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Abstract

Transition metal oxides have long been an area of interest for water electrocatalysis through the
oxygen evolution and oxygen reduction reactions. Iron oxides, such as LaFeOs, are particularly
promising due to the favorable energy alignment of the valence and conduction bands comprised
of Fe3* cations and the visible light band gap of such materials. In this work, we examine the role
of band alignment on the electrocatalytic oxygen evolution reaction (OER) in the intrinsic
semiconductor LaFeO; by growing epitaxial films of varying thicknesses on Nb-doped SrTiO;.
Using cyclic voltammetry, we find that there is a strong thickness dependence on the efficiency of
electrocatalysis for OER. These measurements are understood based on interfacial band alignment
in the system as well as catalytically active surface defect states as confirmed by layer-resolved
electron energy loss spectroscopy, electrochemical impedance spectroscopy, and Mott-Schottky
measurements. Our results demonstrate the importance of band engineering for the rational design

of thin film electrocatalysts for renewable energy sources.
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Introduction

Energy storage via water splitting is a central goal toward the realization of a renewable energy
economy. Formally, this process requires the oxidation of water to dioxygen (O,) and reduction of
protons to dihydrogen (H,) whereby 4.92 eV can be stored per H, molecule (Equation 1). The
anodic half-reaction, termed the oxygen evolution reaction (OER), is the more challenging step as
it requires multiple protons and oxidizing equivalents in addition to the formation of an O=0
double bond (Equation 2). Among the many catalysts which have been studied to promote this
reaction, transition metal oxides remain an interesting target given their relative ease of synthesis,
aqueous stability (depending on pH), wide range in crystal structures, and the diversity of available
transition metal cations.!™ More importantly, the use of first-row transition metals, which are
readily abundant in the Earth’s crust, make these oxides attractive from a cost perspective as a

means of circumventing expensive metals such Pt, Ru, and Ir as catalytic materials.

1) 2H20 — 2H2 + 02 AG°=4.92 ¢V
2) 40H — O, +2H,0 +4e-  E°=1.23 Vvs RHE

Perovskite oxides, with the formula ABO;, have gained particular attention toward OER
electrocatalysis since the seminal publication by Suntivich et a/ in which the overpotential for
catalysis was shown to vary with the number of ¢, electrons present on the B-site metal according
to the Sabatier principle.> An optimal number of e, electrons was found to be ~1.1. The catalytic
performance of perovskite oxides have also been found to depend significantly on several other
factors such as surface termination®’ and epitaxial strain®’, with single crystal thin films
demonstrating catalytic performance that matches that of Pt for OER.%10

Band alignment at the interface between single crystal thin films and their substrates is also
critical to their catalytic performance. In particular, the SrTiOs/LaFeOs (STO/LFO) interface has
attracted interest for questions of band engineering for catalytic applications.!!!> To examine these
interfaces, we used molecular beam epitaxy (MBE) to synthesize epitaxial single crystal films with
varying thicknesses from 2 — 10 nm. We show that the electrocatalytic current for OER is greatly
dependent on thickness where a sharp increase in current between 2 and 5 nm was observed while
current decreased over the 5 — 10 nm range. This interesting result is reasoned based on a balance

between the relatively large valence band offset present at the STO/LFO interface coupled with
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the intrinsic semiconductive properties of LFO which produces an optimum range of 5-6 nm for

OER catalysis.

Experimental

MBE Synthesis and Thin Film Characterization

MBE synthesis was performed in an ultra-high vacuum system (Mantis Deposition, base
pressure = 5x10° Torr) to achieve high purity in the resulting samples. /n situ RHEED analysis
was used to monitor the growth process. Commercially available (001)-oriented 0.7% Nb-doped
SrTiO; (n-STO, MTI Crystal) 10 mm x 10 mm substrates were used. The small lattice mismatch
(-0.6%) and conductive nature of n-STO makes it ideal as a conductive substrate suitable for
catalysis measurements. Before loading into the growth chamber, n-STO substrates were sonicated
for 10 minutes in acetone (ACS grade, VWR) and isopropanol (ACS grade, VWR) and dried with
N, gas (Airgas, 99.999%) to produce a clean surface. La (ESPI, 99.9%) and Fe (Sigma Aldrich,
99.98%) flux were supplied through individual high temperature effusion cells. The cell
temperatures for La and Fe were approximately 1550 °C and 1350 °C respectively. The oxygen
flow was set to 0.2 sccm (Airgas, 99.999%) during the entire growth and an RF plasma source
operated at 300 W was used to supply atomic oxygen. Pressure in the chamber during growth was
3x10 Torr. The n-STO substrate was heated to 700 °C in oxygen plasma before growth to remove
hydrocarbons and recover a well-defined surface as observed by RHEED. A shuttered growth
process was employed to synthesize the samples at 700 °C.'’'® By programming individually
controlled shutters, La and Fe fluxes were deposited alternately with a growth rate of ~80 seconds
per unit cell. Samples were cooled in the presence of oxygen plasma until ~200 °C to promote full
oxidation of the LFO film.

Epitaxially grown samples were then transferred to an appended X-ray photoelectron
spectroscopy chamber (PHI 5400, refurbished by RBD Instruments). The XPS system is attached
to the MBE system by a vacuum transfer line to preserve pristine surfaces for post-growth
characterization.!” A monochromatic Al K-alpha X-ray source was used for measurement. A low
energy electron flood gun (neutralizer) was used for charge compensation. All the XPS peaks were
adjusted by shifting the O 1s peak to 530 eV.!” Following XPS, 10 mm x 10 mm n-STO/LFO
samples were diced into (4) 5 mm x 5 mm samples for electrocatalysis and microscopy

measurements. Post-growth high resolution X-ray diffraction (HRXRD) was performed using a
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Rigaku SmartLab system with a Ge(220)x2 incident beam monochromator and hybrid pixel area
detector in 0D mode to obtain out-of-plane diffraction and X-ray reflectometry scans.

OER Electrocatalysis

n-STO/LFO (5 mm x 5 mm diced) samples were fabricated into electrodes using a rotating
disk glassy carbon electrode (GC, Pine Instruments). Indium gallium eutectic (InGa, Ted Pella
#495425) was used to form an electrical contact between the backside of the n-STO substrate and
the GC electrode. A ring of silver paint (Sigma Aldrich) was placed around the InGa eutectic to
serve as a binding agent between the n-STO substrate and the GC surface. Chemically inert epoxy
(Loctite D609) was then used to cover the edges of the n-STO substrate and GC electrode, leaving
only the LFO surface exposed to solution. Covering the entire edge of the substrate with epoxy
was found to be critical to sealing any silver paint from exposure to solution. Failure to do this
resulted in electrochemical behavior consistent with exposed silver, thus complicating
electrocatalytic measurements. An image of the final fabricated electrode is shown in Figure S1.

Cyclic voltammetry (CV) experiments were performed with a Pine WaveDriver 20
bipotentiostat using a three-electrode setup. The working, reference, and counter electrodes for the
electrochemical setup were n-STO/LFO, Hg/HgO (0.1 M NaOH, Pine Instruments), and platinum
wire respectively. All measurements were performed under saturated O, conditions in water (18
MQ, Millipore) with 0.1 M KOH electrolyte while rotating the working electrode at 2000 rpm to
remove bubbles from the surface. All potentials were converted from Hg/HgO to RHE using the
equation: Erpg = Eqpp + Engrgo T 0.059*pH. Epgmgo is the potential of the reference electrode vs
NHE measured by referencing to [Fe(CN)g]*"* (E° = 0.36 V vs NHE) before every experiment.!8
Engmgo was routinely found to be 0.1 V vs NHE. The pH was measured before each experiment to
be 12.5. CV experiments were performed by sweeping the potential at 20 mV s-! from 0.80 to 2.23
V vs RHE for 25 cycles to equilibrate the electrode surface. The anodic scan of the 25 cycle was
used for analysis of electrocatalytic performance. All potentials were iR compensated by
measuring the solution resistance before each measurement.

Electrochemical impedance spectroscopy (EIS) was performed at designated applied potentials
using a Gamry 1010E potentiostat with a 5 mV modulation voltage. The modulation frequency
was scanned from 0.1 Hz to 100 kHz. EIS experiments were performed without rotation of the
working electrode as this resulted in high noise in the low frequency regime. EIS data were fit with

an equivalent circuit described in the text using AfterMath software (Pine Instruments).
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Scanning Transmission Electron Microscopy

Cross-sectional scanning transmission electron microscopy (STEM) samples were prepared
using a FEI Helios NanoLab DualBeam Ga* Focused Ion Beam (FIB) microscope with a standard
lift out procedure. STEM high-angle annular dark field (STEM-HAADF) images were collected
on a probe-corrected JEOL GrandARM-300F microscope operating at 300 kV, with a convergence
semi-angle of 29.7 mrad and a collection angle range of 75-515 mrad. STEM electron energy loss
spectroscopy (STEM-EELS) mapping was performed using a 0.25 eV ch! dispersion for fine
structure measurements, yielding an effective ~0.75 €V energy resolution, and using a 1 ¢V ch!
dispersion with a 4x energy binning in the dispersive direction for composition maps. Data was

collected in the DualEELS mode to correct for energy drift and no denoising was applied.

Results and Discussion

The RHEED pattern for the 6 nm LFO sample after cooling to ambient temperature is shown
in Figure 1a. The sharp RHEED image taken along the [110] direction suggests the film is a single
crystal with the perovskite structure. The absence of any modulation in the streaks in the RHEED
image indicates a smooth surface with roughness comparable to the original substrate. Films show
a ¢(2x1) surface reconstruction consistent with stoichiometric La-based perovskite films'®. In situ
XPS analysis was performed to determine the valence state of Fe and the film compositon. The Fe
2p XPS peak is shown in Figure 1b. The Fe 2p XPS region has two separate peaks corresponding
to 2py, and 2ps;, due to spin multiplet splitting. An additional satellite peak close to the right
shoulder of the 2p,, peak is an indication of the Fe** valence state??, while for Fe?* valence the
satellite moves towards lower binding energies. Chemical composition analysis was done by
comparing the area ratio under La 4d and Fe 2p peaks and were consistent with stoichiometric
LFO. The LFO samples were also studied for film thickness and crystallinity using HRXRD. Out-
of-plane HRXRD data is shown in Figure 1c¢ and shows single phase films with peaks consistent
with epitaxial films oriented along the [001] pseudocubic direction. All films exhibit a primary
diffraction peak consistent with an out-of-plane lattice constant of ~3.93 A, though precise
determination is challenging for the thinnest samples. As the samples becomes thicker, finite
thickness fringes are more distinct, indicating a smooth surface and interface with the n-STO

substrate.
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Figure 1. (a) RHEED pattern of a 6 nm LFO thin film sample along the [110] of the »n-STO
substrate. (b) Fe 2p XPS region for 6 nm LFO. The satellite on the right side of the of Fe 2p;, is a
signature of the Fe3* valence state. (c) Out of plane HRXRD for n-STO/LFO samples of different

thicknesses.

After electrode fabrication of the n-STO/LFO samples, cyclic voltammetry measurements
were performed to examine the catalytic behavior of the LFO films for OER. Figure 2a shows CV
data collected for LFO films of different thickness. These data were obtained following 25 cycles
of the potential range (0.80 - 2.23 V vs RHE). The catalytic current density observed at 1.6 V vs
RHE (nogr = 0.37 V) increased from 0.8 pA cm for 2 nm LFO to a maximum of 55.6 pA cm™
for 6 nm and then decreased to 2.7 pA cm? for 10 nm (Figure 2a inset). Notably, the OER
electrocatalysis observed for a bare n-STO substrate was significantly larger than the 2 nm LFO
film, indicating that LFO was not etched from the surface and instead was passivating the catalysis

of the n-STO surface (Figure S2).
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Figure 2. (a) Anodic scans obtained from CV for n-STO/LFO films of different thickness. Data
collected in O, saturated 0.1 M KOH aqueous electrolyte at 20 mV s scan rate and 2000 rpm
rotation. (Inset) Current density measured at 1.6 V vs RHE as a function of LFO thickness. (b)

Tafel plot generated from CV measurements showing linear region between nogg = 0.3 - 0.6 V.

Tafel slopes were measured based on the linear dependences of log(J) vs nogr found in the
region 0f 0.3-0.6 V (Figure 2b). These values were also found to change with LFO film thickness
and yielded a minimum slope of 170 mV dec-! for the 6 nm LFO electrode. This value is large in
comparison to Tafel slopes obtained for electrodes made from nanocrystalline LFO which have
fallen in the range of 72 — 142 mV dec-'.?!-2* The exchange current densities extrapolated to nogr
=0 V were found to be similar with each other and in the range of 0.2-1.3 pA cm (Table 1) The
general trends observed for catalytic current and Tafel slopes with LFO film thickness point to a
balance of competing factors for OER electrocatalysis with the best condition observed for a 6 nm

film thickness.
Table 1. Summary of OER Electrocatalytic Data

LFO Tafel slope Jo J@ 1.6 Vvs RHE
nm mV dec!  pA cm? UA cm?
2 664 0.2 0.8
5 199 0.5 36.3
6 170 0.4 55.6
8 368 1.3 11.8
10 317 0.2 2.7
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In order to gain further understanding of the LFO thickness dependence, EIS was performed
for each electrode for a selection of applied potentials. Figure 3a-b shows Nyquist and Bode-
phase plots comparing 1.23, 1.63, and 2.23 V for 6 nm LFO where multiple features can be
observed. As the applied potential was shifted positive from 1.23 V, the overall resistance through
the LFO film decreased precipitously in the low frequency region while features in the mid-to-
high frequencies were nearly constant. Accurate modeling of the data was obtained with the
equivalent circuit model shown in Figure 3e. This model fundamentally represents three interfaces
in series with Rs, which is a series resistor that accounts for resistance due to wires, clips, and the
electrolyte solution. Two of the interfaces were modeled as a parallel combination of resistors (R)
and capacitors (i.e. constant phase elements (CPE), Q) consistent with faradaic (i.e. charge-transfer
across the interface) and non-faradaic (i.e. surface charging at the interface) current pathways
through the circuit, respectively. These two interfaces represent features in the EIS data which
occur at high and mid-frequencies and are assigned to the liquid/liquid interface of the reference
electrode/electrolyte (R, Q) and the solid/solid interface of n-STO/LFO (Rsro, Qsto),
respectively. The third interface was modeled as a nested circuit, which described data in the low
frequency region and has been used in the literature to explain the presence of surface electronic
states.>~?’ This interface is assigned to the LFO/electrolyte interface where Qpro represents the
valence band capacitance of LFO, Qgg represents the capacitance of surface states (i.e. defects),
Rgs represents charge-transfer resistance associated with catalysis driven by these states, and Ry o
represents charge-transfer associated with electrons moving between surface states and valence
band states resulting in charge transport through the film. Nyquist and Bode-phase plots for all
thicknesses and applied potentials are shown in Figure S3 along with calculated resistance and
capacitance values reported in Table S1-S2.

The necessity for the surface state model can be seen clearly in the Nyquist plot for 1.63 V
(Figure 3a) where the confluence of two semicircle arcs is observed between Zg. = 10 — 100 kQ.
This shows that a fourth interface is necessary to model the data. However, simulations with a
linear series of four parallel RC circuits were unsuccessful. The nested model is much better at
modeling data points between the two arcs in the Nyquist plot in the range of Zg. = 70 kQ. Figure
3b shows the corresponding Bode-phase plot where these features appear in the low frequency
regime (< 100 Hz) while the mid frequency feature assigned to the n-STO/LFO interface is nearly

constant around 1 kHz. A similar mid-frequency feature was observed by May et al. in a study of
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photoelectrocatalytic LFO films grown by pulsed layer deposition on STO substrates.?® Figure S4
shows individual simulations for each interface which highlight their contribution to the overall
fit.

e
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Figure 3. a) Nyquist and b) Bode-phase plots for 6 nm LFO measured at 1.23, 1.63, and 2.23 V
vs RHE in 0.1 M KOH aqueous electrolyte (satd. O;). ¢) Nyquist and d) Bode-phase plots for 2,
5, 6, 8, and 10 nm LFO films measured at 2.23 V vs RHE. e) Equivalent circuit used to fit

experimental data and generate overlaid lines.
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Detailed EIS studies performed on a separate 6 nm LFO sample for potential steps every 50
mV between 1.23 and 2.23 V further highlight the existence of surface defect states. These data
are shown in Figure S5, while Figure 4 shows the measured capacitance of surface states (Cgs)
extracted from EIS fitting to the equivalent circuit in Figure 3e. Given that a constant phase
element was used to model capacitive impedance, Zcpg = 1/(Qg(i®)?), the true capacitance was
calculated from fitting parameters using the equation Cy = (Qgs"*)(Rys/*"), where Qg and R are
defined above and a is an ideality factor for the CPE. The shape of the Cy data is roughly gaussian
and simple modeling yields a maximum at 1.63 V. Similar gaussian distributions of surface states
measured through EIS have been observed for other iron oxide materials such as CuFeO,% and

Fe,05.30 In both materials, surface states were found to play a key role in interfacial catalysis.

1.2 1.4 16 1.8 2.0 22
E.pp! V vs RHE

Figure 4. Capacitance of surface states (Cy) as measured from EIS studies for 6 nm LFO.

For all LFO thicknesses, the charge-transfer resistances in the low frequency region (i.e. Rgg
and Ry rp) decreased when the applied potential was shifted from 1.23 to 2.23 V vs RHE. This is
consistent with an increase in OER catalysis through surface states and charge transport through
the film to the n-STO substrate. Figure 3c-d shows Nyquist and Bode-phase plots for all
thicknesses at 2.23 V where a similar thickness dependence observed from CV can be described
for the resistance in the DC limit (i.e. Rpc = Zg. as ® — 0 Hz). Here, Rpc was found to be
minimized for the 5 nm (6.0 kQ) and 6 nm (5.5 kQ) conditions, those with the highest
electrocatalytic current. Rpc for 8 nm (28 k) was the next smallest with 2 nm (560 kQ) and 10

nm (390 kQ) found to be much higher values. Comparing all resistances in the equivalent circuit,

10
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we can see that Rpc 1s mostly comprised of Rgto for the 5 and 6 nm samples when Ry po + Rgg 1s
decreased to ~1 kQ. In fact, Rgro was nearly constant across all samples and applied potentials
with an average of 5.4 £ 1.0 kQ. This large resistance represents an inherent limitation of the
electrode architecture due to the n-STO/LFO interface and is attributed to a significant valence
band offset (VBO) due to band alignment between n-type Nb:STO and intrinsic/p-type LFO. This
VBO has been estimated in the literature to be on the order of 2.0-2.2 eV and thus represents a
large Schottky barrier for hole-transfer across the interface!!-14?%, Importantly, the constant nature
of Rgro indicates that the VBO is unchanged as a function of potential and that the applied potential
is dropped primarily across the LFO/electrolyte interface.

EIS experiments were also used to produce Mott-Schottky plots for determination of the flat
band potential (Eg,) at the LFO/electrolyte interface (Figure S6). For thicknesses of 5-10 nm, these
plots revealed negative slopes indicative of p-type behavior with an average Ej = 1.38 £0.12 V
vs RHE (Table S4). This value is similar to that reported by Wheeler and Choi for a nanocrystalline
LFO film (1.45 V vs RHE)*! but slightly larger than E, reported by May et al. for PLD grown
LFO films (1.0 V vs RHE)?. Interestingly, £, was found to be -0.19 V vs RHE for 2 nm LFO and
indicated n-type behavior based on the positive slope. Detailed XPS studies by Comes and
Chambers have shown that band alignment at the n-STO/LFO interface can result in reduced Fe
centers and thus n-type characteristics for such thin LFO layers (2 nm ~ 5 unit cells)'!. May et al.
also made a similar observation of n-type behavior for thin LFO deposited on STO based on
photocatalytic OER studies.?®

Given the large VBO at the n-STO/LFO interface and implication of surface state driven
catalysis, questions arise regarding the structural and electronic variations throughout the depth of
the LFO films. To examine these properties, STEM imaging and STEM-EELS measurements were
performed on 6 nm samples with and without electrocatalysis experiments. Figure 5 shows STEM
high-angle annular dark-field (HAADF) imaging performed on these films for the pre-
electrocatalytic and post-electrocatalytic conditions to investigate atomic changes at the surface
induced by electrocatalysis. In this imaging mode, image intensity is proportional to atomic
number (Z-'7), so the heaviest La atom columns are brightest, and contrast can be directly
interpreted to visualize film defects and potential mass loss at the sample surface. The as-grown
film quality for the pre-electrocatalysis sample is excellent, with a smooth surface and no extended

defects. Intermixing over several unit cells is present between the strontium and lanthanum atoms

11
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at the n-STO/LFO interface. Following electrocatalysis, we observed no substantial change in the
n-STO/LFO interface and very little change at the LFO surface with only 1-2 u.c. steps present
over large regions after treatment (Figure S7). Such small changes following exposure of the film
surface to alkaline conditions and subjecting them to applied potentials reflects the stability of the
MBE films during electrocatalysis. In addition, there is no evidence for a new phase in the treated
sample, which would manifest in an interruption in the uniform crystalline structure if it formed

during electrocatalysis.

Figure 5. (a-b) Comparison of cross-sectional, high-magnification STEM-HAADF images of
sample surface before and after treatment, respectively. Arrows indicate potential mass loss at

the surface.

We also performed STEM-EELS measurements to explore chemical changes after
electrocatalytic experiments described above. A comparison of composition maps of the before
and after samples is shown in Figure 6a and Figure 6d, respectively. Both maps are similar, with
mixing on both the 4- and B-site sublattices over ~1 u.c. at the interface. High-resolution O K and
Fe L, 5 edge spectra were collected from regions 1-3, corresponding to the interface, bulk, and
surface of the samples, respectively. The O K edge shown in Figure 6b contains the expected three
features: a pre-peak (labeled a), main peak (labeled b), and secondary peak (labeled c¢), which
result from the hybridization of O 2p states with B-site 3d, La 5d, and B-site 4sp bands,
respectively.’? The overall line shape is comparable to prior work in the literature,!> with a
redistribution of the weight of peak ¢ to slightly higher energy loss moving from the surface (region

3) to the interface (region 1). A similar line shape is observed in the sample after cycling, as shown

12
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in Figure 6e; however, in this case, there is a more pronounced pre-peak feature a and shift of
main peak b to lower energy loss near the interface. Importantly, while the line shape varies only
slightly throughout the untreated sample, it changes significantly near the surface of the treated
sample, with a merging of pre-peak and main peak features. This finding points to possible
electrocatalytically-induced changes in the oxygen environment and agrees with the
microstructural changes observed in Figure 5. Furthermore, these changes may even be
responsible for OER catalysis based on the surface state model discussed for EIS data above.
Inspection of the Fe L3 edge (Figure 6c¢ and Figure 6f) reveals the expected white-line
doublet, whose edge onset is a known indicator of a change in valence state.>> Moving from the
surface to the interface, we observe a pronounced 1 eV shift of the L; edge to lower energy loss in
both samples. This trend indicates clear reduction to a Fe?*-like valence, in agreement the n-type
Mott-Schottky behavior observed here for 2 nm LFO in addition to previous theoretical and
experimental results that indicate the LFO conduction band is nearly degenerate with that of n-

STO such that electrons will accumulate at the interface to reduce the Fe ions.!!:14:15
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Figure 6. Cross-sectional STEM-ADF image, STEM-EELS composition maps, and extracted
spectra for the O K and Fe L, 3 edges from the numbered regions for the before (a-c) and after (d-
f) conditions. The extracted spectra were acquired from near the marked regions in a separate scan

at higher dispersion. The dashed lines are added as a guide to the eye.
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We note that the pre-edge feature in the O K edge is more distinct after electrocatalysis near
the n-STO/LFO interface (region 1) based on a comparison between experimental spectra shown
Figure 6 (overlayed for better perspective in Figure S8), Here, the O K edge spectra also presents
a secondary peak ¢ clearly less intense than the main peak b, which is not the case after
electrocatalysis for spectra recorded from the middle and surface of the film. In order to interpret
the spectral modifications observed for the O K edge, a series of simulations computing the energy
loss near edge spectra using the FDMNES code?* has been carried out. The computational details
of these simulations are provided in the supplementary information and a list of the structural
deformations investigated is shown in Table S5 while Figure S9 summarizes the trends in
calculated spectral changes (blue arrows). These simulations show that no single deformation is
able to model the data perfectly and thus the experimental data likely represents several structural
deformations such as a variation of the lattice angle y, an expansion along the b-axis, and a
reduction of the FeOg octahedral tilt. Collectively these results confirm that the surface undergoes
chemical and structural evolution during electrocatalysis including possible changes in
stoichiometry or adsorption of oxygen or hydrogen ions, but the exact chemical and structural
transformation remains unclear.

Considering all electrochemical and structural characterization presented here, we propose an
approximate band diagram shown in Figure 7 to explain the thickness dependent OER
electrocatalysis. The flat band potential, and thus the Fermi level (Eg), for the degenerately doped
n-STO substrate (3.2 eV bandgap) was determined by Mott-Schottky measurements to be -0.59 V
vs RHE (Figure S6) or 3.9 eV vs vacuum based on the conversion factor of 0 V vs RHE =4.5 eV.
Fermi level equilibration between the n-STO substrate and LFO film (Eg, = Er = 1.38 V vs RHE,
5.9 eV) results in a built-in potential (band bending) of ~1.8 eV at the interface. In order to
reproduce a VBO ~2.2 eV reported in the literature for STO/LFO, the valence band edge for LFO
was thus required to be 2.4 V vs RHE (6.9 e¢V). This estimate is more positive than previous
estimates in the literature of 1.65 V vs RHE by Wheeler and Choi*!' and 1.10 V vs RHE by May et
al.?® In both of these reports, the valence band edge was thought to be ~200 mV and ~100 mV
below the measured flat band potential, respectively. In contrast, Comes and Chambers determined
the difference to be much larger at ~1000 mV, indicating a more intrinsic material.!' Here, we
have used the same procedure for LFO growth as the Comes and Chambers report and thus use

their band alignment determination as a basis for our model.
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Figure 7. Band diagram for n-STO/LFO films immersed in aqueous electrolyte. Bandgaps of
3.2 and 2.2 eV were used for n-STO and LFO, respectively. Conversion from V vs RHE to eV was
obtained using the conversion factor 0 V vs RHE =4.5 eV.

Based on Figure 7, the thickness dependence for OER electrocatalysis with LFO can be
explained based on the large VBO at the n-STO/LFO interface and the intrinsic nature of LFO.
From previous literature, the VBO at the n-STO/LFO interface increases to a steady value of 2.0-
2.2 eV within the first ~2.5 nm of deposited LFO. This means that the LFO/electrolyte interface
for a 2 nm thick film displays more n-type character and results in poor catalysis. For LFO films
>2.5 nm, the surface states which drive catalysis, most likely oxygen defects based on STEM-
EELS results, are proximal to the n-STO/LFO interface and thus electrons have a higher
probability of being extracted during OER electrocatalysis. Given the intrinsic nature of the LFO
material and thus low concentration of free carriers in the valence band, this extraction likely relies
on activation of electrons from the valence band to a low density of mid-gap electronic states, often
called traps. This model represents a trap-state limited diffusion of charge through the LFO film
and has been used to explain charge transport in nanocrystalline wide band gap oxides such as

TiO,%737. As surface states are moved further from the n-STO/LFO interface, the probability of
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extraction decreases, resulting in lower observed current. Within our proposed circuit model, the
Ry ro term represents the activation of electrons from the valence band to mid-gap states. Notably,
this term was found to be the limiting factor in determining the overall resistance at the
LFO/electrolyte interface. This overall resistance can be taken as Ry ro + Rgs where at the 2.23 V
condition, Ry o >> Rgg for all LFO thicknesses. This indicates that overall current is more likely
limited by activation and transport of carriers than by catalysis at the oxide surface. Consideration
of bulk conductivity is thus a significant factor in the design of effective electrocatalysts, regardless
of surface chemical reactivity. Furthermore, these results show that band engineering is critical for
multilayer film catalysts. Future designs could be targeted to produce greater bulk conductivities
with a surface layer that is band engineered for optimal catalytic performance. A recent work has

begun to make inroads in this area, but further progress is needed.®

Conclusions

In summary, we have examined the role that interfacial band alignment plays on OER
electrocatalysis in LaFeO; using a series of thin films grown on »n-SrTiO; by molecular beam
epitaxy. We find that ultrathin films (~2 nm) are n-type due to the degeneracy of the STO and LFO
conduction bands at the interface. As the thickness increases, band bending yields intrinsic or
slightly p-type LFO with the Fermi level near mid-gap. For reasonably thin films this band
alignment produces favorable electrocatalytic performance, but catalysis rapidly degrades with
increasing thickness. Electrochemical impedance spectroscopy results indicate that catalysis is
mediated through surface defect states with a potential centered at 1.63 V vs RHE (~0.7 V above
the valence band edge). Furthermore, catalysis at the surface is found to not be the rate limiting
factor toward production of current, but rather current is limited by a Schottky barrier at the n-

STO/LFO interface coupled with slow electron transport in the bulk of the LFO film.
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