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Abstract: This work is dedicated to the study of the properties of perovskite ceramics based on
lanthanum–strontium ferrite, and to the evaluation of their resistance to long-term thermal aging. As
a method for obtaining perovskite ceramics, the method of solid-phase mechanochemical grinding
and consequent thermal annealing of the resulting mixtures was chosen. The novelty of the study con-
sists in the assessment of the phase transformation dynamics in lanthanum–strontium ferrite-based
ceramics in relation to the annealing temperature, alongside the study of the effect of the phase compo-
sition of ceramics on the resistance to high-temperature aging, which is characteristic of the operating
modes of these ceramics as materials for solid oxide fuel cells. To study the properties, the methods
of scanning electron microscopy, energy dispersive analysis, and scanning electron microscopy were
applied. Pursuant to the outcome of elemental analysis, it was established that no impurity inclusions
appear in the ceramic structure during the synthesis, and a growth in the annealing temperature re-
sults into a decline in the grain size and a growth in their density. During the analysis of the acquired
X-ray diffraction patterns, it was found that a growth in the annealing temperature above 500 ◦C re-
sults in phase transformations of the LaFeO3/SrFe2O4 → La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6 type,
followed by structural ordering and a decline in deformation distortions with a growth in the an-
nealing temperature. An analysis of the conductive properties of ceramics has established that the
dominance of the La0.3Sr0.7FeO3 phase in the structure results in a growth in conductivity and a
decline in resistance. Life tests for degradation resistance have shown that for three-phase ceramics,
the rate of degradation and amorphization is significantly lower than for two-phase ceramics.

Keywords: perovskites; lanthanum–strontium ferrite; phase transformations; structural properties;
solid fuel oxide elements

1. Introduction

One of the promising directions in the transition from traditional energy sources to
alternative ones are methods for generating energy from hydrogen using fuel cells based on
proton- or oxygen-conducting membranes or solid fuel oxide cells (SOFCs) [1–4]. Moreover,
when it comes to using high-temperature SOFC elements based on oxygen-containing
membranes or ceramics, the operating temperature at which acceptable conductivity values
are achieved is more than 700 ◦C, which results in high heat release, alongside a long
start-up time [5,6]. Moreover, an essential factor influencing the use of such structures in
the fuel cycle is the preservation of their stability and sustainability during operation for a
long time (40,000–50,000 h) [7–9].

Perovskite ceramics based on lanthanum–strontium ferrite [10–12] are among the
materials considered for the prospect of using materials for high-temperature SOFCs.
Interest in these structures is owing to their thermodynamic stability in redox processes,
which makes it possible to use them as SOFC electrode materials. However, despite the
great prospects for their application in this direction, there are several shortcomings that
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limit their application. One of the key disadvantages is the high values of thermal and
chemical expansion, which in most cases results in thermomechanical incompatibility of
electrodes with solid electrolyte ceramics [13–15]. Moreover, an essential factor limiting
the use of perovskites as the basis for electrode materials of SOFC cells is the lack of
information on the mechanisms of degradation and corrosion of these structures during
their operation. This is primarily owing to the fact that most research in this area is
aimed at studying the mechanisms of energy production, reducing operating temperatures
in order to reduce energy and resource costs, and the effect of various additives in the
composition of perovskite to increase conductivity and thermodynamic characteristics.
However, the issue of structure resistance to degradation during operation remains open
in most cases, but knowledge of corrosion mechanisms is no less significant than all other
performance and energy efficiency data. Understanding the degradation mechanisms
can help predict the behavior of materials during long-term operation, as well as avoid
the risks pertaining to the rapid degradation and amorphization of perovskite properties,
which will lead to a decline in conductivity and mechanical degradation [16–18]. As is
known, the processes of operation of SOFC elements are accompanied by redox reactions
occurring at elevated temperatures, which results in an alteration in the oxidation degree of
chemical elements and the electron density in the material. Long-term redox processes can
lead to additional distortions and deformations of the crystal lattice in the structure and
corrosion acceleration and material degradation. As a rule, degradation in consequence
of such processes is accompanied by the formation of regions of disorder and amorphous
inclusions, the presence of which in the structure results in a sharp deterioration in the
properties of materials, up to their complete destruction. Moreover, as is known, in most
cases, SOFC elements based on perovskites have a structure of porous ceramics, with
many grains and interfaces, the presence of which in the process of degradation can
lead to accelerated destruction of the material, owing to the accumulation of defects near
the interfaces with consequent formation of microcracks [19–22]. All this can lead to the
destabilization of the performance of electrode materials and their failure ahead of schedule.

The choice of double perovskites based on lanthanum–strontium ferrite as an object
of study is owing to their unique mixed oxygen-ion and electronic conductivity, which,
together with good mechanical and transport characteristics, make these structures promis-
ing for use not only as electrode materials for SOFC elements, but also as materials for
oxygen membranes, oxygen accumulators, etc.

As is known, the structure of perovskites based on lanthanum–strontium ferrite
(A1-x(BxFe)2O6 has a strong dependence on stoichiometry, particularly on the resulting
deficit in the A-sublattice, which can lead not only to morphological features (alterations in
grain size, porosity), but also oxygen stoichiometry. Another major factor is the alteration
in the deficiency in the A sublattice, which can have both positive and negative effects
on the transport, thermodynamic, and structural properties of perovskites [23–26]. In this
regard, the purpose of this work is to study the processes of structural and phase formation
of perovskite ceramics in relation to the annealing temperature, followed by studying the
effect of structural properties on the conductive properties of ceramics.

2. Results and Discussion

The phase composition of the synthesized perovskite ceramics was studied using
the method of X-ray phase analysis, the results of which are shown in Figure 1. The
overall picture of the presented X-ray diffraction patterns in relation to the annealing
temperature implies processes pertaining to an alteration in the phase composition of
ceramics [27–30], which are expressed in an alteration in the intensity and position of
diffraction reflections, as well as the appearance of new reflections with a growth in the
annealing temperature. These alterations in the phase composition indicate that the phase
transformation processes in the composition of perovskite ceramics have a pronounced
dependence on the annealing temperature.
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Figure 1. Results of X-ray diffraction of the studied perovskite ceramics.

Analysis of X-ray diffraction patterns of the studied perovskite ceramics annealed at a
temperature of 400 ◦C revealed the presence of two phases in the sample structure: cubic
LaFeO3 (PDF-01-075-0439) and monoclinic SrFe2O4 (PDF-01-070-8351), the ratio of the
contributions of which is close to 50:50. The procedure for determining the contribution of
each phase was performed using a standard sample by calculating the weight contributions
of the diffraction reflections of each phase on the diffraction pattern, followed by an
assessment of their contribution in comparison with the rest of the phases.

Moreover, the shape of the diffraction reflections has a clearly broadened asymmetric
shape, suggesting the presence of structural distortions and deformations pertaining to the
production processes. The presence of two phases, in turn, is owing to the phase formation
processes caused by mechanochemical synthesis and consequent thermal annealing. More-
over, the greatest distortion of the structural parameters is observed for the monoclinic
SrFe2O4 phase, which may be owing to the presence of disordered impurity inclusions or
highly distorted regions.

A growth in the annealing temperature of the samples to 500 ◦C does not result in
the appearance of any new diffraction reflections, suggesting the absence of phase trans-
formations in ceramics at a given annealing temperature. The main alterations observed
for these samples are pertaining to an alteration in the shape of diffraction reflections,
suggesting structural ordering and an alteration in their intensity, and, consequently, phase
contributions, suggesting an alteration in the ratio of established phases. Thermal annealing
at 500 ◦C results in a growth in the contribution of the cubic LaFeO3 phase from 55 to 65%
and a decline in the monoclinic SrFe2O4 phase contribution. Moreover, the analysis of the
structural parameters for these phases implies their ordering and a decline in structural
distortions and deformations.

During annealing of the obtained samples at a temperature of 600 ◦C, the X-ray diffrac-
tion patterns of the studied samples showed the appearance of new reflections characteristic
of phases: rhombic La0.3Sr0.7FeO3, and two orthorhombic LaSr2FeO8 and La3FeO6 phases,
among which the dominant contribution belongs to the La0.3Sr0.7FeO3 phase (more than
70%). Pursuant to the data obtained, it was found that at an annealing temperature of 600 ◦C,
a phase transformation of the LaFeO3/SrFe2O4→ La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6 type
is observed with the dominance of phases containing all the elements of the components
used. Moreover, a growth in the annealing temperature to 700 ◦C leads, as in the case of
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a growth in temperature from 400 ◦C to 500 ◦C, to the ordering of structural parameters
pertaining to their decline, indicating an alteration in the concentration of structural distor-
tions and deformations. A similar picture is also observed for the case of annealing at a
temperature of 800 ◦C, for which the appearance of new reflections was not established,
and the main alterations pertained to structural ordering and a growth in the contribution
of the rhombic La0.3Sr0.7FeO3 phase.

Thus, the general observed alterations indicate that an alteration in the annealing
conditions results in an alteration in the phase composition owing to phase transforma-
tions at an annealing temperature above 500 ◦C, followed by structural ordering and the
dominance of the rhombic La0.3Sr0.7FeO3 phase. Moreover, phase transformations are also
accompanied by a decline in the spatial syngony from the cubic Pm-3m characteristic of the
dominant LaFeO3 phase in the temperature range of 400–500 ◦C to the diamond-shaped
R-3c characteristic of the dominant La0.3Sr0.7FeO3 phase. The formation of this phase occurs
due to the decomposition of the SrFe2O4 phase and partial replacement of lanthanum ions
by strontium ions in the LaFeO3 structure, accompanied by its rearrangement, alongside
the formation of two orthorhombic phases in the form of impurity inclusions, the content
of which does not surpass 20–25%.

Figure 2 demonstrates the outcome of X-ray phase analysis in the form of diagrams of
the phase content in the composition of ceramics in relation to the annealing temperature.
As is evident from the data provided, the main alterations in the phase composition in the
form of transformations of the LaFeO3/SrFe2O4 → La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6
type occur at an annealing temperature of 600 ◦C. When it comes to a growth in annealing
temperatures from 400 ◦C to 500 ◦C and from 600 ◦C to 800 ◦C, the phase ratio alters, which
was described above in more detail.
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Figure 2. Outcome of phase analysis of the studied ceramics in relation to the annealing temperature:
(a) 400 ◦C; (b) 500 ◦C; (c) 600 ◦C; (d) 700 ◦C; (e) 800 ◦C.

At annealing temperatures below 600 ◦C, the dominance of the LaFeO3/SrFe2O4
phases is observed, pursuant to X-ray phase analysis data, while at an annealing
temperature of 600 ◦C and above, a phase transformation of the LaFeO3/SrFe2O4 →
La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6 type occurs, which, pursuant to energy dispersive
analysis data, is accompanied by a decline in the oxygen content by 3–4 at.%. A decline
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in the oxygen contribution results in a redistribution of the Sr:Fe:La weight contributions,
with a slight increase in the iron content.

Pursuant to the obtained data of X-ray phase analysis, the formation of the main
phases from the initial components with annealing temperature variation can be written
using Chemical Reactions (1)–(5):

2La(NO3)3 + Fe2(SO4)3 → 2LaFeO3 + 6NO2 + 3SO2 + 9O2 (1)

2SrCO3 + Fe2(SO4)3 → 2SrFe2O4 + 2CO2 + 3SO2 (2)

4SrCO3 + 2La(NO3)3 + Fe2(SO4)3 → 2LaSr2FeO8 + 4CO2 + 6NO2 + 9O2 (3)

6La(NO3)3 + Fe2(SO4)3 → 2La3FeO6 + 3SO2 + 18NO2 + 6O2 (4)

14SrCO3 + 6La(NO3)3 + 5Fe2(SO4)3 → 10(La0.3Sr0.7)2FeO4 + 14CO2 + 18NO2 + 15SO2 + 13O2 (5)

Moreover, Reactions (1) and (2) proceed at annealing temperatures of 400–500 ◦C,
and Reactions (3)–(5) are typical for the annealing temperature range of 600–800 ◦C. It
should also be noted that the main dominant phase at annealing temperatures above 500 ◦C
becomes the La0.3Sr0.7FeO3 phase, the dominance of which is owing to the phase formation
processes during thermal heating, as well as the associated processes of partial replacement
of strontium ions by lanthanum ions.

The reproducibility of the results in order to refine the technique for obtaining ceramics
for SOFC materials was performed by repeating the synthesis procedures 10 times. In
all cases, application of chosen conditions of mechanochemical synthesis and consequent
thermal annealing lead to the same results of the phase composition and electrophysical
parameters. Moreover, the error of the phase composition (the ratio of the contributions of
the phases) is no more than 1–2%, which is within the permissible limits in the manufacture
of SOFC.

Table 1 presents the data on alterations in the structural parameters of the studied
perovskite ceramics in relation to the sintering temperature, calculated on the basis of the
acquired X-ray diffraction patterns.

Table 1. Structural parameter data.

Phase
Temperature, ◦C

400 500 600 700 800

LaFeO3
a = 3.9045 ± 0.0034 Å,

V = 59.52 Å3
a = 3.9021 ± 0.0025 Å,

V = 59.42 Å3 – – –

SrFe2O4

a = 8.1496 ± 0.0027 Å,
b = 9.1588 ± 0.0029 Å,
c = 10.8814 ± 0.0025 Å,

γ = 91.73 ± 0.240,
V = 811.82 Å3

a = 8.1398 ± 0.0026 Å,
b = 9.1515 ± 0.0031 Å,
c = 10.8771 ± 0.0032 Å,

γ = 91.56 ± 0.210,
V = 809.89 Å3

– – –

La0.3Sr0.7FeO3 – –
a = 5.4859 ± 0.0032 Å,
c = 13.4449 ± 0.0015 Å,

V = 350.42 Å3

a = 5.4805 ± 0.0026 Å,
c = 13.4318 ± 0.0021 Å,

V = 349.39 Å3

a = 5.4751 ± 0.0034 Å,
c = 13.4291 ± 0.0025 Å,

V = 348.63 Å3

LaSr2FeO8 – –

a = 5.5242 ± 0.0031 Å,
b = 11.9096 ± 0.0012 Å,
c = 5.6283 ± 0.0022 Å,

V = 370.29 Å3

a = 5.5101 ± 0.0027 Å,
b = 11.9026 ± 0.0022 Å,
c = 5.6249 ± 0.0032 Å,

V = 368.91 Å3

a = 5.5177 ± 0.0027 Å,
b = 11.9142 ± 0.0024 Å,
c = 5.6104 ± 0.0035 Å,

V = 368.84 Å3

La3FeO6 – –

a = 9.5374 ± 0.0025 Å,
b = 11.8456 ± 0.0021 Å,
c = 5.7502 ± 0.0027 Å,

V = 649.48 Å3

a = 9.4844 ± 0.0015 Å,
b = 11.8233 ± 0.0026 Å,
c = 5.7438 ± 0.0032 Å,

V = 643.51 Å3

a = 9.4985 ± 0.0032 Å,
b = 11.8039 ± 0.0025 Å,
c = 5.7213 ± 0.0023 Å,

V = 641.46 Å3
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The overall form of alterations in the structural parameters for each established phase
implies structural ordering with a growth in the annealing temperature, which is expressed
in a decline in the crystal lattice parameters and its volume. A decline in the parameters
and volume of the crystal lattice implies a decline in the crystal structure deformation
and a compaction of ceramics. Moreover, the alteration in parameters can be owing to the
structural ordering (crystallinity degree) processes, which pertain to a decline in the areas
of disorder and partial removal of structural distortions and deformations in consequence
of phase transformations.

Figure 3 demonstrates the results of alterations in the structural ordering degree
(crystallinity degree) and density of ceramics in relation to the annealing temperature. The
crystallinity degree was estimated by a comparative analysis of the areas of diffraction
reflections and a halo characteristic of amorphous structure disordered. The density of
ceramics was determined from the analysis of alterations in the structural parameters of
the studied samples.
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the annealing temperature; (b) outcome of a comparative analysis of the density of ceramics calculated
based on X-ray phase analysis data and measured using the standard method of Archimedes.

General trends in the structural ordering degree, as well as in the density of ceramics,
implies that a growth in the annealing temperature, which at the first stage (tempera-
ture range 400–500 ◦C) results in a decline in oxygen in the composition of ceramics, is
accompanied by a sharp increase in the structural ordering degree, which is character-
istic of a decline in deformation distortions within the structure. In fact, as shown by
elemental and phase analysis data, an annealing temperature of 400–500 ◦C is not sufficient
to initiate phase transformation processes, which only results in structural ordering and
partial displacement of oxygen from the ceramic structure with the formation of oxygen
vacancies. Moreover, for this range, the density of ceramics alters insignificantly, since
no phase transformations have been established, and the alteration in density for these
annealing temperatures is only owing to structural ordering. Comparative analysis of the
density of ceramics (see Figure 3b), nominal (the results of density estimation based on
the data of alterations in the crystal lattice parameters) and measured using the standard
method of Archimedes (sample immersion method), revealed good agreement between the
results for samples annealed at temperatures above 600 ◦C (difference less than 1.1%), and a
strong discrepancy in the density data for samples annealed at temperatures below 600 ◦C
(more than 8.5%). Such a difference in density data for samples annealed at a temperature
below 600 ◦C may be owing to the presence of a high oxygen concentration, alongside
unformed phases, which results in a decline in the density of ceramics. In the case when a
phase transformation of the LaFeO3/SrFe2O4 → La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6 type
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occurs, the ceramics are compacted, as well as there being small alterations in the elemental
composition, suggesting the stabilization of the structure.

Phase transformations occurring in ceramics at an annealing temperature of 600 ◦C
lead to a significant elevation in density owing to the dominance of the La0.3Sr0.7FeO3
phase in the structure, as well as the structural ordering degree growth. Moreover, a further
increase in the annealing temperature above 600 ◦C results in a smoother alteration in the
structural ordering degree, the alteration in which is owing to the redistribution of phases
and a growth in the contribution of the La0.3Sr0.7FeO3 phase in the composition of ceramics.

Figure 4 demonstrates the results of a study of the morphological features of the
synthesized perovskite ceramics derived using the scanning electron microscopy method.
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Figure 4. Results of morphological studies of perovskite ceramics: (a) 400 ◦C; (b) 500 ◦C; (c) 600 ◦C;
(d) 700 ◦C; (e) 800 ◦C; (f) Results of alterations in the average grain size of perovskite ceramics in
relation to the annealing temperature.

As is evident from the displayed SEM image data, a growth in the annealing tempera-
ture of the samples results in significant alterations in the morphological features of the
synthesized perovskite ceramics, which consist in both an alteration in the shape of the
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grains and their sizes, followed by the formation of a fine feather structure, a dendrite-like
shape at annealing temperatures above 700 ◦C. Such an alteration in the grain morphology
can be owing to the processes of phase transformations and alterations in the elemental
composition during thermal annealing. An analysis of the shape and size of the grains of
the studied perovskite ceramics in relation to the annealing temperature revealed that a
growth in the sintering temperature results in alterations not only in the shape and size
of the grains, which can be owing to the effect of phase transformations. Thus, from the
data provided in Figure 4f, which were obtained by calculating the average grain size
when analyzing the obtained SEM images using direct calculation of grain diameters in
the ImageJ program code, it can be seen that with a growth in the annealing temperature
above 600 ◦C, the grain size decreases from 150–170 nm to 80–90 nm. Such an alteration in
grain size can be attributed to phase transformations, as well as the effect of grain crushing
upon phase alteration. Moreover, smaller grains lead to the formation of a dendrite-like
structure, with many grain boundaries, which can also affect the alteration in the resistance
of ceramics to external influences, and a developed surface and small sizes lead to a growth
in the specific surface area. The analysis of the degree of grain size homogeneity revealed
that a decline in size in consequence of thermal annealing and, as a consequence, phase
transformations, results in a growth in grain size uniformity.

Figure 5 illustrates the energy-dispersive analysis results of the studied samples of
perovskite ceramics, reflecting the alteration in the elemental composition of the samples in
relation to the annealing temperature. As is evident in the displayed spectra, only peaks
characteristic of the main elements La, Fe, Sr, and O are observed; no other peaks character-
istic of impurity elements were found in the entire measured annealing temperature range.
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(b) 500 ◦C; (c) 600 ◦C; (d) 700 ◦C; (e) 800 ◦C; (f) data on alterations in the elemental composition
of ceramics.

Regarding the samples annealed at a temperature of 400 ◦C, pursuant to the data
from the energy-dispersive analysis, a sufficiently high oxygen content was established,
which may be due to thermal structure formation processes. A growth in the annealing
temperature to 500 ◦C results in a decline in the oxygen concentration, which may be
accompanied by either phase transformations or a growth in the concentration of oxygen
vacancies (Vo). An annealing temperature growth above 600 ◦C does not result in significant
alterations in the ratio of elements, suggesting the stabilization of the elemental composition
of ceramics. The isotropy of the distribution of all observed elements in the structure is
illustrated in Figure 6, made using the mapping method.
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Figure 6. Outcome of element mapping in a sample annealed at a temperature of 800 ◦C.

As is evident from the data provided on the elemet distribution in the composition
of ceramics, the formation of individual grains containing a grown content of strontium
and lanthanum is observed, which may be caused by the formation of double phases or
impurity inclusions.
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Figure 7 demonstrates the results of cyclic voltammetry, which reflect the conductive
properties of the synthesized perovskites in relation to the annealing temperature and
phase composition. The general view of the presented cyclic current–voltage characteristics
in relation to the annealing temperature of the samples implies a growth in the conductivity
of ceramics, the alteration in which pertains to the processes of phase transformations and
an alteration in the structural ordering degree. Moreover, the obtained dependencies of
the current–voltage characteristics in the form of hysteresis loops indicate the presence of
oxygen vacancies in the structure of ceramics annealed at a temperature of 400–600 ◦C.
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Figure 7. Graphs of current–voltage characteristics of the studied perovskite ceramics. (The mea-
surements were performed at a sample temperature of 25 ◦C, in an air atmosphere. A two-contact
cell with copper electrodes was used for measurements): (a) samples annealed at a temperature of
400–700 ◦C; (b) samples annealed at a temperature of 800 ◦C (this current–voltage characteristic is
presented separately since the range of its alteration is two orders of magnitude greater than similar
alterations obtained at annealing temperatures of 400–700 ◦C).

As is evident from the data provided, an alteration in the annealing temperature,
causing structural ordering and phase transformations, results in a growth in the slope
of the current–voltage characteristics, suggesting a growth in conductivity. Moreover, an
alteration in the structural ordering degree at annealing temperatures, in addition to a
growth in the concentration of oxygen vacancies for samples annealed at a temperature
of 500 ◦C, results in a growth in the hysteresis loop shape, suggesting the influence of
oxygen vacancies on the conductivity of ceramics. In this case, for structures annealed at
temperatures of 400–500 ◦C, pursuant to X-ray diffraction analysis, the structure of defective
perovskite with a statistical distribution of oxygen vacancies is characteristic, which results
in low conductivity of ceramics. The very nature of current–voltage hysteresis loops is
characteristic of the absorption mechanisms of redox reactions with voltage alterations.

In this case, phase transformations of the LaFeO3/SrFe2O4→ La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6

type, which occur at an annealing temperature above 600 ◦C, lead to a decline in the shape
of the hysteresis loop, as well as a growth in the slope of the curve of the current–voltage
characteristic, indicating a semiconductor type of conductivity. When it comes to sam-
ples annealed at a temperature of 700 ◦C, clear anodic peaks are observed, which reflect
the mechanisms related to the processes of structural transformations, which results in a
growth in conductivity.

The formation of a three-phase structure in ceramics with their consequent ordering
and a growth in the crystallinity degree results in a growth in the conductive properties,
and in the case of samples annealed at a temperature of 800 ◦C, there is practically no hys-
teresis on the current–voltage curve, and an alteration in the current–voltage characteristic
curve in the I-U coordinates by two orders of magnitude higher than when it comes to
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samples annealed at lower temperatures. Such alterations in conductivity can be owing
to an alteration in the conductivity mechanisms and the consequent dominance of the
oxygen-ion type over the electron one, owing to phase transformations accompanied by a
rearrangement of the crystal structure and a decline in the degree of statistical distribution
of defects and vacancies in the perovskite structure. Moreover, a growth in conductivity
for samples annealed at a temperature above 600 ◦C is owing to a decline in the oxygen
concentration in the composition of ceramics (pursuant to the data of energy-dispersive
analysis), resulting in a decline in oxygen vacancies and structural ordering (see data
in Figure 6a). The conductivity is also affected by an alteration in the symmetry of the
structure during phase transformations caused by thermal annealing.

Frequency dependencies of permittivity and tangent loss of synthesized samples were
measured at room temperature by the impedance spectroscopy method in the frequency
range 2–220,000 Hz. Before the calculation of permittivity, silver paste electrodes were
applied to the surface of the samples. The results are shown in Figure 8. The permittivity
spectra revealed that the permittivity value of samples in the measured frequency range
with low annealing temperature (400, 500 ◦C) vary to a lesser extent than when it comes
to samples with temperatures of 600–800 ◦C. The proposed frequency dispersion at low
frequencies (2–1000 Hz) is connected with interface polarization between relatively conduc-
tive phase La0.3Sr0.7FeO3 [31,32] and dielectric phases LaSr2FeO8 and La3FeO6. In addition,
the mechanism as interface polarization between conductive grains and grain boundaries
or polarons jumping [33] can contribute to permittivity frequency dispersion. With de-
creasing resistivity, both low frequency and high frequency permittivity increase, which is
connected with phase composition alteration and crystallinity degree. The observed loss
tangent spectra show pronounced dispersion and for samples with an annealing tempera-
ture of 400 ◦C, frequency dispersion characterized by relaxation peak. The tan δ value for
samples with 600–800 ◦C annealing temperature differs insignificantly that confirms the
stability of ceramics at annealing temperatures above 600 ◦C.

Inorganics 2023, 11, x FOR PEER REVIEW 11 of 18 
 

 

hysteresis on the current–voltage curve, and an alteration in the current–voltage charac-

teristic curve in the I-U coordinates by two orders of magnitude higher than when it 

comes to samples annealed at lower temperatures. Such alterations in conductivity can be 

owing to an alteration in the conductivity mechanisms and the consequent dominance of 

the oxygen-ion type over the electron one, owing to phase transformations accompanied 

by a rearrangement of the crystal structure and a decline in the degree of statistical dis-

tribution of defects and vacancies in the perovskite structure. Moreover, a growth in 

conductivity for samples annealed at a temperature above 600 °C is owing to a decline in 

the oxygen concentration in the composition of ceramics (pursuant to the data of ener-

gy-dispersive analysis), resulting in a decline in oxygen vacancies and structural ordering 

(see data in Figure 6a). The conductivity is also affected by an alteration in the symmetry 

of the structure during phase transformations caused by thermal annealing. 

Frequency dependencies of permittivity and tangent loss of synthesized samples 

were measured at room temperature by the impedance spectroscopy method in the fre-

quency range 2–220,000 Hz. Before the calculation of permittivity, silver paste electrodes 

were applied to the surface of the samples. The results are shown in Figure 8. The per-

mittivity spectra revealed that the permittivity value of samples in the measured fre-

quency range with low annealing temperature (400, 500 °С) vary to a lesser extent than 

when it comes to samples with temperatures of 600–800 °С. The proposed frequency 

dispersion at low frequencies (2–1000 Hz) is connected with interface polarization be-

tween relatively conductive phase La0.3Sr0.7FeO3 [31,32] and dielectric phases LaSr2FeO8 

and La3FeO6. In addition, the mechanism as interface polarization between conductive 

grains and grain boundaries or polarons jumping [33] can contribute to permittivity 

frequency dispersion. With decreasing resistivity, both low frequency and high fre-

quency permittivity increase, which is connected with phase composition alteration and 

crystallinity degree. The observed loss tangent spectra show pronounced dispersion and 

for samples with an annealing temperature of 400 °C, frequency dispersion characterized 

by relaxation peak. The tan δ value for samples with 600–800 °C annealing temperature 

differs insignificantly that confirms the stability of ceramics at annealing temperatures 

above 600 °C. 

 
1 10 100 1 000 10 000 100 000

0

1

2

3

4

5

6

7

8

ta
n



f (Hz)

 400 oC

 500 oC 

 600 oC

 700 oC

 800 oC

, ,,

 
(a) (b) 
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The Nyquist plots Z”(Z’) of obtained samples at room temperature are shown on the
Figure 9. By plotting Z”(Z’) dependencies, it is possible to evaluate dielectric response from
AC sinusoidal perturbation of materials with complex structure. The shape of curves is
represented by an undone semicircle with “tails” from the low frequency region. In the inset
of Figure 10, the Z”(Z’) curve of the 400 ◦C sample is outlined because of high impedance
value. The analysis of impedance Nyquist curves revealed that with the decrease of specific
resistivity, real and imaginary parts of complex impedance also decrease. Moreover, in
the samples with annealing temperature 600–800 ◦C, the low frequency “tail” disappears,
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which can indicate that AC current flows mostly through phases with low resistance (i.e.,
La0.3Sr0.7FeO3). When ceramic material consists of insulators and relatively conductive
phases, undone semicircles appear on the Nyquist plots because of existing conduction
mechanisms with different relaxation times. When the semiconducting phase becomes
dominant in the ceramic composition, the Z”(Z’) arc turns into more like a complete
semicircle which can be seen from obtained Nyquist plots.
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Figure 10a demonstrates the outcome of alterations in the resistivity value measured at
room temperature for all the studied ceramic samples. The general trend in the alteration in
resistivity implies a significant effect of alterations in the phase composition of ceramics on
the conductive properties. Moreover, the formation of La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6
phases in the structure of ceramics with their consequent ordering at an annealing tempera-
ture of 800 ◦C results in a decline in the resistivity to 0.69 × 103 Ohm × cm, which is three
times less than the resistivity for LaSrFeO4 (ρ = 2.4 × 103 Ohm × cm [34]). This behavior of
the alteration in the resistance value is caused not only by the phase composition alteration
owing to the dominance of the La0.3Sr0.7FeO3 phase in the structure of ceramics, which
provides a growth in conductivity, but also by structural ordering, causing an alteration in
the charge transfer mechanisms.

In this case, an alteration in the phase composition, as well as a growth in the density
of ceramics, results in a growth in the electron mobility owing to their weak localization and
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a weakening of antiferromagnetic interactions pertaining to a growth in the concentration
of lanthanum in the structure.

Figure 10b demonstrates the outcome of alterations in the specific conductivity of
the studied ceramics in relation to the measurement temperature. The general form of
the dependences derived for samples annealed at temperatures of 400–700 ◦C implies the
stability of conductivity values in almost the entire measured temperature range, the choice
of which is determined by the operating temperatures of solid oxide elements. A small
increase in conductivity values at measurement temperatures above 600 ◦C may be owing
to the emergence of ionic conduction mechanisms, with the dominating mechanism of
conduction being hole-type electron conduction. When it comes to a sample annealed at a
temperature of 800 ◦C, a sharp increase in conductivity is observed (almost by two orders of
magnitude), while with a growth in the measurement temperature of conductivity, a growth
in the slope of the curve describing the alterations in values is observed, suggesting a growth
in the contribution of the ionic conductivity mechanism. An analysis of the ionic transfer
numbers for the studied samples revealed that all the studied samples have mixed oxygen-
ion and hole conductivity; the contribution of ionic conductivity for samples annealed at a
temperature of 400–700 ◦C is 15–20%, while samples annealed at a temperature 800 ◦C with
a characteristic dominance in the composition of the La0.3Sr0.7FeO3 phase result in a growth
in the contribution of ionic conductivity to 30–35%. Such an alteration may be owing to
the displacement of impurity phases, alongside an alteration in the structural ordering
degree, which results in a decline in structural disorder and a decline in the concentration
of defects.

One of the significant characteristics of solid oxide elements in evaluating their ap-
plication is the preservation of the stability and resistance of the ceramic material against
long-term thermal effects, which can lead to the initialization of corrosion and amorphiza-
tion processes. To determine resistance to high temperature degradation, the synthesized
ceramics were thermally annealed at 700 ◦C temperature for 500 h. The choice of thermal
annealing conditions is closest to the operating conditions of ceramics as solid fuel oxide
elements. Annealing was performed in a muffle furnace with an air atmosphere; after
every 100 h of annealing, some of the samples were removed for measurement by X-ray
diffraction to determine the crystallinity degree alteration and identify the appearance of
impurity phases and to measure the current–voltage characteristics to determine alterations
in the conductive properties of ceramics.

Pursuant to the analysis of the obtained X-ray diffraction patterns, the main structural
alterations in the samples subjected to thermal annealing pertain to partial amorphization
and structural disorder, which may be due to the effects of thermal expansion of the crystal
lattice and its consequent deformation. Moreover, the appearance of any new diffraction
reflections was not established, suggesting a high stability of the synthesized ceramics to
the processes of phase degradation pertained to the phase composition alteration.

Figure 11a demonstrates the outcome of variation in the structural ordering degree
(crystallinity degree) of the samples in relation to the time of thermal annealing. Assessment
of the alteration in the crystallinity degree after prolonged thermal annealing, which is
characteristic of the processes of high-temperature aging and degradation, was performed
by measuring the X-ray diffraction patterns of the studied samples and then determining
the variation in the crystallinity degree. The decline in the crystallinity degree during aging
is due to deformation processes and the formation of regions of amorphous inclusions in
the volume of ceramics, the presence of which has a negative effect on both the structural
stability of ceramics and their conductive properties.
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(a) alteration in the crystallinity degree; (b) alteration in the resistivity value.

As is evident from the data provided, the main alterations in the degree of ordering for
the studied ceramics begin after 100 h of testing; however, the nature of degradation and
amorphization has a strongly pronounced dependence on the phase composition of the
ceramics. For two-phase ceramics, the structural disorder degree after 500 h of annealing
was more than 20%, while for three-phase ceramics with a highly ordered structure, the
degradation degree was no more than 15%, and when it comes to samples annealed at a
temperature of 800 ◦C, the degradation degree was less than 8%.

Figure 11b demonstrates the outcome of alterations in the resistivity of ceramics,
reflecting the high-temperature degradation of the conductive properties of ceramics.
An analysis of the dependencies derived revealed that three-phase ceramics with a high
structural ordering degree are the most resistant to thermal degradation. Moreover, the
maximum alteration in resistivity after 500 h of annealing for three-phase ceramics is more
than three times less than for two-phase ceramics derived at an annealing temperature of
400–500 ◦C.

The obtained results of high-temperature aging for the studied ceramics revealed that
the transition from two-phase to three-phase ceramics, accompanied by an alteration in
the degree of structural ordering and perfection of the crystal structure, results in a growth
in the resistance of ceramics to amorphization and structural degradation. Moreover, the
difference in stability values is more than twice, suggesting a growth in the resistance to
degradation during high-temperature aging. Similar conclusions can be drawn for these
alterations in the ceramic resistance values during high-temperature aging. A growth in
the time of high-temperature aging results in a growth in the resistivity, suggesting that
impurity inclusions (usually amorphous) are formed in the structure, the presence of which
reduces the conductivity of ceramics. Moreover, in the case of three-phase ceramics, the
observed increase in resistance to structural degradation results in a growth in resistance to
a decline in conductive characteristics.

The obtained results on the resistance of ceramics to high-temperature aging and
degradation will make it possible to predict their behavior during operation under similar
conditions when used as anode materials for SOFCs. As a rule, such ceramics are used in the
manufacture of SOFC elements operating at elevated temperatures (500–800 ◦C) [35–38]. In
this regard, the obtained data on the behavior of alterations in the conductive characteristics
and the crystallinity degree are significant characteristics that make it possible to determine
the efficiency of using ceramics for SOFCs [39,40].
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3. Experimental Part

Obtaining samples for further research was performed using the method of mechanochem-
ical synthesis. For the synthesis of perovskite ceramics, the chemical reagents La(NO3)3,
FeSO4 × 7H2O, SrCO3, manufactured by Sigma Aldrich (St. Louis, Missouri, USA), were
used. The chemical purity of the components used for the synthesis was 99.95%. The
stoichiometric ratio of the initial components was chosen as follows: La(NO3)3:FeSO4 ×
7H2O:SrCO3 → 1 mol:1 mol:1 mol.

Samples were weighed in an equal stoichiometric ratio of all components used. Af-
ter weighing, the resulting mixtures were placed in a tungsten carbide beaker used for
mechanochemical synthesis in a PULVERISETTE 6 classic line planetary mill (Fritsch, Idar-
Oberstein, Germany). Grinding was performed at a grinding speed of 250 rpm for 30 min.
After that, the obtained samples were annealed in a SNOL muffle furnace (SNOL-TERM,
St. Petersburg, Russia) in the temperature range of 400–800 ◦C with increments of 100 ◦C
for 5 h, and then cooling together with the furnace for 24 h. The choice of the temperature
range for annealing is owing to the possibility of obtaining structures of a complex mul-
tiphase composition, the presence of which can provide strengthening effects and affect
the resistance properties of perovskite ceramics to various extrinsic effects. Moreover, as
is known, single-phase ceramics of this type are obtained at temperatures in the range of
900–1500 ◦C [27–30].

The obtained samples were studied by scanning electron microscopy and energy
dispersive analysis to establish the morphological features of the synthesized perovskite
ceramics and to determine the isotropy of the distribution of the elemental composition in
the volume. These techniques were implemented on a Hitachi TM3030 scanning electron
microscope (Hitachi, Tokyo, Japan) equipped with an Oxford Instruments (Bruker, Berlin,
Germany) energy dispersive analysis attachment.

Phase composition and structural parameters were determined through the acquired
X-ray diffraction patterns of the studied samples and their consequent comparative analysis
with card values from the PDF-2(2016) database. The diffraction patterns were acquired on
a D8 Advance ECO X-ray diffractometer (Bruker, Berlin, Germany). Structural parameters
were specified through the DiffracEVA v.4.2 software, making it possible to determine not
only the phase composition of the studied ceramics, but also to refine the crystal lattice
parameters by comparing the observed reflection positions with reference values for each
phase. The weight contributions of each phase were determined considering the use of a
standard corundum sample when it was added to the test sample with a content of no more
than 10% for taking X-ray diffraction patterns. After that, the calculation was performed
considering the weight contribution of corundum diffraction reflections on the obtained
diffraction patterns, followed by determination of the contributions of each phase.

The conductive properties were measured using a PalmSens v.4. potentiostat in the
cyclic voltammogram measurement mode. The measurement was performed using two-
contact copper electrodes equal to the area at room temperature 25 ◦C. Measurement of the
cyclic voltammograms of the samples was performed by placing pressed ceramic samples
10 mm in diameter and 1 mm thick between two copper plates polished to a mirror finish
to avoid the formation of an oxide film on the electrode surface. Before each measurement,
the electrodes were polished. The measurement was performed in the voltage variation
mode from −5 to 5 V, with a step of 0.05 V, and the stabilization time before the start
of measurements was 30 sec. Ceramics samples for measurements of current–voltage
characteristics were pressed in the form of tablets, using a mold that allows obtaining
samples of equal thickness and a certain diameter. Before all measurements, the samples
pressed into tablets were polished to remove surface roughness. For measurements, silver
paste was applied to the surface of the samples to create a contact surface.

The obtained cyclic voltammograms were analyzed in a special program code PSTrace 5.9.
The resistance value was determined by impedance spectroscopy using an RLC E7-22

impedance meter at a frequency of 1 kHz.
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Measurement of electrical conductivity was determined using a two-contact method in
the temperature range of 400–800 ◦C for all samples under study. The choice of temperatures
is owing to the operating modes of solid oxide elements. For measurements, a HIOKI IM
3570 Impedance Analyzer (HIOKI, Tokyo, Japan) instrument was used in the frequency
range 100–100,000 Hz.

The stability of structural parameters and phase composition due to long-term high-
temperature aging was determined during experiments on long-term annealing at a tem-
perature of 700 ◦C for 500 h. After every 100 h, X-ray diffraction patterns of the studied
samples were taken. The structural parameters were determined based on them. The
alteration of structural parameters implies the thermal expansion of the crystal lattice and
the structural degradation degree.

4. Conclusions

Results of the study of properties of perovskite ceramics based on lanthanum–strontium
ferrite and their long-term thermal aging resistance were studied in this paper.

X-ray phase analysis revealed that the annealing temperature growth above 500 ◦C results
in the phase transformations of the LaFeO3/SrFe2O4→ La0.3Sr0.7FeO3/LaSr2FeO8/La3FeO6
type, followed by the three-phase ceramic formation with the dominating orthorhombic
phase La0.3Sr0.7FeO3. Moreover, a further increase in the annealing temperature does
not cause new phase transformations, but is accompanied by processes of structural or-
dering and a decline in deformation distortions with the annealing temperature growth
above 600 ◦C.

During the tests of perovskite ceramics for resistance to long-term thermal heat-
ing, comparable to operating conditions, it was found that the most stable samples are
three-phase ceramics, in which the rhombic La0.3Sr0.7FeO3 phase dominates. Moreover,
amorphization and disordering of the structure of ceramics caused by long-term thermal
annealing are due to thermal broadening of the crystal structure, resulting in its deforma-
tion, and with prolonged exposure to the development of disordered regions, as evidenced
by a decline in the intensity of diffraction reflections characteristic of long-range structural
ordering. The increase in resistance caused by long-term thermal tests for three-phase
ceramics is within acceptable values (no more than 10%), suggesting their resistance to the
degradation of conductive properties.
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