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Electrochemical oxidation in alkaline sotution has been used to control and to extend the oxygen
averstoichiometry of La,NiQ,,; phases (0 = § = 0.25). Chemical analysis has been carried out to
determine the nickel (11} content and the related oxygen excess. Structural data (X-ray powder
dillraction on 1La;NiQ,,,; and neutron powder dilfraction on La;NiQ, ) show that the interstitial
oxygen atoms are introduced into the La;0, [ayers. ESR spectra for the La;NiQ, ;s compound recorded
at 4.2 and 298 K characterize either low spin Ni**(f dl2_2) in a fattened octahedral site or
Ni*(r8,d%d}2_,2) in an elongated octahedron. The results show that the refaxation of the structure as
a lunction of & could arise either from a steric effect (i.e., formation of Ni**) or from a disproportionation

of NiZ* into Ni* and Ni'*.

Introduction

The discovery of high temperature super-
conductivity in La,CuQ,, ; phases has given
rise to a large elfort to understand the struc-
tural and physical properties of oxides of
K,NiF,-type structure.

It is now well known, for instance, that
La,NiQ, _ ; exists over a broad range of oxy-
gen nonstoichiometry and that its structural,
electric, and magnetic properties are very
sensitive 1o the amount of oxygen present
(/-5).

Dabrowski et al. (4} were the first authors
to propose a phase diagram for La,NiO,
(0 = & = 0.18). They reported that for 0.03
= & = 0.13 the system actually separates
into two phases with the Bmab (6 = 0.03)
and the Frunm (& = 0.13) space groups, re-
spectively.

The La,NiQ,, ; structure consists of p-
type doped NiO, layers alternating with
rock salt-type La,0,, ; layers of variable ox-
yeen content, the sequence along the c-axis
being NiO,—L.a,0)5, 5. According to Jorgen-
sen ef al. (3), the excess oxygen atoms in
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the § = (.13 samples are located within the
La,O, layers in a {4, 4, 0.23) site (the (16f)
Wyckolf position of the Fmmm structure),
The additional oxygen atoms are bonded to
four neighboring lanthanum atoms, which
shifts the four nearest oxygen atoms from
their normal position,

The nature and exact location of the extra
oxygen atoms have raised many controver-
sies; formation of superoxide (05 ) or perox-
ide (O37) anions has been proposed (6, 7).

Using the same electrochemical process
as in the preparation of the SrFeQ; cubic
perovskite (8) or the La,CuO,, ; supercon-
ductor (9, La;NiO,, ; phases have been ob-
tained at room temperature. The oxygen
nonstoichiometry range has been extended
up to 8 = 0.25. The structural properties of
the system are discussed here as a function
of & in the light of a recent electron micros-
copy study ([0} and of preliminary Rietveld
structure refinements for La;NiO, 55 using
neutron powdecr diffraction data. The oxida-
tion statcs and clectronic configurations of
nickel cations are discussed on the basis of
LESR measurements.
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Experimental

1.a,NiQ, . ; (5 = 0.14) samples were pre-
pared from appropriate stoichiometric mix-
tures of NiO and La,0; (treated at 800°C)
dissolved in nitric aqueous solution. The so-
lution of lanthanum and nickel nitrates was
dehydrated at 200°C and slowly heated up
to 700°C. Homogeneous samples with
La,NiO, ;, composition were obtained after
annealing for 48 hr at 1200°C in air and then
quenching to room temperature. Samples
with La,NiQ, ,; compositions were also pre-
pared by reducing La,NiO, ,, under flowing
argon at 1300°C for 24 hr, tollowed by
quenching under argon (P, =~ 102 atm).
Pelletized samples (8 mm diameter, 2 mm
thickness, (.400 g) were finally sintered in
the same conditions for 12 hr and then
quenched. The density of the ceramics was
close to 85% of the theoretical density for
La,NiO, ,, and to 95% for La,NiO, ;.

The electrochemical oxidation procedure
has previously been described in detail (8,
9). A three-electrode device was used. The
working electrode was a rotating polished
disc (Rotating Disc Electrode) of La,NiQ,
or La,NiQ, |, ceramic. The reference elec-
trode was a HgO/Hg eclectrode (£, =
+0.098 V/SHE). All potentials quoted in
the present work are referred to this elec-
trode. The auxiliary electrode was platinam
foil. Experiments were carried out at 25°C
in 1 N KOH solution under air. After the
electrochemical process the ceramics were
ground, then vigorously washed in distilled
water under ultrasonics in order to remove
any electrolyte pollution (K*, OH—, . . .),
and finally immersed in e¢thanol before
drying.

The samples before and after anodic po-
larization were characterized by XRD with
a diffractometer using CuKe radiation. The
lanthanum concentration in the samples was
determined using an F~ ion-selective elec-
trode. The sample was dissolvedina 1 N
HNO, solution and the lanthanum content
was obtained by titration with a NaF
solution according to the reaction La’* +
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Fic. 1. TGA measurements on La;NiOs,; com-
pounds (§ = 0.14 and § = 0.25) (heating rate 150°C/hg).

3F~ — LaF;. The variation of the EMF of
a ¢ell containing a fluoride electrode (a LaF,
single crystal), the solution to be analyzed,
and a suitable reference electrode (a satu-
rated calomel electrode) is in accord with
the fluoride ion activity according to the
Nernst equation at 25°C: E = E' — 0.059
log ap- . In order to maintain a steady value
of E', a buffer solution (TISAB solution) is
added. The titration must be carried out in
the 4-8 pH range: F~ ion species are stable
only for pH > 4 and for pH > 8 the formation
of La(OH,) takes place. This original
method provides reliable and accurate re-
sults. The nickel content was determined
using atomic absorption. These analyses led
to a La/Niratio very close to 2. The concen-
tration of holes, assuming they can be either
on nickel cations or on oxygen atoms, was
obtained by chemical analyses (lodometric
titration and Mohr-salt analysis). The oxy-
gen content was measured by TGA, which
was carried out under a flow of N,, 10% H,
at a heating rate of 150°C/h. The complete
reduction of the sample leads to La,0, +
Ni (see Fig. 1)). The experimental results
are reported in Table I. One should note
that the nickel (1I1) concentration is usually
underestimated, as such highly oxidized cat-
ions may be reduced by water. All experi-
mental composition values show pgood
agreement.

Stoichiometric La,NiQO, was obtained by
reducing La,;NiQ, o, at 500°C under N, , 10%
H, flow, the oxygen stoichiometry being fol-
lowed by TGA measurements (see Fig. I).
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TABLE 1

CHEMICAL ANALYSES OF La&;NiQO,,; Paases (lopoMETRIC TITRATION, MOHR-SALT
AmaLysis, TGA MEASUREMENTS) PREPARED BY SoLID STATE REACTION (*) AND BY
ELECTROCHEMICAL OXIDATION (1)

Iodometric
titration

Mohr-salt
analysis

TR S
LayNig 5,Nig 30413
R NEEY
LayNig54Nig 3040

LazNi5.§uNi3.§oO4. 10
LazNié.?quS.&sOa. 13
La;NEHNi 50, 15
LazNié.&NiS.§404..a
LazNiﬁ_}Niﬂj;Oq_zz
La;Nig 5N 104 n

2y aey

La,Nig 5Nig 504 ;5
A

La,Nij5Ni 1000 o

LayNif 5Nij 304 10
La;Ni§ 5,Ni3 3504 14
La;Nif 4Ni 360418
La;Nif#Nij 304
La;Nif LNiF 304 24
LayNig §oNig $104 26

TGA Composition
La,NiQ, ;5 LayNiOF
LazNi04_03 LaZN io:())

— LazNiO;_“
La,NiQy 44 La,NiQ; .
— LazNiOE‘n
J— La:NiO;.m
— La;NiO] 5
La;NiQ, LayNiO} 55

Results

Cyclic voltammograms (I, E) (0= E= 1V,
sweep rate = 150 mV/min) are reported in
Figs. 2a and 2b for La,NiQ, (4.

The existence of a positive current inten-
sity for low potentials (Fig. 2a, 100 = F =
500 mV, C) can be related to the formation
of the double layer capacitance depending
on the electroactive surface (texture, mor-
phology, etc.). As previously described (11,
12), anodic potentials (0 = E = 900 mV)
give rise to a surface oxidation of the sample
(platecau Oy prior to an oxygen evolution
(O )40H™ — O, + 2H,0 + 4e~)according
to the reaction La,NiO,,, + {OH~ —
LagNiOy 14442 + §2H,0 + Ze™. This reac-

1+
1"cycle OI
N Teyde
_ 05t Py
=L
£
H 0 1 A A
£=FWR 600 900
- 05} E[mV1}

tion leads to an increase of the trivalent
nicket content on the surface. At decreasing
potential, the reduction of oxygen and of
trivalent nickel occurs in the wave R.

On the other hand, the change in the cy-
clic voltammograms (Fig. 2b) (second
sweep after anodic polarization at 600 mV
for 16 hours) confirms the increase of the
trivalent nickel content on the surface. Such
a surface oxidation (M"* — M"*! + ¢7) had
indeed already been observed for perov-
skite-type oxides (11, 12).

Experiments were carried out at 600 mV
(plateau O just before the oxygen evolution)
as a function of time (). The variation of
the OCV (open circuit voltage) potential vs
polarization time for both La,NiQ,,, and

®

Ii{mA)

Fi1G. 2. Cyclic voltammograms (I, £) (0 = E = 1 V, sweep rate = 150 mV/min) for La,NiQ, ,,. (a)
The successive voltammograms illustrate the formation of the double layer capacitance (C). (b) The
second sweep has been obtained after ancdic polarization at 600 mV for 16 hr.
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F1G. 3. Variation of the OCV potential as a function
of polarization time for both La;NiO, ¢, and La,NiO, ,,
starting materials.

La,NiQ, , is reported in Fig. 3. The value
of this potential was determined after 30 min
when steady-state conditions had been
reached. The potential can be correlated to
the Fermi energy level in the material, i.c.,
to the value of the Ni**/Ni%* ratio. Its varia-
tion indeed indicates a drastic change, at
least on the surface, of the material during
the electrochemical treatment. In Fig. 4, the
variation of the excess oxygen amount § as
a function of the polarization time shows
that the maximum value of & obtained under
those conditions is close to 0.25, which is
significantly higher than that obtained by
the usual solid-state reactions (5). The OCV
potential can be plotted vs & (Fig. 5), which
shows that its value can be used for the
determination of the nickel (I1I) bulk con-
centration.
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FiG. 4. Variation of the excess oxygen amount & as
a function of the polarization time for both La,NiQ,
and La,NiQ, , starting materials..
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Fi1G. 5. Variation of the OCV potential vs excess
oxygen amount § for La,NiQ,, ; compounds.

Structural data showing the variation of
the cell parameters vs & are reported in Figs.
6a and 6b and the diffractograms of La,
NiQ, (3 = 0, 0.11, 0.14, 0.25) are repro-
duced in Fig. 7. All these diffractograms
give evidence that the electrochemically ox-
idized materials remain well crystallized.
Therefore, neutron diffraction experiments
of the most oxidized sample, La,NiQ, s,
were carried out using the ILL high resolu-
tion diffractometer D2B in Grenoble,
France. The sample was a pellet of 10 g (&
32 mm, thickness 2 mm), electrochemically
oxidized and then ground into micropar-
ticles. The sample holder was made of vana-
dium and the wavelength employed was
A = 1.594 A. The diffractograms (13° =
26 < 155°) were recorded at 298 K, and the
data were collected for Rietveld structure
refinement. In a recent study (/0) electron
microscopy observations of the 0.17 = § =
0.25 phases have clearly shown the ordering
of the extra oxygen atoms, leading to the
formation of various commensurate or in-
commensurate superstructures. Triclinic
unit cells have been proposed for the or-
dered line phases (corresponding to & = 3
(==0.17) and § = (= 0.25). This investiga-
tion has shown that the ortherhombic unit
cell parameters determined by X-ray dif-
fraction should be considered as averape
values because the symmetry involving oxy-
gen ordering may vary and because of the
existence of domains of close composition
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FiG. 6. Variation of the cell parameters vs excess oxygen amount & in La,NiQ,, ; phases: (a) a, b =

f@B); (b) ¢ = flB).

within the material. Nevertheless, prelimi-
nary refinements for La,NiQ,,, were
achieved with the Fmmm orthorhombic
space group previously suggested by Jor-
gensen ef al. (5) for the La,NiQ, ;3 phase.
The oxygen interstitial defect O(4) (Fig. 8)
was located at (4, 1, z = 1), while the apical
oXygen atoms were split into two different
positions, one remaining at the normal posi-
tion O(2) (0, 0, z) and the other at a shifted
site O(3) (x, v, z) due to the presence of the
interstitial oxygen atoms O(4). Initial re-
finements (Table II), including 122 Fmmm
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28

e 54 62J
28
F1G. 7. Portion of X-ray diffractograms (40° =< 26 <
66°): (1) La,NiO, o obtained by solid-state reaction; (2)
La,NiQ, |, obtained by electrochemical oxidation; (3)
La,NiQ, ; obtained by electrochemical oxidation;
(4) La,NiOQ, 55 obtained by electrochemical oxidation.

[

&b

Bragg reflections, were achieved with vari-
able atom positions and variable site occu-
pancies for O(4), O(3), and O(2). Only the
temperature factors of O(2), O(3), and O(4)
oxygen atoms were constrained. In these
conditions, B(O(2) = B(O(3)) = B(O4)) =
0.70(8) A2and the refined OXygen occupancy
factors are respectively 1.12(3), 0.95(2),
0.22(1). The results of the refinement with-
out constraints on the occupancy factor led

O Nickel @ Lanthanum
O DOxygen in the NiD, layers

(> 0xygen in the NaCl-type
double La0 layers

® Interstitial oxygen

Fi1:. 8. Idealized structure of La,NiQ, . ; (5 > 0.11,
Fmmm space group) according to Jorgensen ef al. {5).
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TABLE 11
INITIAL REFINED STRUCTURAL PARAMETERS FOR La;NiQ,

Space group
Reliability factors (%)
RF
Ry
R

Unit cell parameters (A)

Fmmm

4.50
5.76
6.20

a = 5.4644(1)
b = 5.4570(1)

e = 12.7035(2)
V = 378.80(2) A’

X ¥ z B(AY n
Atomic positions
La 0 0 0.3606(1) 0.60(2) 2
Ni 0 0 0 0.59(2) |
o(1) 0.25 0.25 0 0.86(3) 2
02) 0 0 0.1762(4) 0.70(8) 1.12(3)
0G3) —0.078(2) —0.055(2) 0,1680(6) 0.70(8) 0.95(2)
Oy 0.25 0.25 0.25(2) 0.70(3) 0.22(1)

Constraints

B(O(2)) = B(O(3)) = B(O@))

Note. The numbers in parentheses are standard deviations in units of the last significant digit. Where neo
standard deviation is given, the value has not been refined.

to excellent agreement with the La;NiO, 55
composition determined by chemical analy-
ses, which validates the location of the inter-
stitial oxygen atoms. One should note, on
the basis of these refinements, that one O(4)
interstitial oxygen atom affects four nearest
neighbor O(3) atoms.

The final refinement was achieved with
the following constraints:

n(03)) = 4n(0O(4))
r(O2) + n(03)) = 2
B(O(2) = B(O(3))
B(O(4)) not constrained.

The results of the final refinement are
specified in Table II1, and a portion of the
Rietveld refinement profile is plotted in Fig.
9. The R values determined from powder
diffraction data are relatively low and quite
similar to those previously obtained for
La,NiO, s by Jorgensen et al. (5). Some
additional small peaks (arrows in Fig. 9)

have not been taken into account in this
refinement; refinements in the Bamb space
group did not improve the R, value. On the
other hand, these peaks cannot correspond
to magnetic reflections because the oxidized
samples do not order, at least for tempera-
tures higher than 1.5 K; the oxygen excess
supresses 3D magnetic ordering (/3). The
presence of the small peaks probably arises
from the ordering of the extra oxygen atoms,
as suggested by the above-mentioned elec-
tron diffraction investigations, which im-
plies that the real cell likely differs in sym-
metry from the orthorhombic Frmmm unit
cell. Further calculations are now in
progress.

ESR spectra of La,NiO,_ ; samples were
recorded using a Brucker 200H X-band
spectrometer and the magnetic field was
measured with a proton NMR probe. For
the & < 0.25 sample no ESR signal was
observed. On the other hand, for the
La,NiQ,,; composition, a bread signal
(AH = 550 G) was detected at room temper-
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TABLE 1I1

FiNaL REFINED STRUCTURAL PARAMETERS FOR La;NiQy 5

Space group
Reliability factors
R,
Ry
R

Unit cell parameters (A)

Atomic positions
La
Ni
ol
0(2)
O3)
O}

Constraints

Fmmm

4,51
5.78
6.27

a = 5.4644(1)
b = 5.4570(1)

c = 12.7035(2)
Vv = 378.80(2) A’

X Y zZ B(AY n
0 0 0.3606(1) 0.60(2) 2
0 0 0 0.60(3) 1
0.25 0.25 0 0.86(3) 2
0 0 0.1765(4) 0.47(6) 1.03(1)
—0.073(2) —0.053(2) 0.1683(6) 0.47(6) 0.97(1)
0.25 0.25 0.246(8) 1.7(4) 0.24(1)

n(0Q3)) = 4n(0(4))
n(O(3)) + ~(OQ2) = 2
BOQE) = BO(3)

Note. Numbers in paren

theses are standard deviations in units of the last significant digit. Where no standard

deviation is given, the value has not been refined.

4486
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Fi1G. 9. Portion of the Rietveld refinement profile for orthorhombic (Fmmm) La,NiQ, s at 300 K.

Arrows show the pea

ks that have not been taken into account in the Frnmm space group.



PREPARATION AND CHARACTERIZATION OF La,NiO,,;

H ki
5

%

R
2

/‘-\ H G

9,
2 \]ﬁ
g

FiG. 10. ESR spectra for La,NiO, +; the values of
g, and gy are indicated (g, = 2.03; g = 2.33).

ature, as well as at 4.2 K (Fig. 10). This
signal can be assigned to a transition metal
ion and not to O~ or O; species, whose
signal would be narrower and characteristic
of an isotropic electronic distribution (the
experimental O~ g-values are g, = 2.002
and gy = 2.07 in hydroxide glasses, and g,
= 2,001 and g; = 2.05 in fluorosphosphates
(14)). The ESR spectra of La,NiQ, ,; indeed
show an anisotropic electronic distribution.
The values of gy and g, factors were deter-
mined from simulated X-band spectra as
g =233 £0.05g, =2.03+0.02;AH =
550 G at 298 K leading to § = (g + 2g,}
3 =213

Discussion

Although the Fmmm orthorhombic struc-
ture determined by X-ray diffractionfor é =
0.11, which was used for the neutron diffrac-
tion refinements, is an average structure, it
is worthwhile to discuss the structural data
and their changes as a function of 8.

In agreement with Jorgensen ef al. (5) the
insertion of oxygen into the La,NiQ, net-
work seems to lead to the formation of two
orthorhombic phases with the Brmab (0 = §
= 0.03) and the Fmmm (8 = 0.13) space
group, respectively. Intermediate composi-
tions corresponding to 0.03 = § < 0.11 in
the two-phase domain have not been ob-
tained by electrochemical oxidation; atten-
tion was essentially focussed on the phases
with La,NiO,,; (6 = 0.11) compositions.
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The variation of the orthorhombic distor-
tion vs & is quite different for both phases.
For the Bmab phase the g-parameter
strongly decreases with 8, while b remains
almost constant. Both parameters tend to
a common limit, nevertheless not reached,
which would correspond to a straightening
of the structure that would lead to the tetra-
gonal I4/mmm symmetry. On the other
hand, the Fmmm phase shows only a slight
departure from tetragonal symmetry.

The orthorhombic structural distortion in
the K;NiF,-type oxides has been widely dis-
cussed (1, 15, 16). One should point out that
the stability of this structure made up of
perovskite-type layers is governed by the
value of the so-called Goldschmidt toler-
ance factor ¢t = (r, + rM)/\/i (ry + 7o),
where r,, ry,, and ry are the ionic radii of
A", M™ and O ions for a given A,MO,
compound. In the ideal condition (f = 1)
the eight (A—0) distances are equal, which
implies that the z coordinates of A and of
the apical oxygen O(2) atoms are identical
(Fig. 7). However, in most A, MO, com-
pounds, as well as in the AMOQ, perovskites,
the size of the A-cation is often too small,
which markedly lowers the ¢-value below 1.
In the La, MO, phases, as far as the LaMO,
perovskite-type layers are concerned, this
factor still indicates the departure from the
ideal structure (tetragonal I4/mmm — or-
thorhombic Bmab}. A significant decrease
implies structural changes.

For instance in La,NiQ, and La,CuQ, for
which r 1s equal to 0.885 and 0.868 respec-
tively, the average distances are

La-O(1}XNi) = 2.59 A
La-O(1)(Cu) = 2.625 A

La—O(Q)(Ni) = 2.805 A .
La-0(2)(Cu) = 2.76 A.

Thus, instead of forming eight long and
weak bonds with respect to its size in the
LaMO, perovskite-type layers, the lantha-
num cation prefers to form four strong and
four weak ones,

In addition, a ninth very strong bond with
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the O(2) oxygen of the upper perovskite-
type layer is formed, which provides the
cohesion of the structure. This very short
bond (2.33 A < r 3+ + ro- = 2.62 A) indi-
cates the acidic character of La’* and its
tendency to form a complex L.aO~ ion. This
linkage between the successive layers does
not give rise to a particular stress in the
structure. Conversely, within the (La,0,)
layers, the very long La—0(2) distances cre-
ate an equatorial compressive stress within
the MO, sheet. This destabilizing stress
strongly influences numerous structural,
chemical, and electroni¢ properties.

As previously quoted (15, /6), from a
structural point of view, the stress in the (a,
b) plane leads to an alternating tilting of the
MO, octahedra along the [010],,., direction;
in other words, to buckling of the octahedra,
yielding lattice parameters # < g and a pro-
gression of the I4/mmm structure toward
Bmab symmetry.

From the chemical viewpoint, this stress
gives rise to an easy oxidation of M?* to
M37 ions (rye+ << rpye+), so that the equatorial
compressive stress gradually decreases.
This is why the insertion of O(4} additional
oxygen atoms in the La,0, layers can be
achieved relatively easily. It should also be
emphasized that both oxidation of M>* and
introduction of additional oxygen relax the
lattice (the lanthanum coordination in-
creases and as a consequence the La~O av-
erage distances are enhanced). The overall
process may be described in a formal man-
ner by

M 4 %om)—» M+ %0"-(4).

Concerning the electronic properties, one
can imagine that the equatorial compressive
stress on the MO, octahedra may eventually
favor an electron transfer of o _ : antibond-
ing electrons into the o states. As a conse-
quence one can predict an elongation of the
octahedra along the (001) axis even for a
non-Jahn-Teller M?™ cation such as Ni’*.
For Ni** in O symmetry (with a E, ground
term, tggfr'v :0}2) such a transfer would lead

Xy
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to a low spin state (S = 0) with the
B,020%_: configuration ('A,, term in Dy,
symmetry}. Therefore, we may also expect
that the compressive stress can be relieved
due not only to structural distortion {a #= b)
but also because of a spin equilibrium (§ =
1} © (§ = 0) that could be coupled with
lattice phonons. In the same manner
some disproportionation of divalent nickel
may occur according to 2Ni** & Nit +
NiP* (e, Boh gohodah ol +

Xy =y

.00 o), which could induce such a
structural stabilization. Both intra and in-
teratomic transfers probably occur simulta-
neously.

The variation of the a- and b-parameters
in the Bmak phase indicates a straightening
of the MO, octahedra as expected from a
steric point of view, but this cannot result
merely from the slight oxidation of the mate-
rial (8 = 0.03; no more than 6% of Ni?* is
transformed into Ni**). Therefore, one can
presume that a dynamic spin equilibrium,
possibly even a static one at very low tem-
perature, would be responsible for the small
distortion. For the pseudotetragonal Fmmm
phase (8 = 0.11) relief of the internal stresses
results from both effects previously de-
scribed, the insertion of oxygen into the
(La,0,) layers (steric effect) and the oxida-
tion of the (NiO,} layers (electronic effect).
The small decrease in a- and b-parameters
agrees with the increasing oxidation state of
nickel. For 8 = 0.17) the enhancement of ¢
is essentially a consequence of the insertion
of oxygen into the (La,0,) layers. On the
other hand, the absence of changes in ¢ for
& = 0.17 could result from the fact that the
previous steric effect is now more strongly
compensated by electronic effects in the
{NiO,) layer.

The interatomic distances in La,NiQ,
calculated from a Rietveld structure re-
finement are reported in Table IV. They in-
deed are characteristic of the relaxation of
the structure. The La-0 distances increase
and the lanthanum polyedron appears more
regular than in La,NiQ, 4. In addition, the
Ni-O(1} distance is shortened. Both effects
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TABLE IV
INTERATOMIC DISTANCES (A) IN La,NiQ, »; AND IN

La,NiO4 FROM RiETVELD REFINEMENTS OF
NEUTRON POWDER DIFFRACTION DATA
LazNiO,“w
. (according to
La,NiQ; 5 Jorgensen
(this work) et al) (5)

LaOy polyhedra

La-0(1) 2.624(1)( x4) 2.538(3)( % D)
2.654(3)(x 2)
La-0(2) 2.33245) 2.324(4)
27713 x D) 2. 78H8)(x2)
2. 768(4H % 2) 2.569(4)( x 2)
La-0(3)* 2.38(1)-2.50(2)
La-0(4)* 2.36(1)-2.41(1)
NiQ; octahedra
Ni-O(1) 1.9306(1)( x4)  1.9486{)(x 4)
Ni-0O(2) 2. 24203 x 2) 2.261(4)( % 2)
Ni-0(3) 2.19(1)(x2)
O(1)-0O(n) distance
oM)-0(1) 2. 728(1H(x2) 2.7328(1)(x2)
2.732000(x2)  27I8S(THx2)
O(-02) 2.958(2)( x4) 2.972(4)(x2)
2.994(1)(x2)
O(1H-0(3)° 2.58(1)-2.97()

Note. Numbers in parentheses are standard devia-
tions in units of the last significant digit.

4 Only the shortest and the longest distances have
been reported.

tend to relieve the constraint. The
0(2)-0(3) and O(3)-0(4) distances have not
been reported, since in the Fmmm space
group, the Q(2), O(3), and O(4) sites are
randomly occupied. In addition, as far as
the (NiQ,) octahedra are concerned, the dis-
placement of the O(2) oxygen atoms into the
0(3) site (= 0.5 A) involves the forma-
tion of two types of elongated (NiOy) octa-
hedra with dl. ,=2.242Aanddl, , =
2.194 A,

The ESR results obtained for La,NiO, 55
(g = 2.33 > g, = 2.03) can be interpreted
in various ways: the unpaired electron is
obviously located in the d,2_,2 orbital, giving
rise either to trivalent nickel ions with the
tggd}zvyz electronic configuration or possi-
bly, to monovalent nickel ions with the

.dadl2_» configuration. In the first case
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the trivalent nickel may be assumed to ac-
commodate a flattened octahedral site. This
configuration of trivalent nickel has actually
been observed only seldom. However, as a
result of the bond competition in STNdAl, 4,
Nij 0,0y, Ganguly ({7) observed an ESR sig-
nal characterizing trivalent nickel in such a
flattened octahedral site with g, = 2.25 and
g, = 2.05, which are close to our experi-
mental values. In the second case, the
monovalent nickel should occupy an elon-
gated octahedron. A similar ESR signal has
been observed in irradiated Li, ,Ni F (/8)
corresponding to Ni™ in a stretched octahe-
dral site (gy = 2.53 and g, = 2.10).

The observed ESR signal could also be
characteristic of trivalent nickel in an elon-
gated octahedron (15,4 configuration) but
with antiferrodistortive ordering (g, = g,
and g ., = % (g + g.))- In this case the
values of g, and gy would be equal to 2.03
and 2.33, respectively. However, these
values lead to unphysical calculated values
of gy (g, < 2) and does not seem to corre-
spond to antiferrodistortive trivalent nickel
(£5,d%). On the other hand, no ESR signal
has been detected for 5 < 0.25. The exis-
tence of intralayer antiferromagnetic inter-
actions in La,NiO,_ ; (5 < 0.25) probably
accounts for the disappearance of the ESR
signal. Thus, two hypotheses (Ni*':
Bdlz_ 2 or Nit: §,d2d)2_7) must be taken
into consideration for La,NiQ, ,;. Magnetic
susceptibility measurements as a function
of temperature are in progress in order to
decide between these assumptions.

The existence of Ni** cations in the
B5.d 2 electronic configuration implies
flattened octahedral sites. Rietveld struc-
ture refinement indeed shows a decreasing
Ni-0(2) distance (dy;_om < dyi_oe)s Which
means that the O(4)-0(2) electrostatic re-
pulsion (steric effect} would produce a
stress on the Ni-O(2) bond. However, the
octahedral site does not seem to be flattened
but, as pointed out before, the data should
be considered as average distances. Con-
versely, the formation of Ni* might result
from a disproportionation of Ni** {(schemat-
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ically 2Ni** & Ni* + Ni*"), as previously
suggested for La,NiO, (/5), where the dis-
proportionation would in fact represent a
two-dimensional charge density wave in-
volving the equilibrium

INiZF & N0 + Ni2=9+ (1)

Further experiments are needed to ascer-
tain the electronic configuration of the
nickel cations.

Conclusion

The electrochemical oxidation in alkaline
solution has been proved to be an efficient
tool for extending the oxygen over-stoichi-
ometry of La,NiO, ;. Valuesuptod = 0.25
have been reached. Structural data allow us
to conclude that the introduction of intersti-
tial oxygen atoms occurs in the (La,(,) lay-
ers, which involves in a first stage a relax-
ation of the structure resulting from steric
effects. The structure becomes almost te-
tragonal ({4,,.,.... - @ = b) and the ¢ parameter
continuously increases with & up to § =
0.17. Nickel(II} is oxidized into nickel(I1I)
and the absence of ESR signal for 8 < 0.25
could be related to the presence of antiferro-
magnetic interactions in La,NiO,_ ;.

For highly oxidized samples, typically for
8 = 0.17, electronic features become domi-
nant and the insertion of oxygen seems to
be fully explained by electronic phenomena.
On the basis of an ESR investigation of
La,NiO,,;, two hypotheses have been
taken into consideration:

—The presence of Ni** (f5,d_) in a
RHattened octahedral site due to the
O(4)-0(2) electrostatic repulsion (steric
effect).

—The presence of Ni* (15,d%d)>_2) in an
elongated octahedral site which would re-
sult from a disproportionation of Ni’* (elec-
tronic effect).

Based on an electron microscopy study
(10) a more thorough Rietveld structure re-
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finement of the neutron diffraction data, tak-
ing into account the interstitial oxygen or-
dering, is in progress in order to determine
the exact structure of La,NiQ, ,5 and to un-
derstand the transport properties of this ma-
terial.
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