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This article presents the results of a study of the characteristics of materials based on lanthanum nickelate
LazNi1-xCoxOa+s5 (0<x<0.3) and Pr2NiOa+s. Their crystal structure and interaction with YSZ and GDC electro-
lyte materials at 900 °C are analyzed. The thermal expansion coefficients are determined and the temperature
dependences of the conductivities are studied. The polarization resistance of these materials in contact with
the electrolyte material YSZ is also measured. As a result of the study, the following cathode materials were
investigated: LazNi1-xCoxO4 (0< X <0.3), Pr2NiOa. In this case, the influence of low concentrations of Co on
the characteristics of lanthanum nickelate was studied for the first time. Materials based on lanthanum
nickelate and praseodymium nickelate were characterized by a structure of the KaNiF4 type (Ruddlesden-
Popper phases) with rhombic symmetry. A study of the thermal expansion of cathode materials showed that
all the studied materials are characterized by higher CTEs than YSZ and GDC electrolytes. Based on the
studies performed, cathode materials were chosen for the formation of composites with GDC electrolyte:
LazNiO4, LazNiosC00204, Pr2NiO4. A study of the sintering kinetics and CTE of composites showed that
their thermal characteristics are much closer to those of electrolytes than those of pure cathode materials.
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Introduction

Solid oxide fuel cells (SOFCs) are promising electrochemical devices that directly convert the chemical
energy of a fuel into electrical and thermal energy. The main advantages of SOFC are the high theoretical
efficiency of energy conversion (up to 60 % when using only electric power and up to 90 % when using
combined electric and thermal energy) and environmental friendliness. In this regard, scientific and techno-
logical issues related to the creation of SOFC are widely studied. At the same time, an important task re-
mains to increase the specific power of the cells, which directly depends on their internal resistance, which
consists of the ohmic resistance of the electrolyte layers and electrodes, as well as polarization losses due to
electrochemical processes on the electrodes. Thus, to reduce the internal resistance of SOFC, it is desirable to
reduce both of these components.

One of the possible solutions to this problem is the creation of a hon-porous cathode-electrolyte struc-
ture instead of the generally accepted one — porous cathode — dense electrolyte. In this case, the layer of
cathode material, as well as the electrolyte, will prevent the mixing of fuel and oxidizing gases, which will
reduce the thickness of the electrolyte layer and, consequently, its contribution to the internal resistance of
SOFC.

Research methodology

Source materials

The initial nanosized powders of Zros:Y0.1602:5 (YSZ) and Ceo73Gdo27035 (GDC) electrolyte materials
were obtained by laser evaporation [1].

Cathode materials, both with a perovskite structure based on praseodymium ferro-cobaltite, and with a
Ruddlesden-Popper structure based on lanthanum nickelate and Pr2NiO4, were fabricated by the method of
self-propagating high-temperature synthesis (SHS). The synthesis process was based on a variant of the Pec-
cini method described in [2]. The reagents used were Pr(NOs)s (analytical grade), Fe(NOs)s (analytical
grade), Co(NO3), (chemically pure), La,Os (chemically pure), NiO (analytical grade), and SrCOs; (analytical
grade). Stoichiometric mixtures of reagents were dissolved in a 0.1 N HNO3 solution until a homogeneous
solution was obtained, which was evaporated to wet salts. As a combustible organic substance, a twofold
volume of ethylene glycol HOCH,CH,OH (chemically pure) was used, which was both a solvent and a rea-
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gent. The reaction mixture was heated until the development of the SHS process. The reaction products were
remixed and annealed step by step to remove residual organic phases at temperatures of 400, 700, and
900 °C with holding for 6 hours for each temperature. The final stage of processing was annealing at
1100 °C for 30 min.

Characteristics of source materials

The specific surface of the synthesized powders was determined by low-temperature nitrogen vapor
sorption by the BET method on an automatic analyzer TriStar 3000. The measurement results are presented
in Table 1.

The morphology of the obtained powders was studied by electron microscopy using a JEOL JEM 2100
transmission electron microscope and LEO 982 and JEOL JSM-6390LA scanning electron microscopes.

Figure 1 shows micrographs of the initial YSZ and GDC solid electrolyte powders. The particles of
YSZ powder obtained by laser evaporation have a shape close to spherical. GDC powder particles are closer
in shape to cubes rounded along the edges. At the same time, microscopy confirms the estimate of the aver-
age particle size of powders made on the basis of Sger: about 15 nm for YSZ and 25 nm for GDC.

Micrographs of powders of cathode materials are shown in Figure 2. Powder particles obtained by SHS
are irregularly shaped agglomerates. The average particle sizes determined by the BET method (Table 1)
correlate with microscopy data.

Table 1
Nomenclature and characteristics of initial powders
Designation Chemical composition Sger, Mg | dger, Nm Structure
Electrolyte materials
YSZ Zr0.84Y0,1602-5 48.1 21.0 Fluorite
GDC Ce0,73Gd0,2302-5 34.2 24.3 Fluorite
Cathode materials
LN La;NiO4 2.71 320 Ruddlesden Popper
LNC-10 LazNip.9C00.104 2.45 350 Ruddlesden Popper
LNC-20 LazNio.sC00.204 3.05 270 Ruddlesden Popper
LNC-30 LazNip.7C00.304 244 340 Ruddlesden Popper
PN PraNiO4 1.71 490 Ruddlesden Popper

The phase composition of powders of electrolyte materials was determined by X-ray phase analysis per-
formed on a D8 DISCOVER diffractometer using copper radiation (Cu K12 A = 1.542 A) with a graphite
monochromator using a diffracted beam. Processing was performed using the TOPAS 3 program with the
Rietveld algorithm for refinement of structural parameters. When estimating the average crystallite size, we
used the correction factor K (in the Scherer formula) = 0.89. The phase composition of the cathode materials
during synthesis was monitored using a Shimadzu XRD-7000 S X-ray diffractometer. The X-ray patterns
were processed using the FULLPROF program.

‘s
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Figure 1. Micrographs of the initial powders of solid electrolytes (a) YSZ and b) GDC
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Powders of electrolyte materials YSZ and GDC are single-phase and are solid solutions with space
group Fm-3m. The cubic lattice parameters a were 5.143 and 5.424 A for YSZ and GDC, respectively. X-ray
phase analysis of powders of cathode materials showed that they are mostly single-phase, but there are traces
(less than 2 %) of unidentified secondary phases. Perovskite cathode materials based on praseodymium fer-
rocobaltite had a rhombic structure after the synthesis procedure, while materials based on lanthanum
nickelate and praseodymium nickelate were characterized by a structure of the KuNiF4 type.

Study of the structure and interaction with electrolytes.

Disk samples 15 mm in diameter were made from the initial powders to study the structure of dense ce-
ramics. The powders were pressed on a uniaxial hydrostatic press PG30 UHLA4. Sintered at 1400 °C for 10
hours.

Samples for studying the chemical interaction between cathode and electrolyte materials were prepared
according to the following procedure. The required powders were mixed in a weight ratio of 1:1. They were
filled with isopropyl alcohol and sonicated with a UZG8-0.4/22 disperser for 10 min. This procedure makes
it possible to “break up” the agglomerates formed in nanosized powders and ensure a uniform distribution of
the powders throughout the suspension. Further mixing was carried out using a gravity mixer for 2 days.
YSZ balls were added to the slurry as interfering bodies. The resulting mixtures were dried with constant
stirring using an RH B S000 (IKA) magnetic stirrer. The resulting mixtures were compacted using a uniaxial
press into discs 10 mm in diameter and ~2 mm high. Then the disk samples were sintered at a certain tem-
perature (Tables 3, 4) with an exposure of 5 hours.

20kV  X8,000 2um 1141 BES 20kV  X10,000 1pm 1141 BES

i

20kV  X10,000 1um 1141 BES A% X100 1 1130 5F1
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Figure 2. Micrographs of initial powders of cathode materials: a) PrFeqsC00.203, b) Pro.7SrosFeosCoo.20s3,
C) Pro_7SI’o_3Feo,5C00_503, d) LazNiO4, e) LazNio_8C00,204, f) PeriO4

The phase composition of samples of cathode materials and mixtures was determined by X-ray phase
analysis performed on a diffractometer. Processing was performed using the TOPAS 3 program with the
Rietveld algorithm for refinement of structural parameters.

Study of the coefficient of thermal expansion

The measurement of the linear expansion of cathode materials was carried out on samples in the form of
bars with characteristic dimensions of 4 x 4 x 9.5 mm, which were preliminarily sintered to densities close to
theoretical (1400 °C, holding for 10 h).

Determination of the thermal expansion coefficient (TEC) of the samples was carried out in an air at-
mosphere in the temperature range of 20-1200 °C. The measurements were performed on a Dil 402C dila-
tometer. The heating rate was 5 °C per minute.

Conductivity study

To measure the conductivity, powders of cathode materials were pressed into rectangular bars with
Characteristic dimensions of 3x2x30 mm. The samples were compacted using a PG30 UHL4 press. The re-
sulting compacts were sintered in an air atmosphere. The sintering temperature of the samples is
1400 °C. The holding time was 10 h.

The density of sintered samples was determined by hydrostatic weighing.

Probes made of platinum wire with a diameter of 0.2 mm were deposited on the sintered samples. To
ensure good electrical contact between the probes and the sample, the probes were smeared with platinum
paste, which was baked at 1000 °C for 1 h.

Conductivity was measured in air by a 4-probe method at direct current in the temperature range of 20—
950 °C using a Solartron S1-1260/1287 impedance meter. The measurements were carried out in the poten-
tiodynamic mode (Umax = 0.1 V).

Study of polarization resistance

The determination of the polarization resistance of cathode materials in contact with the YSZ electro-
lyte was performed on symmetrical samples.

Disk samples of YSZ carrier electrolyte were obtained by uniaxial pressing using a PG30 UHL4 press
and subsequent sintering at a temperature of 1200 °C with a holding time of 6 hours. The characteristic di-
mensions of the resulting disk samples are: diameter, 12 mm; thickness, 1 mm. The density of the disk sam-
ples was at least 98 % of the theoretical density (yxrp vsz=5.92 g/cmq).

The electrodes under study were applied symmetrically on both sides of the YSZ disk samples by stain-
ing. The electrode diameter was 8 mm. To apply the electrodes, cathode pastes were prepared by mixing the
initial cathode powders (90 wt.%) and rosin (10 wt.%) as a binder. The solvent was isopropy! alcohol. The
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sintering temperatures of the electrodes varied from 900 to 1100 °C with an exposure of 1 hour. The thick-
ness of the electrode layers was about 0.1 mm.

Symmetrical samples prepared as described above (Figure 3) for measuring the polarization resistance
were placed in a measuring cell, in which they were clamped between platinum grids (Figure 4). Each grid
has two probes (potential and current) made of platinum wire 0.5 mm in diameter. The measuring cell was
placed in a tubular furnace, which allows you to set the temperature of the samples in the range of 20—
900 °C.

Platinum wire

Platinum grid

— Electrolyte
Electrode

Figure 3. Appearance of the sample for Figure 4. Diagram of a measuring cell for studying the polarization
research. resistance of cathodes.

The impedance spectra were recorded at a voltage of 15 mV in the frequency range of 1 MHz-0.1 Hz
using a Solartron SI-1260/1287. The measurements were carried out in stagnant air in the temperature range
of 850-650 °C.

The resulting impedance spectra were calculated using the equivalent circuit shown in Figure 5 using
the ZView program. Where R; corresponds to the so-called series resistance, which includes the ohmic re-
sistance of the electrolyte, probes. The resistance R corresponds to the polarization resistance of the elec-
trodes under study. Taking into account the fact that there are two identical electrodes in the measured sys-
tem, the polarization resistance R, was determined as half of R..

R,

\
/1

CPE

Figure 5. Equivalent circuit for calculating impedance spectra.

Experimental results

Crystal structure
On Figure 6 X-ray diffraction patterns of samples of cathode materials based on lanthanum nickelate
and praseodymium nickelate sintered at 1400 °C are presented. Table 2 shows their crystallographic data.
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Figure 6. X-ray diffraction patterns of materials La;Ni1.xC0xOas, and ProNiO..

All samples have a structure of the KuNiF4 type. In this case, the main type of symmetry of solid solu-
tions is rhombic Fmmm. However, the LNC samples with 20 and 30 % Co also contain about 10 % of the
tetragonal structure of the P4/m type, as well as trace structures symmetry of which can be identified as
F4/mmm and R-3cH for LNC-20 and LNC-30, respectively. The PN material contains a sufficiently large
amount of the structure with the P42/ncmZ symmetry corresponding to the formula PraNiOa., i.e. containing
an excess amount of oxygen.

Table 2
Crystallographic data of LazNi1-«CoxO4 and Pr2NiOs+s compositions.
Material |Space group |a, A | b, A lc A [Reference
This work
LN 100 % Fmmm 5.465(3) 5.489(3) 12.679(7)
LNC-10 100 % Fmmm 5.469(3) 5.487(3) 12.639(5)
L NC-20 88 % Fmmm 5.491(5) 5.466(5) 12.637(9)
12 % P4/m 11.149(9) 3.986(4)
L NC-30 91 % Fmmm 5.492(3) 5.473(3) 12.595(6)
9 % P4/m 11.147(7) 3.883(4)
PN 69 % Fmmm 5.482(3) 5.391(3) 12.433(5)
31 % P42/ncmZ 5.452(3) 12.438(8)
Literature data
LaoNiOgss Fmmm 5.4499 5.4574 12.6724 [3]
La;Co041 5.543 5.493 12.684 [4]
The X-ray density determined for the LN composition is 6.995 g/cm?.
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Figure 7. Ideal structure of Ruddlesden-Popper phases.

It is known from the literature [4-6] that in the high-temperature region La;MOa+s materials are charac-
terized by the tetragonal structure 14/mmm. In this state, the MOg¢ octahedra are perfectly aligned along the ¢
axis (Figure 7). As the temperature decreases, the structure is deformed, which is expressed in the coopera-
tive deviation of the octahedra from the ¢ axis, leading to the rhombic structure Fmmm. The transition tem-
perature from Fmmm to 14/mmm for the La;NiOa+s material is estimated at about 425 °C in [5] and about
200 °C in [6]. Whereas for the La,C00O4:+5 material, the transition temperature to the 14/mmm structure is
about 580 °C [4]. The literature data on the parameters of elementary cells given in Table 2 are close to the
values obtained in our study.

As can be seen from Table 2 with an increase in the content of cobalt in the composition of lanthanum
nickelate, there is a slight increase in the parameter a, and a decrease in the parameters b and c. These data
correlate with the data of [7], where the compositions La;Ni1-«C0xOas+s Were also obtained by the Peccini
method, but the symmetry of the solid solutions was determined as F4/mmm. Thus, the introduction of cobalt
leads to structural distortions. Moreover, the data obtained, together with the dependence of 4 on the cobalt
content [8], allow us to state that the c-parameter is strongly related to the electronic state of cobalt ions.
Thus, it was suggested in [9] that the decrease in ¢ is due to the replacement of the high-spin Ni?* ion
(r=0.69 A at CN=6) by a much smaller low-spin Co®" ion (ri=0.545 A at CN=6).

In addition, a decrease in the ¢ parameter with the introduction of Co can also be interpreted as an in-
crease in the “thickness” of the rock salt layer along this direction [10]. Thus, this increase can be expected
to lead to an improvement in the mobility of oxide ions in the ab plane.

Chemical interaction with electrolytes.

On Figure 8 shows X-ray diffraction patterns for mixtures of Ruddlesden-Popper electrolyte and cath-
ode materials that were sintered at 900 °C for 5 hours. For comparison, in Figure 8 also shows separate X-ray
diffraction patterns of electrolyte (YSZ and GDC) and cathode (LN, LNC-30 and PN) cathode materials. The
results of the analysis of X-ray phase data are summarized in Table 3.

The data in Table 3 confirm the well-established opinion that the CeO»-based electrolyte is more chem-
ically Table to interaction with cathode materials than the ZrO-based electrolyte [11, 12]. Literature data
also confirm rather high chemical activity of La;NiO4 towards YSZ, and Pr2NiO4 towards both YSZ and
GDC [13-15]. For example, in [14], secondary phases La,Zr,07, LasNi,O7 were found in a mixture of lan-
thanum nickelate and YSZ after 2 h exposure at 900°C. Whereas no interaction was found with the GDC
electrolyte under the same conditions [14]. Exposure for 24 hours at 900 °C of a mixture of ProNiO4 and
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GDC led to the formation of PrsNizO1 and PrgO11, while in a mixture with YSZ, Pr,Zr,O; was additionally
formed at a similar exposure [15].

It is also believed that an increase in the content of cobalt in the composition of the cathode material in-
creases its chemical activity with respect to the electrolyte material [12, 16]. Data on the interaction of LN
and LNC-20 with GDC electrolyte confirm this pattern. However, it is unexpected that the introduction of
Co into the composition of lanthanum nickelate seems to reduce the chemical activity with respect to the
YSZ electrolyte (lower content of the secondary phase according to XRD data). The reasons for this behavior
are currently unclear and require further research.
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Figure 8. X-ray diffraction patterns of mix-
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Table 3
Interaction of materials based on LazNiO4 and Pr2NiO4 with electrolytes
Designation Cathode material Electrolyte Tsintering, °C | Interaction
LN: YSZ LazNiO4 YSZ 900 41 % secondary phase
LN: GDC LaaNiO4 GDC 900 No
LNC-30: YSZ LazNio.7C00.304 YSZ 900 12 % secondary phase
LNC-30: GDC LazNio.7C00.304 GDC 900 8 % secondary phase
PN: YSZ PraNiO4 YSZ 900 38 % secondary phase
PN: GDC PraNiO4 GDC 900 37 % secondary phase
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Thermal expansion

On Figure 9 shows the results of measuring the linear expansion of the studied cathode materials in the
temperature range of 20-1200 °C.

In the literature, the values of the coefficient of thermal expansion (CTE) averaged over the entire temperature
range are usually given. For example, the CTE of La;NiOsss is 13.0x10° K (20-1000 °C) [3]. However, on the curves
of linear expansion obtained by us, a not very obvious inflection is observed in the region of 850 °C. Therefore, the
CTE of the studied samples was calculated both for the entire temperature range (201200 °C) and separately for the
low temperature (200850 °C) and high temperature (850-1200 °C) regions. The calculation results, together with the
coefficients of determination R?, are summarized in Table 4. It can be seen that the approximation consisting of two
linear regions describes the experimental data better.
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Figure 9. Temperature dependence of the change in the dimensions of samples of cathode materials.

Table 4
Calculation of CTE for various temperature ranges
Compound 200-850 °C 850-1200 °C 20-1200 °C
P TEC (x10%), K*! R? TEC (x10%), K*! R? TEC (x10%), K* R?

LN 13.89 0.99999 |16.29 0.99822 [14.39 0.99863
LNC-10 15.19 0.99992 |16.81 0.99953 |15.45 0.99932
LNC-20 15.72 0.99997 |17.45 0.99901 |15.93 0.99927
LNC-30 16.49 0.99993 |17.51 0.99941 |16.35 0.99978
PN 13.82 0.99991 |16.50 0.99956 |14.48 0.99788

Figure 10 shows the dependence of the change in CTE LazNi1.xC0x0a+s (x=0, 0.1, 0.2, 0.3) on the cobalt
content for low- and high-temperature sections. It can be seen that with an increase in the content of cobalt in
the composition of lanthanum nickelate, the CTE increases both in the low-temperature (20-800 °C) and
high-temperature (800-1200 °C) regions. At the same time, in the low-temperature region, the introduction
of cobalt has a stronger effect on the CTE of lanthanum nickelate than in the high-temperature region. Thus,
from the point of view of CTE, LN and PN are the most suitable cathode materials with the Ruddlesden-
Popper structure for YSZ and GDC electrolytes.
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Figure 10. CTE of LazNi1-«CoxOa+s Samples calculated for two temperature ranges 200-850 and 850-1200 °C
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Conductivity

Figure 11 presents data on the total conductivity of the studied materials. It can be seen that a maximum
is observed in the temperature dependences of the conductivity. According to [6], this behavior does not ap-
ply to the insulator-metal transition, but is due to the fact that at temperatures below 250 °C the chemical
composition of La;NiOa+s is stable and the change in conductivity reflects the behavior of the semiconductor
type, that is, thermally activated Arrhenius-type conductivity. At higher temperatures, the materials lose
some oxygen, which leads to a decrease in the M3+ content and, accordingly, a decrease in charge carrier
densities and, consequently, a decrease in conductivity. Thus, competing phenomena (thermal activation and
a decrease in the number of charge carriers) determine the presence of a maximum in the temperature de-
pendence of the conductivity.
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Figure 11. Temperature dependences of the conductivity of the studied materials:
a) — the entire temperature range, b) — high temperature range (500-850 °C).

If we compare the obtained data on the conductivity for the La:NiO, material with the literature data [6,
9], it turns out that the value of the maximum conductivity is close — 80-90 S/cm. However, the tempera-
ture at which the maximum conductivity is reached differs significantly: in our study it is about 400 °C,
while in [6, 9] it is about 650 °C.

It was shown in [9] that the conductivity of LasNi1«CoxOass, (x=0.1, 0.5, 1) decreases with increasing
cobalt content. This was explained by the fact that in layered systems of the K;NiF4 type, the B-O-B bond is
mainly responsible for the electrical properties [17]. Exchange interactions along the ¢ axis are much weaker
and occur through two oxygen ions. Consequently, with the introduction of cobalt, the Ni(Co)-O bond length
increases, which leads to a weakening of the B-O covalent interaction and, consequently, to a decrease in
electronic conductivity.

However, our study shows a different picture. If at x=0.1 the conductivity of La;Ni1xC0xOa+s decreases
compared to La;NiOass, its value is 65 S/cm at 700 °C, which is close to the data of [9] — about 45 S/cm at
700 °C. Then at x=0.2 and 0.3, although there is a decrease in conductivity in the low-temperature region
(which can be explained by the reason described above), in the high-temperature region, the conductivity
increases. Most likely, this phenomenon is associated with the presence of a secondary phase observed in the
LNC-20 and LNC-30 samples (section 2.1).

Figure 11 shows that PN has a higher conductivity compared to materials based on lanthanum nickelate
in the temperature range of 20-800 °C. The obtained values of the conductivity PN and its temperature de-
pendence correlate with the literature data [3, 18-19].

Thus, from the point of view of conductivity, the most suitable materials for a non-porous cathode are
PN and LNC-20.
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Polarization resistance.

On Figure 12 shows the impedance spectrum of a sample with LNC-10 electrodes. The shape of the
spectrum is typical for all studied compositions and measurement temperatures, except for the sample with
LNC-30 electrodes sintered to YSZ at 900 °C. For this sample, it was impossible to distinguish the compo-
nents Rel-ta and Rn in the spectrum, so its polarization resistance is not discussed further. The method for
calculating the polarization resistance of cathodes is described in Section 1.6.
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Figure 12. Impedance spectrum of a symmetrical sample with LNC-10 electrodes taken at 850 °C.
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Figure 13. Temperature dependences of the polarization resistance of cathode materials sintered at 900 and 1000 °C.
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Figure 13 shows the temperature dependences of the polarization resistance of the investigated
cathodes. It can be seen that the electrodes sintered at 1000 °C are characterized by a lower polari-
zation resistance than the electrodes sintered at 900 °C. Most likely, this is due to the formation of a
better electrode-electrolyte contact. At the same time, LN and PN materials are characterized by the
lowest polarization resistance. The introduction of Co into the composition of lanthanum nickelate
leads to an increase in the polarization resistance of the cathode, however, this dependence is not
linear.

| b | by | :
5 |- La,Ni, ,Co O, -
- 850°C -
4 Electrode sintering temperature B
i —{1—900°C 7
3 —0O—1000°C -

Rfl’ Ohm*cm?

Figure 14. Dependence of polarization resistance of La;Ni;.xC0xOa+5 cathodes sintered to YSZ electrolyte at 900 and
1000 °C on cobalt content (x).

Figure 14 shows the dependence of the polarization resistance of LazNi1-«C0xOa+5 cathodes on the cobalt
content (x). It can be seen that the dependence is complex and non-linear. This is explained by the fact that
the introduction of cobalt affects two characteristics of the material at once: conductivity and sintering kinet-
ics. In the course of work on this project in 2018, it was shown that an increase in the content of Co in the
composition of lanthanum nickelate leads to a shift in the shrinkage curve to a high-temperature region.
Thus, the contact of the cathode material with the YSZ electrolyte formed at the same temperature should
deteriorate with increasing Co in the LNC composition. On the other hand, according to the literature data
[10, 20], the introduction of cobalt into the composition of La>NiO,4 should lead to an increase in the oxygen
diffusion coefficient and, thus, to a decrease in the polarization resistance. As shown above (see paragraph
2.4), the addition of 10 mol. % Co leads to a decrease in conductivity, which also affects the polarization re-
sistance. While the conductivity of LNC-20 at high temperatures is higher than LN. However, the adhesion
of the cathode to the YSZ electrolyte adversely affects the polarization resistance. Consequently, the "con-
frontation" of two factors (conductivity and sintering Kinetics) causes a local minimum of polarization re-
sistance at a content of 20 mol.% Co in the composition of La;NiOa+s.

Table 5 summarizes the data on the polarization resistance of the studied cathode materials with the
Ruddlesden-Popper structure at 800 °C, and also presents the literature data. The Table shows data on elec-
trodes baked at 1000 °C. As mentioned earlier, solid electrolytes based on CeO2 are more chemically inert to
interaction with cathode materials than YSZ. Therefore, in the literature, the polarization resistance of cath-
odes with the KzNiF, structure is studied mainly in contact with electrolytes based on CeQO,. As can be seen
from Table 5, the polarization resistances of our cathodes in contact with the YSZ electrolyte are comparable
with the literature data, in which the polarization of the cathodes was studied in contact with the CeO,-based
electrolyte.
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Table 5

Polarization resistances of electrodes with the Ruddlesden-Popper structure at 800 °C.

Electrode Electrolyte Ry, Ohm*cm? Reference
LayNiOass YSZ 0.9 this work
LazNig,9C00,104+5 YSZ 3.0 this work
LazNigsC00,20445 YSZ 2.4 this work
LazNio,7C00,30445 YSZ 5.2 this work
ProNiOgss YSZ 0.8 this work
LazNiOuays SmDC 0.2 [21]
LayNip,9C00,104+5 GDC 3.0 [7]

Thus, the LN and PN materials have the highest catalytic activity among the studied ones.
Conclusions

As a result of the study, the following cathode materials were investigated: La;Ni1-«C0xOs (0< X <0.3),
PraNiQOa. In this case, the influence of low concentrations of Co on the characteristics of lanthanum nickelate
was studied for the first time. Materials based on lanthanum nickelate and praseodymium nickelate were
characterized by a structure of the K;NiF,4 type (Ruddlesden-Popper phases) with rhombic symmetry. Rud-
dlesden-Popper materials have been shown to be chemically compatible with ZrossYo16025 (YSZ) and
Ce0.73Gdo 27025 (GDC) (GDC) electrolyte materials.

A study of the thermal expansion of cathode materials showed that all the studied materials are charac-
terized by higher CTEs than YSZ and GDC electrolytes. Based on the studies performed, cathode materials
were chosen for the formation of composites with GDC electrolyte: La;NiOs, La:NiosC00204, PraNiOs. A
study of the sintering kinetics and CTE of composites showed that their thermal characteristics are much
closer to those of electrolytes than those of pure cathode materials.
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K.A. Kyrep6exos, K.)K. bekmpip3a, A.M. KaOsiiues,
M.M. Ky6enosa, H.K. Aiinap6exos, C.A. HypkeHnos

KatTbl okcnari oThIH 3J1eMeHTTEePiHe apHaaraH Paaiecnen-Ilonnep
KYPBUIBIMBI 0ap MaTepHAJIAPAbIH CUNIATTAMAJIAPbIH 3€PTTEY

Maxkanana LazNi1-xCoxOa+s (0<x<0.3) xone PraNiOs+s aHTaH HUKeNaThl HETI3iHIErT MaTepuaiiapablH CH-
narTamajapblH 3epTTey HoTIKelepi KenripinreH. OnapablH KPUCTAABIK KYPBUIBIMBI JkoHE ysz jxoHe GDC
3MEKTPOJIUTTIK MaTepHaimapbiMeH e3apa apekertecyi 900 °C temmepatypana tanganasl. CoHOa-ak, ysz
JJIEKTPOJIUTTIK MaTepUabIMEH OalIaHBICTa OCHl MaTepPHAINAPABIH MOSPU3ANMSIIBIK KEIEPTici eIIeH .
LazNi1-xCoxO4 (0< x <0.3), Pr2NiO4 karon Marepuannapsl 3eprrenreH. byn sxarnaiina Co-HbIH TOMEH KOH-
HEeHTPANMSICBIHBIH JTaHTaH HUKEIATHIHBIH CHIIATTaMallapblHA oCcepl alFalll PeT KapacThIpbUIFaH. JlaHTaH HE-
KeNaThl MEH MPa3e0[rM HHKENAThlHA Heri3menreH marepuanmap pomOTeik cummerpusimed KoNiFs tumri
(Panncnen-ITonmep dasacel) KypblUIbIMBIMEH cunattanabl. Papicaen-Ilonmep KypbsulbIMBI 6ap Matepuaniap
Zr0.84Y 016025 (YSZ) xone Ce0.73G00.2702-5 (GDC) 37eKTPONUTTIK MaTepHalIapMEH XUMHSUIBIK YilsieciMIi
eKeHAIri kepcetinren. Katoarsl MaTepuanmapAblH TEPMHSUIBIK KEHEIOIH 3epTTey OapIiblK 3epTTeNeTiH Mare-
puangap YSZ xone GDC nsnektponutrepine Kaparanna sxorapsl TKK-MeH cumarTanaTbiHbl JoNeNICHTeH.
XKyprizinren 3eprreynep Herizinne GDC anexTponuti 6ap KOMIIO3UTTEPAl KAJBIITACTHIPY YIIiH KeJeci Ka-
ToxThl Mateprannap Tapnangel: LazNiOs, LazNio.sC00.204, Pr2NiOs. KoMmosurTepain arnmoMepanus KHHETH-
kacel MeH TKK 3epTreyi — omapasiH TepMUSUIBIK CHIIaTTaMallapbl Ta3a KaTOATHI MaTepHaiapra KaparaHaa
JIEKTPONIUTTEPIIH CHITaTTaMallapblHA eoYip )KaKbIH €KeHIH KOPCETT.

Kinm ce30ep: KOOD, xatoATsl MaTepHainap, OTKI3TILITIK, TeMIepaTypaiblk KeHero KoadduimenTi, HaHO
YHTaKTap.
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K.A. Kyrepo6ekos, K. XK. bekmpip3a, A.M. Ka0Osiies,
M.M. Ky6enona, H.K. Aiinap6ekos, C.A. HypkeHoB

HccnenoBanne xapakTepucTHK MaTepHaJIoB co cTpykTypoii Papaicaena-Ilonnepa
1Sl TBEPIOOKCHIHBIX TOIJIMBHBIX 3J1€eMEHTOB

B craTbe npeacTaBiIeHb! pe3ysIbTaThl HCCIEIOBAHNS XapaKTePUCTUK MaTepHaIoB Ha OCHOBE HUKENATa JIaHTa-
Ha La2Nil-xCox04+5 (0<x<0,3) u Pr2NiO4+3. [Ipoananu3npoBaHbl UX KpHUCTAJUIMYECKasi CTPYKTypa M B3a-
UMOJIEHCTBHE ¢ 3MeKTposMTHRIMHA Matepuanamu YSZ um GDC mpu 900 °C. Onpenenensl ko3()UIHESHTH
TEPMHUYECKOTO PACIIMPEHHS U MCCIIeIOBAaHEl TeMIIepaTypHbIe 3aBHCHMOCTH IIPOBOANMOCTEH. A Takxke n3Me-
PEHO TIOJSIPH3AIIIOHHOE CONPOTHBIICHHE NAaHHBIX MAaTepHalIOB B KOHTAKTE C HJIEKTPOJIUTHBIM MaTePHAIOM
YSZ. Beun wuccienoBansl chneaytomue karogusie mMarepuanbl: LazNiixCoxOs (0<x <0,3), Pr2NiOs. Ilpu
5TOM BIIEpBbIE OBLIO M3y4EHO BIMSHUE MajblX KOHIEHTpauuid CO Ha XapaKTEepHCTHKH HHKENaTa JIaHTaHa.
Martepuansl Ha OCHOBE HMKeNaTa JaHTaHA M HHUKeJlaTa Mpa3eoJuMa XapaKTepU30BaJMCh CTPYKTYpOH THIA
K2NiFs (dassr Pagmncaena-Ilonmepa) ¢ pomOudeckoit cummerpueil. Bpimo mokasaHo, 9To MaTepHaibl co
cTpykTypoit Pajyuicnena-Tlonnepa XHMHYECKH COBMECTHMBI € 3JIEKTPOIMTHBIMU MaTepuainamMu Zro.s4Y0.1602-5
(YSZ) u Ceo.73Gdo.2702-s (GDC). UccnenoBanne TepMHYECKOTO PACIIMPEHHS KATOAHBIX MAaTEPHATIOB ITOKa3a-
JI0, YTO BCE HCCIEAyeMble MaTepHaibl XapakTepuiyrorcs Oosiee BeIcOkuMH KTP, gem snextpommtsl YSZ u
GDC. Ha ocHOBaHMHK NTPOBEAEHHBIX HCCIIEAOBAaHHUI OBUTH BHIOPAaHBI KaTOXHBIE MaTepHaIBl JUIT GOpMHPOBa-
Hust KoMrIo3uToB ¢ dnekrpomuToM GDC: LazNiOs, LazNiosC00204, PraNiOs. HccnenoBanue KUHETHKH CIie-
kaHusg 1 KTP KOMIIO3UTOB 1OKa3aj0, YTO UX TEPMUUYECKHE XapaKTEPUCTHKU 3HAUUTEIBHO ONIKE K XapaKTe-
PHCTHKAM 3JIEKTPOJIUTOB, YeM Y YHCTHIX KaTOJHBIX MAaTCPHAIIOB.

Kniouesvie cnosa: TOTD, kaTogHbIE MaTepHaIbl, IPOBOJUMOCTE, KO3()(UIIMEHT TeMIIEpaTyPHOTO pacIIupe-
HM$1, HAHOTIOPOLIKH.
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