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Thermomechanical behavior of promising mixed
ion-electron conductors based on co-doped barium ferrite

Maria Gordeeva?”, Liana Tarutina®’, Anna Murashkina®

Mixed ion-electron conductors (MIECs) represent a class of materials that have emerged as promising
candidates for various applications in energy conversion and storage fields. These materials, which may
demonstrate triple conducting behavior, are especially promising as symmetrical electrodes in protonic
ceramic fuel cells or as oxygen-permeable membranes. Notable representatives of these materials include
perovskites based on barium ferrite with an A8Oz structure, which might be doped or co-doped with various
dopants. This short communication focuses on the investigation of the thermomechanical characteristics of
Pro.sBao.4FeO3-s, Pro.sBao.4FeosNioiO3-s and (Pro.sBao.4)osFeosNioiOs-s materials. Their phase stability was
investigated by high-temperature XRD analysis, while the contributions of thermal and chemical expansions
as parts of the total expansion were analyzed between 25 and 1000 °C. According to the results obtained, at
temperatures above 500 °C, changes in the thermal dependence patterns of the unit cell parameters for all
the samples were observed. This phenomenon may be attributed to dimensional factors resulting from the
variation in the ionic radii of the Bsublattice cations upon reduction of the Bcations and oxygen vacancy
formation. A comprehensive analysis of the obtained results enables the formulation of conclusions
regarding the rational level of co-doping for these materials, with the objective of optimizing their
thermomechanical characteristics by reducing the chemical expansion contribution.
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1. Introduction

(http://creativecommons.org/licenses/by/4.0/).

chemical interaction and thermomechanical inconsistency
between the functional materials. However, the

The emergence of contemporary energy concerns
has precipitated an imperative for the advancement of
alternative (green and sustainable) energy sources [1-3]. In
this regard, electrochemical energy conversion devices,
such as solid oxide fuel cells (SOFCs), show considerable
promise [4-6]. Among solid oxide fuel cells, there are two
main types: those with oxygen-ionic and proton-
conducting electrolyte membranes. The latter are a basis
for protonic ceramic fuel cells (PCFCs). The main
advantage of PCFCs is relatively lower operating
temperatures, approximately 500-700 °C compared to
800-1000 °C achieved for conventional SOFCs. A
reduction in temperature thus leads to an increase in the
lifetime of electrochemical devices due to inhibition of
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electrochemical activity of oxygen electrodes diminishes
as a consequence of the deterioration of oxygen reduction
reaction kinetics, which occurs concurrently with the
decrease in operating temperatures [7-9].

Mixed ion-electron conductors (MIECs) may prove to
be a valuable addition to the field of electrochemical
energy storage, particularly in the context of air
electrodes for PCFCs and oxygen-permeable membranes
[10, 11]. For example, Co-based mixed conductors have high
catalytic activity and conductivity. However, in addition
to these benefits, cobaltites have some significant
disadvantages, such as high thermal expansion coefficients
(TECs), which make these materials incompatible with the
majority of electrolytes, poor stability, and high cost. As
an alternative, many researchers are considering iron-
based materials, which provide reduced TECs, lower cost,
high redox stability, and acceptable electrochemical
activity [12]. In recent years, barium ferrite (BaFeOz-s) and
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its complex oxides have been widely investigated as
oxygen electrodes for PCFCs. To stabilize the structure of
cubic perovskite, ions with radii smaller than Ba2+ are
usually introduced into the A-sublattice. To increase the
electrochemical activity, a dopant with variable valence
(e.g. Ni, Co) is often introduced into the iron sublattice.
When this approach is applied, however, it is worth
considering the contribution of the dopant to the
thermomechanical properties, since the reduction of the
redox-active ion in the high-temperature region can lead
to lattice expansion and change the relative size of the
samples, which will result in the delamination of the
electrode layer.

Recently, our group has studied the electrochemical
properties and phase stability of a nickel-doped
praseodymium-barium ferrite, which is considered as a
material for symmetrical electrodes of PCFCs [13]. This
work focuses on another important characteristic of the
electrode materials, namely, the evaluation of their
thermal behavior, which was carried out using the high-
temperature X-ray diffraction method.

2. Experimental

The powder materials of ProsBao.sFeOz-s (hereafter
labeled as PBF), Pro.sBao.4FeosNioiOs3-s (PBFO.9NO.1) and
(ProsBao4)osFeosNioiOz-s (PBFNO.I) were obtained
through the citrate-nitrate combustion method. The
synthesis used praseodymium, iron, nickel nitrate hydrate
salts and barium carbonate as precursors, with strictly
required stoichiometric amounts dissolved in distilled
water at 100 °C. As a complexing agent, citric acid was
added to the resulting solution in a molar ratio of 1.2 : 1 to
metal cations. The as-obtained solution was then heated to
250 °C until a gel-like state was formed. Further heating
to 380 °C resulted in the spontaneous combustion of the
formed gel. The fine powders were then ground in an
acetone medium and subjected to a two-stage heat
treatment. The first stage was carried out at 1000 °C for
5h, with the aim of removing any remaining organic
residues. The second stage was carried out at 1100 °C in
order to facilitate phase formation. Intermediate grinding
was performed using a planetary mill (Fritsch Planetar
Micro Mill PULSERISETTE 7 premium) at 250 rpm for 1 h.

High-temperature X-ray diffraction (HT-XRD)
analysis was performed in the angle range of 25-75 ° with
an acquisition rate of 1° min-! and a step of 0.02 ° in
ambient air atmosphere at 25-1000 °C using a Rigaku
Ultima IV diffractometer equipped with a Rigaku SHT-
1500 high-temperature chamber. The data obtained in the
cooling mode were refined by the Rietveld method.
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3. Results

The PBF, PBFO.9NO.I, and PBFNO.| powders were
subjected to investigation through the use of the HT-XRD
method in an ambient air atmosphere. The diffractograms
obtained in the cooling mode (Figures I a—c) indicate that
all the obtained samples are characterized by a cubic
perovskite structure with a space group Pm3m already at
room temperature. Furthermore, no phase
transformation is observed upon further cooling from
1000 °C to room temperature. The reflexes of the XRD
patterns for all samples were shifted toward higher angles
20 with cooling, indicating the expected decrease in the
unit cell volume due to thermal effects.

(a) 1 R R —1000 °C
= \ ) ) —900 °C
3 1 A R R —800 °C
P I - R ) —700 °C
w
=
"E
P 1 T T —300°C
- o . N s —3200°C
= R A . —100°C
M T e T L T L _IZ§ °C

25 35 45 55 65 75

(b) L R R —1000 °C
= \ R —900 °C
= A . A ——800°C

\ . . —1700°C
8
=
£
g N ) \_ —30°C
£ \ A . —200°C
E A  —100°C
—25°C
1 A A
25 35 45 55 65 75

(©
- 1 \ =900 °C
3 | A N —800 °C
e \ . . —1700°C
= \ R . —600°C
E 1 ) N —500 °C
E \ ) . —400 °C
z
= ——
= 100 °C
= L N . —25°C

25 35 65 75

45 55
20 (degree)

Figurel Results of HT-XRD analysis for the powders:
(a) ProsBaosFeOs-s, (b) Pro¢BaosFeosNioiOz-s, (c)
(Pro.sBao.4)osFeosNiosO3z-s.
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The Rietveld refinement method was used to refine
the XRD patterns of the samples. The results of the
refinement procedure yielded the unit cell parameters (a),
which exhibit a temperature-dependent behavior, as
illustrated in Figure 2a. It is evident that the basic PBF
exhibits the greatest g value at all temperatures. Although
an ijon with a large ionic radius (773;25 =0.56 A,
mnis =0.6A, rif=069A) is introduced into
the Bsublattice of PBF, the nickel concentration is too low
to have a significant effect on the unit cell parameter. In
this case, the change in the dimensional characteristics of
the samples can be primarily related to the iron
concentration, and it is higher in the basic PBF phase. The
difference in parameter ain nickel-doped materials is due
to the fact that the deficiency of the A-site sublattice
affects the unit cell parameters, leading to their reduction.
As illustrated in Figure 2a, an increase in temperature
results in a consistent increase in & across all samples.
However, at approximately 500 °C (labeled as 7%), there
is a deviation in the temperature dependence of the lattice
parameters. This is likely due to the onset of chemical
expansion following this temperature, resulting from the
reduction of the iron cation (from Fe*+ to Fe3+) and the
removal of lattice oxygen:

2Fep, + 0F = 2Fef, + V; +1/20,. 0]
The reduction of this transition element is
accompanied by an increase in their ionic radii, which

consequently results in an increase in the unit cell volume:
A+ =0585A -3 =0554, rﬁ;‘Hs =0.645 A.

Tre Tre,s

Thus, the contribution of thermal expansion was
calculated based on the slope angle of the 4 change curve
at temperatures of 25-500°C, since chemical expansion is
negligible at lower temperatures. As can be seen from
Figure 2b, the contribution of thermal expansion becomes
almost the same for all samples with increasing
temperature. However, the unit cell parameters related to
the realization of chemical expansion in the high-
temperature region have a greater magnitude of variation.
The incorporation of 10 mol. % nickel is favorable to the
reduction of chemical expansion.

Following the refinement of the unit cell parameters,
the temperature dependences of the thermal expansion
coefficients (TECs) were obtained on the basis of the
provided data. The results are presented in Figure 3.
Furthermore, the mean values of the TECs on the linear
parts of the curves were calculated.
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Figure 2 Temperature dependences of unit cell parameters
refined by the Rietveld method (a) and contributions of thermal
and chemical effects (b).
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Figure 3 The temperature dependence of the thermal expansion
coefficients: (a) a general overview and (b) a detailed analysis of
the contributions of thermal and chemical effects.
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Table 1 - The apparent TEC values of Fe-based complex oxides were obtained by employing a variety of methodologies.
Composition Temperature range (°C) TEC(-10-¢K-) Methods Source
Pro.sBaoc.4FeOs-s 25-500 1.3 HT-XRD This study
500-1000 19.8
(Pro.sBao.4)osFeosNio.O3z-5 25-500 1.9
500-1000 19.8
Pro.sBao.4FeosNioiOz-s 25-500 12.6
500-1000 21.2
ProsBao4FeOs-s 100-500 13.6 Dilatometry [14]
500-1000 19.2
ProsBaosFeOs-s 100-600 14.9
600-1000 22.4
Pro.4Bao.sFeOs-s 100-550 17.4
550-1000 27.7
Lao3Sro7FeOz-s 500-200 25.2 HT-XRD [15]
Lao3Sro7Fe0s8Gao.203-5 500-200 23.6
Lao3Sro.7Fe0.6Gao403-5 500-200 21.8
Lao3Sro7FeOz-s 500-200 24.9 Dilatometry
Lao3Sro7Fe0sGao.203-5 500-200 23.8
Lao3Sro.7Fe0.6Gao403-5 500-200 215
PrNi0.4C00.603-5 100-550 16.4 Dilatometry
550-1000 15.2
PrNio.4Fe0.6O3-s 100-630 9.6
630-1000 1.1
ProsSro.5Co0.8Ni0.203-5 100-310 1.6 Dilatometry [16]
430-800 25.8
800-1000 29.7
ProsSro5Co0.2Ni0.sO3-5 100-700 14.5 Dilatometry
700-1000 17.8

As illustrated in Table 1, the TEC values for nickel-
containing samples are elevated in both the low and high
temperature ranges. The rise in TECs in the high-
temperature range, as previously discussed, is attributable
to the emergence of chemical expansion resulting from
the reduction of iron and nickel cations. The
contributions of thermal and chemical expansion are
depicted in Figure 3b. It is evident that the lowest
contribution of thermal expansion has the base sample
(10.2 -10-¢ K-1), while the nickel-containing samples
exhibit almost identical values (12.7 -10-¢ K-1). The
introduction of nickel in this case results in a reduction in
the chemical component of the expansion relative to the
basic sample. Nevertheless, the elevated level of the
thermal expansion component does not markedly
diminish the overall TECs. In this context, the most
effective approach to reducing TECs in nickel-doped
systems remains the introduction of additional deficiency
on the A-sublattice. For comparison, Table | summarizes
the TEGCs for different types of electrode materials. It can
be seen that the TEC values obtained in this study are close
to those for similar ferrites. Compared to other classes of

electrode materials, ferrites have advantages in some cases
(e.g. TECs of cobaltites are much higher) but are inferior
to some materials (nickelates). Such a comparison is
necessary to determine the most suitable electrodes for
electrochemical devices.

4. Conclusions

This paper addresses the preparation and
investigation of the thermomechanical behavior of
ProsBao.sFeOz_s-based materials. The impact of doping
with 10 mol. % nickel on the Bsublattice, as well as the
influence of deficiency on the A-sublattice on the phase
stability and unit cell parameters of the materials during
cooling, were investigated. The materials based on
ProsBaosFeOz-s were subjected to a high-temperature
X-ray diffraction phase analysis during cooling in air at
temperatures ranging from 25 to 1000 °C. The data
obtained indicate that all investigated materials,
Pro.sBao4FeOs-s, Pro.sBao.sFeosNioiO3z-s and
(Pro.sBao.4)osFeosNioiOz-s, exhibit a single-phase cubic
structure with a space group Pm3m throughout the entire
temperature range. All temperature dependences of the
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unit cell parameters exhibit a bend at 500 °C, which
indicates the coexistence of chemical expansion and
thermal expansion in the high-temperature region. It was
observed that the incorporation of 10 mol. % nickel into
the material structure resulted in a reduction in the unit
cell parameters across the entire temperature range.
Furthermore, the utilization of an A-sublattice deficiency
results in a further reduction in the unit cell parameters
across the entire temperature range. The data obtained
were used to calculate the thermal expansion coefficients
(TEGs). The incorporation of nickel results in an increase
in TECs. However, the utilization of A-sublattice
deficiency enables the mitigation of this phenomenon,
thereby somewhat reducing the TECs compared to those
of the basic sample. Therefore, it can be concluded that,
from the perspective of thermomechanical behavior, the
introduction of nickel does not exert a detrimental effect
on the studied materials.
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