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Experimental - Normal X-ray diffraction (XRD) data of all films in Figure S1 clearly shows the presence
of the (00/)eqragonar (/ 1s integer) peaks of La,Sr,MO,.5 and (00/)ewic (/ is even) peaks of GDC and YSZ,
indicating that all films are grown epitaxially with the c-axis perpendicular to the film surface. The in-
plane crystallographic relationships between GDC and YSZ (a cube-on-cube alignment) and LSM,,4 and
GDC (an in-plane 45° rotation) are revealed from off-normal phi scan in Figure S2. As shown in Table
S1, the lattice mismatches between GDC and La,SryMO4.;, do not change significantly with different
cation substitutions ranging from -0.5 ~ -1.9%. The AFM images of the experimental c-axis oriented

epitaxial RP,4 thin film surfaces are provided in Figure S3.

The surface exchange coefficient (ko) of all films are shown in Figure 1c of the main manuscript, where
the anisotropic nature of oxygen surface exchange kinetics in RP,;4 oxides can be ruled out as a source of
variation as all films were grown with the c-axis perpendicular to the film surface. The ko values of
epitaxial LaSrCoO,; thin films were found to be ~2 orders of magnitude higher than those of
LaSrNiO,.;s, which is in good agreement with that substituting Co for Ni can lead to enhance the oxygen

surface exchange coefficient (ko) in polycrystalline La;NiOg.s."

It should be noted that the ko values of LaSrCoQ,.; thin films are found to be slightly lower than those of
La,CuO,.; thin films although LaSrCoQ,.s contains a large amount of Sr (Sr=1.0) relative to La,CuQgss.
Furthermore, the ko values of LajgsSre1sCuQ,.s are found to not change significantly as Sr content
increases to 0.4. Recently, we have shown that the ko values of La,.,SryNiO,.; thin films can decrease
with increasing Sr content due to the structure reorientation and the adsorption energy changes.? Boehm
et al. have also reported that the Sr substitution (Sr = 0.1 and 0.2) can decrease the surface exchange
kinetics of polycrystalline La,NiO,.;.2 In contrast, the ko values of the c-axis oriented La,,SryMO4.;
films were found to have no correlation with Sr content, as shown in Figure S5. Therefore, our
observation suggests that the cation substitution on the M-site may play a more important role in the

oxygen surface exchange kinetics of RP oxides compared to the Sr substitution on the A-site.
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Computational approaches - Spin polarized Density Functional Theory (DFT) calculations are
preformed with the Vienna Ab-initio Simulation Package® using the Projector-Augmented plane-Wave
method.” Exchange-correlation is treated in the Perdew-Wang-91° Generalized Gradient Approximation
(GGA). The GGA+U calculations are performed with the simplified spherically averaged approach,
where the U,y (U= Coulomb U - exchange J) is applied to d-electrons. (U.(Co) = 3.3 eV, Un(Ni) = 6.4
eV, and U.g(Cu) = 4.0 eV).” All calculations are performed in the ferromagnetic state in order to use a
consistent and tractable set of magnetic structures and to provide a magnetic environment more similar to
the application relevant high-temperature paramagnetic state than the (typically) antiferromagnetic ground

state.®

Bulk calculations are performed using 56-atom tetragonal 2ax2ax1c supercells with lattice constants
provided in Table S1. Coordinates of atoms are taken from those of the low temperature orthorhombic
phases as initial atomic positions for relaxation,” in order to restore rotation and distortion of transition-
metal-oxygen octahedra in the adopted tetragonal supercells. For the systems with Sr doping, Sr atoms are
placed in the AO rocksalt layers with Sr**-Sr*" distance as far as possible. An effective bulk O 2p-band
center is determined using the mass centroid of the projected O 2p-states (including both the occupied and
unoccupied states) relative to the Fermi level of a relaxed stoichiometric RP,;4 supercell. The bulk oxygen
defect formation energetics are calculated by referencing the total energy of the defect containing bulk
supercells to that of the perfect bulk and the corrected O, gas phase energy (fitted with experimental
formation enthalpies of a series of metal oxides), as described in Ref. ®. The bulk oxygen defect

configurations are provided in Figure S6.

RPy14 (001) surfaces are simulated using the 9-layer 2x2 symmetric (001) AO terminated slabs
(containing 84 atoms), as previously revealed to be the stable surface terminations from ab initio surface
thermodynamic analysis for LaSrCoO,* as well as from recent low-energy-ion-scattering (LEIS)
measurements for (Pr, La),NiOy, 5 and La, Sr,NiO,.5.'° The surface models of the oxygen adsorption for

O and O as well as the surface oxygen vacancy formation are provided in Figure S7. The surface
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adsorption and oxygen vacancy formation energies are also calculated using the corrected O, gas phase

energy reference described above.
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Correlation between the bulk O 2p-band surface O defect energetics - To further demonstrate the
capability of the bulk O 2p-band center to correlate with the energetics of bulk and surface oxygen defect
formation and surface oxygen adsorption, Figure S8(a) shows the bulk oxygen vacancy (blue empty
circles), O™ interstitial (brown filled circles) and O interstitial (red filled circles) formation energies vs.
the computed bulk O 2p-band center of a series of La, , Sr,MO, (M=Co, Ni and Cu) phases. Oxygen
vacancy formation energies and oxygen adsorption energies (the adsorbed O and O species) of the ideal
(001) AO surfaces vs. the computed bulk O 2p-band center of La, Sr,MO, were plotted in Figure S8(b).
Our results suggest that both the bulk and surface oxygen defect formation and surface oxygen adsorption
energies correlate with the bulk O 2p-band centers in a manner that suggests that the O 2p-band centers is
capturing with the essential physics governing the energy of the defect. For example, the opposite slope of
the oxygen vacancy formation vs. the bulk O 2p-band centers as compared to that of the O interstitial
formation in the bulk or O adsorption on the surface is consistent with the opposite defect charge
compensation of the two types of the oxygen defects: generation of electrons in oxygen vacancy
formation while generation of holes in O interstitials formation or surface O adsorption). Furthermore,
the almost flat slope of O interstitial formation in the bulk and O™ adsorption on the surface is also in a
good agreement with no or very little charge exchange with the Fermi energy associated with formation
of such peroxide oxygen species, i.e., formation of O" bound with a bulk or surface lattice oxygen causes
no oxidation in the system: %40,(gas) + O*(lattice) > O(interstitial) + O"(lattice). While the existence of
peroxide species in the RP,, phases has been reported in both experimental'' and theoretical* studies, the
role of O in surface exchange kinetics and bulk oxygen transport remains largely unclear. In this work,
we mainly focus on the capability of the bulk O 2p-band centers that consistently describe oxygen defect
energetics both in the bulk and on the surface across various RP,;4 materials, and utilize its robustness to
further capture trends associated with kinetics of oxygen surface exchange and bulk oxygen diffusion of

the RP,;4 materials. .
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Overall, the existence of the correlations between the bulk as well as the surface oxygen defect
formation/oxygen adsorption and the computed bulk O 2p band centers for a series of La,,SryMO,4 phases
suggests the averaged bulk O 2p-band centers can effectively describe trends of both bulk and surface (for

a specified surface orientation/facet) oxygen defect and adsorption energetics across various RP,;4 phases.
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Surface exchange and oxygen diffusion along the (001) orientation - Although oxygen diffusion along
the a-b plane (i.e., the [100] or [010] directions) of the RP,;, phases has been widely studied",
mechanisms for oxygen transport (and surface exchange) along the c-axis direction (i.e.,, the [001]
direction) is less understood. Minervini et al."** performed atomistic simulations with a Buckingham
potential to investigate oxygen migration in La;NiOg.5, and reported a much greater activation barrier for
oxygen transport via interstitialcy mechanism along the c-axis direction (~3 eV) vs. the a-b plane (0.3~0.9
eV) for O* and O interstitials. Such a significant difference in the calculated activation energies is in
contrast to that of experimentally obtained activation barriers of oxygen diffusion in La,NiO, single
crystals' and epitaxial thin films'", where the activation barriers of oxygen diffusion along the c-axis is
comparable to or smaller than that along the a-b plane. Similar results were also reported for Pr,NiO, and
Nd,NiOy single crystals'® and crystallographically orientated La,CuOQ, grains'’. Bassat et al.'® pointed out
that, if the oxygen migration along the c-axis occurs through a direct vacancy mechanism, it would
require significantly higher activation energy than that of the a-b planes. Therefore other transport
mechanisms such as phonon assisted diffusion,'® cooperative ionic transport across the perovskite layer'®,
or participation of oxygen Frenkel defects and O™ species'* (smaller ionic radii than O%) in the RP, 4
phases were proposed to be possible pathways for oxygen diffusion along the c-axis. Overall, these results
indicate insufficient mechanistic understandings for oxygen transport along the c-axis direction in the
RP,y, phases, and also imply that presence of bulk oxygen understoichiometry such as La, sSrsCuOy;"
and LaSrNiO4;™ may not necessarily result in a direct oxygen vacancy mediated transport along the c-

axis.
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Material instability of the RP,;4 phases vs. the perovskite materials - We note that the experimental
activation barriers of kp* and Dy* for La,CoQO,5 are already close to 0 (see in Figure 4(a) of the main
manuscript), and extrapolation of the O 2p-band correlation to go beyond La,CoOgs for the RP;4
materials will predict that these RP,;, materials have negative activation barriers for their bulk oxygen
transport and oxygen surface exchange, which indicates issues associated with material instability, since
the energies of the transition states will become lower than those of the reactants. Indeed, it was reported
by Munnings et al.’ that no ko* and Dy* data were obtained for temperatures above 684°C for the pure
La,Co04.s sample due to the relative instability of this material at elevated temperatures in air, which
leads to decomposition into LaCoO; and La,05 at temperatures above ~700° C. Such a coupling between
material catalytic activity and material instability is similar to the SOFC perovskite materials®' (see
discussions in Section 8 of the Supporting Information of Ref. *'), where the more active SOFC
perovskites are also less stable. However, the opposite trends (slopes) of oxygen surface exchange activity
(as well as the activation barriers) vs. the bulk O 2p-band centers (relative to the Fermi level) between the
RP,14 phase and the perovskites distinguish that both the material instability and the kinetics of oxygen
surface exchange and bulk anionic transport are influenced by the intrinsic electronic structure properties,

the bulk O 2p-band centers, in the opposite manner.
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Table S1. Lattice parameters of the experimental c-axis oriented epitaxial La, xStyMOu4.5 (x =0,
0.15, 0.4, 1 and M = Cu, Co, Ni) thin films on a (001)cypic-Y SZ substrate with a GDC (20 mol%
Gd) as the buffer layer obtained from Normal X-ray diffraction (XRD).

Lattice mismatch

Materials (bulk) @y /A Couc / A Substrate (a-b plane)
GDC (001), agpc=5.418 A ~-1%
L SuluOus, 5 54 13.171
x=0 ) ’
YSZ (001), aysy=5.147 A ~3.9%
GDC (001), agpc=5.418 A ~-1.4%
La2—xsrxcu04i8a
3.78 13.238
x=0.15%
YSZ (001), ays;=5.147 A ~3.7%
GDC (001), agpc=5.418 A ~-1.9%
L StluOus, 5 74 13.275
x=0.4 ' '
YSZ (001), ays;=5.147 A ~32%
GDC (001), agpc=5.418 A ~-0.6 %
L Snlo0us, 5 g0 12.507
x=1.0 ' '
YSZ (001), ays;=5.147 A ~4.4%
. GDC (001), agpc=5.418 A ~-0.2 %
L2, SENIOys, 3.824 12.429
x=1.0 : '
YSZ (001), ays;=5.147 A ~4.8%
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Intensity / a.u.

Figure S1. High-resolution X-ray diffraction analysis of (a) La;¢Sro4CuQOyys, (b) LaggsSro4CuQyss, (C)
La,CuOy.s, (d) LaSrCo0,.s, and (e) LaSrNiO,.;s epitaxial thin films on (001) YSZ substrates with GDC

buffer layer. YSZ substrate and GDC peaks are indicated with pounds (#) and asterisks (), respectively.
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Figure S2. High-resolution X-ray diffraction analysis of (a) La;¢SrosCuQ,.s, (b) LaigsSro4CuOyus, (C)
La,CuOy,s, (d) LaSrCoO,.;, and (e) LaSrNiO,.; epitaxial thin films on (001) YSZ substrates with GDC

buffer layer. YSZ substrate and GDC peaks are indicated with pounds (#) and asterisks (*), respectively.
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La,Cu0,., LaSrCo0,., La, 55570.15CUO 45
§ RSM : 1.31 nm RSM : 0.76 nm RSM : 1.45 nm

4 RSM :1.94 nm RSM : 0.65 nm

Figure S3. AFM images of the experimental c-axis oriented epitaxial RP,4 thin film surfaces of (a)

LaQCUO4+5 (b) LanCOO4i5 (C) La1_858r0_15CUO4i5 (d) La1_68r0.4CUO4i5 and (e) LaeriO;&g.

S13



R, R, Rorr

—AN— AT AN

o Log | [ o
Substrate - :
(MF) Interface (LF)Film
(©) ' 550 °C
G
=
3
E 500 |- 0.01 atm 1
S
E
e
@ o/ \00.1 atm
gslooo% 1 atm o%
02 % 500 1000

Real Impedance / kQ

Figure S4. (a) Schematic of a LNO/GDC/YSZ(001)/porous Pt samples and electrochemical testing
configuration (not drawn to scale), and (b) equivalent circuit (R1 = YSZ electrolyte resistance, R2 =
electrode/electrolyte interface resistance4, RORR = ORR resistance, CPE = constant phase element) used
to extract ORR Kkinetics, and (c) Nyquist plot of the La,CuQ,.; thin films at 550 °C;
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Figure S5. Sr content dependency of the surface exchange coefficients of La,CuQ,.s (light blue),
LaSrCo0,.;, (green), La;gsSro4CuO,.s (blue) ,La; ¢Sro4CuOys (deep blue) and LaSrNiOg.; (red) thin
films calculated from electrochemical impedance spectroscopy (EIS) spectra collected at 550 °C. Three
microelectrodes from each sample were measured at the same oxygen partial pressure.
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(b)

Figure S6. The simulated RP,,, configurations of bulk (a) oxygen vacancy formation (b) O interstitial
formation (c) O interstitial formation. The green circles represent A site (for La or Sr) and the grey
octahedra represent the M-O local environment (M=Co, Ni, and Cu). The empty square in Figure S6(a),
the large red circles in Figure S6(b), and the small red circles in Figure S6(c) are the oxygen vacancy, O
interstitial, and O interstitial bound with an apical lattice oxygen, respectively. The O-O bond distance
between the O interstitial and the nearest neighbor oxygen is 1.5~1.6 A.
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Figure S7. Simulated configurations of (a) surface oxygen vacancy (b) surface adsorbed O* (c) surface
adsorbed O on the (001) AO terminated surfaces of the RP,;4 9-layer 2x2 symmetric slabs. The green
circles represent La** and blue circles represent Sr** and the grey octahedra represent the M-O local
environment (M=Co, Ni, and Cu). The empty square in Figure S7(a), the large red circles in Figure S7(b),
and the small red circles in Figure S7(c) are the oxygen vacancy, O interstitial, and O™ interstitial bound
with a surface apical oxygen, respectively. Again, the O-O bond distance between the surface adsorbed O
and the nearest neighbor oxygen is 1.5~1.6 A.
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Figure S8. (a) The computed DFT bulk oxygen defect energetics for formation of an oxygen vacancy in
the MO, layer (blue empty circles), an O interstitial in the A,0, layer (filled brown circles), and an O
interstitial bound with an apical oxygen in the A,O, layer (filled red circels) vs. the bulk O 2p-band
centers (relative to the Fermi level, Eremi) for La;NiOy4, La,CuQ,4, LaSrCo0y,, Lag sSrysCu0, and
LaSrNiO,. The simulated configurations are provided in Figure S7(a). (b) The computed DFT surface
oxygen defect and oxygen adsorption energetics for formation of an oxygen vacancy at the top AO
surface layer (blue empty diamonds), and surface adsorbed O (filled brown diamond), and adsorbed O
(filled red diamond)vs. the bulk O 2p-band centers (relative to the Fermi level, Erermi) for La;,NiQy,
La,CuQ,, LaSrCo0O,, La; 5SrysCuO, and LaSrNiO..
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Figure S9. Experimental oxygen surface exchange coefficients (ko) at T~ 600 °C from the literature vs.
the computed bulk O 2p-band center for La,CoOy+5 (blue),’ La,NiO4s5 (red),™ ** % and La;CuOys
(green).'"?2, Labels near the data points indicate the corresponding references where the experimental
ko s are taken.
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