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ABSTRACT: Perovskite oxides are an important class of oxygen evolution reaction (OER)
catalysts in alkaline media, despite the elusive nature of their active sites. Here, we L
demonstrate that the origin of the OER activity in a La; ,Sr,CoO; model perovskite arises ¢ & L o
from a thin surface layer of Co hydr(oxy)oxide (CoOxHy) that interacts with trace-level Fe ‘>E’ rhas "3
species present in the electrolyte, creating dynamically stable active sites. Generation of the = 4 “v-snmmm LJ‘T:!
hydr(oxy)oxide layer is a consequence of a surface evolution process driven by the A-site 9 g Fewin
dissolution and O-vacancy creation. In turn, this imparts a 10-fold improvement in stability £ , a oleciralyts
against Co dissolution and a 3-fold increase in the activity—stability factor for CoO,H,/ % o R
LSCO when compared to nanoscale Co-hydr(oxy)oxides clusters. Our results suggest new 3 T B B iied electrolyte
design rules for active and stable perovskite oxide-based OER materials. %o 01 02 03

xinLa, Sr CoO,

17,19

B INTRODUCTION

The oxygen evolution reaction (OER) is an integral process of
many electrochemical energy conversion and storage systems
including H, production from water electrolysis,' "~ metal—air
batteries,” and fuel production from CO, reduction,” all
essential technologies in a circular economy.’ Further
development to improve the efficiency and lifetime of these
devices must rely on advanced materials to drive the OER and,
most importantly, that are unhindered by the thermodynamic
inverse activity—stability relationships.” In acid-based electro-
lyzer, IrO, catalyst electrodes have shown the best compromise
between O, production rates (activity) and metal dissolution
rates (stability),”” as described by a high activity—stability
factor (ASF)." Similarly, insights into the activity—stability
relationships of cost-effective and earth-abundant materials
have just begun to provide new design rules for advanced
alkaline-based electrolyzers."'

Two classes of transition metal oxides are most promising to
promote OER in alkaline media, 3d transition metal (TM)
hydr(oxy)oxides'>~'® and perovskite oxide materials of the
form ABO,'"™*, where A stands for an alkali earth or rare
earth cation and B stands for a 3d transition metal cation.
While the nature of the active sites in hydr(oxy)oxides still
remains elusive, recent findings suggest that Fe impurities from
the electrolyte play a major role as a dynamically stable active
site.'" The ability to change compositions of both A- and B-
sites in perovskite oxides enables great versatility in tuning
their bulk band structure,'”'® and therefore their reactivity.
Changes in the B-site cation, such as Ni, Co, Fe, or Mn, have
been correlated to promotion of the direct H,O/OH~
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oxidation mechanism, with mixed Co and Fe B-sites
displaying the highest OER activity.'”~*' Alternatively, differ-
ent A-site cations, including La, Sr, or Ba, can reportedly
trigger O, production via indirect conversion of surface oxygen
from the crystal lattice into O,, while the newly created O-
vacancies (O-vac) are replenished by H,0/OH™.*>*

Despite the apparent success in the correlations between the
bulk solid-state band structure and the OER activity
trends,”"*> there remain a number of unanswered questions
surrounding the OER catalytic properties of perovskite oxides.
First, given that surface reconstruction has been shown to
occur during the OER,ZO’ZG_33 it is critical to evaluate the true
nature of the surface formed in the course of the reaction. Such
surface changes possibly create new active sites that may have
unique activity and stability properties (evolved surface),
bearing little-to-no relationship to the bulk band structure of
the perovskite itself.>* In addition, the dynamics of the surface
reconstruction remain unresolved, with important contribu-
tions from atomic-scale dissolution events and the formation of
O-vac that must be considered. Lastly, the extent to which
trace-level Fe impurities from the electrolyte can impact the
perovskite oxide reactivity is still unknown, as those impurities
are always present in commercial alkaline solutions.'”***°
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Figure 1. OER activity trends in LSCO-x materials under well-defined electrochemical conditions. (a) OER overpotential values measured at 1 mA
cm™? from cycling the electrode in highly purified (clean) 0.1 mol L™ KOH at 22 °C for LSCO-0 and LSCO-30 with and without the addition of
carbon powder. (b) First OER polarization curve for LSCO-0, 10, 20, and 30% Sr content in A-sites and (c) after SO potential cycles up to 1.7 V in
0.1 mol L™ KOH deliberately containing 0.1 ppm of Fe(,y- (d) Comparison of OER current density measured at 1.7 V for LSCO-x samples
precycled 50 times as shown in (c) as a function of the Sr-doping levels in the A-site for electrolytes with and without 0.1 ppm of Fe(,). Inset shows
the O, production rate enhancement due to the presence of Fe (jg./jno.re) as a function of Sr-doping levels. Measurements were taken at least three
times, and average values are presented with the standard error bar. (e) Growth of Fe-induced OER enhancement factor as a function of potential
cycles for LSCO-0, 10, 20, and 30% Sr-doping levels. Measurements were taken at least three times, and average values are presented with the

standard error bar.

Thus, establishing the functional links at the atomic scale
between perovskite properties, surface reconstruction dynam-
ics, and electrolyte impurities will provide new insights on how
to design active and stable OER electrode materials in alkaline
media.

Here, we report a study of stoichiometric single-crystalline
Sr-doped LaCoO; particles, La,_,Sr,CoOj; (hereafter LSCO-x,
where x indicates Sr atomic concentration), as a model
perovskite oxide electrode material for OER in purified alkaline
electrolyte. We demonstrate that the origin of the OER activity
arises from a few nanometers thick Co hydr(oxy)oxide
(CoO,H,) layer that interacts with trace-level Fe(, in the
electrolyte, creating dynamically stable active sites. The
formation of the stable hydr(oxy)oxide layer is a consequence
of the surface evolution driven by A-site dissolution and O-vac
formation, as experimentally confirmed by ex situ identical
location scanning transmission electron microscopy (IL-
STEM) at atomic resolution, Raman spectroscopy, and in
situ inductively coupled plasma—mass spectrometry (ICP-
MS). Further, experimental and density functional theory
(DFT)-based theoretical analyses reveal a 10-fold gain in
stability against Co dissolution and a 3-fold increase in the ASF
values for the evolved CoO,H, /LSCO surface layer when
compared to other CoO,H, -based materials. The interaction

y
between Fe species from the electrolyte and 3d transition
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metal (TM) hydr(oxy)oxide enables the LSCO/CoO,H,-Fe
electrode/electrolyte interface to be highly active and stable
toward O, production.

B RESULTS AND DISCUSSION

Characterization of LSCO OER Activity in Ultrapure
Electrolytes. First, the OER activity trends of stoichiometric
single-phase LSCO-x (x = 0, 10, 20 and 30) single-crystal
particles were established in highly purified 0.1 mol L' KOH
(see Materials and Methods section for synthesis, purification
protocol, and characterization results shown in Figure S1 in the
Supporting Information).'" The ability to synthesize the LSCO
under high O, pressure ensures full oxygen stoichiometry (e.g.,
typical oxygen content assay of 2.993 + 0.00S), creating
unique electronic states as well as the ability to explore the role
of O-vac independent from the A-site doping level.”” In
addition, the intrinsic differences in electronic conductivity
observed at varying Sr-doping levels may mask the true
perovskite reactivity,”*~*" particularly for poor electronic
conductors, such as LSCO-0. This is exemplified in Figure
1a, as the OER overpotential (77), which denotes the difference
between the electrode potential at 1 mA cm geo_2 and the
thermodynamic OER redox potential of 1.23 V vs RHE, is at
least S0 mV higher in LSCO-0 compared to LSCO-30 in
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Figure 2. Probing the surface reconstruction as a consequence of potential cycling LSCO surfaces in alkaline media. Identical location STEM
images (a) of pristine LSCO-0, (b) after 50 cycles up to 1.7 V in clean 0.1 mol L™! KOH, and (c) after an additional 50 cycles in KOH containing
0.1 ppm of Fe(,) in the electrolyte. Representative EELS spectra for (d) O K-edge and (e) Co L,- and Ls-edges for samples shown in (a), (b), and
(c). STEM images (f) of pristine LSCO-30 (inset: high magnification showing the lattice fringes indicative of the initial perovskite structure), (g)
after 50 cycles up to 1.7 V in clean 0.1 mol L™' KOH, and (h) after an additional 50 cycles in KOH containing 0.1 ppm of Fe(,q in the electrolyte.
Representative EELS spectra as correspondingly marked in panels (a—g) for (i) O K-edge and (j) Co L,- and L;-edges for LSCO-30 images shown
in (f), (g), and (h). (k) EDS mapping of LSCO-30 surface after the extensive cycling shown in (h), depicting the atomic distribution of La, Co, and
Fe over the amorphous surface. (1) High-resolution STEM images (spot indicates where EELS was measured in (m)). Representative EELS spectra
in (m) for Fe L;-edge at different regions of the cycled LSCO-30. (n) Raman spectra of LSCO-30 before and after cycling, indicating formation of

CoO,H, surface species.

purified KOH. To remove any interference from large intrinsic
conductivity differences, we employed a LSCO-x/high surface
area carbon electrode composite, noting that, once the
limitations of conductivity are removed, there is no OER
activity difference beyond experimental error between the
LSCO-x samples in purified KOH electrolyte (Figure 1a).
However, there is a striking difference in OER activity after
introducing 0.1 ppm of Fe(, ) into purified KOH, particularly
after subjecting the electrode to multiple potential cycles.
While the first scan response shows identical reactivity across
all LSCO samples (Figure 1b), cycling these electrodes over SO
scans up to 1.7 V in the Fe(,q)-containing electrolyte reveals a
marked activity enhancement for the Sr-doped samples, with
increasing activity at higher Sr content (Figure 1c). It is worth
noting that the OER activity trends summarized in Figure 1d
(LSCO-0 < LSCO-10 < LSCO-20 < LSCO-30) are similar to
those in previous reports on the effect of Sr doping on OER
activity in LSCO materials.””** To allow direct comparison of
the effects of Fe on each LSCO-x sample, we determined the
Fe-OER activity enhancement factor, defined by the ratio
between the current density measured with and without Fe(,,
in the electrolyte (jge/jno-re) at 1.7 V. From the inset of Figure
1d, it is clear that activation of Sr-doped samples (LSCO-10,
20, and 30) depends on the synergy between the presence of
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trace amounts of Fe(,y) in the electrolyte and the extent of Sr
doping in the A-site. Extending the number of cycles above
2000 cycles in an electrolyte containing 0.1 ppm of Fe(,q
(Figure le) reveals that eventually all LSCO samples become
more active, with higher Sr-doped LSCO showing faster
activation (higher number of sites) before reaching the
maximum OER currents (activated state). It is important to
note that extended cycling in purified KOH shows no activity
changes for all LSCO-x materials (Figure S2). After activation,
the Fe-OER activity enhancement factor reaches a saturation
plateau at a value of ~4, similar to what is observed for Fe-
CoO,H, surfaces."’

From the activity trends depicted in Figure 1, there are three
important features to highlight. First, the OER activity of all
LSCO samples is identical under purified KOH, suggesting
that the variations in the bulk band structure for a given Sr-
doping play only a minor role on LSCO OER catalysis.
Second, important activity differences are observed only when
Fe(,, is present in the electrolyte, albeit at trace levels (0.1
ppm). Third, the activity enhancement increases with cycle/
time, faster for higher Sr-doping LSCO, eventually leveling off
across all LSCO surfaces. These results point to the existence
of a highly dynamic electrode/electrolyte interface, with a
possible occurrence of surface evolution (changes in the
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Figure 3. Trends in elemental dissolution rates for LSCO-x materials during potential cycling in 0.1 mol L™ KOH. (a) In situ measured La, Sr, and
Co dissolution rates as a function of the electrode potential for all four LSCO samples at 0, 10, 20, and 30% Sr-doping level. The arrows indicate
the direction of the potential sweep, starting from the positive sweep direction. (b) Total amount of dissolution for Co and Sr after integration of
the dissolution profiles depicted in (a). (c) DFT calculated dissolution energy for La,_,Sr,CoOj; materials as a function of Sr-doping level and

increasing electrode potentials.

catalyst surface structure and composition) that takes place
during potential cycles, with a direct correlation to the
presence of Sr on the A-sites. It is surprising that the observed
OER activation is only achieved when Fe(,q) is present in the
electrolyte, implying that the changes in the surface sites of the
LSCO, or the increase in surface area, are not enough to
explain the high OER rates based on the intrinsic LSCO
reactivity given by the first scan. However, the observed effect
indicates that a dynamically stable active site could be
responsible for the OER activity trends as previously observed
in 3d TM hydr(oxy)oxides.""

Determination of LSCO Surface Evolution Process. To
confirm the occurrence of surface evolution, we employed IL-
STEM analysis of selected LSCO-0 and LSCO-30 samples.
Specifically, we tracked the changes in the surface atomic and
electronic structures of the same particles before and after
different electrochemical cycling conditions. By analyzing first
the pristine materials, then after 50 cycles in purified KOH,
and later after an additional S0 cycles in Fe-containing KOH
(see experimental details in the Supporting Information), we
were able to visualize the occurrence of three key, sequential
processes: formation of ordered O-vac, followed by progressive
surface amorphization, and finally, localization of Fe species
that interact with the newly formed amorphous oxide surface.
Figure 2 shows atomic-resolution high-angle annular dark field
(HAADF) images acquired using aberration-corrected scan-
ning transmission electron microscopy (STEM) of an LSCO-0
particle in the [001] projection. While imaging the pristine
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sample (Figure 2a) reveals the expected structure for this
perovskite oxide in an area near the particle surface, Figure 2b
shows that the same area remains mostly unchanged, except
with some slight differences in contrast of a few Co—O layers.
As indicated by the red arrows in Figure 2b, some of the Co—
O layers appear darker than the rest, suggesting the presence of
ordered O-vac after the initial 50 cycles in purified KOH.*"*
Further potential cycling, now in the presence of Fe as well,
reveals that, in fact, there is a progressive disruption of the
initial surface morphology as indicated by the broken white
lines in Figure 2c (additional contrast on the amorphous
region is shown in Figure S3). At the inward surface front, near
the crystalline phase, the creation of additional oxygen
vacancies is observed as seen by the darker contrast in the
Co—O0 columns and marked by the red arrow.

Further confirmation of the formation of O-vac comes from
analyzing the changes in the electronic structure and local
chemical composition of the LSCO-0 particle as a function of
potential cycling. The electron energy-loss spectra (EELS) of
the O K-edge taken from the pristine LSCO-0 particles (Figure
2d) show the expected near-edge fine-structure of the O K-
edge for LaCoOs;, with the prepeak located at 530 eV, and
followed by two main peaks at 534 and 539 eV. The O K-edge
prepeak for LSCO-0 is important, as it is directly correlated to
the density of empty Co 3d orbitals and, therefore, to the
concentration of oxygen vacancies in the sample. While the O
K-edge prepeak in LSCO-0 has also been used previously to
analyze the Co-ion spin states,*’ our analysis here will focus

https://dx.doi.org/10.1021/jacs.0c08959
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only on the effects of oxygen vacancies because their effects on
the prepeak intensity are markedly higher than that caused by
changes in Co-ion spin state. The extended fine structure also
provides information on the long-range order of the crystal, as
well as the density of Co 4s and La—O bonding.*”** After the
initial SO cycles, the EELS spectra (shown in green) show a
clear decrease in the O K-edge prepeak intensity, which
indicates an increase in the O-vac content. Additional cycling
leads to almost complete suppression of the prepeak transition,
and the fine structure of the O K-edge reflects features that are
commonly associated with disordered (amorphous) materials.
The Co L-edge spectra (shown in Figure 2e) confirm the trend
in the formation of oxygen vacancies after cycling, as the Co
L;- and L,-edge energies shift toward lower energies, indicating
a lower Co valence state, in line with a charge-balancing
mechanism on the remaining structure.*** Energy-dispersive
X-ray spectroscopy (EDS) shows that the Fe concentration in
the LSCO-0 particle after the S0 cycles in Fe(,,)-KOH is
negligible (Figure S4) and cannot account for the changes
observed in the EELS spectra shown in Figure 2d and e.

In contrast to the results observed for LSCO-0, the IL-
STEM characterization for the LSCO-30 sample shows a much
greater surface reconstruction after cycling in clean KOH and
subsequently in Fe-containing KOH. Specifically, the pristine
sample shows the atomic structure and composition expected
for LSCO-30, without any appreciable O-vac content,
confirming the success of the synthesis method. However, a
high density of ordered oxygen vacancies, as well as voids, is
clearly observed near the particle surface after the initial 50
cycles (Figure 2f and h) and after 100 cycles in clean KOH
(Figure SS). The O K-edge EELS shows a large decrease in the
prepeak intensity after cycling (Figure 2i), as well as a decrease
in the Co valence state, indicated by the Co L-edges shifting
toward lower energies by 1 eV (Figure 2j). After S0 additional
cycles in Fe-containing electrolyte, we find the amorphization
of the particle surface, but now with the addition of appreciable
amounts of Fe on the particle surface particularly near Co-rich
areas (highlighted in red of Figure 2k), and little in the bulk of
the particle. Analysis of the Fe L-edge EELS taken from the
particle surface, as well the near-surface bulk, suggests that,
despite no changes to the L;-edge peak position, the changes in
peak intensity reflect a higher concentration of Fe at the
particle surface, without notable variations of the Fe chemical
state across the LSCO-30 particle (Figure 21 and m). Further
inspection of EDS mapping reveals that the reconstructed
surface region is depleted of Sr, with a large presence of
lanthanum oxide/hydroxide layer and a Co amorphous layer
(Figure 2k), similar to X-ray photoelectron spectroscopy
(XPS) findings discussed in Figure S6, while the structure
supporting the amorphous film still retains some crystallinity
but without Sr (Figures S7 and S8). From the IL-STEM
analysis, we confirm that Sr-containing LSCO samples undergo
remarkable surface evolution during a relatively short number
of potential cycles. Additional surface-enhanced Raman
spectroscopy (SERS) analyses before and after SO potential
cycles were performed for both LSCO-0 and LSCO-30 (Figure
2n), confirming that the amorphous surface layer observed
from IL-STEM is related to Co-hydr(oxy)oxide species (details
in Figure §9).1%

The results shown in Figures 1 and 2 suggest that activation
of LSCO surfaces may be related to the formation of O-vac
sites, as well as possible preferential A-site dissolution. To
unravel the extent of elemental removal in the kinetics of
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perovskite surface evolution, we measured simultaneously the
rates of La, Sr, and Co dissolution using the stationary probe
rotating disk electrode method (SPRDE) coupled to an ICP-
MS (see details in the Supporting Information),”” as shown in
Figure 3a and b. During one single potential scan experiment,
each element present in LSCO shows distinct dissolution
profiles that vary in magnitude as a function of the electrode
potential. While there is no trace of La dissolution above
background levels, Sr begins to dissolve at potentials as early as
0.1-0.2 V. The differences in dissolution observed from La
and Sr indicate a selective Sr dissolution from the A-site, and
the Sr dissolution rate increases monotonically as a function of
the initial Sr-doping level (Figure 3a and 3b). On the other
hand, the results on cobalt display a wide dissolution rate
plateau at potentials up to 1.2 V that diminishes at higher
potentials. This active/passive behavior can be related to the
changes in the Co oxidation state (from 2+ to 3+) ,*® while the
dissolution plateau would be indicative of a limited chemical
dissolution step controlled by Co oxidation state and Sr-
doping level (Figure 3a). Integration of the elemental
dissolution curves in Figure 3a reveals that the total amount
of Co dissolution varies from 1 up to 4 ng cm ™~ at increasing
Sr doping, and total Sr loss varies from 4 ng cm™? for LSCO-10
up to 12 ng cm™* for LSCO-30 (Figure 3b). These seemingly
small rates of mass loss, on the order of ng cm™2, are consistent
with the formation of a few nm thick surface layers after
multiple potential cycles (50—100 scans), noting that it is the
cumulative effect of consecutive cycling that allows surface
evolution to the Co-hydr(oxy)oxide moieties.

Density functional theory (DFT) was used to explore
surface evolution kinetics through a thermodynamic model for
Sr dissolution that assumes an electrochemical reaction
pathway involving oxygen evolution from crystal lattice. In
our model, the selective Sr removal gives rise to CoOOH
species that appear as a reaction product. Thus, the
thermodynamics of Sr dissolution follows the half-reaction

Lal_xerCoH‘?Og2+¢ + %HZO
= (1 — x)LaCoO; + xSr*" + xCoOOH + %xo2

+ 2xe”

and the free energies of dissolution as a function of applied
potential were calculated as described in Figure S9. Under the
assumption of oxygen vacancy formation due to lattice oxygen
evolution before the dissolution of Sr, calculated free energies
are shown in Figure 3c for La,_,Sr,CoO;_s (x = 0.125, 0.250,
0.375, and 0.500, 6 = [(x — ¢ =3()/(2 = {)]). The Sr
dissolution is thermodynamically favorable for all calculated
concentrations and becomes more favorable at higher Sr-
doping levels (higher x values). The free energy of dissolution
also becomes more negative as the electrode potential
increases, and, in accordance with Brensted—Evans—Polanyi
principle, corroborates the experimental evidence for faster Sr
dissolution in LSCO-x with an increase in applied potential
and with higher x values (Figure 3a). Thus, lattice oxygen
evolution and formation of oxygen vacancies can contribute to
faster A-site dissolution and perovskite conversion to a
CoOOH surface layer (Figure S10).

Identification of Active Sites Formed from LSCO
Surface Evolution. The rich electrode/electrolyte dynamics
that occur at the surface of LSCO perovskites allow the
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Figure 4. Effect of O-vacancy and pH changes in the OER mechanism on LSCO-x samples measured in KOH media. (a) IL-STEM image of
LSCO-0 (top) and LSCO-30 (bottom) in the pristine condition and after vacuum annealing at 350 and 400 °C, respectively, for 1 h. (b)
Comparison of EELS spectra in the O K-edge for LSCO-0 (top) and LSCO-30 (bottom) showing the creation of extensive O-vac after the vacuum
annealing step. (c) Comparison of the effect of induced O-vac due to vacuum annealing on the Fe-OER activity enhancement factor measured in
0.1 mol L™' KOH at 0.1 ppm Fe(,q) as a function of potential cycles in LSCO-0 and LSCO-30. OER polarization curves at pH 12, 13, and 14
measured for LSCO-30 after an initial 50 cycle activation protocol in (d) purified KOH, (e) purified KOH with a deliberate addition of 0.1 ppm of
Fe(,q and (f) KOH solutions at different pH values using unpurified commercial-grade KOH (99.99%). (g) Summary of the individual and
combined effects of pH and Fe impurities on the OER current density trends measured at 1.7 V for LSCO-0 and 30% Sr-doping levels.

material to evolve with the formation of hydr(oxy)oxide sites
that have a unique interaction with Fe from the electrolyte.
The role of trace-level Fe in activating OER can be rationalized
in terms of a recently presented dynamically stable active-site
model."" As Fe hydr(oxy)oxides are the most active but also
the most unstable OER active sites in alkaline media,'' a strong
interaction between Fe(, ) and a suitable oxide host, such as 3d
TM hydr(oxy)oxides, can allow active Fe species to be
dynamically stable at the electrochemical interface. This
dynamic stability is established by a dynamic equilibrium
between Fe dissolution rate during OER and redeposition rate
promoted by Fe(, ) in the electrolyte, while the strong Fe-oxide
host interaction retains a large amount of Fe sites at the
interface that promote the observed OER rates. Additional
DEFT results, discussed in detail in Figures S11—S13, indicate a
weak interaction between Fe aqueous species and LSCO
surfaces with an interaction energy of —0.55 eV, while Fe-
CoO,H, interaction is much stronger, approximately —1.4 eV,
with charge transfer to the underlying CoOOH or LSCO of
about 0.13e™ to the adsorbed Fe complex according to Bader
charge analysis (see Figure S14 for details). This further
supports the lack of OER enhancement due to Fe(,q for all
LSCO surfaces in the first potential scan (Figure 1b). The
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results presented thus far strongly suggest that the OER
reactivity observed from LSCO samples does not originate
from the perovskite surface itself but rather from CoO,H,
surface species formed as a consequence LSCO surface
evolution, driven by A-site dissolution and O-vac formation.
Confirmation of the role of O-vac comes from additional
experiments designed to induce O-vac in the LSCO particle
after a prestep of thermal annealing in vacuum (see Materials
and Methods section in the Supporting Information for
additional details). The results depicted in Figure 4a confirm
formation of ordered O-vac after vacuum annealing on both
LSCO-0(O-vac) and LSCO-30(O-vac). As seen by the dark
superlattice features and corroborated by the changes in the O
K-edge prepeak intensity and Co L-edges energy shifts
measured by EELS (Figure 4b and S15), O-vac are formed
without variations in the La, Sr, and Co concentrations.
However, neither LSCO-0(O-vac) nor LSCO-30(O-vac)
samples displayed any notable differences in their OER activity
when measured in purified electrolyte. This corroborates that
oxygen vacancies do not directly promote O, production on a
true perovskite surface (Figure 4c). However, surface evolution
and OER activation do occur slightly faster when O-vac are
present before electrochemical cycling.
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Figure S. Enhanced stability of CoOOH sites against dissolution during OER from surface evolved LSCO perovskite oxides. (a) In situ Co
dissolution rates as a function of electrode potential for LSCO-30 after the initial 50 potential cycles up to 1.7 V and CoO,H, cluster deposited over
Pt(111) surfaces measured in purified 0.1 mol L™" KOH. (b) DFT calculated CoOOH binding energy to different support structures, corroborating
the larger stability against dissolution when CoOOH moieties are present over the LSCO crystal structure. (c) Activity—stability factor (ASF)
comparison between CoO,H,@LSCO versus CoOxHy@Pt(lll) in 0.1 mol L™' KOH containing 0.1 ppm Fe(,q) showing an overall 3-fold higher
performance for Co hydr(oxy)oxide layer formed from surface evolved LSCO perovskite. (d) Schematic of the multilayered core—shell interface
formed over a surface evolved LSCO perovskite oxide, highlighting the Fe active sites that are dynamically stable due to strong interaction with

CoOOH surface species.

A key aspect of the reactivity of perovskite is the previously
reported occurrence of a nontrivial activity—pH relationship,
suggesting the presence of nonconcerted proton—electron
transfer steps during indirect OER pathway.”>*>** By simply
varying the electrolyte pH between 12 and 14 over a (i) highly
purified 0.1 mol L™' KOH; (ii) purified KOH with intentional
addition of 1 ppm Fe(,p); and (iii) commercial unpurified
KOH (see Materials and Methods section in the Supporting
Information for additional details), we were able to reconcile
the previous activity trends with our dynamically stable active-
site model.”” As depicted in Figures 4d and e and S16, there is
no difference in the OER polarization curves for both LSCO-
30 and LSCO-0 when the electrolyte is purified or has the
same Fe content across all different pH values. However,
measuring the OER activity in commercial KOH (Figure 4f)
leads to a decrease in the measured activity at lower pH values,
a consequence of the 10X and 100X dilution factors in the Fe
content for pH 13 and 12, respectively, when compared to pH
14. This effect is particularly strong for the LSCO-30 sample,
as its fast surface evolution makes it most sensitive to the
variations in the trace Fe content (Figure 1, 2, and 3). The
trends in OER current measured at 1.7 V as a function of pH
are summarized in Figure 4g, revealing that the origin of the
nontrivial activity—pH relationship is a direct consequence of

the Fe(,-CoO,H, interaction in uncontrolled electrolyte
systems.

An unforeseen benefit of allowing the LSCO surface to
evolve to a CoO,H, is that it enables interaction with Fe(,
species, in addition to enhancing by 10-fold the stability against
dissolution of CoO,H, species at the interface with the LSCO
crystal structure. This is shown in Figure Sa, as the dissolution
rates at 1.7 V for a CoO,H, @LSCO are ca. 1.8 pg cm ™% s7!
just slightly above the detection limit, while the Co dissolution
rate for CoO,H,@Pt(111) is as high as 23 pg cm™ s™". The
stability gain is corroborated by DFT calculations where
CoOOH supported over LSCO is almost 0.3 eV more stable
than when self-supported or over a Pt(111) surface (Figures Sb
and S17). Calculated ASF values for CoO,H,@LSCO confirm
a 3-fold overall improvement versus CoOxHy@Pt(l 11) surface
(Figure Sc), suggesting that the perovskite oxides serve as a
strong support for the Fe-interacting oxide hosts. Additional
confirmation of the formation of Fe dynamically stable active
sites is given by the quick isotopic exchange between *’Fe
initially retained at the CoO,H,/LSCO surface and S°Fe that
was present in the electrolyte (Figure S18). The new reactivity
model for perovskite oxides presented here sets a hard limit on
the practicality of the O, production from lattice oxygen or the
validity of the use of a perovskite band structure to predict its
catalytic surface properties. In fact, because the occurrences of
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Co and Sr dissolution processes were not taken into
consideration as important side reactions together with O,
lattice evolution, the catalytic mechanism for O, production
from the oxygen lattice sites would only be possible if
electrodeposition of the perovskite oxide was a feasible process
in alkaline media at potentials where OER takes place. In
exchange, our results provide a new set of design rules for
active and stable perovskite oxide-based materials (Fe-
BO,H,@ABO;) for O, production. As depicted in Figure 5d,
our new model of the electrochemical interface established
between a perovskite oxide and the electrolyte involves an
electronic conductive ABOj; core that allows surface evolution
and formation of the TM hydr(oxy)oxide shell, where the
active Fe(,;) species from the electrolyte can be made
dynamically stable to promote O, production rates. This
multicomponent interface can be manipulated by tuning both
A- and B-sites, where changes in the nature and composition of
an A-site cation can control the surface reconstruction rates,
while changes to B-sites will impact the interaction strength
with Fe(,) species and the stability of the hydr(oxy)oxide
layer. We note in passing that changes in the relative stability
of the hydr(oxy)oxide layer over the perovskite core structure
could depend on epitaxial strain and/or other electronic
contributions, an important direction that could be explored
on materials that were considered previously unsuitable for
OER catalysis.

Bl CONCLUSIONS

In summary, by employing a combination of high-precision
synthesis, high-precision electrochemistry, atomic-scale imag-
ing, and theory, we have been able to resolve the nature of
active sites in LSCO perovskite oxide-based materials. In turn,
it establishes a unified active-site model that can guide the
design of perovskite oxide-based materials via the formation of
dynamically stable active sites, necessary for active, stable, and
cost-effective water electrolysis.
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