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An electron diffraction and high-resolution electron microscopy
study of the LaNiO,_, perovsKite-related system shows that com-
positional variations lead to the formation of new superstruc-
tures corresponding to a homologous series of the general formula
La,Ni,0;,_, when y = 0.5 and 0.25, i.e., for n = 2 and 4,
respectively. These members can be described as being formed by
ordered intergrowths of (n — 1) octahedral layers alternating with
one layer in which Ni2* adopts square planar coordination. For
different y values, the nonstoichiometry is accommodated by means
of disordered intergrowths of octahedral and square-planar
layers. © 1994 Academic Press, Inc.

1. INTRODUCTION

As recently reported by Anderson et al. (1), many oxy-
gen-deficient perovskites can be described on the basis
of more or less complex perovskite-related superstruc-
tures of general formula A, B, 0., _. or A _B,O;,_,. This
clegant review shows how sizes, electronic configura-
tions, and coordination numbers of A and B cations influ-
ence the manner in which layers are stacked. Although
most of the 34 cations have led to the formation of these
ABQO,_, phases, nickel has been one of the less studied
due to the difficulty in stabilizing mixed oxides of this
element with two oxidation states,

In fact, contradictory results have been reported con-
cerning the La,Ni,O; phase where Ni shows formal oxida-
tion state 2+, This material was described by Crespin et
al. (2) as being monoclinic showing a brownmillerite-type
structure, i.e., with one octahedral layer alternating with
one tetrahedral layer along the b-axis (3). However, Rao
and co-workers {4, 5) describe this material on the basis
of a tetragonal cell, the oxygen vacancies giving rise to
square-planar and octahedral coordination for NiZ*.

In a previous paper (6), we have shown by means of a
selected area electron diffraction (SAED) study that a
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homologous series of the general formula l.a,Ni,O;,,
could be described on the basis of {(#-1) octahedral layers
alternating with one layer showing square-planar coordi-
nation. We describe in this paper the synthesis and micro-
structural characterization by high-resolution electron mi-
croscopy (HREM) of LaNiQ,_, materials (v = 0.5, 0.33,
0.25, and 0.20) where y has been accurately controlled by
means of a high-sensitivity thermogravimetric technique.

2. EXPERIMENTAL

Attempts to isolate the LaNiQ), perovskite-related ma-
terial by the ceramic method have been unsuccessful since
a temperature higher than 950°C leads to the stabilization
of La,NiQ,. However, the perovskite-type structure can
be stabilized at lower temperature by using a wet method
such as the so-called liquid mix technique (7, 8). This
technique is based on the formation of metallic complexes
from concentrated solutions of polyfunctional organic
acids and either salts or oxides of suitable cations for
mixed oxide formation. Stoichiometric amounts of
La(NO,}; - 6H,0 and Ni(NQ,}, - 6H,0, previously ana-
lyzed by atomic absorption to determine the cation con-
centration with an accuracy of 10 ppm, were dissolved
in hot citric acid. In order to solidify the liquid solution,
ethylene glycol (3% v/v) was added, which increases the
solution viscosity. In this way a resin is formed, thus
avoiding formation of partial segregation which could
modify the homogeneity of the solution, Such a resin was
eliminated by heating at 450°C for 16 hr. Then several
accumulative treatments were performed until 900°C,
where a single phase was obtained. The powder X-ray
diffraction pattern of this stoichiometric sample can be
indexed on the basis of a rhombohedral cell (R3m) with
parameters ¢ = 0.5391(1) nm, « = 60.81(2)° {9).

LaNiO,_, (0.5 = y < 0) materials were obtained by
using a thermogravimetric analysis system (TGA) buiit on
the basis of a Cahn D-200 electrobalance which operates
under static atmosphere. This system, developed with
this aim, consists of the TGA itself coupled to a vacuum
and a gas blending system (Fig. 1). A quartz hangdown tube
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FIG. 1. Thermogravimetric, vacuum, and gas blending system. (C)
Mass flow controler; (B) Cahn D-200 electrobalance; (H) furnace; (V)
spherical valves; (S) vacuum system; (P) Pirani-Penning.

and an electric furnace permit operating from room tem-
perature to 1000°C and, due to the excellent sensitivity
of the electrobalance, the oxygen content can be deter-
mined, for instance, within =2 x 1077 for a LaNiO,_,
sample of a total mass of about 100 mg. The vacuum and
the gas blending system allow us to operate with a gas
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Weight-loss curve corresponding to the total reduction of

mixture at a given total pressure. A H,/He mixture was
used as a reducing atmosphere due to its low density,
which reduces hampered effects such as buoyancy and
free gas convection.

Mass loss data obtained from temperature-reduced pro-
gram studies performed at a constant heating rate are used
to determine the oxygen content of the starting material
as well as the existence of intermediate compounds from a
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plateau orinflection point of the so-obtained thermogram.
The absolute oxygen content was determined by reducing
the samples under a mixture of He/H, (0.3 atm/0.2 atm).

Figure 2 shows the weight-loss curve of LaNiO; as a
function of recorded time from room temperature to
800°C. An inflection point for an oxygen content close to
y = 0,5 is observed, suggesting the existence of a stable
phase which could correspond to the member n = 2 of
the homologous series La,Ni,O,,_,. Unfortunately, the
existence of inflection points corresponding to other mem-
bers of this series was not detected. Therefore, in order
to isolate other members of such a family we proceeded
as follows. A LaNiQ; sample of approximately 100 mg
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was heated under vacuum at 200°C in order to eliminate
volatile products adsorbed on the sample. Then, a reduc-
ing mixture (0.4He/0.1H, atms) was introduced into the
thermobalance and the temperature was raised to 300°C.
When the weight loss corresponded to that of the target
compaosition, the gaseous atmosphere was pumped and
pure He was introduced. The purge cycle (vacuum and
He) was performed several times and, finaliy, the temper-
ature was raised to 400°C under pure He in order to im-
prove the homogenization of the sample. After 6 hr of
such a treatment no appreciable mass change was de-
tected. Figure 3 shows the weight-loss curves and the
heating treatment performed for {(a) LaNiO, s (n = 2), (b)

FIG. 4. SAED patierns along the () [001],//[001],, (b) [112],//1101]., {c} [TIG][//{]OO]C, and {d}{ lOO]',//{?lGIC zone axes corresponding to LaNiQ, 4.
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LaNiO, ¢ (n = 3), (¢} LaNiQ, ;s (n = 4}, and (d) LaNiO,
(n = 5) compositions prepared in this way.

3. RESULTS AND DISCUSSION

3.1. LaNi0, .5

The powder X-ray diffraction pattern of this material
was indexed on the basis of a triclinic cell with parameters
a = 1.0817(4) nm, b = 1.0895(3) nm, ¢ = 0.7804(3) nm,

= 90.28(2)°, B = 93.33(1)°, and vy = 90.29Q2)".

In order to determine the ordering of oxygen vacancies
in this material a SAED and HREM study was performed.

Figure 4a shows a SAED pattern along the {001],//{001],
zone axis {subindexes t and ¢ refer to the triclinic and
cubic cells, respectively). The reciprocal angle observed
between the (110)% and (110)* is 89.5°, which is coincident
with the calculated angle using the triclinic parameters.
A fourfold superlattice along {110)* <> (040)* and equiva-
lent reflections, and a twofold superlattice along both per-
ovskite axes are observed. By tiilting 45° about the b*
axis, the [112)//{101], zone axis is obtained (Fig. 4b),
where (010)*, (101)*, and (111)* reflections are doubled,

Figure 4¢ shows the SAED pattern along [110],//[100],
where weak extra spots are doubling both b¥ and c¢?

“axes. By tilting 45° about the c* axis, the [100]J/[TIO]C
zone axis is obtained (Fig. 4d), a fourfold superstructure
appearing again along [110]..
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FIG. 5.
the triclinic and pseudocubic reciprocal cells for the LaNiO, ;5 sample.

Schematic representation showing the relationship between
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cog

FIG. 6. Schematic representation showing the relationship between
the triclinic and pseudocubic real cells corresponding to LaNiQ, 5.

The diffraction maxima observed allow us to establish
the relationship between the triclinic and the cubic recip-
rocal cells (Fig. 5)., according to

a* = 1/4[T10]* /a, T4 174 0\ /a
b = U4[1101* | b |*=[1/4 /4 0 |[b.|*.
ot = 12[001]* \c, 0 0 172/ \e

Then, the corresponding relationship between both the
triclinic and the cubic real cells is

a; -2' 20 a.
bl={2 2 ofls.l.
C 0 0 2/ \c,

The volume of the triclinic cell is 16 times higher than
that of the cubic cell (Fig. 6), the relationship with the

FIG. 7.

Structural model proposed for the LaNiQ, ;s phase.
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FIG. 9. Through-focus series of calculated crystal-structure images

along the [001], zone axis corresponding to the LaNiO, »; material.
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MICROSTRUCTURAL CHARACTERIZATION OF THE LaNiO;_, SYSTEM
(a) HREM of an ordered LaNiQ, ;5 crystal along the (001].//[001]; zone axis and (b) corresponding SAED pattern.
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FIG. 10. Experimental and calculated image {(Af = —60 nm, = = 4 nm) along the {001], zone axis of the LaNiQ, ;; material,

between experimental and calculated images (Fig. 10) is
obtained for the following conditions: Af = —60 nm and
= 4 nm.

On the other hand, it is worth recalling that, for 7 values
around 1-2 nm, it is possible to elucidate where the an-
ionic vacancies are due to the different image contrast
observed in the calcufation. Thus, Fig. 11 shows an en-
largement of the image calculated at Af = —40 nm and
7 = 1 nm. It can be observed that following the [110],
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FIG. 11. Enlargement of a calculated image for LaNiO, 75 {[001},;
Af = —40nm, 7 = 1 nm; 3 X 3 unit cells). In the top right corner the
triclinic and cubic cells are indicated. The arrows show Ni atoms in
square-planar coordination every four layers along [001],.

direction, three black dots corresponding to Ni atoms
showing similar contrast aiternate in an ordered way with
a weaker black dot (indicated by arrows). This situation
seems fo be in agreement with that observed in the struc-
tural model where three Ni atoms showing octahedral
coordination alternate with a Ni atom in a square-planar
site along the [110]_ direction. However, as shown in Figs.
9 and 10, such a difference in the contrast is not detected
for higher thickness.

According to these results, it seems obvious that the
new supersiructure produced by the ordering of unoccu-
pied oxygen positions cannot be detected in the experi-
mental images where the crystal thickness is between 4
and 10 nm. It is worth mentioning that the HREM image
of LaNiO, along [001}_, i.e., when the perovskite related
material shows a fully occupied anionic sublattice, shows
the same contrast (Fig. 12) as that observed for LaNiO, 5
along the same projection (see Fig. 8). In fact, unoccupied
oxygen positions in La,Ni O, are located on the octahe-
dral apex of the perovskite substructure leading to square-
planar coordination for the 50% of Ni**, Regarding the
projection of such a structural model aiong the [001],
direction (Fig. 13), it can be observed that unoccupied
oxygen positions coincide with Ni atoms on the ab plane.
This seems to explain the difficulty in detecting such dif-

ferences in the image contrast for thickness higher than
4 nm,

3.2. LaNI.Oz_S

The powder X-ray diffraction pattern of this mate-
rial was indexed according to Crespin er al. (2) on the
basis of a monoclinic (m) unit cell with parameters ¢ =
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FIG. 12. HREM of LaNiO; aiong [001],.

1.104(1) nm, & = L1.115(1) nm, ¢ = 0.7818(6) nm, and
B = 92.19.

Once again, the SAED study allows us to determine
the ordering of oxygen vacancies. Figure 14a shows the
SAED pattern along [010],,//[110].. The reciprocal angle
between (100)} and (001)* reflections is 87.8°, which is in
agreement with the monoclinic cell obtained by X-ray
diffraction. Weak extra spots correspending to fourfold
and twofold superlattices along [110], and (001]., respec-
tively, can be observed.

By tilting 45° about the ¢* axis, the SAED pattern along

[110],,//[100], is obtained (Fig. 14b). Extra weak spots at

FIG. 13.

[601]. projection of the La,Ni O, structure.

301

_FIG. 14, SAED patterns of LaNiO, ; afong (a) {010],,//110], and (b)
[110],//[100], zone axes,

{001/2)¥ and (01/20)* and equivalent reflections indicate
that ¢* and b* cubic axes are doubled.

Figure 15a shows the SAED pattern along the [100],,//
[T10], zone axis. A fourfold superlattice along the [110]*
direction is seen. By tilting about such a direction the
SAED pattern along [102],,//[112], is obtained (Fig. 15b),
where a twofold superlattice along [111]* is observed.

On the basis of this information, a relationship between
the monoclinic and the cubic perovskite reciprocal and
real cells can be established: (110)* <> (040)*, (110)%
<> (400)%, and (001)*¥ <> (002)*; a_ ~ 2a, V2, b, ~
2a, V2, and Cq ~~ 24, being similar to those found for
LaNiQ, ;5.

These results seem to indicate that, in agreement with
the La,Ni;Os stoichiometry, the most likely structural
model can be described (Fig. 16) according to Vidyasagar
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FIG. 15. SAED patterns of LaNiO; ; along (a) [100],//[110], and (0)
[102],//[112), zone axes.

et al, (4), as formed by an octahedral layer alternating,
in an ordered way, with a square-planar layer along the
[100], direction. However, the cell symmetry is, according
to Crespin et al. (2), monoclinic, probably due to a tilt of
the octahedra.

The HREM image of 1.a,Ni,O;s along [001], shows the
same image contrast as that observed for both La,Ni, O,
and LaNiQ, along the same direction. Once again, an
image calculation was performed on the basis of the struc-
tural model depicted in Fig. 16 under the imaging condi-
tions previously described. Similar results were obtained,
since only for r ~ 1-2 nm was it possible to detect contrast
differences between Ni atoms in octahedral and square-
planar coordination. Figure 17 shows a calculated image

SAYAGUES ET AL,

FIG. 16.

Structural model proposed for the La,Ni,Os.

(Af = —40 nm, 7 = 1 nm), where the different environ-
ment of Ni atoms along the [110]. direction can be ob-
served (marked with arrows).

3.3. LaNiO,; and LaNiO, 4

The powder X-ray diffraction patterns of both
LaNiO, ¢; and LaNiO, show slightly broad reflections
which, in a first approximation, could be indexed on the
basis of a monoclinic cell similar to that previously de-
scribed for LaNiQ, ;. However, the SAED study shows
a somewhat different situation since both LaNiQ,¢; and
LaNiO, ; materials are inhomogeneous.

3R

FIG. 17. Calculated image for LaNiO, s ([001].; Af = —40 nmn, v =
[ nm; 3 X 3 unit cells). In the top right corner the monoclinic and cubic
cells are indicated. The arrows show the contrast difference between
Ni atoms in octahedral and square-planar coordination along [001]..
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FIG. 18. SAED patterns of LaNiQ, ¢; along the [001],//[001], zone axis.

Thus, two different kind of crystals were found in
LaNiQ, ¢:

—Figure 18a shows the SAED pattern along [001], of
the first kind of crystals, where the intergrowth of two
superlattices aleng the [118]F direction is observed. One
of them, schematized in Fig. 18b, can be indexed on the
basis of the unit cell previously proposed for La,Ni,Os,
along [001},. The second one, schematized in Fig. 18c,
is a threefold superlattice along [ 110].. This kind of super-
structure reflection seems to indicate that under properly
thermodinamic conditions a La;Ni, O phase could be iso-
lated which, according to previous ideas, could be consti-
tuted by two octahedral layers alternating with one
square-planar layer along [110]_.

—A second kind of crystals shows, along the same
[001], zone axis, streaking of the diffraction maxima along
both b* and a* directions indicative of disorder along
such directions,

On the other hand, the SAED study of LaNiO, ; sample
shows that the majority of the crystals can be indexed on
the basis of the unit cell previously proposed for LaNiO, 5
although, in some cases, intergrowth of two- and threefold
superlattices were found.

From these results, it seems evident that nonstoichiom-
etry in both LaNiQ, ;z and LaNiQ, 4 is accommodated by
disordered intergrowth of octahedral and square-planar
layers along [110]..

Taking into account that the composition of these sam-
ples corresponds to the hypothetical odd terms of the
homologous series La,Ni, Oy, (n = 3, 5), whereas
LaNi0, s and LaNiQ, ;5 are even terms (n = 2, 4), a
possible explanation for the difficulty of isolate the odd
terms can be found in the comparison of the structural
models corresponding to # = 2 and n = 4 terms with

those corresponding to the hypothetical members n = 3
and n = 3, in which we suppose the anionic vacancies
are ordered along [110],.

Figure 19 shows the different projections along [001],
corresponding to the structural models of the terms
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n = 2,3,4,and 5. It can be secen that in the case of even
terms, the square-planar coordination layers are coinci-
dent every n planes. However, for odd members, the
periodicity range is longer since the square-planar layers
only coincide every 2x planes, suggesting that different
thermodynamic conditions would be necessary to stabi-
lize them.

These results obtained by SAED and HREM allow us
to propose the existence of a homologous series of the
general formula La,Ni,O,,_,, where (n — 1) octahedra
layers alternate with one square-planar layer along the
[110]. direction. Until now, only the La,Ni,O; (n = 2)
and La,Ni, O, (n = 4) terms have been isolated.
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