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Speciation and Electronic Structure of La,_,Sr,Co05_s During Oxygen
Electrolysis
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C. M. Rouleau® - Dongwook Lee' - Yi Yu® - Ethan J. Crumlin®® - Yang Shao-Horn'3

Abstract

Cobalt-containing perovskite oxides are promising electrocatalysts for the oxygen evolution reaction (OER) in alkaline
electrolyzers. However, a lack of fundamental understanding of oxide surfaces impedes rational catalyst design for
improved activity and stability. We couple electrochemical studies of epitaxial La,_,Sr,CoO;_g films with in situ and
operando ambi-ent pressure X-ray photoelectron spectroscopy to investigate the surface stoichiometry, adsorbates, and
electronic structure. In situ investigations spanning electrode compositions in a humid environment indicate that hydroxyl
and carbonate affinity increase with Sr content, leading to an increase in binding energy of metal core levels and the
valence band edge from the formation of a surface dipole. The maximum in hydroxylation at 40% Sr is commensurate
with the highest OER activity, where activity scales with greater hole carrier concentration and mobility. Operando
measurements of the 20% Sr-doped oxide in alkaline electrolyte indicate that the surface stoichiometry remains constant
during OER, supporting the idea that the oxide electrocatalyst is stable and behaves as a metal, with the voltage drop
confined to the electrolyte. Furthermore, hydroxyl and carbonate species are present on the electrode surface even under
oxidizing conditions, and may impact the availability of active sites or the binding strength of adsorbed intermediates via
adsorbate—adsorbate interactions. For covalent oxides with facile charge transfer kinetics, the accumulation of hydroxyl
species with oxidative potentials suggests the rate of reaction could be limited by proton transfer kinetics. This operando
insight will help guide modeling of self-consistent oxide electrocatalysts, and highlights the potential importance of
carbonates in oxygen electrocatalysis.
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1 Introduction

Perovskite oxides are promising catalysts for the oxygen
reduction and evolution reactions in alkaline media [1-7].
The ABO; perovskite crystal structure, where A is typi-
cally a lanthanide or alkaline earth element, and B a tran-
sition metal, can incorporate a wide range of the periodic
table and resultant electronic properties [8]. This flexibil-
ity makes the structure of particular interest in the study
of oxide electrocatalysts, where the search for electronic
descriptors for activity aims to guide the rational design
of more active catalysts [9-12].

In particular, cobalt-containing perovskite oxides can
be highly active catalysts for the oxygen evolution reac-
tion (OER) [4, 6, 13—17]. Substitution of Sr** at the A-site
for La®* leads to nominal oxidation of Co and incorpora-
tion of oxygen vacancies [18, 19], with drastic impacts
on the material’s conductivity [20-23], redox potential
[24], and catalytic activity [22, 25-27]. Recently, stud-
ies on La,_,Sr,MnOj; single crystal thin films [28] and
La,_,Sr,CoO;_g powders [22] have shown that higher
conductivity [17] promotes oxygen electrocatalysis activ-
ity. However, conductivity is a product of two variables,
namely carrier density (the amount of free charges in a
unit volume) and carrier mobility (how free and mobile
the charges are), and the role of these two variables have
yet to be disentangled in oxygen electrocatalysis. Further-
more, changes in the electronic structure lead to different
proposed reaction mechanisms for the OER [29]. Sr incor-
poration increases covalency through the overlap of Co 3d
and O 2p states, leading to pH-dependent OER activity as
the rate limiting step switches to one proposed to involve
OH™ adsorption onto oxygen sites [30]. Missing, how-
ever, is direct observation of reaction intermediates under
conditions relevant to electrocatalysis and the resultant
changes in electronic structure.

Ambient pressure X-ray photoelectron spectroscopy
(AP-XPS) allows the study of oxide surfaces in a humid
environment in situ [31-34]. The ability to change the
relative humidity (RH) via the water partial pressure and
sample temperature allows for rigorous deconvolution
of the surface adsorbates which form from reaction with
water [35]. An AP-XPS comparison of LaBO; perovskite
catalysts elucidated that the coverage of hydroxyl spe-
cies (OH) at a fixed RH scaled with the binding strength
calculated with density functional theory (DFT), and the
affinity for OH trended inversely with activity for the
oxygen reduction reaction (ORR) [36]. Recent advances
in AP-XPS using “tender” X-rays has enabled the study
of electrocatalysts in operando, employing a dip-and-
pull method to generate an electrolyte meniscus through
which photoelectrons can pass [37]. This approach can

characterize the electrocatalyst surface in parallel with the
electrolyte [38, 39], shedding light on surface speciation
and details of the electrochemical potential’s distribution
in the electrocatalyst (band bending [40]) and electrolyte
(double layer [41]).

Here, we study epitaxial films of (001)-oriented
La,_,Sr,CoO;_s surfaces (x=0, 0.2, 0.4, 0.5, 0.6) as elec-
trocatalysts for the OER in alkaline electrolyte. The thin film
geometry enables the parallel study of intrinsic activity, car-
rier density and mobility, and surface speciation to develop
a comprehensive understanding of the relationship between
electronic structure and reactivity. We couple two AP-XPS
approaches: in situ in a humid environment (ALS 9.3.2), and
operando (ALS 9.3.1) at OER conditions in KOH electro-
lyte. The tailored information depths (~few and ~ 10 s of nm,
respectively) of each approach gives additional confidence to
our assignment of surface adsorbates under operating condi-
tions, while also probing the voltage drop across the solid/
liquid interface. Comparing films of different Sr contents in
a humid environment, the affinity for OH™ increases with Sr,
reaching a maximum at La,, ;Sr,, ,CoO;_; (referred to here as
Sr40). Sr40 is associated with the greatest carrier concentra-
tion and mobility and also exhibits the highest OER activity
of the film compositions tested. Operando consideration of
an electrocatalyst with 20% Sr doping (La gSr, ,C005_g,
referred to here as Sr20) indicates that hydroxyl species
persist under both ORR and OER conditions, as do carbon-
ate (CO;) adsorbates, for which perovskite oxides have a
high affinity. The surface remains stable with no appreci-
able change in stoichiometry at any applied potential, and
behaves as a metal with the voltage drop occurring in the
electrochemical double layer. This new insight into the
operating surface chemistry of a perovskite during oxygen
electrocatalysis supports previously proposed mechanisms
involving hydroxylated surfaces, and suggests the affinity for
carbonate may impact the number of available sites or bind-
ing strength through possible adsorbate—adsorbate interac-
tions. The relation between both high carrier concentration
(related to band structure) and high carrier mobility (related
to metal-oxygen covalency) with greater OER activity and
more hydroxylation illustrates the importance of hole carrier
availability in both processes.

2 Experimental
2.1 Thin Film Fabrication and Characterization

High quality La,_,Sr,CoO;_g (LSCO) thin films were fab-
ricated by pulsed laser deposition (PLD) on (001) SrTiO;
(STO) substrates having a La, ;Sr, ;MnO; (LSMO) buffer
layer (substrates for the 9.3.2 measurements were supplied
by Crystec while those and for the 9.3.1 measurements were



supplied by Princeton Scientific). Films were grown addi-
tionally for all Sr concentrations without the LSMO buffer
layer for Hall measurements, and for Sr20, it was grown
in a range of p(O,) on STO as well as on other substrates
[LaAlO; (LAO) and (LaAlOj;), 5(Sr,AlTaOg),, (LSAT);
Princeton Scientific Inc.] to consider the impact of the elec-
tronic properties on OER activity. The as-received substrates
exhibit a smooth surface with atomic terraces visible under
atomic force microscopy (AFM). PLD was performed using
a KrF excimer laser (A=248 nm) with a laser fluence at the
target surface of ~ 1-1.98 J/cm?. Sintered LSCO and LSMO
polycrystalline targets were used for ablation. The films were
fabricated at 500-550 °C (635 °C for the 9.3.1 measure-
ments) in p(O,) of 50 mTorr. The 15 nm film and 15 nm
buffer layer thickness (45 nm and 45 nm, respectively, for the
9.3.1 measurements) were carefully controlled by number
of laser shots, and subsequently the samples were cooled to
room temperature under the growth p(O,).

The crystal structure of the films and LSMO buffer layer
were examined using X-ray diffraction (XRD) (Bruker), and
showed the LSCO films and LSCO films grown on LSMO
buffered STO were epitaxial (Fig. S1) for all growth con-
ditions explored here. Film surface morphologies were
examined by AFM in tapping mode (Nanoscope IV, Veeco
Metrology), and the root mean square (RMS) roughness was
measured to be ~0.2 nm. Conductivity was measured with
samples contacted in a Van der Pauw geometry [42], and
carrier mobility and concentration were measured at room
temperature by Hall effect (magnetic field swept from — 1
to+1T).

For electrochemical measurements, including oper-
ando measurements on 9.3.1, the electrode was electrically
contacted by scratching gallium—indium eutectic (Sigma-
Aldrich, 99.99%) into a small corner of the film to reach
the LSMO layer, and a Ti wire (Sigma-Aldrich, 99.99%)
was affixed with silver paint (Ted Pella, Leitsilber 200). The
back and sides of the electrode, as well as the wire, were
covered with a non-conductive, chemically resistant epoxy
(Omegabond 101), so only the catalyst surface was exposed
to the electrolyte [17].

2.2 Ex Situ Electrochemical Measurements

Electrochemical measurements to determine the intrin-
sic OER activity were performed with a Biologic SP-300
potentiostat in a ~ 125 mL solution of 0.1 M KOH, prepared
from deionized water (Millipore, > 18.2 MQ cm) and KOH
pellets (Sigma-Aldrich, 99.99%). Potentials were referenced
to either a saturated Ag/AgCl or saturated calomel electrode
(Pine), both calibrated to the reversible hydrogen electrode
(RHE) scale in 0.1 M KOH. Potentials were corrected for the
electrolyte/cell resistance from the high frequency intercept
of the real impedance (~45 Q).

Measurements of the OER (referred to as “ex situ” given
that no spectroscopy was performed in parallel with these
measurements) were conducted in 0.1 M KOH electrolyte
presaturated by bubbling O, for ~30 min and under continu-
ous O, bubbling (Airgas, ultrahigh-grade purity) to fix the
equilibrium potential. Cyclic voltammetry (CV) scans were
carried out at a sweep rate of 10 mV/s, starting and finish-
ing at open circuit voltage, sweeping from 1.2 up to 1.65 V
versus RHE for the OER.

2.3 Ambient Pressure XPS in Gas Phase H,0

In situ AP-XPS was collected at Beamline 9.3.2 [43] at Law-
rence Berkeley National Laboratory’s (LBNL) Advanced
Light Source (ALS). Films were placed onto a ceramic
heater, with a thermocouple pressed into Au foil mounted
directly onto the sample surface for temperature measure-
ments, and isolated from the sample holder clips with an
Al,O; spacer. The energy scale was calibrated at each inci-
dent photon energy via the Au 4f (84 eV) peak. To ensure
the trends presented here were not artifacts of ionizing
radiation, we checked that the O 1s spectra was the same
between an irradiated spot and that of fresh spots that had
not been exposed to the X-ray beam prior to a quick acquisi-
tion (Fig. S2).

For in situ measurements (9.3.2), the samples were
cleaned by heating to 300 °C in a p(O,) of 0.1-0.3 Torr
(measured by a calibrated capacitance gauge) until the car-
bon level remained unchanged, as indicated by the C 1s spec-
tra. After characterization of the clean surface in 0.1 Torr
0,, the chamber was evacuated to a pressure <2 X 1077 Torr,
and a p(H,0) of 0.1 Torr was introduced into the chamber.
The H,O was prepared from deionized water (Millipore,
> 18.2 MQ cm) and degased by several freeze—pump—thaw
cycles. The sample was then cooled in increments of 25 °C
down to a final temperature of 25 °C, keeping the chamber
pressure constant at a p(H,0) of 0.1 Torr. At every tempera-
ture, the O 1s and C 1s core level spectra were collected at
735 and 490 eV incident photon energy, respectively, and
at 100 °C increments as well as 25 °C, the La 4d, Sr 3d,
and Co 3p core level spectra were also collected at 735 eV.
Additional spectra were collected at a lower incident photon
energy of 690 or 350 eV (for oxygen and metal core levels,
respectively) to tune the cross section and information depth
at 300 °C in O, and H,O, as well as at 25 °C in H,O follow-
ing the isobar.

2.4 Ambient Pressure XPS in Alkaline Electrolyte

Operando AP-XPS was collected at Beamline 9.3.1 [37] at
the ALS. The photon energy was fixed to 4.0 keV (cali-
brated via the Au 4f peak) and collected at normal emis-
sion. The electrolyte was prepared from deionized water



(18.2 MQ cm) and KOH (99.99%, Aldrich). Before its intro-
duction into the experimental chamber, the 0.1 M electrolyte
was outgassed for at least 30 min at low pressure (~ 10 Torr)
in a dedicated off-line chamber. Once the manipulator with
the mounted sample and Pt foil counter electrode, as well as
the outgassed electrolyte, were placed into the experimental
chamber, the pressure was lowered carefully to the water
vapor pressure (16—17 Torr at room temperature).

Electrochemical measurements were conducted with a
Biologic SP-300 potentiostat. The sample was first fully
immersed and cycled three times at 20 mV/s from —0.25 to
0.9 V versus the Pt counter electrode (~0.75-1.9 V vs. the
RHE). Subsequently, the dip-and-pull procedure was car-
ried out to obtain a stable and conductive nanometers-thick
electrolyte layer on the Sr20 surface, and the electrode was
cycled two times. The electrode was then polarized at the
noted potentials, and AP-XPS collected while the current
was at steady state. In order to maintain a similar meniscus
thickness and compensate for evaporation over time from
active pumping, the height of the electrolyte reservoir was
adjusted periodically.

3 Results and Discussion
3.1 Sr-Dependent OER Activity

Though multiple studies have considered the OER activ-
ity of LSCO in powdered form [22, 26], the presence of
grain boundaries, uncertainty in surface area, and hetero-
geneous crystallographic termination can convolute meas-
urement of both electronic properties and OER perfor-
mance. We have prepared epitaxial thin films of LaCoO;_g
(Sr0), Lag ¢S, ,C005_g (S120), La, (Sry 4,Co05_5 (Sr40),
Laj 5Sry sCo0;_5 (Sr50), and Lag Sty 4CoO5_5 (Sr60),
among which the study of epitaxial Sr0 has previously
shown good agreement with rotating disk electrode measure-
ments on Sr0 powder [17]. A representative reciprocal space
map shown for Sr50 in Fig. 1a illustrates the epitaxial nature
of the LSCO film and LSMO buffer layer with the SrTiO;
substrate, both of which remain coherently strained to the
cubic substrate. A representative AFM shown in Fig. 1b
illustrates the smooth surface with visible atomic terraces.
The OER activity measured in a three-electrode cell
increases upon substitution of Sr** for La** in LSCO up to
Sr40, subsequently decreasing with further Sr incorpora-
tion. Figure 2a shows the second cycle of CV for LSCO thin
films on SrTiO; substrates as a function of Sr concentration
in 0.1 M KOH (for Tafel analysis, see Table S1), where the
activity can be quantified as the capacitance corrected cur-
rent density at a given applied potential, shown in Fig. 2b
to be maximum for Sr40. In addition, Fig. 2b shows the
conductivity of LSCO films also exhibits a maximum at
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Fig.1 a  Reciprocal space mapping on  representative
Laj 5Sry sCoO5_s (Sr50) grown on Lag¢Sr),MnO; buffered SrTiO;
substrates. All films are structurally homogeneous with in-plane lat-
tice parameters matching that of SrTiO;. b AFM image of sample
morphology. Surface roughness is ~0.2 nm, with visible atomic ter-
races, the direction along which is indicated by the arrow

Sr40. Moreover, in order to maximize the span of carrier
density and carrier mobility, we have also grown LSCO
on substrates with different in-plane lattice parameters
(apo0=0.382 nm, a; g, =0.387 nm, and agyo=0.39 nm)
and at different p(O,) (0.5, 5, 50 and 500 mTorr), the activ-
ity of which is presented in Fig. S3. Interestingly, high OER
activity is found for films which have both high carrier den-
sity and high mobility (Fig. 2c). We further evaluated the
relative influence of the carrier density and carrier mobility
on the OER activity using ordinary least-squares regression
(Table S2). The regression results indicate that both carrier
density and carrier mobility have a non-negligible impact
on the OER activity and are equally important for the OER
activity. Similar trends with a maximum activity at interme-
diate Sr contents have been observed for LSCO powders,
attributed to the overlap of unoccupied Co 3d conduction
bands and occupied O 2p valence bands (VBs) that lead to
improved conductivity in pressed pellets [26]. Others have
observed that the activity continually increases with Sr con-
tent in LSCO particles, where metal-oxygen covalency was
correlated with an increase in oxygen ion diffusivity [22] and
a predicted change in reaction mechanism. In contrast, others
have proposed that not only the band curvature (where cur-
vature reflects the delocalization of charge and cation—anion
covalency [44]) [45] but also the band structure, such as oxy-
gen 2p-band filling [10, 16] impacts oxygen electrocatalysis,
however the extent of influence has been challenging to dis-
entangle. Recent findings have demonstrated that compared
to LaCoO;, the covalent nature (band overlap) of Co 3d and
O 2p bands in StCoO; and the accessibility of the O 2p band
to redox (band filling) lead to a different OER mechanism
involving lattice oxygen and an increase in OER activity
[30]. This change in band structure with Sr-incorporation in
LSCO also leads to an increase in conductivity, as increasing
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Fig.2 a Second cycles of CV of LSCO thin films on SrTiO; sub-
strates as a function of Sr concentration in pH=13. The scan rate is
10 mV/s and potentials are reported on the RHE scale. b Left axis
(solid): OER current density at the noted potential on the RHE scale
as a function of Sr concentration (SrTiO; substrates). Right axis
(open): electrical conductivity of LSCO as a function of Sr concen-

metal-oxygen covalency decreases the localization of
charge-carrying holes and their effective mass (increasing
carrier mobility) [46]. We emphasize that a comprehensive
view of band structure is most informative in understanding
OER activity; for instance a perspective considering only
conductivity would predict the half metal Laj ¢Sr,,MnO;
active for OER, when it is in fact relatively inactive [47].

3.2 Sr-Dependent Surface Reactivity
of (001)-Oriented Sr-Substituted LaCoO;_;
with H,0 Vapor

We next consider the surface speciation of the LSCO
catalysts to better understand the link between electronic
structure and catalytic activity. In situ studies in a humid
environment enable the surface species to be identified by
changing the chemical potential of water, which will in turn
aid in understanding the active surface in operando. The O
1s spectra of perovskite oxide surfaces in Fig. 3, S4, and
S5 are a convolution of numerous species [48, 49]. In a
humid or aqueous environment, these include the oxide lat-
tice, hydroxyl species, undercoordinated oxygen, adsorbed
water, and oxygen-containing carbonaceous species (such as
carbonates), which overlap in binding energy (BE) [31, 50].
Furthermore, it can be challenging to separate these contri-
butions from that of liquid water in the aqueous phase. Some
of these species, such as hydroxyls, can also be affiliated
with distinct features in the metal spectra [51]. In order to
disentangle these species, we consider the oxygen and metal
core levels as a function of the chemical potential of water
(by changing the RH), and as a function of Sr** substitution
for La®* (resulting in Co oxidation and the presence of oxy-
gen vacancies). The resultant global fit can then be employed
in operando measurements to better understand the surface
speciation in an aqueous environment.

Sr concentration (%)

Carrier density (cm3)

tration. ¢ Current density at 1.65 V versus RHE in a map of carrier
density (holes) and carrier mobility. The area of the dots in the activ-
ity map is proportional to the OER current density at 1.65 V versus
RHE. The substrate is SrTiO;, unless otherwise noted for Sr20 grown
on LAO or LSAT. The p(O,) during growth was 50 mTorr unless oth-
erwise noted for Sr20 deposited at 5 or 500 mTorr

Four La®*/Sr** composition ratios were considered to
understand how the resultant oxidation of Co and/or pres-
ence of oxygen vacancies impacts surface speciation. The
A-site ratios measured at the surface trend as expected with
target stoichiometry, and both A- and B-site ratios remain
constant across the range of temperatures and atmospheres
studied (Figs. S6, S7, S8). Figure 3 compares the O 1s spec-
tra for Sr0, Sr20, Sr40, and Sr60 in dry conditions (300 °C,
0.1 Torr O,) and ~0.3% RH (25 °C, 0.1 Torr H,0). The
O 1s spectra of the LSCO chemistries in dry conditions
(Fig. 3a—d) are similar: the bulk peak is dominant, strongly
bound OH species persist to similar extents, and some oxi-
dized carbon persists (where the C 1s inset was used in
quantifying an upper bound for the O 1s CO; peak). For
Sr60, some additional intensity at ~3 eV above bulk BE is
attributed to other surface species such as undercoordinated
oxygen [52].

The species present on the surface evolve with changes in
H,O activity, probed in an isobaric measurement (Fig. S4).
At low RH, the O 1s spectra is primarily comprised of one
main peak with a high BE shoulder. Depth profiling (Fig. S5)
indicates the low BE feature is located in the bulk, and is
thus attributed to the oxide lattice. Increasing RH leads to
an increase in a feature ~ 1.6 eV higher BE than that of the
bulk, attributed to hydroxyl species (OH). At sufficiently
high RH, water adsorbs onto the surface (H,0,4,) at ~4.6 eV
higher BE. The high affinity of La/Sr-containing perovskite
oxides for carbonate [53] results in their formation in humid
environments from residual CO, in the chamber or water,
evident from the rise in C 1s intensity at ~289 eV and com-
mensurate rise in O Ls at ~3 eV above the bulk BE. This fea-
ture was fit quantitatively by experimental calibration of the
C:O intensity ratio of CO, gas, with a relative error deter-
mined from the standard deviation in CasaXPS to be ~1%.
Some residual intensity remained at ~2.8 eV above the bulk,
attributed to a “surface” species, such as undercoordinated
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Fig.3 O s (735 eV incident photon energy) and C 1s (490 eV inci-
dent photon energy, inset) spectra for LSCO of noted Sr concentra-
tion on a binding energy scale relative to the bulk peak (orange). O
ls spectra are normalized to the maximum intensity, which is the
bulk peak at 300 °C in 0.1 Torr O, (a—d) and the OH peak at 25 °C
in 0.1 Torr H,O (e-h). The C 1s spectra are on an absolute, shared
scale. The COj; peak in the C 1s at ~289 eV is used to fix the inten-
sity of the COj; peak in the O 1s spectra at 3 eV offset (gray), a simi-

oxygen like (protonated) peroxo groups or hydroxyls on the
La/Sr site [52]. The gas phase water peak (H,0,,,) is well
isolated from the surface species > 6 eV above the bulk BE.
The best fit obtained from comprehensively considering the
water isobars of the LSCO series is presented in Table S3.
The surface speciation varies notably with Sr content in
humid environments (Fig. 3e—h), probed with great surface
sensitivity due to the small mean-free path ~4.5 Aof O ls
photoelectrons [35]. The affinity for hydroxyl species can be
approximated by the ratio between the OH and bulk peak,
which increases with Sr, exhibiting a maximum at Sr40.
Similarly, the ratio of the CO; (fixed by the C 1s intensity)
and “surface” features relative to the bulk also increase with
Sr content at high RH. The formation of surface adsorbates
may be driven by the surface reducibility, where higher Sr
contents lead to more Co** sites that can be reduced under
conditions of high RH by e.g. OH adsorption. Another
potential driving force could be the filling of surface oxygen
vacancies, favored with higher Sr contents, where a larger
vacancy concentration could lead to more available sites for

Relative B.E. (eV)

lar location to the “surface” peak (peach, +2.8 eV), which is fit freely
from the remainder. The OH peak (medium blue) grows with RH, and
water adsorbs (H,O,4, dark blue) at high RH. The H,O gas phase
peak (light blue) is well-separated from the oxide peaks. Unfortu-
nately, the C Ls spectra was not collected for Sr60 in 0.1 Torr O, (d),
but C s spectra before/after this condition indicated similar trends to
the other chemistries

hydroxyl formation. Both are supported by comparing X-ray
absorption measurements at the O K-edge and Co L-edge in
dry and humid environments (Fig. S9). Two aspects of sur-
face speciation remain similar across Sr content: the amount
of adsorbed water (H,0O,,), and the location of the gas phase
(H,O,,p) peak relative to the bulk, which suggests a similar
surface work function or surface dipole [54]. The compa-
rable location of H,O,,,, is in agreement with polar surface
species such as OH™ adsorbing to equilibrate the surface
Fermi level with that of the humid environment.
Consideration of the OER activity and electronic
properties brings further insight into the observed sur-
face speciation. Hydroxylation—the extent of which is
proportional to the ratio of the OH peak to the bulk oxide
peak—trends with OER activity at lower overpotentials
(Fig. 4a), suggesting that the formation of hydroxyl inter-
mediates does not hinder OER, in contrast to ORR [36].
Furthermore, the extent of hydroxylation trends more so
with carrier mobility (Fig. 4b) than with conductivity
(Fig. S10), indicating that the ability of holes to react at
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the surface plays an important role in the adsorption of
OH"™ species. The relation between carrier mobility and
metal-oxygen covalency then suggests that hydroxylation
may be promoted by a high degree of overlap between
the O 2p-band and the Co 3d-states. This is consistent
with the increase in the point of zero charge from Sr0 to
Sr40 [3], indicating a lowering of the Fermi level with Sr
incorporation results in the accumulation of negatively
charged hydroxyls in order to equilibrate with oxygen
redox.

3.3 Impact of Speciation on Surface Dipole/Band
Bending

Changes in surface speciation can result in the forma-
tion of surface dipoles, causing surface band bending,
in addition to differences in the electronic structure. We
here assess the potential for band bending and/or the for-
mation of a surface dipole by changes in the core level
BEs for Sr20, where the BE scale is calibrated to the
surface Fermi level. Figure 5 presents the Co 3p, Sr 3d,
La 4d, and VB, compared at the two extremes of RH. In
comparison to dry conditions (300 °C in 0.1 Torr O,),

Fig.5 La4Sr,,Co0;_s (Sr20)
at 300 °C in 0.1 Torr O,
(black) and at 25 °C in 0.1 Torr
H,O (blue) probed at 350 eV
incident photon energy. Shifts
to higher binding energy with
RH are observed for the a Co
3p, b valence band, ¢ Sr 3d (see
Fig. S11 for depth profiling)
and d La 4d, consistent with
downward band bending or the
formation of a surface dipole
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at high humidity (25 °C in 0.1 Torr H,0O) all core levels
shift to higher BE. For the Co 3p, the increase in BE may
be linked to the narrowing of the full width at half maxi-
mum (FWHM), suggesting changes in surface speciation
impact the Co valence. The increase in BE of the VB edge
is tied to a reduction in intensity at ~ 1 eV, attributed to
overlap between the Co 3d and O 2p states [55, 56]. An
additional feature is also observed at high RH ~ 10 eV,
possibly arising from the presence of hydroxyls on the
surface [57]. The Sr 3d both increases to higher BE and
changes the weighting between surface and bulk features,
with more “surface” component at higher RH (Fig. S11)
[58], suggesting OH species and/or CO; species adsorb
on Sr sites. Changes in the La 4d are more subtle, arising
from differences in hybridization between the La and O
as the surface becomes more ionic from hydroxylation
[59]. These shifts to higher BE, not observed for the C 1s
(Fig. S12) as the sample is grounded by the thermocou-
ple in contact with the topmost surface, could arise from
downward band bending relative to the dry condition, as
core levels move farther from the Fermi level. However,
the increase in BE shows minimal depth dependence
(Fig. S12), indicating that either band bending occurs pri-
marily over the shortest information depth (IMFP~ 5.6 A
for O 1s at 690 eV incident photon energy), or that the
shift primarily arises from the intrinsic dipole of the
OH™ adsorbates [60], where we note the shift in BE trends
with the hydroxyl content on the surface (Fig. S12). The
conductive nature of Sr20 from Hall measurements also
suggests the shift in BE originates not from the electro-
static build-up of charge within the film, but rather from
the formation of a surface dipole due to the adsorption of
hydroxyl species. To investigate this explicitly, we turn
to measurements involving a fully formed electrostatic
double layer with operando measurements of Sr20.

Fig.6 a Photograph of the oper-
ando setup at ALS beamline
9.3.1 for Sr20. The sample was
fully immersed and cycled vs.
Pt counter electrode (orange in
panel b), and then withdrawn to
form a stable meniscus of 0.1 M
KOH electrolyte (blue in panel
b), where photoelectrons were
collected by the cone. b The
potentials for analysis are indi-
cated with black squares atop
the meniscus CV, performed at
10 mV/s. The applied voltage of
0 Vis~1V versus RHE

3.4 Ambient Pressure XPS in Operando

Aided by an understanding of the surface species present in
humid conditions, we next consider the speciation of Sr20 in
operando with a 0.1 M KOH electrolyte, as shown in Fig. 6.
The sample is polarized relative to a Pt counter electrode,
where 0 V applied is ~1 V versus RHE, and exhibits the
expected onset of the OER at ~0.65 V applied. At potentials
of the ORR around —0.2 V applied, initial ORR current
decreases as the electrolyte is not saturated with oxygen gas.
For operando AP-XPS measurements, the electrode is par-
tially withdrawn from the electrolyte reservoir, leading to a
thin meniscus of electrolyte through which the 4 keV inci-
dent photon energy beam passes. We consider the surface
under five applied potentials: ORR conditions at — 0.2 V,
approximately open circuit at 0.2 V, just before the onset
of OER at 0.6 V, just after the onset of OER at 0.7 V, and
at more oxidizing potentials of 0.8 V versus the Pt counter
electrode.

3.4.1 ldentifying Surface Species

To fit the O 1s spectra of Sr20 in operando, we use the
understanding obtained from the water isobar experiments
on the LSCO series in situ (Table S3). We modify the fit in
two ways: (1) the CO; peak is not constrained in intensity
from the C 1s spectra due to its unknown cross section and
thus could also contain some ““surface” oxygen species, and
(2) the location of the liquid-phase water peak (H,0y;q) was
allowed to vary—in contrast to the adsorbed water peak of
in situ measurements—as it will change due to the voltage
drop which forms across the electrolyte when the sample is
polarized. Figure 7 shows the O 1s spectra as a function of
applied potential, normalized to the bulk oxide peak. Some
variation of the water layer occurs over time due to evapora-
tion, compensated for by periodically changing the height of
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Fig. 7 Background subtracted O 1s spectra for Sr20 at noted applied
potentials. Some change in water layer thickness (H,Oyy, dark
blue) due to evaporation impacts the attenuation of the oxide signal
(Fig. S13); therefore spectra are normalized to the intensity of the
bulk oxide peak. The bulk peak (orange) is tied energetically to the
analyzer and does not shift, in contrast to the H,O vapor peak (light
blue) which shifts with the applied potential, quantified in Fig. 8. The
applied voltage shown versus the Pt counter electrode corresponds to
~1V versus RHE at 0 V versus Pt

the electrolyte reservoir, which does not affect the relative
ratio of surface species or BE of species (Fig. S13).

3.4.2 Assessing Potential Band Bending

Shifts in the BE of O 1s components in Fig. 7 are indicative
of the potential experienced at the solid/liquid interface. As
the sample is grounded to the analyzer, leading to a fixed
BE of the bulk oxide peak (orange dashed line), a change
in applied potential is evident by the shift in BE of the gas
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Fig. 8 Position of the bulk oxide peak (orange squares) and liquid
H,0 peak (blue circles) of Sr20 as a function of applied potential,
relative to that at —0.2 V. The bulk peak, where the sample is ener-
getically coupled to the analyzer, does not change with bias, however
the liquid peak illustrates the difference in sample work function. The
dashed line illustrates a 1:1 correspondence between applied potential
and BE shift

phase peak (H,0,,,, blue dashed line), which is not tied to
the same vacuum level. At more oxidizing applied poten-
tials, the decrease in gas phase BE is consistent with an
increase in the electrode work function (Fig. S14a).

The extent to which the potential difference drops across
the electrochemical double layer or within the electrocata-
lyst can be elucidated through changes in the liquid phase
water peak and cation core levels. For Sr20 (Fig. 8), the
shift in the liquid phase water peak is initially linear and
~1:1 at reducing and low potentials, however it deviates
to a lesser shift at oxidizing potentials. This is consistent
with the finite width of the electrochemical double layer in
the 0.1 M KOH electrolyte, which then contributes to the
observed shift in liquid phase [41]. Negligible voltage loss
is expected at the Pt counter in the current range probed
[61], although the increased ohmic drop in the meniscus
configuration (Fig. 6b) may contribute to the lesser shift in
the liquid phase water peak at higher applied potentials. In
contrast, the BE of the La and Co core levels remain constant
(Fig. S14b), indicating the surface of the Sr20 electrocatalyst
behaves as a metal under these conditions, a desirable qual-
ity for oxygen electrocatalysis. These findings are consistent
with the moderate conductivity from Hall measurements for
the same composition, and suggests charge transport alone
is not limiting kinetics.

3.4.3 Changes in Surface Speciation with Applied Potential

The surface adsorbates of carbonates and hydroxyl species
observed in a humid environment persist when the electrode
is immersed in the KOH electrolyte and polarized to both
ORR and OER conditions. Further confirmation of the pres-
ence of carbonates can be observed from the C ls spectra



(Fig. 9a), where the approximately constant BE of the oxi-
dized carbon species at ~288.5 eV confirms this is located
at least in part on the electrode surface (which is grounded
to the analyzer). This is in contrast to adventitious carbon
(AC), the BE of which changes with applied potential, sug-
gesting it is located within (or on top of) the water layer. The
CO; intensity in both the C 1s and O 1s spectra increase at
oxidizing potentials, in contrast to the H,Oy, intensity in the
O 1s from the electrolyte meniscus (Fig. 9b), corroborating
its presence on the electrode surface. A first approximation
of the extent of CO; coverage can be obtained from the ratio
relative to OH species on the catalyst surface. Accounting
for the difference in oxygen stoichiometry, the intensity in
the O 1s of COj is half that of OH at 0.8 V applied, consist-
ent with previous findings that the CO; coverage in humid
conditions on Sr0 is ~0.3 monolayers (ML) while that of
OH is ~0.6 ML [35]. The presence of CO; species in oper-
ando during conditions of oxygen electrocatalysis highlights
that a catalyst’s affinity for carbonaceous species may be an
important parameter in determining the number of avail-
able sites for the adsorption of O, or OH™ reactants and
the binding strength at these sites through possible adsorb-
ate—adsorbate interactions. The qualitative increase of OH
under OER conditions further validates the in situ findings
that the presence of this adsorbate is linked with OER activ-
ity, both of which were maximum for Sr40. For oxides with
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Fig.9 a C ls and K 2p spectra in operando for Sr20, normalized
to the intensity of the background at 305 eV and offset for clarity.
Both adventitious carbon (AC) and the K 2p shift to lower BE with
increasing applied potential, and at highly oxidizing conditions, elec-
trostatics and a thinning meniscus layer reduce the K 2p intensity.
Oxidized carbon, such as COs, does not shift with applied potential—
indicating it is present on the electrode as opposed to in the electro-
lyte—and is present under all conditions. b Integrated area for Sr20
of the CO; component in the C Ls and O 1s, the K 2p, and the H,0y;

facile charge transfer, the reaction mechanism could be lim-
ited by proton transfer, consistent with the observation that
OER is pH-dependent for highly covalent cobalt oxides [30].

3.4.4 Electrocatalyst Stoichiometry

The presence of a bulk electrolyte at high pH and electrode
polarization could have dramatic impacts on the surface
composition of the film in operando, previously inacces-
sible by in situ measurements. We first consider the A-site
stoichiometry (Fig. 10), as gaseous oxidizing environments
have been reported to promote Sr segregation to the surface
[58]. The integrated area of the Sr 3d normalized by the sum
of the Sr 3d and La 4d remained approximately constant as
a function of applied potential (Fig. S15), suggesting the
surface composition remains unchanged during ORR and
OER. This is consistent with post mortem analysis of Sr40
particles after extensive cycling for the OER, which indicate
a stable surface [62]. The B-to-A site ratio (measured by
the Co area normalized to the sum of Co, La, and Sr areas),
also remains similar with applied potential, although some
attenuation is observed at 0.2, 0.6, and 0.7 V likely resulting
from increased carbon (Fig. 10), where the decrease in AC
at higher potentials could arise from carbon oxidation at the
electrode. The perovskite unit cell is composed of alternat-
ing layers of AO and BO, planes, and can terminate with
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component in the O 1s relative to that at —0.2 V. CO; shows a rela-
tive increase at oxidizing potentials, in contrast to the liquid water
layer that decreases due to evaporation, confirming COj is located on
the electrode surface rather than in the electrolyte. Error bars were
obtained from the propagated errors of the standard deviation from a
single collection scan in CasaXPS, and the areas are obtained from an
average of multiple scans. The applied voltage shown vs. the Pt coun-
ter electrode corresponds to ~1 V versus RHE at O V versus Pt
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Fig. 10 Normalized area ratio of Sr20 for the A-site quantified by Sr
3d/(La 4d+Sr 3d) (green up triangle), the B-site quantified by Co
2p/(La 4d+Sr 3d+Co 2p) (orange square), and adventitious car-
bon (AC) in the C Is/(La 4d+ Sr 3d+Co 2p) (gray diamonds). The
stoichiometry of Sr20 remains similar throughout the polarization,
where changes in the Co ratio may be impacted by attenuation from
increased AC at 0.2, 0.6, and 0.7 V applied due to the smaller kinetic
energy of Co 2p versus Sr 3d photoelectrons

either layer or a mixed termination. While we cannot assess
the termination with the present operando measurements due
to uncertainties in the elemental cross sections and menis-
cus layer thickness, the relatively constant B-to-A site ratio
further reinforces the idea that the surface is stable under
OER conditions, and suggests the termination may remain
constant across the potential range considered.

Changes in the integrated peak intensities relative to
the most reducing conditions can establish overall differ-
ences in the composition of the analyzed area, including

a activity, transport b

VHaII“

Magnetic
field B

Fig. 11 Schematics of the parallel approaches that together shed light
on LSCO OER activity. a Intrinsic OER activity measurement and
use of Hall measurements to extract transport properties. b Surface
species observed on the LSCO surface in situ, in a humid environ-

in situ

the electrolyte. At oxidizing potentials, the K 2p intensity
decreases (Fig. S15a). While it is challenging to disentan-
gle potential contributions from decreasing meniscus layer
thickness (Fig. S13), such a decrease in K 2p at oxidizing
voltages is consistent with positively charged ions being
driven from the double layer [63]. In contrast, the inte-
grated area of the electrode cations La, Sr, and Co increase
somewhat at oxidizing potentials (Fig. S15b), possibly due
to changes in the meniscus thickness with evaporation,
although the ratio between cations is approximately con-
stant (Fig. 10).

4 Conclusions

Through the study of (001)-oriented epitaxial LSCO films,
we have linked intrinsic catalytic activity to charge transport
properties (Fig. 11a), and probed the relationship between
electronic structure and surface speciation. High OER activ-
ity, maximum for Sr40, is observed for LSCO films with
both high carrier density (related to band filling) and carrier
mobility (related to metal-oxygen covalency), consistent
with previous work [64] illustrating the importance of both
O 2p-band filling and metal-oxygen covalency descriptors
in designing active catalysts. Insight into the reaction mecha-
nism can be obtained through studies on how Sr incorpora-
tion impacts the oxygenated species present on the surface
in a humid environment, probed using soft X-rays with an
information depth on the order of nanometers. Consider-
ing a range of oxide chemistries in the LSCO family, as
well as different chemical potentials of water, strengthens
the assignment of the observed surface species: OH from
dissociative adsorption of water, undercoordinated oxygen

in operando

Cc

OER: 40H- + 4h* > 2H,0 + O,

ment: hydroxyl species, undercoordinated oxygen, adsorbed water,
carbonates, and gas phase water. ¢ Operando measurements of Sr20,
where the surface speciation and composition is elucidated during
OER in 0.1 M KOH electrolyte



species, adsorbed water, and CO5 from interaction with
trace CO, (Fig. 11b). The affinity for hydroxyl species, a
key intermediate in OER, increases with Sr content to reach
a maximum at Sr40. This trend with Sr content suggests OH
formation may be driven by the filling of oxygen vacancies
and/or the reduction of Co** to Co®* under high RH, consist-
ent with the correlation of OH coverage with hole mobility.

Aided by this understanding of surface chemistry in situ,
we then consider operando measurements for the 20% Sr
substituted LSCO surface. The use of a liquid electrolyte
in a meniscus layer configuration (Fig. 11c) necessitates a
“tender” X-ray source, increasing the information depth to
tens of nanometers. While this reduces the signal from the
electrode surface and leads to a large O 1s peak from liq-
uid water, the surface species can still be investigated with
the aid of in situ fitting parameters. In alkaline electrolyte
(pH=13), hydroxyl species remain present at the surface
under potentials ranging from ORR to OER conditions.
These findings emphasize the importance of OH in the
OER reaction mechanism, where the most active Sr40 film
also had the highest propensity for hydroxylation in a humid
environment. Furthermore, carbonate species are located on
the electrolyte surface, potentially impacting the availability
of sites for oxygen electrocatalysis or the wettability of the
surface. The cation ratio remains unchanged with polariza-
tion, indicating a stable surface in operando. In contrast to
in situ measurements, where the oxide core levels shifted to
higher BE with RH from potential downward band bending,
in a liquid electrolyte the Sr20 surface behaves as a metal,
with the voltage drop occurring fully in the electrolyte (as
opposed to band bending within the electrode). The metallic-
like behavior of the catalyst, coupled with the high conduc-
tivity from Hall measurements, suggests charge transport
alone is not limiting kinetics. Coupled with the accumula-
tion of hydroxyl species at oxidative potentials, operando
studies suggest that for covalent oxides with facile charge
transfer, the reaction mechanism could be limited by proton
transfer. These findings motivate future mechanistic studies
of surface charge transfer to adsorbed intermediates to fully
understand the nature of the rate limiting step.

These insights into the surface chemistry of perovskite
oxide surfaces during oxygen electrocatalysis in alkaline
electrolyte bring new understanding into the reactive surface,
which is a complex mixture of oxygen-containing adsorb-
ates, and the distribution of the applied potential across the
solid/liquid interface. Furthermore, the observed stability of
the LSCO under OER conditions experimentally takes into
account potential stabilization of the surface from adsorbates
and the kinetic hindrances to forming new surfaces, provid-
ing insight far beyond that of a traditional Pourbaix diagram.
The coupling of in situ and in operando AP-XPS to measure-
ments of the intrinsic activity and transport measurements
on epitaxial thin films brings chemical understanding to the

oxide surface and electrochemical interface that will guide
future modeling of realistic electrocatalyst surfaces and the
OER mechanism.
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