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Strain-Induced Orbital Contributions to Oxygen
Electrocatalysis in Transition-Metal Perovskites

Abel Fernandez, Lucas Caretta, Sujit Das, Christoph Klewe, Djamila Lou, Eric Parsonnet,
Ran Gao, Aileen Luo, Padraic Shafer, and Lane W. Martin*

Epitaxial strain has been shown to produce dramatic changes to the orbital
structure in transition metal perovskite oxides and, in turn, the rate of oxygen
electrocatalysis therein. Here, epitaxial strain is used to investigate the rela-
tionship between surface electronic structure and oxygen electrocatalysis in
prototypical fuel cell cathode systems. Combining high-temperature electrical-
conductivity-relaxation studies and synchrotron-based X-ray absorption spec-
troscopy studies of Lay 5Srg sC0oO; and Lag gSrg ,Coq ,Feq sO; thin films under
varying degrees of epitaxial strain reveals a strong correlation between orbital
structure and catalysis rates. In both systems, films under biaxial tensile
strain simultaneously exhibit the fastest reaction kinetics and lowest electron
occupation in the d,? orbitals. These results are discussed in the context of
broader chemical trends and electronic descriptors are proposed for oxygen

electrocatalysis in transition metal perovskite oxides.

1. Introduction

Transition metal perovskite oxides represent a critical compo-
nent in solid oxide fuel cells and solid oxide electrolyzer cells.
In these ABO; perovskites, the transition metal at the B site
serves as the catalytically active site in the oxygen-reduction
reaction (ORR), converting molecular oxygen to lattice oxygen,
or vice versa in the oxygen-evolution reaction (OER). Perov-
skites with iron, cobalt, manganese, and/or nickel cations at the
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B site have shown high activities and rep-
resent a cost-effective alternative to expen-
sive noble metal-based catalysts; however,
gas exchange at these perovskite surfaces
remains the limiting factor for high effi-
ciency in electrochemical devices.!'3!

The development of perovskites with
high activity has historically relied on
brute-force  compositional  screening
involving the synthesis and testing of
numerous bulk-ceramic samples to estab-
lish an intuition for chemical trends that
can guide researchers to highly active
compositions. More recently, however,
there has been a significant push to
develop electronic descriptors for pre-
dicting electrochemical activity.*”! This
work has led to the identification of several
electronic descriptors that are closely cor-
related with high activity for ORR and OER catalysts, including
the relative position of the oxygen 2p band center,® the B—O
bond covalency,®l and, in particular, the occupancy of the e,
orbitals.>) For example, ¢, orbital occupation has been shown
to be strongly correlated with the B-site-dependent chemical
activity trends, and an “ideal” e, occupancy of =1.2 electrons has
been used as the justification for high activities in LaNiO; and
Bay 5S1(.5C0g sFey ,05.5 (BSCF) catalysts.>?1 As such, the devel-
opment of electronic descriptors has already proved fruitful
in identifying compositions with high activities and, in turn,
developing synthetic control of materials properties to tune the
electronic structure toward these ideal values could unlock a
new way to optimize materials.

In parallel to the development of these electronic descrip-
tors, researchers have leveraged thin-film-based studies to
understand how manipulation of the lattice structure of these
perovskites can affect the electrochemical activity. Several
studies have focused on the role of epitaxial strain in perovskite
oxides for controlling electrochemical activity.""""] Reports have
noted enhanced electrochemical activities in cobalt- and iron-
based perovskites under biaxial-tensile strain driven by strain-
induced changes to surface chemistryl'l or suggested electronic
contributions as the driving force for enhanced electrochemical
activity under tensile strain.'3*18] Meanwhile, strain-induced
changes to e, occupancy have been proposed as the mechanism
of enhanced ORR/OER activities in LaNiOj; films under biaxial
compressive strain.'®! This discrepancy suggests that strain-
induced changes to electronic structure may be dependent on
the identity of the B-site cation and calls for more direct studies
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of the effect of strain on electronic structure in these perovskite
catalysts.

Here, we examine the interplay between epitaxial strain,
orbital structure, and electrochemical activity in two proto-
typical catalyst systems. Utilizing epitaxial strain imposed by
various substrates in thin films of Laj;SrysCoO; (LSCO) and
LaggSr,Cog,Fegs0; (LSCF), we correlate high-temperature
electrochemical measurements with the structure of the cata-
Iytically active transition-metal sites. In both cases, biaxial ten-
sile strain enhances the reaction rates for oxygen exchange, in
agreement with previous studies on similar compositions. We
additionally study the strain-induced changes to the electronic
structure using X-ray linear dichroism measurements at the
iron- and cobalt-L edges. It is shown that the biaxial strain and
associated symmetry breaking of the oxygen octahedra shifts
the energy levels of the two transition-metal e, orbitals with
respect to one another, ultimately changing the occupancy of
the d,? orbital. Together, electrochemical and absorption meas-
urements point to a strong correlation between exchange rates
and d,? occupancy, with fast exchange rates found in films with
lower d,? occupancy. We propose, therefore, that the d,? orbital
is the key orbital involved in oxygen interaction at the perov-
skite surface and is responsible for strain-induced changes
to electrocatalytic activity. These results advance the under-
standing of the role of the electronic structure in oxygen elec-
trocatalysis, provide a mechanism to enhance chemical activity
of oxygen electrocatalysis in thin films, and provide an explana-
tion for several previously reported results regarding epitaxial
strain-dependent electrochemical activities.

2. Results and Discussion

2.1. Synthesis and Characterization

Two sample variants were examined in this study. First, we
studied 20-nm-thick films of LSCO deposited on the LaAlO;
(001), (LaAlOj)o 3(Sr,TaAlOg),; (LSAT) (001), and SrTiO; (001)
substrates, corresponding to biaxial strains of —1.22%, 0.87%,
and 1.79%, respectively, imposed on the LSCO; henceforth
referred to as LSCO/LaAlO; (-1.22%), LSCO/LSAT (+0.87%),
and LSCO/SrTiO; (+1.79%) heterostructures. Second, we
studied 20-nm-thick films of LSCF deposited on LSAT (001),
SrTiO; (001), and DyScO; (110) substrates, corresponding to
biaxial strains of —0.97%, —0.02%, and 1.09%, respectively,*>’]
imposed on the LSCF; henceforth referred to as LSCF/LSAT
(~0.97%), LSCF/SrTiO; (~0.02%), and LSCF/DyScO; (+1.09%)
heterostructures. All films were grown via pulsed-laser depo-
sition (Experimental Section).??l Following film growth, X-ray
diffraction studies (Experimental Section) were carried out to
characterize the resulting structures and strain states (Figure 1).
The systematic decrease in the out-of-plane ¢ lattice parameter
with increasing tensile strain is apparent in both the LSCO and
LSCF films as a progressive shift of the 002-diffraction condi-
tion to higher 26 angles (Figure 1a,b). Additionally, reciprocal
space mapping (RSM) studies about the 103-diffraction con-
dition were performed to examine the in-plane lattice param-
eters and reveal that all films are coherently strained to the
substrate (Figure 1lc-h). The surfaces of the as-grown films
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were characterized with atomic force microscopy (AFM, Experi-
mental Section), and it was found that all films exhibit smooth
surfaces with root-mean square roughness <1 nm (Figure S1,
Supporting Information). Additionally, considering reports of
strain-induced changes to surface strontium segregation, we
studied the surface chemistry of the LSCF films, but found
minimal differences to the surface chemistry in the as-grown
state (Experimental Section and Figure S1, Supporting Infor-
mation). Overall, high-quality thin films of both LSCO and
LSCF were produced in three different strain states, providing a
model set of samples in which to probe the connection between
electrochemical reactivity and electronic structure.

2.2. Electrical Conductivity Relaxation

The oxygen exchange rates of the films were measured via
the electrical-conductivity-relaxation (ECR) method at 300 °C
(Experimental Section) whereby the resistance of the films was
measured as a function of time following a step-change in the
oxygen-partial pressure. The defect equilibria of these materials
dictate that upon decreasing (increasing) the partial pressure
of oxygen (po,) surrounding the films, the lattice will release
(incorporate) oxygen to the environment (film), ultimately
reducing (increasing) the conductivity of the films until it
reaches a new equilibrium./?! The ECR measurement is a com-
monly used technique for determining the oxygen-exchange
and bulk-diffusion coefficients22-25] In thin films, however,
the small sample dimensions mean that the changes to conduc-
tivity are dominated by the surface reaction, allowing for direct
comparison of the oxygen-exchange rates of the perovskite
surfaces. ECR curves measured on strained LSCO films show
an increase in resistance following a sudden drop in pg, from
1 atm to 0.2 atm (Figure 2a and Figure S2, Supporting Infor-
mation). It is observed that the highly compressively strained
LSCO/LaAlO; (-1.22%) heterostructures take the longest to
equilibrate (approaching 30 min for full equilibration), whereas
the tensile strained LSCO/LSAT (+0.87%) and LSCO/SrTiOs
(+1.79%) heterostructures equilibrate in just 3-10 min. Fitting
the rate of change of the normalized resistance to the following
expression provides for extraction of a surface-reaction rate
constant, 2%l

R=R 1 ep| Xt 1
R-R P4 @

where t is the time measured after the pressure change, d is the
film thickness, and R, R,, and R., are the measured resistances
before the pressure change, at time t, and after the film has
equilibrated to a new value, respectively. Fitting each curve to
this equation, we extract the surface-reaction rate constant, k for
all strain states. The extracted rate constants for LSCO/SrTiO3
(+1.79%), LSCO/LSAT (+0.87%), and LSCF/LaAlO; (~1.229%)
heterostructures are 2.8 x 107%, 1.1 x 107, and 1.5 X 10~ cm 57},
respectively, demonstrating an order of magnitude enhance-
ment for films under large tensile strain compared to the films
under large compressive strain (Figure 2a, inset). This differ-
ence is similar in magnitude to previously reported strain-
induced changes.'” A similar trend for strained LSCF films

© 2021 Wiley-VCH GmbH
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Figure 1. Structural characterization of LSCO and LSCF thin films. 8-26 line scans for a) LSCO and b) LSCF thin films, on various substrates illustrate
the decreasing c lattice parameter (increasing 26) for increasing tensile strain in all cases. Reciprocal space maps (RSMs) about the 103-diffraction
conditions of c—e) LSCO and f-h) LSCF thin films demonstrate the high-quality epitaxial thin films are coherently strained to the substrate in all cases.

is observed; namely, close to an order of magnitude increase
in rate constant in films under tensile strain (on DyScO; sub-
strates) as compared to those under compressive strain (on
LSAT substrates) (Figure 2b and inset). While the poor ther-
momechanical stability of LSCO prevented more extensive
temperature-dependent studies,>?’! we performed additional
measurements on the LSCF heterostructures at 275 and 325 °C
(Figure 2c). Temperature-dependent ECR was measured for
both heating (i.e., measuring first at 275 °C and increasing
the temperature thereafter) as well as cooling (i.e., measuring
first at 325 °C and decreasing the temperature thereafter) with
no significant difference observed between the routines, sug-
gesting that sample aging did not play an important role in the
temperature-dependence observed. LSCF/DyScO; (+1.09%) het-
erostructures maintained the fastest surface reaction rate over
the temperature range studied, while the LSCF/LSAT (-0.97%)
heterostructures remained the slowest. Fitting the temperature-
dependence of the rate constants for the LSCF films showed
small differences in activation energy E,, between 0.50-0.66 eV,
similar to activation energies reported for other iron-based cath-
odes and suggesting that any strain-induced difference in E, is
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within the error of the measurement and, therefore, does not
provide sufficient explanation as to the differences between rate
constants (Figure 2¢, inset). Overall, these results establish that
epitaxial strain can induce changes to oxygen-exchange rates.
In agreement with previous reports on cobalt and iron-based
cathodes, biaxial-tensile strain is shown to increase reaction
rates, while biaxial-compressive strain reduces reaction rates.
Now, we turn to a study of the electronic structure to ascertain
whether strain-induced changes to the orbital structure could
be driving the electrochemical differences.

2.3. X-ray Absorption and Linear Dichroism

To probe strain-induced changes to the surface electronic struc-
ture, we performed X-ray absorption and linear dichroism
studies on the epitaxially strained LSCO and LSCF films
at beamline 4.0.2 at the Advanced Light Source, Lawrence
Berkeley National Laboratory (Experimental Section). Here, the
absorption is measured with photons polarized parallel to the
plane of the thin film (E//ab) as well as nearly perpendicular to

© 2021 Wiley-VCH GmbH
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Figure 2. Electrochemical testing of a) LSCO thin films on various substrates at 300 °C showing the fastest relaxation kinetics for films deposited on
SrTiO; (001) substrates, corresponding to +1.79% tensile strain. Inset table shows extracted rate constants, k, for each strain state. b) Measurements
on LSCF thin films at 300 °C showing a similar trend, with films under tensile strain having faster reaction kinetics than the low- or compressively
strained films on SrTiO3; and LSAT substrates, respectively. Inset table shows the extracted rate constants, k, from each strain state. c) The strain-
dependence of the reactions rates for the LSCF thin films holds over a range of temperatures. Inset shows the extracted slopes of the temperature-
dependence and that each strain state gives rise to a comparable activation energy.

the plane of the film (E//c) (Figure 3a). XLD is defined as the
difference between the spectra measured with E//ab and E//c
(i-e., L, — I.). Larger absorption from E//ab (i.e., I — I. > 0)
indicates more empty in-plane states, whereas larger absorption
from E//c (i.e., I, — I < 0) indicates more empty out-of-plane
states. Moreover, absorption is measured via a total electron
yield (TEY) process, ensuring that the studies are sensitive to
only the top few nanometers of the film, thus probing the por-
tion of the film most directly exposed to the environmental gas
and involved in oxygen electrocatalysis.

First, we examined the cobalt-L edge for strained LSCO het-
erostructures (Figure 3b and Figure S3a—c, Supporting Informa-
tion). The relatively broad L; and L, peaks confirm a mixture of
Co’* and Co*" that is caused by the aliovalent doping of Sr** on
the La3" site.?8] Moreover, there has been significant discussion
regarding the spin state in Co**-based perovskites, with compe-
tition between high-spin (HS, t,,%,?), low-spin (LS, ty,°¢,’), and
intermediate-spin (IS, t,,’¢,") states which are relatively close
in energy with each producing unique X-ray absorption and
XLD spectra.?#3% In the La;,Sr,CoO;.5 system, spectroscopic
studies have proposed that the cobalt exists predominantly as
a mixture of HS Co*", and HS Co*", with some LS Co*" that
decreases in prevalence with increasing Sr2* content.?®l The
spectra observed here are consistent with the presence of HS
Co’** and Co*" and the relatively high Sr** content (50%) and
suggests that the fraction of LS Co** is likely to be low in these
samples; thus we assume a HS configuration for further anal-
yses (see Supporting Information for further discussion). In
this case, the significant filling of the t,, orbitals suggests that
the majority of the electronic changes observed will originate
in the ¢, orbitals. We indeed see differences in the absorption
of in-plane (E//ab) and out-of-plane (E//c) X-rays mainly occur-
ring on the high-energy side of the L; and L, edges, suggesting
epitaxial strain is primarily modulating the electron occupancy
of the ¢, orbitals in LSCO. The strain-induced changes are best
observed in the linear dichroism. For LSCO/LaAlO; (-1.22%)
heterostructures under biaxial compressive strain (Figure 3b),
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the integrated area is largely positive, indicating more empty in-
plane states, whereas for the LSCO/LSAT (+0.87%; Figure 3c)
and LSCO/StTiO; (+1.79%; Figure 3d) heterostructures under
tensile strain we see the inverse, with large negative areas, indi-
cating more empty out-of-plane states.

In the case of the iron-L edge in the LSCF films, the spectra
generally resemble that of LaFeOj;, characterized by doublets in
both the L; and L, edges (Figure 3e—g and Figure S3c—e, Sup-
porting Information), indicating the iron is primarily in the Fe3*
state.®3! Examining the L; edge, the strongest peaks, centered
around 709.5 eV, correspond to the ¢, states, while the smaller
peak at lower energies corresponds to the t,, states. Beginning
with the low-strain LSCF/SrTiO; (-0.02%) heterostructure, the
spectra measured with in- and out-of-plane polarized X-rays are
almost identical, exhibiting near-zero dichroism, as expected
for a cubic perovskite (Figure 3f). Applying strain, however,
results in the emergence of more significant dichroism with
the LSCF/LSAT (-0.97%; Figure 3e) and LSCF/DyScOj; (+1.09%;
Figure 3g) heterostructures showing inverted dichroism relative
to one another. This inversion of the difference curve is an indi-
cation of inversion of the preferential occupation of the orbitals.
Despite the linear dichroism for strained LSCF heterostructures
showing a more complex shape, we expect the epitaxial strain to
primarily modulate the energies of the ¢, orbitals, and measure-
ments of the oxygen-K edge in LSCF supports this (Figure S4,
Supporting Information). Thus, the same trend is observed
for both LSCO and LSCF films: that the integrated area of the
linear dichroism becomes increasingly negative as the films are
subjected to increasing tensile strain (Figure 3h). This confirms
that applying tensile strain results in an increase in the density
of available states in the out-of-plane-oriented d orbitals for both
LSCO and LSCF films.

To take a more quantitative approach to the analysis, we
examined the energy splitting and electron occupation of the
orbitals in question. It is understood that in many transition-
metal perovskite oxides the conventional ligand-field model
suggests that changing the overlap of the transition metal 3d

© 2021 Wiley-VCH GmbH
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Figure 3. XLD measurements of LSCO and LSCF films. a) The grazing incidence geometry allows for selectively probing the difference between the
in-plane d2,? (red) and out-of-plane d,? (blue) orbitals. b-d) Measurements of the cobalt-L edge show an inversion of the dichroism moving from
compressive strain (LSCO/LAO) to tensile strain (LSCO/LSAT and LSCO/STO). e-g) XLD at the iron-L edge in LSCF films shows a similar inversion
of the dichroism between compressive (LSCF/LSAT) and tensile (LSCF/DSO) strain states, while the low-strain, cubic film (LSCF/STO) shows no
dichroism. h) The total integrated XLD area is summarized demonstrating that increasingly tensile strain (decreasing c/a ratio) results in more nega-

tive XLD area, corresponding to more empty states oriented out-of-plane.

orbitals with the oxygen 2p orbitals shifts the energy of the
electrons within these orbitals, with biaxial compressive strain
increasing the energy of the d,2,? orbital relative to the d,* and
vice versa for biaxial tensile strain (Figure 4a).3?l In turn, we
estimate the strain-induced energy splitting of the ¢, orbitals by
comparing the difference in energy of the L; peak for vertically
and horizontally polarized light for the cobalt-L edge in LSCO
(Figure 4b). The peak energy of the in-plane polarized light
decreases by =100 meV, with increasing tensile strain, whereas
the peak energy for the out-of-plane polarized light increases
by =25 meV. To quantify the strain-induced energy difference
between the ¢, orbitals, we define:

ey = Eu (B} ab)~ Eo (EJ/ )= E(d, )~ E(d,) o

In both LSCO and LSCF, Ae, goes from positive to nega-
tive as we move from compressive to tensile strain (Figure 4c).
In a cubic crystal field, these two e, orbitals are energetically
degenerate, as evidenced by the smallest Ae, for the LSCF/
SrTiO; (—0.02%) heterostructures and, thus, electrons are more
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equally distributed between the two ¢, orbitals. When biaxial
strain is applied, however, the associated symmetry-breaking
removes the energetic degeneracy and we see that under tensile
strain Ae, < O (i.e., the d,? orbital is higher in energy relative
to the d,2,* orbital) and under compressive strain Ae, > 0 (i.e.,
the d,? orbital is lower in energy relative to the d,2,* orbital).
This breaking of the energetic degeneracy of the ¢, orbitals is
expected to also break the degeneracy in electron occupancy
of the two e, orbitals.’* That is, electrons will preferentially
occupy the lower-energy orbital, thereby reducing the occu-
pancy of the higher-energy orbital. In this case, the reduc-
tion of the d2? orbital energy under tensile strain results in
preferential occupation of the lower-energy d,2, orbital and a
reduction of the electron occupancy in the higher-energy d,?
orbital. Using established sum rules for linear dichroism, we
estimated this change in occupancy of the d,? orbital for each of
the films under study (see Supporting Information for further
discussion).’>] In the case of both sets of films, we see that
the reduction in the energy of the d,2,? orbital under increasing
tensile strain results in a reduction of the d,>-orbital occupancy

© 2021 Wiley-VCH GmbH
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Figure 4. Orbital occupation and oxygen reactivity. a) Schematic illustrating the relationship between epitaxial strain and orbital energies in perovskite
oxides showing that applying compressive strain breaks the e, degeneracy and shifts the d,2,? orbital higher in energy than the d,” orbital, while for
tensile strain the d,2,? orbital is lower in energy. b) Peak energies extracted from the cobalt-L edge in LSCO films demonstrate this trend, as the in-
plane peak energy, corresponding to the d,2,? orbital shifts lower in energy with tensile strain. c) The difference in orbital energy, Ae,, changes sign
moving from compressive to tensile strain, with LSCO demonstrating a larger strain-induced change in orbital energies than LSCF. d) Calculation of
the strain-dependent occupancy of the d,? orbital shows that increasing tensile strain reduces the occupancy toward the proposed optimal value of
=30% and this reduction in occupancy is correlated to the increase in reaction rates with strain summarized in (e). f) Schematic showing that the d,?

orbital plays an important role in oxygen electrocatalysis as the primary orbital for interaction oxygen gas molecules adsorbing at the perovskite surface.

as electron density shifts from the d,2,? orbital to the d,? orbital
(Figure 4d). We note that the trends in orbital occupancy (calcu-
lated from the total integrated intensities of each spectrum) and
the trends in Ae, (calculated from peak energies) are in agree-
ment for both compositions, albeit with different magnitudes
for LSCO and LSCF, supporting the strain-induced Ae, splitting
as a driving force for changes to d,2-orbital occupancy. Overall,
this demonstrates that epitaxial strain can be used to modulate
the occupancy of the d,? orbitals.

2.4. Orbital Occupation and Electrocatalysis

We now turn our attention to the relationship between orbital
structure and the electrochemical results reported here and
elsewhere.>”77] Recall that the rate constants in both LSCO
and LSCF films increased monotonically as the strain state was
changed from compressive to tensile, or in other words as the
c/a lattice parameter ratio decreased (Figure 4e). Corresponding
to this change in rate constant with strain, we observed an
overall decrease in the electron occupancy of the d,? orbital
with increasing tensile strain in both materials. The correlation
here is further supported by measurements on LSCF/TbScO;
(+1.23%) heterostructures (Figure S5, Supporting Informa-
tion). In those heterostructures, despite larger lattice mismatch,
both measured rate constants and the linear dichroism were
decreased with respect to LSCF/DyScO; (+1.09%) heterostruc-
tures. As such, the measured linear dichroism and calculated
orbital occupancy provides a stronger predictor for reaction rate
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constants than the epitaxial strain (see Supporting Information
for further discussion). In the context of the proposed electronic
descriptors, specifically the e, filling, this strong correlation
between d,2-orbital occupancy and rate constant is interesting
because the overall ¢, filling does not change with strain, only
the relative occupation of the two non-degenerate orbitals has
changed. The correlation to the occupancy of the d,? orbital can
then be understood in that the d,? orbital is the orbital that is
projected out of the surface of an [001]-oriented thin film, and
would have the most orbital overlap with the oxygen 2p orbitals
of the incoming oxygen molecule to be adsorbed at the transi-
tion metal B site (Figure 4f); a process which has been shown
to be a critical step in the activation and incorporation of mole-
cular oxygen at perovskite surfaces.*®! In this case, the ideal
value is no longer an ¢, filling of ~1.2 electrons, but instead
would be =0.6 electrons in the d,? orbital, or =30% occupancy.
As observed here, at the cobalt and iron sites in LSCO and
LSCF, respectively, the d,2-orbital occupancy is near 50% at zero
strain, and is decreased toward the optimal value of =30% with
the application of tensile strain. The occupancy trends extracted
from both the strained LSCO and LSCF films thus provide addi-
tional rationale for the observation of enhanced oxygen electro-
catalysis in cobalt- and iron-based perovskites under epitaxial
tensile strain reported previously.'>*] Moreover, this insight
may also explain the somewhat contradictory report of enhanced
bifunctional catalysis of LaNiO; thin films under compressive
strain."®l Because of the robust low-spin t,,%," electron configu-
ration of the Ni** in those films, the zero-strain state likely has
a d,? orbital occupancy of =25%, and thus compressive strain

© 2021 Wiley-VCH GmbH
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increases the d,? orbital occupancy towards the ideal value
near =30%. This sort of chemistry dependence is evident even
in the present work, where both the d,?-orbital occupancy and
rate constant are more dramatically modulated by the applica-
tion of epitaxial strain in the LSCO films as compared to the
LSCF films. The robust, half-filled t,,’¢,* electron configuration
of the Fe* site in LSCF likely prevents more significant orbital
polarization in the ¢, levels, due to the electron-electron repul-
sion associated with trying to increase electron density in the
already singly occupied d,%,? orbital, whereas the more complex
Co**/** system having HS ty,*e,% LS 1%’ and IS t’e,' states
could allow for more flexibility by shifting electron density into
the d,2,? orbital since a larger fraction throughout the film may
be empty. This dependence on chemistry suggests that the con-
nection between epitaxial strain and oxygen electrocatalysis
observed for cobalt- and iron-based perovskites in this and pre-
vious studies is not universal but is strongly dependent on the
zero-strain electronic configuration.

3. Conclusion

In summary, we have demonstrated a strong correlation
between the orbital structure and oxygen electrocatalysis rates
in cobalt- and iron-based perovskite oxides. Electrochemical
studies on epitaxially strained LSCO and LSCF thin films con-
firm an activity trend previously reported by several groups,
namely that biaxial tensile strain enhances oxygen reactivity,
while biaxial compressive strain suppresses oxygen reactivity.
We find that an important descriptor for this activity trend for
the LSCO and LSCF films is the electron occupancy of the d,?
orbital, which is directly involved in the surface reaction of
these perovskites with molecular oxygen. In addition to iden-
tifying the d,? orbital as the electrochemically active orbital in
[001]-oriented thin films, this work also demonstrates that epi-
taxial strain can be used as a synthetic tool to modulate the elec-
tron occupancy of this orbital and subsequently enhance the
reactivity of these perovskite catalysts.

4. Experimental Section

Synthesis of Epitaxial Thin Films: Thin films were synthesized via
pulsed-laser deposition using a KrF excimer laser (248 nm; LPX 305,
Coherent, Inc). 20-nm-thick LSCO films were deposited from a ceramic
target (Praxair) of the same chemistry (LagsSrgsCoOj3) on LaAlO; (001),
LSAT (001), and SrTiO; (001) substrates (Crystec, GmBH) at a heater
temperature of 700 °C in a dynamic oxygen pressure of 200 mTorr with
a laser fluence of 1.0 ] cm™ at a repetition rate of 10 Hz. 20-nm-thick
LSCF films were deposited from a ceramic target (Praxair) of the same
chemistry (LaggSro,Coq,FeqsO3) on LSAT (001), SrTiO; (001), and
DyScO; (110) substrates (Crystec, GmBH) at a heater temperature
of 650 °C and a dynamic oxygen pressure of 200 mTorr using a laser
fluence of 0.9 ) cm™ at a repetition rate of 5 Hz. Following deposition,
all films were cooled in a static oxygen pressure of 700 Torr. LSCF films
were cooled at a rate of 10 °C min™' following deposition, whereas the
LSCO films were cooled at a rate of 5 °C min~' to avoid cracking the
films.

Characterization of Crystal Structure and Surface Topography: X-ray
studies were conducted with a high-resolution X-ray diffractometer
(X'pert Pro®, PANalytical) utilizing a PIXcel3D-Medipix3 detector.
6-26 line scans were measured from 10-60° to probe the out-of-plane

Adv. Energy Mater. 2021, 11, 2102175

2102175 (7 of 8)

www.advenergymat.de

lattice-spacing of the films, utilizing line-detection mode. Two-
dimensional reciprocal space maps were measured using the full-frame
area detection of the PIXcel3D-Medipix3 detector. In the case of the
cubic substrates (i.e., LaAlO3, LSAT, and SrTiO3), RSMs were completed
about the 103-diffraction condition, whereas for orthorhombic substrates
(i-e., DyScOs), RSMs were centered about the 332-diffraction condition
allowing for measurement of the films 103-diffraction condition in
all cases. Surface topography was studied using an atomic force
microscope (MFP-3D, Asylum Research).

Evolution of Surface Chemistry: Samples were annealed in a tube
furnace at 350 °C in air using a 10 °C min~' ramp rate for heating and
cooling, with varying dwell times to study the evolution of surface
chemistry under conditions similar to those in the ECR measurements.
Following the annealing steps, the surface of each sample was
characterized via X-ray photoelectron spectroscopy (XPS, PHI 5600) at
a pressure <107 Torr using an aluminum K, (1486.6 eV) source. Spectra
for the strontium 3d excitation were fit using the CasaXPS software
with a symmetric line shape and fixed branching ratio of 3:2. Following
surface characterization, samples were returned to the furnace for the
next anneal step (Figure S1, Supplemental Information).

Electrochemical Measurements: ECR measurements were carried
out in a home-built, tube-furnace-based measurement system. Prior
to measurement, 100 um circular platinum contacts with 200 pm
spacing were deposited. Contacts were wire-bonded to a CERDIP chip
carrier with gold wire before mounting in the tube furnace. A Keithley
2400 was used to measure the 4-point resistance of the sample. A 7 uA
drive current was used for LSCF films whereas a 700 UA drive current
was used for LSCO films. A 1000 sccm gas flow was maintained for the
duration of the electrochemical experiments, controlled by 2 mass flow
controllers to ensure a fast pressure change in the tube. The partial
pressure of oxygen was changed utilizing a 3-way valve to change the
input of one mass flow controller between N, and O,, while another
mass flow controller continuously flowed O,. In all cases, at least three
films of each composition and strain state were measured to ensure
results were repeatable.

X-ray Absorption and Linear Dichroism Spectroscopy: X-ray absorption
spectra were measured on 20-nm-thick films deposited under
identical conditions to those used for electrochemical measurements.
Measurements were carried out at Beamline 4.0.2 of the Advanced Light
Source, Lawrence Berkeley National Laboratory at room-temperature in
total-electron-yield (TEY) mode. Grazing incidence measurements were
performed at an incident angle of 20° with respect to the sample surface
while normal incidence scans were performed with an incident angle of
90° with respect to the sample surface. The X-ray energy and polarization
was selected using an elliptically polarizing undulator. The intensity of
the incident X-ray beam and sample drain current were simultaneously
measured to normalize the absorption intensity. The linear dichroism
measurements were obtained from the difference of horizontal and
vertical polarized X-ray absorption spectra.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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