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Abstract. The main requirements to cathode materials for
intermediate temperature solid oxide fuel cells are consid-
ered with regard to the mechanism of oxygen reduction on
the cathode. Factors that affect the oxide-ion and electronic
conductivity and also the thermal expansion coefficient of
compounds with the perovskite structure are discussed. The
crystal structure, high-temperature properties and electro-
chemical characteristics of the most promising cathode
materials based on oxygen-deficient complex oxides of
cobalt and layered perovskite-like oxides of nickel and
copper are analyzed. The bibliography includes 156
references.

1. Introduction

Recently, due to the constantly rising prices for traditional
energy sources (coal, oil, natural gas), attention has been
focused on the development of alternative power genera-
tion, particularly, hydrogen power generation built around
electrochemical power sources based on fuel cells (FC).
These cells convert the energy of redox reactions into the
electric energy, by-passing the inefficient intermediate stage
of combustion,! 3 e.g.,

1
H2+§Oz e HQO

In contrast to rechargeable batteries, in fuel cells the fuel
and the oxidant are constantly supplied to electrodes and
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the chemical reaction products are removed from them, thus
providing continuous operation. The main components of
all fuel cells are the cathode, the anode and the electrolyte.
These elements are illustrated in Fig. 1a for an individual
solid oxide fuel cell (SOFC) in which hydrogen gas serves as
the fuel and oxygen serves as the oxidant. On the cathode of
SOFC, the oxygen reduction occurs

Oy(g) +4e~ —> 202,
while on the anode, hydrogen is oxidized
Ha(g) + O~ —> H,0(g) + 2e~

A fuel cell battery also includes the interconnect compo-
nent that provides electrical connection between the cath-
ode of one individual fuel cell and the anode of the
neighbouring cell (see Fig. 1 b); also, this component should
prevent mixing of cathodic and anodic gases, thus prevent-
ing them from reacting with each other.

Depending on the nature of electrolyte, several main
types of fuel cells are considered:* >

— alkaline cells,

— phosphoric acid cells,

— cells with a proton-exchange membrane (or with
polymer electrolyte),

— cells with molten carbonate electrolyte,

— solid-oxide cells.

The main advantage of fuel cells over traditional power
sources is their higher coefficient of efficiency. Fuel cells are
noiseless; furthermore, when hydrogen is used as the fuel,
they emit no environmentally harmful chemical compounds.
Moreover, SOFC and high-temperature fuel cells (operating
at temperatures > 500 °C) with molten carbonate electro-
lytes display additional merits, namely,

— high-temperature mode makes it possible to avoid
using expensive platinum metal-based catalysts;

— in high-temperature fuel cells, not only hydrogen the
purity of which does not matter but also natural gas can be
used as the fuel without preliminary reforming.
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Schematic of an individual SOFC (a) and a battery of three individual fuel cells (b).

Standard materials of SOFC components: electrolyte, Zr; Y. Os_y; (x = 0.08—-0.11); cathode, La; —Sr«MnO3 (x = 0.2—-0.3); anode,

cermet-based material [60 vol.% —70 vol.% Ni(met.) + YSZ].

The state of the art in studying and designing low-
temperature fuel cells and materials for them has been
considered in several reviews (see, e.g., Refs 6—8) and,
hence, it is beyond the scope of the present review.

However, the use of high temperatures (850—1000 °C)
in SOFC is a serious drawback of these electrochemical
devices,® which still hampers their commercialization and
wide use as the co-called combined heat and power sources
in private houses. The main requirement to such devices is
power loss not exceeding 0.1% during continuous operation
for 1000 h and service life of no less than 5 years. Due to the
chemical interaction of materials of SOFC components at
high temperatures, its power characteristics can degrade
rapidly. In high-temperature SOFC, the electrolyte repre-
sents an YSZ material based on zirconium dioxide doped
with yttrium (Zr; - YOz _ 12, x = 0.08-0.11), the cathode
represents a LSM material based on lanthanum manganite
doped with strontium cations (La; —xSryMnOs,
x = 0.2-0.3) and the anode is made of a composite material
based on cermet (metallic nickel and YSZ). Furthermore, at
high temperatures, the interconnect materials for SOFC
batteries should be based on oxides (for instance, doped
lanthanum chromite La;7.M,CrO3;, M = Ca, Sr),'0-11
rather than on cheaper stainless steels. The low conductivity
and the easy loss of chromium in the form of volatile
compounds Cr¥Y'03 and H,CrV!O4 formed in the oxidative
atmosphere in the presence of moisture !> give rise to
complications associated with the formation of chromite-
based gas-tight ceramics and eventual poisoning of the
SOFC surface with chromium compounds. This is why the
possibility of substituting temperature-resistant steels for
chromites in interconnect devices is one of the main factors
that necessitate lowering the SOFC temperature down to
550—750 °C [intermediate temperature SOFC (IT-SOFC)].!3

However, as the SOFC working temperature is lowered
down, the polarization losses induced by electric current
increase. The following three main types of losses are
distinguished: ohmic (7;), concentration (12) and activation
(n3):1

E=Ey—n—n— N3,

where E is the voltage on the working fuel cell, Ey is the
open circuit potential.

Figure 2 schematically shows the voltammogram of a
working SOFC. The contributions of the mentioned types
of polarization losses are shown.

Open-circuit potential

/

o
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Figure 2. Current—voltage curve of a working SOFC.
Contributions made by activation, ohmic and concentration losses
are marked.

Ohmic losses are associated with the electric resistance
of SOFC materials, they increase with increase in the
current density in accordance with Ohm’s law. The reduc-
tion of ohmic losses with the rise of temperature is related to
the fact that most materials of SOFC primary components
exhibit conduction of the activation nature so that their
resistance increases as the temperature decreases.

The concentration losses caused by the difficulties in the
delivery of reactants and/or the removal of reaction prod-
ucts from electrodes make a considerable contribution to
the total polarization only at high currents when the rates of
electrochemical processes become considerable.
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The activation polarization makes the largest contribu-
tion to polarization losses during SOFC operation. It
appears due to complex nature of electrode redox reactions
which involve several stages. Particularly, this applies to the
oxygen reduction on the cathode which is accompanied by
the rupture of the strong double bond in the oxygen
molecule to form O2~ ions in vacant sites of the solid oxide.

Lowering down the temperature has a substantial effect
on the activation polarization, which increases due to slow-
ing down of electrochemical reactions on electrodes. The
activation losses on the cathode exceed the losses on the
anode (Fig. 3). For instance, a decrease of the SOFC work-
ing temperature from 1000 to 500 °C induces more than
2000-fold increase in the polarization resistance of the
standard LSM cathode material;!> hence, its use in
IT-SOFC is out of question. A material is required that
would exhibit substantially higher electrochemical activity
with respect to oxygen reduction under these conditions and
combine high electronic and the high oxide-ion conductiv-

ity.

Voltage /V

Hcathode

Vleleclrolyte

950 900 850 800 750 700 650 T/)°C

Figure 3. Temperature dependence of the voltage on a single fuel
cell.

The growth of polarization losses in the electrolyte and on the
cathode and anode following decrease in temperature is schematic
ally shown.

Yet another problem associated with SOFC operation at
high temperature is the necessity of matching the thermal
expansion coefficients (TEC) of adjacent elements in fuel
cells. Considerable difference in the TEC of these compo-
nents leads to degradation of the cathode/electrolyte inter-
face; the degradation becomes considerable both during the
interface formation at high temperature and when the
SOFC is brought to its operating mode and also at temper-
ature cycling.

Based on the literature data, the following requirements
to the cathode material of IT-SOFC can be formulated:

— high electrocatalytic activity towards oxygen reduc-
tion;

— matching of TECs of the cathode and electrolyte
materials;

— the absence of chemical reaction between the electro-
lyte and cathode materials, which otherwise might afford a
new phase capable of inhibiting the transport of charge
carriers;

— stability in the cathodic gas atmosphere.

Recently, many reviews written by foreign authors have
appeared which deal with the development of new materials
for IT-SOFC (e.g., see Refs 15-24). The present review
concentrates on the chemical and structural aspects of
selecting the cathode materials because this is crucial for
SOFC performance and durability. According to the elec-
tronic database Scopus, in the last decade alone, more than
4000 original publications were devoted to cathode materi-
als for SOFC. Naturally, in the present review we could not
cover all information on this problem and focused attention
on the description of our own studies on designing new
cathode materials for SOFC and also on understanding the
structure of materials studied, which determined the choice
of references and also the framework of the review. The
mechanism of oxygen reduction on the SOFC cathode is
briefly discussed and the necessity of high oxide-ion con-
ductivity for materials of IT-SOFC is inferred. The elec-
tronic and oxide-ion conductivities of oxides with the
perovskite structure are analyzed, which is important for
the practical application as SOFC materials, and the prob-
lem associated with selecting TEC is discussed.

I1. Mechanism of oxygen reduction on the cathode
of a solid-oxide fuel cell

The oxygen reduction on the surface of an oxide material
follows a complex, multistep mechanism; the process often
takes several parallel routes. The realization of one or
another route substantially depends on the chemical com-
position, the crystal structure and the nature of charge
carriers in the cathode material and also on its micro-
structure.

The overall equation of the reduction of oxygen mole-
cules on the oxide surface followed by incorporation of O?—
ions into lattice vacancies can be described as follows
(Kroger — Vink notations):

0.50,(g) + Vo —= 0% +2h’ 1)

The main steps of this complex process are as follows:'#
— adsorption of oxygen molecules on the surface of
electrocatalysts (cathode material or electrolyte):

0.50,(g) —> 0.50(ad) )
— dissociation of adsorbed molecules into atoms
0.50,(ad) —> O(ad) 3)

— reduction of oxygen to O?~ ions followed by their
incorporation into vacant sites in the oxide lattice

O(ad) + 2e~ + V5 —> O} @)

Depending on the nature of cathode material, the last
step can occur either on the cathode surface if the material
exhibits mixed (electronic and oxide-ion) conductivity or on
the three-phase boundary if the oxide-ion conductivity of
the cathode material is negligible (see the left and right sides
of Fig. 4, respectively). The latter case corresponds to the
standard cathode material used in LSM-based high-temper-
ature SOFC. The three-phase boundary represents the space
where the cathode material, the gas phase and the electro-
lyte are in contact. If the adsorbed oxygen atoms are
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Figure 4. Possible paths of oxygen reduction on a porous cathode
in SOFC.'4

The left side of the figure corresponds to the case of oxygen
reduction on the particles of a cathode material with mixed
electronic and oxide-ion conductivity (e.g.,
La;_,Sr,Co;_,Fe,O3_s), the right side corresponds to oxygen
reduction on a cathode with negligible oxide-ion conductivity
(Lag.gSrg.2MnO3, LSM); Ograin is 0Xygen on the grain boundary.

reduced on the three-phase boundary, the process may be
preceded by their diffusion to this boundary over the
surface of either cathode material or electrolyte (see
Fig. 4). At the oxygen reduction on the surface of a cathode
material with mixed conductivity, the ions formed are
incorporated into the cathode material and then they are
carried to the cathode/electrolyte interface.

For cathode materials with negligible oxide-ion conduc-
tivity (e.g., LSM), the cathodic reaction rate, which deter-
mines the activation polarization, and also the
corresponding resistance of the cathode/electrolyte interface
(Ry) depend on the length of the three-phase boundary. To
reach a reasonable R, value (~0.2 Q cm?), it is necessary to
decrease the LSM particle size down to <0.1 pm.!* This is
difficult for porous ceramic materials that operate at high
temperatures. However, this problem can be solved by
switching to cathode materials on which oxygen can be
reduced at a certain distance from the cathode/electrolyte
interface, namely, on the surface of particles of the cathode
material, which corresponds to the aforementioned mecha-
nism of oxygen reduction on the surface of oxides with
mixed conduction.

Within the framework of the Adler—Lane—Steele
model, the resistance R, of a cathode material with mixed
conductivity can be related directly to its characteristics.?’
According to this model, for a heterogeneous chemical
reaction at the gas/electrode interface,

n = % % (5)
(I —e)acyDk

where F is the Faraday constant, t, ¢, a are the parameters

of electrode geometry, namely, the pore tortuosity, porosity

and volume-normalized surface area, respectively; co is the

concentration of oxygen vacancies, D is the oxygen self-

diffusion coefficient, kK’ is the oxygen surface exchange
coefficient.

By using the Adler—Lane—Steele model for mixed
conductors, it is possible to assess the suitability of an
oxide material as the SOFC cathode based on the parame-
ters directly related to its chemical composition and crystal
structure, namely, the coefficients of self-diffusion of oxy-
gen ions and their surface exchange. These values can be
compared with coefficients (D* and k, respectively) found
experimentally for the '80 isotope label by secondary-ion
mass spectrometry on gas-tight ceramic samples preliminar-
ily annealed in the %0, atmosphere.?¢—33

The D* and k values suitable for a SOFC cathode
material were estimated.’* Assuming that R, = 0.1 Q cm?
and substituting the typical parameters of the cathode
material microstructure into Eqn (5) showed that the D*k
product should be of the order of magnitude of 1014,
Bearing in mind that the surface exchange coefficient at the
working temperatures of SOFC should not exceed
10—%cm s—!, the D* value for the cathode material should
not be lower than 10~8 cm? s—!. Table 1 presents the values
of D* and k for some complex oxides. It should be noted
that the majority of compounds shown in Table 1 contain
3d transition metal cations, namely, Mn, Fe, Co, Ni and Cu,
and have the structure of perovskite (ABO3 ) or its deriva-
tives. Perovskite-like oxides of cobalt, nickel and copper
exhibit high D* and k values and can be considered as
promising cathode materials for IT-SOFC.

Table 1. Diffusion and surface exchange coefficients for various oxides
determined by secondary-ion mass spectrometry.

Compound D* k D*k T Ref.
Jem? s~ ! Jem s—! Jem?s—2  /°C

40x10-* 50x10-8% 2x10-2! 900 26
8.51x 10710 2.92x10-% 248 x10~17 850 27

Lao.65510.3sMnO3
Lag.oSro.1FeOs3_5

La0_8$r0_2C003,{; 2.0x 1078 5.0 x 1076 1.0x 10713 800 26
Sr0_75Y0_25C002_62 1.03x1078 1.6x10-3 1.65x10—13 800 28
LasNiO4+ s 1.71 x 10=7 2.55x 1076 4.36x10~13 799 29
La,CuOy4 ~1x1078% ~1x10=¢ 1.0x10~1'% 700 30
Pr,CuOy4 72x10713 12x10=8% 8.6x10=2! 700 31

I1I. Crystal structure and properties of perovskite-
like oxides

1. Crystal structure of perovskite

Among complex oxides containing transition metal cations,
those with the perovskite structure ABOj3 prevail (Fig. 5).
The perovskite structure incorporates A- and B-cations with
different crystal-chemical characteristics, the chemical com-
position of this phase can be varied over wide limits and,
correspondingly, its properties can be deliberately changed.
The cations of alkali, alkaline earth and rare earth metals
(REM) and also Group 13—15, Period 6 elements, namely,
TI*, Pb%2* or Bi**, can function as A-cations. Large
A-cations have sizes comparable with the size of O%>~ ion.
Due to this, the perovskite structure can be considered as
the cubic close-packing formed by cations A and oxygen
ions. In this structure, a part of octahedral voids (1/4 of
their total number), which are formed solely by oxygen ions,
are occupied by B-cations.?>3¢ It should be noted that the
perovskite crystal structure lacks positions for additional
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Figure 5. Crystal structure of ‘ideal’ cubic perovskite ABOj3.
A-Cations are located at the centre of the cube and have C.N. 12,
B-cations reside at cube vertices (at the centres of octahedra) and
have C.N. 6. Oxygen atoms are at the corners of the octahedra.

oxygen ions or cations. Thus, the lanthanum manganite
composition written as LaMnOs3.s does not imply the
presence of additional oxygen ions (0) but reflects the fact
that lanthanum manganite, La1_((;/(3+5))Mn1_(,;/(3+(;))O3,
contains equal numbers of cation vacancies in the lantha-
num and manganese sublattices.’”

Based on the ionic model of the perovskite crystal
structure, Goldschmidt3® has derived a relationship
between the ionic radii of A- and B-cations and oxygen
(ra, rg and ro, respectively)

_ ra +ro

a V2(rg + o)

where 7 is the tolerance factor equal to 1.0 for the ideal
perovskite structure. However, the perovskite structure is
also stable at 7 < 1, which means the presence of A-cations
with the ionic radius smaller than required. In this case, the
coordination number (C.N.) of the cation in A-position
decreases due to cooperative rotation of the BOg octahedra
as a result of which some of oxygen atoms move to non-
bonding distances from A-cation . This gives rise to various
distortions of the perovskite structure.3® 42

2. Electronic conduction in perovskites

By varying the degree of distortion of the perovskite
structure due to partial substitution of cations in A or B
sublattices, it is possible to change the electronic properties
of materials. As a result of interaction between d- orbitals of
the transition metal and 2p-orbitals of oxygen, wide energy
bands are formed (Fig. 6);*3 hence, perovskite-like oxides
containing transition metal cations with partially occupied
d-orbitals can exhibit high electronic conductivity. The
most effective overlap of orbitals is attained for cubic
perovskite, whereas for perovskites with the structure dis-
torted due to rotation of octahedra the degree of overlap
decreases. This narrows down the bands and may result in
localization of electronic states and appearance of dielectric
properties.

A bright illustration of the effect of the degree of
structure distortion on the conductivity is the dependence
of the metal—-semiconductor transition temperature in
RNiOj3 perovskites on the type of REM (R). In these

2—
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Figure 6. Model of the band structure of the perovskite ABO;.%3
In the top right angle, the superposition of txg-orbitals of B-cation
and 2pg-orbitals of oxygen to form the m*-band is shown. Bands
formed with participation of A-cation are omitted. The position of
the Fermi level (Er) is shown for the case where B-cation has two
valence d-electrons (the n*-band is populated by 1/3).

phases, as the radius of the REM cation decreases and,
correspondingly, the perovskite structure is distorted, the
temperature of the transition to the metallic conduction
state was found to increase from 135 (Pr) to 403 K (Sm).**
This means that among RBOj; perovskites, the highest
conductivity should belong to oxides with the large REM
cations: La, Ce and Pr. The typical oxidation states of the
two last-mentioned elements are +3 and +4. Compounds
containing Pr3* are sufficiently stable, whereas those con-
taining Ce3* are unstable in the oxidative atmosphere. It
should be noted that the energy of f-orbitals of praseody-
mium is close to the energy of 2p-orbitals of oxygen; hence,
the formation of partially occupied bands and the appear-
ance of high conductivity of praseodymium-containing
perovskites are possible.

When selecting the cathode material based on perov-
skite-like transition-metal oxides, the trend in the variation
the oxidation state of these elements should be taken into
account. The stability of higher oxidation states is known to
increase on going from 3d- to 4d- and 5d-elements and to be
maximum for metals in the beginning of a row in the
Periodic Table. This means that perovskites with high
conductivity that contain cations of 4d- and 5d-elements in
lower oxidation states (e.g., niobium or tungsten bronzes)
and also 3d-elements of the beginning of rows (e.g., LaTiO3
or SrVOs3;) are unstable in the oxidative atmosphere of
cathode gases. In contrast, LaMOj3; perovskites, where
M = Cr, Mn, Fe, Co and Ni, exhibit p-type conductivity
and are stable in the oxidative atmosphere in a wide
temperature range. Among them, the highest conductivity
is demonstrated by oxides containing manganese, cobalt or
nickel. Thus, perovskites with these 3d-elements are most
suitable as the cathode materials of SOFC because they are
stable in the oxidative atmosphere of cathode gases and
exhibit sufficiently high conductivity. The conductivity of
these perovskites can be enhanced by increasing the con-
centration of charge carriers (holes) due to heterovalent
substitution of alkaline-earth cations M2" = Ca, Sr or Ba
for La3™ (Ref 45). The data in Table 2 indicate that in some
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Table 2. Total electrical conductivity (¢) of oxides LaMOs and
Lag 7Sro3MO3; (M = Cr, Mn, Fe, Co and Ni) in air.

Compound /Scm~! T/°C Ref.
LaCrOs; 0.34 700 46
La.7Sr9.3CrO3 40 1000 47
LaMnO3; 80 800 48
La0_7Sr0_3MnO3 110 700 49
LaFeOs; 0.1 800 50
L‘do}7SI‘0_3FeO3 120 700 51
LaCoO3 1000 800 52
Lag.7S19.3C003_5 1650 800 53
LaNiOs3 40 800 50

cases, the conductivity of Lag 7Sro.3MOj3 is several orders of
magnitude higher than that of unsubstituted LaMOs3. The
alkaline-earth element should be chosen with due regard to
their possible effect on the perovskite conductivity. Accord-
ing to the aforesaid, to reach a high conductivity, it is
necessary to use large A-cations, e.g., strontium
(r=1.44 A, C.N. 12) or barium (r = 1.61 A, C.N. 12).45
In doing this, it should be borne in mind that the reactivity
of alkaline earth metals increases in the series from calcium
to barium. This means that barium-containing perovskites
are most susceptible to reactions with electrolytes and also
with CO, present in air. The latter is due to the high
stability of BaCOs.

3. Oxide-ion conductivity in perovskites

In contrast to the spinel structure type characteristic of
many transition metal oxides (e.g., Mn3Oy4, C0304, FesOy4,
etc., which can also exhibit conductivity acceptable for
cathode materials in SOFC), the perovskite structure can
contain oxygen vacancies, which is important for the
appearance of the oxide-ion conductivity. In the spinel
structure, octahedra and tetrahedra share corners, so that
the formation of oxygen vacancies is extremely disadvanta-
geous as regards energy because should lead to anomalously
low (C.N. 3) coordination of cations located in tetrahedral
positions. In contrast, the formation of oxygen vacancies in
the perovskite structure is possible due to the presence of
stable coordination with C.N. 5 and 4 for different B-ations.
One example is the Sr—Fe—O system the synthesis of
which carried out under different conditions may afford
either cubic perovskite SrFeO; or thermodynamically
unstable SrFeO, with Fe? " -cations in the square coordina-
tion.>* 35 Besides these limiting compositions, the system
contains several other phases with various oxygen stoichi-
ometry differing in the type of ordering of oxygen vacan-
cies.>*

The formation of oxygen vacancies in the perovskite
structure, e.g., in Laj’ Sri"(Gai’ Mg;")O(, )2, is possi-
ble by the heterovalent substitution of cations with lower
oxidation states for the A and/or B cations. For perovskites
containing transition metal cations, an important condition
for the formation of oxygen vacancies is the ability of
B-cation to change its oxidation state. In this case, the
heterovalent substitution of cations does not necessarily
give oxygen vacancies. Thus, for La;_,Sr,CoO3; perov-
skites synthesized in air at a low degree of substitution
(x = 0.1), no significant number of oxygen vacancies is
formed due to the increase in the oxidation state for some
Co3" cations to Co**. It should be borne in mind that

cobalt in the oxidation state +4 is unstable, so that the
increase in the Co** content leads to the formation of
oxygen-deficient compositions La;_,Sr,CoOs_s5 (see
Ref. 56).

The dependence of the oxide-ion conductivity on the
concentration of oxygen vacancies and their mobility in the
oxide lattice is expressed as

0 = nep

where n is the concentration of oxygen vacancies, ¢ and u
are the charge and the mobility of holes, respectively.

The oxide-ion conductivity in perovskites ABO;_s
proceeds by the vacancy mechanism. Oxygen ions diffuse
from occupied to vacant positions along the edge of a BOg
octahedron (Fig. 7 a). When migrating from the occupied to
the neighbouring vacant position, an oxygen ion moves
along an arc trajectory rather than along a linear one (the
shortest), as demonstrated by both computer simulation
and experimental studies (analysis of high-temperature
neutron diffraction data by the maximum entropy
method).>” =% During the migration, the oxygen ion passes
through the saddle point which corresponds to the centre of
the triangle formed by two A-cations and one B-cation
(Fig. 7b). The radius of the ‘bottle-neck’ (r) centred at the
saddle point, calculated from the ion radii of cations in the
perovskite structure, should be close to the oxygen ionic
radius, 1.40 A (see Ref. 45).

Figure 7. Schemes illustrating the mechanism of diffusion of oxy-
gen ions in the perovskie structure.

(a) Oxygen ions migrated to a vacant position by the trajectory
depicted by a dashed line along the edge of the BOg octahedron;
(b) oxygen ion passes the saddle point with the centre at the triangle
between two cations A and one cation B. The ‘bottle-neck radius’
(r') is determined by the ionic radii of A- and B-cations.

In the literature, a certain correlation was noted between
the r’ value and the oxide-ion conductivity of perovskites.5!
Indeed, the r’ value for the majority of cations in the
perovskite structure is much smaller than the oxygen radius
(<1.05 A).62 This means that as an oxygen ion migrates
through the saddle point, A- and B-cations should undergo
considerable (up to ~0.1 A) shifts from their equilibrium
positions.®” There are also structural characteristics of
perovskite oxides that are well correlated with the oxide-
ion conductivity: the tolerance factor,’”-¢1-63 the free vol-
ume (unit cell volume minus the volume of ions present in
the cell), the metal—oxygen bond energy,®® the extent of
deviation of cation dimensions from ‘ideal’ values.?> The
last-mentioned issue means that the ionic radius of A-cation
is close to the oxygen ionic radius and also that the radius of
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B-cation is close to the radius of the octahedral void in this
AOj3 close-packing (0.64 A).62 Taking into account the fact
that interaction between cation B and an oxygen atom
should be minimized in order to make possible the oxygen-
ion conductivity, it can be concluded that as compared with
AUBVO3;, the complex perovskites with the AMBIO;

composition should exhibit higher oxide-ion conductiv-
ity.62.64

4. Crystal structure and oxide-ion conductivity in oxygen-
deficient perovskites with ordered anionic vacancies

For a high concentration of oxygen vacancies, the proba-
bility exists for their ordering to form various crystal
structures which can be considered as the derivatives of
the perovskite structure (e.g., see Ref. 65). This affects the
mobility of oxygen vacancies and, hence, the oxide-ion
conductivity. The realization of one or another type of
ordering of oxygen vacancies often depends on the nature
of A and B cations. Thus, oxides with the composition Az
B>Os (ABO» 5[Jo.s, [1 is the oxygen vacancy) are crystal-
lized, most often, in the brownmillerite structural type
(Fig. 8). In this structure, oxygen vacancies are ordered
into layers to afford layers of corner-sharing octahedra
alternating with oxygen-deficient layers comprising chains
of tetrahedra.

Figure 8. Crystal structure of brownmillerite Cas(Fe,Al),Os.

The brownmillerite structural type embraces the oxides
containing a single B-cation which is stable in both octahe-
dral and tetrahedral coordination (Sr,Fe>Os,° CayFe,0s5,67
BasIn,Os %% or SroIn,Os ©%). Moreover, the brownmillerite
structure turns out to be stable when the oxide composition
contains two B cations prone to octahedral or tetrahedral
coordination (due to geometrical factors or electronic
effects). This can be exemplified by oxides containing
Jahn —Teller cations Cu?* (3d%) or Mn3* (3d%), namely,
LaSrCuGaOs (Ref. 70) and A>GaMnOs, where A = Ca,
Sr.71-72 In Sr(Ca)»(Co,Ga),»0s, partial ordering of cations in
the brownmillerite structure is observed with octahedral
coordination being preferred for Co?* (Refs 73 and 74).
However, under certain conditions, oxides A,B,Os can
have a structure different from that of brownmillerite. Thus,
the A>Mn,Os (A = Ca, Sr) and La,Cu,Os structures in
which Mn3" and Cu?" cations have stable coordination

with C.N. < 6 contain square pyramids BOs bound by all
corners.”>~77 The effect of the geometric factor on the
crystal structure of A,B>Os oxides can be clearly followed
for the SrGa;_,Sc,O> s system: depending on the quantita-
tive ratio between Ga** and Sc3* cations, the phases with
the structure of cubic perovskite (x = 0.25) or brownmiller-
ite (x =0.5) can be formed or some another version of
ordering of tetrahedral and octahedral cations is realized
(x=10.4).78

The effect of ordering of oxygen vacancies on their
mobility in perovskite-like phases can be exemplified by
the Ba»In,Os oxide. This oxide, which has the brownmiller-
ite structure at room temperature, is transformed at 930 °C
into a phase with the structure of cubic perovskite. The
transformation is accompanied by a stepwise increase in
oxide-ion conductivity by almost two orders of magni-
tude.”® The cubic perovskite phase can be stabilized by the
partial substitution of cations in A-sublattice. Thus the
(Bag.3Srp2Lag 5)2In20s5 s composition demonstrated a high
oxide-ion conductivity equal to 0.12 S cm—! at 800 °C.80 It
deserves mention that perovskites with ordered oxygen
vacancies can exhibit high oxide-ion conductivity as well.
Examples are the complex oxides RBaCo; Os s (here, R is
a REM or Y), in the crystal structure of which A-cations
and oxygen vacancies are ordered (see below).

IV. Thermal expansion coefficient of oxides with
the perovskite structure

The matching values of thermal expansion coefficients for
the adjoining components in SOFC, for instance, the
electrolyte and the cathode material, is one of the important
requirements which should be taken into account when
selecting materials for SOFC. Table 3 shows the TEC values
for various oxides including SOFC electrolytes.

The thermal expansion coefficient of a solid is related to
the asymmetry of the interatomic potential, which leads to
anharmonicity of thermal displacements of atoms from
their equilibrium positions. For crystalline solids, the TEC
can be calculated with the use of the Morse potential in
terms of the Debye model for the frequency distribution of

Table 3. Thermal expansion coefficients of various oxides in air in the
temperature range of 25—-900 °C.

Compound TEC /ppm K—! Ref.
LaMnO3 10.7 81
Lag.7Sro3MnO3 11.7 81
LaFeOs3 9.5 50
Lao_gsr0_2C00_2F€0_303,5 154 82
LaCoO3 21 83
La0,7Sr0_3CoO3,5 20.8 84
LaNiOs3 13.2 50
LasNiOys 5 13.6 24
La,CuOq4 12.3 30
Pr,CuO4 11.8 31
SOFC electrolytes

8YSZ (see?) 10.8 85
20GDC (see?) 12.8 86
LSGM (2020) (see©) 12.4 87

2 Zr0.84Y0.1601.92; ® Ceo.sGdo.201.9; © Lag.sSro.2Gao.sMgo.202 5.
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the Morse oscillator.®® This model can also be applied to
calculations of TEC for perovskite-like oxides.8% 90 Besides,
the TEC depends on the magnetic, electronic or ferroelectric
transitions and can also change with the chemical composi-
tion as the temperature increases. The latter factor is
extremely important for certain transition metal oxides
including perovskites in the crystal structures of which the
concentration of oxygen vacancies can increase with the
increase in temperature, which is accompanied by the
decrease in the oxidation state of the transition metal and,
correspondingly, by the elongation of the metal —oxygen
bonds. Both these factors determine the chemical expansion
and have a pronounced effect on the TEC. As a result, the
TEC can substantially increase at temperatures of
> 400-600 °C in air. For example, TEC of cubic perovskite
S10.75Y 0.25F€0.75C00.2503 _s5 was observed to increase from
14.6 ppm K ! in the temperature range of 100400 °C up
to 22.1 ppm K~ at 400800 °C.°!

The electronic effects, particularly, the thermally acti-
vated transitions between different spin states of a transi-
tion metal cation also substantially affect the TEC. As seen
from Table 3, the TEC of LaCoO3 substantially exceeds
those of LaFeO; or LaNiO;. The high TEC of Co3*-
containing complex oxides is caused by spin transitions
between the low (LS, tgg eg) and high-spin (HS, tégez,) states
of the cobalt(Ill) cation.”? For LaCoQOs, the activation
energy of the transition between LS and HS states of Co3 ™"
is low and, depending on the temperature, varies from 20 to
80 meV.%3 At low temperatures, the Co®* cation in LaCoO3
is in the ground LS state, while as the temperature increases,
the HS state of Co®* is thermally activated. Insofar as ionic
radii of Co®* ions in the LS and HS states (0.525 and
0.61 A, respectively 45) differ by ~ 0.1 A, the transition of a
part of Co®" to the HS state is accompanied by a sub-
stantial increase in the average length of the Co—O bond
and in the TEC value of cobalt-containing perovskites.

The effect of the presence of Co®** on the TEC can be
illustrated by the example of La>Co(Ti;_.Mgy,)Os perov-
skites.?* Since the crystal structure of these phases contains
Ti** and Mg?™" cations in the octahedral coordination, the
content of oxygen atoms in these phases remains unchanged
in air. This makes it possible to exclude the effect of
chemical expansion on the TEC. Depending on the ratio
between Ti** and Mg?* cations (x), the cobalt oxidation
state varies from +2 (x = 0.0) to +3 (x = 0.5). As follows
from Fig. 9, the TEC of La,Co(Ti;_,» Mg,)Os increases
from 9 ppm K—! for the composition containing exclusively
Co?* (x=10.0) to 19 ppm K—! for the case of Co3"
(x =0.5). It should be noted that the increase in
the Co3" content [increase in subscript z in
LasCoy +:(Tip.sMgo.s)1—-O¢] does not induce further
increase in TEC.

A method for lowering down the TEC of complex oxides
containing Co3™* cations in the octahendral coordination is
to search for compounds that contain Co3" cations in the
ground HS state. The spin state of Co®*" in oxide com-
pounds depends on the coordination surrounding. Thus, at
low temperatures, the LaCoOs and EuCoOs; perovskites
contain Co?" exclusively in the LS state.®> In LaSrCoQOy,
Co3* cations with octahedral coordination are in the mixed
(LS+HS) state even at low temperatures.’®°7 In the
Ca3Co0,0g structure, which contains Co3" in the octahedral
and trigonal-prismatic surrounding, the cobalt cations are
in the LS state.?® In the layered cobalt-containing oxides
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TEC /ppm K—!
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Figure 9. Thermal expansion coefficient of La>Co(Ti;_Mgy)Os
vs. the content of magnesium (/) and TEC of
La>Coj +-(Tip.sMgo.s)1 —2O¢ vs. the content of cobalt (2) (point 3
corresponds to LaCo003).°!

The composition with x = 0.0 corresponds to the Co?>" oxidation
state; the composition with x = 0.5 corresponds to Co**. Points on
the right side correspond to compositions containing only Co?"
ions the relative content of which increases according to the
formula La2C01 + z(TiO,SMgO.S)l 7_-06~

such as Sr2CoO3Cl (Ref. 95) and GdBaCo0,0s.5 (Ref. 99)
with cobalt cations in the tetrahedral-pyramidal coordina-
tion, the Co?* HS state is stabilized. The unique examples
of the Co?™" stabilization in octahedral surrounding are
Sr2Cos— .Ga,Os oxides with the brownmillerite structure
(see Fig. 8). The existence of the HS state for Co>™ in these
phases was confirmed by the results of low-temperature
neutron diffraction and X-ray near edge absorption spec-
troscopy of cobalt. The presence of Co3™ in the HS state in
oxides with the brownmillerite structure is associated with
strongly distorted octahedral coordination. In
Sr2Co;2Gap g0s, the Co— O bond lengths in the octahedron
at 2 K are equal to 1.9591(4) A for Co—Ocq and 2.257(6) A
for Co—0,x, whereas in LaCoO3 at 5K, the Co—O bond
length is 1.925 A and increases to 1.962 A only at
1000 K.199 This explains the low TEC values for cobalt-
containing oxides with the brownmillerite structure (for
instance, for Sr,Co,0Os, TEC = 11.75ppm K—! at
25-400 °C),101.102 which is virtually a half of the TEC
value for LaCoOs (see Table 3).

The TEC values for various oxides correlate with the
concentration of oxygen vacancies in their structures. This
can be illustrated by the data for perovskites for which the
oxygen non-stoichiometry is determined by the degree of
heterovalent substitution in the A or B sublattices, namely,
for La; _,Sry Ga;—,Mg,03_(x+,)2 (LSGM).193 Moreover,
in many publications, the strong correlation between oxide-
ion conductivity of compounds and their TEC values was
noted: the compounds with high oxide-ion conductivity had
also high TEC values.!04

V. Brief summary of Sections I -1V

As regards the set of the key properties important for
practical use as cathode materials in IT-SOFC, the perov-
skite-like oxides ABOs3;_s containing 3d-transition metals
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B = Mn, Fe, Co, Ni and Cu proved to be most suitable. A
standard cathode material for high-temperature SOFC
based on lanthanum manganite doped with alkaline-earth
cations (e.g., LSM 105.106) exhibits no significant oxide-ion
conductivity (see Table 1) and, hence, cannot be considered
as a promising cathode material for IT-SOFC. The forma-
tion of oxygen vacancies in LaMnOj; is hindered due to the
great difference in ionic ra dii of Mn?" and Mn3* (0.82 and
0.65 A, respectively)*® and also due to the absence of
energy benefit from reduction of Mn3™* (tgge;,) to Mn2*
(tggeﬁ). The partial substitution of strontium ions for lan-
thanum in LSM leads to the appearance of Mn** with the
3d? electronic configuration which, like Cr3*, exhibits high
stability in the octahedral surrounding. This inhibits the
formation of oxygen vacancies and diffusion of oxygen ions.

When selecting cathode materials, the cost of the oxide
of a given 3d-metal should be taken into account. The
cheapest are iron oxides; the commercial prices of Co, Ni,
Mn and Fe oxides are related as of 10:6:2:1.197 Unfortu-
nately, the literature data on the diffusion and surface
exchange coefficients of oxygen are scarce for iron-contain-
ing oxides and analysis of available data (see Table 1)
makes it possible to assume a low oxide-ion conductivity
in doped peroskites based on LaFeOs. However, recently,
information on the high efficiency of cathode materials
based on  perovskite-like complex iron  oxides
Bi0A55r0A5FeO3,5 (Ref. 108) and SroA9K0A1F603 (Refs 109
and 110) appeared. Perovskites containing cobalt and iron
cations, such as La;_,Sr.Co;_,Fe,O3_s (LSCF) and
Ba,_.Sr.Co;_,Fe,O3_5 (BSCF), are characterized by
high D* and k values; hence, they can be considered as
potential cathode materials for IT-SOFC.!!'!-112 [t should
be noted that many iron-containing perovskites are of
considerable interest as materials for ceramic membranes
which are used to separate oxygen from gas mixtures; the
problems of defect formation in such perovskites were
discussed in detail 113117

Cobalt-, nickel- and copper-containing oxides exhibit
high electronic conductivity and considerable mobility of
oxygen ions (see Table 1). This is why the compounds based
on them can be considered as the most promising materials
for IT-SOFC. Among cobalt-containing oxides, most inter-
esting are the compounds with the Co3* /Co** redox pair,
for instance, La;_,SryCoOs_; perovskites. When going to
nickel and copper compounds, one should take into account
that the stability of high oxidation states of these metals
lowers down as the number of d-electrons increases. For
this reason, LaNiOs, which contains Ni3*, is unsuitable for
high-temperature devices, being unstable in air at SOFC
working temperatures.!!® For nickel- and copper-contain-
ing complex oxides, most promising are layered perovskite-
like phases pertaining to the homologous series of Rud-
dlesden —Popper A, +1B,03,+1 (A is a REM, B = Ni, Cu,
n=1, 2, 3 is the number of BO; layers in the perovskite
block) (Fig. 10). Examples of such oxides are La>NiOy4+ g,
La3sNi»O7_s, LasNizOj9_s, LaCuOy4. Due to incorporation
of the LaO™ block with the rock salt structure, the oxida-
tion state of the transition metal in these compounds is
lower than + 3 (e.g., +2, as in La,CuQy4), which determines
the higher stability of these phases as compared with
LaMOs perovskites (M = Ni, Cu). Bearing this in mind,
the nickel and copper-containing complex oxides with the
layered perovskite-like structure are considered as the
promising cathode materials for IT-SOFC.

0
O
@)

©),©
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Figure 10. Schematic of crystal structures in the homologous series
of the Ruddlesden—Popper phases A, +1B,03,+1 (n is the number
of BO» layers in the perovskite block).

VI. Cobalt-containing perovskites

The first mention of the possibility of using LaCoO3 doped
with alkaline earth cations as the cathode material for
SOFC dates back to the early 1980s.!!° The conductivity
of Laj _,SryCoOs_s exceeds 1000 S cm—! (see Table 2) at
the SOFC working temperatures, it is characterized by a
high oxygen self-diffusion coefficient and high catalytic
activity in the oxygen reduction process (see Table 1). As
was noted above, the main drawback of cobalt-containing
perovskites is their high TEC associated with transitions
between the low and high-spin states of Co?*. Furthermore,
the cobalt-containing perovskites are extremely reactive
with respect to YSZ-based electrolytes. For instance,
La;_,Sr,CoO3_;s reacts readily with the YSZ electrolyte
to form non-conducting strontium zirconate-based
phases.!?® One of the methods to reduce the reactivity
towards YSZ is to deposit a protective GDC layer between
the cathode material and YSZ, this layer being inert with
respect to cobalt-containing oxides at the deposition tem-
perature. However, in this case, too, the complications arise
upon long-term operation of SOFC, which are associated
with the diffusion of cations through the GDC layer.
Another widely used method consists of the partial replace-
ment of cobalt by another B-cation, usually a manganese,
iron, nickel or copper.3?

Perovskites La;_,Sr.Co;_,Fe,O3_s (LSCF) are the
most well known and commercially promising as an alter-
native to LSM.83. 121,122 By varying the strontium and iron
contents in LSCF, the Lag.¢Sro4 FeosCo0203_s composi-
tion with the optimally balanced values of TEC and high-
temperature conductivity was found: TEC = 15.4 ppm K !
and o > 100 S cm—! at 800 °C. Yet another widely known
material based on doped cobalt-containing perovskites is
Ba;_,Sr,Co;_,Fe,O3_5 (BSCF).!23 Of most interest is
Bag 5Sro.5Cop.sFe0.203_s with the perovskite cubic struc-
ture. A cathode material based on this compound exhibited
the lowest specific polarization resistance of the cathode/
LSGM electrolyte interface, which was as low as 0.04 Q cm?
at 800 °C.'?* However, BSCF materials have high TEC
(~ 20 ppm K—1) and, moreover, they are thermodynami-
cally unstable at high temperatures. It was shown 125 126
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that long-term annealing in the temperature range of
700—-900 °C results in transformation of the cubic BSCF
into hexagonal. The presence of barium cations in the BSCF
structure determines the ‘vulnerability’ of the latter with
respect to gaseous CO; (Ref. 127) due to the easy formation
of thermodynamically stable BaCOs.

Recently, attention was focused on layered perovskite-
like oxides RBaCo0,05+ 5 (R is an REM cation, e.g., Pr or
Gd). The crystal structure of these phases (Fig. 11)
involves barium and REM cations ordered in layers
together with ordering of oxygen vacancies. These oxides
are characterized by high coefficients of diffusion and sur-
face exchange of oxygen. Thus, for PrBaCo,0Os+ 5 the values
of D* and k at 450 °C were found to be 4.1 x10—° cm? s—!
and 2.16 x 10~7 cm s—! (Ref. 128) and for GdBaCo0,0s+ s
at 496 °C these coefficients were 2.8 x 1071 cm? s—! and
7.4x10-8 cm s—! (Ref. 129), respectively. The higher dif-
fusion coefficient of PrBaCo,Os:s as compared with
GdBaCo0,0s5+ 4 is caused by the larger radius of Pr3* cation
[F(Pr3*) = 1.126 A, r (Gd3*)=1.053 A (Ref. 45)] and,
hence, by larger interplanar spacing in PrBaCo,Os + s and,
as a consequence, larger free space for diffusion of oxygen
ions. The specific polarization resistance of the cathode/
GDC clectrolyte interface for cathode materials based on
RBaCo0,0s5+ 5 is 0.25 Q em? for R = Gd at 625 °C and for
R = Prat 550 °C.'?° The main drawback of RBaCo0,0s+ s is
the high TEC value which, depending on the nature of REM
cation, varies from 16 to 24 ppm K—! (Refs 130 and 131).
Furthermore, due to the presence of a barium cation in
RBaCo0,0s + 5, these oxides are sensitive with respect to the
CO; present in the gas phase.

Figure 11. Crystal structure of RBaCo0,05 + 5.

The oxygen vacancies designated by squares can be partially
populated by oxygen ions, depending on the size of the REM
cation. (/) R, (2) Ba.

Other actively explored cobalt-containing oxides are
Sr9.75R0.25C002.62 (R = REM and Y) with the structure of
the so-called 314-phases (Fig. 124).13%133 As for
RBaCo0,0s + 5, the crystal structure of 314-phases demon-
strates the ordering of A-cations and oxygen vacancies. The
structure of 314-phases contains oxygen-deficient layers
separated by layers of corner-sharing CoOg octahedra. The
oxygen-deficient layers (Fig. 12b) are built of four CoOy4
tetrahedra connected into rings. The additional oxygen
atoms supplement the coordination number of some cobalt
cations to 5. As a result, the ‘ideal’ structure of 314-phases
corresponding to the composition Srg75R025C002 625

Figure 12. Crystal structure of 314-phases (Sro.75R0.25C002 62,
R =REM and Y) (¢) and projection of the structure of the
oxygen-deficient layer (4 unit cells are shown) (b).

(1) R-cations, (2 ) Sr cations, (3) additional oxygen atoms in the
oxygen-deficient layer. The position of additional oxygen atoms is
populated by 1/4.

includes an oxygen-deficient layer built of equal numbers
of cobalt cations with C.N. 4 and C.N. 5. Calculations of
the migration routes of oxygen ions in Sro.75Y0.25C003.625,
which were carried out by molecular dynamics methods,
have shown that the oxide-ion conductivity is isotropic.!34
The calculated values of activation energy of diffusion of
oxygen ions were confirmed experimentally.?® Coefficients
D* and k for Srp.75Y0.25C002 625 are comparable with those
of LSCF (see Table 1) and the specific resistance of the
cathode/GDC electrolyte interface is 0.09 Q cm? (770 °C).
Model SOFC with cathodes made of Sro.7Y0.3C005 625 and
Sro.7H00.3C002.625 and the LSGM electrolyte has demon-
strated 133136 their high power densities, which reached
0.93 Wem~2 at 850 °C for Srp7Y03C0026s5 and
1.27 W ecm—2 at 850 °C for SI‘oA7HOo‘3C002A625.

However, like the majority of Co?"-containing perov-
skites, Srg.75Y0.25C00; 625 demonstrates a high TEC, which
reaches 20 ppm K~! (Ref. 92). This is associated with the
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fact that Co3", which has the octahedral surrounding in
this phase, occurs in the mixed (LS + HS) state. This
suggests that the magnetic moment of Co3" cations is
~ 1.2 pg (at 14K), which was confirmed by the neutron
diffraction data.!37 To reduce the TEC, some cobalt ions
were replaced by manganese, iron and nickel -cati-
ons.?2-138-140 The optimal characteristics were observed
for S10.75Y0.25C00.5Mng 503 _s, namely, TEC =
15.5 ppm K—!, the conductivity of 110 Scm~! in air at
900 °C.138.139 The power density of a model SOFC contain-
ing this cathode material and an YSZ-based electrolyte with
the GDC layer was found to be higher as compared with the
case of LSM 139140

VII. Nickel and copper-containing complex oxides
with layered structures

Recently, the interest was heightened in nickel and copper-
containing oxides RoMOy4+ 5 (M = Ni, Cu) with the layered
perovskite-like structure as the promising materials for IT-
SOFC. Depending on the nature of cations, these oxides are
crystallized in the K,;NiF4 structural type, the so-called T-
(see Figs 10 and 134a), T'- (Fig. 13b) and T*-phases (see
Fig. 13 ¢). The first version is realized for RoNiO4+ 5 and
La,CuOQy, the second is realized for R,CuO4 with other
rare-earth cations up to Gd,CuQO4. The arrangements of a
part of atoms in these structures is similar, i.e., both contain
similar layers of CuO, and R cations. However, the posi-
tions of the rest of oxygen atoms considerably differ. In the
T-phase structure, oxygen atoms totally occupy all octahe-
dral positions in the R>O, block, whereas tetrahedral voids
are either unoccupied (La,CuQO4) or partly occupied
(RoNiOy4+5). In the T’-phase structure, the octahedral
voids remain vacant and tetrahedral voids are populated
by oxygen atoms. This results in different coordination of
cations R and M, i.e., the coordination number of cation M
is 6 (octahedron) in the T-phase and 4 (square) in the T'-
phase, whereas for cation R, the C.N. is 9 (T-phase) and 8

(T'-phase). In other words, the crystal structure of
RoMOy4+s (M = Ni, Cu) oxides is often considered as
intergrowth structure between the perovskite blocks and
blocks with the rock salt (T-phase) or fluorite (T’-phase)
structure. When two different-sized A-cations are present in
a complex copper oxide, the T*-phase can be formed. In the
latter case, the structure contains equal number of blocks
with the rock-salt and fluorite structures (see Fig. 13¢), so
that the transition metal C.N. becomes equal to 5 (tetrago-
nal pyramid).

A peculiarity of these crystal structures is the presence of
vacant anionic positions in rock-salt blocks along which the
diffusion of oxygen ions can proceed. For T-phases, these
positions can be partly occupied and the composition of
nickel-containing oxides (but not La,CuQOy4) can be written
as RoNiOy 5. The number of additional oxygen atoms (J)
depends on the nature of REM cation: 6 = 0.16 for R = La
and 6 = 0.21-0.23 for R = Nd and Pr (J values correspond
to samples prepared by slow cooling in air from
900 °C).!41-142 It deserves mention that the crystal struc-
tures of RoNiOy 4 5 are distorted as compare d with the ideal
T-phase structure with the tetragonal lattice (space group
14/mmm).

Due to mismatch between the Ni—O and R—O dis-
tances in the RaNiOg4+ s crystal structures, the rotation of
NiOg octahedra occurs, which lowers down the symmetry to
orthorhombic [dortho X Dortho X V2 dietrs Cortho X Cretrs SPACE
group Fmmm (R = La) or Bmab (R = Pr, Nd).'*' The
degree of orthorhombic distortion of the structure increases
with the decrease in the radius of the REM cation. It is
assumed that the number of additional oxygen atoms in the
crystal structure of nickel-containing phases correlates with
the degree of distortion of the crystal structure, which is
associated with the necessity of removal of structural strains
that arise due to the decrease in the ionic radius of REM on
going from La to Pr and Nd.!43

The oxides R>NiOy 1 4 are characterized by high coeffi-
cients D* and k (see Table 1). Studying the diffusion of
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Figure 13. Crystal structure of the T-phase R,NiOy4+ s and La,CuQy (@), T'-phase RoCuOy4 (R = Pr—Gd) (b) and T*-phase (c).

(1) R-cations, (2) oxygen ions.
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oxygen ions in these oxides by molecular dynamics methods
has shown '4* that the oxygen transport proceeds by the
interstitial mechanism in the block with the rock salt
structure. Oxygen ions in axial positions of NiOg octahedra
also take part in this process.

At the temperature < 800 °C, the ProNiOy4+ s oxide has
the oxygen diffusion coefficient higher than R:NiOg44 s
(R = La, Nd) and its conductivity exceeds 100 S cm—!in a
wide temperature range.'*! The thermal expansion coeffi-
cient of R2NiOy+ 5 is close to the TEC of the GDC electro-
lyte (see Table 3), and the phase transitions that occur in the
temperature  ranges of 423-473 K (LaxNiO4 ),
823-873 K (Nd;NiO4+5) %" and also at 720K
(ProNiQOy4+5) 45 are not accompanied by changes in the
volume and, hence, create no problems during the operation
of a SOFC with the cathode based on these oxides. A
comparative study of RiNiO44s in symmetric cells with
the electrolyte based on YSZ and a buffer layer based on
doped CeO, has shown !4¢ that the lowest specific polar-
ization resistance of the cathode/electrolyte interface is
exhibited by PraNiOy +s. Furthermore, studying the model
SOFC of the anode-supported design, with YSZ-based
electrolyte and cathode materials based on ProNiO44s at
600 °C has shown that under similar experimental condi-
tions, the cathode material surpasses LSCF. For model
SOFC with cathode materials based on La,_ (\Pr,NiOy4 s,
it was found that ProNiOg4.s exhibits the highest effi-
ciency.'¥” Wan et al.'*® have prepared Nd,_,La,NiO4+s
cathode materials and studied model SOFC with electro-
lytes based on GDC and LSGM. Of GDC-based electro-
lytes, Nd>NiO4+5 had the best characteristics; among
LSGM electrolytes, the best was Ndo gLa; 2NiOg+ 5.

A study of chemical reactions between the electrolyte
and R>NiO445 has shown that ProNiOg s is oxidized at
temperature of > 850 °C to form PrsNizO;9 and Pr¢Oy;
(Refs 149—-151). The oxide LasNiOy44 5 reacts with GDC
and YSZ at 700 and 900 °C, respectively, whereas
Nd>NiOy4 5 does not react with these electrolytes at temper-
atures of < 900 °C; however, at 1000 °C, the reaction does
occur rather actively.

It was mentioned above that among copper-containing
R>CuOy4 oxides, only LaxCuOy4 has the T-phase structure,
while the other have the T'-phase structure. According to
Table 1, even at 700 °C, La,CuO4 demonstrates the high
coefficients D* and k and the TEC (12.3 ppm K1) close to
that of the GDC electrolyte but exhibits low and virtually
temperature-independent conductivity (~15Secm~—! at
1000 °C39-152) " The cuprates R,CuO4 of heavier REM
(R = Pr, Nd, Sm) with the semiconductor type of conduc-
tion are characterized by higher conductivity at higher
temperatures '52 and their forbidden bands narrow down
as the REM radius increases (the maximum conductivity of
Pr,CuQO4 was observed at 900 °C in air: >100 S cm—1).153
The thermal expansion coefficients of cuprates with the
T'-phase structure are low: 11.8 ppm K ~! for ProCuO4 and
12.6 ppm K—! for Nd,CuOs and Sm,CuO4 (Ref. 31).
According to a study of the diffusion of oxygen ions in
Pr,CuQy, the coefficients D* and k of ProCuQOy4 are consid-
erably lower than those with La,CuQy4 (see Table 1). This is
associated with the peculiarities of the T’-phase crystal
structure. Calculations of possible routes for diffusion of
oxygen ions in Pr,CuOy4 carried out by the molecular
dynamic method '>* have shown that the transport of oxy-
gen ions in the T'-phase proceeds by the interstitial mech-

anism and involves vacant octahedral positions in the
fluorite block. From the analysis of the Pro,CuQOg4 crystal
structure, it follows that the fluorite block Pr,O; is com-
pressed, so that the distance between Cu?* cations and
vacant octahedral positions becomes only 1.81 A, ie., itis
substantially smaller than the normal Cu?"™ —O distance.
This complicates the migration of oxygen ions in the
T’-phase as compared with the T-phase.

The importance of the presence of rock salt blocks in the
crystal structure of layered perovskite-like oxides for the
appearance of high oxide-ion conductivity has been demon-
strated for Pr; ¢Sro4CuO393 with the T*-phase structure
containing equal numbers of rocksalt and fluorite blocks
(see Fig. 13¢). It was found that for Pry ¢Srg.4CuOs3.95 the
oxygen diffusion coefficient equal to 6.7 10— cm? s—! at
700 °C is intermediate between its values for ProCuO4 and
La;CuOy (see Table 1).

Study of the mechanism of oxygen reduction on the
ProCuOy4 cathode deposited on the GDC electrolyte has
shown that the process involves the three-phase boundary.
Thus, the behaviour of the Pr,CuOy-based cathode material
is similar to that of LSM.!%5 For model SOFC with GDC-
based electrolytes and cathodes based on the cuprates
R,CuOy4 (R = La, Nd and Pr), it was shown !°¢ that SOFC
with ProCuOg4 have the highest characteristics, namely,
100 mW cm—2 at 800 °C and 250 mW cm—2 at 900 °C. In
the literature, the inertness of ProCuQOg4 with respect to the
GDC-based celectrolyte up to high temperatures was
noted.!33 156 Thus, taking into account the high conductiv-
ity and the low thermal expansion coefficient of ProCuQOg,
the ease of its synthesis as a single phase and also its
relatively low cost, it can be concluded that this complex
oxide is the cathode material of choice for IT-SOFC.

VIII. Conclusion

Oxygen-deficient perovskite-like oxides ABO3;_;s that con-
tain transition metal cations hold most promise as cathode
materials in IT-SOFC. This is associated with the fact that
the perovskite crystal structure is capable of providing high
electronic and oxide-ion conductivity. Furthermore, due to
the presence of two types of cations differing as regards
their crystal-chemical properties, one can tailor the proper-
ties of perovskite-like phases by substituting cations in A
and/or B sublattices. Among various perovskites, the oxides
containing cations of the end of the 3d-element row,
namely, cobalt, nickel or copper, are the most suitable as
the cathode materials.

Perovskite-like cobalt-containing oxides combine the
high electrocatalytic activity in oxygen reduction with the
record-breaking values of electronic and oxide-ion conduc-
tivity but have TEC far exceeding the TEC of standard
SOFC electrolytes. This drawback is associated with the
temperature-activated transitions between the spin states of
Co3* cations and can be overcome by partial substitution
of other transition metal cations for cobalt cations. Another
method of solving this problem is the crystal-chemical
design of oxides with structural blocks, which would pro-
vide the Co—O bond length suitable for Co?* stabilization
in the high-spin state.

Among nickel and copper-containing complex oxides,
the required stability for operation in IT-SOFC can be
achieved with layered RoMOy4 s phases (R = REM and Y,
M = Ni, Cu). The latter can serve as examples of bifunc-
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tional materials because their crystal structure contains
perovskite blocks capable of providing high electronic
conductivity and also R>O» blocks (with anionic vacancies),
which ensure high oxide-ion conductivity. By varying the
cationic composition and the structure of the R, O, block in
R2MOy 46, it is possible to deliberately change the impor-
tant properties of the SOFC cathode material such as its
electronic and oxide-ion conductivity.
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