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Abstract

The local electric field strength is thought to affect the rate of water dissociation (WD) in
bipolar membranes (BPMs) at catalyst-nanoparticle surfaces. Here we study core-shell
nanoparticles, where the core is either metallic, semiconducting, or insulating, to understand this
effect. The nanoparticle cores were coated with a WD-catalyst layer (TiO2 or HfO2) via atomic
layer deposition (ALD) and the morphology was imaged with transmission electron microscopy.
Irrespective of the core material, these core-shell catalysts displayed comparable WD
overpotentials, at optimal mass loading, despite the hypothesized differences in electric-field
strength across the catalyst particle suggested by continuum electrostatic simulations. Substantial
atomic interdiffusion between core and shell was ruled out by X-ray absorption spectroscopy, X-
ray photoelectron spectroscopy, and diffuse-reflectance optical measurements. However, the
optimal mass loading of catalyst was roughly one order of magnitude higher for the conductive
and high-dielectric core materials than for the low-dielectric insulating cores. These findings are
consistent with the hypothesis that electric-field screening within the core material focuses the
electric field drop in-between particles such that larger film thicknesses can be tolerated.
Collectively these data support the idea that it is the local electric field at the molecular level that
controls proton-transfer rates and that the metal-core / dielectric-shell constructs introduced here
modulate that field. Further materials and synthetic design may enable the optimization of the

electric-field strength across the proton-transfer trajectory at the material surface.
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Introduction

A bipolar membrane (BPM) is comprised of two oppositely charged ionomer layers
laminated together.! Typically, one is an anion-exchange layer (AEL; having positive fixed charge
with mobile anions) and the other a cation-exchange layer (CEL; having negative fixed charges
with mobile cations). BPMs uniquely enable electrochemical technologies to couple two different
pH environments into a single device, for example, to enable optimized local pH of separated
oxidation and reduction reactions. BPMs have been used in prototype fuel cells, flow batteries,
photo-electrochemical cells, electrolyzers and for resource recovery.”> BPMs can also be used to
generate acid and base from salt at high efficiency using electrodialysis,® as well as enabling
control of ion transference to block unwanted ion crossover in CO2 or impure-water
electrolyzers.>” In water electrolysis, they offer possibly useful alternatives to monopolar
hydroxide or proton membranes by providing an acidic environment at the cathode for fast
hydrogen-evolution kinetics and a basic environment at the anode for oxygen evolution on non-
precious metal oxides.®

Under applied reverse bias, the bipolar CEL|AEL interface is depleted of ions and the space
charge around the interface increases in width. For a bipolar membrane at equilibrium, the

electrochemical potential of any species j, u;, is constant as a function of position. In analogy to a

semiconductor pn junction, this equilibrium results in opposed gradients in the chemical potential
of protons and of electric potential acting on the protons.
The change in the electrochemical potential of protons and hydroxide across the interface

(Au = F x applied overvoltage, where F' is Faraday’s constant) drives ionic current and depletes

the junction region of these ionic carriers. Thus, the water dissociation (WD) reaction proceeds at
the BPM interface in the forward direction to generate ionic carriers at a steady state, and the local

concentrations and kinetics determine the reaction rate.
k_q< + -
2H,0 kllq H3;0" + OH (1)
The rate constant k_; and k; describes the rate of recombination and dissociation respectively.

We thus define the WD overpotential as a function of current i as:
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The term j represents the type of charge species, A¢gpy (i) is the electrostatic potential across the
BPM at a current i, and A¢gpy ¢4 is the equilibrium electrostatic potential (i = 0). The WD reaction
is followed by the transport of dissociated products (H" and OH") away from the BPM junction to
respective electrodes along the direction of the electric field, given by (in the dilute-limit

approximation where species are not interacting)’:
_Gibj Ak

Ji) = =2 & 3)
The variables w, C;, D;, and Jj are electrochemical potential, concentration, diffusion coefficient,

and flux of species j. We note that to accurately model species transport in BPMs, concentrated
electrolyte theory is probably needed.'”

At the BPM junction where the AEL and CEL meet, a strong electric field develops,
generated by oppositely charged uncompensated fixed charges on the ionomer in the individual
membranes. This electric field will interact with dipolar species like water molecules. The electric
field may accelerate WD kinetics that proceed via protonation/deprotonation reactions with weak
acidic or basic groups on the membrane or with intentionally added catalysts.'' The magnitude of
this hypothesized effect has been estimated using Onsager’s theory of the second Wien effect
where the electric field shifts the equilibrium towards dissociation and increases the forward WD
rate constant k, in Eq. (1) above.'? The recombination rate constant (k_, ) is assumed to be constant
and limited by diffusion, although there is no direct experimental evidence for this.'"!> A pn
junction analogy with an abrupt junction model, where the electric-field-enhancement effect (EFE)
is attributed to the higher WD kinetics, has been used to analyze the performances of BPMs,
although again without experimental support.!31°

The addition of an interfacial WD catalyst is practically essential to achieve high current
densities (e.g. 0.1 to 1 A cm™) with low 7,4 less than a few tenths of a volt. Certain metal oxides
efficiently catalyze WD, and these catalyst layers also modify the structure of the BPM
interface.>'® The catalyst-membrane interface properties (thickness, catalyst dispersion) and
composition, etc., influence the resistance and overall performance of BPM electrolyzers.’ Simply,
catalyzed BPM dramatically increases WD kinetics, but the addition of a WD catalyst increases
the junction thickness which modifies the junction electric field (Figure 1).

We hypothesize that the electric-field distribution across the catalyst-coated interface

depends on the nature of the catalyst, where metallic catalyst screens and focus the electric field



(causing a large local electric-potential gradient) while semiconductors, and insulators, cause a
more-gradual drop in electric potential. The relative contributions from EFE and catalytic
pathways, and how they interact to determine the reaction kinetics, remains unclear. Comparing
the WD kinetics of a pristine (smallest junction width and thus highest electric field) and catalyzed
BPM (with electric field spread over the width of the catalyst layer), illustrates that surface
catalytic pathways are essential for high performance, although these pathways are almost
certainly accelerated by the local electric field.!” To analyze this hypothesis, one could
systematically modify the overall electric field across the WD catalyst by controlling the
concentration of uncompensated fixed charges in the membranes, while maintaining an identical
WD catalyst. However, such modifications alter the chemistry of the BPM interface and transport

properties of the ionomers, convoluting analysis.'®
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Figure 1: Schematic of electric potential gradient in BPM interface (a) Catalyzed bipolar membrane, (b)
hypothesized electric potential across a (b) solid nanoparticle and (c) core-shell nanoparticle. The potential gradient
is steeper if the core material is electronically conducting so that the electric field inside will be shielded by mobile
charge carriers. (d) Dielectric constant vs. electronic conductivity of various core nanoparticles. Simulation models
(COMSOL) for core-shell nanoparticles having relative dielectric constants of (e) 10, (f) 100, and (g)1000, under an
applied electric field in units of V/m.



Here, we introduce core-shell nanoparticles as WD catalysts as a strategy to alter, and study
the effect of, the electric field profiles across the bipolar junction (Figure 1). We investigate how
core electric conductivity and dielectric constant of the catalyst nanoparticles effects WD kinetics.
We hypothesized that the conductive or high-dielectric core material could concentrate the electric
field to the WD catalyst surface via screening of the field within the core. Nanoparticles with
varying dielectric properties, including metals, insulators, and semiconductors, were coated with
a WD-catalyst layer (TiO2 or HfO2) via atomic layer deposition (ALD). The thickness of the WD
catalyst shell was chosen and maintained uniformly across all core materials under study in such
a way that there are negligible chemical interactions (such as interdiffusion/doping) between the
core material and the outermost layer of the WD catalyst, which might modify the chemistry of
the catalytic system. Such possible surface-chemical modifications to the outermost WD catalyst
layer were ruled out by analyzing the coordination environment of the catalyst shell across
different core materials using X-ray absorption spectroscopy (XAS). We also note that the electric
field and catalytic effects on the WD rate are entwined at the microscopic level. For example, for
a sufficiently fast WD catalyst, the local electric field will be maintained at its equilibrium value.
In this study, we worked to keep the catalytic sites (hypothesized to be proton donor and acceptor
sites on the metal-oxide surface) constant while varying the local electric field strength both at
equilibrium and under an applied overpotential. We then modified how the electric field is
distributed within the porous nanoparticle WD catalyst layer where conductive cores result in more
of the electric field residing in the water, and insulating cores resulting in more of the electric field

residing in the solid inorganic core.

The article is arranged as follows; we first developed a simple electrostatic model that
informs the EFE, followed by material synthesis and characterization. Then, the catalytic WD
performance of the core-shell catalyst systems in BPM water electrolyzers (BPMWEs) is reported.
Finally, we discuss the shortcomings of the chosen model systems followed by the directions for

future studies.

Experimental Section
Material Synthesis and Characterization: Nanoparticles including SiO:2 (20-30 nm), ZrO2
(20-30 nm), indium tin oxide 90:10 (20-70 nm), BaTi03 (50 nm), tin (50 nm), titanium (30-50 nm)

and silicon (30-50 nm) nanoparticles were purchased from US Research Nanomaterials. The shell



coating of TiO2 or HfO2 was performed using a Savannah 300 atomic layer deposition (ALD)
system. Tetrakis(dimethylamido) titanium (TDMAT) and ultra-pure water were used as precursors
for TiO2 deposition. Similarly, tetrakis(dimethylamido) hafnium and ultra-pure water were used
for HfO2 deposition. The ALD was performed at a temperature of 250 °C for both TiO2 and HfO2
deposition. The thickness of the deposited layers was controlled by controlling the number of ALD
cycles. After coating, the materials were annealed under air to form crystalline oxide phases (450
°C for TiOz2 and 600 °C for HfOz).

Gas diffusion layers (GDLs) coated with anode catalyst were prepared with Co30O4 (30-50
nm) nanoparticles (US Research Nanomaterials) sprayed on stainless steel 25AL3 (Bekaert
Bekipor®) from ionomer ink. The cathode is similarly prepared from platinum back (high surface
area, Fuel cell store) onto Toray carbon paper 090 (wet-proofed value pack, Fuel cell store).
Procedures are provided in the supporting information section 1: Methods.

A Bruker D2 Phaser benchtop diffractometer was used to collect XRD patterns for the
nanoparticles. Transmission electron microscopy images were collected using an FEI Titan 80-
300. X-ray photoelectron spectroscopy (XPS) characterization was with an ESCALAB 250
(Thermo Scientific). Diffuse Reflectance UV-Vis data were collected on a Shimadzu 2600
spectrophotometer with integrating sphere attachment (Shimadzu ISR-3100). Scanning electron
microscopy (SEM) imaging was carried out using a ZEISS Ultra tool. Surface-area measurements
were performed at 77 K by N2 adsorption-desorption analysis using Micrometrics ASAP 2020

analyzer.

The apparent electronic conductivities of nanoparticles were measured using a two-
electrode setup. A pellet was made with nanoparticles using a die and press (Quick Press Sigma-
Aldrich®) and a homemade polyether-ether-ketone (PEEK) collar. The thickness of the pellet is
measured using a digital vernier caliper. The metal sheets on the press are used as the two electrical

leads to measure the current-voltage response collected between £0.1 V at 5 mV s™1, while the

nanoparticle powder is kept under a static pressure of ~ 5,000 psi. The curve is fitted to a line to
extract the electronic resistance.

Water dissociation catalyst coating: The WD catalysts (core-shell nanoparticles) were
dispersed in isopropyl alcohol: de-ionized water (1:1 by weight) under sonication. The WD
catalyst ink was spin coated onto Nafion 212 membrane at 3000 rpm for 30 s. Afterwards, the
WD-catalyst-coated CEL is covered with Versogen AEL (PiperlON-A40-HCO3; TP-85, 40 um)



during BPM assembly. Different concentrations of catalyst inks were used for spin coating to vary
the WD catalyst loading in the membrane. Some dispersions (for ex. BaTiO3) were spray coated
onto the membrane, due to the low dispersibility of the solute (see Supporting Information Section
1: Methods).

BPM Electrolyzer assembly and electrochemical measurements: A modified Single Cell
Fuel Cell Hardware Assembly, Fuel Cell Technologies was used for electrolyzer testing. Stainless
steel and graphite flow fields were used for water delivery to the anode and cathode, respectively.
The active area is kept as 1 cm? by using several gaskets of varying thickness (PET, McMaster
Carr; with total thickness of 0.032” on the cathode side, and 0.040” thickness on anode side).
Sintered titanium frits electroplated with 1 pum Pt, (1 cm % 1 cm, Baoji Yinggao Metal Materials
Co., Ltd.) were used as spacer layers. Pt-black-coated carbon Toray paper is placed on top of
titanium spacer, catalyst facing up. Later, the catalyst coated BPM is placed on top of the cathode
catalyst layer, with the Nafion 212 CEL facing the cathode. After placing several gaskets of
thickness 0.040”, a Co304 anode GDL was placed on the membrane, where the Co304 catalyst
facing the Versogen AEL. The titanium spacer was added on top of the anode GDL and finally,
the anode flow field and current collectors were placed on top to complete the stack. The stack
was then bolted together and tightened by using torque wrench (50 inch-pounds). De-ionized water
heated to 60 °C was fed into both anode and cathode from a temperature-controlled reservoir of

water (~15 L).

The electrochemical measurements were performed using a Biologic VSP-300
potentiostat. The cell current-voltage measurements were started after the cell reached 55 °C.
Impedance spectroscopy (EIS) was performed at frequencies between 0.1 Hz and 1 MHz with an

amplitude of 5 mV.

X-ray absorption spectroscopy measurements: XAS data was collected at the Ti K-edge
(4.966 keV) at Beamlines 12-BM (all TiO2 @ Si0O:2 data) and 5-BM (all TiO2 @ ZrO: data) at the
Advanced Photon Source at Argonne National Laboratory. All measurements were conducted in

fluorescence mode.

Results and Discussion
Electrostatic Model. We used simulations (in COMSOL) to model the electric-field

distribution near the boundaries of the core-shell nanoparticles in the direction of the field (Figure



le-g), assuming the applied potential is completely utilized for generating an electric field across
the BPM interface. In this calculation, no co-ions or dissociated products are included, and the
continuity equations together with Poisson’s equations were solved under the prescribed boundary
conditions. The core dielectric constants were varied and the shell dielectric constant was held at
80 (as that of rutile TiO2) and the thickness as 5 nm. The electric field enhancement is larger (~3
times from the background values) for a high dielectric core system compared to the low dielectric
core while maintaining the identical shell material. Such field enhancement is thought to polarize
the water dipole and order the water molecule on the catalyst surface in ways that may promote
proton transfer to/from the surface.'!"1%17

Catalyst imaging and spectroscopy characterization. We chose different nanoparticles
(S102, ZrO2, ITO, BaTiOs, Sn, Si, and T1) having a range of electronic conductivity and dielectric
properties as the core. The various properties of nanoparticles under study are listed in Table S1
(supporting information) and the log (electronic conductivity) vs. dielectric constant of these
nanoparticles is shown in Figure 1g. Different thicknesses (1 nm — 5 nm) of TiO2 was coated onto
core nanoparticles using ALD. The transmission electron microscopy (TEM) images (Figure 2
and supporting information Figure S2-S6) show a conformal coating of 4-5 nm TiO: shell over the
nanoparticle cores. The oxidation state of Ti in these core-shell systems was analyzed via X-ray
photoelectron spectroscopy (XPS) given in supporting information Figure S7. The oxidation state
of Ti remains identical in all the samples with a slight variation in peak width, perhaps indicating
a larger degree of site heterogeneity. The optical absorbance measured by diffuse reflectance UV-
Vis spectroscopy was performed on the core-shell nanoparticles to derive the optical band-gap of
the WD catalyst shell, 4 nm TiOz2 (refer Figure S8). The measured optical band gap of a 4 nm thick
TiO2 shell was similar across different core-shell systems. Thinner layers displayed larger

bandgaps, likely due to confinement effects (Figure S8-S9: Diffuse reflectance analysis)."”



Figure 2: TEM and EDX mapping images of TiO:-coated core-shell particles. (a-b) TiO-coated ITO (c-d) TiO; -
coated silicon nanoparticles. (e-f) TiO»-coated titanium (g-h) TiO.coated ZrO; nanoparticles. The colors red and green

in the mapping image represent shell and core materials, respectively. All the scale bars in the figures are 20 nm.

The structure and Ti coordination environment in selected core-shell composites were investigated
with XAS.? As it is likely that the 1 nm (and even 4 nm) thick shell does not match the bulk TiO2
crystal XAS, comparisons were made to nanoscale ~30 nm in diameter anatase and rutile samples
(Figure 3). Due to limitations in beam time, we focused the XAS analysis on the TiO2-coated SiO2
and TiOz-coated ZrO:z. The SiO2 is amorphous with a very large surface area (~185 m? g'!) while
the ZrOz is crystalline with a smaller surface area similar to the other core materials reported here
(~30-60 m? g!). It is interesting to observe that WD performance in the BPM were similar for the
I-nm and 4-nm TiO2 coating on the ZrO2, and the 4-nm coating of TiO2 on SiOz, but that the 1-

nm Ti02 coating on the SiO2 was a dramatically worse WD catalyst, as discussed below.

The Ti-K edge features of the 4-nm TiO: shell coated on both SiO2 and ZrO2 core (Figure
3a) were analyzed; the pre-edge (Figure 3c) and post-white line (Figure 3b) features of both
catalysts appear to be match with nanoparticle rutile phase reference sample (data processing and
fitting are in Section S3). The XAS of TiO2 (4-nm thick) over both SiO2 and ZrO: display a similar
coordination environment suggesting little intermixing between core and shell. Extended X-ray
absorption fine structure (EXAFS) spectra (Figures 3d, 3h), obtained by performing the Fourier

transform onto the post-edge region of the X-ray absorption spectra, also indicate a similar

10



coordination environment for 4-nm TiOz-coated shells. EXAFS fitting was carried out on these
samples to estimate the nearest-neighbor coordination numbers for the Ti — O and Ti — Ti scattering
paths. Details on the fitting routine and representative figures can be found in the SI (Section S3,
Figure S10 — S14: EXAFS fitting). The results are in Table 1 and are compared to reference
structures for anatase and rutile.?!

In a 1-nm TiOz-coated SiO2 core-shell system (TiO2@Si02), the white line features for the
I-nm-thick shell were not well fit with any ordered TiO2 crystalline phase. The pre-edge features
are distorted, which indicates a low degree of crystalline order around the Ti centers. Similar
sharpened pre-edge features have been observed previously for a range of TiO2/S102 glasses and
gels, which may indicate that in the 1-nm TiO2 @ SiO2 sample a significant fraction of the Ti
centers are intermixed with the Si02.22°%°

In contrast, the 1-nm TiO2 (@ ZrO2 sample does maintain a rutile-like structure of the TiO2
shell. We conclude that the effect imposed by the core onto the structure of the TiO2 layer is
different between the two supports, likely owing to the degree to which the TiO:2 unit cell matches
the respective unit cells of SiO2 or ZrO2. However, from XANES, EXAFS, diffuse reflectance,

and XPS analysis on a 4-nm-thick TiOz2 shell on different cores, we conclude that the catalyst

bonding and electronic structure is similar regardless of the core.

11
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Figure 3. X-ray absorption spectra collected from selected samples, plotted with relevant references. (a) XANES
region, (b) white-line close-up, (c) pre-edge close-up, and (d) the k* weighted Fourier transform magnitude of the
EXAFS region for 4-nm TiO; coated SiO, and ZrO, systems. (e-h) XAS from 1-nm TiO, coated core-shell
nanoparticles. (¢) XANES region, (f) white-line close-up, (g) pre-edge close-up, and (h) the &* weighted Fourier
transform magnitude of the EXAFS region for 4-nm TiO, coated SiO; and ZrO; systems. The table at the bottom gives
the fit single-scattering path coordination numbers for the nanoscale anatase, 4-nm, and 1-nm TiO-coated
nanoparticles.

Water dissociation kinetics of core-shell catalysts. The BPM electrolyzer performance was
analyzed using these core-shell nanoparticles as WD catalysts. BPM electrolyzers were operated
at 500 mA cm™ and the total cell voltage was monitored, as shown in Figure 4a, for the range of
core catalyst materials all coated by 4-nm of TiOz. The galvanostatic EIS data and associated fits
for the same core-shell catalyst BPM electrolyzers given in Figure 4b. Both data sets illustrate the

similar charge-transfer resistance across various core-shell systems, as discussed further below.

We chose to compare 77wd at 500 mA cm where for all the catalysts the change in electric potential

12



across the AEL/CEL junction is large and significant effects due to how the catalyst modulates the

local electric fields were hypothesized to be evident.

The electrolyzer voltage was similar for all the various core-shell systems with a 4-5 nm
TiOz2 catalyst shell coating, except SiO2/silicon core with 200-300 mV higher cell voltages. Si02
had a surface area (185 m?/g) five times higher than the other cores studied, which may be
connected to the high voltage, perhaps due to inability to of the ALD reaction to fully coat small
internal porosity.

We also studied hatnium oxide (HfO2) as an alternative to TiO2 WD catalyst shell. HfO>
has a lower electronic conductivity (and is thus used as a gate dielectric) and has a smaller
dielectric constant. We hypothesized HfO2 might have lower WD activity but be more sensitive to
the electronic properties of the core. The characterization details (Figures S15-S19: TEM analysis,
Figure S20: diffuse reflectance, and Figure S21: XPS) are shown in supporting information section
4. The BPM electrolyzer performance of all these catalysts, at optimal mass loading, were found
to be similar (even with a thin HfO2 coating of ~ 3 nm) irrespective of the core material (Figures
4c and d). However, there were significant differences in the optimal mass loading across the series
(discussed in more detail below). For reference, the BPM electrolyzer performance of pristine
nanoparticles, reference catalysts (TiO2@TiO2, TiO2@Ti, HfO2@H{fO2), various core-shell
catalysts, and uncatalyzed BPM were given in Figure S22-S31.

We also analyzed the possibility of surface reconstruction of the WD catalyst during
operation, which could complicate the data interpretation. We performed operando XANES
analysis of the WD catalyst using a custom electrolyzer assembly (the schematic and the
photographs of the electrolyzer are given in supporting information Figure S32). Operando X-ray
absorption spectra from the WD catalyst (4-nm TiO2 coated SiOz2) are collected at different current
densities, and open circuit conditions, shown in Figure S32d. The Ti K pre-edge as well as the
post-edge features were analyzed in the XANE spectra (Figure S32d). The spectral features
confirm that the coordination environment Ti remains unchanged before, during, and after the
electrolyzer run, which rules out large changes to the WD catalyst.

For the 3-nm HfO2-coated nanoparticles, we used impedance analysis to decouple the n,,,

from the total cell voltage (Figure S33) and assess how the core electronic properties might

influence WD on the surface. The impedance spectra at different current densities were collected,

13



and the high-frequency semicircle is taken to include Rs+ Rwd, where Rs is the series resistance and

Rwa is the water dissociation resistance.!” The N,yq Values are then calculated from:

=J Rwa(Ddj (4)
We found that the Rwd is a function of the applied current density (), i.e., the resistance lowered

with driving force, deviating from the ideal Ohm’s law.
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Figure 4: Polarization curves and impedance analysis. The WD catalysts were spin-coated onto the Nafion 212
membrane, and the data for optimal loading conditions is shown for all the catalysts under study. (a) BPM electrolyzer
polarization curve with different core-shell nanoparticles as WD catalysts. (b) Galvanostatic EIS data (at 50 mA cm
2) was obtained using 4 nm-thick TiO»-coated core-shell nanoparticles. (c) Polarization curve and (d) galvanostatic

EIS data collected at 50 mA cm™ for HfO,-coated core-shell nanoparticles.

The overpotential measured from EIS is shown in supporting information Figure S33f for HfO.-
coated core-shell nanoparticles. The measured nwd for all the HfO2-coated core-shell nanoparticles

falls within a close range (~ 150 mV @ 500 mA cm) as shown in Figure S33f.
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In all these cases, we note that the WD overpotential is equivalent to the change in the
electric potential across the junction from its equilibrium value as the current is driven.’ This
approximation is valid because the activity, and hence chemical potential, of the proton and
hydroxide ionic charge carriers is effectively constant within the bulk CEL and AEL phases,
respectively. In a recent study, Rodellar et al. reported that the electrochemical bias can contribute
towards the reversible charging of interfacial capacitance in BPM.?® It is this capacitive charging
that changes the total electric potential drop across the AEL/CEL phases, relative to the
equilibrium value. The exact three-dimensional electric-potential profile, and hence electric field
distribution, however, is an open question and is influenced by both the presence of mobile ions
and polarizability in the water phase and by mobile electrons and electronic polarizability in the

porous, water-permeated, solid WD-catalyst.

Correlating interfacial catalyst thickness and surface area. After the electrolyzer test,
we performed cross-sectional scanning-electron-microscopy (SEM) imaging of catalyst-coated
BPMs to measure the thickness of the catalyst layer at each optimal catalyst loading. SEM cross-
section images of HfOz-core-shell catalyst-coated BPM interfaces (Figure 5, and pristine
nanoparticle-coated BPM cross sections are in Figure S34). The junction thickness, at optimal WD
catalyst loading, varied substantially and appears to be a function of the dielectric constant (&)
and/or electronic conductivity (o). A similar trend is observed with TiO2-coated reference samples
such as TiO2-coated Ti and TiO2-coated TiO2 (Figure S35). A core finding is that conductive cores
lead to much larger optimal WD catalyst loading than insulating cores, suggesting a substantial

effect of local electric field.
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HfO,@Ti0,| ¢ /" HfO,@SiO0,

550- 650 nm

Figure 5: BPM cross-section images of WD catalyst layer after electrolyzer testing. (a) HfO,@TiO, (b)
HfO,@Si0,, (¢) HFO,@ITO and (d) HfO,@BaTiOj catalyst-coated membranes. These HfO,-coated various core-

shell catalysts are at their optimal loading conditions yielding the best electrolyzer performance (500 mA cm? at

cell potential = 3.2 V). Scale bars in the figures are 5 um.

We also measured the Brunauer-Emmett-Teller (BET) microscopic surface area using N2
adsorption isotherms of core-shell systems and compare the junction thickness/catalyst loading to
normalize data to catalyst surface area (Figure S36 and Table S6). We calculate the amount of
catalyst present at the interface and the surface area (available surface sites for WD) at their optimal
performance conditions (Section S7b). The ratio between the measured BET surface area to the
actual catalyst present (roughness factor) at the BPM interface at optimal loading across the
systems for these catalysts falls in a close range (for HfO2 systems, the ratio is between 26 to 39;

for TiO2 systems, the ratio is 28 to 32).

The BPM WD performance varied with the junction thickness (Figure S37), however, this
correlation is convoluted by the available surface area of the WD catalyst. We tested the thickness-
dependent activity of catalyst-coated BPM (with a low electronic conducting core, i.e.,
HfO2@Ti02). Once loading increases above the optimal conditions (or optimal surface area), the

performance of BPM electrolyzer performance decreases even though there are increasing
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catalytic sites (supporting Information Figure S37). As per the recent calculation by Mareev et al.,
increasing the thickness of the interface layer decreases the WD rate at a given overpotential owing
to a lower electric field across the interface.?”?® The poor performance of the BPM electrolyzer in
here may be caused by both a weak electric-field across the catalyst layer and increasing ohmic
resistance for the ions generated during WD while transporting through thick WD catalyst layers.

The ohmic part of the n , will depend on rates of proton transport via surface-mediated

mechanisms on the various metal-oxides surfaces. These appear relatively fast for P25 TiO»,” but

haven’t been quantified for the other systems and core-shell materials here.

Here we also hypothesize that high electrical conductivity or relative dielectric core
materials screen the electric field within the core and enable thicker interfacial catalyst layers
without affecting the WD kinetics by concentrating the electric field to the catalyst shell and water
interface region.?>*® A trade-off between the electric field and catalytic effect explains the U-shape

dependence of electrolyzer performance on catalyst loading (Figures S26f, S27f, and S28e).

Local electric-field effects on WD. The simulations show, within the approximations
used, that a 5 nm thick shell on a conductive core of 20 nm provides a three-fold increase in the
field strength at the surface (Figure 1e-g). Further modeling and analysis in Figures S39 and S40
include the ions from WD also show a 3-4-fold enhancement in electric field strength with a

conducting core. The effect of the electric field on the WD rate constant k gy per Onsager’s model

is discussed in Section S8.!> From Onsager’s equation, a three-fold enhancement in the electric
field with core-shell nanoparticles yields a doubling of kg gy. However, Onsager’s model also
underestimates the experimental WD rate by ~ 10* when used alone without consideration of
possible mechanisms involving WD catalysts. Calculations by Strathmann and coworkers showed
WD from electric-field enhancement via the Onsager model three orders of magnitude less than
experimental estimates.??3° We note that the concept of the 2! Wien effect in modulating the rate
of WD can be cast more generally in the context of transition-state theory where in this case, the
presence of a strong local electric field modulates the energies of precursor, intermediate, and
product states. The resulting driving-force-dependent activation energy can be further decomposed

into activation entropy and activation enthalpy, both of which can be affected by the local electric

ﬁeld 26,37,38
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Onsager’s model estimates the effect of the local electric field on the dipole formed by the
incipient dissociation products. When a dipole is placed in the proximity of a conducting surface,
it will also attract opposite electronic charges on the surface (image charge) to lower its free
energy. This process leads to Coulombic image-charge interactions between the water dipole, and
the induced dipole on the catalyst. The metal oxides under study include highly conducting metal
oxides (ex., ITO), and high dielectric metal oxides (ex. BaTiO3), etc. These metal oxides can
strongly interact with nearby charge and dipoles (e.g. in water) by deforming their electronic
charge distribution in the solid near the particle surface. To illustrate the maximum possible
magnitude of this effect, we treat the particle core as a perfect metal and use simple image charge
energy calculations. Here we estimate the energy of this image charge configuration and its
prospects of affecting the WD kinetics. We assume that the electric field at the BPM interface
distorts the water dipole into the Bjerrum state (i.e. where water has started to dissociate and OH"
and H" are held together as an incipient ion pair). We don’t take the background electric field into
account in this image-charge energy estimate, as it is already accounted for, while considering
water molecules in the Bjerrum state. The electric potential energy of this dipole-dipole system is

calculated as:
U =pE (7

where dipole moment p ~3 D = 1072°C m. Considering a high electric field
strength (1 V/A) that causes a dipole moment to increase around = 1
Debye above the reported 1.84 D for free water.?!*? In the BPM, the interfacial

field could cause an enhancement in the dipole moment of the water molecule (2.9 + 0.6 D) due
to polarization and delocalization effects; hence use the higher value (3 D) for the dipole moment

of water in our calculations as Bjerrum dipole.*
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Figure 6: Image charge interactions. The strength of Coulombic attractive interactions between the water dipole
and the induced dipole on the surface (due to the presence of the water dipole) as a function of distance from the

conducting surface.

The conducting core material will stabilize the water dipole at the catalyst surface through image-
charge interactions. We calculated the energy of this image charge configuration by placing the
water molecule at different distances (7) above the metal (Section S9). The relative permittivity of

the surroundings (interfacial water) is estimated as &, = 10 and included in the calculation.** The

1
(2r)3

energy of this charge configuration has dependence on the distance and falls off rapidly once

the distance increases as given in Figure 6.

These simple calculations suggest that image charge will only play a large role in
stabilizing the dipole of the water molecule within 1-2 A of the conducting surface — i.e. within
the distance of one atomic bond. For example, the activation energy of the water molecule for WD
is found as 15-30 kJ mol™! (0.15-0.30 eV),!” and the hydrogen bonds free water are ~ 20 kJ mol!
(~ 0.2 eV; at ambient conditions).*> The energy of the image-charge configuration can be found in
such a comparable energy range (~ 0.07 eV) only when the conducting core is employed and the
dipole is placed at a very short distance above the surface (» =1 A). Hence, in the core-shell
nanoparticles, the induced dipoles on the semiconducting catalyst shell are likely small and

insignificant image-charge interactions to stabilize the Bjerrum state.

This aligns with our experimental finding that catalyst shell
coating (2 3 nm) masks the core properties from substantially
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affecting water dissociation kinetics. We have also tested a thinner
catalyst shell (TiO:) on different core nanoparticles (SiO2, ITO, and ZrOz) as a WD
catalyst. However, the thinner catalyst layer has much different chemical properties based on the
XAS data of 1-nm TiO2 coated onto ZrO2 and SiO: in Figures 3e, 3f, and 3g, probably due to
interdiffusion and interface reaction, leading to scattered BPM WD performances (Supporting
Information Figure S41). For example, changes in the local chemical structure of the TiO2 shell
due to chemical reaction between the core and shell apparently cause differing WD kinetics in the
BPM. Thin coatings on large surface area nanoparticles might also suffer from uneven coverage.
These thin layers are also likely to be hydrated and permeable by ionic species in the electrode,

making the details of interface electric potential drop difficult to predict and measure (Figure

842).3¢

All these effects require more study to deconvolute and may contribute to the lack of strong
acceleration of water dissociation on catalysts with conducting cores and active-shell catalysts.
Regardless, the increase in optimal catalyst mass loading is consistent with longer-length scale
electrostatic screening effects of the metal cores previously observed in carbon-TiO2 nanoparticle

mixtures. >
Conclusion

While additional studies are necessary to address the detailed relationship between EFE
and catalytic water dissociation in the bipolar junction, this work illustrates that the electric field
distribution likely has multiple effects on the water dissociation process. As found previously, >’
the presence of metallic (electronically conducting) components to the catalyst modulate the
electrostatic field distribution across the entire water dissociation catalyst layer and electronically
conductive catalysts have optimal loadings that can be much larger, and thus thicker catalyst films,
than those with insulating or semiconductor materials properties. In this way the metal-

core/semiconductor-shell particles studied here behave similar to the mixtures of semiconductor

and carbon nanoparticles studied earlier.

At the molecular level, the studies here further show that image dipole effects (associated
with the metallic core) may directly act on the energy of the dipolar (Bjerrum) transition state.

While the shells studied here were not sufficiently thin for this effect to lead to increased WD rates
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for shells on conductive cores, this effect appears likely of relevance for WD reactions that take
place directly on the surface of metal WD catalyst nanoparticles. In this study, thin layers of, for
example TiO2, on metal surfaces failed to show enhanced WD kinetics due the metal core and

were instead found to be substantially different chemically from the crystalline TiO2 counterparts.

In sum, this work adds to the understanding of WD catalysis and design of effect catalysts
for ionic processes like proton transfer to/from a surface. In the context of WD: (1) The catalyst
should be able to stabilize dipolar transition states associated with proton transfer including via
contributions from image-charge attractions, where catalyst electronic conductivity matters on the
surface. (2) The catalyst should screen the electric field in the bulk of the catalyst, and provide a
sharp electric potential gradient at the catalyst-water interface. (3) Based on our previous
studies,®* the catalyst should host large numbers of proton-accepting and proton-donating acid-
base reaction sites on its surface. Substantial opportunity to further engineer the density and
distribution of proton-binding energies for these sites likely exists. We also emphasize the
importance of continued development of theoretical models and accurate simulation approaches
to illustrate the molecular details of heterogeneous water dissociation in the presence of a strong
electric field and accurately account for the physical properties of WD catalyst including electronic

conductivity, dielectric constant, surface proton/hydrogen coverage, etc.
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