ISSN 0036-0236, Russian Journal of Inorganic Chemistry, 2024. © Pleiades Publishing, Ltd., 2024.

PHYSICAL AND CHEMICAL ANALYSIS

OF INORGANIC SYSTEMS

Phase Equilibria, Crystal Structures, and Oxygen
Nonstoichiometry of Complex Oxides Formed
in the GdC0oO;—SrCo0O;_;—SrFeO;_;—GdFeO; System

T. V. Aksenova® *, E. E. Solomakhina“, A. S. Urusova?, and V. A. Cherepanov*
¢ Ural Federal University named after the First President of Russia B.N. Yeltsin, Yekaterinburg, 620002 Russia

*e-mail: TV.Aksenova@urfu.ru
Received February 10, 2024; revised March 12, 2024; accepted March 21, 2024

Abstract—The phase relationships in the quasi-quaternary system GdCoO;—SrCoO;_s—SrFeO;_s—GdFeO,
at 1373 K in air have been studied. The homogeneity ranges and crystal structure of solid solutions with overall
composition Gd,_,Sr,Co,_,Fe ,0;_g have been determined. Depending on the concentration of introduced
strontium and iron, the Gd,_,Sr,Co,_,Fe, O;_s oxides crystallize in orthorhombic (x = 0.1 and 0.4 < y < 1.0;
x=10.2and y = 0.9, space group Pbnm), tetragonal (0.6 <x<0.8 and 0.1 <y <0.5, space group /4/mmm) or
cubic (x=0.9and 0.1 <y<0.9;0.6<x<0.8and 0.6 <y<0.9, space group Pm3m) perovskite structure. Struc-
tural parameters were determined for all single-phase samples. It was found that an increase in the concen-
tration of strontium and iron leads to an increase in the unit cells parameters of the Gd,_,Sr,Co;_,Fe,O;_5 oxides.
It has been shown that the oxygen content in the Gd,_,Sr,Co, 3Fe, ;0;_g oxides, determined by thermogravimet-
ric analysis, decreases with increasing temperature and strontium content. An isobaric-isothermal phase diagram
for the GACo0O;—SrCo0;_g—SrFeO;_s—GdFeO; system at 1373 K in air was constructed.
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INTRODUCTION

The set of interesting physicochemical characteris-
tics of complex oxides with a perovskite structure, in
which rare earth and alkaline earth elements are
located in the A-sites, and cobalt and iron in the
B-sites [1—5], open up prospects for their practical use
in a variety of electrochemical and catalytic devices.
The study of the crystal structure and physicochemi-
cal properties of strontium-substituted cobaltites
Ln,_Sr,CoO;_s (Ln = REE) was undertaken due to
the possibility of their practical use as cathodes [6—12]
or interconnectors [13] for intermediate-temperature
solid oxide fuel cells (SOFCs), cathodes of CO, lasers
[14], catalysts [15—17], gas-sensitive sensors [16, 18,
19], materials for chemical looping [20], thermoelec-
trics [21], magnetic materials [22—25].

Depending on the radius of the lanthanide ion, the
concentration of introduced strontium, and the heat
treatment conditions, the Ln;_ Sr,CoO;_g oxides can
crystallize in the rhombohedral (Ln = La with 0.0 <
x £ 0.5, space group R3c) [26—29], orthorhombic
(Ln = Pr, Nd, Sm with 0.0 £x <0.6 and Ln = Gd with
0.37 £x £0.6 space group Pbnm or Pnma) [8, 26, 30—
32] or cubic Ln = La with 0.6 <x < 0.8 (space group
Pm3m) [28, 29] perovskite structure. Cobaltites

Ln,_,Sr,Co0O;_s enriched with strontium 0.6 < x < 0.9
are characterized by structural ordering of lanthanide
and strontium ions in the A-sublattice, leading to the
localization of oxygen vacancies in certain planes and
the formation of a tetragonal superstructure a, X a, X
2a, for Ln = La, Pr, Nd (space group P4/mmm) and
2a, x 2a, X 4a, for Ln = Sm, Gd, Dy, Y, Ho (space
group /4/mmm) [26, 30, 33—36]. An increase in tem-
perature leads to the destruction of superstructural
ordering, and the phase transition temperature
depends on the Ln/Sr ratio [26, 34—37]. For example,
in air the transition from an ordered 2a, X 2a, X 4a,
superstructure to a disordered cubic one with statisti-
cally distributed Ln and Sr cations in the A-sublattice
in Gd,,Sr;3Co0O;_5 is completed at 1363 K [36],
which is in good agreement with the results in [37].
A similar structural transition in Gd,;Sry¢Co00O;_g in
air occurs at 1263 K [38]. A slightly different interpre-
tation, although similar from the crystallographic
point of view of the formation of an ordered arrange-
ment of cations in the A-sublattice with the formation
of a tetragonal cell, was given by Istomin et al. [39].
Oxygen nonstoichiometry in the Ln,_Sr,CoO;_s
(Ln= La—Gd) oxides changes slightly with decreasing
radius of the lanthanide ion and increases significantly
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with increasing strontium concentration in the sam-
ples [7, 26, 28, 30, 32, 37, 40]. It should also be noted
that the oxygen content, along with the Ln/Sr ratio,
significantly determines the formation of a super-
structure in cobaltites [32, 41].

The introduction of iron into the cobalt sublattice
in Ln,_,Sr,CoO;_g has a noticeable effect on the crys-
tal structure and the entire set of physicochemical prop-
erties of the Ln, Sr,Co_/FeO; 5 (Ln = La—Gd)
oxides [42—50]. Information on the structure and
properties of solid solutions based on GdCoO; with
simultaneous substitution in the A- and B-sublattices
is scarce. It is known that cobaltites Gd, ¢Sr;,Co;_,-
Fe, O;_5 (0.0 <y < 1.0) crystallize in an orthorhombic
perovskite-like structure (space group Pbnm), and an
increase in the iron concentration in the samples leads to
a decrease in the thermal expansion coefficients and
electrical conductivity [42, 43, 49]. This work is devoted
to the study of phase relations in the quasi-quaternary
GdCo00;—SrCo0O;_s—SrFeO;_s—GdFeO; system at
1373 K in air and influence of the substitution value on
the homogeneity range, crystal structure and oxygen
nonstoichiometry of Gd,_,Sr,Co,_,Fe O; 5 complex
oxides.

EXPERIMENTAL

The synthesis of samples was carried out using
glycerol-nitrate technique, described earlier in [45,
50]. The starting components were gadolinium oxide
Gd,05 (99.99%), strontium carbonate SrCO; (high
purity grade), pre-calcined to remove adsorbed mois-
ture and gases at 1373 K for 12 h and 773 K for 5 h,
respectively, iron oxalate FeC,0,-2H,O (analytical
grade) and metal cobalt Co, obtained by reduction
from cobalt oxide Co;0, (analytical grade) at 673—873 K
in a hydrogen flow. Final annealing was carried out at
1373 K in air for 60—80 h with intermediate grinding in
ethyl alcohol after 12—15 h. The samples were
quenched in air from 1373 K to room temperature by
removing crucibles with a volume of <1 mL from a
heated furnace onto a massive copper plate (cooling
rate ~400—500 deg/min).

The phase composition of the studied samples was
determined by X-ray powder diffraction using a Shi-
madzu XRD 7000 diffractometer with CuK, radiation
(A = 1.5418 A) using a pyrolytic graphite monochro-
mator (angle range 10° <26 <80°, step 0.02°, exposure
at point 2 s). The structural parameters were refined
using the Rietveld full-profile analysis method in the
Fullprof-2011 software.

High-temperature XRD (HT-XRD) studies were
carried out using an Inel Equinox 3000 diffractometer
equipped with an HTK 16N high-temperature cham-
ber (Anton Paar). Heating and cooling of the sample
to a required temperature was performed at a rate of
100 K/h. The accuracy of temperature maintenance
was = 0.1 K.
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The oxygen content in the oxides and its change
with temperature were determined by thermogravi-
metric analysis. Measurements of temperature depen-
dences were carried out using a thermal analyzer STA
409 PC Luxx in dynamic mode with a heating/cooling
rate of 2 K/min in the temperature range 298—1373 K in
air. The absolute value of oxygen content in oxides was
determined by a complete reduction of samples with
hydrogen (10% N, + 90% H,) at 1423 K in a thermo-
gravimetric cell to oxides Gd,0;, SrO and metallic cobalt
Co and iron Fe. The phase composition of the reduced
samples was controlled by X-ray powder diffraction.

RESULTS AND DISCUSSION

To study phase equilibria in the GdCoO;—
SrCo0O;_s—SrFeO;_s—GdFeO; system 52 samples
with various ratios of metal components were prepared
at 1373 K in air using glycerol-nitrate technique.

Crystal Structure of Gd,_,Sr,Co,_,Fe ,O;_5 Oxides

Using X-ray powder diffraction, it was established
that the homogeneity ranges and crystal structure of
the Gd,_,Sr,Co,_,Fe O;_; solid solutions depend sig-
nificantly on the concentration of introduced stron-
tium (x) and iron (y).

X-ray powder diffraction patterns of single-phase
Gd,_,Sr,Co,_,Fe,O;_;5oxides with x = 0.0 and 0.0 <
y<1.0,x=01land04<y<l10andx=02andy=
0.9 quenched from 1373 K in air, similar to unsubsti-
tuted GdMeO; (Me = Fe, Co), were indexed within
an orthorhombically distorted perovskite-like cell
(space group Pbnm). Figure 1 shows, as an example,
diffraction patterns of Gd,_,Sr,Co, ,Fe, 303 _swithx =
0.0 and 0.1, refined using the Rietveld full-profile
analysis. The refined unit cell parameters of Gd,_,Sr,-
Co,_,Fe,O;_5 (x = 0.0; 0.1) are listed in Table 1. The
linear increase in the unit cell parameters and unit cell
volume for Gd,_,Sr,Co,_,Fe,0; 5 (x = 0.0; 0.1) with
increasing iron content (Fig. 2) corresponds to a larger
radius of iron ions ((r /te(HS) = 0.645/0.585 A,
CN = 6) compared to the radius of cobalt ions (ré’: /4&)
(HS) =0.61/0.53 A, CN = 6) [51].

The homogeneity range of Gd,_,Sr,Co,_,Fe, 05 ;5
solid solutions with an orthorhombic structure is sig-
nificantly smaller than that determined for similar
oxides in the Nd-containing system Nd,_,Sr,Co;_,-
Fe,O;_5 [45]. This can be explained by the larger dif-

ference in radii of gadolinium (rég = 1.107 A) and
strontium (r, = 1.44 A) compared to the difference in

radii between neodymium (;}\31:]1r = 1.27 A) and stron-
tium [51], and as a result, the replacement of Gd by Sr
from the side of GdCoO; does not occur at all [52],
and from the GdFeO; side it is significantly less [53].
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Fig. 1. X-ray powder diffraction data for Gd;_,Sr,-
Co,Feg §O3_g with x = 0.0 (a) and x = 0.1 (b), refined
using the Rietveld method. Points show experimental data;
(1) theoretical spectrum; (2) positions of peaks with
allowed Miller indices (hkl); (3) difference between exper-
imental data and theoretical curve.

An increase in the concentration of strontium,
which replaces gadolinium in Gd,_,Sr,Co,_,Fe,O;_;
up to x = 0.6, again leads to the formation of single-
phase oxides and a change in their crystallographic
symmetry. Sr-enriched cobaltites Gd,_Sr,Co;_,-
Fe,0;_s with 0.6 <x < 0.9, depending on the iron con-
tent, have a tetragonal (space group /4/mmm) or cubic
unit cell (space group Pm3m). In the tetragonal
ordered 2a, X 2a, x 4a, structure, REE and strontium
cations are distributed over three nonequivalent posi-
tions: Al is completely occupied by REE ions, A2
occupied by strontium ions, and both REE and Sr are
located in A3 positions [26, 38, 54]. Structural transi-
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Fig. 2. Concentration dependences of the unit cell param-
eters of Gd;_,Sr,Co;_,Fe 03_g solid solutions: with
x=0.0and0.0<y<1.0 closecf}symbols, and withx=0.1 and
0.4 <y <0.9 open symbols.

tions in Gd,_,Sr,Co,_,Fe,O;_5 with x = 0.8 and 0.9
were described in detail in our previous work [55].

The X-ray powder diffraction patterns of the Gd,_,-
Sr,Co,_,Fe,0; ;oxideswith 0.6 <x<0.7and 0.1<y<0.5,
quenched at 1373 K in air, similar to iron-free cobal-
tites Gd,_,Sr,Co0;_5 (0.6 <x <0.8) [26, 30, 37, 39, 52]
contain superstructure reflections at scattering angles
of 20 = 21° (d = 4.26 A, hkl = 103) and 20 = 39° (d =
2.29 A, hkl = 215), indicating the formation of a
tetragonal supercells 2a, X 2a, X 4a, (where a, is the
unit cell parameter of the basic perovskite). According
to electron diffraction data [26, 30, 33, 39], the super-
structure (2a, X 2a, x 4a,) is formed by ordering of Gd
and Sr cations in the A sublattice and the accompany-
ing ordered arrangement of oxygen vacancies.

Table 1. Unit cells parameters of Gd,_,Sr,Co;_,Fe,O;_5 oxides (x = 0.0; 0.1) quenched from 1373 K in air (space group Pbnm)

A oA X 43 5 R-factors, %

x y a, > ¢ v, c/N2,A R, R R,
0.0 5.223(1) | 5.391(1) | 7.450(1) | 209.77(1) | 5.267 1.57 1.46 9.68

0.2 5.242(1) | 5.426(1) | 7.483(1) | 212.84(1) | 5.291 2.80 3.11 10.10

00 0.4 5.262(1) | 5.466(1) | 7.518(1) | 216.23(2) | 5.316 311 3.18 11.10
' 0.6 5.287(1) | 5.511(1) | 7.560(1) | 220.27¢1) | 5.345 2.9 3.23 9.21
0.8 5.312(1) | 5.554(1) | 7.605(1) | 224.37(1) | 5.377 3.03 2.64 8.71

1.0 5.349(1) | 5.603(1) | 7.666(1) | 229.27(1) | 5.409 1.26 1.33 8.42

0.4 5.290(1) | 5.475(1) | 7.544(1) | 218.49(1) | 5.334 6.04 5.70 6.08

0l 0.6 5.317(1) | 5.515(1) | 7.588(1) | 222.50(2) 5.365 5.35 4.76 7.01
' 0.8 5.342(1) | 5.560(1) | 7.635(1) | 226.77(1) 5.398 6.32 5.38 5.80
0.9 5.354(1) | 5.581(1) | 7.653(1) |228.68(1) | 5.411 6.27 5.16 7.14
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Fig. 3. X-ray powder diffraction data for Gd, Sty 7Co_,-
Fe 03_gwithy=0.2 (a) and y = 0.7 (), refined using tﬁve
Rietveld method. Points show experimental data; (/) the-
oretical spectrum; (2) positions of peaks with allowed
Miller indices (#kl); (3) difference between experimental
data and theoretical curve. Arrows indicate superstructural
reflections for the tetragonal cell 2a,, x 2a, X 4a,,

X-ray powder diffraction patterns of the
Gd,_,Sr,Co,_,Fe,O;_5 oxides with 0.6 < x < 0.7 and
0.1< y £ 0.5 were indexed in the tetragonal cell
2a, x 2a, X 4a, (space group [4/mmm). Figure 3a,
as an example, shows a typical X-ray powder diffrac-
tion pattern of Gd,;Sr,,Co,gFe;,0;_5 cobaltite
refined by the Rietveld full-profile method. The struc-
tural parameters for Gd,_,Sr,Co,_Fe O; 5(0.6<x<0.7
and 0.1 £ y < 0.5) oxides refined by the Rietveld
method are presented in Tables 2 and 3. The unit cell
parameters and atomic coordinates for the
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Fig. 4. Unit cell parameters versus composition for the
Gd;_,Sr,Co,_,Fe 0;_gsolid solution with x = 0.6 (closed

symbols) and xy= .7 (open symbols).

Gd,,Sr;5Co,_,Fe, 05 5 (0.1 <y <0.5) solid solutions
with a tetragonal structure are given in [55]. Substitution
of Gd3* (r = 1.107 A) with larger Sr** cations (r =
1.44 A) [51] and an increase in the content of iron
replacing cobalt in Gd,_,Sr,Co,_,Fe 05 5(0.6 <x<0.7)
from y = 0.1 to y = 0.5 lead to an increase in the unit
cell parameters and volume, which is caused by the
size effect (Fig. 4).

One of the most important factors in the formation
of a superstructure with an ordered arrangement of
cations in A-positions is the Gd/Sr ratio [26, 54],
therefore, the replacement of Co by Fe, which is sim-
ilar in many properties, does not initially affect the
type of structure. However, along with the ordering of
cations, the ordering of oxygen vacancies also plays an
important role in the formation of the superstructure,

Table 2. Unit cells parameters of Gd,_,Sr,Co;_,Fe,05_g solid solutions (0.6 <x < 0.7 and 0.1 <y <0.5) quenched from 1373 K

in air (space group /4/mmm)

R-factors, %
X y a, A c, A v,A
Ry, R; R,
0.1 7.650(1) 15.369(1) 899.55(2) 5.93 8.47 6.59
0.2 7.654(1) 15.388(1) | 901.59(2) 5.14 8.47 5.73
0.7 0.3 7.665(1) 15.392(1) | 904.38(1) 6.67 8.87 8.81
0.4 7.670(1) 15.400(1) 906.15(3) 8.52 10.3 7.18
0.5 7.686(1) 15.402(1) | 910.09(2) 4.96 8.11 6.86
0.1 7.606(1) 15.343(1) 887.63(2) 6.50 10.4 11.38
0.2 7.623(1) 15.347(1) | 891.83(1) 6.90 1.7 13.70
0.6 0.3 7.627(1) 15.360(1) | 893.52(1) 8.6 9.7 10.38
0.4 7.637(1) 15.361(1) 895.93(2) 7.7 8.0 10.40
0.5 7.650(1) 15.374(1) | 899.72(3) 9.3 1.3 11.47
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Table 3. Atomic coordinates for Gd, ;Sr;,Co,gFe(,0;_g
refined by the Rietveld method

Atom X y z
Co(1)/Fe(l) 0.252(1) 0.252(1) 0
Co(2)/Fe(2) 0.250 0.250 0.250
Gd(1) 0 0 0.143(1)
Sr(2) 0 0 0.624(1)
Sr(3)/Gd(3) 0 0.5 0.131(3)
o(l) 0.225(1) 0.225(1) 0.116(1)
0(2) 0.271(1) 0 0
0(Q3) 0.216(3) 0.5 0
04) 0 0.252(3) 0.269(1)

and the introduction of iron ions, although not to the
same extent as the replacement of Gd by Sr, still
changes the oxygen content. An increase in the iron
content in the Gd,_,Sr,Co,_,Fe, 05 5 oxides with 0.6 <
x<0.7 up to y = 0.6 leads to a transition from a tetrag-
onal superstructure, with ordered Gd and Sr cations in
the A-sublattice, to a cubic structure, with statistically
distributed cations. X-ray powder diffraction patterns
of the Gd,_,Sr,Co,_,Fe 05 5 oxides with 0.6 <x < 0.7
and 0.6 <y < 0.9, like those for the Gd,_,Sr,FeO;_;
ferrites, were indexed in an ideal cubic structure
(space group Pm3m) [53]. Figure 3b, as an example,
shows the X-ray powder diffraction pattern of cubic
Gd, 551, ,Coy ;Fe, ,05_s, refined by the Rietveld full-
profile method. The structural parameters of
Gd,_,Sr,Co,_,Fe, 05 5 solid solutions with a cubic
structure are listed in Table 4.

To compare the unit cell parameters of the
Gd,_,Sr,Co,_,Fe, 0O, soxides withx= 0.6 and 0.7 over
the entire concentration range (0.1 <y < 0.9), the
parameters of the tetragonal supercell were recalcu-
lated to the pseudocubic one using the formula:

enic = V/2)'"°, (1)

where V'is a volume of tetragonal supercell, z is the
number of formula units (for 2a, X 2a, X 4a, super-
cells z = 16). It can be seen that the dependence of
the pseudocubic cell parameters (a.,.) for the
Gd,_,Sr,Co,_,Fe,O; ;oxides (x = 0.6 and 0.7) versus
iron concentration (Fig. 5) exhibits a discontinuity in
the composition range 0.5 <y < 0.6 corresponding to
the “order—disorder”-type structural transition, simi-
lar to that reported for cobaltites Gd,_,Sr,CoO;_g with
increasing strontium content [37].

The X-ray powder diffraction patterns of samples
with the nominal composition of Gd,_,Sr,Co,_,Fe,O5_;
with 0.2 <x < 0.5 and 0.2 £y < 0.8 contained reflec-
tions of two types of solid solutions with orthorhombic
(space group Pbnm) and cubic (space group Pm3m)
structures.

Oxygen Nonstoichiometry
in Gd,_,Sr,Co, ,Fe,0; 5 Oxides

The temperature dependences of the oxygen con-
tent in Gd,_Sr,Co,;Fe,,0;_s solid solutions with
0.6 < x < 0.9 are shown in Fig. 6. It can be seen that
oxygen content in the samples noticeably decreases
with increasing strontium concentration (Table 5).
Heterovalent substitution of strontium for gadolinium
leads to the formation of acceptor-type defects Srg, .
Compensation for the excess negative charge in the
structure occurs through the formation of an equiva-
lent number of positively charged oxygen vacancies

(V) and holes (4°) localized on 3d transition metal
ions. With increasing strontium content, the average
oxidation state (Z) of 3d transition metal ions changes
slightly from 3.02+ for x = 0.6 to 3.08 + forx = 0.9 at
1373 K (AZ= 0.06) compared to the change in oxygen
content from 2.71 for x = 0.6 t0 2.59 forx = 0.9 at 1373 K
(A(3 — 8) = 0.12, which corresponds to charge com-
pensation AZ = 0.24) (see Table 5). Thus, the lability
of the oxygen sublattice [56] leads to the formation of
solid solutions within a fairly wide range, since the sta-

Table 4. Structural parameters of Gd,_,Sr,Co;_,Fe, O;_g oxides quenched from 1373 K in air

Space group Pm-3m: Gd/Sr (0.5; 0.5; 0.5); Fe/Co (0; 0; 0); O (0.5; 0; 0)

R-factors, %
X y a, A V, A3 dFe/Cofos A de/SrfO’ A de/SrfFe/Co’ A
Rp, R¢ R,
0.6 3.843(1) | 56.78(1) | 1.921(1) | 2.717(1) 3.328(1) 3.93 4.37 7.39
0.7 0.7 3.848(1) | 56.98(1) | 1.924(1) | 2.722(1) 3.333(1) 2.73 2.11 7.23
0.8 3.852(1) | 57.16(1) | 1.924(1) | 2.722(1) 3.334(1) 4.48 2.93 8.33
0.9 3.860(1) | 57.51(1) | 1.930(1) | 2.729(1) 3.342(1) 4.53 4.40 8.97
0.6 | 3.833(1) | 56.33(1) | 1.916(1) | 2.710(1) 3.320(1) 5.7 4.75 14.2
0 0.7 | 3.838(1) | 56.55(1) | 1.919(1) | 2.714(1) 3.324(1) 8.75 8.72 13.6
‘ 0.8 | 3.846(1) | 56.92(1) | 1.922(1) | 2.719¢(1) | 3.330(1) 3.16 4.76 10.2
0.9 | 3.852(1) | 57.18(1) | 1.926(1) | 2.724(1) | 3.336(1) 4.90 5.31 12.1
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY 2024
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Fig. 5. The unit cell parameters of a pseudo-cubic cell ver-
sus composition for the Gd;_,Sr,Co;_,Fe O3 5 solid
solution.

bility of oxides with a perovskite structure is largely
determined by the thermodynamically favorable oxi-
dation state of 3d metals at certain T, Po, [57], and charge
compensation in Gd,_Sr,Co,;Fe,,0;_s within the
studied temperature range in air is determined mainly

due to the formation of oxygen vacancies (V).

In a case when the average oxidation state of 3d
metals is above 3+, the more electropositive iron ions

T=298 K, air
34 3+ o 4+
Gdy 4S1y 6Cop 3Fey 2Fe) 4505 94
3+ 3+ 4+
Gdy 351y 7Cop 3Fep 24Fe 4607 55
3+ - 3+ 4+
Gdy ,S1y 3Cop 3Fep 20Fe 4507 54

34 34 o 4
Gdy.1S15.9Coy 3Fey 13Fe) 5,05 51

It can be seen that although the charge compensa-
tion with increasing strontium concentration is carried
out mainly due to the release of oxygen from the lattice
which is accompanied with the formation of oxygen
vacancies, the fraction of Fe*' ions also increase
slightly. Similar results were obtained earlier for per-
ovskite-like oxides of the composition Ln,_,Sr,Co,_,-
Fe,O;_s (Ln= La, Nd) [44, 45, 50].

Phase Diagram of the GdCoO;—SrCoQO;_s—SrFeO;_s—
GdFeO; System

The phase diagrams of quasi-binary systems
GdCo00;—SrCo0O,_g, GdFeO;—SrFeO,_g,
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Fig. 6. Oxygen content in the Gd;_,Sr,Coq3Fe-,03_g
oxides (0.6 <x <0.9) vs. temperature in air.

will predominantly have oxidation state of 4+ (elec-
tronegativity of Fe = 1.64; electronegativity of Co =
1.7 [58]). In other words, the equilibrium in the reac-
tion Fe*" + Co®" = Fe3* + Co*" is significantly
shifted to the left-hand side. Using the electroneutral-
ity condition and experimentally determined values of
oxygen content, the formulas of solid solutions Gd;_,-

S1,Coy 3Fe( 703_g can be represented as follows:

T=1373 K, air
3 3 4
Gdo.4sro.6C003F3028F605202.71
3 3 4
Gdo.3Sro.7COOEF3026F905402.67
3 3 4
Gd0.2ST0.8C002F6022F605802.64

34 3+ o 4+
Gdy.1S1y.9Coq 3Fe) 64 Feg 0603 59

SrCo0O;_s—SrFeO;_g necessary for constructing the
phase diagram of the quasi-quaternary system
GdCo00;—SrCo0O;_s—SrFeO;_s—GdFeO; at 1373 K
in air, were studied in detail earlier in [52, 53, 59]. The
homogeneity range limits and the type of crystal struc-
ture for the oxides formed in these systems at 1373 K in
air are given in Table 6.

The X-ray powder diffraction pattern of SrCoQO;_g
cobaltite quenched from 1373 K in air was indexed
within an orthorhombic cell with unit cell parameters
a=5.615(1)A, b=15.580(1) A, ¢ = 5.563(1) A (space
group Pnma) [59], which is in good agreement with
the results reported in [60]. However, according to
HT-XRD data [52], SrCo0O;_gat 1373 K in air crystal-

2024
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Table 5. Oxygen content and average oxidation state of 3d
transition metals in Gd,_,Sr,Coq 3Fe, ;05_g in air

Average oxidation

X LK 3-0 state of 3d metals
0.6 298 2.94 +0.01 3.48
’ 1373 2.71 £0.01 3.02
0.7 298 2.88 £0.01 3.46
’ 1373 2.67 £0.01 3.04
08 298 2.84 £ 0.01 3.48
’ 1373 2.64 £0.01 3.08
0.9 298 2.81 £ 0.01 3.52
’ 1373 2.59 £ 0.01 3.08

lizes in an ideal cubic structure (space group Pm3m),
and the quenching rate after removing the sample to
room temperature is insufficient to preserve the struc-
ture. To clarify the homogeneity range of the
SrFe,_,Co0,0;_5 solid solution, HT-XRD measure-
ment of the SrFe ,Co, 3O;_s complex oxide was addi-
tionally performed. According to the obtained results
cobaltite SrFe,,Co,30;_g5 at 1373 K in air possesses a
cubic perovskite structure with the unit cell parameter
a = 3.984(1) A (space group Pm3m). Thus, in the
SrCo0;_s—SrFeO;_s system under experimental con-
ditions studied a series of solid solutions
SrFe,_,Co,05_s with a tetragonal structure is formed
inside the range 0.0 < x < 0.3, and another one with a
cubic structure inside the range 0.3 <x < 1.0, which is
consistent with the data reported in [61].

Taking into account the X-ray powder diffraction
results of all studied samples quenched to room tempera-

ture, a phase diagram for the GdCoO;—SrCoO;_s—
SrFeO;_s—GdFeO; system at 1373 K in air was con-
structed (Fig. 7). The phase diagram shows the stabil-
ity regions of Gd,_,Sr,Co,_,Fe,O;_5 solid solutions
with orthorhombic (space group Pbnm), tetragonal
(space group /4/mmm) and cubic (space group Pm3m)
structure. The structural transition of “order<disor-
der”-type for the Gd,_,Sr,Co,_,Fe,O;_5 oxides with
0.6 <x<0.8aty > 0.5 refers to the second order phase
transitions, which boundary is extended and cannot be
attributed to fixed parameters, thus in the phase dia-
gram it is shown by a dash line. The shaded fields cor-
respond to the coexistence of two types of solid solu-
tions.

CONCLUSIONS

It has been shown that the crystal structure of Gd,_,-
Sr,Co,_,Fe, 0;_; solid solutions depends significantly
on the concentration of introduced strontium and
iron. At low strontium contents, Gd,_,Sr,Co,_,Fe O;_5
complex oxides (x =0.0 and 0.0 <y < 1.0; x = 0.1 and
0.4<y<1.0;x=0.2 and y =0.9) have an orthorhom-
bically distorted perovskite structure (space group
Pbnm); strontium-enriched Gd,_,Sr,Co,_,Fe O ;5
oxides with 0.6 < x £ 0.8 and low iron content of 0.1 <
¥ <0.5 crystallize in a tetragonal supercell 2a, X 2a, X
4a, (space group I4/mmm) with ordered Gd and Sr
cations in the A-sublattice, and oxides with 0.6 < x <
0.8 and high iron content 0.6 <y < 0.9 crystallize in
a cubic cell with statistically distributed cations.
The increase in the unit cell parameters of the
Gd,_,Sr,Co,_,Fe 05 5 oxides with increasing stron-
tium and/or iron content is associated with the size

Table 6. Homogeneity ranges and crystal structure of solid solutions formed in quasi-binary systems at 1373 K in air

System Composition of solid solution Crystal system (space group) Ref.
0.0<x<0.19 Cubic
(Pm3m)
GdCo05;—SrCo0O5_g | Sr;_,Gd,Co0O;_g 0.2<x<04 Tetragonal [52]
(14/mmm)
1.0£x<04 GdCoO;_g+ Sry ¢Gd( 4Co05_5
0.05<x<0.3 Cubic
GdFeO;s—SrFeO, 5 |Sr,_.Gd FeO (Prm3m) [53]
3 3-8 P 3-8 0.8<x<1.0 Orthorhombic
(Pbnm)
0.0<x<0.3 Tetragonal
(14/mmm)
SrCo0;_s—SrFeO5_g | SrFe;_,Co,05_; 0.3<x<0.7 Cubic [59]
(Pm3m)
07 < X < 10 SrCOO3_5 + SrFeo_3COO_703_5
0.0<y<1.0 Orthorhombic
GdCo0;—-GdFeO; | GdCo_,Fe, 03 Y (Pbnm) Present work
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GdCo0O;, GdCo,_,Fe 05_; GdFeO;

Fig. 7. Isobaric-isothermal phase diagram for the GdCoO3;—SrCoO;_g—SrFeO;_g—GdFeOj5 system at 1373 K in air. Green points
correspond to the orthorhombic structure of Gdl_xerCOI_yFeyO3_5 (space group Pbnm), blue points to the cubic structure
(space group Pm-3m), red points to the tetragonal ordered structure (space group /4/mmm). Purple dots correspond to the two-
phase region where orthorhombic and tetragonal (or cubic) structures coexist.

effect. The oxygen content in Gd,_,Sr,Co, ,Fe,O; 5 4. M.V.Kalinina, D. A. Dyuskina, I. G. Polyakova, et al.,
cobaltites decreases with increasing temperature Glass Phys. Chem. 49, 177 (2023).

(which corresponds to more reducing conditions), https://doi.org/10.1134/51087659622601046
increasing strontium concentration (representing the 5. E. A. Chizhova, A. 1. Klyndyuk, Ya. Yu. Zhuravleva,
acceptor-type substituent Srgy ) and, to a slightly et al., Glass Phys. Chem. 49, 57 (2023).

lesser extent, with decreasing iron concentration (rep- https://doi.org/10.1134/81087659622600910
resenting the donor-type substituent). An isobaric- 6. H.Fan,Z. Liu, Y. Wu, etal., Int. J. Appl. Ceram. Technol.

isothermal section of the phase diagram of the 21, 289 (2023). .
GdCOO3—SI‘COO3_5—SI‘FCO3_5—GdFCO3 System at https//dOIOI‘g/l()ll 1]/1_]aCl449O
1373 K in air has been constructed. 7. K.T.Leeand A. Manthiram, J. Electrochem. Soc. 153,
A794 (2006).
https://doi.org/10.1149/1.2172572
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