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ABSTRACT: Ferroelectric nanomaterials offer the promise of
switchable electronic properties at the surface, with implications
for photo- and electrocatalysis. Studies to date on the effect of
ferroelectric surfaces in electrocatalysis have been primarily limited
to nanoparticle systems where complex interfaces arise. Here, we
use MBE-grown epitaxial BaTiOj; thin films with atomically sharp
interfaces as model surfaces to demonstrate the effect of
ferroelectric polarization on the electronic structure, intermediate
binding energy, and electrochemical activity toward the hydrogen
evolution reaction (HER). Surface spectroscopy and ab initio DFT
+U calculations of the well-defined (001) surfaces indicate that an
upward polarized surface reduces the work function relative to
downward polarization and leads to a smaller HER barrier, in
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agreement with the higher activity observed experimentally. Employing ferroelectric polarization to create multiple adsorbate
interactions over a single electrocatalytic surface, as demonstrated in this work, may offer new opportunities for nanoscale catalysis

design beyond traditional descriptors.
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B INTRODUCTION

Catalyst design for chemical and energy conversion processes
relies on the Sabatier principle, which states that an ideal
catalyst possesses a binding strength with reaction inter-
mediates that should be strong enough to enable reactivity, but
not so strong that it poisons the active site.”” While this
principal descriptor has proven powerful in the design of
improved catalysts and electrocatalysts, it is predicated on a
particular catalyst having a singular binding interaction with
key reaction intermediates that dominates its activity. One
possible route to break the single-surface design constraint is
the application of nanoferroelectrics, which present two
distinct chemical surfaces, depending on the polarization
direction.”™ This unique property makes ferroelectrics a
particularly interesting case for catalysis, where the combina-
tion of an internal electric field and a switchable surface
chemistry could potentially broaden catalyst design beyond a
simple Sabatier framework.”*®’

To date, there have been various attempts using ferro-
electrics for heterogeneous catalysis, including catalysis on bare
ferroelectric surfaces as well as catalysts on ferroelectric
supports.” ™" Early experiments demonstrated a dependence
on the direction of ferroelectric polarization in the adsorption
of small molecules on some niobate (e.g., LiNbO;,
KNbO3)13’16_18 and titanate (e.g, Pb(Zr,Ti)O;)>"* surfaces.
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These works sparked further investigations on the role of
ferroelectricity on the surface charge density,'” ™' surface
reconstruction,”””*>° and chemical stability”>*” of ABO,
ferroelectric perovskites using spectroscopic and computa-
tional methods. In addition to bare ferroelectric surfaces, more
recent studies have considered heterostructures, where ferro-
electric materials are used as a catalyst support for adsorption/
desorption reactions: for example, Pt and Pd thin films atop
ferroelectrics (LiNbO;'“*® and PbTiO,'?) or transition-metal
oxides (TiO,” Ru0O,,’ or CrO,") introduced atop ferro-
electric substrates. Most of these studies have been limited to
computational efforts, however, mainly due to the challenges in
discerning the direct effect of the ferroelectric polarization
when catalyst overlayers are used. This, in turn, is due to the
tendency of metal skin layers to agglomerate,'*"” as well as the
possibility of screening the effect of a ferroelectric support by
high-dielectric catalysts.”"*’
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Figure 1. Structural characteristics of the (001)-oriented BaTiOj; films on Nb:SrTiO;: (a) schematic of a tetragonal BaTiO; unit cell with the Ti
atom moving from a downward-poled to an upward-poled position in the oxygen coordination octahedron; (b) RHEED pattern of BaTiO; films
viewed along the [110] azimuth; (c) RSM map of an epitaxial BaTiO3/Nb:SrTiO; film showing the 103 reflections of both the film and substrate;
(d) XRD 6—20 scans of BaTiO; films (substrate peaks are denoted by *); (e) rocking curve of the film and substrate (002) peak.
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Figure 2. Electrochemical switching of ferroelectric polarization in BaTiO; (BTO) thin films: (a) schematic of the electrochemical poling method;
(b) PFM phase image and (c) corresponding phase line profile of the film first poled downward over the full area by the electrochemical (Echem)
method and then repoled upward and downward using the grounded PFM tip over decreasingly small square areas centered in the image. The scale

bar is 1 pm.

Ferroelectric perovskites have also been an interesting class
of nanomaterials for photocatalysis, since their internal electric
field can be used to enhance electron—hole separation.””*' ™
As a recent example, improved photocatalytic oxygen evolution
activity has been reported using both bare ferroelectric (e.g.,
BaTiO;,”" BiFeO;"”’’) films and ferroelectric-supported
catalysts, such as RuO,/BiFeO;.’° In these studies the
heterostructure was used as a photoanode, where ferroelectric
polarization enhanced the accumulation of photogenerated
holes near the surface to facilitate water oxidation.

In electrocatalysis, the implementation of ferroelectrics have
been mainly limited to nanoparticles (e.g., Big sNa, (TiO;*® and
Bi Ti3;0,,—BiCoO; mixtures’>) for water splitting and the
oxygen evolution reaction (OER).”” We note that the major
challenge for using nanoparticle ferroelectrics for electro-
catalysis is the inherent challenge in switching the polarization,
due to the need for large coercive fields and also to the less
well-defined catalytic interface. Thus, despite the promise of
these previous works, there remains a lack of clarity regarding
the direct effect of ferroelectric switching on catalysis at the

nanoscale, in part because of the complexities in establishing
the polarization state on a well-defined catalytic surface that
can be reasonably compared with computational models.*
In this work, we overcome many of these challenges by
fabricating epitaxial single crystalline (001) BaTiOj; ferro-
electric thin films (1S nm thick) to investigate the effect of
polarization switching on electrochemical hydrogen evolution
as a model reaction.”’ We use an electrochemical poling
technique to establish a well-defined polarization state in the
thin film, without the need for a metallic overlayer. Critically,
the smooth surface of nanostructured thin films grown by
molecular-beam epitaxy (MBE) along with a controlled
chemistry, orientation, and polarization allow us to thoroughly
investigate the effect of ferroelectric switching on the reaction
mechanism and surface characteristics at the nanoscale.
Integrating electrochemical experiments, surface spectroscopy,
and theory, we show controlled modulation of the
intermediate binding energy and the electrochemical activity
on the (001) BaTiO; catalyst by switching the direction of the
ferroelectric polarization. The demonstrated ability to
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Figure 3. Electrochemical hydrogen evolution as a function of ferroelectric polarization, where data from a catalyst surface with upward polarization
is shown in blue and downward polarization in red: (a) cyclic voltammetry and (b) potentiostatic Tafel analysis for upward- and downward-poled
films. (c) electrochemical impedance spectra in the Faradaic region (—0.48 V vs RHE) indicating charge-transfer resistance. All data were collected

in 0.1 M phosphate bufer.

modulate adsorbate binding energies on a single catalyst by
ferroelectric switching opens a new dimension for catalyst
electronic structure design.

B RESULTS AND DISCUSSION

Epitaxial single-crystal BaTiOj; thin films were grown on 0.5 wt
% Nb-doped (001)-oriented SrTiO; substrates by reactive
MBE at 850 °C. Surface and bulk structural characterization of
the synthesized films is shown in Figure 1. A reflection high-
energy electron diffraction (RHEED) image taken along the
BaTiO; [110] azimuth during the growth of the film shows
high contrast, well-defined 110 diffraction streaks indicating
the synthesis of a smooth and epitaxial BaTiO; film (Figure
1b). Reciprocal space mapping (RSM) of the 103 reflections of
both the film and substrate shows that the BaTiO; film is
commensurately strained, maintaining the same in-plane lattice
parameter as the substrate (Figure 1c). The specular —26 X-
ray diffraction (XRD) pattern further confirms that the films
are epitaxial, single-phase, and (001)-oriented (Figure 1d).
The positions of BaTiO; (001) and (002) peaks are in
agreement with previous reports on epitaxial BaTiO,.*
Rocking curves of the (002) peaks measured for both the
BaTiO; film and the Nb:SrTiO; substrate match closely,
indicating the low mosaicity of the film, as anticipated for a
commensurate thin film with a low dislocation density.

To investigate the effect of polarization switching on the
electrochemical performance of BaTiOj; films, we used steady-
state biasing at +5 V in a nonaqueous electrolyte to switch the
ferroelectric polarization in the BaTiO; films (Figure 2a).
Critically, this polarization is accomplished without the
application of metallic contacts atop the catalyst surface. The
high electron density at the metal surface would screen any
effect of the ferroelectric polarization on surface chemistry.*’
By exceeding the coercive field across the catalyst, we expected
to achieve a polarization reversal across the whole surface,
readying the polarized surface for an evaluation of its catalytic
properties. We intentionally chose a bias slightly larger than
the established coercive field for similar thin films** to
compensate for Ohmic drops inside the electrolyte and to
ensure we can reach saturation in polarization. Moreover,
polarization in a nonaqueous electrolyte avoids surface
reactions at such high voltages.

Piezoresponse force microscopy (PFM) reveals that this
electrochemical poling produces a homogeneously polarized
sample surface (Figure 2b, outer regions). In contrast, PEM

phase and amplitude images of as-grown films reveal a random
orientation of ferroelectric domains after synthesis, as expected
(Figure S1). For the electrochemically poled sample, using the
PFM tip to directly bias the sample surface locally, we repoled
a smaller, selected area in the out-of-plane direction (Figure
2b, square contained by the perimeter of the dark region).
Repoling an even smaller area inside the first PFM-written
square with negative bias (—8 V) yielded a phase similar to
that of the starting condition, confirming that the electro-
chemical poling had successfully saturated the polarization.
The observed phase images, as well as horizontal line profiles
across these areas (Figure 2c), show a phase contrast of ~180°,
confirming the successful writing of domains with an opposite
out-of-plane orientation on BaTiO; films. More details on
PFM experiments are presented in Figures SI and S2 in the
Supporting Information. These measurements confirmed that
the electrochemical biasing poled the films homogeneously, a
requirement to isolate the effect of polarization switching on
electrocatalysis and surface chemistry.

The direction of the ferroelectric polarization has a distinct
effect on the electrochemical characteristics of BaTiO;, altering
the onset potential, exchange current density, and charge
transfer resistance for the hydrogen evolution reaction (HER).
Electrochemical measurements were conducted in a three-
electrode cell using an Ag/AgCl reference electrode, a graphite
rod counter electrod,e and a near-neutral-pH electrolyte. As
shown in Figure 3a, the poled-up surface shows both an earlier
onset and a higher cathodic current under HER conditions, in
comparison to the downward-poled sample. The Tafel analysis
in Figure 3b of potentiostatic chronoamperometry reveals a
distinct increase in the exchange current density on the poled-
up film and a statistically insignificant change in slope.
Complete chronoamperometry data are given in Figure S3.
Our results show a Tafel slope of ~335 mV/dec for both
polarization states. This suggests slower HER kinetics on the
BaTiO; surface in comparison with traditional HER electro-
catalysts: e.g., metal oxides or noble metals with Tafel slope
values of 40—120 mV/dec depending on the governing
mechanism. The slow kinetics of the HER and high Tafel
slopes for our catalysts may be due to the intrinsic catalytic
properties of BaTiO; and also the implementation of a near-
neutral buffer electrolyte*>*® and are in agreement with limited
HER activity and Tafel slopes previously reported for TiO,-
based catalysts.””**
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Figure 4. Angle-resolved XPS and UPS measurements: (a) valence-band UPS spectra at a 90° takeoff angle on upward and downward films
showing full spectra and (inset) secondary electron cutoff; (b) X-ray photoelectron spectroscopy at a 90° takeoff angle for upward- and downward-

poled films at the Ba 3d core level.
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Figure S. Ab initio calculations using the DFT+U approximation on polarized BaTiO; heterostructures. Band-bending schematic and layer-by-layer
pDOS of Ti d and O p states from the first to the fourth atomic layers from the surface for TiO,-terminated (001) slabs in relaxed for (a, b) upward
and (c, d) downward polarization (e) Reaction free energy for H, formation for upward (blue- and downward-poled (red) surfaces.

Furthermore, under Faradaic reaction conditions the charge
transfer resistance decreased 40% when the polarization was
switched from downward to upward, as shown in Figure 3c,
decreasing from 46.3 to 27.6 kQ at —0.48 V vs RHE.

The BaTiO; catalyst was stable during the HER. H,, was the
only product detected after 60 min of a potentiostatic HER
using headspace sampling and offline gas chromatography,
with a Faradaic efficiency of 934 + 52% (Table S1).
Additionally, no change was observed in cyclic voltammograms
obtained before and after chronoamperometry measurements
(Figure S4). In short, we observed a clear modulation of the
electrochemical performance of BaTiO; with a change in
ferroelectric polarization, with the upward-polarized surface
exhibiting a higher exchange current density and a lower
charge transfer resistance.

Surface-sensitive angle-resolved X-ray photoelectron spec-
troscopy (AR-XPS) and ultraviolet photoelectron spectroscopy
(UPS) indicate a pronounced change in the catalyst surface
chemistry and electronic structure to a more reduced, electron-
rich surface when the polarization is upward. UPS and valence

band (VB) XPS show a distinctly larger VB density of states
(DOS) at the upward-polarized surface (Figure 4a shows the
UPS and Figure SS the corresponding VB XPS). The work
function is also 170 meV smaller for the upward-polarized
surface in comparison to the downward-poled surface, as
indicated by the secondary electron cutoff energies (Figure 4a
inset).

Angle-resolved XPS indicated that the direction of ferro-
electric polarization did not shift the absolute peak positions in
core-level XPS spectra considerably; rather, it affected the
relative peak intensities of the dominant peaks, especially in the
Ba 3d spectra. This change in Ba chemical state can be seen on
comparison of the spectra on upward and downward poled
samples at a 90° takeoff angle (Figure 4b). The peak positions
and intensities are given in Tables S2—S4, and XPS survey
scans are provided in Figure S6. Previous studies on BaTiO;
thin films have shown a particular sensitivity of Ba 3d core
levels to the surface atomic coordination and charge
density.” ™" There are two different core level features due
to Ba 3d spin—orbit coupling: a low-binding-energy feature,
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denoted Ba I, attributed to BaO in the BaTiOj; lattice, and a
high-binding energy-feature (Ba II), attributed to a surface
peroxide chemical state (BaO,).”” In our experiments the
intensity of the reduced Ba I peak (light green), relative to Ba
I (dark green), is greater in the upward-polarized surface, in
both 90 and 20° spectra (Figures S7 and S8), suggesting a
higher electron density over several unit cells near the surface
for the poled-up sample in comparison to the poled-down
sample. This interpretation is consistent with previous studies
employing X-ray reflectivity (XRR)," which associated the
high-intensity surface peak on epitaxial BaTiOj; thin films to Ba
II, due to lower electron density near the surface. Additionally,
high-resolution XPS measurements on the O 2p and Ti 2p
core levels at 90 and 20° takeoff angles were performed and are
presented in detail in Figures S7 and S8. Here, we find that the
peak positions and the relative peak intensities in the Ti 2p and
O 1s spectra showed only very small changes upon polarization
switching in comparison with Ba 3d core levels. Previous
theoretical studies have revealed a greater reduction of valence
charge on Ti in comparison with Ba states in the perovskite
BaTiO; structure.”” Specifically, it has been shown that Ti
cations possess a valence charge of ~+2.5 instead of a
theoretical value of +4, while the Ba states have more ionic
character with an oxidation state closer to its ideal value of
+2.°7°* We believe that the greater ionicity of Ba in the
perovskite structure can explain its greater sensitivity to applied
electric fields and polarization switching in core-level measure-
ments.”>>*

Ab initio DFT calculations, using the GGA+U approx-
imation, were performed to elucidate the atomistic mechanism
behind the change in electrocatalytic activity of the ferro-
electric catalyst as a function of polarization and to facilitate
interpretation of the core-level XPS and valence band UPS
measurements, as detailed in the Supporting Information. We
find that the polarization direction has a significant effect on
the position of the conduction and valence band densities of
states at the surface. Figure 5 shows schematic band diagrams
for upward- and downward-polarized films (Figure Sa,c) on the
basis of calculations of the layer-by-layer resolved partial
density of states (pDOS) for polarized (001) BaTiO; slabs
(Figure Sb,d). For the upward-poled film, our calculations
revealed an electron-rich surface due to the overlap of Ti d
conduction band states with the Fermi level and downward
band bending. Conversely, when the sample is downward-
polarized, the calculations indicate a hole-doped surface as a
result of an overlap between O p valence states with the Fermi
level and upward band bending. Downward band bending is
also evident on the basis of the positions of surface Ti d and O
p band centers, where switching the polarization from
downward to upward in BaTiOj; shifts the Ti d band center
down toward the Fermi level while it downshifts the O p band
center away from the Fermi level (Table S6). The change in
the position of the Fermi level at the catalytic surface upon
polarization switching is in agreement with the different work
functions and electron densities at the poled-up and poled-
down surfaces seen spectroscopically. To further understand
how the shift of the surface electronic states with polarization
affects hydrogen binding, we calculated the binding energy of
H* on different surface sites of the (001) BaTiO; surface
(Figures S9—S12).

Our surface energy calculations (Table SS) on different
surface structures of BaTiO; shows TiO,-terminated slabs as
the most stable surfaces for BaTiO;. This is in agreement with

earlier studies in which the dominance of TiO, surface planes
under near-ambient conditions for (001) BaTiO; films was
demonstrated.”®>> Complementary calculations on BaO-
terminated slabs shows trends similar to those for the TiO,-
terminated system, only with larger barriers. Thus, going
forward we will only consider the mechanism on TiO,-
terminated slabs (Figure Se).

As was noted earlier, on the basis of the Sabatier principle,
an optimal HER catalyst should have a IAGy:l value close to
zero. Our calculations show an uphill barrier for HER in all
cases except adsorption on H* on the O site of poled-down
surface. It is also evident that the poled-up surfaces show
smaller reaction barriers on both the Ti and O adsorption sites,
making it a more suitable surface for the HER in comparison
with poled-down surfaces.”® This result is in agreement with
the downward band bending for poled-up films and higher
density of electrons near the surface to facilitate a reduction
reaction.

Our experimental and computational findings show that the
smaller magnitude of IAGy:l and higher density of electrons
near the surface of the poled up surface lead to a superior
performance in electrochemical experiments. While a rather
large modulation on binding energies is predicted by DFT
calculations, it should be noted that under experimental
conditions other parameters, such as the presence of an
interfacial dead layer,”’ the presence of vacancies at the
surface,26 or other surface reconstructions in the aqueous
electrolyte may lead to screening of the ferroelectric effect at
the surface of the catalyst and reduce the ferroelectric
modulation of the electrocatalytic performance. The DFT
calculations provide qualitative agreement with the exper-
imental trends seen as a result of polarization switching.

It is also evident that the inferior intrinsic properties of
BaTiOj; as an electrocatalyst ultimately limits its activity toward
the HER. Introducing an integrated catalyst layer (e.g.,
transition-metal oxides such as rutiles and perovskites) on
top of a ferroelectric with high remanent polarization, such as
BaTiO;, is thus a rational direction for future studies. Such a
“catalyst-on-ferroelectric” heterostructure takes inspiration
from heterostructure architectures in photocatalytic devices,*
optoelectronics, and solid-state memory devices’® and should
offer the potential for a multidimensional catalyst design space
where the polarization, chemistry, and thickness of the
ferroelectric layer may be used to tune multiple binding
energies on a single catalyst surface.

B CONCLUSION

In this work, we demonstrate that modulating the polarization
state of a ferroelectric electrocatalyst can be used to reversibly
switch between two distinct electrocatalytic surfaces on a single
catalyst. A polarization-dependent electrochemical activity
toward the HER was demonstrated using well-defined epitaxial
terroelectric BaTiOj; thin films. Upward polarization of BaTiO;
leads to a higher exchange current density and a lower charge
transfer resistance, arising from a lowered work function and a
shift of the Ti d band center toward the Fermi level for the
upward-polarized surface. DFT+U calculations indicate that
switching the polarization results in a free energy barrier
smaller in magnitude for the poled-up surface. The findings
demonstrate that switching a ferroelectric layer can modulate
the binding energy of adsorbates in electrochemical reactions,
in this case for an enhanced HER. The use of ferroelectrics in
catalysis to gain dynamic control of intermediate binding
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energies at the catalytic surface opens a new route for catalyst
design beyond traditional limits.

B METHODS

Electrochemical Measurements. The electrochemical
analyses of the catalysts were executed using a potentiostat
(VSP-300, biologic). The electrochemical experiments were
conducted using a three-electrode setup at room temperature
and ambient pressure. For electrochemical poling, a non-
aqueous electrolyte (0.1 M LiClO, in polycarbonate solvent)
was used and a potential of +5 V was applied to the sample for
about 10 s to switch the polarization in BaTiO; films. Cyclic
voltammetry (CV) measurements were performed on prepoled
samples in a 0.1 M phosphate buffer electrolyte (pH 7.2) at
voltages between —0.53 and +0.4 V vs RHE in an
electrochemical cell. Ag/AgCl (in 3 M potassium chloride
(KCl), Pine Research) and a graphite counter electrode (Pine
Research) were used as a reference electrode and counter
electrode, respectively. Electrochemical impedance spectrosco-
py (EIS) measurements were performed at —0.48 V vs RHE
between 50 mHz and 200 kHz. More details with regard to
electrochemical experiments can be found in the Supporting
Information.

DFT Calculations. Ab initio periodic DFT+U calculations
were performed using the generalized gradient approximation
and ultrasoft pseudopotentials (USPP) in the Quantum
espresso package.59’60 To treat the strong on-site Coulombic
interaction of localized electrons, we used U = 4 eV for the Ti
d states, which was previously shown to be effective in
correcting artifacts arising from the conventional GGA method
in electronic structure calculations.”’ A kinetic energy cutoff of
320 eV was used along with K-point grids of 4 X 4 X 1 in our
periodic calculations. To model the BaTiO; thin films, we used
a tetragonal (P4mm) unit cell with an lattice constants of a =
3.99 A and ¢ = 4.03 A. Slabs were modeled on the basis of
stoichiometric supercells consisting of four BaO and four TiO,
layers on top of three layers of Pt as an electron reservoir. We
performed binding free energy calculations on both TiO,- and
BaO-terminated slabs. More details regarding DFT calcula-
tions can be found in the Supporting Information.
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