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The electrochemical oxidation of Sr,Fe,Os; brownmillerite-type ferrite and La,MO, (M = Ni, Cu)
oxides is reviewed. The oxidation process appears as a very powerful method for preparing high
oxidation states of transition-metal oxides. The characterization of the reaction products shows that
they are well described as intercalation compounds of oxygenated anions. The fact that the intercalated
species are the same as the host anions distinguishes these materials from most other intercalated
compounds, in which guest species usually are chemically different from the host ions. The question
of the nature and site of the intercalated species as well as that of their diffusion into the sample bulk
is discussed on the basis of various characterizations and physical measurements, as well as within the
scope of recent considerations of the electronic distribution in oxides of transition elements in a high

oxidation state. © 1992 Academic Press. Inc.

Introduction

The interaction of oxygen with an oxide,
such as the insertion of O?~ species into
the network of non-stoichiometric oxides, is
usually described in terms of heterogeneous
equilibrium. For instance, for binary oxides
such as MO,_, (M = Pr, Ce) (I) with avail-
able oxygen vacancies, the following equi-
librium may be written in the Kroger—Vink
notation (2):

Op + 2My2 Vi, + 2 M}, + (1/2) O, (g).
(1

The formation of line phases as for PrO,
(y = 1.714, 1.778, 1.800, 1.818, 1.833) (1)
shows that oxygen vacancies are generally
ordered.

The occupancy of interstitial sites in
overstoichiometric oxides, as for instance
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UO,,,, may be expressed in the following
way:

@

In the latter system, interstitial oxygen
atoms are not randomly distributed, but
form various types of complexes depending
on the x value, as reported for example by
Willis (3, 4).

Recently some of us, using an electro-
chemical process in aqueous solution, suc-
ceeded in oxidizing ternary oxides of transi-
tion elements such as Sr,Fe,0s and La, MO,
(M = Ni, Cu). We showed that the oxida-
tion leads to mixed-valence oxides con-
taining (at least formally) high oxidation
states such as Fe(IV), Ni(III), and Cu(III)
(5-8). From the point of view of thermody-
namics, the reaction can be formally de-
scribed as a heterogeneous equilibrium as

(1/2) 0, (=207 + 2 h-.
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previously mentioned. Referring to equilib-
rium (1) or (2), we may write for the oxida-
tion of the brownmillerite Sr,Fe,O;

SrFeO, 5, + (8/2) O,
2 SrFeO,_, or SrFe0, 5, 5,
(3)
where 8 = 0.50 — x.

For the La,MO,-type oxides whose struc-
tures are related to that of K,NiF,, equilib-
rium (2) is more relevant to the electrochem-
ical oxidation.

La,MO, + (5/2) 0, (g) = La,MO,.,. (4

However, an electrochemical reaction
carried out at room temperature is supposed
to belong to the “‘chimie douce’ processes;
therefore, it is not expected to lead system-
atically to the thermodynamically most sta-
ble phase as assumed for heterogencous
equilibria, which are generally investigated
at high temperature. In other words, as
clearly stated for instance in the case of
room temperature lithium insertion into
V,0s5 (9), kinetics plays a very important
role in the formation of metastable phases
provided that their free energy is lower than
that of the starting materials. Consequently,
for the interpretation and rationalization of
the experimental results, it seems much
more appropriate to use the concepts and
models worked out in the field of interca-
lation.

During the last ten years many works
have been devoted to chemical or electro-
chemical intercalation (10-14). We will
adopt here the definition of the term ‘‘inter-
calation”” proposed by Wittingham (/0):
*“. . . it describes the reversible insertion
of guest species into a lamellar host struc-
ture with maintenance of the structural fea-
tures of the host. The term can equally be
applied to one- and three-dimensional
solids. . . .”

Intercalation compounds may be classi-
fied according to the nature of the interca-
lated species or to that of the host material.

Intercalated species can be cations,

anions, or neutral species. The latter are
generally polar molecules of the solvant,
amines, or transition-metal halides. Interca-
lation of charged species usually involves a
redox process between guest species and
the host network: the insertion of an A*
cation, for example, results from the ioniza-
tion of the electropositive guest element A,
which reduces the host matrix Z into Z~.
Well-known examples are those of alkali
metals and hydrogen. An electronegative
atom B or molecule B, may be ionized into
B~ anions, leading to oxidation of the ma-
trix to Z*.

Several kinds of intercalation compounds
can be distinguished according to the host
composition: those related to graphite, di-
chalcogenides of transition metals such as
TiS, and TaS§,, layered oxides such as
Mo0O,, V,0s, B-alumina and clays, layered
oxychlorides such as FeOCI and FeMo
0,Cl, halogenides such as ZrCl and ZrCl,,
and some metallic alloys such as LaNis,
which can intercalate hydrogen (10).

Whereas cationic and molecular interca-
lations are known and have been investi-
gated for a long time, anionic intercalation
implying the oxidation of the host matrix
has been thoroughly studied only in the case
of graphite salts containing anions such as
HSO, , NO; , and MF; (M = As, W, Re,
Os, Ir, Pt, . . .)(I[). Anionic intercalation
involving an exchange reaction has also
been mentioned for oxyhydroxide of transi-
tion elements such as NiOOH (/5). How-
ever, to our knowledge, no example of
room temperature intercalation of oxygen
species—atomic, molecular, or an-
ionic—has been reported before now.

Regarding electrochemical intercalation
in aqueous solutions, cathodic reduction in
acidic media of V,05; and MoO,, for in-
stance, have been extensively studied (12,
14). The reaction may be written as follows:

XAt + (1 = x)(H;0)*
+ y(H,0) + e~ + MoO,
2 A (H;0)i (H,0),(MoO;) .
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As mentioned above, the reaction product
depends not only on the energetic, but also the
kinetic balance as is usual in electrochemical
reactions performed at room temperature.

Diffusion in the solid phase is the limiting
step for kinetics. It depends on various pa-
rameters, but most authors consider the size
effects as predominant: the smaller the in-
serted species and the larger the channels,
the easier the diffusion. On this basis, one
can readily predict that cationic intercala-
tion must be easier than anionic intercala-
tion, since removing electrons from an atom
decreases its ionic radius whereas adding
electrons makes it bigger. This assertion ex-
plains why in oxide—ion conductors, the mo-
bility of the O?~ anions is noticeable only
at high temperatures as in stabilized ZrO,
(above 600°C) and in Bi-containing Aurivill-
ius-type (n = 1) phases such as Bi,V,0;
(Ta0ec = 107> Q" cm™1) (16). The values of
the 02~ diffusion coefficient, D, determined
at 700°C for nonstoichiometric perovskites,
are close to 1077-10"% cm?s ™!, but extrapo-
lation to room temperature gives values as
low as 10~ or 10~ ¥ cm?s ! (7). However,
some of us have clearly shown that electro-
chemical oxidation of dense ceramics hav-
ing densities higher than 90% and containing

crystallites of about 1-100 um? leads to ho-
mogeneously oxidized materials; i.e., that
the oxidation, and therefore oxygen inser-
tion, indeed reaches the bulk.

The aim of the present paper is to show
that electrochemical oxidation can be a
powerful room temperature preparative
method and to give evidence of oxygen in-
tercalation into the bulk material on the ba-
sis of results obtained from various tech-
niques such as X-ray diffraction (XRD),
neutron diffraction, electron diffraction and
microscopy (TEM), and Mdossbauer spec-
troscopy. For this purpose, we have chosen
two types of ternary oxides.

The first one is Sr,Fe,O; it has the brown-
millerite structure and can be considered, as
shown by Grenier and co-workers (18, 19),
as the end member of a line-phase series of
formula A,Fe,0,,_; (A = Ca, La), where
{(n — 1) is the number of octahedral layers
that are separated by one layer of FeO, tet-
rahedra; the oxygen vacancies are ordered
along [101], rows within the tetrahedral lay-
ers (Fig. 1). These authors have also experi-
mentally shown that the reversible reaction
of these compounds with oxygen, at high
temperature, involves the formation of
(0)); species (20).

SrFeO3

SrFeOZ'SO

F1G. 1. Idealized structures of the perovskite SrFeQ; and of the brownmillerite StFeO, 5.
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&la

F1G. 2. 1dealized structure of La,MO, compounds
(K;NiF,-type).

The second family of compounds has the
general formula La,MO, (M = Ni?*, Cu*");
they exhibit a structure related to that of
K,NiF, (I,/mmm), which can be described
as a succession of (L.a,0,)*" rock-salt layers
alternating with (MO,)*>~ layers of MO,
squares sharing corners with nearly 180°
M-0O-M bonds (Fig. 2).

Electrochemical Experiments
Experimental

The procedure for the electrochemical
measurement has been described elsewhere
in detail (21). Experiments were performed
at25°Cinair in a two-compartment cell filled
with a 1N KOH solution with a three-elec-
trode device.

—the reference electrode was HgO/Hg
filled with IN KOH (E,, = +0.098 V/SHE).
All potentials quoted in this work are re-
ferred to this electrode.

—the counter electrode was a gold foil of
large area.

—a rotating disk electrode was used as
the working electrode; the disk was a pol-
ished ceramic (¢ 8-32 mm; = 2 mm thick;
0.4-10 g). Reliable measurements required
control of the textural characteristics of the
electrodes, i.e., the roughness factor, the
microstructure, and especially the density
of the ceramics, which should be higher than
90% (21).

The cyclic voltammograms (I, E) were
obtained by a potentiodynamical device. A
typical voltammogram is given in Fig. 3.
One can observe:

—an oxidation plateau (designated O,)
arising between 350 and 700 mV (depending
on the nature of the 3d metal M); it corre-
sponds to the following overall reaction:

AMO, + 25 OH™ —
AMO, ; + 8H,0 + 28e".

d
351 0,
391 LOH — ZHJ’J + 02 e
25+
N‘Q 20+
k5
« 157
£
10
VT 01
+ A+ -
05+ Msnu . l\"‘g‘urt"’e
Wo 800
ElmV)
-05+ R
n+ ! {nel)s
Msurf. -~ Msurf.*

F1c. 3. Typical cyclic voltammogram (I, E) obtained
on 34 transition-metal oxides.
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TABLE I

CRYSTALLOGRAPHIC AND MOSSBAUER RESONANCE
DATA oF SrFeO,5 BEFORE AND AFTER ELECTRO-
CHEMICAL OXIDATION

Before After

polarization polarization
Chemical StFe0; 53+6.02 SrFeOs p929.02
Analysis
XRD Orthorhombic Cubic
a=5519 = 0.005 A
b=1554 =001 A a =3.845 % 0.005 A
¢ =566 %0005 A
(ac = 3.930 A) (a, = 3.845 A)
2 sextuplet 1 singlet
magnetic paramagnetic
Mossbauer 50% Felll  50% Felll 100% Fe'v
spectroscopy Oy Ty O,
§=10376 & =0.189 &6 = 0.06
mms~! mms™! mm s~ !

—above 700 mV, oxygen evolution oc-
curs according to the reaction:

40H  —-2H,0 + O +4e".

The applied potential for the electrochemi-
cal oxidation was usually chosen as that cor-
responding to the beginning of the plateau.

—a reduction peak in the 200-400 mV
range is attributed to the reduction of
M(Il+1)+ tO Mn+‘

Electrochemical Oxidation of SrFeO, s, (5)

The starting material SrFeQ, ( was first
prepared by firing a stoichiometric mixture
of SrCO, and Fe,0, in air at 1200°C. Then
the SrFeO, ;.. phase was obtained by an-
nealing SrFeO, ¢ under flowing argon at
1000°C for 18 h. In order to achieve ceramics
of high density, pelleted samples were sin-
tered under flowing argon for 4 h at 1000°C
and then quenched. The electrode was char-
acterized with powder XRD, chemical anal-
ysis, and “’Fe Méssbauer spectroscopy. The
results (Table I) are in good agreement with
those of previous authors (22, 23); the com-
position is close to SrFeQ, s;, and the XRD

pattern (Fig. 4) as well as the Mossbauer
spectrum (Fig. 5) are characteristic of the
brownmillerite-type phases; i.e., Fe''l ions
are located in both octahedral and tetrahe-
dral sites.

A preliminary electrochemical study has
shown that the optimal conditions for oxi-
dizing this compound were a polarization
potential of 400 mV for 60 h. Under these
conditions, the initial value of the open-
circuit voltage (OCV) is equal to —~ 120 mV;
polarization increases the OCV to +380
mV. This potential corresponds to the oxy-
gen chemical potential in the material; its
strong evolution gives evidence of a drastic
variation of the material composition at
400 mV.

XRD and Méssbauer resonance data for
samples before and after anodic polarization
(Figs 4 and 5 and Table I) show that the elec-
trochemical treatment is a bulk treatment
leading to a fully oxidized material. No trace
of the starting SrFeO, s; could be detected.
The XRD pattern is characteristic of the cu-
bic perovskite; the unit-cell parameter a, =

before polarization

after polarization

60 S5 50 45 40 35 30
28

Fic. 4. XRD diffraction patterns of an SrFeO, g -
based electrode before and after electrochemical oxida-
tion to SrFeO;.
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F1G. S. Mossbauer spectra at 300 K of an SrFeQ, 5;-
based electrode before and after electrochemical oxi-
dation.

3.845 + 0.005 A is in good agreement with
previous data reported for SrFeQ, prepared
under high oxygen pressure (23). In addition,
the determination of the oxidation state of
iron using a redox titration leads to 100%
Fe(IV) after polarization, which corrobo-
rates the SrFeO, formulation.

Madssbauer resonance data nicely confirm
these results: the spectra before and after
polarization reveal a large evolution of the
oxidation state and the iron coordination.
After treatment, the spectrum characterizes
iron in the exclusive oxidation state IV, in
complete agreement with chemicalanalysis.
Moreover the value of the quadrupole split-
ting (A = 0) accounts for a symmetrical oc-
tahedral site of iron and fully supports the
cubic symmetry detected by XRD.

Very recently similar results have been
found for Sr,Co,0;, which was oxidized into
stoichiometric SrCoQ, (24).

Electrochemical Oxidation of
La,MO,  ;Phases (M = Ni, Cu)

The starting materials were prepared by an
usual solid-state reaction of a stoichiometric

mixture of La,0, (prefired at 900°C) and MO
(M = Ni, Cu) oxides heated at 1050°C and
ground repeatedly. They were also obtained
from a solution of nitrates of lanthanum and
3d metal that was dehydrated at 150°C and
slowly fired up to 1050°C.

After annealing at 1200°C in air and
quenching, the determination of the nickel
oxidation state and of the La/Ni ratio by
chemical analysis led to a composition close
to La,NiO,,,. Then the sample was an-
nealed at 1300°C under argon for 24 h and
quenched. Under these conditions, the
La,NiO, ¢ composition was reached.

The copper compound was annealed in
air at 1050°C for 24 h and then quenched;
the resulting composition was close to
La,Cu0, .

The product materials were finely ground
and pressed into disks. They were then sin-
tered in air at 1050°C for La,CuQ,,—at
1300°C under argon for La,NiO, o;—and fi-
nally quenched. The density of the ceramics
was close to 95%. After polishing, the disks
were used as working electrodes.

La,NiO, was polarized at 600 mV for vari-
ous times. The maximum oxidation state of
nickel was 52% Nil'' (La,NiQ,,); it was
reached after 7 days (6). In addition, an in-
crease of Egcy from —200 mV up to +440
mV was observed (Table II). Similarly after
a polarization at 450 mV for 3 days, an oxi-
dized material of La,CuO,y composition
(18% Cu'™) was obtained (7, 8).

TABLE 11

CRYSTALLOGRAPHIC DATA AND OCV POTENTIALS
oF La,MO, PHASES

© @ EOCV
V (A) c (A) (mV)
La,CuOy, 5
5 = 0.01 380.2 13.139 350
5 = 0.09 381.6 13.203 435
La,NiOy, 5
5 =003 377.2 12.609 —200
5 = 0.26 377.2 12.681 440
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The formation of mixed valency of the
3d cations obviously gives rise to drastic
changes in the physical properties of these
materials.

Thus La,NiQ, ; is a p-type semi-conduc-
tor; the thermal evolution of its electrical
conductivity follows an Arrhenius-type law
with a thermal activation energy E, = 0.07
eV. Comparison of the thermal evolution of
the Seebeck data with that of the conductiv-
ity indicates small-polaron conduction with
a motional enthalpy AH,, = 0.05 eV; a small
excitation energy of the small-polaron holes
is therefore indicated. During oxidation, the
evolution of the Seebeck coefficient shows
a progressive change into an n-type semi-
conductor, and the non-Arrhenius thermal
evolution of the electrical conductivity sug-
gests that the motional enthalpy of the polar-
ons increases with temperature.

The case of L.a,CuQO, is even more impres-
sive. The starting material behaves as an
antiferromagnetic, p-type semiconducting
material; but, after oxidation, its electrical
resistivity and thermoelectric power at 300
K strongly decrease by a factor of 50 and
10, respectively. Moreover, the thermal
evolution of the resistivity of the oxidized
material is typical of a metallic behavior and
exhibits a superconducting transition
around 50 K (Fig. 6) (8).

XRD data (Table II) show a relatively
small increase—or even no variation—of
the unit cell volume, but a significant en-
hancement of the ¢ parameter (0.57% and
0.48% for the Ni and Cu compounds, re-
spectively). This c-axis elongation is similar
to that observed in fluorinated L.a,CuO,
(25); it can be attributed to the insertion of
oxygenated species in the lattice.

Discussion

Obtaining highly oxidized materials at
room temperature raises some basic ques-
tions such as:

o4 o&d’dﬁwﬁp
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Fic. 6. Temperature dependence of the electrical
resistivity of La,CuQ, before and after electrochemical
oxidation.

(i) Can this reaction be considered as an
intercalation process?

(ii) What are the nature of the intercalated
species and of the occupied sites?

(iii) What is the mechanism of the electro-
chemical oxidation?

(i) At first it should be pointed out that
the reaction is reversible as expected for an
intercalation reaction. For instance La,
CuQ, (, is recovered after a polarization at
200 mV, i.e., in the reduction-peak region
(Fig. 3), for 12 h of the oxidized La,CuQ,
phase. It is also interesting to notice that the
starting material can always be recovered
by thermal decomposition (TGA measure-
ments and in situ IR studies (8, 26).

(i) The complete transformation of the
oxygen-deficient Sr,Fe,Os into the perov-
skite SrFeQ; (or similarly of Sr,Co,0s into
SrCo0,) obviously demonstrates the inter-
calation of ‘‘foreign’’ species into the parent
network. The structural evolution of the 2D
La,MO, phases is less striking although a
significant c-axis elongation was observed.

For SrFeO; the chemical analysis as well
as the Mossbauer resonance data indicated
the presence of only Fe!¥. In addition, the
XRD pattern was characteristic of the cubic
perovskite structure, and the Sr/Fe ratio re-
mained unity. Due to electrical neutrality,



ELECTROCHEMICAL OXYGEN INTERCALATION INTO OXIDE NETWORKS 27

these results rule out that the intercalated
species are OH™ as might reasonably have
been expected. In the same way the results
of the chemical analysis and of the TGA
measurements for La,CuQOy,, ; prove that the
intercalated species are not OH ™ in this case
either (8). This conclusion is also corrobo-
rated by the absence of an OH-band in the
IR spectra (27). In addition, NMR experi-
ments have not revealed the presence of
protons. On the other hand, our XPS mea-
surements have not confirmed previous as-
sumptions, which supposed the existence of
unusual O; or O3~ species. Therefore we
believe that the inserted species are formally
O?" anions.

In the brownmillerite-type materials, in-
tercalated O~ anions can easily take place
in vacant sites of the network (Fig. 1) with-
out significant modification of the parent
structure, i.e., of the cationic network. But
when all these vacant sites are filled, as in
SrFeO; or in SrCo0Q;, no difference can be
observed between ‘‘guest’ and ‘‘host’’ spe-
cies. This feature makes the oxygen interca-
lation somewhat different from the well-
known cationic intercalation in oxides.
However, from this point of view the
La,MO, phases behave differently, as the
normal sites of the K,NiF,-type structure
are completely occupied. Therefore over-
stoichiometric oxygen atoms must be lo-
cated in interstitial sites. Various evidences
have been given. For instance, neutron-dif-
fraction experiments on La,CuO,q (28)
have confirmed that the extra oxygen atoms
are in the O, position (1/4, 1/4, 0.258) of the
structural model of Chaillout ez al. (29). This
O, site is located in the La,0, planes in a
position similar to that of the oxygen atoms
in Nd,CuO, (Fig. 7). The extra oxygen is
surrounded by four lanthanum atoms and
four oxygen atoms and causes local struc-
tural rearrangements; for instance, an in-
crease of the lanthanum coordination num-
ber is observed by XPS (27).

Contrary to the general tendency in inter-

F16. 7. Electron diffraction pattern of La,NiOy
along the [101] zone axis showing extra spots due to
intercalated oxygen atom ordering.

calated compounds, the unit-cell volume
variations are small or even negative as for
SrFeO;. A volume increase can be easily
explained in the case of cation insertion,
considering that both the intercalation of
species and the eventual reduction of the
host network contribute to an expansion of
the material. Conversely in the case of oxy-
gen intercalation, the creation of highly oxi-
dized cations of smaller ionic radius act to
compensate the rather big size of the inter-
calated species O™,

Finally, evidence of intercalation has
come from TEM investigations. Figure 8
shows an electron-diffraction pattern of
La,NiO, 5 along the [101] zone axis. Extra
spots can be observed along the [111] and
(111] directions. A structural model has
been proposed by Demourgues er al.; it
shows the direct correlation between the
amount of intercalated oxygen and the type
of superstructure or, in other words, the
occurrence of various stages during the oxy-
gen intercalation with the formation of mi-
crophases of definite composition (30).

(iii) The mechanism of electrochemical
oxidation can be decomposed into two main
steps:
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F1G. 8. Schematic representation of the location of
the extra oxygen atom Oy in La,CuO, ;.

—-a surface oxidation involving electroac-
tive species depending on the nature of the
electrolyte.

—a bulk oxidation involving the diffusion
of charged or non-charged species which
eventually can be the same as the electroac-
tive species occurring during the surface ox-
idation.

The diffusion phenomena strongly de-
pend on such electrode features as struc-
ture, texture and physical properties.

For the electrochemical oxidation the po-
tential was set at a value lying in the range
of the diffusion plateau of Fig. 3. We may
note that at such a potential the theoretical
activity of oxygen at the surface is very large
(theoretically several orders of magnitude).
The oxidation mechanism is not presently
known; its determination requires a further
investigation now in progress. However, the
mechanism of oxygen evolution at the sur-
face of similar materials has been exten-
sively studied during the last decade
(31-33). More especially we have proposed

a mechanism involving 7 steps for the La; _,
Sr.FeO;_, materials (34).

An alternative mechanism has been pro-
posed by Goodenough et al. (35); these au-
thors assume that:

— the metal atoms of the oxide retain their
full oxygen coordination throughout the re-
action by binding oxygen from the water of
the electrolyte and exchanging the protons
of the bound water to come into equilibrium
with the pH of the electrolyte.

—the surface charge on the oxide remains
constant.

Finally, we also note with Goodenough that
the oxygen-evolution reaction on oxides is
found where the equilibrium

Mot — O =2Mi - 0~ &)

is not biased too strongly to the left. With
these assumptions, the oxygen-evolution re-
action proceeds as follows, where M is a
transition-metal ion for which Eq. (5) is
satisfied,

-~ (OH)- + OH™ —
MGt — 0 + H,O +e”, ()]

which, from Eq. (5), is followed by
-0 +O0OH - M4

sfe sfc

—O0H™ +e, @)

where equilibrium (5) has made the surface
oxygen an active site for attack by an OH~
group of the solution. This equilibrium also
makes possible the next two steps,

- O0H™ + OH™
> MaV+t — (0" +H,0+e” (8
Mg?(f D — (02)2_ I Mg’flc+ D+

-0 +11204, 9

which returns the surface to equilibrium (5).
Clearly the insertion of interstitial oxygen
into the bulk can only occur between steps
(7) and (8); therefore, the phenomenon is

predicted to occur where equilibrium (5) is
found and at potentials where the oxygen-
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evolution reaction is just being initiated or
is in competition. If step (8) is the rate-
determining step of the oxygen-evolutionre-
action, then the competitive oxidation reac-
tion is
MG - -
2MG -

w — OOH —
. .0124. .. sz - OH-,
(10)

which returns the surface to its condition in
Eq. (6). In order for step (10) to compete
with (8) + (9), it is necessary to be able
to insert interstitial oxygen having a good
mobility at room temperature. This condi-
tion appears to be satisfied in the K,NiF,
structure and in the oxygen deficient perov-
skites. It is also tempting to propose that
equilibrium (5) is also playing an important
role in the oxygen-diffusion mechanism. An
electron transfer from O?~ to M@’ would
create a more mobile O; species, and the
transferred electron could be returned after
a diffusion jump so as to be carried with the
mobile ion.!

Conclusion

The results obtained on ceramics of ter-
nary oxides of perovskite and K,NiF, — type
structures clearly show that electrochemical
oxidation is a very powerful method for the
preparation of materials containing high oxi-
dation states of transition elements. The re-
action products have been characterized,
and various features have allowed us to de-
scribe them as intercalation compounds of
oxygenated anions. However, the interca-
lated species being similar to the host
anions, these materials appear somewhat
original with respect to previous interca-

"It is worthwhile to point out that, according to pre-
vious authors, we have observed that La,CuQ,, ; (3 =
0.05) undergoes a phase separation, namely ‘‘a spinodal
decomposition,” at ca. 240 K; such a behavior would
also suggest an easy oxygen diffusion at low tempera-
ture (36-38).

lated compounds in which guest species
usually are chemically different from the
host ions. The exact nature of the diffusion
mechanism for the oxygen is not yet clearly
stated. Further investigations are now in
progress in order to clarify this point, as well
as to extend this efficient electrochemical
preparative method to other oxide series.
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