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Processes of ordering (d-o) and disordering (0-d) of Sr?*/Dy>* cations in a single-phase Sro gDy 2C005_s Was
investigated by TG-DSC and XRD as a function of heating/cooling rate (§ = 2,10,20,50,99 K min™" and ~50 K/s)
in 20% O,-Ar flow. According to DSC data the interconversion of disordered cubic (c) and ordered tetragonal
(t) structure appears at 1276-1328 K as a first-order phase transition; the temperature and enthalpy of o-d
transformation have only slight dependence on p whereas the characteristics of reversed d-o process vary
greatly with cooling rate. XRD powder patterns of all samples showed no indications of a simultaneous
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Ce}rlamics presence of c+t domains, pointing to a single phase composition (c or t). It was suggested that the observed
Perovskite behavior is a consequence of two simultaneous interconnected processes of A-sublattice melting and ca-

tion/ (anion vacancy) ordering. A rarely used novel TG-DSC method based on variable gas phase compo-
sition was utilized to study properties of mobile oxygen over SrogDyo2C003.5 samples. It was shown that
the appearance of tetragonal phase reduces both oxygen mobility and its bonding energy, the latter de-
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creasing substantially only at high degree of Sr**/Dy>* ordering.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Mixed oxides (A’1-xA"x)B'1-yB"y03.s with perovskite structure
ABOs make it possible to realize the great diversity of different iso-
and heterovalent substitutions. They are ideal systems for funda-
mental research and attract close attention to yield practically va-
luable materials (solid oxide fuel cells, catalysts, thermoelectric
materials, etc. [1-4]).

It is generally accepted that a key mechanism by which the
physical and chemical properties of mixed perovskites can be tuned
is through the manipulation of nature of A and B cations and metal
oxidations states [5]. Although often both A’ and A” (or B’/B”) cations
have the same topology in the structure they may adopt different
patterns of chemical order [6] ranging from totally disordered
system (with random distribution of A’/A” and/or B’/B” over re-
spective crystallographic sites) to the system with ordered ar-
rangement of cations and oxygen vacancies, the latter being
thermodynamically stable at temperatures up to 973-1273 K
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depending on the type of A/B cation [7,8]. Slow cooling from high
temperature results in disorder-order phase transition, but dis-
ordered phases can exist at T< 900 K as metastable states produced
by quenching.

Transitions associated with order-disorder phenomena are found
in a wide range of materials and may have a significant impact on
their physical and chemical behavior. Recent studies indicate that
practically important properties of perovskites can be tuned not only
by changing the chemical nature of constituent cations and their
arrangements in the structure but also via constructing a proper
structured multiphase system. In particular it was shown that the
inhomogeneous state of mixed-valence manganites - evidenced by
the presence of multiple phase coexistence - is important for the
colossal magnetoresistance property [9]. A strategy to decouple
thermoelectric parameters for the synergistic optimization of elec-
trical and thermal transport has been developed for high perfor-
mance thermoelectric materials which take advantage of modulated
electronic structure and critical scattering across phase transitions to
decouple the power factor and thermal conductivity [10]. Na-
noscaled perovskite (La,Sr)CoOs_s (LSC) thin-film cathodes exhibit
enhanced oxygen surface-exchange properties, if finely dispersed
hetero-interfaces of perovskite-like (La,Sr)2Co0,4.s with LSC are


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.158257
https://doi.org/10.1016/j.jallcom.2020.158257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.158257&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.158257&domain=pdf
mailto:snv@icct.ru
https://doi.org/10.1016/j.jallcom.2020.158257

S. Vereshchagin, V. Dudnikov, Y. Orlov et al.

created at low oxygen partial pressures during a preparation
stage [11].

It is known that for SryLn;—xCoOs.s systems (Ln=Sm-Yb,
x=0.2-0.3) the tetragonal structure with the ordered Sr** and Ln>*
cations and anionic vacancies is thermodynamically stable at am-
bient temperature [12,13]. Increasing temperature leads to the order-
disorder transition but little crystal structural information is avail-
able for SryLn;—,CoOs3_s at high temperatures. The undoped orthor-
hombic brownmillerite-type Sr,C0,0s.s itself is known to be stable
at T > 1173 K (Pop=1Pa) [14]. Ln-doping leads to stabilization of
cubic (or cubic-like) phases at high temperature as it was shown for
Lag6Sr0.4C003.5 [15]; Gdo2Sro8C003.5 [16]; Lag1SrooeCoggFep103-s,
SrCog gFeg03-5 [17], Y1/4Sr3/4C003_5 []8]

We have shown recently that A-site Sr2*/Ln>* ordered and dis-
ordered SryLn;—xCoOs3.s (Ln = Gd, Dy) phases exhibit completely
different performance and that the order-disorder transition has a
strong effect on magnetic, transport and catalytic properties
[16,19,20]. It was proposed that one can control properties or even
create new behavior by changing the ratio of ordered-to-disordered
domains and their morphology and therefore it is of prime im-
portance to understand the relationships between the structural and
physicochemical characteristics.

Here we describe the preparation of SrggDyC003.s samples
with ordered and partially/entirely disordered Sr?*/Dy>" arrange-
ment, report their thermochemical behavior revealed by TG-DSC
studies, introduce a novel express method of mobile oxygen prop-
erty testing and disclose the interrelation between the analyzed
properties of the samples and the degree of cubic-to-tetragonal
structure transformation.

2. Experimental

Sample of SrggDyg2C003_5 was prepared by a conventional solid
phase ceramic synthesis from Dy,0s; (99.99%, metal basis, Alfa
Aesar), Co304 (99.9%, Alfa Aesar) and SrCOs (99.5%, Reachim) pow-
ders. Thoroughly weighted amounts of compounds were ground in
an agate mortar with ethanol, pressed into pellets and calcined at
1473 K for 24 h in air with intermediate re-grinding and re-pelleting.
The final ceramic pellets were annealed additionally in air for 24 h.

To prepare ordered tetragonal phase of SrggDyo>C003.5 ceramic
pellets were cooled down from 1473 K with a ramp rate =2 Kmin™".
Totally disordered cubic phase was produced by quenching pellets
from 1473K to room temperature, estimated value of B at
1300-1000 K was 4200-1800 K min™". A set of additional samples was
prepared by varying p in interval 10-99 Kmin'. To ensure the equi-
librium oxygen content the pellets were kept in air for 8h at
773.0 £ 0.1 K. The SrpgDyo2C005_5 samples thus prepared are denoted
as SDC-n hereafter, where n is the cooling rate, K min™! (Table 1).

Specific surface areas (S) of the samples were found to be
0.07-01m? g! (liquid N, single point BET measurements, Nova
3200e Quantachrome Instruments, USA), standard uncertainty of
S was 0.05.
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X-ray powder diffraction data (XRPD) were collected on a
PANalytical X'Pert PRO diffractometer (Appendix A). The full-profile
crystal structure analysis was done using the Rietveld method with
the derivative difference minimization (DDM) refinement [21].

Oxygen nonstoichiometry 6 of SDC-2 and SDC-3000 samples was
calculated from the results of the thermogravimetric reduction [22],
assuming that the cobalt is reduced to the metallic state. The re-
duction was performed on a NETZSCH STA 449 C analyzer in a
stream of argon with 5% Hj, heating the samples up to 1173 K with a
rate of 10 Kmin~!. The measurements were carried out with cor-
rection for the buoyancy force. The process was carried out in Al,03
crucibles with percolated lids, a sample mass of 22 + 0.5 mg. The
standard uncertainty of a non-stoichiometry index z = 3-6 (calculated
from reduction data) was 0.0036. Non-stoichiometry indexes z; of
SDC-10 - SDC-99 was calculated from the mass variation during
cooling/heating cycles from 773 to 1473 K under 20% O,-Ar feed with
regard to SDC-2 as z; =2.65 + As;, assuming that at T >1300K the
stoichiometry is independent on thermal history. The standard un-
certainty of As; was 0.05.

STA experiments were performed on a TG-DSC NETZSCH STA
449 C analyzer equipped with an Aeolos QMS 403 C mass spectro-
meter. The TG-DSC measurements were carried out under dynamic
20%0,-Ar atmosphere at P=101 kPa in Pt crucibles with perforated
lids. For a run a monolith polycrystalline sample about 1.5%x2x1 mm
(16-20 mg) was used.

Experiments with variable oxygen partial pressure (“pulse” runs)
were conducted using 25mg of a crushed and sieved sample
(0.1-0.2 mm) in open Pt crucibles. The sample was heated up to
773K (p=10Kmin™!, 20%0,-Ar) and equilibrated for one hour. After
that, the gas flow was switched according to the following time--
chart: 20%0,/Ar(15 min) — Ar(1 min) - 20%0,/Ar(15 min) - Ar(1 min)
- 20%0,/Ar(15min) - Ar(1 min). Initially rectangular O, profile
broadened owing to TG-DSC -cell volume and resulting output O,
concentration contour was close to the Gauss function. All the
“pulse” runs were carried out with correction for the buoyancy force,
i.e. blank experiments (base line) have been performed at the same
conditions with empty crucibles.

The sensor sensitivity was calibrated via C, measurements of the
sapphire disk [23] and crosschecked at different cooling rates by
measuring Au (Al,O3 crucible, NETZSCH standard, T, =1335.2K,
AH=63.7]g1), standard uncertainty of AH measurements was 0.04.

3. Results and discussion
3.1. Structure of ordered and disordered Srg gDy ,C003.5

The Sr-Dy-Co perovskite annealed from 1473 K (2Kmin™') and
equilibrated with oxygen at 773 K (20% O,-Ar) has composition of
Srp.gDy0.2C00, 65 (SDC-2, Table 1). The PXRD pattern of the sample is
presented in Fig. 1(t-(I)). The full-profile structure analysis using the
Rietveld method with the DDM refinement has shown that besides
the main tetragonal phase minor admixtures of cobalt oxide and

Table 1

Crystallographic parameters and non-stoichiometry of SrogDyp,C003_s samples cooled down from 1473 K with rates of 2-3000 K min~".
Sample B, K min™! 3-8 Symmetry a, nm ¢, nm
SDC-2, ordered 2 2.65(1) 4/mmm 0.76716(3) 1.5366(1)
SDC-10 10 2.67(1) 4/mmm 0.76671(3) 1.5353(1)
SDC-20 20 2.68(1) 14/mmm 0.76632(4) 1.5344(1)
SDC-50 50 2.70(1) 14/mmm 0.76657(5) 1.5332(1)
SDC-99 99 2.71(1) Pm3m 0.383121(5)
SDC-3000, disordered ~3000" 2.72(1) Pm3m 0.382955(6)
SDC-3000-1253 K" (see text) ~3000 n.d. Pm3m 0.382921(7)

n.d. - not determined.
@ estimated cooling rate at 1250-1350K.
b annealed additionally at 1253 K.
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Fig. 1. Observed (top, black), calculated (middle, red), and difference (bottom, blue)
X-ray diffraction patterns for ordered (t-(I)) and disordered (c-(II)) samples
Dyo.2Sr0.8C005_5 after crystal structure refinement by the DDM method. The calculated
peak positions of the main phase and minor admixtures of cobalt oxide and Sr,SiO4
are marked by ticks. The Cu K; line of the main reflection is marked by the asterisk.
The insets show structures of ordered tetragonal t-(I) and disordered cubic c~(II)
Sro.sDY0-C005.5. Blue octahedra represent Co™, green spheres represent Sr?*, ma-
genta spheres represent Dy>*/Sr?* and smaller red/gray spheres are oxygen (red color
stands for predominant sites of O-vacancy location). Color online.

Sr,Si04 (total estimated amount less than 2 wt%, calculated peak
positions are marked by ticks) are present, the latter were formed
most probably during the intensive repetitive regrinding in an agate
mortar. According to the full-profile structure refinement, the
structure of the main phase is identical to that described in [12] and
observed earlier by us for SrggGdg,C003_5 [16,24]. It corresponds
well to the tetragonal I4/mmm superstructure t-(I) with ordered
Dy3*/Sr?* cations and anion vacancies (Fig. 1) and accommodates
three distinct crystallographic A-positions for Dy3* or Sr?* ions and
four positions for 02. A2 and A3 sites are occupied exclusively by
Sr?* (Fig. 1); shown as green spheres) while Al site (shown as ma-
genta spheres) may contain both Dy** and Sr?* ions. The regular
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alternations of pure Sr?* positions in the ordered state are accom-
panied, as well, by regularities in the distribution of oxygen va-
cancies (which are located in 02-sites) and CoOg octahedra tilting.

The SDC-3000 sample (quenched from 1473 K, about 50 Ks™! at
1250-1350K, equilibrated with oxygen at 773K, 20% O,-Ar) has
composition of Srg gDy 2C00, 7, (Table 1). Similar to SDC-2 the PXRD
profile indicates the presence of the same amount of cobalt oxide
and Sr,Si04 admixtures, Fig. 1, c-(I). The result of the full-profile
structure refinement shows that the structure of the main phase can
be described as a cubic perovskite c-(II) with equivalent A-sites
which are occupied by either Dy** or Sr?* in a random order (Fig. 1;
magenta spheres). Oxygen vacancies are randomly distributed over
the respective O-sites.

3.2. Observation of phase transition of SrogDyo,C003.s by TG-DSC

In general, the behavior of SrggDyg,C00, 65 resembled that of
Srp.8Gdp2C00, 63 described earlier [24]. When heated in 20% O,-Ar
flow SrggDyo2C00, g5 started losing oxygen at about 773 K with the
gradual mass decrease (reaction 1). A pronounced endo-effect was
observed at Tp =1386K and it was ascribed (similar to Sr-Gd-Co
system) to tetragonal-to-cubic order-disorder (od) transition (reac-
tion 2, Fig. 2a), the position of DSC-effect did not depend on the
scanning rate B within experimental error of Tp determination
(Fig. 2b). The enthalpy of the transformation was found to be
AH=40.5 £ 3.1]g™! (p=2Kmin™).

During cooling from 1473 K (=10 Kmin™!) a distinct exothermic
peak (do - disorder-order transition) was observed at To = 1309 K

T v T v T T T v T T
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Fig. 2.(a) - TG (1) and DSC (2) signals for heating/cooling cycle
(16.0 mg Sro.sDY02C00,.65; feed 20% 0,-Ar, 50 mlmin™'; p=10Kmin™"). Tp and To -
temperatures of DSC peak extremum for o-d and d-o phase transitions, respectively.
(b) - Tp and T, variation as a function of heating (A) or cooling (o) rate.
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Fig. 3. Variation of DSC cooling profiles (1473-773 K) as a function of ramp rate p, K
min~': 2 (1, green), 10 (2, magenta), 20 (3, blue), 50 (4, black) and 99 (5, red), color
online. Sample mass 16-20 mg, feed 20% O,-Ar, 50 ml min™"'.

against the background of the progressive mass increase (Fig. 2a)
pointing out a reversible character of the transformation. Corre-
sponding TG-curves for heating/cooling cycles almost coincide tes-
tifying high oxygen mobility.

S10.8DY0.2C003_51=ST0.8DY0.2C003_52+(81-8,)/2 O, (1)
tetragonal-Srg.gDy.,C003_s=cubic=Sry.gDyo.,C003_5 (2)

Opposite to Tp (heating DSC-curves) the cooling profiles show an
evident shift of To with a variation of the ramp rate g (Figs. 2b, 3a). A
special procedure [25] was employed to eliminate a methodological
error of determination of temperature extremum due to the thermal
resistance of the sensor-crucible-sample system. A set of heating/
cooling cycles was performed at 1173-1473 K using different ramp
rates p and the values of Tp, | To were plotted versus g'/2. Extra-
polation of these trends to p=0 yields the true phase transition
temperatures not distorted by methodological errors. Fig. 2b shows
Tp and Tg recorded at 2-99 K min™ scanning rates as a function
Tpo=f("?). It is evident from the plot that substantial difference
AT =Tp-To= 60K is observed at =0 and it is in agreement with the
assumption that the transformation is a first order phase transition.

Parallel to the To shift a substantial change of enthalpy of do-
transformation is observed, the values decrease from
-405%31]g! (p=2Kmin') to -123 + 41]Jg ! (=99 Kmin!).
So long as slow cooling (SDC-2) results in the formation of the or-
dered structure t-(I) and quenching (SDC-3000) leads to the me-
tastable c-(II) phase one can expect that at intermediate ramp rates
we find a partial conversion (inverse reaction 2), and, therefore, the
reduction of AH value may be attributed to incomplete transfor-
mation of disordered c-(I) to ordered t-(II) phase.

To compare the presumably partially ordered samples of
SrogDy02C005_5 a special experiment was performed. A monolith
ceramic block of SDC-2 was subjected to successive repetitive cycles
inside the DSC cell. Each cycle includes isothermal (773 K, 60 min),
heating (773-1473K, p=10Kmin™') and cooling (1473-773K,
2-99Kmin!) segments. This procedure leads to the formation of
SDC-2 - SDC-99 under controlled conditions and ensures the best
reproducibility of base line/DSC profile due to the constant mass and
position of the specimen inside the crucible and the crucible on the
sensor. The heating segments of the run (10Kmin!, Fig. 4) were
used to compare mass changes and thermal effects; TG-data were
utilized to calculate the non-stoichiometry of the SDC-10 - SDC-99
(Table 1).
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profiles (773-1473 K, =10 K min ™) for SDC-2 (1, green), SDC-10 (2, magenta), SDC-20
(3, blue), SDC-50 (4, black) and SDC-99 (5, red), color online.

Experiments showed that the temperatures Tp (endo-effect as-
sociated with od-transition for SDC-2 - SDC3000) are situated at
1384-1391K for all SDC-samples (Fig. 4a). Surprisingly the en-
thalpies of transformation AHp (area of DSC-peak at =1300-1450K)
have only a slight dependence upon thermal history. The highest
value is found for SDC-2 (40.5 + 3.1]J g!), a reduction of AHp, by 19%
is observed for SDC-10, while the values of AHp for SDC-20, SDC-50
and SDC-99 are almost equal and make up 70% of the highest value.

The samples SDC-2 - SDC-3000 differ in initial non-stoichio-
metry but display converging trends of mass loss (oxygen release) so
that the difference in position of TG-curves becomes negligible at
T >1250K (Fig. 4b) indicating that at high temperature all SDC-
samples have the identical oxygen content. Therefore the con-
centration of anion vacancies is nearly the same at Tp, for all samples
and it is not the oxygen non-stoichiometry which causes difference
in AHp-values. In the case of SDC-99 the endo-effect at 1384 K also
cannot be a result of Sr/Dy randomization because the crystal
structure of SDC-99 corresponds to the disordered cubic perovskite
(Table 1, Section 3.3) and one can expect disordering of Sr/Dy-ca-
tions only for sample which possesses the ordered (or partially or-
dered) structure.

The nearly equal values of AHp may be explained if we suppose
that SrggDyC003_s undergoes transformation like the superionic
phase transition. It is known that many substances go through
transitions in which one species of ion becomes positionally dis-
ordered at temperatures below the melting point of the crystal [26].
This phenomenon is called "sublattice melting" and occurs in ma-
terials with a variety of crystal structures. The structure of such
compounds may be represented as the superposition of a “molten”
sublattice of mobile ions and a rigid “core” which conserves the solid
up to the melting point. It is typical for superionic conductors (SIC)
which undergo temperature generated order-disorder phase tran-
sition when some of the ions are excited in interstitial sites (Frenkel
defects), where they are distributed over many vacancies.

The transformation of t-(I) to c-(II) requires Sr**/Dy>3* cation re-
location which implies enhanced mobility of ion species located over
A-sites. The XRD data of quenched SDC-samples show that t-(I)-
structure disappears at temperatures T > Tp because of thermally
induced replacement of Sr**-ion by Dy>*. Under the same condition
Sr2*-Sr?* and Dy>*-Dy>" displacements are also probable but these
rearrangements cannot be monitored directly by XRD. Therefore we
may assume that the transition at 1300-1450K can also be treated
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as a “melting” of the A-sublattice, the process of “A-site melting”
depending upon thermal pretreatment. The endo-effect at 1384 K for
SDC-99 corresponds to “melting” of disordered A-sublattice and that
at 1391 K for SDC-2 to the ordered one.

The onset of disorder in many SICs is accompanied by a specific
heat anomaly and the entropy associated with the anomaly may be
comparable with the entropy of melting [26,27]. According to the
TG-data the stoichiometry of SDC-2 at 1391 K is SrggDy2C003.44
therefore the changes of reduced entropy associated with DSC-peak
(SDC-2) may be estimated as a=AS/R=AH/T/-R=40.5*200.6/1391/
8.31=0.70 (R is the universal gas constant) which is close to the
value of the configurational component of the entropy of melting for
the cellular model of a liquid oy, =In(2)=0.693 [27]. Analogous to
the superionic conductors we may suppose that entropy of “melting”
of disordered A-sublattice makes the considerable contribution to
the total entropy AS of the transition [27]. The entropy of “melting”
of the ordered sublattice ASyrqered 1S €Xpected to be greater than
ASgisordered DY the value of AS;.,4 — configurational component of the
entropy (Sr/Dy and O-vacancies randomization) accompanying
“melting”.

Fig. 4a shows that a special feature of DSC-curve for SDC-2 is a
distinct low-temperature shoulder, the intensity of this effect de-
creasing progressively in the row SDC-2 > SDC-10 > SDC-20~SDC-
50~SDC-99. The same effect has been shown recently for
SrpgGdgC003_5 [24] where changes of anomalous heat capacity in
the vicinity of od-transition can be described by superposition of
two peaks. Based on the assumption made above one may assign the
low-temperature shoulder to the process of Sr/Ln (Ln=Gd, Dy) ran-
domization while A-sublattice “melting” accounts for the high-
temperature part of DSC peak. The reversed picture should be ob-
served in cooling runs - “crystallization” of A-sublattice and or-
dering of Sr/Ln-cations and oxygen vacancies; it is the latter process,
which depends greatly upon quenching rate.

Another peculiarity of DSC-curves for SDC-2 - SDC-3000 is a
broad exo-peak located at T >1175K which may indicate a slow
transformation occurring in the system. No heat evolution is ob-
served for SDC-2 and intensity of the effect increases with growth of
the ramp rate p (Fig. 4a). To reveal a possible interrelation between
this effect and the ordering/disordering process a special experiment
was performed. The fully disordered SDC-3000 (Fig. 4a, curve 5) was
annealed at 1253 K (i.e. just before the low temperature shoulder of
od-transformation of SDC-2, Fig. 4a, curve 1) and its XRPD pattern
was compared with that of the source SDC-3000. No difference was
observed, except for a minor decrease of the cell parameter a
(Table 1) and width of diffraction reflections. It should be pointed
out that no superstructural reflections of the tetragonal phase ap-
peared after the annealing which means that the effect may not be
associated with the od-transition. Reasonable explanations of the
broad exo-effect are equalizing of oxygen content (which is sub-
stantially different in SDC-2 - SDC-3000, Table 1) and relieving a
stress induced by quenching.

3.3. Observation of SrygDy,->C003.5 phase transition by XRD

As follows from Section 3.1, the structure of SDC-3000 corre-
sponds to the cubic perovskite with equivalent A-sites which are
occupied by either Dy>* or Sr?* randomly (Fig. 1, c-(II); Fig. 5a, curve
1). The structure of annealed SDC-2 presents the tetragonal 4/
mmm superstructure with ordered Dy3*/Sr?* cations and anion
vacancies (Fig. 1, t-(I); Fig. 5a, curve 5). Intermediate cooling rates
(p=99-10Kmin~!) result in diffraction patterns with progressive
high-angle shift of main reflections and gradual rise of intensity of
superstructural ones (Fig. 5a, 5b) which become visible at
p<50Kmin.

Thermal behavior of the process under study fits the criteria of
the first order phase transition (Section 3.2) which implies the
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nucleation-growth model for the description of a new phase
formation and coexistence of interconvertible phases. That is true,
for example, for disordering of perovskite-like brownmillerite-type
CayFe,05 compounds [28]. It was shown by in-situ high-tempera-
ture single-crystal X-ray diffraction experiments that
transformation of low-temperature modification of Ca,Fe,05 with
ordered configurations of the tetrahedral chains (space groups
Pnma or 12mb) to a high-temperature statistically disordered form
(space group Imma) includes a phase coexistence over a range of ca.
25 K. Therefore one can expect that in our case we find a system of
the two simultaneously occurring c-(I) and t-(II) phases for the
samples cooled down with intermediate rates (p=99-10 Kmin™).
However, XRD data of SDC-10 - SDC-50 specimens show no in-
dications of a combined presence of the c-(I) and t-(II) domains.
Instead the XRD patterns reveal a single phase with crystal cell
parameters of cubic or tetragonal lattice depending on the thermal
history, Table 1.

There is only a limited number of studies devoted to the order-
disorder transition in perovskites with detailed analysis of structures
of the phases at equilibrium state. Some authors note that identifi-
cation of a multiphase equilibrium is a challenging task in certain
cases. In particular, structural studies using synchrotron X-ray
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diffraction, Mossbauer spectroscopy and high-resolution transmis-
sion electron microscopy have shown that XRD data failed to detect
a multiphase composition of strontium ferrites [29], if the solid is
composed of coherently bound nanodomains of perovskite and va-
cancy-ordered phases. Similarly, it was shown that nanostructured
cubic La;-xBayFegsMngs03 (x=0.25, 0.33 and 0.5) perovskites dis-
play the weak superstructure spots in electron diffraction pattern
due to cationic ordering in all the samples, though such ordering is
not detectable in X-ray diffraction [30]. It was also evidenced [31],
that XRPD pattern of nanoscale-structured LaBaCoOg was very si-
milar to that observed for the completely disordered phase, though
it consisted of 90° oriented of 112-type ordered LaBaCoOs domains
detected by transmission electron microscopy.

In our case, a coexistence of domains with ordered and dis-
ordered structure is a subject of discussion. At the moment, the
experimental data presented above do not enable us to distinguish
between two possible models of the solid, namely: (i) coherently
bound disordered and ordered nanodomains and (ii) progressive
changes of site occupancy from random (c-(II); Al1=A2=A3=Sr%/
Dy?*, Fig. 1) to totally ordered (t-(I); A1=Sr?*/Dy*>*, A2=A3=5r%")
according to the second order transition with Dy>" relocation from
A2/A3 to A1 site. Additional studies of the materials on the atomic
scale using HRTEM are necessary to resolve this ambiguity.

A transformation of c-(II) Pm3m structure to the t-(I) compound
with the tetragonal superstructure I4/mmm leads to the increase of
the crystal cell dimension in a regular manner (a,, xa, xa, — 2a, x2a,
x4ay, a, - crystal cell parameter of parent perovskite). Therefore, to
monitor the progress of the conversion it is convenient to use re-
duced a-parameter, which is equal to a, for cubic and a/2, c/4 for
tetragonal phase (Fig. 6).

The results show (Fig. 6) that there is a gradual increase of the
volume of ABO;3 unit V.o (a° for cubic and a?c/16 for tetragonal
structure) with decreasing cooling rate p. At p>50K min™! the iso-
tropic expansion of the crystal cell occurred (a = ¢/2) and at
p < 50 Kmin~! the anisotropic growth of V., is observed (a § c/2).

A monotonic increase in values of a or ¢/4 parameters with de-
creasing B let us describe completeness of c-(II) to t-(I) transforma-
tion using a relative difference in cell dimension (e-value, Eq. 3),

c= a — dspc-3000
0.25Cspc—2 — Aspc-3000 (3)

where a - reduced crystal cell parameter.

It is interesting that AHgy (exo-effect in cooling DSC segment,
Fig. 3) is proportional to the a (or c¢/4) parameters (Fig. 6) and it
means that either of the two values may be used to characterize the
degree of c-(I) to t-(II) transformation.
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Fig. 6. Variation of reduced crystal cell parameters a, V., and enthalpy of transition
AH (cooling segment) as a function of cooling rate f.
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Fig. 7. Typical profiles of mass-spectral intensity of O," ion m/z=32 (1, olive, color
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3.4. Studies of oxygen mobility by TG-DSC under non-stationary gas
phase composition

To reveal interrelations between o-d transition and properties of
mobile oxygen we apply a STA-based “pulse” procedure developed
earlier for Sr-Gd-Co perovskites [32]. When a Gauss-like O, con-
centration contour (Fig. 7, curve 1) was applied to a sample inside
DSC cell an evident change of sample mass was observed (Fig. 7,
curve 2): a decrease of O, partial pressure results in oxygen libera-
tion (Eq. 1) with respective mass reduction and endothermic DSC-
effect (Fig. 7, curve 3, AH’); an increase of oxygen concentration
leads to sample oxidation (O, consumption) and restoration of the
mass accompanied with exothermic peak (AH”).

It is necessary to note that the sample mass before and after
repetitive cycles remained invariable and the absolute values of AH’
and AH” (estimated from the peak areas) were identical within ex-
perimental errors. These observations point to the high reversibility
of red-ox process (Eq. 1) and make it possible to estimate the
amount of oxygen removed (An=Am(%)/16/100/1000, mg-atom O/g)
in a single cycle from Am value. In this case the ratio AHg = AH’/An
gives an estimation of enthalpy of oxygen removal (at given ).

Calculated in such a way the values of An and AH; are shown in
Fig. 8 as a function of ¢ (completeness c-(II) to t-(I) transformation,
Eq. 3). The results indicate that AH, has only a slight tendency to go
down with ¢ and displays the main change in the region of high
ordered structures (¢ > 0.74). As opposed to the enthalpy a con-
siderable reduction of An with ¢ is observed, the amount of oxygen
removed/recovered per a single “pulse” corresponding to a few O-
monolayers (assuming a monolayer capacity of 2.25-107 g-atom O
m™2). Therefore it is not surface oxygen which is responsible for
observed TG-DSC effects and the values of An can be used as a
measure of oxygen mobility together with the AH; values which
reflect primarily properties of mobile bulk oxygen.

The influence of cation ordering on oxygen diffusivity in Co-
containing perovskites has been studied already. It was shown that
the improvement of the oxygen transport properties was induced by
the cation ordering in half-doped GdBaM,Os.x perovskites
(M=Mn,Co) due to the formation of a disorder-free layered crystal
structure [33] and thus suggesting precisely the opposite effect to
that we report here for SrpgDyp2C0035 and earlier for
SrpgGdpC003.5 [16,32]. It is not surprising because accelerated
molecular dynamics calculation revealed that the nature of oxygen
vacancy diffusion may vary with A-cation ordering in double Ti-
perovskites from one-dimensional to three-dimensional and the
mobility may be both higher and lower than either of the two end
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member single compounds [34]. The different influence of A-cation
ordering on the oxygen mobility can be explained from structural
peculiarities of the perovskites. A half-doped LnBaM;0s., binary
oxides adopt an ordered crystal structure LnBaMn,Og with alter-
nating LnO and BaO layers along the c axis (2D layered ordering [6]).
Oxygen vacancies reside in lanthanide planes, providing a possibility
of a fast 2D diffusion of oxygen. In the case of tetragonal
SrggLlng,Co03_5 the pattern of Sr/Ln ordering is 1D columnar, anion
vacancies are localized exclusively at O2-position, which form iso-
lated 4-member clusters (room temperature, Fig. 1) and hampered
oxygen atom rearrangement.

Interestingly, that the An=f(¢) curve has three distinct segments
(Fig. 8): An is roughly proportional to the progress of ordering
process at e =0.2-0.74 but it undergoes only negligible variations at
¢ < 0.18 and, presumably, at ¢ > 0.8. If we assume, that a quenching
leads to formation of coherently bound domains with different de-
gree of structural order and, accordingly, with different local oxygen
(anion vacancy) mobility then the behavior of the effective mobility
of a partially ordered medium can be described using percolation
theory. In this case the intensification of oxygen transport at
0.18 < £ < 0.8 can be explained by a formation of an infinite network
(cluster) of ordered/disordered domains which occurs at the per-
colation threshold x.=0.2-0.3 depending of the type of site con-
nectivity [35]. Fig. 8 shows that onsets of An=f(¢) curve satisfactorily
match the above-mentioned interval both from disordered (e =0.24)
and ordered (1-¢ = 0.2) sides. Anyway it should be clear that random
properties of the partially ordered perovskites that are fixed in space
and the connectivity of domains with similar properties played an
important role in creation of effective oxygen mobility. The pre-
sented data do not allow us for unequivocal determination of the
nature of oxygen mobility changes and additional studies at nano-
level scale are necessary but they clearly indicate that the applied
TG/DTG/MS methodology with variable composition of gas phase
can be successfully employed for characterization of dynamic
properties of oxygen anions in the oxygen conducting perovskites.

4. Conclusions

A combined TG-DSC and XRPD study is a very convenient ap-
proach to elucidate the details of order-disorder transformation of
perovskites. The obtained data clearly show that the high tempera-
ture Sr>*/Dy>* redistribution in SrggDy-C005.s is masked by a first
order transition of the A-sublattice melting. The quenching of high
temperature cubic Srg gDy C005_s under controlled conditions with
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different cooling rates gives formally partially ordered samples
which do not display XRD-indications for a coexistence of the cubic
and tetragonal phases. The progress of cubic-to-tetragonal structure
transformation can be monitored using both crystallographic para-
meters of the cubic/tetragonal structure and the value of exo-effect
in cooling DSC segment. A rarely used TG-DSC-MS method based on
variable composition of gas phase has been applied to characterize
quantitatively the relative mobility of oxygen as an integral process
which includes the oxygen bulk diffusion and the oxygen exchange
at the interface between the gas and the solid. It was shown that the
quenching under controlled condition allows precisely adjusting the
cubic-to-tetragonal transformation of the SrggDyo.Co0s.5 per-
ovskite and, accordingly, to change the mobility of oxygen vacancies
in the lattice in a predictable required direction. The results de-
monstrate the potential of using tailored double perovskite struc-
tures to precisely control the behavior of oxygen vacancies in these
materials.
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