Strontium Leaching Precedes SrIrO; Dissolution During Electrochemical Water Oxidation
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Mechanistic studies of oxide electrocatalysts for heterogeneous water oxidation have been
primarily focused on understanding the origins of activity.”> Despite encouraging progress,
achieving long-term stability remains an important goal for their industrial
implementation.>® In this work, we study the degradation pathways of a highly active SrIrO;
electrocatalyst during the oxygen evolution reaction (OER). SrIrQOs serves as a model system
for perovskite AMO3; oxides as it can exhibit both A-cation leaching and transition metal
(TM) oxide dissolution.”° Employing epitaxial SrIrQs thin films, we explore the electrolyte-
and potential-dependent leaching of Sr from the perovskite structure by following these
processes through operando electrochemical atomic force microscopy (EC-AFM).
Dissolution was imaged and quantified at the nanometer scale. We show that Sr leaching
results in the in-situ formation of Sri«IrQOy layer, with the leaching rate controlled via
electrolyte composition. Crucially, Sr leaching occurs at a potential > 0.5V lower than that
for transition metal oxide dissolution. Our study demonstrates that suppression of the A-site
leaching is crucial for improving the overall stability of perovskite oxide during
electrocatalysis.

Oxygen evolution on transition metal (TM) oxides requires applied anodic potentials
beyond their thermodynamic stability limits. These electrode materials can become structurally
unstable and experience dissolution (corrosion) or form a passivating oxide layer. Both processes
are strongly pH-dependent.!! While known for their chemical tunability and a high OER activity,
late TM oxides are prone to degradation during electrochemical water oxidation due to the
formation of oxidized and water-soluble TM oxide species on the surface.”#1%17 Several major
pathways for the electrochemical degradation of an oxide electrocatalyst have been proposed.
First, selective leaching of alkali and alkali-earth metals during the OER on oxide surfaces is
ubiquitous. Under oxidative conditions, the formation of sub-stoichiometric surface layers results
in structural transformations!%13, Second, oxidative dissolution of TMs from oxide surfaces is
often observed at high overpotentials>!®!%1°, The rate of anodic dissolution of transition metals
strongly depends on the chemical composition®!6-20-2930 " gtructure?®’! and crystallographic
orientation!® (facet) of a solid. Finally, the evolution of lattice oxygen can modify the ligand
coordination of surface TM ions and lead to structural degradation.?!'"2* For clarity, we define
leaching as the deintercalation process that preserves the structural motif (topochemical reaction),
while dissolution is a complete structural disintegration through the solvation process.



Strontium iridate (SrIrOs), in particular, has recently attracted attention owing to its
exceptionally high OER activity and susceptibility to Sr leaching and surface amorphization,”
10.12,16.24-26 egpecially during the OER reaction in acidic electrolytes®®2®, Electrochemical leaching
of Sr** involves two holes (h"). The reaction in the Kroger-Vink notation is given below (see also
Equations S1):

Srg. + Irfy + 2h* — Vgl + Iy} + Srley, (Eq. 1)

This reaction forms a surface layer of SrixIrOs; containing a nominal Ir(VI). Previous studies
showed that such Sr leaching can lead to the formation of an OER-active defect-rich and rough
IrOx surface layer’8. This amorphization process was suggested to occur only during OER while
being triggered by the lattice oxygen oxidation.?

Additional reactions may follow. One possibility is that the Sr-deficient layer evolves
lattice oxygen via a partial Schottky reaction that restores Ir(IV) within the near-surface layer:

Ir; + 05 + 2[OH]go, — Irfy + O35y + H,0 (Eq.2)

Another possibility is that Irj; can dissolve chemically (i.e., no net electron transferred):

Ir;; + 08 + 4[OH],;y — [Ir04]%,,, + 2H,0 (Eq. 3)

Although several scenarios have been proposed®?°-3%3°, this mechanism involving the dissolution
of Ir(VI) oxide seems to be most probable at high potentials because it is volatile and soluble in
water’637. We also note that this scenario can lead to the growth of amorphous and possibly
hydrated IrOx on the surface via a precipitation reaction!®. Anodic dissolution of iridium during
OER was observed for both metallic iridium*?*3234 and Ir-containing oxides such as
hydrous/amorphous®2?%3 and rutile IrO, (ref. >*2032), perovskite SrIrO3,2° double-perovskite
Sr2ColIrOs ' and Ba,PrIrOe 2.

While Sr leaching and iridium dissolution have been investigated separately, the
relationship between the two processes is poorly characterized. In this work, we employ SrlrOs3 as
a model system to understand the oxidative electrochemical behavior of perovskite electrocatalysts
with complex chemistry and competing degradation pathways. Specifically, we study the structural
and chemical evolution of single-crystalline SrlrOs surfaces during OER and its dependence on
the electrolyte composition and pH.

Experimental results

To prepare a single-crystalline surface for the precise studies of its chemical and
morphological evolution, we deposited SrlrO; epitaxial thin films on Nb-doped (001) SrTiO;
substrates by pulsed laser deposition. Our electrodes were grown in a layer-by-layer mode and
demonstrate high crystalline quality and step terraces on the surface (Figure S1), with thicknesses
ranging from 10 to 120 nm. To quantify film thickness, we employed Sr3Al>Og liftoff pattern prior
to SrlrO; deposition, creating a sharp step between the film and the substrate (Figure S3).

We first performed electrochemical experiments that involve cyclic voltammetry in 0.1M
KOH (pH = 12.8) and 0.5M H>SO4 (pH = 0.29) electrolytes followed by ex situ AFM to



characterize the surface morphology (Figure 1). In KOH, SrlrO3 dissolution initiates at the onset
of OER, as evidenced by the decrease in film thickness (Figure S7). We observed that the step
terraces remain topographically preserved, and electrochemical dissolution does not follow a step
retreat®®3? or etch pits formation*® which are prevalent during chemical dissolution of crystals.
Instead, the film dissolves uniformly, with step terraces remaining topographically visible even
after a height loss of 10 nm (Figure 1c-g, S6 and S7) and the roughness increasing with the amount
of dissolved film (Figure 1b). In H>SO4, on the other hand, no dissolution is observed under these
potentials. Instead, we observe ultrathin islands appearing at ~1.17 V vs RHE (Reversible
Hydrogen Electrode) and disappearing after 1.5-1.6 V (Figure 1h-l). These islands, which we
discuss below, noticeably impact the surface roughness (Figure 1b) but do not change the overall
step-terraced morphology. We note that some islands were observed in KOH as well but there
were significantly sparser than in H>SOs.

To gain further insights into the dissolution kinetics, we performed operando EC-AFM
experiments, where the tip scans slowly along the edge between the exposed substrate and SrlrO3
electrode during linear sweep voltammetry (LSV). Each fast line perpendicular to the edge
generates a profile of the film with respect to the substrate (Figure S3b). Thus, we acquire a
potential-dependent topography and thickness of SrIrO; in real time. Operando EC-AFM
performed in KOH shows that, as the potential reaches 1.3-1.4 V, the SrIrO; surface develops
ultrathin islands that extend tens of nm laterally and only few nm in thickness (Figure 2a-b, S9).
These islands are immobile when scanned with an AFM tip and disappear as SrlrOs starts to
dissolve at ~2 V (Figure 2a, S9, S11, S12). We speculate that these islands are SrCOs3 layers that
appear following the reaction between leached Sr?* and dissolved COs*. The CO3? species are
dominant at high pH** and originate from the dissolved CO: in the electrolyte that is exposed to
air. At pH = 12.8, the Sr** concentration in equilibrium with SrCOs is only 23uM. In principle,
one may expect a chemical precipitation®®#* of IrOx-nH>O at high pH from the hydrolyzed species
of Ir(IIT) or Ir(IV) (such as [Ir(OH)s(H20)]* or [Ir(OH)s]*>). However, we do not see such islands
at higher potentials when the concentration of anodically dissolved iridium reaches the highest
value in the solution.

In H2SOy4, the behavior of SrlrO; is markedly different. Figure 2d shows the evolution of
the topography, thickness and current density during a slow LSV sweep measured in situ with EC-
AFM. The islands already appear at open-circuit and remain there until ~1.45 V (Figure 2e). The
disappearance of the island occurs at a potential significantly lower than in the case of KOH (~1.9
V). These results are consistent with ex situ AFM imaging (Figure 1h-l). Importantly, for both
slow LSV and CV sweeping (Figure 2d, S10), island formation occurs well below the OER onset,
in contrast to the case of KOH, where the two potentials are very close. We propose that the islands
are SrSO4 (Ksp(SrSO4) = 2.33x107)*, with the equilibrium concentration Sr*>* being 24uM.

Next, we turn our attention to the evolution of the electrode thickness. The potential-
dependent dissolution rates in both alkaline and acidic electrolytes extracted from the AFM data
are plotted in Figure 2g. The onset potential of dissolution in KOH is ~1.9-2.0 V, with the rates
reaching ~ 0.2 A/s at 2.3 V. In HSO4 the onset potential is substantially higher at 2.4 V with a rate
of ~0.2 Ass.

Using X-ray photoelectron spectroscopy (XPS), we characterized the Sr:Ir molar ratio at
the surface (mean escape depth, MED, is 11.9 A for Sr and 12.4 A for Ir, see Methods) and
subsurface (MED is 22.9 A for Sr and 23.9 A for Ir) regions after each 5-min potentiostatic hold,
spanning both the pre-catalytic region and OER. Specifically, we found that strontium leaching in
KOH proceeds from 1.3 to 1.5 V, at which point it levels off and remains constant (Figure 2h).



This decrease of the Sr:Ir molar ratio correlates well potential-wise with the appearance of ultrathin
islands on the surface, consistent with our hypothesis that Sr?* reacts with CO3* to form SrCOs.
In H2SOs, Sr leaching is also observed but it does not level off with potential (Figure 2h), with
over 70% of the “surface” Sr missing at the onset of dissolution at 2.3 V, which is substantially
greater than in KOH. Importantly, when comparing Figure 2g and Figure 2h, we can see
significant potential gap (~ 0.6 V) between Sr leaching and active SrlrOsz dissolution. The
electrodes were also characterized by scanning transmission electron microscopy (STEM). The
inset in Figure 2h shows STEM images (in the high-angle annular dark-field, HAADF) and the
distribution of Sr and Ir obtained by mapping of electron energy loss spectra (EELS) in the film
after the last measurement in HoSO4 shown in Figure 2h. The images reveal a highly disordered
strontium-deficient Sri_IrO3 layer (~3-4 nm thick) on top of SrlrOs. These results directly correlate
with the XPS data. Similar layers were observed previously for SrlrOs tested in HC1O4 2° and
H>SO4 72,

To understand the process during (bulk) dissolution, we perform operando EC-AFM
galvanostatically at 10 mA/cm? in both alkaline and acidic electrolytes. In KOH, the film
dissolution rate measured directly via operando EC-AFM is ~0.1 A/s and remains constant with
thickness (Figure 3a). [slands similar to those observed in slow LSV appear immediately once the
potential is reached (Figure S13 and S14). The potential required to drive such high currents in
the AFM liquid cell is higher than the potential measured in the RDE experiments due to a larger
stagnant layer near the electrode surface inside the AFM cell than in the RDE cell. In H2SO4, on
the other hand, EC-AFM shows no detectable dissolution of the 18-nm thick film over a period of
80 min (Figure 3b, S15), indicating a much higher stability at 10 mA/cm? than in the case of the
basic electrolyte.

Next, we measure nominally identical SrIrO; electrodes (30 nm thick) galvanostatically at
10 mA/cm? in a rotating disk electrode (RDE) configuration. Because only a small fraction of the
current is associated with the dissolution (as found in EC-AFM experiments), the potential
measured in such galvanostatic experiments corresponds to the OER activity of the structurally
evolving surface. Figure 3¢ shows the potential evolution in different electrolytes. SrlrO3; in KOH
shows a short 60-min plateau at ~1.8 V after which the potential increases rapidly, indicating a
complete dissolution of the film as the potential exceeds 3 V. When a film dissolves completely in
an RDE experiment, the dissolution time (until the potential starts to raise rapidly to 3 V) can be
used to evaluate an average dissolution rate under galvanostatic conditions. The average
dissolution rate in 0.1M KOH is 0.08 A/s, consistent with the AFM results. For STEM studies, we
characterized a 120-nm thick electrode after 60 mins at 10 mA/cm?. STEM shows that the electrode
does not have a noticeable Sr-depleted region (Figure 3d), in contrast to the results in acidic
electrolytes. In 0.5M H2SOg4 the film shows two plateaus: one at ~1.67 V with a longer stability
than in the basic electrolyte and, importantly, the second plateau at ~2.32 V that continues for
~500 min while the potential increases slowly by ~120 mV. The estimation gives ~0.006 A/s in
0.5M H>SOq4 (consistent with EC-AFM), which is an order of magnitude smaller than in 0.1M
KOH and correlates well with a negligible dissolution rate reported for IrO; in acids*?%32,

Discussion

In alkaline electrolyte, crossing the OER onset makes the surface Sr:Ir ratio drop below
0.75 (Figure 1f), while the subsurface ratio remains close to the stoichiometric value, indicating
that Sr leaching in 0.1M KOH happens only within the first few unit cells of the surface. We
suggest that the reason for such an exceptionally shallow leaching in the alkaline electrolyte



(unlike the “deep” leaching observed in acids and discussed below) is the rapid dissolution of the
Sr-deficient (Sri«IrOs.y) surface layer after its formation, resulting in “chemical refreshing” of the
surface. Such a stepwise dissolution of SrlrO3 — Sri«IrO;.y = SrIrO3; may be responsible for the
preservation of the step terraces observed in EC-AFM experiments (Figure 1c-g) because the Ir-
enriched surface is only transient in this process. This hypothesis is based on the Pourbaix diagrams
of Ir-water system'?33, where the anodic potential that corresponds to soluble iridium oxide species
is noticeably lower at higher pH. Our conclusions are also supported by the previously reported
density functional theory calculations on the thermodynamic surface stability of SrlrO3.3’ In
particular, Sr-depleted surface was found to be more stable than other surface compositions under
thermodynamic potentials that correspond to OER conditions in our experiments, which implies
that Sr1xIrOs is likely the surface layer that forms and later proceeds to the anodic dissolution.
However, as such calculations do not consider solvation and are purely thermodynamic in nature,
they cannot address the kinetics (rate) of the perovskite dissolution. As our study shows that Sri.
«IrO3 dissolves in actual experiments, we speculate that the mechanism for active dissolution
involves the formation of highly oxidized iridium species at the surface (e.g., Ir(VI)) and follows
Eq. 3. Importantly, in 0.5M H>SO4 (Figure 3a, S10) both Sr leaching and the islands appear at
potentials that are earlier than the OER onset. These results do not support the mechanism proposed
by Wan et al?®, where Sr leaching is initiated by the lattice oxygen oxidation reaction in the OER
region. In our experiments, Sr leaching by itself does not lead to the perovskite dissolution. As
Figure 2d shows, there is a wide potential gap (almost 0.6 V) between the onset of Sr leaching
and active SrIrO; dissolution.

Next, we discuss the longer-term degradation behavior of the electrodes during
galvanostatic measurements (10 mA/cm?) in the RDE experiments (Figure 3¢). In KOH, the
dissolution follows a smooth potential curve. As the dissolution reaches completion, the potential
rises rapidly to 3 V. The degradation of SrIrOs; in H2SO4 is more complex. The EC-AFM
experiments show a negligible dissolution rate at 10 mA/cm? (Figure 3b) and the Sr-depleted
surface appears at OER potentials within a 5-min potentiostatic hold (Figure 2h). Based on these
observations, we hypothesize that the two plateaus measured in 0.5M H,SO4 (Figure 3¢, red curve)
are related to two different states of the surface. The first low-potential plateau shows the activity
of SrixIrOy, while the high-potential plateau corresponds to the OER activity of a less active
surface IrOy'nH20 layer. The transition between the two plateaus is determined by the interplay
between the rates of Sr leaching and IrOy dissolution. When Sr leaching is faster, it leads to the
formation of a relatively stable Sr-depleted IrOy'nH20 layer. On the other hand, if Sr leaching is
comparable or slower than IrOy'nH>O dissolution, then passivation does not take place and SrlrO3
dissolves continuously. A very long high-potential plateau in HoSO4 implies that the anodic
dissolution of IrOy'nH>O is significantly suppressed in H2SOs. Interestingly, previous studies
reported different effects of prolonged testing of SrlrO; in acidic electrolytes on its OER activity.
Specifically, in one study’ SrIrOs films showed a small increase (2-fold) of activity during the first
~60 cyclic voltammetry sweeps but soon afterwards became much less active, without any change
in the Tafel slope. On the contrary, in a different study?® a moderate and continuous increase in
activity (4-fold) was reported for SrlrOs films during 20-h cycling up to 1.75 V without any
noticeable dissolution of the film. Finally, Seitz et al.® showed that SrIrOs films increase their
activity almost 8-fold in 0.5M H>SOs during galvanostatic measurements at 10 mA/cm?. In our
study, we do not see activity improvement during both prolonged cycling and galvanostatic tests
(Figure S5 and S16). While the reasons for such drastically different behavior of SrIrOs in the



aforementioned studies is unknown, it could be connected with a high sensitivity of the surface
chemical composition and structure to the oxide film preparation conditions.

Because strontium leaching precedes an active dissolution stage by 0.5-1 V depending on
the pH, we propose that Sr leaching is a necessary step in SrlrOs dissolution, which “prepares” the
surface for easier oxidation and solvation by creating surface defects. To test this hypothesis, we
attempt to suppress the Sr leaching by reducing its chemical potential difference between the
SrIrO; and in the electrolyte. To do so, we use a 0.05M Sr(OH), electrolyte which has Sr?*
concentration close to the saturation point and the same pH as that of 0.1M KOH. In XPS studies
of the electrode after a 5-min potential hold in (Figure S17), we see a decreased amount of leached
Sr at the surface compared to the electrode measured in both 0.1M KOH and 0.5M H>SO4
electrolytes. When the electrode is tested for much longer under harsher conditions (1-h
galvanostatic hold at 10 mA/cm?), a Sr-depleted layer at the surface of SrlrOj still appears (STEM-
EELS, Figure 4f) similarly to the case of 0.5M H>SO4. Importantly, we note that while Sr leaching
and SrIrOj3 dissolution occur at different potential, the galvanostatic experiments were performed
at a starting potential of 2 V, and hence both processes occur concurrently. The galvanostatic test
of the film in the 0.05M solution of Sr(OH), (pH = 12.3) reveals a 2-3 times longer low-potential
plateau that scales with the film thickness (Figure 3¢ and S16). Thus, because Sr-based electrolyte
can extend the lifetime of SrIrO; in alkaline environment by decreasing the amount of leached Sr,
we conclude that Sr leaching is the essential step in SrlrO; dissolution in alkaline electrolytes. In
other words, Sr deficiency in the surface region promote an earlier onset of iridium dissolution.

In summary, we use in situ EC-AFM to characterize surface and thickness evolution of
epitaxial SrlrOs thin-film electrocatalysts. Using this technique, we reveal the potential-dependent
dissolution rate with a sub-nanometer precision within a large range of potentials extending deep
into the OER region. Our study illustrates the complexity of the pH-dependent interplay between
the IrOy dissolution kinetics and Sr leaching during OER at the SrlrO; surface. Furthermore, we
demonstrate that strontium leaching is an essential step during degradation of SrlrO3 in an alkaline
environment that promotes an earlier onset of iridium dissolution. Finally, we show that strontium
leaching can be inhibited by using a Sr(OH)»-based electrolyte, leading to a longer lifetime of the
iridate electrocatalyst. Our work offers a new perspective on the means of studying the kinetics of
oxide degradation and its mechanisms for electrocatalysts.
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Figure 1. (a) Capacitive and OER regions of the SrlrQ; film after a given number of cycles
up to a given potential. (b) The room mean square (RMS) roughness after each CV series up
to a maximum potential in 0.1M KOH and 0.5M H2SOs. (¢-1) The surface roughening as the
cycling is done to increasingly higher potentials in 0.1M KOH and 0.5M H:SOq,
corresponding to CV conditions given in (a) and (b) (scale bars are 400 nm). See Figure S6
and S8 for further data and information.
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Figure 2. (a) Electrochemical operando EC-AFM measurements of the SrIrO; film in 0.1M
KOH (see also Figure S9). (b) An enlarged region of the AFM image showing the initiation
of the surface evolution with potential manifested in the appearance of islands on the surface
without the loss of the step-terraced surface morphology. (c) Active dissolution phase (the
image is flattened for clarify). (d) The evolution of the SrIrOs film in 0.5M H:SOy4 (see also
Figure S10). (e-f) Disappearance of islands from the surface and the beginning of active
dissolution of SrixIrOs. (g) Evolution of the film thickness in 0.1M KOH and 0.5M H,SO4
with potential obtained in the operando EC-AFM experiment. The dissolution rate is
evaluated by fitting the thickness as a function of time (green curve — exponential fit, red
curve — 3" degree polynomial fit). The red asterisk marks the potential at which the islands
on the surface in (d) disappear (yellow dashed line). (h) X-ray photoelectron spectroscopy
showing Sr depletion at the surface near the OER onset potential for the two electrolytes.
The error bars represent standard deviation in percentage (derived from the standard
deviation of the five XPS measurements performed on an as-grown film). The inset shows
the HAADF STEM image and EELS map of the film after the ex situ XPS measurements in
0.5M H:SO4 showing a heavily Sr-depleted surface SrixIrQOy layer. The scale bar is 3nm.
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Figure 3. (a-b) Thickness variation of the SrIrO; film during galvanostatic measurements at
10 mA/cm? in 0.1M KOH and 0.5M H>SOj obtained in operando EC-AFM experiments (see
more data in Figure S13, S14, S15). (¢) Evolution of potential in galvanostatic measurements
(at 10 mA/cm?) in an RDE cell showing the variation of OER current as the films with
identical thickness (30 nm) undergo anodic corrosion in different electrolytes. (d-f) HAADF
images and EELS maps of the cross sections of the films tested galvanostatically at 10
mA/cm? for 1 h in different electrolytes. Colored EELS maps show Sr (green), Ir (red) and
Ti (blue) elemental distribution. Because of the difference in dissolution rates in these
electrolytes, the starting thickness of the films was not the same.



Methods

Thin film preparation and characterization

Thin films of SrIrO; were grown by pulsed laser deposition (PLD/MBE 2300, PVD
Products) on 10x10 mm? (001) Nb-doped SrTiOs (0.5 wt% doping) (Shinkosha Co., Japan) using
SrlrOs target (Toshima Manufacturing, Japan). All substrates were first etched with buffered HF
solution (pH =4.5) and annealed at 950 °C under Argon flow for 2 hours to restore high-quality
step terraces. The growth temperature was 700 °C under oxygen pressure of 30 mTorr (some
samples were grown under 15 mTorr). The target to substrate distance was 84 mm, the laser fluence
was 2 J/cm?, The growth was monitored in sifu using a RHEED system (TorrRHEEDt, Staib
Instruments) operated at 35 kV (1.5 mA). The samples with the SrlrO3-SrTiOs step were prepared
through the following steps: (i) a small area on the substrate was covered with acetone-soluble
photoresist (Megaposit SPR3612); (ii) an amorphous layer (20-30nm) of water-soluble Sr3Al,O¢
was grown at room temperature in the PLD from the Sr3Al,Og¢ in-house prepared target; (iii) the
photoresist was then removed using acetone, leaving a clean area on the substrate; (iv) SrlrOs layer
was grown on top of the entire sample under conditions mentioned above; (v) finally, the sample
was immersed in water for several hours and lightly sonicated to dissolve Sr3Al,Os and remove
the SrIrO3 layer grown above it but leaving the SrlrO; layer in the area previously protected by the
photoresist. Such samples had a small area (0.1-0.3 mm?) of the SrIrOs film on a large-area
substrate and were used in the majority of electrochemical AFM experiments. X-ray diffraction
and X-ray reflectivity of thicker films were collected using PANalytical X’Pert PRO
diffractometer equipped with a double monochromator and operating in a parallel- beam geometry.

Transmission electron microscope specimens were prepared by focused ion beam lift-out
technique using a Thermofisher Scientific Helios UC instrument operated at 30 kV at the
beginning of preparation, followed by 5 and 2 kV for the final cleaning. The HAADF and EELS
images were collected with a Thermofisher Scientific (former FEI) image-corrected Titan 80-300
environmental TEM operated at 300 kV, equipped with a Gatan Imaging Filter Quantum 965 ER.
Another set of specimens were analyzed with a Thermofisher Scientific probe-corrected Themis
Z microscope operated at 80 kV, and equipped with a Gatan Imaging Filter Continuum 1065 ER.

The air-free XPS characterization was performed with a PHI Versa Probe (Physical
Electronics Inc.) with Al Ko X-ray illumination, a pass energy of 23.5 eV and at various
photoemission angles without neutralization. The samples were measured in the RDE cell inside
a nitrogen-filled glovebox and transferred to XPS in a transfer vessel without air exposure. The
Sr:Ir stoichiometry was calculated using integrated intensity of the respective peaks after
subtraction of the Shirley background (fitting was done with CasaXPS) and the sensitivity factors
of 5.7772 (Sr) and 16.1333 (Ir). The mean escape depth was defined through the inelastic mean
free path (IMFP) of the photoelectrons A and the photoemission angle 0 through d = A x cos 0.4
IMFP was calculated to be 23.8 A for Sr and 24.7 A for Ir using QUASES-IMFP-TPP2M.*® This
isotropic approach uses the straight-line approximation*, as is suitable in the absence of well-
characterized, material-specific angle-dependent effective attenuation lengths. For a full
description of the information depth in photoemission the readers are referred to the literature .

Electrochemical measurements
Electrochemical measurements of the thin films were performed using a rotating disk
electrode (RDE, Pine Research) setup under 1000-1500 r.p.m. Teflon cell was used. Only the front



side of the film was exposed to the electrolyte (film area is 10x10mm?, while the electrolyte-
contacted area is circular with a diameter of 7.5 mm), and the potential was controlled using a
BioLogic SP-300 potentiostat. On the electrolyte side, a film area of 0.75 mm diameter was
exposed to the electrolyte and sealed using an O-ring (FFKM, Marco Rubber). Electrical contact
was made from the back of the substrate, where the Ti(5 nm) and Pt(50-100 nm) layers were
deposited beforehand. The O;-saturated electrolyte solutions used in the experiments were
prepared using the following chemicals: KOH pellets (Sigma-Aldrich, Semiconductor grade,
99.99%), concentrated HoSO4 (99.99 %), Sr(OH)2-8H,O (Alfa Aesar, 99%). A set of carefully
maintained Hg/HgO reference electrodes (CHI152, CH Instruments) filled with 1M KOH were
used in the experiments involving alkaline and neutral electrolytes, with a separate “master”
electrode that was used for calibration purposes (typical deviations were within 1-3 mV). The 1M
KOH celectrolyte inside the Hg/HgO electrode was replaced after each measurement in the
chemically non-native Sr(OH), electrolyte. Similarly, Hg/Hg>SOs reference electrodes
(RREF0025, Pine Research) were used in the 0.5M H2SO4. We found that our heterostructures
exhibit a solid-state film-substrate junction resistance that is potential-dependent. This makes an
accurate correction for resistance difficult. As a result, no correction for the resistance-induced
potential drop was done for all samples (the data are as measured). The concentration of Sr?>* in
equilibrium with SrCO3 was calculated using the solubility constant K, (SrCO3) = 5.6x10°19.42

Electrochemical Atomic Force Microscopy

Atomic Force Microscopy was performed using Oxford Instruments Asylum Cypher ES
scanning probe microscope and a modified liquid cell. The scans were recorded in a tapping mode
using Olympus ACS55TS tips (radius ~7 nm) that were excited photothermally (blueDriveTM) on
the gold-coated reflex side. These tips can operate in liquid at high resonance frequency (~ 1 MHz,
have a stable resonance and therefore are ideal for high-resolution imaging. In the scanning
process, the phase was kept close to 70-80% to make sure the tip operated in a repulsive regime
without a significant mechanical force. The Asylum software package implemented into Igor Pro
was used for flattening and correcting the AFM images. When islands appeared on the surface,
depending on the tip-sample interaction, the tip could go afloat. When such lines were occasional,
they were removed from the scan using the “Erase line” function under “Modify Panel” in the
Asylum software. When the lines were not occasional, they were left as is.

Electrochemical AFM experiments were done in the original liquid cell from Asylum
Research but modified to incorporate all three electrodes, one of which was a real reference
electrode (Hg/HgO for 0.1M KOH and Hg/Hg>SO4 for 0.5M H2SO4). During OER reaction inside
the AFM cell, a continuous electrolyte flow was maintained using a combination of separate “push-
pull” syringe pumps (PHD ULTRA, Harvard Apparatus) at a rate of 50-500 uL. min™! depending
on the current.
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