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ABSTRACT: A fundamental understanding of the relationship between activity and stability is A
essential for rationalizing materials used as catalysts for the oxygen evolution reaction (OER). In
the case of oxide perovskites, the catalytic activity of OER catalysts is often linked to the

electronic structure, such as the degree of hybridization and occupation of the O 2p and 2=
transition metal 3d orbitals (TM 3d—O 2p), but their transient behavior during catalyst lifetime .= [ LSFO |
and degradation remains poorly understood. To address this, an epitaxial model system &
approach is utilized, comparing La,Sr4C00O5_s (LSCO) and LagSry FeO;_5 (LSFO) as bulk

5 o q q : L u
model OER catalysts. Both materials show distinctly different degradation mechanisms under & degradation

dynamic cycling, namely a surface-passivation-mediated degradation in LSFO and an extended
bulk degradation in LSCO. This contrasting behavior is consistently observed in their
postcatalysis morphology, crystallinity, electronic structure, and electrochemical redox behavior.

Our findings indicate a correlation between the hosted transition metal and the dominant

number of cycles
degradation mechanism. This relationship leads to distinct transient behaviors of electronic

structure, morphology, and OER activity. It also indicates a systematic loss of available hybrid electronic states over the catalyst’s

lifetime.

KEYWORDS: oxygen evolution reaction, alkaline electrolyte, perovskite oxides, stability, X-ray absorption spectroscopy, model catalyst,

in-operando atomic force microscopy, electrolysis

B INTRODUCTION

Perovskite oxides serve as excellent building blocks for fine-
tuning the electronic structure of electrocatalysts, which can be
achieved, for example, through B-site substitution.”” This
degree of freedom allows for a correlation between the
electronic structure and the activity-stability relationship of the
electrocatalyst.’™® In the case of water electrolysis in an
alkaline environment, perovskite oxides are particularly suitable
as anode materials to catalyze the sluggish oxygen evolution
reaction (OER).”™” The OER requires a high overpotential
and, thus, is currently more critical for efficient water-splitting
processes than the hydrogen evolution reaction.””"" However,
the limited stability of the perovskite oxides remains an issue.
Prolonged usage leads to degradation, such as amorphization
of the crystalline phase and dissolution of the transition metal
or lanthanide/alkaline-earth metal.””~'* Various engineering
approaches to control the activity-stability relationships were
developed to overcome these limitations.” These approaches
include characterizing surface changes through in-operando
atomic force microscopy (AFM) in tailored electrochemical
environments, > altering the catalysts’ surface termination,"’
and conducting atomic engineering of the catalyst.'®”"
However, the detailed degradation mechanism reveals complex
chemical behaviors and also greatly depends on how stability is
tested. Weber et al. observed two distinct degradation
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mechanisms for LaySrg4,CoO5_s (LSCO) under different
electrochemical testing conditions, namely dynamic versus
static loads.'””” Their findings indicate that dynamic loads can
lead to a complete decomposition of the electrocatalyst,
whereas static loads result in a surface reconstruction followed
by passivation. This suggests that processes occurring at lower
potentials during cycling may significantly influence the
degradation behavior of the catalyst. The degradation
processes are mainly attributed to the dissolution of alkaline-
earth metals and transition metals, which may cause
amorphization or surface reconstruction.”’ This understanding
underscores the complexity of material behavior under varying
operational conditions. Understanding these degradation
mechanisms of perovskite oxides in alkaline electrolytes
under dynamic conditions is crucial for optimizing electro-
lyzers’ utility with a volatile energy supply by a rational
materials design.
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Figure 1. Epitaxial thin film catalysts’ initial structural and morphological properties. (a) RHEED intensity during growth of the LSCO and LSFO
model catalysts. (b) and (c) corresponding morphology visible in the AFM images of the as-grown samples. (d) X-ray diffractogram showing the
epitaxial thin films of LSCO (blue) and LSFO (green) in (001) orientation grown on Nb:STO (001).

The hybridization of the transition metal and oxygen states
near the Fermi level is a widely studied activity descriptor, as
these states are directly involved in chemical bonding and
electronic charge transfer during the OER.""** In the soft X-
ray regime, transition metal L edge spectra yield information
about the transition metal’s oxidation and spin states.”*~° The
unoccupied transition metal states hybridized with O 2p
character (TM 3d—O 2p) are visible in the O K-edge spectra
of the perovskite oxide.”” Yet, the correlation between the
degradation mechanism and the TM 3d—O 2p states remains
unknown. A fundamental understanding of the transformations
and transient behavior of the degraded electrocatalyst’s
electronic structure is essential for controlling and ultimately
preventing the degradation mechanism. To address this,
epitaxial thin films with well-defined surfaces and crystallinity
provide an ideal basis for investigation.”**~*° The transient
degradation can be investigated under similar structural
conditions, allowing for a systematic comparison of the
behavior of different TM-based OER catalysts.

In this study, we investigate how the electronic structure of
pristine LSCO and LSFO thin films transforms under dynamic
conditions in alkaline electrolyte. Two distinctly different
degradation mechanisms were observed: surface passivation for
LSFO and bulk degradation for LSCO. These findings were
revealed through near-edge X-ray absorption fine structure
(NEXAFS), in-operando atomic force microscopy (AFM), and

X-ray diffraction (XRD). The degradation mechanism changes
with the reversibility of the transition metal’s oxidation state
during cycling. Bulk degradation occurs with reversible changes
in the oxidation state, while surface passivation is observed
during a predominantly oxidizing process of the perovskite
oxide during electrochemical cycling. The surface-limited
degradation mechanism leads to stabilized OER activity after
initial cycling. In contrast, bulk degradation is characterized by
continuous losses in OER activity.

B RESULTS AND DISCUSSION

Epitaxial model catalysts were synthesized by reflection high-
energy electron diffraction (RHEED)-controlled pulsed laser
deposition. Figure 1 shows the epitaxial thin film catalysts’
initial structural and morphological properties. In Figure la the
evolution of the RHEED intensity during the growth of LSCO
and LSFO is displayed. Intensity oscillations were observed in
both cases, indicating a layer-by-layer growth mode. In the case
of LSCO the vanishing of the oscillations is due to the
transition from layer-by-layer to step-flow-like g%rowth mode,
which has been previously observed for LSCO."”” We further
note that occasional step bunching can be induced from the
substrates. Each oscillation corresponds to the deposition of a
single monolayer of the desired perovskite oxide onto the
niobium-doped strontium titanate (Nb:STO) substrate. Both
depositions result in a catalyst film that is 20 nm, consisting of
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Figure 2. (a) First and 300th cyclic voltammogram of LSCO and LSFO in 0.1 M KOH with a sweep rate of 10 mV/s up to a maximum potential of
2.2 V vs RHE. The dark lines are the initial sweeps, and the light-colored lines are the 300th cycle. (b) Ratio of the current density at 2.2 V vs RHE
of each cycle n (j,"™) to the initially reached current density (j;™) for LSCO (blue) and LSFO (green). Zoomed-in area of the cyclic
voltammogram of LSCO (c) and LSFO (d) for the starting potentials of the cyclic voltammetry measurement for various cycle numbers.

either LSCO or LSFO on the single crystal substrate. The
morphology of the as-grown thin films is examined by AFM, as
shown in Figure 1b,c. The typical step terraces of the
underlying substrate remain visible in both materials,
indicating homogeneous growth. The root-mean-square
(RMS) roughness of the as-grown state of the thin films is
0.5 and 0.19 nm for LSCO and LSFO, respectively. Note that
the RMS value for the LSCO is higher due to step bunching
present in the substrate (RMS value: 0.47 nm), and the LSCO
thin film itself smoothly covers the substrate.

Figure 1d shows the X-ray diffractograms of the as-grown
thin film catalysts. The sharp peaks correspond to the Nb:STO
substrate, and in the case of the LSCO, the thin film peaks are
visible toward higher angles with intensity oscillations on both
sides. For LSFO, the thin film peaks overlap with the substrate
peaks but are clearly evident by the intensity shoulder (most
noticeable around (004) reflection) toward lower angles and
clear thickness oscillations. The visible Laue oscillations in
both cases indicate the well-defined substrate-to-thin-film
interface and surface. The period of these oscillations confirms
the thickness of the catalyst thin films to be around 20 nm.
Hence, the model catalysts have a single crystalline nature with
a defined crystallographic orientation. These highly defined
model catalysts with the same crystallographic orientation
serve as the starting point to further understand the
degradation behavior of perovskite oxides under dynamic
conditions in alkaline electrolyte and to disentangle the
influence of morphology and chemistry.

For electrochemical experiments, 50 nm of platinum was
sputtered around the thin films (backside, edges, and front
edges). The sputtered thin films were then investigated using a
rotating disk electrode setup and repeatedly cycled between 0.9
and 2.2 V vs a reversible hydrogen electrode (RHE) to mimic
the degradation under dynamic loads in a fixed potential
window. The following potentials are all in reference to the
RHE. Four samples for each material were investigated in this
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manner and cycled for S, 30, 100, and 300 cycles to understand
the transient degradation of LSCO and LSFO.

Figure 2 displays the typical current density as a function of
the applied potential of the model catalysts in 0.1 M KOH.
Figure 2a shows the cyclic voltammogram (CV) of LSCO and
LSFO for the initial cyclic sweep (dark color) and the 300th
cyclic sweep (light color) up to 2.2 V. Note that iR corrections
were not applied to the data, as the uncompensated resistance
obtained from the impedance measurements continuously
increased with enhanced cycle number (cf. Figure S1).
Significant current densities are achieved at potentials above
1.6 V for LSCO, which rises sharply with increased potential to
a final value of about 8 mA cm™2 at 2.2 V.

In the case of LSFO, the current increase is less pronounced
with applied potential and reaches a maximum of about 1.5 mA
cm™? at 2.2 V. Repeated cycling of the applied potential up to
2.2 V for 300 times resulted in a significant reduction in the
maximum current density achieved per cycle. The light colors
in Figure 2a show the 300th cycle of LSCO (light blue) and
LSFO (light green). For LSCO, the maximum current density
achieved per cycle dropped to 0.1 mA cm™?, which
corresponds to a decrease by a factor of 80. For LSFO, the
current density after 300 cycles resulted in a final current
density of 0.36 mA cm™2 and, therefore, a reduction by a factor
of 4.

Figure 2b illustrates this trend by plotting the ratio, ¢ = j;'**/
J1% of the current density at 2.2 V achieved at cycle number n
(/) with respect to the initial value during the first cycle
(7). For LSCO, ¢ shows a low initial negative slope,
indicating a slight loss of activity. After the first S cycles, the
current density remains above 95% of its initial value.
However, continuous cycling leads to a significant decline in
the current densities, which can be seen by the steep slope in
Figure 2b. After around 30 cycles, @ significantly decreases and
continuously declines until around the 100th cycle, at which
point only about 20% of the initial current density is retained.

https://doi.org/10.1021/acscatal.5c02273
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Figure 3. (a, b) Atomic force microscopy images of the catalysts post 300 cycles in 0.1 M KOH for LSCO and LSFO, respectively. (c, d) The
corresponding diffractograms of the LSCO (blue) and LSFO (green) thin films.

Although the rate of decay slows down afterward, a nearly
complete loss of activity occurs over the subsequent 200 cycles.

LSFO exhibits a distinctly different behavior regarding ¢.
Initially, there is a sharp decline in current density, with an
observed decrease of about 20% after S cycles. Continued
cycling leads to further reduction; however, the OER activity of
LSFO stabilizes after approximately 40 cycles at a ratio of 0.47.
After 300 cycles, ¢ drops to about 0.25. Thus, while LSFO
shows lower initial OER activity, its stabilization with repeated
cycling ultimately leads to a higher current density than for
LSCO after 300 cycles. Note that leaching of the transition
metals into the electrolyte can have an influence on catalytic
activity and stability.””>* Our measurements were carried out
in an electrochemical cell with a volume of 100 mL, which
makes a potential impurity concentration due to leaching very
small, yet a residual influence, e.g, of dissolved Fe species,
cannot be excluded.

Figure 2¢,d show the corresponding cyclic voltammogram
during the degradation of each LSCO and LSFO catalyst at
low applied potentials, in which the intrinsic redox behavior of
the catalysts can be observed. It is found that redox reactions
start to emerge with an increased number of cycles. During
dynamic cycling, two features can be observed in the case of
LSCO: (1) oxidation features during the anodic sweep and (2)
reduction features during the cathodic sweep. This indicates a
dynamic process of oxidation and reduction on the surface of
the Co-containing catalyst. The concrete oxidation state of Co
is difficult to determine from the CVs alone; however, we can
see a qualitative trend in the kinetics of the redox reaction. The
peak height first increases in the initial cycles but then reduces
at a higher number of cycles and is almost completely gone
after 300 cycles. LSFO, on the other hand, shows primarily
signatures of oxidation, while reduction features are hardly
observed during cycling (Figure 2d). For LSFO, an increase in
current density at lower potentials is observed during both the
anodic and cathodic sweeps with each cycle. This indicates that
an oxidation reaction occurs, but with a much less pronounced
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reduction during the cathodic sweep in the here employed
potential window. Reduction peaks observed in LSFO are
observed at potentials below 0.8 V vs RHE.”> Moreover,
byproduct reactions, such as hydrogen peroxide, may
contribute to the observed behavior during cycling.’**
Therefore, it appears that LSFO continuously undergoes
oxidation until it reaches saturation at around 300 cycles. In
contrast, LSCO undergoes dynamic cycles of consecutive
oxidation and reduction processes.

To understand the distinctly different degradation and redox
behavior in more detail, the thin film properties were revisited
after the electrochemical processing. Figure 3a shows the
resulting morphology of the LSCO catalyst after 300 cycles in
0.1 M KOH after removing the sample from the RDE,
followed by gentle cleaning and drying. The step-terraces that
were evident in the as-grown state are not distinguishable
anymore. This indicates a significant change in the surface
structure of the catalyst, which is also reflected in the increased
RMS value of 1.86 nm.

In contrast, LSFO still shows a step-terrace structure (Figure
3b), and only a small residue appears on the surface after 300
cycles, increasing the RMS value only slightly to 0.61 nm. In
addition, X-ray diffraction was employed on the degraded
catalysts. Figure 3c shows the diffractograms for the LSCO
catalyst after various number of cycles, from S cycles (dark
blue) up to 300 cycles (light blue). The initially observed Laue
oscillations vanished, which is in line with the observed
roughening of the catalyst surface. The LSCO (002) peak
exhibits reduced intensity and becomes slightly broader,
indicating a loss of crystallinity and an enhanced level of
disorder within the entire 20 nm thick film. This observation is
consistent with previous work showing a complete loss of the
crystalline perovskite phase for degraded LSCO catalysts after
30 CV cycles with higher current densities."” In contrast to the
initial lattice expansion observed at higher current densities,"”
we observe a stable lattice parameter of the LSCO layer upon
degradation.

https://doi.org/10.1021/acscatal.5c02273
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Figure 4. (a) Evolution of the normalized Co L, ; NEXAFS spectra of LSCO after increased number of cycles. (b) Evolution of the normalized Fe
L, ; NEXAFS spectra of LSFO after increased number of cycles. (c) Evolution of the normalized O K NEXAFS spectra of the same samples as in
(a) (d) Evolution of the normalized O K NEXAFS spectra of the same samples as in (b).

In contrast to the behavior of LSCO, LSFO shows almost no
change in the crystal structure after 300 cycles (Figure 3d).
The Laue oscillations remain after the electrochemical
treatment, consistent with the primarily smooth and single-
crystal-like surface observed through AFM. While both LSCO
and LSFO initially exhibit comparable single crystalline and
atomically smooth epitaxial characteristics, they follow
distinctly different degradation mechanisms under dynamic
loads. LSCO loses its crystallinity and initial morphology,
whereas LSFO remains structurally almost unchanged after the
OER. Based on the Laue oscillations in the XRD data, the
difference in the crystalline layer thickness of LSFO after 300
cycles is around 0.4 nm, which corresponds to a reduction by
one unit cell of the perovskite oxide. Therefore, it appears that
the passivation layer on the surface is only very thin in the case
of LSFO, preserving the bulk structure of the catalyst. The
XRD analysis did not reveal any secondary phases. However, it
is possible that a nanometer thin surface layer could be below
the resolution limit of X-ray diffraction.

To monitor changes in the electronic structure of the OER
catalysts following repeated cycling, we employed X-ray
absorption spectroscopy (XAS). The samples were cycled
several times, as indicated, and measured using soft X-rays. All
samples consistently showed the characteristic degradation
behavior discussed in Figure 2a,b (see Figure S2). The spectra
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were recorded simultaneously in fluorescence yield (FY) for
bulk properties and total electron yield (TEY) mode to
enhance surface sensitivity.

Figure 4a shows the Co L, ;-edge X-ray absorption spectra of
the LSCO catalyst after different cycling numbers obtained in
TEY. The spectra of the as-grown catalyst (blue) show the L,
edge at 780 eV with a shoulder on the lower energy side and
the L, edge at 795 eV. The broader peaks in the as-grown state
rapidly transition into much sharper spectral features, evident
already after 5 CV cycles. As discussed in ref,”* a broad spectral
feature in the Co L-edge indicates a high spin state for Co™*,
while sharper and more defined shapes indicate a low spin state
and more ionic bonding. The L; edge at around 780 eV shows
a shoulder at 778 eV, which indicates a nominal Co**
contribution that becomes more defined with an increased
number of cycles.”’ This valence state has been reported in the
literature for LSCO upon reduction and thus supports the
existence of Co®" in similar structures.’® At the same time,
however, the Co** contribution is less pronounced in the bulk
(see Figure S4) than in the surface-sensitive TEY mode
NEXAFS spectra. Therefore, this valence state may be related
to an extended surface species forming on LSCO while
degrading, which is evident in the AFM and XRD measure-
ments post cycling. As a result, the surface appeared to be
more reduced and transitioned from a more covalent to ionic

https://doi.org/10.1021/acscatal.5c02273
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Figure S. In-operando AFM topography of LSCO and LSFO during electrochemical cycles as indicated with an applied normal load of § nN. (a, b)
at OCP; (c, d) during the first CV; (e-f) during the 30th CV; (g, h) at OCP, zoomed out after 30 CVs, respectively.

structure after cycling. This observation is consistent with
previously reported reduced Co valence at the surface of
LSCO catalysts.”” At large cycle numbers, similar spectral
changes of the Co L-edge were also observed in FY spectra
(see Figure S4a), indicating that the reduction and loss of
covalency occur within the entire LSCO layer. It is important
to note that cobalt dissolution during electrochemical testing
may contribute to the deactivation of the catalyst. However,
the Co L-edge analysis of the degraded catalysts confirms that
cobalt is still present on the surface. The observed spectral
changes indicate an increased amorphous character compared
to the initial state. XRD analysis shows that the crystalline
portion of the catalyst layer has diminished in thickness
following aging, while the substrate remains covered. Under
static degradation conditions, mainly strontium dissolution was
observed, with minimal cobalt dissolution detected.*’

Figure 4b shows the Fe L, ; NEXAFS spectra of the LSFO
thin film after the same number of cycles as for the LSCO thin
film. In contrast to LSCO, only minor changes in spectral
shape are visible even after 300 cycles, which indicates that the
oxidation state of the iron hardly changes with increased
number of cycles. Consistently stable Fe L-edge spectra were
also observed in FY probing the entire thin film (cf. SI Figure
S4b).

The O K-edge was recorded to further correlate the decay of
the activity after repeated cycles with transient changes in the
electronic structure of the model catalysts. Figure 4c,d show
the TEY O K-edges of the LSCO and LSFO catalysts with an
increased number of cycles. Three characteristic energy regions
can be defined from lowest to highest energy depending on the
involved orbitals: (1) TM 3d—O 2p centered at around 528
eV, (2) Sr 4d—O 2p/La 5d—O 2p centered at around 537 eV,
and (3) TM 4sp—O 2p centered at around 544 eV.

For LSCO, the prepeak at 528 eV decreases dramatically
within the first S cycles and entirely vanishes after 300 cycles,
correlating with a decrease in unoccupied TM 3d t,,—O 2p
hybrid states.”” The feature at 330 eV corresponds to
unoccupied O 2p states hybridized with Co 3d e, states
which become visible after 5 cycles.”” Given the TEY’s
information depth, and respective energy range, an influence of
the STO substrate is unlikely, which is confirmed by the O K-
edge measurement of STO provided in the Supporting
Information (Figure SS). Furthermore, the spectral features
observed at higher photon energies show a general broadening.
This loss of fine structure features at higher energies in the O
K-edge may indicate the loss of crystal coherence during
electrochemical cycling. This may ultimately be identified with

an amorphization of the catalyst within the TEY probing
depth, which is a few nanometers from the surface.

Turning to LSFO, for which only marginal spectral changes
were observed in the Fe L-edge, the loss of activity observed in
the electrochemical characterization (Figure 2b), can be
correlated to similar spectral features in the O K-edge as for
LSCO. The first region is now representing the hybridization
of the Fe 3d—O 2p states. The first peak corresponds to the
egT state followed by the tzgl and egl states toward higher
energy.”> The peak intensity follows a similar trend as the
LSCO catalyst. The prepeak intensity decreases with an
increased number of cycles. However, the decay in intensity is
much less pronounced than in the LSCO case. For LSFO, even
after 300 cycles, a nonvanishing prepeak intensity can be seen
at 528 eV, which means the electronic structure of the LSFO
catalyst still exhibits features from the as-grown state. In
addition, the TEY O K-edge spectra of LSFO after 300 cycles
exhibits new features that appear around 533 and 537 eV. This
suggests a shift in the chemical environment surrounding the
oxygen atoms, potentially indicating a chemical phase
transformation near the catalyst’s surface.*®

For both materials, the prepeak in the O K-edge decreases
with an increasing number of cycles, indicating a reduced
concentration of initially empty states. The availability of these
states may have changed due to either a loss of hybridization or
occupation of the states. As a result, the empty states are no
longer available to participate in the OER, and electron transfer
is hindered. However, the extent of the decrease in the peak
varies, much like the differences observed in the cyclic
voltammograms. For LSCO, these states are lost after the
first 30 cycles on the surface and continuously disappear in the
bulk after 100 cycles (Figure S4c), which corresponds to the
observed continuous drop in activity of the cobalt-containing
catalyst. While for LSFO, the FY data (Figure S4d) indicates
only negligible losses in the bulk even after 100 cycles,
supporting the preservation of the bulk structure.

These changes in the X-ray absorption spectra, depending
on the information depth, support the idea of a surface phase
degradation for the LSFO catalyst and a bulk degradation for
the LSCO catalyst. These varying observations, depending on
the specific transition metal, highlight that the degradation
mechanisms differ even under the same electrochemical
treatment. We note that the concrete chemical species of the
passive surface layer on the Fe-containing catalyst cannot be
determined based on the present data set. Further experiments
are needed to give a good estimate of the chemical nature of
that layer. Moreover, A-site suboxides and hydroxides were
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reported to contribute to the surface passivation of perovskite
OER catalysts.”

To analyze the surface during operation and observe the
onset of degradation, we used contact mode in-operando AFM.
Here, the model catalysts were investigated in the same 0.1 M
KOH electrolyte within a three-electrode setup. Figure 5a,b
show the initial surface morphology at open circuit potential
(OCP) for LSCO and LSFO, respectively. During the first CV
cycle between 0.9 and 2.2 V, surface changes occur in LSCO at
about 1.4 V (Figure Sc) and in LSFO at around 1.7 V (Figure
5d), when approaching the OER regime. LSCO exhibits an
initial surface degradation, becoming completely unrecogniz-
able by the 30th CV cycle (Figure Se).

In contrast, LSFO develops particle-like structures on its
surface, which remain even when returning to lower potentials.
Repeated cycling results in additional roughening and artifacts
caused by tip degradation. Interestingly, a clean step terrace
morphology is observed in neighboring regions (Figure Sf
bottom), which may indicate that the AFM tip has partially
removed the surface adlayer that formed on LSFO.
Consistently, enlarging the scan area after 30 electrochemical
cycles, LSCO’s surface appears entirely degraded (Figure Sg),
matching the ex situ AFM results (Figure 3a), while LSFO
largely retains a particle-covered surface. The mechanical
interaction in the contact mode, however, removed the adlayer
of the previously scanned area. The enhanced contrast in
Figure Sh highlights an intact step-terrace structure. The in-
operando data indicates that the LSFO surface phase has weak
bonding to the thin film and can be easily removed. This also
confirms the distinctly different transient behavior and
degradation mechanisms predominant in LSCO and LSFO.

B CONCLUSIONS

In conclusion, LSCO and LSFO exhibit distinctly different
degradation behaviors under dynamic potential cycling in
alkaline electrolyte. The catalytic activity and stability of these
perovskite oxides depend on their electronic structure, which
in turn is influenced by the host transition metal. The Co-
based LSCO catalyst demonstrates higher initial activity but
undergoes significant bulk degradation, resulting in the loss of
its initial crystalline structure, OER activity, morphology, and
available hybrid TM 3d—O 2p electronic states. In contrast,
LSFO initially shows lower activity but forms a passivation
layer during operation, which reduces its activity while
preventing further bulk degradation. Consequently, bulk-
sensitive measurements, such as XRD and FY mode NEXAFS,
show no changes after operation, while TEY mode NEXAFS
and in-operando AFM show the formation of a passivation layer
on the surface. The changes in both catalysts are irreversible,
even at nonactive potentials. Yet, the facile mechanical removal
of such a passivation layer could be an effective method for
restoring catalyst activity. As a result, the choice of B-site
cation affects the degradation mechanism, potentially enabling
the stabilization of catalysts. For instance, a self-protecting
catalyst made from iron and cobalt could retain the higher
initial activity of Co-based catalysts while benefiting from the
stability of Fe-based ones.

Overall, a surface passivation mechanism may be a more
favorable degradation pathway than bulk decomposition,
allowing for the possible recovery of catalysts through
treatments that remove the passive layer. This emphasizes
the importance of chemistry-dependent degradation pathways,
that can be tuned and tailored by a careful catalyst design.

B EXPERIMENTAL SECTION

Thin Film Fabrication. All thin film samples were grown
on 0.5 X 10 X 10 mm? sized (001) oriented 0.5 wt % Nb-
doped SrTiO; (Nb:STO) substrates (Shinkosha Co. Ltd.,
Japan) by pulsed laser deposition (PLD). The thin film
catalysts were grown with a pulse repetition rate of 5 Hz at 650
°C and an oxygen partial pressure of 0.053 mbar.'”’*® The laser
fluence was adapted for LSCO to 2.9 ] cm™> and for LSFO to
2.2 J em™> The distance between the ceramic target and the
heated substrate was S5 mm, while a nanosecond KrF-excimer
laser with a wavelength of 248 nm was used to operate the
PLD system.

Surface Analysis. The surface morphology of the thin film
catalysts was investigated using a Cypher atomic force
microscope (Asylum Research, Santa Barbara, United States)
operated in tapping mode. AFM tips (PPP-NCHR, Nano-
World AG, Switzerland) with a nominal tip radius of curvature
below 10 nm have been employed.

Crystal Structure Analysis. The crystal structure of the
thin film catalysts was characterized by X-ray diffraction (XRD,
D8 Discover, Bruker AXS GmbH, Germany) by symmetric 26-
@ scans. The diffractometer was equipped with a Goebel
mirror, a monochromizedCu anode for K,; radiation with a
wavelength of 1.54 A.

Electronic Structure Analysis. NEXAFS measurements
were performed at IQMT’s soft X-ray beamline WERA at the
KIT Light Source KARA (Karlsruhe, Germany). NEXAFS
measurements at the Co L,;, Fe L,; and O K-edges were
carried out simultaneously in fluorescence yield (FY) and total
electron yield (TEY) detection mode. After correction for
photon flux variations and for the background, the spectra were
normalized at the edge jump. The photon-energy resolution in
the spectra was set to 0.2—0.4 eV. Photon energy calibration
was ensured by adjusting the Ni L; peak position measured on
a NiO single-crystal before and after each NEXAFS scan to the
established peak position.

Electrochemical Characterization. Electrochemical char-
acterization of the thin-film electrodes was performed using a
rotating disc electrode (RDE) setup (Pine Research) in an
oxygen-saturated 0.1 M KOH solution. The rotation rate was
maintained at 1600 rpm, and a custom-made adapter
constructed from PEEK was used for thin-film samples
measuring 0.5 X 10 X 10 mm’. The electrochemical cell
consisted of a chemically inert Teflon beaker, the electrolyte,
and a standard three-electrode setup. The electrolyte was
prepared by dissolving KOH pellets (Sigma-Aldrich, 99.99%)
in deionized water (Milli-Q, >18.2 MQ cm). The solution was
continuously purged with oxygen 30 min before and during the
experiment to enhance its performance. A potentiostat
(BioLogic SP-150, BioLogic Science Instruments, France)
was connected to the thin-film samples at the backside and
edges using a platinum contact applied via a platinum stamp.
The thin-film catalysts served as the working electrode, while a
platinum coil was used as the counter electrode. To isolate the
center of the perovskite catalyst from the platinum contacts, an
O-ring with a diameter of 7.5 mm was employed. For
measurements, a Hg/HgO electrode (CHI Instruments)
served as the reference electrode, calibrated to the RHE
(HydroFlex) for each batch of electrolyte. The electrochemical
testing included electrochemical impedance spectroscopy,
scan-rate-dependent cyclic voltammetry in the pseudocapaci-
tive redox phase change region, and cyclic voltammetry in the
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potential region for the OER, carried out over two successive
cycles. After the electrochemical characterization, the samples
were dried with a paper towel, which absorbed the residual
electrolyte.

In-Operando Atomic Force Microscopy. Electrochem-
ical atomic force microscopy (AFM) of the thin-film electrodes
was performed in a home-built electrochemical cell made from
chemically resistant Kel-F in 0.1 M KOH (Sigma-Aldrich,
99.99%) in deionized water (Milli-Q, >18.2 MQ cm) using
custom-cut 0.5 X S X 5 mm®sized thin-film samples. The
potentiostat (BioLogic SP-300, BioLogic Science Instruments,
France) was connected to the backside of the substrate via a
Cu-wire. A Pt-wire and an AglAgCl-electrode (3.5 M KC],
DRIREF-2SH, World Precision Instruments GmbH, Fried-
berg, Germany) were used as counter and reference electrodes,
respectively. Electrochemical testing was conducted by cyclic
voltammetry with a sweep rate of 10 mV/s.

The surface morphology of the thin-film electrodes was
investigated using AFM (Dimension Icon, Bruker, Santa
Barbara) in contact mode operated with a cantilever with a
nominal tip radius below 10 nm and spring constant of 0.12 N
m™!, being individually calibrated to determine the normal
load (PPP-Cont, Nanosensors, Switzerland). Gwyddion
software was used to flatten (polynomial fit first order)
topography images. Occasional error lines were removed from
the image using a mask and removing the scan line error
function.”
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