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Abstract—The effect of cobalt deficiency on the structural phase transition in the double layered cobaltite
EuBaCo, _ ,Oq4 _ 5 has been investigated using differential scanning calorimetry and high-temperature X-ray
diffraction. It has been shown that, upon introduction of 5% cobalt vacancies, the energy and temperature of
the phase transition from the orthorhombic unit cell (space group Pmmm) to the tetragonal unit cell (space
group P4/mmm) decrease by 6% and 11°C, respectively, as compared to the corresponding values typical of
stoichiometric EuBaCo,Oq _ 5. A model of the formation of cobalt—oxygen vacancies has been proposed.
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1. INTRODUCTION

Interest in double layered cobaltites of the general
formula LnBaCo,0¢ _ 5 (Where Ln is a lanthanide) is
associated with the following aspects of their consider-
ation: (1) the complex phase diagram, the existence of
a number of structural and magnetic transitions, and
interesting electrophysical properties [1, 2]; (2) high
electrochemical characteristics and the possibility of
using compounds of this type as cathodes for interme-
diate-temperature solid oxide fuel cells (IT-SOFC) [3,
4]. In this regard, double layered cobaltites have been
thoroughly studied in recent years. The LnBaCo,0¢ _ 5
compounds have a layered perovskite-like crystal
structure consisting of square layers located along the
¢ axis, in which the lanthanide and barium ions are
orderly arranged in different planes as follows: [BaO]—
[CoO,]—[LnOg4 _5]—[Co00,]. Owing to the ordering of
the Ln and Ba ions, the simple cubic perovskite cell
with the parameter a, is doubled along the ¢ axis,
whereas the ordering of oxygen vacancies results in the
ordering along the b axis. Therefore, the unit cell cor-
responds to the formula a, X< 2a, X 2a, (the “122”
phase). At present, the influence of the oxygen con-
tent in LnBaCo,0q _ 5 compounds on their properties
has been well studied [1, 2, 5, 6]. Moreover, there are
a number of studies on the properties of layered cobal-
tites with different substitutions in the cation sublat-
tice. Substitutions of different 3d elements for cobalt
are the most thoroughly studied (see, for example, [7,
8]). The cation disorder in systems of the general for-
mula LnBaCoOQOg_ s has been studied to a lesser degree.

For example, in [9], it was shown that the barium defi-
ciency in the PrBa,Co,04 _ s (x = 0.94) compound
leads to a change in the thermal expansion coefficient
and electrical conductivity with an increase in the
number of electron holes, which, in turn, increases the
electrochemical characteristics of PrBa,Co,0¢_;
cathodes [9].

Our experiments on the growth and study of the
properties of GdBaCo, _ ,O4 _ 5 single crystals revealed
that the growth of single crystals of layered cobaltites
using crucibleless melting can be accompanied by the
evaporation of cobalt during the melting with the for-
mation of the single-phase structure. The physico-
chemical properties of GdBaCo, _ ,O¢ _ 5 single crys-
tals differ from those typical of cobalt-stoichiometric
samples [10—12]. We assume that the functional prop-
erties of LnBaCo,_ ,Oq4_ s compounds can be purpose-
fully changed by varying the cobalt concentration. The
experiments on polycrystalline samples and
GdBaCo, _ O _ 5 single crystals [10, 11], as well as the
preliminary analysis of the data for the EuBaCo, _ ,O¢_;
system demonstrated that the structural phase transi-
tion Pmmm — P4/mmm at T ~ 450°C is the most sen-
sitive to vacancies in the cobalt sublattice. This phase
transition is caused by the loss of oxygen during heat-
ing and by a uniform distribution of oxygen ions

between the [CoOs] pyramids with the V5 vacancy in
the O4 position and the [CoQOg] octahedra with the

oxygen ions Og in the O3 position. This leads to a dis-
ordering along the b axis, and the orthorhombic space
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group Pmmm transforms into the tetragonal space
group P4/mmm. The most detailed and systematic
investigations of this phase transition were performed
in [13, 14]. In [13], it was shown that the phase transi-
tion Pmmm — P4/mmm is a first-order phase transi-
tion and can affect the mechanism of electrical con-
duction at high temperatures, i.e., in the temperature
range where double cobaltites are assumed to be used
as cathodes of solid oxide fuel cells.

The object of investigation was chosen to be the
EuBaCo,_,0;_s(x=0, 0.1) system. The choice of the
EuBaCo, 4O _ 5 composition was determined by our
preliminary experiments [9], according to which the
phase boundary of the existence of the double per-
ovskite does not exceed the concentration x ~ 0.1. The
purpose of this work was to investigate the effect of
cobalt deficiency on the structural phase transition
Pmmm — PA4/mmm in EuBaCo, _ ,O¢_5 (x =0, 0.1)
samples at temperatures ranging from 400 to 500°C.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Polycrystalline samples of EuBaCo, _ O¢ _ 5 cobal-
tites were synthesized using the Pechini method [15].
The initial components were Eu,05, BaCO;, and Co.
The reactants were preliminarily calcined (Eu,O;,
900°C), dried (BaCO;, 500°C), and reduced in a
hydrogen flow (Co, 600°C). The initial components
are dissolved in a dilute nitric acid. Then, an equimo-
lar solution of citric acid (CA) and ethylene glycol
(EG) was added in a ratio of 3 (CA and EG) : 1 metal
ion. The obtained mixture was heated to 80°C with
continuous stirring to polymerization with the forma-
tion of a viscous material. This material was heated in
a furnace first at 140°C for 4 h to the formation of an
amorphous polymer and then to 250°C for 2 h to char-
ring of the formed polymer rubber.

Then, the samples were subjected to stepwise
annealing in the temperature range from 900 to
1150°C with the intermediate dispersion. After com-
pletion of the synthesis, all the samples were slowly
cooled with the furnace (at a rate of 1°C/min). The
phase composition and crystal structure of the sam-
ples at room temperature and in the range from 450 to
500°C were determined on a DRON-3 diffractometer
(CuK, radiation) equipped with a high-temperature
attachment. The heating and cooling of the sample
during the temperature investigations were performed
at a rate of 50°C/h. The sample was exposed to each
temperature of measurement until the diffraction pat-
tern remained unchanged with time. The recording
was performed first during heating and then during
cooling of the sample in order to check the reproduc-
ibility of the obtained data. The calculations of the
crystal structure and the refinement of the structural
parameters from the results of the X-ray diffraction
analysis were performed with the PowderCell 2.3 soft-
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ware package [16]. The elemental analysis of the sam-
ples was carried out on an FEI Inspect F scanning
electron microscope with an EDAX energy-dispersive
X-ray spectrometer. The absolute oxygen content in
the studied samples was determined using the method
of hydrogen reduction to initial oxides (Eu,0;, BaO)
and metallic cobalt. The thermal analysis, which made
it possible to investigate the sample simultaneously
using differential scanning calorimetry (DSC) and
thermogravimetry (TG), was performed on a Netzsch
STA 409 F1 Jupiter thermal analyzer in an air flow at
a temperature in the range from 30 to 600°C during
heating and cooling at a rate of 5°C/min.

3. EXPERIMENTAL RESULTS

We synthesized polycrystalline samples of
EuBaCo,_,0O4_s (x=0, 0.1) cobaltites. The elemental
analysis demonstrated that the cation composition of
the samples is close to the nominal composition. The
EuBaCo, _ ,O;4 _ 5 samples with x = 0 and 0.1 at room
temperature have the oxygen nonstoichiometry indi-
ces 0 =0.50 £ 0.02 and 0.65 £ 0.02, respectively. As a
result, the average degree of oxidation of cobalt ions
Co?*" in the cobalt-deficient samples is equal to that of
the cobalt-stoichiometric samples synthesized under
the same conditions. Figure 1 shows fragments of the
X-ray diffraction patterns measured for polycrystalline
samples of the EuBaCo,055, and EuBaCo,¢Os 35
cobaltites at room temperature. The synthesized sam-
ples have a single-phase structure with the orthor-
hombic space group Pmmm. The unit cell parameters
are presented in Table 1. It can be seen from this table
that, with an increase in the cobalt deficiency, the unit
cell parameter ¢ changes most significantly, and the
unit cell volume increases. Fragments of the DSC and

Intensity, arb. units
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Fig. 1. Fragments of the X-ray diffraction patterns of (/)
EuBaCo,05 5, and (2) EuBaCo;¢Os35. Vertical bars
indicate the positions of the peaks.
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Table 1. Unit cell parameters and the unit cell volume of the
EuBaCo, ¢Os 35 and EuBaCo,05 5, samples at room tem-
perature

Composition a, A b, A ¢, A V. A3
p (0.001) | (+0.002) | (+0.002) | >

EuBaCo,0s5, | 3.881 | 7.827 | 7.536 | 228.96

EuBaCo, oOs,s| 3.884 | 7.826 | 7.551 | 229.52

TG curves of the EuBaCo,04 _ 5 and EuBaCo, O¢ _
samples in the temperature range from 50 to 600°C
are shown in Fig. 2. The DSC curve for the EuBa-
Co0,05 5, sample is typical of double cobaltites [17]:
the heating and cooling curves are characterized by
pronounced thermal effects with maxima at 7 ~ 80
and ~460°C, respectively, which correspond to two
well-known phase transitions. The low-temperature
phase transition is accompanied by a sharp and
anisotropic change in the unit cell parameters,
whereas the symmetry of the lattice remains orthor-
hombic. The high-temperature phase transition, as
was noted above, is associated with the redistribution
of oxygen ions between the positions O3 and O4 [14],
as well as with the change in the symmetry of the unit
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cell from orthorhombic (space group Pmmm) to
tetragonal (P4/mmm) [13, 14, 17].

As can be seen from Fig. 2, the peak in the DSC
curve of the sample with a cobalt deficiency, which
corresponds to the high-temperature thermal effect,
has a complex shape. Noteworthy is a good reproduc-
ibility of the DSC curves: all the peaks observed in the
heating curves are retained in the cooling curves with
the opposite sign of the thermal effect. Let us consider
in more detail the DSC curve in the temperature range
near the phase transition Pmmm — P4/mmm. Figure 3
shows fragments of the DSC curves in the temperature
range from 420 to 500°C. The temperature of the onset
of the phase transition upon heating is equal to 466°C
for EuBaCo,04 _ 5 (at & = 0.55) and 455°C for
EuBaCo, ¢O¢_5 (at d = 0.70), which corresponds to an
approximately 10°C shift of the phase transition
observed in the high-temperature X-ray diffraction
patterns. As can be seen from Fig. 4, the structural
transformation of the EuBaCo,Og_ s sample occurs in
the temperature range from 460 to 470°C, unlike
EuBaCo,,O¢ _ 5 in which the phase transition is
observed at T ~ 450—460°C (Fig. 4 and Table 2).
According to the DSC data, the temperatures of the

L () — (b)
0.5
0.6
e
- %=
0.7
- 0.8
o O
Eﬁ 1 | 1 | 1 | 1 | 1 | 1 | L 1 1 | 1 | 1 | L | 1 |
% A 100 200 300 400 500 600 200 400 600
=
st
o (©) 051 (d)
i 0.6
7o) _—>
L 0.7
‘TEndo 0.8
1 1 1 1 1 1 1 N | L L L L L L L |
100 200 300 400 500 600 200 400 600
T,°C T,°C

Fig. 2. (a, ¢) Fragments of the DSC curves and (b, d) temperature dependences of the oxygen nonstoichiometry index 0 for (a,
b) EuBaCo,0¢ _ 5 and (c, d) EuBaCo, ¢Og _ 5. Arrows indicate the heating curves.
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Heat flow, arb. units
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Fig. 3. Fragments of the DSC heating curve in the tem-
perature range from 420 to 500°C for (/) EuBaCo,0¢ _ g
and (2) EuBaCo; gOg4 _ 5. Arrows indicate the tempera-
tures of the onset of the phase transitions. The separation
of the area under curve 2 by 75 and 25% is shown.

reverse phase transition P4/mmm — Pmmm upon
cooling of the samples are identical and equal to
479°C.

The peak in the DSC curve, which corresponds to
the phase transition in EuBaCo, O _ 5, is transformed
into a triplet with maxima at 461, 466, and 480°C.
Taking into account the shape of the peak and the
proximity of the maxima, we ignored the separation of
the peaks at 461 and 466°C for the EuBaCo, (O¢ _ 5
sample. As a result, there are two characteristic peaks,
one of which contributes 75% of the total energy of the
phase transition, and, correspondingly, the contribu-
tion of the other peak is 25% (Fig. 3). As follows from
Table 2, the energy of the phase transition Pmmm —
PA/mmm for the EuBaCo, yO4_ 5 compound is approx-
imately 6% less than that for the EuBaCo,0q _ 5 com-
pound.

Table 2. Energies £ and temperatures 7py of the phase tran-
sition Pmmm — P4/mmm according to the data of differen-
tial scanning calorimetry (DSC) and X-ray diffraction
(XRD) for EuBaCo,05 5 and EuBaCo, ¢Os5 35 (the oxygen
nonstoichiometry index 9 is given for the temperatures of
the onset of the phase transition).

TPT, OC
Composition E J/g ls)
DSC XRD
EuBaCo,04_5 3.6 466 |460—470| 0.55
EuBaCo, ¢O¢_5 34 455 |450—460| 0.70
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Fig. 4. Fragments of the X-ray diffraction patterns of (a)
EuBaCo,0q¢ _ § and (b) EuBaCo | ¢Og¢ _ 5 at temperatures

T= (1) 450, (2) 460, (3) 470, and (4) 500°C.

4. DISCUSSION OF THE RESULTS

The phase transition Pmmm — P4/mmm in the
cobalt-deficient EuBaCo, _ ,O¢_ 5 samples has a more
complex character as compared to the stoichiometric
EuBaCo,0q _ s compounds.

Let us consider a model system consisting of
100 unit cells (the scheme of one unit cell in the bc
plane is shown in Fig. 5a) of EuBaCo,0s 5, (Pmmm,

Z = 2). This system contains 400 cobalt ions (Coéo),

100 oxygen ions (Og ) in the O3 positions, and
100 unoccupied positions O4. The heating to the
phase transition temperature leads to a partial escape
of the oxygen ions from the O3 positions. According to
the thermogravimetry data, the model system loses ten
oxygen ions from the O3 positions and retains
90 occupied positions O3. As was shown in [14], the
phase transition is accompanied by a uniform distribu-
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Fig. 5. Schematic diagrams of the formation of cobalt—oxygen vacancies in the bc plane: (a) EuBaCo,05 5 unit cell (all the O4
positions are unoccupied, and all the O3 positions are occupied by oxygen ions), (b) model system where the cobalt vacancy is

located in the Col (V(';'(')l) position, and (c) model system where the vacancy cobalt is located in the Co2 (V&,z) position. The

shaded oxygen positions are possible sites of the formation of oxygen vacancies. The positions designated as V(Sl., V6§ , and V(;;
are the most preferred sites of the formation of oxygen vacancies bound to the cobalt vacancy.

tion of oxygen ions between the positions O3 and O4. Now, we introduce cobalt vacancies into the model
Thus, among the 90 oxygen ions in the O3 positions, system (Figs. 5b, 5c). We assume that the cobalt
the 45 ions are displaced to the O4 positions, whereas vacancies are uniformly distributed between the posi-
the other 45 ions remain in the O3 positions. tions Col and Co2, while their related additional oxy-

PHYSICS OF THE SOLID STATE  Vol. 57 No. 11 2015
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gen vacancies are located in the nearest positions. In
our opinion, the formation of vacancies most probably
occurs in the following positions: a vacancy in the
position of the mobile oxygen O3 and vacancies in the
positions O1 and O2. The latter assumption is based
on the close values of the O3—Eu—04 and O1—Ba—
02 bond lengths (Fig. 5).

Thus, the introduction of 5% cobalt vacancies into
our model system leads to the formation of 10V, and

10V, (cobalt vacancies in the positions Col and

Co2, respectively) and 10V, , 10V,55, and 10V5; (oxy-
gen vacancies in the corresponding positions). In this

case, 380 cobalt ions (Cog,, and Col,,) and 90 oxy-
gen ions O3 remain in their initial positions. The heat-
ing to the phase transition temperature, as was
described above, leads to a partial escape of oxygen
ions from the O3 positions. At this temperature in the
cobalt-deficient model system, 80 oxygen ions remain
in the O3 positions, of which 40 ions execute jumps
into the O4 positions and the other 40 ions remain in
their positions.

Since the thermal effect of the phase transition,
which is visible in the DSC curve, represents the total
energy of all the jumps made by the oxygen ions O3 —
04 and their influence on the unit cell, the introduc-
tion of 5% cobalt vacancies leads to a decrease in the
number of jumps O3 — 04 from 45 for the model sys-
tem EuBaCo,0q¢ _ 5 to 40 for EuBaCo, 4O _ 5. There-
fore, the difference in the energies of the phase transi-
tions between the cobalt-stoichiometric sample and
the sample with vacancies should be AE_, = (45—
40)/45 x 100% = 11%, whereas the experimental value
is £, = 6%. Based on the value of £, obtained from
simple quantitative evaluations, we believe that our
model of the formation of cobalt—oxygen vacancies
satisfactorily describes the actual processes. When
comparing Eg,. and E, it is necessary to take into
account that we considered, as the basis, the ideal unit
cell of the EuBaCo,05 5 compound without regard for
the partial filling of the oxygen positions O4 [14].

As a result, based on the assumption of a uniform
distribution of cobalt vacancies between the Col and
Co2 positions, we obtained a model system in which

(i) the oxygen nonstoichiometry index 0 coincides
with the experimental value: two cobalt vacancies lead
to the formation of three additional oxygen vacancies;

(ii) the change in the energy of the phase transition
in the presence of 5% cobalt vacancies is E_,. = 11%.

At the same time, one cobalt vacancy in the O3
position has a significant effect on the nearest envi-
ronment. This is indicated by the formation of a triplet
and the area ratio of the DSC peaks for the
EuBaCo, ¢Os 35 sample. It can be assumed that the
DSC peaks at temperatures of 461—466°C correspond
to the phase transitions of the unit cells under the
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influence of cobalt—oxygen vacancies. Moreover, for
unit cells not affected by the vacancies, the phase tran-
sition manifests itself in the DSC curve as a peak with
the maximum at 470°C (the temperatures of the onset
of the phase transition upon cooling coincide for both
samples). In this case, it turns out that 5% vacancies in
the cobalt sublattice affect the state of ~3/4 of the
entire system of cobalt—oxygen bonds involved in the
formation of the structural phase transition (Fig. 3).
This means that a region of structural distortions or a
cluster consisting of several unit cells is formed around
one unit cell containing a cobalt vacancy. We can esti-
mate the cluster sizes. According to our assumptions
about the mechanism of the formation of vacancies,
5% cobalt vacancies lead to the formation of 10% oxy-
gen vacancies in the O3 positions. If it is assumed that
the environment of these cells is responsible for the
75% contribution to the phase transition energy, the
vacancy has an effect on 7—8 unit cells, which are the
nearest neighbors. Then, it turns out that the cluster
size corresponds to the structural formula ~3a % 3b %
3c. These cells are distorted predominantly along the ¢
axis, have a larger volume, and undergo a phase tran-
sition at a lower temperature (Table 2). It can also be
assumed that the existence of these clusters will have
an effect not only on the DSC curves but also on other
properties depending on the state of the cobalt ion or
on the energy of cobalt—oxygen bonds.
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