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ORIGINAL STUDY

Investigation of Thermal and Electrical Properties of
Composite Cathode Materials Pr;_,Sr,Fe;_,Co,03

(x = 0.3, 0.4; y = 0.2): GDC and La;Ni; 4yC0,04 5

(x = 0.2): GDC for SOFC

Kenzhebatyr Zh. Bekmyrza , Gulshat A. Bakalbayeva, Asset M. Kabyshev,
Nursultan K. Aidarbekov, Aliya A. Baratova, Marzhan M. Kubenova, Gaukhar D. Kabdrakhimova,
Kairat A. Kuterbekov

Faculty of Physics and Technical Sciences, L.N. Gumilyov Eurasian National University, Astana 010008, Kazakhstan

Abstract

The electrical and thermal properties of composite cathode materials Pr;_,Sr,Fe;_,Co,03 (x = 0.3, 0.4; y = 0.2): GDC
and La;Ni; 4C0404 5 (x = 0.2):GDC for solid oxide fuel cells (SOFC) were investigated. As the second component of the
composites, GDC electrolyte was chosen. The reason for this choice is that GDC has greater chemical inertness in
relation to cathode materials compared to YSZ. Additionally, GDC is characterized by higher ionic conductivity, which
makes it preferable for use in composites. The sintering Kinetics of composite materials differs significantly from that

of pure cathode materials, with the sintering temperature being several degrees lower for composite materials.

Keywords: SOFC, Composite cathode materials, Coefficients of thermal expansion, Conductivity

1. Introduction

P erovskite-structured materials (ABO3) are one of
the most common families of complex oxides. The
presence of various A- and B-cations in the perovskite
structure, differing in their crystallochemical charac-
teristics, allows for significant changes in the chemical
composition of the phase and, consequently, allows for
targeted manipulation of its properties. Moreover, the
properties of perovskite-type materials can be signifi-
cantly influenced by doping with A- and/or B-cations,
as well as by the ordering effects of ions and the level
of oxygen nonstoichiometry.

Detailed reviews of perovskite and perovskite-like
structures are presented in works [1—8]. This section
provides a brief description of these structures to
clearly delineate the differences between them.

The ideal cubic structure of perovskite ABO3 (space
group Pm3m) is shown in Fig. 1 [4]. B cations are

located at the corners, while A cations are in the center
of the unit cell. Anions (oxygen ions) are positioned at
the centers of the twelve cubic faces, forming the
vertices of the octahedra BO6. The coordination
numbers of A and B cations are 12 and 6, respectively.
The radius of the A ion is close to that of the anion, so
large low-charge ions from alkali, alkaline earth, and
rare earth metals can serve as A cations. Transition
metal ions of medium size typically act as B cations.

Few compounds are characterized by a perfect cubic
structure. In most cases, oxides have a slightly dis-
torted version of the structure with lower symmetry
(for example, hexagonal or orthorhombic). The devia-
tion from the ideal structure in perovskite oxides can
be assessed using the tolerance factor (t), which was
first applied by Goldschmidt in 1926 [9]:
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Fig. 1. Structure of cubic perovskite ABO3.

where ry, rg, and rp are the ionic radii of the A-site
cations, B-site cations, and anions, respectively.

In a perfect cubic perovskite structure, t should be
equal to 1.0. Empirically, it has been found that
generally, the cubic structure of perovskite is main-
tained when t is in the range of 0.9—1.0. When ¢ > 1,
which can happen due to a larger radius of the A-cation
or a smaller radius of the B-cation, hexagonal variants
of the perovskite structure, such as BaNiOs types, will
be stable. In cases where 0.9 > t > 0.71, the BOg
octahedra tilt to fill the cuboctahedral coordination
polyhedron, leading to a reduction in the crystal sym-
metry [10—13]. At lower t values, where the A- and B-
cations have similar radii, the perovskite structure
degenerates into an ilmenite structure [14—16].

The degree of distortion of the perovskite structure,
which affects the material's properties, can be altered
by partially substituting A- and/or B-cations (A;.
«A'xBO3, AB;B' 03 u A;,A\B;.,B',03). For example,
most un-doped perovskite materials have low oxygen
ion conductivity in air. When the A-cation (or B-cation)
is partially replaced with acceptor cations, it leads to
the formation of oxygen vacancies and, consequently,
an increase in ionic conductivity. However, in some
cases, when the charges or ionic radii of the host and
dopant cations differ significantly, lattice energy can be
reduced by ordering some or all types of ions into
available crystallographic positions. This process re-
sults in the formation of double perovskites.

1.1. Double perovskites

Doping is a very common method for modifying the
properties of perovskite compounds. Both A- and B-
cations can be partially replaced to varying degrees.
However, when exactly half of the A- or B-cations are

replaced by another cation, structural ordering can
occur. This leads to the formation of so-called double
perovskites. Their general formula can be written as
A0_5A'0_5BO3_5 (Or ABO_5B'0_503_5). HOWeVer, when there's
a significant difference in the radii of the host cations
and the dopant, the structure tends to become ordered,
and the material's formula is usually written as
AA'B;0s5., 5 (or A;BB'Os ). A detailed description of the
double perovskites A;BB'Og¢ is provided in Ref. [4].

The literature describes three simple types of
ordering of A- or B-cations in the perovskite structure
(Fig. 2).

The most symmetrical ordering is that of the type
found in rock salt, since the arrangement of A- and A’-
cations (or B and B’-cations) is equivalent to the posi-
tioning of the anion and cation in the rock salt struc-
ture. Additionally, in an ordered state, cations can form
columnar and layered structures. Generally, B-cations
tend to create ordered structures more « easily » than
A-cations.

When it comes to ordering B/B’-cations in A,BB'Og
perovskites, rock salt-type ordering is most common,
whereas for A/A’-cations in AA'B,0¢ and AA'BB'O¢ pe-
rovskites, layered ordering is the most likely scenario.
The reasons and conditions for all types of ordering in
perovskite structures are described in detail in work
[3]-

The influence of structure on the properties of
cathode materials. Electrical conductivity.

The nature of electronic conductivity is similar across
all perovskite-like structures. It is believed that the B-
0-B bond is primarily responsible for the electrical
properties of these compounds [17]. The BOg octahedra
create a network throughout the perovskite structure,
and electronic conductivity occurs due to the transfer

Type of ordering .
Columnar

Layered

Rock salt

P59 »1' S )

A-cation

B-cation

Fig. 2. Cation ordering schemes in perovskites. From left to right, the
arrangements are shown for rock-salt type, columnar, and layered for
A-cations in the compositions AA'B,0¢ (top) and B-cations in A;BB’O¢
(bottom).
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of electrons or holes along the B-O-B bonds. The
interaction between the B cation's d-orbitals and the
oxygen ion's p-orbitals leads to electron-hole exchange
(see Fig. 3). Thus, perovskite oxides containing transi-
tion metals with incompletely filled d-orbitals as the B
cation can exhibit high electrical conductivity. In the
case of the cubic perovskite structure, the overlap of
orbitals is most efficient, while the degree of overlap
decreases with distortion of the perovskite structure,
leading to reduced conductivity. Therefore, considering
the aforementioned tolerance factor t, among ABOs3
perovskites, the highest electronic conductivity should
be observed for compounds with larger A cations, such
as La and Pr [1].

Moreover, according to the aforementioned dual ex-
change mechanism, for achieving high electronic con-
ductivity, it is necessary for the B-cation to have an
incompletely filled d-shell, meaning it must be able to
change its oxidation state [1,18]. Electronic conductiv-
ity can be n-type or p-type, depending on the material
properties and the partial pressure of surrounding
oxygen. n-type electronic conductors are usually un-
stable at high temperatures in air or other oxidizing
atmospheres because generating electrons requires
oxygen non-stoichiometry. On the other hand, p-type
electronic conductors are typically stable in air, as
generating holes requires an excess of oxygen [19].
Thus, the most preferred candidates for B-cation are Cr,
Mn, Fe, Co, and Ni [1]. In this case, cobalt-, manganese-,
and nickel-containing oxides exhibit the highest elec-
tronic conductivity.

Moreover, the electrical conductivity of perovskite
can change with partial substitution (doping) of A-
and/or B-cations. In isovalent substitution, the doping
ions (A’ and/or B’) affect the electronic conductivity
due to ionic radii. Smaller ions lead to distortion of the

o B
/

0o B

Fig. 3. Covalent bonds between the p-orbitals of the oxygen ion and the
d-orbitals of the B-cation [17].

perovskite structure, and consequently, a reduction in
its electronic conductivity. In heterovalent substitution
of the A-cation, where the ions differ in both valency
and radii, the relationship is more complex. To main-
tain the crystal's electroneutrality, the valency change
resulting from the doping of the A-cation must be
balanced either by a change in the valency of the B-
cation (the transition metal) or by creating vacancies in
the oxygen sublattice. In this case, the radius of the
transition metal also depends on its valency state. Thus,
introducing dopants distorts the lattice on one hand
while increasing the concentration of charge carriers
(holes) on the other. It's preferable for the dopants to
have an ionic radius close to that of the host cation. For
instance, it is known that substituting La3+ with
alkaline earth metal ions Ca®", Sr**, and Ba®* enhances
electronic conductivity. It should be noted that the
reactivity of the oxides of alkaline earth metals in-
creases as you go from calcium to barium. Thus, a
drawback of barium-containing perovskites is their
chemical interaction with electrolytes and CO, present
in the air.

From comparing the electronic conductivity data, it's
clear that La-Co-based compounds with an unordered
cubic structure have the highest electronic conductiv-
ity, while the conductivity of the ordered perovskites
and Ruddlesden-Popper phases is significantly lower.
I'd also like to point out a detailed review [20], which
gathers data on the conductivity of a huge number of
perovskite compounds with a layered structure.

2. Experimental

2.1. Synthesis of selected compositions

When creating composite cathodes, materials with
high Co content (LNC-30 and PSFC-3050) were
excluded due to their high chemical reactivity with the
YSZ and GDC electrolytes and their high polarization
resistance. The compositions LNC-10, PFC-20, PSFC-
1020, and PSFC-2020 were set aside because of their
low conductivity and high polarization resistances
(except for PSFC-2020). Therefore, the following cath-
ode materials were selected for the composites:
LazNiO4, LazNi0_8C00.204, PeriO4, Pr0,7Sr0.3Fe().8_
Cop 203, and Prg¢Srg4FeqgCog,03. It should be noted
that the PN composition, which has the lowest polari-
zation resistance and the highest conductivity among
the studied materials with the Ruddlesden-Popper
structure, nevertheless exhibits high chemical activity
towards the electrolytes (even towards GDC).

As a second component of the composites, the elec-
trolyte GDC was chosen. This material is more chemi-
cally inert with respect to cathode materials than YSZ
and also has higher ionic conductivity. One composite
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was made with the electrolyte YSZ and the cathode
material PSFC-4020 to evaluate the effect of the elec-
trolyte's nature on the thermal properties of the
composites.

The preparation of composite mixtures was carried
out according to the following method. The mixture of
powders with the specified ratio of components was
poured with isopropyl alcohol and subjected to ultra-
sonic treatment to eliminate the agglomeration of
nanosized electrolyte powders. The treatment was
performed using a disperser for 15 min. Further mixing
of the powders was done with a gravity mixer for at
least 2 days. YSZ balls were added to the suspensions
as milling media. The drying of the resulting mixtures
was carried out with constant stirring using a magnetic
stirrer RH B S000 (IKA).

The original nanoscale powder of the electrolyte
material ZrogsYo1602.5 (YSZ) was obtained by laser
evaporation in Ref. [21]. A commercial powder of
CepoGdp 10,5 (GDC) produced by Kceracell Co., Ltd.
was used as the electrolyte based on CeO,.

To increase the particle size and thereby change the
kinetics of the electrolytes’ sintering, the starting
powders were sintered at various temperatures
ranging from 800 to 1100 °C. The holding time at the
sintering temperature was 4 h in all experiments. The
sintered powders will be denoted as: composition-Ts,
where Ts is the sintering temperature in °C. For
example, YSZ-1000 denotes that the YSZ powder was
sintered at 1000 °C.

The powder of the cathode material Lag;Srg3MnO3
(LSM) was obtained by pyrolyzing a polymer-salt
composition (polyvinyl alcohol and nitrates) [22]. The
starting reagents were La(NO3)s (analytical grade),
Sr(NO3), (chemically pure), and Mn(NOs3), (analytical
grade). The stoichiometric mixture of the reagents was
dissolved in distilled water with the addition of poly-
vinyl alcohol (grade 11/2) in a polymer/salt ratio of 2.
The resulting solution was heated in a porcelain cup to
remove water and initiate the pyrolysis of the polyvinyl
alcohol. In the final stage of the synthesis, the reaction
mixture was annealed at 1100 °C for 10 h.

The other cathode materials were made using a self-
propagating high-temperature synthesis method. The
synthesis process was based on a variant of the Pechini
method described in Ref. [23]. The reagents used were
Pr(NO3); (analytical grade), Fe(NOs); (analytical
grade), Co(NO3), (chemically pure), La;03 (chemically
pure), NiO (analytical grade), and SrCOsz (analytical
grade). Stoichiometric mixtures of the reagents were
dissolved in a 0.1 N HNOjz solution until a homoge-
neous solution was obtained, which was then evapo-
rated to wet salts. Ethylene glycol HOCH,CH,OH
(chemically pure) was used as the combustible organic
substance, which acted as both a solvent and a reagent.

The reaction mixture was heated until the self-propa-
gating high-temperature synthesis process began. The
reaction products were regrinded and then subjected
to staged calcination to remove residues of the organic
phase at temperatures of 400, 700, and 900 °C, holding
for 6 h at each temperature. The final stage of treat-
ment was calcination at 1100 °C for 30 min.

2.2. Kinetics of sintering and thermal expansion of
composite cathodes

For cathode materials used in solid oxide fuel cells
(SOFC), thermal expansion is an important physical
property. Differences in the coefficients of thermal
expansion (CTE) between components can lead to
damage in the fuel cell.

The sintering kinetics of composite materials were
studied on samples in the form of discs with a diameter
of 8 mm and a thickness of ~3 mm, pressed to a relative
density of ~0.5—0.7. The linear expansion of the com-
posites was measured on samples in the form of bars
with typical dimensions of (4 x 4 x 9.5) mm, which
were pre-sintered to densities close to theoretical
values. The sintering regime (1250 °C, with a 7-h hold)
was selected based on the results of the sintering ki-
netics study. In both cases, the samples were pressed
using a uniaxial hydraulic press.

The sintering kinetics and linear expansion of the
materials were investigated in an air atmosphere over
temperature ranges of 20—1300 °C and 20—1200 °C,
respectively. The measurements were carried out using
a Dil 402C dilatometer. The heating rate was 5 °C/min.

2.3. Conductivity investigation

For conductivity measurements, the composite mix-
tures were pressed into rectangular bars with di-
mensions 3 x 2 x 30 mm. The samples were
compacted using a press and then sintered in an air
atmosphere at 1250 °C.

Platinum wire probes with a diameter of 0.2 mm
were attached to the sintered samples. To ensure reli-
able electrical contact, the probes were coated with
platinum paste, which was then sintered at 1000 °C for
1h.

Conductivity measurements were performed in air
using the four-point probe method with direct current
over a temperature range of 20—850 °C, employing a
Solartron SL-1260/1287 impedance analyzer.

3. Results and discussion

The sintering kinetics of composite materials differ
significantly from those of pure cathode materials.
Fig. 4 illustrates the results of the sintering kinetics
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Fig. 4. Linear shrinkage curves of composite samples based on cathode materials: (a) with Ruddlesden-Popper structure, (b) with perovskite

structure.

study for composite cathode materials. The data indi-
cate that the sintering kinetics of composites is sub-
stantially different from that of pure cathode materials.
The onset of sintering for the composites occurs
300—400 °C lower than that for pure cathodes. Addi-
tionally, the shape of the sintering curve has changed:
in the high-temperature range, the sintering process
slows down, which is likely related to the influence of
GDC.

The formation of the composite had a lesser impact
on the sintering of materials with a Ruddlesden-Popper
structure compared to PSFC materials. The sintering
curves of composites LN:GDC, LNC-20:GDC, and
PN:GDC can be viewed as a superposition of the sin-
tering curves of the respective pure cathode materials
and the GDC electrolyte. In contrast, the sintering curve
of the PSFC-3020:GDC composite closely matches the
GDC sintering curve, while the sintering curve of PSFC-
4020:GDC is even lower than the GDC curve. This
behavior is likely related more to the morphology of
the initial powders rather than the chemical nature of
the cathode materials. The perovskite cathode powders
PSFC-3020 and PSFC-4020, in addition to large parti-
cles of 1—3 pm, contain a significant amount of small
rounded particles smaller than 0.4 pm, whereas the
powders LN, LNC-20, and PN do not have a fine particle
fraction.

Fig. 5 shows the results of linear expansion mea-
surements of composite cathode materials over the
temperature range (20—1200)°C. The average
coefficients of thermal expansion (CTE) for the corre-
sponding temperature ranges are summarized in
Table 1.

Fig. 6 shows the temperature dependence of con-
ductivity for composite materials compared to data for
pure cathode materials and the GDC electrolyte.

L A O U L e |
0,020 _, | N.GDC .
| —o—LNC-20:GDC ]
—o— PSFC-3020:GDC
0,015} —a— PSFC-4020:GDC -
g | :
-
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0,005} -
0 000 Y 1 l L l L l L | 1 |
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(o]
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Fig. 5. Temperature dependence of dimensional changes in composite

cathode material samples.

Table 1. Coefficients of thermal expansion (CTE) of composite cathode
materials.

Composite Temperature Range, (°C) CTE (x107%), K*

Composite Cathode Materials

LN:GDC 200—-850 12.91
850—1200 14.84
LNC-20:GDC 200—850 12.84
850—1200 15.59
PSFC-3020:GDC 200700 14.83
700—1200 20.40
PSFC-4020:GDC 300—800 15.51
800—1200 19.67
Electrolytes
YSZ 200—1000 10.9
GDC 200—1000 13.1
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Fig. 6. Temperature dependence of conductivity for composite cathode materials: (a) with Ruddlesden-Popper structure, (b) with Perovskite

structure.

The data indicate that the conductivity of composites
based on Ruddlesden-Popper structure materials dif-
fers significantly from that of pure cathode materials.
For instance, the conductivity of the LNC-20:GDC
composite decreased by two orders of magnitude
compared to pure LNC-20, and the conductivity of the
LN:GDC composite decreased by three orders of
magnitude, approaching the conductivity of GDC at high
temperatures. In contrast, the reduction in conductivity
for composites based on praseodymium ferro-cobaltite
was less pronounced. At 800 °C, the conductivity of the
PSFC-4020:GDC composite decreased by a factor of 5
compared to PSFC-4020, while the conductivity of
PSFC-3020:GDC decreased only by a factor of 2 relative
to PSFC-3020.

4, Conclusion

The obtained data confirm the intuitive assumption
that the coefficient of thermal expansion (CTE) of a
composite material should be an intermediate value be-
tween the CTEs of its components. Thus, the creation of
composite materials brings the CTE values of the elec-
trolyte and the cathode layer closer together. This, in turn,
can reduce mechanical stresses in the non-porous cath-
ode-electrolyte structure, helping to prevent material
delamination during operation and thermal cycling.
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