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Layered structure oxides of the system NaCo,_ Fe O, were
prepared for 0 < x < 1 by solid-state reaction. Vegard-like be-
havior was proved for these compounds by X-ray analysis, indic-
ating mixed transition metal layers and sodium layers without
cation disorder. By ion-exchange of these compounds in a molten
eutectic mixture of LiCl and LiNO; at 260°C the system
LiCo,_,Fe O, was prepared for the whole composition range and
characterized by chemical analysis, X-ray diffraction and FTIR
spectroscopy. Atomic absorption spectroscopy showed almost
complete ion-exchange from sodium to lithium. The members of
this system are shown to crystallize, as the sodium compounds, in
the rhombohedral space group R3m (a-NaFeO,-type). X-ray
diffraction, considerations based on the intensity ratio R, =
I,0/I,0, and Rietveld refinement give evidence for increasing
cation disorder with increasing iron content, that reaches the
value of LiFeQ, (4.5%) already at an iron content of x = 0.4.
© 2001 Academic Press
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1. INTRODUCTION

Layered transition metal oxides with a«-NaFeO,-type
structure have been thoroughly investigated because of their
possible use as materials in 4-V rechargeable lithium ion
batteries. The rhombohedral structure is made up of lithium
and transition metal cations that occupy the octahedral
sites of a cubic close packing of oxide ions. Li is present on
the 3a sites, M on the 3b sites, and O on the 6c sites of the
hexagonal structure with R3m space group.

LiMO, compounds of the first transition metal series
crystallize in different structure types, depending on the size

1To whom correspondence should be addressed at Laboratoire d’Elec-
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ENSEEG-INPG, 1130, rue de la piscine, BP 75, 38402 St. Martin d’Heres,
France. Fax: + 33 (0)4 76 82 66 70. E-mail: michael.holzapfel@lepmi.
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of the M cation. For M =V, Cr, Co, and Ni the compounds
adopt the layered rock salt structure, while for M = Ti, Mn,
and Fe other structure types are found.

LiTiO, shows disordered rock salt structure (1). LiMnO,
obtained by solid-state reaction crystallizes in an orthor-
hombic corrugated layer structure (2, 3), which transforms
more or less rapidly to the spinel type structure on electro-
chemical cycling. Recently, LiMnO, with a layered rock salt
structure was prepared either from «-NaMnQO, by ion ex-
change reaction (4, 5) or directly by a hydrothermal method
(6). LiFeO, exists in a variety of modifications, as cubic
disordered rock salt structure «-LiFeO,, monoclinic or-
dered rock salt type -LiFeO,, and y-LiFeO, that crystal-
lizes in a rhombohedral ordered rock salt structure (7, 8).
None of these modifications shows electrochemical activity
except for two recently discovered LiFeO,-polymorphs: an
orthorhombic corrugated layered structure (9-11) and
an orthorhombic Goethite-type structure (11). LiFeO, with
a-NaFeO,-type structure which can be obtained from
a-NaFeO, by ion exchange reaction (12-19), is not elec-
trochemically active up to 4.5V vs Li/Li*. Possible
explanations that have been considered to account for this
fact are important Fe*" disorder in the 3a sites hindering
the diffusion of the lithium ions, rapid structure change to
disordered rock salt type a-LiFeO,, and instability of the
formed Fe** ions (13,20).

Stoichiometric LiNiO,, the lithium-rich end member of
the system Li; _ \Ni; ;. O,, is difficult to prepare and always
contains a small fraction of divalent nickel ions in the
lithium layer (21, 22), increasing the three-dimensional char-
acter of the material which results in pure cubic rock salt
phase, NiO, for (1 — x) =0. For LiCoO, (23,24) perfect
structural ordering has been evidenced. Several attempts
have been made to stabilize the layered structure of LiNiO,
by substituting Co partially for Ni (25-29). The so obtained
oxides are more easily prepared than LiNiO, and electro-
chemically more stable. Substituting iron in LiFeO, par-
tially for cobalt can be thought to have an effect comparable
to LiNi; _ ,Co0,0,, i.e., reducing the amount of Fe** present
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in 3a sites, thus facilitating lithium diffusion and perhaps
rendering possible lithium deintercalation.

Nontoxicity and low cost of iron would make
LiCo, - Fe, O, an interesting cathode material for rechar-
geable lithium batteries. So far substitution of cobalt for
iron has been investigated in the system LiCo; - Fe . O, up
to an iron content of x = 0.3 by solid-state, high-temper-
ature synthesis (30,31) but to our knowledge, no results
have been published yet about the successfull synthesis of
the system LiCo,_,Fe,O, over the whole composition
range 0 < x < 1.

In this work we present the results on the synthesis of the
system LiCo,_,Fe,O, (0 <x < 1) obtained by ion ex-
change reaction from the corresponding NaCo, - . Fe, O,
system (0 < x < 1) and its investigation by XRD, FTIR, and
chemical analyses. Examinations by magnetic susceptibility
measurements are published in (32), results of the electro-
chemical characterization will follow in (33).

2. EXPERIMENTAL

For the synthesis of members of the series NaCo; _,
Fe,O, the starting materials Na,O,-powder (95%, Fluka),
Co30, (puriss. p. A., Merck), and Fe,O5 (carbonyl iron
oxide, BASF) were thoroughly mixed with 5% excess of
Na,O, (to account for volatilization losses) in an agate
mortar in argon atmosphere (glove box MB 150 B-G,
O, and H,O < 1 ppm). The powders were heated in air in
corundum boats (Degussit Al 23) with intermittent grinding
and X-ray analysis (Philips Powder Diffractometer
PW1130/00, Ni-filtered CuK, radiation, Au-Standard).

Because of the moisture sensitivity of NaCoO, the co-
balt-rich products were put into the glove box after firing.

The LiCo -,Fe, O, compounds were obtained by reac-
ting the NaCo; - .Fe, O, samples in an eutectic LiCl/LiNO;
mixture (11.8 mol% LiCl, 88.2 mol% LiNO3;, FP: 253°C) at
253-260°C for 6 h. The molar ratio Na compound vs lith-
ium salt was chosen 1:10.

The reaction products were washed with methanol
(reinst, > 99.5%, Merck), dried in vacuo at room temper-
ature, and reacted a second time in the same manner.

The ion exchange reactions were carried out in air except
for the cobalt rich phases (0.7 < (1 — x) < 1) which were
reacted in argon because of the moisture sensitivity of
NaCoO,.

LiCoO, was also prepared using a conventional high
temperature synthesis by firing a stoichiometric mixture of
Li,CO3 (99.5%, Alfa) and Co;0, in air at 900°C for 72 h.
The product is further denoted HT-LiCoO, to distinguish it
from the product obtained by ion exchange reaction, which
is denoted IE-LiCoOQ,.

The obtained reaction products were characterized by
X-ray diffraction. Profile refinements were accomplished by
Rietveld analysis using the program FULLPROF 90 (34)
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based on diffraction patterns obtained on a Philips PW1830
for diffraction angles 15° <20 < 90°. Chemical analyses
were carried out using an atomic absorption spectrometer
(Perkin-Elmer, Model 400) for the determination of the
amounts of Li, Na, Co, and Fe present and a Metrohm 686
Titroprozessor for the determination of the average oxida-
tion state of the transition metals.

3. RESULTS AND DISCUSSION

3.1. The System NaCo,_ Fe O,

Reaction temperature and firing times are listed in
Table 1. The products were obtained as reddish-brown to
black (with rising cobalt content) powders. For the prepara-
tion of a-NaFeO, (14,15,18,35,36) complete conversion
was observed already after 12h. For the synthesis of the
phases with low cobalt content, (1 — x) = 0.1-0.2, the reac-
tion temperature had to be risen for more than 200°C to
complete the reaction. The trend to higher temperatures and
longer firing periods is continued until (1 — x) = 0.6. At
(I —x)=0.7 a sudden change takes place: the reaction
temperature still being high, the reaction period had to be
reduced drastically and the products had to be quenched to
room temperature. Otherwise, the formation of a second
phase took place on cooling, resembling to monoclinic
o’-NaCoO, (37,38) (or monoclinic o’-NaCoQO, itself while
a third, iron-rich phase that should also be formed to
compensate for the iron deficiency could not be detected by
XRD). For (1 — x) = 0.9 the formation of the second phase
was much slower and for NaCoO, the reaction temperature
had to be lowered drastically to avoid the formation of
monoclinic «’-NaCoQ, (which is known to occur at 750°C
(38)) as much as possible.

According to the XRD-results (Fig. 1) the products were
obtained single phase crystallizing in the rhombohedral

TABLE 1
Reaction Conditions for the Preparation of the NaCo,_,Fe O,

Compounds

Reaction Reaction
Stoichiometry  temperature (°C) periods (h) Remarks
NaFeO, 500 12
NaCoy. ;Fey.00, 750 48
NaCoy ,Fey 50, 750 120
NaCoy 3Fe. -0, 800 120
NaCog 4Feq. 60, 900 96
NaCoy sFey 50, 850 96
NaCog ¢Fe .40, 900 96
NaCoy ,Fey.30, 900 3 Quenched in air
NaCo, gFeq.,0, 850 3 Quenched in air and put
under argon

NaCog oFey. 10, 950 22 As mentioned above
NaCoO, 550 10 As mentioned above
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FIG.1. XRD diagrams for some compounds of the system
NaCo, - ,Fe,O,. The Miller indices are given for each Bragg peak with

reference to the hexagonal setting of the rhombohedral a-NaFeO, cell
(space group R3m). The spectra are shifted along the y axis for clarity.

a-NaFeO, structure type (R3m). With increasing cobalt
content the a- and c-lattice constants become smaller and
the diffraction angles °20 are shifted to higher values be-
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cause of the lower radius of Co®* (¢5,, Is, r = 0.545 A (39))
compared to that of Fe** (13, e7, hs, r = 0.645 A).

The composition of the reaction products, which was
determined by atomic absorption spectroscopy (Table 2)
matches fairly well the intended stoichiometry and the pos-
sible formation of oxygen-deficient phases NaCo, _Fe,
O, _; (reported in (38) for NaCoO,) did not take place.
However, NaCoO, was not obtained single phase; two
additional peaks at 20 = 41.52° and 260 = 43.93° could be
attributed to monoclinic «-Na, »5C00,, whereas all other
peaks can be indexed rhombohedrically to -NaCoO,. The
obtained sodium content of 0.94 to 1.02 Na per formula unit
points out that, despite the 5% excess used, a partial volatil-
ization of the sodium peroxide at the reaction temperatures
occurred.

The dependency of the a- and c-lattice constants from x is
shown in Fig. 2. A nearly Vegard-like behavior can be
observed for both lattice constants, which clearly shows that
over the whole composition range a solid solution with
a-NaFeQO,-structure is formed where iron ions are continu-
ously replaced by cobalt ions in the iron layer.

From the employed reaction temperatures and firing pe-
riods it can be concluded that small cobalt contents lower
the formation rate of the layered structure compounds so
that higher reaction temperatures and times are necessary.
This behavior is observed until a cobalt content of
(1 — x) =0.6is reached. At (1 — x) = 0.7, 0.8, the formation
rate of the layered structure compound is drastically in-
creased but the latter is thermodynamically stable only at
the applied reaction temperature and it is necessary to
quench the reaction mixture in order to avoid the formation
of side products on cooling. For (1 —x) = 0.9 the com-
pound is thermodynamically stable in a small window
around 950°C. The pure layered structure cobalt phase
a-NaCoQ, is not accessible at such temperatures. Even at
the moderate temperatures applied it is only metastable but
can be obtained kinetically favored over the monoclinic side
product.

3.2. The System LiCo,_ Fe O,

3.2.1. Analytical Results

All samples showed a slightly lower lithium content than
expected, whereas sodium could still be found in small
quantities of approx. 5-6% (Table 3). These results may be
explained either by sodium ions remaining in the lithium
layers because of incomplete ion exchange or by a small
percentage of a second sodium-containing phase. The aver-
age oxidation numbers determined (Table 4) show that the
transition metal ions are present in the 3 + oxidation state.
The reaction between NaCo, _,Fe,O, and a molten eutectic
mixture of LiCl and LiNOj thus leads to nearly complete
ion exchange.
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TABLE 2
AAS-Analytical Results of the NaCo,_,Fe O, Compounds

Sodium (%) Iron (%) Cobalt (%)

Stoichiometry calculated Th. Exp. Th. Exp. Th. Exp. Stoichiometry found
NaFeO, 20.7 20.3 50.4 49.3 - Na; goFe1.0002

NaCoy ;Fey.00, 20.7 19.2 45.2 453 53 4.8 Nag.95C00.00F€0.0,0,
NaCoy ,Feq.50, 20.6 19.8 40.1 39.3 10.6 10.8 Nag.98C0¢.21Fe 50,
NaCoy 3Fe, 50, 20.6 19.6 35.0 353 15.8 15.1 Nay.97C0¢.30Fe0.7:0,
NaCoy 4Feq.60, 20.5 19.9 29.9 28.9 21.0 20.1 Naj; ¢,C00.30F€0.6003
NaCo, sFeq.50, 20.5 19.2 24.8 26.1 26.2 264 Nag.04C0¢.50Fe0.5,02
NaCoy ¢Feo.40, 20.4 19.8 19.8 18.7 314 30.3 Na; 02C0¢.50F€(.3900,
NaCo, ;Fey.30, 20.3 19.3 14.8 15.8 36.5 352 Nay.06C00.69F€0.3202
NaCo, sFeq.,0, 20.3 18.5 9.9 9.9 41.6 39.6 Na; 00C0¢.78F¢€0.2,0,
NaCoy oFey 10, 20.2 19.5 49 5.8 46.7 449 Nay.09C0g gsFeo. 1,0,
NaCoO, 20.2 20.2 — 51.7 49.4 Na, ¢2C00.9902

3.2.2. X-ray Diffraction

The products are obtained single phase according to the
XRD results shown in Fig. 3. Only in the case of
LiCog ,Fey 30, is a second phase visible (two additional
reflections at 260 = 18.95° and 26 = 45.25°), which has been
identified as LiCoQ,. In the case of LiFeO, the crystal
structure cannot be deduced from the diffraction pattern
alone. The observed pattern points to the presence of a face-
centered unit cell (Fm3m). On the other hand, the formation
of a layered structure of a-NaFeO, type with a c/a value
near 4.90 (value for an ideal cubic closed-packed array)
cannot be excluded. In the latter case the observed extinc-
tions are compatible with the trigonal space group R3m of
a-NaFeO, type. Figure 4 shows a comparison of the diffrac-
tion patterns obtained from a compressed sample pellet and
from powder, an increase in the 001 reflections is detected for
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FIG. 2. Hexagonal lattice constants for the series NaCo, - [Fe,O, as
a function of the cobalt content (1 — x).

the pelletized sample. The pronounced two-dimensionality
of the a-NaFeQO, type offers an opportunity to recognize the
layered nature of such materials. Under applied pressure
a preferred orientation is developed with the c-axis lying
normal to the surface plane. This effect is easily detectable
by a strong increase of the 001 reflections in the XRD of
pressed pellets, whereas this behavior is absent in cubic
materials (16). From the observed increase of the 001 reflec-
tions the presence of a layered material of a-NaFeO, type
can thus be deduced.

The LiCo, - Fe, O, compounds crystallize in «-NaFeO,
type too and increasing cobalt content results in decreasing
lattice constants (Fig. 5) as in the case of the sodium
system. Moreover, as a consequence of the increasing c/a
ratio, a clear separation of the diffraction patterns
(006)/(012) and (108)/(110) becomes visible, starting at
(I —x)=0.3.

The a constant shows Vegard-like behavior, whereas for
the ¢ value and consequently for the c/a ratio strong devi-
ations from this behavior are observed. In the system
NaCo, _ Fe, O, the difference in the ionic radii of Na™
(1.02 A) and Co®**/Fe®* (0.55/0.65A) (39) is large; thus,
ordering of Na* in 3a and Me®" in 3b is expected. There-
fore the mean radius of the d-block elements is responsible
for the distance of the slabs, whereas the distance of the
sodium layers remains unchanged. Hence, the expected lin-
ear variation of the lattice constants is observed.

Almost perfect cation-ordering is known for LiCoO,. The
increase in the c-lattice constant for low iron content is
higher than expected for a simple substitution of Co** for
Fe*™.

Assuming a partial disorder of Fe® " in the 3a sites implies
a partial occupation of the 3b positions by lithium (no iron
excess has been found; therefore iron occupation of 3a is
supposed to be accompanied by lithium occupation of 3b
sites). The higher ionic radius of Li* in comparison to Fe**
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TABLE 3
AAS-Analytical Results of the LiCo,_.Fe O, Compounds

Lithium (%) Sodium (%) Iron (%) Cobalt (%)
Stoichiometry
calculated Th. Exp. Th. Exp. Th. Exp. Th. Exp. Stoichiometry found
LiFeO, 7.3 7.2 — 1.8 589 59.7 — Lig.97Nag g7Fe;.0002
LiCoy ;Feq.60, 7.3 7.3 — 1.4 529 53.6 6.2 5.1 Lig.09Nag.06C0¢.08F€0.0002
LiCoy ,Fe( 30, 7.3 7.1 — 2.0 46.8 44.5 12.4 11.8 Lig.96Nag.09C0g.19F€0.7900,
LiCoy 3Feq 50, 7.3 7.5 — 1.4 40.8 39.2 18.5 16.8 Li; .03Nag.06C0¢.27F¢0.670,
LiCog 4Fe( 60, 7.2 7.2 — 2.0 349 343 24.6 24.0 Lig.94Nag. 05C00.39F€0.6002
LiCoy sFeq. 50, 7.2 7.2 — 2.0 29.0 27.8 30.6 28.6 Li; 02Nag.05C0¢.48F€0.400,
LiCoy ¢Fey.40, 7.2 7.2 — 1.0 23.1 225 36.6 35.8 Lig.04Nag.04C0¢.61Fe0.4002
LiCo, ,Fe(.30, 7.2 7.2 — 1.5 17.3 16.9 42.6 41.8 Li; .04Nag.06C0¢.69F€0.3002
LiCog gFe( ,0, 7.1 7.0 — 0.6 11.5 11.6 48.5 477 Lig.0gNag 03C00.70Fe€0.210;
LiCoy oFe. 10, 7.1 7.0 — 1.2 5.7 6.5 54.4 523 Li; 00Nag.05C0¢.8sFe0.110,
IA-LiCoO, 7.1 7.1 — 0.9 — 60.2 58.7 Li; 03Nao,04C00.9702
HT-LiCoO, 7.1 7.1 — 0 — 60.2 60.8 Li; 00C01.000>

and Co®* causes an inflation of the M*" layers and
thus an enlarged ¢ value as a consequence of increasing
disorder.

Supposing that from an iron content of x = 0.4 on the
disorder does not change further, a less steep linear increase
can be expected until LiFeO, is reached, for which only
cobalt substitution for iron in 3b is responsible. Hence, the
XRD results indicate a partial disorder of Fe** in 3a sites
which has reached the value also present in LiFeO, already
at x ~04.

HT-LiCoO, has been obtained as single phase product
and XRD shows a diffraction pattern comparable to 1E-
LiCoO, with the same lattice constants. IE-LiCoO, shows
broader reflections implying smaller crystallite size com-
pared to HT-LiCoO,, which is due to the much lower
synthesis temperature of 550°C/260°C.

Intensity ratio considerations. The two intensity ratios
Roos = Io03/I104 and Ro12 = (Iooe + lo12)/1101 have been
introduced (40-42) as a measure of cation ordering in the

TABLE 4
Average Oxidation Number of the LiCo,_.Fe O, Phases

Stoichiometry Determined oxidation number
LiFeO, Fe (4 3.02)
LiCo, ,Fe, 4O, Co (+3.22)
LiCo, ,Fe, 4O, Co (+ 3.04)
LiCo, ;Fe, O, Co (+ 3.04)
LiCo, ,Fe, O, Co (+2.99)
LiCo, sFe, 5O, Co (+3.02)
LiCo, ¢Fe, 4O, Co (+ 3.01)
LiCo, ,Fe, 50, Co (4 3.00)
LiCo, gFe, ,0, Co (+ 3.00)
LiCo, 4Fe, O, Co (+ 3.03)
IA-LiCoO, Co (+2.98)
HT-LiCoO, Co (+2.98)

system Li,Ni,_,O,. A more regular separation in cation
layers for higher values of Ryo3 and lower values of Rg;,,
respectively, can be explained by regarding the transition
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FIG.3. XRD diagramms for several compounds of the system
LiCo, - \Fe,O,. The spectra are shifted along the y axis for clarity. (* Peaks
resulting from LiCoO, impurity).
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from LiNiO,, crystallizing in o-NaFeO,-structure (R3m)
with layered cation ordering, to NiO, crystallizing in the
cubic rock salt structure (Fm3m) with no two-dimensional
cation ordering (43). In the course of this transition the
(003)-reflection of the space group R3m turns into the (111)-
reflection of the space group Fm3m and therefore loses in
intensity, raising the value of Ry3. In the same direction the
intensity of the (101)-reflection decreases compared to the
intensity of the sum of the (006)- and (012)-reflections; hence
for a more pronounced 2D cation ordering lower values of
Ry, are obtained. Because of the preferred orientation that
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FIG. 5. Hexagonal lattice constants and c/a ratio for LiCo, _ Fe O,
as a function of the composition (1 — x). Squares denote the a constant,
triangles the ¢ constant. The top part shows the c/a ratio. The dashed line
denotes the course of the lattice constant for a hypothetic Vegard-like
behavior.
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may occur at the examined layered oxides, resulting in
higher intensities of (001)-reflections, a simple comparison of
the mentioned ratio values is not possible. Therefore the
intensity ratio Rjoq = I101/l104 18 regarded, employing
no (00l)-reflections. As I, increases for the transition of a
cubic into a rhombohedral lattice, whereas Iy, remains
about the same, a higher value of R;,; can be expected for a
higher degree of cation ordering.

Structure refinements. Structure refinements by the Riet-
veld method were performed using FULLPROF 90 for
both LiCoO, compounds as well as for LiFeO, and
LiCoy ¢Feq.4O,. Scan steps and scan times per step were
chosen as follows: HT-LiCoO,, 0.01°, 10s; IE-LiCoO,,
0.02°, 20 s; LiCoq ¢Feg.40O,, 0.01°, 20 s; LiFeO,, 0.02°, 30 s.
It has been assumed that the compounds are crystallizing
single phase in a-NaFeO, type with Li* in 3a- (000),

TABLE 5
Profile Refinement results on LiCo,_,Fe O, Obtained with
FULLPROF 90

Atom Position Occupation  x y oz

HT-LiCoO,
Li 3a 1.002(2) 0 0 0 a=28146(9) A;
¢ =14.0537(20) A
Li 3 —0.002(2) 0 0 05 B =10.50 A2
Co 3¢ —0.002(2) 0 0 0 R,=987;R,, =126
Co 3b 1.002(2) 0 0 05 Ry = 5.84
e} 6¢ 1.000 0 0 023927 R,=557
1A-LiCo0,
Li 3a 1.007(3) 0 0 0 a=28131(17) A;
¢ =14.0534(42) A
Li 3b —0.007(3) 0 0 05 B = 0.444 A?
Co 3¢ —0.007(3) 0 0 0 R,=651;R,, =849
Co 3b 1.007(3) 0 0 05 Ryppe = 345
e} 6¢ 1.000 0 0 0239005 R;=429
LiCo, ¢Fe, ,0,
Li 3a 0.955(3) 0 0 0 a = 2.8568(35) A;
¢ =143551(89) A
Li 3b 0.045(3) 0 0 05 B =0.555A?
Co 3a 0.000(3) 0 0 0 R,=72T;R,, =946
Co 3b 0.600(3) 0 0 05 Ry = 6.23
Fe 3a 0.045 0 0 0 R, =738
Fe 3b 0.355 0 0 05
o) 6¢ 1.000 0 0 023915
LiFeO,
Li 3a 0.954(2) 0 0 0 a=2949731) A;
¢ =14.5327(76) A
Li 3b 0.046(2) 0 0 05 B =0.645 A2
Fe 3a 0.046(2) 0 0 0 R,=92% R, =128
Fe 3b 0.954(2) 0 0 05 Ry, = 346
e} 6¢ 1.000 0 0 024334) R, =350
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Co**/Fe** in 3b- (00%), and O?~ in 6c-positions (00%).
Occupation of the oxide sites is believed to be regular and
the reflections to be of pseudo-Voigt-profile. To account for
the preferred orientation possible the parameters describing
the further have been varied too. Only such variations
were allowed that were consistent with the following
formula: (Li; - ,Me,)34(Li,Me; —,)35(O5)e.- The sodium con-
tent was not taken into account for Rietveld refinement
because of the omnipresence of Na™ leading to eventual
experimental mistakes in the order of magnitude of the
measured values and because it is not clear if the sodium is
present in the layered structure material or in a second
phase, in a percentage too small to be detected by XRD
technique.

The results of the refinement are shown in Table 5 and the
observed and calculated diffraction patterns in Fig. 6. They
indicate that the assumption of a-NaFeO, type for the series
LiCo, - \Fe,O, is correct. In the case of the LiCoO, samples

HOLZAPFEL, HAAK, AND OTT

a small negative value for the disorder in 3a position was
obtained (— 0.2 and — 0.7% for HT- and IE-LiCoO,,
respectively).

Reimers et al. (44) explained this effect of a negative
occupation (— 1.7% for LiCoO,) with phase separation,
i.e., besides LiCoO, without disorder the sample contains
small amounts of CoO. For the present materials the effects
are below 1%, so that these considerations could not be
proved by XRD and AAS results. In both LiCoO, no cobalt
disorder can be observed and IE-LiCoQ,, in contrast to the
LT-LiCoO, examined by Gummow et al. (45), crystallizes in
the same structure as HT-LiCoO,.

LiFeO, shows a cationic disorder of 4.5%. For
LiCog ¢Feo 40, 4.5% was calculated too, a fact that agrees
with the above-mentioned appreciable disorder already
present for low iron contents. The obtained cationic dis-
order for LiFeO, is in agreement with published values
(5-8% (9), 5% (46), 2% (13)).
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FIG. 6. Calculated and observed X-ray diffraction profiles for the series LiCo, _ Fe O,.
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TABLE 6
Intensity Ratios Ry, Ryi2, and R,y for LiCoQO,, LiFeO,, and
LiCoy¢Fe, 40,

Intensity ratio HT-LiCoO, IE-LiCoO, LiCoy¢Fey 40, LiFeO,
Ryo3 (observed) 1.23 245 1.70 2.61
Ryo3 (calculated) 1.18 2.38 1.73 2.67
Ry, (observed) 0.42 0.54 0.64 0.71
Ry 15 (calculated) 0.46 0.54 0.62 0.77
R,y (observed) 0.48 0.48 0.38 0.36
Ry (calculated) 0.46 0.48 0.41 0.37

Note. The calculated values have been obtained from the Rietveld profile
refinement.

As the system Li.Ni,_,O, differs from the system
(Liy - ,Me,)34Li,Meq - ,)35(05)s., the considerations on the
intensity ratios of the former cannot be quantitatively
applied to our system, but the general trend remains the
same, as for u = 0.5 a disordered cubic lattice would be
obtained. Nevertheless, the obtained R;,; values (shown in
Table 6) have been regarded only qualitatively. It can be
seen, that for the two LiCoO, samples the values obtained
are about the same and that LiCo, ¢Fe, 4O, is more similar
to LiFeO, than to LiCoO,, despite the fact that it contains
more cobalt than iron. From Table 6 it can also be seen, that
Ryo3 and Ryq, show no clear trend. This may be due to an
appreciable amount of preferred orientation of the crystal
plates.

Reimers (47) obtained up to 9% of iron occupation in 3a
for the system LiNi;_,Fe O, (0 < x < 0.4), prepared by
solid-state reaction. Kanno (9) et al. did not publish refine-
ment results of their LiNi; _,Fe O, obtained by ion ex-
change from NaNi, _,Fe,O,, but nevertheless the degree of
cation ordering in the system LiCo, -, Fe O, seems to be
somewhat higher than in the system LiNi; _ Fe,O,, which
is not surprising taking into consideration the higher degree
of cation ordering in the parent phase LiCoO, compared to
LiNiO,.

By this way no information can be obtained about
whether the distribution of the transition metal ions is
random or if clustering occurs. High magnetic field
measurements and the behavior of the magnetization vs
temperature curves performed on the compounds point to
random ion distribution in the transition metal layer (32).
For low iron contents (x < 0.1), however, nonrandom distri-
bution of Fe** and Co*" ions in the octahedral sites has
been suggested by Alcantara et al. (48). Final proof of the
supposed structure model cannot be given by XRD-Riet-
veld-technique alone. It is, however, strongly supported by
the afore-mentioned magnetic data, and measuring time at
ILL in Grenoble has been accorded to us in order to proof
structural and an eventual magnetic ordering by neutron
diffraction.
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3.2.3. Infrared Spectroscopic Examination
of LiCo, _ Fe O,

According to the theoretical group analysis the number of
IR-active modes for LiCoQO, is four (49, 50). These bands
can be separated into vibrations of the cobalt layers (situ-
ated between 400 and 700 cm™!) and the lithium layers
(200-300 cm ). Alcantara et al. (51) found in LiCoO, four
bands situated at 535, 554, 598, and 646 cm ™~ !. As is evid-
enced by Fig. 7 and Table 7 three bands can be resolved in
the IR spectrum of IE-LiCoO,, named v{-v3, the band at
554 cm ™ ! is superimposed by the adjacent bands. The com-
parison of HT-LiCoO, with IE-LiCoO, shows a weaker
separation but no displacement of the bands. For Fe*"
substitution a displacement toward lower wavenumbers is
detected. This behavior is due to the higher ionic radius of
Fe** (O, symmetry, high spin) compared to Co** (O,
symmetry, low spin), resulting in an increase in bond length

t
i=
S
173
2
£
@
=
o
=
Li,COs
LiCo..Fe,0:
HT-LiCoO;
v T cm’
1000 800 600 400
FIG.7. Infrared spectra for several members of the series

LiCo, _ Fe,O,.
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TABLE 7
Experimentally Obtained Wavenumbers of the IR Bands
for LiCo,_.Fe O,

Compound vy (cm™Y) v, (cm™1) v3 (cm™1)
LiFeO, . 425 (570)
LiCoy »Feo 505 — 465 (575)
LiCo, sFeq O, (425) 510 565
LiCog ¢Feo 40, (425) 525 580
LiCop sFeq 0, 505 590 —
IA-LiCoO, 535 605 640
HT-LiCoO, 530 600 645

and a decrease in bond strength. For LiCo, gFey ,0, v3 is
not visible. The cobalt-rich samples show well distinguish-
able bands, whereas for x = 0.8 only two modes are visible:
v, and v; as a weak shoulder of v,. Small amounts of
Li,COj; in the products are evidenced at 860 cm ™.

The comparison of HT-LiCoO, with IE-LiCoO, shows,
besides the lower resolution of the former for which no
explanation has been found, no band shift, in accordance
with the same structure type found in the two samples. The
observation that the sharpness of the bands decreases along
with increasing iron content can be explained, according to
Zhecheva et al. (27) with a lower degree of cation ordering.
This results in a lower band separation and the reduction of
the number of visible bands to two.

4. CONCLUSIONS

The sodium compounds NaCo, _ Fe, O, were prepared
by solid-state reaction and characterized by X-ray diffrac-
tion. A solid solution of «-NaFeQO, structure was obtained
with mixing of Fe®* and Co®" in the crystallographic
3b-positions and without cation disorder between 3a and 3b
sites. With increasing cobalt content the thermal stability of
the compounds increases until (1 — x) = 0.6, whereas for
(1 — x) > 0.6 the products can be obtained at the appropri-
ate reaction temperature only as metastable products.

It has been demonstrated that the compounds of the
LiCo, - Fe O, series (x-NaFeO, type structure, space
group R3m) can be obtained for 0 < x < 1 using an ion
exchange reaction from the corresponding sodium phases in
a molten LiCI/LiNOj eutectic mixture. A low sodium con-
tent remains in the samples, possibly due to an incomplete
ion exchange reaction or to the formation of an insoluble
sodium containing secondary phase in quantities not detect-
able by XRD.

Layered rock salt structure has been proved for LiFeO,
by the intensity increase of the 00l-reflections in XRD of
a pressed sample and for increasing cobalt content by the
splitting of (006)/(102)- and (018)/(110)-reflections.

HOLZAPFEL, HAAK, AND OTT

X-ray diffraction shows that, in contrast to the
NaCo, _,Fe, O, compounds, no simple substitution of co-
balt for iron occurs and that the members of the
LiCo, _,Fe,O, series show an increasing iron disorder
which reaches a value of approx. 5% of iron ions on lithium
sites for both LiCo, ¢Feq 4O, and LiFeO,.
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