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Abstract

Three methods were used for the synthesis of LiAl,Ni;_,0O, solid solutions with layered crystal structure: citrate and hydroxide
precursor methods at atmospheric pressure and high-pressure synthesis in oxygen-rich atmosphere (3 GPa). Structural characterization
of the oxides was performed by powder XRD analysis and electron paramagnetic resonance (EPR) spectroscopy. Irrespective of the
different preparation techniques used, it was found that LiAl,Ni,_, 0O, solid solutions can be formed in the limited concentration range of
0<y<0.5 and 0.75<y<1.0. The unit cell parameter a decreases linearly with the Al content whereas the unit cell parameter ¢ increases
sharper as compared to the linear interpolation of the ¢ parameter calculated for the two end compositions LiNiO, and LiAlO,. In these
compositions, aluminum substitutes for Ni in the NiO,-layer, the mean Al,Ni,_,~O bond length decreasing. The extent of the trigonal
distortion of Al,Ni;_,O¢ and LiOg-octahedra varies with the aluminum content and depends on the synthesis procedure used. The LiOg-
octahedra are more flexible to tolerate the increased trigonal distortion as compared to the Al,Ni;_,O¢-octahedra. High-pressure
synthesis favors the formation of oxides with a higher extent of trigonal distortion of both Al,Ni,_,O¢ and LiO¢-octahedra. From EPR
measurements, it was shown that local cationic distribution in LiAl,Ni;_,O, depends on the synthesis temperature. At atmospheric

pressure, higher synthesis temperatures promote the reaction of cation mixing between the layers.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Isovalent substitution of electrochemically inactive ions
for nickel ions has been reported to affect the electro-
chemical properties of lithium nickelates used as cathode
materials for lithium ion batteries [1,2]. Among electro-
chemically inactive ions, Al has been preferred due to lower
cost and environmental benignity [3—12]. In addition, it has
been found that Al substitution leads to an increase in the
electrode potential where the reversible Li intercalation
takes place [14,15]. Al-substituted oxides have been
reported to display better thermal stability in delithiated
state as compared to pure LiNiO, [8—13].

The crystal structure of LiNiO, is composed of LiO,-
and NiO,-layers comprising edge sharing LiOg and NiOg
octahedra [16]. Due to the thermal instability of Ni**, non-
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stoichiometric lithium nickelates, Li;_,Ni; 4 ,O, are usual-
ly obtained, where part of the Ni*" ions occupy the Li-sites
[17,18]. It has been found that the synthesis conditions have
a strong effect on the composition and crystal structure of
lithium nickelates [17,18]. To obtain nearly stoichiometric
oxides, the temperature of 700 °C and oxygen atmosphere
are needed. LiAlO, possesses three structural modifications
[19,20]: a-LiAlO, is isostructural to layered LiNiO, and is
converted, during heating above 600 °C, into y-LiAlO»,
where Li and Al occupy tetrahedral sites only. The layered
modification of of LiAlO, (a-form) has been obtained at
intermediate pressure (3.5GPa) [19,20] or by solid-state
reaction at atmospheric pressure and 600°C between
boehmite AIOOH and Li,CO; [22]. At pressure above
9GPa, a third structural modification of LiAlO, with
tetragonal structure and octahedral coordination of Al and
Li has been isolated [21].

Contrary to LiNiO,, Al ions in the LiO,-layers have not
been detected in «-LiAlO, irrespective of the synthesis
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method. Layered LiAlO, and LiNiO» have been shown to
react, forming LiAl,Ni;_,O; solid solutions in the limited
concentration range 0<y<0.5, where Al substitutes for Ni
in Al,Ni;_,O,-layers [3-12]. To our knowledge, no data on
the formation of Al-rich compositions are reported in the
literature. In addition, the energy calculations of the phase
diagram of LiNiO,—LiAlO, show miscibility gaps at low
temperature, but LiNiO, forms solid solutions with LiAlO,
at room temperature [23]. To understand the electroche-
mical behavior of substituted oxides in an extended
concentration range, there is a need for detailed knowledge
of their crystal chemistry.

The aim of this paper is a detailed study on the
formation of LiAl;Ni;_, O, solid solutions in the whole
concentration range. For the preparation of LiAl,Ni,_,0,
we have applied synthesis methods under atmospheric and
high pressures. At atmospheric pressure, the citrate and
hydroxide precursor methods were used. High-pressure
syntheses (3 GPa) were performed in oxygen-rich atmo-
sphere using one piston cylinder apparatus with the
intention to stabilize both AP’ and Ni*" ions in
octahedral coordination. Powder XRD analysis was used
for structural characterization of LiAl,Ni;_,O,. The
oxidation state of Ni ions and the local cationic distribu-
tion in LiAl,Ni;_,O, were analyzed by electron paramag-
netic resonance (EPR) spectroscopy.

2. Experimental

LiNi;_,Al, O, solid solutions were prepared by the
citrate precursor method. Lithium—nickel-aluminum citric
acid compositions were obtained by dissolution of
LiOH - H>0O, Ni(OH),, and AI(NO3);-9H,O in aqueous
solutions of citric acid (0.1 M). The ratio between the
components was Li:(Ni+ Al):Cit = 1.05:1:1. Heating at
80 °C yielded a transparent solution which was concen-
trated to 0.5M Li. After complexation, the solution
obtained was cooled down to room temperature, then
frozen instantly with liquid nitrogen and dried in vacuum
(20-30 mbar) at —20 °C with an Alpha-Crist Freeze-Dryer.
After drying, the solid residues were decomposed at 500 °C
with a heating rate of 1°/min and were further heated at
700, 750 and 800 °C for 20-120 h in oxygen.

Al-rich compositions were prepared following the
procedure for the preparation of layered LiAlO, at
600 °C [22]. Mixed Al and Ni hydroxides were synthesized
by co-precipitation of Ni(NO3),-6H,O and AI(NOj);-
9H,O by ammonia. The solid residue was dried under
vacuum at 100 °C. The co-precipitated Al and Ni hydro-
xides were mixed thoroughly with Li,CO;. The mixture
obtained was heated at 600 °C for 25h in air.

For the preparation of LiAl,Ni;_,O, under high
pressure we adopted the synthesis procedure described in
[24] for the preparation of layered LiAlO,. The mixture of
Li,O, with NiO (obtained by thermal decomposition of
nickel hydroxide at 550 °C) and Al,O; was sealed in an Au
or a Pt-capsule. The solid-state reaction proceeded at

700 °C for 5h in one piston cylinder type apparatus. When
the reaction took place in a Pt-capsule, an unusual splitting
of the (003) diffraction line of the layered structure was
observed for Al-rich compositions only. In the case of pure
LiAlO, Chang and Margrave [24] have explained the
splitting of this diffraction line by the formation under the
high-pressure of the fourth modification of LiAlIO, with
monoclinic structure. For the samples prepared by us, the
EDAX and XRD analysis shows clearly that this splitting
is due to the appearance of Li,PtO; as an impurity phase in
Al-rich compositions prepared in the Pt-capsule. To avoid
the formation of the impurity Li,PtO; phase, the reaction
mixture of Li,O, with NiO-Al,O; was sealed in an Au-
capsule.

High-pressure synthesis was carried out in a 1/2 inch
end-loaded piston-cylinder apparatus at the Bayerisches
Geoinstitut. Experiments were performed using the “hot-
piston in” technique. Samples were encapsulated in 1cm
long, 5Smm diameter welded Au capsules. Details of the
high-pressure experiments are given elsewhere [25,26].

The lithium content of the samples, the mean oxidation
state of nickel and the total nickel and aluminum content
were determined by atomic absorption analysis, iodometric
titration and complexometric titration, respectively.

X-ray phase analysis was carried out on a Philips X Pert
powder diffractometer with CoKuo-radiation, reflection
mode, and with a Si internal standard. The scan range
15<260 <120 in a step increment of 0.02° was utilized. The
Fullprof computer program was used for the calculation
[27]. The diffractometer point zero, Lorentzian/Gaussian
fraction of the pseudo-Voigt peak function, scale factor,
lattice constants (a and ¢), oxygen parameter (z), thermal
factors for 3a, 3b and 6¢ positions, half-width parameters,
preferred orientation were refined. To gain stability during
the refinement, the Al/Ni-ratio was imposed by the
chemical composition of the oxides. Subsequently, the
cationic occupancy factors were refined taking into account
that the total occupancies of the 3a and 3b sites were equal
to unity.

EPR measurements at 9.23 GHz (X-band) were carried
out in an ERS 220/Q spectrometer within the temperature
range 85-410K. The high-frequency EPR spectra were
recorded at a single-pass transmission EPR spectrometer
built in the High-Magnetic Filed Laboratory, Grenoble,
France. The frequencies were changed from 95 to 345 GHz
using Gunn diodes and their multipliers. The detection of
absorption was performed with an bolometer. The record-
ing temperatures were varied between 5 and 100K using a
variable temperature insert (Oxford Instruments).

3. Results
3.1. Crystal structure of LiAl,Ni,_,0; solid solutions
The solubility of Al into layered LiNiO, depends on the

kind of synthesis procedure used. The citrate precursor
method allows preparing LiAl,Ni;_,O, solid solutions
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where Al content varies between 0% and 50%. Above
y>0.5, a mixture between 7-LiAlO, and an Al-poor
composition (y ~ 0.5) is obtained when the citrate pre-
cursor method is used. Aluminum-rich compositions with
0.75<y<1.0 are successfully prepared under atmospheric
pressure using the hydroxide precursors. High-pressure
synthesis yields two type of compositions: LiAl,Ni;_, 0,
with 0<y<0.5 and LiAl,Ni;_,O, with 08<y<1.0
(Fig. 1). Any attempts to prepare the intermediate
compositions with 0.5<y<0.75 were unsuccessful
(Fig. 1). High-pressure synthesis of LiAl,Ni;,_,O, with
0.5<y<0.75 led to the phase separation into Al-poor and
Al-rich compositions (y<0.1 and >0.85, Fig. 1), while
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mixtures of y-LiAlO, and Al-poor compositions (y =~ 0.5)
were obtained for this composition range under atmo-
spheric pressure.

The XRD patterns of all the samples obtained are
indexed in the R-3m space group: Li and Ni occupy 3 and
3a positions and O is in the 6¢ position (Fig. 1). As in the
case of pure lithium nickelates, an improved fitting of the
XRD patterns was achieved when a small fraction of Ni
resides on the Li-site. The oxides prepared under atmo-
spheric pressure display a higher amount of Ni in the Li-
site as compared to oxides prepared under a high-pressure
(Table 1). The amount of Ni in the Li-site is sensitive
towards the Al-to-Ni ratio. Al-poor oxides display a higher
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Fig. 1. XRD patterns and fitting by Rietveld procedure of LiAl,Ni,_,O, synthesized at high oxygen pressure and 700 °C. The difference between the
observed and calculated profiles is plotted. Bragg reflections for layered LiAl,Ni, _,0, and Si standard are indicated. The arrow indicates the second phase
with layered structure. Selective broadening of the (1 10) diffraction line as compared to (018) diffraction line is shown for LiNi, sAly 5O, obtained under
high pressure and from citrate precursors.

Table 1

Structural parameters (unit cell parameters ¢ and ¢, and nickel occupancy in the lithium layers, ) determined from Rietveld refinement of the XRD
patterns and the slope of the temperature dependence of the EPR line width dH,,,/dT for Li;_sNis[Al,Ni;_,]O, oxides obtained from citrate (citrate) and
hydroxide precursors (OH) at atmospheric pressure and under high pressure in an oxygen atmosphere (H-P)

Y Method of preparation aA) ¢ (A) 5 (4+0.004) dH,,,/dT (mT/K)
0.0 H-P 2.8769 14.1827 0.014 0.421
0.05 H-P 2.8742 14.1880 0.006 0.368
0.10 H-P 2.8720 14.2007 0.009 0.360
0.42 H-P 2.8454 14.2516 0.0 —
0.90 H-P 2.8084 14.2344 0.0 —
1.0 H-P 2.8009 14.2253 0.0 —
0.0 Citrate 2.8772 14.1883 0.054 0.37
0.12 Citrate 2.8685 14.1997 0.035 0.18
0.50 Citrate 2.8372 14.2535 0.009 —
0.76 OH 2.8158 14.2620 0.014 —
0.94 OH 2.8082 14.2332 0.011 —
1.0 OH 2.8053 14.2108 0.0 —
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Ni content in the LiO»,-layers, while Al-rich oxides
obtained under a high pressure are characterized by Ni-
free LiO,-layers (Table 1). It is worth mentioning that
LiAl,Ni;_,O, oxides with Ni amount in the Li-site less
than 4% were obtained in the whole Al concentration
range. Another feature of the XRD patterns of Al-poor
oxides is the selective broadening of the (110) diffraction
line as compared to that of the (108) diffraction line,
especially in the case of LiAl,Ni;_,O, with y = 0.50 (Figs.
1 and 2). The selective broadening is observed with both
types of oxides prepared under high- and atmospheric
pressure (Fig. 1). This has already been reported for
LiAl,Ni;_,O, prepared under atmospheric pressure and
has been explained by short-range inhomogeneity, such as
a tendency to aluminum clustering [3,9]. In addition, at
atmospheric pressure, the selective broadening of the (110)
diffraction line slightly decreased when the oxides are
prepared at higher temperatures (Fig. 2). This observation
means that the preparation temperatures influence the
short-range Al inhomogeneity. It is worth mentioning that
short-range Al inhomogeneity does not appear for Al-rich
compositions with y>0.75 (Fig. 2).

The effect of the Al content on the unit cell dimensions
of LiAl,Ni;_,O, is shown on Fig. 3. The unit cell
parameter a decreases linearly with the Al substitution. It
is noticeable that the unit cell dimensions for solid
solutions with layered crystal structures have usually been
found to display the Vegard’s like behavior, with the
exception of compositions with a partial occupancy of
metal ions in the LiO,-layers [28-31]. In this context, the a-
parameter was shown in Fig. 3 for oxides with the
minimum amount of Ni ions in the Li-site (less than
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4%). In addition, it is important that the synthesis method
does not affect the unit cell parameter a. In contrast, the
unit cell parameter ¢ increases sharper with the Al content
compared to a linear interpolation of the ¢ parameter
calculated from the two end members LiNiO, and LiAlO,.
For Al-rich oxides, the unit cell parameter ¢ is different
with oxides prepared under atmospheric or high pressures.
The observed variation in the unit cell parameters ¢ and ¢
reveals the structural anisotropy of the layered structure.
For the trigonal structure, the a-parameter gives the
distance between the metal ions in the layers and can be
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Fig. 3. Unit cell parameters (¢ and ¢) vs. Al content for LiAl,Ni,_,0,
solid solutions synthesized under high oxygen pressure, as well as at
atmospheric pressure from citrate and hydroxide precursors.
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Fig. 2. The (018) and (110) diffraction lines for LiAl,Ni;_,O, prepared at atmospheric pressure (left): y = 0.10, 0.25, 0.50 prepared at 700 °C from citrate
precursor and y = 0.75 prepared at 600 °C from hydroxide precursor. The effect of the synthesis temperature on the (018) and (110) diffraction lines for
LiAly.sNip 505 is shown (right). The difference in the line width of (018) and (110) diffraction lines for LiAlj sNig 5O, is also shown (A@é 18— A@% 10

right).
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expressed by

a=2"rv_o(l —cos ochofM)l/2
=2'2r;_o(1 = cosari—o-11)'"%,

where rv_o and ri o denote the mean Al,Ni,_,~O and
Li—O bond lengths, oy_o-m and og; o_1; are the angles
between two neighboring ions via oxygen. The structural
anisotropy of the layered structure can be expressed by the
thickness of the Al,Ni;_,0, and LiO»-layers, SALNi( 0
and Stio, (i.e. the distance separating two opposite faces of
the octahedra along [001]), which are related to the c-
parameter as follows:

¢ = SaLNig_,,0,/(2/3 = 22)) = Stio, /(22 — 1/3),

where z is the oxygen parameter. Furthermore, the extent
of the trigonal distortion of the Al,Ni;_,O¢ and the LiOg
octahedra in the AlLNi;_,O, and LiO,-layers can be
evaluated by the ratio between the layer thickness,
SALNiq_,,0, and Spio,, and the unit cell parameter a. For
undistorted octahedron this value is 0.816.

Fig. 4 gives the variation in the mean Ni;_,Al,~O and
Li-O bond lengths. The mean Ni;_,Al,-O bond length
decreases with an increase in the Al-content. This trend is
consistent with the lower ionic radius of AI>* as compared
to Ni** ions. In the same sequence the mean Li-O bond
length decreases slightly (Fig. 4). In addition, the mean
Nij_,Al,~O and Li-O bond lengths are sensitive towards
the synthesis procedure used. When oxides are prepared
under a high pressure, the mean Ni,_,Al,~O bond length
decreases more rapidly as compared with the mean value of
Ni—O and Al-O bond lengths determined for two end
compositions LiNiO, and LiAlO,. In comparison with
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Fig. 4. The mean Al,Ni;_,~O and Li-O bond lengths (upper) and the
deviation of the experimentally determined extent of the trigonal
distortion of Al,Ni;_,O¢- and LiOg-octahedra from that of undistorted
octahedron as a function of the Al-content for LiAl,Ni;_,0, solid
solutions synthesized under high oxygen pressure, as well as at atmo-
spheric pressure from citrate and hydroxide precursors.

Ni;_,Al,~O, the mean Li-O bond length is more sensitive
towards the synthesis procedure used. This fact can be
related to the strength of the trigonal distortion of the unit
cell.

Fig. 4 also gives the deviation of the experimentally
determined extent of the trigonal distortion from that of
undistorted octahedron as a function of the Al-content:
(ISa1,Ni,_,0,/a — 0.816] and [Siio,/a —0.816]). It is clear
that high-pressure synthesis favors the formation of oxides
characterized by a higher extent of trigonal distortion of
both AI,Ni;_,O¢ and LiOg¢-octaheda. It is noticeable that
the LiOg-octahedra are more flexible to tolerate the
increased trigonal distortion as compared to the Al,
Ni;_,O¢-octahedra. The increased trigonal distortion of
the LiOg-octahedra together with the increased thickness of
the LiO,-layers would have a positive effect on Li
diffusion. This feature would be favorable for the electro-
chemical properties of LiAl,Ni;_,O, when used as cathode
materials in lithium ion batteries. However, using mole-
cular dynamics simulations, it has been demonstrated that
the extension of the LiO,-layer leads to destabilization of
the trigonal structure [32]. Moreover, according to Buta
et al. [23] the large difference in the ionic dimensions of
transition metal ions and Al causes strains in the crystal
structure, resulting in a greater tendency for phase
separation. This agrees well with the observed lack of
LiAl,Ni;_,0; solid solutions in the range 0.5<y<0.75.

3.2. EPR spectroscopy of LiAl,Ni;_,0; solid solutions

Nearly stoichiometric LiNiO, has been shown to exhibit
an EPR spectrum consisting of a single Lorentzian line
with ¢ = 2.137 due to low spin Ni*" ions [34]. The line
shape and line width depend on the registration tempera-
ture, Jahn-Teller effect and ferromagnetic interactions
between Ni** ions in the layers [35]. In the EPR spectra of
Al-substituted oxides studied by us, a single Lorentzian line
is still visible with the exception of LiAlO, doped with 1%
Ni prepared by the hydroxide precursor methods. The
substitution of Al for Ni affects both the g-factor and the
line width. The g-factor decreases after replacement of Ni
by Al indicating an increased covalency of the Ni-O bond.
The same effect has been found for Al-substituted lithium
nickelates with 0<y<0.25, as well as for layered
(I—a)LiNi;_,Al,O, - aLi[Li; 5Niy/3]O, oxides obtained un-
der high-pressure [6,26]. Fig. 5 shows the variation of
the EPR line width (determined at 103K) with Al
substitution. The EPR line width increases with the Al-
content, reaching a maximum at 0.25<y<0.5, and
decreases for Al-rich oxides. The observed changes in the
EPR line width can be related to magnetic dilution of
Ni®*-spin systems caused by AI’" ions. The replacement
of paramagnetic Ni*" by diamagnetic A’" ions will
suppress the development of exchange interactions between
Ni*" ions leading to the increase in the EPR line width. In
the same sequence, the dipole—dipole interactions between
Ni*" jons will be diminished resulting in a signal
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narrowing. The competition between exchange and dipo-
le—dipole interactions determines the dependence of the
EPR line width on the Al-to-Ni ratio (Fig. 5).

The temperature variation of the EPR line width, AH,,,
is also affected by the Al substitution (Fig. 6). For oxides
with 0<y<0.25, there is a linear decrease in the EPR line
width on cooling, while for oxides with y>0.5 the EPR line
width slightly depends on the registration temperature. For
pure LiNiO,, the dAH,,/dT slope has been shown to
depend on the strength of the 180°- and 90°-Ni**/2*
—~O-Ni*"/?" exchange interactions, the metal coordination
number of the exchange-coupled particles and on the
distance between them [34,35]. The slope of the linear
dependence, dAH,,,/d T, decreases with the reduction of the
amount of Ni’" in the lithium layers [35]. Further decrease
in dAH,/dT is observed when Al substitutes for Ni,
Li; _sNis[Al;Ni;_,]JO, (Fig. 6). This result also demon-
strates the formation of solid solutions between LiAlIO,
and LiNiO,.
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Fig. 5. EPR line width, AH,, vs. Al content for LiAl,Ni;_,O, solid
solutions synthesized under high oxygen pressure, as well as at atmo-
spheric pressure from citrate and hydroxide precursors.
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In addition, for pure LiNiO, the value of dAH,,,/dT has
been found to depend on the preparation temperature of
pure LiNiO, [33]: the extrapolated values for samples
obtained at 700 and 800°C are 0.26 and 0.46 mT/K,
respectively. Based on this dependence, it has been inferred
that higher synthesis temperatures (800 °C) favor reactions
of intrinsic disorder, i.e. the cationic mixing between the
LiO,- and NiO,-layers [33]. Owing to the small scattering
factor for Li, the XRD method does not permit detection
of this type of reactions. In comparison with LiNiO, oxides
prepared at atmospheric pressure, oxides prepared under a
high pressure display a higher value of the dAH,,,/d T slope:
0.492 and 0.421 mT/K for Li;_sNij+ O, with 6 = 0.055
and 0.014, respectively [25]. This observation is in
agreement with the effect of high-pressure synthesis on
the cationic distribution in LiNiO,. It has been found that
the high pressure facilitates the insertion of Li into NiO»-
layers, Li[Li, Ni;_,]O, compositions being formed [25]. At
atmospheric pressure, the formation of Li[Li; 3Niy/3]O> has
not been reported. Returning to our samples, this
dependence of dAH,,/dT on the synthesis temperature
was also obeyed for oxides containing 10% Al. The
[Li; _sNis][Alg.1Nig.9]O> oxides prepared at 700 °C display
a lower value of dAH,,,/dT as compared to that for oxides
prepared at 800 °C, while the value of dAH,,,/dT for oxides
prepared at 750 °C falls in the intermediate range: dAH,,,/
dT is 0.18, 0.21 and 0.34mT/K for samples obtained at
700, 750 and 800°C and characterized with ¢ = 0.035,
0.043 and 0.049, respectively. In addition, high-pressure
synthesis affects also dAH,,,/dT for [Li;_sNis][Aly 1 Nig 9]O>
(Table 1). While the high-pressure synthesis allows
preparation of oxides with minimum amount of Ni** in
the Li-sites (determined by the XRD analysis), the value of
dAH,,/dT is higher: 0.46 and 0.36 mT/K for samples with
0 = 0.038 and 0.009 and prepared under high-pressure. As
in the case of pure LiNiO,, this observation can be related
to the favorable effect of the high pressure on the insertion
of lithium ions into the Al,Ni,_,O,-layers.

For the oxides with y>0.5, the slight dependence of the
EPR line width on the registration temperature indicates
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Fig. 6. Temperature variation of the EPR line width (left) for LiAl,Ni;_,O, obtained from citrate precursors at 700 °C with y = 0.0, 0.10, 0.25 and 0.50.
Temperature variation of the EPR line width (right) for LiAly 5Nig 5O, obtained from citrate precursors at 700 °C for 80 and 120 h and 750 °C for 40 and
80 h. The heating time is selected in order to compare LiAlj sNij sO, samples with close values of the Ni amount in the Li-site (less than 4%).



E. Shinova et al. | Journal of Solid State Chemistry 179 (2006) 3151-3158 3157

that magnetic dipole—dipole interactions dominate over the
exchange interactions (Fig. 6). This is consistent with the
dependence of the EPR line width on the Al-content
(Fig. 5). In addition, the EPR line width for LiAl 5Nij 50,
obtained from citrate precursor is higher for oxides
obtained at higher temperatures (Fig. 6). As in the case
of Al-poor compositions, one can suggest that high-
temperatures give rise to the reaction of cationic mixing
between the layers.

For the oxide with y = 0.75 prepared from hydroxide
precursor at 600 °C, two low-intensity signals are super-
imposed on the main signal (Fig. 7). The two signals have
the Lorentzian line shape and a line width of 55.6 and
14.4mT, which are much lower than that of the main EPR
signal (196.1mT). These two signals have different
dependence on the registration temperature (Fig. 7). At
103 K, the intensities of both signals are much lower than
that of the main signal: 1% and 4% versus 95%,
respectively. The narrow signal exhibits EPR parameters

dP/dB, a.u.

LiAl, ,.Ni, .0

02572

100 200 300 400 500
B, mT

Fig. 7. The EPR spectra at 103 and 293 K of LiAlj 75Nig 250, prepared at
600 °C from hydroxide precursor.
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Fig. 8. X-band and high-frequency EPR spectra (9.23 and 115 GHz) of
LiAly9Nip 0, and Ni-doped LiAlO, prepared at 600 °C from hydroxide
precursor.

close to that of Ni-doped LiAlO; (see Fig. 8). According to
the EPR study of Ni** in LiNi,Co,_,O, solid solutions
[36], these three EPR signals can be assigned to Ni** jons
having different paramagnetic/diamagnetic metal ions
environments. Having in mind that in the layered structure,
each metal ion has six metal neighbors in the MO,-layers,
we can assume that the main EPR signal corresponds to
Ni*" ions in a mixed Ni’*/AI’" environment with a
statistical distribution, while the additional narrow signals
are due to Ni*" in environment of AI’* mostly. For a
statistical distribution of Ni and Al in the AI,Ni;_,O,-
layers, one can expect to register only one broad EPR
signal due to the convolution of the signals from different
Ni** ions located in a mixed Niy »5sAly 7s-environment. The
observation of two additional EPR signals in LiAlg ;s
Nij,50, does not contradict with the suggestion for a
statistical Ni/Al distribution since their intensities are much
lower as compared to that of the main signal. This means
that the additional low-intensity signals come, most
probably, from Ni*" in defect crystal sites.

For LiAlyoNig;0,- and Ni-doped LiAlO,, the high-
temperature EPR spectra exhibit a single Lotrentzian line
(Fig. 8). On cooling, the symmetrical signal is transformed
into a signal with tetragonal symmetry. This behavior is
typical of the static Jahn—Teller effect. In order to improve
the resolution of the EPR spectrum, EPR at high frequency
and high magnetic field was undertaken. Fig. 8 shows the
EPR spectra at 115 GHz of LiAly¢Nig 0, and Ni-doped
LiAlO,. For the Ni-doped LiAlO, composition, the EPR
spectrum consists of a tetragonal symmetry signal with a
small anisotropy in the perpendicular region: g = 2.1700,
g3 =2.1610 and gy =2.0379. In all cases, g, is greater
than g, indicating that the Ni** ions are in a tetragonally
elongated octahedron with an 2A1g ground state. This
observation is consistent with the EPR data on Ni*" in
LiAl,Co;_,0; solid solutions [37]. In the high-frequency
EPR spectrum of LiAly9Nig 05, two overlapping signals
account for the EPR profile: one signal with tetragonal
symmetry and parameters close to that of Ni** in LiAlO,
and second signal with symmetrical shape and g = 2.121.
These two signals can be assigned to Ni* " ions in pure Al-
and in mixed Ni, Al-environment, respectively.

4. Conclusions

It was found that the incorporation of Al into the
layered structure of LiNiO, is limited. At atmospheric
pressure, the citrate precursor method allows preparing
LiAI,Ni;_,O; solid solutions in a limited concentration
range: 0<y<0.5. Above y>0.5, a mixture between y-
LiAlO, and Al-poor composition (y = 0.5) is obtained
when the citrate precursor method is used. Al-rich
compositions with »>0.75 are only formed under mild
conditions comprising the reaction between co-precipitated
Ni, Al hydroxides and LiCOj3 at 600 °C. Even in the case
when high-pressure synthesis in oxygen-rich atmosphere is
used, layered LiAl,Ni;_,O, solid solutions are formed in
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the limited concentration
0.75<y<1.0.

When Al substitutes for Ni, there is a strong contraction
of the mean Al,Ni;_,~O bond length concomitant with an
increase of the LiO,-layer thickness, culminating in the
absence of LiAl,Ni;_,O, solid solution for the 0.5<y<
0.75 concentration range. The extent of the trigonal
distortion of both AIl,Ni;_,O6- and LiOg-octahedra de-
pends on the Al content and on the preparation method
used. High-pressure synthesis favors the formation of
oxides with a higher extent of trigonal distortion of both
Al;Ni;_,O¢ and LiOg-octahedra. At atmospheric pressure,
higher synthesis temperature (800 °C) promotes the reac-
tion of cationic mixing between the layers.

range of 0<y<0.5 and
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