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ABSTRACT

A detailed understanding of catalyst degradation under dynamic conditions is essential to develop improved catalysts for the
oxygen evolution reaction (OER), the bottleneck for efficient electrochemical water splitting in alkaline media. Perovskite oxides
represent an interesting class of OER electrocatalysts, however, the differences in their degradation and repassivation growth rate
are not yet fully understood. To address this, epitaxially grown La, ¢Sro 4C005 (LSCO), Lay ¢St 4FeO3 (LSFO), and Lag ¢Sro 4MnO3
(LSMO) have been analyzed by in-operando friction force microscopy (FFM) during cyclic voltammetry in 0.1 M KOH. Distinctly
different degradation phenomena for these materials were found. Continuous topography and friction force measurements during
cycling, and postcatalysis characterization, clearly demonstrated the irreversibility of the degradation process, under dynamic
conditions. Specifically, LSMO develops a robust passivation layer accompanied by pronounced roughening. LSFO forms a thin,
surface-limited passivating layer with better retention, and LSCO undergoes rapid near-surface conversion with a comparatively
soft adlayer. It is demonstrated that the load on the tip has a strong influence on the obtained results, which is used for an attempt
to calculate the repassivation rate of the different adlayers. The results elucidate how in-operando FFM can differentiate degra-
dation mechanisms under reaction conditions in alkaline environments and between transition metals in perovskite oxides.

1 | Introduction performance leads to fast degradation, resulting in a rapid loss
of activity during electrochemical processes [3-5]. This degrada-
tion is mainly caused by amorphization or dissolution of active
sites, morphological and phase changes, bulk degradation and
surface passivation [6-9].

Water electrolysis is a key technology for producing green hydro-
gen [1], involving two fundamental reactions: the hydrogen evo-
lution reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode. Especially, for the OER, the over-
potential remains significantly high, and the optimization of cat-  Several studies identified perovskite oxides as a versatile and
alytic processes is hindered by challenges related to catalyst highly active class of OER catalysts in alkaline media, with
stability and efficiency [2]. A major issue is that typically high the advantage of being flexible in chemical, electronic, and
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electrochemical properties [10-18]. In such perovskites with
ABO; composition, the A-site is predominantly occupied by rare
earth and alkaline earth elements, while the B-site is mainly
filled by transition metals [18]. Changing the B-site from one
transition metal to another, or adding dopants, often results in
differences in activity, stability, and degradation pathways
[12, 19-21]. Under alkaline OER conditions, near-surface trans-
formations have been reported, including A-site cation leaching
(e.g., Sr**) with formation of A-site hydroxides (e.g., La(OH)s),
B-site oxyhydroxides (e.g., CoOOH, FeOOH), oxygen nonstoichi-
ometry, and surface reconstruction [22]. However, simultaneous
monitoring of degradation induced variations of the OER cata-
lyst's topography and interfacial mechanical response under
reaction conditions is scarce [23-26].

In-operando friction force microscopy (FFM), an atomic force
microscopy (AFM) based technique, enables real-time monitor-
ing of both, surface topography and frictional forces as a function
of applied potentials, when implemented in a three-electrode
electrochemical cell [27]. Friction has been revealed to be sensi-
tive to even subtle changes of structural and chemical properties
and thus can be used to elucidate catalyst degradation and
hydroxide/oxyhydroxide formation. Figure 1 depicts such an
approach. Topography and friction, deconvoluted from the ver-
tical and lateral deflection of the cantilever, respectively, are
simultaneously mapped as shown in Figure 1a during cyclic vol-
tammetry (CV) (Figure 1b). As illustrated in Figure 1c, the entire
cantilever is immersed in the electrolyte.

A recent investigation of cobalt- and iron-based perovskite oxides
under OER conditions revealed differences between surface and
bulk degradation [28], where X-ray diffraction (XRD) and near-
edge X-ray absorption fine structure (NEXAFS) measurements
were used to follow changes in the B-site electronic structure
and to identify degraded layers. These spectroscopic insights are
the basis for interpreting friction contrasts and surface morphol-
ogies. However, a detailed microscopy study to unravel the impact
of different transition metals on the degradation and repassivation
is required. In this study, epitaxially-grown LageSr4C0055
(LSCO), LageSrg4Fe0s5.5 (LSFO), and LagSrosMnO5.s (LSMO)
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on Nb(0.5wt.%):SrTiO; (Nb:STO) substrates were investigated
as model catalysts in alkaline media. The aim is to visualize mor-
phological and chemical surface changes by in-operando FFM.
Furthermore, the observed influence of the tip on degradation
is critically discussed and used to quantify the growth rate of
the passivation layers.

2 | Experimental Section
2.1 | Thin Film Fabrication

Epitaxial thin-film samples of LSCO, LSFO, and LSMO with a
thickness of 15nm were grown on 0.5X10x10mm? sized
(001) oriented single-crystalline, epi-polished Nb(0.5 wt.%):SrTiO5
(Nb:STO) substrates (Shinkosha Co. Ltd., Yokohama, Japan),
respectively. Deposition was achieved using reflection high-energy
electron diffraction (RHEED)-controlled pulsed laser deposition
(PLD) under an oxygen partial pressure of 0.053 mbar. The depo-
sition parameters included a growth temperature of 650°C and a
laser fluence of 2.9J-cm™ for LSCO, 2.2J.cm 2 for LSFO, and
1.1J-cm™? for LSMO, employing a repetition rate of 5 Hz. The sys-
tem utilized a nanosecond KrF-excimer laser with a wavelength of
248 nm. The distance maintained between the ceramic target and
the heated substrate was 55 mm during the PLD process.

2.2 | Crystal Structure Analysis

The crystal structure of the perovskite catalysts was characterized
by XRD (D8 Discover, Bruker AXS GmbH, Germany) by symmet-
ric 26-w scans. The diffractometer was equipped with a Goebel
mirror, and a Cu anode monochromized for K,; radiation with a
wavelength of 1.54 A. The structural quality and phase purity of
the LSCO, LSFO, and LSMO thin films were confirmed and the
respective diffractograms are provided in Supporting Information
(SI), Figure S1. For LSCO and LSFO, a more detailed structural
and spectroscopic characterization (including XRD and NEXAFS
of identically grown films) has been reported previously and

Laser

Electrochemical Cell

FIGURE1 | (a)Topography map and friction force map of a perovskite oxide surface, immersed in 0.1 M KOH under dynamic potential conditions;

(b) cyclic voltammetry and time versus voltage graph; and (c) schematic of the in-operando FFM set-up. Here, RE, WE, and CE are reference, working,

and counter electrodes, respectively; PD-position-sensitive detector, reads the laser position reflected from cantilever.
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confirms the expected perovskite phase and B-site valence states
under OER-relevant conditions [28].

2.3 | In-Operando Electrochemical Friction Force
Microscopy (FFM)

The surface morphology and friction force changes were investi-
gated using FFM (AFM Dimension Icon, Bruker, Santa Barbara,
USA) operated in contact mode with PPP-Cont cantilevers
(Nanosensors GmbH, Switzerland). Cantilevers were individu-
ally calibrated to determine their normal and lateral spring con-
stants based on thermal tuning procedures [29]. Absolute lateral
forces F; were obtained from the lateral force values Ly and Ly
in trace and retrace direction, respectively and converted accord-
ing to [30]

(Lr—Lg) 3 h-kg
2 2 L

Fp= Sn

with Sy the deflection sensitivity probed inside the electrolyte
(nm/V) and k;, lateral spring constant (N/m). The tip height h
(13 pm) and cantilever length L (455 pm) were taken from the
manufacturer’s specifications. The applied normal load in all
measurements was set to Fy =10 nN. A fresh, uncoated tip was
used for each material. Typical scan parameters were 2 X 2 ym>
and 10 x 10 pm?, scan rate was 0.872 Hz.

Measurements at reduced normal loads showed that the recon-
structed adlayer (AL) on LSCO could not be removed within 30
cycles at Fjy=5nN [28], whereas at F)y =10 nN, as applied in this
work, results in displacing the soft AL occurred while the under-
lying terrace structure remained intact. A load of 10 nN was
therefore selected and was kept constant for all three composi-
tions to allow a direct comparison of their frictional response and
apparent repassivation behavior.

In-operando electrochemical FFM of the thin-film electrodes was
performed in a home-built electrochemical cell made from chem-
ically resistant Kel-F in 0.1 M KOH (Sigma-Aldrich, 99.99%) in
deionized water (Milli-Q, > 18.2MQcm). The potentiostat
(BioLogic SP-300, France) was connected via a Pt wire (99.9%,
MaTeCK, Germany) to the backside of the substrate, fixed by
conductive carbon tape. Possible parasitic currents at exposed
edges cannot be fully excluded and were treated as a minor
systematic background. A separate Pt wire and an AglAgCl elec-
trode (3.5M KCI, DRIREF-2SH, World Precision Instruments
GmbH, Friedberg, Germany) were used as counter and reference

0 nm Snm 14nN 28 ng 0 nm S nm

FIGURE2 | Topography and friction images of 2 x 2 um? of (a) LSCO, (b) LSFO, and (c) LSMO at OCV in 0.1 M KOH; (d) friction probability density
of the respective friction values. A uniform friction is observed in all cases. Please note that the color scales are identical for topography but differ for

35nN 17.5nN 0 nm Snm SN 14 nN

electrodes, respectively. All potentials in this manuscript are
reported against reversible hydrogen electrode (RHE) at T = 25°C
and pH =13, according to Egyp = Eaglager + Eglg\AgCl(KCl) +0.059 x
PH(Ef, ageikery = 0-1976 V). Uncompensated resistance was
expected to be low due to low current densities and small areas
under investigation, thus, no iR correction was applied. CV cycles
were performed at room temperature with a sweep rate of
10 mV s™%; the entire 10 x 10 mm? film was exposed and was used
for current density calculations.

The PySPM library package to handle scanning probe microscopy
and Bruker AFM raw data implemented from GitHub into
Spyder Environment of Python software package and modified
as a self-developed script was used for analysis of friction calcu-
lations of EC-FFM measurements and current/potential chan-
nels of outputs from potentiostat [31]. The Gwyddion software
was used for flattening (polynomial fit first order) and correcting
topography images [32]. The flattening and line correction func-
tions were not applied to the calculated friction images.

3 | Results and Discussion
3.1 | Pristine Surface at Open Circuit Voltage

To assess whether LSCO, LSFO, and LSMO perovskite thin films
(confirmed by XRD, SI, Figure S1) are prone to degradation with-
out any applied electrode potential, the samples were immersed
in 0.1 M KOH and allowed to stabilize at open circuit voltage
(OCV) for 2 h. During this resting time the OCV value remains
constant. Figure 2a—c show atomically smooth step-terrace mor-
phologies and a uniform friction contrast is recorded after this
period. Throughout the manuscript, color coding to differentiate
the different samples is used, being blue for LSCO, green for
LSFO, and red for LSMO. These observations confirm that all
perovskite oxide samples remain chemically unchanged without
externally applied potentials in the electrolyte. The root mean
square roughness (RMS) is 1.08, 0.54, and 0.45nm for LSCO,
LSFO, and LSMO, respectively. Differences in RMS across the
three materials might reflect terrace-width variations [28].
Figure 2d presents friction probability density (nN~") revealing
average forces of 8.92+3.66 nN for LSMO and 11.32+4.92 nN
for LSFO, whereas LSCO exhibits a consistently higher value of
23.57 £11.42 nN. Please note that this is also reflected in the color
scale bars of the friction images. On LSCO, two large protrusions
(label i) with friction of 28.00-33.60 nN locally obscured terrace

"0 10 20 30 40
Friction [nN]

the friction maps (LSCO: blue, LSFO: green, LSMO: red). All FFM images in this figure share the same lateral scale (scale bar shown in friction map

of LSCO).
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visibility. A cross-section comparison of LSCO terraces at OCV and
in air confirmed the presence of terraces (cf. SI, Figure S2).

3.2 | Electrochemical Performance During 30
Cycles

To elucidate the degradation behavior under dynamically applied
potentials, FFM images were recorded during 30 CV sweeps
between 0.9 and 2.2V versus RHE. Figure 3a—c show the 30 CVs
during the degradation of LSCO, LSFO, and LSMO catalysts,
respectively, exhibiting oxidation and reduction peaks for LSCO
and LSFO, while LSMO shows primarily oxidation features. This
demonstrates distinct degradation behavior of all samples and is
consistent with literature [28, 33].

Figure 3d shows the normalized peak current density taken from
the CVs on the anodic sweep of cycle n, @, =j%ay /i plotted
against the cycle number. LSCO exhibits a very strong deactiva-
tion in the first cycles with @5 decaying to 0.36 by the 5th cycle.
The activity of LSMO decreased less pronounced to ¢s = 0.84 by
the 5th cycle, while for LSFO a moderate initial decrease was
observed (¢s = 0.71). Furthermore, all samples stabilize on a qua-
sisteady regime at the 15th cycle with @5 = 0.31, 0.42, and 0.31
for LSCO, LSFO, and LSMO, respectively. Therefore, cycles 1, 5,
15, and 29 were highlighted to capture early drop, quasistabili-
zation, and the late-state behavior.

The relative ordering of the maximum OER currents in Figure 3
differs from activity trends reported for powder-based perov-
skites, where Co-based compositions are typically more active
[34]. For identically grown LSCO and LSFO films measured with
well-defined metallic contacting in a rotating disk electrode
(RDE) configuration, higher intrinsic activity of LSCO relative
to LSFO has been demonstrated previously [28]. In the present
in-operando FFM configuration, the thin films are electrically
contacted through the substrate from the backside. In this geom-
etry, the measured current can be influenced by series resistances
associated with the electrical contacting and the film-substrate
interface resistances [35], which may vary between samples
and are not independently quantified under these conditions.
Therefore, the electrochemical data are interpreted here in terms
of relative degradation and repassivation behavior under identi-
cal thin-film and contacting conditions, rather than as an abso-
lute activity benchmark across compositions.

(b)

(©) (d)

The CV curves in Figure 3a-c and the corresponding normalized
maximum current densities ¢,, in Figure 3d were obtained from
the same in-operando experiments for which the FFM data in
Figures 4-6 were recorded. This ensures a direct correlation
between the electrochemical response and the simultaneously
imaged surface evolution. Additional CV measurements on sister
samples and at different normal loads (5 nN) under otherwise
identical electrochemical conditions showed qualitatively similar
decay trends in ¢, for each material. These further experiments
confirm that the behavior in Figure 3 is representative, but they
are not included in the quantitative analysis.

3.3 | Surface Evolution

The formation and evolution of reconstructed surface layers at
the catalyst-electrolyte interface are expected to govern activity
and durability on perovskite oxides [25, 36]. Oxyhydroxide for-
mation, oxygen nonstoichiometry, and A-site cation redistribu-
tion are expected to differ among the LSCO, LSFO, and LSMO
samples, owing to distinct B-site electronic structures and defect
chemistries [19, 28]. To address this, the surface evolution as
evaluated by FFM of each material is examined separately in
the following sections.

33.1 | LSCO

Figure 4 summarizes the LSCO surface evolution during the (a)
1st, (b) 5th, (c) 15th, and (d) 29th cycles. In the 1st cycle, grain-
like features (ii) nucleated on the terraces upon exceeding 1.53 V
versus RHE during the anodic sweep (0.9 — 2.2 V) as indicated by
the red dashed line. Such structures persist also during the
cathodic sweep (2.2 — 0.9 V). The simultaneously recorded fric-
tion map revealed predominantly lower lateral forces on the
newly formed grains (ii) than on the surrounding terraces, with
exception of structure (i). Variations in friction compared to
friction on terraces indicates the formation of near-surface reac-
tion phases, which is consistent with literature reports of a Co-
oxyhydroxide-rich layer together with A-site-rich hydroxide
precipitates under alkaline operation [11, 22, 28, 37]. Initial sur-
face changes differ slightly compared to recent reports [28]. This
effect is attributed to the higher normal load of 10 nN used in
this study in comparison to only 5 nN in the former study,
and this influence will be discussed more critically below.

0.3 0., | | Lsco ||

0.08 'l,-'l |- LSFO ||

NE ::%0'2 0‘8:|. '!. |k LSMO |
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FIGURE 3 | All thirty CV cycles are shown in (a) for LSCO, in (b) for LSFO, and in (c) for LSMO, exhibiting a clear decrease in current density over
cycle numbers for all samples. (d) Normalized maximum current ¢, =%, /j}.q. density of samples versus cycle numbers, j. taken at 2.2 V. The curves

shown correspond to the same operando experiments from which the FFM data in Figure 4-6 were acquired and thus represent one representative

measurement per composition.
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FIGURE4 | In-operando AFM topography and friction of LSCO during (a) 1st, (b) 5th, (c) 15th, and (d) 29th cycle, (e) friction probability density of
the full images of the respective cycles, i.e., including AL and RS; and (f) roughness versus cycle number. All FFM images in this figure share the same
lateral scale (scale bar shown in topography map of 1st cycle). Color scales of the friction maps are adjusted per panel to the respective data range;

absolute friction values are given in the friction probability density graph.
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FIGURES5 | In-operando AFM topography and friction of LSFO during (a) 1st, (b) 5th, (c) 15th, and (d) 29th cycle, (e) friction probability density of
the full images of the respective cycles, i.e., including AL and RS; and (f) roughness versus cycle number. All FFM images in this figure share the same

lateral scale (scale bar shown in friction map of 1st cycle). Color scales of the friction maps are adjusted per panel to the respective data range; absolute

friction values are given in the friction probability density graph.

Figure 4b shows that by the 5th cycle (s = 0.36; cf. Figure 3d), a
continuous, rough AL with a RMS of 1.58 nm is formed. This is
only visible in the left and top parts of the image, as the 10 nN
normal load yields a displacement of the AL along the scan path,
producing a “removed strip” (RS) on the surface. This observa-
tion is evidenced by appearance of the pristine sample’s terrace
structure and a low roughness (RMS = 0.67 nm). The reason why
an AL is partially observed is that the RS can only be observed in
the subsequent image and the sample is subject to drift, which
becomes important in section 3.4. Lateral-force maps reveal a
friction offset (AF;) between AL and RS of 11.2 nN, and friction
fluctuations within the AL are consistent with a laterally

heterogeneous, multiphase near-surface film [22]. Figure 4c ver-
ify that in the quasisteady state regime (>15th cycle) similar AL
(RMS=1.48nm) and RS (RMS=0.68nm) are observed. The
average friction value of 15th cycle increases relative to the
5th cycle while @5 changed slightly (cf. Figure 3d), and AF}
increased to 14.00 nN. Differences in terrace registry relative to
Figure 4b demonstrates the lateral drift, such that a previously
unscanned surface was probed and the AL is visible. Figure 4d
shows that during the 29th cycle, the AL continues to grow, indi-
cated by the brighter colors, and becomes rougher (RMS=
2.28 nm). The RS part remains showing the pristine terrace struc-
ture. The average friction further increases, as illustrated in

ChemElectroChem, 2026
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FIGUREG6 | In-operando AFM topography and friction of LSMO during (a) 1st, (b) 5th, (c) 15th, and (d) 29th cycle, (e) friction probability density of
the full images of the respective cycles, i.e., including AL and RS; and (f) roughness versus cycle number. All FFM images in this figure share the same
lateral scale (scale bar shown in friction map of 1st cycle). Color scales of the friction maps are adjusted per panel to the respective data range; absolute

friction values are given in the friction probability density graph.

Figure 4e and AF; reached 19.60 nN. Several effects might be
accounted for this: either the increase in AF; is predominantly
caused by the larger mass of more AL that is removed under
the tip, or it is influenced by sample dissolution into the electrolyte
and by the formation of reaction layers [38, 39]. It has been
reported that LSCO, in addition to AL formation, leaches selec-
tively ions at higher anodic potentials during OER [22, 37]. It
can thus be concluded that removal of the AL and reaction of
re-exposed terraces with the electrolyte are accompanied by ion
leaching and hence influence friction. Figure 4f shows the evolu-
tion of surface roughness across cycles, calculated of the entire
image, and is characterized by an overall plateau with sporadic
high values that could arise from accumulation of displaced AL
during certain cycles. A recurring small AL region in the upper-
left corner of the image across cycles 5, 15, and 29, together with
differences in terrace registry, indicates a net lateral drift in the
upper left direction relative to the 1st cycle frame, as sketched
in Figure S4a). The repassivation growth of the surface in the
RS during the scans 1-30 in the presence of wear and drift is quan-
tified in the next section 3.4.

3.3.2 | LSFO

Figure 5 summarizes the LSFO surface evolution during the (a)
1st, (b) 5th, (c) 15th, and (d) 29th. In the 1st cycle, the step-terrace
morphology is retained during the entire anodic and cathodic
sweep. Interestingly, at an applied potential of 1.8 V, the friction
increases from 10.55 to 17.57 nN (red dashed line) with no dis-
cernible topographic change. This is in agreement with the
electrochemical behavior shown in Figure 3d, where a slower
decrease in current density compared to LSCO is found.
However, particle-like AL features composed of oxyhydroxide/
hydroxide phase mixtures have been reported to appear around
1.7V and to persist into the cathodic sweep within the 1st cycle,
with a tendency to be displaced at even low normal loads [28].
Therefore, either no ALs are formed on LSFO, or it might be con-
cluded that the AL is completely removed under the influence of

the tip using a normal load of 10 nN as in the present experiment.
The formation of oxyhydroxide phases have been reported to
alter interfacial shear strength [39, 40], and hence, an increase
in friction at the potential of initial AL formation would be
expected, even if the layer were mechanically removed. A con-
stant friction value after the initial increase evidences the irre-
versibility of the surface modifications during the first cycle [28].

Figure 5b reveals that in the 5th and 15th cycle the displacement
of AL by the tip continues, as entire frames exhibit terraces as of
the pristine surfaces. Differences in the terrace registry relative
between the cycles indicate lateral drift as observed similarly
in LSCO. The apparent shift of the friction transition in individ-
ual cycles from 1.7 to 2.2V is attributed to drift and spatial var-
iations to previously unscanned regions, rather than by a change
in electrochemical onset.

The situation only changes slightly in the 29th cycle as illustrated
in Figure 5d, although the electrochemical data shown in
Figure 3d reveals a significant loss in current density of the sample.
Thus, it is very likely that a passivation layer is removed rather
than none is formed, in agreement with earlier reports [28].

An increase in absolute friction across cycles was observed, as
shown in Figure 5e, consistent with the trend found for LSCO.
For LSFO, selective ion leaching (Sr** and Fe**) at higher anodic
potentials during OER has been reported in addition to passivating
AL formation [28, 41, 42]. Accordingly, the increase in friction
with cycle number is explained by the removal of AL together with
concomitant leaching of ions. Figure 5f shows that the surface
roughness across cycles remains low, consistent with a displace-
ment of AL from the scanned area over cycles 1-30. The RS repas-
sivation growth rate is discussed in the following section 3.4.

3.3.3 | LSMO

Figure 6 depicts the surface evolution of LSMO during the (a) 1st,
(b) 5th, (¢) 15th, and (d) 29th. In the 1st cycle small grains are
observed to nucleate at 1.7V (blue dashed line) and an initial
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roughening of the surface is found with RMS values of 0.43 nm
increasing to 0.88 nm. Importantly, the initial morphology is not
recovered during the cathodic sweep, revealing an irreversible
surface modification within the examined window. The change
of friction occurred at the same potential as the topography
change: friction decreased from 11.26 nN on terraces to 7.51 nN
on the elevated structures during the anodic sweep. Prior studies
using LSMO suggest the formation of a complex mixture of
oxides and A-site hydroxide AL during OER [33, 43, 44].
These structures will influence friction, although friction is typi-
cally enlarged with higher roughness.

By the 5th cycle ( @s= 0.84, cf. Figure 3d, shown in Figure 6b, a
rough AL (RMS = 1.22 nm) is observed along with some removed
parts that might appeared in the cathodic sweep. The comparison
between individual cycles indicates that the LSMO had a net drift
from right to left relative to the 1st cycle image. Friction on AL
showed two different friction values, consistent with two differ-
ent mixed phases (e.g. A-site hydroxide in Mn-rich oxidized states
matrix) [33, 43]. As for LSFO, apparent in-frame friction steps
after 1st cycle are not assigned to electrochemical onsets because
drift and surface removal can expose RS established in earlier
frames.

By the 15th cycle, presented in Figure 6c, a quasisteady state
regime is reached ( ¢5= 0.31, cf. Figure 3d) and the AL exhibits
RMS of 2.4nm. The removed part remains smoother (RMS =
0.66 nm) yet consisted of particle-like island rather than atom-
ically flat terraces. The friction of AL was 4.69 nN and on the
particle-like islands 11.26 nN. A height offset of 2 nm between
AL and RS was measured, indicating local thinning of the AL
by the tip and exposure of particulates. Formation of these par-
ticulates might be related to the additional peak in the CV around
2.1V (cf. Figure 3d) or due to degrading of the material deeper
than the near-surface region [45]. During the 29th cycle, shown
in Figure 6d, a contiguous AL (RMS = 3.24 nm) coexisted with a
partially thinned RS (RMS = 2.67 nm), with average height differ-
ence of around 3 nm. Friction of respective AL and RS regions
remained similar to earlier cycles, 4.69 and 11.26 nN, respectively
and hence, indicate that the interfacial chemistry is stabilized by
the 15th cycle, which is in agreement with the electrochemical
data.

As shown in Figure 6e, and in contrast to LSCO and LSFO, the
average friction remained essentially constant with cycle num-
bers. However, with continued cycling, stabilization of near-
surface AL, and a decrease in dissolution have been reported
for LSMO [33]. Consequently, the imaged structures consist of
previously degraded subsurface particles rather than freshly
reconstructed terraces with distinct frictional response. As a
result, parameters that produced friction increases in LSCO and
LSFO are not dominant for LSMO, and no net increase in friction
is observed with cycling. As shown in Figure 6f, the surface
roughness increased continuously with cycle number, which is
consistent with progressive AL thickening and coverage growth
reported for LSMO [33].

3.4 | Postcycling Morphology and Frictional
Behavior after 30 CVs

The fact that the images were prone to drift is used to explore the
repassivation growth after the tip has removed the ALs. Figure 7

——after 15 cycle
|- - -after 30" cycle

) Distance [um]

after 15 cycle
- - -after 30" cycle|

-
o

Height [nm]

0 nm 30 nm Distance [yl
FIGURE?7 | Topography and friction images recorded at OCV after 30
CVs and their respective height cross-sections of first and last scanned
positions during 30 cycles for (a,b) LSCO, (c,d) LSFO, and (e,f) LSMO.
The removed strip (RS) marks the repeatedly scanned path during oper-
ando imaging, and the as-cycled region (ACR) was not tip-contacted.
Arrows indicate drift direction. All FFM images in this figure share
the same lateral scale (scale bars shown in topography and friction maps
of LSCO).

illustrates height maps, friction maps, and the corresponding
height cross-sections recorded at OCV after completion of the
30-cycle in-operando sequence. The field of view was enlarged
from 2 to 10pm to relate the local changes documented in
Figures 4-6 to the overall surface state of LSCO, LSFO, and
LSMO. The surrounding area that experienced the same electro-
chemistry without direct tip contact is referred to as the as-cycled
region (ACR) and is dominated by the near-surface AL. Drift
directions along the RS are indicated by arrows and a schematic
is provided in Figure S4.

Figure 7a reveals two clearly separated morphologies for LSCO,
namely a rough ACR (RMS =9.2nm) and smooth RS (RMS =
2.7nm) due to abrasion of the AL. The topographically higher
edges at the rim of the previous scan consists of the removed
material. The clear difference in friction between ACR (Fp =
44.16 nN) and RS (F;, = 39.23 nN) indicates their different chem-
istry. A height difference between ACR and RS was observed to
increase from 3 to 6 nm along the drift direction, as shown in
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Figure 7b. The measured height difference of 6 nm in the last
scanned position might be consistent with the overall thickness
of the degraded AL. A reduced height difference of 3 nm in the
first scanned position indicates that the areas that were prone to
tip wear effects in prior cycles repassivated on the RS when not
anymore influenced by the tip. These contrasts are consistent
with partial removal of a mechanically soft AL, induced by a nor-
mal load of 10 nN. Friction in the RS part exceeded the pristine
friction value at OCV (Fp=23.57 nN, Figure 2), indicating a
chemical alteration of the re-exposed terraces due to constant
removal of AL. The higher friction in the ACR suggests that
chemical modification was not confined to the RS and whether
this reflects globally distributed leaching of ions during cycling or
local coupling to the RS cannot be distinguished here.

Figure 7c reveals a bimodal morphology for LSFO as well,
exhibiting a rough ACR (RMS=2.82nm) and smoother RS
(RMS =0.79 nm). The friction difference between ACR (Fp =
32.06 nN) and RS (Fp = 25.59 nN) indicates their different chem-
ical composition. The height difference between the ACR and RS
in the last scanned position is 4 nm (Figure 7d), correlating to the
overall thickness of the degraded AL as discussed for LSCO pre-
viously. The small height offset of 1.5 nm between ACR and RS at
the first scan position is consistent with degradation being con-
centrated in a thin, surface-limited passivating AL that shields
the bulk, in agreement with recent reports for LSFO [28].

LSMO shows also two different chemistries revealed by varia-
tions in friction, however, friction is higher in RS than in the
ACR, unlike in LSCO and LSFO The topography images demon-
strate that for LSMO the AL cannot be fully removed by an
applied normal load of 10 nN since the underlying terraces are
never observed after the 1st cycle, in contrast to LSCO and LSFO.
Furthermore, comparing cross-sections from the last and first
scanned positions of the RS to ACR in LSMO reveal height differ-
ences of 9.5-10 nm and 6.5-7.5 nm, respectively. Thus, it is con-
cluded that the thickness of the AL in the ACR is above 10 nm
and indicates partial regrowth of the first scanned position.

Because the RS occupies only a small fraction of the catalyst area
(12.70, 13.14, and 8.19 ym? for LSCO, LSFO, and LSMO, respec-
tively), re-exposure of catalytically active terraces in these areas
are not measurably affecting the macroscopic current and hence
@y did not increase between the cycles after the quasisteady
regime reached (i.e., 15th cycle, cf. Figure 2a).

To evaluate the repassivation rate, topography cross-sections are
taken along the RS between the last scanned position (point i)
and first scanned position (point ii), as indicated in Figure 8a.
Figure 8b-d show cross-sections, where the local height hgs is
plotted against the time-since-first-scan (At). A constant rate
model, hrs(At) = hy+ r At, provides an adequate description of
the data and the repassivation rate r (nm/min) is calculated as
the slope of the fit. To exclude that obtained slope extracted from
the RS regions shown in Figure 8 arise from image-flattening
artifacts, cross-sections on the ACR of the identical images
(Figure S3) are evaluated, too. For each material two ACR profiles
parallel to the RS cross-section are accessed and remain horizon-
tal. The invariance of the ACR traces confirms that the apparent
RS growth must be attributed to genuine, time-dependent repas-
sivation of the near-surface layer.

The repassivation found within the RS as shown in Figure 8b-d,
demonstrate near-surface growth kinetics under given conditions

(a) (b)
Emw [r = 0.028 nm/min
z 5
k=) .
(7] 1L
To
0 30 60 90 120 150
At [min]
0 nm 10 nm
(c) (d)
E‘ r=0.014 nm/min| 'gw- 7= 0.017 nm/min
s 3 S-Wmi
(2} " ()] :
2 2
T 1) S v.v | T o
0 30 60 90 120 150 0 30 60 90 120 150
At [min] At [min]

FIGURE 8 | Drift-resolved repassivation rate r: (a) Topography cross-
section along the RS between the last scanned position (i) and first scanned
position (ii). Linear fits of RS height versus At after 30 CVs for (b) LSCO,
(c) LSFO, and (d) LSMO. Obtained slopes are r=0.028 £ 0.002 nm/min
(R*=0.45) for LSCO, r=0.014 + 0.001 nm/min (R* = 0.45) for LSFO, and
r=0.017 + 0.002nm/min (R?=0.42) for LSMO.

and enabled a quantitative comparison across chemistries. For
LSCO, hgs increase monotonically with At, yielding rrsco=
0.028 nm/min, for LSFO r;gro =0.014 nm/min, and for LSMO
rrsmo = 0.017 nm/min is observed. Overall, the fastest repassiva-
tion rate of LSCO together with an overall AL thickness of 6 nm
(cf. Figure 7a,b) indicates rapid, self-limiting passivation and is
consistent with strong drop in peak current density toward last
cycle (Figure 3d). The slower repassivation rate of LSFO, together
with an overall AL thickness of 4 nm (cf. Figure 7c,d) indicates a
slower and thinner passivation AL, reflected in the higher
retained current at cycle 30 (cf. Figure 3d). Despite LSMO’s simi-
lar slow kinetics, the combination persistent coverage (no terrace
exposure even below 10 nm) and thick overlayer capacity yields a
current drop nearly as strong as LSCO by cycle 30.

The repassivation rates extracted from the drift-resolved RS height
profiles in Figure 8 represent apparent growth rates of the recon-
structed near-surface layer under a constant normal load of
Fxn =10 nN. These values include both electrochemical reconstruc-
tion and the intermittent mechanical removal of the AL by the
scanning tip. Hence, relative magnitudes of the rates for LSCO,
LSFO, and LSMO, rather than absolute values are discussed in
comparative conclusions about degradation and passivation
behavior.

The chemical nature of the passivation layers is therefore
inferred from the combination of the friction and topography
contrasts, the electrochemical response, and the previously
reported XRD and NEXAFS data on identically grown LSCO
and LSFO films under alkaline OER conditions [28], together
with established literature on near-surface transformations of
LSMO perovskites [33]. Correlative in-operando FFM and spec-
troscopic studies on identical samples are considered an impor-
tant direction for future work.

4 | Conclusion

In-operando FFM was applied to record topography and friction
concurrently in alkaline media on OER catalysts, enabling
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real-time identification of potential-dependent surface transfor-
mations. Friction was found to be a sensitive reporter of interfa-
cial reorganization, complementing height data and highlighting
changes that remained subtle in topography.

Across the LSCO, LSFO, and LSMO perovskite oxides, distinct
surface-evolution pathways were resolved. On the LSCO, a het-
erogeneous, mechanically soft AL formed above the onset poten-
tial and was partly displaced by the scanning tip, yielding to a
removed strip part. On the LSFO, an AL was also formed but
readily swept from the scanned area during individual cycles,
causing only terraces to be observed, accompanied by enhanced
friction, consistent with a thin, passivating AL. On the LSMO, a
rough AL nucleated and subsequently thickened with cycling via
formation of particulates. The average friction remained stable,
indicating early stabilization of the surface with continued thick-
ness/coverage growth. Wear of AL and drift were examined to ana-
lyze the thickness of the AL for LSCO and LSFO as 6 and 4 nm,
respectively, while for LSMO it exceeds 10 nm. Postcycling maps
revealed material-dependent height offsets and friction contrasts
between the ACRs and the worn path, evidencing time-depen-
dent repassivation. A drift-resolved analysis of height recovery
along the removed strip was further demonstrated, yielding an
effective near-surface thickness growth rate r with the ordering

rLsco > FrLsmo ~ Fisro-
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: X-ray diffractograms of LSCO
(blue), LSFO (green), and LSMO (red) in (001) orientation grown on Nb:
STO (001). Please consider that due to the highest intensity of (002) in
comparison to (001), the (002) reflections are provided. For the full span
of XRD, please refer to Ref. 1. Supporting Fig. S2: (a,b) topography of
LSCO in air and at OCV, respectively; (c,d) height cross-section of LSCO
in air and at OCV, respectively. Supporting Fig. S3: (a—c) Topography at
OCYV after 30 CVs of LSCO, LSFO, and LSMO, respectively. with numbers
1 and 2 indicated cross-sections taken on ACR; (d-f) respective cross-sec-
tions over time of 30 CV scans. Supporting Fig. S4: (a—c) Schematic of
drift direction to compare drift direction between the first cycle and last
cycle frame for LSCO, LSFO, and LSMO, respectively.
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