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Abstract 

Two modifications of layered lithium iron oxides were synthesized and characterized by X-ray diffractometry and electrochemical meas- 
urements. LiFeOZ with ru-NaFeO, structure was synthesized by the ion-exchange reaction in molten salts; cationic distribution in the host, (Y- 
NaFeO,, affects the disordering in the reaction product. However, lithium de-intercalation was not confirmed. The ion-exchange reaction in 
molten salts gave a whole range of solid solution, Li(Fe, -INi.,)02r using the cu-Na(Fe, -XNi,)02 hosts, and their electrochemical properties 
were determined. Lithium iron oxide, LiFeO,, with a corrugated layer structure, was synthesized by an ion-exchange reaction between 3” 
FeOOH and LiOH. HZO. Lithium cells consisting of LiFeOz cathodes and lithium anodes showed good charge and discharge reversibility in 
the voltage 1.5-3.0 V range. 0 199’7 Published by Elsevier Science S.A. 
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1. Introduction 

Transition metal oxides LiM02 (M = 3d transition metal) 
with the layered rocksalt structure have been studied for pos- 
sible use as insertion electrodes in 4 V rechargeable lithium 
batteries. In this structure, alternate layers of Li and Moccupy 
the octahedral sites of a cubic close packed (c.c.p.) oxygen 
array, making a rhombohedral structure. 

Among these oxides, the iron system has advantages over 
layered-rocksalt cathodes such as LiNi02 and LiCoO, 
because they are non-toxic and cheaper. Iron oxide spinels 
have been studied as the possible candidates [ l-51. However, 
close packed spine1 host and the tetrahedrally coordinated 
iron ions restrict the mobility of lithium at ambient temper- 
ature. To date, several materials have been proposed based 
on iron systems: layered oxyhalide FeOCl [ 61, derivatives 
prepared from FeOCl having y-FeOOH structure [ 71, NASI- 
CON-type Fe,( SO,) 3 [ 81, and LiFePOd with the ordered 
olivine-type structure [8,9]. Our approach of new materials 
search for the iron system is focused on those having similar 
structures to the layered LiCoO, and LiMnO,. 

Fig. 1 shows the structure field map forAM0, compounds. 
The structures of LiM02 compounds are primarily dependent 
on the size of the M cation; LtiO, with M= V, Cr, Co, and 
Ni has a layered rocksalt structure [ 10-141, while the com- 
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Fig. 1. Structure field map for AMO, compounds: (0) cY-NaFeOZ (rhom- 
bohedral); ( v ) high-pressure phase; ( 0 ) Lu-NaFeO, (monoclinic) ; (0) 
high-pressure phase; (m) Wurtzite (LiGaO>), PGeO: (LiA102); (0) 
NaCI (disorder); (A) monoclinic; (0) LiFeO, (tetragonal); ( + ) ortho- 
rhombic (corrugated layer), and HT: high-temperature phase. 

pounds containing Fe and Ti adopt a disordered cubic rocksalt 
structure or a tetragonally ordered structure [ 1.5-17 1. The 
boundary of these two structure-types is located between V3+ 
(ionic radius r= 0.640) and Fe’+ (r= 0.645, high spin 
state). This means that if we chose a synthesis technique 
which enables us to make meta-stable phase compound, it 
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might be possible to obtain either layered or a corrugated 
layer lithium iron oxides. 

The compound LiFeO, synthesized by ion-exchange reac- 
tions in molten salts [ 18-201 has recently been clarified as a 
layered rocksalt-type by neutron diffraction and magnetic 
measurements [ 2 11. However, the electrochemical charac- 
terization indicated no lithium de-intercalation from the host 
lattice. 

Compounds with the composition LiM02 can have another 
layered structure; LiMnO, has a corrugated layer structure 
consisting of a c.c.p. oxygen array and cation sheets made up 
of alternating pairs of Li and Mn rows [22]. Recently, 
LiMnO, synthesized from an ion-exchange reaction between 
y-MnOOH and LiOH . HZ0 showed good electrochemical 
performance in lithium secondary cells [ 23,241. Iron oxy- 
hydroxides (FeOOH) have similar structures to those of the 
manganese system [ 251; the LY-, p-, and y-type modifications 
have a small tunnel (a-MnOOH type), a large tunnel (a- 
MnO, type), and a corrugated layer ( y-MnOOH type) struc- 
ture, respectively. We recently obtained LiFeO, with the 
corrugated structure which is electrochemically active [ 261. 

We report here the synthesis of two modifications of 
LiFeO, with a corrugated layer structure and the cw-NaFeO, 
structure, using an ion-exchange reaction. Relationship 
between the ion-exchange conditions and product structures 
is discussed based on the X-ray diffraction (XRD) results. 
Furthermore, the solid solution Li( Fe, -,Ni,)O, with the (Y- 
NaFeO, structure was synthesized and their electrochemical 
properties were clarified. 

2. Experimental 

2.1. Synthesis 

2.1.1. LiFe02 and Li(Ni, _,Fe,)02 with a layered structure 
The ternary oxide, cu-NaFeO,, was prepared by heating 

appropriate molar ratios of Na,O, and -)-Fe,O, (Na,O,, 
Wako Pure Chemical Industry, >95.3% purity; y-Fe,O,, 
Toda Kogyo Company). These were mixed, pelletized in an 
argon-filled glove-box, and then heated at 300 to 600 “C in 
an oxygen atmosphere. 

The solid solution, NaFe, -,Ni,O,, was synthesized by 
heating appropriate molar ratios of Na202, -y-Fe203, and NiO 
(NiO, Nakarai Company, > 99.9% purity). They were 
mixed, pelletized and heated at 800 “C in oxygen atmosphere 
for 30 h. Ion-exchange reactions were performed using mol- 
ten salts, LiCl/KCl, LiCl/KCl/BaC12, LiNO,, and LiN03/ 
KN03. These were put into an alumina crucible and heated 
to the reaction temperature; the cr-NaFeO, powders were then 
put into the molten salts. After the reaction, the crucible was 
quenched to room temperature and the salts were washed 
with hot water. The energy dispersion X-ray (EDX) analysis 
of LiFeOZ revealed no Na left in the sample, indicating a 
complete ion-exchange reaction. 

2.1.2. LzjeO, with the corrugated layer structure 
Starting materials used were LiOH . H20, LiOH, and y- 

FeOOH ( LiOH . H,O, LiOH, Wako Pure Chemical Industry, 
> 99.9% purity; y-FeOOH, Toda Kogyo Company). 

Ion-exchange reactions were performed using various 
molar ratios of the starting materials. These were mixed in 
appropriate molar ratios, put into a silver or gold tube and 
heated to a reaction temperature of 100-500 “C. After the 
reaction, the tube was quenched to room temperature. 
Unreacted lithium hydroxides were washed with cold water 
and the product dried in a desiccator. 

2.2. Characterization 

XRD patterns of powdered samples were obtained with an 
X-ray diffractometer (Rigaku RAD-C, 12 kW) using Cu Ka 
radiation. Lattice parameters were refined by Rietveld anal- 
ysis using the computer program RIETAN [ 271. The dif- 
fraction data were collected for 5 s at each 0.05” step width 
over a 28 range from 10” to 100”. After electrochemical test- 
ing, samples were mounted on a specially designed X-ray 
holder in an argon atmosphere. A 7 pm thick aluminum 
window covered the sample holder in an arc to prevent mois- 
ture attack during measurements. The electrochemical inter- 
calation and de-intercalation reactions were carried out using 
lithium cells. The working electrode consisted of a mixture 
of 50 mg sample, 10 mg acetylene black and 0.1 mg Teflon 
powder pressed into a tablet of 13 mm diameter under a 
pressure of 9 MPa. The cells used for electrochemical tests 
were constructed in a stainless-steel 2016 coin-type config- 
uration. The separator employed was a microporous polypro- 
pylene sheet. Typical electrolytes used in these cells were 1 
M solutions of LiC104 in a 50:50 mixture of propylene car- 
bonate (PC) and 1,2-dimethoxyethane (DME) (Mitsubishi 
Petrochemical Company, battery grade) by volume. Electro- 
chemical measurements were carried out at room temperature 
after standing overnight under zero current flow. Cell prop- 
erties were measured galvanostatically. 

3. Results and discussion 

3.1. LiFeOZ with a-NaFeOz structure 

Previously, we indicated that layered LiFeO, obtained 
from rw-NaFeO* synthesized at 550 “C and an ion-exchange 
reaction at 380°C in LiCl/KCl showed a two-phasic property 
with a-NaFeO, type and a spinel-related type structures [ 2 11. 
The two-phasic property is also confirmed with the results of 
Mossbauer and SQUID measurements, while the anti-ferro- 
magnetic behavior was quite similar to that of a-NaFeO,, 
which indicates the layered nature of the compound. How- 
ever, de-intercalation from LiFeO, was not observed. In order 
to obtain monophasic properties, cationic disordering in the 
host, cu-NaFeO,, was reduced using lower synthesis temper- 
atures of 350-500 “C. 



R. Kanno et al. /Journal of Power Sources 68 (1997) 145-152 

16.1Oc -I 

. 16.08 

La 

d 

5i 16.06 

z 
1 2 ia 3.028 a t 1 

a -axis 

3.022 - I I I I 
400 500 600 700 

Reaction temperature t / C 
Fig. 2. Lattice parameters for a-NaFeO* synthesized at various temperatures. 

Fig. 2 shows the synthesis temperature dependence of the 
lattice parameters for cY-NaFeO, obtained at temperatures 
from 350 to 800 “C. The lattice parameters increased slightly 
with decreasing synthesis temperatures, suggesting the 
decrease in the amount of disordered Fe3+ ions (ionic radius 
r = 0.645 A) in the Na sites (ionic radius (Na + ) I = 1.02 A). 
X-ray Rietveld refinement results on these systems, however, 
gave no information about the disordering, because the dif- 
ference in the scattering factors between Na and Fe ions is 
not large enough to distinguish the cationic distribution. 

Ion-exchange reactions were carried out under various con- 
ditions. Fig. 3 shows the XRD pattern of the products under 
various reaction periods, temperatures, and molten salts. The 
sample with high crystallinity, having no impurity phase, was 
obtained for the reaction at 360-400 “C for 10 min to 1 h in 
LiCl/KCl molten salts. 

Fig. 4(a) shows the lattice parameters of LiFeO, versus 
reaction temperature of the host materials. The lattice para- 
meters decrease with decreasing synthesis temperatures of (Y- 
NaFeO,, suggesting that the cation disorder in LiFeO, is 
dependent on those of the host material. Fig. 4(b) shows 
the lattice parameters as a function of disorder, x, in 
Lir -,Fe ,+xO2 determined by the Rietveld analysis. The 
structures were refined using a model that situates the disor- 
dered Fe ion only in the Li site. The parameters decrease with 
decreasing x, and the best sample obtained in the present study 
still contained about 5% of disorder. 

Charge/discharge experiments of the Li/LiFeO, cells 
showed a very small charge/discharge capacity of y = 0.1 in 
Li,-$eO,. However, a slightly different capacity and a 

(b) 

500 ‘C 30mm 

3 

Fig. 3. XRD patterns for LiFeO, synthesized at various ion-exchange con- 
ditions: (a), (b) ion exchange in LiCl/KCl molten salt, and (c) ion- 
exchange with reaction conditions at 360 “C and 1 h. 

shape of the charge/discharge curves between the samples 
Li,,,Fe,,,O, and Li0.92Fe,,,0, indicates that the cation dis- 
order affects the charge/discharge characteristics. However, 
lithium de-intercalation was not confirmed by the XRD 
method in the present study. Further effort to reduce the 
disordering is neceassary. 

3.2. LiFeOz - LiNiOz solid solution 

The lithium nickel oxide LiNiO, has an ideal layered struc- 
ture when the samples were carefully prepared [ 14,231, while 
layered LiFeO, still contained disorder in the Li sites. The 
solid solution between LiNiO, and LiFeO, might give us 
information on the LiFeO, structure if we clarify the struc- 
tural changes through the solid solution. Furthermore, elec- 
trochemical characteristics of the solid solutions are also of 
interest. Reimers et al. [28] reported that the solid solution 
Li,Fe,Ni, --yOZ synthesized directly from the starting mate- 
rials,LiNO,, Fe(NO,),.6H,O, andNi(CO,),.6H,Ohadthe 
layered rocksalt structure only in the composition range 
0 IX 5 0.23; for 0.23 my 5 0.48 phase coexistence occurs 
between hexagonal LiFe,.,,Ni,.,,O, and a cubic phase with 
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Fig. 5. XRD patterns for LiFe, -JIi,O,. 

disordered rocksalt structure. Since the ion-exchange reaction region of 1 .O 2 x 2 0.4 are separated into two peaks which are 
of NaFeO, in molten salts led to the ‘layered rocksalt’ struc- indexed as 1 lOhex &-id 1 Orlhexa reflections. However, the sep- 
ture, formation of the whole range of solid solution might be aration decreases from x = 0.4 to x=0.0, and the peak at 
expected. In the present study, we synthesized LiFe, -*Ni,02 x = 0.0 could be indexed by both the hexagonal ( 1 10hexa and 
from NaFe, -Ji,OZ. 107,,,,,) and the cubic (440& cells. The lattice parameters 

The solid solution LiFe, -,Ni,O, was synthesized at 400 increase with decreasing x from 1.0 to 0.0 for samples syn- 
“C using ion exchange in LiCl/KCl molten salts. The reaction thesized by ion exchange (see Fig. 6). However, no change 
products show monophasic properties for the whole range of was observed for samples synthesized by the solid-state reac- 
the solid solution with the layered rocksalt structure. Fig. 5 tion for x> 0.8. This indicates that the ion-exchange reaction 
shows the XRD peaks near 20= 64”. The peaks in the Ni-rich gave a layered structure in the whole range of the solid solu- 
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Fig. 6. Composition dependence of the lattice parameters and c/a ratio for 
LiFe , _xNi,O, synthesized by (0) the ion-exchange reaction, and ( X ) solid 
state reaction. 

tion, while the samples obtained by the direct synthesis have 
a small region of the layered structure. However, a deviation 
from the linear relationship was observed in the iron-rich 
region from x= 0.5 to 0.0, which suggests an increase in 
cationic disordering. 

Fig. 7 shows charge and discharge curves for the samples 
LiFe, -.ZNi,O, synthesized by ion-exchange reaction. For the 
LiFe, -INi, cathodes, significant degradation with cycling 
was observed for the samples synthesized by the solid-state 
reaction [28], while no degradation was observed for the 
cathode synthesized by the ion-exchange reaction. The cati- 
onic disordering significantly affected their charge and dis- 
charge characteristics. Furthermore, cycling capacities of the 
4 V region in the discharge curves decreased with increasing 
iron content. 

3.3. LiFe02 with the corrugated layer structure 

The ion-exchange reactions were conducted in sealed tubes 
under various reaction conditions using LiOH .H20 and ‘y- 

FeOOH. Reactions between 120 and 250 “C gave the new 
phase together with cr-LiFeO, and j3-LiFeSO*. Higher reac- 
tion temperatures improved the crystallinity of the products. 
The composition was determined by inductive coupled 
plasma (ICP) spectroscopy for the sample synthesized by 
those conditions as follows: LiOH . HzO/ y-FeOOH ratio: 
1.4/ 1 .O; reaction temperatures: 200 “C; reaction time: I h. 
The molar ratio of the material was Li/Fe = 0.89, resulting 
in the formula, Li0.94Fe,.0602. The XRD pattern of the new 
phase is also quite similar to that of orthorhombic LiMnO, 
[ 221, and all reflections could be indexed using an ortho- 
rhombic cell; the cell parameters after refinement by Rietveld 
analysis were a=4.0610(6 A), b=2.9621(5 A), and 
c = 6.03 19( 12 A). The structure of LiFeO, was refined using 
XRD data from a structural model of orthorhombic LiMnO, 
[ 221. The refinement results are summarized in Table 1. The 
Rietveld refinement results clearly indicate a mixed phase 
nature of the new orthorhombic phase and c-w-LiFeO,. Fur- 
thermore, there is approximately 10% disorder in the cationic 
sites. In order to improve the sample quality, both the amount 
of cr-LiFe02 and the cationic disorder in LiFeO, should be 
reduced. In y-FeOOH, each Fe atom is surrounded by a dis- 
torted octahedral group of 0 atoms, and these groups are 
linked together to form corrugated layers [ 251. 

The relationship between the reaction temperature and 
their structure are studied using an ion-exchange reaction 
between y-FeOOH and LiOH in a sealed aluminum foil. The 
products contained a-LiFeOZ as an impurity phase and the 
ratio, o-LiFeO,lLiFeO, + a-LiFeO,, was refined by XRD 
data. The cation disorder in o-LiFeO, was also considered in 
the refinement in the lithium site using a structural model that 
disordered Fe ions in the Li site and the same amount of 
disordered Li ions in the Fe site. Fig. 8(a) shows the rela- 
tionship between the reaction temperature and the ratio. The 
ratio increases with increasing reaction temperature and the 
highest ratio of -0.87 was obtained for the synthesis tem- 
perature of 200 “C and reaction periods of l-5 h. Fig. 8(b) 
shows the cationic disordering in the Li site versus reaction 
temperature. The disorder increases with increasing reaction 
temperature. 

Fig. 9 shows the reaction temperature versus lattice para- 
meters dependence for LiFeO,. The lattice parameters vary 
with increasing reaction temperature; the a-parameter 
increases with increasing temperature from 80 to 220°C and 
the b- and c-parameters decrease with increasing temperature. 
The decrease in the c-parameter might be caused by the proton 
exchange to lithium; lower reaction temperatures might lead 
to insufficient ion exchange. Synthesis of pure LiFeOZ with 
corrugated layer structure is rather difficult using the ion- 
exchange reaction from y-FeOOH and LiOH/LiOH . H20, 
because of the residual proton in the structure. Recently, a 
new synthesis route has been developed by Sakurai et al. 
[ 291; C,H50. Li ( Li-EtOH) was used for the lithium source 
and an exchange reaction with y-FeOOH in EtOH produced 
monophasic LiFe02. The lattice parameters of the phase 
obtained by the same method in the present study are 
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Table 1 
X-ray Rietveld refinement results for orthorhombic LiFeO, a 

Atom Site g x Y Z B (A*) 

Li( 1) 2(a) 0.907( 14) 0.25 0.25 0.109(8) 0.4(3) 
Fe(l) 2(a) 0.093 0.25 0.25 =z(Li(l)) =B(Li( 1)) 
Fe(2) 2(a) 0.907 0.25 0.25 0.64-40( 16) =B(Li( 1)) 
Li(2) 2(a) 0.093 0.25 0.25 =z(Fe(2)) =B(Li( 1)) 
O(1) 2(b) 1.0 0.75 0.25 0.150(5) =B(Li( 1)) 
O(2) 2(b) 1.0 0.75 0.25 0.609(5) =B(Li( 1)) 

“Space group: Pmmn; a=4.0610(5) A; b=2.9621(5) A; c=6.0319(11) A; R,=9.42; R,=7.30; S=1.30; R,=2.27, and RF=1.30. Mass fraction of 
compound, orthorhombic LiFeO,:a-LiFeO* = 0.77:0.23. 
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a =4.0302( 10) 8, b = 2.9760( 14) A, c = 6.076(4) A. This 
indicates that the exchange reaction is not completed at 80 
“Cfor12h. 

Charge/discharge experiments were carried out for the 
cells, Li/LiFeO,; a sample used was that was synthesized 
under the ion-exchange conditions, LiOH . HZ01 y-FeOOH 
ratio: 1.411.0, reaction temperature: 200 “C, and reaction 
time: 1 h. The ratio of o-LiFeO,lcy-LiFeO, determined by 
XRD Rietveld analysis was 77/23. Fig. 10 shows the charge 
and discharge curves for these cells. The electrode showed 
good reversibility in the limited composition range, 
0.00 IX< 0.3-0.4. In the first charge process, cell voltages 
increased rapidly to - 4 V and, then, increased slowly to 4.2 
V. For discharge, however, cell voltages decreased rapidly to 
3 V and then decreased slowly to the cut-off voltage, 1.5 V. 
The large difference in behavior between the first charge and 
discharge cycles might be caused by the complete structural 
change from the corrugated layer structure to an amorphous 
phase during the first charge process and probably by the 
difference in lithium site potential of these two phases. 

In the isostructural orthorhombic LiMnO,, conversion to 
a spine1 structure occurs during the first few cycles in a lithium 
cell [ 30,311. In the new orthorhombic LiFeO,, the conver- 
sion proceeds from the corrugated layer structure to an amor- 
phous phase; the ‘LiFe204’ phase with the spine1 structure 
might not be stable in the iron system due to exotic Fe4+, 
which might cause lattice deformation leading to an amor- 
phous phase. Charge and discharge after the second cycles 
proceeds in the amorphous phase. Only a slight decrease in 
cycling capacity was observed after the second cycle. This is 
the first example of a lithium iron oxide system which shows 
good electrode characteristics for lithium secondary cells. 
The amount of the corrugated layer phase in the cathodes 
were - 77%. The above results indicate that orthorhombic 
LiFeO, with a corrugated layer structure participates in the 
charge and discharge processes, and that the cycling capacity 
might increase in samples with higher purity and less cationic 
disorder. 
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