Supporting Information: Decoupling ionic defect energetics and electronic
alignment in mixed conducting oxides

Matthdus Siebenhofer, Claudia Steinbach, Georg Kresse, Jlrgen Fleig

S.l.1: Defect concentrations in STO and LSF

The solid lines in Fig. 1 show equilibrium oxygen vacancy and electron hole concentrations for StTiO3 with 6 ppm Ti vacancies
as acceptor doping (corresponding to nominally undoped StTiO3 single crystals) and for Lag ¢Srg 4FeO5_g, calculated from the
charged oxygen vacancy formation energy and the charge neutrality condition, using a standard oxygen chemical potential at
600 °C'. Defect concentrations were calculated using a self-consistent charge-neutrality model based on the electronic density
of states (DOS). The DOS was read on an energy grid referenced to the valence band edge. At a fixed temperature, the oxygen
chemical potential was varied according to

1
Ho(T, po,) = 3 (1, (T) +ksT1n(po,)] ,
and, for each po, (normalized to 1 bar), the Fermi level was determined by solving the charge-neutrality condition
p(EF) + 2[‘/(;.] (EvaOZ) + Gacc. = 0.

Hole concentrations were obtained by numerical integration of the DOS weighted by the Fermi—Dirac occupation in the valence
band. Oxygen vacancies were treated as charged defects on a finite oxygen-site reservoir, with a formation free energy

1
Avgvy = Mg’ +2EF + EkBTln (po,)

where A,g° corresponds to the calculated charged oxygen vacancy formation energy with the VBM as the electronic reservoir.
The resulting self-consistent values of Er, [V{*], and p were stored as functions of po, and used to generate the Brouwer
diagrams. For comparison, the dashed lines show oxygen vacancy concentrations and electron hole concentrations calculated
from literature defect models at 600 °C23.

102 T T T T T T T T T T T T T T T T T T T
10" -
10° i
10"
102
10
10
10°
10°
107
10°F Vo LSFper  weeee V5 LSFinoe 7
108 H——h LSFpe oo B LSF, e -
1070 LV STOpey  +o+eo: V5 STO, e .
107" h* STOper hr STO, 0 .

-12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1071® 1070 10° 10° 10°
P(O,) (bar)

Figure 1. Defect concentrations in LSF and STO calculated both from defect models from literature as well as from reducibilities
evaluated from DFT calculations. For STO, an acceptor concentration of 6 ppm Ti vacancies was assumed.
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S.1.2: Space charges at STO|LSM and STO|LMO interfaces

As discussed in the main manuscript, materials with similar A,g° can produce strongly different responses in various applica-
tions, based on their electronic energy alignment. As an example, we show here measurements of the space charge resistance at
the SrTiO;_g|Lag 65Sr9.35sMnO5_g interface, compared with the SrTiO3_s|LiMn,O,_s interface. Both the perovskite oxide
LSM, and the spinel oxide LMO contain Mn as the transition metal cation, and the formal oxidation state is 3.2 in LSM and 3.5
in LMO at stoichiometric oxygen content. Calculations of Lag 5Srg sMnOs_g and LiMn,0,_g yield high A, g° values of 3.6 eV
for LSM and 2.4 eV for LMO (compared with 0.6 eV for STO). However, while the Fermi level of LSM lies around 2 eV above
the STO VBM, the VBM of LMO lies 0.8 eV below the STO VBM. Therefore, it is expected that the two materials produce
substantially different space charge zones, with LSM yielding a very high space charge potential (and therefore resistance). For
LMO, we would in fact expect no electron hole depletion in STO at all, and possibly even an accumulation zone because of the
low VBM (however, this would not be visible in the here discussed impedance measurements because of the comparatively
large serial STO bulk resistance). Although the experimental LSM composition differs from the Lag 5Srg sMnO3 composition
used in the computational map, both compositions have a high-lying Mn-derived electronic reservoir relative to STO, so the
qualitative space-charge argument remains the same.

Fig. 2 shows the impedance response of the STO|LSM and the STO|LMO interface. The exact measurement methodology
is detailed in our earlier work*. While the STO|LSM interface exhibits a large impedance feature with a resonance frequency
close to 10 Hz, the STO|LMO interfacedoes not exhibit this feature. The small low frequency feature visible in the zoomed in
figure represents the transition from mixed ionic electronic to purely electronic conduction in the STO single crystal® and is also
visible in the STO|LSM measurement, however, it only occurs as a slight shoulder at the low frequency end of the large space
charge feature. Small deviations in the STO conductivity may originate in acceptor dopant concentration variation between
single crystals, or slight temperature or p(O,) differences. These measurements strongly support the conclusion that the two
materials LSM and LMO produce extremely different space charge regions in STO because of the strongly different electronic
energy alignment.
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Figure 2. Impedance responses of the STO|LSM and the STO|LMO interfaces measured at 500 °C and 0.5 mbar p(O5).
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S.1.3: Discussing the O 2p band center as a descriptor for oxide properties

The O 2p band center (the distance between the centroid of the O 2p states and the Fermi level) has been established as
a powerful descriptor for catalyst performance®® and as a proxy for the oxygen vacancy formation energy, especially for
perovskite oxides>”!9. Since the present analysis extends this space to fluorite and spinel oxides, we also test here the
correlation between the O 2p band center and the charged oxygen vacancy formation energy.

Fig. 3 shows the variation of the charged oxygen vacancy formation energy with the O 2p band center referenced vs. the
VBM or Er (x-axis), and the alignment of the VBM or Er vs. STO (via color coding). Within the present dataset, the O 2p
band center (the distance between the centroid of the O 2p states and the VBM) is a reasonable first-order estimate of charged
oxygen vacancy formation energies, with an r* of 0.84. There are, however, aspects that it is not able to capture:

 Subtle variations in the electronic structure, such as changes in metal-oxygen hybridization, as well as a changing filling
of bonding and antibonding states. This is clearly seen in the large variation between perovskites with different B-site
cations, STO, SMO, and SFO.

» The absolute position of the valence band. While the majority of the O 2p states (i.e. the nonbonding states) lie roughly
at the same energy for the studied perovskite oxides, this changes entirely for other structures, such as fluorite or spinel
oxides. This leads to interesting phenomena, such as the comparison between STO, ceria, and LMO. Although both
ceria and LMO have a substantially deeper VBM than STO, one has a substantially lower and one a substantially higher
vacancy formation energy. This can be easily explained by the absolute position of the O 2p states, which lie much
deeper in LMO, indicating highly stable oxygen.
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Figure 3. Map of the variation of E/ (V) = A,g" with the 02, band center of all studied mixed conducting oxides. The color
coding denotes the absolute position of the VBM (or Er) with respect to the VBM of STO.
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S.l.4: Relevance of 1 and “‘96 for application

Depending on the application, the decisive material parameters may either be reducibility and oxygen vacancy formation
energies, or the individual components of electron redistribution and oxide ion removal treated as independent, separately
tunable levers. We therefore group MIEC applications into three categories (visualized in Fig. 4) and summarize which
energetic quantities are essential for each case.
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Figure 4. a) Schematic of a charged oxygen ion battery at open circuit as an example for a reducibility governed device. b)
Schematic of an interface between two mixed conductors as an example for a space charge governed junction. ¢) Schematic of
a solid oxide cell in open circuit conditions for fuel cell and electrolysis mode as an example for a reaction governed device.

Reducibility governed devices rely on the thermodynamics of oxygen vacancy formation, i.e. on A" = ud + “‘96 —2up.

A prototypical example is an oxygen ion battery'!, a storage concept in which an oxygen chemical potential difference
between two solids sets the attainable open-circuit voltage. Another example of reducibility-governed processes is solar-to-fuel
conversion'?, where a material is reduced at high temperature, and the oxidation reaction at lower temperatures drives a
chemical reaction, such as water splitting. Both driving forces for reduction and oxidation are governed by reducibility. In this
category, the combination of electron redistribution and oxide ion removal matters most; different absolute values of ”‘96 and

u;?. can therefore lead to similar net reducibility.

Space charge governed devices are controlled by absolute alignment of defect energies across interfaces. Here, the separate
offsets A[,L}?. and A"L‘gé determine interfacial potentials, depletion/accumulation profiles, and thus junction resistances. This

situation occurs at heterojunctions between two mixed conductors, at mixed conductor|electrolyte interfaces, and at internal
junctions (e.g., grain boundaries'>!#). In memristive devices, for example, space-charge formation in the mixed-conducting
channel depends sensitively on alignment to the ionic conductor/electrolyte and can be either desirable if intentionally designed
or detrimental, obscuring the mechanism of resistance modulation. Importantly, in this category, device behavior can change
strongly with electronic alignment even at similar bulk reducibility (see comparison between LSM and LMO).

Reaction governed devices comprise most electrode and catalyst applications, including solid oxide fuel and electrolysis
cells. Here, the rate is set by surface reaction kinetics, which typically involve charge-transfer steps and therefore depend on
absolute electron energies (work function / band alignment) in addition to defect availability, which is controlled by reducibility.
Recent work has shown that surface modifications can systematically tune the work function and accelerate oxygen exchange,
consistent with an electronic-structure control of charge-transfer steps'>~!7. At the same time, oxygen vacancies and related
lattice defects are often active participants in reaction pathways, so reducibility (and thus the balance of electron redistribution
and oxide ion removal) remains an additional tuning knob'3. In this category, optimal activity generally requires simultaneous
control of energy alignment and defect thermodynamics.
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S.1.5: Impact of interfacial termination

While the (110) oriented interface slabs avoid this problem, for perovskite (001) interface slabs, the choice of termination can
affect the extracted band alignment through (i) changes in overall stoichiometry and (ii) an interfacial dipole. This is particularly
relevant when interfacing nominally charge-neutral planes of a 2-4 perovskite (e.g., SrTiO3) with polar planes of a 3-3 perovskite
(e.g., LaFeO3), where alternating layer charges can induce a net dipole depending on the A-site composition. To quantify this
effect, we compared (001) STO|LSF slabs with two interfacial A-site compositions (100% Sr and 75% Sr) using the PBE
functional. For 100% Sr the interfacial AO plane is STO like, while for 75% Sr, we expect a mixed, nearly dipole-free situation.
The VBM offset changes from 0.25 eV (100% Sr) to 0.45 eV (75% Sr), indicating that termination/stoichiometry-related dipole
effects shift the alignment by roughly 0.2 eV.

Because these PBE offsets differ from the HSE06 results, we additionally evaluated an HSE06 (001) STO—LSF slab with
one La at the interface and an LSF oxygen stoichiometry of Lag 5Srg sFeO; 75, chosen to closely resemble the (110) slab used
in the main text. This (001) slab yields a VBM offset of 0.95 eV, consistent with the 1.0 eV obtained from the (110) geometry,
supporting that minimizing interfacial dipoles leads to a robust band alignment.

1 La at interface 0 La at interface
\ \\\ /‘ e

Interface layer
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S.1.6: Interface slab structures

Fig. 6 summarizes the interface slab geometries used to align band energies. STO is (110) oriented in all slabs. STO|LSF is a
coherent (110)|(110) perovskite-perovskite interface whereas STO|LMO uses LMO in the (110) orientation and STO|CeO; uses
CeOy in the (111) orientation. These choices yield fully stoichiometric slabs with bulk-like compositions in the interior regions
used for core-level alignment. In the perovskite slab, octahedral tilting is strongly different in STO vs. LSE. For STO|LMO and
STO|CeO,, interfacial distortion/tilting is observed, but the perovskite-like regions away from the interface remain well relaxed,
consistent with the close agreement of the STO DOS in slab and bulk comparisons (S.1.9).
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Figure 6. Slab structures for interfaces between STO and LSF, LMO, and CeO;, from left to right
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S.1.7: Impact of cell size variation on defect formation energies

Octahedral tilting in perovskites generally requires using 2nx2nx2n supercells, making 2x2x2 and 4x4x4 the only practical
choices. Because this work relies on computationally expensive hybrid-functional alignment and vacancy energetics, we used
2x2x2 supercells throughout employing finite-size corrections. To give an estimate on the effect of this choice, we calculated
charged vacancy formation energies with the PBE functional for STO and LSF in both a 2x2x2 and a 4x4x4 supercell. The
vacancy—vacancy image distances are 8 A and 16 A, respectively. After applying charge and potential alignment corrections
in both cases, the charged-vacancy formation energy decreases by 0.23 eV (STO) and by 0.19 eV (LSF) when increasing the
supercell size. We suspect that, while the absolute value of defect formation energies might be slightly overestimated, this
effect may be similar across the materials that we study here because of the almost constant cell size. We therefore estimate a
residual finite-size uncertainty of ~0.2 eV in absolute formation energies and in the derived Apy; of different materials in this
study. Given the ~4 eV range spanned in this study, we accept this uncertainty to keep the computational cost tractable.

S.1.8: List of used dielectric constants

The employed electrostatic image-charge corrections according to Makov and Payne'® require the dielectric constant of the host
material. Because ionic relaxation is allowed for defective structures, we use the static dielectric constant & (electronic + ionic
contributions)?’. Whenever possible, we use room-temperature values, as this yields by far the largest database of comparable
values. Still, reported & values can show substantial scatter, both experimentally (electrode/grain-boundary contributions,
frequency dependence) and computationally (functional and methodology dependence).

STO and SMO exhibit well-established and rather large static dielectric constants (330 at RT for STO?! and 145 at RT for
SMO0?2). For metallic SFO, reported dielectric constants are also high (>100)?3 and computed values are on the order of ~70%*.
We therefore use gy = 100, noting that the correction is only very weakly sensitive to the exact value in this high-&y regime. For
LCF/LSF/LBEF, reliable datasets are scarce and values cluster broadly around 10-30%-27, with a slight increase from LCF to
LBF. For the undoped LaFeQs, literature suggests a room temperature static dielectric constant between 20-40282°. We choose
& = 15,20, and 25 for LCF, LSF, and LBF, respectively. For LSM, literature reports static dielectric constant values between
30-503%3! and we use an average value of 40 in this study. For LiMn,O4, we use a static dielectric constant of 1132, and a
value of 26 for CeO,33.

material &) | reference
STO 330 [21]
SMO 145 [22]
SFO 100 | [23,24]
LCF 15 [25]
LSF 20 [26]
LBF 25 [27]
LSM 40 [30, 31]

LiMn,O4 | 11 [32]
CeO, 26 [33]
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S.1.9: Comparison of DOS from slab and bulk structures

To validate the band-alignment procedure based on interface slabs, we compare the total DOS of bulk STO with the DOS of
the central STO layer extracted from four slabs (STO interfaced with SMO, SFO, LMO, and CeQO,). Differences are most
pronounced in the valence-band region (Fig. 7), consistent with the valence band being more sensitive to interfacial strain and
structural nonidealities than deep core levels.

After aligning all DOS to the Sr 3s core level, the O 2p centroid is 332.25+£0.15 across bulk and slab-derived STO, with the
largest deviations occurring for STO|LMO and STO|CeO,, where STO experiences the largest interfacial strain. The Sr 4p
centroid remains nearly constant at 19.3840.05 eV. We therefore estimate that the alignment uncertainty introduced by the slab
approach is =0.1 eV, well below most band offsets discussed in the main text.

Here, we also want to discuss possible strain effects. For bulk STO, structural relaxation yields a cubic lattice parameter
of 3.91 A, in good agreement with experiment. In pure perovskite slabs, this lattice constant varies between 3.95 A(when
interfacing LBF) and 3.90 A(when interfacing SMO), corresponding to a maximal strain of around 1% for the central STO
layer. When interfacing CeO,, the STO lattice parameter amounts to 3.90 A, also exhibiting minimal strain. The maximal
strain is observed for the STO[LMO interface, with an STO lattice parameter of 3.96 A, indicating rather strong tensile strain
on the order of 2%. We performed test calculations of isotropically strained bulk STO with -1% and +1% strain, and found
shifts of the VBM of around 0.1 eV when referenced to the Sr3s level, therefore, we suspect that strain-induced effects do not
substantially alter the trends observed in this study.
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Figure 7. Total densities of states of SrTiO3 from a bulk calculation and the central layer in slab structures, referenced to the Sr
3s core level.
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S.1.10: Connecting . and “‘96 to electronic structure

Fig. 8 summarizes how the electronic structure controls the separate contributions to charged oxygen vacancy formation. First,
the absolute placement of electronic levels (in particular the O 2p manifold) reflects the electrostatic environment of oxygen in
the lattice (e.g. changes in lattice geometry and Madelung stabilization). Shifting the O 2p manifold upward on an absolute
energy scale generally destabilizes lattice oxygen and lowers the cost of oxide ion removal, best seen in the trend between LBF
and LCF. Shifting the O 2p states to lower energies increases the charged vacancy formation energy, e.g. in LMO.
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Figure 8. Schematic DOS of a perovskite oxide derived from the molecular orbital diagram of MOg octahedra’. The main
levers for /.12 and ”85 are indicated with arrows, circles and bold numbers.

Second, the position of the electronic reservoir sets ,LL}?.. Under hole-compensated conditions, /.12. is linked to the position
of the VBM (and, more generally, to the Fermi level under the relevant defect-chemical conditions). Changing the average
oxidation state of the metal-oxygen sublattice therefore modifies the energy gain during electron redistribution even if the local
lattice response remains similar. In addition, in perovskite oxides, hybridized metal-oxygen states above the nonbonding O 2p
states are antibonding in nature, and lifting the Fermi energy also impacts the cost of oxide ion removal.

Third, metal-oxygen hybridization controls the separation and mixing of metal d and O 2p states and, crucially, the
presence and occupation of antibonding states. In relatively ionic perovskites such as STO, the VBM is dominated by largely
nonbonding O 2p states, whereas in covalent systems, such as SFO, the highest occupied states are of antibonding character,
which destabilizes lattice oxygen and lowers the cost of oxide ion removal. This effect is not fully captured by the O 2p centroid
alone, since the centroid does not distinguish bonding and antibonding contributions.
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