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Phase transitions and microstructure of ferroelastic MIEC oxides
SrCog sFeq 0, ;5 doped with highly charged Nb/Ta(V) cations

I. V. Belenkaya,® A. A. Matvienko™ and A. P. Nemudry

The effect of compositional disorder generated by partial isomorphic substitution of cobalt by ferroactive highly charged
cations Nb/Ta(V) on the phase transition “perovskite-brownmillerite” (P-BM), crystal structure and microstructure of low-
and high-temperature phases SrCogsxFeq2MsOss (M= Nb, Ta; 0<x<0.1) was studied for ferroelastic SrCogsFeo20;s
perovskite-related oxide with mixed ion-electron conductivity (MIEC). According to “3-6—lg pO,~T” phase diagrams
constructed for SrCogs«Feo,M\03.5 oxides (M= Nb, Ta; 0<x<0.05), the doping expands the stability region of the cubic
paraelastic phase P to lower pO, and decreases the temperature of the P-BM phase transition. With the help of in situ
high-temperature X-ray diffraction carried out in the isostoichiometric mode at 3-6=2.5, for the first time the P-BM phase
transition was established to involve the formation of an intermediate tetragonal phase T (space group P4/mmm) with
dynamically disordered tetrahedral chains. It has been shown that the microstructure of low-temperature phases is
determined by the ferroelastic nature of the P-BM phase transition. At 0<x<0.05 a sharp P-BM phase transition leads to
the formation of submicron lamellar 90° domains, whereas at 0.05<x<0.1 diffuse phase transformation results in tweed
texture composed of nanosized coherently joined domains with brownmillerite and perovskite structures. Based on in situ
high temperature Mdssbauer and X-ray diffraction data, it was suggested that dynamic nanostructuring occurs in the
studied MIEC materials at temperatures above the BM-P phase transition similar to that observed in the related class of
relaxor ferroelectrics. Nanosized brownmillerite domains appear as a result of fluctuations in the paraelastic lattice; with
decreasing temperature they freeze into a static nanotexture observed by high resolution transmission electron

microscopy.

1. Introduction

Perovskite-related oxides with mixed ion electron conductivity
(MIEC) attract attention due to their possible practical application in
various innovative technologiesl'a. Although a reasonable rate of
oxygen exchange in MIEC oxides can be achieved only at
temperatures above ca. 600°C, in some cases it turns from a
disadvantage into merit. For example, with the help of ion-
transport membranes oxygen separation from air can be integrated
into high-temperature processes of partial hydrocarbon oxidation®,
methane couplings, oxy-fuel combustion® or conversion of the
chemical energy of hydrocarbon fuel into electric energy in SOFCs’.

Nonstoichiometric perovskite-related MIEC oxides mainly belong
to three structural types: (1) usual high-temperature disordered
ABO5_5 cubic perovskites, which may form vacancy ordered phases
ABO3 4, at low temperaturesg‘g; (2) layered Ruddlesden-Popper
phases A,.1B,03,.1; and (3) double perovskites with ordering in A
(AA'B,0¢.5) and B (A,BB'Og.5) sublattices. So far, cubic perovskites
possess the best transport properties. Parent materials, which form
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the basis for the diversity of cubic MIEC perovskites, are SrCoO;.
(SC) and SrFeOs;s (SF). Cobaltite possesses higher mixed
conductivity, while ferrite is more stable at low oxygen partial
pressure (pOz)m‘n. A compromise was found in the composition
SrCopgFep,055 (SCF) and its derivative BagsSrysCogsFe,0s5
(BSCF), which are record-holders in oxygen permeabilityz’ 12

Possible application of MIEC perovskites in various technological
processes makes it necessity to control their functional properties:
increase their stability in the atmosphere with low oxygen partial
pressure pO, and in the presence of carbon dioxide CO,, and
suppress phase transitions (perovskite-brownmillerite and cubic to
hexagonal perovskite), which destroy the integrity of materials
under operational conditions and decrease oxygen fluxes. Many
attempts to modify the properties of MIEC perovskites by partial
isomorphous substitution of ions in A and B cation sublattices have
been reportedla'le. A review of the published data shows that:

- partial substitution of sr** by rare earth cations Ln* causes an
increase in the stability of MIEC materials but substantially
decreases the oxygen fluxes'’;

-doping of the B-site of the perovskite structure with a metal with
mixed valence, e.g. Ni, Cu, etc. has almost no effect on the stability
of materials or oxygen quxesls;

- partial isomorphous substitution in the B-sublattice by cations
with fixed valence, e.g. B> (Al, Ga, In), B* (Ti, Zr) etc. leads to the
decrease in the range of oxygen nonstoichiometry and more stable
redox behavior of the materials. The lattice expansion caused by
variations in temperature or oxygen partial pressure decreases, but
the oxygen permeability also decreases™.

J. Mater. Chem. A, 2015, 00, 1-3 | 1
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We were among the first to propose MIEC perovskite doping with
highly charged B®* (Nb, Ta) and B®" (Mo, W) cations’®**. This new
strategy not only allowed us to enhance the chemical stability of
the materials at low pOz24 and in the presence of COZZS‘ZS, suppress
perovskite-brownmillerite (P-BM) phase transition in SCF* and
cubic to hexagonal perovskite transformation in BSCFZS, but also to
increase the oxygen conductivity27 and oxygen fluxes®>. This
approach has come to be in demand for development of oxygen
permeable membrane and electrode materialszg'31, however, there
are still no systematic studies in this field.

To understand the mechanism of the doping effect by highly
charged cations on the functional properties of MIEC oxides, we
would like to attract attention to the fact that nonstoichiometric
MIEC perovskites based on SC and SF are related to ferroelastics
according to the symmetry criterion32’33, whereas highly charged B>
(Nb5+, Ta5+) and B* (M06+, W6+) are ferroactive cations®" *®

Previously we demonstrated that the P-BM phase transition in
MIEC oxide SrCoggFey,0,5 is ferroelastic: a change of point
symmetry is accompanied by the formation of 90° twins, which may
be reoriented by external mechanical stress***’. An increase in the
compositional disorder due to the oxygen nonstoichiometry in
SrCop gFeq20, 54 is accompanied by the phenomena similar to those
observed in relaxor ferroelectrics (in terms of its microstructural
features), namely the formation of nanosized brownmillerite
domains in the low-temperature (ferroelastic) phase.

The aim of the present work was to develop the notion of MIEC
perovskites as ferroelastics. SrCoggFey,05.5 was used as a model
object to study the effect of compositional disorder generated
through partial isomorphic substitution of cobalt by ferroactive
highly charged Nb/Ta(V) cations on the P-BM phase transition,
crystal structure and microstructure of low- and high-temperature
(ferro - and paraelastic) SrCogg,Feq,M,035 phases (M= Nb, Ta;
0<x<0.1). For this purpose we constructed and analyzed “3-6 — Ig
pO, — T” phase diagrams, and studied the progress of ferroelastics
P-BM phase transitions at fixed oxygen stoichiometry by in situ
high-temperature X-ray diffraction. The microstructure and crystal
structure of low- and high-temperature SrCog g,Feq,M,0, 5., phases

(M= Nb, Ta; 0<x<0.1; y~x) were studied by high-resolution
transmission electron microscopy (HRTEM), in situ high-
temperature Mossbauer spectroscopy and XRD.

2. Experimental

SrCopgFep,M035 (M=Nb, Ta; 0s<x<0.1) materials were

synthesized by the ceramic method from strontium carbonate and
corresponding oxides (Fe,0;, Co30,4, Ta,0s, Nb,Os). A stoichiometric
mixture of the reagents was ground and mixed in a planetary ball
mill (AGO-2, acceleration 20g, t = 30 s), calcined at 900°C for 6
hours and pressed in pellets. Sintering was carried out at 1215-
1310°C (6 hours) depending on the composition. The oxygen
content of the samples was determined by iodometric titration, the
error of oxygen determination is equal to £0.005. Oxygen-deficient
SrCops«Feo,M0,5.y, (M= Nb, Ta; 0<x<0.1; vy~x) and
Bag sSro5C0g gFeg 20,54y samples were obtained by annealing as-
prepared samples for 2 h in a quartz tube at 900°C under dynamic
vacuum (p02”5*10'4 atm) followed by cooling to room
temperature. The phase composition was monitored by powder
XRD (Bruker D8 Advance with CuKa radiation). Quantitative
analysis, determination of lattice parameters and refinement of
atomic coordinates were performed using Topas V4.2 software.

2 | J. Mater. Chem. A, 2015, 00, 1-3

The “3-6-Ig pO,—T” phase diagrams for SrCog g Feq,NbO;s (x=0,
0.02, 0.05) in the temperature range of 500-900°C were
constructed by the oxygen release technique described in detail
earlier®.

In situ high-temperature X-ray diffraction (HT XRD) experiments
were conducted in an Anton Paar HTK-1200 chamber using a Bruker
D8 Advance instrument (CuKa radiation). XRD studies of the P-BM
phase transition in SrCogg.,Feq,NbOss (x=0, 0.02, 0.05) were
carried out at constant oxygen stoichiometry 3-6=2.5+x. To keep
the constant oxygen stoichiometry in the sample, pO, was set for
each temperature in the chamber using a gas mixture unit UFNGS
(SoLo) in accordance with the constructed phase diagrams. This
mode will be further on referred to as isostoichiometric. In the
isobaric mode pOfS"‘lO'4 atm was maintained constant within the
whole temperature using a turbomolecular pump. The samples
were kept in the chamber till the required pO, and temperature
were achieved and till the absence of changes in the positions and
intensities of reflections.

The microstructure of the synthesized materials was studied by
HRTEM with a JEM-2010 electron microscope at the accelerating
voltage of 200 kV, resolution 1.4 A (lattice) and 1.94 A (point to
point) at room temperature. Previously the samples were
ultrasonically dispersed in ethanol and then transferred to carbon-
coated copper grids. The data were processed with the Digital
Micrograph(TM) 3.6.5 software.

Mossbauer spectroscopy was used to study the charge and
coordination of B cations in SrCoggFeo,M0z5., Samples. The
isomer shifts were determined with respect to a-Fe. /n situ high
temperature measurements for SrCog 77F€g,Tag 030,51 sSample were
performed at 450°C, 600°C and 700°C in isobaric mode (p0,~5*10"
atm).

3. Results
3.1. “3-6-Ig pO,—T” phase diagrams of SrCo, s.,Fey ,Nb,O;.5

To study the effect of the composition disorder induced by partial
substitution of cobalt with ferroactive niobium (V) cations on the
ferroelastic P-BM phase transition in SCF, we constructed “3-6-p0,-
T’ phase diagrams of MIEC oxides SrCogg.Feq,Nb,035, where
x=0.02, 0.05 (Fig. 1) according to the procedure described in % The
stability regions of three phases can be distinguished in the
diagrams:

P, — cubic perovskite phase with a broad homogeneity range 3-6
>2.5+x;

BM — brownmillerite phase with a narrow homogeneity range
around 3-6~2.5+x;

P, — high-temperature cubic perovskite phase with 3-6<2.48;
and two-phase regions: P,-BM, BM-P, and P;-P, characterized by
relatively sharp change of the oxygen stoichiometry with a small
change of p0O,.

According to Fig. 1, doping results in expansion of the P, stability
region and the BM shift to lower pO, When temperature increases,
the two-phase P,-BM region, which is sharp for x=0, broadens for
x=0.02 (T=700°C) and smears at x=0.05 (T=650°C) approaching 3-
6~2.5 asymptotically. The homogeneity range of the BM phase
slightly increases with a temperature increase for doped oxides. At
temperatures below 600°C an additional small plateau is observed
on the phase diagram of SrCog;sFeq,Nbggs05.s; its origin will be
considered later.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1. “3-6-p0,-T” phase diagrams for SrCoq gFeq,03.5 38, SrCog 75Feg2Nbg 0203.5, SrCoq 75F€0 ,Nbg 0503.5-

A bend is observed on the isotherms in the region of oxygen
stoichiometry 2.48<3-6~2.52 and at temperatures above 700-780°C
(depending on composition). This feature corresponds to the
morphotropic isosymmetrical phase transition from the low-
temperature cubic phase P, (3-6>2.5) to the high-temperature cubic
phase P, (3-6<2.5) characteristic of cobalt-containing MIEC
perovskite525‘38. The transformation may be related to the change in
the electronic structure due to partial Co®* reduction to C02+,
however, additional studies are necessary to reveal the nature of
this phase transition.

3.2. In situ HT XRD studies of the P-BM phase transition for SrCo s
«Fe02M,0; 5., (M=Nb, Ta; 0sx<0.1) in isostoichiometric mode

In order to study in detail the progress of ferroelastic P-BM phase
transformation and the effect of the partial isomorphous
substitution of cobalt by highly charged cations, we carried out in
situ HT XRD studies of oxygen-deficient oxides SrCog g Feg2M,0;.5.x
(M=Nb, Ta; 0<x<0.1). These compositions were selected to ensure
that the formal oxidation state of transition metals (Co, Fe) in the
samples was fixed and equal 3+, and the deviation from oxygen
stoichiometry value 3-6=2.5+x in oxides SrCog s Feg,NbO, 5., has
been caused only by the presence of highly charged dopant Nb**/
Ta>. To eliminate the influence of the change in the oxygen
stoichiometry (with temperature change) on the structural
transformations, the measurements were performed in the
isostoichiometric mode. pO, value required to maintain constant
stoichiometry of the sample when the temperature changes were
determined from the phase diagram and reported in ESI Table S1t.
According to Fig. 2, SrCog gFey,0,5 sample at temperatures above
780°C has the cubic perovskite P; structure with the space group
Pm 3 m, which is in agreement with the literature data®’. Within the
temperature range 770<7<780°C the formation of a new previously
unknown phase T was detected in the XRD patterns. This phase is
characterized by splitting of reflections at 20~32°(110,), 46°(200,),
57°(211p) and the formation of additional weak reflections at
20~11° 25°, 41°, 48° (Fig. 3). The diffractogram may be indexed in
the tetragonal cell (S.G. P4/mmm) with parameters: a=3.9453(1) A,
¢=7.9107(2) A. The presence of a reflection at 20~11° (d~7.9A)
indicates doubling of the perovskite cell parameter, which is
characteristic of vacancy-ordered phases, in particular,
brownmillerite. However, structure refinement by means of the full
profile Rietveld analysis of XRD patterns revealed differences in the
structure of T and BM phases (refined atomic sites of the T phase
crystal structure are presented in ESI Table S2t). Similarly to BM,
the structure of the T phase can be represented as a ...OTOT...
sequence of alternating octahedral and tetrahedral layers. The first

This journal is © The Royal Society of Chemistry 2015

layer is composed of corner-shared octahedra (Co/Fe)Og

characteristic of perovskite structure. In the second layer each
3+ 3+ . . . ;

Co™"'/Fe™ ion is surrounded by two apical oxygen ions and two

equatorial oxygen ions, which are statistically distributed over four

oxygen sites unlike the BM structure.

=
o
<

/L
T T T
10 1230 31 32 33 3444 45 46 47 48

26 ()

Fig. 2. Fragments of in situ HT XRD patterns of SrCo, gFeq,0, 5 oxide
recorded at different temperatures in the isostoichiometric mode.
Characteristic reflections of the T phase at 20~11° are marked by
arrows .

The formation of intermediate tetragonal phases in the course of
the P-BM structural transformation at fixed stoichiometry was
observed previously for SrFeOZ.S40 and BaZInZOSM. In the former
case, it was demonstrated that the T phase coexists with the BM
phase within the temperature range 350°C<7<850°C. Its structure
was not considered in that study. In the latter case, the formation
of the tetragonal phase (S.G. l4cm) was found within the
temperature range 925°C<7<1040°C. The structure of the
tetragonal phase Ba,In,0Os is also a sequence of two alternating
layers, in which In(1) ions have octahedral coordination. For In(2)
the apical oxygen ions O(1) have an occupancy 1, and oxygen
vacancies are distributed statistically over equatorial positions.
Note that in this case Maossbauer spectroscopy for the
SrCopsFeg,0,5 sample must register both tetrahedral and square
coordination for Fe(2). However, high temperature Mdossbauer
spectra for the T phase (see Fig. 13, ESI Table S5t) specify only the
presence of tetrahedra and octahedra at the ratio of about 1:1,
indicating the presence of tetrahedral chains in the T phase. Earlier,
it was demonstrated that oxygen mobility in isostructural SrFeO, g
brownmillerite involves the apical oxygen atoms™. The migration of
the apical O(2) atoms (see ESI Table S2t) to the vacant in-plane
tetrahedral sites followed by returning one of the equatorial atoms

J. Mater. Chem. A, 2015, 00, 1-3 | 3
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0(3) to the site O(2) results in the turn of the tetrahedron by 90°.
The increase of oxygen mobility with increasing temperature results
in the increase in the frequency of turns of tetrahedra and it can be
considered as dynamic disorientation of tetrahedral chains in the ac
plane by 90°. In terms of XRD it will give apparent statistical
distribution of oxygen vacancies over equatorial positions. Thus, a
dynamic disorder in tetrahedral chains associated with the turns of
tetrahedral chains by 90° can be presumed to exist at temperatures
more than 600°C.
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Fig. 3. Observed (red), calculated (black) and difference (blue)
profiles from Rietveld refinement of XRD data for the T phase
(space group P4/mmm) having the composition SrCoq gFey,0,5at T
= 780°C and pO,= 1.5%10° atm. Tick marks (green) show the
calculated Bragg positions for tetragonal phase (S.G. P4/mmm,
a=3.9453(1)A, c=7.9107(2)A). Symbol ¥ is related to reflections of
the CoO phase (~1%). Reliability factor is Ry, = 2.14%. Insert shows
magnified group of (004) and (020) reflections demonstrating
tetragonal distortion of the perovskite cell.

Further temperature decrease (<770°C) is accompanied by
gradual decrease in the intensity of the T phase reflections and
simultaneous increase in the intensity of the BM phase reflections,
which correspond to a two-phase transformation mechanism (Fig.
2). The ratios between T and BM phases depending on temperature
are presented in ESI Table S3t. A single BM (S.G. Icmm) phase is
formed at T~700°C (Fig. 2, 4a); its parameters change only slightly
within the temperature range of 600-725°C, which is related to the
thermal expansion of the lattice (Fig. 4a). Analysis of full width at
half maximum (FWHM) of the reflections observed for the P, and
BM phases shows that within the whole studied temperature range
the size of the coherent scattering regions (CSR) exceeds 100 nm
(ESI Fig. Slat), which agrees with the size of twins observed by
transmission electron microscopyse’ 7, So, the study of the progress
of ferroelastic transition P-BM in SrCo sFeq,0, 5 carried out for the
first time in the isostoichiometric mode revealed the formation of
an intermediate tetragonal phase T.

Changes in the structural parameters with temperature for
SrCog gxFep2Nb,O, 5. (x=0, 0.02 and 0.05) in the isostoichiometric
mode (3-6=2.5, 2.52 and 2.55, respectively) are shown in Fig. 4.
According to these data, the P-BM phase transition in doped
perovskites is also accompanied by the formation of an
intermediate tetragonal phase T (fragments of XRD patterns for
SrCoy gxFeg,Nb,0, 5. With x=0.02 and 0.05 are presented in ESI Fig.
S2, S31). The increase in the dopant concentration results in the
decrease in tetragonal cell distortions, however, the XRD patterns
of SrCop g.<Feg,Nb,O; 5. samples with x=0.02 and 0.05 still contain

4 | J. Mater. Chem. A, 2015, 00, 1-3

reflections characteristic of the T phase depicting periodicity d~7.9A
(Figure 4, ESI Fig. S2, S3t). Fig. 4b and 4c show that temperature
corresponding to the onset of the P,-T phase transition decreases
with an increase in niobium concentration to 725°C and 650°C for
x=0.02 and x=0.05, respectively, which agrees with the phase
diagrams (Fig. 6). The analysis of the reflection FWHM by
Williamson-Hall analysis (ESI Fig. S11) reveals that the CSR size in
BM is smaller (~80 and ~60 nm for x=0.02 and 0.05, respectively)
than in the P, and T phases (>100 nm).
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Fig. 4. Temperature dependence of reduced lattice parameters of
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SrCog 7sF€q2Nbg 0,0, 55, (€) - SrCog 7.75F€0.2Nbg 050, 55 obtained in the
isostoichiometric mode.

The formation of the T phase is also detected by in situ HT XRD
under isobaric conditions (p02”5*10'4 atm) both for niobium- and
for tantalum-containing samples SrCogg.Feq2M,0; 5., (M=Ta, Nb;

This journal is © The Royal Society of Chemistry 2015
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0<x<0.05) (Fig. 5, ESI Fig. S4-S77). In this case the T phase formation
occurs during the morphotropic phase transition from the high-
temperature P, phase. Details on the progress of structural
transformations in the isobaric mode can be found in ESI section
S2t.

f_'_17//| LI L | T T |[fT L 1
1012 29 30 31 32 33 44 4546 47 48
20 (%)
Fig. 5. Fragments of in situ HT XRD patterns of

SrCog 77F€0,Tag 30,5+, Oxide recorded in the isobaric mode
(p02”5*10'4 atm). Characteristic reflections of the T phase at
20~11° are marked by arrows V.

Thus, according to the XRD data, ferroelastic P-BM phase
transition in SrCogg,Feq,NbO, 5, (0<x<0.05) proceeds in two
stages: P;,>T->BM. At the first stage, stratification of oxygen
vacancies occurs in every second layer of the perovskite structure. It
is accompanied by doubling of the perovskite cell parameter and
the formation of a new tetragonal phase T, which is likely
characterized by dynamic disorder in the orientation of tetrahedral
chains. At the second stage, the ordering of tetrahedral chains and
the formation of brownmillerite structure take place. In this
situation, the region of the P-BM transition in SrCo,gFeq,0, 5 is
relatively wide (~70°C), and the intermediate T phase is formed.
This is different from classic ferroelastics, in which a sharp phase
transition is observed. This difference is most likely related to the
fact that spontaneous deformation appearing in the SrCogsFeg,0, 5
lattice is due to displacement and ordering of oxygen vacancies.
When the concentration of highly charged dopants Nb/Ta(V) in
SrCopgFeg,0,5 increases, a decrease in the phase transition
temperature is observed, tetragonal and orthorhombic distortions
of the lattice in T and BM phases decrease, and the CSR size in the
BM phase also decreases.

XRD studies allowed us to refine phase diagrams for SrCogg.
«FeooNb,O; 5 oxides (x=0, 0.02, 0.05). Fig. 6 shows “3-6 — T~
projections of refined phase diagrams. The boundaries of the T
phase stability regions were determined from quantitative XRD
analysis (ESI Table S3t). The two phase mechanism of the T->BM
transformation assumes a miscibility gap between BM and T, and
implies the difference in the oxygen stoichiometry between T
(2.5+x+y) and BM (2.5+x-y) phases (Fig. 6). When the dopant
concentration increases, the T phase stability region increases both
in temperature and oxygen pressure. This may be the ground to
assume that a small plateau within the temperature range 500-
600°C on the SrCoq-sFep;Nbg 05035 isotherms (Fig. 1) corresponds
to the T phase stability region.

This journal is © The Royal Society of Chemistry 2015
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from 38; * - data, obtained in the present study. — - phase
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corresponding to heating/cooling in the isostoichiometric (black)
and isobaric (red) modes (pOZ"S"‘lo'4 atm).

Depending on the composition, the stability region of cubic
perovskite Py in SrCog g..Fe ,M,0, s+, Oxides (M= Nb, Ta) with higher
dopant concentrations 0.05<x<0.1 expands to 100-400°C (Fig. 7, ESI
Fig. S8, S9t). Below these temperatures specific diffractograms are
recorded. Unlike the T phase, they contain two sets of reflections:
narrow intense reflections belonging to the cubic perovskite
structure and weak diffuse maxima at 20~11°, 25°, 41° and 48°
identifying the presence of periodicity in the lattice with d-spacing
~2a,. The nature of the specific diffraction patterns will be
discussed in the following section.
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Fig. 7. In situ HT XRD patterns of SrCoq 73Feg,Tag 070,51y recorded in
the isobaric mode (p02~5”‘10'4 atm). Asterisks mark weak diffuse
maxima.

3.3. Structure of low-temperature (ferroelastic) SrCog g
«Feo M0, 5., phases (M= Nb, Ta; 0<x<0.1)

Low-temperature (ferroelastic) SrCogg.«Feo2My0, 5., phases (M=
Nb, Ta; 0<x<0.1) were prepared by annealing at 900°C under
dynamic vacuum (p02”5*10'4 atm) followed by cooling to room
temperature (details can be found in experimental part). Fig. 8 and
9 show the XRD and oxygen stoichiometry data obtained at room
temperature for oxygen-deficient SrCogs.Feq,M,0,5,, oOxides
(M=Nb, Ta; 0<x<0.1, y~x). Noteworthy that for equal concentrations
of Nb and Ta dopants, slightly different oxygen content is observed.
This may be related to the partial reduction of Nb>" ions into Nb**
during annealing in the atmosphere with low pO,. According to the
XRD data, an increase in the concentration of highly charged ions
Nb>* and Ta** in SrCog sxFeo,M0, 5.y samples causes gradual
decrease of orthorhombic distortions in the brownmillerite lattice
(Fig. 8 and 9).

At 0.05<x<0.1 the character of diffractograms is changed. As it
was noted earlier, they are characterized by a superposition of
narrow reflections (FWHM™~0.05) related to the cubic perovskite cell
a, and some weak diffuse maxima (FWHM~0.2-0.3) related to the
brownmillerite cell with parameters agw~cgv=V2a, and bgy~4a,
(Fig. 7-9). Previously, we have shown®** that this kind of diffraction
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patterns is associated with nanostructuring of nonstoichiometric
doped perovskites: local ordering of oxygen vacancies in 90°
nanodomains coherently jointed between themselves and domains
with perovskite structure. It results in a coherent lattice where the
long-range order is characterized by the perovskite subcell a,
whereas the local oxygen vacancy order is characterized by the BM
supercell agy=cguV2a, and bgy~4a,.
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Fig. 8. Structural data for SrCogs,Fey,Tas0; 5., (0<x<0.1) samples
depending on dopant concentration: (a) XRD patterns; (b) reduced
lattice parameters and CSR. Asterisks mark weak diffuse maxima.
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Fig. 9. Structural data for SrCogg.,Feq ,Nb,0; 5., (0<x<0.1) samples depending on dopant concentration: (a) XRD patterns; (b) reduced lattice

parameters and CSR. Asterisks mark weak diffuse maxima.
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A high-resolution image of SrCoysFey,0,5 BM is presented in Fig.
10. It has lamellar texture characteristic of ferroelastics formed by
90° domains 60-260 nm in size. As it was demonstrated in >® 37, the
formation of six types of 90° domains in SrCo, gFeg 20, 5 is due to the
change of the point group symmetry (m3 m->mmm) during the
ferroelastic P-BM phase transition. From the viewpoint of
theoretical group analysis, the ferroelastic phase transition from the
cubic phase P, with S.G. Pm 3 m (order of group: 48) to tetragonal T
phase with S.G. P4/mmm (order of group: 16) should be
accompanied by the formation of three types of 90° domains.
Subsequent transformation of the T phase to BM with S.G. Icmm
(order of group: 8) should lead to splitting of each domain type into
two. As a result, six types of 90° BM domains are formed, which
agrees with previous data®® ¥,

Fig. 10. High-resolution image demonstrating the twin boundary in
SrCop gFeq,0, 5 brownmillerite. Insert shows a bright field image of
SrCop gFeq,0, 5 demonstrating the lamellar texture.

Doping causes decrease of the domain size and change of texture
from lamellar to tweed-like (Fig. 11). For SrCoy 73FeqTag 070, 53 (Fig.
11) and SrCoq ;Feq ,Nby 10, 55 samples (ESI Fig. S10t) 90° domains
20-30 nm in size with the BM structure are characteristic.

1

<010>

Rl
Fig. 11. High-resolution image and corresponding diffraction
patterns obtained by fast Fourier transform of the marked regions
for SrCoq 73Feg,Tag 070,53 oxide.

This journal is © The Royal Society of Chemistry 2015
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This result agrees with the data obtained by Mdssbauer
spectroscopy (ESI Fig. S11t and Table S4t) and estimated CSR size
obtained from FWHM of XRD reflections (Fig. 8b, 9b). Similarly to
the case of SrCoggFeq,0,5, [010]gy and [101]gy directions in
neighboring twins in SrCog g \M,Fe -0, 5. (M=Nb, Ta) are parallel.

High-resolution images of the SrCog,Feq,Tag10,¢ sample also
exhibit 7.8-A-spaced fringes characteristic of the brownmillerite
structure (Fig. 12). However, they are smaller (3-5 nm), distorted
and randomly distributed over the particle volume. The diffraction
pattern obtained by fast Fourier transformation of the area
presented in Fig. 12 clearly shows reflections with d-spacing ~ 7.8A
in two mutually perpendicular directions. A similar image for
SrFeg9Vo.10,.6 perovskite was observed earlier -,

10 S ot Bt

Fig. 12. High-resolution image of SrCo;Feq,Tag 10,6 oxide and the
corresponding diffraction pattern obtained by fast Fourier
transformation.

So, the microstructure of the low-temperature SrCogs.
«Feo,M,0,5,, phases (M= Nb, Ta; 0<x<0.1) is determined by the
ferroelastic nature of the P-BM phase transition. The change of the
point group symmetry is accompanied by the formation of six types
of 90° domains. An increase in the dopant concentration causes a
decrease in the domain size. This may be related to a decrease of
orthorhombic and tetrahedral distortions in the BM and T phases
that results in a decrease in the energy of domain boundaries and
an increase in their concentrations. On the other hand, the increase
in the dopant concentrations shifts the sample into the two-phase
region, which is located at lower temperature (Fig. 6). Thereby the
phase separation with endotactic growth of BM domains in P,
matrix proceeds with reduced diffusion mobility, which can serve as
another reason of the domain size decrease. As a result, at x>0.05
the texture changes from lamellar to tweed, which is accompanied
by the formation of specific diffraction patterns. These patterns are
characterized by narrow reflections related to perovskite sublattice
ordered over long range and diffuse maxima related to nanosized
BM domains randomly orientated in six directions, respectively. In
other words, in doped SrCogg.Feo,M,0,5., oxides (M=Nb, Ta;
0.05<x<0.1) the P-BM phase transition becomes diffuse and occurs
in local regions, which leads to the formation of a nanostructured
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system based on coherently joined brownmillerite and perovskite
domains.

3.4. Structure of high-temperature (paraelastic) phases of SrCogg.
xFeo2M O3 54y

The structure of high-temperature phases of nonstoichiometric
perovskites was studied by in situ HT Mossbauer spectroscopy and
XRD in the isobaric mode (p02~5*10'4 atm) for
SrCog 77F€05Tag 030,51 Oxide as an example.

According to the HT Maossbauer spectroscopy data for the
SrCog77F€02Tag 030,51 sample (Fig. 13), the temperature increase
from ambient to 450°C causes a magnetic phase transition in the
brownmillerite structure from the antiferromagnetic to the
paramagnetic state. This is accompanied by the transformation of
two magnetically ordered sextets into two paramagnetic doublets
with parameters corresponding to Fe*" ions in octahedral and
tetrahedral sites at a 1:1 ratio (Fig. 13, ESI Table S5t) in agreement
with the literature data®. A linear increase in the chemical shift is
observed with further temperature rise (ESI Table S5%1) in
accordance with **® and a decrease in the quadrupole splitting (ESI
Table S5t). These facts point to higher symmetry of the Fe* ion
environment and, as a consequence, to a decrease of distortions in
the perovskite lattice, which agrees with the XRD data (Fig. 5). It
should be noted that the ratio of Fe* ions in octahedral and
tetrahedral sites at T = 30°C, 450°C, 600°C and 700°C does not
change and remains equal to 1:1.

Transmision (a.u.)

700°C

T T T T T

-10 8 6 4 -2 0 2 4 6 8
Velocity (mm s'1)

Fig. 13. Mossbauer spectra of SrCog;;Fep,Tag 30,51 recorded at
pOz"S”‘lo'4 atm and different temperatures. Red line corresponds
to Fe** ions in octahedral sites, blue line corresponds to Fe* ions in
tetrahedral sites.

Some interesting conclusions can be drawn from this fact. First of
all, it confirms the assumption that the T phase, which was detected
by XRD at 600°C (Fig. 5), is composed of octahedral layers and
dynamically disordered tetrahedral chains. Second, paramagnetic
doublets, evidencing that Fe ions are present in octahedral and
tetrahedral sites at a ratio of 1:1, characteristic of brownmillerite
(Fig. 13), are also observed for the P, phase, which has XRD patterns
at T=700°C with narrow intense reflections without any splittings or
additional superstructural reflections (Fig. 5). It agrees with the
results reported in 4748 \where it was demonstrated that SrFe0, 5
Mossbauer spectra at low pO, (<10 Pa) and at temperatures higher
(1223K) and lower (773K) than the P-BM phase transition
temperature are almost identical and evidence the presence of
four- and six-coordinated Fe** ions, which is characteristic of a

8 | J. Mater. Chem. A, 2015, 00, 1-3

vacancy-ordered brownmillerite phase. To explain this fact, it was
assumed that the high-temperature cubic SrFeO,s phase is
composed of 90° nanodomains with brownmillerite structure
coherently joined with each other®. However, as we demonstrated
above in the previous section, the presence of nanosized domains
with brownmillerite structure is accompanied by the appearance of
low-intensity diffuse maxima (Fig. 7-9), which are not observed in
the diffraction patterns of the T and P, phases. A contradiction
between the XRD and Mossbauer data for the P, phase again can be
attributed to dynamic disorder in the arrangement of tetrahedra
and octahedra and will be considered in Discussion.

Discussion

As shown above, SrCoq gFe,0, 5 doped with highly charged Nb/Ta
(V) cations causes expansion of the P; phase stability region to
lower p0O,. On the one hand, it allows one to exclude coincidences
of the P-BM phase transition with the operation conditions of MIEC
oxides (T~700-800°C, pOz'”lo'2 - 10° atm). This preserves the
integrity of oxygen permeable membranes®® and SOFC electrode
materials. On the other hand, it allows one to decrease the working
temperature of membrane and electrode materials, which is an
urgent problem as well.

The P-BM phase transition temperature decreases from T=780°C
to 650°C with an x increase from 0 to 0.05. Further increase in the
concentration of highly charged dopant leads to the diffuse phase
transition. The temperature decrease shifts the composition of
SrCog sxFeq M0, 5., Oxides (M=Ta, Nb; 0.05<x<0.1) into the two-
phase region. So, phase separation with endotaxial growth of
nanosized brownmillerite domains in the perovskite matrix occurs.
In other words, the P-BM phase transition due to compositional
disorder occurs locally within the oxide lattice.

Previously we pointed out that similar microstructural
phenomena were described for ferroelectrics®. In the absence of
compositional disorder, ferroelectrics are characterized by the
presence of a sharp phase transition and the formation of micron-
sized domains in the low-temperature ferroelectric phase. The
introduction of compositional disorder by isomorphous substitution
in the cation sublattice of the oxides leads to the relaxor state. In
terms of microstructural features, it is characterized by the
formation of a nanodomain texture, which is formed due to diffuse
phase transitions. In terms of dielectric properties, it leads to the
relaxation character of the temperature dependence of the
dielectric constant connected with thermal fluctuation of
spontaneous polarization in polar nanoregions (PNR). Further
increase of compositional disorder is accompanied by the formation
of a glass-like state, in which PNR decrease to 3-5 nm with the
conservation of apparent high symmetry at macroscopic scale®.
Thus, the term relaxor depicts both polarization and microscopic
features of ferroic materials. To emphasize the microstructural
similarity with relaxor ferroelectrics, we proposed to use a term
“relaxor ferroelastic” for MIEC ferroelastics with high degree of
compositional disorder, in which the phase transition is smeared
and the low-temperature (ferroelastic) phase has nanosized
texture®®. It is evident that the resemblance in the progress of
phase transitions and microstructural features of low-temperature
phases for ferroelectrics and ferroelastics (see Fig. 10-12) is related
to the common nature of ferroelectricity and ferroelasticity based
on the crystal lattice distortion.

It is interesting to spread the analogy over the structure of high-
temperature phases of ferroelectrics and MIEC ferroelastics. For
ferroelectrics dynamic PNRs is known to appear due to polarization

This journal is © The Royal Society of Chemistry 2015
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fluctuations when the paraelectric phase is cooled to the so-called
Burns temperature T (Tg>T¢). This state is called ergodic state, in
other words - dynamic nanostructuring. Further temperature
decrease to the freezing point T; makes them grow and become
frozen into static domains (static nanostructuring). The doping
makes it possible to associate the formation of domains with
compositional fluctuation. In this case dynamic nanostructuring is
accompanied by the formation of chemical nanoregions (CNRs), and
the size of static domains depends on the degree of compositional
disorder. So, static PNRs/CNRs that can be detected with a
microscope originate from dynamic PNRs/CNRs, which exist at
temperatures above the T phase transition and are recorded using
X-ray or neutron diffuse scattering techniques and by various
optical procedures®°.

The presence of static nanostructuring (Fig. 10-12) in MIEC
ferroelastics SrCog g..Feq,M,0, 5., Wwhere M= Nb, Ta (with its scale
related to the degree of compositional disorder originating from
partial substitution of cobalt (lIl) by highly charged Nb/Ta(V) ions)
allows us to assume, by analogy with ferroelectrics, the presence of
dynamic nanostructuring at temperatures above the temperature
of P-BM phase transition. Structural data obtained in the present
study indicate that the high-temperature P, phase has Mdssbauer
spectra characteristic of brownmillerite structure (Fig. 13) whereas
reflections characteristic of vacancy-ordered phases are absent in
the XRD patterns (Fig. 5). The apparent contradiction may be
eliminated if we assume that dynamic nanostructuring occurs at
temperatures above the P-BM phase transition. Stratification of
oxygen vacancies occurs in the lattice as a result of fluctuations in
local regions with the formation of nanosized domains with
characteristic ...OTOT... sequence of layers, which are analogs of
CNR in the high-temperature phases of relaxor ferroelectrics. A
temperature decrease leads to the growth of domains and to their
correlation with the formation of the T phase, which is still
characterized by the presence of dynamic disorder in the
orientation of tetrahedral chains. Further temperature drop freezes
down the dynamic disorder in the arrangement of tetrahedral
chains, which causes the formation of domains with ordered
brownmillerite structure. The orientation relations between the
domains at each stage of structural transformations are determined
by the Curie principle (conservation of elements with initial
symmetry).

The hypothesis that ergodic state (dynamic nanostructuring) is
possible in ferroelastics at T>T. brings a new insight on the high
oxygen mobility in MIEC perovskite-related oxides based on ferrites
and cobaltites, which attracted the attention of researchers
previously“’ 133 The ergodic state in relaxors related to dynamic
PNR is characterized by instability of the lattice and therefore by
the presence of a specific phonon spectrum. In the case of
nonstoichiometric MIEC oxides with the high degree of
compositional disorder, which may result either from the oxygen
nonstoichiometry or from isomorphous substitution by highly
charged cations, the high concentration of defects (oxygen
vacancies and interstices) and lattice instability in the case of
dynamic nanostructuring may be the reasons of anomalously high
oxygen mobility at high temperatures. The occurrence of
nanodomain texture (static nanostructuring) allows us to link
anomalously high oxygen conductivity in perovskite-related
cobaltites and ferrites at low temperaturesss’ %7 with the high density
of domain walls providing the channels of enhanced diffusion for oxygen
transport™> .

Within this approach, Bag 5Sry5Cog sFeg ,03-s (BSCF) perovskite is a
typical relaxor ferroelastic, in which an increase of compositional

This journal is © The Royal Society of Chemistry 2015

disorder in the lattice caused by the substitution of Sr** (R=1.40 A)
by Ba®* with larger ionic radius (R=1.56 A) results in high oxygen
conductivity. Compositional disorder smears the P-BM phase
transition and broadens the stability region of the ergodic state.
According to the diffraction data, BSCF is characterized by cubic
perovskite structure within a broad temperature rangeeo. However,
the Mossbauer spectroscopy data for oxygen-deficient cubic
BagsSrosCopsFeq20; 54, perovskite (y—=>0) indicate the presence of
two magnetically ordered components in the spectra, which are
characteristic of the brownmillerite structure (Fig. 14). Structural
data suggest the presence of a frozen glassy state based on the
brownmillerite structure in oxygen-deficient
BagsSrosCopsFep20;,5:. More detailed studies of BSCF and its
derivatives doped with highly charged cations will be presented
elsewhere.

a)

Transmision (a.u.)

T T T T T 1

10 8 -6 4 2 0 2 4 6 8 10
Velocity (mm s'1)

b) =

0 50 60

Fig. 14. Mossbauer spectrum (a) and XRD pattern (b) of oxygen-
deficient BagsSrosCopsFeg,0,5., recorded at room temperature.
Red line in Mdossbauer spectrum corresponds to Fe* ions in
octahedral sites, blue line corresponds to Fe** ions in tetrahedral
sites, green line corresponds to paramagnetic component of Fe*
ions in pentahedral sites (~¥3%). Symbol V on the XRD pattern is
related to reflections of the CoO phase (~1%).

In order to demonstrate unambiguously that high-temperature
(paraelastic) phases of MIEC oxides are in the ergodic state, it is
necessary to carry out additional studies of lattice dynamics using
such methods as inelastic neutron scattering or infrared
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spectroscopy, which are planned by us in the nearest future. Optical
methods  (temperature  dependence of second-harmonic
generation, Brillouin scattering), which are usually used to detect
low-symmetry regions in the paraelectric phases49‘ 50, turn out to be
low informative because MIEC oxides are optically non-transparent
and brownmillerite has a centrosymmetrical structure. We suppose
that the investigation of the dynamics of high-temperature phases
in the ergodic state will open new possibilities for understanding
the mechanism of high oxygen mobility in MIEC oxides, which are of
practical interest for obtaining oxygen-permeable membrane and
SOFC electrode materials.

Conclusions

The effect of compositional disorder originating from partial
isomorphous substitution of cobalt by ferroactive highly charged
Nb/Ta(V) cations on the P-BM phase transition, crystal structure
and microstructure of low- and high-temperature phases was
studied for ferroelastic MIEC oxide SrCogs.,Fep,03.5 as a model
object. Detailed phase diagrams were constructed for SrCogg.
FeqoM, 055 perovskites (M= Nb, Ta; 0<x<0.05). It was
demonstrated that doping decreases the P-BM phase transition
temperature and increases the paraelastic P, phase stability at
lower p0O,. Using in situ high-temperature XRD in isostoichiometric
mode, the ferroelastic P-BM phase transition was demonstrated for
the first time to involve the formation of the intermediate
brownmillerite-related tetragonal phase, in which tetrahedral
chains are dynamically disordered. Further temperature decrease is
accompanied by static nanostructuring with the formation of 90°
domains with brownmillerite structure. The size of these domains
depends on the dopant concentration. At x~0.05 the texture of
ferroelastic phases changes from lamellar to tweed. This is, most
likely, related to the change of the P-BM phase transition mode
from sharp to diffuse with an increase in compositional disorder.

On the basis of in situ high temperature Mdssbauer and XRD data
and by analogy with the related class of relaxor ferroelectrics, it was
proposed that dynamic nanostructuring occurs in the studied MIEC
materials during cooling of the paraelastic phase. As a result,
stratification of oxygen vacancies occurs in the lattice and
nanosized OTOT... domains form. A temperature decrease leads to
the formation of the T phase, which is characterized by the
presence of dynamic disorder of tetrahedral chains. Further
temperature decrease freezes out the dynamic disorder of
tetrahedral chains and causes the formation of nanodomain texture
based on ordered brownmillerite observed by HRTEM.

The notion of nonstoichiometric MIEC oxides as relaxor
ferroelastics characterized by the presence of charge and
compositional disorder in the structure opens new possibilities in
adjustment of their transport and thermomechanical properties.
The formation of nanostructured systems during phase transitions
into the low-symmetry SrCoqg.Feq,M,0,5., phases (M=Nb, Ta;
0.05<x<0.1; y~x), which is characteristic of relaxor
ferroelectrics/ferroelastics, allows one to decrease the working
temperatures of functional materials based on these compounds
preserving their integrity and superior transport characteristics .27
3 Specific lattice dynamics of relaxor ferroelectrics/ferroelastics in
the ergodic state with dynamic polar nanodomains related to soft
modes and lattice instability (or in other words, related to dynamic
nanostructuring) allowed us to propose a novel approach to
understanding the nature of unusually high oxygen mobility in
parent and doped with ferroactive cations (Nb5+ and Ta5+)
SrCog gFeq,05.5 perovskite.
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[srcoO_a_xFeO.zMxon‘,x (M= Nb, Ta)
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10%

The effect of compositional disorder generated by partial isomorphic substitution of cobalt by ferroactive
highly charged cations Nb/Ta(V) on the phase transition “perovskite-brownmillerite”, crystal structure and
microstructure of low- and high-temperature phases SrCoy g Feq .M, 055 (M= Nb, Ta; 0<x<0.1) was studied
for ferroelastic SrCo, gFe(,0, 5 perovskite-related oxide with mixed ion-electron conductivity.




