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Proton migration in the triple conducting perovskite BaFeOs_; is investigated using first-principles density
functional theory calculations. Oxygen-deficient BaFeOs_; exhibits pronounced lattice distortions that
entail different chemical environments of lattice oxygen ions and thus different proton migration
pathways. We systematically sampled these proton pathways and identified key structural parameters
determining the height of the migration barrier. The calculated average migration barrier for proton
transfer in Jahn-Teller distorted BaFeOs is 0.22 eV. Analysis of geometric changes and chemical
bonding in individual proton trajectories indicates that proton transfer occurs as a two-step process: an
early stage where the energy change is mainly governed by the approach of donor and acceptor oxygen
ions (the O—H bond is hardly stretched), and a second stage near the transition state where the O-H
bond is broken. The calculated average migration barrier in oxygen deficient BaFeO, ;5 is 0.18 eV, with
a broad range of different barriers due to the increased lattice distortions caused by oxygen vacancies.
The decrease in migration barrier with increasing oxygen deficiency could be attributed to the
annihilation of oxygen (ligand) holes rather than to volume expansion upon reduction. Considering all
calculated barriers in BaFeOs and BaFeO, ;5 we find important correlations of the migration barrier
height with the initial separation of donor and acceptor oxygen ions, and the O-H bond length. While
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1. Introduction

The perovskite BaFeO; can be considered as an undoped parent
material representing a large variety of differently doped triple
conducting perovskites, in which electron holes, oxygen
vacancies and protons contribute to the total electrical
conductivity. Such triple conducting materials are required for
several (electro)chemical applications, particularly as an air
electrode in protonic ceramic fuel/electrolysis cells, and for
hydrogen permeation membranes."™ In this contribution, we
explore the mobility of protons in BaFeO; ; as a function of
oxygen deficiency and identify key material properties that
determine the height of the proton migration barrier.

BaFeO; adopts different crystal structures depending on the
synthesis conditions. The most stable structure is hexagonal,
which can be transformed into a metastable cubic perovskite
structure under certain conditions.” The cubic perovskite

“Max Planck Institute for Solid State Research, Stuttgart, Germany. E-mail: r.merkle@
Jif:mpg.de

*Institute of Solid State Physics, University of Latvia, Riga, Latvia. E-mail: gryaznov@
mail.com

T Electronic  supplementary  information available. See DOIL
https://doi.org/10.1039/d2ta08664f

i These authors contributed equally.

(EST)

6336 | J Mater. Chem. A, 2023, 11, 6336-6348

structure is stabilized by slight doping and is typically used in
(electro)chemical applications. The electronic structure of cubic
BaFeO; is characterized by a negative charge transfer and an
associated dominating d’L (L = ligand hole) configuration. This
implies that electron holes are more associated with oxygen
ions (i.e. the ligands, following the nomenclature used in X-ray
spectroscopy) and that Fe has a relatively invariant oxidation
state of 3+. The formation of oxygen vacancies occurs at the
expense of electron holes and is accompanied by pronounced
lattice distortions, rendering the crystal structure pseudo cubic.

Proton uptake can occur by dissociative water incorporation
into oxygen vacancies (acid-base reaction), as well as by a redox
reaction at the expense of electron holes, depending on external
conditions (see e.g. ref. 6 and 7). The incorporated protons lead
to the formation of OH groups on O lattice sites. At elevated
temperature, i.e., 300-700 °C, protons become mobile and
migrate through the oxygen sublattice, giving rise to long range
proton conductivity.

In contrast to triple conducting perovskites, proton migra-
tion in perovskites with predominant proton conductivity (i.e.
protonic ceramic electrolyte materials such as BaZrO;) has been
investigated in detail.*'* Proton migration in these materials
proceeds by a Grotthuss mechanism, involving rotational
diffusion within the OH group, and proton transfer to

This journal is © The Royal Society of Chemistry 2023
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a neighboring oxygen ion along the edge of the [BOg] octahe-
dron. The proton transfer is assisted by phonons that produce
shorter transient O-O distances lowering the energy barrier for
the actual proton transfer.® Both experimental and theoretical
studies have identified proton transfer (rather than rotational
diffusion within the OH group) as the rate limiting step for long
range proton conductivity with energy barriers for BaZrO;
ranging between 0.1 and 0.4 eV.'>*52°

The proton mobility (and conductivity) in triple conducting
perovskites is more challenging to be measured because the
electronic conductivity is typically more than 3 orders of
magnitude higher, and it also has to be separated from the
oxygen ion conductivity.">® Typical approaches such as
hydrogen permeation, H/D tracer diffusion, or proton-selective
electrodes encounter specific issues (e.g. crack formation,
limited materials stability in reducing conditions, incomplete
suppression of electronic conductivity etc.). The few available
experimental data for BaFeOs-related perovskites indicate that
the proton mobility in triple conducting perovskites might be
moderately lower than in Ba(Zr,Ce,Y,Yb)O;_, electrolytes, see
e.g. ref. 6; SIMS analysis after deuterium exchange of the double
perovskite PrBaCo,0:s,; yielded a hard to interpret profile con-
taining a shallow part and a long tail.>* Some proton migration
barriers in triple conducting oxides have been obtained from
density functional theory (DFT) calculations, e.g. ref. 22-28.
However, a systematic investigation as a function of cation
composition, and correlations with other materials parameters
(certain atom distances etc.) in the perovskite structure are not
available so far.

A priori qualitative considerations are not able to predict
whether the proton mobility is generally higher or lower in
triple conducting perovskites compared to electrolyte materials,
since there are arguments in both directions. (1) Triple con-
ducting perovskites often have a higher oxygen vacancy
concentration which leads to local lattice distortions (even if the
average crystallographic structure remains cubic), and
decreased symmetry typically decreases the proton mobility.>**°
(2) Triple conducting perovskites have smaller lattice parame-
ters than Ba(Zr,Ce,Y,Yb)O;_, electrolytes. This increases the
repulsion of the proton in the transition state with the B-site
cation, and is expected to increase the barrier (¢f increased
barrier in BaCeO; under hydrostatic pressure®). (3) The tran-
sition metal cations in triple conductors are usually in a lower
average oxidation state than in electrolyte perovskites, which
decreases such a repulsion.

In the present study, we investigate proton migration
barriers in BaFeO;_; as a function of oxygen deficiency by
DFT+U calculations (defect formation energies in (Ba,Sr)FeO;z_;
have been calculated in ref. 32). We separate the effects of
volume expansion and formal iron oxidation state on the height
of the proton migration barrier. The results are compared to
calculated barriers in the electrolyte BaZrO;, elucidating
whether triple conductors and electrolyte materials exhibit
fundamental differences in migration barriers. The migration
barriers are investigated by nudged elastic band calculations -
this allows systematic screening of different proton trajectories
more efficiently than computationally much more demanding
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ab initio molecular dynamics (force-field MD is considered less
suitable for materials with mixed-valent cations). We briefly
explore also validity of the observed correlations of proton
binding sites and migration barriers when using a range-
separated hybrid DFT functional instead of DFT+U.

2. Computational details
2.1. Ab initio calculations

Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP, v.6.1.2)***
together with the projector augmented wave (PAW) method*®
and scalar relativistic pseudopotentials with 10 valence elec-
trons on Ba, 14 electrons on Fe, 6 electrons on O, and 1 electron
on H. The wave functions were expanded in terms of plane
waves with a constant energy cutoff of 500 eV and optimized
with a break condition for the self-consistent loop of 10> eV.
Structural optimizations were performed until residual forces
fell below 10™* eV A™*. The Brillouin zone of the 5-atom prim-
itive unit cell was sampled with an 8 x 8 x 8 Monkhorst-Pack k-
point mesh.?” Exchange-correlation was treated with the Per-
dew-Burke-Ernzerhof (PBE) functional,®® together with the
rotationally-invariant Dudarev's form of the so-called DFT+U.y
approach as implemented in the VASP code.*® The U.gparam-
eter (hereafter, U) was fixed to 4.0 eV for the Fe 3d-orbitals to
take into account strong correlation effects. As found in our
previous studies,***° this value represents a good compromise
between reproducing experimental values, e.g, magnetic
moment, and falling in the range of U values typically employed
for Fe-containing perovskites (see, e.g, ref. 41-43). For
comparison, we performed calculations with the hybrid HSE06
functional,**** intermixing 25% of exact exchange and
a screening parameter of 0.2, of both protonated supercells in
the ground state and proton migration barriers. Both func-
tionals yield the same trend in total energy of the protonated
supercells where the proton is attached to different oxygen ions.
The migration barriers increase by approx. 0.1 eV when calcu-
lated by HSE06, but again the key trends (correlation of barrier
height with O-H and O---O distances) remain unaltered. More
details and some discussion on this comparison are provided in
Section S17 of the ESL.{

To investigate transition states and minimum-energy path-
ways of proton transfer, we used the climbing-image nudged
elastic band (CI-NEB) method.*** In particular, we used 11
images (including initial and end points) to model proton
transfer between initial and final proton positions, and
increased this number further in a few cases. This guarantees
a step width in the order of =0.1 A of the transferring proton.
The convergence parameters for the electronic and ionic relax-
ation during the NEB calculation were 10™° eV and 102 eV A",
respectively. The starting geometry of each NEB calculation was
fully relaxed with respect to atomic coordinates, volume and
shape. In this way, the chemical expansion upon oxygen vacancy
formation is taken into account. During a NEB trajectory, we
keep the volume and shape of the supercell fixed to that of the
initial state (only atomic coordinates relaxed). This prevents
complications originating from possible modifications of the
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overall lattice distortion pattern in the supercell which might
impede the energy convergence (in particular in cells with
several point defects). NEB test calculations with full relaxation
of atom positions, cell volume and shape indicate this restric-
tion has only a minor effect on the barrier height (ESI S1,}
barrier difference =0.01 eV). In several configurations, the total
energies of initial and final states differ significantly, which
leads to different barrier heights in forward AE = E™ — E' and
backward direction AE = E™ — E* (E™ is the supercell total
energy in the transition state, E', E* the total energy in the initial
or final state). For such situations it has been suggested to
calculate the average of forward and backward barrier

AEMRA = TS — ~(E' + EF) (“kinetically resolved activation

1
2
barrier” KRA®). For barriers with a large energy difference
between initial and final state, the O-H (covalent bond) and
O---H (hydrogen bond) distances in the NEB image with the
highest energy (i.e. the transition state) show a perceptible
difference of =0.1 A.

For a chemical interpretation of the electronic structures of
the various supercells, the optimized PAW wave functions were
projected onto an auxiliary local basis set using the Local-
Orbital Basis Suite Towards Electronic-Structure Reconstruc-
tion (LOBSTER) package.*~** with Ba 5s 6s 5p, St 4s 5s 4p, Fe 4s
3p 3d, and O 2s 2p as valence band configurations. Chemical
bonding analysis was carried out using the projected Crystal
Orbital Hamilton Population (COHP), which essentially weighs
the DOS of a pair of atomic orbitals by their corresponding off-
site Hamiltonian matrix element (see e.g. ref. 40 for more
details). The energy-integrated COHP (ICOHP) up to the valence
band maximum is used as a quantitative measure for the elec-
tronic energy associated with the chemical bond covalency.

To assess the quality of linear fitting, we use the Pearson's
correlation coefficient, R, ranging between —1 and 1, where
negative values indicate negative correlations and positive
values indicate positive correlations. The closer the correlation
factor is to +1 or —1, the stronger the dependence of the
variables.

2.2. Supercells

We apply the supercell approach. The 2 x 2 x 2 supercell
(perfect stoichiometry BagFegO,, with 40 atoms) consists of 8
FeOg corner-sharing octahedra and allows us to calculate vari-
ations in oxygen non-stoichiometry from ¢ = 0 to 0.5 in
BaFeO; 5. In the present study aiming mainly at proton
migration, we focus on two prototypical cases of 6 = 0 and 6 =
0.25 with one hydrogen atom present, i.e. BaFeO;_sHg 125, in
which the formal Fe oxidation states are +3.875 and +3.375. The
2 x 2 x 2 supercell size suffices for obtaining defect energetics
and describing all necessary properties. Even the Jahn-Teller
distortion can be accounted for.*> However, BaFeO; is charac-
terized by only slight Jahn-Teller distortion due electron
transfer from O to Fe (d°L configuration,® see also analysis of
electronic density of states below). In ref. 32 we had systemat-
ically calculated all possible oxygen vacancy arrangements in
BaFeO;_; cells, and also explored a large number of possible
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Transition State

Ground State

Fig.1 Ground state geometry of a protonic defect in BaFeO- (left) and
transition state during proton transfer (right). Hydrogen bonds are
indicated with dashed lines. The transition state is characterized by the
shown O-0 and O-H distances.

proton positions to find the global energy minima (the list of
low energy configurations is given in Table S2 f in ref. 32). Point
defects reduce the cubic supercell symmetry, thus in the present
calculations the supercells containing interstitial hydrogen
atoms possess the symmetry corresponding to the point group
C,. We performed additional calculations which vary the formal
Fe oxidation state by adding excess electrons to the supercell
(compensated by a homogeneous background charge) keeping
the cell shape and volume fixed to that of the initial cell.

Since the calculations of proton migration barriers are
computationally more demanding, we concentrate in the
present work on BagFegO,,H; and two of the low-energy oxygen
vacancy arrangements of BagFegO,,H;. Within these configu-
rations, we systematically investigate proton migration barriers
for characteristic initial and final configurations that are ex-
pected to yield a representative overall picture. This means in
particular that we probe different proton migration paths rela-
tive to the Jahn-Teller lattice distortion pattern, and relative to
the positions of the oxygen vacancies. The proton is attached to
a host oxygen, forming one short O-H covalent bond and two
weaker and longer O---H hydrogen bonds with neighboring
oxygen atoms. The proton migrates to the closest oxygen
(direction of the shorter hydrogen bond), cf. Fig. 1.

3. Results and discussion

3.1. Protonation sites in BaFeO;_;

Protons in BaFeO;_; reside preferably on interstitial lattice sites
in close proximity of =1 A to an oxygen ion, forming a strong
covalent O-H bond (Fig. 1). Although formally occupying an
interstitial site, protonic defects are typically understood as
hydroxyl groups on oxygen ion sites. The O-H axis of these
groups leans towards neighboring oxygen ions, with which the
proton forms hydrogen bonds. These configurations yielded the
lowest total energies during structural optimization, which is in
good agreement with literature data for other protonated
perovskite oxides (see, e.g., ref. 56-59).

In an ideal cubic perovskite structure, oxygen ions reside on
symmetrically indistinguishable lattice sites and have the same
proton affinities (i.e. basicity). But if the symmetry is locally
broken - e.g. by doping, Jahn-Teller distortions or the intro-
duction of point defects - oxygen ions become chemically
different and can have different proton affinities. Such effects
have most extensively been studied in connection with acceptor

This journal is © The Royal Society of Chemistry 2023
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doping of electrolyte materials (e.g. Y-doped Ba(Zr,Ce)O3),
which can lead to a trapping of protons at oxygen ions near the
dopant. Proton trapping in doped BaZrO; occurs in zones
involving the first and second coordination of oxygen ions
around the dopant, indicating that not only electrostatic inter-
actions but also lattice distortions play a role.>** Proton trap-
ping was moreover found to correlate with the O 2p band
center;*® oxygen ions coordinated to Y have higher p-band
centers (i.e., p-band centers closer to VBM, and more favor-
able proton sites) than oxygen ions coordinated to Zr.

In BaFeO;_; the presence of oxygen vacancies and Jahn-
Teller distortions render the oxygen ions chemically different.
The impact of such structural distortions in doped BaFeO; on
the degree of proton uptake has been studied using a combi-
nation of EXAFS and thermogravimetry analysis. More bent Fe—
O-Fe arrangements were found to correlate with more favorable
enthalpies of hydration, and this was attributed to a reduced
Fe-O bond covalency and an associated higher basicity (proton
affinity) of the oxygen ions.*

In the present study, we use the oxygen p-band center relative
to the valence band maximum (VBM) as a sensitive and reliable
descriptor®®®* to explain proton site preferences in undoped
BaFeO;_;. The p-band center is calculated as:

v EPDOS(E)AE
[P pPDOS(E)dE

&p =

where PDOS is the projected density of states as obtained by the
LOBSTER calculations (see Computational details Section 2.1),
with the VBM located at 0 eV. The value of the p-band center
reflects the electrostatic potential at a specific oxygen site as well
as covalent interactions to neighboring cations. A higher cova-
lency generally leads to wider O 2p bands with a lower band
center relative to VBM. Indeed, analysis of a BagFegO,, supercell
shows that the p-band center correlates with the energy inte-
grated Fe-O COHP - a quantitative measure of bond covalency -
such that a higher covalency leads to a deeper ¢, (see ESI S27).
Alternatively, ¢, can be aligned to vacuum (rather than VBM),
which allows comparison across different materials, but
requires additional slab calculations. Other oxygen ion
descriptors accessible by DFT have been tested and proven less
useful to distinguish chemically different oxygen ions. For
example, in the BagFegO,, supercell, Mulliken charges of oxygen
ions vary by merely 0.1e, hence, are less sensitive towards
structural distortions and correlate only poorly with proton-
ation energies (Fig. S31). Similarly, the protonation energies
seem not to be correlated with the O-H covalent bond length
(Fig. S41). A discussion of the variations in Bader atomic
charges and local magnetic moments can be found in ESI
Sections 5 and 6.}

To demonstrate the potential of the p-band center in dis-
tinguishing chemically different oxygen ions, we analyze two
different cases. Fig. 2 shows the respective PDOS curves. (i) Yttrium
doped BagZr,YO,,H (the proton is included for charge neutrality
and is placed far from the dopant). Oxygen ions coordinated to Y
have a p-band center 0.3 eV higher than oxygen ions coordinated
to Zr, confirming the results by ref. 60. The total energy of the

This journal is © The Royal Society of Chemistry 2023
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a) Bagzr7Y024H

b) BagF63022

Fe 3d

Energy / eV

Fe 3d

14 4 Spin-down | Spin-up

DOS —» <«— DOS —

Fig. 2 Projected density of states for (a) BagZr,YO,4H and (b)
BagFegO,,. The DOS curves are aligned to a common vacuum level
using separate slab calculations (see ref. 63 for technical procedure).
For BagZr;YO,4H, the ionization potential is approximated by the value
for pure BaZrOs. The highlighted states in blue and yellow represent
one specific oxygen ion as indicated in the insets, and have been
multiplied by a factor of 5 for better visibility.

BagZr,YO,,H supercell with the proton attached to the oxygen ion
that is coordinated to Y (e, = —2.18 eV) is 0.18 eV lower than the
total energy of the supercell with the proton attached to the oxygen
ion coordinated to Zr (¢, = —2.50 eV). (ii) In oxygen non-
stoichiometric BagFegO,,, oxygen ions located opposite to an
oxygen vacancy have a p-band center 0.4 eV lower than an oxygen
ion part of an [FeOg] octahedra. The total energy of the BagFegO,,H
supercell with the proton attached to the oxygen ion located
opposite an oxygen vacancy (¢, = —2.81 €V) is 0.43 eV higher than
the total energy of the supercell with the proton attached to an
oxygen in a [FeOg] octahedron (¢, = —2.44 eV). Both cases
demonstrate that, within a given supercell, the favorability for
protonation correlates with the p-band center of the unprotonated
oxygen ion; oxygen ions with a higher p-band center represent
more favorable proton sites. Note that p-band centers of different
materials cannot be compared to each other unless the Fermi
levels of the materials are aligned to a common energy reference,
e.g., vacuum potential.

To further test the p-band center as a descriptor for proton
site preference, we calculated the total energy for various other
proton positions in the BagFegO,, supercell. Fig. 3 shows that the
energy of the protonated supercells correlates with the p-band
center of the oxygen ion bound to the proton with a correlation
factor of 0.71. The data points with most negative &, (—2.81 eV)
and least favorable protonation belong to O opposite an oxygen
vacancy. The correlation emphasizes that the protonation pref-
erence is not simply dominated by electrostatic arguments

J. Mater. Chem. A, 2023, 11, 6336-6348 | 6339
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Fig. 3 Correlation of protonation site preference (relative to most stable site) in an exemplary BagFegO,, supercell with (a) p-band center ¢, (b)
sum of short and long hydrogen bond (if only one hydrogen bond is present due to a neighboring oxygen vacancy, a value of 2.5 A is used for the
missing bond), and (c) sum of both descriptors. For this summation, a scaling factor of 0.1 eV/0.1 A to convert differences in hydrogen bond
lengths into energy differences is used. The Pearson's correlation factor R is also indicated.

(according to electrostatics, a proton position closer to the
oxygen vacancy should be least favorable) but by the fact that the
local electronic structure has a decisive role. A closer inspection
of the local geometries reveals that cases with very strong (i.e.
short) or very weak (i.e. long) hydrogen bonds (dashed lines in
the inset in Fig. 3b) cause deviations from the trend. Conse-
quently, a better correlation is found upon combining the p-
band center with the sum of the two hydrogen bond lengths
(Fig. 3¢), resulting in a correlation factor of 0.82. This summation
uses a scaling factor of 0.1 eV/0.1 A to convert differences in
hydrogen bond lengths into energy differences. This value of the
scaling factor ensures a good correlation. Furthermore, it is in
agreement with the slope of total energy as a function of
hydrogen bond lengths extracted from NEB calculations
(Fig. S97T). The correlation between relative total energy and the
oxygen p-band center is also observed in calculations with the
hybrid HSE06 functional (see Fig. S177).

In conclusion, the favorability for protonation of an oxygen
ion is found to primarily depend on the p-band center in the
unprotonated state (reflecting the electrostatic potential at the
oxygen ion site and covalent interactions to neighboring
cations), and to a lesser extent on the strength of hydrogen
bonding. The large variability of p-band centers in oxygen non-
stoichiometric BaFeO;_g, in turn, has a direct impact on proton
diffusion, with restricted proton migration via unfavorable
oxygen ions that are located opposite to oxygen vacancies
(however, these sites can easily be circumvented by the trans-
ferring proton).

a) Transfer

b) Rotation

When an oxygen ion is protonated, its p-band center is
subject to a significant downward shift by virtue of O-H bond
formation.*® In the BagFeg0,, supercell the downward shift of ¢,
is on average 1.9 eV for the different proton positions (see ESI
Fig. S71). In fact, O-H bond formation has a tremendous effect
on the p-band center. It outweighs a parallel weakening of the
Fe-O bond of the protonated oxygen ion - evidenced by
a decreases of approximately 43% of the Fe-O ICOHP (Fig. S87)
-which would otherwise lead to an upward shift of ¢, according
to the trend in Fig. S2.1 In ref. 63, it was observed for large
bandgap oxides ranging from basic Cs,O to acidic SiO, that the
extent of the downward shift depends on the position of the
unprotonated e, relative to vacuum level (the higher &, the
greater the downward shift upon protonation). However, within
the BagFegO,, supercell this correlation is less clear, and the
data for O opposite an oxygen vacancy appear as outliers (ESI
Fig. S77).

3.2. Proton migration barriers in BaFeO;

The diffusion of protons in perovskite oxides occurs by intra-
octahedral proton transfer (Fig. 4a), rotational diffusion of the
proton around an oxygen ion (Fig. 4b), and proton reorientation
from one octahedron to a neighboring one (Fig. 4¢).*® From the
elementary proton diffusion modes shown in Fig. 4, rotation
and reorientation are characterized by low activation energies.
On the other hand, proton transfer, which requires breaking the
covalent O-H bond, has higher energy barriers and thus

c) Re-Orientation

~0.2-0.4 eV

Fig. 4
obtained in this study.
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~0.1-0.2 eV

<0.1leV

(a—c) Elementary modes of proton diffusion in distorted perovskite oxides. The approximate activation energies are given for BaFeOz_; as
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represents the rate-limiting step in long-range proton transport
for perovskites with large lattice parameter.’** The energy
barriers for the elementary steps in BaFeO; shown in Fig. 4 yield
the same trend as observed for electrolyte materials (e.g
BaZrO;, see ref. 30 and references therein), with the proton
transfer having the highest barrier. Consequently, in the
present study, we focus on calculating the proton transfer
barrier in BaFeO;_ ;s the proton rotation and reorientation
barriers were only exemplarily probed in BagFegO, H.
Jahn-Teller distortions in BaFeOj; are partially quenched due
to the dominating d°L configuration, rendering the Fe-ions
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Fig. 5 (a—d) Different proton transfer trajectories and energy profiles
in Jahn—Teller distorted BagFegO,4H. The migration barriers are given
as average of forward and backward migration (illustrated in (a)). Ba
cations not shown for simplicity.
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Jahn-Teller inactive.*”** However, a Jahn-Teller distortion still
leads to a slightly lower total energy, giving rise to alternating
elongated and compressed [FeOq] octahedra. For a supercell
containing an additional proton (BagFezO,,H), the energetically
most stable structure has a columnar ordering of distorted
[FeO¢] octahedra with intraoctahedral oxygen-oxygen distances,
ranging from 2.8 A in an elongated to 2.6 A in a compressed
octahedron. Based on the structural oxygen separation and
analysis of corresponding barriers, we identified four different
cases of proton transfer in BaFeOj;, shown in Fig. 5.

The calculated migration barrier for proton transfer in
BaFeO; range between 0.17 and 0.28 eV, which is similar to
values calculated for the prototypical electrolyte material
BaZrO; of 0.1 and 0.41 eV.>'*'3161820 Thijs means that proton
transfer barriers in cathode materials such as BaFeO; seem not
to differ fundamentally from those in electrolyte materials. The
energy profiles in Fig. 5 are partially asymmetric (especially in
Fig. 5a), reflecting the different proton affinities of donor and
acceptor oxygen ion. Different Fe-O bond lengths in the dis-
torted [FeOg] octahedra are expected to cause different p-band
centers of the oxygen ions and, as such, different proton affin-
ities, cf. Section 3.1. To nonetheless obtain a direction inde-
pendent migration barrier we use the averaging (KRA barrier) as
suggested by ref. 48 and illustrated in Fig. 5a.

Analysis of the structural deformation during proton trans-
fer in BaFeO; shows that the O-H bond is hardly stretched in
the early stages of the transfer, while the structural separation
of donor and acceptor oxygen ion is already reduced consider-
ably. Fig. 6a shows the change in O-H and O-O distance during
the proton transfer illustrated in Fig. 5c. The O-H bond
lengthens by merely 0.05 A during the first 4 images, while at
the same time the O-O distance is strongly reduced by 0.22 A.
Shorter O-O distances, in turn, lead to a stronger hydrogen
bond to the receiving oxygen. A significant elongation of the
O-H bond (and corresponding further shortening of the
hydrogen bond to the receiving O) occurs only for O-O distances
below approx. 2.5 A. In fact, a correlation of total energy with
0O-0 distance indicates that proton transfer actually comprises
two stages; for O-O distances longer than 2.5 A the energy
increases with a slope of 0.5 eV A" while for shorter distances
the energy increases with 1.9 eV A™* (Fig. 6b).

A similar conclusion was drawn in ref. 65, where for proton
transfer in Y-doped BaZrO; the two components, O-H and O-O
distance, were decomposed by fixing the position of certain
atoms. It was found that the O-O approach constitutes 63% of
the total migration barrier. Similarly, molecular dynamics
simulations in CaZrO; and BaCeO; have shown that proton
transfer occurs in situations where lattice vibrations produce
shorter O-O distances, thus facilitating proton transfer.®*
The separation of proton transfer into two sub-steps is also
supported by analysis of the energy integrated COHP of the O-H
bond - a measure of how much energy originates from the
covalent O-H interaction (Fig. 6¢). In the early and late stages of
proton transfer, the sum of donating and receiving O-H ICOHP
becomes more negative, reflecting the approach of the acceptor
oxygen ion and a corresponding shorter hydrogen bond. In the
realm of the transition state, however, the sum of O-H ICOHP is
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Fig. 6 (a) Evolution of O—H (donating oxygen ion) and O-0O distance
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proton transfer. Data corresponds to proton transfer displayed in
Fig. 5c. Relative total energies as a function of O-0O distance (like (b))
corresponding to the proton trajectories in Fig. 5a, b and d are shown
in Fig. SO.}

significantly less negative representing a higher contribution to
the overall change in total energy. This could explain the steeper
slope in Fig. 6b.

3.3. Proton migration barriers in BaFeO;_;

Since the configuration space with coexisting oxygen vacancies
and protons is very large, we limit ourselves to the analysis of
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prototypical [FeOs] and [FeOg] octahedra, ¢f. Section 2.2. Fig. 7
shows different scenarios of proton transfer in BagFegO,,H
supercells, featuring proton transfers within [FeOg] octahedra
(Fig. 7a and b) and along the edge of square-pyramidal [FeOs]
(Fig. 7c and d). In oxygen non-stoichiometric BaFeO;_, there
exist both symmetric (Fig. 7a and d), and asymmetric (Fig. 7b
and c) energy profiles, the latter involving oxygen ions with
different proton affinities. In particular, proton transfers
involving oxygen ions opposite to oxygen vacancies exhibit
strongly asymmetric energy profiles (Fig. 7c), reflecting the
reluctance of these oxygen ions to be protonated (see Section
3.1). It is anticipated that these oxygen ions will be largely
excluded in the long-range diffusion of protons. The concen-
tration of these oxygen ions (equal to twice the oxygen vacancy
concentration) is at maximum 1/3 of all oxygen ions in case of
full reduction, ie. there are still enough possibilities for
migrating protons to avoid these unfavorable bonding sites.
Thus, these barriers should not significantly contribute to the
long-range activation energy. Nevertheless, Fig. 7 demonstrates
that the migration barrier for proton transfer is very sensitive
towards structural and electronic perturbation by oxygen
vacancies, even if oxygen ions opposite to vacancies are not
directly involved, as shown in Fig. 7b.

Introducing oxygen deficiency into the material can affect
proton transfer barriers by several ways: by increasing local
distortions, expanding the lattice parameter, and by modifi-
cation of Fe and O electronic properties such as charges and
the p-band center. Here we discuss the overall effect of
increased oxygen deficiency, Section 3.4 then attempts to
further isolate the effects of lattice parameter and oxidation
state. Fig. 8 shows the statistical distribution of all calculated
proton migration barriers, visualizing the key differences
between the fully oxidized BagFegO,,H and oxygen non-
stoichiometric BagFegO,,H systems. The Jahn-Teller distor-
tion in BagFegO,,H with its discrete set of O-O distances
translates into two distinct peaks in the migration barrier
distribution at =0.25 and =0.17 eV (blue curve). Although the
symmetry of BagFesO,,H supercell formally corresponds to
point group C,, characteristic distortion pattern originating
from the Jahn-Teller distortion are seemingly preserved in the
defective supercell. The bimodal distribution in proton
migration barriers is smeared out in the BagFegO,,H system
where oxygen vacancies introduce additional lattice distortion
that result in a more continuous set of O-O distances and thus
migration barriers (yellow curve). The spread of migration
barriers is larger in oxygen non-stoichiometric BagFegO,,H
ranging between 0.10 and 0.26 eV (excluding here the very
asymmetric barriers involving oxygen ions opposite to oxygen
vacancies) than in fully oxidized BagFegO,,H ranging between
0.17 and 0.28 eV. The average proton migration barrier, on the
other hand, decreases with increasing oxygen deficiency from
0.22 eV in BagFegO,,H €V to 0.18 eV in BagFegO,,H. The latter
constitutes an interesting result since the formation of oxygen
vacancies is generally accompanied by an expansion of the
crystal lattice (see ref. 32) and as such longer O-O distances on
average. However, more pronounced lattice distortions and
changes in electronic structure (increased occupation of

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a—d) Different proton transfer trajectories and energy profiles
in oxygen non-stoichiometric BagFegO,,H. The migration barriers are
given as average of forward and backward migration (illustrated in
Fig. 5a). Ba cations not shown for simplicity.

antibonding states) seem to give rise to lower proton migration
barriers. These effects will be discussed in more detail in
Section 3.4.

The height of all calculated proton migration barriers -
including both BagFegO,,H and BagFegO,,H systems - was
found to correlate very well with the change in O-O distance
between initial and transition state, see Fig. 9a. In addition, the
barriers also exhibit a robust correlation with the change in
O-H bond length between initial and transition state, see
Fig. 9b. Both correlations yield high correlation factors (>0.9),
which again emphasizes the two-step nature of proton transfer
that involves the approach of donor and acceptor oxygen in the

This journal is © The Royal Society of Chemistry 2023
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early stage and O-H bond breaking close to the transition state.
The co-dependence of the proton migration barrier on both
0O-0O and O-H distances is visualized in Fig. 9c as a three-
dimensional representation. Consequently, the lowest migra-
tion barriers are achieved in situations where donor and
acceptor oxygen need to be displaced only a little, and the O-H
bond needs least stretching for the actual proton transfer.

Interestingly, the transition states of all calculated proton
transfer events are structurally very similar with a characteristic
0-0 distance of =~2.4 A. Hence, regardless of whether the initial
0-O distance is 2.9 A (Fig. 7a and b) or 2.7 A (Fig. 7c), in the
transition state the system acquires a very similar O-O distance
of =2.4 A, see Fig. S12.1 This explains why already the initial
0O-0 distance correlates linearly with the migration barrier with
a correlation factor of 0.85 (Fig. S11at) such that smaller O-O
distances favor proton transfer - simply because then only
minimum displacement of donor and acceptor oxygen is
needed to achieve the transition state geometry. Furthermore,
the O-H bond lengths involving both donor and acceptor
oxygen in the transition state are very similar such that the
initial O-H bond length already correlates with the migration
barrier with a correlation factor of —0.76 (Fig. S11bft), as
a longer O-H distance typically implies weaker O-H bond
strength. These trends remain valid also when the hybrid
HSEO06 functional is used (ESI Section S177).

The literature available so far on DFT-based proton migra-
tion barriers in triple conducting perovskites shows that proton
migration is very sensitive towards the crystallographic struc-
ture (layers in Ruddlesden-Popper®® or Brownmillerite*” phases)
as well as the cation composition®*?*?* of the perovskite. The
barriers in the literature span a wide range of 0.2 to 0.6 eV for
various perovskites**?* (excluding outliers of 0.03 (ref. 22) and
1.52 eV (ref. 24) corresponding to specific chemical environ-
ments). In ref. 28, a migration barrier for BaFeOj; of 0.21 eV was
calculated, which is virtually the same as the average value of
0.22 eV obtained in the present study for BaFeO;. The range of
available literature values strongly overlaps with the values
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obtained for BaFeO;_; in the present study (0.10-0.28 €V)
although some of the reported values are higher (e.g. 0.63 eV in
BaZr, ;5C0.,503 (ref. 22)). While most previous investigations
focus on very few barriers in a given material, the present article
provides detailed insight into the nature of proton migration in
triple conducting oxides by systematically elucidating how local
lattice distortions give rise to a wide range of migration barriers,
and that the O-O distance is a crucial parameter in determining
the height of the barrier.

3.4. Separation of isotropic strain and Fe oxidation state
effects

While Fig. 7 demonstrates the effect of increasing oxygen defi-
ciency on the proton migration barrier, in this section we strive
to separate the effects of changes in supercell volume and
formal Fe oxidation state. While for the migration of large ions
a volume expansion typically decreases the migration barrier,
the situation may differ for proton transfer. Since the proton
itself is formally only a point charge, the migration barrier
rather depends on the availability of a suitable arrangement of
bonding partners for the proton than on available free volume.

To explore the strain effect, we stepwise increased the
volume of the supercell from 1% to 4% for BagFegO,,H and
BagFegO,,H cells, choosing rather symmetric (Fig. 5b and 7d)
and also more asymmetric profiles (Fig. 5a and 7c) to cover all
relevant cases. Fig. 10a shows that the resulting proton migra-
tion barriers depend only very slightly on this isotropic volume
expansion. From this we conclude that the decrease of the
average barrier in Fig. 8 from 0.22 eV to 0.18 eV for BagFezO,,H
compared to BagFegO,,H is not caused by the moderate volume
expansion of the supercells of =0.9% upon increasing the O
deficiency.

To further explore the reasons of average barrier decrease, we
analyzed the effects due to changes of the formal Fe oxidation
state using charged supercells with compensating background
charge. The calculations include (i) 3 electrons added to the

6344 | J Mater. Chem. A, 2023, 11, 6336-6348

BagFegO,,H supercell for one symmetric (Fig. 7d) and one
asymmetric migration profile (Fig. 7b), (ii) 2,4,6 electrons added
to BagFegO,,H for the asymmetric migration profile (Fig. 5a),
(iii) 4 electrons added to BagFegO,,H for the symmetric profile
(Fig. 5b). The migration barrier decreases upon decreasing
formal Fe oxidation state for the O24H as well as O22H super-
cells (Fig. 10b). Only for the very asymmetric BagFegO,,H profile
(¢f Fig. 7c) the addition of electrons increases the barrier
(Fig. S157).

A closer inspection of the supercell geometries elucidates the
reasons for the barrier decrease upon electron addition. The
O---0O distance around the proton decreases by 0.06-0.08 A
when 3 or 4 electrons are added to the supercell, and the O-H
length increases by 0.006-0.018 A. This shortening of the O---O
distance can be related to the fact that the added electrons
occupy antibonding Fe-O states (cf. Fig. 2b and ref. 40) which is
expected to facilitate the appearance of local lattice distortions.
The decreased O---O distance as well as the increased O-H
length both contribute to the observed lowering of the barriers
in Fig. 10. The barrier for O24H with four added electrons nicely
follows the correlation of the migration barrier with initial
O---0 and O-H distance (Fig. S11ct).

3.5. Proton migration barriers in BaZrO;

To address the question of a fundamental difference between
proton migration barriers in electrolyte and triple-conducting
cathode materials, we calculated proton transfer in BaZrO; as
archetypal electrolyte material. Similar to our BaFeO; calcula-
tions, we used a 2 x 2 x 2 supercell with a PBE functional (here
without an additional Hubbard U-term) and the same electronic
and structural convergence criteria. As usual for large band-gap
materials, the correct charge state of the proton (H') in BaZrO;
can be achieved by either using a charged supercell (with
a compensating background charge) or by acceptor doping
with, e.g., Sc**. Here we use a charged supercell to exclude

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta08664f

Open Access Article. Published on 14 February 2023. Downloaded on 4/15/2026 1:26:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a)
03p o FFio7e o
> ik
[ O~ i e S =
~ B~ —l----=" W===sewsslll
g cf. Fig 5a -0
2
% 02" 5 =
—a
) (5]
[ . Fig 5b
S of. Fig
E=}
8 01l o—o0 o
.00 o
S cf. Fig 7d
W BasFesO2qH
O BasFesO2.H
OO 1 1 1 1 1
0 1 2 3 4

Volume expansion / %

View Article Online

Journal of Materials Chemistry A

=

adding electrons
<«—— to supercell with
fixed volume

o©
w
T

of Fig7b_ - =~ .

_- .
- .

o©
)
T

Migration Barrier / eV
Q
: o
l
n
Q
&

B~ —cf.—Fig 5a

[y

o©
i

[l BasFesO2qH
O BasFes022H

0.0 — " ) 1
3.0 3.2 34 3.6 3.8 4.0

Formal Fe oxidation state

Fig. 10 Proton migration barriers for exemplary BagFegO,4H (blue squares) and BagFegO,,H (yellow circles) cells as a function of isotropic
volume expansion (a) and of formal Fe oxidation state (b). Variation of oxidation state is achieved by adding electrons to supercells at fixed
volume. Symmetric energy profiles are marked with solid lines, asymmetric ones with dashed lines. Energy profiles of proton trajectories in
BagFegO,,H with constrained increased volume and added electrons can be found in Fig. S13 and S14,+ respectively.

proton trapping effects near the acceptor dopant (e.g. ref. 9),
which are not of primary interest in this study.

The calculated proton migration barrier in BaZrOj; is 0.26 eV
(the proton trajectory and energy profile can be found in
Fig. S167), being slightly higher than the average migration
barrier in BagFegO,, (0.22 eV). This indicates that proton
migration barriers in electrolytes and triple conducting cathode
materials do not fundamentally differ in their magnitudes (the
ESIt also compares the PBE+U and HSEO06 functional for both
BaFeO;_; and BaZrO;). Furthermore, the proton barrier in
BaZrO; follows the trend of O-O and O-H distances as shown in
Fig. 9, highlighting the importance of the identified structural
parameters also for other barium-based cubic perovskites.
Along these lines, the higher migration barrier of 0.26 eV in
BaZrO; compared to 0.22 eV in BaFeO; is mainly due to the
larger O-O distance (2.84 A) as a result of the larger lattice
constant of 4.22 A in BaZrO; compared to 4.06 A in BaFeO;. The
proton migration barrier of 0.26 eV in BaZrOj; calculated here is
in agreement with literature data of DFT-based migration
barriers, ranging between 0.1 and 0.4 eV.>'%'5161820 The
disparity in the reported values, however, shows that migration
barriers depend sensitively on the employed computational
parameters, and that a direct comparison of absolute values
should be made only when the same method and parameters
are used.

4. Conclusions

In the present article, we investigated proton migration in
oxygen-deficient BaFeO;_; using first-principles DFT calcula-
tions and identified key structural parameters that govern the
height of the proton migration barrier. The systematic analysis
of different protonation sites in BaFeO;_;s, demonstrates that
the O 2p-band center of a particular oxygen ion before proton-
ation correlates with the energy change upon protonating that
oxygen ion, with higher p-band centers giving more negative
proton affinities. Oxygen ions opposite to oxygen vacancies have

This journal is © The Royal Society of Chemistry 2023

substantially lower p-band centers and, as such, much lower
proton affinities.

The proton migration barrier in Jahn-Teller distorted
BaFeO; ranges between 0.17 and 0.28 eV, with an average
barrier of 0.22 eV. The analysis of geometrical changes and O-H
chemical bonding during individual proton transfer events
indicated that the proton transfer is a two-step process: in the
early stage the energy change is mainly governed by the mutual
approach of donor and acceptor oxygen ions (the O-H bond is
hardly stretched), and in the second stage near the transition
state the O-H bond is broken, further increasing the energy.
The proton migration barrier in oxygen-deficient BaFeO;_;
ranges between 0.10 and 0.26 eV, with an average barrier of
0.18 eV. The decrease in migration barrier with increasing
oxygen deficiency is attributed to the annihilation of oxygen
(ligand) holes rather than volume expansion upon reduction.
Such barrier changes can appear only in redox-active mixed
protonic-electronic conductors.

A very good correlation is found between the height of all
calculated migration barriers in BaFeO; and BaFeO, ;5 with the
change in O-O and O-H distances between initial and transi-
tion states. Since the transition states of all calculated proton
transfer events are structurally very similar with O-O distances
of =~2.4 A, already the initial O-O distance yields a decent
correlation with the migration barriers. The latter correlation
allows one to estimate the migration barrier even without an
actual NEB calculation.

For comparison, we also calculated the proton migration
barrier in BaZrOj; as the archetypical electrolyte material within
the same computational framework. Despite major differences
in the electronic structure, the calculated barrier is 0.26 eV,
being only slightly higher than the barrier of 0.22 eV in fully
oxidized BaFeO;.

From the results of this article, we can derive design guide-
lines for the development of triple-conducting cathode mate-
rials. To achieve low migration barriers for proton transfer, the
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structural O-O separation (edge of [BOg] octahedra) must be
short. However, short O-O distance should not be achieved
simply by decreasing the lattice parameter, which often entails
increased B-O bond covalency and thus decreased oxygen ion
basicity, both disfavoring the hydration reaction. Rather, the
system should be characterized by moderate B-O-B tilting, or
exhibit at a certain structural flexibility (soft modes) in this
direction, which allows for shorter O-O distances around
a proton while maintaining the basic character of the oxygen
ions.
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