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ABSTRACT: Protonic−electronic mixed-conducting perovskites are relevant as
cathode materials for protonic ceramic fuel cells (PCFCs). In the present study, the
relation between the electronic structure and the thermodynamics of oxygen
nonstoichiometry and hydration is investigated for BaFeO3−δ and Ba0.5Sr0.5FeO3−δ by
means of density functional theory. The calculations are performed at the PBE + U
level and yield ground-state electronic structures dominated by an oxygen-to-metal
charge transfer with electron holes in the O 2p valence bands. Oxygen
nonstoichiometry is modeled for 0 ≤ δ ≤ 0.5 with oxygen vacancies in doubly positive charge states. The energy to form an
oxygen vacancy is found to increase upon reduction, i.e., decreasing concentration of ligand holes. The higher vacancy formation
energy in reduced (Ba,Sr)FeO3−δ is attributed to a higher Fermi level at which electrons remaining in the lattice from the removed
oxide ions have to be accommodated. The energy for dissociative H2O absorption into oxygen vacancies is found to vary
considerably with δ, ranging from ≈−0.2 to ≈−1.0 eV in BaFeO3−δ and from ≈0.2 to ≈−0.6 eV in Ba0.5Sr0.5FeO3−δ. This
dependence is assigned to the annihilation of ligand holes during oxygen release, which leads to an increase in the ionic charge of the
remaining lattice oxide ions. The present study provides sound evidence that p-type electronic conductivity and the susceptibility for
H2O absorption are antagonistic properties since both depend in opposite directions on the concentration of ligand holes. The
reported trends regarding oxygenation and hydration energies are in line with the experimental observations.

1. INTRODUCTION

The performance of protonic ceramic fuel cells (PCFCs)
suitable for operation at intermediate temperatures of 400−
600 °C has remarkably increased in recent years; see, e.g., refs
1−5. This progress can be largely attributed to improvements
in the material choice and fabrication of the proton-conducting
Ba(Zr,Ce,Y,Yb)O3−δ electrolyte. In addition, cathode materials
are optimized to enhance the reaction rate of the catalytic
reduction of O2 to H2O. This is achieved by using mixed
protonic/electronic conducting cathode materials that allow
protons to migrate through the bulk of the cathode material
and react with oxygen on its surface. By this means, the
reactive zone for oxygen reduction is extended from the gas/
cathode/electrolyte three-phase boundary to the entire gas−
cathode interface. To activate this so-called “bulk path”, a
proton conductivity of roughly 10−5−10−4 S/cm has been
estimated to suffice.6 Direct measurements of proton
conductivity in cathode materials are extremely challenging,
but proton concentrations have been determined for some
perovskites.3,7−14 Since cathode materials are redox-active, the
proton uptake can occur either by a dissociative H2O
absorption into oxygen vacancies, VO

••, forming protonic
defects OHO

• (acid−base hydration reaction)

+ + •• •FH O O V 2OHx
2 O O O (1)

or by the hydrogenation reaction involving electron holes h•

(redox reaction)

+ + +• •FH O 2O 2h 0.5O 2OHx
2 O 2 O (2)

depending on ambient conditions.14,15 In the present
investigation, we focus on reaction (1), since this mode is
generally investigated by thermogravimetry experiments. The
degree of hydration, defined as the fraction of VO

••
filled by

reaction (1), was found to be significantly lower for mixed-
conducting perovskite cathode materials13 compared to that
for proton-conducting perovskite electrolyte materials.16 This
observation is not only relevant for the optimization of PCFC
cathode materials but also imperative to understand their
fundamental aspects. In addition to this overall trend, the
degree of hydration varies strongly with the cation composition
of the perovskite host.13 So far, only a few theoretical studies
have dealt with proton incorporation into PCFC cathode
perovskites and related materials.5,17−21 In particular, the
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dependence of hydration thermodynamics on the concen-
tration of electron holes, which clearly shows up in
experimental data,13 has not yet been investigated by ab initio
calculations. This is in contrast to unprotonated Fe and Co
perovskites, for which the variation of VO

•• formation energies
with hole concentration has been reported, e.g., in refs 22−24.
For oxides without redox-active cations, a close relation of
proton affinity and hydration enthalpy to the electronic
structure has been discussed recently.25

Here, we focus on BaFeO3−δ and Ba0.5Sr0.5FeO3−δ perov-
skites, which exhibit comparably high degrees of hydration
among cathode materials. The studied materials belong to the
class of negative charge-transfer materials, in which the ground
state is dominated by a d5L configuration (L: ligand hole).26−29

Charge transfer occurs via Fe−O chemical bonds and is
governed by their covalency. The extent of charge transfer
therefore increases with the Sr content as the lattice contracts
and the Fe 3d−O 2p hybridization increases.27 In Krőger−
Vink notation, the charge-transfer reaction can be expressed as

+ ↔ { − } +• •O Fe O h Fex x x
O Fe O Fe (3)

where FeFe
• = Fe4+ and FeFe

x = Fe3+. The electron hole formed
by this reaction can be considered to be partially delocalized in
the valence band. The presence of a Jahn−Teller (JT)
distortion also depends on the extent of charge transfer since
a distortion is expected for a d4 (Fe4+) configuration but is
inhibited for a d5L (Fe3+) configuration.28 Oxygen vacancy
formation may then be expressed according to

+ +• ••FO 2h
1
2

O Vx
O 2 O (4)

While BaFeO3−δ and Ba0.5Sr0.5FeO3−δ experimentally show a
rather high proton uptake, the presence of delocalized ligand
holes prevents degrees of hydration as high as in electrolyte
materials. However, no dependency of the hydration enthalpy
on the degree of hydration itself, i.e., a proton−proton
interaction, was experimentally observed.30

In the present investigation, we lay out the complex interplay
of proton uptake and the concentration of ligand holes in
(Ba,Sr)FeO3−δ perovskites. We first analyze the unhydrated
systems with perfect and oxygen-deficient stoichiometry
regarding structural motifs and the thermodynamics of oxygen
nonstoichiometry (Section 3.1). We then proceed to the
protonated materials, where we analyze the O−H and O···H
bond length distributions and report on hydration energies as a
function of oxygen stoichiometry (Section 3.2).

2. METHODOLOGY
2.1. Computational Details. The density functional

theory (DFT) calculations were carried out using the Vienna
ab initio simulation package (VASP, v.5.4.4)31−33 in
conjuncture with the projector-augmented wave method.34

The wave functions were expanded in terms of plane waves
with a constant energy cutoff of 500 eV and were optimized
with a break condition for the self-consistent loop of 10−5

eV.34,35 Structural optimizations were performed until residual
forces fell below 10−4 eV/Å. The Brillouin zone of the 5-atom
primitive unit cell was sampled with an 8 × 8 × 8 Monkhorst−
Pack k-point mesh.36 We restrict the calculations to the high-
spin ferromagnetic state and assume a homogeneous, strictly
alternating distribution of Ba and Sr over the A-site of the
perovskite lattice in the case of Ba0.5Sr0.5FeO3−δ.

Exchange−correlation was treated with the Perdew−Burke−
Ernzerhof (PBE) functional37 with an additional on-site
Hubbard-U interaction term38 for the Fe 3d states of Ueff =
4 eV. We explored Ueff ranging from 0 to 7 eV (cf. the
Supporting Information) and found that Ueff = 4 eV represents
a good compromise between reproducing experimental values,
e.g., of the magnetic moment, and falling in the range of Ueff
values typically employed for Fe-containing perovskites (see,
e.g., refs 39−41).
Point defects were modeled using a 2 × 2 × 2 expansion of

the primitive unit cell corresponding to a supercell of 40 atoms.
The number of k-points in the supercells was reduced
accordingly. All calculations were performed for neutral
supercells with full relaxation of the supercell dimensions
(allowing also for, e.g., monoclinic distortion) and of atomic
coordinates. For the calculation of defect formation energies
(see Section 2.2), defect-free BaFeO3−δ and Ba0.5Sr0.5FeO3−δ
were also calculated in supercell form.
In cases of multiple point defects per supercell, different

symmetry-independent arrangements are possible, which were
generated with the supercell program.42 Given the large
number of supercells, which may contain several point defects
and lack any symmetry elements, an efficient methodology for
geometry and electronic structure optimization was required.
We have therefore chosen a PBE + U approach over
computationally much more demanding hybrid functionals.
Bader atomic charges were tested and found to be very

sensitive toward structural distortions in the vicinity of point
defects and are therefore not used for the discussion.
Projection onto local atomic basis function and Mulliken
population analyses have been carried out with the lobster
code,43−47 using Ba 5s 6s 5p, Sr 4s 5s 4p, Fe 4s 3p 3d, and O 2s
2p as valence band configurations. An evaluation of the
obtained charges is provided in Section S2 of the Supporting
Information.

2.2. Calculation of Thermodynamic Properties. The
reaction energies EVO

•• and Ehydr correspond to the energy
change in reactions (4) and (1) and can be obtained through

∑Δ = − + ΔE E E n E
i

i ireac. defect
tot

bulk
tot

(5)

where Ei are the energies of the involved atomic species
obtained from the total (DFT) energies of the respective O2
and H2O molecules, and Δni is the number of added or
removed atomic species in the defective cell. To study nonideal
behavior occurring at higher defect concentrations, we
calculate the reaction energies as differential values. For
example, eq 6 gives the formation energy of an oxygen vacancy
in an already oxygen-deficient system. We will use a condensed
notation to denote sum formulas hereafter, so that O22 =
(Ba,Sr)8Fe8O22

= + −••E E E EV ,O22 O22
tot

1/2O O23
tot

O 2
tot (6)

The total energy of the O2 molecule is not corrected for the
notorious overestimation/underestimation of the binding
energy/bond length obtained using the PBE functional, e.g.,
ref 40. The error in the total energy of O2 causes an offset in
the absolute values of EVO

•• to higher values by ≈0.7 eV. The

differential EVO
•• is, however, unaffected by that error (Figure S2

in the Supporting Information).
The reaction energy of hydration, Ehydr, is calculated in a

similar fashion according to the pure acid−base reaction (1).
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For example, eq 7 gives the hydration energy for an oxygen-
deficient system containing two protons

= − −E E E Ehydr,O23H2 O23H2
tot

O22
tot

H O
tot

2 (7)

For singly protonated supercells, we average over two
unhydrated supercells, exemplified in eq 8. This reaction
then corresponds to the hydration of an O22.5 supercell

= − − −E E E E E2hydr,O23H1 O23H1
tot

O22
tot

O23
tot

H O
tot

2 (8)

In cases of more than one symmetry-independent arrangement
of point defects in the supercell, e.g., O22 or O23H1, we
average over the three lowest-energy configurations. A list of
the configurations used for the calculation of EVO

•• and Ehydr is
given in Section S4 of the Supporting Information.
2.3. General Considerations on the (Ba,Sr)FeO3−δ

Crystal Structure. With a Goldschmidt tolerance factor
exceeding 1, BaFeO3−δ crystallizes in a hexagonal perovskite
structure with face-sharing FeO6 octahedra. Upon increasing
the VO

•• concentration, BaFeO3−δ is subject to a phase
transformation into a pseudo-cubic perovskite phase with
corner-sharing octahedra48,49 and, ultimately, into a vacancy-
ordered monoclinic perovskite phase.50,51 This phase is,
however, not isostructural with the Brownmillerite phase
found for Sr2Fe2O5 but has a more complex structure.50,52

Fully oxidized metastable BaFeO3 with corner-sharing
octahedra can be prepared by the low-temperature oxidation
of BaFeO2.5.

53 In this form, the material adopts a cubic
symmetry and does not exhibit any Jahn−Teller (JT)
distortions. The cubic perovskite phase can, alternatively, be
stabilized by slight doping with, e.g., 0.05 La or Ce on the Ba
site,54,55 bringing the Goldschmidt tolerance factor closer to 1.
Instead, Ba0.5Sr0.5FeO3−δ has a Goldschmidt tolerance factor
closer to 1 and thus always adopts the perovskite cubic
phase.56 To keep BaFeO3 and Ba0.5Sr0.5FeO3−δ calculations
comparable to each other, and to experimental reaction
enthalpies that are typically reported on (doped) pseudo-
cubic phases, we here use a cubic input geometry with corner-
sharing octahedra for both compositions and then allow for
relaxation of ionic positions and supercell dimensions.
In our calculations, some configurations containing Fe in 4-

fold coordination yielded lower total energies after structural
optimization than the lowest-energy configuration with only 5-
or 6-fold coordination. This can be rationalized by BaFeO3−δ
favoring the phase with ordered VO

••, leading to 4- and 6-fold-
coordinated Fe. We deliberately omit configurations with 4-
fold-coordinated Fe in the present analysis because (i) ordered
superstructures are not found experimentally for doped
BaFeO3−δ perovskites at elevated temperatures where VO

••

and proton concentrations are measured and (ii) it would
lead to a spurious energy contribution from the phase
transformation into the reaction energies.

3. RESULTS AND DISCUSSION
3.1. Unhydrated (Ba,Sr)FeO3−δ. Regarding the fully

oxidized, perfect BaFeO3, we find that the ground-state
structure is characterized by a slight distortion of the FeO6
octahedra. Each iron has Fe−O bond lengths of 2 × 1.89, 2 ×
1.99, and 2 × 2.17 Å. These octahedra are connected such that
along the z-direction, all Fe−O lengths are identical (1.99 Å,
one of the short axes of the octahedra), while in the x- and y-
directions, the other short axis (2 × 1.89 Å) and the long axis
(2 × 2.17 Å) of the octahedra alternate (Figure 1, inset). This

distortion pattern, interpreted as the hallmark of a cooperative
Jahn−Teller (JT) effect, lowers the total energy by 0.02 eV per
formula unit of BaFeO3.

In Ba0.5Sr0.5FeO3−δ, the JT distortion becomes negligible,
and in SrFeO3, with an even smaller lattice parameter, JT
distortions are completely absent.57 The trend of the fading JT
distortion with the Sr content could be explained by the
electronic structure favoring a d5L state (Fe3+) as the lattice
parameter decreases and the Fe 3d−O 2p hybridization
increases.a

The projected density of states (P-DOS) of BaFeO3 is
depicted in Figure 1. The Fe 3d spin-up and spin-down states
are separated considerably, with the Fe 3d spin-up states lying
below the O 2p valence band. While the t2g bands are narrow
and thus fairly localized, the eg states are more dispersed,
indicating a certain hybridization with the O 2p band.
Although the eg spin-up band is rather broad and extends far
into the valence band, it is almost entirely filled and thus
represents a d5L situation. The ligand hole appears in the form
of empty states in the spin-up O 2p band above the Fermi
level. Given the presence of a small band gap in the spin-down
channel slightly above the Fermi level, the material may be
considered half-metallic. Based on the analysis of the P-DOS,
we conclude that BaFeO3 is a charge-transfer-type half-metal
with electron holes in the O 2p spin-up valence band. The
symmetry breaking induced by the JT distortion affects the
Fe−O bonding characteristics and causes a subtle band
splitting in the upper valence band, thereby reducing the
density of states at the Fermi level. This is illustrated by
superimposing the DOS of a nondistorted structure in Figure 1
as a dashed black line.
Substituting half of the A-site cations with Sr only mildly

affects the crystal and electronic structures. The smaller ionic
radius of Sr2+ as compared to that of Ba2+ leads to a smaller
lattice constant and therefore a stronger Fe 3d−O 2p
hybridization. As a result, the crystal as a whole becomes
stiffer, and JT distortions become negligible in
Ba0.5Sr0.5FeO3−δ.

Figure 1. Projected density of states (P-DOS) of BaFeO3, relative to
the Fermi level (red: O 2p states, blue: t2g states, green: eg states). The
black dashed line represents the DOS of the ideal, nondistorted
structure. A snippet of the Jahn−Teller distortion pattern is shown as
the inset (z-axis pointing into the paper plane).
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Table 1 summarizes the calculated data for the fully oxidized
and fully reduced systems, together with experimental data. Fe
magnetic moments are obtained from the difference of the iron
spin-up and spin-down integrated P-DOS. The calculated
lattice constant and magnetic moments are in good agreement
with the reported experimental values. Also, the negative
charge transfer is in line with X-ray spectroscopy experi-
ments.26−29 The presence of ligand holes in the O 2p band
together with the Fe 3d−O 2p hybridization reduces the O ion
charge as compared to that of closed-shell perovskites with a
similar lattice constant (compare −1.13e of BaFeO3 versus
−1.24e in cubic BaTiO3 with a similar lattice constant of 3.99
Å).
As an example for an oxygen-deficient supercell, Figure 2a

shows the structure of Ba8Fe8O22. The VO
•• are arranged in a

disordered way, being mutually separated by 4.9 Å. No
correlation between the total energy and the VO

••−VO
••

distances was observed (Figure S4 in the Supporting
Information). This indicates that the charge of the VO

•• is
sufficiently screened by the rather delocalized valence band
electrons, thus avoiding pronounced electrostatic interactions.
Figure 2b shows a typical relaxation pattern in the vicinity of a
VO
••. The two Fe ions are shifted away from the vacant site by

about 0.15 Å, owing to the electrostatic repulsion in the
absence of the connecting oxide ion, resulting in bent O−Fe−
O. The outward displacement is compensated by shortening of
the Fe−O bond opposite to the VO

•• (Figure S5: the shortest
Fe−O distance in [FeO5] is significantly smaller than the
shortest Fe−O distance in [FeO6] for the same oxygen
stoichiometry) and further lattice distortions.

In each supercell, one can usually recognize 2−3 types of Fe
atoms (1−2 for 6-fold-coordinated and 1−2 for 5-fold-
coordinated Fe) with a characteristic distribution of Fe−O
bond lengths and averaged Fe−O distance around this Fe ion.
Figure 3 shows how these averaged Fe−O bond lengths evolve
with increasing oxygen deficiency (extracted from fully
optimized supercells, each symbol representing the Fe−O
length averaged over the Fe−O (5-fold) and Fe−O (6-fold)
polyhedra in the respective configuration). In a situation of

Table 1. Pseudo-Cubic Lattice Constant a, Fe Magnetic Moment μFe, and Mulliken Atomic Charges Q of the Fully Oxidized
and Reduced Systems

a aexp μFe μFe
exp QM

Fe QM
O QM

Ba QM
Sr

(Å) (Å) (μB) (μB) (e) (e) (e) (e)

BaFeO3 4.04 3.9753 3.8 3.553 1.65 −1.13 1.73
Ba0.5Sr0.5FeO3 3.96 3.8 1.68 −1.13 1.81 1.61
BaFeO2.5 4.07 4.2 1.60 −1.32 1.70
Ba0.5Sr0.5FeO2.5 4.01 3.9359 4.2 1.62 −1.32 1.79 1.58

Figure 2. Crystal structure of oxygen-deficient BaFeO3−δ (white spheres: O, black spheres: Fe, red squares: VO
••, Ba omitted, one [FeO6]

coordination polyhedron shown as an example). (a) Disordered arrangement of VO
•• in Ba8Fe8O22 and (b) typical structural motif of two distorted

square pyramidal [FeO5] units connected by a VO
••.

Figure 3. Average Fe−O bond length of [FeO5] and [FeO6]
polyhedra in BaFeO3−δ as a function of the increasing oxygen
nonstoichiometry. Each symbol represents the average Fe−O length
in Fe−O (5-fold) and Fe−O (6-fold) polyhedra (1−2 distinct FeO5
and FeO6 polyhedra per supercell). Data for [FeO5] and [FeO6]
polyhedra from the three lowest configurations for each O
stoichiometry are shown.
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strictly localized Fe oxidation states, one would expect a
stepwise change of Fe−O distances when the central Fe
changes from Fe4+ to Fe3+, i.e., from a [FeO6] to [FeO5]
polyhedron. However, for both types of polyhedra, the average
Fe−O bond length increases smoothly with increasing oxygen
deficiency. This clearly indicates a partial delocalization of
electron holes. Annihilation of these holes during oxygen
excorporation alters the oxide ions’ charge density in both
coordination polyhedra and, hence, induces a gradual change
in the average Fe−O bond lengths. This is in line with the P-
DOS discussed above (Figure 1) and makes a clear assignment
of individual Fe oxidation states questionable. However, the JT
distortion of [FeO6] octahedra characteristic of a d4 (Fe4+)
configuration is partly preserved during the reduction, as
evidenced by the broad distribution of Fe−O within [FeO6]
octahedra; see Figure S5 in the Supporting Information.
Therefore, we conclude that the ground state exhibits minor d4

features like the JT distortions despite the dominating d5L
configuration.
The increased Fe−O bond length is also reflected in an

overall lattice expansion as expressed by the pseudo-cubic
lattice constant. Figure 4 shows the evolution of the pseudo-

cubic lattice constant as a function of the oxygen non-
stoichiometry for BaFeO3−δ and Ba0.5Sr0.5FeO3−δ. Both systems
are subject to a linear increase in lattice constant with
increasing VO

•• concentration. The volumetric expansion is 9%
per Δδ = 1 for BaFeO3−δ and 7.6% per Ba0.5Sr0.5FeO3−δ.
Comparable slopes have been reported for other systems. For
instance, a slope of 14% for La0.5Sr0.5FeO3−δ was found in a
DFT study,17 and a slope of 11% for SrFe0.75Ti0.25O3−δ and
La0.3Sr0.7FeO3−δ was found in experimental studies.60,61 The
fact that these values are larger than those found in this study
may be rationalized by the two materials BaFeO3−δ and
Ba0.5Sr0.5FeO3−δ having Goldschmidt tolerance factors larger
than 1 (1.072 and 1.042) so that the effective size increase
upon reduction can at least partially be compensated without
lattice expansion. In general, during oxygen depletion and
reduction, according to reaction (4), two processes occur that
can alter the materials’ volume: (i) doubly charged VO

•• are
smaller than regular oxide ions, which would result in a net
contraction of the lattice if they were compensated by an
artificial background charge used in DFT calculations;62 and
(ii) the annihilation of holes previously shared between Fe and
O increases the size of the oxide ions. Since the holes were
largely in oxygen states (Figure 1), hole annihilation changes

the charge of O more than that of Fe (Table S1 in the
Supporting Information; the same trend for Mulliken and
Bader charges). Thus, the size of Fe and O ions is expected to
increase, however, with a much larger contribution from
oxygen. The fact that an overall expansion is observed means
that process (ii) causes larger volume changes.
The total energy of oxygen-deficient supercells and the

energy of the oxygen removed to the gas phase is plotted in
Figure 5 as a function of the VO

•• concentration. In a system

behaving ideally dilute, the energy would increase linearly.
However, Figure 5 clearly shows that the energy increases
nonlinearly with increasing oxygen deficiency or, equivalently,
decreasing hole concentration. This corresponds to an increase
of the differential vacancy formation energy (Figure 5, inset)
and is qualitatively in line with the thermogravimetry
experiments for Ba0.95La0.05FeO3−δ.

30,63 These experiments
show the strongest deviation from ideal behavior at high
oxygen partial pressure and comparably low T, i.e., under
conditions with a high hole concentration.
Thus, we assign the observed nonideal behavior shown in

Figure 5 rather to the variation of the hole concentration and
their mutual interaction than to VO

••−VO
•• defect interactions.

In the case of strong VO
••−VO

•• interactions disfavoring further
VO
•• formation, the strongest deviation from ideal behavior

would be expected at high VO
•• concentration (low pO2, high

T). The insets of Figure 5 depict the differential VO
•• formation

energies (i.e., the energy increments required to stepwise

Figure 4. Evolution of the pseudo-cubic lattice constant of
(Ba,Sr)FeO3−δ upon increasing the oxygen deficiency. The line
represents the average of the three lowest-energy configurations. Figure 5. Total energy of the oxygen-deficient supercell and the

energy of removed oxygen (n/2 O2 in the gas phase for O24-n
supercell) relative to the perfect O24 cell plotted as a function of the
VO
•• concentration. The lines represent the average of the three lowest-

energy configurations. The insets give the differential vacancy
formation energy, EVO

••.
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remove the first, second, third, and fourth O from the 40-atom
supercells). The values of EVO

•• change with the hole
concentration approximately linearly and are rather similar
for BaFeO3−δ and Ba0.5Sr0.5FeO3−δ. Their slopes are approx-
imately 1.6 eV per hole (from formal Fe4+ to Fe3+). The
qualitative trend of decreasing EVO

•• with increasing hole
concentration agrees with the experimental results63 and
previous calculations on Ba0.5Sr0.5Co1−yFeyO3−δ.

24 Hence, the
characteristic deviations from ideally dilute defect chemistry
already observed in the unhydrated systems are confirmed in
the present DFT calculations. Experimentally, the oxygen
partial molar enthalpy of Ba0.85La0.15FeO3−δ (corresponding to
EVO

••; cf. Section 3.3) is found to change from −0.8 eV for zero
hole concentration to −0.4 eV for 0.5 hole per formula unit,63

which corresponds to a smaller slope (0.8 eV/hole) than the
present DFT result. However, the data is limited to 0−0.5
holes per formula unit and comes with an experimental
uncertainty in the range of 0.1 eV. The remaining quantitative
deviation might be attributed to the large sensitivity of redox
energetics on the employed DFT functional, which determines
the degree of hole (de)localization.
We assign the observed nonideal behavior in EVO

•• to the
largely delocalized nature of the holes in the O 2p valence
band. The DOS of oxidized and reduced BaFeO3−δ is shown in
Figure 6a,b. The energy levels are aligned to a common

vacuum level obtained through separate slab calculations (see
Section S7 in the Supporting Information). For the fully
oxidized O24 cell (formal Fe4+ oxidation state), one can
recognize empty O 2p states above the valence band maximum
that correspond to the ligand hole at the O ions. Upon
reduction to the O20 cell (formal Fe3+ oxidation state), these
states become occupied and the work function decreases. The
changes upon reduction are also reflected in the Mulliken
atomic charges of Fe and O (Table 1). The Mulliken charge of
O becomes more negative upon reduction from −1.13e in the
O24 fully oxidized cell to −1.32e in the O20 fully reduced cell.

The Fe Mulliken atomic charge is less affected by the reduction
and changes only by 0.06e. The increase of EVO

•• with increasing
oxygen nonstoichiometry is a consequence of the increasing
Fermi level (relative to the center of gravity of the O 2p states)
because electrons remaining in the lattice from the removed
oxide ions have to be accommodated at a higher energy level;
cf. also.64,65 Also, the small shift of the entire O 2p valence
band to higher absolute energy contributes to it.
The present changes of EVO

•• with increasing oxygen
nonstoichiometry for (Ba,Sr)FeO3−δ are of comparable
magnitude as those calculated for SrFeO3−δ in ref 22. However,
given the issues with Bader atomic charges and the
predominant O 2p character of the valence band, we rather
refrain from assigning localized polarons to specific Fe atoms
close to or more distant to the VO

••, as done in refs 22, 23.
3.2. Hydrated (Ba,Sr)FeO3−δ. Proton interstitials occupy a

position close to an oxide ion, thus forming a covalent bond.
The length of this bond falls in the range of 0.97−1.01 Å and is
thus much shorter than the oxide ion radius of 1.4 Å, i.e., the
proton becomes completely immersed in the oxide ion’s
electron cloud. The bond lengths found in (Ba,Sr)FeO3−δ are
similar to those calculated for (La,Sr)FeO3

17 and BaZrO3.
66

The formation of the OH covalent bond leads to a stabilization
in the energy of the involved O 2p orbitals (Figure 6c). While
the states of the unprotonated oxide ions remain largely
unchanged, O−H bond formation leads to a distinct deep state
stemming from the O 2p and H 1s overlaps at ≈−13 eV. The
O−H bond formation leads also to a downward shift in the O
2p states of the respective O ion that are not directly involved
in the O−H bond.
In addition to the covalent OH bond, the proton establishes

two weaker hydrogen bonds with adjacent oxide ions. The
structural motif of a protonic defect with one covalent and two
hydrogen bonds is shown as the inset in Figure 7. With
increasing oxygen deficiency and an increased Mulliken charge,
the covalent OH bond shows a subtle but systematic increase
in bond length (Figure 7a). The shorter hydrogen bond, in
turn, shows a decrease in distance. Regarding the longer
hydrogen bond, no clear trend is visible (Figure 7b). The
longer hydrogen bond represents a comparably weak
interaction and thus also depends on the overall geometry,
which may be more influential than the correlation with the
covalent O−H length. The bond length evolution shown in
Figure 7 suggests that a longer covalent OH bond is
compensated by stronger hydrogen bonding. The bonding
patterns of protonated (Ba,Sr)FeO3−δ are very similar (Figure
S7).
The hydration energies Ehydr calculated for BaFeO3−δ and

Ba0.5Sr0.5FeO3−δ relative to the respective unhydrated cells
(averaged over the three lowest-energy configurations) are
displayed in Figure 8. There is a correlation between the
hydration energy and the oxygen stoichiometry, with values
ranging from ≈−0.2 eV in the fully oxidized to ≈−1 eV in the
reduced BaFeO3−δ

b and from ≈0.2 to ≈−0.4 eV in
Ba0.5Sr0.5FeO3−δ. Since the hydration reaction (1) is a pure
acid−base reaction in which the hole concentration in the
crystal remains unaltered, such a correlation is not necessarily
expected. We attribute this observation to the effect of holes on
the oxide ions. As outlined in Section 3.1, ligand holes alter the
properties of lattice oxide ions as evidenced by the nonideal
thermodynamics of oxygen nonstoichiometry and the change
in Mulliken atomic charges. In this regard, a more negative

Figure 6. Electronic density of states of fully oxidized (O24), reduced
(O20), and protonated (O24H) Ba8Fe8O24−δHx cells relative to a
common vacuum level. O-in-OH states, marked in yellow, are
multiplied by a factor of 4 for better visibility. The band alignment
procedure is outlined in the Supporting Information. The solid line
indicates the common vacuum level, and the dashed line indicates the
position of the highest occupied state.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c01924
J. Phys. Chem. C 2020, 124, 11780−11789

11785

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01924/suppl_file/jp0c01924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01924/suppl_file/jp0c01924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01924/suppl_file/jp0c01924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01924?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01924?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01924?fig=fig6&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01924/suppl_file/jp0c01924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01924?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c01924?ref=pdf


oxygen atomic charge favors the stabilization of protons and
leads to more negative hydration energies of higher oxygen
deficiency (however, this simplistic relation is only valid within
a certain perovskite system, since the fully oxidized
Ba0.5Sr0.5FeO3 has approximately the same oxygen ion charge
as BaFeO3 but exhibits a less negative hydration energy). The
largely delocalized character of the holes in the O 2p bands has
the consequence that even a low hole concentration already
affects the hydration energy (in difference to a situation with
strictly localized holes). The dependence of Ehydr on hole
concentration leads to the pronounced anticorrelation of the
proton and hole concentration in (Ba,Sr)FeO3−δ and related
PCFC cathode materials, which is much stronger than just the
competition of positive defects in the electroneutrality
condition.
The trends reported in the present study are in qualitative

agreement with the experimental results,13,30,63 which show a
less negative hydration enthalpy for the higher formal Fe
oxidation state, i.e., a higher concentration of holes. The slope
in Figure 8 corresponds to a change in Ehydr of 0.8 eV between
hole concentrations of 0 and 1. Experimentally, the Ehydr of
Ba0.85La0.15FeO3−δ varies by 0.35 eV (applying a defect model
with the linear dependence of Ehydr on hole concentration; cf.
Section 3.3).63 The calculated hydration energies for reduced
BaFeO2.56 and Ba0.5Sr0.5FeO2.56 agree with the experimental
values of ≈−0.6 eV for Ba0.95La0.05FeO2.525, ≈−0.9 eV for
Ba 0 . 9 5La 0 . 0 5Fe 0 . 8Zn0 . 2O2 . 4 2 5 , and ≈−0 .6 eV for
Ba0.5Sr0.5FeO2.5.

1313 Also, the finding of more negative
hydration energies compared to that of (La,Sr)FeO3−δ

17

agrees with the experiments.

The dissociative absorption of water into oxygen vacancies is
commonly associated with a chemical expansion of the solid
oxide. The degree of expansion varies within different
perovskites, ranging from 12 vol % percent in Y-doped
BaZrO3 per filled VO

•• and formula unit67 to 16 vol % percent in
La0.5Sr0.5FeO3−δ.

1717 In (Ba,Sr)FeO3−δ, the chemical expansion
upon hydration has a rather large scatter between different
supercell configurations or between supercells of different
oxygen stoichiometries (Figure 9), but no particular trend with

hole concentration is observed. Considering that most of the
expansion originates from the filling of a VO

•• by a hydroxide
ion in a pure acid−base reaction,68 it is not surprising that this
expansion shows no clear dependence on hole concentration.
The values of the chemical expansion of 15−43 vol % in
BaFeO3 and 15−35 vol % in Ba0.5Sr0.5FeO3 per filling of one
VO
•• per formula unit by H2O are significantly larger than for Y-

doped BaZrO3 and La0.5Sr0.5FeO3−δ.
3.3. Approaches for Defect Chemical Models. The

variation of EVO
•• and Ehydr with hole concentration (Figures 5

and 8) represents deviations from ideally dilute defect
chemistry. Experimental dependencies of EVO

•• on hole
concentration have been reported for several oxides, showing
that at high hole concentration, further oxygen uptake is
disfavored. This shows up in the partial molar enthalpy of
oxygen, e.g., for (La,Sr)CrO3−δ and (La,Sr)CoO3−δ, which
decreases approximately linearly with increasing hole concen-

Figure 7. Bond length evolution of covalent OH and O···H hydrogen bondings in Ba8Fe8O24−δH for the three lowest-energy configurations. (a)
Covalent OH bond ((i) only one very short hydrogen bond is present, leading to a longer covalent OH bond. (ii) Symmetric, longer hydrogen
bonds leading to a shorter covalent OH bond). (b) Shorter and longer hydrogen bonds.

Figure 8. Hydration energy as a function of oxygen stoichiometry for
(Ba,Sr)8Fe8O24−xH. The lines represent the average of the three
lowest-energy configurations.

Figure 9. Chemical expansion upon hydration, i.e., volume increase
per filling of one VO

•• per formula unit by H2O (the volume of the
respective unhydrated material has been averaged over the three
lowest-energy configurations).
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tration.69,70 If entropic contributions to the nonideality are
negligible, this corresponds to a defect chemical model in
which the reaction enthalpy changes linearly with hole
concentration. For La2NiO4+δ and NaxCoO2, a model was
suggested in which the nonideality is expressed by a hole
activity coefficient exceeding unity,71−73 which was further
related to the Fermi−Dirac integral. Data for La2NiO4+δ were
successfully modeled by both approaches.71,74

To the best of our knowledge, the experimental data in refs
12, 13, 63 are the first reports of Ehydr becoming less negative in
the presence of holes. This nonideality differs from the
nonidealities in unprotonated oxides by the fact that holes do
not directly appear in the hydration reaction (eq 1); thus, this
behavior cannot simply be quantified by a nonunity hole
activity coefficient. The present DFT results indicate that the
hole−hole and hole−proton nonidealities are closely related
phenomena and that holes affect the hydration reaction by
being largely delocalized to the oxygen ions. Quantitative
defect chemical modeling for the variation of Ehydr (exper-
imental and DFT results) with hole concentration for
(Ba,Sr,La)(Fe,Y,Zn)O3−δ will be discussed in more detail in
a separate publication.
3.4. Conclusions. In the present study, we lay out a

consistent picture of how p-type electronic conductivity and
nonideal defect chemistry in (Ba,Sr)FeO3−δ are both governed
by delocalized ligand holes. An oxygen-to-metal charge transfer
gives rise to electron holes in the O 2p valence band and
results in a lower oxide ion charge.
The formation energy of an oxygen vacancy EVO

•• increases
with increasing oxygen nonstoichiometry, which represents a
nonideal behavior. This could be attributed to the more
delocalized character of the ligand holes affecting several oxide
ions instead of a single Fe ion. Equivalently, it can be
rationalized by a higher Fermi level in reduced (Ba,Sr)FeO3−δ
at which electrons remaining in the lattice from the removed
oxide ions have to be accommodated.
Dissociative water absorption into oxygen vacancies

becomes more favorable with increasing oxygen deficiency.
The calculated hydration energy Ehydr spans a wide range from
≈−0.2 eV in the fully oxidized BaFeO3 to ≈−1 eV in the
reduced BaFeO2.5 and from ≈0.2 to ≈−0.4 eV in
Ba0.5Sr0.5FeO3−δ. This highlights the importance of the redox
activity of the oxide ions in these materials. The more favorable
hydration in the reduced (Ba,Sr)FeO3−δ can at least in part be
related to the more negatively charged oxide ions.
The reported dependencies of EVO

•• and Ehydr on the
concentration of electron holes are in qualitative agreement
with the experimental studies showing that the present
methodology is a reasonable approximation. The combination
of electronic structure analysis and defect chemical discussion
provides a deeper understanding of the observed trends, which
is key for the further development of mixed proton electron
conductors.
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Analytic projection from plane-wave and PAW wavefunctions and
application to chemical-bonding analysis in solids. J. Comput. Chem.
2013, 34, 2557−2567.
(46) Maintz, S.; Deringer, V. L.; Tchougreéff, A. L.; Dronskowski, R.
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