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ABSTRACT: Seawater electrolysis is an attractive approach for producing clean hydrogen fuel in
scenarios where freshwater is scarce and renewable electricity is abundant. However, chloride ions
(CI7) in seawater can accelerate electrode corrosion and participate in the undesirable chlorine
evolution reaction (CER). This problem is especially acute in acidic conditions that naturally arise
at the anode as a result of the desired oxygen evolution reaction (OER). Herein, we demonstrate
that ultrathin silicon oxide (SiO,) overlayers on model platinum anodes are highly effective at
suppressing the CER in the presence of 0.6 M CI™ in both acidic and unbuffered pH-neutral
electrolytes by blocking the transport of CI” to the catalytically active buried interface while
allowing the desired oxygen evolution reaction (OER) to occur there. The permeability of Cl™ in
SiO, overlayers is 3 orders of magnitude less than that of CI” in a conventional salt-selective
membrane used in reverse osmosis desalination. The overlayers also exhibit robust stability over 12
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h in chronoamperometry tests at moderate overpotentials. SiO, overlayers demonstrate a promising step toward achieving selective
and stable seawater electrolysis without the need to adjust the pH of the electrolyte.

KEYWORDS: seawater electrolysis, oxygen evolution reaction, chlorine evolution reaction, membrane-coated electrocatalysts, hydrogen,

silicon oxide, coatings

1. INTRODUCTION

“Green” hydrogen produced from water electrolysis powered
by renewable electricity is a valuable zero emission energy
carrier that could serve as an energy storage medium for
intermittent renewable energy, a clean fuel in the trans-
portation sector, or a feedstock for the chemical industry.' ™
Producing green hydrogen by directly splitting abundant
seawater instead of freshwater avoids competition for fresh-
water in locations and applications where freshwater is scarce’
and avoids the need for costly desalination of seawater.’
However, a major challenge to seawater electrolysis is that
chloride ions, the predominant anion in seawater, participate in
unfavorable side reactions at the anode that are in competition
with the desired oxygen evolution reaction (OER, eq 1). In
acidic conditions, chloride ions can combine to form chlorine
(Cl,) through the chlorine evolution reaction (CER, eq 2),
while hypochlorite (OCI™) is believed to be produced
according to eq 3 in alkaline conditions’

2H,0 — O, + 4H"* + 4¢7; E = 1.23 V vs RHE (1)
2CI" = Cl, + 2¢7; E° = (1.36 + 0.059-pH) V vs RHE
)

CI" +20H — CIO + H,0 + 2¢7;
E° = 1.71 Vvs RHE (3)
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Although Cl, and OCI™ have commercial value, global demand
for hydrogen is projected to reach over 40 times the demand
for chlorine on a mole basis by 2024.°™'° Producing H, at scale
from seawater electrolysis while generating equimolar quanti-
ties of Cl, at the anode would soon lead to Cl, generation in
excess of demand for chlorine. The excess toxic chlorine
produced would be exceedingly difficult to manage and dispose
of. On the other hand, the production of O, at the anode
during seawater electrolysis would not be subject to the same
management difficulties as Cl,.

To achieve truly sustainable, large-scale hydrogen produc-
tion from direct seawater electrolysis, it is therefore critically
important to develop electrocatalysts and electrolyzer systems
that selectively evolve O, at the anode. Unfortunately, the
kinetics of CI™ oxidation tend to be more favorable than those
for the OER, in part because Cl~ oxidation requires the
transfer of two electrons, while the OER is a four-electron
reaction.’ The most common approach to enhance O,/Cl,
selectivity is to increase the pH of seawater to carry out
alkaline seawater electrolysis,”>”'>"* which makes the stand-
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ard reduction potential for the OER x0.48 V more negative
than that for OCI™ formation.” Thanks to this thermodynamic
advantage and the abundance of stable and relatively active
OER electrocatalysts in alkaline conditions, there have been
many reports of OER faradic efficiencies (FEs) close to 100%
during alkaline seawater electrolysis.””'*~*' However, a major
disadvantage of alkaline seawater electrolysis is that lye and
fresh seawater must be continuously flushed through the
electrolyzer to sustain an elevated pH and avoid producing
concentrated brine, respectively.””** The consumption of lye,
as well as acid to neutralize the effluent stream, adds unwanted
complexity, energy use, and cost to the system.”* Furthermore,
alkaline seawater electrolysis still faces the challenge of local
acidification at the anode caused by the OER at very high
current densities, which will eventually lead to the CER and/or
stability issues.”> >

As an alternative to alkaline seawater electrolysis, the direct
electrolysis of seawater at near-neutral pH could avoid the
drawbacks associated with adding lye to the electrolyzer
system. A pH-neutral environment is also more favorable for
hybrid biological/electrochemical systems containing bacteria
that cannot survive at the pH extremes typically encountered
in water electrolysis.”*>” A central challenge of realizing pH-
neutral seawater electrolysis is that the oxidation of H,O
according to eq 1 coproduces H' ions, creating locally acidic
conditions at the anode. This shifts the reversible potential for
the OER closer to that for the CER while placing significant
constraints on material options due to the lack of acid-stable
OER catalysts that can operate at elevated current densities for
significant periods of time.”" >* To address these challenges,
researchers often add pH buffers to maintain the electrolyte at
a pH of 7 or above.” > However, this entails continually
adding buffer species to the electrolysis solution, and buffers
may not be able to prevent large pH changes from occurring at
the electrode—electrolyte interface at high OER current
densities.””*” Further, unprotected electrocatalysts exposed
to seawater of any pH are susce(g)tible to corrosion from
chlorine-based ions and molecules.”’ This challenge motivates
exploration of solutions that go beyond engineering the pH of
the electrolyte.

Recent studies have shown that rational control of species
transport, rather than chemical kinetics, offers a promising
approach to tune electrocatalyst selectivity for the desired
reaction.*”** Overlayers composed of various semipermeable
materials have been coated onto OER electrocatalysts to
selectively reject the transport of chloride ions to the buried
interface between the catalyst and overlayer while allowing
diffusion of H,O to the buried interface,'>'**73%#7% 3
necessity for the OER. The semipermeable overlayer in these
encapsulated electrocatalysts thus provides selectivity for the
OER over the CER and also offers the potential to block
chloride-induced corrosion of the underlying OER electro-
catalyst or chloride-induced leaching of OER catalyst materi-
o] 4648

However, previously reported overlayers have not demon-
strated high OER selectivity and robust stability in the highly
acidic environment created at the catalyst surface during the
OER. In one notable study, semipermeable manganese oxide
(MnO,) overlayers deposited onto IrO, anode catalysts were
shown to enable high transport-based selectivity for the OER
over the CER in weakly acidic conditions.” Although MnO, is
not thermodynamically stable in acidic conditions at potentials
typically used for the OER, MnO,-based OER electrocatalysts
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can be functionally stable due to a “self-healing” mechanism,
whereby MnO, is continuously regenerated on the anode
through oxidation of dissolved Mn ions.**** However, MnO,
is not functionally stable at the extremely low local pH
conditions that may arise at the electrode during the OER at
high current densities.*”>° Additionally, the need to flow
electrolyte through the electrolyzer is likely to lead to long-
term degradation of ultrathin MnO, coatings as dissolved Mn
ions are gradually swept away from the electrode.

In this study, ultrathin semipermeable overlayers of silicon
oxide (SiO,) were investigated as alternative electrocatalyst
coatings for selectively rejecting chloride ion transport in acidic
and unbuffered pH-neutral solutions (Figure 1). Nanoscale

Electrolyte
H,O

Figure 1. Schematic showing the planar SiO,-encapsulated Pt thin
film electrode capable of selectively blocking the undesired chlorine
evolution reaction while permitting the desired oxygen evolution
reaction to occur at the catalytic buried interface.

SiO, films have previously been shown to function as highly
selective “nanomembranes”, including for SiO,-modified gas-
diffusion membranes,”’ and in electrocatalytic ag‘plications
where they have been coated onto electrodes.”* " Further,
silicon oxide is thermodynamically stable across a wide range
of potentials in acidic and pH-neutral conditions™ and is
generally considered to be a catalytically inert material that will
not promote reactions on its outer interface where it contacts
the chloride-containing bulk electrolyte.

SiO, overlayers investigated in this work were deposited
onto well-defined Pt thin film electrocatalysts using a room-
temperature photochemical process in which a poly-
(dimethylsiloxane) (PDMS) precursor was spin-coated onto
the electrocatalyst surface and then converted to SiO, by
exposure to UV-generated ozone. By varying the initial PDMS
concentration, this method affords nanometer-level control of
overlayer thickness and produces continuous SiO, films of
uniform thickness that are characterized by surface root mean
square (rms) roughness values less than 1 nm.>* The density of
the overlayers has been estimated to be 2.56 g cm™,
corresponding to a free volume fraction of 3.3% if the filled
volume elements of the SiO, are assumed to have an identical
density to void-free a-quartz.’® SiO, overlayers do not possess
well-defined pores spanning the thickness of the film, but
instead contain less ordered, sub-nanometer-sized free volume
elements.”® Pt was chosen as the active catalyst material
because of its high activity for the CER and relatively poor
activity for the OER, making it an ideal platform for easily
deconvoluting OER and CER currents in voltammograms
thanks to the significant differences in the OER and CER onset
potentials.

Using these model SiO,-encapsulated Pt electrodes (SiO,l
Pt), we show that nanoscopic SiO, overlayers are highly
effective at blocking CI™ from reaching the electrocatalytic
buried interface, markedly suppressing the CER at over-
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Figure 2. CV measurements for (a) bare Pt (black curves) and 4.8 nm SiO,IPt (blue curves) in 0.5 M KHSO,. CV measurements for (b) bare Pt
and (c) 4.8 nm SiO,IPt in 0.5 M KHSO, (dashed curves) and 0.5 M KHSO, + 0.6 M KClI (solid curves). All measurements were performed at 100

mV s™! in deaerated electrolyte at pH 0.8 and 25 °C.

potentials exceeding 500 mV while still permitting for the
desirable OER to occur. The overlayers greatly improve
catalyst selectivity for the OER in unbuffered pH-neutral and
acidic seawater conditions and show potential to protect the
catalyst from chlorine corrosion. We further demonstrate the
robust stability of the SiO, overlayers under prolonged
operation in acidic conditions and at large overpotentials.
The possible mechanisms of selective transport through the
overlayers are also discussed.

2. RESULTS AND DISCUSSION

2.1. Cyclic Voltammetry (CV) of SiO,IPt Electrodes.
The electrochemical characteristics of the as-made SiO,[Pt
electrodes were first evaluated by conducting cyclic voltam-
metry (CV) in a 0.5 M KHSO, (pH = 0.8) supporting
electrolyte (Figure 2a). The oxidation and reduction peaks
located between 0.0 and 0.3 V vs reversible hydrogen electrode
(RHE) arise from hydrogen underpotential deposition (H,,q)
and can be integrated to determine the electrochemically active
surface area (ECSA) of the electrodes. Consistent with our
previous studies of SiO,-encapsulated Pt thin films,>*~>* the
integrated H,,q signal for the 4.8 nm SiO,IPt electrode is only
4% less than that of bare Pt, suggesting that the Pt surface at
the buried interface between Pt and SiO, is still catalytically
active and accessible to protons for H,,4 by diffusion through
the overlayer. Although the total integrated H,4 signals for the
two samples are similar, the H,,q features for the 4.8 nm SiO,|
Pt electrode exhibit slight differences in shape and extend
roughly 40 mV more positive than those for the bare Pt.

As the applied potential is swept from the H,,4 region to
more positive potentials, oxidation current is observed that is
associated with Pt oxidation to platinum hydroxides and oxides
(PtO,). After reversing scan directions at the positive vertex,
this PtO,, is subsequently reduced back to metallic Pt. Similar
to previous reports,”>*>” the onset potential for PtO,
formation is shifted negative by ~180 mV for the SiO,-
encapsulated sample compared to that for bare Pt. We
attribute this shift in the PtO, onset potential, as well as the
aforementioned shift in the H,4 peaks, to the ability of the
SiO, overlayers to block bisulfate ions (HSO, ) from
interacting with the buried interface. HSO,™ ions are known
to adsorb competitively onto Pt at potentials negative of the
OH/O species adsorption that marks the first step of Pt
oxidation, thereby inhibiting this step and shifting the PtO,
formation onset potential to more positive potentials.’®”%’
This positive shift is clearly observed for bare Pt but is absent
from the 4.8 nm SiO,IPt electrode, for which the Pt oxidation
onset potential of 0.6 V vs RHE is consistent with that typically
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observed in aqueous acidic electrolytes lacking adsorbing
counterions.”” Similarly, the ability of SiO, to block HSO,~
may explain why the H,,4 region of the SiO,IPt electrode
extends to slightly more positive potentials than that for bare
Pt, as HSO,™ adsorption can compete with H adsorption.

CV of bare Pt and 4.8 nm SiO,|Pt electrodes were also
carried out using identical scan conditions in a 0.6 M KCI
solution containing the same 0.5 M KHSO, supporting
electrolyte, where the KCl concentration was set to mimic
the average chloride concentration found in natural seawater.”!
Though this 0.5 M KHSO, + 0.6 M KCl saline electrolyte has
a higher ionic strength than the 0.5 M KHSO, supporting
electrolyte, additional CV and linear sweep voltammetry
(LSV) measurements for bare Pt in modified supporting
electrolytes with the same ionic strength as the saline
electrolyte show a minimal influence of ionic strength on the
measurements (Figure S1).In Figure 2b,c, CV curves in 0.5 M
KHSO, + 0.6 M KCl were superimposed on the CV curves in
0.5 M KHSO, for bare Pt and 4.8 nm SiO,|Pt electrodes,
respectively. Both samples exhibit substantial differences in CV
characteristics in the 0.5 M KHSO, + 0.6 M KCl saline
electrolyte. Most noticeable for the bare Pt electrode CV in
Figure 2b is the appearance of a large oxidation peak associated
with the CER close to the positive scan vertex. Concurrently,
H,q peaks on bare Pt are pushed to even more negative
potentials, and the PtO, peaks in both the positive and
negative scan directions are significantly suppressed. Both of
these changes can be attributed to CI™ adsorption, with the
latter being consistent with previous publications reporting
that CI~ adsorption suppresses Pt oxidation.****>

As shown in the CV cycles in Figure 2c, the 4.8 nm SiO,|Pt
electrode responds very differently to the presence of chloride
ions compared to bare Pt. Most significant is the observation
that virtually no CER oxidation peak is seen at positive
potentials up to 1.35 V, suggesting that the SiO, overlayer
might be blocking Cl™ from reaching the catalytic buried
interface. However, comparison of the H,,q and PtO, features
to those recorded in the supporting electrolyte indicates that
the SiO,, is not completely impermeable to CI™. As seen for the
bare Pt electrode, the H,,4 and Pt oxidation features for the 4.8
nm SiO,[Pt electrode are also pushed to more negative and
positive potentials, respectively, in the chloride-containing
electrolyte.

Interestingly, the single PtO, reduction peak on SiO,[Pt that
was centered at 0.68 V vs RHE in the supporting electrolyte is
replaced in the saline electrolyte with three different PtO,
reduction peaks centered at 0.45, 0.70, and 0.84 V vs RHE.
The evolution of these curves throughout the course of 19 CV

https://dx.doi.org/10.1021/acscatal.0c04343
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Figure 3. LSV measurements for bare Pt and SiO,IPt electrodes in (a) 0.5 M KHSO, and (b) 0.5 M KHSO, + 0.6 M KCL. (c) LSVs for 4.8 nm
SiO,IPt in 0.5 M KHSO, and 0.5 M KHSO, + 0.6 M KCl (order-of-magnitude shorter vertical axis). All measurements were performed at 20 mV

s in deaerated electrolyte at pH 0.8 and 25 °C.

cycles on 4.8 nm SiO,IPt is provided in Figure S2. The first
three CV cycles initiated immediately after immersion in the
saline electrolyte show a PtO, reduction peak consistent with
the CV in the supporting electrolyte, indicating that CI™ has
not yet reached the buried Pt surface. The three distinct PtO,,
reduction peaks appear in subsequent cycles in the order of the
0.70 V peak, followed by the 0.45 V peak, and finally the 0.84
V peak. The gradual appearance of the three PtO, reduction
peaks suggests that chloride ions slowly diffuse through the
SiO, overlayer upon the electrode’s initial immersion,
eventually reaching low concentrations at the buried interface
after several cycles. We postulate that these chloride ions
encounter, and are possibly blocked from, different nano-
confined environments at the SiO,IPt interface, potentially
associated with different Pt crystal facets or grain boundaries,
which give rise to multiple distinct PtO, reduction peaks.

The total integrated charge for PtO, reduction decreases for
the SiO,IPt electrode in the presence of CI™ but to a lesser
extent (~55% decrease) than was observed for bare Pt in
Figure 2b (~75% decrease). These changes in PtO, reduction
charge in the presence of Cl” can provide insight into the
chloride concentration at the SiO,|Pt buried interface. Novak
and Conway®® demonstrated a logarithmic relationship
between the percentage of Pt oxide “blocked” during CV
cycling due to competitive adsorption of CI™ on a bare Pt
electrode and the KCl concentration in the sulfuric acid
electrolyte being used. According to this correlation, the 55%
decrease in PtO, reduction signal we observe for SiO,|Pt
corresponds to a &3 mM concentration of Cl~, while the 75%
decrease for bare Pt corresponds to ~0.1 M CI". This analysis
suggests that while a small concentration of CI™ reaches the
buried Pt surface of SiO,IPt in the presence of a 0.6 M bulk
chloride concentration, the selective SiO, overlayer decreases
the concentration of CI™ at the buried interface by roughly 2
orders of magnitude compared to that of bare Pt under
identical CV cycling conditions.

The greatly lowered chloride concentration at the buried
interface of SiO,IPt mitigates, but does not eliminate, the risk
of chloride-induced corrosion of the underlying electrocatalyst.
Pt-, Ir-, Fe-, Ni-, and Co-based OER electrocatalysts are all
known to be susceptible to dissolution in the presence of
CI.*%37% Qur analysis suggests that the SiO, overlayer can
decrease the chloride concentration at the buried electro-
catalyst to millimolar levels in electrolytes containing 0.6 M
CI". This interfacial chloride concentration can be expected to
drop to even lower values at mass transfer-limiting conditions
for the CER. While some corrosion of OER electrocatalysts is
still possible at millimolar chloride concentrations, corrosion
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will be significantly attenuated at these concentrations. By
contrast, unencapsulated anodes composed of mixed metal
oxides of Ni, Co, and Fe have demonstrated stability for up to
days during OER operation in chloride concentrations of up to
4 M.”'#192057 Importantly, the SiO, overlayer may also help
prevent leaching of metal cations produced by the dissolution
of the electrocatalyst by blocking these cations’ transport out
from the buried interface. SiO,, overlayers have been previously
shown to selectively reject aqueous Cu>* ion transport,” and
similar overlayer selectivity with other metal cations could
minimize the rate of electrocatalyst corrosion. To further
reduce the chloride concentration at the buried interface,
anionic fixed charges could be incorporated into the SiO,
overlayer to electrostatically repel CI™. These considerations
suggest that the risk of chloride corrosion of SiO,-encapsulated
anodes is manageable. Aside from its implications for
corrosion, the indications of low chloride concentrations at
the buried interface suggest that SiO,|Pt may also suppress the
CER, as discussed in the following section.

2.2. Evaluating Transport Properties of SiO, Over-
layers. To further investigate the ability of the overlayer to
suppress the CER at more positive potentials relevant to the
OER, linear sweep voltammetry (LSV) was performed in
chloride-containing and chloride-free electrolytes under both
unbuffered pH-neutral and acidic conditions. In the absence of
chloride ions, the CER does not occur, allowing for an isolated
view of OER activity. In the chloride-free supporting
electrolyte at acidic pH (Figure 3a), the 4.8 nm SiO,IPt
electrodes show an onset potential for the OER of 1.6 V vs
RHE, which is nearly identical to the OER onset for bare Pt.
Some suppression of the OER signal is seen for the SiO,-
encapsulated electrodes, which becomes more pronounced as
the SiO, thickness increases (Figure S3a). In the presence of
0.6 M KCl at low pH (Figure 3b), bare Pt shows a CER onset
potential located 270 mV more negative than the OER onset
potential seen in the supporting electrolyte, reaching a
maximum total current density of &~ 160 mA cm™ at the
vertex potential of 1.90 V vs RHE (Figure S4). Under the same
conditions, SiO,/Pt exhibits dramatically suppressed CER
activity, maintaining current densities below 0.15 mA cm™
at potentials negative of the OER onset identified in Figure 3a.
For SiO,IPt in the saline electrolyte, the increase in current
density recorded positive of the OER onset potential closely
mirrors the OER behavior of SiO,/Pt in the supporting
electrolyte. This is confirmed by closer inspection of the low
current density region of the overlaid LSV curves for the 4.8
nm SiO,/Pt LSV curves in the supporting and saline
electrolytes, which are provided in Figure 3c.

https://dx.doi.org/10.1021/acscatal.0c04343
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V vs RHE during LSVs in 0.5 M KHSO, + 0.6 M KCl (solid curve).

The LSV curves in Figure 3c indicate that most of the
oxidation current observed for the 4.8 nm SiO,|Pt electrode in
the saline electrolyte at potentials more positive than 1.6 V vs
RHE is contributed by the OER rather than the CER. The
enlarged view provided by the order-of-magnitude shorter
vertical axis in Figure 3c reveals slightly elevated current
densities compared to those measured in the supporting
electrolyte, indicating that a very small amount of the CER still
takes place on 4.8 nm SiO,|Pt. Thanks to the large disparity in
the OER and CER onset potentials, the difference curve
between the chloride-containing and chloride-free LSVs for 4.8
nm SiO,IPt (Figure SS) clearly reveals the presence of a low
mass transfer-limiting CER current density of ~0.05 mA cm™>
at potentials negative of 1.60 V vs RHE without interference
from the OER.

Assuming that CI” transport occurs only by diffusion
through a continuous and uniform SiO, overlayer to a planar
Pt electrode, Faraday’s law and Fick’s law can be used to
describe the steady-state flux of CI™ to the electrode surface at
mass transfer-limiting conditions for each SiO, thickness.
These equations relate the limiting current densities at steady
state (iy,,) to the concentration of chloride ions at the interface
between the SiO, overlayer and the bulk electrolyte (Cq(x =
t,)), and the chloride permeability (P¢;-) within the overlayer

(eq 4)
Corlx = to)
to (4)

where n is the stoichiometric number of electrons, F is the
Faraday constant, and ¢, is the thickness of the SiO, overlayer.
For large bulk chloride concentrations such as that used in this
study, it can be assumed that the CI” concentration gradient
across the bulk diffusion boundary layer is insignificant at low
current densities, meaning that Co-(x = t,) is equal to the bulk
chloride concentration. Based on the SiO, thicknesses
measured by ellipsometry and the CER limiting current
densities observed in LSV measurements, eq 4 gives P~ values
in the range of (3 X 107*)—(6 X 107"*) cm* s for 4.8—8.7
nm thick SiO, overlayers (Figure 4a). These values are 8
orders of magnitude lower than the bulk diffusivity of CI™ in
aqueous solutions®® and 3 orders of magnitude lower than the
permeability of Cl~ in aromatic polyamide,”” a salt-selective
membrane material used in reverse osmosis water desalination.

Nearly identical Cl™-blocking behavior is observed in LSV
curves for 4.8 nm SiO,IPt recorded in unbuffered pH-neutral
electrolyte with and without chloride ions (Figure S6). These
LSVs show marked suppression of the CER in the presence of

ljym,cEr = NF-Por
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0.6 M CI” and minimal suppression of the OER in the
supporting electrolyte for 4.8 nm SiO,|Pt compared to that for
bare Pt at neutral pH, demonstrating the selectivity of the
overlayer for the OER in unbuffered pH-neutral conditions in
addition to acidic media.

These LSV curves demonstrating CER suppression on SiO, |
Pt are also reproducible in the acidic chloride-containing
electrolyte that uses Na™ as the cation instead of K™ (Figure
S7), relevant because Na* is the predominant cation in natural
seawater. In an LSV in 0.5 M H,SO, + 0.6 M NaCl, 4.8 nm
SiO,IPt displays low current densities of ~0.1 mA cm™ at
potentials negative of 1.6 V vs RHE due to CER suppression
and increasing current densities positive of 1.6 V vs RHE due
to the onset of the OER. In contrast, the bare Pt electrode in
the Na*-containing electrolyte shows a large CER current with
an onset potential of 1.3 V vs RHE, mirroring our results for
bare Pt in the K'-containing electrolyte. The strong agreement
between LSVs in the presence of K" and Na* suggests that our
results using K" are applicable to electrolysis of Na'-rich
natural seawater.

Additional LSV curves using SiO, overlayers of varied
thickness in 0.5 M KHSO, and 0.5 M KHSO, + 0.6 M KCI
(Figure S3) demonstrate that there is a narrow range of SiO,
thicknesses for which the CER signal is greatly suppressed
without also substantially decreasing the OER signal. This is
summarized in Figure 4b, which, as a function of overlayer
thickness, plots the current density at 1.55 V vs RHE from
LSVs in the acidic chloride solution as a measure of the ability
of SiO, to block Cl™ transport (solid curve) and the current
density at 1.90 V vs RHE from LSVs in the supporting
electrolyte as a measure of the ability to permit species
transport associated with the OER (dashed curve). This figure
shows that a SiO, overlayer thickness of ~3 nm or more is
needed to suppress the CER, but making the overlayer much
thicker than 4.8 nm also leads to a significant decrease in the
desired OER current density.

The estimated faradic efficiency (FE) of SiO,|Pt for the OER
further illustrates the thickness-dependent performance of the
SiO, overlayers. The FE was estimated from saline LSVs by
linearly extrapolating the CER mass transfer-limiting current
region that appears negative of the OER onset and assuming all
additional current arises from the OER. This method is
depicted in Figure S8a, and the FE of 2.9—8.7 nm SiO, /Pt as a
function of potential is shown in Figure S8b; 4.8 nm SiO,|Pt
has the highest FE compared to thicker and thinner SiO,
overlayers for all potentials positive of 1.6 V vs RHE and
reaches a maximum FE of 85% toward the OER at 1.90 V vs

https://dx.doi.org/10.1021/acscatal.0c04343
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RHE. The FE values of all SiO,IPt electrodes are greatly
increased compared to that of bare Pt, which reaches a
maximum FE of 1.6% at 1.90 V vs RHE, once again
demonstrating the high selectivity of the SiO,[Pt electro-
catalysts for the OER over the CER.

The selectivity of the SiO, overlayer for the OER over the
CER is particularly notable considering the unfavorable
conditions for the OER in this study, which involved a poor
OER electrocatalyst (Pt) while using large CI~ concentrations
in an acidic environment. Compared to previous studies in
acidic conditions that have used lower chloride concen-
trations,”"** the 0.6 M chloride concentration used here
presents a significantly greater challenge to achieving high
OER selectivity. Additionally, we expect that the application of
Sio, overlayers to more active OER electrocatalysts will allow
for significant increases in OER faradic efficiencies over the
same potential range studied here, for which Pt exhibits very
low OER partial current densities. The FE of SiO,IPt for the
OER should thus be viewed in the context of the combination
of disadvantages overcome to achieve it.

In addition to rejecting CI~, the SiO, overlayer must allow
O, and H' to escape through the overlayer as they are evolved
at the buried interface during the OER, to reduce OER
concentration overpotentials. In a separate recent study from
the O, and H" permeabilities (Po, and Py') of

SiO, overlayers were determined from the mass transfer-
limiting current densities associated with the oxygen reduction
reaction (ORR) and hydrogen evolution reaction (HER),
respectively. For SiO, overlayers with comparable thicknesses
and identical UV—ozone treatment to those used in this study,
Py, and PH+ were reported tobe (2.1 +0.6) x 107 and (1.0 =

0.5) X 1077 cm? 57", respectively. These values are 4—6 orders
of magnitude greater than the values of P found in this study,
indicating that the overlayer does not suppress the transport of
0O, and H to the same extent that it does for CI~. While the Pt
electrocatalyst substrate used in these experiments was
significantly thicker than that used herein, which has been
known to cause changes to SiO, overlayer permeabilities,””
these changes are not expected to span orders of magnitude.

56
our group,

The relatively high P, and Py of SiO, overlayers will promote

the transport of O, and H' away from the buried interface,
helping to reduce OER concentration overpotentials. Higher
values of Py are also expected to be beneficial for mitigating

the formation of O, gas nanobubbles at nanoscopic voids at
the buried interface, where they could facilitate overlayer
delamination. Due to the unfavorable energetics of O,
nanobubble formation, dissolved O, concentrations orders of
magnitude greater than the equilibrium O, saturation
concentration may be required to nucleate nanobubbles.”’
Overlayers characterized by high Pg are expected to result in

lower concentrations of dissolved O, within the overlayer,
reducing the likelihood of nanobubble nucleation.

2.3. Stability of SiO,IPt Electrodes. In addition to
characterizing the selective transport properties of SiO,
overlayers, the stability of SiO,-encapsulated electrodes was
investigated using chronoamperometry (CA) tests conducted
at 1.55 and 1.90 V vs RHE in the 0.5 M KHSO, (+0.6 M KCI)
electrolyte. A potential of 1.55 V vs RHE was chosen because it
lies in between the CER and OER onset potentials seen for
bare Pt in Figure 3a,b, respectively. Thus, CA measurements
performed at 1.55 V vs RHE in low pH (Figure Sa,c) provide
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sufficient overpotential for the CER, but not the OER, to occur
on Pt. An applied potential of 1.90 V vs RHE (Figure Sb,d)
then provides a large enough overpotential for both reactions
to occur on Pt.

CA curves measured at 1.55 V vs RHE in the chloride-free
supporting electrolyte are provided in Figure Sa, where it is
seen that the pseudo-steady-state current densities of both bare
Pt and 4.8 nm SiO,|Pt electrodes are well below 10 A cm™>
This result is consistent with the fact that there is little to no
OER activity on the Pt electrodes at this potential. The very
small oxidation currents that are observed likely result from Pt
oxidation, where the growth of insoluble PtO, at the Pt surface
proceeds logarithmically in time but does not reach a
saturation point under the conditions of this study.’**>*”"
Interestingly, the integrated charge passed by the bare Pt
electrode after 30 min is 4 times greater than that for the 4.8
nm SiO,[Pt electrode. Assuming that all of the current passed
was associated with the oxidation of Pt, this finding suggests
that the SiO, overlayer serves as a sort of artificial passive oxide
that helps to suppress Pt dissolution and/or limit the rate of
PtO, formation at the SiO,Pt buried interface. Further
investigations are needed to test this hypothesis, but the
proposed explanation is supported by our previous studies
showing that SiO, overlayers are effective diffusion barriers for
Cu?* ions.”?

Upon increasing the applied potential to 1.90 V vs RHE in
the supporting electrolyte (Figure Sb), the oxidation current
densities increase by 1—2 orders of magnitude, which we
attribute to the presence of the OER. After recording initial
peak current densities of 7.4 and 1.0 mA cm™ at the start of
the CA measurements for bare Pt and 4.8 nm SiO,[Pt,
respectively, the current densities rapidly decrease over the first
~1 h. Then, the current densities more gradually decrease over
the remaining 11 h to final values of 0.07 and 0.02 mA cm™
for bare Pt and 4.8 nm SiO,|Pt, respectively. These observed
decreases in current densities most likely result from the
formation of the aforementioned PtO, surface species, which
are known to have lower catalytic activity for the OER and the
CER compared to metallic Pt.”*">”?

When CA experiments were repeated for identical freshly
prepared electrodes in the presence of 0.6 M KClI, the presence
of the CER led to significant increases in current densities for
CA tests at 1.55 V vs RHE (Figure 5c) and 1.90 V vs RHE
(Figure Sd). After 12 h of operation, bare Pt held at 1.55 V vs
RHE exhibits the largest pseudo-steady-state current density
(10 mA cm™2), while the 4.8 nm SiO,|Pt electrode records
the smallest current density (x0.02 mA cm™2). Further, the
CA for the SiO,IPt electrode displays no increase in current
density over 12 h of operation, highlighting the ability of the
SiO, overlayer to achieve a high degree of CER suppression
over long time periods in high chloride concentrations and
acidic environment.

In the saline electrolyte at 1.90 V vs RHE (Figure 5d), bare
Pt shows substantial current density, although it is lower than
current densities recorded at 1.55 V vs RHE. As previously
reported, the decreased CER current on bare Pt at very
positive potentials can be attributed to the increased §rowth of
PtO, surface species that inhibit CER kinetics.””’>”* By
contrast, the CA curve for the 4.8 nm SiO,IPt electrode in the
saline electrolyte at 1.90 V vs RHE shows an increased current
density compared to that recorded in the chloride-free
supporting electrolyte at 1.90 V vs RHE. This increase
suggests that the CER is able to occur to a greater extent at

https://dx.doi.org/10.1021/acscatal.0c04343
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Figure S. CA stability measurements for bare Pt and 4.8 nm SiO,/Pt in 0.5 M KHSO, at constant applied potentials of (a) 1.55 V vs RHE and (b)
1.90 V vs RHE. 12 h CA stability measurements for bare Pt and 4.8 nm SiO,IPt in 0.5 M KHSO, + 0.6 M KCl at constant applied potentials of (c)
1.55 V vs RHE and (d) 1.90 V vs RHE. All measurements were performed in deaerated electrolyte at pH 0.8 and 25 °C.

1.90 V vs RHE than at 1.55 V vs RHE on SiO,|Pt. However,
the fact that the current density for SiO,|Pt remains stable at
more than an order of magnitude lower than that observed for
the bare Pt electrode attests to the ability of the SiO, overlayer
to greatly suppress the CER even under large operating
overpotentials (%600 mV vs E°ci- scL)-

While it is possible that the higher current density at 1.90 V
could result from elevated Cl™ migration rates across the
overlayer thanks to a higher electric field strength at the
electrode—electrolyte interface, mechanical instability of the
SiO, overlayer may also be responsible. Some evidence for
overlayer degradation/delamination is observed in the earliest
portion of the 1.90 V vs RHE CA curve (Figure S9), where an
initial gradual decay in current density is interrupted by a
multistep increase in current from ¢t = 12 to 54 s. While the
current density then decreases gradually without similar
interruptions beyond this point, the initial increase in current
density yields a higher steady-state current density than would
have otherwise occurred. The same feature is absent from the
early time periods of the CA curves recorded at 1.55 and 1.90
V vs RHE in the supporting electrolyte.

To investigate the physical stability of the SiO, overlayers,
ellipsometry, X-ray photoelectron spectroscopy (XPS), and
scanning electron microscopy (SEM) characterization meas-
urements were performed on 4.8 nm SiO, [Pt electrodes before
and after the 12 h CA tests in the saline electrolyte. SEM
images of the as-made SiO,IPt samples before each stability
test show a smooth, continuous SiO, surface with minimal
defects (Figure 6a,b, left). After the 12 h CA test at 1.55 V vs
RHE in the saline electrolyte (Figure Sc), SEM shows dark-
colored micron-scale features covering a small fraction of the
surface (Figure 6a, right), which we ascribe to debris
accumulated on the sample during testing and handling. The

1322

SiO, overlayer otherwise displays minimal degradation after
the CA at 1.55 V vs RHE.

Importantly, XPS Si 2p spectra showed that SiO, was still
present on the electrode surface following the 12 h CAs in the
saline electrolyte at both 1.55 and 1.90 V vs RHE (Figure 6c).
The 4.8 nm SiO,|Pt sample tested at 1.55 V vs RHE appears
unchanged in SEM images taken post-CA (Figure 6a, right)
and demonstrates only a 2% reduction in the atomic Si/Pt
signal ratio as measured by XPS (Figure 6d), corroborating the
overlayer’s stability in this test. In contrast, the 4.8 nm SiO,|Pt
electrode characterized by SEM after the stability test at 1.90 V
vs RHE displays cracking and delamination of the SiO,
overlayer (Figure 6b, right) and a 40% reduction in the
atomic Si/Pt signal ratio (Figure 6d). While some of the
damage to the SiO, overlayer could have been incurred upon
rinsing and drying of the sample after removal from the
electrochemical test cell, it is likely that some degree of
overlayer instability had already developed during the CA test
and may explain the increased CER current for the 4.8 nm
SiO,IPt electrode in the CA at 1.90 V vs RHE. We postulate
that the overlayer’s mechanical integrity was partially
compromised 12 s into the CA, creating the aforementioned
increase in current observed at that time in Figure S9. After
this initial perturbation, the continuous decline in current
density throughout the remainder of the CA suggests that
further damage to the overlayer was limited.

Although additional experimentation is needed to confirm
the origin of the damage caused to the 4.8 nm SiO, overlayers
during operation at 1.90 V vs RHE, it is likely that thicker PtO,,
interlayers formed between Pt and SiO, at such positive
applied potentials could be a contributing factor. This
interlayer-mediated degradation mechanism is supported by
our prior study on SiO,-encapsulated Pt thin films that found

https://dx.doi.org/10.1021/acscatal.0c04343
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Figure 6. SEM images of 4.8 nm SiO,|Pt before (left) and after (right) 12 h CA in 0.5 M KHSO, + 0.6 M KCl at (a) 1.55 V vs RHE and (b) 1.90 V
vs RHE. (c) XPS Si 2p spectra for 4.8 nm SiO,IPt electrodes as-made and post-CA and (d) Si/Pt atomic ratio for as-made and post-CA samples.
CAs performed in 0.5 M KHSO, + 0.6 M KCl electrolyte for a duration of 12 h. Potentials provided in the subfigures are given vs the RHE.

that SiO,IPt electrodes subjected to CV cycling over potential
ranges extending to potentials more positive than the Pt
oxidation onset potential exhibited accelerated delamination
compared to those cycled over a narrow potential range that
remained below the PtO, onset potential.>> Since PtO,
overlayers grow faster and to thicker values at more positive
potentials,”>”> and PtO, is less dense than Pt, the formation
and expansion of a thicker PtO, interlayer at 1.90 V vs RHE
could create more interfacial stress with the SiO, overlayer,
causing the cracking and partial delamination observed in
Figure 6b. Since an increase in current density was observed at
the outset of the CA at 1.90 V vs RHE in saline but not in the
supporting electrolyte, it is possible that interactions between
CI7/Cl, and SiO,IPt, or the higher current densities observed
in the saline electrolyte, could play an additional role in SiO,
overlayer instability when operated at very positive applied
potentials.

Despite the partial delamination observed during extended
CA measurements at 1.90 V vs RHE, there are several reasons
to remain optimistic that SiO, overlayers can remain stable
under industrially relevant conditions. First, the SiO, overlayer
shows no signs of degradation over 12 h at 1.55 V vs RHE in
the acidic electrolyte with 0.6 M CI”. While the overlayer does
exhibit some degradation at 1.90 V vs RHE, there is good
reason to believe that this instability is associated with
oxidation of the underlying Pt electrocatalyst rather than
(electro)chemical instability of the overlayer itself. This
degradation mechanism may be avoided through the use of
active OER electrocatalysts that have strong adhesive
interactions with SiO, and are not susceptible to the formation
of interlayers that can create detrimental interfacial stresses.
Further, high-surface-area electrode designs based on sup-
ported electrocatalytic nanoparticles will contain catalytically
inert support material to which SiO, overlayers may become
anchored without any stress-inducing OER chemistry occur-
ring at the SiO,lsupport interface. Takenaka et al. have shown
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that SiO,-encapsulated Pt nanoparticles supported on high-
surface-area carbon-based supports for the oxygen reduction
reaction (ORR) can exhibit excellent durability over 20 000
cycles of CV,”*”* a result that bodes well for the use of similar
encapsulated electrocatalyst architectures for other applications
like the OER.

2.4. Mechanisms of Selective Transport through SiO,
Overlayers. A deeper understanding of the transport
mechanisms through amorphous silicon oxide overlayers is
necessary to explain their ability to selectively block CI™ ions
and to guide the design of optimized SiO,-encapsulated
electrodes for seawater electrolysis. Several recent studies of
SiO,-encapsulated Pt electrodes have given insights into H*
and O, transport through SiO, overlayers,**’® but overall,
little is known about the structure—property relationships of
oxide-encapsulation layers that dictate trends in permeabilities
across various types of electroactive species. To gain further
insight into the origins of the low chloride permeability of SiO,
overlayers, we investigated the ability of SiO, overlayers to
similarly block Br~ ions as measured by monitoring the
bromine evolution reaction (BER, eq S)

2Br~ — Br, + 2¢7; E° = 1.07 V vs NHE (5)

The BER was selected for additional measurements because it
is similar in many ways to the CER, with identical
stoichiometry and similar standard reduction potentials, fast
two-electron kinetics, and reactant species that are both
monatomic, monovalent anions. The primary differences are
that Br~ has a larger bare ion radius and lower hydration
energy than CI™.””~”" Thus, a comparison of chloride and
bromide permeabilities determined from CER and BER
measurements, respectively, can give insights into the
importance of permeant size and/or hydration energy on
species flux and transport mechanism(s). The permeability of
Br~ (Pg-) through ~S nm thick SiO, overlayers was
determined from analysis of LSV curves measured with bare

https://dx.doi.org/10.1021/acscatal.0c04343
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Pt and 4.8 nm SiO,/Pt in 0.5 M KHSO,, + 20 mM KBr (Figure
S10) to probe the BER on SiO,-encapsulated electrodes. The
calculation of Py - followed the procedure described by Beatty
et al,>® with an abbreviated description and list of equations
included in Section XI, Supporting Information. Through this
calculation, Py~ was determined to be 1.4 X 107" cm? s7.
This value is roughly 2 orders of magnitude larger than the
calculated P value of 5.4 X 1073 cm? s~ for 4.8 nm SiO,IPt,
meaning that Br™ transport in the SiO, overlayer is significantly
faster than that of CI.

Borrowing concepts from transport theory across dense films
widely employed in synthetic membranes, there are several
possible explanations for the large differences between Py~ and
P that rely on understanding how a solute species interacts
with the membrane or overlayer material and how those
interactions depend on the structure and composition of both
the membrane and solute. Here, we consider several different
explanations, providing evidence and logic for and against each.

The first possible explanation is steric size exclusion on the
basis of the hydrated radii of solute species, whereby a solute
encounters a barrier to entering and traveling through the
overlayer if its size nears or exceeds that of nanoscopic pores or
free volume elements within the overlayer.”*™* Previous
characterization measurements of SiO, overlayers made by the
identical UV—ozone process used in this study have shown
that they are amorphous, hydrophilic, and do not have well-
defined pores spanning the thickness of the overlayer.”
Thus, the ions likely travel through free volume elements in
SiO, where size exclusion may occur. Despite having a smaller
bare ion radius, Cl™ has a hydrated radius that is very similar to
that of Br~ because ClI™ has a higher charge density in its
electron shell, creating a stron%er electric field around the ion
to coordinate water molecules.” Based on the nearly identical
hydrated radii, it is unlikely that steric effects involving the
hydrated ions can fully account for the 2-order-of-magnitude
difference between Py, - and Py This is supported by previous
studies investigating the selective transport of hydrated ions
through membranes based on a size exclusion mechanism,
which found that ions differing in hydrated radii by <0.1 A
typically exhibited less than a 2-fold difference in permeability
values.*”*” If the ions instead travel through the overlayer in a
fully dehydrated state, a steric size exclusion mechanism is also
unlikely because Br~ has a larger bare ion radius than CI~,”” yet
has a higher permeability in SiO,.

Differences in electrostatic interactions between the solute
and overlayer offer another possible explanation for the origin
of Py~ > Pcr. As ions partition into the overlayer, fixed charges
within the overlayer can repel or attract solutes to varying
degrees, §iving rise to differences in species permeabil-
ities.">*>® In the transport of CI~ and Br~ across a membrane
with sub-nanometer pores and negative fixed charges, Epsztein
et al. have found that Cl” is repelled more strongly by the
membrane’s charges compared to Br™ due to the chloride’s
smaller bare ion radius and therefore higher charge density.”® If
the SiO, overlayer contains negative fixed charges, these
findings suggest that electrostatic repulsion would hinder the
transport of CI” more strongly than that of Br~, which is
consistent with our result of Py~ > Pc~. While SiO, could
contain negatively charged deprotonated silanol groups (Si—
O7), these groups would likely be protonated and neutrally or
positively charged at our acidic electrolyte pH of 0.8, which is
below the point of zero charge for silica that typically lies
between 1 and 3.”"°” In their study, Epsztein et al. reported
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that below the point of zero charge, the positively charged
membrane electrostatically repels the counterions of CI™ and
Br”, which in turn slows the transport of CI” and Br~ to
maintain electroneutrality.”” In our study at extremely low pH,
the counterion for CI™ and Br™ is likely H*, which permeates
through SiO, in acidic conditions at a much faster rate than
these anions,”® and would not be expected to limit their
transport. Thus, a purely electrostatic mechanism is unlikely to
be the reason for the difference between our observed Cl™ and
Br™ permeabilities.

A third possible explanation for the vastly different
permeabilities of CI™ and Br™ is that these ions must shed all
or part of their hydration sphere to enter the SiO, matrix and
that the activation energies associated with dehydration are
different. If the average dimension of the free volume elements
in an overlayer or membrane is smaller than the size of the
ion’s hydration sphere, the hydration sphere must usually be
removed or rearranged to allow the ion to partition into the
membrane.”””* During dehydration, the rearrangement of the
bonds between water molecules and the ion presents an energy
barrier to transport.95

Whether or not it is a rate-limiting transport barrier, partial
dehydration likely does occur during the transport of CI~ and
Br~ through SiO,. Partial dehydration is often a prerequisite
for achieving selective transport between two different ions in
membranes because ion dehydration exposes the unique
properties of each ion for the solute—medium interactions
that give rise to selective transport.”>’® Further, the polar
bonds in SiO, would likely form favorable interactions with the
ions to displace ion—water interactions, promoting dehydra-
tion.*”” Saliently, partial dehydration has been found to be a
key underlying reason for selective transport across a range of
membrane materials.*>*7%7'%*

Recent characterization measurements reported by our
group for SiO, overlayers fabricated in an identical manner
to those studied here provide further support that Br~ and CI™
likely undergo partial dehydration to enter and diffuse through
SiO,. Based on ellipsometric porosimetry measurements
carried out with toluene, Labrador et al. concluded that most
of the free volume elements within SiO, overlayers must have a
diameter smaller than the kinetic diameter of toluene, 5.8 A.>
More recently, Beatty et al. used a combination of ellipsometry
and XPS characterization to estimate the average nearest-
neighbor Si—Si distances within 120 min cured 4.8 nm SiO,,
overlayers to be ~4.6 A.>° The hydrated diameters of Cl~ and
Br~ are larger by comparison at ~6.5 A,”*'*> suggesting that
the full hydration shells would not fit within the SiO, free
volume elements and the ions would have to at least partially
dehydrate to pass through.

If partial dehydration were a rate-limiting mechanism, Br~
would be expected to have a lower barrier to transport than
Cl™ because Br™ has a larger electron shell radius and therefore
a lower dehydration energy than CI™.” This expectation is
consistent with our observation that Py - is greater than P,
warranting further consideration of a partial dehydration rate-
limiting mechanism.

Mathematical models based on membrane transport theory
can provide a more quantitative assessment of the differences
in permeabilities that would result from a partial dehydration
mechanism. In particular, an Arrhenius expression has been
shown to be well suited for modeling species permeabilities
through membrane materials with sub-nanometer pores or free

https://dx.doi.org/10.1021/acscatal.0c04343
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volume elements where partial dehydration limits transport”

(eq 6)

P=A exp(—Ra

)
T (6)

where P; is the permeability of species i, A" is a pre-exponential
frequency factor, E, is the energy barrier for the rate-limiting
transport step, R is the ideal gas constant, and T is the absolute
temperature. In cases where partial dehydration is the
transport-limiting step, E, would correlate strongly with the
dehydration energy of the ion.”® Due to the exponential
dependence of permeability on E, in eq 6, a small difference in
dehydration energy between CI™ and Br™ could potentially lead
to the observed 2-order-of-magnitude difference between the
anions’ permeabilities, in contrast with the more minor effect
of hydrated ion radius on permeability. For example, if one
assumes that two species have identical pre-exponential factors
of A’ =2 % 1077 ecm? 57!, similar to A’ values derived from the
literature,” our observed P~ and Py~ would correspond to E,
values of 31.8 and 23.7 kJ mol™', respectively, using eq 6
(Section XII, Supporting Information). For context, the
enthalpy of hydration for CI™ and Br~, which is opposite in
sign to the E, theoretically required to fully dehydrate the ion,
is —367 and —336 kJ mol~!, respectively.'* Since the energy
barrier for partial dehydration is expected to be a fraction of
the full dehydration energy,%’107 our calculated E, values are
reasonable for a partial dehydration rate-limiting step.

Because the partial dehydration explanation aligns well with
our preliminary empirical analysis, we posit that partial
dehydration is a rate-limiting step for Cl~ transport through
the SiO, overlayers investigated in this work. Furthermore,
partial dehydration could help explain the overlayer’s
selectivity for the OER over the CER since H,O, the reactant
for the OER, is the solvent within the aqueous electrolyte and
is expected to have a much smaller activation barrier for
crossing from the bulk electrolyte into the hydrophilic SiO,
overlayer. The most common water cluster sizes at pH 1,
(H,0),_¢"*® have full dissociation energies of less than 57 kJ
U197 suggesting that water’s partial = self-dehydration
energy is far smaller than the partial dehydration energy of
Cl” and Br.

While the comparison of CI™ and Br™ permeabilities appears
to be consistent with partial ion dehydration playing a key role
in determining relative transport rates, further work is needed
to prove this hypothesis and address other unanswered
questions related to transport mechanisms through ultrathin
oxide coatings on electrodes. For example, the role of
electromigration on species transport in ultrathin oxide
coatings is generally unknown, as is the importance of
stabilizin§ interactions between ions and electrode coat-
ings.%’11 Though the difference between Pc- and Py~ can
be described by realistic differences in partial dehydration E,
values computed based on an Arrhenius expression, differences
in the pre-exponential factor in this relation could also account
for the permeability differences. In distinct membrane
transport cases, the A’ value for CI” has been found to be
orders of magnitude larger, orders smaller, or nearly identical
to that of Br—.”""®""" While no rate-limiting step considered
here shows indication of creating a large difference in A’ for
SiO, transport, such a difference may arise through poorly
understood mechanisms such as electromigration or stabilizing
interactions within the overlayer. Further experiments that
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expand to additional redox species with varying valency, size,
and polarity, combined with operando structural character-
ization of the overlayers and atomistic simulations, are
expected to be essential to further establishing design rules
for selective oxide overlayers for seawater electrolysis.

3. CONCLUSIONS

This study has demonstrated that a catalytically inert SiO,
overlayer deposited on a planar Pt electrocatalyst can leverage
selective transport properties of the overlayer to greatly
suppress the CER while still permitting the desired OER to
take place during electrolysis in a simulated acidic seawater
environment. The ability of SiO, overlayers to selectively block
the CER is demonstrated in both acidic and pH-neutral
environments that thermodynamically favor the CER, even at
the high 0.6 M chloride concentration typical of seawater, at
large CER overpotentials approaching 600 mV, and on a Pt
electrocatalyst that is not particularly active for the OER. Based
on mass transfer-limiting current densities, the SiO,, overlayers
are characterized by a Cl™ permeability that is 3 orders of
magnitude lower than that of a conventional reverse osmosis
membrane. The chloride rejection of SiO, overlayers could be
further improved through optimization of the composition and
structure of these overlayers, including possibly by incorporat-
ing anionic fixed charges into the overlayer to electrostatically
repel CI.

The overlayers also show robust stability in 12 h CA
measurements at 1.55 V vs RHE, although some delamination
becomes evident after a 12 h CA at a more positive potential of
1.90 V vs RHE. These instability issues are believed to be
related to the formation of a PtO, interlayer at the SiO,|Pt
buried interface on model thin film electrodes, suggesting that
it should be possible to overcome this issue with alternative
electrodes with optimized structure and composition that
improves anchoring or avoids the formation of undesirable
PtO, interlayers. If the catalytic and adhesion properties of the
buried interface can be improved while further enhancing the
H,O/CI™ transport selectivity of overlayers, SiO,-encapsulated
electrocatalysts will offer an attractive means of achieving
OER-selective seawater electrolysis without the added
challenges of engineering electrolyte pH and mitigating
chlorine corrosion.

4. EXPERIMENTAL SECTION

4.1. Electrode Fabrication. Monocrystalline degenera-
tively doped Si(100) wafers (p*Si <0.005 Q cm, 500—550 ym
thick, WRS Materials) were used as conductive support
substrates. To create the electrodes used in this study, thin
films of Pt were deposited onto the p*Si support with an
adhesion layer of Ti in between the p'Si and Pt. More
specifically, thin films of 2 nm thick Ti (99.99%) and 3 nm
thick Pt (99.99%) were sequentially deposited using electron-
beam evaporation at 0.2 A s~ without breaking vacuum and
without substrate heating. Electron-beam evaporation was
performed with a base pressure of 1.0 X 1077 Torr in an
Angstrom EvoVac evaporator system, with quartz crystal
thickness monitors used to monitor film thicknesses. The Pt|
Tilp*Si wafer was cleaved into 1.5 X 2 cm® pieces and then
rinsed successively in acetone, methanol, isopropyl alcohol,
and deionized water. Trimethylsiloxy-terminated poly-
(dimethylsiloxane) (PDMS) was spin-coated onto the Pt|Til
p'Si substrates at a speed of 4500 rpm for 2 min and 30 s using
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four drops of PDMS/toluene solution that was deposited
before spinning was initiated. PDMS in toluene concentrations
of 1.2,2.1, 3.0, 4.5, and 5.3 mg mL ™" were used to achieve SiO,
overlayer thicknesses of 1.2, 2.9, 4.8, 5.4, and 8.7 nm,
respectively. The electrodes were then dried in an oven at
atmospheric pressure at 90 °C for 60 min to evaporate the
solvent. Afterward, the PDMS was converted to SiO, in a UV—
ozone cleaning chamber for 2 h (UVOCS, T10X10/OES). A
low-resistance electrical back-contact was made by first
scratching the back of the p'Si substrate and then attaching
a copper wire to the scratched area using indium solder.
Finally, the electrodes were sealed in 3 M Electroplater’s Tape
to protect the back-contact and create a well-defined 0.26 cm?
circular opening on the front of the electrode for electro-
chemical measurements.

4.2. Material Characterization. The thicknesses of the
SiO, films on the PtITilp*Si substrates were measured using a
Woollam alpha-SE ellipsometer and fit with a Cauchy model.
Images of the electrodes were taken using a Zeiss Sigma VP
Schottky thermal field emission scanning electron microscope
(SEM). X-ray photoelectron spectroscopy (XPS) measure-
ments were made with a Phi XPS system at pressures <2
x107'° Torr using a monochromatic Al Ka source (12.5 kV,
24 mA), with a pass energy of 23.5 eV, a step size of 0.05 eV,
and a hold time of 200 ms. All samples were kept at 45°
relative to the X-ray source. Si 2p and Pt 4f spectra were
recorded, and analysis of the XPS data was performed as
detailed elsewhere.”® As previously reported, the as-deposited
Pt thin films are characterized by rms roughness values <1
nm.>” The fabrication method yielded a continuous, smooth
SiO, film of uniform thickness, as verified by atomic force
microscopy (AFM) and ellipsometry measurements in
previous studies.”>"*

4.3. Electrochemical Measurements. Electrochemical
measurements were performed at 25 °C in deaerated 0.5 M
potassium bisulfate (+0.6 M potassium chloride) (+20 mM
potassium bromide) prepared from potassium bisulfate salt
(KHSO,, reagent grade, Sigma-Aldrich), potassium chloride
salt (KCl, anhydrous, Sigma-Aldrich), potassium bromide salt
(KBr, anhydrous, Sigma-Aldrich), and 18 MQ deionized water
(Millipore, Milli-Q_Direct 8). Unbuffered pH-neutral electro-
chemical measurements were performed in deaerated 0.1 M
potassium nitrate and 0.6 M potassium chloride prepared from
potassium nitrate salt (KNO,, ACS reagent, Sigma-Aldrich),
potassium chloride salt, and 18 MQ deionized water.
Additional measurements were performed in 0.5 M sulfuric
acid + 0.6 M sodium chloride prepared from concentrated
sulfuric acid (H,SO,, certified ACS plus, Fischer Scientific),
sodium chloride salt (NaCl, anhydrous, Sigma-Aldrich), and
18 MQ deionized water.

All electrochemical measurements were conducted with an
SP-200 or SP-300 BioLogic potentiostat and carried out in a
standard three-neck round-bottom glass cell with a commercial
AglAgCl (3 M KCl) reference electrode (E 1/4 0.210 V vs
NHE, Hach, E21M002) and a graphite rod counter electrode
(Gamry). The electrolyte was stirred using a 3-inch-long
magnetic stir bar at 200 rpm throughout all measurements.
Newly made samples were used for each measurement.
Immediately preceding each LSV or CA measurement, the
existing Pt oxide at the Pt surface of the electrode was reduced
to metallic Pt using three CV cycles between +0.04 and +0.94
V vs RHE.
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