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hts into the origin of the oxygen
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Oxygen ion conductors require high temperatures to exhibit the high ion conductivity needed for practical

use. In this work, we related oxygen vacancy formation energy and migration barrier to the electronic

structure of perovskites using ab initio simulations. The vacancy formation energy increases with the

increasing energy penalty for transferring electrons from oxygen to the highest filled metal states. On the

other hand, the migration barrier increases with larger electronic energy penalty for screening the

charge that accumulates around the oxygen vacancy. Bringing localized filled electronic states

associated with the oxygen vacancy closer to the conduction band or increasing the metal–oxygen band

overlap can decrease charge accumulation in the oxygen vacancy and reduce the migration barrier. By

investigating the changes in the electronic structure during oxygen migration, the critical role of

increasing the charge screening capability of the host lattice local environment in decreasing the

migration barrier was further highlighted. Our findings provide new insights into lowering the migration

barrier in oxygen ion conductors and trends towards accelerating their discovery.
Introduction

Oxygen ion conductors are central to numerous electrochemical
devices ranging from solid oxide fuel cells1,2 and electrolyzers,3

to sensors4,5 and separation membranes.6 Unfortunately, the
majority of the commercially available oxygen ion conductors
such as Yttria-stabilized zirconia (YSZ)7 and Sr-, Mg-substituted
LaGaO3 (LSGM)8,9 exhibit high oxygen ion conductivity (e.g.,
>0.1 S cm−1) only at high temperatures (>1000 °C for YSZ7 and
>800 °C for LSGM8,9). As a result, solid oxide electrochemical
cells must operate at high temperatures (>800 °C), which cause
material degradation, difficulty in sealing, and other techno-
logical challenges that ultimately lead to high costs and reduced
lifetime.10–13 Achieving an oxygen ion conductivity of 0.1 S cm−1

at lower temperatures would increase the durability and lower
the cost of electrochemical devices and hence render them
more viable technological solutions. Several new families of
oxygen ion conductors have been reported with promising
values of oxygen ion conductivity, including lanthanum-
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molybdenum oxides (LAMOX) (La2Mo2O9, 6 × 10−2 S cm−1 at
800 °C (ref. 14)), Dion-Jacobson phases (CsBi2Ti2NbO10−x,
∼0.1 S cm−1 at 800 °C (ref. 15)), apatite (La9.50(Ge0.916Al0.083-
O4)6O2.0, 0.16 S cm−1 at 800 °C (ref. 16)), layered strontium
silicates (Sr0.8K0.2Si0.5Ge0.5O2.9, 7.4 × 10−3 S cm−1 at 600 °C (ref.
17)), perovskites derived from Na0.5Bi0.5TiO3 (approaching
10−2 S cm−1 at 600 °C (ref. 18)), melilites (La1.54Sr0.46Ga3O7.27, 2
× 10−2 S cm−1 at 600 °C (ref. 19)), and bismuth-vanadium
oxides with substituent metals BIMEVOX20 (Bi2V1.9Cu0.1O5.35,
∼0.1 S cm−1 at 600 °C (ref. 21)). However, even in these families
of oxygen ion conductors, an oxygen ion conductivity of
0.1 S cm−1 is only accessible at temperatures greater than 600 °
C. Reaching an oxygen ion conductivity of 0.1 S cm−1 at lower
temperatures (closer to 400 °C) demands a fundamental
understanding of the factors governing oxygen ion migration.

Oxygen ion migration within solid lattices can occur via
various mechanisms based on oxygen vacancies or interstitials
for sub-stoichiometric or super-stoichiometric materials,
respectively.22,23 The prevalent mechanism in perovskite mate-
rials, which are the focus of this study, is vacancy-mediated,24–28

with oxygen ions diffusing through the solid lattice by hopping
across vacant oxygen lattice sites.23,27 The type and quantity of
oxygen vacancies in a material result from the equilibrium
between oxygen desorption and vacancy formation mecha-
nisms, with vacancies possessing the lowest migration barriers
being more inclined to engage in transport. As such, fast
vacancy-mediated oxygen ion transport requires low oxygen
vacancy formation energy and migration barrier.27,29 Decreasing
vacancy formation energy and migration barrier has been the
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22737
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focus of a notable number of existing studies.30–53 The oxygen
vacancy formation energy in transition metal oxides has been
shown to decrease with descriptors of weaker bond strength
such as lower bond dissociation energy,33 M ionization poten-
tial,30 enthalpy of formation,31 andMadelung potential,32 as well
as lower reduction potential33 and band gap.31 By tuning the
position of the O 2p band center closer to the Fermi level,34

lower M–O bond strength and redox energy can be achieved,36

leading to low vacancy formation energy penalty.33,34,36 Beyond
transition metal oxides, similar physics-based descriptors (i.e.,
band gap and formation energy) have been combined in multi-
variate linear models36 or crystal graph convolutional neural
networks54 showing good predictions of vacancy formation
energy for non-transition metal oxides. However, to our
knowledge, a single fundamental descriptor that comprehen-
sively rationalizes trends in vacancy formation energy with
different charge states and across oxides with and without
transition metals has not been proposed, which is addressed in
this work.

While the oxygen migration barrier can be correlated to the
geometry, lattice dynamics, or electronic structure of the crystal,
the physical origin of the oxygen migration barrier is not
understood clearly. Regarding the geometry of the crystal,
increasing the size of the lattice bottleneck,39,40 and free volume
in the lattice,37,38 or minimizing the size mismatch between
different cations in equivalent sites41–43 (i.e., substituents) have
been correlated with decreasing migration barrier38,39 and
increasing ionic conductivity.40–43 However, these geometric
properties are oen intercorrelated,43–45 and are thus difficult to
generalize as descriptors for migration barriers across different
oxygen ion conductors. In addition, lattice dynamics have been
correlated with oxygen ion migration,48 where reduced migra-
tion barrier and increased conductivity are linked to lower force
constants for lattice moiety rotation in Ruddlesden–Popper
oxides,44 and lower energy of phonon modes in Brownmiller-
ites.46,47 In addition to the crystal structure and lattice dynamics,
several studies have found a correlation between the migration
barrier and the electronic structure of the material.49–53 Specif-
ically, a closer O 2p band center to the Fermi level,49 and lower
vacancy formation energy penalty,49,50,53 have been shown to
decrease the oxygen migration barrier of perovskites. The origin
of vacancy formation energy penalty has been attributed to
bond strength,49 or the extent of charge transfer between metal
and oxygen ions,48,51,54 which can be connected by the required
redox energy to ll d band orbitals at higher energy in transition
metal oxides upon vacancy formation.33,35 On the other hand,
the physical origin of the oxygen migration barrier and its link
to the electronic structure requires further understanding. The
migration barrier decreases with weaker M–O bond strength at
increasing ionization potential of themetal,30 lattice volume,37,38

tensile strain,54 or minimized binding energy between defects of
opposite charge.55 Additionally, the migration barrier can
increase with increasing charge transfer between metal and
oxygen ions51,52 or with more densely localized charge (i.e., Co 3+

in high spin state,52 Fe cations with higher valence,51 or F
centers in SrTiO3−x (ref. 56)). Unfortunately, descriptors for the
migration barrier valid across oxides with and without
22738 | J. Mater. Chem. A, 2024, 12, 22737–22755
transition metal ions remain elusive. In this work, density
functional theory (DFT) simulations are performed to seek an
understanding of the oxygen migration barrier in oxygen
conductors. Over 70 perovskites with and without transition
metals (a complete list in Table S1, ESI†) are examined, where
electronic structure changes upon the introduction of oxygen
vacancies are correlated with vacancy formation and migration
barrier energetics. In the presence of a large band gap, such as
in the case of oxides with zero or ten stoichiometric d electron
count, localized electronic states associated with oxygen
vacancies can be observed in the electronic density of state
(DOS) between the valence and conduction bands. By relating
the position of these localized electronic states with respect to
the valence and conduction bands, the physical origin of
vacancy formation energy and migration barrier is decoupled.
Building on previous work,34 the vacancy formation energy is
related to the energy of the highest lled metal states with
respect to the O 2p band center. On the other hand, higher
migration barriers are correlated with increasingly localized
electronic states of oxygen vacancies being formed at lower
energies below the lowest unoccupied metal states in the
conduction band. Leaving localized states unlled or increasing
the charge screening capability of the host lattice can lower the
migration barrier. Moreover, by analyzing the changes of elec-
tronic structure during oxygen migration, we further show that
changes in the energy of vacancy states from the equilibrium to
the transition state, which depend on the charge screening
capability of the local host lattice, regulate oxygen ionmigration
barrier. Our observations related to the interconnectedness of
the electronic structure and the migration barrier not only
establish the increased charge screening capability of the local
host lattice environment as a design guideline to decrease the
oxygen migration barrier but also facilitate the discovery of fast
oxygen ion conductors.

Results and discussion
Relating the electronic structure of oxygen vacancies to oxygen
migration barriers

Oxygen ion migration barriers were computed for perovskites
with non-computationally compensated (NCC) oxygen vacan-
cies and computationally compensated (CC) oxygen vacancies,
as shown in Fig. 1a. NCC oxygen vacancies were created as
neutral oxygen vacancies V�

O by removing an oxygen atom from
the perfect structure and leaving behind two electrons that the
host lattice needs to compensate for, as indicated by the le
black arrow in Fig. 1a. On the other hand, CC oxygen vacancies
were created as charged oxygen vacancies V��

O by removing an
oxygen atom along with two electrons from the perfect struc-
ture, as indicated by the right black arrow in Fig. 1a, without the
need for the host lattice to compensate for the two electrons le
behind by the oxygen atom. Other studies have created similar
NCC and CC oxygen vacancies to investigate oxygen ion trans-
port in perovskites49 or rocksalt MgO1−x.57 Although there are
different pathways for oxygen hopping,32,49 we considered two
typical in-plane (ipv) and out-of-plane (opv) oxygen migration
pathways in Fig. 1b, which were examined across a library of
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electronic descriptors of NCC and CC oxygenmigration barriers. (a) Formation of a non-computationally compensated (NCC in blue) and
a computationally compensated (CC in orange) oxygen vacancy. (b) Computed migration pathways towards an in-plane-vacancy (ipv) and an
out-of-plane vacancy (opv), as detailed in the Methods section. (c) Comparison between migration barrier and the energy of the O 2p band
center vs. Fermi level descriptor computed on the perfect structure without oxygen vacancies. Fitted orange line has R2 = 0.82. (d) Comparison
between NCC migration barrier and the energy of lowest unoccupied vs. highest occupied states for oxides without d electrons (top x-axis and
right schematic). Also, comparison between the migration barrier and the energy of filled metal d states vs. the filled O 2p states for oxides with
d electrons (bottom x-axis and left schematic). (e) Correlation between migration barrier and vacancy excess charge density. Computation of
vacancy excess charge density considered redistribution of Bader charge on the first neighbors of the oxygen vacancy highlighted in the bottom
right schematic (2 B-site, and 4 A-site cations), and is further detailed in the ESI.† For panels (c–e), and throughout themanuscript solid and open
circles correspond to oxides with zero or then stoichiometric d electron count (without d electrons), and with stoichiometric d electron count
greater than zero and lower than ten (with d-electrons), respectively. Data are tabulated in Tables S2 and S3 of the ESI.†
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perovskites (full list in Table S1, ESI†) with and without transition
metal ions (detailed in the Methods sections). The trends
observed in the computed migration barriers for ipv (Fig. S1a,
ESI†) and opv (Fig. S1b, ESI†) pathways were similar. In Fig. 1c
migration barriers of transition-metal-containing perovskites
having non-zero stoichiometric d electron count for transition
metal ions (with d electrons) andwith NCC (blue open circles) and
CC (orange open circles) oxygen vacancies are comparable, both
of which decrease with the O 2p band center moving closer to the
Fermi level. This trend agrees with previous computational
This journal is © The Royal Society of Chemistry 2024
work,49 and our computed migration barrier values agree
reasonably with experimental results,24,28,39,58–66 showing a mean
absolute error of 0.087 eV for (La,Sr)BO3−x (B = Mn, Fe, Co)
perovskites in Fig. S2 of the ESI.† For (La,Sr)CrO3−x a lower barrier
(highest is NCC LaCrO3−x with a migration barrier of 1.44 eV)
than La0.9Ca0.12CrO3−x (1.74 eV)59 was found in Fig. S2,† which we
attribute to the difference between experimental and simulated
composition. NCC and CC migration barriers of oxides with
d electrons show similar degree of correlation with the position of
the O 2p band center relative to the Fermi level (r-value=−0.78 in
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22739
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Fig. 1c) and the energy of themetal band relative to the O 2p band
center (r-value = 0.75 in Fig. S3, ESI†). These correlations can be
observed by noting that oxides with early transitionmetals having
high metal d states far from the O2p band center, such as
La0.75Sr0.25TiO2.875 and La0.75Sr0.25VO2.875 (NCCmigration barriers
of 1.70 eV and 1.38 eV and CC migration barriers of 1.61 eV and
1.14 eV) have higher migration barrier compared to oxides with
late transition metals having low metal d states close to the O2p
band center, such as La0.75Sr0.25CoO2.875 and La0.75Sr0.25NiO2.875

(NCC migration barriers of 0.76 eV and 0.77 eV and CCmigration
barriers of 0.77 eV and 0.74 eV). In addition, substituting cations
with lower valence on the A-site to increase the oxidation state of
transition metals lowers the Fermi level and the energy of the
metal states relative to the O2p band center,67 which also
decreases the migration barrier. For example, the migration
barrier can decrease from LaTiO2.875 (1.54 eV for NCC and 1.48 eV
for CC) and La0.75Sr0.25TiO2.875 (1.70 eV for NCC and 1.61 eV for
CC) to SrTiO2.875 (0.65 eV for NCC and 0.46 eV for CC), from
LaCoO2.875 (0.80 eV for NCC 0.69 eV for CC) and La0.75Sr0.25-
CoO2.875 (0.76 eV for NCC and 0.77 eV for CC) to SrCoO2.875

(0.64 eV for NCC), and from LaNiO2.875 (0.88 eV for NCC and
0.78 eV for CC) and La0.75Sr0.25NiO2.875 (0.77 eV for NCC and
0.74 eV for CC) to SrNiO2.875 (0.48 eV for NCC). In contrast,
perovskites with stoichiometric d electron count equal to zero or
ten (without d electrons) and with NCC vacancies (blue solid
circles) can exhibit larger calculatedmigration barriers than those
with CC oxygen vacancies (orange solid circles) in Fig. 1c and
reported experimental values of activation energy24,28,39,60–63 shown
in Fig. S4 (ESI†). Specically, the migration barriers of perovskites
without d electrons and with NCC oxygen vacancies (ranging from
0.31 eV for CaTiO2.875 to 3.08 eV for ErAlO2.875) and are much
higher than their CC migration barriers (ranging from 0.11 eV for
CaTiO2.875 eV to 0.62 eV for LaAlO2.875). Computed NCC and CC
migration barrier values for oxides with and without d electrons
are in agreement with previously reported computed migration
barriers showing a mean absolute error of 0.117 eV in Fig. S5 of
the ESI.†32,39,49 The CC migration barriers of oxides without
d electrons may appear to fall on the orange line in Fig. 1c.
However, these CC migration barriers of perovskites without
d electrons show poor correlation with the O 2p band center as
reected by a Pearson correlation coefficient (r-value) of 0.45.
These migration barriers also show an r-value of 0.69 with the
energy of the metal band relative vs. the O 2p band center in
Fig. S3 of the ESI.† The fundamentals behind these apparent
correlations are not well understood. Additionally, while some
NCC migration barriers of oxides without d electrons may also
appear to correlate with the O 2p band center, the large differ-
ences in the NCC and CC migration barriers of oxides without
d electrons found for similar values of O 2p band center are also
not understood. Therefore, while the O 2p band center is a useful
descriptor, we lack an understanding of the physical origin
behind correlations and different trends in migration barriers,
which is addressed in this work. By simulating NCC and CC
oxygen vacancies in different materials, we can uncover trends in
migration barriers ranging from a few eV to units of eV to
establish a general framework for all types of oxygen vacancies.
Next, we examine the electronic structure changes associated with
22740 | J. Mater. Chem. A, 2024, 12, 22737–22755
the formation of NCC and CC vacancies of perovskites with and
without d electrons.

Introducing NCC and CC oxygen vacancies in transition-
metal-containing perovskites (with d electrons) results in
similar electronic structure changes, as shown in Fig. 2 for
(La,Sr)TiO3−x, Fig. S6 (ESI†) for (La,Sr)CoO3−x and Fig. S7 (ESI†)
for (La,Sr)NiO3−x. For example, creating NCC and CC oxygen
vacancies in LaTiO3 (Fig. 2a) to generate LaTiO2.875 is accom-
panied by the emergence of new electronic states below the
minimum of the conduction band in Fig. 2b and c, respectively.
These new states can be attributed to symmetry breaking68,69

and the lowering of the energy of the metal states as M–O bonds
are broken.69,70 During the formation of oxygen bonds, electrons
are transferred from the metal (M) to oxygen, resulting in
positively charged cations surrounded by oxygen anions. In this
process, the energy of metal states is raised higher than the
energy of O 2p states, and bands are formed based on the
translational symmetry of the oxide crystal71 with M band
higher in energy than O 2p band. When an oxygen atom is
removed to create an oxygen vacancy, the energy of metal states
is locally brought down near the vacancy site, resulting in states
that appear below the conduction band. Accordingly, the new
electronic states below the conduction band of LaTiO2.875

predominantly have metal d character (Fig. S8, ESI†) and belong
to Ti ions surrounding the vacancy, as evidenced by the
computed orbitals and site-projected DOS for CC and NCC
LaTiO2.875 (Fig. S9, ESI†). La0.75Sr0.25TiO2.875 with both NCC
(Fig. 2d) and CC (Fig. S10, ESI†) oxygen vacancies shows similar
electronic structure changes but downshied Fermi level
towards the O 2p band center, consistent with the reduced
d band lling of La0.75Sr0.25TiO2.875 than LaTiO2.875. The vacancy
electronic state observed for CC LaTiO2.875 and NCC La0.75-
Sr0.25TiO2.875 (with Ti3+ ions) appear closer to the minimum of
the conduction band than in NCC LaTiO2.875 (with Ti2+ ions), as
the higher oxidation state leads to higher energy level for elec-
trons in localized d orbitals near the oxygen vacancy. These new
localized electronic states for LaTiO2.875 and La0.75Sr0.25TiO2.875

appear below the Fermi level and are lled, resulting in local-
ized charge accumulation in the proximity of oxygen vacancies
in these perovskites (Fig. S11a–c, ESI†). Both NCC (1.54 eV), CC
LaTiO2.875 (1.48 eV), and La0.75Sr0.25TiO2.875 (1.70 eV) have
comparable migration barriers (Fig. 2e), where NCC vacancy
formation does not cause a signicant increase in the Fermi
level (Fig. 2a–d, and S10 of the ESI†) and in the localized charge
density (Fig. S11a–c, ESI†) upon the formation of oxygen
vacancies relative to CC. In addition, bringing the Fermi level or
the highest lled metal states closer to the O 2p band reduces
localized charge accumulation in the proximity of oxygen
vacancies in LaNiO2.875 (Fig. S11d, ESI†) and La0.75Sr0.25NiO2.875

(Fig. S11e, ESI†) compared to LaTiO2.875 (Fig. S11a, ESI†) and
La0.75Sr0.25TiO2.875 (Fig. S11c, ESI†), and is correlated withmuch
smaller migration barriers (i.e., 0.92 eV lower for NCC La0.75-
Sr0.25NiO2.875 than NCC La0.75Sr0.25TiO2.875), in line with
previous studies.50,72 Moreover, replacing La3+ in LaTiO3

(Fig. 2a) with Sr2+ to form SrTiO3 (Fig. 2f) results in the Fermi
level closer to the O2p band and lower charge densities in the
oxygen vacancies of SrTiO2.875 (Fig. S11f, ESI†) than LaTiO2.875
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electronic signatures of oxygen vacancies and migration barriers in (La,Sr)TiO3−x. Computed electronic DOS of (a) LaTiO3, LaTiO2.875 with
(b) NCC and (c) CC oxygen vacancies, and (d) La0.75Sr0.25TiO2.875 with NCC oxygen vacancies (CC in Fig. S10, ESI†). The red and brown areas
correspond to oxygen 2p and metal orbitals in the electronic DOS, respectively. The Fermi level and the O 2p band center are indicated by the
black dotted and red horizontal lines, respectively. Filled states, which emerged in the DOS of LaTiO2.875 with NCC and CC oxygen vacancies, are
highlighted by the blue and orange arrows in panels (b) and (c), respectively. (e) NCC (blue) and CC (orange) energy landscapes of (La,Sr)TiO3−x.
Computed electronic DOS of (f) SrTiO3, SrTiO2.875 with (g) NCC and (h) CC oxygen vacancies referenced to the valence band maximum (VBM) of
the perfect structure (SrTiO3).
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(Fig. S11a, ESI†), which reduces migration barriers for NCC
(0.65 eV) and CC (0.46 eV) SrTiO2.875 compared to NCC (1.54 eV)
and CC (1.48 eV) LaTiO2.875, as shown in Fig. 2e. Therefore,
similar NCC and CC migration barriers of transition metal
containing perovskites with d electrons are correlated with
comparable electronic structure changes resulting from NCC
and CC oxygen vacancies. We will further seek electronic
signatures of oxygen vacancies responsible for the migration
barrier and oxygen vacancy formation energy penalty in later
sections.

Unlike perovskites with d electrons, NCC and CC oxygen
vacancies in perovskites without d electrons result in different
electronic structure changes, as shown in Fig. 3 for (La,Sr)
This journal is © The Royal Society of Chemistry 2024
GaO3−x, Fig. S12 (ESI†) for (La,Sr)AlO3−x, and Fig. S13 (ESI†) for
(La,Sr)InO3−x. Introducing oxygen vacancies in LaGaO3 (Fig. 3a)
leads to the emergence of new electronic states in the band gap
for both NCC (Fig. 3b) and CC (Fig. 3c) LaGaO2.875. The new
electronic states have localized character71 and originate largely
from empty low-energy orbitals of the metal occupying the B-
site (i.e., Ga s for (La,Sr)GaO3−x) as well as high energy O 2p
orbitals, which is shown by the orbital-projected DOS of
LaGaO2.875 (Fig. S14, ESI†). These localized states of NCC
LaGaO2.875 (blue arrow in Fig. 3b) are lled, resulting in large
charge accumulation in the proximity of the vacancy (Fig. S15a,
ESI†) and higher Fermi level compared to LaGaO3 (Fig. 3a) and
CC LaGaO2.875 (Fig. 3c). On the other hand, localized states of
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22741
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Fig. 3 Electronic signatures of oxygen vacancies and migration barriers in (La,Sr)GaO3−x. Computed electronic DOS of (a) LaGaO3, LaGaO2.875

with (b) NCC and (c) CC oxygen vacancies, and (d) La0.75Sr0.25GaO2.875 with NCC oxygen vacancies (CC in Fig. S16, ESI†). The DOS are referenced
to the valence band maximum (VBM) of LaGaO3. (e) NCC (blue) and CC (orange) energy landscapes of (La,Sr)GaO3−x.
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CC LaGaO2.875 (orange arrow in Fig. 3c), as well as NCC (blue
arrow in Fig. 3d) and CC (Fig. S16, ESI†) La0.75Sr0.25GaO2.875, are
unlled, resulting in insignicant charge accumulation near
oxygen vacancies (Fig. S15b and c, ESI†) and no change in the
Fermi level. These observed densities of states are in agreement
with previous work.73–75 The larger migration barrier of NCC
LaGaO2.875 (2.04 eV) than CC LaGaO2.875 (0.33 eV) and La0.75-
Sr0.25GaO2.875 (0.32 eV for NCC and 0.43 eV for CC) in Fig. 3e is
accompanied by higher energy of the highest lled states and
more localized charge accumulation upon the formation of
oxygen vacancies. We further seek electronic structure signa-
tures associated with oxygen vacancies responsible for the
larger NCC migration barriers as compared to CC migration
barriers for perovskites without d electrons.

Of signicance to note is that increasing NCC migration
barriers for oxides without d electrons (blue solid) largely
correlate with greater energy differences between the conduc-
tion band minimum (CBM) and the localized states that
emerged with oxygen vacancies, as shown by the top axis in
Fig. 1d. This correlation is supported by the observation of the
NCC LaBO2.875 (B = Al, Ga, In, Tl) series in Fig. 4, where intro-
ducing more polarizable ions from Al to Tl brings localized l-
led electronic states closer to the conduction band, which
decreases the migration barriers. Qualitatively, more localized
electronic states of NCC oxygen vacancies are seen for more
unfavorable oxidation states of the B-site with uncoordinated
B2O5 polyhedral units. Leaving these localized states empty can
reduce migration barriers, as shown by CC oxygen vacancies
(orange) as well as A-site substitution. For example, substituting
A-site cations with lower valence leaves these localized states
empty, as illustrated by NCC La0.75Sr0.25GaO2.875 (Fig. 3d) as well
as NCC La0.75Sr0.25AlO2.875 (Fig. S12d, ESI†), which is associated
with reduced migration barriers comparable to CC migration
barriers (Fig. 4e). Therefore, greater NCC than CC migration
barriers for perovskites without d electrons can be attributed to
the larger electronic energy penalty arising from localized lled
states of NCC oxygen vacancies, when the excess charge was not
22742 | J. Mater. Chem. A, 2024, 12, 22737–22755
compensated by A-site substitution. On the other hand,
increasing NCC (open blue) and CC (open orange) migration
barriers for oxides with d electrons largely correlate with greater
energy differences between the lled metal d band and the O2p
band center for the bottom axis, as shown in Fig. 1d. The
apparent correlation results from a number of oxides with
unfavorable oxidation states for transition metal ions (e.g., 2+
for the B-site upon the formation of oxygen vacancies), which
have migration barriers greater than 1 eV. Beyond these oxides,
there is no clear correlation between migration barriers and the
lled metal d band relative to the O2p band center. Going
beyond thermodynamic energetic descriptors for migration
barriers, we show that computed NCC and CC migration
barriers in perovskites increase with localized charge density
associated with the formation of oxygen vacancies, as shown in
Fig. 1e (r-value = 0.84). The vacancy excess charge density in
Fig. 1e was computed based on Bader charge analyses,76 with
positive values corresponding to net electronic charge accu-
mulation on the rst neighbor to the vacancy as detailed in the
supplementary computational methods (ESI†). Localized states
upon the formation of NCC oxygen vacancies are accompanied
by considerable excess charge (Fig. S11 and S15, ESI†), which is
supported by the correlation between increasing vacancy excess
charge density and greater difference between unlled metal
states and lled localized states (r-value = 0.92 top axis in
Fig. S17, ESI†). Introducing more polarizable ions on the B-sites
(i.e., going from Al to Tl in the LaBO2.875, having B = Al, Ga, In,
Tl) can increase the charge screening capability of the local
environments by having localized lled electronic states closer
to the conduction band minimum (Fig. 4a–d), and decrease
excess charge and migration barriers in Fig. 4e. These obser-
vations are in agreement with previous work showing that
moving lled localized states of oxygen vacancies closer to CBM
can decrease the accumulation of charge.77,78 In addition, the
excess charge associated with the formation of oxygen vacancies
can be compensated through A-site substitution such as
La0.75Sr0.25GaO2.875 (Fig. 3d), La0.75Sr0.25AlO2.875 (Fig. S12d,
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Trends in electronic signatures of NCC oxygen vacancies, vacancy excess charge densities, andmigration barriers in the LaBO2.875 (B= Al,
Ga, In, Tl) series. (a) LaAlO2.875, (b) LaGaO2.875, (c) LaInO2.875, and (d) LaTlO2.875. The highest energy of the filled electronic states and the lowest
unoccupiedmetal orbitals are indicated by the blue and brown horizontal lines, respectively. Crystal structures are reported below each DOS plot
where the iso-surface represents eigenstates of the filled vacancy electronic states and is color coded based on the values of vacancy excess
charge density. Values are 0.166 e Å−3 for LaAlO2.875 (blue isosurface) and 0.085 e Å−3 for LaTlO2.875 (white isosurface). (e) Computed migration
barriers for the NCC LaBO2.875 (blue), La0.75Sr0.25BO2.875 (blue), and CC ABO2.875 (orange) series (B= Al, Ga, In, Tl). Experimental migration barriers
for La0.9Sr0.1BO2.95 (ref. 60) are also included (brown).
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ESI†), and La0.75Sr0.25InO2.875 (Fig. S13d, ESI†) or via computa-
tional compensation in CC LaGaO2.875 (Fig. 3c), LaAlO2.875

(Fig. S12c, ESI†), and LaInO2.875 (Fig. S13c, ESI†), rendering
empty localized states and lower migration barriers. Interest-
ingly, the computed migration barriers of the A-site substituted
(La0.75Sr0.25BO2.875) and CC LaBO2.875 series (B = Al, Ga, In, Tl)
follow the same trend where increasing charge screening
capability of the host lattice decreases migration barrier from Al
to Tl in Fig. 4e, in agreement with previous experimental
reports.60 On the other hand, larger excess charge density and
NCCmigration barriers (Fig. 1e) were found for perovskites with
d electrons and unfavorable oxidation states for B-site ions such
as Ti2+ ions in LaTiO2.875 (unable to screen excess charge in
Fig. S11a of the ESI†) than others with favorable oxidation states
for B-site ions such as Ti3+ ions in ATiO2.875 (A = Ca, Sr, Ba),
which are able to screen excess charge in Fig. S11f (ESI†).
Additionally, decreasing vacancy excess charge density corre-
lates with the O 2p band center closer to the Fermi level (highest
lled M d orbital) in oxides with d electrons (bottom axis in
Fig. S17, ESI†) with r-values equal to 0.82 and 0.75 for NCC and
CC, respectively, highlighting that moving the O 2p band center
closer to the Fermi level increases the charge screening capa-
bility of the local environment. We also tested the correlation
between decreasing migration barriers and decreasing vacancy
excess charge density for selected 3d transition metal oxides
(list in Table S4†) using PBE + U formalism,79,80 which is further
This journal is © The Royal Society of Chemistry 2024
detailed in the Methods section. Vacancy excess charge densi-
ties at the PBE and PBE + U level showed a similar trend (Fig.-
S18a†) and decreasing migration barriers were correlated with
decreasing vacancy excess charge densities at the PBE + U level
(r-value = 0.82 in Fig. S18b†). Therefore, excess charge density
associated with the formation of oxygen vacancies is proposed
as one general descriptor for migration barriers of oxygen ions
in perovskites, and increasing the charge screening capability of
local environments can promote ion migration. Next, we
discuss how the electronic structure of an oxygen vacancy
governs the oxygen vacancy formation energetics and further
investigate the connection between the charge screening capa-
bility of the local environment and the electronic states of
oxygen vacancies during ion migration.

Electronic structure descriptors of oxygen vacancy energetics

The difference between NCC and CC migration barriers was
found to increase with NCC vacancy formation energetics for
perovskites with no d electrons for B-site ions (Fig. 5a), where
the excess charge was not compensated computationally nor by
substitution of cations with lower valence. Such a nding is in
line with simple classical chemistry arguments where unfavor-
able uncoordinated B-sites would be associated with higher
NCC migration barrier. On the other hand, no signicant
difference between NCC and CC migration barriers was found
for perovskites with d electrons for B-site ions when excess
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22743
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Fig. 5 Electronic descriptors of vacancy formation energy penalty. (a)
Comparison between the difference in migration barrier (NCC vs. CC)
and the NCC vacancy formation energy. The black fitted line has R2 =

0.96 and the dotted line represents y = 0. (b) Correlation between the
vacancy formation energy and the energy difference between the
Fermi level and the O 2p band center. For oxides with d electrons, the
Fermi level corresponds to the highest filled metal d states (schematics
at the top right of the graph). For oxides without d electrons, the Fermi
level can correspond to the VBM or the top of the filled localized states
(schematics at the bottom right of the graph). Data are tabulated in
Tables S2 and S3 (ESI†).
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charge coming from oxygen vacancy was screened. For example,
introducing Sr substituents can stabilize unfavorable B2O5

polyhedral units lowering the migration barrier and the vacancy
formation energy, as shown in Fig. 5a for La0.75Sr0.25GaO2.875.
Therefore, the difference between NCC and CC migration
barriers can have a similar origin to that of the oxygen vacancy
formation energy penalty, which comes from the energy penalty
associated with screening excess charge during oxygen ion
migration and oxygen vacancy formation, respectively. This
hypothesis is supported by the black line tted (R2 = 0.96) on
perovskites without transition metals and showing a slope of
22744 | J. Mater. Chem. A, 2024, 12, 22737–22755
0.42 in Fig. 5a, which is close to 1
2 and can be explained by the

fact that the migration barrier is dened by energy penalty per
unit charge migrated, where the value of the oxygen ion charge
is 2. Perovskites with zero-d electrons but with transition metals
(highlighted in gray) do not fall on the same tted line, which
can be due to the different character of the conduction band.
The energy of the highest lled metal states relative to the O 2p
band center was found to correlate with the computed energy
penalty for the formation of NCC and CC oxygen vacancies in all
the perovskites with (open) and without (solid) d electrons, as
shown in Fig. 5b. The energy of the highest lled metal states is
the Fermi level, which coincides with metal d states for oxides
with d electrons (top right schematics in Fig. 5b) and with VBM
or the lled localized states (bottom right schematics in Fig. 5b)
for oxides without d electrons. Our computed vacancy forma-
tion energies are in close agreement with previous work
(Fig. S19, ESI†).32,49,81 For example, the vacancy formation energy
penalty of NCC and CC LaTiO2.875 (5.97 eV and 5.88 eV), and
NCC and CC La0.75Sr0.25TiO2.875 (5.98 eV and 5.97 eV) are
comparable, but much greater than those of NCC and CC
LaNiO2.875 (2.15 eV and 1.89 eV) or NCC and CC La0.75Sr0.25-
NiO2.875 (1.40 eV and 1.11 eV), attributable to the much higher
energy of lled Ti 3d (Fig. 2a–d, and S10 of the ESI†) than the
one for Ni 3d (Fig. S7a–e, ESI†) states. The slope from the
correlation of perovskites with d electrons was close to 2 in
Fig. 5b (tted slope of 1.9), which can be interpreted as the
transfer of two electrons (for each oxygen vacancy) from oxygen
states to the highest lled metal states based on a rigid band
model.35 These ndings are in agreement with previous work
that shows correlations between the oxygen vacancy formation
energetics and the oxygen p band center34 as well as the metal–
oxygen valency for oxides with d electrons.31,51,67,82 On the other
hand, NCC and CC oxygen vacancy formation penalty of
SrTiO2.875 is different. Creating NCC oxygen vacancies in
SrTiO2.875 (Fig. 2g) raises the Fermi level (2.26 eV up) to the
bottom of the conduction band, consistent with previously re-
ported DOS,83,84 and reects in high vacancy formation energy
penalty (5.22 eV). In contrast, the Fermi level is kept pinned at
the VBM creating CC oxygen vacancies in SrTiO2.875 (Fig. 2h),
which reects in lower vacancy formation energy (0.83 eV). The
higher NCC than CC vacancy formation energy of SrTiO2.875 is
consistent with previous theoretical work31 and these NCC and
CC vacancy formation energies are in agreement with experi-
ments where the vacancy formation energy is evaluated in the n-
type (5.8 eV at 800 °C and 1 atm (ref. 85)) and p-type (1.3 eV at
800 °C and 1 atm (ref. 85)) regime, respectively.86 Similarly,
increasing NCC vacancy formation energies of other oxides
without d electrons were also correlated with the lled (local-
ized) states formed higher energy relative to the VBM (r-value =
0.93 in Fig. S20, ESI†). The energy of the highest lled metal
states can coincide with the conduction band edge (i.e., for
BaTiO2.875 in Fig. 2g) or can be lower than the conduction band
edge (i.e., for LaGaO2.875 in Fig. 3b). Therefore, the electronic
energy penalty associated with transferring electrons from
oxygen to metal states was found to regulate oxygen vacancy
formation energetics, in line with previous work,35 which is
governed by the highest lled metal states or lled localized
This journal is © The Royal Society of Chemistry 2024
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states above the VBM created with oxygen vacancies. We further
examine the relationship between the migration barrier and the
energy of electronic states of oxygen vacancies through
analyzing the changes in the electronic structure from equilib-
rium to the transition state during oxygen ion migration.
Relating the electronic structure of the transition state to
migration barriers

We rst investigate how the energy of lled localized states of
oxygen vacancies observed between conduction and valence
band for oxides without d electrons (e.g., LaGaO2.875 with NCC
oxygen vacancies in Fig. 3c) as well as other oxides with d elec-
trons (e.g., LaTiO2.875 with both CC in Fig. 2b or NCC in Fig. 2c
oxygen vacancies) changes during oxygen migration. As oxygen
ions migrate from the equilibrium (initial) to the transition
state, lled localized states associated with oxygen vacancies
increase in energy (e.g., 1.23 eV up for NCC LaGaO2.875 as
indicated by E1NCC in Fig. 6a) while the lowest unoccupiedmetal
states decrease in energy (e.g., 0.32 eV down for NCC LaGaO2.875

as indicated by E2NCC in Fig. 6a). Similarly, the lled localized
states of LaTiO2.875 with CC (Fig. S21a, ESI†) and NCC
(Fig. S21b, ESI†) oxygen vacancies raise in energy closer to the
conduction band minimum from the equilibrium to the tran-
sition state. These changes in the electronic structure during
migration result in a decreased energy gap between lled
localized states and unoccupied metal states at the transition
state. We argue that the migration barrier correlates with the
Fig. 6 Electronic structure changes during oxygenmigration in perovskit
different stages of oxygen migration: initial (left), transition (center), and fi

from initial to transition state, and E2NCC (brown arrow) indicates the energ
state. (b) Visualization of oxygen ion transport in NCC LaGaO2.875. Eigen
surface for the initial (left), transition (center) and final (right) states during
(c) Comparison between the NCC migration barrier and the change in en
NCC and CC migration barriers and NCC vacancy formation energies (ri
respectively, in comparison with E1NCC + E2NCC. The black and blue fitted
S2 and S5 (ESI†).

This journal is © The Royal Society of Chemistry 2024
energy needed to oxidize/reduce the charge localized in the
oxygen vacancy during oxygen ion migration, which can be
described by the energy difference from the lled localized
states to the lowest unoccupied metal states between the equi-
librium position (Fig. 6a le and right) and the transition state
(Fig. 6a center). This hypothesis is supported by previous
studies that have shown that localized electrons can impede
oxygen ion transport by locally raising the migration
barrier.52,56,57 For instance, F centers in MgO1−x are oxygen
vacancies with localized electrons,87 which exhibit a higher
migration barrier (3.4 eV (ref. 88)) than oxygen vacancies
without localized electrons (1.9–2.7 eV (ref. 57 and 89))
according to density functional theory (DFT) calculations89 and
experimental measurements.57,88 In addition, the visualization
of the lled localized states associated with the NCC oxygen
vacancy of LaGaO2.875 shows the movement of charge occurring
in the opposite direction of oxygen ion migration (Fig. 6b).
Similarly, the decrease in energy gap for LaTiO2.875 is also
accompanied by the movement of charge occurring in the
opposite direction of oxygen ion migration (Fig. S21c, ESI†),
consistent with previous reports on other transition metal
oxides with d electrons.32,51 Other examples of zero-d-electron
perovskites with a decreased energy gap between lled local-
ized states and unoccupied metal states at the transition state
than the equilibrium state (NCC and ErAlO2.875), can be found
in Fig. S22 (ESI†). The sum of E1NCC and E2NCC is correlated
nearly 1 : 1 with the NCC migration barrier (r-value = 0.93 and
tted slope of 0.97) and the difference between the NCC and CC
es without d electrons (NCC). (a) ComputedDOS for NCC LaGaO2.875 at
nal (right) states. E1NCC (blue arrow) represents the Fermi level change
y change of the lowest unoccupiedmetal state from initial to transition
states associated with filled localized states are shown as a blue iso-
oxygen ionmigration. The hopping oxygen atom is highlighted in black.
ergy E1NCC + E2NCC (as highlighted in panel a). The difference between
ght vertical axes) are also shown by the black and light blue datapoint,
lines have R2 = 0.83 and 0.87, respectively. Data are tabulated in Tables
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Fig. 7 Electronic structure changes during oxygen migration in
perovskites without d electrons (CC or with substitution). (a)
Computed DOS of CC LaGaO2.875 at different stages of oxygen
migration: initial (left), transition (center), and final (right) states. E1CC
(orange arrow), represents the energy increase of the lowest unoc-
cupied metal states from initial to transition state. (b) Comparison
between themigration barrier and E1CC (as highlighted in panel a). Data
are tabulated in Tables S2 and S5 (ESI†).
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migration barrier (r-value = 0.91 and tted slope of 0.89) for
perovskites without d electrons, as shown in Fig. 6c. Moreover,
the sum of E1NCC and E2NCC is also correlated with the amount
of charge that is screened out of the oxygen vacancy as the
oxygen ion moves from the equilibrium position to the saddle
point (transition state), approaching the oxygen vacancy (r-value
= 0.90 in Fig. S23a, ESI†). Additionally, increasing migration
barriers of oxides without d electrons (solid) having lled
localized states as well as oxides with d electrons (open) are
strongly correlated with increasing excess charge that is
screened out of the oxygen vacancy as the oxygen ion moves
from the equilibrium position to the saddle point (r-value =

0.82 in Fig. S23b, ESI†), consistent with the hypothesis of
increasing migration barrier with increasing energy for
oxidation/reduction of the localized charge. These trends of
migration barriers with electronic signatures of ion migration
going from equilibrium to transition state further support the
correlations in Fig. 1d and e highlighting linear free energy
relationships between thermodynamic (relative to equilibrium)
and kinetic (relative to changes from equilibrium to transition
state) quantities and providing a more insightful mechanistic
picture. Therefore, the physical origin of the migration barrier
could be connected to the electronic structure of the transition
state and the energy penalty required to screen the charge that
accumulates in oxygen vacancies. Decreasing oxygen migration
barrier of perovskite oxides have been suggested to correlate
with lower vacancy formation energy penalty,49,50,53 which may
resemble the Brønsted–Evans–Polanyi (BEP) principle.
However, the correlation between NCC migration barrier and
NCC vacancy formation is poor, which can be seen by the light
blue datapoint Fig. 6c. For instance, the NCC migration barrier
of LaGaO2.875 (2.04 eV) is much higher than that of BaTiO2.875

(0.75 eV) while the NCC vacancy formation energy of LaGaO2.875

(5.10 eV) is comparable to that of BaTiO2.875 (5.23 eV). Addi-
tionally, BaTiO2.875 has higher NCC than CC (4.51 eV difference)
vacancy formation energy but a similar NCC and CC (0.17 eV
difference) migration barrier in Fig. 6c. On the other hand,
LaGaO2.875 has higher NCC than CC vacancy formation energy
(4.94 eV difference) andmigration barrier (1.71 eV difference) in
Fig. 6c. Such differences in the energetics of migration barrier
and vacancy formation energy cannot be explained by the BEP
principle and suggest that the fundamental descriptor associ-
ated with migration barrier is fundamentally different from
vacancy formation energy, which is governed by energy of O 2p
band center relative to the Fermi level.

Upon oxygen ion migration from the equilibrium (initial) to
the transition state, empty localized states associated with
oxygen vacancies (charge compensated by computation or
substitution) increase from the initial state to the transition
state (e.g., 0.34 eV up for CC LaGaO2.875 as indicated by E1CC in
Fig. 7a). These arising empty localized states belong to the
cation on the B-site that is being approached by the oxygen ion
during migration (e.g., Ga ion in CC LaGaO2.875 as shown by the
site-projected DOS in Fig. S24 of the ESI†). Notably, increasing
migration barriers are correlated with higher energy differences
of empty localized states from equilibrium to transition state in
Fig. 7b (r-value = 0.86), which can be attributed to reduced
22746 | J. Mater. Chem. A, 2024, 12, 22737–22755
charge screening of the migrating oxygen ion by the local
environments. This hypothesis is supported by the observations
that the energy difference of empty localized states from the
initial to the transition state increases with that of these empty
localized states relative to the VBM at the transition state
(Fig. S25a, ESI†), which also increases linearly with that in the
equilibrium state (Fig. S25b, ESI†). Moreover, decreasing energy
differences of empty localized states from equilibrium to tran-
sition state are also found with metal states closer to O 2p states
at the transition state (Fig. S26a, ESI†), which is indicative of
reduced charge screening capability of the local environments,
as supported by correlations between O 2p states closer to Fermi
level and reduced excess charge density in oxygen vacancies
(Fig. S17, ESI†). Within this physical picture, the migration
barrier of perovskites without (Fig. S26b, ESI†) and with
(Fig. S26c, ESI†) d electrons can be decreased by moving the
energy of metal states closer to O 2p states at the transition state
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Electronic origin of fast oxygen transport in Na0.5Bi0.5TiO3. (a)
Structure of Na0.5Bi0.5TiO3 with alternating BiO+ (magenta), TiO2 and
NaO− (green) layers. (b) Computed electronic DOS of Na0.5Bi0.5TiO3.
(c) Energy landscape of four different migration pathways: two in the
BiO+ layer (magenta) and two in the NaO− layer (green) layers, as
shown in the top left schematic. Projected O 2p DOS below the Fermi
level in the (d) BiO+ and (e) NaO− layers with the O 2p band center
marked by a red horizontal line.
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by promoting the charge screening capability of the host lattice
to reduce excess charge associated with oxygen migration.
Therefore, the energy of oxygen vacancy states closer to the
conduction band edge, is indicative of higher charge screening
capability of the local environment and proposed as
a descriptor for low oxygen migration barrier in perovskites.

To demonstrate the practical use of our results, we searched
the literature for experimentally reported oxides and using the
identied one promising but untested oxygen ion conductor.
Considering that having the energy of vacancy electronic states
near the conduction band is an indication of low migration
barriers, we note that BaSnO3 (ref. 90 and 91) and SrSnO3 (ref.
92–94) have reported oxygen vacancy states close to the
conduction band edge. One study has investigated BaSn1−yYy-
O3−y/2 reporting a barrier for oxygen transport between 0.96 eV
and 1.32 eV,95 while derivatives of SrSnO3 are still non explored
to our knowledge. Starting from SrSnO3 (electronic structure in
Fig. S27a, ESI†) compensated oxygen vacancies were created by
computational compensation in CC SrSnO2.875 (electronic
structure in Fig. S27b, ESI†) or by substituting K in Sr sites to
form Sr0.75K0.25SnO2.875 (electronic structure in Fig. S27c, ESI†),
which showed non localized energy states of oxygen vacancies
being formed close to the conduction band edge. Furthermore,
the migration barriers of CC SrSnO2.875 (0.62 eV) and of NCC
Sr0.75K0.25SnO2.875 (0.54 eV and 0.62 eV for pathways in
Fig. S27d, ESI†) were computed and found comparable to those
of state of art oxygen ion conductors such as (La,Sr)(Ga,Mg)O3−x

(ranging from 0.59 eV to 1.18 eV)9 or Na0.5Bi0.5TiO3 (0.86 eV and
0.44 eV at a temperature below and above 320 °C, respectively).18

Therefore, Sr0.75K0.25SnO2.875 can be a promising oxygen ion
conductor, worthy of in-depth investigations in future studies.
While we explored the substitution of K in Sr sites to create
oxygen vacancies, future studies should also explore other
substituents to optimize the different local environments
within the crystal lattice, which can be done by leveraging our
proposed framework and descriptors, as shown next.

To support that the proposed descriptors can be used in
different local environment of the same crystal lattice, oxygen
transport was investigated in different local environments of
Na0.5Bi0.5TiO3 perovskite, where fast conductive pathways result
from local chemical environments rich in Bi,96 such as BiO+

layers having lower migration barrier than NaO− layers.96,97

Na0.5Bi0.5TiO3 was simulated with (100) ordering and alter-
nating NaO−, TiO2 and BiO+ layers as shown in Fig. 8a. Na0.5-
Bi0.5TiO3 showed metal states closer to the O 2p band center
(gap of 4.23 eV in Fig. 8b) compared to other titanates such as
LaTiO3 (Fig. 2a) or SrTiO3 (Fig. 2f), which can be attributed to
the inductive effect coming from electronegative Bi3+ ions.98

Oxygen vacancy states are created close to the conduction band
minimum as they are not localized within the bandgap
(Fig. S28a, ESI†).95 Migration barriers were computed along 4
different pathways (shown in Fig. 8c) giving lower values in the
BiO+ layer (0.37 eV and 0.48 eV in gold in Fig. 8c), than the NaO−

layer (0.66 eV and 0.75 eV, pathways in light blue in Fig. 8c).
These trends of migration barriers agree with those reported by
de Souza and co-workers (0.4 eV (ref. 97) and 0.93 eV (ref. 97) for
the BiO+ and NaO− layers, respectively) and Dawson et al.96
This journal is © The Royal Society of Chemistry 2024
(0.63 eV and 0.77 eV for the BiO+ and NaO− layers, respectively).
Lower migration barrier is correlated with increased charge
screening capability of BiO+ layers (excess charge density of −6
× 10−4 e Å−3) compared to NaO− layers (excess charge density of
+7× 10−4 e Å−3). Through analyzing the site-projected DOS, it is
found that the O 2p band center is closer to the VBM in the BiO+

(Fig. 8d) than the NaO− layer (Fig. 8e), leading to a decreased
gap between Ti 3d and O 2p states in the BiO+ (4.08 eV, as shown
by the site-projected DOS in Fig. S28b and c, ESI†) than the
NaO− (4.42 eV, as shown by the site-projected DOS in Fig. S28b
and d, ESI†) layer. Therefore, we propose that locally increased
charge screening capability coming from having a metal band
closer in energy to the O 2p band is the origin of fast oxygen ion
transport in Bi-rich environments of Na0.5Bi0.5TiO3. Our inter-
pretation is also supported by previously reported correlation
between decreasing migration barrier and shorter A–O bond
length in Bi-rich environments,96 where stronger bonding
interactions found at decreasing Bi–O bond strength may lead
to weaker Ti–O bonds based on inductive effects99 and metal
band closer to O 2p band. Therefore, our proposed descriptors
can explain trends of migration barriers across different local
environments of Na0.5Bi0.5TiO3.

Beyond perovskite oxides, the descriptors were assessed by
introducing oxygen vacancies and computing NCC and CC
migration barriers for ipv and opv pathways in rutile (Fig. S29a,
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22747
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ESI†) and uorite (Fig. S29b, ESI†) crystal structures. Starting
with rutile GeO2 (Fig. S30a, ESI†), NCC GeO1.9583 showed lled
vacancy states (Fig. S30b, ESI†) and a higher migration barrier
(3.26 eV for ipv and 2.47 eV for opv) compared to CC GeO1.9583

with empty vacancy states (Fig. S30c, ESI†) and lower barrier
(2.82 eV for ipv and 1.59 eV for opv). Similarly, starting with
uorite ThO2 (Fig. S31a, ESI†), NCC ThO1.96875 showed lled
vacancy states (Fig. S31b, ESI†) and a higher migration barrier
(2.05 eV for ipv and 2.04 eV for opv) than CC ThO1.96875 with
empty vacancy states (Fig. S31c, ESI†) and lower barrier (0.76 eV
for ipv and 0.73 eV for opv). Vacancy states closer to the
conduction band edge were correlated with lower vacancy
excess charge density (r-value = 0.84) for rutile and uorite
(squares and diamonds in Fig. S32, ESI,† respectively) struc-
tures, indicative of higher charge screening capability of the
host lattice. Substituting more polarizable elements from Ge to
Pb in rutile BO2 (B = Ge, Sn, Pb) brought oxygen vacancy states
closer to the conduction band edge (Fig. S32, ESI†). Such a trend
is consistent with previously reported oxygen vacancy states77

(organized in Fig. S33, ESI†) moving closer to the conduction
band upon substitution of more polarizable elements from Al to
In in B2O3 (B= Al, Ga, In) or from Si to Sn in BO2 (B= Si, Ge, Sn).
These ndings support the hypothesis that the energy of
vacancy states relative to the conduction band edge is
a descriptor of the oxygen migration barrier, consistent with the
expectation that bigger and more polarizable cations decrease
the migration barrier.48,100 Additionally, in rutile (diamonds)
and uorite (squares) structures, decreasing NCC migration
barriers for ipv (Fig. S34a, ESI†) and opv (Fig. S34b, ESI†)
pathways as well as CC migration barriers for ipv (Fig. S34c,
ESI†) or opv (Fig. S34d, ESI†) pathways were also found to
decrease with energy of vacancy states closer to the conduction
band edge. Migration barriers in rutile structures were higher in
ipv pathways (NCC in Fig. S34a and CC Fig. S34c†) than opv
pathways (NCC in Fig. S34b and CC Fig. S34d†). Conversely, in
uorite structures, migration barriers were comparable between
ipv pathways (NCC in Fig. S34a and CC Fig. S34c†) and opv
pathways (NCC in Fig. S34b and CC Fig. S34d†). Furthermore,
the oxides with reported vacancy states well below the conduc-
tion band77 in Fig. S33† are also reported to have highmigration
barriers, such as MgO (1.9–2.7 eV (ref. 57 and 89)), SiO2 (2.0–
4.6 eV (ref. 101)) and Al2O3 (6.3–6.9 eV (ref. 102)). On the other
hand, the oxides with vacancy states reported to be closer to the
conduction band edge77 in Fig. S33 (ESI†) have documented low
energy barriers of oxygen transport, such as Pb(Ti,Zr)O3 (0.56–
0.91 eV (ref. 27)), and TiO2 (1.05–1.15 eV (ref. 103 and 104)), or
have been successfully integrated in solid oxide fuel cells
applications, such as SnO2 (ref. 105) and In2O3.106,107 While
these preliminary data are promising to generalize the proposed
descriptors beyond perovskite oxides, future in-depth investi-
gations can be useful to draw stronger conclusions. Therefore,
the energy of oxygen vacancy states relative to the conduction
band edge is proposed as a promising descriptor of a low
migration barrier and increasing the charge screening capa-
bility of the local environment can lower the migration barrier
beyond perovskite oxides.
22748 | J. Mater. Chem. A, 2024, 12, 22737–22755
Our calculated trends are in good agreement with experi-
mental results. For example, Fig. S2 (ESI†) reveals experimen-
tally observed trends of decreasing migration barriers from
early transition metal perovskites like La0.9Ca0.12CrO3−x (with
a migration barrier of 1.74 eV)59 to later ones like LaCoO3−x

(with a migration barrier of 0.80 eV).28 Additionally, experi-
mental data60 demonstrate a decrease In migration barriers for
the series La0.9Sr0.1BO2.95 (B = Al, Ga, In) going from Al to In
(Fig. 4e). When we compare our CC migration barriers with the
previously reported experimental data24,28,39,58–65 (Table S6, ESI†)
we nd a correlation coefficient of 0.84 and a mean squared
error of 0.10 eV. However, differences exist between ‘micro-
scopic’ migration barriers obtained from computational simu-
lations32,39,49 (Fig. S5, ESI†) and ‘macroscopic’migration barriers
from experiments (Fig. S2,28,58,59 and S4,24,28,39,60–65 ESI†), which
can be attributed, to the presence of substituents, defects, grain
boundaries, leading to different local environments. The
‘macroscopic’ migration barrier measured in experiments ari-
ses from diverse hopping pathways and different ‘microscopic’
barriers.108–110 In this work, we limited substituents and resorted
to computational compensation. Future work will further focus
on exploring descriptors for different local environments in
highly substituted materials to bridge the gap between ‘micro-
scopic’ and ‘macroscopic’ migration barriers. While this paper
focuses on oxygen ion conductors, we believe that increasing
the charge screening capability of the host lattice is an effective
design strategy to decrease the ion migration barrier for other
crystal structures and mobile species such as Li+ ions, which is
supported by decreasing migration barriers with substitution of
more polarizable anions in Lithium superionic conductors
(LISICONs).111 Work is ongoing to provide more concrete results
for the generalization of our proposed descriptors to other
mobile species. Similarly, while our results are focused on the
vacancy formation mechanism, investigating other defects such
as interstitials can help to further generalize the concepts pre-
sented in this work. Additionally, while the paradigm of
decreasing migration barrier to increase conductivity is widely
leveraged in the search for faster ion conductors,112,113 the
conductivity should not be always expected to increase with
decreasing migration barrier,114 which can be seen by looking at
the trend of measured conductivities in Fig. S4 (ESI†).24,28,39,60–65

Following the Arrhenius type expression of conductivity,115

a dependence of the pre-exponential factor is also to be ex-
pected, which can lead to large changes in conductivity due to
(for example) migration entropy.48 Along these lines, decreasing
the migration barrier typically leads to increasing pre-
exponential factors in oxygen9,116 and other ionic conduc-
tors48,117 due to enthalpy-entropy compensation law.118 Thus, to
accelerate the discovery of materials with high oxygen ion
conductivities, future work should also be directed towards
increasing our understanding of the pre-exponential of Arrhe-
nius law and the entropy of migration.

Conclusions

To gain a better understanding of the origin of oxygen migra-
tion barrier, we examined NCC and CC oxygen vacancies for
This journal is © The Royal Society of Chemistry 2024
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a range of perovskites with and without d electrons, which
allowed us to establish correlations between the electronic
structure of oxygen vacancies with their vacancy formation and
migration energetics. We found that the electronic structures
resulting from the introduction of NCC and CC oxygen vacan-
cies in oxides with d electrons were similar, with regards to the
lled localized states, relative positions of the highest lled
metal states, and O 2p band center. The similarity between
electronic structures led to similar NCC and CC oxygen vacancy
formation energies and migration barriers. On the other hand,
aer the introduction of NCC and CC oxygen vacancies in zero-
d-electrons perovskites different electronic structures were ob-
tained. Specically, localized states were lled (empty) and the
position of the highest lled metal states relative to O 2p band
center was (was not) raised for NCC (CC) oxygen vacancies. The
different electronic structures led to higher NCC oxygen vacancy
formation energies and migration barriers than the CC ones.

Through analyzing trends in electronic structure across
different perovskites, we could correlate the increasing vacancy
formation energy with the increasing energy of the highest lled
metal states compared to the O 2p band center. The slope of this
correlation could be interpreted based on the electronic energy
penalty required to transfer electrons from oxygen to higher
energy metal states. For oxides without d electrons, such energy
penalty was regulated by the energy of the lled vacancy elec-
tronic states relative to the VBM.

We also found that the migration barrier increased with the
increasing accumulation of localized charge near oxygen
vacancies coming from lled localized states. For perovskites
without d electrons, increasing such localized charge was
correlated with an increased energy gap between the CBM and
the lled vacancy electronic states. For perovskites with d elec-
trons, increasing such localized charge was correlated with
metal d band closer to the O 2p band. Furthermore, we analyzed
how the electronic structure varies during ion migration and
found that the localized states and unlled metal states moved
closer in energy from the equilibrium state to the transition
state. The magnitude of the decrease in the energy gap was
correlated with the oxygen migration barrier. This observed
correlation supports the idea that the migration barrier is
regulated by the electronic energy penalty to screen the local-
ized charge associated with the oxygen ion during migration
and that increasing the charge screening capability of the host
lattice can effectively decrease the migration barrier. In addi-
tion, we analyzed oxides where localized states were le empty
by substitution with lower valence cations or computation
compensation and could correlate the increasing migration
barrier with the increasing raise in energy of these empty
localized states from the equilibrium to the transition state.
Based on the link between the energy of empty localized states
andM–O bond strength, this observed correlation also supports
the idea that increasing the charge screening capability of the
host lattice can effectively decrease the migration barrier.

Derivatives of SrSnO3 were identied as potential oxygen ion
conductors with low migration barriers, based on oxygen
vacancy states being reported close to the conduction band
edge,92–94 which was tested by introducing oxygen vacancies by K
This journal is © The Royal Society of Chemistry 2024
substitution in Sr sites and computing migration barriers in CC
SrSnO2.875 (0.62 eV) and NCC Sr0.75K0.25SnO2.875 (0.54 eV and
0.62 eV). We further tested the signicance of our proposed
framework in aiding oxygen ion conductor designs by using it to
understand the fast oxygen transport in Na0.5Bi0.5TiO3 and the
lower migration barriers in BiO+ layers compared to NaO−

layers. We could relate the fast oxygen ion transport of Na0.5-
Bi0.5TiO3 in the BiO+ layer based on an increased charge
screening capability of the host lattice in the BiO+ layer than the
NaO− layer, highlighting possibilities to use our proposed
descriptors for computational designs based on optimizing
different local environments in the same crystal structure. The
energy of oxygen vacancy was tested as a descriptor of oxygen
migration barrier beyond perovskite structures, considering two
different pathways for a series of rutile and uorite structures,
and previously reported data,77 highlighting its signicance in
aiding the search for promising oxides. Our observations on the
interconnectedness of the electronic structure and the migra-
tion barrier not only establish the increased charge screening
capability of the host lattice as a design guideline for decreasing
the oxygen migration barrier, but they also deepen our under-
standing of the oxygen migration barrier.

Methods

The simulations of oxygen ion migration were performed using
DFT and the exchange-correlation was treated based on the
Perdew–Burke–Ernzerhof (PBE) generalized gradient approxi-
mation (GGA)119 as implemented in the VASP package.120 The
core electrons were treated within the projector augmented
wave (PAW) formalism.121 We elected the GGA level of theory
with PBE exchange functionals as the most efficient compro-
mise of efficiency and accuracy. While SCAN functionals have
been proposed to yield higher accuracy,122 they have shown
slower convergence and lower completion rate for high-
throughput solid calculations,123 which would have increased
the computational cost and the required human intervention in
our study. As the GGA formalism can introduce self-interaction
errors when modeling oxides with d electrons,124 we conducted
simulations on selected oxides with d electrons (complete list
and computed energetics provided in Table S4†) using Hubbard
correction with rotationally invariant approach.79 The U
correction values utilized were sourced in the Materials Project
and are calibrated based on formation enthalpies of transition
metal oxides.80

The workow was automated and executed using the
MAST125 and Pymatgen126 Python libraries. Perovskite calcula-
tions used a 2 × 2 × 2 (40 atoms) supercell and a 4 × 4 × 4 k
points grid in a Monkhorst–Pack scheme.127 Previous studies
have also used 40 atoms supercell to analyze trends in migra-
tion barrier54 and vacancy formation energy51 across perov-
skites. In GGA and GGA + U formalisms energies are typically
converged below 3 meV (ref. 128) and migration barriers are
typically converged below 20 meV relative to our choice of k-
point mesh.54 All the structures in this work were obtained
starting from the ideal perovskite structure and relaxing prior to
the introduction of oxygen vacancies (stoichiometric ABO3
J. Mater. Chem. A, 2024, 12, 22737–22755 | 22749
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structure), converging forces to 10−4 eV Å−1. The symmetry of
the resulting ABO3 structures is reported in Table S1 (ESI†). All
calculations were spin polarized and initialized in ferromag-
netic states with initial guesses for the magnetic moments
being +1mB, +5mB, and +1mB for A-site, B-site and O ions,
respectively. While some perovskites can be antiferromagnetic
at room temperature, they typically become paramagnetic at
typical operative temperatures for solid oxide electrochemical
cells (above 400 °C), which is seen for LaMnO3,129 LaFeO3,130

LaCoO3,131 and LaNiO3.131 Following previous high-throughput
computations of vacancy formation energy132 and migration
barrier54 in perovskite oxides, we have initialized ferromagnetic
structures as a cost-effective yet accurate strategy to approxi-
mate paramagnetism. Exploring the effect of different magnetic
congurations is something that can be investigated in future
studies. Our computed magnetic moments align with previ-
ously reported trends across oxides, as evidenced in Table S1
(ESI†). Calculations for non-perovskite structures used 3 × 2 ×

2 and 2 × 2 × 2 supercells of 72 and 96 atoms for rutile and
uorite structures, respectively. All other settings were analo-
gous to perovskite calculations.

Aer the introduction of the vacancy, the atomic positions
were further relaxed to establish the minimum energy structure
converging energies to 10−5 eV. A energy cutoff 150 eV higher
than the suggested value in the pseudopotential was used for
lattice relaxations. Additionally, Gaussian smearing with
a width of 0.05 eV was employed in lattice relaxations. By
introducing an oxygen vacancy in our supercells, non-
stoichiometry values of 1/24 were obtained leading to struc-
tures with ABO2.875 reduced chemical formula. To investigate
the effect of vacancy electronic states on vacancy formation and
migration barrier energetics, we created NCC and CC defected
structures starting from the same stoichiometric ABO3 structure
as shown in Fig. 1a. Starting from the obtained NCC and CC
non-stoichiometric ABO2.875 structures, the corresponding NCC
and CC vacancy formation energies and migration barriers were
computed.

The vacancy formation energies were computed by
comparing the energies of structures with and without oxygen
vacancies according with previously reported formalism133 and
as further detailed in the ESI.† For all relaxations, the cutoff
energies were set to 150 eV above the default values in the
pseudopotential les to increase the accuracy. The migration
barrier was determined using the climbing-image nudged
elastic band method.134 For each perovskite, the migration
barrier was computed along two different migration pathways
pointing at two different crystallographic directions in-plane
(ipv) and out-of-plane (opv), shown in Fig. 1b. The considered
migration path was a curved trajectory around the B-site,43 and
the ipv and opv pathways corresponded to the oxygen atom
moving along two different edges of a BO6 octahedron. The
comparison between ipv (Fig. S1a, ESI†) and opv (Fig. S1b, ESI†)
migration barriers generally showed small differences. The
observed variability between ipv and opv migration barriers can
be attributed to the anisotropy of oxygen ion diffusion in
perovskites, which has been reported along different crystallo-
graphic directions135,136 depending on crystal symmetry,32 or
22750 | J. Mater. Chem. A, 2024, 12, 22737–22755
local magnetic moment.52 To analyze trends of migration
barrier across different perovskites, we reported the minimum
migration barrier among ipv (Fig. S1a, ESI†) and opv (Fig. S1b,
ESI†). The vacancy formation energies andmigration barriers of
different perovskites are tabulated in Table S2 (ESI†).

All the descriptors were computed on the defected structures
unless otherwise specied. All the transition state simulations
and descriptors are reported for the specic pathway for which
themigration barrier was selected. Before extracting descriptors
based on electronic DOS and Bader charge analyses,76 the
electronic structure and charge densities were computed using
a 8 × 8 × 8 k points grids, a cutoff of 850 eV and a ne FFT grid
with 250 × 250 × 250 points. Moreover, the tetrahedron
method with Blöchl corrections137 was employed to improve the
accuracy of zero-d-electron perovskite calculations. The O 2p
band center was calculated as the centroid of the DOS below
Fermi level projected onto the 2p orbitals of the O atoms.
Similarly, the position of metal bands was computed as the
centroid of the DOS projected onto their orbitals. The vacancy
excess charge density was computed by dividing the atomic
excess charge of rst neighbors of an oxygen vacancy (2 B-site
and 4 A-site cations as shown in Fig. 1e) by their Bader volume,
as further detailed in the ESI.† Filled electronic states associ-
ated with NCC oxygen vacancies in oxides without d electrons
represented the highest occupied orbital and their energy was
identied by the Fermi level. The energy of empty electronic
states associated with CC oxygen vacancies or A-site substituted
perovskites was evaluated as the centroid of their DOS. The
descriptors hereby reported have been tabulated in Tables S3
and S5 (ESI†).
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