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a b s t r a c t

Lithium iron oxide nanoparticles with the layered rocksalt structure (O3-LiFeO2) were synthesized by ion
exchange from size-controlled �-NaFeO2 particles. 40-nm-sized O3-LiFeO2 exhibited intercalation char-
acteristics for cell voltages in the range 2.0–4.5 V. A plateau region around 4 V was observed in the first
charge curve. Mechanistic studies using Mössbauer spectroscopy and X-ray diffraction measurements
revealed that the oxidation state of Fe did not change and that a phase transition from rhombohedral to
cubic symmetry occurred during the initial charging process, indicating oxygen release with lithium dein-
eywords:
ithium iron oxide
anosize effect

on exchange
-NaFeO2

ithium batteries

tercalation. The cubic phase showed a reversible charge/discharge capacity. To investigate the detailed
mechanism, LiFeO2−d with oxygen-vacancy defects was directly synthesized using CaH2 as a reducing
agent. The phase with oxygen-vacancy defects contained a larger amount of the cubic phase and had
a narrower plateau region during the first charge cycle than LiFeO2 nanoparticles, which is similar to
LiFeO2 nanoparticles after initial charging. These results demonstrate that the extraction of oxygen leads
to the cation-distribution changes in LiFeO2 during the initial charge process.
. Introduction

Lithium transition-metal oxides LiMO2 (M = Mn, Co, Ni, etc.)
ith the layered rocksalt structure are commercially produced as
cathode material for rechargeable lithium batteries. The layered

ocksalt (O3-type) structure has an oxygen stacking sequence of
BCABC along the c-axis and undergoes rapid lithium intercalation
1]. Generally, the structure of LiMO2 depends primarily on the size
f the M cation [2]. Compounds containing smaller M cations (M = V,
r, Co, Ni) adopt the layered rocksalt structure, whereas compounds
ith larger M cations (M = Fe, Ti) tend to adopt the disordered rock-

alt structure or the tetragonally ordered structure. The boundary
etween these structures is located between V3+ and Fe3+ when
onventional high-temperature ceramic sintering techniques are
sed. However, layered O3-type LiFeO2 (O3-LiFeO2) has been syn-
hesized by an ion-exchange reaction with �-NaFeO2 [2,3] and a
ydrothermal reaction [4]. O3-LiFeO2 is a promising cathode mate-
ial as it has a low toxicity and is cheaper than LiMO2 (M = Mn,
o, Ni). However, its electrochemical characteristics have not been

btained [4].

Nanomaterials have been attracting considerable interest for
se in electrodes because they have unique reaction mecha-
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nisms. For example, iron oxides (Fe2O3) nanoparticles exhibit
electrochemical activity, whereas micro-sized Fe2O3 do not
show intercalation/deintercalation properties [5,6]. O3-LiFeO2
nanoparticles are expected to readily undergo electrochemical
lithium intercalation. Recently, we have succeeded to synthe-
size O3-LiFeO2 nanoparticles by an ion exchange reaction using
�-NaFeO2 nanoparticles [7,8]. The O3-LiFeO2 nanoparticles under-
went reversible lithium intercalation with a discharge capacity over
100 mAh g−1. Structural investigation is needed to clarify electrode
reactions of the O3-LiFeO2 nanoparticles. In this study, the O3-
LiFeO2 nanoparticles were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Mössbauer spectroscopy, and
electrochemical measurements. A plateau region observed during
the first charge curve, XRD patterns, and Mössbauer spectra indi-
cate an irreversible phase transition to a rocksalt-type phase due
to oxygen-vacancy deficiencies during the electrochemical pro-
cess. To investigate the detailed reaction mechanism of LiFeO2
electrodes, a phase with oxygen vacancies LiFeO2−d was synthe-
sized directly using CaH2 as the reducing agent and its structural
and electrochemical characteristics were compared with those of
LiFeO2 after electrochemical reactions.
2. Experimental

O3-LiFeO2 nanoparticles were synthesized by an ion exchange
reaction from �-NaFeO2 nanoparticles prepared by solid-state

dx.doi.org/10.1016/j.jpowsour.2010.10.009
http://www.sciencedirect.com/science/journal/03787753
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Table 1
IS and QS for pristine 40 nm O3-LiFeO2 obtained by Mössbauer spectrum analysis.

I.S./mm s−1 Q.S./mm s−1 Ratio (%)

Fe3+ (1) 0.356 0.456 64
Fe3+ (2) 0.334 0.821 36
O3-type LiFeO2 [Ref. 0.360 0.405
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Fig. 1. XRD pattern and SEM image of O3-LiFeO2 synthesized by an ion-exchange
reaction of NaFeO2 prepared by a hydrothermal reaction. Simulation XRD pattern
of LiFeO2 based on ICSD data are also shown.
[2]]
Ordered rocksalt type
LiFeO2 [Ref. [2]]

0.359 1.089

nd hydrothermal reactions. The synthesis conditions for �-
aFeO2 precursors and O3-LiFeO2 nanoparticles were described
ur previous report [7,8]. An oxygen-deficient phase LiFeO2−d
as synthesized using a CaH2 as a reducing agent [9,10]. LiFeO2
anoparticles were mixed with twice the amount of CaH2 pow-
er in a glass tube in an argon-filled glove box and the tube was
acuum sealed and then heated at 190 ◦C for 24 h. The products
nd any unreacted CaH2 were removed by rinsing in dehydrated
thanol containing 1-M NH4Cl.

XRD patterns of powdered samples were obtained using two
-ray diffractometers (Rigaku, RU-200B and Ultima IV). The struc-

ural and profile parameters were refined by Rietveld analysis using
he RIETAN-2000 computer software [11] and RIETAN-FP [12]. The
tructural parameters were refined using a two-phase model with
pace groups of R-3m and Fd-3m. The pseudo-Voigt function was
sed to fit the peak profiles. The particle texture was observed by
EM (Jeol, JSM-6510).

Electrochemical intercalation and deintercalation reactions
ere performed using a 2032-type cell with a lithium metal

node. The working electrode was a mixture of the obtained sam-
le/ECP/PVdF with a weight ratio of 60/40/6. The electrolyte was a
-M solution of LiPF6 in a 30:70 mixture of ethylene carbonate and
iethyl carbonate by volume.

Mössbauer spectra were obtained using with a Mössbauer spec-
rometer (Topologic System Inc.) using a 57Co �-ray source. The
pectrometer was calibrated using �-Fe as a standard. The data
ere analyzed using Mosswin (ver. 3.0) software.

. Results and discussion

.1. Structural characterization of O3-LiFeO2 nanoparticles

Fig. 1 shows the XRD pattern and SEM image of LiFeO2 synthe-
ized by ion-exchange reaction with �-NaFeO2 nanoparticles that
ad been prepared by a hydrothermal reaction and had particle
izes of 19 nm [7,8]. The diffraction peaks can be assigned to the
ayered rocksalt structure with a space group of R-3m. The LiFeO2
articles had the particle size distribution of 20–300 nm and the
verage particle size of 40 nm. The XRD and SEM results confirm
he formation of LiFeO2 nanoparticles. Fig. 2 shows a Mössbauer
pectrum of the 40-nm O3-LiFeO2 particles. Fitting the spectrum
ith two hyperfine components provided the best agreement
ith the experimental results. Table 1 lists the obtained param-

ter values. The spectrum consists of two quadrupole doublets
ith a relative abundance of 64:36, indicating two iron-containing
hases with different coordination environments around the iron

on. The isomer shifts (IS) for both components are characteris-
ic of the Fe3+ ion in O3-LiFeO2. Shirane et al. reported the IS and
uadrupole splittings (QS) of O3-LiFeO2 and ordered rocksalt type
iFeO2 [2]. The QSs of the major and minor components, Fe3+(1) and
e3+(2), are similar to those of O3-LiFeO2 and ordered rocksalt type
iFeO2, respectively. This result reveals that cation mixing between

ithium and iron ions occurred in 40-nm O3-LiFeO2 during the ion-
xchange process and that the ordered rocksalt phase was then
ormed. The formation of ordered rocksalt type LiFeO2 is consistent
ith the additional peak at 30◦ in the XRD patterns, which could be

Fig. 2. Mössbauer spectrum of 40-nm-sized LiFeO2. The velocity scale is relative to
a pure Fe absorber. A fitting curve for a two-component model is also shown.
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Fig. 3. Rietveld analysis of 40-nm-sized LiFeO2. The observed intensity data are
depicted by dots while the solid line overlying them is the calculated intensity.
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ertical markers below the diffraction patterns indicate positions of possible Bragg
eflections. Differences between the observed and calculated intensities are plotted
s Dyi at the bottom using the same scale.

he 220 reflection. Therefore, we performed Rietveld analysis of the
btained LiFeO2 using a two-phase model consisting of O3-LiFeO2
nd ordered rocksalt type LiFeO2. Fig. 3 shows typical Rietveld anal-
sis results for 40-nm O3-LiFeO2. The two-phase model was found
o provide better fitting for the XRD pattern than the single-phase
3-LiFeO2 model. Table 2 summarizes the refined parameters. The

ithium ions in O3-LiFeO2 are located at the 3a and 3b sites with
roportions of 86% and 14%, respectively. This distribution suggests
ation mixing of lithium and iron ions under the high intercalation
eaction field during the ion-exchange process. The mass fraction
f O3-LiFeO2 to the ordered rocksalt type LiFeO2 is 0.637/0.363,
hich is consistent with the relative abundance obtained from the
össbauer spectrum. The cation distribution might cause the phase

ransition to the ordered rocksalt type LiFeO2.

.2. Electrochemical properties of O3-LiFeO2 nanoparticles

Fig. 4a shows charge–discharge curves of O3-LiFeO2 nanoparti-
les. The O3-LiFeO2 nanoparticles exhibited a discharge capacity of

ver 100 mAh g−1. Ado et al. found that O3-LiFeO2 microparticles
ad a slight electrochemical capacity of 8 mAh g−1 at a current den-
ity of 2 mAh g−1 [4]. They suggested that iron ions at the lithium
ite (3a) obstruct the lithium diffusion pathway. The electrochemi-

able 2
ietveld refinement results for 40-nm-sized LiFeO2.

Atom Site g x

Phase 1 rhombohedral LiFeO2

Li(1) 3a =g(Fe(1)) 0
Li(2) 3b =1 − g(Fe(1)) 0
Fe(1) 3b 0.86(2) 0
Fe(2) 3a =1 − g(Fe(1)) 0
O(1) 6c 1 0

Phase 2 ordered rocksalt LiFeO2

Li (3) 16c 1 0.125
Fe(3) 16d 1 0.625
O(2) 32e 1 0.372(11)

pace group R-3m, a = 2.9754(8) Å, c = 14.821(5) Å, RI = 0.64, RF = 0.33.
pace group Fd-3m, a = 8.447 (12) Å, RI = 0.85, RF = 0.36.
wp = 5.96%, Rp = 4.46%, Re = 3.95%, S = Rwp/Re = 1.50.
ass fraction (weight%) phase1:phase2 = 0.637:0.363.
Fig. 4. Charge/discharge curves and discharge capacities of 40-nm-sized LiFeO2

nanoparticles. The current density is 10 mA g−1 (1/28 C).

cal activity of the present 40-nm O3-LiFeO2 with cation disordering
suggests that nanosize effects affect the lithium diffusion such as
by reducing the diffusion pathway and increasing the surface area.
Whereas a plateau around the 4 V region was observed during
the first charge process, it disappeared in the second charge pro-
cess. Furthermore, a new plateau gradually appeared around the
3 V region during electrochemical cycling. These results suggest an
irreversible phase transition of LiFeO2 nanoparticles during the first
charge process and following cycles. Fig. 4b shows the variation
in the discharge capacity of LiFeO2 nanoparticles. The discharge
capacity increased with the cycle number. The new phase exhibited

a larger discharge capacity (about 120 mAh g−1) than the pristine
LiFeO2 phase (about 90 mAh g−1). The average voltage of the dis-
charge curve increased from 2.83 V for the first discharge to 2.95 V
for the 23rd discharge.

y z Beq/Å2

0 0 1.3(11)
0 0.5 =B(Li(1))
0 0.5 0.36(10)
0 0 =B(Fe(1))
0 0.240(2) 1.10(8)

0.125 0.125 =B(Li(1))
0.625 0.625 =B(Fe(1))
=x(O(2)) =x(O(2)) =B(O(1))
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Fig. 6. XRD patterns of 40-nm LiFeO2: (a) pristine and (b) after being charged to
4.5 V at the first cycle.

ferent QS with a ratio of 64:36; this ratio changed to 30:70 after
charging to 4.5 V. This indicates the phase transition from the lay-
ered rocksalt LiFeO2 to an ordered rocksalt LiFeO2. No components

Table 3
IS and QS for LiFeO2 after it had been charged to 4.5 V obtained by Mössbauer spectral
analysis.
ig. 5. Differential capacity plots of 40-nm-sized LiFeO2 obtained from the
harge/discharge curves shown in Fig. 4a.

Fig. 5 shows dQ/dV plots versus cell voltage for 40-nm LiFeO2. In
he first charge process, no anodic peak was observed between 3 V
nd 4 V in the first charge process, and an anodic peak due to the
lateau region was observed at 4.3 V. As an anodic peak attributed
o decomposition of the EC/DEC electrolyte appears above 4.3 V, the
nodic peak at 4.3 V suggests a phase change of the LiFeO2 nanopar-
icles. In the second charge process, broad anodic and cathodic
eaks were observed at 2.92 and 2.70 V, respectively. In follow-

ng cycles, new anodic and cathodic peaks appeared at 3.24 and
.07 V, respectively. The peak intensities of the anodic and cathodic
eaks gradually increased with the cycle number. The reaction
oltage changed during the electrochemical cycling. This result is
onsistent with the emergence of the 3 V plateau region in the
harge/discharge curves. The charge/discharge and dQ/dV curves
uggest that the phase changes in the LiFeO2 nanoparticles occur
n two stages; the first charge process and the following process.

.3. Electrode reactions of O3-LiFeO2 nanoparticles

A plateau region during the first charge has been reported for
Li2MnO3 cathode typically above 4.5 V and has been attributed

o removal of Li2O from Li2MnO3 [13,14]. The Li2−2xMnO3−x phase
xhibits a larger discharge capacity (about 200 mAh g−1) than the
riginal Li2MnO3 (only 20 mAh g−1). This fact demonstrates an
mportance of structural changes during the initial battery reac-
ion to obtain a higher electrochemical-activity of electrodes at
ollowing cycles. The wide plateau region in the first charge curve
or the O3-LiFeO2 nanoparticles indicates a phase change from O3-
iFeO2 to a lithium and oxygen deficient phase that could exhibit
he reversible lithium intercalation behavior. Considering the slight
lectrochemical capacity of the O3-LiFeO2 microparticles, the ini-
ial structural change could be stimulated with decreasing particle

ize of O3-LiFeO2.

The phase change of O3-LiFeO2 nanoparticles at the first charge
as investigated by ex situ XRD and Mössbauer measurements.

ig. 6 shows the structural changes of 40-nm LiFeO2 after being
Fig. 7. Mössbauer spectrum of 40-nm LiFeO2 after it had been charged to 4.5 V.

charged to 4.5 V at the first cycle. The LiFeO2 peaks shifted to
higher angles. The lattice constants decreased from a = 2.9754(8)
and c = 14.821(5) Å for the pristine sample to a = 2.955(2) and
c = 14.63(2) Å for the charged sample. Fig. 7 shows a Mössbauer
spectrum of 40-nm O3-LiFeO2 after it had been charged to 4.5 V.
Spectral fitting assuming two hyperfine components gives the best
agreement with the experimental result. Table 3 lists the param-
eter values obtained. The Mössbauer spectrum of pristine LiFeO2
with a particle size of 40-nm indicates two types of Fe3+ with dif-
I.S./mm s−1 Q.S./mm s−1 Ratio (%)

Fe3+ (1) 0.347 0.409 30
Fe3+ (2) 0.336 0.700 70
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the first cycle do not contain a plateau region. The plateau region
around 4 V in the charge curves of LiFeO2 gradually shortened from
the first cycle to the 5th cycle. The charge/discharge curves of LiFeO2
ig. 8. XRD pattern (a) and Mössbauer spectrum (b) of 40-nm-sized LiFeO2 after

eduction by CaH2 at 190 ◦C. The velocity scale is relative to a pure Fe absorber. A
tting curve for a three-component model is also shown.

f Fe4+ were observed. The lattice contraction with no change in
he oxidation state of the iron ions suggests the removal of Li and

atoms from the surface of LiFeO2 particles during the first charge
rocess, especially at the plateau region around 4 V. The deficient
hase could contribute to the charge and discharge characteristics
f the nanoparticles.

To confirm this hypothesis, we directly synthesized the oxygen-
acancy phase LiFeO2−d using O3-LiFeO2 nanoparticles and CaH2 as
reducing agent and compared its structural and electrochemical

haracteristics with those of LiFeO2 nanoparticles after electro-
hemical reactions. The reaction is described as follows:

iFeO2 + xCaH2 → LiFeO2−x + xCaO + xH2 (1)

Fig. 8 shows an XRD pattern and a Mössbauer spectrum of
he oxygen-vacancy phase LiFeO2−d. Fig. 9 summarizes the lattice
arameters and the relative amounts of the Fe3+(1) component

n pristine LiFeO2, reduced LiFeO2−d, and first charged LiFeO2
anoparticles. LiFeO2−d had a smaller lattice than pristine LiFeO2.
o changes in the oxidation state of Fe3+ were observed except

or the formation of a slight Fe2+ component, whereas the Fe3+(1)
atio was 44:55. These results indicate that the oxygen-deficiency

esult in cationic rearrangements from the O3-LiFeO2 phase to
he ordered rocksalt phase. This structural behavior resembles the
hanges that occur during charging. This supports the results that
xygen ions are released from the O3-LiFeO2 phase around the 4.0 V
Fig. 9. Lattice parameters and Fe3+(1) ratio of 40-nm LiFeO2: (a) pristine LiFeO2, (b)
reduced LiFeO2−d , and (c) LiFeO2 charged to 4.5 V.

plateau region during charging. Fig. 10 summarizes the variations
of charge/discharge curves for nanosized LiFeO2 and LiFeO2−d dur-
ing the initial cycles. LiFeO2−d has a shorter plateau region in the
first charge curve than LiFeO2. The charge curves of LiFeO2−d after
Fig. 10. Charge/discharge curves of LiFeO2 (a) and LiFeO2−d (b) nanoparticles during
initial 5 cycles.
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[
Commun. 6 (2004) 1085–1091.
ig. 11. XRD pattern of 40-nm LiFeO2 after being discharged to 2.0 V at the 23rd
ycle. XRD pattern of pristine 40-nm LiFeO2 and simulation XRD patterns of LiFeO2

nd LiFe5O8 based on ICSD data are also shown.

t the 5th cycle are similar to those of LiFeO2−d. These experimental
esults suggest a phase transition from O3-LiFeO2 to the oxygen-
acant phase LiFeO2−d during the initial electrochemical cycles.
xtraction of oxygen might cause the structure to form a cubic
hase that participates in reversible lithium insertion/extraction
eactions without altering the valence of Fe3+. This reaction may
e reversible for nanoparticles with short diffusion pathways and

arge surface areas.
The charge/discharge and dQ/dV curves of LiFeO2 nanoparti-

les also suggest the phase change in the LiFeO2 nanoparticles
fter the initial cycles. Fig. 11 shows XRD pattern of 40-nm LiFeO2
fter being discharged to 2.0 V at the 23rd cycle. A certain rela-
ive intensity changes among the diffraction peaks were observed.
he 1 0 1 diffraction peak exhibited the highest intensity for LiFeO2
fter 23 cycles, whereas the 0 0 3 diffraction peak exhibited the
ighest intensity for pristine and first charged LiFeO2. This result

ndicates a phase transition of the oxygen-vacant LiFeO2−d formed
t the initial process. Comparison of the XRD pattern with the ICSD
atabase implies a partial phase transition to LiFe5O8 (Li0.2FeO1.6)
ith the inverse spinel structure. Considering the formation of

xygen-deficient phase O3-LiFeO2−d at the first charge process, the
hase transition to the cubic spinel seems to be reasonable. It has
een reported by Armstrong et al. that tetragonal LiFeO2 converted
o LiFe5O8 on electrochemical cycling [15]. They also propose that
n oxygen loss from tetragonal LiFeO2 occurs due to electrolyte
xidation accompanying charging. However, the charge/discharge
ehaviors of the O3-LiFeO2 nanoparticles differ from those of

iFe5O8 reported in previous reports [15,16]. LiFe5O8 electrodes
xhibit a slight capacity between 4.5 V and 3.0 V in the discharge
urve. In contrast, the O3-LiFeO2 nanoparticles after 23 cycles had
plateau region above 3 V. The difference in the voltage of the

[

[

Sources 196 (2011) 6809–6814

intercalation reaction indicates that O3-LiFeO2−d converts to other
phases during the electrochemical cycling. Further structural stud-
ies are needed to clarify the crystal structure of the cycled phase.

4. Conclusion

LiFeO2 nanoparticles have been synthesized by the ion-
exchange reaction of �-NaFeO2 nanoparticles. The LiFeO2 nanopar-
ticles consist of layered rocksalt O3-LiFeO2 and a small amount of
the ordered rocksalt phase. An irreversible phase transition to a
cubic phase occurs during the first charge process without altering
the valence of Fe3+, which indicates that oxygen release con-
tributes to the electrochemical reaction. Oxygen-deficient LiFeO2-d
nanoparticles synthesized by reaction with CaH2 have similar
structural and electrochemical properties as the LiFeO2 nanopar-
ticles at the initial process. This demonstrates that oxygen removal
causes the structural rearrangements to the cubic phase, which
participates in reversible lithium insertion/extraction reactions.
The cubic phase exhibit increasing the discharge capacity of over
120 mAh g−1 during electrochemical cycling.
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