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temperatures, electrode materials devoid of expensive noble
metals can be employed in SOFCs.!-?2

The bottleneck to the wide commercialization of SOFCs
is their high operating temperature (up to 1000 °C). Chem-
ical reactions of SOFC components at high temperature,
resulting in changes in the microstructure of interfaces
between the functional layers, reduce the service life of
such devices. Besides, high manufacturing and maintenance
costs of SOFCs decrease their economic attractiveness.
Therefore, the main goals in the Solid Oxide Fuel Cell
Program initiated by the United State Department of
Energy 3 are as follows:

— achieve the SOFC operating lifetime of five or more
years (> 40000 h) with the lifetime performance degrada-
tion of less than 0.2% per 1000 hours,

— meet the SOFC manufacturing cost target of <$225
per kilowatt of generated power.

However, as it was mentioned in the report to the
United State Congress on the status of the Solid Oxide
Fuel Cell Program in 2019, there are areas that need
continued work.* The longest tests™ of SOFCs were per-
formed at the Jiilich Research Centre (Forschungszentrum
Jilich), which showed the operation of SOFCs for more
than 100000 h with an average voltage degradation rate of
0.5% per 1000 hours.?

One approach to address some of these challenges is
the transition from the manufacturing technique for the
production of SOFCs, using Zro34Y0.1601.92 (YSZ) an
electrolyte, Ni— YSZ cermet (see below) as an anode and
La; _,SryMnO3_;s (LSM) as a cathode, to the technique
for the fabrication of symmetrical SOFCs (S-SOFCs).
Such SOFCs are based on solid electrolytes and chemi-
cally the same material as the anode and cathode simulta-
neously.®7 In particular, the use of cathode and anode
materials of the same chemical composition and micro-
structure reduces the energy required for manufacturing
the fuel cell due to a decrease in the number of steps of
thermal processing. Besides, when using hydrocarbon
fuels, S-SOFCs mitigate the problem of sulfur poisoning
and coking of the anode®° by fuel oxidation under
conditions of a short-term exposure of the anode to
cathode gases.”

The requirements for S-SOFC electrode materials are
rather stringent. These materials should meet a number of
conditions imposed on cathode and anode materials. The
main conditions are as follows:

— phase stability under an atmosphere of cathode and
anode gases;

— the absence of a chemical reaction with the electro-
lyte during the electrode layer formation and under operat-
ing conditions of the fuel cell;

— electrochemical activity of the material towards oxy-
gen reduction and fuel oxidation;

— significant electronic conductivity under oxidizing
and reducing atmospheres; the value of 1 S cm~! is consid-
ered to be reasonable; however, the conductivity as low as
0.01 S cm—! may be acceptable if the electrode layer is thin
enough;

— differences between the thermal expansion coeffi-
cients (TECs) of the electrode material and the electrolyte
should be negligible and the TEC of the material should
depend only slightly on the partial pressure of oxygen.

T The tests were carried out from August 2007 to January 2019.
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Besides, materials for intermediate-temperature
S-SOFCs (operating in the temperature range of

550-750 °C) should have a significant oxygen-ion conduc-
tivity. Mixed oxygen-ion and electronic conducting oxide-
based electrode materials (mixed conductors) are highly
effective due to changes in the reaction mechanisms of
oxygen reduction and fuel oxidation. In the case of such
oxides, electrode processes occur not only at the gas phase/
electrode material/electrolyte triple phase boundary (TBP)
but also involving the surface of the electrode material (gas/
electrode double phase boundary).?

Only two reviews on electrode materials for S-SOFCs
were published in the past decade, the latest review dating
back to 2015.%7 Our goal is to close this gap since a large
number of publications on this issue appeared in the past
five years. In this review, we consider not only materials
with perovskite-like structures, which were addressed by the
majority of case studies, but also oxides that crystallize in
other structure types. Taking into account that electrode
materials for S-SOFCs can contain a limited range of
d-metal cations, the electronic structure and thermody-
namic stability of d-metal oxides are considered in relation
to perovskites, and their changes depending on the chemical
composition of these materials are discussed.

2. Solid oxide fuel cell: electrode materials
and electrochemical processes

2.1. Solid oxide fuel cell

A solid oxide fuel cell is a solid-state electrochemical device
capable of converting the chemical energy of the reaction
directly to the electrical energy without intermediate steps
(accompanied by large heat loss) of fuel combustion.!-10-13
The operating principle of a fuel cell is based on the
operation of an electrochemical cell with separated gas
chambers, where the energy of the reaction between the
fuel and the oxidant, continuously and separately supplied
to the electrodes, is directly converted to the electrical
energy through two major electrode reactions — the fuel
oxidation at the anode and the oxidant reduction at the
cathode (Fig. 1). Hydrogen is the most common fuel in
SOFCs because it has high electrochemical reactivity and
can be generated from different hydrocarbon fuels.

The operating temperature range of SOFCs is > 600 °C
(usually, this range is 800—1000 °C), which allows the use
of not only hydrogen but also hydrocarbons as the fuel, the
latter being converted by high-temperature reforming to gas
mixtures composed of H, and CO. Oxygen is the most

Fuel (H2)

Hz + 02

= H,0 + 2e¢

Current collector -

Anode

es
Electrolyte

Cathode

Current collestor

Oxidant (O2) %02 +2e => 02—

Figure 1. Schematic of the operating principle of SOFCs.
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common and readily available oxidant for SOFCs. Oxygen
ions, which are generated at the cathode through electro-
chemical reduction of oxygen, are incorporated into oxygen
vacancies of the solid oxygen-conducting electrolyte and
migrate under an oxygen chemical potential gradient
through the solid electrolyte membrane to the anode of the
fuel cell, where they are involved in the electrochemical
reduction of the fuel (hydrogen). The electrons thus released
go through an external circuit to electric power consumers.
Therefore, the electrochemical reactions in SOFCs afford
water as the final product

1
H> (gas, anode) + 502 (gas, cathode) — H>O (gas, anode) (1)

It is worth noting that the difference between the
thermodynamic (equilibrium) potentials of electrode reac-
tions determines the voltage (open circuit voltage) of the
fuel cell.?”

The maximum power density (Pmax) evaluated from the
voltage —current relations for the fuel cell at a specified
temperature is a key parameter characterizing the perform-
ance of SOFCs. For a single SOFC, Ppax = 500 mW cm 2
is considered to be reasonably high. To increase the power
density, it is necessary to reduce the polarization losses
during electric current flow through the fuel cell. The main
contribution to polarization losses in SOFCs at low currents
is made by activation polarization because of slow chemical
electrode reactions. At lower operating temperatures of
intermediate-temperature SOFCs, the oxygen reduction at
the cathode makes the major contribution to activation
polarization losses.!® The polarization resistance of the
electrode material/electrolyte interface (Ry) is a key param-
eter for evaluating of the efficiency of the electrode process.

The polarization resistance R,, is determined by electro-
chemical impedance spectroscopy using symmetrical elec-
trochemical cells in electrode/electrolyte/electrode
configuration. Generally, the measurements are performed
at a minimum polarization voltage at the electrode/electro-
lyte interface, which is limited by the amplitude of the
applied alternating-current overpotential of <10 mV. The
cathodic or anodic polarization resistance can be deter-
mined (Ry &~ 0.15-0.20 Q cm? is considered to be reason-
able) depending on the composition of the gas medium, in
which the electrochemical cell is placed.'* The R, value
strongly depends on the nature of the electrode material.
For a single-phase electrode material, R,, can be decreased
by the optimization of the microstructure of the electrode/
electrolyte interface and also using a material with mixed
electronic and oxygen-ion conductivity.

Taking into account the aforesaid, the literature data on
electrode materials for SOFCs are analyzed using the Ry,
and Pmax values as the key parameters for the comparison
of the characteristics of different materials. It should be
noted that Pmax largely depends on the SOFC design and
primarily on the thickness of the electrolyte as the least
conducting element of the fuel cell.

2.2. Electrochemical reduction of oxygen

in a solid oxide fuel cell

The charge transfer providing the transformation of both
neutral species into ions and of ions into neutral species is
one the main rate-limiting steps in electrode reactions, i.e.,
both electrochemical reactions at SOFC electrodes are
associated with electron transfer.!-2- 12

The oxygen reduction at the cathode/solid electrolyte
interface, resulting in the transformation of molecular oxy-
gen into oxygen ions, is a complex multistep electrochemical
process involving the simultaneous charge (electron) trans-
fer and mass transfer associated with the migration of
oxygen ions from the cathode into the bulk of the solid
electrolyte. Depending on the nature of the cathode mate-
rial (an electronic or mixed ionic —electronic conductor) and
the cathode/electrolyte interface configuration (a single-
phase or composite cathode) and microstructure, the oxy-
gen reduction can occur through different mechanisms.!>—18
However, despite the diversity of the proposed reaction
schemes, it is practically impossible to distinguish a partic-
ular scheme as the major one because of the influence of
numerous internal (the nature of the cathode material) and
external (the microstructure of the cathode) factors.
Besides, it is rather difficult to distinguish a single rate-
limiting step among several sequential electrode reactions.
Nevertheless, the overall cathodic process can be described
in terms of a general phenomenological scheme (Fig. 2)
involving a sequence of possible steps of the oxygen reduc-
tion. As an example, let us consider the following sequence
for a cathode material with very low oxygen ion conductiv-
ity:

1) adsorption of oxygen molecules from the gas phase
on the electrode surface

1 1
502 (gas) — 502“ ads (cathode) Q)

2) dissociation of adsorbed oxygen molecules to atomic
oxygen

%Oz, ads (cathode) —> O,qs (cathode) 3)

3) surface diffusion of adsorbed oxygen atoms to the
gas/cathode/electrolyte triple phase boundary

O.gs (cathode) —> Oyqs (TPB) 4)

4) charge transfer to oxygen atoms adsorbed on TPB to
form oxygen ions followed by their incorporation into
oxygen vacancies (Vo) in the crystal lattice of the solid
electrolyte (hereinafter, the Kréger — Vink notation is used):

O.as(TPB) + 2¢'(cathode) + Vo (electrolyte) —» OF (electrolyte) (5)

[O5(electrolyte) is an oxygen ion in a regular site of the
electrolyte].

When is used a single-phase mixed ionic—electronic
conductor is used the cathode, the electrochemical reaction
can involve the whole electrode surface, with the possible
charge transfer to not only TPB but also the gas/electrode
double phase boundary

O.gs (cathode) + 2 ¢’ (cathode) + V¢ (cathode) —> OF (cathode) (6)

followed by bulk diffusion of oxygen ions through oxygen
vacancies in the anion sublattice of the cathode material to
the cathode/electrolyte interface and their transfer across
this interface and the subsequent incorporation into vacant
anion sites in the electrolyte structure

O} (cathode) + V¢ (electrolyte) —s (7
—> V{ (cathode) + OF (electrolyte)
In this case, the oxygen reduction occurs also on the

surface of the particles of the cathode material with oxygen-
ion conductivity. This leads to a decrease in the polarization
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02 (gas)~\
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Figure 2. Schematic of possible elementary reaction steps during oxygen reduction at the electrode/electrolyte interface. O (ads) are
adsorbed oxygen species, such as Oz ads, Oads, Oags OF Oﬁgs; Ogp 1s atomic oxygen that diffuses across the grain boundary; ¢’ is an electron
carrier; h” is a hole charge carrier.! Published with the permission of The Elsevier.

resistance of the cathode/electrolyte interface and an
increase in the performance of SOFCs based on such
materials, particularly, of intermediate-temperature
SOFCs.!0

2.3. Electrochemical oxidation of hydrogen in a solid oxide
fuel cell
The electrochemical oxidation of hydrogen is the main
reaction at the SOFC anode. The Ni—YSZ cermet, a
ceramic—metal composite, containing nickel metal and
YSZ solid electrolyte particles is commonly used as an
anode material. The presence of YSZ not only prevents
thermally induced Ni particle coarsening but is also
responsible for the appearance of mixed ionic—electronic
conducting properties. Materials for anodes based on
oxides with the perovskite structure are being extensively
investigated as an alternative to conventional
cermets.!9-20

The mechanism of anodic oxidation of hydrogen in a
system containing Ni metal in contact with YSZ (Fig. 3a)
has been studied in most detail. Several mechanisms of this
reaction were proposed; however, its kinetics is poorly
understood.!> -2 The kinetics of hydrogen oxidation
using the Ni—YSZ cermet is influenced by numerous
factors, among which the composition of the fuel gas and
the microstructure of the electrode are most important. It
was found that the presence of H>O and CO in the fuel gas
mixture and the microstructure of the cermet have a
dominant effect on the polarization behaviour of the
anode. Besides, the kinetics of the anodic reaction and the
performance of the anode may depend on other factors, for
example, on the thickness of the electrode layer, which is
responsible for gas accessibility of reactants to reaction
sites.

Nickel metal plays a key catalytic role in the fuel
oxidation. Meanwhile, the presence of YSZ also affects the
electrocatalytic oxidation of hydrogen. In the fuel gas flow

under reducing conditions, the electronic conductivity of
the electrolyte increases, thereby facilitating the increase in
the rate of the electrochemical reaction.?! The electronic
conductivity of YSZ leads to an increase in the size of the
reaction zone around TPB, resulting in an increase in the
concentration of accessible active reaction sites (Fig. 3 ).
The surface modification of the YSZ electrolyte by intro-
ducing an electronic conducting additive or by partial or
complete replacement of YSZ in the anode by a mixed
ionic —electronic conductor improves the performance char-
acteristics of the anode.?!~23

The general idea of the anodic electrochemical reaction
using the Ni— YSZ cermet is similar to that considered for
SOFC cathodes; however, there are some significant dif-
ferences. One possible mechanism of hydrogen oxidation
can include the following elementary steps:!

— adsorption of molecular hydrogen on the surface of
YSZ or nickel:

Hb> (gas) — Ha, ads (YSZ or Ni) (8)
a b
i # [“2 N g [Hz
H20 H20
F = >
YSzZ 02’ YSZ ofz_

Figure 3. Schematics of the electrochemical oxidation of hydrogen
at TPB of the SOFC anode (a) and expansion of the reaction zone
during electrochemical oxidation of hydrogen in the vicinity of TPB
due to electronic conductivity of the solid electrolyte (b).!> Pub-
lished with the permission of The Elsevier.
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— surface diffusion of adsorbed molecular hydrogen to
TPB

H>, ads (YSZ or Ni) —> Hp 445 (TPB) Q)
— anodic electrochemical reaction
0 (YSZ) + Ha,ads (TPB) —> (10
—> H,0 (gas) + 2¢€' (anode) + VG (YSZ)

It is worth noting that the hydrogen oxidation is
significantly affected by the presence of water vapour in
the fuel giving rise to adsorbed oxygen atoms on the surface
of nickel metal particles. Hence, the rate of hydrogen
oxidation is related to the activity of oxygen on the metal
surface.?* In this case, the mechanism of oxidation will
include the following key steps:

— dissociative decomposition of water

H>O (gas) — Ha2 (gas) + Oags (Ni) (11)
— dissociative adsorption of hydrogen
H» (gas) —> 2 Hads (YSZ) — on the YSZ surface (12)

H> (gas) —> 2 Hads (Ni—QOags) — on the Nisurface  (13)
coated with Oaqs
— charge transfer

0f —> 025, (YSZ) + V5 (14)
025, (YSZ) + Ougs (Ni) —> Oy4s (YSZ) + O25,(Ni)  (15)
025, (Ni) —»> Oy, (Ni) + 2¢' (16)
2 Hads (YSZ) + Oags (YSZ) —> HO0 (gas) a7
2 Hags (Ni—Oags) + Oaas (Ni) —> H>O (gas) (18)

Therefore, the efficient anode material should have the
mixed oxygen-ion and electronic conductivity. This may be
a composite consisting of several phases, one of which is
characterized by high electronic conductivity, whereas
another phase should have high oxygen-ion conductivity.
An alternative approach is the use of a single-phase
material — a mixed ionic—electronic conductor. An exam-
ple of such material is double perovskite SroFe; sMo0g.sO6 s
(see below, Section 6.2).

2.4. Selection of an electrode material: a single-phase
material or a composite?
Perovskite like oxides of the general composition ABOs3
containing d-metal cations are the most common single-
phase materials for S-SOFCs. On the one hand, they are
widely employed because the majority of d-metal cations
usually adopt an octahedral coordination environment
formed by oxygen ions. On the other hand, infinite three-
dimensional frameworks of octahedra connected by sharing
all six vertices are energetically more favourable than the
frameworks of edge- or face-sharing octahedra, which are
observed in other structure types, and they diminish electro-
static repulsions between cations in octahedra. Besides,
perovskites are called chemical chameleons because their
cationic composition can involve different elements, and
practically important properties of these compounds can be
varied by iso- and heterovalent cation substitution. Perov-
skite-like oxides can have a high oxygen-ion conductivity
and, consequently, can serve as highly efficient single-phase
electrode materials for intermediate-temperature S-SOFCs.
Thermodynamic stability and simultaneously high elec-
trical conductivity in oxidizing and reducing atmosphere are

critical requirements for choosing a d-metal cation incorpo-
rated in the electrode material for S-SOFCs. Perovskites
with 3d-metal cations (titanium, vanadium, chromium,
manganese and molybdenum) best meet these requirements.
However, perovskites containing one of these cations in the
B-site have a very low oxygen-ion conductivity and, con-
sequently, they often show low activity towards oxygen
reduction, particularly in an intermediate-temperature
mode. Besides, many single-phase oxide materials exhibit
much weaker electrochemical activity towards fuel oxida-
tion than the conventional Ni—YSZ cermet.® 8 25 In partic-
ular, this is the reason why such oxides are often used as
components of composite materials containing, apart from
the perovskite phase, an electrolyte material.

Perovskites with late 3d-metal cations (Co, Ni, Cu),
having high electrochemical activity towards cathodic oxy-
gen reduction due to oxygen-ion conductivity, are thermo-
dynamically unstable at high temperature in reducing
atmosphere of the anode gas. Iron-containing perovskites
can be considered separately. On the one hand, they easily
form oxygen vacancies in the crystal structure; on the other
hand, they are often stable under reducing atmosphere at
500—-900 °C. Due to these properties, such perovskites have
attracted attention as electrode materials for S-SOFCs.

As mentioned above, the electrode/electrolyte interface
structure may have a significant impact on the efficiency of
electrode processes. The nature of the single-phase material
is an obstacle for meeting all requirements for S-SOFC
electrode materials. This issue can be addressed using
composite electrodes. This approach is commonly used to
create conventional SOFC anodes and cathodes. The com-
bined application of two or more phases in a single
electrode can give rise to new useful properties or lead to
the improvement of properties, thereby making it possible
to overcome the limitations associated with the nature of
the single-phase material. In recent years, composite elec-
trodes were widely used for the fabrication of S-SOFCs.

The simplest approach to prepare composite electrodes
is based on the homogenization of two or more phases with
different useful physicochemical properties. This is partic-
ularly the case with a combination of electronic and oxygen-
ion conductivity, thereby allowing the fabrication of oxy-
gen-ion and electronic conducting electrodes. In these
electrodes, electrochemical reactions occur with the involve-
ment of not only TPB but also the total accessible surface of
the electrode material. This leads to an increase in the
electrode activity towards oxygen reduction (in the case of
the cathode) or fuel reduction (in the case of the anode).
Consequently, an evident improvement of electrode charac-
teristics can be achieved by using composite materials,
particularly, in intermediate-temperature fuel cells.?% 27

The microstructure of electrodes is a key parameter
responsible for the efficiency of electrochemical processes
and high power density of SOFCs. It is a challenge to
prepare a composite electrode with an ideal microstructure,
which will allow the percolation threshold to be overcome in
both the electronic and ionic conducting phases, using the
conventional homogenization of components because this
technique requires the high-temperature thermal treatment.
This process may lead to a change in the microstructure of
the composite electrode due to solid-state diffusion proc-
esses and different nature of phase sintering.

In recent years, the infiltration (impregnation) of the
porous support, which is created using solid electrolyte or
electrode materials, with electroactive material particles has
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gained wide use for the elimination of detrimental effects
caused by high-temperature sintering.?8 =3¢ This approach is
promising for the fabrication of composite electrodes with a
unique microstructure. The main advantage of this
approach is that nanoparticles of the electrocatalyst can be
formed at temperatures much lower than the sintering
temperature of the porous support. This ensures the preser-
vation of the nanostructured state of electroactive additive
particles, thereby facilitating a high rate of electrode elec-
trochemical reactions. The key steps in the infiltration are as
follows:

— the formation of the densely sintered solid electrolyte
membrane of the porous layer on the surface; the sintering
of this layer occurring at high temperatures (1100—1200 °C)
promotes the formation of a strong contact with the surface
of the supporting solid electrolyte, which ensures the effi-
cient charge transport and microstructural stability of the
electrode under long-term operation;

— the filling of the porous layer with a precursor of the
electroactive phase followed by the thermal treatment; a
solution containing stoichiometric amounts of required
metal salts, a surfactant and special additives can serve as
the precursor; the thermal treatment is performed at
450—500 °C (which is significantly lower than the sintering
temperature of the porous layer), giving a composite struc-
ture composed of electroactive nanoparticles within the
porous layer.

The application of the infiltration technique has the
following advantages over the conventional methods of the
formation of the electrode layer, which promotes the
enhancement of electrochemical activity towards both the
oxygen reduction and fuel oxidation:28:33.36

— the porous structure of the electrode provides a more
extensive interface with the electrolyte compared to the
corresponding conventional electrode;

— a mismatch in the thermal expansion coefficients of
the electrode and electrolyte materials is diminished;

— stability of mechanical properties is provided by the
created porous support;

— small volumes of the electrocatalyst are required for
the percolation threshold of the electronic conductor to be
formed;

— due to a low temperature of the thermal treatment,
more active materials unstable at high temperatures can be
employed as catalysts, with the chemical side reactions with
the electrolyte, resulting in the decrease in the catalyst
performance, being less probable;

— electrode material grains can retain the nanometre
size, thereby providing a large active surface area and the
extended TPB.

The efficiency of this approach was demonstrated in a
number of studies, where it was applied to decrease the
polarization resistance of the electrode by an order of
magnitude.?8 32

In subsequent parts of the review, the crystal structures
of perovskite-like oxides acting as electrocatalysts in
S-SOFCs are briefly described. Then the data on the
thermodynamic stability of perovskites are analyzed in
order to answer the question of which cationic composition
will allow the use of these compounds as electrode materials
for S-SOFCs. The electronic structures of perovskites and
their changes depending on the cationic composition are
considered in order to explain why oxides containing late
3d-metal (Fe, Co, Ni and Cu) cations easily form oxygen
vacancies in the structure. The final Section addresses the

recent data on single-phase and composite electrode materi-
als for S-SOFCs based on perovskite-like oxides and oxides
crystallizing in other structure types.

3. Crystal structures of oxides
with perovskite-like structures

There are plenty of data on the crystal structures of
perovskites.37 3% The crystal structure of cubic perovskite
ABOj3 is shown in Fig. 4a. The centres of the ideal
octahedra are occupied by small B cations, in particular
by d-metal cations. The B—O—B angle between the
vertex-sharing BOg octahedra is 180°. Large alkali, alka-
line-earth and rare-earth metal cations generally serve as
A cations that are located at the centre of the unit cell and
have the coordination number (CN) of 12 (cubocta-
hedron).

The cubic perovskite structure is stable only at a certain
ionic radius ratio of the A and B cations and oxygens (ra , s
and ro, respectively). This ratio was derived by Gold-
schmidt“® from geometric considerations and was called
the ¢ factor or the tolerance factor.

1IN +r0
_ 19
t V2(rg +r0) )

For the cubic structure, ¢ & 1; however, perovskites with
t < 1 are most widespread. In these compounds, the size of
the A cation is smaller than that required for CN 12, which
leads to cooperative rotation of BO¢ octahedra, resulting in
a decrease in the CN of the A cation. There are several types
of distortions of the perovskite structure at ¢+ < 1.4 44 The
most important types are rhombohedral (Fig. 45b) and
orthorhombic (Fig. 4 ¢) distortions. The latter type is most
often observed in oxides.*>- 46

Figure 4. Crystal structures of cubic (a), rhombohedrally dis-
torted (b) and orthorhombically distorted (c¢) perovskites and the
hexagonal analogue of perovskite (2H structure) (d). Green spheres
represent A cations, small red spheres are oxygen ions, B cations
are in BOg octahedra (blue). The Figure was prepared by the
authors using the data of Ref. 38.
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In rhombohedrally distorted perovskites [LaCoOs,4”
LaNiOj; (Ref. 48)], the cooperative rotation of BOg octahe-
dra leads to a decrease in the coordination number of the A
cations to 9; in the orthorhombically distorted perovskite,
to 8. The unit cell parameters of rhombohedrally distorted
perovskite (an and ¢ in the hexagonal setting) are related to
the unit cell parameter of cubic perovskite (ac) as
an ® V2ac, cn ® V3 ac; for orthorhombically distorted per-
ovskite (do, bo, Co), a8 do & V2ac, bo & V2ac, co~ 2ac.
Oxides LaBO3 containing large 3d-metal B cations, such as
LaScO3,*® LaTiO3,°° LaV03.,’! LaCrO3,? LaMnO;
(Ref. 53) and LaFeO;3,%* have the orthorhombically dis-
torted perovskite structure. The cooperative rotation of
BOg¢ octahedra leads to a decrease in the angle between the
vertex-sharing octahedra and its significant deviation from
180° in the structure of cubic perovskite. Thus, a decrease in
the angle between the vertex-sharing BOg octahedra is
observed in the crystal structures of manganese-containing
perovskites AMnOs, from 155.23(3)° for LaMnOs;
(t=10.91) to 144.2(1)° for YMnOs (¢ = 0.86).3> This leads
to the narrowing of the energy band, which affects the
electrical conductivity of perovskites (see Section 5).

Hexagonal analogues of the perovskite structure are
formed if the tolerance factor is much larger than unity.
The structure of cubic perovskite can be described as a
three-layer close packing of AO; layers. Meanwhile, a two-
layer stacking of AOs; layers is also possible, resulting in the
hexagonal symmetry of the oxide crystal lattice (2H struc-
ture).3%-39 In this case, the BOg octahedra are connected by
sharing faces, as opposed to vertex-sharing octahedra in the
cubic perovskite structure (Fig. 4 d). There are a number of
intermediate structures between the two- and three-layer
close packed arrays of AOs3 layers, in which mixed cubic and
hexagonal AOj3 stacking occurs with different ratios of these
packing modes. Such oxides contain groups linked both by
sharing vertices (if B cations occupy octahedral voids in the
three-layer close packing) or faces (if B cations occupy
octahedral voids in the two-layer close packing) of BOs
octahedra. These oxides are called hexagonal analogues of
perovskite (not to be confused, as is often the case in the
literature, with rhombohedrally distorted perovskites with
the unit cell parameters in the hexagonal setting!). Hexag-
onal analogues of the perovskite structure are formed, as
mentioned above, if 1 > 1, which means that these oxides
contain large A cations (e.g., Ba?* or Sr?) and highly
charged B cations, consequently, with a small ionic radius.
Examples of such oxides are BaMnO3 (¢ = 1.10), BaCoO3
(t = 1.10) and BaNiO3 (¢ = 1.13) with the 2H structure (see
Fig. 4d).5¢ 38 1t is worth noting that hexagonal analogues
of perovskite with a different number of close-packed
AO;_; layers in the unit cell can be prepared by varying
the synthesis conditions related to changes in the oxygen
stoichiometry (0) of oxide ABOs_s. For example, this is
true for the BaMnOj;_ 5 system.>% 00

If an oxide with the perovskite structure contains several
A and(or) B cations with significantly different ionic radii
or charges, these cations can be ordered in the crystal
structure. The structures, in which cations are ordered
only in one A- or B-site, are referred to as double perov-
skites.?® It should be noted that perovskites containing
several B cations are often erroneously called double per-
ovskites, despite the absence of experimental data on the
ordering of cations in their structures. The simultaneous
cation ordering in both the A- and B-sites occurs in
quadruple perovskites. Examples of such phases are the

oxides NaLnMnWOQOs (Ln = La, Ce, Pr, Nd, Sm, Gd, Dy,
Ho) and NaLnMgWOg (Ln = Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho).6!

The main factors affecting the ordering of B cations in
double perovskites are significant differences in the ionic
radii and charges and the predominant coordination envi-
ronment of two different B cations involved in double
perovskites A;B'BOg .92 The charge difference between two
B cations is assumed to be the key factor. Thus, the
probability of ordering is high if this difference is >3.
There are different modes of ordering of B cations in double
perovskites,38-¢1-62 the ordering of B cations in a chess-like
fashion being most commonly observed (Fig. 5). The crystal
lattice symmetry of such double perovskites, like that of the
perovskite structure, depends on the ionic radius ratio of the
A and B cations.?% %3 It is worth noting that the degree of
the ordering of cations in the B-site and, consequently,
certain important physicochemical properties of double
perovskites are often determined by the conditions of their
synthesis. An example is double perovskite Sr;FeMoOQg .0%
Partial ordering of B cations can also be observed in the
case of the B: B’ ratio of two types of B cations different
from 1:1. Thus, a double perovskite phase is observed for
SroFex - «\Mo,O¢ in a wide range of compositions
(0.5<x<1.2).%

The distinguishing feature of oxides with the perovskite
structure is that they can contain oxygen vacancies. The
formation of oxygen vacancies in perovskites containing
d-metal cations depends on the stability of CN < 6 for this
B cation. Many perovskites have large oxygen nonstoichi-
ometry. For example, the oxygen nonstoichiometry of iron-
containing perovskites SrFeOs_s extends from SrFeOs;
(Ref. 66) to SrFeO, .7 There are several SrFeO3_; phases,
containing different coordination polyhedra of iron cations
and characterized by different ordering patterns in the
crystal structure, between these end members.%¢

Depending on the concentration of oxygen vacancies
and the nature of A and B cations, the latter can be ordered
to form various structures.%-8 The layered ordering is one
of the most commonly occurring type of oxygen vacancy
ordering in the structures of oxygen-deficient perovskites of
general composition ABO2 s (A2B20Os). These perovskites
contain layers of vertex-sharing BOgs octahedra alternating
with oxygen-deficient layers composed of chains of BOa4
tetrahedra  [the structure type of brownmillerite

Figure 5. Crystal structure of cubic double perovskite A>B'BOg
with ordered B cations (blue octahedra) and B’ cations (brown
octahedra). The octahedra are arranged in a chess-like fashion.
Green spheres represent A cations, small red spheres are oxygen
ions. The Figure was prepared by the authors using the data of
Ref. 62.
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Cay(Fe,Al)20s, Fig. 6a]. Oxides with the brownmillerite
structure are known for manganites A>MnGaOs (Refs 69
and 70) and ferrites A;Fe;Os,7"-72 where A = Ca, Sr.

A layered ordering is possible in oxygen-deficient per-
ovskites containing two A cations with different sizes, for
example, Y3© (r = 1.019 A, CN 8)73 and Ba2* (r = 1.61 A,
CN 12),73 resulting in the formation of double perovskite
RAB>Os, where R is a rare-earth metal cation, A = Sr, Ba;
B = Mn, Fe, Co (Fig. 6).74-7% In this case, the coordina-
tion environment of the B cation can be described as a
tetragonal pyramid (CN 5), that of the R cation is a cube
(CN 8), and that of the A cation is a cuboctahedron (CN
12). It is noteworthy that RAB,Os have large oxygen non-
stoichiometry (RAB>Os+ 5), which depends on the degree of
the ordering of A and R cations in these phases. The latter is
determined by the ionic radius ratio of the A and R cations
and by the conditions of the synthesis and subsequent
thermal treatment of the oxide. Such double perovskites
exhibit an extremely high oxygen-ion conductivity.””-78

The formal oxidation state of d-metal cations in oxides
with the perovskite structure can be changed not only
through the heterovalent cation substitution in the A- and
B-sites or variation of the oxygen content but also by a
structural modification through the insertion of different
charged units into the perovskite structure. For instance,
the insertion of the LaO ™ unit with the rock salt structure
into LaMnOj affords the phase LaaMnOy, in which man-
ganese cations have a lower oxidation state (+2). The
average formal oxidation state of manganese cations can
be varied by changing the quantitative ratio between the
LaO™" and perovskite units. The general formula of these
perovskite-like oxides is A,+1B,O3,+1, where n is the
number of BO; layers in the perovskite unit (homologous
series of Ruddlesden —Popper phases, Fig. 7). The crystal
structures of oxides A>BO4 with n =1 are also often
assigned to the structure type KoNiF4. It is noteworthy
that these oxides contain interstitial sites in the unit with the
rock salt structure, which can be occupied by oxygen ions,
and the chemical composition of the oxides corresponds to
the formula A,BO4+s. The oxygen index (d) can be rather

Figure 6. Crystal structures

of oxygen-deficient
ABO;. 5 — brownmillerite Ca,(Fe,Al)>Os (a) and double perovskite
RAB,;Os, where R is a rare-earth metal cation; A = Sr, Ba;
B = Mn, Fe, Co (b). The B cations are in blue and brown
polyhedra, A cations are in green, R cations are in purple, and
oxygen ions are in red. The Figure was prepared by the authors
using the data of Refs 69 and 76.

perovskites

Figure 7. Crystal structures of perovskite-like oxides belonging
to the homologous series of Ruddlesden—Popper phases
A,+1B,O3,+1, n =1 (a) and 2 (b).?® The A cations are shown as
green spheres, oxygen ions are shown as red spheres, B cations are
in BOg octahedra (blue). The Figure was prepared by the authors
using the data of Ref. 38.

large; for example, 6 ~ 0.42 in La; »Sro.sMnQOy4+5.7%-8% The
oxygen ion mobility in the unit with the rock salt structure
is high, resulting in a significant oxygen-ion conductivity of
phases A;BOy4 .+ 5 at moderate temperatures.8! —83

Therefore, perovskite-like oxides, used as electrode
materials for S-SOFCs, have rich crystal chemistry. It
includes phases with a cubic or distorted perovskite struc-
ture, phases containing several ordered cations with differ-
ent ionic radii or charges and phases with the simultaneous
ordering of cations and anion vacancies. The modification
of the perovskite structure through the insertion of the
RO™ unit with the rock salt structure affords Ruddlesden —
Popper phases. The unique feature of these phases is the
presence of interstitial sites, which can be occupied by
oxygen ions. This leads to high oxygen-ion conductivity.
The BOg octahedra connected by sharing vertices are the
main structural units of perovskite-like oxides. This mode
of connection, as shown below (see Section 5), gives rise to
wide energy band gaps and high electrical conductivity. To
get an insight into how the stability of different perovskites
depends on the nature of A and B cations, it is necessary to
consider their thermodynamic properties.

4. Thermodynamic stability of perovskites
containing 3d-metal cations

Thermodynamic stability of perovskites containing 3d
metals as B cations can be evaluated from the enthalpies
of their formation (ArH 59g3) because the entropy of the
formation of perovskites from elements has negative values
and only slightly depends on the nature of the cations in
their structures. The data on the enthalpies of formation of
perovskites ABOs, where A = La, Ca, Sr; B = Sc, Cr, Mn,
Fe, Co, Ni, are summarized in Table 1.

These values can be used to analyze the tendencies of
changes in stability of perovskites upon variation of the
cation composition in hydrogen medium provided that the
reaction affords a 3d element in the metallic state and oxides
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Table 1. Enthalpies of formation of perovskites ABO3, where A = La,
Ca, Sr; B = Sc, Cr, Mn, Fe, Co, Ni, from elements at 298 K.

Composition Structure Ar H 59, kJ mol—! Ref.
LaScO; (¢} —1888.85+2.67 84
LaCrO; (¢} —1536.21 £5.14 85
LaMnO3 (¢} —1451.1£25 86
Lao,gcao,le’lO3 O —1401.7 87
Lag»CagsMnOs3 (0] —1283.6 87
Lag gSro>MnOs3 R —1421.3 87
La()_zsro_gMnO3 C —1285.6 87
LaFeO; (¢} —1373.48 +2.61 85
LaCoOs3 R —1241.34+£2.13 85
LaNiO; R —1192.41£2.75 85

Note. The following notations of the perovskite structures are used: O,
orthorhombically distorted; R, rhombohedrally distorted; C, cubic.

La;0O5 and AO, where A = Ca, Sr. As can be seen from the
reported data, an increase in the atomic number of the 3d
element leads to a decrease in the enthalpy of the formation
of perovskite LaBO3 (early 3d-metal perovskites are most
thermodynamically stable, while late 3d-metal perovskites
are least thermodynamically stable). This may be attributed
to the known tendency to a decrease in stability of the
formal oxidation state +3 in the series of 3d metals from
scandium to nickel. Therefore, perovskites containing
3d-metal cations, such as titanium, vanadium, chromium,
manganese and iron, are of most interest as electrode
materials for S-SOFCs in terms of thermodynamic stability.

The literature data on the thermodynamic stability of
perovskites containing different A cations lead to the
following conclusions. First, thermodynamic stability cor-
relates with the ¢ factor and decreases as the latter decreases.
This tendency was found for perovskites A2t B4+ 03 and
A37"B3705.%8 Thus, a decrease in the ionic radius of the
rare-earth metal cation and, consequently, in the 7 factor,
for example for RMnOs in the series R = La3 " (1.216 A),
Nd3* (1.163A), Y3+ (1.019 A) (the radii are given for
CN 9),73 leads to a decrease in thermodynamic stability of
manganese-containing perovskites (Fig. 8). This tendency is
also observed for the oxides SrMnO3; and CaMnOj3. There-
fore, perovskites containing large and, consequently, basic
A cations are thermodynamically most stable. Second,
thermodynamic stability decreases with increasing oxida-
tion state of the d metal. Thus, an increase in the degree of
heterovalent substitution of rare-earth metal cations for
alkaline-earth metal cations leads to an increase in the
enthalpy of formation of La;_A:MnO3;, where A = Ca,
Sr (see Table 1, Fig. 8).

In the review publication,?® the experimental and calcu-
lated thermodynamic data on the enthalpies of oxidation
(Fig. 9) of oxygen-deficient perovskites were analyzed
according to the equation

4ABO,s + 0, —> 4ABO; (20)

which showed that the thermodynamic propensity to form
perovskites with oxygen stoichiometry changes in the fol-
lowing series: Cr > Mn > Fe ~ Co. Besides, in each series
of compositions, the thermodynamic probability of the
formation of oxygen-deficient perovskites increases with
increasing degree of heterovalent replacement of La’™ ions
with Sr>* cations. This tendency reflects the above-men-
tioned decrease in stability of oxides with the perovskite

AsH5g, kJ mol—1

50 - CaMnOs CaMnO;  CaMnOs
SI’MI’]O3 YO.SCao_sMnO3
YMnO3
N M
ILao St sMnOs do.sCao.sMnO3 Lag <Cag cMnOs
Lag.7Sro.3MnO3
-50 F— NdMnO3
Lao.9Sro.1MnO3 )
LaMnO3
—100

Figure 8. Enthalpies of formation of manganese-containing per-
ovskites Rj— yAxMnOs . The enthalpies are given with respect to the
enthalpy of formation of the stoichiometric mixture of oxides
(1—x/2) Mn203 + x MnO> + (1 —x/2) R,O3 + xAO, where
R =1La, Nd, Y and A = Ca, Sr.8¢ Published with the permission
of The Elsevier.
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Figure 9. Enthalpy of oxidation (AHp) of perovskites
La;_ABO3_s, where A = Ca, Sr, B= Mn, Fe, Cr and Co, as a
function of the composition (x). Open symbols represent the values
calculated from the plots of the oxygen nonstoichiometry of oxides
as a function of the partial pressure of oxygen; coloured symbols
are calorimetrically determined values.8® Published with the per-
mission of the Royal Society of Chemistry.

structure with increasing oxidation state of the d metal. It is
worth noting that the thermodynamic data are indicative of
a much lower stability of oxygen vacancies in oxides with
structures of hexagonal analogues of perovskite compared
to perovskite-like oxides.® This may be attributed to the
fact that the strong electrostatic repulsion between B
cations, which are located in face-sharing BOgs octahedra
in hexagonal analogues of perovskite, is partially compen-
sated by oxygen anions at these faces of the octahedra.
Correspondingly, the partial removal of anions leads to
destabilization of the structure and a decrease in stability of
the oxide.

Therefore, 3d-metal perovskites containing titanium,
vanadium, chromium, manganese and iron cations show
the highest thermodynamic stability in the series of perov-
skites RBO3;, where R is the rare-earth metal cation, and
these compounds can be used as electrode materials for
S-SOFCs. Iron-containing perovskites are of obvious inter-
est because of the possible presence of oxygen vacancies.



S.Ya.Istomin, N.V.Lyskov, G.N.Mazo, E.V.Antipov
Russ. Chem. Rev., 2021, 90 (6) 644—676

653

The above-considered thermodynamic data demonstrate
that, when choosing the A cation, one should take into
account higher stability of oxides containing large A cati-
ons. For example, La* is a rare-earth metal cation of
choice, and Sr?* or Ba?" are the preferable alkaline-earth
metal cations taking into account the composition stability
range of the perovskite phase and the reactivity towards the
electrolyte material.

5. Electronic structure of oxides with the perovskite
structure

The knowledge of the electronic structure of a complex
d-metal oxide with the perovskite structure is required for
an informed choice of the chemical composition of the oxide
as an electrode material for S-SOFCs. The electronic
structure is responsible for electrophysical properties of
perovskite and allows the assessment of its stability and
the possibility of the formation of oxygen vacancies in the
crystal structure.

In oxides with the perovskite structure, d-metal cations
occupy the centre of an octahedron formed by oxygen ions.
The schematic diagram of o- and m-interactions between the
metal d-orbitals and oxygen 2p-orbitals in the perovskite
structure is shown in Fig. 10.

A simplified model of the electronic band structure of
perovskite can be constructed by assuming the formation of
energy bands in the crystal from the corresponding molec-
ular orbitals of the BOs octahedron as the structural
unit.”%-°! The resulting electronic structure of perovskite
ABOs is shown in Fig. 11.

A fragment corresponding to valence bands includes the
completely filled bands formed mainly by oxygen 2p-orbi-
tals (overlapped Onp bands, B—O (o) and B—O (%), in
Fig. 11) and narrow B—O (c*) and B—O (n*) bands
formed mainly by eg- and tyg-orbitals of d metal.

The degree of filling of the B—O (c*) and B—O (n*)
bands is determined by the number of valence electrons of
the d-block metal cation, and the band width depends, in
particular, on the degree of overlap of t>,- and e,-orbitals of
the d metal with oxygen 2p-orbitals. The degree of overlap
in oxides with the perovskite structure is affected by the
degree of distortion of the structure determined by the ¢
factor, because a strong distortion, as mentioned above (see

Figure 10. Schematic diagram of o- and m-interactions between
metal d-orbitals and oxygen 2p-orbitals in the perovskite structure.
The A cation is omitted for clarity. The eg-orbitals of the d metal
directly pointed towards oxygen ions are involved in the formation
of o-bonds; tag-orbitals, of n-bonds.

B—O (0") [2] x [4]

B-0(¢") [2]x[2]
B0 (n") [2] x[3]

onb

B—O (n) [2] x [3]

B—0 (o) [2] x [6]
DOS

Figure 11. Schematic of the electronic structure of perovskite
ABOs3. The bands formed through o- and m-interactions between
3d-metal and oxygen atomic orbitals of the right symmetry are in
green and blue, respectively. The ions that make the main contri-
bution to the formation of the corresponding band are in bold-face.
The band formed by oxygen nonbonding (nb) orbitals is high-
lighted in black. The electron capacity of each band is given in
brackets. A fragment of valence bands, which are considered in the
description of the electronic structure of perovskite, is enclosed by a
dashed-line rectangle. E is the energy, DOS is the density of states.

Section 3), leads to a decrease in the B—O—B angle
between the vertex-sharing BOg octahedra.

Therefore, for perovskites with the same B cation and
containing a rare-earth metal ion as the A cation, the
valence band width would be expected to increase with
increasing radius of R3%.92 Perovskites RNiO3 exhibiting
the semiconductor to metal transition with increasing radius
of the R cation from Sm3* to La3™ is a good illustration of
this correlation.®?

In this model, the electron capacity of the B— O (n*) and
B—0O (o*) bands is six and four electrons, respectively.
Consequently, it could be expected that perovskites con-
taining B cations with an odd number of valence d elec-
trons, for example, in LaCrO; containing the Cr3* cation
with the electronic configuration [Ar]3d3, will have the
partially filled valence band [in this example, the half-filled
B —O (*) valence band] and possess metallic conductivity.
However, this is not true because the proposed one-electron
model of the band structure does not take into account
interelectronic interactions, which play a significant role in
the case of d metals.

The above-considered one-electron model of the elec-
tronic structure of oxides does not take into account strong
repulsion between electrons in the d-orbitals of the B cation.
This Coulomb interaction can be taken into account using
the intra-atomic Hubbard energy (U). For the multielectron
atom, U is the energy required to transfer an electron from
one atom to another. This energy is equal to the energy
difference between the ionization potential and electron
affinity.”* At high Hubbard energies, the electronic states
can be localized, and the oxide will behave as the insulator
even if it has an odd number of valence d electrons. This is
associated with the splitting of the d band into a lower
Hubbard band (LHB) and an upper Hubbard band (UHB)
at high U values. The schematic of this splitting and the



654

S.Ya.Istomin, N.V.Lyskov, G.N.Mazo, E.V.Antipov
Russ. Chem. Rev., 2021, 90 (6) 644—-676

E
A
T t,,BUHB[1]x[3]

>

Tty B LHB [1] % [3]

e2g B UHB [1] x [2]

e2gBLHB[1]x[2] | U

0 2p

>

DOS

Figure 12. Schematic of the electronic structure of LaCrOs. The
completely filled to, B LHB band can contain only three electrons.

formation of an insulating ground state in relation to
perovskite LaCrOs; is shown in Fig. 12.

The electronic structure of valence bands of d-metal
oxides depends on the mutual arrangement of the energy
levels of oxygen and d metal. According to the scheme
proposed by Zaanen, Sawatzky and Allen,”> d-block metal
oxides can be divided into Mott—Hubbard and charge-
transfer insulators. If the energy difference between the
occupied electronic states of oxygen and vacant states of
the d-block metal cation (4) is large, being larger than the
Hubbard energy (Fig. 13 a), the materials are considered as
Mott—Hubbard insulators. Chemical redox processes
involving these oxides occur with changes in the filling of
the electronic levels of the d metal. Early 3d-metal oxides,
for example, titanium oxides in low oxidation states
(LaTiO3),°¢ are Mott—Hubbard insulators. If U > 4, mate-
rials are charge-transfer insulators (Fig. 13 ). Redox proc-
esses involving such oxides are accompanied by changes in
the electronic state of oxygen. Hence, such oxides are prone
to form oxygen vacancies in the structure.

Actually, an increase in the average formal oxidation
state of the d-metal cation as a result of the heterovalent A
cation substitution, for example, in La;_,Sr,CoOs;, will
lead to the removal of electrons from the band with a
significant contribution of the electronic states of oxygen.
This will lead to a change in the charge state of oxygen,

a b
U<4 U>4
E E
B 3d UHB B 3d UHB
;;;;:%;;;, , iu
Ef:fEZZZIZZ: ________ T
B 3d LHB U4
O 2p
O2p
B 3d LHB
DOS DOS

Figure 13. Schematic of the electronic structures of the
Mott—Hubbard insulator (¢) and the charge-transfer insulator
(b). The Fermi level is indicated by a dashed line.??

which finally can result in its partial removal from the
structure, i.e., to the formation of oxygen vacancies. From
the above it follows, that the position of the energy level of
the electronic states of oxygen in oxide should correlate with
the ease of the formation of oxygen vacancies. This corre-
lation was described by Lee et al.”7 as the dependence of the
enthalpy of the formation of oxygen vacancies as a function
of the position of the band centre of electronic states of
oxygen with respect to the Fermi level [E(O2p)]. The shift of
the band centre of the electronic states of oxygen with
respect to the Fermi level (Fig. 14), which is indicative of
an increase in the fraction of the covalent component in the
B —O bond, facilitates the formation of oxygen vacancies in
the crystal structure of perovskite. The practically impor-
tant consequence of this fact is an increase in the catalytic
activity of oxide in the high-temperature oxygen reduction
at the cathode.®’

The tendencies of the changes in the U and 4 values for
elements of the Periodic table are worth noting. On moving
along the row of the Periodic table, the Hubbard energy
increases due to the d contraction. Meanwhile, a decrease in
the radius of the d-metal cation leads to a decrease in the
energy difference between the orbitals of oxygen and d
metal (i.e., to an increase in the degree of B—O bond
covalence) and a decrease in 4. Hence, it would be expected
that oxides of late 3d elements (Fe, Co, Ni, Cu) are charge-
transfer insulators characterized by the formation of oxygen
vacancies. While moving down along the group of the
Periodic table, the energy difference between the orbitals
of oxygen and d metal increases (the degree of B— O bond
ionicity increases) and, correspondingly, A increases. An
increase in the radius of the cation on moving down along
the group leads to a decrease in U. Hence, it would be
expected that 4d- and 5d-metal oxides will behave as
Mott— Hubbard insulators.

The above-considered tendencies of the changes in the U
and 4 values are true for oxides containing d-metal cations
in the same oxidation state. An increase in the oxidation
state of the B cation would be expected to lead to a decrease
in the B—O bond length, an increase in the degree of bond

AHY, eV
3,

o LaCoO3

La0_58r0_50003 °

PrBaCo205+5 ©

—-25 —-2.0

E(O2p), eV

Figure 14. Enthalpies of formation of oxygen vacancies (AtH ¢) in
the structures of cobalt-containing perovskites as a function of the
energy levels of oxygen (the electron band centre) with respect to
the Fermi level.”?
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covalence and the possible change in the behaviour from
that typical of Mott—Hubbard insulators to that character-
istic of charge-transfer insulators. For example, this tran-
sition was shown °8 for perovskites La;_SryFe>;3Mo01,303,
where the oxidation state of molybdenum increases from
+3 (x=0.0)to +6 (x = 1.0) (the oxidation state of iron is
close to +3 in the whole composition range).

Therefore, perovskites with a large contribution of a
covalent component in the B—O bond (charge-transfer
insulators) may be of most interest as electrode materials
for S-SOFCs, particularly for intermediate-temperature
SOFCs. On the one hand, having wide B—O (c*) and
B—O (n*) bands, these compounds can possess high elec-
tronic conductivity. On the other hand, due to the ease of
the formation of oxygen vacancies, they can have oxygen-
ion conductivity. Such oxides include Fe-, Co-, Ni- and Cu-
containing perovskite-like oxides, among which only iron-
containing perovskites are stable under reducing atmos-
phere at high temperature. Manganese-containing perov-
skites also belong to charge-transfer insulators, and they
can contain oxygen vacancies. Besides, as shown above (see
Section 4), they are thermodynamically more stable com-
pared to ferrites. It is worth noting that the oxygen
exchange kinetics in manganites strongly depends on their
crystal structures and, as shown below (see Section 6.3),
oxides RBaMn,Os4s with an ordered double perovskite
structure (see Fig. 6b) are of great interest as electrode
materials for S-SOFCs.

6. Electrode materials for symmetrical solid oxide
fuel cells based on oxides with the perovskite
structure and of other structure types

Most studies on electrode materials for S-SOFCs address
oxides ABOs; with the perovskite structure containing
titanium, vanadium, chromium, manganese and iron cat-
ions in the B-site. These perovskites proved to be most

stable at high temperatures under an atmosphere of
cathode and anode gases. An analysis of the literature
data published in the past five years shows that iron-
containing perovskites are of most interest. As mentioned
above, this is due to the ease of the change in the
coordination number from 6 to 4 characteristic of iron
cations in the oxygen coordination environment, resulting
in the appearance of oxygen-ion conductivity in the
electrode material and promoting the change in the mech-
anism of the electrode reaction. This leads to higher
efficiency of such materials for SOFCs and, consequently,
many iron-containing perovskites, e.g., Lag.¢Sro.4Coop.2-
FepsO3_s (LSCF), are used as conventional cathode
materials for intermediate-temperature SOFCs.

Hence, we decide to move away from the existing order
of consideration of electrode materials for S-SOFCs, start-
ing from perovskites containing early 3d-metal ions as B
cations, and begin with iron-containing perovskites.

6.1. Materials based on iron-containing perovskites
A(Fe,B)O3,5
The main advantage of iron-containing perovskites as
electrode materials for S-SOFCs is the oxygen-ion conduc-
tivity. Besides, the possibility of the existence of large
oxygen nonstoichiometry results in that iron-containing
perovskites have large thermal expansion coefficients due
to the chemical expansion effect, particularly at high tem-
peratures and under reducing atmosphere (Table 2). Perov-
skites R; _ A FeO3_s, where R is a rare-earth element and
A is an alkaline-earth metal cation, are p-type conductors,
and their high-temperature electrical conductivity in air is
often higher than 100 S cm—'. On the contrary, the elec-
trical conductivity sharply decreases under reducing atmos-
phere, and its value is rarely higher than 1 Scm—! (see
Table 2).

As opposed to cobalt- and nickel-containing perov-
skites, perovskite-like ferrites are quite stable under reduc-

Table 2. Electrical conductivities (¢) and TEC values of electrode materials based on iron-containing perovskites A(Fe,B)O3;_s under oxidizing

and reducing atmosphere.

Composition of the material T,°C Atmosphere g,Scm—! Thermal expansion Ref.
temperature TEC x 10°,
range, °C K-!
Lao,gsroleCO375 800 Air 141.1 — S 99
800 Wet Ha 0.138 — — 99
La0_6$r0_4Feo_9Sc0_103,5 800 Air 98 — — 100
800 H» 0.69 - - 100
La0_7Sr0_3Feo_7Ga0,3O3,5 800 Air 47.45 200800 13.79 101
800 Ar + H> (5%) 0.422 200-800 13.88 101
LaSr>Fe>;CrOg s 800 Air 75 = = 102
800 Wet H» 0.16 — — 102
pr0,52Cao.43F60452Mg0,26M00,2203 900 Air 0.15 25-900 12.47 103
900 Ar + H> (8%) — 25-900 11.05 103
Pro.sCag sFep.sMgo2Mop 203 900 Air — 150300 11.7 103
— 500-900 12.95 103
900 Ar+H> (8%) = 150—-300 11.7 103
— 300-900 14.96 103
La0‘3Cao‘7FeoA6MgoA175M00,22503_5 900 Air 4.6 127-900 12.7 104, 105
900 Ar + H> (8%) 25 127-427 12.6 104, 105
427-900 17.1 104, 105
La0,3Cao,7Feo,55Coo,05Mg04175Moo,22503,(; 900 Air 127-900 13.1 105
900 Ar + Ha (8%) 8.8 - - 105
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Table 2 (continued).

Composition of the material T,°C Atmosphere g,Scm~! Thermal expansion Ref.

temperature TEC x 10°,

range, °C K-!
Smyg sSro.2Feo g Tio.15Ru0.0503 s 800 Air ~200 25-900 11.09 106
800 Ar + H> (5%) 1.16 25-900 11.52 106
Lag 6Sr0.4Coo.2Feo. 6Nbo 203 — 5 800 Air 5.05 30-900 14.3 107
800 Ar + H> (5%) 0.37 30-900 13.8 107
(Lao_GSr0,4)0_95C00_2Feg_6Nb0_203,5 800 AiI‘ 3.42 307900 13.8 107
800 Ar + H> (5%) 0.46 30-900 13.4 107
(LaoA6SI'o‘4)0,9C00A2F60A6Nb0,203_5 800 Air 2.67 30-900 13.9 107
800 Ar + H»> (5%) 0.59 30-900 14.1 107
Lag 6Sr9.4Coo.2Feg.7M0og. 1035 800 Air ~8.1 30-850 12.9 108
800 Ar + H> (5%) ~32 30-850 13.3 108
PrBaFe;0s+ 5 500 Air 12.6 100-300 12.4 109
300—-800 19.5 109
PrBaFe; ¢Nig 405+ 5 350 Air 89 100—-300 10.1 109
300—-800 16.6 109
Lag 5Sr¢.5Feo.sCu0 2035 — Air — 25-900 17.7 110
La0,7Sro,3FeoA9Nio,103 -5 800 Air ~250 — — 111
800 Ar + H, (5%) 0.61 - - 111
Lag.6Ceo.1Sr0.3Fe0.9Nip.103_5 800 Air ~120 - — 111
800 Ar + H (5%) 0.45 - - 111
Pro sBag.sCoo.25F€0.7503 5 500 Air ~300 - - 112
700 Ar + Hy (5%) 9.92 - - 112
Pr0_65r0_4F60_8Ni0_203,5 600 Air 320.8 25-700 13.4 113
700—1000 25 113
ProAﬁsroA4Feo‘7NioA2M00‘103_5 700 Air 70.1 25-700 12.7 113
7001000 18.3 113
(Pro.4)xSr0.6C00.2Feo 7Nbg 1035 800 Air ~ 125 20-900 18.02-18.07 114
(x = 0.9, 0.95, 1.0, 1.05) 800 Ar + Ha (5%) ~25 - 114
Pro.4Sro.6(Coo.2Fe0.8)03 s 850 Air 180.4 100500 14.50 115
500—-900 26.03 115
Pr0_4sr0_6(C00_2Feo_3)0_95M00_050375 850 Air 128.8 = = 115
Pro_4sr0_G(C00_2Feo_g)o_gMOo_103,o' 850 Air 91.7 100500 14.83 115
500-900 18.92 115
Lao‘4sr0‘6C00,2FeoA7Nbo‘10375 700 Air 271 — — 116
700 Ar + H> (5%) 35.8 — — 116
800 Air 182 — — 117
Lag.4Sr.6Coo.2Fep7Nbg 103 _5—GDC 800 Air 37 — — 117
(50:50 mass %)?

Ba0_5Sro_5Feo_gCuo_1Ti0_103,5 800 Air ~6 50-600 19.4 118
800 Ar ~1.1 600-950 429 118
Lag.sBao.sFeo.sTip.s03—5 800 Air ~0.3 303-923 11.82 119
9231223 13.26 119
12231373 14.11 119
(Lao,5Ca0,5)o,95Feo,5Cr0,503,,s 800 Air ~30 303-923 10.87 119
950 Ar ~9 923-1223 13.3 119
12231373 15.2 119

2 The electrolyte material is Cep 9Gdo.1O2_5. Since the oxygen content of CeO; strongly depends on the temperature and the partial pressure of
oxygen, from here on we give the chemical formulas of doped cerium oxide taking into account the variable oxygen content.

ing atmosphere. However, their stability is limited and
depends on the nature of the A cation and on the temper-
ature and composition of the gas atmosphere. The literature
data on the stability of these materials in hydrogen are often
contradictory. For instance, Tian et al.®® reported that
LagsSrooFeOs_s is stable during annealing under wet
hydrogen at 800 °C for 10 h; the R, value of the electrode
material/YSZ interface with a buffer GDC layer in air and
under wet hydrogen is 0.30 and 0.58 Q cm?, respectively

(Table 3), and the power density of the model S-SOFC
reaches 387 mW cm—2 with an electrolyte thickness (L)
of 400 pm (Table 4). On the contrary, it was stated 100-121
that Lag oCag.1FeO3_s and Lag¢Sro4FeOs_5 decomposed
during annealing under hydrogen atmosphere at 850 °C
(4 h) and 800 °C (10 h), respectively, to form ferrites
(La,A)>FeOy4. Fan et al.'?° demonstrated that Smg.95Ceo.05.
FeOs_; is stable at 850 °C (10 h) under reducing atmos-
phere and also towards the reaction with YSZ, Therefore,
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Table 3. Polarization resistance values of electrode materials based on iron-containing perovskites A(Fe,B)O3;_; under oxidizing and reducing
atmosphere.

Composition of the material Electrolyte T,°C Atmosphere Ry, Q cm? Ref.

Materials for symmetrical SOFCs

Lag gSro2FeOs3 s YSZ/GDC* 800 Air 0.30 99
YSZ/GDC? 800 Wet H» 0.58 99
Sm0,95Ce0,05Fe03,5 YSZ 800 Air 0.15 120
YSZ 800 Ar + H (5%) 0.08 120
Smg.95Ceo.0sFe03_s—YSZ (7:3 mass %) YSZ 800 Air 0.08 120
YSZ 800 Ar + H> (5%) 0.05 120
Lao_gcao_lFeo_ngOJO},(s (see b) SSZ ¢ 850 Air 0.66 121
SSZ¢ 850 H» 0.12 121
Lao_gcao,1Feo_9Nbo_103,d—SDCb SSZ.¢ 850 Air 0.12 121
SSz¢ 850 H» 0.06 121
La0,6Sro‘4Fe0‘9Sco,1O3,5 LSGM d 800 Air 0.015 100
LSGM 4 800 Wet H» 0.29 100
La0,3Sr0,7Tio,3Feo,703 YSZ/GDC a 800 Air 0.11 122
YSZ/GDC? 800 Wet Ha 0.25 122
LaSr>Fe,CrOg s LSGM 800 Air 0.29 102
LSGM 800 Wet H» 0.57 102
LaSr:Fe>;CrOg_s—GDC (50: 59 mass %) LSGM 800 Air 0.24 102
LSGM 800 Wet H» 0.36 102
Smo,gsrollFeo‘gRUOJO}_g‘ SDC 800 Air 0.16 123
SDC 800 Wet H» 0.20 123
Smo,gsroleeo‘gTio.l5RU040503,5 SDC 800 Air 0.16 106
SDC 800 Ar + H> (5%) 0.19 106
SDC 800 Wet Ha 0.65 106
La0_3Ca0_7Feo_6Mgo_175M00_22503,5 GDC 900 Air 3.6 105
Lao_3Ca0_7Feo_55C00_05Mgo_175M00,22503,(5 GDC 900 Air 1.2 105
La0_6Sr0_4C00_2Feo_(,Nbo_203,5 LSCIM/SDCa 800 Air 0.355 107
LSGM/SDC*® 800 H» 0.592 107
(Lao‘6SI‘o,4)0,95C00,2F60,6Nb0‘20375 LSGM/S]DCu 800 Air 0.215 107
LSGM/SDC*# 800 H» 0.501 107
(Lao,(,SI‘OA)o,gCOo,2F€04(,Nb0,203 —5 LSGM/SDC 8 800 Air 0.164 107
LSGM/SDC*® 800 H» 0.382 107
La.6Sro.4Cog.2Fep.7M00.103 5 LSGM/SDC* 800 Air 0.041 108
LSGM/SDC*® 800 H» 0.266 108
PrBa(Feo.55¢0.2)205+ 5 LSGM 800 Air 0.05 124
LSGM 800 Wet H» 0.18 124
PrBaFe;Os+ s SDC 650 Air 1.452 109
SDC 650 H» 0.075 109
PrBaFe; ¢Nig.4O5+ 5 SDC 650 Air 3.89 109
SDC 650 H> 0.034 109

Materials for pseudosymmetrical SOFCs

LaNig.g2Feo.1803 -~ NiO LSGM 650 Air 0.35 125
LSGM 650 H» 0.12 125

Lao_6Ca0_4Feo_8Nio,203,5 —SDC (70 : 30 mass %) SDC 800 Air 0.12 126
Pro_sBao_5C00,25Feo_7503,5—GDC (60 140 mass %) SSZ/GDC 700 Air 0.04 112
SSZ/GDC 700 Wet H» 0.21 112

Pro.6Sro.4Feo sNig 2035 LSGM/GDC*? 800 Air ~0.25 113
LSGM/GDC*? 800 Wet H, ~0.25 113

Pro,(,sr044Feol7Ni0,2M00,103 —d LSGM/GDC &) 800 Air ~0.5 113
LSGM/GDC? 800 Wet H» ~0.25 113

(PI‘()_4)XSI‘()_6C00,2FC()_7N1‘)0_103,5 LSGM 850 02 0.01270.022 114
(x=0.9,0.95,1.0,1.05and 1.1) LSGM 850 Wet H, 0.15-0.38 114
Pr0_4Sro_G(C00_2Feo_3)0_95M00_0503,g LSGM 900 Air 0.014 115
LSGM 900 Wet H» 0.31 115

Pr0A4Sr0A6C00A2F60A7NbQ‘103 —5— GDC LSGM 800 Air 0.044 127
LSGM 800 Wet H» 0.309 127

Lag4Sr.6Cog2Fep7Nbp. 1035 LSGM 800 Air 0.1 128
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Table 3 (continued).

Composition of the material Electrolyte T,°C Atmosphere Ry, Q cm? Ref.
Materials for pseudosymmetrical SOFCs

Lag.4Srg.6Coo2Feg 7Nby 103 s—GDC YSZ/GDC? 800 Air 0.034 129

Lag4Sr.6Cog2Fep7Nbg 103_5—GDC (50: 50 mass %) YSZ/GDC? 800 Air 0.16 117

La()_4sr0_(,C00_2F€0_7Nb0_103,{; YSZ/GDC a 800 Air 0.62 117

Bao_ssr0_5Feo_gCuO_1Ti0_103,5 GDC 750 Air 0.013 118

2The GDC, Cep sSmo 02— s (SDC) or Lag 4Ceo.602_ s (LCO) protective layer. ® Impregnated in the porous Zro §Sco201.9 (SSZ) layer. € A copper
metal layer (current collector) was deposited on the support. 4 The three-layer electrolyte Lag oSro.1GaosMgo 20255 (LSGM) composed of an
18-um dense layer between two porous 200-pum LSGM layers.

Table 4. Specific power density of S-SOFCs (Pmax) with electrode materials based on iron-containing perovskites A(Fe,B)O3_s.

Composition of the electrode

Current Fuel

collector

Electrolyte

Materials for symmetrical SOFCs

LaggSro,FeOs_5 YSZ/GDC? Ag Wet H,
Smo.95Ceo.05sFe03 5 YSZ Pt H>
Smo_95Ceo_05F603,5—YSZ (7 : 3 mass %) YSZ Pt H2
Lao.oCao.1Feo.oNbo 1035 (see ) SSz Ag H»
LagoCag. Feo,ngo,103 _s—SDC b SSZ Ag H->
SSZ Ag Co
SSZ Ag CO +H>(1:1)
Lao.6Sr0.4Fe0.0S¢0.103 s LSGM Ag® Wet H»
Lag3Srg7Tig3Feo.703 YSZ/GDC? Ag Wet H,
La0_3Sr0_7Tio,3Feo_7O3,5—C602 SSz Ag CO + COz (1 o 1)
Lag.7Sro3Fep7Gap 3035 LSGM Ag Wet H»
LaSr;Fe;CrOg_ s LSGM/LCO®? Ag Wet H»
LaSr;Fe;,CrOg_s—GDC (50: 50 mass %) LSGM/LCO# Ag Wet H,
Smyg.9Sro.1FeooRup.103_5 SDC Pt Wet H,
Smy gSro.2Feo 8Tio.1sRu0.0503—5 SDC Au Wet H»
Smyg 7Sro2Feq gTio.15R10.0503_5 SDC Au Wet H,
(La()_(,Sr(),4)0_9C00_2F€0_¢,Nb0_203 -5 LSGM/SDC a Ag H2
LSGM/SDC# Ag CO:H,
LSGM/SDC* Ag Wet CH,
LSGM/SDC# Ag Bioethanol
Lag.6Sr9.4Co02Fer7M00.103 5 LSGM/SDC a Ag H»
LSGM/SDC®# Ag Ethanol
LSGM/SDC*® Ag LPG (liquefied
petroleum gas)
PrBa(Feo_gSCO,z)zosJﬂ; LSGM — Wet H,
LSGM - Wet H»
LSGM — Wet H»
PrBaFe>Os- s SDC Ag Wet H»
PrBaFe; Nip4Os+ s SDC Ag Wet H»
PrBaFe,Os - s (cathode), SDC Ag Wet H»

PrBaFe; Nip.4Os+5 (anode)
LaCog.3Feq.67Pd0.0303 s (see )
Lag.sSro.5Feo.sCuo203 s
LaNi0_32F60_1803 — NIO f
La0_6C30_4F€0_8Ni0_2O3 —5— SDC
Lag.¢Ceo.1S1r0.3Fe0.9Nig.103 s

Lag.7Sr0.3Feo.9Nig.103 s

Lag.¢Sro.4Feo.9Nig.103 s (see £)

Materials for pseudosymmetrical SOFCs

SDC Ag Wet H»
SSZ/SDC® — Wet H»
SSZ/SDC® — Wet Hy+CO (1:1)
LSGM Ag H,

SDC Ag H»
LSGM Ag Wet CH4
LSGM Ag Wet H»
LSGM Ag Wet CH4
LSGM Ag Wet H»
YSZ Ag H»

YSZ Ag Wet CH4
YSZ Ag Wet CsHg

T,°C

800
800
800
850
850
850
850
800
800
850
800
800
800
800
800
800
800
800
800
800
800
800
800

850
800
750
650
650
650

750
800
800
650
800
850
850
850
850
750
750
750

PmﬂX bl
mW cm—2

387
130
193
392
528
518.7
523.4
540 4
215
357
489
224
264
119.69
271
417
539
207
126
62
737
405
394

921
713
398
70
49
120

535
577
482
928
303
522
889
221
907
280
230
400

Le, pm

400
700
700
60
60
60
60

400

70
320
500
500
600
600
600
200
200
200
200
270
270
270

275
275
275

300
230
230
20
280
300
300
300
300
15
15
15

99

120
120
121
121
121
121
100
122
122
101
102
102
123
106
106
107
107
107
107
108
108
108

124
124
124
109
109
109

130
110
110
125
126
111
111
111
111
131
131
131
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Table 4 (continued).

Composition of the electrode Electrolyte Current Fuel T,°C Proax Le,pm  Ref.

collector mW cm—2
Materials for pseudosymmetrical SOFCs
PrNig.4Feo.603-5 LSGM Ag Wet CH4 800 663 30 132
PI‘o,sBa()jCOo,steojsO}7§—GDC LSGM Ag Wet H2 700 500 300 112
(60 :40 mass %)

Pro.¢Sro.4FeqsNig203_5 LSGM/GDC*? Ag Wet H» 800 435 320 113

Pro_GSr0_4FeO_7Nio_2M00_ 1 03 -5 LSGM/GDC & Ag Wet Hz 800 500 320 113

Prg.42Sr0.6Cog2Feo 7Nbg. 103 _s LSGM Pt Wet H, (Oz at cathode) 850 940 245 114

LSGM Pt Wet CHa 900 670 245 114

Pr0.4S10.6(C00.2F€0.8)0.905M00.0503 5 LSGM Pt Wet H, 850 493 293 115

LSGM Pt CHa 160 293 115

Pro.42Sr0.6C0oo-Feqg 7Nbg. 103 _s LSGM Pt Wet H> (O at cathode) 900 1133 265 133

La0,4Sr0‘6C00,2Fe0,7Nbo‘103 —5 LSGM = Hz 850 500 300 128

Lag 4Sr0.6Coo.2Feg7Nbg 103_s—GDCP  LSGM See' Wet H» 850 817 300 134

LSGM See' CHy4 850 280 300 134

LSGM Seei CH. (90%)+CO5 (10%) 850 455 300 134

La0_4Sr0_6C00_2Feo_7Nb0_103,5fGDC YSZ/GDC a Ag Wet H2 850 348 200 129

Wet C3Hsg 850 324 200 129

La0A4SroA6C00A2FeoA7Nb0A103 5 YSZ/GDC a — Wet H2 850 284 200 117

La0‘4Sr0_6Coo,2FeoA7NboA103_,5—GDC YSZ/GDC a — Wet Hz 850 395 200 117

(50:50 mass %) Wet CHay 850 124 200 117

Bay sSrg.sFep sCug.1Tip. 1035 GDC — H» 800 480 300 118

aThe GDC, SDC or LCO protective layer. ® Impregnated in the porous SSZ layer. ¢ A copper metal layer (current collector) was deposited on the
support. 9 The three-layer LSGM electrolyte composed of an 18-um dense layer between two porous 200-um LSGM layers. ¢ Impregnated in the
porous SDC layer. f Impregnated in the porous LSGM layer. ¢ Impregnated in the porous YSZ layer. * Au as the anode current collector, Pt as the

cathode current collector. { Pt as the cathode, Au as the anode.

composites with YSZ can be used as electrode materials for
S-SOFC:s (see Tables 3 and 4).

The main approach to increasing the stability of iron-
containing perovskites under reducing atmosphere is
based on the partial replacement of iron ions by cations
with stable oxidation states under these conditions, such
as Mg2*+, Sc3+, Ti**, Nb>+.135.136 Thuys, the replacement
of 10% of iron ions by niobium and scandium cations,
according to the formulas Lag¢Cag.1FeooNbgp 1035 and
Lag.6Sro.4Fep.0Sco.103_5, respectively, leads to stabiliza-
tion of perovskites under reducing atmosphere.!00-121
These oxides have reasonable electrical conductivity, and
the polarization resistance of the electrode/electrolyte
interface is low, particularly, in the case of composites
with electrolyte materials (see Table 3). The power density
of S-SOFCs with such materials is as high as
500 mW cm~—2; in the case of the composite
Lap.oCap.1Feo 9Nbgp.103_5—SDC, this parameter depends
only slightly on the nature of the fuel used (see Table 4).

Among Ti-substituted ferrites, perovskite
Lag 3Sro.7Tip.3Fe0.703 (LSTF) showed stability in a wet
Ar + H; gas mixture (20%) at 800 °C (20 h) and also had
reasonable R, values of the LSTF/YSZ interface (GDC
protective layer) (see Table 3).!22 However, the power
density of the model S-SOFC with this material was as
low as 215 mW cm~—2 at 800 °C (see Table 4). The com-
posite material LSTF — CeOs infiltrated into the porous
SSZ electrolyte layer was used in a reversible fuel cell and
demonstrated good performance characteristics (see
Table 4) when operating as a SOFC with CO + CO; fuel
(1:1) and as an electrolyzer.'3” The replacement of iron
ions by gallium cations, resulting in the composition
Lag 7Sro.3Feq7Gag.303_5,'°! led to a decrease in the elec-

trical conductivity to 47.45 S cm—! at 800 °C in air. The
material showed low TEC values (13.8 x 10=¢ K1) in air
and under reducing atmosphere; the power density of the
model S-SOFC with an electrolyte based on LSGM was as
high as 489 mW cm—2 at 800 °C with wet hydrogen as the
fuel (see Tables 2 and 4).

Chromium-substituted ferrite LaSr>Fe;CrOg_s
(Lag.33S19.67Fe0.67Cro.3303_5), which has been previously
studied as the anode material for SOFCs, 138139 was tested
as the electrode material for S-SOFCs.'92 This perovskite
has a high electrical conductivity in air, which signifi-
cantly decreases under reducing atmosphere (see Table 2).
The polarization resistance of the LaSroFe,CrOog_;s/
LSGM interface in air and under reducing atmosphere is
rather low, and this parameter can be further decreased
using an electrode material with GDC (see Table 3).
However, the power densities of model S-SOFCs contain-
ing the LSGM electrolyte and the LCO protective layer
were low (264 mW cm—2 at 800 °C, see Table 4). This is
probably due to a low electrical conductivity of the
material under reducing atmosphere (0.16 Scm~—! at
800 °C, see Table 2) and a large thickness of the electro-
lyte (500 pm) used in S-SOFCs.

Perovskites (R,Ca)(Fe,Mg,Mo0)O3_s, where R = La, Pr
and in which iron ions are replaced simultaneously with
Mg2" and Mo®" cations, were synthesized and character-
ized.!03-105 The presence of Mo®" cations in perovskite
facilitates an increase in the electrical conductivity and
catalytic activity at low partial pressures of oxygen.
Actually, the electrical conductivity of such perovskites
increases by several times under reducing atmosphere,
which is indicative of the change from p-type to n-type
conductivity due to the partial reduction of Mo®* cations
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to Mo>* and of Fe3* to Fe2*. Thus, the electrical con-
ductivity of Laop.3Cag.7Fep.6sMgo.17sM 00225035 at 900 °C
increases from 4.6 to 25Scm~! in going from air
to an Ar+ H, atmosphere (8%).'9° Perovskites
(R,Ca)(Fe,Mg,M0)O3_s have reasonable TEC values in

air and under reducing atmosphere (see Table 2).
It is worth noting that R,, of the electrode
material/ GDC interface in air for oxide
Lao,3cao,7Feo_5Mgo_175M00_22503_(5 is rather high

(3.6 Q cm? at 900 °C), but it can be reduced to 1.2 Q cm?
by the partial replacement of iron ions with
cobalt cations according to the formula
Lag.3Cag.7Feo.55C00.0sMg0.175M00.22503_5 (see Table 3).

Fan et al.'06-123 studied materials based on SmFeO3
doped with ruthenium cations, Smg.9Srg.1FeooRuo.1035_5s
and Smyg sSro.2Fep sTip.1sRu0.05s03_5. The perovskites
showed stability at high temperature. It should be noted
that no traces of ruthenium metal were detected. Oxide
SmoAgsroAzFeo'gTio'l5RU0A0503,(5 had small TEC
(~11x10=¢ K—1) in air and under reducing atmosphere
and a high electrical conductivity (see Table 2). Model
S-SOFCs with these materials exhibited a low power
density (see Table 4). Meanwhile, the use of A-deficient
chemical compositions (Smg 7Srg2Feo.sTio.15RU0.0503_5)
made it possible to increase the power density to
417 mW cm~—2 at 800 °C. The authors attributed this fact
to the appearance of ruthenium metal nanoparticles on the
surface of the electrode under reducing atmosphere.

The stability of the conventional LSCF cathode mate-
rial for intermediate-temperature SOFCs under reducing
atmosphere can be increased by the partial replacement of
iron ions by niobium and molybdenum cations.!07-108
These compounds were tested as electrode materials for
S-SOFCs. The synthesized perovskites showed reasonable
TEC values both in air and under reducing atmosphere
(see Table 2). However, their electrical conductivity at
800 °C in air was lower than 8 Scm~! and it sharply
decreased to ~0.5 S cm~! under reducing atmosphere for
Nb-substituted compositions. The electrical conductivity
of Lag.¢Sro.4Coo.2Feg.7Mo0o.105_s in an Ar + H, mixture
(5%) was ~3.2 S cm—!, which is associated with a change
from p-type to n-type charge carriers.

Model S-SOFCs with Lag ¢Srg4Coo.2Feq. 7Moo 103_5
showed a higher power density compared to
(Lag.6Sr0.4)0.9C00.2Fe0.6Nbp 203 _5 using hydrogen as the
fuel source at 800 °C (737 and 539 mW cm—2, respec-
tively). This is due to a much higher electrical conductivity
of Mo-containing perovskites under reducing atmosphere
and a smaller polarization resistance of the electrode
material/ LSGM interface with the SDC protective layer
both in air and under reducing atmosphere (see Table 3).
It is worth noting that S-SOFCs with the electrode
material Lag ¢Sro.4Coo.2Feq.7Mo0p.103_s also exhibited a
high  power density (800 °C) when  ethanol
(405 mW cm—2) and LPG (394 mW cm—2) are used as
the fuel sources (see Table 4).

Ferrite PrBaFe;Os. s (PBF) with a double perovskite
structure was tested as the S-SOFC electrode material (see
Fig. 6 b). In order to increase the stability of PBF under
reducing atmosphere, iron ions were partially replaced by
scandium  cations  according to the formula
PrBa(Fe.8Sc0.2)»05+s (PBFSc).'24 This material showed
reasonable electrochemical properties. Thus, the polar-
ization resistance, which was measured using a symmet-
rical cell with the LSGM electrolyte and PBFSc electrodes

at 800 °C, was 0.05 Q cm? in air and 0.18 Q cm? in wet
hydrogen. The maximum power density (921 mW cm —2)
was achieved using wet hydrogen as the fuel source and air
as the oxidant at 850 °C. Besides, the PBFc electrode was
quite stable during the cycling of atmosphere at the anode.

Chen et al.'%° modified PBF by the partial replacement
of iron ions with nickel cations, PrBaFe; ¢Nip.40s5+s
(PBFN). The PBF and PBFN materials were found to be
chemically and thermally compatible with the SDC elec-
trolyte. In this case, PBF as the cathode showed higher
activity towards oxygen reduction in air compared to that
of the PBFN cathode. Meanwhile, the PBFN anode,
unlike PBF, was more active towards hydrogen oxidation
(see Table 3). Based on these compositions, a quasisym-
metrical PBFN-configured fuel cell (anode)/SDC/PBF
(cathode) was created. This fuel cell showed higher
power characteristics compared to the symmetrical solid
oxide fuel cells PBF/SDC/PBF and PBFN/SDC/PBFN
(see Table 4).

Many compounds based on iron-containing perov-
skites can be assigned to materials for so-called pseudo-
symmetrical SOFCs. This is associated with the fact that
the phase composition of the electrode material in the
anode part of the fuel cell changes under reducing atmos-
phere. The partial oxide reduction on the surface of its
particles affords metal and alloy nanoparticles (exsolu-
tion; for more details, see the review '49). The in situ
synthesized cermets exhibit high electrochemical activity
towards fuel oxidation. Meanwhile, many such cermets
show reversible oxidation giving a phase with the perov-
skite structure when changing the reducing for oxidizing
atmosphere. Analogous behaviour was observed for per-
ovskites AFe;_, B Os_s, where B = Co, Ni, Cu, Pd.
Examples are LaCog.3Feq.67Pdg.0303_5,!3°
Lao.sSrg.sFeq.sCup 055,110 LaNig s2Fe.1503,123
Lag.6Cag.4Feo sNip-03_s,12¢ (La,Ce)o.7Sr0.3Feq 9Nip. 105 5,1
Lag.6Sro.4Feo.oNig 103,131 PrNig.4Feo.603_5,'3?
Pro.sBag 5C0¢.25Fe0.7503_5,'1?  Pro.¢Sro.4(Fe,M0)o.sNip03_s
(see Ref. 113) and BagsSro.sFesCuo.1Tip103-5.""® The
high-temperature electrical conductivity, TEC values and
characteristics of S-SOFCs with electrode materials based
on these perovskites are given in Tables 2—4.

Among the above-mentioned materials, noteworthy is
Lag.¢Ceo.1Sr0.3Feo oNig 103 _5,'"'"! which is reduced to
form a (Ni,Fe) alloy. The power characteristics of sym-
metrical solid oxide fuel cells with this electrode material
using wet CH4 as the fuel are among the best
(522 mW cm—2 at 800 °C) in the series of materials based
on substituted LaFeOs. Symmetrical SOFC with
CHy4-based fuel and a PrNig4Feo.603_s-based electrode
material was characterized by an even higher power
density at 800 °C (663 mW cm —2).132 However, a signifi-
cant decrease in the power to 105 mW cm—2 was observed
even at 750 °C, which was attributed to the degradation of
the material and carbon deposition on their surface.

A series of studies !4 115.127.133 addressed electrode
materials, including composite materials based on oxide
Pro.4Sr9.6Co¢.2Feop.7Nbg.103_s, which is reduced to form
the (CO,FG) 21110}/,141 and (Pr0_4Sr0_6)3(Feo_35Nbo_15)207
(Ref. 142) with the structure of the second homologue of

the Ruddlesden—Popper series. Besides, materials
with chemically similar compositions, in which
praseodymium ions are replaced by lanthanum
cations, Lag 4Srg.6Coo.2Feq.7Nbg.103_5, were

studied.!16-117. 128,129,134 Qymmetrical SOFCs based on
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these electrode materials showed a high power density, up
to 1133 mW cm~—2 at 900 °C, '33 using hydrogen as the
fuel source and pure oxygen as the oxidant (see Table 4).
It was mentioned that these S-SOFCs exhibited stable
electrochemical performance with prolonged cycling of
atmosphere at the anode.

Therefore, an analysis of the recent literature data
shows that iron-containing perovskites have attracted
great attention. However, perovskites containing exclu-
sively iron cations in the B-site have limited stability under
reducing atmosphere. One of the main approaches to
improving single-phase materials based on such perov-
skites is the partial replacement of iron ions by cations
with stable oxidation states under anode gas conditions,
such as Mg2™, Sc3*, Nb>* (see?).

These materials combine high stability under reducing
atmosphere with reasonable electrical conductivity and
TEC and  also exhibit  high electrochemical
activity towards electrode reactions. Perovskites
(R,Ca)(Fe,Mg,M0)O3_5, where R = La, Pr, containing
molybdenum cations in the B-site also deserve notice. The
electrical conductivity of these perovskites increases by
several times under reducing atmosphere due to a change
from p-type to n-type conductivity. Studies of materials
for pseudosymmetrical SOFCs based on iron-containing
perovskites involving cobalt, nickel, copper and palladium
cations are also of interest. Cermets synthesized in situ
based on these materials at the anode of SOFCs exhibit
high electrochemical activity towards fuel oxidation.

1 The A>T cation can be assigned to these cations; however, to the best of
our knowledge, there are no studies on aluminium-substituted ferrites as
electrode materials for S-SOFCs.

6.2. Electrode materials based on double perovskites
A>(B,M0),0¢_5, where A = Sr; B = Fe, Co

In this Section, we discuss practical applications of mate-
rials based on double perovskites A>(B,M0)>06_s, where
A = Sr; B = Fe, Co, their derivatives with different sub-
stitution patterns of A and B cations, and composite
electrodes based on these perovskites. The analysis is
restricted to the publications in which these materials are
considered as S-SOFC electrodes. It is worth noting that
in most studies, these materials were investigated as either
potential anodes (predominantly) or SOFC cathodes.

6.2.1. Single-phase oxide electrode materials

Among single-phase oxide compounds, materials based on
SraFe; sMog.sO6—s (SFM) have the highest potential for
use as S-SOFC electrodes. In the crystal structures of these
compounds, B-site cations can be ordered to form a
double perovskite structure (see Fig. 5). These phases
exhibit high stability during redox cycling due to a flexible
change of the oxidation state and the coordination envi-
ronment of iron cations.'43-145 Besides, it was noted 14°
that the electronic structure of SroFeMoOg_s is charac-
terized by the formation of a common energy band derived
simultaneously from the electronic states of iron and
molybdenum. In the authors’ opinion, this made it impos-
sible to reduce all Fe3* cations to Fe?" in double
perovskite, thereby providing high stability of this phase
under reducing atmosphere.

There are contradictory literature data on stability of
SFM under hydrogen atmosphere. For instance, it was
reported '43 that SFM is stable during annealing in hydro-
gen at 1400 °C for 24 h. However, later it was shown that
traces of iron metal appeared upon the thermal treatment
of this oxide in hydrogen at a much lower temperature.
For example, it was found 47 that SFM is already reduced

Table S. Electrical conductivities and TECs of electrode materials based on double perovskites Sr(B,Mo0)>O¢_s, where B = Fe, Co, under

oxidizing and reducing atmosphere.

Composition T,°C Atmosphere
SroFe;.sMoo.sO06 s 780 Air
780 H,
600 Air
600 Wet H,
Sr2C01.1M 00,906 — 5 850 Air
850 H,
Sr2Co1.15M00.8506 -5 850 Air
850 H»
Sr2C01.2M00.806 5 850 Air
850 H,
SraFe; s—xCoxMog 5065 750 Air
750 Air
800 Air
800 Air
SraFe1.4Nbo.1M0g.506 s 600 Air
Wet H»
Sr2F81‘5M00,5067§ —SDC 800 Air
(90: 10 mass %) 800 Wet H,

g,Scem—! Thermal expansion Ref.
temperature TEC x 10°, K !
range, °C (in air)
550 200760 14.5 143, 144
310 7601200 21.4 143, 144
200—-1200 18.1 143, 144
17.6 — — 148
11.1 — — 148
1.13 See? See 2 149
7.83 See? See @ 149
3.75 See @ See @ 149
8.52 See® See ® 149
5.12 See? See @ 149
4.16 See? See @ 149
384 (x =0) — — 150
54 (x =0.5) — — 150
59.5(x = 0.75) — — 150
2(x=1) — — 150
27.6 — — 148
15.9 — — 148
10 — — 151
15 — — 151

a For certain compositions considered by Wei et al.,'*° the TEC values were not reported, and it was only mentioned that these values, measured in
the temperature range of 30—900 °C, are in the range of (6—15)x 106 K—1,
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at 800 °C (10 h) in wet hydrogen. Apparently, stability of
SFM under reducing atmosphere has a kinetic nature and
depends, in particular, on the size of its particles.

Materials based on SFM have high electrical conduc-
tivity under both oxidizing and reducing atmosphere
(Table 5) and also change the type of electron-hole con-
ductivity during redox cycling.'*> These materials also
exhibited high electrocatalytic activity in oxygen reduc-
tion and H»/CH,4 oxidation. The use of the material
SroFe; sMog.sO6—s as a promising electrode for S-SOFCs
was first reported by Liu et e/.'#3 In the temperature range
of 200-1200 °C, the average TEC value in air is
18.1x10-¢ K~ (see Table 5),'** which is smaller than
that for cobaltite-based cathode materials [e.g.,
20.5x 10~ K—! for Lag.Sr9.4CoO3_s (Ref. 152)]. How-
ever, at temperatures of 200—760 °C, the thermal expan-
sion coefficient of SFM decreases to 14.5x0° K—1,
resulting in much smaller mismatch with TEC of the
electrolyte during operation of the fuel cell in this temper-
ature range.

A study of chemical compatibility of SFM with mate-
rials for solid electrolytes based on YSZ, LSGM, SDC and
BaZry.1Ce0p.7Y0.203_s (BZCY) during annealing at
1400 °C for 24 h in air demonstrated that secondary
phases were absent in all cases, except YSZ. When using
YSZ-based electrolytes, secondary phases with SFM
formed after the thermal treatment at 1000 °C for 24 h in
air. Taking into account a rather high conductivity of
SFM at moderate temperatures (700 °C), LSGM was used
as a solid electrolyte membrane to evaluate the polar-
ization characteristics of the SFM electrode and perform-
ance characteristics of S-SOFCs with SFM-based
electrodes. The polarization resistances of SFM electrodes
in air and under wet hydrogen atmosphere (3% H>O) are
given in Table 6. In air, the R, value of SFM is compara-
ble with that of  the composite cathode
(Lag.§Srp.2)0.oMnOs—YSZ, whereas under wet hydrogen
atmosphere, the R, values are comparable with that of the
conventional Ni—YSZ cermet anode.!>” The power den-
sities of the electrolyte-supported symmetrical fuel cell
with the SFM/LSGM/SFM configuration are given in
Table 7. This fuel cell showed a power density of 835 and
230 mW c¢cm~2 with humidified hydrogen and methane,
respectively, as the fuel at 900 °C.'#3 It should be noted
that at a higher concentration of oxygen vacancies in the
structure (according to the X-ray photoelectron spectro-
scopy, the oxygen content in the lattice varies from 5 to
5.75),'43 oxygen ion conductivity appears, thereby provid-
ing high electrochemical performance of S-SOFC electro-
des.

The discovery of highly efficient SFM-based material
has caused an interest in other double perovskites. Wei
et al.'* studied a series of new electrode materials for
S-SOFCs based on nonstoichiometric double perovskites
of the composition Sr2Co; + yMo;_O6_s (SCM, x = 0.1,
0.15, 0.2). The electrical conductivity study demonstrated
that, unlike SFM, the electrical conductivity of SCM
under oxidizing and reducing conditions is at most
9 Scm~! in the temperature range of 300-850 °C (see
Table 5). The thermal expansion coefficients of SCM
samples are in good agreement with TECs of solid electro-
lytes based on YSZ and LSGM (see Table 5). The TEC
values vary from 6 x 106 to 15 x 106 K—! in the temper-
ature range from ambient temperature to 900 °C. These
TEC values are smaller than those of conventional cobalt-

Table 6. Polarization resistances of electrode materials based on
double perovskites Sr2(B,M0),0¢ 5, where B = Fe, Co, under oxidiz-
ing and reducing atmosphere.

Composition T,°C  Atmosphere Ry, Ref.

of the material Q cm?

Sr2F81‘5M00,50675 750 Air 0.66 143
800 Air 0.24 143
850 Air 0.10 143
750  Wet H» 0.46 143
800 Wet Hy 0.27 143
850 Wet H, 0.21 143
650 Air 0.90 148
700  Air 0.45 148
750  Air 0.24 148
800 Air 0.13 148
650 Wet Ar + H, (5%) 10.2 148
700  Wet Ar + Hy (5%) 5.4 148

750 Wet Ar + H (5%) 2.8 148
800 WetAr+ H>(5%) 1.9 148

Sr2C01_1M00_906,5 800 Air 0.18 149
800 Ho» 0.35 149
Sr2C01A15M00‘8505_5 800 Air 0.15 149
800 Ha» 0.45 149
SI‘zCO],zMOo,gO(,fé 800 Air 0.14 149
800 H> 0.69 149
SroFe; 4Nbp.1M0g.sOs—s 650  Air 0.96 148
700  Air 0.31 148
750 Air 0.15 148
800 Air 0.10 148

650 WetAr + H,(5%) 6.2 148
700  Wet Ar + Hy (5%) 3.4 148
750  Wet Ar + Ha (5%) 2.1 148
800 Wet Ar + Ho (5%) L5 148

SryFe; sMopsO6—5—SDC 800  Air 0.26 151

(90: 10 mass %) 800 Wet H» 0.12 151

SroFe; sMogsOs—5—SDC 800  Air 0.06 153
(90: 10 mass %)*?

SroFe; sMog sOs— s (see?) 650  Air 0.13 154

650 Wet Ha 0.62 154

800 Air 0.04 154

800 Wet Ha 0.22 154

SroFe; sMogsO6—5 (see€) 650  Air 0.16 155

650 Wet H» 0.45 155

800 Air 0.05 155

800 Wet Ha 0.09 155

Sr2F61_5M00_506,5 (see d) 750 Air 0.064 156

2The electrode impregnated with Pr¢O;;. ®The infiltration of the
electrode material into the porous LSGM layer prepared by the film
casting technique. © The infiltration of the electrode material into the
porous LSGM layer prepared by the phase inversion technique. ¢ The
infiltration of the electrode material into the porous YSZ electrolyte
layer.

containing perovskites, which are characterized by large
TECs due to thermally induced transitions between low-
and high-spin states of the Co?™ cation.!¢?

The evaluation of the performance characteristics of
S-SOFCs with SCM-based electrodes and LSGM solid
electrolyte showed that the maximum power density of
460 mW cm—2 at 800 °C was achieved for the composition
with x = 0.15. Rather low polarization resistances of SCM
electrodes (see Table 6) together with high power density
characteristics (see Table 7), despite rather low electrical
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Table 7. Power densities of S-SOFCs with the LSGM solid electrolyte and electrode materials based on double perovskites Sr(B,M0)>O¢_s,

where B = Fe, Co.

Composition of the material Current collector Fuel T, °C Poax,mW cecm—2 L., um Ref.
SrzFeLsMOo_sOs,J Au Wet H2 900 835 265 143
Au Wet CHy4 900 230 265 143
— Wet H» 650 92 236 148
— Wet H» 700 156 236 148
— Wet H» 750 228 236 148
— Wet H» 800 374 236 148
Sr2C01_15M00_g5O(,,,§ Ag Hz 800 460 300 149
SroFe; sMog sO6—s — 0.5% H,S+3% H» 800 27.3 200 150
Sr2F6C00_5M00_506,o‘ — 0.5% st +3% H2 800 42.6 200 150
— 0.05% H>S + N, 600 17.6 200 158
— 0.05% H>S + N> 650 25.0 200 158
— 0.05% H>S + N, 700 31.8 200 158
— 0.05% H>S + N> 750 36.9 200 158
— 0.05% HaS +N» 800 45.7 200 158
SraFe.4Nbo.1M0g.5O06 s — Wet H, 650 124 243 148
— Wet H, 700 244 243 148
— Wet H, 750 365 143 148
— Wet H, 800 532 243 148
SraFei sMog.506—5s—SDC (90: 10 mass %) Pt Wet H, 800 500 300 151
SryFe sMog.506—5—SDC (90 : 10 mass %) ? Pt Wet H, 700 250 760 153
Pt Wet H» 800 500 760 153
Pt CH4 700 100 760 153
Pt CHy 800 250 760 153
SraFe; sMog sO6—5—GDC (70 : 30 mass %) 2 — Wet H» 650 60 300 159
— Wet H, 700 191 300 159
— Wet H, 750 113 300 159
SraFer sMoo. 5O (see P) — Wet H, 650 390 15 154
— Wet H, 700 600 15 154
— Wet H» 750 850 15 154
— Wet H» 800 970 15 154
— N>+ CsHis (6%) 800 390 15 154
SraFe; sMog sOg (see ©) Ag Wet H, 650 401 25 155
Ag Wet H, 700 521 25 155
Ag Wet H, 750 602 25 155
Ag Wet H, 800 703 25 155
SraFer sMog 5O (see 9) Au CO+COz(1:1) 750 265 — 156

2 The impregnation of PrgOy; into the cathode, the impregnation of Ni into the anode. ® The infiltration of the electrode material into the porous
LSGM layer prepared by the film casting technique. ¢ The infiltration of the electrode material into the porous LSGM layer prepared by the phase
inversion technique. 4 The infiltration of the electrode material into the porous YSZ electrolyte layer.

conductivity (see Table 5), are attributed to the presence
of oxygen vacancies in the structure, which are responsible
for reasonable oxygen-ion conductivity of the material.
Song et al.'>® considered a series of compositions
SroFe; s xCoxMog.506— 5 with the partial replacement of
iron ions with cobalt cations in SFM (SFCM, x =0, 0.5,
0.75, 1). According to photoluminescence spectroscopy,
an increase in the cobalt content from x = 0 to x = 0.75 in
SFCM leads to an increase in the concentration of oxygen
vacancies (d) from 0.29 to 0.46. The evaluation of redox
activity of SFCM in oxygen reduction and hydrogen
oxidation by temperature-programmed desorption of oxy-
gen and temperature-programmed reduction, respectively,
demonstrated that the composition with x = 0.75 has the
highest catalytic activity. Meanwhile, the partial replace-
ment of iron ions by cobalt cations in SFM affects not
only the catalytic activity but also the electronic and ionic
conductivity. The electrical conductivity of cobalt-substi-
tuted materials is much higher than that of undoped SFM

(see Table 5). It is interesting that the conductivity of the
starting SFM 150 is more than an order of magnitude
smaller than the values published earlier for the same
composition.'*3 Song et al.'*° did not comment on this
discrepancy. Electrode materials for SFCMs (x = 0.5)
were tested in electrolyte-supported S-SOFC using
200 pm-thick LSGM as a solid electrolyte membrane. In
the case of SFCM electrodes, the maximum power density
of the fuel cell fed with a 0.5% H>S + 3% H, mixture was
42.6 mW cm~—2 at 800 °C, which is 1.5 times higher
compared to the corresponding characteristics of a fuel
cell with SFM electrodes (27.3 mW cm—?2) under the same
experimental conditions.!’® However, the performance
characteristics of the fuel cell with SFM electrode fed
with wet hydrogen were not evaluated,'>® which hinders
the comparison of these results with those reported pre-
viously.!43

The partial replacement of iron ions by cobalt cations
in SFM contributes to an increase in tolerance of material
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for H,S impurities in the fuel gas. In this case, cobalt acts
as a kind of an adsorbent of sulfur due to high affinity for
formation of sulfide at high temperatures.!®!-162 Accord-
ing to the X-ray powder diffraction and energy-dispersive
X-ray spectroscopy, the formation of metal sulfides,
particularly CoS, plays a key role in the increase in the
rate of catalytic oxidation of H,S in SOFC.!63

As mentioned above, the main approach to increase
the stability of iron-containing perovskites under reducing
atmosphere is based on the partial replacement of iron
ions by cations with stable oxidation states under reducing
atmosphere. Hence, it can be suggested that the phase
stability and electrocatalytic activity of SFM can be
controlled by choosing an appropriate dopant, which will
improve characteristics of the symmetrical electrode.
Niobium was considered as a dopant for the partial
replacement of iron ions in order to increase the stability
and catalytic activity of the starting SFM electrode
material.!4® In this study, the electrode material
SroFe; 4Nbo. 1Moo sO6—s (SENbM) was synthesized and
prospects of its application in S-SOFCs were evaluated.

This material showed higher stability under reducing
atmosphere compared to the staring SFM. Besides, as
compared to SFM, the electrical conductivity of SFNbM
increases from 17.6 to 27.6 S cm—! in air and from 11.1 to
159 Scm—! in wet hydrogen at 600 °C. In relation to
electrochemical activity, SFNbM electrode material shows
lower polarization resistance compared to SFM both
under oxidizing and reducing atmosphere (see Table 6).
A similar tendency is evident from a comparison of the
performance characteristics of S-SOFCs with these elec-
trode materials (see Table 7). The use of SFNbM enhances
the electrochemical performance of fuel cells due to
smaller polarization losses both under oxidizing and
reducing atmosphere. Therefore, the partial replacement
of iron ions by niobium cations in SFM enhances the
phase stability under reducing atmosphere and the electro-
chemical performance of electrode material for S-SOFCs.

6.2.2. Composite SFM-based electrode materials

Materials prepared by mechanical mixing of components.
The prospects of the creation of a promising composite
electrode material SDC —Sr>Fe sMog.506_5 for S-SOFCs
were considered by Osinkin er al.'>! The electrical con-
ductivity of this composite at 800 °C was ~10 and
15S em~! in air and under wet hydrogen atmosphere,
respectively (see Table 5). A typical thermally activated
behaviour was observed under reducing atmosphere.
Thus, the electrical conductivity increases with increasing
temperature due apparently to an increase in the contri-
bution of electronic conductivity through the partial
reduction of Ce** to Ce3" and of Mo®* to Mo>". The
polarization resistance of electrodes in contact with
LSGM electrolyte in air and in wet hydrogen atmosphere
was 0.26 and 0.12 Q cm?, respectively (see Table 6).

It is worth noting that SFM—SDC electrodes,
although having rather low electrical conductivity, exhibit
reasonable activity and can compete with conventional
electrode materials. The maximum power density esti-
mated for S-SOFCs supported on 300 um-thick LSGM
electrolyte was ~500 mW cm—2 at 800 °C with air sup-
plied to the cathode and wet hydrogen supplied to the
anode (see Table 7). An analysis of polarization losses
demonstrated that the polarization of the oxygen elec-
trode, which is much higher than that of the anode, is the

limiting factor. In a continuation of this study, the
SFM — SDC composite electrode was modified by impreg-
nation with an electrocatalytically active PreO;; additive
in order to improve the kinetics of oxygen electroreduc-
tion at the cathode.!>® This led to a significant decrease in
the polarization resistance of the electrode in air from 0.26
to 0.06 Q cm? at 800 °C (see Table 6). The voltage —cur-
rent study of S-SOFCs with supporting LSGM electrolyte
and SFM —SDC celectrodes, which were modified by
impregnation with praseodymium nitrate (impregnation
of PrO;; into the cathode layer) and nickel nitrate
(impregnation of Ni into the anode layer) in the absence
of buffer and current layers, showed that these fuel cells
fed with wet hydrogen and methane have good power
densities of 500 and 250 mW cm—?2, respectively, at
800 °C (see Table 7).

Another example of the application of a composite
based on SFM—GDC as the S-SOFC electrode was
reported by Guo et al.'>® The electrochemical perform-
ance study of YSZ electrolyte-supported S-SOFCs with
GDC buffer layers and SFM —GDC electrodes demon-
strated that these S-SOFCs have acceptable power density
characteristics (see Table 7) despite the use of YSZ elec-
trolyte, which has lower oxygen ion conductivity com-
pared to LSGM. It was also mentioned that, due to
excellent electrochemical performance, SFM —GDC sym-
metrical electrodes can be used in YSZ electrolyte-sup-
ported reversible SOFCs with GDC buffer layers.

Materials based on SFM prepared by infiltrations
methods. Meng er al.'>* described the application of the
SFM —LSGM composite, which was prepared by the
impregnation of SFM into the porous LSGM skeleton,
as electrode material for S-SOFCs. The authors produced
three-layer LSGM-based ceramic structures composed of
a 15 pm-thick dense layer of this oxide sandwiched
between two porous 150 um-thick layers. Porous LSGM
layers were prepared by the film casting technique and
impregnated with a solution containing strontium, iron
and molybdenum cations in amounts corresponding to the
SFM composition. In air, the infiltrate consisted predom-
inantly of the SFM phase with a small portion of
SrMoO4; under hydrogen atmosphere, of the phase
SrFe.675sM00.32503_s with a minor portion of iron
metal.!6%165 The anode and cathode polarization resis-
tances under wet hydrogen and in air were 0.22 and
0.04 Q cm?, respectively, at 800 °C (see Table 6).

An analysis of the impedance data for symmetrical fuel
cells depending on the partial pressure of hydrogen and
the temperature showed that the hydrogen adsorption on
the SFM electrocatalyst surface and the charge transfer
across the SFM/LSGM interface were the rate-limiting
steps for hydrogen oxidation reactions on SFM —LSGM
composite electrodes prepared by infiltration of SFM at
high (800 °C) and moderate (600 °C) temperatures,
respectively. The power densities of S-SOFC with such
electrodes are reasonably high (see Table 7). The power
density using hydrogen as the fuel was 390 mW cm 2 at
650 °C and 970 mW cm—2 at 800 °C. It should be noted
that the fuel cell with the maximum power density of
390 mW cm—2 at 800 °C showed stable power output with
a CgHis (6%) + N2 (94%) mixture as the fuel. This is
evidence of good carbon tolerance of the SFM —LSGM
composite electrode.

In a continuation of this study, Gao et al.'>5 inves-
tigated S-SOFC, which had a similar composition but



S.Ya.Istomin, N.V.Lyskov, G.N.Mazo, E.V.Antipov
Russ. Chem. Rev., 2021, 90 (6) 644—676

665

differed in that porous LSGM layers for subsequent
infiltration of SFM were prepared by the phase inversion
method. As opposed to the film casting technique for the
preparation of porous layers giving rise to a fine porous
structure with a random pore distribution, the phase
inversion method afforded a structure with larger colum-
nar pores oriented along the normal to the electrolyte
surface. The anode and cathode polarization resistances of
the electrode under hydrogen atmosphere and in air are
comparable with the corresponding values obtained ear-
lier 157 (see Table 6). The performance study of S-SOFCs
fed with wet hydrogen demonstrated good power densities
(703, 602, 521 and 401 mW cm—2 at 800, 750, 700 and
650 °C, respectively; see Table 7). A somewhat lower
electrochemical performance compared to that achieved
earlier was accounted !'*# for by the following factors:

— a decrease in open circuit voltage due to the forma-
tion of point microdefects that disturb the gas tightness of
the thin-film layer of the electrolyte;

— an increase in the gas diffusion resistance at applied
current due to a high content of the SFM electrocatalyst in
the porous LSGM structure.

The possibility of producing composite electrodes for
S-SOFCs by the infiltration of SFM was also considered
by Li et al.'3® A three-layer support was composed of
dense YSZ film electrolyte sandwiched between two
porous YSZ layers. The authors investigated the influence
of the infiltration of SFM into the porous YSZ scaffold on
the polarization resistance of the composite electrode in
air and found that the highest electrochemical perform-
ance of the electrode in oxygen reduction was achieved by
the infiltration of 11.7 mass % SFM; R,, was 0.064 Q cm?
at 750 °C in air (see Table 6). A symmetrical solid oxide
fuel cell with such electrodes showed the maximum power
density of 265 mW cm~2 at 750 °C using a mixture of CO
and COz in a 1:1 ratio as the fuel (see Table 7). It is worth
noting that S-SOFCs with SFM —YSZ electrodes pre-
pared by the infiltration also exhibited high performance
and cycling stability during reversible operation of
SOFCs.

Therefore, the use of infiltration methods for the
introduction of electroactive phases is a promising

approach to create high-performance S-SOFC electrodes
based on double perovskites Sr(B,Mo0)>O¢_s5, where
B = Fe, Co. These methods provide a decrease in R, of
the electrode and an increase in the power density of the
fuel cell. However, the maintenance of high electrochem-
ical characteristics of S-SOFCs under long-term operation
and cycling of atmosphere at the anode remains a chal-
lenging problem.

6.3. Electrode materials based on chromium-
and manganese-containing perovskites
Back in 2006, Bastidas et al.'%® reported that material
based on Lag.75Sr9.25Cro.sMng.sO3 (LSCM) can be used
as electrode material for S-SOFCs. However, the total
conductivity of LSCM in air and particularly under
reducing conditions is rather low. Song et al.'®” found
that the partial replacement of Sr2* ions by Ce3™
cations in LSCM according to the formula
LaoA75SI'0A125C€0‘125CI‘0A5MH0A5037(3 (LSCCM) leads to
an increase in the total electrical conductivity in air and
in wet hydrogen. Thus, the electrical conductivity at
900 °C in air increased from 14.6 S cm—! for LSCM to
20.95 S cm ! for LSCCM; in wet hydrogen, from 0.95 to
1.66 S cm~! (see Table 8). However, model electrolyte-
supported S-SOFC with LSCCM electrode material did
not show improved performance characteristics com-
pared to analogous S-SOFC with LSCM electrode mate-
rial. 167

Luo et al.'’? made an attempt to adapt the commer-
cially available cathode material LaggSro>MnOs_;
(LSM) to use it in S-SOFCs. However, it is well-known
that LSM serves as material for high-temperature SOFC,
and its efficiency decreases with decreasing operating
temperature because of low oxygen ion conductivity and
a rapid decrease in the electrocatalytic activity. This issue
can be partially addressed using composite electrode
material containing, apart from LSM, oxide with high
oxygen ion conductivity (e.g., SOFC electrolyte). This
composite, LSM —GDC, was tested as electrode material
for intermediate-temperature S-SOFC with YSZ electro-
lyte; however, the polarization resistance of the electrode/
electrolyte interface under oxidizing and reducing atmos-

Table 8. Electrical conductivities of electrode materials based on chromium- and manganese-containing perovskites under oxidizing and reducing

atmosphere.
Composition of the material T,°C Atmosphere g,Scm—! Ref.
L‘do}75SI‘o(125C60,125CI‘0(5M1’10A503 -3 900 Air 20.95 167
900 Wet H» 1.66 167
La0,755r0425Cr0,5Mn0,5O3,,; 900 Air 14.6 167
900 Wet H» 0.95 167
(Lao.Sr0.2)0.98¢0.2Mng 303 s 850 Air 37.1 168
850 Na + H, (5%) 5.7 168
(La()_gSro_z)o_gSCo_zMno_75RL1()_05O375 850 Air 53 168
850 N> + Hy (5%) 9.3 168
PrBaMn>Os + 5 800 Air 91.5 169
800 Ar + H> (5%) 8.16 169
800 Ar + H> (5%) 1.25 170
PrBagsCapoMnyOs + 5 800 Air 13.4 171
800 Ar + Hs (5%) 5.48 171
SmBaMn,Os+ 5 900 Air 58.1 172
900 Ar + Ha (5%) 10.7 172
PrBaMn1_5F60_505+5 800 Air 112.5 170
800 Ar + Hy (5%) 7.4 170
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Table 9. Polarization resistances of electrode materials based on chromium- and manganese-containing perovskites under oxidizing and reducing

atmosphere.
Composition of the material Electrolyte T,°C Atmosphere Ry, Q cm? Ref.
Lag sSro-MnO3;_s—GDC (70 : 30 mass %) YSZ 800 Air 1.44 173
YSZ 800 Wet H, 5.19 173
YSZ 650 Air 8.62 173
YSZ 650 Wet H, 45.87 173
Lag gSrooMnOs3_5 YSZ 800 Air 3.03 173
YSZ 800 Wet H, 10.49 173
YSZ 650 Air 59.68 173
YSZ 650 Wet H, 112.23 173
(Lao_3Sro,2)0_9500_2MHO,75RUO_0503,(s SSZ 800 AiI‘ 0.23 168
SSZ 800 N> + H> (5%) 0.52 168
(LaoA381‘0,2)095C0,2MH0,803_5 SSZ 800 Air 0.58 168
SSZ 800 N> + Hz (5%) 3.5 168
PrBaMn;Os - 5 LSGM 800 Air 0.30 170
LSGM 800 Wet H, 0.78 170
PrBaMn;Os 1 s—Pr¢Oi YSZ 800 Air 0.016 174
YSZ 800 Wet H» 0.20 174
SmBaMn;Os + 5 LSGM 900 Air 0.066 172
LSGM 900 Wet H, 0.314 172
LSGM 800 Air 0.269 172
LSGM 800 Wet H, 1.226 172
pI‘BaMl’l145F604505+5 LSGM 800 Air 0.22 170
LSGM 800 Wet H, 0.68 170
Table 10. Power densities of S-SOFCs with electrode materials based on chromium- and manganese-containing perovskites.
Composition of the material Electrolyte Current Fuel T,°C Prax Le, pm Ref.
collector mW cm—2
La0,755ro,|25Ceo,125Cro,5Mn0,503,5 YSZ — Wet H» (1 % st) 900 33.12 600 167
YSZ — 3% H, (1% HaS) 900 20.05 600 167
YSZ — 3% Ho» 900 52.1 600 167
YSZ — Wet H» 900 76.5 600 167
La0_75Sr0_25Cr0_5Mn0_503,5 YSZ = Wet H2 900 23.47 = 167
(1% HaS)
YSZ — 3% H> (1% HaS) 900 29.96 — 167
Lag gSrooMnO3_s—GDC YSZ Ag Wet H, 800 150.8 — 173
(70: 30 mass %)
Lag gSrooMnOs3_s YSZ Ag Wet H» 800 67.45 — 173
(Lao.8S10.2)0.95¢0.2Mng 75Ru0.0503 s SSZ Ag Wet H» 800 318 — 168
PrBag 3sCap2MnyOs + 5 (see?) LSGM/LCO® Ag Wet H, 800 1101 250 171
LSGM/LCO® Ag Wet H, 750 768 250 171
LSGM/LCO® Ag Wet H, 700 502 250 171
LSGM/LCO® Ag Wet C3Hg 800 740 250 171
LSGM/LCO® Ag CgHs 800 470 250 171
PrBaMn»Os + s—PrsO11 (see©) YSZ/GDC®P Ag Wet H, 800 423 — 174
YSZ/GDC® Ag CHa 800 227 — 174
SmBaMn;Os + 5 LSGM/LCO® Ag Wet H» 900 782 300 172
LSGM/LCO® Ag Wet H» 800 481 300 172
LSGM/LCO® Ag Wet H» 750 314 300 172
PrBaMn; sFe 505+ s LSGM Pt Wet H» 800 540 520 170
LSGM Pt CHy 700 230 520 170

2 The electrode layer impregnated with a solution of cobalt and iron nitrates (1 : 1). ® The LCO or GDC protective layer. ¢ The infiltration with a

praseodymium nitrate solution.

phere is not encouraging (Table 9). The maximum power
density was also low (Table 10).

Zheng et al.'’> demonstrated that the partial replace-
ment of manganese ions by scandium cations in LSM
according to the formula LagsSro2Sco2MngsOs_s

(LSSM) made it possible to prepare promising material
for S-SOFCs showing high electrical conductivity and
stability under reducing atmosphere. However, the power
density of S-SOFC was as low as 220 mW c¢cm—?2 at 800 °C
using wet hydrogen as the fuel. Therefore, this material
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had to be improved. For this purpose, Zhou et al.'®®
modified the chemical composition of LSSM and prepared
A-deficient  perovskites  (Lao.gSro.2)0.9Sc0.2MnpsOs3_5
(L72S18SM) and (Lao.sSro.2)0.9Sc0.2Mng 75Ru0.0503_5
(L72S18SMR). At 850 °C, the maximum conductivity of
L72S18SM in air and under N>+ H> (5%) atmosphere was
37.1 and 5.7 S cm—!, respectively (see Table 8). These
values are larger than those for stoichiometric LSSM.!75
At 850°C, oxide L72S18SMR showed an even higher
electrical conductivity both in air (53 S cm—!) and under
N>+ H; (5%) atmosphere (9.3 S cm—!) (see Table 8). The
electrochemical characterization of L72S18SMR as the
cathode demonstrated R, = 0.23 Q cm? at 800 °C, and
this value is several times smaller than R, for L72S18SM
(0.58 Q cm?). Meanwhile, L72S18SMR at 800 °C exhib-
ited high electrochemical activity under reducing atmos-
phere (R, = 0.52 Q cm?), whereas R, = 3.5 Q cm? for
L72S18SM (see Table 9). Apart from the improvement of
electronic conductivity, this may be attributed mainly to
significant changes in the morphology of the electrode
surface. Ruthenium nanoparticles that emerge on the
surface of L72S18SMR during heating under reducing
atmosphere (exsolution) serve as a catalyst booster and
significantly improve electrochemical performance of the
electrode in hydrogen oxidation. The maximum power
density of S-SOFC with SSZ electrolyte was
318 mW cm—2 at 800 °C (see Table 10).

Materials based on double perovskite RBaMn»Os+ 5,
where R is a rare-earth element; 0 < § < 1, with a layered
structure (see Fig. 6b) are currently attracting great
interest because such oxides, unlike manganites
(La,Sr)MnO3;_;s, are characterized by easier oxygen
exchange kinetics, which can be evaluated from such
parameters as the surface exchange coefficient (k) and
the bulk diffusion coefficient (D*). Choi er al.'”' showed
that the coefficients D* and k for PrBaMn;Oss and
PrBag sCap2Mn,Os 5 are several orders of magnitude
larger than those for (La,Sr)MnO3_s and are similar to
those for LSCF cathode material. Besides, oxides RBaM-
n»0Os 5 are characterized by phase stability over a wide
oxygen partial pressure range.’* Zhang et al. '7?> proposed
layered perovskite SmBaMn,Os+s (SBM) as electrode
material for S-SOFCs. This oxide remains stable under
both reducing and oxidizing atmosphere at high temper-
atures. Besides, it exhibits high electrical conductivity in
air and in a Ar + H» (5%) mixture in the temperature
range of 750—-900 °C (see Table 8) and shows good elec-
trochemical activity in oxygen reduction and hydrogen
oxidation (in air and under wet hydrogen atmosphere, Ry
is 0.066 and 0.314 Q cm?, respectively, at 900 °C; see
Table 9). The power density of the LSGM electrolyte-
supported fuel cell with SBM as the symmetrical electrode
at 900 °C is as high as 782 mW cm—2 with hydrogen as the
fuel.

Sengodan et al.'% were the first to demonstrate that
double perovskite PrBaMn,Os s (PBM) can be used as
anode material for SOFCs. In order to provide carbon and
hydrogen sulfide poisoning tolerance of electrodes and
good electrochemical characteristics of SOFC fed with
hydrocarbon fuel, the authors created new anode material
based on PBM. The advantages of this material are high
thermal and chemical stability under reducing atmos-
phere,!76-177 total electrical conductivity and oxygen ion
conductivity (see Table 8).

Choi et al.'”' modified the chemical composition of
PMB by the partial replacement of Ba?* ions with Ca?™
cations and prepared the new material
PrBag sCap 2Mn»0s5 s (PBCM). It showed phase stability
under reducing atmosphere (see Table 8), which made it
possible to test this material as an electrode in LSGM
electrolyte-supported S-SOFC. The maximum power den-
sity of S-SOFC, which contained the LGSM celectrolyte
layer with a thickness of ~250 um and was prepared by
the infiltration of the porous electrode layer with cobalt
and iron nitrate solutions followed by annealing in air,
was 1101 mW cm—2 at 800 °C; in the case of hydrocarbon
fuels, namely, humidified CsHg and CgH g, the maximum
power density was 740 and 470 mW cm 2, respectively.
These characteristics are among the best achieved to date.

Zhao et al.'’7° modified the chemical composition of
PMB by the partial replacement of manganese ions by iron
cations according to the formula PrBaMn; sFe 50545
(PBMF). The electrical conductivity of PBMF in air was
higher than that of PBM, and this material was resistant
to contact with LSGM and showed good thermo-mechan-
ical compatibility with LSGM (see Table 8). The maxi-
mum power density of 540 mW cm—2 at 800 °C was
achieved for S-SOFCs with PBMF electrode material and
520 pm-thick LSGM electrolyte using wet hydrogen as the
fuel. This power density is smaller than that achieved with
PBCM, which is apparently because the thickness of
LSGM electrolyte is more than two times larger. It should
be noted that PBMF electrode material fed with hydro-
carbon fuel showed good redox stability and high carbon
tolerance.

Kim er al.'’7® examined the possibility of using oxide
PrBaMn; 7Co0¢.30s5+s (PBMCo) as electrode material for
pseudosymmetrical SOFC, assuming that PBMCo should
decompose under reducing atmosphere to form cobalt
metal and should retain the initial structure in air. This
material for S-SOFCs showed promising electrochemical
characteristics: the power density of 1100 mW cm—2 at
800 °C and good operational lifetime over 100 h.

As electrode material for S-SOFC, Gu et al.'’* pro-
posed PBM-based composite material modified by PreO1;
(Pr-PBM). Praseodymium oxide was added as an electro-
catalyst through infiltration of a praseodymium nitrate
solution into the porous PBM cathode and anode layers
followed by annealing. The R, values for Pr-PBM elec-
trode material under both oxidizing and reducing atmos-
phere are given in Table 9. It is seen that the polarization
resistance of Pr-PBM under reducing atmosphere is higher
than that of SFM-based electrode material 43 (see
Table 6), the cathode polarization resistance is much
higher than that of LSCF (0.064 Q cm? at 800 °C in
air 179). At 800 °C, the power density of S-SOFC with
YSZ electrolyte and the GDC protective layer was 423 and
227 mW cm—2 using wet hydrogen and methane as the
fuel (see Table 10). The authors mentioned carbon toler-
ance of the anode when using methane as the fuel source.

Therefore, among chromium- and manganese-contain-
ing perovskites, oxides RBaMn»Os+ s, where R is a rare-
earth element, with the double perovskite structure, are of
most interest as electrode materials for S-SOFCs. These
oxides are characterized by the highest power densities
(>1000 mW cm—2). However, these oxides contain
barium cations, making materials susceptible to different
types of chemical degradation, resulting in the formation
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of BaCOj3 on the cathode surface and a possible chemical
reaction with electrolyte material. Hence, particular atten-
tion should be given to investigation of the lifetime of
S-SOFCs with such electrode materials.

6.4. Materials based on oxides with the K,NiF4 structure
Oxides with the K>NiF4 structure (Fig. 7 a) have attracted
attention as promising electrode materials for S-SOFCs
due to the presence of a rock salt unit in their crystal
structures. This unit has anion vacancies through which
oxygen ions can diffuse. These oxides can have high
oxygen-ion conductivity and, consequently, they are
highly efficient in the cathode reaction, particularly in
the moderate temperature range. Main examples are nick-
elates RoNiOy4 45, where R = La, Pr and Nd. In this series,
PryNiO4+s has the highest oxygen-ion conductivity.8?
Cathode materials based on ProNiOy4 . 5 are characterized
by very low polarization resistance of the cathode/electro-
lyte interface even at 600 °C (0.08 Q cm?), and the model
fuel cells with this material show a power density of
~400 mW cm—2.180

Oxides R;NiO4+5, where R = La, Pr, were tested as
electrode materials for S-SOFCs.!81.182 Taking into
account low stability of nickelates RaNiOg44 s in anode
gas atmosphere under operating conditions of S-SOFCs,
these phases are reduced to form oxide R,O3 and nickel
metal nanoparticles. Yang er a/.'8! infiltrated LasNiOy+ s
into porous LSGM or SDC layers that formed on the
surface of the corresponding solid electrolyte membranes.
The resulting model S-SOFCs showed a power density of
~550 mW cm—2 at 800 °C with wet hydrogen as the fuel.
The short-duration testing demonstrated that the power
output characteristics were stable for a period of 210 h.

Gao et al.'%? employed another approach. Thus, SDC
solid electrolyte was infiltrated into the porous layer of
ProNiOy 1 5 electrode material deposited on the gas-tight
SDC membrane. Model S-SOFCs with ProNiO4 4 s—SDC
(40 mass %) electrode material had the best power density

characteristics (375 mW c¢cm~—2 at 800 °C, hydrogen as the
fuel source). Symmetrical SOFCs showed the stability of
cell voltage for 168 h and high cycling stability after
switching hydrogen and air at the anode.

Unlike nickelates R,NiOy4 45, manganites
La,Sro_MnO4.s exhibit phase stability in reducing
atmosphere under operating conditions of SOFC. Man-
ganite Lag ¢St14MnOy4.s was tested as anode!8? and
cathode '# materials for SOFCs. Similar compositions
with x = 0.5 and 0.6 were evaluated as electrode materials
for S-SOFCs. These chemical compositions were chosen
because they can be synthesized in air and have well-
balanced characteristics (Table 11). These materials show
stability under operating conditions of fuel cells in reduc-
ing atmosphere and in air. Their TEC values in air and
under reducing atmosphere are comparable with the TEC
values for conventional SOFC electrolytes. Besides, these
materials have reasonable electrical conductivity in air. It
was reported that Lag sSr; sMnQOy 4 s reacts with YSZ and
LSGM at 900 °C, but does not exhibit noticeable reac-
tivity towards GDC up to 1300 °C.'°° The composite
Lag ¢Sr14MnOy 4 s with a higher lanthanum content does
not react with LSGM at 900 °C.'87 The main drawbacks
of these materials are low electrical conductivity under
reducing atmosphere (see Table 11), which is evidence that
holes serve as the main charge carriers, and high polar-
ization resistance of the electrode/electrolyte interface,
particularly under reducing atmosphere (Table 12). This
leads to a very low power density of S-SOFCs, lower than
70 mW cm—2 at 800 °C (Table 13).

It is worth noting that the surface modification of
electrode material Lag ¢Sr;.4MnOy4 s with such oxides as
SDC and NiO '°! promotes a significant increase in the
power density of S-SOFCs to 614 mW cm—2 at 800 °C
using hydrogen as the fuel (see Table 13). This is primarily
due to a decrease in the polarization resistance of the
electrode/electrolyte interface at the cathode side of
S-SOFCs (see Table 12). The produced S-SOFCs fed

Table 11. Electrical conductivities and TECs of electrode materials based on oxides with the K,NiF4 structure under oxidizing and reducing

atmosphere (7' = 800 °C).

Composition Atmosphere g,S cm~! Thermal expansion Ref.
temperature range, °C~ TEC x 106, K—!
La,Sr; MnOy.;(x = 0.25-0.6) Air 28.8 (x = 0.6) 25-800 12.3-12.9 185
Air 38.6 (x = 0.25) 25-800 12.3-12.9 185
Ar + H> (3%) 0.4 (x = 0.25) 25-800 13.7-13.8 185
Ar + H> (3%) 1.9 (x =0.5) 25-800 13.7-13.8 185
Ar + Hx (3%) 0.8 (x = 0.6) 25-800 13.7-13.8 185
La0_5Sr1_5MnO4+,; Air 22.9 - - 186
Ar + H> (5%) 1.98 — — 186
Ar + H; (10%) 1.70 — — 186
(Lao_5Sr1,5Mn)Nio_1O4+0~ Air 18 — — 186
La0‘6Sr1A4MnO4+5 Air 5.5 — = 187
Ar + Hz (5%) 4x10-3 — — 187
La0,6Sr1‘4FeO4,5 Air 23 — — 188
Ar + H> (5%) ~0.018 — — 188
La; 4Sro¢FeO4_5 Air 11 — — 188
Ar + H> (5%) ~0.007 — — 188
Lao_gsr1_2F604,§ Ar + Hz (5(%) 0.2 — — 188
LaoSr1.2Fe0.90C00.104—5 Air 44.29 — _ 189
Ar + Hj 0.032 — — 189
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Table 12. Polarization resistances of electrode materials based on oxides with the K,NiF4 structure under oxidizing and reducing atmosphere

(T = 800°C).
Composition of the material Electrolyte Atmosphere Ry, Q cm? Ref.
La0_5Sr1_5MnO4i5 YSZ/GDC Air 1.2 185
YSZ/GDC Wet H, 0.57 185
YSZ/GDC Air 1.32 190
LSGM Air 0.884 186
LSGM Ar+H> (5%) 8.7 186
Lag sSr; sMnOy4 .+ s—SDC LSGM Air 0.813 186
LSGM Ar+H> (5%) 5.99 186
(Lao_5Sr1,5Mn)Nio_1O4+5 LSGM Air 0.676 186
LSGM Ar+H> (5%) 5.12 186
(Lag sSr; sMn)Nigp 104+ s—SDC LSGM Air 0.603 186
LSGM Ar+H> (5%) 3.51 186
La0,6Sr1<4MnO4+5 LSGM Air 0.87 187
LSGM Ar+H; (5%) 2.07 187
LaO_GSr1_4MnO4+5 SDC Air 0.46 191
Lag ¢St aMnOy4 4 5—NiO (90: 10 mass %) 2 SDC Air 0.16 191
Lag ¢Sr;.4aMnOy4+ s—SDC (80 : 20 mass %) SDC Air 0.021 191
Lag ¢Sr; 4aMnOy4+ s—SDC—NiO (70:20: 10 mass %)? SDC Air 0.020 191
Lao6Sr1.4MnOy4 -+ 5—SDC (20 : 80 mass %) SDC Air 0.026 192
Lag.6Sr1.4MnOy+5—SDC—NiO (20:75: 5 mass %)® SDC Air 0.0099 192
Lag.eSri4FeO4_s LSGM Air 1.85 188
LSGM Ar+H> (5%) 9.8 188
La, ,4SI‘046FCO4,5 LSGM Air 5.82 188
LagsSri,FeO4_s LSGM Ar+H> (5%) 79 188
LagsSri2Fep9Co00.104 s LSGM Air 0.29 189
LSGM N> + Hz (5%) 1.14
Lao_gsrl_2F60_9C00_104,5—GDC (70 : 30 mass %) LSGM Air 0.21 189
LSGM N> + H2 (5%) 0.93 189
LaggSri2FeO4_s LSGM Air 1.27 189
LSGM N>+ H> (5%) 4.01 189

aThe porous layer of electrode material impregnated with NiO and(or) SDC. ® The porous SDC layer impregnated with electrode material and

NiO.

Table 13. Power densities of S-SOFCs with electrode materials based on oxides with the K;NiF4 structure (7' = 800 °C, Ag as the current

collector).

Composition of the material

Lag.sSri.sMnOg + s—SDC (60 : 40 mass %)
(Lag.sSri.sMn)Nip.104+ s —SDC (60 : 40 mass %)

La0,6Sr1A4MnO4i S

Lag¢Sri aMnOy 4 s—NiO (90 : 10 mass %)?
Lag ¢Sr; 4aMnOy4 + s—SDC (80 : 20 mass %) ?

Lag ¢Sr; 4aMnOy4+ s—SDC—NiO (70:20: 10 mass %) 2

Lag6Sr1.4MnOy4 + s—SDC (20: 80 mass %) ®
Lao.6Sr1.4MnO4+ 5 —SDC—NiO (20:75: 5 mass %) ®
Lag.¢Sri 4FeO4_s—LSGM (70 :30 mass %)

Lag sSr1.2Fe0.0C00.104—5

Lag gSr1 2Fep9C00.104—5—GDC (70 : 30 mass %)

Electrolyte

LSGM
LSGM
LSGM
LSGM
LSGM

SDC
SDC
SDC
SDC
SDC
SDC
SDC
SDC

LSGM
LSGM
LSGM

Fuel Pax, mW cm 2
Wet H, 30.7
Wet H» 126.7
CO + Ha(1:2) 61.1
H> (H2S 50 ppm) 81.3
Wet H, 59
H» 67
H, 340
H> 294
CHy4 32
H> 614
CHy4 378
H, 479
H» 714
H, 73
Wet H, 237
Wet H, 325

Le, pm

300
300
300
300
1100
300
300
300
300
300
300
300
300
1100
1000
1000

Ref.

186
186
186
186
187
191
191
191
191
191
191
192
192
188
189
189

aThe porous layer of electrode material impregnated with NiO and(or) SDC. ® The porous SDC layer impregnated with Lag ¢Sr1.4MnQOg+ s

electrode material and NiO.
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with methane as the fuel also showed rather high power
density (378 mW cm~—2 at 800 °C). Another efficient
approach to improve the performance characteristics of
S-SOFCs is based on the use of a porous layer of SDC
electrolyte impregnated with Lag ¢Sr; 4MnOy4 s and NiO
as the electrode (see Tables 12 and 13).1°2 This made it
possible to increase the power density to 714 mW cm~—2 at
800 °C using hydrogen as the fuel. However, these char-
acteristics were much lower (104 mW cm—2 at the same
temperature) in the case of methane as the fuel.

Ferrites of the composition La,Sr>_FeOs4_s, where
x = 0.6, 0.8, 1.0, 1.2 and 1.4, also showed phase stability
under reducing atmosphere [Ar+H, (5%)] at 850 °C 88
and were evaluated as electrode materials for S-SOFCs.
These oxides have quite high electrical conductivity in air,
which is much lower under reducing atmosphere (see
Table 11). The polarization resistance of the
La,Sro_FeO4_s/electrolyte interface in air is higher
than that of electrode materials based on
La,Sro_.MnOy4 s (see Table 12). Meanwhile, an increase
in the lanthanum content results in an increase in R, at
800 °C in air from 1.85 (for x = 0.6) to 5.82 Q cm? (for
x = 1.4). Under reducing atmosphere, the polarization
resistance of the electrode material/electrolyte interface
sharply increases; the minimum R, value (7.9 Q cm?) is
observed for x = 0.8. This is indicative of low efficiency of
single-phase Lag sSr;2FeO4_s as electrode material for
S-SOFCs.

The study of model S-SOFC with electrode material
based on the composite LageSrisFeOs4_5—LSGM
showed the power density of 73 mW cm~—2 at 800 °C.
Zhou et al'®® found that the characteristics of
Lao sSr; 2FeO4_5 can be improved by the replacement of
10% iron ions with cobalt cations (see Tables 11 and 12).
The investigation of LaggSr;2Fe09Co00.104—s under
reducing atmosphere demonstrated the formation of
cobalt metal nanoparticles (exsolution) on the oxide sur-
face.!8 This modification of the composition and surface
structure of electrode material leads to a significant
decrease in R, of the electrode/electrolyte interface in air
and under reducing atmosphere (see Table 12). The power
density of model S-SOFC increases to 237 mW cm—2 at
800 °C and can be increased to 325 mW cm~2 by using the
composite LagsSri2Fep9C00.104_5—GDC as eclectrode
material (see Table 13).

Therefore, single-phase ferrites and manganites with
the K,NiF4 structure have no obvious advantages over
materials based on perovskites. Moreover, these materials
are characterized by low total electrical conductivity,
while the oxygen ion conductivity, even if present, does
not contribute to an increase in the electrochemical activ-
ity in electrode processes. Apparently, these issues can be
addressed using new materials based on higher homo-
logues of the Ruddlesden — Popper series.

6.5. Oxides with non-perovskite structures

Studies of oxides with non-perovskite structures as elec-
trode materials are scarce. This is because most of these
compounds do not meet the requirements for S-SOFC
electrode materials. This primarily concerns the require-
ments for stability under reducing atmosphere of anode
gases and high electrical conductivity. Several publica-
tions addressed pseudosymmetrical SOFCs with electrode
materials based on non-perovskite d-metal oxides. For
instance, Chen et al.193-194 used Nip.7C0¢.30—SDC and

LiNig.8Co00.15Alp.0502 cermets as such materials. In this
section, we consider rare examples of investigations of
single-phase materials based on oxides with non-perov-
skite structures showing stability under operating condi-
tions of SOFCs.

Ni et al 193 investigated oxide
Feo_5Mg0_25Ti0_25Nb0_9M00_10475 (FMTMN) with the
a-PbO, structure as material for S-SOFCs (Fig. 15a).
This composition was chosen because one phase of
FeNbO4 with the a-PbO, structure has quite high elec-
trical conductivity at room temperature (0.025 S cm ).
The partial replacement of Fe?* ions with Mg?* and Ti*™*
cations in the ratio Mg:Ti = 1:1 should enhance the
phase stability under reducing atmosphere. The partial
heterovalent replacement of Nb® " ions with Mo® " cations
was performed for the same purpose. Oxide FMTMN
showed stability under Ar + H, (5%) atmosphere at
750 °C and in the reaction with GDC at 1000 °C. It also
has a small TEC value in air (8.6 x 107¢ K—1!). Under
reducing atmosphere, the oxide showed significant chem-
ical expansion during the first annealing cycle at > 600 °C.
However, TEC of the reduced phase remained low
(8.19x10-°K~—1'). The electrical conductivity of
FMTMN at 750 °C is 0.025 and 0.29 S cm~! in air and
under reducing atmosphere, respectively. The polarization
resistance of the FMTMN/GDC interface at 700 °C is
quite large (3.9 Q cm? in air and 13.4 Q cm? under wet
hydrogen atmosphere), which hinders the use of this
material for S-SOFCs.

Oxides with the fluorite structure could be an alter-
native to oxides with the perovskite structure as electrode
materials for S-SOFCs. This is particularly true for inter-
mediate-temperature SOFCs because high oxygen ion
conductivity of fluorite-like oxides should promote a
significant decrease in polarization losses at the electro-
des. However, such oxides are characterized by too low
electronic conductivity. This drawback can be partially
overcome by introducing d-block metal cations into the
oxide structure to ensure the electronic conductivity
through a decrease in the oxidation state of such metal
cations. These phases include oxides RsMo030;6+ 5, where
R=La—Tb, 6§=0-0.517-198 with the fluorite-like
structure. The crystal structures of these phases contain
isolated MoOy tetrahedra and R3* cations in the cubic

Figure 15. Crystal structures of a-PbO; (a) and PrsMo3O0i6+ s (b).
Lead cations are in blue octahedra; molybdenum cations are in
yellow tetrahedra; praseodymium cations are in blue cubes.
The Figure was prepared by the authors using the data of
Refs 195 and 196.
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coordination environment (Fig. 155). In the stoichiomet-
ric phase RsMo0306 (R is a rare-earth metal cation in
oxidation state + 3), synthesized in air, the formal oxida-
tion state of molybdenum is +5.67, which promotes the
formation of hyperstoichiometric oxygen in the phase.
The latter can occupy octahedral voids in the fluorite
crystal structure. The maximum oxygen content is char-
acterized by 6 = 0.5, which corresponds to oxidation state
+ 6 of molybdenum cations.

It was shown 196-199 that hyperstoichiometric oxygen is
bound only to R3* cations, thereby ensuring the appear-
ance of oxygen ion conductivity in phases RsMo03Oj¢+ 5,
which reaches 10-2S cm~—! at 700-900 °C.2%0 It was
found 2°! that PrsMo3Ojg+s is stable under reducing
Ar + H» (8%) atmosphere at 900 °C. It is worth noting
that the annealing of RsMo030O;6+s under reducing atmos-
phere led to a decrease in the unit cell parameter,!98-201
i.e., the reduction is accompanied by the chemical con-
traction rather than expansion typical of oxides with the
perovskite structure. Thus, under reducing atmosphere in
the temperature range of 30—683 °C, the TEC value for
PrsMo3Oj6+s is 9.4 x 106 K—1, while at higher temper-
atures (725-900 °C), the linear sizes of the sample are
smaller and TEC is —17.1 x10~¢ K~1.291 Under oxidiz-
ing conditions, the electrical conductivity of oxides
RsMo030,6+5, associated primarily with oxygen ion con-
ductivity, is ~10=2 S cm—! at 800 °C.198.200.201 Under
reducing atmosphere [Ar + H, (5%)], a considerable
increase in the electrical conductivity of oxides is
observed. The electrical conductivity of PrsMo3Oie+s
increases by two orders of magnitude (¢ ~ 1.2 Scm~—! at
800 °C). Apparently, this is due to an increase in the
concentration of charge carriers (electrons) upon reduc-
tion of molybdenum cations (Mo *¢ — Mo 7).

Recently, it was shown 292 that the polarization resist-
ance of the PrsMo3O¢+s/GDC interface at 800 °C is
rather high (8.8 Q cm? in air and 4.8 Q ¢cm? under reduc-
ing atmosphere). However, the use of composite materials
PrsMo3Oi6+5—PreOq; (50 mass %) causes a decrease in
Ry in air by more than an order of magnitude (to 0.6
Q cm? at the same temperature). Therefore, oxides
RsMo030;6+5 may be of interest as electrode materials
for S-SOFCs in composites with PrgOy; .

7. Conclusion

Perovskite-like oxides containing manganese and iron
cations are electrode materials of choice for S-SOFCs
due to a combination of such properties as high stability,
reasonable TEC values and high-temperature electrical
conductivity under oxidizing and reducing atmosphere.
The presence of two cations with different crystal chemical
characteristics in oxides with the perovskite structure
provides opportunities to vary practically important prop-
erties of such materials through iso- and heterovalent
substitution of A and B cations.

Among single-phase compounds, double perovskites
RBaMn,Os 5 (R are rare-earth elements) and iron-con-
taining perovskites are of most interest as promising
electrode materials for S-SOFCs. These compounds are
characterized by high oxygen-ion conductivity and, con-
sequently, electrode materials based on these compounds
can show high electrochemical performance in S-SOFCs.
It is worth noting that iron-containing electrode materials

for S-SOFCs have recently attracted interest. However,
thermodynamic stability of perovskite-like ferrites under
reducing atmosphere at high temperatures is not suffi-
ciently high. It can be enhanced by the partial heterovalent
replacement of iron ions with cations with stable oxida-
tion states under these conditions (Mg?*, Sc3*, Ti*™,
Nb3 ™). Such single-phase electrode materials show high
stability under reducing atmosphere and exhibit electro-
chemical activity in electrode processes in S-SOFCs.
Besides, perovskites containing, apart from iron cations,
molybdenum cations in B-sites deserve attention. The
electrical conductivity of these perovskites increases sev-
eral-fold under reducing atmosphere due to a change from
p-type to n-type conductivity.

It should be noted that the nature of the single-phase
materials is an obstacle to meeting all requirements for
S-SOFC electrodes. As in the case of conventional SOFCs,
this issue can be addressed using composite electrodes
containing, apart from perovskite-like oxide, oxides with
high oxygen-ion conductivity. The latter generally include
solid electrolyte materials for SOFCs based on doped
CeO» and stabilized ZrO, with the fluorite structure and
also perovskite LSGM. In recent years, there has been a
tendency to use efficient composite electrodes created by
the infiltration (impregnation) of electroactive material
particles into the porous support, which is produced using
solid electrolyte or perovskite-like oxide materials.

Another approach to the production of composite
electrodes for S-SOFCs, which has gained popularity in
recent years, is based on the use of perovskites containing
a small number of d metal B-site cations (e.g., cobalt,
nickel, copper, ruthenium, palladium), oxides of which are
unstable at high temperature under reducing atmosphere
of anode gases. These oxides belong to materials for
pseudosymmetrical SOFCs, because they have different
phase compositions at the cathode and anode sides due to
the partial reduction of oxide at the anode. The reduction
of oxide material particles on the surface affords metal or
alloy nanoparticles (exsolution). The components thus
prepared exhibit high electrochemical activity towards
fuel oxidation. Besides, many oxides undergo reversible
oxidation to form a phase with the perovskite structure
upon a change from reducing to oxidizing atmosphere.
This behaviour provides high stability of electrode mate-
rial during the cycling of atmosphere at the anode.

Oxides that crystallize in structure types other than
perovskite have been poorly studied as electrode materials
for S-SOFCs, because most of these compounds do not
meet the requirements for high electrical conductivity and
thermodynamic stability simultaneously under reducing
and oxidizing atmosphere. It should be noted that, taking
into account a combination of properties, oxides
RsMo030i6+s (R = La, Nd, Pr) with fluorite-like struc-
tures may be of interest as potential electrode materials
for S-SOFCs. This example offers hope that the search for
new materials based on oxides with non-perovskite struc-
tures can lead to success.

Hence, it can be concluded that, in terms of their
properties, iron- and manganese-containing perovskites
meet, to a large extent, the main requirements for using
S-SOFC electrode materials. However, the operating life-
time of these materials remains a challenging problem
because laboratory tests are generally limited to a few
hundred hours. Nevertheless, due to extensive studies
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aimed at improving the properties of known electrode
materials and searching for new compounds, it would be
expected that new S-SOFC-based power devices will be
available in the market in the near future.

This review was written with the financial support of
the Russian Foundation for Basic Research (Grant No. 19-
13-50240).

8. List of acronyms and designations

BZCY — BaZro.1Ce0.7Y0.203_s electrolyte,

CN — coordination number,

EASs — electrochemically active sites,

FMTMN — Fep.sMgo.25Tig.25sNbg.9Mog.104_ s electrode
material,

GDC — Cep.9Gdo.10, 5 electrolyte,

LCO — Lag.4Ce.602 5 electrolyte,

LHB — lower Hubbard band,

LPG — liquefied petroleum gas,

LSCCM — Lag.75510.125Ce0.125Cro.sMno 503 _ 5
trode material,

LSCF — Lag¢Srg.4Co¢.2Feo. 303 _5 cathode material,

LSCM — Lag.75Sr9.25Cro.sMng 5Oz electrode material,

LSGM — Lag.oSro.1Gap.sMgp20- g5 electrolyte,

LSM — La; xSrxMnOs3_s cathode material,

LSSM — Lag gSrp.2Sco.oMng gOs5_ s electrode material,

LSTF — Lag.3Sro.7Tig.3Fep.703 electrode material,

L72S18SM — (LaoA8SI‘0‘2)0‘9SC0A2MI]0.80375 electrode
material,

L72S18SMR —
electrode material,

OCV — open circuit voltage,

PBCM — PrBaggCapMn»Os+ 5 electrode material,

PBF — PrBaFe,Os . s electrode material,

PBFN — PrBaFe; ¢Nig 405+ s electrode material,

PBFSc — PrBa(Fep.s8Sco.2)205+ 5 electrode material,

PBM — PrBaMn»Os ¢ 5 electrode material,

PBMCo — PrBaMn; 7Co¢ 305+ s electrode material,

PBMF — PrBaMn, sFep 505+ s electrode material,

Pr-PBM — PrgO;;-modified PrBaMn»>Os.+s electrode
material,

SBM — SmBaMn;Os 5 electrode material,

SCM — SrCo; + xMo; _O¢_ s electrode material,

SDC — Ce.sSmg 0, _ s electrolyte,

SFCM — SryFe; 5 CoMog.50¢_s electrode material,

SFM — SryFeq sMog. 506 _ s electrode material,

SFNbM — SI‘2F61.4Nb0‘1M00'50(,,§,

SOFC — solid oxide fuel cell,

S-SOFC — symmetrical solid oxide fuel cell,

SSZ — Zry §Sc.201.9 electrolyte,

TEC — thermal expansion coefficient,

TPB — triple phase boundary,

UHB — upper Hubbard band,

YSZ — Zro84Y0.1601.92 electrolyte,

an — unit cell parameter of cubic perovskite,

an, cn — hexagonal unit cell parameters,

do , by, co — orthorhombic unit cell parameters,

D* — oxygen diffusion coefficient determined by secon-
dary ion mass spectrometry combined with 30, isotope
labeling,

L. — electrolyte thickness,

Pnax — maximum power density,

ra — ionic radius of the A cation,

elec-

(Lao.8810.2)0.98¢0.2Mng. 75R 10,0503 — s

rg — ionic radius of the B cation,

ro — ionic radius of oxide-ion,

R, — polarization resistance of the electrode material/
electrolyte interface,

T — temperature,

o — specific electrical conductivity.
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