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Ab initio thermodynamic study of (Ba,Sr)(Co,Fe)O3
perovskite solid solutions for fuel cell applications
David Fuks,*a Yuri Mastrikov,bc Eugene Kotominbd and Joachim Maierd
(Ba,Sr)(Co,Fe)O3 (BSCF) perovskite solid solutions are promising materials for solid oxide fuel cell cathodes
and oxygen permeation membranes. Cathode performance strongly depends on the morphology of these
materials remaining as a single phase or two-phase mixture. Combining ab initio calculations of the atomic
and electronic structure of diﬀerent supercells with thermodynamics of solid solutions, we have

Received 24th July 2013
Accepted 25th September 2013

constructed and discussed phase diagrams of several important BSCF chemical compositions. It is
demonstrated that in BSC cobaltite solid solution the spinodal decomposition may occur already at
relatively low temperatures, while ferrite (BSF and SCF) solid solutions decompose at relatively high
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temperatures forming a two-phase system where the coexisting hexagonal and cubic phases
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signiﬁcantly diﬀer in fractions of constituents.

Introduction
Currently ABO3-type cubic perovskite solid solutions, e.g.
BaxSr1xCo1yFeyO3d (BSCF), are considered to be promising
materials for applications as cathodes of solid oxide fuel cells
(SOFCs), oxygen permeation membranes and oxygen evolution
catalysis.1–4 The small oxygen vacancy formation energy characteristic of BSCF leads to high oxygen vacancy concentration,5,6
whilst a low oxygen vacancy migration barrier causes high ionic
mobility.7 These are two key factors leading to fast oxygen
exchange of these materials1,2,8,9 and hence to their potential role
in the context of energy conversion. However, a serious disadvantage of BSCF is its intrinsic instability at intermediate
temperatures which leads to a slow transformation into a mixture
of several phases, including a hexagonal phase with strongly
reduced oxygen diﬀusivity as well as surface exchange rate.6,10–13
Several theoretical studies were performed recently, in order
to understand the above-mentioned peculiarities of BSCF,14–18
the reasons and eﬀects of this structural instability and possible
disordering in both A- and B-sublattices of ABO3-perovskite.18–20
However, these ab initio calculations were performed at 0 K,
quite remote from realistic SOFC operational conditions
(1200 K). In this paper, we used ab initio calculations as a basis
for the thermodynamic study of BSCF solid solutions under
realistic external conditions. This approach was successfully
a
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applied earlier to similar complex perovskite materials
including (Ba,Sr)TiO3 (BST),21 (La,Sr)MnO3 (LSM),22 (La,Sr)CoO3
(LSC)23 and also TixC1xN alloys.24 In order to predict the eﬀect
of the compositional variation of the multicomponent BSCF,
we have constructed three phase diagrams (PDs) for the
following solid solutions: Ba1xSrxCoO3 (BSC), Ba1xSrxFeO3
(BSF) (0 # x # 1) (A-type cations are mixed) and SrCoxFe1xO3
(SCF) (0 # x # 1) (B-type cations are mixed). The changes in the
morphology of solid solution with the chemical composition
relevant for SOFC operation are analyzed in detail.
In this study, we neglect the oxygen deciency in the materials,
which would introduce much uncertainty into our study focused
mainly on the eﬀect of A- and B-site cation composition on solid
solution properties. Note that the basic properties of defect-free
BSCF and of oxygen vacancies in diﬀerent concentrations therein
were studied in detail in our previous publications15–18 whereas
thermodynamics of oxygen non-stoichiometry in oxygen BSCF is
discussed in a separate study.25

Method
The results were obtained by means of density functional theory
(DFT) as implemented in the computer code VASP 5.2 (ref. 26)
with Projector Augmented Wave (PAW) pseudopotentials and
the exchange-correlation GGA functional of the PBE-type. We do
not use the Hubbard-U method here for two reasons. First, our
experience1,14 shows that the DFT in the GGA approximation
reliably reproduces the basic structural properties of BSCF and
related compounds (see Table 1 below), except for the underestimated band gaps in the insulating states of the parent
perovskites. It is also well known that in most cases underestimate of the band gap does not aﬀect the thermodynamic
properties of alloys signicantly because they are determined by
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Table 1 Calculated cubic and hexagonal lattice parameters a ¼ b, c (Å) for three
crystalline phases of four parent perovskites, M – magnetic moments of B-cations
(mB) and the unit cell energy Ec (eV, per 5 atoms). Numbers 2/3 and 1/3 in square
brackets show the fraction of non-equivalent B-ions with corresponding spins in
the 6H structure. Numbers in () brackets indicate experimental data for lattice
parameters and magnetic moments

BCO

SCO

BFO

SFO

Phase

a, b

c

Cubic
2H
6H

3.97
5.72(5.65) f
5.67

4.80(4.76)
13.78

Cubic
2H
6H

3.84(3.83)b
5.46(5.47)c
5.46

4.74(4.24)
13.52

Cubic
2H
6H

3.97(3.97)a
5.73
5.70(5.68)d

4.83
13.84(13.97)

Cubic
2H
6H

3.85(3.85)e
5.47
5.50

4.78
13.59

M

Ec

2.22
0.81
1.16[2/3]
2.62[1/3]
1.75(2.1)
0.82
1.24[2/3]
2.58[1/3]
3.02(3.5)
1.74
2.34[2/3]
3.58[1/3]
2.88(3.1)
1.74
2.42[2/3]
3.46[1/3]

31.79
32.84
32.26
32.08
32.59
32.29
34.66
35.19
34.99
34.97
34.90
35.03

a
Metastable cubic, ref. 40. b Metastable cubic, ref. 38. c Metastable 2H,
ref. 41. d Stable 6H phase, ref. 42. e Ref. 43. f Stable 2H, ref. 30.

integration of the electronic spectra and are less sensitive to the
ne structure of the spectra than, let us say, optic, X-ray
absorption or magnetic properties.27 This is more so for
formation enthalpies, which are essential for our study, since
we calculate mixing energies of solid solutions which are
diﬀerences of total energies and thus possible GGA inaccuracies
are canceled out. Second, use of the Hubbard-U approximation
is not applicable for complex perovskite solid-solutions such as
BSCF and related materials with very small gaps or metals and
containing several types of magnetic ions. Hence, the U
parameter tting would be required for each type of B-sublattice
cations. With the lack of experimental data on band gaps of
BSC, BSF, SCF, to which the U parameter is usually tted, there
is no existent rigorous procedure for a Hubbard-U optimization.
All these make a potential GGA + U approach not only
cumbersome, but also unrealistic for these systems.
Note that we do not consider here reduced systems where the
application of the GGA approach is more problematic. To
demonstrate the quality of our calculations of thermodynamic
properties, we calculated the heat of formation of brownmillerite-type SrFeO2.5 from two oxides
SrO + 1/2Fe2O3 ¼ SrFeO2.5

(1)

The calculated magnitude is 0.54 eV, in good agreement with
the experimental estimate of 0.48  0.03 eV (see Table 3 in ref.
28). This justies the application of the exchange-correlation
GGA functional of the PBE-type in our calculations.
The kinetic energy cut-oﬀ for the plane wave basis set was set
to 520 eV. We start with a study of four parent perovskites – the
end members of the BSCF solid solution – BaFeO3 (BFO),
BaCoO3 (BCO), SrFeO3 (SFO) and SrCoO3 (SCO). Since these
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Fig. 1 Schematic view of the ABO3-type perovskite structures: (a) cubic, (b) 2Hand (c) 6H-hexagonal structures; red, blue and green are oxygen, B-type and Atype atoms, respectively.

materials show diﬀerent crystal structures—cubic (5 atoms per
unit cell) and hexagonal 2H- (10 atoms) or 6H-perovskite phases
(30 atoms),29,30 characterized by face-sharing octahedra and a
mixture of face-sharing and corner-sharing octahedra, respectively (Fig. 1), we have calculated all four materials in three
phases each and compared with available experimental data.
Solid solutions were modeled using a supercell model containing between 40 and 80 atoms. Thus, the total energies for
40-atom cubic structures were calculated using the Monkhorst–
Pack scheme31 with a k-set of 4  4  4. The hexagonal 2H
supercells contained 80 atoms, respectively (k-set 2  2  3),
whereas 6H supercells – 30 atoms (k-set 4  4  2). For instance,
varying the number of Ba atoms from 0 to 8 in the BaxSr8xCo8O24 40-atom supercell allows us to model a whole range of
solid solutions. Due to periodic boundary conditions the
alloying elements are periodically arranged through the lattice.
We calculate the Helmholtz free energies of the solid solutions taking into account congurational entropy and neglecting vibrational contributions. In (Ba1x,Srx)CoO3 solid solutions
Sr atoms substitute for Ba for a whole concentration range, 0 #
x # 1. This allows us to focus on the alloying sublattice, similar
to that in ref. 32 and 33, and to consider the Ba/Sr solid solutions on the sites of a simple cubic (SC) lattice immersed in the
external eld formed by CoO3 structural units. Although Sr2+
and Ba2+ have the same oxidation state, the variation in the
atomic fraction of Sr changes the self-consistent charge distribution and thus the electrostatic potential formed by the CoO3
units. The idea of considering one of the sublattices in the eld
of the rest of the crystalline lattice was successfully used
recently to describe the spinodal decomposition in (Ti,Al)N
solid solutions,32–34 and to predict phase competition in the
USi3–UAl3 PDs.35 A similar approach was used to explain the
morphology of ultra-thin metal lms on a MgO substrate.36 It
was also successfully applied to study the phase equilibrium
and to construct the PD for the vacancy-ordered structures of
sub-stoichiometric TiCx alloys.37

Main results and discussion
Parent perovskites
The optimized lattice parameters and magnetic moments for
the three diﬀerent phases and B-cation magnetic moments in
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four parent perovskites are summarized in Table 1. First of all,
the present calculations correctly reproduce the energetically
preferable crystalline structures for BCO and SCO (hexagonal
2H). For BFO with a known hexagonal 6H structure we found
that the 2H phase is energetically slightly more favorable (by
0.2 eV per ABO3 formula unit); thus we use this phase in future
calculations. The calculated energy for a cubic SFO is very close
to that for the 6H structure, and we consider the cubic phase
hereaer. Note that in reality the thermodynamic stability of
diﬀerent phases depends strongly also on the material's oxygen
stoichiometry; in our calculations we consider fully stoichiometric materials whereas in fact these show some oxygen deciency. For SCO we compare results for the two phases: cubic
and 2H; the former one is metastable but could be prepared by
means of electrochemical oxidation of SrCoO2.5 at room
temperature,38 whereas the latter one is more stable but also
could decompose into two products.39 In general, agreement
between calculations and experiments is quite good, except for
the overestimated lattice parameter c for SCO in the 2H phase.
(However, the experiments41 should be independently checked
since such a small parameter c contradicts the trend with BCO.)
Table 1 shows that the accuracy of our GGA calculations of
magnetic moment for the B-type cations in complex perovskites
is 17% for SCO, 7% for SFO, and 14% for BFO (metastable
cubic phase for which experimental data are available). It means
that in the considered compounds the charge transfer from
Co/Fe to oxygen is reasonably taken into account. The deviation
of calculated magnetic moments from experimental values is
small thus giving additional justication to the accuracy of our
calculations.
Ba1xSrxCoO3 solid solutions
Ba1xSrxCoO3 (BSC) solid solution was considered as a Ba/Sr
sublattice immersed into the eld of the rest of the structure
consisting of Co and O atoms. To model the Ba1xSrxCoO3 solid
solutions with diﬀerent atomic fractions of Sr on the Ba/Sr
sublattice, supercells containing diﬀerent amounts of Sr were
constructed. The lattice parameters of the supercells were
optimized through minimization of their total energies. The
results of calculations of corresponding energies in cubic and
2H hexagonal structures are compiled in Table 2.
Following a comparison of the total energies of solid solutions in 2H and cubic structures, the 2H structure is energetically preferable for all compositions. Thus, further analysis was
carried out for the solid solutions with the hexagonal 2H
structure. Based on the total energies of the considered structures, Esol, for (Ba1x,Srx)CoO3 and the total energies for parent
materials, e.g. BaCoO3, and SrCoO3, one can calculate the mixing energy of the solid solution, DE
Table 2 Total energies and mixing energy, DE, for Ba1xSrxCoO3 solid solutions,
in eV per formula unit

x
Ecub
Ehex
DEhex

0
31.79
32.84
0.0

0.125
31.81
—

0.25
31.83
32.75
0.028

0.5
31.88
32.66
0.055

0.75
31.98
32.62
0.033
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0.875
32.03
—

1
32.08
32.59
0.0

DE ¼ Esol  ((1  x)EBaCoO3+xESrCoO3)

(2)

and perform the analysis of phase stability in terms of the phase
diagram (PD) of the corresponding solid solutions.
Calculating DE from eqn (2), for all considered compositions, x, we found that DE > 0 (Table 2). Thus, the formation of
BSC solid solutions is unfavorable at T ¼ 0 K, and decomposition of these solid solutions should occur at nite temperatures.
Note that at low temperatures this process is expected to be
limited by slow diﬀusion kinetics. DE in Table 2 is obtained for
several compositions of solid solutions. To construct the PD DE
should be presented as a function of the atomic fraction of
constituents in a whole concentration range, 0 # x # 1.
According to the model of regular solid solutions,44 mixing
energy can be expressed in the form
DE ¼ Lx(1  x)

(3)

where the parameter L is constant and is linked to the mixing
potential in solid solution. At the same time, calculations of L
for the 2H structure from DE given in Table 2 lead to L ¼ 0.15 eV,
0.22 eV, and 0.17 eV per formula unit for compositions x ¼ 0.25,
0.5, and 0.75, respectively. This demonstrates that L changes as
the atomic fraction of Sr is varied. The physical meaning of this
eﬀect is clear – it points to the fact that interatomic potentials
describing the interaction between Ba atoms, between Sr atoms,
and between Ba and Sr atoms on the Ba/Sr sublattice immersed
in the eld of the rest of the CoO3 units depend on the atomic
fractions of Ba and Sr. This is taken into account in our selfconsistent DFT calculations. The obtained result means that the
approximation beyond the standard model of regular solid
solutions should be applied in the construction of PDs, to
describe correctly the mixing on the Ba/Sr sublattice in
Ba1xSrxCoO3 solid solutions. Using the Margules polynomial
form for the mixing enthalpy44
HmE ¼ ð1  xÞx

n
X

li xi ;

(4)

i¼0

keeping in mind that in our case pressure is equal to zero (HEm ¼
DE) and restricting to i ¼ 2, one may express L in the form
L ¼ L0 + L1x + L2x2

(5)

with L0 ¼ 6  103 eV, L1 ¼ 0.2 eV, L2 ¼ 0.19 eV per site on the
Ba/Sr sublattice. These data may be used to construct the quasibinary BaCoO3–SrCoO3 PD. Adding the conguration entropy
term the concentration dependence of the free energy of
formation of solid solution (the free energy of mixing), DF may
be presented in the following form
DF ¼ DE + kT(x ln(x) + (1  x)ln(1  x))

(6)

where DE is given by eqn (3) and (5). Eqn (6) is used to construct
the PD. In Fig. 2 DF is shown for two temperatures, in order to
illustrate the way to nd the regions of homogeneity of the solid
solutions. The common tangent to DF(x) determines the points
for binodal (solubility limits) at each temperature. The bending
points where the curvature changes from convex to concave
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Fig. 2 Free energies of mixing (per atom) for Ba1xSrxCoO3 solid solution corresponding to temperatures 350 K (solid line) and 450 K (dashed line).

Journal of Materials Chemistry A
diﬃcult because of the extremely slow kinetics of cation diﬀusion in perovskites.47 It is worth mentioning that the
morphologies of the solid solutions in the regions between the
binodal and spinodal, and below the spinodal are diﬀerent.
Between the binodal and spinodal the morphology of the twophase mixture is characterized by well-separated compact
clusters of one of the co-existing phases immersed in the matrix
of the other phase, while below the spinodal the decomposition
in two phases leads to the formation of loosely-bound dendritelike clusters. To be more specic, let us say, when Ba0.65Sr0.35CoO3 homogeneous 2H solid solution is cooled from 500 K to
400 K (i.e. to the point between binodal and spinodal, Fig. 3),
BSC will decompose into two phases – a relatively small amount
of Sr-enriched phase with the composition Ba0.25Sr0.75CoO3
forming separated clusters in the matrix of the Ba-rich
Ba0.7Sr0.3CoO3 phase.
Ba1xSrxFeO3 solid solution

(and vice versa) give us the atomic fractions that determine the
spinodal for each temperature. The calculated PD that illustrates the stability of the quasi-binary solid solution at diﬀerent
temperatures is shown in Fig. 3.
The calculated PD exhibits a miscibility gap, and the
decomposition is expected at all temperatures and compositions below the binodal curve. This PD presents the case of the
limited solid solubility in the BSCO solid solution. Above relatively low T ¼ 525 K the homogeneously disordered Ba1xSrxCoO3 solid solution exists. However, when the temperature
decreases below the solubility limit on the PD, the decomposition of the single-phase solid solution into two phases occurs –
one enriched in Sr whereas another one depleted in Sr. The
fraction of these phases and their compositions are dened by
the lever rule applied to the calculated PD. More details about
the spinodal decomposition can be found in ref. 21, 44–46.
Note that the decomposition is predicted at relatively low
temperatures where thermodynamic measurements may be

For Ba1xSrxFeO3 (BSF) solid solutions the situation is diﬀerent.
From the results of the total energy calculations for SrFeO3 and
BaFeO3 in cubic and 2H structures presented in Table 3, it is
seen that the energetically preferable structure for SrFeO3 is
cubic, while for BaFeO3 the 2H structure is preferable.
Following a comparison of the total energies of solid solutions in Table 3 in cubic and hexagonal structures, the hexagonal structure is energetically preferable for all compositions x <
1. This means that the phase transformation from the hexagonal to cubic structure occurs only when a large amount of Sr is
added to BaFeO3, and the decomposition of the solid solution
with the co-existing cubic and hexagonal phases should determine the equilibrium state of Ba1xSrxFeO3 at diﬀerent nite
temperatures. To analyze this decomposition, it is necessary to
present the mixing energies of the coexisting phases as a
function of the atomic fraction of constituents on the Ba/Sr
sublattice (as in the previous case) and to study the competition
of the phases at diﬀerent temperatures. In this case the
formation of the solid solution should be considered with
respect to the mixture of cubic SrFeO3 and 2H BaFeO3. The
energies for the cubic and hexagonal structures for diﬀerent
atomic fractions, Esol, are used for the polynomial presentation
of the mixing energy
SFO
2
3
DE ¼ Esol  EBFO
hex (1  x) + Ecub x ¼ L0 + L1x + L2x + L3x .(7)

Note that, on the one hand, such a polynomial form
accounts for the deviation from the regular solid solution model
(evidently presented by DE data in Table 3), and, on the other
hand, reects the diﬀerences of the energy for “corner points”

Table 3 Total energies and mixing energy, DE, for Ba1xSrxFeO3 solid solutions,
in eV per formula unit

Fig. 3 Quasibinary PD for Ba1xSrxCoO3 solid solution. The solid line is the
solubility (binodal) curve and the dashed line shows the region of the spinodal
decomposition.
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x
Ecub
Ehex
DEcub
DEhex

0
34.66
35.19
0.53
0.0

0.125
34.69
—
0.47
—

0.25
34.72
35.09
0.42
0.05

0.5
0.75
34.76 34.87
34.99 34.94
0.32
0.16
0.09
0.08

0.875
1
34.92 34.97
—
34.90
0.08
0.0
—
0.07
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in quasi-binary solid solution. Indeed, when, let us say, x ¼
0 and Esol is the energy of BFO in the 2H phase, L0 is equal to
zero, while it is equal to the energy diﬀerence between cubic and
2H phases of BFO if Esol stands for the energy of the cubic
phase. In contrast, if x ¼ 1 and Esol is the energy of the cubic
phase, then L0 + L1 + L2 + L3 ¼ 0, while if Esol is the energy of the
2H phase the sum (L0 + L1 + L2 + L3) presents the diﬀerence of
energies of SFO in cubic and 2H structures.
The parameters L0, L1, L2, and L3 in eqn (6) diﬀer now for
cubic and 2H solid solutions. They may be obtained by tting of
the mixing energy calculated with the data on DE(x) from Table
3 for cubic and hexagonal structures. The accuracy of tting is
illustrated in Fig. 4, whereas parameters are collected in Table 4.
These data were used for constructing the quasibinary PD for
BaFeO3–SrFeO3 solid solution. The concentration dependences
of the free energies of mixing for both cubic and hexagonal
structures are plotted in Fig. 5 at T ¼ 800 K. It illustrates the
procedure for nding the regions of homogeneity of the solid

Paper
Table 4 Interaction parameters that describe the mixing per site on the Ba/Sr
sublattice in Ba1xSrxFeO3

Structure/parameters,
eV

L0

L1

L2

L3

Cubic
Hexagonal

0.11
0.0

0.08
0.05

0.02
0.02

0.01
0.01

Fig. 5 Schematic illustration of the formation of the heterogeneous mixture of
hexagonal and cubic solid solutions at T ¼ 800 K. The bold solid line corresponds
to the free energy of mixing in the hexagonal structure, while the dashed line
corresponds to that in the cubic phase.

Fig. 4 Results of ﬁtting of the mixing energy in cubic (a) and 2H (b) structures for
Ba1xSrxFeO3 solid solutions.
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hex/cub
cub/hex
solutions. Thus, in Fig. 5 DFBaFeO
and DFSrFeO
show the free
3
3
energies of BFO transformations (per lattice site) (from 2H to
cubic phase) and for SFO (from cubic to 2H phase), respectively.
In our case due to inclusion of only conguration entropy and
neglect of the phonon contribution to the free energies, these
values coincide with corresponding DEcub per site for x ¼ 0 and
DEhex per site for x ¼ 1 in Table 3, respectively.
The common tangent to both curves presenting free energies
of mixing in Fig. 5 determines the points for stability limits
on PD.
As one can see, although the free energies for 2H and cubic
phases are equal at x ¼ 0.88, the corresponding state is energetically less favorable compared with the two-phase system
described for this composition by the common tangent. This
tangent presents the free energy of formation of the heterogeneous mixture of the two phases (2H and cubic), with the
compositions Ba0.27Sr0.73FeO3 and Ba0.04Sr0.96FeO3, respectively. In the concentration range 0.73 < x < 0.96 the free energy
presented by this tangent is lower than the free energies of
formation of the 2H phase and the cubic phase, and at T ¼
800 K such a two-phase state has to exist. For x < 0.73 the
homogeneous 2H phase is stable, and as x > 0.96, the homogeneous cubic phase exists. Analogous calculations were performed in a wide temperature range, from 400 to 1000 K. Using
these data, the quasi-binary PD for Ba1xSrxFeO3 solid solutions
was calculated in Fig. 6. (More details on constructing PDs may
be found in ref. 48.) The PD demonstrates the decomposition
into cubic and hexagonal BSF phases with a pronounced
asymmetric behavior of the stability limits: a single cubic phase
exists only around pure SrFeO3. It is easy to see that if BSF was
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temperatures, similar to the case of BCF considered above. We
used the equation similar to eqn (7) for the mixing energies for the
cubic and hexagonal structures. The parameters L0, L1, L2, and L3
were obtained again by a tting of the mixing energy calculated
with E(x) in Table 5 for cubic and hexagonal structures. The
accuracy of tting is illustrated in Fig. 7.
The obtained parameters L0, L1, L2, and L3 are presented in
Table 6. These data were used to construct the quasi-binary PD
for SrCoO3–SrFeO3 solid solution. The concentration dependence of the free energies of mixing is displayed in Fig. 8,

Fig. 6

Quasi-binary PD for Ba1xSrxFeO3 solid solution.

prepared in a single-phase state in the hexagonal structure with
the composition x ¼ x0 at temperature 900 K (point A), aer
cooling down to T  600 K it should decompose into a twophase mixture. The hexagonal phase in this mixture has the
composition x ¼ x1, while in the cubic phase the atomic fraction
of Sr is x ¼ x2. As in BSC, the relative fractions of these phases
are dened by the lever rule.
Note that we analyze here only the competition of two solid
phases, 2H and cubic, and do not take into account the solid
and liquid phases; thus the free energy of formation of the
liquid state is not considered. Assuming the eutectic type of PD
that is quite reasonable in this case (for both BFO and SFO Tmelt
 1500 K (ref. 49 and 50)) and keeping in mind that the eutectic
temperature is usually 20 to 30% smaller than the melting
temperature of the edge compounds or elements on PD, we may
conclude on the basis of the PD in Fig. 6 that under realistic
SOFC conditions (T ¼ 1100 K) and the usual composition x ¼
0.5, only the homogeneous hexagonal phase exists. In this
phase Ba and Sr atoms statistically occupy the sites of the A-type
sub-lattice in BSF.
SrCo1xFexO3 solid solution
The results of calculations of the SCF solid solution energies in
cubic and hexagonal structures are collected in Table 5. The
hexagonal structure is energetically preferable in SCF for all
compositions x < 1, while for x ¼ 1 the cubic phase is preferable.
Again, it means that the phase transformation from the hexagonal
to cubic structure occurs for large x, and the decomposition of the
solid solution with the co-existing cubic and hexagonal phases
should determine the equilibrium state of SCF at nite

Table 5

x
Ecub
Ehex
DEcub
DEhex

Fig. 7 Results of ﬁtting of the mixing energy in cubic (a) and hexagonal (b)
structures for SrCo1xFexO3 solid solutions.

Total energy and mixing energy, DE, (in eV) per ABO3 formula unit for SrCo1xFexO3 for diﬀerent atomic fractions, x in cubic and hexagonal (2H) structures

0
32.077
32.589
0.512
0.0

0.125
32.449
—
0.438
—
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0.25
32.824
33.219
0.360
0.035

0.5
33.569
33.871
0.211
0.092

0.75
34.284
34.365
0.091
0.010

0.875
34.631
—
0.041
—

1.0
34.970
34.902
0.0
0.068
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Table 6 Interaction parameters that describe the mixing energy (per lattice site)
on the Co/Fe sublattice (in eV)

Structure/parameters

L0

L1

L2

L3

Cubic
Hexagonal

0.103
0.001

0.123
0.076

0.009
0.112

0.029
0.024

Fig. 8 As shown in Fig. 5 – the heterogeneous mixture of hexagonal and cubic
solid solutions at T ¼ 700 K. The bold solid line corresponds to the free energy of
mixing in the hexagonal structure, while the dashed line corresponds to that in
the cubic phase.

Fig. 9

PD for SrCo1xFexO3 solid solution.

whereas the PD is shown in Fig. 9. Note that this strongly
asymmetric PD is similar to that for BSF. As may be seen from
this PD, the homogeneous SCF disordered solid solution at T 
1300 K with Co and Fe atoms statistically distributed on the Bsublattice (state A (x ¼ 0.79) in Fig. 9) is expected to decompose
at T  1125 K into the mixture of two phases. At T  1100 K for x
 0.5–0.7 the single-phase SrCo1xFexO3 solid solution in the
hexagonal structure should occur.

Conclusions
Combining the ab initio DFT calculations and thermodynamics of
solid solutions, we calculated the quasi-binary PDs of several
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important chemical compositions of BSCF multicomponent
perovskites serving as perspective materials for SOFC applications. We predict that the combination of alloying on the A- or
B-cation sublattice together with the temperature variation may
considerably aﬀect the material properties due to its morphology
variations and phase separation. Thus, depending on the type of
alloying element and its atomic fraction on the corresponding
perovskite sublattice, it is possible to obtain either the homogeneous solid solution or the mixture of two solid solutions with
quite diﬀerent compositions and/or diﬀerent crystallographic
structures. In particular, BSC solid solutions are predicted to show
a spinodal decomposition at relatively low temperatures.
Although the crystallographic structure of the phases coexisting
aer the decomposition remains the same in this case, the
morphology of the two-phase mixture at low temperatures
depends on the state where aer cooling the system nds itself –
below the spinodal or between the binodal and spinodal.
Note that in BSF and SCF solid solutions the decomposition
into two phases is diﬀerent since both the composition and the
crystalline structure of coexisting phases diﬀer as well. The
calculated PDs show that the homogeneous one-phase state
exists in BSF and SCF around the SOFC operational temperature
T  1100 K and for solid solution compositions with x  0.5.
However, decrease of the temperature or varying composition
may bring the system into the two-phase state. This eﬀect
denitely complicates the design of the complex perovskites
with desired properties.
Lastly, it would be of interest to analyze the inuence of
oxygen vacancies (nonstoichiometry) on the phase stability in
the considered solid solutions because real materials usually
have some oxygen deciency. This deviation from the stoichiometry aﬀects the total energies of the considered phases and
those of the phases that dene the ground state. Remember that
the formation energies of the phases are determined as the
diﬀerences of the total energy for each phase in complex
perovskites and the sum of the total energies of the “corner
perovskite compounds”, weighted with the corresponding
atomic fractions of A or B cations on their sub-lattices. Thus, on
the one hand, at least for low oxygen deciency, we do not
expect signicant nonstoichiometry eﬀects on the considered
decomposition trends, mainly due to a substantial compensation of the corresponding energy changes for the calculated
cubic and hexagonal phases and for the compounds forming
the ground state. On the other hand, to explicitly answer the
question, which phases may be formed for high oxygen deciency, a more complicated approach is necessary. It should be
based on the consideration of the ternary PD that will include
not only a quasi-binary cross-section (Ba/Sr or Co/Fe sublattices
as in the cases considered above) but also oxygen at the third
corner of the PD. Such a ternary PD demands a huge amount of
time-consuming ab initio calculations. These calculations have
to include the modeling of not only the distribution of Ba/Sr, let
us say, on their sublattice but also the modeling of diﬀerent
distributions of oxygen vacancies (in three simple cubic sublattices for cubic phases) for each specic occupation of sites on
the Ba/Sr sublattice. Also, there is considerable uncertainty on
oxygen deciency in the materials involved.
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Another problem in cases of intermediate and low fraction of
oxygen vacancies is the necessity to use extremely large supercells, thus again increasing the computational time. Unfortunately, current computational abilities hardly allow us to
perform such types of calculations with the necessary high
accuracy and in reasonable time. Even if it were possible,
further construction of phase diagrams would be also rather
complicated. This would include the modeling of the mixing
free energy functions which are the surfaces in the space of
atomic fractions of cations and oxygen vacancies. The planes
that are tangential to these surfaces will determine the boundaries of the relative stability of competing phases at diﬀerent
temperatures. Thus, the problem on the whole still remains the
challenge to the theory.
Note that the importance of the morphology of SOFC materials has already started to attract attention. The attempt to
discuss the decomposition in terms of simplistic quarternary
PD for the cubic perovskite-type oxide BaxSr1xCo0.8Fe0.2O3d
(BSCF) for specic temperatures was reported recently.51 In
order to analyze these experimental data, we performed thermodynamic calculations of the role of oxygen nonstoichiometry
in BSCF with a xed cation composition25 so that the only
variable was oxygen nonstoichiometry.
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