Acta Materialia 287 (2025) 120739

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/actamat

Contents lists available at ScienceDirect

Acta Materialia i

& o/ .
aterialia

Full length article

Electronic structure, phase formation, and defect distribution in the

Ba(Ce,Fe,Acc)O3.5 system

R. Merkle " ®, M.F. Hoedl*®, A. Chesnokov"®, D. Gryaznov"®, E. Bucher “®,
E.A. Kotomin “"®, W. Sitte “®, J. Maier?®

@ Max Planck Institute for Solid State Research, Stuttgart, Germany
Y Institute of Solid State Physics, University of Latvia, Riga, Latvia
¢ Chair of Physical Chemistry, Montanuniversitaet Leoben, Leoben, Austria

ARTICLE INFO

Keywords:

Ab initio calculations
Point defects

Phase diagram
Segregation

Protonic ceramic fuel cells
BaCeO3

BaFeO3

ABSTRACT

Composites of two perovskites are one possibility to combine protonic and p-type electronic conductivity as
required for oxygen electrodes in protonic ceramic electrochemical cells. The BaCeO3-BaFeO3 system can be
acceptor-doped to increase proton uptake and transport. However, preceding experiments [C. Berger et al., J.
Mater. Chem. A 10 (2022) 2474; C. Nader et al., Solid State Ionics 406 (2024) 116474] indicated that the dopants
are inhomogeneously distributed between the two phases, which is decisive for hydration ability and proton
conductivity of such composites. Here, we use extended density functional theory calculations (DFT+U, Hubbard
approach) for a comprehensive characterization of the BaCeO3-BaFeO3 system including acceptors. Supercells of
various compositions are calculated to derive chemical reaction energies, for example for the transfer of defects
between the phases. Two key aspects related to the hydration ability of such materials are: (i) The development
of the electronic structure with increasing Fe content in a (hypothetical) single-phase BaCe; yFe,O3 perovskite.
(i) The distribution of acceptors (Ga®*, Sc>*, In®*, Y3*) and oxygen vacancies (Vg) between Ce- and Fe-rich
phases. The segregation driving forces of acceptor dopant and Vg are calculated individually. Vg have the
largest driving force towards the Fe-rich phase; ion radii and acid/base properties of the different acceptor
dopants play a secondary role. The co-segregation of acceptors and Vg into the ferrate phase unfortunately
decreases the hydration ability of the Ce-rich proton conductor phase. Analogous trends are expected for related
proton- and hole-conductor perovskite composites, which partially counteracts the intended mixed conductivity.

1. Introduction

Protonic ceramic electrochemical cells have the potential to play an
important role in the conversion and storage of fluctuating renewable
energies, in particular because in electrolysis mode they allow for direct
production of dry, compressed hydrogen (see e.g. [1-5]). The kinetics at
the oxygen electrode (positrode) is key to the overall cell performance.
For fast positrode kinetics, a high surface catalytic activity and good
utilization of the available surface area of the porous electrode are
required. This may be achieved with different positrode designs using
either single-phase triple conducting oxides, or composites of materials
which are mainly electron hole conductors with predominantly proton
conducting materials (see e.g. [6-9]). For the latter, much activity was
recently devoted to "self-organized" formation of composites from single
precursor phases. Examples comprise mainly perovskite composites
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such as BaCeOs-BaFeO3 [10-12], and BaCeO3-BaCoOs3 [13,14].

In the self-organized formation of composites, the spatial distribution
of dopants and other point defects such as oxygen vacancies (V') and
protonic defects (OHy)) among the developing phases is determined by
thermodynamic driving forces as well as kinetics. Since cation diffusion
in perovskites is much slower than proton or V¢ diffusivity [15-18], it is
not always clear whether the observed cation distribution actually
represents thermodynamic equilibrium. As a result of the cation and
defect distribution, a self-organized composite will actually consist of
two phases which are both triple conductors - one close to an
electrolyte-type composition but with increased electronic conductivity,
and the other close to a typical positrode composition but with increased
concentration of redox-inactive dopants. When composites of hole and
proton conducting oxides are made by mixing separately prepared in-
dividual phases, generally a non-zero driving force for cation and defect

Received 6 June 2024; Received in revised form 18 December 2024; Accepted 10 January 2025

Available online 12 January 2025

1359-6454/© 2025 The Author(s). Published by Elsevier Inc. on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0003-3811-8963
https://orcid.org/0000-0003-3166-6772
https://orcid.org/0000-0001-5436-8570
https://orcid.org/0000-0002-2894-4471
https://orcid.org/0000-0002-9017-9555
https://orcid.org/0000-0002-8122-6276
https://orcid.org/0000-0003-4905-6825
https://orcid.org/0000-0003-2274-6068
https://orcid.org/0000-0003-3811-8963
https://orcid.org/0000-0003-3166-6772
https://orcid.org/0000-0001-5436-8570
https://orcid.org/0000-0002-2894-4471
https://orcid.org/0000-0002-9017-9555
https://orcid.org/0000-0002-8122-6276
https://orcid.org/0000-0003-4905-6825
https://orcid.org/0000-0003-2274-6068
mailto:r.merkle@fkf.mpg.de
www.sciencedirect.com/science/journal/13596454
https://www.elsevier.com/locate/actamat
https://doi.org/10.1016/j.actamat.2025.120739
https://doi.org/10.1016/j.actamat.2025.120739
https://doi.org/10.1016/j.actamat.2025.120739
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Merkle et al.

interdiffusion is expected. This may change material compositions
during annealing/sintering (as part of device fabrication - typically few
hours at temperatures above 800 °C), or during long-term device oper-
ation at lower temperatures.

In the present investigation we focus on the system BaCeO3-BaFeO3
as experimentally well-studied system. The actual cation distribution
has a strong influence on the hydration properties of the phases. Over-
sized dopants in BaFeOs_ s perovskites have been shown to increase hy-
dration, while already small concentrations of transition metal cations in
protonic electrolyte materials such as BaZrOj strongly decrease hydra-
tion as found by thermogravimetry [6,19,20]. A similar effect is
observed also for small amounts of iron dissolved in BaCeO3 within the
solubility range [21]. This motivates us to investigate the development
of the electronic structure with increasing Fe content in the complete
BaCe; xFexOj3 solid solution series by density functional theory (DFT+U)
calculations in Section 3.2 (note that experimentally in the middle of
this series a miscibility gap appears). In the BaZr; \Fe,O3 system, the
electronic density of states has been reported only for a few iron contents
(4 %, 12 %, 25 %) [22].

The BaCeOs-BaFeOs system exhibits a pronounced miscibility gap
related to the lattice volume difference of 87.6 A3 vs. 65.7 A3 [10]. When
doped with Y3* or In®' to increase proton uptake, this system shows
distinct differences of dopant concentration between the two perovskite
phases [11,23].

More insights into the relevant driving forces of defect redistribution
between the phases are desired. In addition to ion size mismatch, other
driving forces originating from acid-base properties and the specific
electronic structure of the materials may play a role, and it is difficult to
disentangle the contributions solely from experimental data. In Sections
3.5, we investigate the distribution of point defects in the Ba(Ce,Fe,Acc)
O3.5 system with Sc®*, Y3*, Ga®* and In®" as acceptors (denoted Acc’ in
Kroger-Vink notation, because these 3+ cations substituting for Ce** or
Fe*" are a defect with singly negative relative charge) using extended
DFT+U calculations. The ionic radii of these dopants span a large range
of 0.62-0.9 A [24], and also differ in their chemical character: the Smith
acidity values [25] are —1.6 for GayO3, —2.4 for Iny03 and —6.5 for
Y20s3. For Scp03 a value of —5.9 can be estimated (adding the difference
between Zr** (0.1) and Ti** (0.7) to the Y3* value). In experimentally
observed composites in the Ba(Ce,Fe,Acc)Os s system the typical grain
sizes are in the range of 50-200 nm, i.e. larger than the range for strong
interfacial effects ("true size effects" [26]). Therefore, we concentrate
here on bulk properties without considering space charge effects. While
for undoped BaFeOs the hexagonal perovskite structure is the most
stable polymorph [27], the experimentally applied acceptor doping
stabilizes the cubic perovskite structure [6,23], thus we focus on this
cubic structure also in the present DFT calculations.

2. Computational details

The DFT calculations are performed using the Vienna ab initio
simulation package (VASP v.6.2.1 [28-30]) with the projector
augmented wave (PAW) method [31] applying the Per-
dew-Burke-Ernzerhof (PBE) GGA-type functional [32] in combination
with the rotationally invariant form of Hubbard U correction [33] (Ueg
= 4 eV for Fe, no Ues for Ce f-states since Ce remains in formal 4+
oxidation state in all supercells) to treat strong electron correlation ef-
fects. We follow the methodology of our preceding work on BaFeO3 [34,
35], with a plane wave energy cutoff of 500 eV and Brillouin zone
sampling of the 5-atom primitive unit cell (space group Pm3m) with a
I-centered 8 x 8 x 8 Monkhorst-Pack k-point mesh [36]. The
Monkhorst-Pack mesh was changed accordingly for the larger supercells
with the number of atoms varied from 40 to 320. Fe is found to be always
in high-spin state, all cells are calculated with ferromagnetic ordering.
We use the total energy tolerances of 10~ eV for the atomic structure
and 107 eV for the electronic structure relaxations. Calculations are
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performed for 40-atom (2 x 2 x 2) and occasionally also larger super-
cells with fully relaxed internal coordinates and lattice parameters (no
symmetry restrictions, space group P1). The cation configurations are
shown in Figs. S1 and S8. For BaFeOs, a structure with Jahn-Teller-type
distortion is found to have a lower energy than the undistorted cubic
structure (by 0.02 eV/formula unit).

We note that, in contrast to BaFeQs, the primitive unit cell of BaCeO3
(orthorhombic phase, space group Pnma) actually comprises 4 formula
units with lattice parameters of 6.23 x 6.25 x 8.79 A [37]. In order to
treat the entire BaCeOs-BaFeOgs system on an equal level, we use a
40-atom supercell with cell edge lengths of approximately 8.8 A also for
BaCeOs. The obtained lattice parameters in Table S1 and the octahedra
tilting pattern (Ce-O-Ce angle of 156°, Fig. S1) are sufficiently close to
the experimental BaCeOs structure (Ce-O-Ce angles 157-160° [37],
157-158° [38]) to justify this approach.

For the calculation of the bulk modulus of BaCeO3 and BaFeOs the
cells are stretched or compressed isotropically to cover changes of
supercell volume by up to +15 % (optimizing all atom coordinates
within the supercell); the modulus is determined from the third order
Birch-Murnaghan equation [39,40]. For cells containing charged defects
(a single 3+ acceptor, or a single doubly positively charged oxygen
vacancy Vg in the supercell), a compensating background charge is
applied. From these data we calculate the individual transfer energy of
acceptors Acc’ and of V¢ from BaCeOs3 to BaFeOs via reaction (7,8) in
Section 3.5.1. As a crosscheck - to demonstrate that potential size effects
for charged cells do not significantly affect the respective energy dif-
ferences - we calculate the transfer of (2 Acc’ + Vg') using only neutral
cells as discussed in the supplementary information (SI, reaction (S1)),
and also investigate the transfer of a Vg within neutral
Bal6Ce7Fe7Y2047 cells which consist of a cerate- and a ferrate part. For
the presentation of the electronic density of states (DOS) in Fig. 2, the
oxygen states are separated into O connected only to Ce, only to Fe, or
between Ce and Fe. Within these three groups there might still be
slightly different oxygen atoms; then the DOS for one representative O is
shown.

We write the chemical reaction equations using the composition of
the respective supercells. For example, BagCegOs4 in Eq. (7) means a 40-
atom cell containing 8 Ba, 8 Ce and 24 O atoms. Similarly, BagCe;AccO24
and BagCegO»3 in Eq. (7) mean cells which contain 8 Ba, 7 Ce one Y and
24 O atoms, and 8 Ba, 8 C, 23 O atoms and one oxygen vacancy (and a
compensating background charge; as indicated in the text).

3. Results and discussion
3.1. Molar volume and bulk modulus

Before investigating the details of the electronic structure and en-
ergetics of point defects in the different phases, we calculate the bulk
modulus of the defect-free BaCeO3 and BaFeOs perovskites. The molar
volumes of BaCeO3 and BaFeOg differ strongly by 33 %, which leads to
limited mutual solubility and a large miscibility gap. The bulk modulus
is the relevant quantity to estimate the energetic contributions from
compressive and tensile strain arising from the ion size mismatch in
(hypothetical) BaCe; xFexO3 single-phase compositions as well as for
acceptor dopants of different sizes in the cerate and ferrate phases.

The bulk moduli of the end members BaCeO3 (109 GPa) and BaFeOg3
(95 GPa) are determined from isotropically strained supercells (Fig. 1a).
The deviation of the latter value from literature DFT results [42] might
be related to the fact that the BaFeO3 bulk modulus in [42] was calcu-
lated in absence of a Jahn-Teller distortion (the presence of such a
symmetry lowering often tends to decrease the bulk modulus, e.g. when
comparing the cubic and non-cubic structures of SrZrOs, BaTiOs,
BaThOs3). In a hypothetical BaCeysFe 503 solid solution phase, inte-
grating the strain energy relative to the relaxed BaCeO3 and BaFeOs
structures would result in an overall energy increase of ~0.25 eV per
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Fig. 1. (a) Relative energy of BaCeO3; and BaFeOs (per formula unit) with isotropic strain from DFT, the lines represent the fit by the third order Birch-Murnaghan
equation. (b) Bulk moduli of ABO3 perovskites as function of cell volume. Open black circles: experimental data for (Ca,Sr,Ba)(Ti,Zr,Ce,Hf,Th,Sn)O3 perovskites with
large band gap, cf. [41] for list of materials and data sources. Solid black circles and dashed regression line: DFT calculations for the same perovskites with GGA
functional [42]. Green circles: cubic phases of CaFeOs, SrFeOs, BaFeO3 from [42] calculated with GGA+U, U = 5.3 eV Triangles: present calculations for BaCeO3
(orthorhombic structure, DFT) and BaFeOj3 (tetragonal structure owing to Jahn-Teller distortion, DFT+U, U = 4 eV).

formula unit.

Fig. 1b compares experimental as well as DFT literature values for
various A%*B*T04 perovskites. Within a materials family, the bulk
modulus decreases with increasing molar volume. Interestingly, the bulk
moduli of (Ca,Sr,Ba)(Ti,Zr,Ce,Hf,Th,Sn)Os3 are systematically higher than
those of (Ca,Sr,Ba)FeOs. The two groups differ in terms of their electronic
structure, not only with respect to band gap (> 3 eV for
(Ca,Sr,Ba)(Ti,Zr,Ce,Hf,Th,Sn)O3, < 0.6 eV or even (semi)metallic for
(Ca,Sr,Ba)Fe03) but also in the degree of covalency of the B-O bonds

(much higher for (Ca,Sr,Ba)FeOs3). This difference in bonding character
might affect the elastic properties. However, other effects may also play a
role (La3+(Fe,C0)3+03 perovskites with small bandgap follow the same
trend line as large bandgap A2*B**03 and A3*B3* 03 perovskites).

3.2. Electronic density of states

Before analyzing the excess energies and miscibility gap in Sections
3.3-3.4 and the distribution of defects in Section 3.5, we first briefly

BagCeg0,, Ce;Fe CegFe, CesFe; Ce,Fe, Ce,Feq BagFeg0,,
Ce 4f ‘
Eremi empty states
OeV occupied states
-1.3 -1.3 15
Ce 4f S . ) .
-5eV .
Fe ty +
eV Erermi empty states
occupied states
Oin 1.6 -1.7
Ce-O-Fe
Feegl Qe T
-SeV Fety, T
OeV Erermi empty states
occupied states
-5eV-

Fig. 2. Electronic DOS of (hypothetical) single-phase BaCe; 4Fe;O3 for 0 < x < 1. Partial DOS of O states shown as colored areas (but occupied only up to Egermi), Ce
and Fe contribution as lines (the majority of Ce4f states as well as Fe3d spin down states lie above Egerm; and are unoccupied). Top row: oxygen in Ce-O-Ce con-
figurations, middle: Ce-O-Fe, bottom: Fe-O-Fe configurations. The numbers give the center-of-mass €o of the occupied O2p states relative to the Fermi level (in eV),
the gray dashed lines emphasize the broadening of the O2p band width with increasing Fe content.
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discuss the electronic density of states (DOS) of single-phase
BaCe; xFexO3 perovskites. Experimentally, in absence of dopants the
single-phase materials are metastable with respect to demixing for 0.15
< x < 0.85 (cf. [10] and Section 3.4). However, the closely related
BaZry 4Fe,O3 system [43], and the BaCej 4Fe,O3 system at high tem-
perature in presence of Y dopants [11], form single-phase perovskite
solid solutions. Thus it is reasonable and instructive to follow the
gradual changes in the DOS of the hypothetical single-phase
BaCe; xFexO3 perovskite. The solid solution members BagCe;FeO24 and
BagCeFe;0-4 are close to the actual experimental phase boundaries [10,
11,23].

Fig. 2 shows the partial DOS of the oxygen states (02p) and Ce4f,
Fe3d states (Ba states are omitted for clarity). Corresponding to the high-
spin state of iron, the spin-up Fe3d orbitals are largely occupied, while
the spin-down Fe3d states are hardly occupied. This is best visible for the
Fe tyg states located ~6 eV below and ~2 eV above Epemi- The Fe eg
states are dispersed over an extended energy range, corresponding to
partially covalent bonding with oxygen. A small admixture of Ce4f states
is present in the valence band representing a slightly covalent character
of the Ce-O bonds, but it is small compared to the main, unoccupied Ce4f
DOS at 2-3.5 eV above Epermi (Which is not fully displayed in Fig. 2). In
BaCeOs, the center-of-mass g of the O2p states is located 1.3 eV below
Erermi> and no unoccupied oxygen states are present above. Introducing
one Fe in the supercell (x = 0.125) hardly affects oxygen atoms in Ce-O-
Ce configurations, but for higher Fe content the shape of the oxygen DOS
changes, the O2p band width increases, and eo moves downward. The
DOS of oxygen in Ce-O-Fe shows distinctly more negative g values
relative to Ce-O-Ce already for the BagCe;FeO4 cell, which further in-
creases for higher Fe content. O atoms connected to Fe exhibit unoc-
cupied DOS above Epermi, which corresponds to holes in O2p states [6,
34]. The width of the O2p band broadens significantly from 3.1 eV in
BaCeOs to 5.3-5.5 eV in Fe-rich compositions (Fig. S4a). This indicates
an increasing degree of covalency of Fe-O but also Ce-O bonds with
increasing Fe content. This is facilitated also by the decreasing lattice
parameter; the dashed line in Fig S4a indicates that approx. half of the
band width change originates from lattice parameter change. Most of the
02p band width increase occurs already for low Fe content, i.e. already
for Ce-O-Fe bonds. The band width increase can also be related to the
increased electronic conductivity, which is experimentally observed in
the BaZr;xFexOs s and BaZr gg xFexYo 12035 solid solutions already
below x = 0.2, i.e. already before long-range uninterrupted Fe-O-Fe
chains form [20,43].

While in Fig. 2 all DOS are aligned to a common Fermi level, DFT
calculations for perovskite slabs in contact with vacuum show that the
ionization potential (energy difference between top of valence band and
vacuum level) is approximately 0.7 eV larger for BaFeO3 compared to
BaCeOs [6]. Thus, on an absolute energy scale, the lowering of the O2p
center-of-mass is even more pronounced than shown in Fig. 2. Interest-
ingly, the position of the Ba5p peak changes by a similar value of 0.9 eV
from BaCeOj3 to BaFeOgs (Table S1), thus one could tentatively use the
difference of €g to this level as a proxy for the alignment on an absolute
energy scale relative to vacuum as shown in Fig. S4d,f.

Such a lowering of the O2p center-of-mass is expected to affect the
hydration thermodynamics of the respective materials: (i) for oxides
with large bandgap, the proton affinity has been shown to correlate with
the ionization potential - a smaller ionization potential corresponds to a
more favorable proton affinity [44]. (ii) For BaFeOs s, the enthalpy of
hydration was found to become more negative with increasing oxygen
deficiency 8, i.e. with a higher position of the O2p states relative to the
vacuum level [34]. Thus, the lowering of o on an absolute energy scale
(relative to vacuum) already for low Fe content (10-20 %) represents an
important cause for the decreased hydration observed in Fe-doped
BaZrO3 and BaCeOs [11,20,23]. In the calculation of the averaged eo
value for low Fe content, the number of Ce-O-Fe configurations increases
with twice the slope than the Fe content itself (Fig. S4b), further
aggravating this effect.
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3.3. Energetics and local geometries in the BaCe; yFe,O3 system

In this section we calculate the excess energy in the BaFeO3—BaCeO3
system. To keep the system well tractable, we concentrate on the situ-
ation in absence of additional defects (Acc’, Vg or formation of Fe®t
species). Since the radius difference between Ce** and Fe is of compa-
rable magnitude for both Fe oxidation states (0.285 A for Fe4+, and
0.225 A for Fe®") the main cause for the nonideal mixing will not change
too drastically in presence of oxygen deficiency. Fig. 3a shows the excess
energy Ey. of BaCej4Fe O3 relative to the idealized interpolation be-
tween BaCeO3 and BaFeOs as function of Fe fraction. For all interme-
diate compositions a positive excess energy is obtained.

Ey. = E(BaCe; 4Fe,03) — xE(BaFeOs3) — (1 — x)E(BaCeO3) (¢}

This is in line with the experimentally observed miscibility gap [10,
11,23]. The increase of Ex. is a bit steeper for Ce-rich materials than for
Fe-rich compositions. This might be related to the following aspects: (i)
The bulk modulus is lower for BaFeOs, i.e. local strain from incorpo-
rating oversized Ce** is expected to cause less energy penalty. (ii) FeOg
octahedra with Jahn-Teller distortion patterns may assist in the Ce*"
incorporation (cf. discussion below). The maximum excess energy of
0.13 eV in Fig. 3a is smaller than the estimated elastic excess energy of
~0.25 eV (Section 3.1). Apparently the system experiences also energy
gains for example from the intermixing of BaFeO3 having a more acidic
character with the more basic BaCeOs.

The simplest model for nonideal behavior is the regular solution
model [45] which assumes ideal entropy (ASSC = 0) and describes the
dependence of excess energy on the molar fraction x by a single inter-
action parameter Q:

Eye = Qx(1 —x) 2)

The E4. data points obtained from the DFT calculations are used to fit
the interaction parameter Q of the system within the regular solution
model according the Eq. (2). The dashed line in Fig. 3a represents the fit
to Eq. (2), and yields an interaction energy Q = 0.48 eV/formula unit.

More complex models such as the Redlich-Kister model [46] would
be able to reproduce the slight asymmetry in the calculated Ey.. In the
thermodynamics theory of alloys also more complex approaches such as
cluster expansion or concentration wave have been developed, see e.g.
[47-50]. However, in order not to overfit the data, this would require
the calculation of many more possible cation configurations, also in
larger supercells. The goal of the present paper is to explore a materials
system such as BaCejyFe,O3 with respect to different properties
(geometrical structure, elastic properties, electronic structure, defect
distribution), while a semiquantitative level with respect to individual
numerical values suffices. Thus we model Ey. with the one-parameter
phenomenological approach of Eq. (2). The authors are aware of the
limitations of such mixture models for (partially) Coulombic systems,
but their approximate validity is verified by the results which agree well
with the experimental data.

Fig. 3b shows the variation of Ce-O and Fe-O distances in
BaCe; xFexO3 with overall Fe fraction. The Ce-O distances decrease in an
approximately linear mode with increasing Fe concentration. However,
a close analysis of the structure shows that not only the Ce-O distances
change but also the octahedral tilting that is typical for pure BaCeO3
changes - it vanishes at x ~ 0.4. The situation for the Fe-O bonds is even
more complex. BaFeO3 exhibits a slight Jahn-Teller distortion (cf. [34,
51] for detailed discussion) and correspondingly a very broad distribu-
tion of Fe-O lengths. This holds also for Fe in the Ce-containing mate-
rials. For Fe-rich materials the oversized Ce** can be accommodated by
local redistributions of the longer and shorter Fe-O bonds of the
Jahn-Teller distortion without significantly expanding the average Fe-O
distance. This effect might also explain the less steep Ex. increase for
Fe-rich materials. Only for low iron contents x < 0.375 the average Fe-O
length increases slightly. These observations indicate that the
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Fig. 3. (a) DFT excess energy Ex. (per ABO3 formula unit) of single-phase BaCe; xFexOs. The black dashed line is a fit to Eq. (2) with an interaction parameter of
Q=0.48 eV (b) Ce-O and Fe-O distances in single-phase BaCe;.4Fe,O3. The symbols show the average at respective atoms (with slight horizontal offset for better

visibility), the error bars indicate the variation of Ce-O, Fe-O around the atom.

BaCe; xFexO3 system has more complex reasons for the deviation from
an ideal solid solution than a simple ion size effect.

3.4. Miscibility gap

The miscibility gap in the BaFeO3—BaCeOs3 system was calculated
based on the interaction parameter Q = 0.48 eV (per ABO3 formula
unit) determined from the fitting to the DFT data points in Fig. 3a. Using
the regular solution model, the free enthalpy of mixing can be obtained
according to

AGmix = kg T(xlnx+ (1 —x)In(1 —x)) + Q@ x (1 — x) 3)
where kg is Boltzmann’s constant, T the absolute temperature, x the Fe
molar fraction. Fig. 4a shows AGy;, of the BaFeO3—BaCeOs system as a
function of the Fe molar fraction at different temperatures, from which
the phase diagram of BaFeO3—BaCeOs can be assessed, see Fig. 4b. At
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high temperatures, miscibility is favored by the configurational entropy,
whereas the system is expected to undergo phase separation with
decreasing temperature. The binodal, i.e. the boundary below which
phase separation would be thermodynamically favorable but possibly
impeded by kinetic limitations, can be calculated according to

0AG i
0x

If the temperature decreases further, the spinodal is reached, i.e. the
boundary below which the system will spontaneously separate into two
phases, because there is no longer a kinetic hindrance. The spinodal can
be obtained from the second derivative of AG,,;, according to

=kgT(lnx —In(1 —x)) +Q (1 —2x) =0 @

P AGix
0x2

=kp T<1+L)—2Q:0
x 1—-x

In their experimental study, Cheng et al. [10] found that (meta-
stable) single phases in the BaFeO3 —BaCeOg system occur when the Fe

()

---Q=045eV
—— Q=048 eV

3500 1

30004 Binodal

2500

2000

T/K

1500 /

1000

Spinodal

500 4

04 0.6
Fe fraction x

0.0 0.2 0.8 1.0

(b)

Fig. 4. (a) Free enthalpy of mixing (per ABO3 formula unit) in the BaFeO3—BaCeOs3 system as a function of Fe molar fraction x at different temperatures calculated
with the regular solution model and Q = 0.48 eV (per ABO3; formula unit). (b) Phase diagram with miscibility gap for the BaFeO3—BaCeO3 system showing the
binodal and spinodal curves for Q = 0.48 & 0.03 eV. 1P denotes the single-phase region, 1P, the region where thermodynamics favors phase separation but kinetic
limitations can lead to a metastable single phase, and 2P the region where spontaneous phase separation occurs.
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content of samples sintered at 1643 K is < 0.15 or > 0.8. Taking the
uncertainties in Q into account, this is in good agreement with the spi-
nodal curve obtained from the regular solution model in Fig. 4b.

The upper critical mixing temperature, which represents the inter-
section of the binodal and spinodal lines, is obtained at the maximum of
the T vs. x curves according to

*AGix
ox2

=0 (6)

x=0.5

at 2785 + 174 K for Q = 0.48 + 0.03. This (theoretical) point predicted
by the regular solution model is well above the melting temperature of
the BaFeO3—BaCeO3 system, which is observed around 1773 K. This
result is also in line with the experimental study [10] which finds that
the BaFeO3—BaCeOj3 system remains two-phase until melting occurs.

However, it should be emphasized that the phase diagram in Fig. 4b
is to be interpreted with caution with respect to the following points: (i)
The phase diagram is a theoretical approximation using the relatively
simple regular solution model, predicting a symmetric miscibility gap. It
is not a phase diagram determined experimentally by cooling from the
melt, i.e. not via reversible separation/mixing. (ii) The interaction
parameter Q has been determined in Section 3.3 for the materials system
without oxygen deficiency. (iii) The diagram does not take into account
any further kinetic effects that are likely to occur in experimental studies
involving finite time scales and relatively low temperatures.

While in the BaFeO3—BaCeOg3 system the large size mismatch be-
tween Ce** and Fe** leads to a large positive AG;, even at typical
sintering temperatures, the mismatch in BaFeO3—BaZrOs is smaller
(AV/V = 12 %) and owing to the steep nonlinear increase of relative
energy with AV/V (Fig. 1a) the estimated elastic excess energy decreases
to = 0.06 eV Correspondingly, AG,;; becomes negative already at much
lower temperatures, in agreement with the fact that experimentally a
full solid solution is observed [43]. The perovskite structure is known to
have a high ability for forming solid solutions with mixed occupancies
on the A- and/or B-cation site. Many materials systems exhibit a mod-
erate ion size mismatch, such that an ab initio thermodynamic analysis
predicts a phase separation at temperatures below typical sintering
conditions (e.g. [52-54]) but the very low cation diffusivities (see e.g.
[15,16,17,18]) typically preserve the single-phase material.

3.5. Distribution of point defects

3.5.1. Distribution of acceptors
Now we analyze the driving forces for the distribution of acceptors
(and of Vg in Section 3.5.2) between the cerate and the ferrate in the 2-
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phase system. For the set of Ga>*, S¢3*, In>*, Y>* acceptors studied here,
it is instructive to first analyze their size mismatch to the two host ma-
terials and its effect on bond lengths. Fig. 5 summarizes the Ce-O, Fe-O
and Acc-O distances for BaCeO3 and BaFeOs doped with 12.5 % of
different acceptors Acc’ (charge-compensated by a background charge).
Relative to BaCeOs3, Ga, Sc and In are undersized, while Sc, In, Y are
strongly oversized in BaFeOs. The volume of the supercells varies sys-
tematically with dopant radius (Fig. S3), ranging from —1.3 % to +1.4 %
in BaCeOs and up to +5.5 % in BaFeOs. Fig. 5 shows that the average
Ce-O distance remains constant, and also the Fe-O distance increases
only very slightly. This means that the size mismatch of the dopants is
accommodated rather by changes in the CeOg octahedra tilting in
BaCeOs, and reorientation of the Jahn-Teller distortion pattern in
BaFeOs, than by bond length modification. The unrelaxed size mismatch
is of comparable magnitude for Ga>" in BaCeO3; and Y>* in BaFeOs
(dotted arrows in Fig. 5, estimated form the Shannon radii). However, in
the relaxed geometry the Y-O length in BaFeOs is closer to the expected
value than for Ga in BaCeOj3 (solid arrows in Fig. 5). The BaFeOj3 lattice
is apparently softer (more tolerant) for size-mismatched dopants than
BaCeOs. This might also be related to its lower bulk modulus (sect. 3.1),
and is also reflected in the slight asymmetry of the excess energy in
Fig. 3a.

Using DFT calculations it is possible to analyze the driving forces for
the distribution of Acc’ and Vg (Section 3.5.2) between the cerate and
ferrate phase separately. From the total energies of supercells without
and with acceptor dopants, the reaction energy for a transfer of the
dopant from the Ce-rich to the Fe-rich phase can be calculated according
to

BagCe;AccOy4 + BagFegOa4 + 1/8 BagCegOqq—

Ba3Ce3024 + BasFe7ACC024 +1 /8 BagF33024 . (7)

To be tractable in the DFT calculations, this reaction has to be
expressed in terms of supercell compositions which comprise 8 formula
units. The contributions such as 1/8 BagCegO24 are needed to fill the B-
site after removing the Acc’ from a doped supercell. The cells which
contain the Acc’ acceptor are charge-compensated by a background
charge, such that the transfer of the Acc’ does not imply any change of Fe
or Ce oxidation state. The same number of cells with background charge
is present on both sides of reaction (7), thus any spurious effects of the
background charge are expected to be of comparable magnitude for
BagFe;AccO54 and BagCeyAccO24 cells and should cancel. As additional
crosscheck, we also calculate the combined transfer of one Vg and two
Acc’ between neutral cells according to defect-chemical reaction (S1) in
the SI (expanded cells containing 79 and 319 atoms. Table S2 demon-
strates that the transfer energies for reaction (S1) between neutral cells
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Fig. 5. Bond lengths for doped (a) BagCe;AccO,4, and (b) BagFe;AccO24 as function of dopant radius. Solid circles: Ce-O and Fe-O averaged over entire cell, solid
triangles: relaxed Acc-O distances, open triangles: M-O distances as expected from the Shannon radii.
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are close to the respective sum of individual Vi and Acc®' transfers
between charged cells, supporting the validity of the individual transfer
energies reported in Table 1.

Since in a real material a range of local cation distributions and thus
also energies occurs, the AE values in Table 1 should be considered as a
relative ranking, rather than as precise numerical values. The largest
overall driving force AE to segregate into the Fe-rich phase is found for
Sc3* (—0.48 eV) followed by Ga®* (—0.37) and Y3* (—0.27 eV), while
In®" has an almost vanishing driving force (+0.02 eV).

From a chemical point of view, we expect two main contributions to
the dopant segregation energy, (i) elastic contributions from the size
mismatch, (ii) contributions from the different acidity/basicity of the
ions (empirically quantified by the Smith acidity [25]). Based on the set
of Acc’ and their properties (Table 1), it is possible to
semi-quantitatively discuss their contributions to the total segregation
energy obtained from reaction (7). Both contributions are expected to
show nonlinear, over-proportional dependences on the difference be-
tween host and dopant. In first approximation the elastic energy is a
parabolic function of local strain caused by dopant size mismatch. The
Smith acidity parameter is related to the acid-base reaction energy in a
quadratic manner similar to the Pauling definition of electronegativity
[55]. Thus, the respective larger deviation of a dopant to either ce*t or
Fe** is expected to dominate the overall elastic or acid-base energy
contribution (indicated in boldface in Table 1).

Specifically, for Ga>" the large size mismatch to Ce*" dominates the
elastic contribution, representing a driving force towards the Fe-rich
phase. For Sc3* the size mismatch is small relative to both Ce*" and
Fe*t. For In®* and Y®* the mismatch to Fe** dominates, and constitutes
a driving force towards the Ce-rich phase. All considered dopants exhibit
the larger acidity difference to Fe**, which correspondingly dominates
the acid-base contribution. All these contributions are summarized in
Fig. 6. The overall driving force for Ga>" is mainly given by the elastic
contribution, while for Sc* it is largely determined by the acid-base
interaction. The example of Y>¥, having a moderate overall driving
force towards the Fe-rich phase despite large size mismatch with Fe**
emphasizes that also acid-base properties play an important role. For
In3", elastic and acid-base contributions are small and have opposite
direction such that In" should be distributed quite evenly. However,
owing to the bulk electroneutrality conditions also the V¢ distribution
needs to be considered, as discussed in the next section.

3.5.2. Distribution of oxygen vacancies

In addition to acceptors, also oxygen vacancies may have a segre-
gation driving force between the Ce-rich and the Fe-rich phase. The Vg
segregation tendency is calculated from the reaction

Ba8Ce8023 + BagFe8024 - Ba8Ce8024 + BagFe8023 8

To avoid changes of the cation valence (i.e. to extract the energy for

Table 1

Energies AE for Acc’ transfer from BaCeO3 to BaFeO3 phase according to Eq. (7),
and related properties.” The dominating contributions of size mismatch Ar and
Smith acidity [25] difference to Ce**/Fe** are indicated in boldface (see dis-
cussion in text).

Acc’ AE for radius Ar to Ar to Smith diff. diff.
reac- for Ce** Fe** acidity to to
tion (7) CN=6 /A /A of Ce*t  Fe*t
/ eV /A Accy03

Ga®* -0.37 0.62 —0.25 —0.035 -1.6 +1.1 -1.9

st —0.48 0.745 —-0.125 +0.16 -5.9 -3.2 —6.2

In®* +0.02 0.8 —-0.07 +0.215 —-2.4 +0.3 —2.7

y3+ -0.27 0.9 +0.03 +0.315 —6.5 -3.8 —6.8

* Tonic radii [24] of Ce*t / Fe*" are 0.87 / 0.585 A, Smith acidity [25] for
CeO, and "FeO," (i.e. Fe*") are —2.7 / ~0.3 (the acidity of Fe*" is estimated
extrapolating from FeO via Fe;O3 to FeO, and comparing to TiO2). Less negative
Smith acidity values mean higher acidity.
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oxygen vacancy redistribution without involving additional redox pro-
cesses), the BagCegO23 and BagFegOy3 cells with one Vi are charge-
compensated by a background charge. The energy of reaction (8)
yields the driving force for the V' transfer to the ferrate phase, which
amounts to —1.58 eV. When this reaction energy is calculated using 79-
and 80-atom and 319- and 320-atom supercells (bottom rows in table
S1), it amounts to —1.55 eV and —1.21 eV. The fact that such a large cell
expansion still yields a comparable reaction energy underpins that this
strongly negative V¢ segregation energy to the Fe-rich phase is not an
artefact. We also performed additional crosschecks, based on Vg
redistribution within neutral 80 atom Bag(Ce,Fe)O3 cells containing
both Vg and Acc®* (fig. S8, table S3 in the SI). This yields a Vg segre-
gation energy to the Fe-rich phase of 1.01-1.29 eV, which is in fair
agreement with the range of 1.21-1.58 eV obtained from reaction (8)
using different cell sizes.

The large negative reaction energy for reaction (8) means a large
driving force for Vg to segregate to the Fe-rich phase, and it clearly
exceeds the values obtained for the Acc’ dopants in Table 1. Since in a
real composite material local electroneutrality needs to be fulfilled, V¢’
and Acc’ have to be transferred together to the macroscopic neighboring
phase, and the larger share of the overall driving force stems from V.

It is important to note that reaction (8) does not involve valence
changes of Fe or Ce, i.e. the segregation tendency of V¢ to BaFeOs is not
caused by the chemically more facile reduction Fe*"—>Fe3* compared to
Ce**—Ce®t. Some insight into the Vg segregation energy is obtained
from analyzing the structural changes. Vg introduction decreases the cell
volume of BaCeO3 by 3 % and of BaFeOs by 5 % (the fact that the volume
decreases agrees with [56] that a V', when not accompanied by reduc-
tion of a cation, has a smaller effective radius than an oxide ion). Even
stronger differences are seen in local bond lengths. In BaCeOs the
remaining Ce-O bonds at the Ce with the V{ in the first coordination shell
contract by 4 % (0.09 ;\). In contrast, a much stronger Fe-O contraction at
five-fold coordinated Fe appears in BaFeOs, it reaches 8 % (0.15 A). This
indicates that BaFeOj3 has a higher ability to compensate the absence of
one oxide ion by strengthening the remaining Fe-O bonds, which can be
attributed to a more covalent character of Fe-O bonds compared to Ce-O
(cf. also the least favorable proton affinity of an O opposite to a V in
BaFe03_5 [35]).

The Acc’ segregation energy is calculated in Section 3.5.1 for ma-
terials compositions in which iron is always in the formal 4+ oxidation
state. Introducing Fe>" together with the respective oxygen deficiency
might lead to some smaller changes of the Acc’ segregation energy.
However, the Vg segregation energy of —1.5 eV is much larger than the
Acc’ segregation energies and the Acc’ distribution is largely coupled to
the Vg distribution by the electroneutrality condition. Therefore we
consider it reasonable to analyze the defect distribution based on fully
oxidized materials compositions.

3.5.3. Effect of acceptor-oxygen vacancy association

In addition to the individual driving forces for Acc’ and Vg segre-
gation, interaction between these defects might further modify the
segregation driving force. Related perovskites such as BaZr; xYxOs.x/2
exhibit an attractive interaction between these defects. An Vg in the first
and second coordination sphere of Acc’ is lower in energy compared to
large separation by approx. 0.4 eV (interaction with only one Y>* [571),
or by up to 1.4 eV (interaction with two Y3* which are located at 4.2 A
distance [41]). Exemplary Y3+-V6' interactions in BaCeO3 and BaFeOs3
are explored in Table S4. In the cerate, the interaction energies with a
single Y>* remain below 0.2 eV, the most stable V¢ position is in the first
sphere around Y®*. For the ferrate the most stable position is in the
second sphere, with strong repulsion in the first sphere and a moderate
interaction energy < 0.2 eV relative to large distances. A comparable
range of interaction energies is expected also for the other Acc®" in
BaCeOs and BaFeOs, with some variation depending on the specific
combination of dopant and host. For the distribution of Acc’ and Vg
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Fig. 6. Semiquantitative plot of the contributions of size mismatch (green arrows) and acid-base interactions (red) to the overall Acc’ segregation driving force

towards the Fe-rich phase (gray arrows, representing the AE values from Table 1).

between the ferrate and cerate phases, only the differences in the
Acc’-Vy interaction energy would contribute (which is a second order
effect). Vg’ would move from the low-energy position in the first and/or
second sphere around the Acc’ in the cerate phase to a similar position
(with comparable Acc’-Vy interaction energy) around an Acc’ in the
ferrate. When Acc’ co-segregate with Vg into the ferrate, they are also
expected to find a similar low-energy position as they had in the cerate.
A more detailed screening of these interaction energies is beyond the
scope of the present investigation. As long as extremely strong differ-
ences in the interaction energy of a given Acc’ with Vg in the cerate and
ferrate phase are absent, the qualitative sequence of the segregation
driving forces (Fig. 6) should remain unchanged.

3.6. Discussion and comparison with experiments

In this section the results from the DFT calculations are compared
with the experimental observations. The first aspect is the miscibility
gap. Experimentally, in absence of acceptor dopants the BaCeO3-BaFeO3
system shows a miscibility gap up to the melting temperature, with
approx. 15 % mutual solubility at both edges [10]. This is in good
agreement with the prediction in Fig. 4. Introducing 20 % of oversized
Y3+ dopants increases the miscibility such that the gap vanishes above
1400 °C [11]. For the less oversized In3+, the mutual solubility at
elevated temperature is larger than for the undoped BaCeO3-BaFeOs, but
some gap remains [23]. Qualitatively, the increased miscibility with
oversized acceptors can be explained by the fact that the dissolution of
these dopants in the Fe-rich phase expands its lattice parameter.
Correspondingly, the size mismatch to BaCeO3 and the miscibility gap
decreases.

The main DFT result concerning the point defect distribution is that
the driving force for V' segregation to the Fe-rich phase is much larger
than the respective contributions from various Acc’. Thus, strong
accumulation of Acc’ and V{ in the Fe-rich phase is expected for all
considered acceptors despite their quite different acidity and size
mismatch. Local dopant distributions have been measured by STEM-
EDX for Y3*, In® and Sc3* [11,23]. For composites with overall
composition BaCeg 4Fep 4Accy 2035 the ratio of acceptor concentration
in the Fe-rich relative to the Ce-rich phase amounts to 2.7 (Y), 2 (In) and
2.9 (Sc), i.e. all acceptors are strongly accumulated in the Fe-rich phase
and the relative magnitude follows the trend of the DFT calculations
from Table 1 and Fig. 6.

While this overall agreement is good, one should keep in mind some
additional factors in the experiments, which are not included in the
present DFT modelling. The dopant distribution occurs at high tem-
peratures. The lattice parameters of both phases are expanded by ther-
mochemical expansion (larger for BaFeO3 5 owing to increasing oxygen
deficiency), but compared to the large lattice parameter differences

between BaCeO3 and BaFeOj3 these effects are of minor importance.

Furthermore, the actual Fe-rich phase exhibits a pO,- and T-depen-
dent oxygen deficiency even in absence of acceptor doping. This may
affect the defect distribution in two ways: (i) Partial reduction of Fe* to
Fe®* decreases the Smith acidity of the BaFeO3 matrix (acidity —1.7 for
Fey03, close to the GayO3 value). For Ga®" this might even result in a
(small) driving force towards the Ce-rich phase, but it is not expected to
overcompensate the large tendency towards the Fe-rich phase caused by
the size mismatch. For the other considered dopants the acidity differ-
ence to Fe remains larger than to Ce. (ii) A partial reduction of the ferrate
phase is expected to decrease the degree of covalency of the Fe-O bonds,
and thus may decrease the specific stabilization of V' in the ferrate
phase by strengthening the opposite Fe-O bond. (iii) The fact that
already a high Vg concentration is present in the ferrate. This means
that the gain of configurational entropy by further Vg segregation to the
Fe-rich phase will be decreased. These aspects might lead to a smaller
Vg and Acc’ segregation tendency to the Fe-rich phase when the phase
formation occurs under strongly reducing conditions, but it is not ex-
pected to vanish completely.

For the Acc®t and Vg segregation energies, the present investigation
concentrated on a fixed defect concentration of 12.5 %. Thermogravimetric
measurements of water uptake on BaCeg g xFep 4YxO3 (0.1 < x < 0.3) and
BaCeg ¢.xFep 4Inx03 (0.2 < x < 0.3) composites (Fig. 5a and SI Fig. 18a in
[23]) show a monotonous increase of proton content with increasing
acceptor concentration. This can be regarded as an indication that the
dopant distribution between the phases does not exhibit any sudden
changes with increasing defect concentration. The upper limit of acceptor
concentration is given either by the solubility limit (often ~20 %), or for
dopants with higher solubility by the fact that excessive substitution of Fe
by redox-inactive dopants decreases the electronic conductivity too much.

While the present investigation focused on the BaCeO3-BaFeOs sys-
tem, the conclusions regarding Acc’ and V§ distribution should apply to
a broader range of electrolyte-type and triple-conducting perovskites
phases. The Acc’ segregation energies can be roughly estimated from
size mismatch and acidity difference of the Acc’ to the B-site cation of
the triple conductor, which is typically more acidic than the B-cation of
the electrolyte material. Also for materials other than BaFeOs3 a large
driving force for Vg towards the triple conducting perovskite is ex-
pected, because with late transition metals as B-cation they have more
covalent B-O bonds than typical electrolyte perovskites and can better
stabilize the presence of an oxygen vacancy. Thus, the Acc’ and Vg
accumulation in the triple conducting perovskite and corresponding
Acc’, Vg depletion in the electrolyte, which is detrimental for its hy-
dration and proton conductivity, is most probably a general phenome-
non of such composites.
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4. Conclusions

The present investigation shows that already from a limited number
of supercell calculations important qualitative and semiquantitative
insights into a complex two-phase system and the respective defect
distributions can be obtained. For the BaCeOs-BaFeOs system the
miscibility gap is well reproduced. The calculated electronic density of
states illustrates how even low Fe contents strongly affect the properties
of a BaCeOs matrix. The lowering of the O2p state center-of-mass is
expected to play a significant role in the decreasing degree of hydration
already for moderate Fe concentration.

The spatial distribution of Acc’ and Vg defects between the Ce-rich
and Fe-rich phases can be calculated separately, demonstrating that
the driving force for Vg dominates and thus all considered Acc’ have a
segregation tendency towards the Fe-rich phase (despite different
acidity and size mismatch). The pronounced Acc’ and Vg accumulation
in the ferrate perovskite phase strongly decreases the hydration ability
of the cerate phase. Thus it partially undermines the intended effect of
combining a mainly proton-conducting and a mainly electronic/Vg
conducting phase in a self-generated perovskite-perovskite composite.
As alternative approach it might be worth to explore composite systems
in which the two phases have a more different structure and/or defect
chemistry to better preserve the separate properties of the involved
phases.
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