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Abstract The review is devoted to the analysis of
experimental results on electrochemical and physico-
chemical properties of the perovskite-related oxide
phases obtained at scienti®c centers of the former Soviet
Union. The main attention is focused on oxides with
high electronic conductivity, which are potentially useful
as electrodes for high-temperature electrochemical cells
with oxygen-ion conducting solid electrolytes and in-
terconnectors of solid oxide fuel cells, and on mixed
ionic-electronic conductors for oxygen separation
membranes. Along with perovskite-like solid solutions
based on LnMO3ÿd (Ln is a rare-earth element,
M = Cr, Mn, Fe, Co, Ni) and SrCoO3ÿd, properties of
the oxide phases Ln2MO4�d (M = Cu, Ni, Co) with the
K2NiF4-type structure are brie¯y reviewed.

Key words Perovskite � Conductivity � Oxygen
permeability � Electrode � Thermal expansion

Introduction

Perovskite-related oxides are of great interest as mate-
rials for solid oxide fuel cells (SOFCs), oxygen separa-
tion membranes, membrane reactors for hydrocarbon
partial oxidation, solid electrolyte oxygen pumps and
sensors. Properties of such oxides, determined by cations
occupying A and B sites of the ABO3 perovskite crystal
lattice as well as external conditions such as temperature
and oxygen partial pressure, vary over a wide range and
can be controlled by a partial substitution in both cation
sublattices. In addition, there exist several derivative
structures exhibiting unique transport properties

(brownmillerite, orthoferrite, K2NiF4-type phases,
Aurvillius and Ruddlesden-Popper series). This o�ers
considerable scope for developing novel materials with
predetermined characteristics required by speci®c ap-
plications.

The present part of our review, devoted to the de-
velopments of oxygen ion conductors in the former
Soviet Union, is focused on the experimental results
from studying perovskite-related oxide phases. Among
the variety of such oxides, we have chosen only materials
which are considered to be applicable in high-tempera-
ture electrochemical devices. This is, ®rstly, oxides with
high electronic conductivity, promising for electrodes of
solid-electrolyte cells and interconnectors of SOFCs.
Secondly, our attention is given to the developments of
mixed conductors for oxygen electrochemical mem-
branes of various types. Since the number of recent
publications concerning high-temperature superconduc-
tors and K2NiF4-type oxides is very large, we have made
an attempt to brie¯y list the articles which may be in-
teresting from the viewpoint of oxygen electrochemistry.
Analogously, the research articles concerning perovs-
kite-type proton conductors, the synthesis and process-
ing of ceramics, and the thermodynamic properties of
the oxides are only listed in order to provide corre-
sponding references for scientists interested in such in-
formation. The authors did not take into consideration
the mechanisms of electronic transport in perovskites
and defect equilibria, more detailed analysis of which
can be found in monographs [1, 2].

Perovskite-type LnCrO3 (Ln = La±Lu, Y)

Rare-earth element (REE) chromites with perovskite-
like structure ®nd wide applications as materials for
interconnectors of SOFCs, heaters of high-temperature
furnaces, and electrodes of various solid-electrolyte cells
[1]. This is caused by such properties of the chromites as
a high electronic conductivity at temperatures above

J Solid State Electrochem (1999) 3: 303±326 Ó Springer-Verlag 1999

V.V. Kharton (&) � A.A. Yaremchenko � E.N. Naumovich
Institute of Physicochemical Problems,
Belarus State University, 14 Leningradskaya Str.,
220080 Minsk, Republic of Belarus
e-mail: kharton@fhp.bsu.unibel.by
Tel.: +375-172-207681
Fax: +375-172-264696



1170 K, high melting point, stability in both reducing
and oxidative environments, as well as thermal expan-
sion coe�cients (TECs) close to that of stabilized zir-
conia.

Phase diagrams and selected phase relationships were
reported for the Ln2O3±Cr2O3 systems with Ln = La
[3±5], Nd [3, 5], Sm [3, 5, 11], Eu [5, 6, 11], Gd [3, 5, 7,
11], Pr and Tb [8], Dy [8, 9, 11], Y [3±5, 11], and Sc [3, 5,
10, 11]. Owing to the small ionic radii of Sc3�, the per-
ovskite phase in the system Sc2O3±Cr2O3 does not form
[3, 5, 10]. Instead, there are relatively large ®elds of solid
solutions based on chromia (up to 28 mol% Sc2O3) and
scandia (up to 10 mol% Cr2O3) in this system. In the
range of 73±85 mol% of Sc2O3, existing c-solid solutions
based on the the Cr2O3�3Sc2O3 compound were reported
[3, 5, 10, 11]. For other rare-earth elements (Ln = La±
Lu, Y), except cerium, the formation of perovskite
phases LnCrO3 is observed [1, 3, 8]. Cerium chromite
was found to be stable only in reducing atmospheres [8].
The phase diagrams of Ln2O3±Cr2O3 (Ln=La, Nd, Sm,
Gd, Y) are similar to each other and characterized by
extremely narrow ®elds of the forming solid solution [3,
11]. Perovskite-type chromites were ascertained to melt
congruently in the temperature range of 2400±2800 K
(Table 1), but the melting temperature tends to decrease
with the decreasing ionic radii of the REE cations.

At high temperatures, REE chromites are subject to
thermal dissociation associated with evaporating
chromia [3]. Owing to the decreasing stability of the
perovskites with a decreasing tolerance factor, the de-
creasing REE cation radii results in a decreasing de-
gree of thermal dissociation. For example, the degree
of decomposition of the LaCrO3 and YbCrO3 speci-
mens after annealing in an argon atmosphere at

2100 K for 0.5 h was as high as 5±10 and 70 vol%,
respectively [3]. The perovskite-type chromites were
reported to be stable in relation to alkalis and nu-
merous acids [8].

The crystal structure of LnCrO3 corresponds to the
orthorombically distorted perovskite at room tempera-
ture, transforming into the perovskite-like rhom-
bohedral phase at 563� 5 K [3, 14]. The orthorhombic
distortions increase regularly with the decreasing radii of
the REE cations, and no ``orthorhombic $ rho-
mbohedral'' phase transitions were established for
chromites of Pr, Nd, Sm, and Y at temperatures below
1170 K [14]. The values of the thermal expansion coef-
®cients (TECs) calculated from the dilatometric data are
listed in Table 2.

Data on the kinetics of solid-state synthesis and
sintering of LnCrO3 as functions of temperature, start-
ing materials, atmosphere, and preparation methods
have been published [1, 8, 20±31]. In order to produce
single-phase reactive powders of chromites, use of the
techniques of either decomposition of metal nitrates (or
organic precursors) or coprecipitation is desirable [1].
The solid state reactions in oxidative atmospheres were
reported to be, as a rule, much faster in comparison with
those in inert and reducing atmospheres. However,
evaporation of chromia may occur in oxidizing atmo-
spheres, resulting in formation of B-site-de®cient per-
ovskites and a variation in their properties [27]. In the
reducing atmospheres, a partial incorporation of chro-
mium cations into interstitials of the perovskite crystal
lattice can take place [27]. The rate of the solid state
synthesis can be increased by doping chromites with
moderate amounts of copper oxide [22, 25] or lithium
oxide [29, 30].

Table 1 High-temperature stability limits of perovskite phases

Ln LnCrO3 LnCoO3

Process Atmosphere T (K) Ref. Process Atmosphere T (K) Ref.

La melting argon 2790 � 50 [8]
melting argon 2703 � 30 [4, 5]
melting air 2703 � 30 [4]

Pr melting air 1793 � 10 [12]
Nd melting argon 2690 � 50 [8] melting air 1683 � 10 [12]

melting argon 2603 � 30 [5]
Sm melting argon 2670 � 50 [8] melting air 1617 � 4 [13]

melting argon 2573 � 30 [5]
Eu melting argon 2550 � 50 [8] melting air 1610 � 4 [13]

melting argon 2573 � 30 [5]
melting argon 2563 [6]

Gd melting argon 2618 � 50 [8] melting air 1593 � 10 [12]
melting argon 2623 � 30 [5, 7] decomposition air 1528 � 5 [13]

Tb melting argon 2560 � 50 [8] decomposition air 1428 � 5 [13]
Dy melting argon 2550 � 50 [8] decomposition air 1358 � 5 [13]

melting argon 2593 � 30 [9]
Ho melting argon 2528 � 50 [8] decomposition air 1323 � 5 [13]
Er melting argon 2470 � 50 [8]
Yb melting argon 2430 � 50 [8]
Lu melting argon 2530 � 50 [8]
Y melting argon 2583 � 30 [4, 5]

melting air 2583 � 30 [4, 5]
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Among other important results, one can list the de-
tailed X-ray di�raction (XRD) data [31, 32], the results
on IR absorption [3], and thermodynamic properties of
selected LnCrO3 phases [33].

Electrical conduction in LnCrO3 occurs by the small-
polaron mechanism via transport of electron holes
localized at chromium ions (Cr4� cations) in the B
sublattice [31, 34]. The oxygen ion transference numbers
at a temperature of 1470 K were established to be less
than 1� 10ÿ4 [31, 34]. The values of the Seebeck coef-
®cient of LnCrO3 are essentially independent of tem-
perature in the range of 873±1273 K, which suggests a
temperature independence of the charge carrier con-
centration. Zemtsov et al. [31, 34] reported an absence of
monotonic dependence of electrical properties of the
chromites on the lanthanide cationic radii. The mini-
mum activation energy for electrical conductivity and
maximum conductivity determined for samarium chro-
mite was explained by the e�ect of the structure of the
4f shells of REE cations [31, 34]. Gordon et al. [35]
found that the conductivity of LnCrO3 (Ln=La, Nd,
Sm, Y) at 1250±2300 K decreases in the sequence
La > Nd > Y > Sm. Such dependence, correlating with
the activation energy for conductivity [35], may be
caused by an increasing overlap integral of the d-orbitals
of chromium cations and the p-orbitals of oxygen anions
with increasing lanthanide cation radii, which results in
increasing mobility of electron holes [1, 2]. A decrease in
oxygen partial pressure leads regularly to decreasing p-
type conductivity [34]. The values of the conductivity for
selected REE chromites and solid solutions based on
them are presented in Tables 3 and 4.

The electrical conductivity of the chromites to a
large extent depends on the preparation conditions and
pre-history of the ceramics (Table 5). This is caused,
®rstly, by the possible incomplete solid state synthesis
and a presence of impurity phases as well as by the

additional sintering of the ceramics at high tempera-
tures. In particular, annealing at temperatures above
1700 K was pointed out to result in increasing con-
ductivity in cases where perovskite phase dissociation
due to evaporation of chromia does not occur [27, 35,
45]. Secondly, the processes of oxygen exchange be-
tween chromites and the gas phase are relatively slow.
As a result, the ceramics pre-annealed in atmospheres
with a low oxygen pressure exhibit typically lower
conductivity, compared to the specimens pre-annealed
in air [27, 31, 35]. One should note also that the pre-
history determines the amount of impurities a�ecting
the conduction. For example, small impurities of cop-
per and molybdenum oxides were demonstrated to in-
crease conductivity of the lanthanum chromite ceramics
[28].

The solid solutions (Ln,A)CrO3)d (A = Ca, Sr, Ba)
and Ln(Cr,Mg)O3)d

As introduction of divalent cations into the crystal lat-
tice of REE chromites leads to a sharp increase of the
conductivity, LnCrO3 perovskites doped with alkaline
earth elements (AEE) and magnesium have attracted
considerable attention [31, 36, 41, 43±49]. In comparison
with other alkaline-earth dopants, the largest concen-
tration range of the existing single perovskite phase is
characteristic of the Ln1ÿxCaxCrO3ÿd ternary oxide
systems. The range forming solid solutions in these
systems was determined as 0 � x � 0:40 for Ln=La [46,
47], Pr [31, 48], Nd [31, 41], Sm [31, 41], Eu [31, 43], Gd
[31], and Y [46]. For Ln=Tb and Yb, the solid solution
range is 0 � x � 0:20 and 0 � x � 0:15, respectively [48].
The maximum solid solubility of calcium in the A sub-
lattice of the perovskites is a function of the synthesis

Table 2 Thermal expansion
coe�cients of LnCrO3-based
solid solutions calculated from
dilatometric data

Composition Averaged TEC values Ref.

Temperature
range (K)

a� 106 (K)1)

LaCrO3 300±500 7.5 [15]
540±1020 9.5

La0:95Ca0:05CrO3 300±1270 8.35 [16]
LaCr0:8Co0:2O3 570±970 14.6 [15]
LaCr0:6Co0:4O3 570±970 18.7 [15]
LaCr0:2Co0:8O3 570±970 20.9 [15]
La0:7Sr0:3Cr0:2Co0:8O3 470±870 19.0 [17]
La0:7Sr0:3Cr0:5Co0:5O3 470±870 19.0 [17]
La0:7Sr0:3Cr0:8Co0:2O3 470±870 14.5 [17]
PrCrO3 300±1180 8.5 [3]
NdCrO3 300±1180 8.3 [3]
Nd0:8Ca0:2Cr1ÿyAgyO3 (y = 0±0.2) 600±1180 9.3±9.9 [18]
Nd0:7Ca0:3Cr1ÿyAgyO3 (y = 0±0.2) 600±1180 9.9±10.1 [18]
Nd0:6Ca0:4Cr1ÿyAgyO3 (y = 0±0.2) 600±1180 10.8±11.0 [18]
Nd0:8Ca0:2Cr1ÿyZnyO3 (y = 0±0.2) 600±1180 9.2 [19]
Nd0:6Ca0:4Cr1ÿyZnyO3 (y = 0±0.2) 600±1180 10.4 [19]
SmCrO3 300±1180 8.6 [3]
YCrO3 300±1180 7.9 [3]
GdCrO3 300±1180 7.0 [3]
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conditions and the purity of the starting materials, which
leads to a de®nite variation in the literature data. For
example, an oversimpli®ed range forming the perovskite
phase Ln1ÿxCaxCrO3ÿd (Ln=La, Gd) has been pub-
lished [36, 44].

Since the di�erence of the ionic radii of REE for
strontium and barium cations is larger compared to
calcium, the solid solution formation range for the sys-
tems Ln1ÿxAxCrO3ÿd (A=Sr, Ba) is narrower in relation
to Ln1ÿxCaxCrO3ÿd. The Ln1ÿxSrxCrO3ÿd solid solutions

Table 3 Electrical conductivity
of solid solutions on the basis
of LaCrO3

Composition Conductivity (S/cm) Activation energy Ref.

300 K 970 K T (K) EA (kJ/mol)

LaCrO3 2.9 ´ 10)3 0.34 300±1370 19.8 [36]
La0:95Ca0:05CrO3 0.34 2.3 300±970 11.6 [37]
La0:95Ca0:05Cr0:5Co0:5O3 0.40 63 370±570 19.3 [38]
La0:95Ca0:05Cr0:8Ni0:2O3 0.14 ± 300±970 19.0 [37]
La0:8Ca0:2CrO3 0.44 7.1 300±1370 14.1 [36]
La0:8Ca0:2Cr0:8Fe0:2O3 1.1 ´ 10)2 9.2 ± ± [39]
La0:8Ca0:2Cr0:5Fe0:5O3 2.0 ´ 10)2 6.8 ± ± [39]
La0:8Ca0:2Cr0:2Fe0:8O3 1.4 ´ 10)2 12 ± ± [39]
La0:8Ca0:2Cr0:8Ni0:2O3 0.10 18 300±970 22.1 [37]
La0:85Ca0:15Cr0:8Co0:2O3 1.5 25 370±570 9.7 [38]
La0:85Ca0:15Cr0:5Co0:5O3 1.1 1.3 ´ 102 370±570 19.3 [38]
La0:85Ca0:15Cr0:2Co0:8O3 1.3 4.0 ´ 102 370±570 26.1 [38]
La0:7Ca0:3CrO3 2.4 18 300±970 11.5 [37]
La0:7Ca0:3Cr0:8Co0:2O3 3.3 45 370±570 9.7 [38]
La0:7Ca0:3Cr0:5Co0:5O3 1.8 85 370±570 15.4 [38]
La0:7Ca0:3Cr0:2Co0:8O3 11 1.8 ´ 102 370±570 14.5 [38]
La0:5Ca0:5CrO3 7.1 ´ 10)2 3.7 300±1370 18.4 [36]
La0:7Sr0:3CrO3 1.4 15 ± ± [17]
La0:7Sr0:3Cr0:5Co0:5O3 6.0 58 370±580 8.7 [17]
La0:7Sr0:3Cr0:5Co0:5O3 3.0 1.9 ´ 102 370±580 16.4 [17]
La0:7Sr0:3Cr0:2Co0:8O3 1.0 ´ 102 4.7 ´ 102 370±580 6.8 [17]
La0:8Sr0:2Cr0:8Ni0:2O3 0.43 ± 300±970 16.3 [37]
LaCr0:8Co0:2O3 6.6 ´ 10)5 ± ± ± [15]
LaCr0:6Co0:4O3 1.0 ´ 10)3 ± ± ± [15]
LaCr0:4Co0:6O3 4.0 ´ 10)3 ± ± ± [15]
LaCr0:2Co0:8O3 3.2 ´ 10)2 ± ± ± [15]
LaCr0:8Ni0:2O3 0.14 8.2 300±970 18.1 [37]
LaCr0:6Ni0:4O3 0.83 26 300±970 15.3 [37]
LaCr0:4Ni0:6O3 24 82 300±970 8.5 [37]
LaCr0:2Ni0:8O3 1.4 ´ 102 1.3 ´ 102 ± ± [37]

Table 4 Electrical conductivity
of REE chromites and solid
solutions based on them

Composition Conductivity (S/cm) Activation energy Ref.

870 K 1270 K T (K) EA (kJ/mol)

PrCrO3 8.0 ´ 10)2 0.18 870±1270 28.0 [34]
Pr0:8Ca0:2CrO3 7.1 9.9 870±1170 29.9 [40]
Pr0:6Ca0:4CrO3 12 23 870±1170 26.1 [40]
NdCrO3 0.13 0.17 870±1270 17.4 [34]
Nd0:8Ca0:2CrO3 5.9 12 870±1170 27.0 [41]
Nd0:6Ca0:4CrO3 13 24 870±1170 21.2 [41]
Nd0:8Ca0:2Cr0:86Ag0:14O3 ± 30 ± ± [18]
Nd0:7Ca0:3Cr0:88Ag0:12O3 50 61 ± ± [18]
Nd0:6Ca0:4Cr0:94Ag0:06O3 ± 56 ± ± [18]
Nd0:8Ca0:2Cr0:88Zn0:12O3 ± 40 ± ± [19]
Nd0:7Ca0:3Cr0:92Zn0:08O3 46 52 ± ± [19]
Nd0:6Ca0:4Cr0:94Zn0:06O3 ± 80 ± ± [19]
SmCrO3 0.32 0.39 870±1270 14.5 [34]
SmCr0:5Co0:5O3 1.0 ´ 10)2 ± ± ± [42]
SmCr0:5Ni0:5O3 4.3 ± ± ± [42]
EuCrO3 8.7 ´ 10)2 0.11 870±1270 16.4 [34]
Eu0:8Ca0:2CrO3 3.9 9.7 870±1270 32.8 [43]
Eu0:6Ca0:4CrO3 8.0 14 870±1270 23.2 [43]
GdCrO3 4.5 ´ 10)2 7.6 ´ 10)2 300±1370 18.7 [44]
Gd0:8Ca0:2CrO3 3.8 4.7 300±1370 13.6 [44]
Gd0:5Ca0:5CrO3 3.8 4.7 300±1370 13.1 [44]
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were ascertained to form at 0 � x � 0:30 for Ln=La
[47], 0 � x � 0:15 for Pr and Eu [48], 0 � x � 0:05 for
Tb [48], and 0 � x � 0:05 for Y [46]. For
Ln1ÿxBaxCrO3ÿd, the single perovskite phase exists in
the range 0 � x � 0:10 for Ln=La and Pr [46, 48], and
0 � x � 0:05 for Eu, Gd, Tb, and Y [46, 48].

The small radii of magnesium cations allows their
incorporation only into the chromium sublattice, which
is con®rmed by published results [46]. The concentration
limits for forming the solid solutions LnCr1ÿxMgxO3ÿd
(Ln = La±Gd) is from x � 0:15 to 0.40, depending on
the lanthanide cation size and the synthesis conditions
[1].

Introducing strontium and barium into the chromite
crystal lattice leads to an increasing unit cell volume and
a decreasing distortion of the perovskite structure [48].
The e�ect of doping by calcium depends on the rela-
tionship between the radii of the calcium and lanthanide
cations, whereas substituting chromium with magnesium
results in a decreasing unit cell volume [1, 31, 48]. The
``orthorhombic$ rhombohedral'' phase transition tem-
perature of lanthanum chromite decreases with doping
by strontium and increases when lanthanum is substi-
tuted by calcium [47].

The electrical conductivity of the solid solutions in-
creases with the divalent dopant content within the
single phase formation limits, caused by an increasing
concentration of electron holes (Cr4� ions) [31, 36, 37,
40, 41, 43, 44, 47, 49]. For the substituted chromites, the
conductivity was established not to depend on the lan-
thanide cation radii, being a function only of dopant
concentration [45]. Separation of the phase impurities

results in decreasing conductivity. The electronic con-
duction decreases also with reducing oxygen partial
pressure owing to removal of oxygen from the crystal
lattice and a decreasing Cr4� concentration.

Perovskite-type solid solutions (Ln,A)(Cr,M)O3)d

(M = Al, Fe, Co, Ni, Cu, Zn, Ag)

Simultaneous doping into both A and B sublattices
permits variation of the properties of the chromites over
wide limits [1]. As a rule, properties of Ln(Cr,M)O3ÿd
are intermediate between those of the basic perovskites
LnCrO3 and LnMO3, while the solid solubility of M
cations forming no perovskite phase with REE oxides is
extremely limited.

In the GdCrO3±GdAlO3 pseudobinary system, the
formation of a continuous series of solid solutions with
an orthorombically distorted perovskite structure has
been described [50]. The perovskite phase of
YbCr1ÿxAlxO3 exists only at 0 � x � 0:35 [50].

The unlimited solubility of iron and cobalt cations in
the B sublattice is typical for lanthanum chromite: the
solid solutions of La1ÿyAyCr1ÿxMxO3ÿd (M=Fe or Co;
A=Ca or Sr; y � 0±0.3) form in all concentration ranges
for 0 � x � 1:0 [15, 17, 38, 39, 47, 51]. The ``ortho-
rhombic $ rhombohedral'' phase transition tempera-
ture decreases with cobalt additions [47]. The electronic
conduction in such oxides was reported to occur mainly
via hole transport between ions of cobalt and iron. As a
result, the electrical conductivity of the perovskites

Table 5 Electrical conductivity of LaCrO3 as a function of preparation and measurement conditions

Conditions of
preparation

Relative
density (%)

Conditions of
measurement

Conductivity (S/cm) Ref.

1270 K 2000 K

Solid state synthesis by standard ceramic
technology using oxides as starting materials.
Sintering in air at 1700 K for 4 h

± in air 0.17 ± [34]

Solid state synthesis by standard ceramic
technology using oxides as starting materials
(1500±1550 K is air for 25±30 h). Sintering in air
at 1900 K for 3±6 h

71 in air 0.42 ± [36]

Synthesis by decomposing nitrates with
subsequent annealing in air at 1270 K for 5±10 h.
Sintering in argon atmosphere at 2170 K

71 in vacuum
(10)2±10)3 Torr)

0.18 0.76 [35]

Plasma synthesis with subsequent sintering in
argon atmosphere at 2200 K and annealing in
helium atmosphere at 1800 K for 8±10 h

�90 in helium
(pO2

= 0.1 Pa)
0.18 0.87 [27]

Plasma synthesis with subsequent sintering in
argon atmosphere at 2200 K and annealing in
argon atmosphere at 1800 K for 8±10 h

�90 in argon
(pO2

= 10 Pa)
3.7 ´ 10)2 ± [27]

Plasma synthesis with subsequent sintering in
argon atmosphere at 2200 K and annealing in
air at 1350 K for 8±10 h

�90 in air 1.8 ´ 10)2 0.87 [27]

Plasma synthesis with subsequent sintering in
argon atmosphere at 2200 K and annealing in
air at 1550 K for 8±10 h

�90 in air 5.6 ´ 10)2 0.87 [27]

Plasma synthesis with subsequent sintering in
argon atmosphere at 2200 K and annealing in
air at 1800 K for 8±10 h

�90 in air 0.37 0.87 [27]
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increases with increasing x and y [15, 17, 38, 39]. Sub-
stituting chromium with cobalt leads to increased ther-
mal expansion, whereas doping with iron decreases the
TECs (Table 2). The stability of the perovskite phases at
low oxygen pressures increases with the chromium
content [17]. In contrast to the stability, both oxygen
permeability and ionic conductivity of the
La(Cr,Co)O3ÿd solid solutions were shown to decrease
regularly when the chromium concentration increased
[52].

Since the stability of perovskite-like nickelates
LnNiO3ÿd is considerably less compared to the ferrites
and cobaltites, the solid solutions of LnCr1ÿxNixO3ÿd
exist only within limited concentration ranges at a high
chromium content [1]. This range depends on the
preparation conditions and becomes narrower with
decreasing lanthanide cation radii. The perovskite
LaNiO3ÿd is known to be stable in air at temperatures
below 1170 K; increasing the oxygen pressure leads to
increasing stability of this phase (see section on
LnNiO3ÿd below). Therefore the concentration range of
existing LnCr1ÿxNixO3ÿd solid solutions expands with
decreasing synthesis temperature and with increasing
partial pressure of oxygen. In particular, this range for
Ln=La at temperatures above 1300 K in air corre-
sponds to 0 � x � 0:6, and the phases of La4Ni3O10 and
NiO were observed to separate at higher nickel content
[37, 47]. For the oxides prepared by hydroxide copre-
cipitation and then annealed at 1170 K, the single
perovskite phase forms at 0 � x � 1:0 (Ln=La)
and 0 � x � 0:4 (Ln=Sm) [53]. The perovskites
LnCr1ÿxNixO3ÿd (Ln=Gd and Yb), prepared by the
coprecipitation of carbonates, are single phase at
0 � x � 0:15 [54]. Introducing nickel into the chromium
sublattice results in a drastic increase of electronic
transport (Table 3) and in a transition to metallic con-
ductivity typical for LaNiO3ÿd [37]. Here, the substitu-
tion of lanthanum with Ca or Sr causes narrowing of the
solid solution formation range owing to increasing ox-
ygen nonstoichiometry. No signi®cant changes in the
conductivity were observed when LaCr1ÿxNixO3ÿd were
doped by the alkaline earth cations [37].

In the binary oxide systems Ln2O3±CuO and Ln2O3±
ZnO there exist no perovskite phases in air [55±57]. The
solid solubility of copper and zinc in the B sublattice of
the perovskite-type chromites is relatively low. The
perovskites phases of LnCr1ÿxCuxO3ÿd (Ln=La, Gd,
Yb) were found to form at 0 � x � 0:10 [54]. For
LnCr1ÿxZnxO3ÿd, formation of perovskites takes place
at 0 � x � 0:15 for Ln=La [54], 0 � x � 0:20 for Nd
[19], and 0 � x � 0:10 for Gd and Yb [54]. Annealing
LnCr1ÿxZnxO3ÿd (Ln=La, Gd, Yb) prepared by car-
bonate coprecipitation leads to a partial decomposition
of the solid solutions at 1470 K in air, and the perovskite
phases form only in the range 0 � x � 0:10 [54]. Similar
to doping by alkaline earth elements, addition of
moderate amounts of zinc (up to 10±12 mol%) provides
an increase in the conductivity of the chromites
[19]. The oxygen ion transference numbers of the

Nd0:8Ca0:2Cr0:88Zn0:12O3ÿd ceramics were determined by
Faradaic e�ciency measurements at 1140 K to be
2:7� 10ÿ6, which corresponds to a value for the ionic
conductivity of 9:4� 10ÿ5 S/cm [19].

Formation of Nd1ÿxCaxCr1ÿyAgyO3ÿd (0:2 � x � 0:4,
0 � y � 0:10) solid solutions has also been reported [18].
The properties of these oxides are close to that of neo-
dymium chromite doped with calcium and zinc [19].
Introducing silver into the chromium sublattice at
y � 0:12±0.16 increases the conductivity [18]. The elec-
trical conductivity of Nd1ÿxCaxCr1ÿyMyO3ÿd (M=Zn,
Ag) depends very weakly on the oxygen pressure in the
range 10ÿ5 � pO2

� 105 Pa and decreases with further
decreasing oxygen content in the gas phase [18, 19].

Perovskite-like manganites LnMnO3�d

and (Ln,A)MnO3�d (A = Ca, Sr, Ba, Pb, Cd)

Perovskite-type manganites of rare-earth elements pos-
sess considerably higher conductivity and electrochemi-
cal activity compared to the chromites, whereas the
TECs of manganites are close to the TECs of stabilized
zirconia ceramics [1]. Owing to this, manganites are
considered to be the most promising materials for oxy-
gen electrodes of SOFCs and other electrochemical cells
with ZrO2-based electrolytes. Despite the high conduc-
tivity, manganite ceramics cannot be used as intercon-
nectors owing to the higher oxygen permeability and
worse stability in reducing atmospheres in comparison
with the REE chromites.

Data on selected phase relationships and crystal
structures of some oxide phases in the systems Ln2O3±
MnOx have been published [58±62]. Formation of per-
ovskite-like phases of LnMnO3�d was established for all
the binary systems with REE and manganese oxides,
except cerium. When annealing the CeO2±MnOx mix-
tures, only two-phase mixtures of ceria and manganese
oxides were obtained [59]. For the systems with
Ln=Nd-Lu and Y, there exist also LnMn2O5 phases in
air at relatively low temperatures [59]. For Ln=Nd, Sm,
Eu, Gd, Tb, Dy, or Ho, the LnMn2O5 compounds are
stable up to 1370 K [59]. In the case of Ln = Er, Yb,
Lu, and Y, these oxides were reported to be stable only
below 1270 K and to largely decompose after annealing
at 1370 K, forming LnMnO3 and Mn3O4 [59]. Only the
perovskite-type phase with the oxygen nonstoichiometry
varying over a large range can be obtained in air and in
vacuum for the system La2O3±MnOx [60, 61].

The crystal structure of the perovskite-like phases
LnMnO3 depends to a large degree on the preparation
conditions, which determine the defect concentrations in
the cation and anion sublattices [58]. For instance, data
have been published on the formation in air of the
perovskite phase of LaMnO3�d with rhombohedral [58,
63, 64], orthorhombic [60, 61] and monoclinic [60]
distortions. A de®nite oxygen hyperstoichiometry
(d � 0:02±0.05) is characteristic of lanthanum manganite
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synthesized in air at 1000±1570 K, while the stoi-
chiometric oxide can be obtained by annealing at 1670 K
in air [60]. The structure of neodymium and gadolinium
manganites was ascertained to be the orthorombically
distorted perovskite [58, 65, 66]. When synthesized in air
by the standard ceramic route or by the decomposition
of metal nitrates, manganites of yttrium and ytterbium
possess the ilmenite-type hexagonal structure [58, 67],
but using the hydroxide coprecipitation technique allows
preparation of YMnO3�d with the perovskite lattice [62].
Oxygen hyperstoichiometry of the manganites at room
temperature in air tends to decrease with the decreasing
radii of the REE cations [58]. At low oxygen partial
pressures, LaMnO3�d decomposes to lanthanum oxide
and MnO without intermediate formation of a phase
with the K2NiF4-type structure [61]. Electronic con-
duction in LnMnO3�d was reported to occur via hop-
ping electron holes between manganese cations and to
decrease with decreasing lanthanide cation radii [58].
The conductivity of LnMnO3�d with Ln = Nd, Gd, Y,
or Yb in air was demonstrated by the Seebeck coe�cient
measurements to be p-type [58]. For LaMnO3�d, heating
in air results in a conversion of p-type to n-type con-
ductivity at temperatures of 500±650 K, depending on
the pre-history of the specimens.

Doping LnMnO3 by divalent metal cations (Ca, Sr,
Ba, Pb) leads to increasing Mn4� ion concentration,
which determines both the electrical and magnetic
properties of the manganites and in¯uences their crystal
lattice [63±74]. The maximum values of x, corresponding
to the upper limit of forming solid solutions of
Ln1ÿxAxMnO3ÿd (Ln=La, Nd, Gd; A=Ca, Sr, Ba, Pb),
were reported to vary from 0.4 to 0.6 [58, 65, 69, 70, 72].
In the system La1ÿxCdxMnO3ÿd the solid solutions exist
at x � 0±0.3 [72]. As a rule, the distortions of the
perovskite-type structure decreases when the divalent
cations are incorporated into the A sublattice. For
Ln1ÿxCaxMnO3ÿd (Ln=Y, Yb) at 0 < x � 0:4, two co-
existing phases with hexagonal ilmenite-type and or-
thorhombic perovskite-type structures were found [58,
67]. Further increases in calcium concentration result in
the formation of the single perovskite phase [58, 67].

Electrical conductivity and Seebeck coe�cients of the
Ln1ÿxAxMnO3ÿd solid solutions at moderate divalent
dopant contents were ascertained to increase with x,
correlating well with the Mn4� ion concentration [63±67,
69]. The maximum electrical conductivity corresponds to
the values of x � 0:2±0.5, whereas shift of the conduc-
tivity maximum to that at a lower dopant concentration
is typically observed with increasing temperature. Fur-
ther increases in x lead to a decrease in conductivity,
which is associated with decreasing mobility of the
electronic charge carriers and is accompanied with a
transition from p-type to n-type conductivity [58]. In
some cases, such a decrease in conductivity is accom-
panied by the appearance of phase impurities in the
manganite ceramics [63, 70]. Selected data on the con-
ductivity of REE manganites and solid solutions based
on them are shown in Table 6.

Thermal expansion coe�cients of the manganite ce-
ramics were calculated from the dilatometric data to
decrease with decreasing REE cation radii and to in-
crease with increasing concentrations of either calcium or
strontium [58, 63±67, 81]. For the solid solutions with the
maximum conductivity, the TECs are su�ciently close to
those of stabilized zirconia electrolytes (Table 7).

One should note that both the electrical conductivity
and thermal expansion of manganites are functions of
the pre-history of the ceramics [1, 58]. This is determined
primarily by the e�ect of the pre-history on the defect
concentrations in cation and anion sublattices. For ex-
ample, quenching La1ÿxCaxMnO3ÿd ceramics after an-
nealing in air at 1720 K usually leads to a decrease in
conductivity and an increase in activation energy for
electrical conductivity compared to the specimens cooled
slowly [58, 63]. The highest values of the conductivity
were obtained for the manganite ceramics prepared by
the methods of hydroxide coprecipitation and thermal
decomposition of metal nitrates [62].

Doping lanthanum manganite with calcium was
demonstrated to increase the sinterability of the ceram-
ics [70]. The sinterability and electrical conductivity can
be also achieved by adding small amounts of CuO or
Bi2CuO4 to the manganite ceramics [81, 83±86]. Sinte-
ring aids such as bismuth oxide and Bi2CuO4 provide
improved electrochemical properties of the manganite
electrode layers, which will be considered in the ®nal
section below on electrode properties.

The oxygen permeability of dense ceramic mem-
branes of lanthanum-strontium manganites has been
studied [69, 81, 84±89]. Oxygen permeation ¯uxes ob-
tainable using manganite membranes were stated to be
considerably less in comparison with lanthanum-stron-
tium cobaltite membranes [87, 88]. The permeation
¯uxes through manganite ceramics are limited by the
interphase oxygen exchange rate at the membrane/gas
boundaries and can be enhanced by applying layers of
dispersed platinum, praseodymium oxide, or their mix-
tures onto the membrane surfaces [81, 89]. Creation of
cation vacancies in the A sublattice of lanthanum-
strontium manganites may result in increasing oxygen
permeability [81]. The permeability of (La,Pb)MnO3ÿd
solid solutions is noticeably less compared to that of
(La,Sr)MnO3ÿd at the same dopant concentrations [69,
81], which may be due to either a partial evaporation of
lead oxide during the solid state synthesis or to speci®c
electronic properties of lead cations [90].

The solid solutions (Ln,Sr)(Mn,M)O3)d

(M = Ti, Fe, Co, Ni)

Partial substitution of manganese with other transition
metals leads to substantial variations in conductivity, in
oxygen permeability of manganite ceramic membranes,
and in the electrochemical activity of manganite elec-
trodes [1, 75, 76, 81].
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The pseudobinary oxide system LaMnO3±La2Ti2O7

was studied by Korolev and Kononyuk [77]. The per-
ovskite-type solid solutions LaMn1ÿxTixO3�d were re-
ported to form in the range 0 � x � 0:2, whereas solid
solutions with the pyrochlore structure exist at
0:9 � x � 1:0 [77]. For the perovskite phase, incorpora-
tion of titanium into the manganese sublattice results in
an increase in the Seebeck coe�cient and a decrease in
the conductivity (Table 6). The TECs of the
LaMn1ÿxTixO3�d ceramics were ascertained to slightly
decrease with x [77]. In particular, the TEC value of the
La2Ti1:8Mn0:2O7ÿd pyrochlore in the temperature range
320±1000 K is 9:4� 10ÿ6 Kÿ1.

The electrical conductivity of the La0:6Sr0:4-
Mn1ÿxFexO3ÿd (x � 0±0.5) solid solutions decreases with
iron additions, while the rhombohedrally distorted
perovskite unit cell volume increases [75]. In the
LaMn1ÿxNixO3ÿd system, perovskite-like solid solutions
were found to exist at 0 � x � 0:5 [91]. As doping
with strontium decreases the thermodynamic
stability of manganites, the single perovskite phase of
La0:6Sr0:4Mn1ÿxNixO3ÿd with a rhombohedrally dis-
torted structure was observed only in the range
0 � x � 0:4 [76]. The electrical conductivity of

LaMnO3�d and La0:6Sr0:4MnO3ÿd increases regularly
with introduction of nickel into the manganese
sublattice [76, 82, 91]. Small additions of cobalt
(x � 0:05) also lead to increasing conductivity of the
La0:6Sr0:4Mn1ÿxCoxO3ÿd solid solutions [82]. Thermal
expansion of the (La,Sr)Mn1ÿxMxO3ÿd (M=Fe, Ni)
ceramics is essentially independent of the dopant con-
centration (Table 7).

Doping La0:6Sr0:4MnO3ÿd with iron or nickel was
established to decrease dramatically the ionic conduc-
tivity, which is the oxygen permeation ¯ux-limiting
factor [75, 85, 92]. Such behavior is determined, proba-
bly, by the formation of defect associates like M0Mn±V

��
O ±

M0Mn, where V��O is the oxygen ion vacancy and M0Mn

refers to the Fe2� and Ni2� ions which are incorporated

into the manganese sublattice and formed owing to the

oxidation of manganese ions [75, 76]:

M�Mn �Mn�Mn !M0Mn �Mn�Mn �1�
with Mn�Mn being the Mn4� ions according to the
Kroeger-Vink notation.

The electrochemical activity of the La0:6Sr0:4-
Mn1ÿxMxO3ÿd electrodes in contact with solid electro-

Table 6 Electrical conductivity
of solid solutions based on
LnMnO3

Composition Conductivity (S/cm) Activation energy Ref.

300 K 1000 K T (K) EA (kJ/mol)

LaMnO3 4.4 81 300±580 11.0 [64]
La0:8Ca0:2MnO3 6.7 1.5 ´ 102 320±520

550±1050
6.3
10.6

[63]

La0:6Ca0:4MnO3 5.6 74 350±1050 9.3 [63]
La0:5Ca0:5MnO3 1.4 1.3 ´ 102 350±1050 10.7 [63]
La0:8Sr0:2MnO3 43 1.6 ´ 102 300±1100 5.5 [64]
La0:6Sr0:4MnO3 1.2 ´ 102 2.0 ´ 102 410±835 4.9 [64]
La0:5Sr0:5MnO3 1.1 ´ 102 1.4 ´ 102 300±650 2.1 [64]
La0:6Sr0:4Mn0:8Fe0:2O3 49 [75]
La0:6Sr0:4Mn0:6Fe0:4O3 4.7 [75]
La0:6Sr0:4Mn0:5Fe0:5O3 8.6 [75]
La0:6Sr0:4Mn0:8Ni0:2O3 1.6 ´ 102 [76]
La0:6Sr0:4Mn0:6Ni0:4O3 2.8 ´ 102 [76]
La0:8Pb0:2MnO3 1.5 ´ 102 [69]
La0:6Pb0:4MnO3 2.0 ´ 102 [69]
La0:5Pb0:5MnO3 2.0 ´ 102 [69]
LaMn0:8Ti0:2O3 5.6 ´ 10)2 10 300±1000 17.5 [77]
CaMnO3 1.0 7.9 300±700 5.9 [78]
CaMn0:8Ti0:2O3 2.4 ´ 10)2 5.0 300±700 23.3 [78]
NdMnO3 4.3 ´ 10)2 76 300±1070 26.2 [66]
Nd0:8Ca0:2MnO3 1.0 1.6 ´ 102 300±1070 23.0 [66]
Nd0:6Ca0:4MnO3 6.2 ´ 10)2 10 300±1070 20.1 [66]
Nd0:5Ca0:5MnO3 1.2 ´ 10)3 2.0 300±1070 29.2 [66]
GdMnO3 3.0 ´ 10)3 2.8 300±1070 26.7 [65]
Gd0:8Ca0:2MnO3 0.30 26 300±1070 18.8 [65]
Gd0:6Ca0:4MnO3 0.89 1.8 ´ 102 300±1070 19.4 [65]
Gd0:5Ca0:5MnO3 0.16 1.5 ´ 102 300±1070 27.6 [65]
YbMnO3 7.2 ´ 10)6 7.5 ´ 10)3 300±1100 94.2 [67]
Yb0:6Ca0:4MnO3 1.8 1.3 ´ 102 300±1100 18.8 [67]
Yb0:5Ca0:5MnO3 4.1 1.8 ´ 102 300±1100 14.4 [67]
YMnO3 6.8 ´ 10)6 300±1100 98.1 [79]
Y0:6Ca0:4MnO3 1.1 300±650

650±1100
20.1
18.4

[79]

Y0:5Ca0:5MnO3 1.6 300±1100 16.8 [79]
Bi0:6Sr0:4MnO3 0.28 20 [80]
Bi0:5Sr0:5MnO3 0.5 45 [80]
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lytes based on stabilized zirconia increases with incor-
poration of moderate amounts of the transition metals
into the B sublattice of the perovskites, as will be con-
sidered below.

Oxide materials based on AMnO3)d (A = Ca, Sr)

The CaMnO3ÿd phase with the cubic perovskite-type
structure was reported to exist within the limits of the
Ca/Mn ratio from 0.86 to 1.06 [93]. Here, an excess of
Ca and Mn results in separation of the Ca4Mn3O10 and
CaMn2O4 compounds, respectively; formation of
CaMn2O4 may be also caused by oxygen de®ciency [93].
The electrical conductivity of the A-site de®cient
Ca0:89MnO3ÿd is close to that of stoichiometric
CaMnO3ÿd, whereas hyperstoichiometric calcium addi-
tions were found to lead to a dramatic decrease in the
conductivity (by a factor of 103 at room temperature).
At temperatures above 900 K, the electrical conductivity
and Seebeck coe�cients of both A-site and B-site de®-
cient perovskites are close to that of the stoichiometric

compound [93]. The conductivity of CaMnO3ÿd in-
creases with the incorporation of lanthanum cations into
the calcium sublattice [62].

In the pseudobinary system of CaMnO3±CaTiO3 the
cubic solid solutions based on the calcium manganite
CaMn1ÿxTixO3ÿd were established to form in the range
0 � x � 0:2, whereas the calcium titanate- based cubic
phase of Ca(Ti,Mn)O3ÿd exists at 0:8 � x � 1:0 [78].
Electronic conduction in CaMn1ÿxTixO3ÿd occurs via
small polaron transport between manganese cations. As
a result, increasing the titanium content leads to a de-
crease in the conductivity [78]. According to the results
of studying the Seebeck coe�cient, all of the
CaMn1ÿxTixO3ÿd ceramics are n-type semiconductors
[78].

Formation of perovskite solid solutions is character-
istic of BiMnO3±SrMnO3 in the concentration range
0:3 � x � 0:7 [80]; at x � 0:3, the crystal structure is
cubic. Increasing the strontium content results in the
appearance of tetragonal distortions of the crystal lat-
tice, which vanish on heating the oxides [80]. The max-
imum conductivity was found for the solid solutions
with x � 0:5±0.6. All the perovskites at temperatures
above 500 K are n-type semiconductors, and metallic
conductivity was detected at temperatures above 700±
800 K. Thermal expansion coe�cients of the ceramics
were calculated from dilatometric data to be in the range
(9.5±10.0)�10ÿ6 Kÿ1 at 300±570 K and (13±14)�
10ÿ6 Kÿ1 at 600±1000 K [80].

Perovskite-type LnCoO3�d

Cobaltites of rare-earth elements and solid solutions
based on them are promising materials for electrodes of
electrochemical cells with solid electrolytes based on
ceria and bismuth oxide [1, 88, 94±96], high-temperature
electrochemical membranes [97, 98], cathodes of wave-
guide CO2 lasers [99±101], and oxidation catalysts [101].
The attention paid to these perovskites is associated with
the high electronic and ionic conductivities of cobaltites,
and their noticeable electrochemical and catalytic ac-
tivity in oxygen-containing environments.

Phase diagrams, selected phase relationships, and
thermodynamic properties of the perovskite-type
LnCoO3 were reported in publications from the re-
search group at the Ural State University [12, 13, 102±
109]. In the binary oxide systems of Ln2O3±CoOx
(Ln=Sm, Eu, Gd, Tb, Dy, Ho), only the perovskite
phase was found; no Ln2CoO4-type phases form in
these systems [104]. The phase diagrams of Ln2O3±
CoOx with Ln=La, Pr, or Nd are more complex [103,
105]. In particular, two phases were reported in the Pr±
Co±O system: perovskite-like PrCoO3 and tetragonal
Pr4Co3O10 [105].

The thermodynamic stability of LnCoO3 decreases
with the decreasing REE cation radii [103, 104]. This
is caused by an increase of the perovskite lattice

Table 7 Thermal expansion coe�cients of LnMnO3-based cera-
mics

Composition Averaged TEC values Ref.

Temperature
range (K)

a � 106

�Kÿ1�
LaMnO3 320±580

580±1100
7.7
11.8

[64]

La0:8Ca0:2MnO3 320±520
550±1050

6.3
10.6

[63]

La0:6Ca0:4MnO3 350±1050 9.3 [63]
La0:5Ca0:5MnO3 350±1050 10.7 [63]
La0:8Sr0:2MnO3 340±540 7.7 [64]
La0:6Sr0:4MnO3 320±1100 11.7 [64]
La0:5Sr0:5MnO3 320±1100 12.3 [64]
La0:6Sr0:4Mn0:8Fe0:2O3 300±1100 11.3 [74]
La0:6Sr0:4Mn0:6Fe0:4O3 300±1100 12.0 [74]
La0:6Sr0:4Mn0:5Fe0:5O3 300±1100 12.7 [74]
La0:6Sr0:4Mn0:95Co0:05O3 300±1100 14.3 [82]
La0:6Sr0:4Mn0:95Ni0:05O3 300±1100 14.3 [82]
La0:6Sr0:4Mn0:8Ni0:2O3 350±1100 12.7 [76]
La0:6Sr0:4Mn0:6Ni0:4O3 300±1100 12.5 [76]
La0:8Pb0:2MnO3 300±1100 11.9 [69]
La0:6Pb0:4MnO3 300±1100 9.2 [69]
NdMnO3 750±1100 10.0 [66]
Nd0:8Ca0:2MnO3 550±1200 10.6 [66]
Nd0:6Ca0:4MnO3 500±1200 11.0 [66]
Nd0:5Ca0:5MnO3 500±1200 11.3 [66]
GdMnO3 300±1070 6.3 [65]
Gd0:5Ca0:5MnO3 300±1070 10.0 [65]
YbMnO3 300±1100 8.6 [67]
Yb0:6Ca0:4MnO3 500±700

700±1100
4.5
8.0

[67]

Yb0:5Ca0:5MnO3 300±1100 10.2 [67]
YMnO3 620±1100 3.3 [79]
Y0:6Ca0:4MnO3 300±650

600±1100
1.1
5.4

[79]

Y0:5Ca0:5MnO3 450±670
670±1100

3.0
9.1

[79]
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distortion (rs) expressed in terms of the tolerance
factor t:

rs � 1ÿ t � 1ÿ rLn3� � rO2ÿ���
2
p �rCo3� � rO2ÿ� �2�

where rO2ÿ , rCo3� , and rLn3� are the radii of oxygen, co-
balt, and REE ions, respectively. The perovskites with
Ln=La, Pr, Nd, Sm, or Eu were ascertained to melt
incongruently [12, 13]. Other cobaltites decompose on
heating with formation of REE and cobalt oxides, and
their melting occurs only after decomposition [13]. The
temperatures of melting and decomposition of cobaltites
decrease with the decreasing REE radii (Table 1), which
is in agreement with the conclusion on the decreasing
thermodynamic stability.

The di�erence in the phase diagrams and stability
results in di�erent behavior for LnCoO3 at low oxygen
partial pressures. When the oxygen pressure is reduced,
decomposition of the cobaltites of lanthanum, praseo-
dymium, and neodymium occurs by the reactions [105,
108]

4LnCoO3ÿd � Ln4Co3O10 � 1

1ÿ y
Co1ÿyO

� 2�1ÿ 2d��1ÿ y� ÿ 1

2�1ÿ y� O2 �3�

6LnCoO3ÿd � Ln2O3 � 2Ln4Co3O10 � 1ÿ 6d
2

O2 �4�

The stability limits of these cobaltites are given in
Table 8. The dissociation of LnCoO3 (Ln=Sm, Eu, Gd,
Tb, Dy, Ho) at reducing oxygen pressures leads to the
formation of ordinary metal oxides directly [102]:

2LnCoO3ÿd � Ln2O3 � 2CoO� 1ÿ 2d
2

O2 �5�

As a result, the solid state synthesis in a nitrogen at-
mosphere was observed not to result in the formation of
perovskite-type LnCoO3 with Ln=Sm or Dy [110].
When heating mixtures of oxides of cobalt and either
La, Pr, or Nd in the nitrogen atmosphere, the perovskite
phases form at 1020±1170 K, while formation of
Ln2CoO4 was detected at higher temperatures [110].

Speci®c features of the solid state synthesis of co-
baltites were studied in detail [12, 111±114]. The rate of
the solid state reaction was pointed out to be limited by
di�usion of cobalt and oxygen ions and to decrease with
the decreasing radii of the REE cations [12, 111±113].
Analogously to other oxide materials, the temperature of
formation of the perovskite phase can be reduced using
the techniques of coprecipitation or thermal decompo-
sition of metal nitrates or organic precursors [12, 114].

In contrast to REE manganites, LnCoO3 were estab-
lished to tend to oxygen hypostoichiometry [99, 101, 108,
115, 116]. The only exception is praseodymium cobaltite,
which exhibits oxygen hyperstoichiometry at low tem-
peratures owing to the presence of tetravalent praseo-
dymium cations [115, 116]. The crystal lattice of REE
cobaltites is a function of the lanthanide ionic radii, oxy-
gennonstoichiometry, and the speci®c electronic structure
of the REE cations [115]. While the decreasing lanthanide
radii leads to increasing lattice distortion, the e�ect of
increasing the oxygen content has the opposite e�ect. As a
result, the perovskite-type lattice was found to be rho-
mbohedrally distorted for Ln=La, cubic for Ln=Pr and
Nd, and orthorhombic for Ln=Sm and Gd [115±121].

The electrical conductivity of LnCoO3ÿd is signi®-
cantly higher compared to REE manganites [51, 101,
115, 116, 120±130]. Here, the decreasing lanthanide cat-
ion radii tends to a decrease in the conductivity and to an
increase in the Seebeck coe�cient of cobaltites [115, 116,
121, 122]. Since electronic conduction occurs via electron
hole transport, a decrease in the oxygen partial pressure

Table 8 Oxygen nonstoichiometrya and perovskite phase stability limitsb of LnCoO3ÿd [108]

Phase Oxygen nonstoichimetry DS�V
(J/mol K)

ÿDH�V
(kJ/mol)

T (K) d0 � 102 ÿa KV � 103

LaCoO3ÿd 1373 0.635 0.41 � 0.07 2.65 � 0.65 83 � 3 169 � 5
1473 1.53 0.55 � 0.01 6.57 � 0.12

PrCoO3ÿd 1373 0.472 0.39 � 0.01 2.57 � 0.04 163 � 3 227 � 5
1423 1.27 0.33 � 0.01 7.7 � 0.1
1473 1.99 0.42 � 0.01 9.50 � 0.06

NdCoO3ÿd 1373 0.290 0.35 � 0.02 1.6 � 0.1 149 � 3 271 � 4
1473 1.05 0.51 � 0.02 4.27 � 0.30

Phase log p0O2
� A� B=T (atm) log p00O2

� A� B=T (atm)

A ÿB� 10ÿ3 A ÿB� 10ÿ3

LaCoO3ÿd 12.8 � 0.4 22.5 � 0.6 6.86 � 0.08 12.7 � 0.1
PrCoO3ÿd 10.40 � 0.04 18.42 � 0.04 4.9 � 0.1 10.1 � 0.2
NdCoO3ÿd 7.31 � 0.06 14.4 � 0.1 5.5 � 0.2 10.6 � 0.2

a Isothermal dependences of oxygen nonstoichiometry (d) on oxy-
gen partial pressure are approximated by the equation
d � KV pO2

� �a. d0 is the nonstoichiometry value in air. DS�V and
DH�V are the values of entropy and enthalpy of oxygen vacancy

formation, respectively
b p0O2

and p00O2
are the equilibrium oxygen pressures of the perovskite

phase decomposition according to Eqs. 3 and 4, respectively
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results in a decrease in the conductivity at temperatures
above 900 K owing to oxygen leaving the crystal lattice
and reducing the charge carrier concentration [115, 117,
122, 124, 131]. The TEC values of the LnCoO3ÿd
(Ln=La±Gd) ceramics are given in Table 9.

Oxygen ionic conductivity and permeation ¯uxes
through LnCoO3ÿd membranes were shown to decrease
with the decreasing REE cation radii [115±119, 121, 125,
132]. A theoretical model for a qualitative explanation of
such behavior was considered [115]. Note that a major
contribution to oxygen transport through LaCoO3ÿd
ceramics is provided by oxygen di�usion in the ceramic
grain boundaries [133]. This e�ect was demonstrated to
be most pronounced for the membranes prepared by the
standard ceramic technique when sintering via a liquid
phase formation takes place [133]. Extremely prolonged
processes of steady-state attainment are characteristic of
such ceramics of lanthanum cobaltite and solid solutions
based on them after placing the membrane under an
oxygen chemical potential gradient [52, 133]. Here, de-
creasing the grain size of LaCoO3ÿd polycrystalline
specimens prepared using organic precursors leads to
decreasing oxygen permeability [133].

A-site-substituted cobaltites (Ln,A)CoO3)d

(A = Sr, Ca, Ba, Pb, Bi)

Similar to the perovskite oxides considered above, the
electronic and ionic conductivities of cobaltites as well as
their electrochemical activity increase drastically with
incorporating divalent metal cations into the A sublat-
tice [51, 95, 115, 118, 121, 140±142].

The concentration range for forming solid solutions
in the La1ÿxAxCoO3ÿd systems was reported to be
0 � x � 0:7 for A=Sr [115, 123], 0 � x � 0:6 for A=Ba
[143], 0 � x � 0:25 for A=Pb [144], and 0 � x � 0:10
for A=Bi [142, 145]. The thermodynamic and thermal
stabilities of lanthanum cobaltites decrease with the al-
kaline earth element dopant additions [107, 124]. The
decomposition of the La1ÿxSrxCoO3ÿd solid solutions at
reducing oxygen partial pressures was established to
occur by the reaction [101, 107]

2La1ÿxSrxCoO3ÿd1 � �La1ÿxSrx�2CoO4�d2 �
1

1ÿ y
Co1ÿyO

� 1

2
2ÿ 2d1 ÿ d2 ÿ 1

1ÿ y

8>>: 9>>;O2

�6�
which di�ers considerably from the undoped lanthanum
cobaltite decomposition process expressed by Eqs. 3 or
4. Table 10 lists the stability limits and thermodynamic
data for Eq. 6. At further decreases in oxygen pressure,
one can observe reduction of the formed cobalt oxide to
metal and then reducing solid solutions of
(La,Sr)2CoO4�d with the K2NiF4-type structure, form-
ing oxides of lanthanum and strontium as well as me-
tallic cobalt [101].

The dopant concentration limits of existing single-
phase Ln1ÿxSrxCoO3ÿd (Ln=Pr, Nd, Sm) perovskites
are close to that of the La1ÿxSrxCoO3ÿd system [1, 115].
For Gd1ÿxAxCoO3ÿd (A=Sr, Ca) the range of forma-
tion of the solid solutions with the orthorhombic
perovskite-type structure was ascertained to be 0 � x
� 0:15, whereas co-existing orthorhombic and cubic
perovskite phases were observed at higher alkaline earth
element additions [115, 128].

Oxygen nonstoichiometry of the La1ÿxSrxCoO3ÿd
solid solutions has been studied in detail [99±101, 146].
The data on the nonstoichiometry of La0:7Sr0:3CoO3ÿd,

Table 9 Thermal expansion coe�cients of LnCoO3ÿd-based cera-
mics in air

Composition T (K) �a� 106 (K)1) Ref.

LaCoO3ÿd 300±450 19 [15]
680±1020 22 [15]

La0:8Sr0:2CoO3ÿd 300±1100 18.31 [115]
300±820 19 [123]

La0:6Sr0:4CoO3ÿd 300±1100 18.9 [121]
La0:6Sr0:3CoO3ÿd 300±1100 20.8 [134]
La0:5Sr0:5CoO3ÿd 300±1100 22.4 [121]

300±820 18 [123]
LaCo0:8Cr0:2O3ÿd 300±1100 23.6 [52]
LaCo0:6Cr0:4O3ÿd 300±1100 20.3 [52]
LaCo0:6Fe0:2Ni0:2O3ÿd 300±1100 19.2 [135]
LaCo0:5Fe0:2Ni0:3O3ÿd 300±1100 18.0 [135]
LaCo0:7Ni0:3O3ÿd 300±1100 17.3 [52]
LaCo0:8W0:2O3�d 300±700 10.0 [136]

700±1100 19 [136]
LaCo0:8Ga0:2O3ÿd 300±1130 22.2 [137]
LaCo0:6Ga0:4O3ÿd 430±680 18.7 [137]

680±1100 22.3 [137]
LaCo0:6Ga0:3Mg0:1O3ÿd 300±1100 19.8 [138]
LaCo0:4Ga0:4Mg0:2O3ÿd 300±1100 15.4 [138]
La0:5Sr0:5Co0:75Ni0:25O3ÿd 300±970 14.2 [13]
La0:5Sr0:5Co0:8Cu0:2O3ÿd 300±970 19.3 [13]
PrCoO3�d 650±1100 28.3 [125]
Pr0:8Sr0:2CoO3ÿd 400±1100 18.3 [125]
Pr0:6Sr0:4CoO3ÿd 400±800 19.5 [125]

850±1100 26.1 [125]
NdCoO3ÿd 300±1100 27.9 [127]
Nd0:8Sr0:2CoO3ÿd 300±800 20.7 [127]

800±1100 17.5 [127]
Nd0:6Sr0:4CoO3ÿd 300±600 14.5 [127]

700±1100 21.9 [127]
Nd0:8Ca0:2CoO3ÿd 300±1100 17.1 [127]
SmCoO3ÿd 800±1150 22.5 [121]
Sm0:8Sr0:2CoO3ÿd 650±1100 20.1 [121]
Sm0:6Sr0:4CoO3ÿd 300±900 17.09 [121]

900±1100 28.7 [121]
GdCoO3ÿd 800±1100 23.6 [128]

Table 10 Standard free energy of the Eq. 6 and stability limits of
La1ÿxSrxCoO3ÿd at 1273 K [107]

x DG0 (J/mol)
(1273±1473 K)

pdecomposition
O2

(atm)
(1273 K)

0.1 )(179480 � 11000) + (97.35 � 1.90)
´ T (�500)

3.2 ´ 10)5

0.2 )(176700 � 3350) + (99.65 � 0.57)
´ T (�200)

7.0 ´ 10)5

0.3 )(88730 � 2680) + (33.63 � 0.37)
´ T (�130)

7.0 ´ 10)4
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determined by coulometric titration and reduction in a
hydrogen atmosphere, di�er to a considerable extent
from the results of iodometric titration (Table 11). This
was explained by a possible existence of Oÿ ions in the
perovskite lattice at low temperatures, along with het-
erogeneity of the cobaltite at reduced oxygen pressures
owing to its partial decomposition according to the
Eq. 6 [101]. The variation in the oxygen nonstoichio-
metry of powders and ceramics of La0:7Sr0:3CoO3ÿd was
also mentioned [101]. The values of the heat capacity of
the La1ÿxSrxCoO3ÿd (x=0±0.3) solid solutions in the
temperature range from 300 to 1100 K were found to be
close to each other [147].

Analogously to other perovskites, doping with alka-
line earth metal cations results in an increase in the
Co4� concentration and electrical conductivity of
Ln1ÿxAxCoO3ÿd [101, 115, 118, 121, 123, 146]. In par-
ticular, a transition to metallic conductivity is observed
for the Ln1ÿxSrxCoO3ÿd (Ln=La, Pr, Nd, Sm) solid
solutions in air at x � 0:3 [115, 121]. The conductivity of
the substituted gadolinium cobaltite was measured to be
substantially lower, caused by the non-single-phase
composition of the ceramics [128, 129]. Electrical prop-
erties of the La1ÿxBaxCoO3ÿd system are close to those
of the strontium-doped cobaltites [143]. Introducing
cation vacancies or bismuth cations into the A sublattice
leads to decreasing conductivity [134, 142, 145].

Under a reducing oxygen pressure, the Co4� ion
concentration in Ln1ÿxSrxCoO3ÿd decreases and the
crystal ®eld near the cobalt ions distorts, which leads to
the appearance of trapping levels and a decrease in the
conduction band [101, 115, 117, 119]. As a result, the
conductivity of the solid solutions decreases. The for-
mation of the defect associates between oxygen vacan-
cies and strontium ions is assumed to explain the
electrical and magnetic properties of the cobaltites [146].
The ferromagnetic Curie temperature and magnetic

moment of La1ÿxSrxCoO3ÿd were found to increase with
increasing tetravalent cobalt concentration [101, 146].
The catalytic activity of cobaltites in the CO oxidation
reaction is also proportional to the Co4� content [101].

The dopant concentration dependences of the oxygen
permeability and ionic conductivity in Ln1ÿxAxCoO3ÿd
have a complex nature, being determined by both oxy-
gen nonstoichiometry and cobalt ion oxidation state
[115±118, 132]. The ionic conductivity was ascertained
to decrease with the decreasing mean radii of the A-site
cations [117, 148]. Compared to the strontium-substi-
tuted cobaltites, the oxygen permeability of perovskites
doped with Ca, Pb, or Bi is noticeably lower [97, 132].
Creation of cation vacancies in either A or B sublattices
leads to decreasing oxygen permeability [148]. Increasing
the strontium content in Ln1ÿxSrxCoO3ÿd was found to
result in a de®nite decrease in the ionic conductivity at
small dopant additions (x � 0:2), whereas further doping
provides a sharp increase in the oxygen ionic transport
[115±118]. Among cobaltites of REE and strontium, the
maximum oxygen permeability was established for the
solid solutions La1ÿxSrxCoO3ÿd with x � 0:65±0.70 [97,
115±117, 148, 149]. Some results of studying oxygen
permeation are presented in Table 12. The values of
speci®c oxygen permeability J�O2� (mol sÿ1 cmÿ1) were

Table 11 Oxygen nonstoichiometry of La0:7Sr0:3CoO3ÿd

T (K) pO2
(atm) d Measurement

methoda
Ref.

770 0.21 0.030 � 0.003 HR [146]
0.023 � 0.002 IT [146]

923 0.21 0.013 IT [101]
0.017 CT [101]

1193 0.21 0.008 IT [101]
0.0179 CT [101]

0.06 0.022 IT [101]
0.0286 CT [101]

0.014 0.040 IT [101]
0.0462 CT [101]

0.002 0.037 IT [101]
0.0729 CT [101]

1170 0.21 0.075 TGA [99]
1270 0.21 0.094 TGA [99]
1370 0.21 0.122 TGA [99]
1420 0.21 0.139 TGA [99]

aHR, IT, CT, and TGA refer to the reduction in a hydrogen at-
mosphere, iodometric titration, coulometric titration, and thermal
gravimetry, respectively

Table 12 Oxygen permeability of Ln1ÿxAxCoO3ÿd ceramics at
1100 � 5 K (p2 = 0.21 atm, d = 2.7±3.0 mm) [115]

Ln A x p1 (atm) J�O2� � 1010

�mol sÿ1 cmÿ1�
La Sr 0 0.13 2.0 ´ 102

8.0 ´ 10)2 2.9 ´ 102

0.2 0.13 28
3.7 ´ 10)2 1.5 ´ 102

0.4 2.9 ´ 10)3 2.8 ´ 102

0.5 0.13 3.4 ´ 102

0.7 0.14 3.6 ´ 102

4.13 ´ 10)2 4.3 ´ 102

0.8 0.13 4.6 ´ 102

8.3 ´ 10)2 3.6 ´ 102

1.0 0.16 2.3 ´ 102

2.3 ´ 10)2 2.0 ´ 102

Pb 0.2 0.14 93
4.3 ´ 10)2 1.1 ´ 102

Bi 0.1 4.1 ´ 10)2 2.9

Pr Sr 0 0.19 1.7 ´ 102

2.2 ´ 10)3 89
0.1 0.13 2.1 ´ 102

6.9 ´ 10)3 1.5 ´ 102

0.2 6.9 ´ 10)2 91
2.7 ´ 10)3 1.2 ´ 102

0.3 5.4 ´ 10)2 76
1.8 ´ 10)3 89

0.4 0.15 59

1.9 ´ 10)3 87
Nd Sr 0.2 0.11 87

4.2 ´ 10)3 62
0.3 0.16 76

4.6 ´ 10)3 48
0.4 0.14 11

Ca 0.1 7.6 ´ 10)2 20
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calculated by the equation [150]:

J�O2� � j � d � ln
p2
p1

� �ÿ1
�7�

where j (mol sÿ1 cmÿ2) is the permeation ¯ux density, d
is the membrane thickness, and p1 and p2 are the oxygen
partial pressures at the membrane permeate side and
feed side, respectively (p2 > p1).

The solid solutions (La,A)(Co,M)O3)d

(M = Ti, Mn, Fe, Ni, Cu, Ga, Mg)

For the B-site substituted cobaltites, the main regulari-
ties of the property variations are close to those typical
for manganites and chromites of the rare-earth elements.
In particular, the concentration range of existing solid
solutions of Ln(Co,M)O3ÿd is determined by the ther-
modynamic possibilities of formation of the LnMO3

perovskite phase at given conditions. Incorporating
divalent cations into the A sublattice leads typically to
decreasing thermodynamic stability of the perovskite
phases and a narrowing of the concentration range for
forming B-site-substituted solid solutions.

The limits of existence of the LaCo1ÿxTixO3�d
perovskites, synthesized at 1670±1720 K in air, were
determined to be 0 � x � 0:5 [151]. In this system, no
oxygen hyperstoichiometric phases form and insertion
of excessive oxygen into the perovskite lattice leads to
the appearance of phase impurities. Oxygen hyperstoi-
chiometry was determined by the iodometric method not
to exceed 0.02, which is within the experimental error
limits [151]. Doping by titanium results in an increase in
divalent cobalt concentration [151]. Creation of cation
vacancies in the A sublattice enlarges the range of the
solid solution formation: the single perovskite phase of
La1ÿyCo1ÿxTixO3ÿd was observed to exist within the
limits 0 � x � 0:7, 0 � y � 0:23, and 0 � d � 0:25 [151].
The lower limit corresponds approximately to the
composition �1ÿ x�LaCoO3±xLa2=3TiO3. Owing to re-
ducing the average oxidation degree of cobalt ions, the
electrical conductivity decreases dramatically with ad-
dition of titanium [151].

Properties of the La(Co,Cr)O3 solid solutions [15, 17,
47, 52] were reviewed brie¯y above. Similar to doping
cobaltites by chromium, doping with manganese leads
to decreasing conductivity of (La,A)Co1ÿxMnxO3ÿd
(A=Ca, Pb) [152±154]. When adding magnesia to such
materials, separation of a cobalt-magnesium spinel
phase and a further decrease in conductivity were ob-
served [153, 154].

In the LaCo1ÿxNixO3ÿd system, perovskite-type solid
solutions form in the range 0 � x � 0:5 [155]. Incorpo-
ration of strontium into the lanthanum sublattice results
in increasing oxygen nonstoichiometry and decreasing
thermodynamic stability, and the perovskite phase of
La0:5Sr0:5Co1ÿxNixO3ÿd exists only at x < 0:25 [139]. In

both cases, any further increase in the nickel content
leads to separation of a K2NiF4-like phase of La2NiO4

and nickel oxide [139, 155]. The conductivity of lan-
thanum cobaltite increases and the thermal expansion
decreases with additions of nickel [52, 155]. Despite in-
creasing oxygen vacancy concentration, the ionic con-
ductivity of LaCo1ÿxNixO3ÿd decreases with x [52]. The
probable reason for such behavior is formation of the
defect associates similar to La0:6Sr0:4Mn1ÿxNixO3ÿd (see
above).

The solid solutions of La0:5Sr0:5Co1ÿxCuxO3ÿd were
found to exist at x � 0:20 [139]. It was mentioned
that copper addition allows improvement of the
mechanical strength and sinterability of the cobaltite
ceramics, caused by the sintering mechanism via for-
mation of a liquid phase at the ceramic grain
boundaries [139].

For the pseudobinary oxide system �1ÿ x�
LaCoO3ÿd±xLaGaO3, forming the single perovskite
phase was established within all the substitution range of
0 � x � 1:0 [137]. Both electronic conductivity and ox-
ygen permeability of lanthanum cobaltite decrease when
cobalt is substituted for gallium [137]. Here, further
doping of La(Co,Ga)O3ÿd solid solutions with magne-
sium was demonstrated to lead to an increase in both
oxygen vacancy and Co4� ion concentrations, which
results in increasing ionic and electronic conduction
[138]. The maximum solid solubility of magnesium in the
B sublattice of LaCo1ÿxÿyGaxMgyO3ÿd perovskites in-
creases with gallium content from y � 0:10 to 0.25. The
data on thermal expansion and oxygen permeability of
the La(Co,Ga,Mg)O3ÿd solid solutions are given in Ta-
bles 9 and 13.

Perovskite-like oxides based on SrCoO3)d

Perovskite-like phases based on strontium cobaltite,
SrCoO3ÿd, having high ionic conductivity with prevail-
ing electronic conductivity are of great interest for high-
purity oxygen separation membranes [97, 115, 132, 148].
On the other hand, the electrical conductivity and elec-
trochemical activity of the SrCoO3ÿd-based oxides in
contact with the solid electrolytes based on bismuth
oxide were mentioned to be lower compared to the solid
solutions of Ln1ÿxSrxCoO3ÿd [95, 115, 158].

Strontium cobaltite is characterized by a large oxygen
nonstoichiometry d, which may achieve 0.75 [159, 160].
This oxide can form a number of perovskite-related
phases, depending on the oxygen content [115]. At low
temperatures in air, the crystal structure of SrCoO3ÿd
was reported to be tetragonal [158, 161] or hexagonal
[162]. The oxygen ionic conductivity of strontium co-
baltite depends very weakly on temperature at 970±
1100 K and increases with increasing oxygen partial
pressure [148, 160, 161, 163±165]. As the structure of
SrCoO3ÿd is distorted compared to the cubic perovskite,
the ionic conductivity and oxygen permeability of
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strontium cobaltite is considerably lower in comparison
with perovskites such as La0:3Sr0:7CoO3ÿd [115±119].
The electronic conduction in SrCoO3ÿd, provided by
electron hole transport, was stated to decrease in line
with decreasing oxygen pressure [115, 162, 164].

A series of research papers [148, 158, 161, 166±177]
was devoted to studying physicochemical and
electrochemical properties of the solid solutions of
SrCo1ÿxMxO3ÿd (M=Ti, Cr, Mn, Fe, Ni, Cu, V) and
SrCo1ÿxÿyFexMyO3ÿd (M=Cr, Cu). It was demonstrat-
ed that a decrease in the oxygen nonstoichiometry of
Sr(Co,M)O3ÿd, caused by doping with cations of higher
valency in comparison with cobalt (M=Ti, Cr, Mn, Fe),
within the limits of the existing single perovskite phase,
leads to increasing oxygen permeability and electrical
conductivity [167±170, 173]. The e�ect of introducing
cations with the lower valency (M=Cu, Ni) into the
cobalt sublattice is the opposite, whereas stabilization of
the cubic phase is not typically observed in this case. At
ceramic membrane thickness values less than 2 mm and
permeate-side oxygen pressures below 0.21 atm, the
oxygen permeation ¯uxes through most of the
SrCoO3ÿd-based ceramic materials were ascertained to
be limited by the oxygen surface exchange rate [148, 173,
176, 177]. The limiting e�ect of the oxygen exchange rate
at the membrane permeate-side surface was shown to be
substantially higher compared to the feed-side surface
[176]. Increasing the oxygen pressure up to p1 � 1 atm
and p2 � 1±100 atm results in changing the permeation
¯ux-determining stage, and oxygen ¯uxes at high oxygen
pressures are limited by the oxygen ionic conductivity of
the ceramics [178].

Among the perovskite oxides, the maximum oxygen
permeability is characteristic of the solid solutions of
SrCo1ÿxFexO3ÿd with x � 0:20±0.35 [97, 115, 132, 158,
166]. The poor mechanical properties were noted to be
typical for the ceramics of this composition, which may
be improved within certain limits by the introduction of
chromium or copper into the B sublattice of the per-

ovskites [158, 176]. For the SrCoO3ÿd-based ceramics,
decreasing ceramic grain size leads to decreasing oxygen
permeability, owing to increasing grain-boundary area
and its resistance to ionic transport [176, 177]. Selected
results on oxygen permeation and thermal expansion of
SrCoO3ÿd-based materials are given in Tables 14 and 15.

Perovskite-type LnNiO3)d and solid solutions
based on them

The thermodynamic stability of perovskite phases in the
systems Ln±M±O (M is transition metal) in air decreases
regularly in the sequence Cr! Ni, which corresponds to
the decreasing degree of oxidation of the transition
metal cations at atmospheric oxygen pressure. In the
ternary systems Ln±Cu±O there generally exist no
perovskite phases at oxygen pressures close to atmo-
spheric [179±182]. For the Ln±Ni±O systems, perovskite

Table 14 Oxygen permeation ¯ux density through SrCoO3ÿd-
based membranes at 1153 � 4 K (d = 1.40 � 0.02 mm, p2 =
0.21 atm, p1 = 0.084 atm)

Membrane Phase
compositiona

j
(mol s)1 cm)2)

Ref.

Sr0:70La0:30CoO3ÿd C 2.6 ´ 10)7 [171]
Sr0:70Nd0:30CoO3ÿd C 1.6 ´ 10)7 [171]
Sr0:70Sm0:30CoO3ÿd C 1.0 ´ 10)7 [171]
Sr0:70Gd0:30CoO3ÿd C 4.1 ´ 10)8 [171]
Sr0:65La0:35CoO3ÿd C 2.8 ´ 10)7 [148]
Sr0:60La0:35CoO3ÿd C 2.0 ´ 10)7 [148]
Sr0:55La0:35CoO3ÿd C 1.7 ´ 10)7 [148]
Sr0:65La0:35Co0:90O3ÿd C + I 2.5 ´ 10)7 [148]
SrCo0:89Fe0:10Cr0:01O3ÿd C + I 4.7 ´ 10)7 [176]
SrCo0:85Fe0:10Cr0:05O3ÿd C 5.2 ´ 10)7 [176]
SrCo0:95Ti0:05O3ÿd C 4.5 ´ 10)7 [173]
SrCo0:80Ti0:20O3ÿd C 4.8 ´ 10)7 [173]

a C corresponds to the single perovskite-type cubic phase; C + I
refers to the cubic perovskite phase with phase impurities

Table 13 Oxygen permeation
¯ux density through perovskite
oxide membranes at
1223 � 4 K (p2 = 0.21 atm,
d = 1.00 � 0.02 mm)

Membrane Phase
compositiona

p1 ´ 102 (atm) j (mol s)1 cm)2) Ref.

LaCo0:8Fe0:1Ni0:1O3ÿd R 3.1 1.1 ´ 10)9 [135]
LaCo0:7Fe0:1Ni0:2O3ÿd R 9.5 3.2 ´ 10)9 [135]
LaCo0:6Fe0:2Ni0:2O3ÿd R 3.1 1.2 ´ 10)9 [135]
LaCo0:5Fe0:2Ni0:3O3ÿd R 9.5 3.1 ´ 10)9 [135]
LaCo0:4Ga0:4Mg0:2O3ÿd R 2.1 6.1 ´ 10)8 [138]
LaCo0:6Ga0:3Mg0:1O3ÿd R 2.1 6.6 ´ 10)9 [138]
LaGa0:8Ni0:2O3ÿd R 2.1 3.4 ´ 10)8 [156]
LaGa0:7Ni0:3O3ÿd R 2.1 3.5 ´ 10)8 [156]
LaGa0:6Ni0:4O3ÿd R 2.1 6.3 ´ 10)8 [156]
LaGa0:5Ni0:5O3ÿd R 2.1 6.6 ´ 10)8 [156]
LaGa0:4Ni0:6O3ÿd R + I 2.1 1.9 ´ 10)8 [156]
LaFe0:8Ni0:2O3ÿd C 2.1 4.3 ´ 10)10 [157]
LaFe0:7Ni0:3O3ÿd R 2.1 2.8 ´ 10)9 [157]
LaFe0:6Ni0:4O3ÿd R 2.1 5.7 ´ 10)9 [157]
LaFe0:5Ni0:5O3ÿd O 2.1 8.6 ´ 10)9 [157]

a C, R, and O refer to the cubic, rhombohedral, and orthorombic single perovskite phase, respectively.
R + I means the presence of phase impurities with the main rhombohedrally distorted perovskite
phase
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phases exist only within a limited range of temperatures
and oxygen pressures [183±186]. This results in consid-
erable limitations to the applicability of perovskite-like
nickelates, which may be used as electrodes or oxygen
membranes only at relatively high oxygen chemical po-
tentials and temperatures below 970 K. In some cases,
doping nickelates into the B sublattice allows enlarge-
ment of the stability ®eld of the perovskite phase.

Phase diagrams, selected phase relationships, and
crystal structures of some Ln±Ni±O phases have been
studied [183±192]. The perovskite phase of LaNiO3ÿd
was established to be thermodynamically stable at
pO2
� 1 atm only at temperatures below 1170 K [183].

The perovskite-type lanthanum nickelates can be syn-
thesized either by annealing the products of hydroxide
coprecipitation or nitrate decomposition in air at 970±
1170 K, or by annealing the ceramics, sintered earlier, in
an oxygen atmosphere at 1370 K [184±186]. LaNiO3ÿd
exhibits metallic conductivity, which is as high as
1:1� 103 S/cm at room temperature [185].

Since the general tendency for the LnMO3ÿd
perovskites is to decreasing thermodynamic stability
with decreasing REE cation radii, preparation of the
perovskite phases of other rare-earth elements is signif-
icantly hampered even in comparison with lanthanum
nickelate. As a result, there are very limited data on their
synthesis and properties in the literature. In particular,
NdNiO3ÿd with the orthorombically distorted perovs-
kite-type structure can be prepared only by annealing
the products of hydroxide coprecipitation with potas-
sium chlorate at 970 K [184].

The properties of the pseudobinary systems of
LaNiO3ÿd±LaMO3ÿd (M=Cr, Mn, Co) were brie¯y
considered above. Similar to these systems, the solid
solutions of LaM1ÿxNixO3ÿd (M=Fe, Ga) form in the
approximate range a 0 � x � 0:5 [156, 157]. There are
also published data on the La(Al,Ni)O3ÿd solid solutions
[193]. For all such perovskites, nickel cations were found
to be predominantly in the trivalent high-spin state [156,

157, 193]. Increasing the nickel concentration in these
perovskites leads to increasing oxygen vacancy concen-
tration and ionic conductivity, which is the limiting
factor of oxygen permeation [156, 157]. Correspond-
ingly, the permeation ¯uxes through ceramic membranes
of such oxides increase with increasing nickel content
(Table 13).

Results on the structure and physicochemical prop-
erties of perovskite-like LaNi0:5M0:5O3�d (M=Zr, Sn)
and LaNi0:75M0:25O3�d (M=Mo, W) have been pub-
lished [194, 195]. These perovskites were reported to be
p-type semiconductors, stable in air within a wide tem-
perature range (up to 1770 K). Chemical analysis
showed that divalent nickel cations exist predominantly
in such phases, while formation of a small impurity of
Ni3� leads to the oxygen hyperstoichiometry [195].

K2NiF4-type oxide compounds

The K2NiF4-type rare-earth complex oxides, A2BO4,
consist of alternating layers of ABO3 perovskite and AO
rock-salt structures along the c-axis [1]. Such oxides are
of interest as materials for oxygen electrodes for various
solid electrolyte devices. This is associated, primarily,
with a su�ciently high electronic conductivity of the
Ln2MO4�d (M=Co, Ni, Cu) compounds and solid so-
lutions based on them. Although the electrical conduc-
tivity of such compounds is lower as compared to their
perovskite oxide homologs, the K2NiF4-type com-
pounds are most stable in the Ln±M±O systems with
M=Ni or Cu in air [179±185]. In addition, some
K2NiF4-type solid solutions were found to exhibit no-
ticeably high ionic conductivity and oxygen permeability
[196, 197], which permits their use as oxygen membrane
materials.

One should note also that oxides based on Ln2MO4

(M=Co, Ni) refers to the products of decomposition of

Table 15 Thermal expansion
coe�cients of perovskite-type
oxide ceramics

Composition T (K) �a ´ 106 (K)1) Ref.

Sr0:70La0:30CoO3ÿd 300±640/640±1020 19.6 � 0.5/28.8 � 0.5 [171]
Sr0:70Nd0:30CoO3ÿd 300±640/640±1020 17.1 � 0.6/31.5 � 0.5 [171]
Sr0:70Sm0:30CoO3ÿd 300±640/640±1020 15.2 � 0.1/25.9 � 0.1 [171]
Sr0:70Gd0:30CoO3ÿd 300±640/640±1020 13.0 � 0.1/20.4 � 0.2 [171]
Sr0:65La0:35CoO3ÿd 300±840/840±1100 20 � 2/27.9 � 0.6 [148]
Sr0:60La0:35CoO3ÿd 300±1100 22 � 1 [148]
Sr0:55La0:35CoO3ÿd 300±1100 18 � 1 [148]
Sr0:65La0:35Co0:90O3ÿd 300±1100 16.9 � 0.9 [148]
SrCo0:89Fe0:10Cr0:01O3ÿd 300±800/800±1080 15.8 � 0.7/30.5 � 0.9 [176]
SrCo0:85Fe0:10Cr0:05O3ÿd 300±840/840±1080 17 � 1/29.3 � 0.9 [176]
SrCo0:95Ti0:05O3ÿd 300±750/800±1100 13.1 � 0.6/28.0 � 0.8 [173]
SrCo0:80Ti0:20O3ÿd 300±700/800±1100 18.3 � 0.7/28.3 � 0.9 [173]
LaGa0:8Ni0:2O3ÿd 300±1100 10.8 � 0.1 [156]
LaGa0:6Ni0:4O3ÿd 300±1100 11.6 � 0.3 [156]
LaGa0:5Ni0:5O3ÿd 300±1100 11.4 � 0.3 [156]
LaGa0:4Ni0:6O3ÿd 300±1100 11.3 � 0.1 [156]
LaFe0:8Ni0:2O3ÿd 300±1100 8.9 � 0.1 [157]
LaFe0:6Ni0:4O3ÿd 300±1100 10.6 � 0.3 [157]
LaFe0:5Ni0:5O3ÿd 300±1100 11.9 � 0.1 [157]
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the respective perovskite phases at reduced oxygen
pressures [101, 107, 183±185]. The conditions in which
the K2NiF4-type oxides can be formed from the per-
ovskites correspond to those at the permeate side of the
oxygen membranes for partial oxidation of hydrocar-
bons. The K2NiF4-type phases, formed owing to the
reducing permeate-side surface layers of the perovskite
oxidation membranes, are expected to determine the
oxygen permeation ¯ux through the membrane. There-
fore, studying phases with the K2NiF4 structure is of
interest for developing ceramic mixed-conductive mem-
branes.

La2CoO4 and the solid solutions (La,A)2CoO4

As mentioned above, the formation of Ln2CoO4 phases
is typical only for rare-earth cations with large radii
(Ln=La, Pr, Nd) [102, 104, 110]. Most of such com-
pounds tend to oxygen hyperstoichiometry. In partic-
ular, the homogeneity range of La1:4Sr0:6CoO4�d was
determined by the coulometric titration method at
1383 K to correspond to d values from 0.09 to 0.36
[101]. A considerable hysteresis in oxygen partial
pressures corresponding to the ``perovskite $ K2NiF4-
type phase'' transition was ascribed to di�usion limi-
tations of the cobalt cation transport between the
phases [101].

Formation of the La2ÿxSrxCoO4 solid solutions was
established in the range 0 � x � 1 [198]. In the
La2ÿxBaxCoO4 system the solid solutions were reported
to form at 0 � x � 0:7 [198]. For both of these systems
the single-phase oxides at x < 0:3 can be obtained only
in an inert atmosphere, whereas some of the K2NiF4-
type solid solutions at higher x values may be prepared
in air at temperatures below 1370 K [51, 186, 198]. All
cobaltites with the K2NiF4 structure were stated to be p-
type semiconductors [51, 198].

Oxide materials based on Ln2NiO4

Properties of La2NiO4�d with the tetragonal K2NiF4-
type structure and the La2ÿxAxNiO4�d (A=Ca, Sr, Ba)
solid solutions have been reported by Kononyuk et al.
[197, 199±202]. The concentration ranges of existing
solid solutions are 0 � x � 1:4 for A=Sr, 0 � x � 1:0
for A=Ba, and 0 � x � 0:5 for A=Ca [199±201].
When doping with strontium, the conductivity of the
ceramics increases and becomes metallic at x � 1:0
[199]. Lanthanum nickelate, La2NiO4�d, and the solid
solutions with moderate alkaline-earth dopant concen-
tration were ascertained to exhibit oxygen hyperstoi-
chiometry in air, while all the solid solutions of
La2ÿxSrxNiO4�d at x � 1:0 are hypostoichiometric [197,
201, 202]. Reducing the oxygen partial pressure leads
regularly to a decrease in the conductivity of the ce-
ramics. The TEC values of the nickelates are (12±
13)� 10ÿ6 Kÿ1 at 300±900 K [200].

For the systems �1ÿ x�La2NiO4ÿxSr2TiO4 and
�1ÿ x�LaSrNiO4ÿdÿxSr2TiO4, formation of solid solu-
tions was reported within the concentration range
0 � x � 1 [203]. Electronic conduction in such oxides
occurs via hopping electron holes between the nickel
cations. The oxygen content in �1ÿ x�La2NiO4ÿ
xSr2TiO4 was determined to be close to stoichiometric
[203]. In contrast, only 12±53% of nickel ions in the solid
solutions of �1ÿ x�LaSrNiO4ÿdÿxSr2TiO4 are trivalent,
resulting in signi®cant oxygen hypostoichiometry [203].

Among other interesting research projects, one can
list the results on electrical conductivity of Nd2NiO4�d
with additions of nickel oxide [204], the data on the
LaSrNixAl1ÿxO4ÿd solid solutions [205], and a series of
publications on the Ln4Ni3O10 (Ln=La, Pr, Nd) phases
and solid solutions based on them [190, 206±208].
Table 16 lists the electrical conductivity of selected Ln±
Ni±O compounds.

Cuprates of rare-earth elements

Phase diagrams, thermodynamic properties of selected
phases in the Ln±Cu±O oxide systems, and their crystal
structure have been studied [179±182, 209±214]. In these
systems the Ln2CuO4 and Ln2Cu2O5 phases are most
stable in air [179±182, 209, 210]. The thermodynamic
stability of Ln2CuO4 decreases with the decreasing REE
cation radii similar to the perovskite-type oxides, while
the opposite behavior is characteristic of Ln2Cu2O5

[209, 210]. On reducing the oxygen pressure, the
Ln2CuO4 (Ln=Pr, Nd, Sm, Eu) phase at 1070±1400 K
and the La2CuO4 phase at 1180±1400 K were shown to
decompose, forming LnCuO2 and REE oxide [179±181].
Here, the decomposition of La2CuO4 (1070±1180 K)
and Gd2CuO4 (1090±1350 K) results directly in the
formation of binary metal oxides [181]. Corresponding
to the varying free energy of formation, the thermal

Table 16 Electrical conductivity of selected oxide compounds
containing nickel and rare-earth elements

Composition Conductivity (S/cm) Ref.

300 K 900 K

LaNiO3 5.8 ´ 102 4.1 ´ 102 [185]
LaNi0:5Mn0:5O3 10 2.8 ´ 10)2 [91]
LaNi0:5Co0:5O3 8.7 ´ 102 8.8 ´ 102 [155]
LaNi0:5Ga0:5O3 8.4 25 [156]
LaNi0:5Zr0:5O3 0.12 35 [195]
LaNi0:5Sn0:5O3 ± 13 [195]
La4Ni3O10 1.5 ´ 102 65 [206]
La1:8Ca0:2NiO4 40 77 [200]
La1:5Ca0:5NiO4 28 69 [200]
LaSrNiO4 2.2 ´ 102 1.3 ´ 102 [201]
LaSrNi0:5Ti0:5O4 2.3 ´ 10)4 0.17 [203]
La0:6Sr1:4NiO4 2.6 ´ 102 1.2 ´ 102 [201]
La0:6Sr1:4Ni0:4Ti0:6O4 1.4 ´ 10)4 0.12 [203]
La0:5Sr1:5Ni0:5Ti0:5O4 1.7 ´ 10)3 0.84 [203]
La1:5Ba0:5NiO4 13 47 [200]
LaBaNiO4 6.1 ± [200]
Nd2NiO4 12 56 [204]
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stability of Ln2CuO4 decreases in the sequence of
La! Gd owing to increasing distortions of the crystal
lattice with the decreasing REE cation radii [181, 212].

The electrical and magnetic properties of Ln2CuO4

have been studied in detail [215±220]. Metallic conduc-
tivity is characteristic of lanthanum cuprate in air,
whereas the conductivity of the cuprates of other rare-
earth elements (Ln=Pr±Gd) is semiconductor-like, re-
ducing with the decreasing REE radii [215, 216]. Doping
with divalent metal cations such as Ca, Sr, Ba, or Pb
leads regularly to an increase in the conductivity of the
cuprates [215, 217, 219, 220]. The TECs of the ceramic
La2ÿxAxCuO4 (A=Ca, Sr, Ba; x=0±1.0) were calculat-
ed from dilatometric data to vary in the range (11±
12)� 10ÿ6 Kÿ1 at 300±470 K and (12±14)� 10ÿ6 Kÿ1 at
600±900 K [220]. When doping lanthanum cuprate with
alkaline-earth cations, a de®nite degradation in the
mechanical properties of the ceramics as well as a de-
creasing stability in relation to the interaction with water
vapor and carbon dioxide contained in atmospheric air
were mentioned [220].

A study of the solid solutions of Ln2CuO4-Bi2CuO4

(Ln=La, Pr, Nd, Sm, Eu, Gd) has been performed [221,
222]. The maximum solid solubility of bismuth in the A
sublattice of Ln2ÿxBixCuO4 corresponds to x values
from 0.1 to 0.2, while formation of solid solutions based
on bismuth cuprate was stated to be in the range
1:8 � x � 2:0 [221, 222]. Doping by bismuth results in
decreasing conductivity and thermal expansion of the
(Ln,Bi)CuO4 ceramics [222]. Properties of the individual
phase of Bi2CuO4 and the Bi2(Cu,M)O4 (M=Ni, Pd)
solid solutions have been reported [81, 223±227].

The present work was not aimed at analysis of the
numerous publications on high-temperature supercon-
ductors based on cuprates. Researchers interested in
such data could be addressed, for example, to a review
[228]. Among the results concerning high-temperature
electrochemistry, one can list the data on oxygen ex-
change [229±233] and oxygen permeability of selected
superconducting oxides [234±239].

Perovskites ARO3 (A = Ca, Sr, Ba; R = Zr, Hf, Ce, T i)

Perovskite-type phases of ARO3, where A is the alkaline
earth element and R=Zr, Hf, or Ce, possess relatively
low mixed ionic-electronic conductivity, as a result of
which there is little likelihood of the direct use of such
oxides in electrochemical cells. However, certain solid
solutions based on them exhibit considerable proton
conductivity in hydrogen-containing atmospheres. In
addition, studying the properties of such oxides may be
of interest in developing SOFCs, because the formation
of AZrO3-based phases may occur in the di�usion layers
between solid electrolytes of stabilized zirconia and
perovskite electrodes based on LnMnO3.

Existing perovskite-type phases are characteristic of
all the AO±RO2 (A=Ca, Sr, Ba; R=Zr, Hf, Ce) sys-

tems, with the exception of CaO±CeO2 [240±250]. The
thermodynamic stability of the zirconates, AZrO3, in-
creases regularly with the increasing radii of the alkaline
earth cations in the sequence Ca < Sr < Ba [251],
whereas the stability of barium perovskite compounds
was reported to decrease as BaHfO3 > BaZrO3 >
BaCeO3 [252]. The formation of a continuous series of
solid solutions was reported for the SrZr1ÿxMxO3

(M=Ce, Hf) systems for 0 � x � 1:0 [253, 254]. For
BaM1ÿxYxO3ÿd (M=Zr, Hf, Ce, Th), the concentration
range of existing single perovskite phases is close to
0 � x � 0:2 [255]. When doping with copper, solid
solutions of BaM1ÿxÿyYxCuyO3ÿd (M=Zr, Hf) were
ascertained to form at 0 � x � 0:10 [255].

Most of the perovskites of this group possess mixed
ionic-electronic conductivity in air, with electronic con-
duction provided by electron hole transport [255±257].
In hydrogen-containing atmospheres, the conductivity
of numerous ARO3-based perovskites is predominantly
protonic [256±259]. The highest proton conductivity in
reducing atmospheres was reported for solid solutions of
BaCe0:85Ln0:15O3ÿd with Ln=Nd, Eu, Gd, Dy, Ho, of
Lu [258]. The proton conduction in BaCe0:85Ln0:15O3ÿd
(Ln=Sc, Sm, La) is somewhat lower, while the ceramics
of BaCe0:85Pr0:15O3ÿd exhibit n-type electronic conduc-
tivity in reducing environments [258].

For perovskite-like titanates of the alkaline-earth el-
ements, applicability in high-temperature electrochemi-
cal devices is considered to be much worse compared to
perovskites based on manganites or cobaltites. This is
caused by the relatively low ionic and electronic con-
ductivities of the titanates in oxidizing atmospheres (see,
for instance, [173±175, 260±263]). One important excep-
tion is the CaTi1ÿxFexO3ÿd solid solutions, which have
reasonably high oxygen ionic conductivity in air [262].
One should note also the solid solutions based on the
stoichiometric and cation-de®cient titanates LnTiO3

(Ln=La, Ce, Pr, Nd) that exhibit high electronic con-
ductivity in reducing atmospheres [2, 264±266], which
makes such oxides promisingmaterials for SOFC anodes.

Electrode properties of perovskite oxides
in solid electrolyte cells

Electrode materials of high-temperature electrochemical
cells should satisfy numerous criteria such as high elec-
tronic conductivity, stability under application condi-
tions, a TEC compatible with that of the solid
electrolyte, and minimum chemical interaction with
other materials of the cell [267±269]. Therefore the
properties of electrode layers applied onto solid elec-
trolyte ceramics depend not only on the properties of the
electrode material, but also on the method of fabricating
the electrochemical cell and on the properties of the
electrolyte. This is determined, ®rstly, by a primary ef-
fect of the triple-phase boundary and solid electrolyte
surface on the electrochemical processes. Secondly, the
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fabrication method and pre-history of the electrode de-
termine its morphology and the activity of its surface.
Thirdly, di�usion layers formed due to an interaction
between the electrode and the electrolyte materials a�ect
oxygen transport through the electrode/electrolyte in-
terface.

For the perovskite electrodes in contact with zirconia
solid electrolytes, the most important in¯uence on the
electrochemical activity was demonstrated to be pro-
vided by the third factor, i.e. the presence of blocking
di�usion layers comprising a pyrochlore phase [270,
271]. In order to avoid formation of the blocking layers,
one should minimize both the temperature and the time
of sintering the electrode layers deposited onto stabilized
zirconia ceramics. Using temperatures for the sintering
below 1270 K is preferable [270, 271]. In our research
[69, 76, 81, 84±87, 89, 272], sintering aids to the electrode
materials were used in order to achieve the minimum
temperature and time of sintering of the manganite
electrodes, providing coincidentally the necessary
mechanical strength of the electrode layers. The
maximum electrochemical activity of the electrodes of
(La,Sr)MnO3ÿd and (La,Sr)(Mn,M)O3ÿd (M=Ni, Fe)
was provided by using sintering additions of bismuth
oxide, Bi2O3, and bismuth cuprate, Bi2CuO4. Creation
of cation vacancies in the A sublattice of the lanthanum-
strontium manganites leads also to increasing electro-
chemical activity, which is a result of both suppressing
the formation of the blocking layers and increasing the
ionic conductivity of the perovskites [89]. Avoidance of
incorporating cations of the sintering aid into the A-site
vacancies is desirable, and the sintering additions of
Bi2CuO4 are favored [89]. As substitution of strontium
with lead cations also results in a decreasing interaction
between the electrode and the electrolyte materials, the
overpotential of the La0:6Pb0:4MnO3ÿd electrodes is
lower in comparison with that of La0:6Sr0:4MnO3ÿd at
equal current densities (Fig. 1).

Using high temperatures of sintering perovskite
electrodes on stabilized zirconia ceramics leads to a
dramatic increase of the overpotentials. For example,
excessively high values of the polarization resistance
were obtained for the electrodes of LnCr1ÿxNixO3ÿd
(Ln=La, Sm; x = 0.4±0.8, sintering temperature of
1670 K) [42], LaCo1ÿxNixO3ÿd (x � 0:3±0.5, sintering
temperature of 1570±1620 K) [273], Ln1ÿxCaxMnO3ÿd
(x � 0±0.5, sintering temperature of 1700±1750 K) [58,
274], and La0:6Sr0:4Mn1ÿxMxO3ÿd (M=Co, Ni; x � 0±
0.05, sintering temperature of 1620±1670 K) [82]. Such
results, demonstrating an obvious correlation between
sintering temperature and overpotential, are of little
practical use.

In contrast to the zirconia solid electrolytes, no
blocking layers were ascertained to form between per-
ovskite electrodes based on REE cobaltites and Bi2O3-
based solid electrolytes [115, 142, 158]. This is associated
with a su�ciently high ionic conductivity of the complex
oxides of the Bi2O3±Ln2O3±CoOx systems [142, 275±
277]. However, the oxygen transport properties of the

intermediate di�usion layers are somewhat worse com-
pared to the Bi2O3-based electrolytes, and the electronic
conductivity of cobaltites decreases with the incorpora-
tion of bismuth cations into their crystal lattice [118,
142, 145, 275]. Therefore, one should reduce the inter-
action of the materials during fabrication of the elec-
trochemical cells.

Studying oxide materials of the CeO2±Gd2O3±MOx
(M=Co, Mn) ternary systems leads to the conclusion
that there should form no blocking layers between solid
electrolytes of doped ceria and electrodes of cobaltites
and manganites [96, 278]. In this case, however, it is
desirable to minimize interaction of the perovskite
electrode and ceria electrolyte materials analogously to
the bismuth oxide electrolytes. This is caused by the
decrease in oxygen ionic conductivity of gadolinia-
doped ceria with additions of the transition metal oxides
[96, 278].

Another important factor determining the polariza-
tion of the perovskite electrodes refers to the activity of
the electrode surface and to the concentration of the
active reaction sites near the triple-phase boundary. As
an example, electrode layers of La0:7Sr0:3CoO3ÿd sin-
tered onto the zirconia ceramics, even at 1423 K, are
desirable to be modi®ed by impregnation with a solution
of metal acetates of the same cation composition [271].
Otherwise the polarization resistance of the cobaltite

Fig. 1 Dependence of overpotential on current density through
perovskite-type electrodes: 1 La0:5Sr0:4MnO3ÿd with sintering aid of
Bi2CuO4, 1260K, solid electrolyte of Zr0:90Y0:10O1:95 [89];
2 La0:6Sr0:4MnO3ÿd with sintering aid of Bi2O3, 1260K, solid
electrolyte of Zr0:90Y0:10O1:95 [89]; 3 La0:6Pb0:4MnO3ÿd with sintering
aid of Bi2O3, 1245K, solid electrolyte of Zr0:90Y0:10O1:95 [69];
4 La0:6Sr0:4Mn0:8Ni0:2O3ÿd with sintering aid of Bi2O3, 1253K,
Zr0:90Y0:10O1:95 [76]; 5 La0:6Sr0:4Mn0:7Fe0:3O3ÿd with sintering aid of
Bi2O3, 1230K, Zr0:90Y0:10O1:95 [75]; 6 La0:7Sr0:3CoO3ÿd, 910K, solid
electrolyte of Bi0:75Y0:25O1:5 [95]; 7 Nd0:5Sr0:5CoO3ÿd, 910K, solid
electrolyte of Bi0:75Y0:25O1:5 [95]. The curves 1±5 refer to cathodic
polarization, whereas the curves 6 and 7 correspond to anodic
polarization. Absolute values of the overpotential are given for
convenience
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electrodes was found to be higher by a factor of 10±100,
caused by passivation during the sintering and by in-
teraction with the electrolyte, resulting in blocking the
triple-phase boundary. The manganite electrodes can be
activated either by applying praseodymium oxide and
lanthanum-strontium cobaltite onto their surface, or by
additions of metallic silver [75, 89, 92]. Figure 2 illus-
trates the e�ect of such surface modi®cation on the
cathodic overpotential. The activating e�ect of praseo-
dymium oxide on the electrochemical activity of the
manganite electrode layers is determined by the speci®c
catalytic activity of the Pr4� ions in the electrochemical
reactions with participating oxygen, being analogous to
the in¯uence of praseodymia on the properties of plati-
num metal electrodes [89, 279]. The higher electro-
chemical activity of the cobaltite electrodes, related to
the activity of the electrodes prepared by sintering co-
baltite powders, can be provided by producing electrode
layers by spraying metal nitrate solution over heated
bismuth oxide electrolyte ceramics [115]. Another
promising method to increase the activity of the cobal-
tite electrodes refers to adding metallic silver into their
composition, similar to the electrodes of lanthanum-
strontium manganites [141].

The results of studying oxide electrodes in contact
with various solid electrolytes show generally an absence
of direct correlations between the electrochemical ac-
tivity of the electrode layers and the oxygen ion trans-
port properties of the corresponding ceramics. Such
behavior was observed for electrodes of (Ln,Sr)CoO3ÿd
and Sr(Co,Fe)O3ÿd deposited onto d±Bi2O3-based elec-

trolytes [94, 95, 115, 118, 141, 142, 158], and for the
manganite electrodes in the zirconia solid electrolyte
cells [69, 75, 76, 81, 84±87, 89, 92]. In some cases, an
e�ect of electronic conductivity of the electrode materi-
als on the overpotentials was detected.

Thus, the most important factors determining polar-
ization of the oxide electrodes are as follows: the presence
of blocking layers, speci®c electrocatalytic activity of the
electrode, and highly developed electrode morphology.
Among the electrode materials exhibiting the best elec-
trochemical properties in contact with bismuth oxide
electrolytes, one can mention Nd0:5Sr0:5CoO3ÿd with
additions of silver. For cells with electrolytes based on
stabilized zirconia, the maximum electrochemical activ-
ity was found for La0:5Sr0:4MnO3ÿd with Bi2CuO4 as a
sintering aid, and La0:6Sr0:4Mn0:8Ni0:2O3ÿd and
La0:6Pb0:4MnO3ÿd with additions of Bi2O3.

When discussing the properties of the electrode sys-
tems, one should separately note the detailed studies of
the La0:7Sr0:3CoO3ÿd perovskite electrodes deposited
onto the zirconia electrolyte ceramics [229, 270, 271,
280±282]. In particular, the oxygen interphase exchange
in such cells was demonstrated by the isotopic method to
be primarily determined by the processes at the cobaltite
surface. The oxygen exchange rate of the
La0:7Sr0:3CoO3ÿd electrodes is close to that of the co-
baltite ceramics (Fig. 3). This suggests that the electrode
reaction for the cells with zirconia solid electrolytes is
localized at the triple-phase boundary and at the oxide
electrode surface. In contrast, an active role of the
electrolyte surface in electrode reactions can be expected

Fig. 2 Dependence of overpotential on cathodic current density for
oxide electrodes applied onto Zr0:90Y0:10O1:95 solid electrolyte
ceramics: 1 La0:5Sr0:4MnO3ÿd with sintering aid of Bi2CuO4 at
1225K, after preparation [89]; 2 the same electrode after activation
with praseodymium oxide [89]; 3 La0:6Sr0:4Mn0:7Fe0:3O3ÿd with
sintering aid of Bi2O3 at 1230K, after preparation [75]; 4 the same
electrode after depositing praseodymium oxide and La0:5Sr0:5CoO3ÿd
[75]. Absolute values of the overpotential are given

Fig. 3 Temperature dependence of interphase oxygen exchange rate
[229, 279, 289]: 1 ceramic La0:7Sr0:3CoO3ÿd (measured by the isotopic
exchange method); 2 electrode La0:7Sr0:3CoO3ÿd in contact with
Zr0:90Y0:10O1:95 solid electrolyte (measured by the isotopic exchange
method); 3 electrode La0:7Sr0:3CoO3ÿd in contact with
Zr0:90Y0:10O1:95 (calculated from the results of measuring overpoten-
tial as a function of current density); 4 single crystal of
Zr0:90Y0:10O1:95; 5 powder of Zr0:90Y0:10O1:95
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for electrolytes based on bismuth and ceria oxides, both
the electronic conductivity and the surface exchange rate
of which are much higher in comparison with zirconia
[229, 283±286].
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