechanism of the orthorhombic Li/LiFeO2 cell during cycling using in situ XRD and TEM analyses.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Based on a number of studies for developing good

cathode materials for lithium secondary batteries, many

candidates have been intensively evaluated and consid-
ered from various view points, such as the cost, safety,

and environmental aspects [1–18]. Although lithium iron

oxide is the one of the strongest candidates to satisfy

these considerations, it still shows some serious prob-

lems for use as a practical cathode material; such as a

complex synthetic process and a lower operating voltage

region [7–15]. Moreover, there has been no report that

presents satisfactory cycling performance of the con-
ventional LiFeO2 (a-, b-, and c-forms) which could be

considered as a good cathode material for practical

lithium secondary batteries.
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Most recently, we have reported the synthesis of nano-

crystalline orthorhombic LiFeO2 material with advanced

battery performance [19]. This material was successfully

synthesized at low temperature (150 �C) using a solid-state
method. The Li/LiFeO2 cell at room temperature showed
a high initial discharge capacity of over 150mAh/g as well

as a good cycle retention of over 73% after 50 cycles.

Moreover, there are three new observations as follow:

First, the unique role of pelletizing, which accelerated the

slow reaction of lithium and the c-FeOOH particles at a

low synthesis temperature. Second, a Li/LiFeO2 cell

showed a unique capacity drop on the 13th cycle at the

high current density of 0.4 mA/cm2. Lastly, a Li/LiFeO2

cell underwent a structural change from the orthorhombic

to spinel phase during cycling, which was onemain reason

for the capacity loss during long-term cycling.

However, as mentioned in our previous report [19],

there still remained some questions, such as the existence/

role of the structural changes during the first cycle and the
erved.
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more critical investigation about the structural change in
the Li/LiFeO2 cell after long-term cycling.We report here

the unique structural change of the orthorhombic LiFeO2

material during the first cycle and suggest the capacity loss

mechanism of the Li/LiFeO2 cell during cycling.

(a)

(b)

Fig. 1. (a) X-ray diffraction patterns of LiFeO2, (b) cycle performance

for the Li/1 M LiPF6–EC /DMC/LiFeO2 calcined at 150 �C for 15 h in

argon. The test condition was a current density of 0.1 mA/cm2 between

4.5 and 1.5 V at room temperature.
2. Experimental

LiFeO2 was synthesized using LiOH �H2O (Kishida

Chemical, Japan) and c-FeOOH (High Purity Chemicals,

Japan) by a conventional solid-state method. The stoichi-

ometric amount of each material was ground and calcined

at 150 �C for 15 h in an argon atmosphere in a box furnace.

The powder X-ray diffraction (XRD, Rint 1000,

Rigaku, Japan) using Cu-Ka radiation was employed to

identify the crystalline phase of the synthesized material.
To investigate the structural change in the positive

electrode during cycling, in situ XRD measurements

were conducted using a homemade cell. Cell assembling

and handling during the in situ XRD measurements

were done in an argon-filled glove box to prevent any

reaction with moisture in the air. After reaching the

desirable voltage point, the in situ XRD cell was left in

the glove box for 6 h to reach equilibrium during the
entire measurement. To detect the spinel ferrites, a vi-

brational sample magnetometer (VSM, Riken Denshi,

Japan) was used for collecting the magnetic field de-

pendence of magnetization (M–H) data at 300 K.

Magnetization curves were measured between )10 and

+10 kOe. Additionally, the structural change in the Li-

FeO2 electrode after cycling was observed using a

transmission electron microscope (TEM, JEM 2010,
JEOL, Japan) equipped with an energy-dispersive X-ray

spectrometer (EDS) which was employed to characterize

the microstructure of the electrodes after cycling.

The electrochemical characterizations were per-

formed using 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 mm2 stainless steel mesh used as the current col-

lector under a pressure of 300 kg/cm2 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 Co.) separated by a porous polypropylene film

(Celgard 3401). The electrolyte used was a mixture of 1

M LiPF6–ethylene carbonate (EC)/dimethyl carbonate

(DMC) (1:2 by vol, Ube Chemicals, Japan). The charge
and discharge current density was 0.1 mA/cm2 with a

cut-off voltage of 1.5–4.5 V at room temperature.
3. Results and discussion

Fig. 1 shows the XRD pattern and cycle character-

ization of the orthorhombic LiFeO2 material. The or-
thorhombic LiFeO2 (herein referred to as o-LiFeO2)

was successfully synthesized using the LiOH and c-Fe-
OOH starting materials by a solid-state method at 150

�C under flowing argon. This XRD pattern and a TEM

analysis from a previous report [19] revealed that this

nano-crystalline LiFeO2 consisted of well-crystallized

orthorhombic LiFeO2, spinel b-LiFe5O8, and defective

LiFeO2 phases. Fig. 1(b) shows the cycle characteristic

of the Li/o-LiFeO2 cell at room temperature. The test

condition was a current density of 0.1 mA/cm2 between
4.5 and 1.5 V. This o-LiFeO2 electrode, which was tested

at low current density in this study, showed no abrupt

capacity loss which appeared on the 13th cycle at high

current density (0.4 mA/cm2) in the previous study. It

shows a slightly increased discharge capacity up to the

3rd cycle and maintains a stable cycle performance be-

tween the 15th and 50th cycles. The absence of an

abrupt capacity drop on the 13th cycle might have in-
duced a different degree of lithium insertion/extraction

due to the different current density during the charge/

discharge process.

Fig. 2(a) show the charge/discharge curves of the Li/

o-LiFeO2 cell between the first and third cycles. After

showing a long voltage plateau during the first charge

process, the Li/o-LiFeO2 cell showed a voltage drop at

3.0 V and three other long (or short) voltage plateaus
during the first discharge process. The Li/LiFeO2 cell

seemed to occur many structural changes in the first

discharge process. One of the more interesting obser-

vations is that this cell presents a fairly different cycle

behavior from the second cycle as shown in Fig. 2(a).
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Fig. 3. Field dependence of the magnetization of various materials and

electrodes. (a) Cubic a-LiFeO2, (b) orthorhombic LiFeO2, (c) the first

charged state, and (d) the first cycled state of orthorhombic LiFeO2

electrode.

(a)

(b)

(c)

Fig. 2. (a) The charge/discharge curves and in situ XRD patterns for

the Li/LiFeO2 cell during (b) the first charge, and (c) the first discharge

process.
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To investigate the difference during the first cycle, in

situ XRD of the Li/o-LiFeO2 cell was conducted using a

homemade in situ XRD cell. The counter and reference
electrodes were prepared by pressing lithium foil onto

stainless steel mesh. The cell construction of the in situ

XRD cell was described in our previous report [20]. The

test condition was the same as the cycling test at a

current density of 0.1 mA/cm2 between 4.5 and 1.5 V.

Fig. 2(b) shows the in situ XRD patterns of Li/o-LiFeO2

cell during the first charge process. As expected from the

smooth voltage plateau in the charge curve, the in situ
XRD during the first charge process showed no big

difference in the whole XRD pattern, although some

peaks are split into the two parts during charge and

others peaks are slightly intensified according to the

depth of charge. However, Fig. 2(c) shows clearly

the many peak changes of the Li/o-LiFeO2 cell during

the first discharge process. The main orthorhombic peak

at 2h¼ 14.6� was maintained to 2.4 V, however, it sig-
nificantly decreased during the 2.3 V region and this

clear (0 0 1) peak could not be detected any more after

this point. Moreover, other major peaks also started to

change in the 2.3 V region. Some of major peaks will

diminish during deep lithium insertion into the LixFeO2

structure, while the other small peaks of 2h¼ 43� or 63�
(mainly spinel phase), in contrast to the strong major
peaks, become the stronger peaks in the deep discharge

state. Although it still failed to show the perfect spinel

LiFe5O8 phase in this XRD diagram, the XRD pattern

at 1.5 V is very similar to that of the spinel LiFe5O8 and

starts to show the (2 2 0) peak of the LiFe5O8 spinel at

2h¼ 31� during the first discharge.

However, it still needs to define the real remained

phase in/onto the electrodes after the first cycle, because
some peaks in the XRD patterns after charge/discharge

process are also partially similar to those of a and b-
LiFeO2 phases, such as (2 0 0) and (2 2 0) peaks of a-
LiFeO2. In order to confirm the remained phase in/onto

the electrode after charge and discharge process, the

magnetic properties of each sample (a-LiFeO2, o-Li-

FeO2, charged and discharged electrodes) were con-

ducted using a VSM at room temperature. Because all
conventional LiFeO2 shows the antiferromagnetic or-

dering below room temperature, magnetic field (H ) de-

pendence of the magnetization (M) for the above

samples successfully could detect a magnetic impurity

like LiFe5O8 in/onto the powders and electrodes after

charge and discharge process.

Fig. 3 shows the field dependence of the magnetiza-

tion of various LiFeO2 powders and electrodes. Unfor-
tunately, a-LiFeO2 powder in this study shows no ideal

behavior in the M=H loop test, due to the small amount

of impurity, which was obtained by hydrothermal

method [12]. It is well known that this method is

sometimes too difficult to obtain a single-phase com-

pound, because it used many reaction steps and other

chemicals during synthetic process. As described before,



Fig. 4. TEM image and SAD patterns of electrodes after cycles (a–c)

after the 3rd cycle, and (d–f) after the 50th cycle.
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orthorhombic LiFeO2 material in this study was com-
posed of an orthorhombic phase, a small amount of b-
LiFe5O8, and defective LiFeO2. The result of M–H test

for orthorhombic LiFeO2 powder showed a slightly

shaped pattern due to the existed LiFe5O8 phase (about

1%) in the structure and the pattern of M=H curve was

fairly similar to that of a-LiFeO2 with a small amount of

impurity. The weight fraction of b-LiFe5O8 (Ms¼ 65

emu/g at 300K) in each sample was estimated as a ratio of
the observed spontaneous magnetization, Ms (0.884(5)

emu/g) to that of above magnetic impurity. TheMs value

was calculated as an average one of extrapolated data at

H ¼ 0 from two least square lines consisted ofM–H data

more than 5 kOe or less than )5 kOe.
On the other hand, the electrodes after charge and

discharge clearly reveal the structural change of Li/o-

LiFeO2 cell during the first cycling. In the case of the
electrode after charge process, it clearly presents the S

shape of conventional LiFe5O8 phase in the M–H test.

The value of spontaneous magnetization of this elec-

trode is 6.443(2) emu/g. Moreover, the electrode after

the first cycle exhibits more developed S shape than that

of one after the first charge. The value of magnetization

for electrode after the first cycle is 8.68(2) emu/g. It

means that the electrode after the first cycle has a larger
amount of spinel LiFe5O8 phase than that of electrode

after the first charge and it also explains clearly that the

phase change, from the orthorhombic LiFeO2 to the

spinel LiFe5O8, is accelerated as the cycling proceeds.

Based on these results, we could consider that the or-

thorhombic LiFeO2 underwent severe structural chan-

ges during the first cycle, which induced a structural

change from the orthorhombic to the spinel phase.
On the other hand, it also occurred to us how chan-

ged spinel phase could maintain (or develop) into the

following cycles? In order to investigate the further

structural change in the long-term cycling, LiFeO2

electrodes in the discharged state after 3rd (the maxi-

mum point of discharge capacity) and 50th cycles were

taken from the test cells in the glove box. The electrodes

were washed with DMC solution to remove LiPF6 salt
and left in a glove box for 2 days to reach equilibrium

after being tested from 1.5 to 4.5 V. Fig. 4 shows the

TEM bright field image and electron diffraction patterns

of the LiFeO2 electrodes after the 3rd and 50th. As can

be seen from the indexed polycrystalline ring pattern,

nearly all of the initial o-LiFeO2 phase was converted

into the spinel phase after just the 3rd cycle as almost no

trace of o-LiFeO2 was observed using TEM analysis. A
well-developed spinel structure was evidenced from the

single crystal diffraction pattern in the [1 1 0] zone ob-

tained from one of the particles in the cycled electrode.

The diffraction pattern well matched that taken from the

perfect spinel LiFe5O8 structure. After further cycling

the electrode for 50 cycles, no significant structural

changes were observed from the TEM analysis. Com-
paring the bright field images after the 3rd and 50th

cycles, the particle size and morphology are quite simi-

lar, indicating that no further serious other structural

transformations occurred after the first few cycles. The

polycrystalline ring pattern and single crystal pattern in

the [1 0 0] zone taken after 50 cycles also shows that the
spinel structure was well maintained during the sub-

sequent cycles after the initial structural transformation.

The one difference between two electrodes, the electrode

after 50 cycles occurred a large amount of defect and

more serious phase transformation to the spinel phase,
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due to the long-term cycling. The TEM analysis con-
clusively proved that the phase transition from the or-

thorhombic structure to the spinel structure of the

LiFeO2 material was almost completed after the third

cycle and that during the subsequent charge/discharge

process, the electrode underwent a minimal structural

change. Based on these results from the in situ XRD and

TEM measurements, it could be considered that the

orthorhombic Li/o-LiFeO2 cell underwent severe struc-
tural changes into the spinel form during the early stage

and continued transformation into the spinel LiFe5O8

phase during the long-term cycling. This indication was

coincided with the result of ex situ XRD for Li/o-Li-

FeO2 cells at various cycles in our previous report [19].

It is well known that the orthorhombic LiMnO2

material exhibited a capacity loss during cycling, which

is due to the conversion from the orthorhombic to spinel
structure, although it showed increased discharge ca-

pacity in the early stage [5,6,18]. We also revealed the

relation between the discharge curve and structural

transformation of the Li/o-LiMnO2 cell during cycling

[21]. The discharge capacity of the Li/LiMnO2 cell in-

creased to the 10th cycle at high temperature (50 �C)
accompanied by a spinel transformation. Moreover, the

discharge curve at this point were very similar to that of
the LiMn2O4 spinel, which could be easily confirmed by

the change in the discharge curve during both the room

and high temperature tests [21].

However, although these two materials have the same

orthorhombic structure, we observed an interesting re-

sult that the Li/o-LiFeO2 cell showed a severe phase

change during the first cycle, although it also showed a

small increase in the discharge capacity as in the Li/
LiMnO2 system during the early stage. The diagram of

two materials regarding capacity loss during cycling is

shown in Fig. 5. From the above results, conversely, we

suspected that the poor cycle behavior of some LiFeO2

materials in the previous reports, which showed abrupt

capacity losses in the early stage, might result from the

severe phase changes into the other structures in this

stage [7,22].
Fig. 5. Diagram of the capacity loss mechanism for the orthorhombic

LiMnO2 and LiFeO2 materials.
4. Conclusion

Orthorhombic LiFeO2 was synthesized at 150 �C
using a solid-state method. The Li/LiFeO2 cell presented

not only a high initial capacity of over 150 mAh/g, but

also a fairly good cycle retention of 73% after 50 cycles.

We first found that the orthorhombic phase of the Li-

FeO2 material underwent a structural change to the

spinel phase during the first cycle and was maintained/
developed into the well-formed spinel structure during

the following cycle. A TEM analysis revealed that the

clear spinel LiFe5O8 phase was found in the electrode

after the 3rd cycle and there was no big difference

compared with that of the electrode after 50 cycles. This

means that the structural change into the spinel in the

Li/o-LiFeO2 cell was almost complete during the first

cycle, which might be the main reason to induce the
abrupt capacity loss of Li/o-LiFeO2 cell during the early

stage.
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