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Evaluating the electronic structure and stability of epitaxially
grown Sr-doped LaFeO; perovskite alkaline O, evolution model
electrocatalysts

Chuanmu Tian?, Clément Maheu®, Xiaochun Huang¢, Freddy E. Oropezad, Marton Majore, Joachim
Brotze, Marcus Einert?, Wolfgang Donner¢, Kelvin Hongliang Zhang®, Jan P. Hofmann*

In this work, we have investigated the relationships between surface stability, electronic structure and O, evolution reaction
(OER) activity for epitaxial thin film La,,Sr,FeOs; (x = 0, 0.33, 0.8) model electrocatalysts before and after different
electrochemical treatments. Cyclic voltammetry (CV) between +1.22 V and +1.92 V vs. RHE results in the continuous
enhancement of OER performance of LaFeOs;, while for Lagg;Sro3sFeOs and Lag,SrosFeOs; a gradual decrease of OER
performance with increasing number of CV cycles was observed. A combination of atomic force microscopy, X-ray diffraction
and X-ray reflectivity reveals that the surfaces of La;,Sr,FeO; (x = 0, 0.33, 0.8) undergo surface morphology changes during
OER treatment. Synchrotron ex-situ X-ray photoemission spectroscopy data show a gradual down-shift of the Fermi level
(E¢) of LaFeOs with increasing number of CV cycles, while near edge X-ray absorption fine structure spectroscopy (NEXAFS)
at the Fe L-edge and O K-edge shows the presence of surface Fe** species as well as new hole states near the conduction
band minimum upon electrochemical treatment, leading to a further enhancement of the electrochemical activity of LaFeOs.
The newly formed hole state in LaFeO; that appeared after 3 CV cycles remained constant upon progressing OER treatment.
On the contrary, the decrease of OER performance of La, 6;Sro 33Fe03 and Lag ,SrysFeOs with increasing CV cycles is attributed
to an up-shift of E; along with a decrease of Fe** and hole state content after OER treatment. Furthermore, we found that
the stability of the OER performance of La;,Sr,FeOs is closely related to the leaching of Sr during OER, and the stability
deteriorates with increasing Sr doping concentration in the pristine samples.

Introduction

Electrochemical water splitting is a promising pathway for large-scale
production of green hydrogen and is expected to contribute to solving global
energy and environmental issues.>? However, the oxygen evolution reaction
(OER) limits the efficiency of the overall water electrolysis due to the higher
overpotential caused by the kinetically demanding four electron/proton
transfer process.>* Therefore, the development of highly active and stable
OER electrocatalysts is critical to water electrolysis. Currently, IrO,- and RuO,-
based catalysts for water electrolysis have been considered as the best OER
catalysts in acidic media owing to their excellent OER activity, but their
scarcity and high cost hinder their large-scale application.>’” Hence, cheap,
earth-abundant and stable transition metal oxides are becoming more
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attractive, especially Fe, Co and Ni, when alkaline water electrolysis is
considered.®1® Among them, the perovskite oxides have attracted great
attention due to their low cost and tunable electronic structure.!*3
Perovskite oxides have the general formula ABO;, where A is an alkaline earth
metal cation (La, Ba, Sr, etc.) and B is a transition metal cation (Fe, Co, Ni,
etc.).!® Currently, in order to provide a design basis for optimally performing
semiconducting perovskite oxide OER electrocatalysts, significant efforts are
devoted to explore the relationship between the electronic structure and
electrocatalytic activity of perovskite oxides with activity descriptor concepts
such as the e, orbital occupancy,® p-band centre of the oxygen atom,® metal-
oxygen covalency.'”

LaFeO;, a typical perovskite oxide, has been widely studied due to its good
stability in alkaline electrolytes and adjustable electronic structure.®® Over
the past decades, a series of strategies has been explored to enhance the
electrochemical activity of LaFeOs;, including nanostructure engineering to
increase the surface area,?® morphology design to expose more active crystal
facets,?! and aliovalent doping to increase the electrical conductivity and to
modulate electronic structure.??> Among them, aliovalent doping is a
powerful method to enhance the OER activity of LaFeOs. Recently, we found
that doping by Sr can significantly improve the OER performance of LaFeO;.2¢
We argue that filled electronic states near the Fermi level (E;) improve the
orbital overlap with key OER reaction intermediates, favouring their
formation. At the same time, the hole states close to the E; increase the
electron affinity of the LaFeOs, thereby facilitating charge transfer at the
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solid-electrolyte interface. Importantly, it has been observed that perovskite
electrocatalysts usually undergo surface morphology and compositional
changes during OER.273* |t is then almost impossible to predict the OER
performance of electrocatalysts from their pristine (bulk and surface)
composition and structure since their active surface phase can strongly differ
from the bulk composition and structure.?> Thus, it is critical to investigate the
electronic structure and surface properties of the catalytically active surface,
ideally under in-situ conditions. For example, Wan et al. reported that SrirO;
undergoes surface reconstruction accompanied by the formation of
amorphous layers during electrochemical treatment.3® They attributed the
improved OER performance of SrirO; to the formation of more active
SryIrO, Another
reconstruction is BagsSrosCoogFey,05-5 (BSCF).3” Fabbri et al. used in-situ X-

amorphous layer. typical perovskite with surface
ray absorption spectroscopy (XAS) to reveal that the (Co/Fe)O(OH) layer,
which formed by the surface reconstruction of BSCF, can be considered as the

OER active surface phase.

Although we have established the relationship between the electronic
structure of pristine Sr-doped LaFeO; powder-based electrocatalysts and
their OER activity?®, the stability of the surface chemical composition,
morphology, and electronic structure as the OER progresses still needs to be
investigated and verified. Therefore, in order to establish a relationship
between the surface properties, i.e., surface chemical composition, atomic
and electronic structure including their stabilities, and the OER activity of the
Sr-doped LaFeO;, we have employed epitaxial La,,Sr,FeO; (001) single
crystalline films as models to exclude the effect of nanostructure. We
prepared a series of well-defined La,,SrFeO; (x = 0, 0.33, 0.8) single crystal
films on Nb-doped SrTiO; (001) substrate via pulsed laser deposition (PLD).
Our result show that the OER performance of LaFeO; increases with
while the OER activity of Lagg;SrossFeO; and
Lag,SrosFe0s; is gradually decreasing. The surface properties of La,.Sr,FeO; (x

increasing CV cycles,

= 0, 0.33, 0.8) were investigated by atomic force microscopy (AFM), X-ray
diffraction (XRD) and X-ray reflectivity (XRR) before and after OER treatments.
The combination of synchrotron X-ray photoemission spectroscopy (SXPS)
and near edge X-ray absorption fine structure spectroscopy (NEXAFS)
revealed electronic structure changes of La,,SrFeO; (x = 0, 0.33, 0.8) upon
OER treatment in the amount of surface Fe** active species, hole state and
occupied density of states (DOS) near the Femi level (E;).

Experimental section

Materials synthesis

La;,SrFe0;(x =0, 0.33, 0.8) targets were synthesized by solid-phase reaction.
Stoichiometric amounts of La,0; (Alfa, > 99.999%), Fe,0; (Alfa, > 99.999%)
and SrO (Alfa, > 99.999%) were mixed in a mortar. After grinding for 2 hours,
the powder was pressed into pellets through a hydraulic press at 10 tons for
2 minutes, and finally these pellets were calcined in a muffle furnace (Kejing,
KSL-1700) at 1000 °C for 24 h with 5 °C/min heating rate, followed by natural
cooling to room temperature. La,,Sr,FeO; (x = 0, 0.33, 0.8, 1.0) single crystal
thin films were grown on one-side polished (001)-oriented 0.1% Nb-doped
SrTiO; substrates (HeFei Kejing) by PLD using the respective target. Laser
ablation was performed at a repetition rate of 5 Hz and an energy density of
1.0 J/cm? with a 248 nm KrF excimer laser. To achieve ~40 nm film thickness,

the laser was impinged on the target for 15 min with the substrate

2| J. Name., 2012, 00, 1-3
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temperature 550 °C and oxygen partial pressure of 30 mTorrV‘eW Article Online

Materials characterization DOI- 10.1035/DALFO0260A

The crystal structure of the pure La,,SrFeO; targets was analysed by X-ray
diffraction (XRD) using Cu Ka radiation generated at 40 kV and 44 mA. Thin
film growth was examined by high-resolution X-ray diffraction using a rotating
Cu anode (45 kV, 190 mA) Rigaku SmartLab diffractometer in 8-26 geometry,
equipped with a Ge (220) double bounce monochromator (selecting the Cu
Ko, wavelength) in parallel beam mode, while the thickness of the films was
determined by X-ray reflectivity (XRR) scans on the same diffractometer. The
surface morphology of the La,,Sr,FeO; samples before and after OER
treatments were determined by atomic force microscopy (AFM) with a Bruker
Icon Dimension AFM in amplitude modulation mode using PPP-Zeihr
cantilevers (NanoAndMore GmbH, Wetzlar, Germany). This type of cantilever
has a nominal spring constant of 27 N/m, a nominal resonance frequency of
130 kHz, and a typical tip radius of <7 nm. A free oscillation amplitude A, =
120 nm of the cantilever tip was adjusted, and a setpoint ratio of A,,/A, = 0.7
was set to ensure operation in the repulsive tip—sample interaction regime.
We scanned the surface with a tip velocity of 2 um/s.

The SXPS and NEXAFS measurements were performed at the soft X-ray
spectroscopy undulator beamline U49-2_PGM-1 at BESSY Il synchrotron in
Berlin. The beamline provides photons in the energy range of 85 — 1600 eV.
The Solid-Liquid-Interface Analysis System (SOLIAS) endstation has been used
and spectra were measured at normal emission using a Phoibos 150 (SPECS)
energy analyser with a 1D delay line detector.3® An Ar-ion sputter-cleaned Au
foil served as a calibration sample by making use of the Au4f;;, transition
located at 84.0 eV. Samples were electrically connected to the ground of the
spectrometer. Excitation energies were adjusted for each core level to
measure the photoelectrons at identical kinetic energy of 550 eV, which
allows investigation of each element at a comparable depth of analysis, i.e.,
three times the inelastic mean free path at 550 eV kinetic energy (1.2-1.3 nm).
The NEXAFS measurements at the Fe L-edge and O K-edge were carried out
by recording the Auger electron yield of the respective elements.
Electrochemical measurements were carried out in three-electrode
configuration using a Palmsens electrochemical workstation (Palmsens BV,
The Netherlands) setup in the double glass cross electrochemistry chamber
of the SOLIAS endstation.?® The chamber was continuously purged by argon
keeping the sample under an inert, dry, and carbon-free atmosphere and
minimizing atmospheric contamination between the electrochemical
treatments and the synchrotron-based measurements. A platinum wire was
used as a counter electrode and Hg/HgO (1 M KOH) as a reference electrode.
Cyclic voltammetry (CV) measurements were performed in 1 M KOH at a scan
rate of 10 mV/s with the potential from +1.22 to +1.92 V (vs. RHE). Each
sample was subjected to four OER treatments, namely total 0 CV (exposure
to electrolyte only), total 3 CV (+3 increment), total 10 CV (+7 increment), and
total 30 CV (+20 increment) cycles. After each treatment step, the sample was
rinsed with MilliQ water and blown dry by Ar, then transferred to the vacuum
system of the SOLIAS endstation for spectroscopic investigation.

Results and Discussion

Structural characterization

XRD and XRR were employed to characterize the quality of the La,.Sr,FeO;
thin films grown on 0.1% Nb-doped SrTiO; (001) substrates by PLD. Figure 1
shows the XRD and XRR results of the La,.Sr,FeO; in pristine state (black curve)
and after 30 CV cycles (i.e., after all four electrochemical treatment steps, red

This journal is © The Royal Society of Chemistry 20xx
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curve). The well-defined oscillations are observed in both XRD and XRR plots
for pristine LaFeOs (LFO) and Lagg;Sro33Fe0; (LSF-0.33), indicating the high
quality of the thin films. However, these oscillations did not appear in the XRD
plot (Figure 1c) of Lag,SrosFeOs (LSF-0.8), which is attributed to the presence
of a large number of oxygen vacancies in the LSF-0.8 sample causing the film
not to grow epitaxial, similar as reported for SrCoOs, and SrFe03,.3%%° The
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Figure 1. XRD and XRR of LaySrFeOj; thin films in pristine state (black
curves) and after 30 CV cycles (red curves). (a) XRD of LaFeO;, (b) XRD of
Lag 67Sro.33Fe0s, (c) XRD of Lag,SrosFe0s, (d) XRR of LaFeOs;, (e) XRR of
Lag7Sro.33Fe0; and (f) XRR of Lag ,SrosFeOs.

peak at 26 = 46.4° corresponds to the (002) orientation of the 0.1% Nb-doped
SrTiO; single crystal substrate, while the peaks at 26 = 45.8°, 46.2° and 46.9°
correspond to (002) oriented LFO, LSF-0.33 and LSF-0.8, respectively. To
determine the thickness of the La,,Sr,FeO; thin films, we obtained and fitted
XRR data as shown in Figure S1, and the corresponding fitting parameters are
reported in Table S1. The overall thickness of the pristine LFO, LSF-0.33 and
LSF-0.8 single crystal thin films are 37.5 + 0.5 nm, 38.6 £ 0.2 and 39.2 £ 0.2,
respectively. After 30 CV cycles between +1.22 V to +1.92 V (vs. RHE) in1 M
KOH, there is a slight decrease in the thickness of the crystalline layer of all
Lay,SrFe0s(x = 0, 0.33) thin films and an amorphous layer appears on all La;.
SrFe0s (x = 0, 0.33) film surfaces. The corresponding XRR plot of LFO before
and after OER treatment is shown in Figure 1d. We also notice that the
distance of the Kiessig fringes in the XRR plot of LFO remain consistent after
30 CV cycles, indicating negligible change of the overall film thickness. At the
same time, the XRD (Figure 1b) and XRR (Figure 1e) data of LSF-0.33 show that
the thickness of the crystalline layer as well as the overall thickness of the film
remain unchanged. Figure 1c shows the XRD results of LSF-0.8 before and
after 30 CV cycles; we notice that the peak intensity corresponding to LSF-0.8
increased after 30 CV, which is attributed to a surface reconstruction of LSF-
0.8 thin film occurring under OER conditions. Based on the XRD and XRR
results, we can state that the OER treatment resulted in an amorphous layer
on the surface of La;,Sr,FeO; (x = 0, 0.33) samples. In addition, Table S1
compiles the roughness of all La,,Sr,FeO; (x = 0, 0.33, 0.8) samples. After 30
CV cycles, the roughness of LFO and LSF-0.33 increased from 0.61 nm to 0.69
nm and 0.67 to 0.82, respectively, while the roughness decreased from 1.73
nm to 0.41 nm for LSF-0.8.

To further investigate the effect of OER treatment on the surface properties,
we carried out AFM measurements on the pristine and OER-treated thin films.
As shown in Figures S2a and S2c, the pristine LFO and LSF-0.33 have a flat
surface with a root mean square roughness (RMS) of 0.50 nm and 0.30 nm,
respectively, which further confirms the high quality of these films grown by

This journal is © The Royal Society of Chemistry 20xx
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PLD. However, the RMS of pristine LSF-0.8 reaches 5.36 nm,whichis auch
higher than LFO and LSF-0.33. Such a high RMS val(3f LSFLO3 94t bl sor
to the fact that it was not epitaxially grown on the 0.1% Nb-SrTiO; substrate,
which is consistent with the above XRD results. After all four OER treatment
steps, the RMS of LFO (Figure S2b) remained virtually unchanged. As shown
in Figure S2c, the RMS of LSF-0.33 increased from the initial 0.30 nm to 1.12
nm after OER treatment. On the contrary, we notice that the RSM of LSF-0.8
(Figure S2f) is drastically reduced from 5.36 to 0.54 nm after OER treatment.
Among them, the changes in the LSF-0.8 film due to OER treatment were the
most pronounced, which is consistent with our XRD and XRR results.

(a) (b)
El Ep
= =
== =
= =
(= c
2 AoV 2 1
= — =
I Pristing
705 70 715 720 725 526 528 530 532
Photon Energy (2V) Photon Energy (eV)
(c)
=
El
=
Pl
i3
o
E
=
705 710 715 720 725 526 528 530 532

Photon Energy (eV) Photan Energy (eV)

Figure 2. NEXAFS spectra of LaFeO; and Lagg;Sry33Fe0; with different CV
cycles. (a) Fe L-edge of LaFeOs, (b) O K-edge of LaFeO;, (c) Fe L-edge of
Lag 67Sr0.33Fe0; and (d) O K-edge of Lag6;Sro.33Fe0s. The yellow bars in Figure
2a indicate the changes in the characteristics of Fe3* and Fe** at 708 eV
under different CV cycles.

Electronic structure by X-ray photoemission and absorption
spectroscopies

The oxidation state of Fe was determined by NEXAFS of the Fe L-edge. Figure
2a shows the Fe L-edge of LFO after different OER treatment steps. The shape
of the spectra of pristine and 0 CV samples are consistent with previously
reported results for Fe3* oxidation state.?® More importantly, the shape and
intensity of the Fe L-edge remain consistent after 3 and even 30 CV cycles. To
further investigate the oxidation state of Fe, we measured the O K-edge
NEXAFS of LFO after different CV cycles, shown in Figure 2b. The results
indicate that a new unoccupied (hole) state emerges at 528.4 eV, which is
associated with Fe* in agreement with our previous report.2® More
interestingly, this hole state exhibits the same behaviour after 3 and even 30
CV cycles. The Fe L-edge of pristine samples of LSF-0.33 (Figure 2c, black curve)
and LSF-0.8 (Figure S3a, black curve) also exhibited Fe** oxidation state
characteristics, with LSF-0.8 being very similar to SrFeO;. However, the linear
shape and intensity of the Fe L-edge of LSF-0.33 and LSF-0.8 both show slight
changes at different CV cycles, suggesting that the Fe** oxidation state still
exists after OER treatment. At the same time, the intensity of the hole state
features in the O K-edge spectra in LSF-0.33 (Figure 2d) and LSF-0.8 (Figure
S3b) samples exhibit a gradually decreasing trend with increasing CV cycles,

J. Name., 2013, 00, 1-3 | 3
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indicating that the Fe** content in LSF-0.33 and LSF-0.8 is gradually decreasing
due to the fact that these hole states are closely related to the Fe** oxidation
state. Additionally, we still observe the presence of the hole state on the O K-
edge even after 30 CV cycles, further confirming that Fe* is still existent in
LSF-0.33 and LSF-0.8 after different OER treatment steps. Taken together, the
above results indicate that the OER treatment led to a morphology change of
the La,,Sr,FeO; surface and the appearance of a hole state at LFO, while the
hole state content of both LSF-0.33 and LSF-0.8 samples decreased after
surface reconstruction.

In order to investigate the stability of the surface chemical composition and
electronic structure of Lay,SrFeOs (x = 0, 0.33, 0.8) with increasing OER
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Figure 3. SXPS of LaFeO; with kinetic energy constant at 550 eV. (a) Fe
2p, (b) La 3d, (c) O 1s and (d) VB spectra after different CV cycles.

treatment steps, we additionally carried out synchrotron XPS (SXPS)
measurements. Figure 3 shows the SXPS core level and VB spectra of LFO after
different CV cycles; the XAS and XPS data have been acquired subsequently
before each next OER treatment step. The Fe 2p;, region of LFO pristine
exhibits a characteristic feature located around 710.2 eV along with a satellite
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Figure 4. (a) Shifts of core level binding energy and (b) Fermi level (E)
position of LaFeO; relative to the VBM BE as a function of CV cycles.

peak near 719 eV, in agreement with the Fe3* oxidation state. After different
OER treatments, the characteristics of Fe 2p did not change significantly, but
the position of the main peak gradually shifted to lower binding energy with
increasing CV cycles. The same shift is also seen in the corresponding La 3d
(Figure 3b) and O 1s (Figure 3c) core level spectra. In addition, the VB

4| J. Name., 2012, 00, 1-3

spectrum of LFO in the Figure 3d show that the distance betwggp the valence
band maximum (VBM) and E; decreased witt (hcteakisg/ @yl itmbar
indicating a downward movement of E: or alternatively an upward movement
of the VBM.

Figure 4 summarizes the shift of the core levels and VB spectra, as well as the
corresponding band energy schemes for LFO from the SXPS data. By
combining the systematic shift of the binding energies of the Fe 2p, La 3d, and
O 1s spectra together with the shift of the VB spectra, we can clarify the
downward shift of E; with progressing CV cycling. More importantly, the
above XRD and AFM data combined with the NEXAFS results indicate that the
shift of E;can be attributed to the formation of Fe** species on the LFO surface
due to surface reconstruction during the OER process. Such a phenomenon
has also been observed in different transition metal oxides, such as, LaNiO;
and Srlr03.364! The SXPS data of LFO-0.33 with different numbers of CV cycles
are shown in Figure S4, respectively. In contrast to the LFO samples, the core
levels of LSF-0.33 (Fe 3d, La 3d, and O 1s) shift to higher binding energies, and
the distance between VBM and E; increased with increasing CV cycling,

indicating a gradual upward movement of E; in LSF-0.33.
Electrochemical characterization

(a) (b)

015] —3rd 01235,
——10th
¢ 0.081
53
<
E 0.04]
=
0.001
13 14 15 16 1.7 18 1.9 1213 14 15 16 17 18 1.9
(©) Potential (vs RHE) (d) Potential (V vs RHE)
—3rd e
054 ot 03] Mo
—30th ot
0.4]
;g N’—. at +1.8V vs RHE
503 é }
Eo2 £
= =
01 :
00

LaFeO,

La, 81, ,Fe0, La, 51 FeO,
Samples

13 14 15 16 1.7 18 19
Potential (V vs RHE)
Figure 5. OER performance of La,,Sr,FeO; with different CV cycles. (a)
CV polarization curves of LaFeO;, (b) CV polarization curves of
Lag 67Sro.33Fe0s, (c) CV polarization curves of Lag,SrogFeOs and (d)
current density of La;,SrFeO; (x = 0, 0.33, 0.8) with different CV cycles
at +1.8 V (vs. RHE).

The OER performance of La;,Sr,FeO; (x = 0, 0.33, 0.8) thin films were

evaluated in a three-electrode setup in the double glass cross
electrochemistry chamber of the SOLIAS endstation in 1 M KOH solution at 10
mV/s scan rate with a potential range of +1.22 V to +1.92 V vs RHE. The
current density of CVs of all samples was normalized by the geometric area
without ohmic compensation. Figure 5a shows CV plots of LFO under different
CV cycles. The results suggest that the electrocatalytic activity of LFO
experiences an enhancement with increasing number of CV cycles. On the
contrary, the current density of LSF-0.33 (Figure 5b) as well as LSF-0.8 (Figure
5c) films show a continuous trend of decreasing OER performance. To
compare the OER activity of La;,Sr,FeO; with different Sr doping
concentrations, the current densities of different samples with different CV

cycles at +1.8 V (vs RHE) are shown in Figure 5d. The initial (3¢ CV) OER

This journal is © The Royal Society of Chemistry 20xx
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performance of La;,Sr,FeO; is enhanced with increasing Sr doping
concentration, which is in line with our previously reported results.? More
importantly, we observed a more significant decrease in OER performance for
the LSF-0.8 sample compared to LSF-0.33. The current density of LSF-0.33 at
+1.8 V (vs RHE) decreases from 0.085 mA/cm? (3 CV) to 0.069 mA/cm? (30t
CV), while LSF-0.8 decreases from 0.303 mA/cm? (3 CV) to 0.192 mA/cm?
(30t CV) - a reduction of 18.8% and 41.8%, respectively.

It is well known that stability is also an important metric for evaluating OER
catalysts. In order to have a more in-depth understanding of OER stability of
the La,,Sr,FeO;(x = 0, 0.33, 0.8) catalysts, we calculated the compositions of
La, Sr and Fe (La%+Sr%+Fe%=100%) from SXPS spectral region integration
after different CV cycles, as shown in Table 1. There is a significant increase in
La concentration on the surface of the LFO film after OER treatment, which
indicated that La gradually aggregated on the surface of LFO during the OER
process. Recently, She et al. reported that surface aggregation of A-site
cations (La or Sr) in Lay.,Sr,FeOjs is an important factor contributing to the poor
OER

stability by blocking catalytically active sites.?? In addition, we observe that
the surface Sr content in both LSF-0.33 and LSF-0.8 gradually decreases with
increasing CV, while the La content did not change significantly. The reduction
of surface Sr concentration in LSF-0.33 and LSF-0.8 is related to the leaching
of Sr during OER; a similar phenomenon has been observed in SrirO3.3¢ There
is a close relationship between current density and Sr concentration as shown
in Figure 6. It can be clearly observed that the leaching of Sr in LSF-0.8 is
particularly more pronounced as compared to LSF-0.33, in agreement with
the deterioration of the OER performance.

Table 1. SXPS-derived (kinetic energy constant at 550 eV) La, Sr and Fe atomic
compositions (La% + Sr% + Fe% = 100%) for Lay.,SrFeOs (x = 0, 0.33, 0.8) with

different CV cycles.
LFO

LSF-0.33 LSF-0.8

La Fe La Sr Fe La Sr Fe
(at. (at. (at. (at. (at. (at. (at. (at.

%) %) %) %) %) %) %) %)

Pristin ~ 50.0 500 335 165 500 101 400 499

e’ + + + + + + + +
0.4 0.2 0.4 0.6 0.5 0.2 0.3 0.3

0Cwv 491 509 339 148 512 125 364 511
+ + + + + + + +
0.6 03 0.6 03 0.3 03 0.2 0.4

3Cw 626 373 330 107 557 157 227 615
+ + + + + + + +
0.5 0.4 0.5 0.4 0.2 0.5 0.4 0.2

10Cv 630 370 315 101 584 158 172 670
+ + + + + + + +
0.4 0.5 0.4 0.5 0.4 0.4 0.5 0.4

30Cv 645 355 311 94 595 143 151 706
+ + + + + + + +

0.2 0.4 0.2 0.4 05 0.2 04 0.5

3 Expected stoichiometry
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Such a different OER behaviour of Lay,Sr,FeOs; with CV cycling is likely
attributed to two factors. The first factor is the emergence of a hole state
close to the conduction band minimum. Our recent study shows that the hole
state near the conduction band minimum plays a crucial role in the oxidation
of water by reducing the energy barrier for electron transfer at the electrode-
electrolyte interface.?® The above NEXAFS O K-edge spectra of LSF-0.33 and
LSF-0.8 show that the content of the hole state (~528 eV) near the conduction
band gradually decreases with increasing CV cycles, resulting in a decrease of
OER performance. The second factor is the occupied density of states (DOS)
near the E;. According to the Marcus-Gerischer charge transfer model,*? the
increase in the occupied DOS near E; would reduce the energy of donating
electrons at the electrode-electrolyte interface, which results in increased
performance of the catalyst by a decrease in charge transfer overpotential. It
is worth noting that our SXPS results show that the E¢ of LFO is shifting toward
the VBM with increasing number of CV cycles, which indicates that the
occupied DOS near the E; is gradually increasing. On the contrary, the E; of
the LSF-0.33 shift away from the VBM, resulting in a decrease of occupied
DOS near the E; of LSF-0.33. The similar trend of electrochemical activity and
occupied DOS near E; indicates that occupied DOS near E; are an important
factor for determining the OER performance. Overall, our results highlight
that the OER performance of La,Sr,FeOs (x = 0, 0.33, 0.8) is closely related to
the surface Fe** species, the hole state near the CB and the occupied DOS near
the E;. Sr leaching during OER is the key factor for the poor stability of LSF-
0.33 and LSF-0.8.

Conclusions

We have investigated the surface properties, stability of the electronic
structure and OER performance of well-defined La,,Sr,FeO; (x = 0, 0.33, 0.8)
single crystal films. Our results reveal that operating the electrocatalysts
under OER conditions lead to an increase of OER performance of LFO and a
decrease of activity of LSF-0.33 and LSF-0.8. A combination of XRD, XRR and
AFM measurements shows that the surfaces of La,,Sr,FeO; (x = 0, 0.33, 0.8)
undergo surface morphology and compositional changes upon OER
treatment. Additionally, the electronic structure also experiences significant
changes especially in the concentration of Fe** oxidation state, the hole state
and the position of E; with respect to the valence band maximum. The
improved activity of LFO is attributed to i) the presence of hole states as well

J. Name., 2013, 00, 1-3 | 5
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as ii) the increase of the occupied density of states near E; upon OER cycling.
Conversely, the reduction of these factors leads to the decrease of OER
performance of LSF-0.33 and LSF-0.8. The leaching of Sr is an important factor
leading to the observed poor stability of LSF-0.33 and LSF-0.8 under OER
conditions, and the OER performance decays faster with increasing Sr doping
concentrations at the A-site in the pristine perovskite structure. Our study
provides insights into the surface structural and compositional evolution,
electronic structure stability and electrochemical properties of transition
metal oxides as function of OER treatment and reveals that appropriate
doping has substantial impact on the OER stability of transition metal oxides.
The study further demonstrates the importance of synchrotron-based
investigations for the precise determination and interpretation of
electrochemical properties and activities with respect to electronic structure
engineering of perovskite electrocatalysts achieving optimized OER
performance.
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