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Abstract: Perovskite oxides are promising materials for photoabsorbers and electrocatalysts for
solar-driven water oxidation. Aliovalent doping can tune the transition metal redox properties as
well as the material band gap and conductivity, resulting in a rich phase space of possible water-
oxidation photoanodes. We consider the substitution of Sr*" for La’" in LaFeOs epitaxial thin
films, where the well-defined nature of the flat surface and path for charge transport enables
fundamental studies of photoelectrochemical (PEC) water oxidation. Sr incorporation increases
the photovoltage, but at the expense of photocurrent. The use of a fast redox couple to efficiently
collect photogenerated holes indicates an even lower onset of oxidative current; the difference
between this onset and that of water oxidation arises from the involvement of surface states
during water oxidation. Measurements of the surface speciation in a humid environment

demonstrate that Sr incorporation also promotes hydroxylation, suggesting that water oxidation
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proceeds through the oxidation of Fe'"-OH states, which is facilitated by Sr incorporation and

results in an increased photovoltage.

Introduction:

The direct collection and storage of solar energy through photoelectrochemical (PEC)
water splitting is a promising route to the renewable generation of hydrogen fuel.
Semiconducting photoelectrodes can be used to absorb light, separate photogenerated charge
carriers, and in some cases, perform catalysis." The material requirements are extensive—
resulting in a decades-long search since the first seminal report*—including stability, high
efficiency, and low cost from earth-abundant elements.® For the water-oxidizing photoanode,
much work has focused on hematite (a-Fe;O3) on account of its band gap within the visible, the
ability of photogenerated holes to evolve O, gas due to the band level alignment, and the
clemental abundance of Fe.* However, a significant overpotential is still required to oxidize
water, with little known about the mechanism at oxide electrodes, and numerous open questions
regarding the design of more efficient photoanodes to enable solar hydrogen production.

Extensive studies have been performed on Fe,O; to elucidate the limiting material
parameters, reaction mechanism, and ultimately design more active photoanodes. Studies with
fast redox shuttles coupled with in situ infrared spectroscopy have shown that photogenerated
holes initially oxidize the electrode surface under water oxidation conditions, attributed to the
first step in water oxidation.™ ® The requirement to “charge” these surface states at a given
potential then reduces the photovoltage obtained during photoelectrochemical (PEC) water
splitting, though some controversy remains with respect to the role of in-gap states and the

reaction mechanism.* 7 The photocurrent can be limited by recombination of charge carriers
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before reaching the electrolyte interface, resulting from the low hole mobility of transition metal
oxides.® One mitigation strategy is to increase conductivity by doping, which can increase the
carrier concentration and diffusion length.” In addition, substitution at higher concentrations can
lead to changes in the material Fermi level,'® or in some cases band gap, then impacting the
photovoltage as well.

Complex oxides, such as in the ABOj; perovskite crystal structure, offer additional
parameters to tune and manipulate electronic structure.'' Maintaining the abundant and benign
element of Fe, LaFeOs; (LFO) has demonstrated promising photocatalytic performance in
sacrificial donor-assisted water splitting and dye degradation.''* The band gap is ~2.3 eV"” with
a valence band sufficiently low to oxidize water,'® and ferrites can have reasonable catalytic
activity for oxygen evolution.'”" A recent report has demonstrated unassisted PEC water
splitting on LFO,” as it’s conduction band also spans the hydrogen redox potential, further
motivating fundamental studies of its electronic structure to improve absorption and charge
transport. However, the obtained photovoltage and photocurrent for LFO during the oxygen
evolution reaction (OER) is low.?' Hybrid density functional theory studies of LFO have recently
shown that electronic charges localize as small hole and electron polarons (similar to Fe,05)*
leading to low mobility. Similar to studies of binary oxides, the PEC activity of LFO can be
improved by B-site (Fe) doping.”*** Of further promise is the fact that Sr substitution on the A-
site (La) acts as an acceptor and enables electronic conductivity through hole polarons® in
addition to narrowing the band gap.” Lacking, however, is an understanding of how Sr
substitution influences the surface electronic structure, chemical speciation, band bending, and

ultimately PEC activity.
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In this work, we have studied the role of A-site doping in La(;xSrFeOs (LSFO) epitaxial
films on the electronic states and chemical species at the electrode/electrolyte interface, as well
as the resultant photovoltage and photocurrent for water oxidation. Thin films serve as excellent
models for nanostructured PEC systems since the charge collection dimensions can be controlled
by film thickness®® and epitaxial films can disentangle intrinsic transport properties without
convolution from morphological or crystalline structural defects.” We find that Sr-substitution
increases the photovoltage obtained from wavelength-selected light sources, being negligible for
LaFeOs3; (LFO) under 460 nm blue LED illumination but >0.5 V for LaggSro,FeO;.5 (Sr20),
though at a cost to photocurrent compared to LagggSry 12FeOs.5 (Sr12). Measurements with the
fast redox shuttle [Fe(CN)6]3'/4' indicate that water oxidation proceeds through the accumulation
of photogenerated holes, located at lower potentials on the reversible hydrogen electrode (RHE)
scale for Sr20. Probing the surface oxygen speciation in a humid environment with ambient
pressure X-ray photoelectron spectroscopy (AP-XPS) indicates that any oxygen vacancies
present are filled by hydroxyls, and that Sr20 has a higher affinity to dissociate water. These
findings suggest that aliovalent doping of a non-redox active metal (i.e. Sr) in perovskite oxides
can facilitate the formation of surface reaction intermediates (such as OH) and their oxidation at

the redox active site (Fe), thus enhancing the photovoltage.

Experimental methods:

Film growth. 30 nm LSFO (x=0, 0.12, 0.2) films were grown on (001)-oriented 0.1 wt%
Nb-doped SrTiO; (Nb:STO) (Crystec) by oxygen assisted pulsed laser deposition (OA-PLD) for
PEC studies.”” Laser pulses (A =248 nm) of energy density equal to ~2 J-cm™ and a repetition

rate of 1 Hz were programmed to be incident on LaFeO; and SrFeO; targets with different pulse
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ratios to achieve the desired composition. The substrate temperature was 700 °C. The growth
oxygen pressure was 10 mTorr and the growth rate was about 1 nm (2.5 u.c.) /min. After growth,
the samples were cooled down to room temperature in 10 mTorr oxygen.

Films for AP-XPS and X-ray absorption spectroscopy (XAS) were grown by oxygen
plasma assisted molecular beam epitaxy (OPA-MBE).”® 30 nm LFO and Sr20 films and 9 u.c.
Sr12 films were grown on 0.1 wt% Nb:STO (Crystec). The substrate was held at 650 °C, and
high-purity Sr, La and Fe were co-evaporated from effusion cells in activated oxygen from an
electron cyclotron plasma source at a partial pressure of 2x10 Torr. Typical growth rates were
~1.3 unit cells (u.c.)/min. The individual metal fluxes were established using a quartz crystal
oscillator placed at the substrate position prior to film growth.

Film characterization. /n situ reflection high-energy electron diffraction (RHEED) was
used to monitor the surface quality and growth rate during MBE deposition. Crystal structures
were determined using high-resolution X-ray diffraction (XRD) with a Philips X’Pert four-circle
diffractometer (Figure S1). The surface morphology of the LSFO films was examined using an
atomic force microscope (AFM) (Figure S2). Spectroscopic ellipsometry measurements were
performed using a rotating analyzer instrument with compensator (V-VASE; J.A. Woollam Co.,
Inc.) over the spectral range from 0.36 to 4.76 eV. Data was collected at three different incidence
angles automatically: 65°, 70° and 75°. To extract physically reasonable optical functions (n and
k), a simple two-layer model (film/substrate) was used.

Electrochemistry. Films were contacted by scratching a Galn eutectic (Sigma, >99.99%)
into the back of the Nb:STO substrate, and a Cu wire held in contact with the pad in a custom-
built compression cell. The 0.1 M KOH electrolyte was prepared from Nanopure water (18.2

MQ-cm) and KOH pellets (Sigma Aldrich, 99.99%), and saturated with ultra-high purity O, gas
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to fix the equilibrium potential. Measurements were made with a Biologic SP-200 potentiostat,
and voltages corrected for the electrolyte resistance between the working and reference
electrodes from the high frequency intercept of electrochemical impedance. The saturated
calomel reference electrode (RE-2BP, ALS Co.) was calibrated to the reversible hydrogen
electrode (RHE) scale in the same electrolyte, saturated with H, and using Pt working and
counter electrodes. A Pt counter electrode (ALS Co.) was also used for PEC measurements.

Light from ultra-high power LEDs (Prizmatix) was incident through a planar quartz
window. The illuminated area of the sample was defined by the PEEK holder, and was
commensurate with the area exposed to the electrolyte. The intensity of the LED at the location
of the sample was measured after passing through the quartz window with a Newport 843-R
power meter, and estimated to attenuate ~5% (520 nm, 460 nm) or ~10% (630 nm) over the ~6
cm path length from water absorption.

For fast redox (FeCN) and surface state (KOH only) measurements, Galn eutectic
(Sigma, >99.99%) was scratched into the back of the Nb:STO substrate, and a Cu wire held in
contact with this Galn pad using Ag paste (Liebsilber, Ted Pella). The wire contact, back and
sides of the electrode were covered with inert epoxy (Loctite 9460) such that only the LSFO
surface was exposed to the electrolyte. This enabled the film to be held closer to the quartz
window for greater illumination. The FeCN electrolyte was prepared by adding 5 mM each of
K;3Fe(CN)g and K4Fe(CN)s*3H,O (Sigma, >99%) to the 0.1 M KOH electrolyte, and the
electrolyte was saturated with ultra-high purity N, with a Ag/AgCl reference electrode (ALS
Co.) calibrated to the RHE.

Ambient-Pressure X-ray Photoelectron Spectroscopy (AP-XPS). AP-XPS was

collected at Beamline 9.3.2% at Lawrence Berkeley National Laboratory’s (LBNL) Advanced
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Light Source (ALS). Films were placed onto a ceramic heater. A thermocouple was pressed into
a gold foil mounted directly onto the sample surface for temperature measurements, and isolated
from the sample holder clips with an Al,O; spacer. The binding energy scale was initially
calibrated using the Au 4f (84 eV). Subsequent spectra were aligned using either the O 1s bulk
feature (for 690 eV incident photon energy, IPE) or La 4d (350 eV IPE) as an internal reference.
Negligible beam-induced changes were observed, probed by comparing the O 1s at an irradiated
spot to a fresh spot that had not been exposed to the X-ray beam prior to a quick acquisition
(Figure S3).

The samples were cleaned by heating to 300 °C in p(O;) of 100 mTorr (measured by a
calibrated capacitance gauge) until clean of carbon. After characterization of the clean surface in
O,, varying pressure of H,O was introduced on top of the stable O, pressure. The H,O was
prepared from deionized water (Millipore, >18.2 MQ cm) and degassed by several freeze-pump-
thaw cycles. For the annealed Sr12 film, the sample was first cleaned at 300 °C in O,, then
evacuated to ~1 x 107 Torr. The temperature was ramped in UHV from 300 to 600 °C over the
course of an hour, then held at 600 °C for ~25 minutes. The sample was then cooled over 40
minutes to reach 300 °C with a base pressure of 2 x 10" Torr. After characterization, p(H,0) was
increased starting at 10 mTorr. Valence band spectra were smoothed by adjacent averaging over
five points, which did not influence the location of any features.

O 1s spectra were deconvolved with Gaussian—Lorentzian (GL) peaks using CasaXPS
after a Shirley-type background subtraction (Table S1). The O 1s integrated area of the
(bi)carbonate peak was calculated from the area of the C Is (bi)carbonate peak using an O 1s:C
Is relative sensitivity factor, which was experimentally calibrated using the core levels of

CO, gas.30
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Near Edge X-ray Absorption Fine Structure (NEXAFS). NEXAFS was also collected
at Beamline 9.3.2 at LBNL’s ALS. Spectra were collected between AP-XPS measurements at
300 °C in O; and H,0. The detector was set to collect 40 eV kinetic energy photoelectrons. A
linear pre-edge was subtracted from the spectra, which were subsequently normalized to the
post-edge and smoothed by adjacent averaging over five points, which did not influence the
location of any features. The location of the O K pre-edge for an LaFeOj reference'® was used to

calibrate the energy scale.

Results and Discussion:

High quality LSFO thin films (LFO, Sr12, Sr20) were grown on (001)-oriented Nb:STO
substrates and the epitaxial relationship (LSFO [100](001) // STO[100](001)) confirmed by XRD
(Figure S1). AFM images (Figure S2) for the LSFO films show evenly spaced surface steps,
revealing an atomically smooth surface. Compared to LFO, the substitution of Sr** for La®" leads
to nominal oxidation of the Fe and/or some incorporation of oxygen vacancies. In addition to
increasing film conductivity,”' Sr incorporation reduces the optical gap, measured by

spectroscopic ellipsometry (Figure 1 a). Similar trends have been observed by others.”**
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Fig 1. (a) Spectroscopic ellipsometry measurements for LSFO films LFO (black), Sr12 (dashed
orange), and Sr20 (dotted purple). Fits to the linear shaded region of the Tauc plot yield the
noted band gap, obtained by the intercept, modelling inter-band optical transitions as direct,
dipole-forbidden excitations.”> (b) O K-edge measured at 300 °C in 100 mTorr O, (dry,
oxidizing conditions) for cleaned films with corresponding color to (a). A pre-edge feature at
lower energies (527.5 eV) increases with Sr incorporation and Fe oxidation. (¢) Schematic of the
partial density of states (DOS) in the oxide band structure. The egT band is filled for LFO, but

becomes partially unoccupied with Sr doping.

To better understand the changes in electronic structure resulting from Sr incorporation,
XAS was performed at the O K-edge (Figure 1 b). The films were characterized at 300 °C in a
background pressure of 100 mTorr O, to maintain a clean surface at similar oxygen chemical
potentials to growth conditions. The incorporation of Sr leads to an increase in intensity at
energies below the e, and ty, features® of the pre-edge (at 529-531 eV), indicating new
unoccupied states of mixed O 2p and Fe 3d character. In parallel, there is a decrease in occupied
states at the top of the valence band (Figure S4), coupled with a small shift in the valence band
edge toward the Fermi level. These findings are consistent with studies of polaronic transport in
LSFO** and previous XAS studies in UHV.*> *® Thus Sr incorporation transfers weight from the
top of the valence band to the bottom of the conduction band, and the reduction in band gap
arises from new transitions to these lower energy covalent states.

Motivated by the reduction in band gap through a lowering of the conduction band edge,
we investigate the performance of LSFO thin films as model photoanodes for water oxidation in

0.1 M KOH. The layer-by-layer growth on single crystal (001)-oriented substrates results in a
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smooth, planar surface, and a measure of intrinsic activity when normalized to the oxide surface
area. However, the resultant high reflectivity and low surface area does result in low current
densities, which would be improved with nanostructuring. LFO exhibits reasonable OER current
in the dark (Figure 2 a), with an onset below 1.6 V vs RHE. Upon illumination with red (630
nm) or green (520 nm) light, negligible change in current is observed during cyclic voltammetry
(Figure 2 a). With 12 mW blue (460 nm) light illumination, minimal photocurrent is observed,

in line with previous reports for LFO thin films illuminated at shorter wavelengths.?'

30 LFO - 30} Sr12 i 30 Sr20

% 20 N'E 20} NE 20}

Q Q Q

< < <

= 10} 1 = 10} 1 = 10t .
0 | 0 . o%
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18

V (vs. RHE, iR corr.) V (vs. RHE, iR corr.) V (vs. RHE, iR corr.)

Fig 2. Cyclic voltammetry at 10 mV/s for (a) LFO (b) Sr12 and (c) LSF20 in O, saturated 0.1 M
KOH. Curve colors correspond to the illumination wavelength: dark (black), red (630 nm, 10

mW), green (520 nm, 10 mW), and blue (460 nm, 12 mW).

With Sr incorporation, the OER current in dark decreases (Figure 2 b, ¢). This is in
contrast to studies of particles supported on carbon or pressed into a disk,'” *’ and is likely
impacted by the junction between the Nb:STO support and LSFO.’® However, the band
alignment of LFO/Nb:STO *' and Sr12/Nb:STO ** has been previously measured by XPS,
yielding similar valence band offsets ~2 eV. We thus expect the PEC activity trends to be
characteristic of the LSFO/electrolyte interface, which is further confirmed by growing a 25 nm

LFO buffer layer under a 5 nm Sr12 film, resulting in comparable performance (Figure S5). For

10
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Sr12 and Sr20, only a small change in current is observed for red illumination, but a noticeable
photovoltage and photocurrent are observed with green illumination, increasing further with blue
(Figure 2 b, ¢) and exhibiting power-dependent photocurrent by CV (Figure S6), constant
potential holding, or shuttering the light source during a potentiostatic hold at 1.65 V vs. RHE
(Figure 3). As the Sr content increases, the difference between the onset voltage in dark and
under illumination increases, being >0.5 V for Sr20. Although Sr12 has a lower difference in

onset voltage of ~0.2 V, it exhibits a higher photocurrent.
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Fig 3. Illumination-dependent current density for Sr12 in O, saturated 0.1 M KOH. (a) Extracted
steady-state current density from one minute of constant potential holding under the following

conditions: in the dark (black), with 10 mW 520 nm illumination (green), or 460 nm illumination

11
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at 4.4 mW (light blue), 12 mW (medium blue) and 14 mW (dark blue). The performance is
comparable to that from cycling at 10 mV/s. (b) Slow shuttering of a 14 mW blue illumination,

holding the applied potential at 1.65 V vs. RHE.

To better understand the limiting factors in photocurrent, we changed the thickness of the
Sr12 film. For a heterostructure containing a thin 5 nm layer of Sr12 on top of a 25 nm layer of
LFO (Figure S5), the current in dark and under illumination is nearly identical to that of the 30
nm Sr12 film, suggesting that photogenerated holes can only be collected from the top few nm of
the film. In addition, this suggests that the lower photocurrent for Sr20 may arise from a shorter
hole collection length due to the increase in carrier density from Sr substitution. Given the low
hole mobility in transition metal oxides, this finding suggests that like most materials,® LSFO
photoelectrodes would benefit notably from nanostructuring. The photocurrent is low as
expected for a reflective, planar surface, but initial measurements show it can readily be
increased through combination with an electrodeposited NiOOH co-catalyst (Figure S7) of
interest for further study. The discussion here is limited to the study of the LSFO/electrolyte
interface for fundamental understanding.

To probe the electronic structure of the LSFO surface and the origin of the shifting
photovoltage for OER, we employ a fast redox shuttle [Fe(CN)¢]*"™*, “FeCN,” with comparable
redox potential in the pH 13 electrolyte (Figure 4, Figure S8). Studies of Fe,Os in contact with
FeCN have established the outer sphere nature of the reaction and that the surface-hole collection
efficiency is essentially unity.39 The difference in overpotential required to initiate water
oxidation compared to the fast redox shuttle can then be attributed to differences in the surface-

hole collection efficiency.® Compared to driving the OER under 460 nm blue light illumination

12
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in KOH only, the onset of FeCN oxidation occurs 0.3 to 0.4 V lower in energies for Sr12 and
Sr20, respectively (Figure 4). Thus, while the LSFO surface can supply photoexcited holes at
these low potentials, they cannot be efficiently collected to drive water oxidation and are instead

‘trapped’ by states at the surface.

a 150 T L] 1 T 1
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1.0 12 14 1.8

Fig 4. Measurements of Sr12 (a) and Sr20 (b) in 0.1 M KOH at 10 mV/s in the dark (black, thick
solid) and with ~24 mW 460 nm illumination (blue solid) driving the OER, compared with
adding 10 mM of an FeCN hole scavenger (dashed). In FeCN, the photovoltage increases; the
shift between the KOH only and FeCN+KOH illuminated curves corresponds with the surface

states (thin black line), probed in KOH at 200 mV/s after >2 minutes illumination at 1.65 V.
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The surface trapping of holes can be considered as the photooxidation of a chemical
species on the surface, and surface recombination as the reduction of that oxidized surface
species. When a positive potential is applied under illumination (in KOH only), holes accumulate
on the surface. Subsequent scanning of the potentially negatively by CV in the dark to measure
the cathodic current then reduces these surface states,6 which we observe coincides with the
difference in onset potential between FeCN and the OER (Figure 4). The peak in cathodic
current is not observed on subsequent cycles (Figure 5), consistent with the reduction of surface
trapped holes as the potential is scanned negative on the first cycle, illustrated by the shaded

regions.

150

_100 1 1 1
06 08 10 12 14 16 18

V (vs. RHE, iR corr.)
Fig 5. Comparison of surface states, probed in 0.1 M KOH at 200 mV/s after >2 minutes of ~24
mW 460 nm illumination at 1.65 V. The first sweep (cycling first toward lower potentials) is
shown in bold, with subsequent cycles shown as a thin line. The difference between first and
subsequent cycles (shaded) is indicative of the discharge of surface states filled during

illumination at OER conditions.

The illuminated CVs in the electrolyte containing FeCN represent the potential-

dependent fraction of photogenerated holes that reach the electrode surface, where they are

14
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efficiently collected by the redox shuttle. Under water oxidation conditions, the flux of holes to
the surface—a property of the same semiconductor electrode—remains the same, but steady-
state photocurrent is not produced at low applied potentials. Holes are initially trapped at surface
states (intermediates in the overall water oxidation reaction), and the remainder recombine.
However we note that at high potentials, the photocurrent in FeCN is somewhat higher than in
KOH only, which has been attributed to the extra potential needed to compensate for Fermi level
pinning in the KOH only.°

Having established the presence of surface states on the LSFO films which must be
oxidized prior to the onset of photovoltage for the OER, and that the potential at which these are
observed changes with Sr content, we seek information regarding the chemical nature of these
OER intermediates. Specifically, we characterize the surface chemistry of LSFO films in a
humid and oxidizing environment using AP-XPS. For Fe;Os3, many consider the first step of
water oxidation to be the proton-coupled oxidation of surface hydroxide species.” ** A similar
mechanism has been proposed for perovskite oxides.'"" " Thus we probe the ability of LSFO
films to form hydroxyls in equilibrium with water vapor.'"**'

Given that Sr*" substitution for La’" is known to both oxidize Fe and lead to the
incorporation of oxygen vacancies, we first explicitly probe the behavior of surface oxygen
vacancies in a humid environment. Two Sr12 films were first cleaned by heating to 300 °C in
100 mTorr O, to remove adventitious carbon from air exposure during transport. One film was
then heated in ultra-high vacuum to 600 °C in order to induce oxygen vacancies, and returned to
300 °C. This annealing step did not result in any change in the elemental ratio at the surface
(Figure S9). The presence of oxygen vacancies is confirmed by the reduction in the low-energy

pre-edge feature in XAS (Figure S10) that increases with Sr incorporation.

15
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We probe the oxygen speciation of Sr12 as a function of H,O pressure in a 300 °C
isotherm, where the surface remains clean of carbon (Figure 6). In dry 100 mTorr O, or vacuum
environments, the O 1s spectra is dominated by a peak at low relative binding energies (~529 eV
relative to the Fermi level), characteristic of bulk oxygen.30 In O,, a doublet from the gas phase is
present >9 eV above the bulk. For the as-prepared film measured in O, to prevent oxygen
vacancy formation, a shoulder at 2.6 eV higher binding energies is present, found from depth
profiling to be located at the surface (Figure S11). Studies of (001)-oriented LFO selectively
terminated with the La- or Fe-containing layer show this “surface” feature is characteristic of
undercoordinated oxygen adsorbates on the LaO termination and is not observed on the FeO,
plane.*” This surface feature disappeared upon vacuum heat treatment for the annealed Sr12 film,
indicating these adsorbates can be removed at high temperatures and do not return in vacuum at
300 °C. Upon the introduction of 10 mTorr of H,O, a peak at 1.25 eV above the bulk increases
as water dissociates on the surface to form hydroxyl species, where the intensity of this peak
relative to the bulk peak is proportional to coverage (Figure S9 ¢). An increase in the “surface”
feature with water exposure is consistent with previous studies of La(l_X)SrXCrO3,43 Lag.
X)SrXMnO3,42 and LaO-terminated LFO,* indicating these oxygen species located on the AO
plane protonate in humid conditions. The annealed Sr12 surface exhibits a notably higher amount
of OH compared to the as-prepared surface, illustrating that oxygen vacancies are filled by the
dissociation of water, as observed for other oxides such as Ti02.44 As the humidity increases,
however, the amount of OH appears to saturate, indicating that all surface oxygen vacancies are
filled in contact with water. Both as-prepared and annealed Sr12 exhibit a similar oxygen
speciation both in a mixture of 100 mTorr O, + 100 mTorr H,O and pure 100 mTorr H,O

(Figure S12); this similarity is also reflected in the valence band (Figure S13).

16

Page 16 of 27



Page 17 of 27

Journal of Materials Chemistry A

ad Sr12, no anneal b Sr12, annealed
LA LA B BELEN BELEN B WA R LT I B T
100:0 100:0

> >

= =

2] 2 %) :

2] 70:100 e 70:0

1) 0, 9

< <

5o ge]

6] o)

N |50:100 N 1500

C  |———— ©

e e

| - | -

[®) @)

zZ Z

10:0

0:100

12 10 8 6 4 2 0 -2 -4 -4
Relative Binding Energy (eV) Relative Binding Energy (eV)

Fig 6. AP-XPS of Sr12 as a function of water atmosphere at 300 °C (a) not annealed, in a
background of 100 mTorr O, and (b) annealed in UHV to induce oxygen vacancies. The O 1s
spectra, Shirley background subtracted and normalized to the bulk “Ox” (dark orange) intensity,
are probed at an incident photon energy of 690 eV, and the pressure is given as p(H,0):p(0O,) in
mTorr. Oxygen vacancies promote the dissociation of water to form OH species (blue) at low

humidity but the extent of hydroxylation is comparable at high humidity.

We next consider the influence of Sr incorporation on the oxygen speciation in a humid
environment, comparing Sr12 (Figure 6 a) and Sr20 (Figure S14) in a water isotherm at 300 °C
in a background of 100 mTorr O, to avoid oxygen vacancy formation during measurements.
Probing surface speciation at moderate temperatures enables comparison of hydroxylation
without interference from oxygen-containing carbon species, where a range of relative humidity

is accessed by changing water partial pressure. We note the LSFO crystal structure®’ and oxygen
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content*®™ *” do not change notably from 300 °C to room temperature. The ratio of the OH or
surface component to the bulk lattice feature in the O 1s (Figure 7) is proportional to coverage.
For intermediate H,O pressures, Sr20 exhibits a notably higher amount of OH compared to Sr12,
although the ratio of OH/bulk is more similar at high relative humidity. This indicates that for a
given relative humidity (or reducing potential), the Sr20 surface is characterized with more OH
sites, consistent with the presence of surface intermediate states at lower potentials on the RHE
scale by cyclic voltammetry (Figure 5). The formation of OH species at Fe sites oxidized by Sr
incorporation occurs in parallel with a reduction in the low-energy feature of the O K-edge pre-
peak in H,O (Figure S15). This indicates that Fe is reduced at the surface by OH formation,
previously observed on Fe;04.*® The Sr20 surface also exhibits a higher amount of “surface”
oxygen species than Srl12. The near-surface stoichiometry of the LSFO films shows the expected
trends in composition (Figure S16), however there could be a higher amount of AO termination

of the Sr20 or a higher affinity of SrO (vs LaO) planes for this “surface” chemical speciation.
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Fig 7. Comparison of surface speciation on Sr12 and Sr20 at 300 °C, obtained from AP-XPS of
the O s probed at 690 eV. The pressure of H,O: O, in mTorr is given, starting at 100 mTorr O,
(yellow bar) and adding varying water atmospheres up to 100 mTorr H,O, and then in 100 mTorr
H,0 without O, (blue bar). Sr substitution for La promotes (a) the formation of hydroxyls, where
the coverage is proportional to the ratio of the OH component to the bulk Ox feature, and (b) the

surface oxygen component, characteristic of (hydro)peroxo species at the A-site.*?

Considering the implications of Sr* incorporation in LSFO, the resultant unoccupied

states (Scheme 1a) are readily filled upon interaction with water, leading to hydroxyl and
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protonated “surface” species (or OOH) groups. The formation of these species occurs more
readily on Sr20 than Sr12 in a humid environment, indicating their stronger binding. This is
consistent with the more reducing potentials of surface states observed upon cycling in the dark
after oxidative holding under illumination. Comparing the PEC behavior of these films in
aqueous KOH electrolyte to that containing the fast redox shuttle FeCN, the lower onset
potential with the efficient hole collector—below the potential of the surface states—indicates
that water oxidation occurs by first oxidizing these Fe''-OH surface states to Fe''-O containing

species (Scheme 1b).

a Energy |Unoccupied

Sr?* incorporation
Fe"-OH, FeV-O
surface states

2eV

LFO
Occupied Sr20
b 0,
QB/ FeV-O
Fell-OH
/ 40H-
/n‘ h+
V_B/

Scheme 1. Illustration of the changes in electronic structure for LSFO, how this dictates surface
speciation, and the implications for PEC. (a) A schematic of the density of states (2 eV for scale)

from XAS and XPS measurements shows that Sr incorporation leads to unoccupied states

20
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nominally Fe'), which are probed at the surface using AP-XPS where they hydroxylate (Fe'"-
y p

OH) upon interaction with H>O. (b) Under illumination, the OER proceeds by oxidizing LSFO
surface states, such as Fe'-OH to Fe'V-O, prior to the onset of steady state photocurrent. In
contrast, FeCN efficiently collects holes (h") and does not proceed via these states, leading to a

lower onset potential.

Conclusion:

Together, these investigations of the surface chemistry, electronic structure, and PEC
performance of LSFO films bring new understanding to the role of A-site aliovalent substitution
in a complex oxide where the B-site is active for OER. Although Sr*" substitution for La’" can
induce oxygen vacancies, these facilitate H,O dissociation and are thus filled by surface OH
groups as revealed by AP-XPS. The influence of oxygen vacancies on bulk oxide absorption
properties merits further study. Sr incorporation additionally promotes Fe oxidation, observed by
changes in the O K-edge spectra in an oxidizing environment. This decreases the optical band
gap, and results in an increased photovoltage in PEC measurements of the OER. Measurements
with the efficient hole collector FeCN indicate an even lower onset to photoabsorption, with the
higher voltage onset of OER arising from the need to oxidize surface states. We find these
surface states are at a lower potential on the RHE scale with Sr incorporation, indicating that
their oxidation is promoted (occurring at less oxidizing potentials) in tandem with the lower
onset of water oxidation. To better understand the chemical identity of these surface states, we
consider the surface speciation in an aqueous environment using AP-XPS. The oxidation of Fe"'-

OH species to Fe'V-O has been suggested as the first step in the OER reaction mechanism for

other iron oxides, and we probe the affinity of LSFO species for OH explicitly with this
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technique. At a given H,O pressure, more OH species are observed for higher Sr concentrations.
Their formation in a reducing environment is consistent with the observation of surface states at
lower potentials in cyclic voltammetry. Together, these findings indicated that the increase in
OER photovoltage with Sr substitution in LSFO can be attributed to the promotion of Fe

oxidation.
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