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A B S T R A C T

The phase transformation behavior of a single-phase tetragonal Sr0.8Gd0.2CoO3-δ (with ordered distribution of
Sr2+/Gd3+ cations and anion vacancies) was investigated by TG–DSC and XRD at 1100–1473 K and oxygen
partial pressure p(O2) from 1 to 5·104 Pa. The first-order smeared order-disorder (o-d) phase transition involving
heat absorption was observed at about 1383 K under O2-Ar flow with p(O2) > 2.5 kPa. The crystal structure of
the high-temperature phase was found to be cubic perovskite with disordered Sr2+/Gd3+ cations and anion
vacancies. The temperature of o-d transition at p(O2) > 2.5 kPa was not influenced by the heating rate or
oxygen partial pressure. It was shown that at p(O2) < 2.5 kPa the o-d transition gives rise to Sr0.8Gd0.2CoO3−δ
decomposition to form CoO and Sr2.4Gd0.6Co2O7-δ − Ruddlesden-Popper type phase with novel composition.
The phase boundaries between the ordered tetragonal Sr0.8Gd0.2CoO3−δ, disordered cubic Sr0.8Gd0.2CoO3−δ and
CoO + Sr2.4Gd0.6Co2O7-δ composite as a function of temperature and p(O2) values were determined.

1. Introduction

Double perovskite oxides MxLn1-xCoO3-δ (where Ln is a rare earth
element, M is an alkaline earth metal) have been extensively in-
vestigated in past decade due to a number of interesting magnetic,
optical, transport properties promising for technical applications
(magnetic materials, oxygen conducting membrane, electrodes for solid
fuel cell, catalysts) [1–6]. This broad diversity of properties is derived
not only from the large variety of partially substituted cobaltites but
also from different arrangements of A-site cations. It turns out that the
A-site La/M distribution has a great influence on physicochemical
properties of the MxLn1-xCoO3-δ system, such as structure [7], chemical
stability, electrical conductivity [8], oxygen stoichiometry and diffu-
sivity [9], magnetic [10] and catalytic properties [11,12].

It is known that SrxLn1-xCoO3-δ perovskites (0.67 ≤ x≤ 0.9) con-
taining larger ions La3+, Pr3+ and Nd3+ display simple cubic struc-
tures; compounds containing rare earth ions smaller than Nd+3 show a
modulated intermediate lattice with a tetragonal superstructure
(I4 = mmm; 2ap × 2ap × 4ap), coupled Ln/Sr and oxygen/vacancy
ordering being responsible for the observed superstructure [7]. At high
temperature, the tetragonal perovskites with ordered distribution of
Sr2+/Ln3+ cations and anion vacancies undergo an order-disorder (o-d)
phase transition to a cubic structure with disordered cations/vacancies.
For the Sr0.8Gd0.2CoO3-δ compound, this transition has been shown to

occur at 1330–1390 K. The high temperature cubic structure can be
quenched as a metastable state, and the catalytic activity of cubic dis-
ordered Sr0.8Gd0.2CoO3−δ in reaction of methane deep oxidation was
found to be at least five times greater than that of the ordered tetra-
gonal phase [11,12]. The ordering also results in an anomaly of mag-
netic behavior near room temperature [10]. Therefore, the formation
and stabilization of such partially or completely disordered metastable
phases presents a promising way to synthesize advanced perovskite
systems with controlled level of disordering which possess new or en-
hanced properties not inherent to simple perovskites.

At the present time, there is a diversity of data concerning the
structure, the physical and chemical properties of ordered/disordered
perovskites [13–16] but, to the best of our knowledge, there are no
studies describing peculiarities of o-d transition in rare earth per-
ovskites that would allow to control the o-d process. The aim of the
present work is to analyze details of temperature- and oxygen-induced
transformation of double cobaltite Sr0.8Gd0.2CoO3-δ in the vicinity of o-
d transition.

2. Experimental

Sample of Sr0.8Gd0.2CoO3-δ was prepared by a conventional solid
phase ceramic synthesis from Gd2O3, Co3O4 and SrCO3 powders
(Table 1). Thoroughly weighted amounts of compounds were ground in
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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 and
cooled down with cooling rate of 2 K min−1. To ensure the equilibrium
oxygen content the sample was kept additionally in air at 773 K for 8 h
and cooled down with a ramp rate of 2 K min−1 prior to DSC mea-
surements.

X-ray powder diffraction data (XRPD) were collected on a
PANalytical X’Pert PRO diffractometer equipped with a solid-state de-
tector PIXcel and graphite monochromator on Cu Kα radiation over the
2θ range 5–110°. An Anton Paar HTK 1200N high-temperature camera
with the sample rotation and automated alignment was used. Powder
samples were prepared by grinding with octane in an agate mortar and
packed into a flat sample holder for the diffraction measurements in the
Bragg-Brentano geometry. The full-profile crystal structure analysis was
done using the Rietveld method with the derivative difference mini-
mization refinement [17].

The oxygen nonstoichiometry δ of initial Sr0.8Gd0.2CoO3-δ was cal-
culated from the results of the thermogravimetric reduction [18], as-
suming that the cobalt is reduced to the metallic state (Eq. (1)). The
amount of oxygen (δ) consumed/released during the cooling/heating
cycles was calculated from the mass variation.

Sr0.8Gd0.8CoOx + (x − 1.4) H2 = 0.4 Gd2O3 + 0.2 SrO + Co
+ (x− 1.4) H2O (1)

The reduction was performed on a NETZSCH STA 449C analyzer in
a stream of argon with 5% H2, heating the samples up to 1173 K with a
rate of 10 K min−1. The reduction process was carried out in Al2O3

crucibles with percolated lid, a sample mass of 22 ± 0.5 mg. The
measurements 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.

STA experiments were performed on a TG-DSC NETZSCH STA 449C
analyzer equipped with an Aeolos QMS 403C mass spectrometer. The
measurements were carried out under dynamic O2-Ar atmosphere at
ambient pressure (1.01-1.04)·105 Pa) in crucibles with perforated lids
made of Al2O3 (ΔH determination) or Pt (variable oxygen partial
pressure p(O2) or ramp rates). For DSC experiments a monolith poly-
crystalline sample 1.5 × 2 × 1 mm (16 mg) was used. Various p(O2)
were prepared by mixing Ar and O2 + Ar flows, the oxygen content
(partial pressure) in the flows was determined by on-line QMS in the
Multiple Ion Detection mode from intensity of ion m/z = 32, the purity
of the gases used are summarized in Table 1.

The sensor sensitivity was calibrated via Cp measurements of the
sapphire disk [19] and crosschecked by measuring Au (NETZSCH
standard, Tm = 1335.2 K, ΔH= 63.7 Jg−1), relative expanded un-
certainty with 0.95 level of confidence Ur (coverage factor k = 2) of ΔH
determination was 0.04.

3. Results and discussion

3.1. Structure of ordered and disordered Sr0.8Gd0.2CoO3-δ

The Sr-Gd double cobaltite annealed from 1473 K and equilibrated
with air at 773 K has composition Sr0.8Gd0.2CoO2.63 (δ = 0.37) and
XRD pattern of the sample thus prepared (Fig. 1) corresponded well to
the I4/mmm superstructure with ordered Gd/Sr sites and anion va-
cancies (Fig. 2a) [7]. In this structure there are three distinct crystal-
lographic positions which can accommodate Gd3+ or Sr2+ ions and
four positions for O2−. Two of these A-sites (A2–A3) are occupied ex-
clusively by Sr2+ (Fig. 2, a; shown as green spheres) while the re-
maining site (A1, shown as magenta spheres) may contain both Gd3+

and Sr2+ ions. The regular alternations of pure Sr2+ positions in the
ordered state are accompanied, as well, by regularities in the dis-
tribution of oxygen vacancies (which are located in O2-sites) and CoO6

octahedra tilting. In the disordered Sr0.8Gd0.2CoO2.51 (1447 K) or
quenched Sr0.8Gd0.2CoO2.71 all A-sites are equivalent and occupied by
either Gd3+ or Sr2+ in a random order (Fig2, b; magenta spheres).
Oxygen vacancies are randomly distributed over the respective O-sites.

Table 1
Summary of sample descriptions.

Chemical Name Formulae Source Purity according to Supplier, %

Cobalt(II, III) oxide Co3O4 Alfa Aesar 99.7a

Gadolinium (III) oxide Gd2O3 Alfa Aesar 99.99a

Strontium carbonate SrCO3 Reachim 99.5a

Oxygen O2 Kriogen 99.95b

Argon Ar TD Fakel 99.993b

Hydrogen H2 NCCP 99.99b

a Mass fraction purity.
b Mole fraction purity.

Fig. 1. Characteristic XRD pattern fragments of Sr0.8Gd0.2CoO3-δ in air at 298, 1073 and
1473 K. Superstructure peaks of tetragonal ordered phase are indexed.

Fig. 2. The structure of ordered (a) and disordered (b) Sr0.8Gd0.2CoO3-δ. Blue octahedra
represent Co, green spheres represent Sr, magenta spheres represent Gd/Sr and smaller
red spheres are oxygen. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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Crystallographic parameters of Sr0.8Gd0.2CoO3-δ phases are summarized
in Table 2.

3.2. Observation of phase transition of Sr0.8Gd0.2CoO3-δ by TG-DSC

When heated in O2-Ar flow (p(O2) = 20.3 kPa) Sr0.8Gd0.2CoO2.63

started losing oxygen at about 773 K with the gradual mass decrease
(Fig. 3) and a pronounced endo-effect was observed at 1343–1400 K
with increasing temperature (Tmin = 1383 ± 0.5 K, ΔH = 16.4 ±
3.1 Jg−1, expanded uncertainty with 0.95 level of confidence). The
high-temperature in situ XRD analysis showed that above 1400 K the
superstructure reflections disappeared (Fig. 1) indicating a transfor-
mation to fully disordered cubic perovskite phase (Fig. 2b) with
Sr0.8Gd0.2CoO2.51 composition (at 1473 K). Being quenched from this
temperature in air the sample retains a cubic structure (Fig. 1).

During cooling from 1473 K a distinct exotermal peak was observed
in the DSC curve at 1354–1253 K (Tmax = 1332 K) against the back-
ground of the progressive mass increase (Fig. 3) pointing out a re-
versible character of the transformation. The reversibility is corrobo-
rated by the restoration of superstructure reflections after a slow
cooling from 1473 K to room temperature. It should be noted that TG-
curves for heating/cooling cycles almost coincide testifying a high
oxygen mobility and an identical stoichiometry δ. Thus, one may as-
cribe the observed DSC effects to the cation/anion vacancies order–-
disorder (o-d) phase transition.

There was no appreciable mass change observed at the point of o-d
transition (Fig. 3) and this is different from behavior of other perovskite
systems, in particular, iron compound Ba2Fe2O5+δ display an abrupt
mass increase in the TG curve at the point of first order phase transition
from the ordered oxide ion vacancies in monoclinic Ba2Fe2O5 to the
disordered ones in the cubic perovskite [20]. In our case only slopes of
dm/dT curves (Fig. 3) before and after o-d transition were slightly
different in agreement with an enhanced oxygen mobility in the cubic

disordered perovskite Sr0.8Gd0.2CoO3-δ compared to the ordered tetra-
gonal one [11].

A hysteresis clearly observed in DSC peaks for the heating-cooling
cycle (Fig. 3) may indicate that the anomaly of the DSC curves corre-
sponds to the first-order phase transition. But it is known that a peak
position in DSC curves (including Tmax and Tmin) may contain a meth-
odological error due to the thermal resistance of the sensor-crucible-
sample system. To eliminate this error a special procedure [21] was
employed in which Tmin and Tmax values of DSC peaks obtained at
different heating/cooling rates β were plotted versus β1/2 to produce
straight lines. Extrapolation of these linear relations to β = 0 yields the
true phase transition temperatures not distorted by methodological
errors.

Fig. 4 shows a set of DSC curves recorded at 2.5–20 K min−1

scanning rates and Tmin,max = f(β1/2) plot. It is evident from Fig. 4 that
substantial hysteresis observed at β = 0 let us assigns o-d transforma-
tion to a first order phase transition.

It is interesting that Tmax and half-width of DSC peaks for the for-
mation of the ordered phase (d-o transformation) depend on the β-value
while the ramp rate β does not affect the position of endothermic DSC
peaks of disordering process. Moreover, the constant contour of DSC-
signal and invariability of the half-width on β (ΔT is about 20 K for all
endothermic peaks) allow asserting that order-to-disorder transforma-
tion of Sr0.8Gd0.2CoO3-δ at 1383 K is controlled by thermodynamic
parameters rather than by kinetics of nucleation and this process is
smeared by temperature. The occurrence of the structural transforma-
tion in the temperature range is typical of “so-called” smeared (dif-
fused) phase transitions and results in characteristic peak-like anoma-
lies in the temperature dependences of crystal properties such as heat
capacity [22,23], dielectric permittivity [24] and some others.

The origin of the smearing of phase transitions is supposed to be
connected with the influence of fluctuations of composition or struc-
tural defects concentration on the critical temperature, which fluctuates

Table 2
Crystal structure parameters of compound under investigation.

Phase Design-ation T, K State Crystal cell Space group а, nm*** c, nm***

Sr0.8Gd0.2CoO2.63 ± 0.01 o-P 298 ordered tetragonal I4/mmm 0.7692 (3) 1.5321(8)
Sr0.8Gd0.2CoO2.71 ± 0.01 d-P 298 disordered* cubic Pm3m 0.38342(1)
Sr0.8Gd0.2CoO2.51 ± 0.01 1473 disodered cubic Pm3m 0.39464(1)
Sr2.4Gd0.6Со2О6.23 ± 0.02

** n = 2-RP 298 tetragonal I4/mmm 0.38541(2) 1.9929(1)
CoO CoO 298 cubic Fm3m 0.42605(2)

* Quenched from 1473 K.
** δ determined from TG data, see Supplemental files.
*** Estimated standard uncertainties are given in parentheses.

Fig. 3. a − DSC(1) and TG(2) signals for Sr0.8Gd0.2CoO2.63 under О2-Ar flow (p(O2)=20.3 kPa). Heating to 1233 K, β=20 K min−1, then heating to 1473 K and cooling to 1233 K,
β=10 K min−1. Arrows show direction of temperature changes. b − DSC (1),TG (2) and DTG (3) signals in the vicinity of phase transition temperature. Straight lines are guides for eyes
to monitor dm/dT changes.
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about the mean phase-transition temperature [25,26]. The second
viewpoint is based on assumption that smearing of phase transitions is
caused by a cooperative motion of atoms associated with the motion of
interphase boundaries. The change of mobility of interphase boundaries
due to their interaction with structural defects results in the variation of
temperature range of the transformation. These hypotheses were used
to develop the phenomenological theory of smeared phase transitions
[27] which allows to describe quantitatively Λ-shaped peaks in the
temperature dependences of the crystal properties. According to this
theory, the temperature dependence of the anomalous heat capacity
associated with phase transition can be represented by Eq. (2)
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WhereT − temperatureT0 − characteristic temperature, at which ratio
of high to low temperature phase is unityΔcp,m − maximum heat ca-
pacity at T = T0B − athermal parameterω − elementary volume of the
transformationq0 − heat of transformationk − the Boltzmann con-
stantρ- crystal density

The Eq. (3) contains a parameter ω − elementary volume which
relates to the mechanism of the phase transition. It corresponds to the
certain volume of existing phase where different fluctuations are loca-
lized and growth of the new phase occurs by addition of a small volume
ω to phase boundary, ω value depending on defect concentration. This
approach was used to characterize ferroelectric materials where the
elementary volume of the phase transformation was shown to be
comparable to the volume of the Känzig region [28,29], to determine
the number of molecules involved in the elementary act of correlated
transformation of C60-crystals during the orientational structural
transformation at 250–260 K [27] to elucidate texture dependent pe-
culiarities of first-order phase transition at 240–260 K in Sm1+xS [23].

It has been shown above (Fig. 4) that DSC peak profiles for dis-
ordering process do not depend on experimental condition and are
determined most probably by thermodynamic factors. It allows one to
apply the theory of smeared phase transitions to the o-d transformation
of Sr0.8Gd0.2CoO3-δ. To perform this a heat capacity ΔCp associated with

the transition was isolated from the total DSC signal by subtracting the
baseline (DSC trend, Fig. 5a) and recalculating the profile to Cp-scale:
ΔCp = ΔDSC[J s−1g−1]/β[K s−1] (Fig. 5). Temperature dependence of
ΔCp obtained under heating at the scanning rate of 10 K min−1 exhibits
an asymmetric peak with a poorly defined low temperature shoulder
(Fig. 5b). This suggests a complex character of the transformation
process, which evidently cannot be described by Eq. (2). As it follows
from thermodynamic approach based on the self-consistent field model
[30], such kind of the asymmetric broadening of the property-tem-
perature curve is inherent to phase transitions of intermediate types
between the first-order and second-order phase transitions [27].

A close look at the structure difference between ordered and dis-
ordered Sr0.8Gd0.2CoO3-δ allows suggesting an alternative explanation.
In fact the o-d transformation includes two disordering processes: (i)
spreading of oxygen vacancies which are located in O2-site in the or-
dered structure throughout the crystal and (ii) redistribution of Sr2+/
Gd3+ cation over A-sites in a random order. If these processes are
partially independent then one may observe ether broadening or even
two overlapping peaks.

The tendency for A-site cations to order is considered to originate
from the bond strains, the bonding instabilities created by ordering are
generally compensated either by anion vacancies or second order
Jahn–Teller distortions of a B-site cation [31]. The absence of rigid
correlation between o-d behavior of anionic and cationic sublattice is
illustrated by the results of La0.1Sr0.9Co0.9Fe0.1O3-δ study [16] where
transition of brawnmillerite to disordered perovskite (i.e. oxygen va-
cancies randomization) occurred without changes in the cationic sub-
lattice. An additional argument of relative independence of these two
processes is the observation that in Ln1-xSrxCoO3-δ (Ln = La3+, Pr3+

and Nd3+; x> 0.60) oxygen vacancy ordering was not accompanied
by additional Ln3+/Sr2+ cation redistribution [32].

If this assumption is true in our case then the observed DSC endoeffect
is a result of two transformations which are shifted by temperature to each
other and the profile of anomalous heat capacity ΔСр can be expressed as a
superposition of corresponding dependencies. Fig. 5 shows approximation
of experimental ΔСр values by a function ΔСр = ΔСр1 + ΔСр2, where ΔСр1

и ΔСр2 are defined by Eq. (2). It is obvious that the equation describes
quite accurately the temperature dependence of ΔСр. Parameters of the
model and their expanded uncertainties with 0.95 level ofconfidence
were estimated by nonlinear least-squares regression:
B1=295 ± 32, Cp,m1=0.27 ± 0.11 Jg−1K−1, T1=1371 ± 2 K and
B2=338 ± 50, Cp,m2=0.78 ± 0.12 Jg−1K−1, T2=1383 ± 1 K. Given
the density of perovskite crystal ρ=5.53 g cm−1 (at 1380 K) and com-
bining Eqs. (3) and (4) we can determine an elementary volume of the
transformation from the relationship ω= kB2/(4ρΔCp,m) as follows:

Fig. 4. Heating-cooling DSC curves for Sr0.8Gd0.2CoO3-δ, О2-Ar flow (p(O2)=20.3 kPa);
β = 2.5 (blue), 5 (green), 10 (red) and 20 (black) K min−1. The inset shows Tmin (endo)
and Tmax (exo) as a function of β ; Δ − heating, ○ − cooling. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. a − DSC signal (×) and baseline correction (line) for anomalous ΔCp calculation,
β=10 K min−1, 20% O2-Ar; b − experimental (+) and theoretical (line) temperature
dependence of ΔCp for o-d phase transition of Sr0.8Gd0.2CoO3-δ.
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ω1 = 200 nm3 and ω2 = 90 nm3. The lattice parameters for tetragonal
Sr0.8Gd0.2CoO2.63 are a=0.7692 nm and c=1.532 nm (Table 2), thus the
number of elementary cells involved in the act of correlated transforma-
tion can be estimated as n= ω/V=100-220. The peak at 1371 K is likely
to correspond to oxygen vacancies disordering whereas that at 1383 K can
be ascribed to cation randomization. For this model we can estimate from
Eq. (4) heats of transformations q0 = 4T0Δcp,m/B: q1=5.0 Jg−1 and
q2=12.7 Jg−1 which are in sufficiently good agreement with the total
enthalpy of the phase transition ΔH]16.4 ± 3.1 Jg−1.

3.3. Effect of p(O2) on phase transitions of Sr0.8Gd0.2CoO3-δ

Fig. 6a shows DSC curves of Sr0.8Gd0.2CoO3-δ under O2-Ar mixtures
with p(O2) values ranged from 100 Pa to 51 kPa. To study effects of p
(O2) on phase conversion the following temperature program was em-
ployed: a sample was kept at 1233 K for 1 h, then heated to 1473 K and
cooled to 1233 K with a rate of 10 K min−1.

In the heating curves no significant variation of Tmin=1383 K was
found for p(O2)=5–50 kPa. It is in accord with the observation that no
oxygen release occurs during the phase transition (Fig. 3b) and that the
disordering process is controlled thermodynamically. As opposed to this
the p(O2) variation results in a shift of Tmax values in the cooling DSC
curves (Fig. 6a), the decrease of p(O2) from 50 to 5 kPa leading to the
increase of Tmax from 1323 to 1341 K. This behavior can be a con-
sequence of the increase of the anion vacancies concentration which
facilitate A‐site cation ordering as it was proposed in LnBaM2O5+δ [31].
Though the thermogravimetric analysis demonstrated that a critical
level of oxygen vacancies in La0.5Ba0.5CoO3-δ is required in order to
stabilize the A-site cation ordered structure [8] no clear dependence is
observed between the position of Tmin of disordering and δ for the
studied sample Sr0.8Gd0.2CoO3-δ (Fig. 6a, inset).

A different behavior is observed when a flow of argon (p(O2)
=180 Pa) was used instead of O2-Ar mixture. Under these conditions,
position of the DSC peak is sensitive to the oxygen content (Fig. 6). The
reduction of p(O2) leads to the parallel decrease of Tmim under heating
and results in substantial drop of Tmax in cooling curves. Additionally an
abrupt mass decrease occurs along with DSC endo-effect due to the
oxygen release which is detected by mass-spectrometer (Fig. 6b).

The XRD pattern of the sample treated in an oxygen depleted at-
mosphere does not reveal the presence of perovskite Sr0.8Gd0.2CoO3-δ
(Fig. 7a). Instead, two crystalline phases were detected: 87 wt.% of
nonstoichiometric tetragonal phase which belongs to Ruddlesden-
Popper family (n=2-RP) and 13 wt.% of cubic CoO. Thus, we can af-
firm that Sr0.8Gd0.2CoO3-δ is unstable under this condition and

undergoes decomposition to form n=2-RP+CoO composite according
to an Eq. (6). After complete conversion of Sr0.8Gd0.2CoO3-δ the theo-
retical content of CoO in Sr2.4Gd0.6Co2O7-δ1 + CoO composite is 12.5%
(assuming δ1=0.77, see Supplemental files) which is in good agreement
with 13% found from XRD data. SEM images show that CoO phase is
included in the body of Sr2.4Gd0.6Co2O7-δ1 as 1-2 μm domains (Fig. 1S,
Supplemental files) clearly detectable by energy-dispersive X-ray ana-
lysis. It is interesting to note that the reaction is reversible and
Sr2.4Gd0.8Co2O7-δ1 + CoO composite turns into the perovskite
Sr0.8Gd0.2CoO3-δ when p(O2) is increased. The full-profile XRPD re-
finement of Sr2.4Gd0.6Co2O7-δ1 structure using the Rietveld method with
the derivative difference minimization (DDM) [17] gave the following
crystal lattice parameters: a = b = 0.38541(2), c= 1.9929(1) nm,
V = 0.29602(4) nm3, Z = 2, space group I4/mmm (Fig. 7b, Table 2).

To the best of our knowledge the transformation of Sr-rich Sr-Gd-Co
perovskite to n=2-RP phase of Sr2.4Gd0.8Co2O7-δ1 composition has not
been described in literature yet but it is well known that double per-
ovskites MxLn1-xCoO3-δ (where Ln is a rare earth element, M is an al-
kaline earth metal) are unstable under a reducing or oxygen-depleted
atmosphere and decomposed to give RP phases. The phase equilibria in
the Ln–Co–O and Ln–M–Co–O system have been studied in detail and
results are summarized in a number of reviews [33] and references
presented therein]. In particular, cobaltites can decompose to different
members of PR family depending on composition, temperature, p(O2).
It was shown that La0.7Sr0.3Co3-δ decomposes to (La0.7Sr0.3)2CoO4-δ +
Co1-γO at 1383 K and log(PO2,atm) = −2.8 [34]; LaCoO3 sequentially
undergoes transformation to La4Co3O10 and La2CoO4 when decreasing
p(O2) [35].

Numerous studies have shown that the crystal structure of RP com-
pounds consists of an intergrowth of single AO rock salt (RS) layers with
multiple perovskite (P) layers, according to the formulation AO(ABO3)n,
which gives rise to a row of compounds such as A2BO4 (n= 1), A3B2O7

(n= 2, Fig. 7b) …. ABO3 (n=∞). In the case of double perovskites
(A= Ln/M) Ln3+ and M2+ ions tend to order in RS and P layers along c
axis. It was shown that Ruddlesden-Popper stoichiometric Gd2-
2xSr1+2xCo2O7 compounds (x = 0 and 0.10) present the ordering of A-site
cations where the bigger Sr2+ cation selectively prefers the 12-coordinated
site located within the perovskite-like layers (P) while the smaller Gd3+

cation prefers the 9-coordinated site, located within the rock-salt-like layers
(RS) [36]. An opposite Ln3+/Sr2+ distribution was found in phase
SrTb2Fe2O7 where the structure is formed by the adjunction of two per-
ovskite cells with Tb3+ cations and the other one by a halved RS-SrO cell
[39]. A very limited information is available on the cation distribution in the
oxygen-deficient cobaltites A3Co2O7-δ with A= Sr, Ln [37]. For instance,

Fig. 6. a- heating-cooling DSC curves for Sr0.8Gd0.2CoO3-δ under different oxygen partial pressure, curves are labeled with p(O2), β= 10 K min−1; inset − variation of Tmin of endoeffect
(Δ) and δ (○, calculated at Tmin) as a function of p(O2). b − DSC (1), TG (2), DTG (3) signals and intensity of ion m/z=32 (4) as a function of temperature in the vicinity of phase
transition. p(O2) = 375 Pa, β= 10 K min−1.
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Sr2Y0.8Ca0.2Co2O6 crystallizes in the tetragonal I4/mmm space group and
displays an ordering of Sr2+ and Y3+/Ca2+ species, the smaller cations
Y3+/Ca2+ sitting inside the double pyramidal cobalt layers [38].

In our case preliminary data indicate that Gd3+/Sr2+ cations also
show a preference for distinct sites in the oxygen-deficient structure of
synthesized Sr2.4Gd0.6Co2O7-δ1, the A-site cations and anion vacancies
arrangement strongly depending on the synthesis conditions. Details of
this influence are a subject of a separate structural study which is well
under way and will be published soon.

3.4. Phase boundary between ordered/disordered Sr0.8Gd0.2CoO3-δ and
Sr2.4Gd0.6Co2O7-δ +CoO

The aim of the present paper was not to draw a phase diagram of the
system; instead the goal was to elucidate the condition of the phases
inter conversion enabling the generation of new states, which can, in
turn, lead to improved performance and new functionalities. To per-
form the task a number of DSC runs were carried out under different
experimental condition and results are summarized in Fig. 8. In the
figure the points marked (■) were obtained by heating o-P from 1233
to 1473 K (β=10 K min−1) after 1 h equilibration at 1233 K and con-
stant p(O2) ranged from 1 to 5·104 Pa. Two trends of lnp(O2)-1/Tmin

dependences become apparent from the data. The fist one at p
(O2) > 5 kPa is a result of the reversible smeared phase o-d transition
(Eq. 5), temperature of the transformation being independent on p(O2).
The second trend at p(O2) < 1.6 kPa corresponds to the disordering of
o-P with the subsequent or parallel conversion to n=2-RP+CoO+O2

(Eq.6). A linear correlation is observed between lnp(O2) and 1/Tmin

under the oxygen-depleted atmosphere (Fig. 8) and the o-P transfor-
mation seems to proceed without distinct separation of disordering/
decomposition processes because there was only one pronounced endo-
peak in the DSC heating curve under experimental condition applied.
An intersection of the regression lines (a point marked ○) gives p(O2)
=2.7 kPa which can be considered as a stability limit of o/d-
Sr0.8Gd0.2CoO3-δ towards decomposition.

o-Sr0.8Gd0.2CoO3-δ (tetragonal) ⇌d- Sr0.8Gd0.2CoO3-δ (cubic) (5)

3 Sr0.8Gd0.2CoO3-δ (tetragonal/cubic) ⇌ Sr2.4Gd0.6Co2O7-δ1 + CoO
+ 0.5(1–3δ+δ1) O2 (6)

To find out the condition of d-P to n=2-RP+CoO+O2 transfor-
mation the following procedure was utilized. A sample of o-P was
subjected to 16 kPa O2, equilibrated for 1 h at 1233 K, then heated to
the predefined temperature Tfin = 1353–1403 K and purged for 5 min.
After that p(O2) was gradually reduced by changing the mixing ratio of
Ar and O2-Ar MFC flows. Arrows in Fig. 8 show the temperature − p
(O2) trajectories for Tfin 1353 and 1393 K.

The resulting DSC curves consist of one or two endo-effects de-
pending on the Tfin temperature. For Tfin>1383 K two peaks are ob-
served: the first one at 1383 K for o-d transition is situated in the
heating segment of the run; the second one becomes apparent in iso-
thermal segment during p(O2) reduction step (Fig. 9a). Only one pro-
nounced endo-effect is observed for Tfin< 1383 K (Fig. 9b). The p(O2)
values at extrapolated onset of DSC peaks satisfy relatively good the
proposed borderline of smeared phase transition in this temperature
interval and those at minimum of DSC peaks lie slightly below the re-
gression line p(O2)-1/Tmin (Fig. 8). This shift can be attributed most
probably to the kinetics of perovskite decomposition process.

Fig. 7. a− Observed (top), calculated (middle) and difference (bottom) XRPD profiles after DDM refinement. Calculated peak positions of Sr2.4Gd0.6Co2O7-δ and CoO are marked by ticks.
b− crystal structure of Sr2.4Gd0.6Co2O7-δ. Blue octahedra represent Co, orange spheres represent A-sites and smaller red spheres are oxygen. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Phase boundary of tetragonal ordered (o-P), cubic disordered (d-P)
Sr0.8Gd0.2CoO3-δ and Sr2.4Gd0.6Co2O7-δ + CoO composite (RP+CoO). Points (■) show
Tmin of DSC peaks, dotted line designates region of smeared phase transition. Triangles
stand for p(O2) at onset (Δ) and minimum (▿) of DSC peaks, obtained in isothermal
conditions under programmed p(O2) reduction, a polygon marks region of d-P to RP
+CoO transformation.
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Unfortunately, we fail to determined clearly the defined borderline
for the transformation of d-P to n=2-RP+CoO composite; the values of
p(O2) at onset and minimum of DSC peaks varied within significant
limits depending on experimental conditions: initial oxygen partial
pressure, rate of p(O2) reduction, Tfin and temperature ramp rate β. A
filled polygon in Fig. 8 shows the region of the transformation (ac-
cording to the DSC data) for initial p(O2)=16 kPa. It is interesting that
at 1383 K and ∼2.7 kPa (the point marked ○, Fig. 8) one can expect
coexistence of all phases (namely o/d P, n=2-RP, CoO and gaseous O2).
Formally speaking, if we consider for this point an equilibrium then
according to the Gibbs phase rule for multicomponent systems (the
species approach), there are four species Sp (Sr0.8Gd0.2CoO3-δ,
Sr2.4Gd0.6Co2O7-δ1, CoO, O2), one relation r (for reaction equilibrium)
and five phases Ph (o-P(s), d-P(s), n=2-RP(s), CoO(s), gas phase). The
phase rule gives a number of degrees of freedom
F=2+Sp−r−Ph=2+4−1−5=0 and therefore it corresponds to an
invariant point. Of course, there cannot be a true equilibrium for four
solid phases, rather, the phases are in mechanical (kinetic) equilibrium
but the behavior of the system near this point assumes that no in-
dependent changes in the state of the system can be made.

The results presented in Fig. 8 show how different combinations of
coexisting phases can be achieved by varying p(O2) and temperature;
the subsequent quenching of these states enable one to stabilize unusual
ordered/disordered states or composites which can display properties
not inherent to parent compounds.

4. Conclusions

The studied Sr-Gd cobaltite displays the complex phase behavior in
the vicinity of point of the order-disorder phase transition. Under
oxygen rich atmosphere tetragonal ordered Sr0.8Gd0.2CoO3-δ undergoes
the reversible first order phase transition, the disordering process being
smeared by the temperature and controlled by thermodynamic factors
while the reverse ordering transformation being controlled kinetically.
Under oxygen depleted atmosphere both ordered and disordered phases
are unstable; in the case of o-Sr0.8Gd0.2CoO3-δ o-d transition is com-
plicated by the decomposition of perovskite phase giving a composite of
CoO and Sr2.4Gd0.6Co2O7-δ − a nonstoichiometric phase which belongs
to the Ruddlesden-Popper family AO(ABO3)2 with the novel composi-
tion. There was no distinguished boundary found for d-Sr0.8Gd0.2CoO3-δ
to CoO+Sr2.4Gd0.6Co2O7-δ conversion, instead a broad field in lg p(O2)-
1/T diagram corresponds to conditions of the transformation. Based on
these results, novel synthetic routes for perovskite systems can be en-
visaged, enabling the design of partially disordered materials with new
functionalities and improved performance. Such routes are not limited
to precise control of cation and anion vacancies disordering process, but
can be used also to prepare nanoscaled multiphase ceramic composites
comprised of metal oxides and perovskite or perovskite-like phases.
This kind of material is known to be of interest for photocatalytic water
decomposition [40] or solid oxide fuel cells due to enhancement of
oxygen surface-exchange properties [41].
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