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Probing the active sites of oxide encapsulated
electrocatalysts with controllable oxygen
evolution selectivityy

William D. H. Stinson,® Robert S. Stinson,? Jingjing Jin,? Zejie Chen, (2 °
Mingjie Xu, €2 € Fikret Aydin, €2 ¢ Yinxian Wang,? Marcos F. Calegari Andrade,®
Xiaoqing Pan,*®" Tuan Anh Pham, (2 ¢ Katherine E. Hurst, (29 Tadashi Ogitsu,
Shane Ardo (2°¢" and Daniel V. Esposito () *@

Electrocatalysts encapsulated by nanoscopic overlayers can control the rate of redox reactions at the
outer surface of the overlayer or at the buried interface between the overlayer and the active catalyst,
leading to complex behavior in the presence of two competing electrochemical reactions. This study
investigated oxide encapsulated electrocatalysts (OECs) comprised of iridium (Ir) thin films coated with
an ultrathin (2-10 nm thick) silicon oxide (SiO,) or titanium oxide (TiO,) overlayer. The performance of
SiOlIr and TiO,]Ir thin film electrodes towards the oxygen evolution reaction (OER) and Fe(i)/Fe(i) redox
reactions were evaluated. An improvement in selectivity towards the OER was observed for all OECs.
Overlayer properties, namely ionic and electronic conductivity, were assessed using a combination of
electroanalytical methods and molecular dynamics simulations. SiO, and TiO, overlayers were found to
be permeable to H,O and O, such that the OER can occur at the MO,|Ir (M = Ti, Si) buried interface,
which was further supported with molecular dynamics simulations of model SiO, coatings. In contrast,
Fe(n)/Fe(mn) redox reactions occur to the same degree with TiO, overlayers having thicknesses less than
4 nm as bare electrocatalyst, while SiO, overlayers inhibit redox reactions at all thicknesses. This obser-
vation is attributed to differences in electronic transport between the buried interface and outer over-
layer surface, as measured with through-plane conductivity measurements of wetted overlayer
materials. These findings reveal the influence of oxide overlayer properties on the activity and selectivity
of OECs and suggest opportunities to tune these properties for a wide range of electrochemical
reactions.

The need for high performance electrocatalysts represents a significant barrier to the widespread implementation of renewable energy technologies like
electrolyzers, fuel cells, and photocatalytic reactors. These electrocatalysts will typically need to be highly selective towards formation of the product(s) of
interest, withstand thousands of hours of operation, and be capable of operating at high current densities with minimal kinetic losses. Towards this end,

encapsulating active electrocatalysts with semi-permeable, nanoscopic oxide overlayers is a promising approach to modulate the local microenvironment of
conventional electrocatalyst materials in ways that inhibit degradation mechanisms, improve catalytic activity, and/or enhance redox selectivity. Using silicon
and titanium oxide nanocoatings as a case study, the current study explains how the electrical and species transport properties of oxide overlayers coated on
state-of-the-art iridium oxygen evolution electrocatalysts strongly influences the rates of reactions occurring on the outer surface of the overlayer relative to

reactions at the overlayer/catalyst buried interface.
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|. Introduction

The need for high performance electrocatalysts represents a
significant barrier to the widespread implementation of renew-
able energy technologies.’ One promising approach to improve
electrocatalyst performance is to encapsulate the active
catalyst with a semi-permeable oxide overlayer.” Such oxide
encapsulated electrocatalysts (OECs) offer several potential
advantages over traditional electrocatalysts, including
increased stability,>™ tolerance to catalyst poisons,® improved
activity,””® and enhanced selectivity.” "> Studies of encapsulated
electrocatalysts based on chromium oxide (CrO,),"® manganese
oxide (MnO,),"® and silicon oxide (SiO,)*'" have provided
evidence that the overlayers can act as ionically-conducting,
electronically-insulating coatings that permit reactant/product
species transport between the bulk electrolyte and active sites
at the buried interface between the overlayer and catalyst. In
contrast, several studies on titanium dioxide (TiO,) overlayers
have indicated that the overlayer itself can facilitate electron
transfer to/from its outer surface where active sites catalyze
reactions of interest."*'® Various explanations for improved
activity or selectivity of OECs have been proposed, including the
ability of overlayers to facilitate selective species transport and/
or electronic interactions between the overlayer and electro-
catalyst that enhance activity."*'”'® A deeper understanding of
how ionic and electronic conductivities can affect the activity
and selectivity of oxide overlayers is needed to inform rational
design of OECs.

In this work, the primary interest is the design of OECs for
selectively promoting the oxygen evolution reaction (OER) in
the presence of a competing redox reaction that is thermody-
namically favored over the OER. The OER, shown below for
acidic electrolytes, is of practical importance to a wide range of
electrolytic processes."’

2H,0 —» O, +4H' +4e~ E° =123 Vvs.RHE (1)
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The oxide encapsulated architecture has attracted signifi-
cant interest for improving OER electrocatalyst stability, activ-
ity, and selectivity in the presence of competing oxidation
reactions.>'""*?° However, explanations of the mechanistic
details of how oxide overlayers enhance the performance of
OER electrocatalysts can vary greatly among studies. In their
investigations of TiO,-encapsulated iridium and ruthenium
electrocatalysts, Finke et al. indicated that the OER occurs at
the outer surface of the TiO, overlayers and attributed increases
in OER activity to electronic interactions between the IrO, and
TiO, layers."” This reaction scheme requires that the outer
surface of the overlayer be catalytically active for the reaction
of interest and that facile electron transport occurs between the
active sites and the underlying catalyst or support material, as
illustrated in Fig. 1a. In contrast, other studies of OECs based
on Si0,,>™ MnO," and CeO,>" encapsulated OER catalysts
have hypothesized that the OER occurs predominantly at the
buried interface between the overlayer and active electrocata-
lyst. As illustrated in Fig. 1b, such a reaction scheme requires
transport of reactants and products (H,0, OH~, H', and O, for
the OER) through the overlayer while inferring that poor
electronic conductivity and/or catalytic activity of the overlayer
limits reactions from occurring at the outer surface. Collec-
tively, recent studies of OECs for the OER have demonstrated
the promise of this electrocatalyst architecture to improve OER
electrocatalyst performance but also highlight the lack of a
comprehensive understanding for how overlayer ionic and
electronic conductivity can influence the location of active sites
for competing reactions, and thus the overall electrode
performance.

In this study, planar thin film electrodes such as those
shown in Fig. 1c and e are used, whereupon SiO, and TiO,
overlayers were deposited by photochemical deposition.>* Such
thin film electrodes are more conducive to measuring the
electronic and ionic transport properties of oxide overlayers.

SO, |Ir|FTO

e) 100nm

Si Mir MSn

Ti M ir WMSn

f) 100 nm

Fig. 1 Schematic side-views of oxide encapsulated electrocatalysts (OECs) for which the oxide overlayer (a) possesses sufficient electronic conductivity,
active site density and activity so that redox reactions on the outer surface of the oxide overlayer occur more rapidly than species transport and
subsequent redox reactivity at the overlayer-catalyst buried interface, or (b) possesses insufficient electronic conductivity, active site density, or activity
on the outer surface in comparison to the rate of species transport and subsequent redox reactivity at active sites in the buried interface. (c) and (e) dark
field cross-sectional scanning transmission electron microscopy (STEM) images of TiO,|Ir and SiO,]Ir electrodes, respectively. (d) and (f) corresponding
elemental maps of TiO,|Ir and SiO,|Ir electrodes, respectively, measured by STEM/EDS (yellow: Sn, green: Ir, red: Si, and blue: Ti).
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As an additional probe reaction, the aqueous ferric/ferrous
redox couple (eqn (2)) was investigated:

Fe’'(aq) — Fe’'(aq) +e~ E°=0.771Vvs. NHE  (2)

The ferric and ferrous ions exist as both aquo- and sulfate
complexes,” but will be referred in this article as Fe(m) and
Fe(u) for simplicity. Unlike the OER, this reaction involves only
a single electron transfer and is known to exhibit facile kinetics
for a variety of electrode materials ranging from Pt group
metals®® to carbon.”® Due to its formal reduction potential
being located in between those for H'/H, and H,0/0,,H", this
reaction is also of practical interest as a redox mediator for use
in photocatalytic Z-scheme water splitting.>®>” Owing to the
relatively fast kinetics for the Fe(u)/Fe(m) reaction on many
conductive materials, it is plausible that OECs containing
overlayers possessing sufficiently high electronic conductivity
can carry out the Fe(u) oxidation reaction on the outer surface
of the overlayer as shown in Fig. 1a. In contrast, OECs with
overlayers that are electronically insulating and significantly
impermeable to Fe(u) are not expected to display any significant
activity towards Fe(u) oxidation.

In the present study, it is demonstrated that Ir electrodes
possessing TiO, or SiO, overlayers with thickness >10 nm can
significantly enhance selectivity towards the OER reaction.
Furthermore, we show that TiO, overlayers can have sufficient
electronic conductivity to facilitate Fe(u) oxidation at the outer
surface of the overlayer, although the reaction rate may be
limited by the availability of active sites. In contrast, SiO,
overlayers are found to be both electronically resistive and
electrochemically inert with low permeability for the Fe(u)/
Fe(m) redox couple, allowing for higher OER selectivity com-
pared to TiO,-encapsulated Ir electrodes having similar over-
layer thickness.

[I. Results and discussion

2.1. Electrode characterization

Full details of electrode fabrication and characterization pro-
cedures are provided in the Materials and methods section.
Briefly, iridium (Ir) thin film electrodes were fabricated using
physical vapor deposition to deposit ~ 50 nm of Ir onto
fluorine doped tin oxide (FTO)-coated glass substrates. Next,
TiO, or SiO, overlayers were deposited by a low-temperature
photochemical conversion process®**® using three concentra-
tions of precursors (low, medium, high) to create TiO,|Ir and
SiO,|Ir electrodes. The low, medium, and high solution con-
centrations yielded oxide layer thicknesses of ~ 2, 5 and 10 nm,
respectively, when oxide overlayers were deposited on separate
smooth platinum-coated Si wafers and measured using ellipso-
metry. However, overlayer thicknesses could not be determined
using the same method on the rougher FTO substrates, for
which reason oxide encapsulated electrodes deposited on FTO/
glass substrates will henceforth be referred to by their solution
concentration rather than overlayer thickness.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1c and e show representative cross-section STEM images
of high concentration TiO,|Ir and SiO,|Ir electrodes with
corresponding energy dispersive X-ray spectroscopy (EDS) maps
of identical areas of these electrodes displayed in Fig. 1d and f.
Despite the notable roughness of the Ir thin films that results
from the underlying FTO layer, the low-resolution images show
thin TiO, and SiO, overlayers stretching across the field of view
in all images taken. However, the thickness of the oxide over-
layers is non-uniform, appearing to be thickest in the cavities of
the FTO substrate and thinnest on the high points. This
observation from cross-sectional STEM images was further
confirmed by atomic force microscopy (AFM) images measured
before and after deposition of the oxide coatings (Fig. S1, ESIf).
While the root mean squared (rms) roughness of the Ir|FTO
substrate was found to be 38 nm, deposition of the oxide
overlayers consistently resulted in a decrease in the root-
mean-square roughness by 7-18% (Supporting Section SI,
ESIt). STEM bright-field/EDS line scans measured perpendi-
cular to the overlayer/Ir buried interface (Fig. 2b and d) suggest
there could be some intermixing between the overlayers and
iridium, but the lack of a sharp MO,|Ir (M = Ti, Si) interface
may also result from the roughness of the FTO substrate, which
is evident from low-resolution images (Fig. S2, ESIT). Overlayer
thicknesses ranging between 10-15 nm were determined for
both the TiO,|Ir and SiO,|Ir electrodes from additional STEM/
EDS line scans (Fig. S3-S6, ESIt). High resolution STEM bright-
field images of the high concentration TiO,|Ir (Fig. 2a) and
SiO,|Ir (Fig. 2¢) electrodes suggest that both types of overlayers
are amorphous, which is further supported by analysis of the
electron diffraction patterns using the bandpass method in
DigitalMicrograph (Fig. S7, ESIt).
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Fig. 2 STEM bright-field images of (a) high precursor concentration
TiO,|Ir and (c) SiO,]Ir electrodes alongside (b) and (d) normalized EDS
elemental line scan profiles corresponding to the locations of the dashed
yellow lines in (a) and (c).
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Fig. 3 XPS spectra of bare Ir (black trace), “high” SiO,|Ir (red trace) and “high” TiO,|Ir (blue trace) electrodes. (a) Ir 4f, (b) Ti 2p, (c) O 1s and (d) Si 2p
regions. Dashed lines in all XPS regions correspond to fitted spectra with labels indicating the type of bond or oxidation state. Ir 4f region was scaled by
100x and 200x for SiO,|Ir and TiO,|lr, respectively, for visualization. Details related to peak fitting are found in Supporting Section SlII (ESI¥).

Overlayers deposited using the lower concentration MO, |Ir
electrodes could not be directly visualized via EDS/STEM due to
the small amount of overlayer material and the rough Ir|FTO
substrate (Fig. S8-S11, ESIt). XPS measurements of the “low”
and “medium” samples are consistent with high coverages of
the oxide layers (Fig. S14, ESIT), although it is also possible that
thinnest overlayers made from the low and medium precursor
concentrations are semi-continuous with breaks in the over-
layers corresponding to the high points or peaks in the Ir
substrate. Such morphology was previously seen for silicon
oxide nanolayers deposited by the same method onto platinum
particles.’

Electrodes were also characterized by X-ray photoelectron
spectroscopy (XPS), with Ir 4f, Si 2p, Ti 2p, and O 1s spectra
shown in Fig. 3 for electrodes containing overlayers made with
the highest precursor concentration. Full details on acquisition
and peak fitting analysis, as well as XPS of the lower precursor
samples, can be found in the Supporting Section SIII (Fig. S12-
S14, ESIt). The Ir 4f region (Fig. 3a) of bare Ir and SiO,|Ir
electrodes displays peaks corresponding to both metallic Ir and
IrO, with Ir 4f 7/2 peak locations within 0.1 eV of the literature
value (60.8 eV for Ir, and 61.6 €V for IrO,).”° The Ir 4f region
for the TiO,|Ir electrode includes Ti 3s signal from the TiO,
overlayer that overlaps with the Ir 4f signal, yielding less-
defined Ir 4f peaks.’°? Both SiO,|Ir and TiO,|Ir electrodes
show significantly lower Ir 4f signal compared to bare Ir due to
screening by the overlayer. The ratio of Ir 4f peak areas
associated with IrO, and Ir increased to a value of 0.3 for
SiO,|Ir compared to a value of 0.05 for non-treated bare Ir,
which may be explained by partial oxidation of Ir caused by the

956 | EES Catal, 2024, 2, 953-967

UV-Ozone curing process. This was confirmed by carrying out
XPS on a second bare Ir electrode that underwent the same UV-
Ozone treatment (Fig. S12, ESIt), which showed a IrO,: Ir peak
area ratio of 0.2 which was similar to that of the SiO,|Ir sample.

The O 1s region (Fig. 3c) for bare Ir displays an asymmetric
peak centered at 530.9 eV that corresponds to a mixture of Ir-
oxide species.”® This O 1s peak associated with IrO, species was
also evident in the TiO,|Ir and SiO,|Ir electrodes but was greatly
diminished due to screening from the overlayer. Two additional
O 1s peaks are present for the TiO,|Ir electrode, whereas only
one other O 1s peak is found for the SiO,|Ir electrode. The two
additional O 1s peaks for the TiO,|Ir electrode centered at
529.6 €V and 531.2 eV can be attributed to oxygen in the TiO,
lattice (e.g. Ti-O-Ti) and surface oxygen (seen as Ti-OH
or adsorbed H,0), respectively.>*?* Fitting the Ti 2p region
(Fig. 3b) reveals a large doublet associated with Ti** (from TiO,)
and a minor doublet associated with the more reduced Ti**
(either from Ti-OH or Ti neighboring oxygen vacancies).'**
Meanwhile, the pronounced O 1s peak centered at 532.5 eV for
the SiO,|Ir electrode can be attributed to oxygen in SiO,*’
(Fig. 3c), while a single peak seen in the Si 2p region is
consistent with Si** in SiO, (Fig. 3d).

2.2. Electrochemical performance of OECs towards OER and
Fe(u) oxidation

To assess the electrochemical performance of oxide encapsu-
lated Ir electrodes towards the OER, cyclic voltammetry (CV)
measurements on bare Ir, SiO,|Ir, and TiO,|Ir electrodes were
performed in deaerated aqueous 0.1 M Na,SO, + 0.05 M H,SO,
with the pH adjusted to 1.5. CVs for bare Ir, high precursor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative CV curves recorded for (a) bare Ir electrodes in deaerated aqueous 0.1 M Na,SO4 + 0.05 M H,SO4 (pH adjusted to 1.5) supporting
electrolyte (dotted line) and an Fe-containing electrolyte with additional 25 mM FeSO,4 and 12.5 mM Fe,(SOy)s (solid line). CV curves recorded in the Fe-
containing electrolyte for (b) TiO,|Ir and (c) SiO,|Ir electrodes made with three different precursor concentrations. Supporting electrolyte scans (dotted)
for the high concentration MO,|Ir (M = Ti, Si) electrode and scans in the Fe-containing electrolyte for the bare Ir (solid black curves) are added for
reference. (d) Partial Fe(n) oxidation current density taken at 1.45 V vs. RHE (solid) and selectivity towards the OER taken at 1.65 V vs. RHE (dotted) for each
of the electrodes plotted as a function of targeted overlayer thickness, where the red and blue data points correspond to SiO,|Ir and TiO,]Ir electrodes,
respectively. Error bars indicate standard deviation in the current density taken on the final CV over a 10 mV window around 1.45 V vs. RHE for both the

forward and reverse scan. CV curves for bare Ir and high concentration SiO,|Ir are reproduced from ref. 40.

concentration TiO,|Ir, and high precursor concentration
SiO,|Ir are provided as dotted curves in Fig. 4a-c. Additional
CVs for the other oxide precursor concentrations can be found
in Fig. S15 (ESIt). The only significant feature observed for all
electrodes in the supporting electrolyte is the oxidation current
associated with the OER. Consistent with previously reported
results for Ir-based OER electrocatalysts,**™3° all of these elec-
trodes exhibit OER onset potentials around 1.55 V vs. RHE, and
Tafel slopes of 48-61 mV dec™ ' (Fig. S17 and Table S2, ESIt).
When the CV curves for the bare Ir, TiO,|Ir, and SiO,|Ir
electrodes are overlaid (Fig. S15, ESIf), a minor increase in
OER activity can be seen for the SiO,|Ir electrodes while a
decrease in activity is seen for TiO,|Ir electrodes. Comparison
with a bare Ir electrode subjected to the same UV-ozone
treatment as the coated electrodes (Fig. S15, ESIf) shows a
similar improvement in activity, but was not consistent across
multiple samples (Fig. S16, ESIt) suggesting differences can

© 2024 The Author(s). Published by the Royal Society of Chemistry

most likely be attributed to the influence of the oxide coating
rather than changes to the buried Ir catalyst caused by the UV-
ozone treatment. Importantly, the presence of thin (< 15 nm)
SiO, and TiO, overlayers only alter the OER overpotential by <
10 mV and < 35 mV, respectively, at 4 mA cm ™~ > as compared to
the uncoated UV-ozone Ir (Fig. S15 and Table S1, ESIf).

To assess stability of MO, overlayers during extended OER
operating conditions, chronoamperometric (CA) scans were
recorded at 1.65 V vs. RHE for 10 hours in 50 mM H,SO, +
500 mM Na,SO, (Fig. S18a, ESIT) for both high concentration
MO, |Ir electrodes and a bare Ir control. All three thin film
electrodes displayed gradual decreases in current density over
the course of the 10 hour measurement and similar final
current densities. Post-CA XPS characterization of the spent
electrodes (Fig. S18c and d, ESIt) revealed that the TiO, over-
layer was no longer present, while the magnitude of the Si 2p
signal associated with the SiO, overlayer had decreased by 35%.

EES Catal., 2024, 2,953-967 | 957
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More investigations are needed to understand and deconvolute
the activity and stability changes under longer duration opera-
tion. However, for the current study, measurements were
limited to short duration (< 60 min of electrochemical mea-
surements) to focus on establishing the structure-property-
performance relationships of as-made MO, |Ir electrodes.

Fig. 4a-c also contain CV curves (solid lines) recorded in the
presence of 25 mM FeSO, and 12.5 mM Fe,(SO,); for MO,|Ir
with three different overlayer precursor concentrations. The
partial current associated with the Fe(u)/Fe(m) electrochemistry
can be estimated by the difference between the CV curves
containing Fe(u)/Fe(m) (solid lines) and those in the Fe-free
supporting electrolyte (dotted lines). For bare Ir (Fig. 4a),
pronounced Fe(i) oxidation (FeOR) and Fe(ir) reduction (FeRR)
signal is observed with sharp increases in current density on
either side of the Fe(u)/Fe(m) formal reduction potential
(Efe(myreqm) of 0.77 V vs. RHE, reflecting the facile reaction
kinetics for the Fe(ir)/Fe(ur) reaction on bare Ir. At overpotentials
larger than 4 0.3 V vS. Efe(uyrem) the FeRR and the FeOR
current densities level off and reach a limiting current density
of ~ 3.0 mA cm™? associated with mass transfer of Fe(m)/Fe()
across the diffusion boundary layer. Scanning to even larger over-
potentials, the oxidation current rapidly increases at ~ 1.55 V vs.
RHE. This closely matches the OER onset potential observed in
the supporting electrolyte, strongly suggesting that the increase in
oxidation current in the Fe-containing electrolyte beyond 1.55 V vs.
RHE is also associated with the OER.

Interestingly, the magnitude of the FeOR current observed
between 0.77 V and 1.55 V vs. RHE varies greatly between the
bare Ir and MO,|Ir electrodes. For SiO,|Ir electrodes, the FeOR
current decreases monotonically from 3.0 mA cm > at a
potential of 1.45 V vs. RHE for the “low” electrode containing
the thinnest overlayer down to only ~ 0.25 mA cm > for the
“high” electrode with the thickest overlayer (Fig. 4d). The
presence of TiO, overlayers also decreases the FeOR relative
to bare Ir, but only to &~ 0.5 mA cm ™ at 1.45 V vs. RHE for the
highest overlayer concentration. Additionally, the decrease in
FeOR does not follow the same monotonic trend as with SiO,,
nor do they reach a constant mass-transport-limited current
density for Fe(ir) oxidation before the OER onset potential.

Selectivities of each electrode towards the OER (So,) over the
FeOR were estimated by linear extrapolation of the FeOR
current to potentials above 1.45 V vs. RHE as described in the
Section SVII (Fig. S19, ESIT), and are provided in Fig. 4d as a
function of MO, (M = Ti, Si) overlayer thickness. While a minor
decrease in OER activity was seen for all electrodes when
scanned in Fe electrolyte (Table S1, ESIt), MO,|Ir electrodes
had a reduced impact on OER in Fe containing electrolyte. For
example, at 4 mA cm ™, there was an additional overpotential
of 68 mV required for bare Ir, while the high concentration SiO,
and TiO, only needed additional overpotentials of 20 mV and
47 mV, respectively. Both SiO,|Ir and TiO,|Ir electrodes achieve
enhanced selectivity towards the OER compared to bare Ir. At
1.65 V vs. RHE, So, values of 40%, 60%, and 91% were
determined for the bare Ir, thick TiO,|Ir and thick SiO,|Ir
electrodes, respectively.

958 | EES Catal, 2024, 2, 953-967
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These results demonstrate the ability to alter oxide overlayer
thickness to manipulate the current density of a competing
reaction (FeOR) while leaving the desired reaction (OER) mini-
mally affected compared to bare Ir. This is a remarkable result
given the thermodynamic and kinetic advantages of the FeOR
over the OER. Such behavior is desirable for a wide range of
applications, such as Z-scheme water splitting by photocataly-
sis, where the presence of undesired competing reactions can
drastically reduce system efficiency.*'*** However, it is not clear
from the results of Fig. 4 what the physical origin of the
enhanced OER selectivity is, and where the active sites for
OER and Fe(u) oxidation are located within these composite
electrodes. To better address these questions and identify
which scenarios from Fig. 1 are most likely responsible for
the enhanced selectivity of oxide encapsulated electrodes,
experiments and simulations were carried out to assess the
ability of SiO, and TiO, overlayers to facilitate electrocatalytic
reactions, electron transport, and ion transport.

2.3. Electronic conductivity of oxide overlayers

To assess the electronic conductivity of TiO, and SiO, overlayers
in contact with the electrolyte, a set of electrodes were fabri-
cated with a thin (& 1 nm) layer of Pt deposited on top of
SiO,|Pt|p + Si(100) and TiO,|Pt|p + Si(100) electrodes to create a
“sandwich structure” as illustrated in Fig. 5a. The thin outer Pt
layer introduces catalytic sites on the outer surface of the oxide
overlayer where Fe(u)/Fe(m) redox reactions can occur. The use
of a very thin Pt layer helps to minimize any influence of
electrical shunts between the inner and outer Pt layers as a
high sheet resistance limits lateral charge transport. Thus, the
electrochemical current recorded for such sandwich structure
electrodes must involve electron transfer across the oxide layer,
which can become rate limiting for thicker, resistive overlayers
at overpotentials for which reaction kinetics are fast. Under
these conditions, the electronic resistivity of the thin oxide
layers can be estimated within the electrochemical environ-
ment of interest.*?

The electronic conductivity of SiO, and TiO, sandwich
structure electrodes were evaluated by carrying out CVs in the
same Fe-containing electrolyte used in Section 2.2. Electrodes
were mounted on a custom Teflon holder attached to a rotator
to ensure consistent mass transport and completed at three
different rotation rates. CV curves for Pt|TiO,|Pt and Pt|SiO,|Pt
electrodes are provided in Fig. 5b and ¢, respectively, for oxide
layer thicknesses varying between 1 nm and 12 nm, which were
generated through varying precursor concentration and mea-
sured through ellipsometry. Focusing first on the bare Pt
control electrode, symmetric CV curves are observed that switch
between oxidation and reduction current at the formal
reduction potential for Fe(u) and Fe(in), with clear mass transfer
limiting current densities associated with Fe(u) oxidation at
positive potentials and Fe(m) reduction at negative potentials.
Pt|SiO,|Pt and Pt|TiO,|Pt electrodes show a similar profile as
the CV curve for the bare Pt electrode, but generally appear to
be skewed to larger overpotentials. A monotonic decrease in
current density is observed with increasing thickness of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of “sandwich” structure electrodes used for electronic conductivity measurements. Representative CV curves recorded for

(b) Pt|TiO,|Pt and (c) Pt|SiO,|Pt electrodes mounted onto a rotator in deaerated agueous 25 mM FeSO,4 and 12.5 mM Fe»(SO,)s (pH adjusted to 1.5) with a
scan rate of 10 mV s~ for 4 cycles at an RPM of 250. Figure legends report the thickness of the oxide layer. (d) Electronic resistivities of SiO, and TiOy
overlayers calculated from analysis of CV curves in (b) and (c), plotted as a function of overlayer thickness. Error bars in (d) are the propagated standard

deviation associated with resistance and thickness measurements.

oxide interlayer. The large suppression in both the apparent
FeRR and FeOR limiting current density for Pt|SiO,|Pt electro-
des can be seen for almost all thicknesses. However, these
current densities seem to still have a positive slope suggesting
the electrodes are likely not mass-transport limited, but elec-
tronically limited. This conclusion is supported by a Levich
analysis (Fig. S23 and S24, ESIt), where the calculated Fe(u) and
Fe(m) diffusion coefficients for electrodes containing oxide
layers with thicknesses >3 nm are an order of magnitude
lower than literature values.**

As all electrodes shown in Fig. 5 were tested under identical
conditions and contain the same amount of Pt on their outer
surface, the differences in CV curves can be attributed to ohmic
overpotentials associated with the transport of electrons across
the oxide layer interposed between the inner and outer Pt
layers. The calculated oxide layer resistances and resistivities
for each electrode are plotted in Fig. S21 and Fig. 5d (ESIY),
respectively, as a function of oxide overlayer thickness at the
highest rotation speed of 250 RPM. Full details on determina-
tion of resistances and resistivities are provided in Supporting
Section SVIII (Fig. S20-S24, ESIt). Fig. 5d shows that the
resistivity of both SiO, and TiO, increases with thicknesses
up to 3-5 nm, beyond which resistivity becomes relatively
independent of thickness. For SiO, overlayers, the calculated

© 2024 The Author(s). Published by the Royal Society of Chemistry

resistivity increased from 8.6 + 7.6 x 10" Q cm for 2 nm
thickness up to 9.2 & 1.5 x 10° Q cm for 9 nm thickness, with
an average of 4.3 4 2.8 x 10° Q cm for thicknesses above 3 nm.
Fig. 5d also shows that the resistivities of TiO, interlayers were
found to be almost an order of magnitude lower than those for
SiO, for all thicknesses. Calculated resistivities ranged from
6.1 £ 0.3 x 10° Q cm at 2 nm thickness t0 3.9 + 0.7 x 10° Q cm
at 9 nm thickness, with an average resistivity of 7.8 £ 5.4 x
10® Q cm for TiO, thicknesses above 5 nm. While the electronic
resistivity of oxide coatings can vary highly depending on the
material synthesis and crystallinity,*>™" the average resistivities
for overlayers thicker than 3 nm are still orders of magnitude
lower than those for bulk crystalline $i0,°*** and Ti0,.”*>’
The lower resistivity of oxide overlayers used in this study
can most likely be attributed to the highly defective, amorphous
nature of overlayers deposited by the low temperature photo-
chemical deposition process (Fig. 2a and c), although it is also
possible that residual carbon within the MO, layer’® could
increase the conductivity. Previous studies have shown that
oxygen deficient TiO,, characterized by Ti*" states such as those
evident in the Ti 2p spectra in Fig. 3b, have lower resistivity
compared to stoichiometric TiO,.>>® The thickness-dependent
resistivity of both types of MO, layers for < 3 nm is likely
influenced by quantum mechanical tunneling, which is known

EES Catal., 2024, 2,953-967 | 959
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to be an important mode of electron transport for thin dielec-
tric layers in this thickness regime.***"*> The slight depen-
dence of resistivity on thickness for TiO, overlayers from 3 to
7 nm may suggest electronic conduction through a combi-
nation of tunneling and bulk conduction, as previously sug-
gested in literature.*>*

Importantly, the high resistivities of thicker SiO, overlayers
support the hypothesis that redox reactions are not able to
occur on the outer surface to any meaningful extent due to the
inability of SiO, to support electron transport between the
substrate and active sites located on its outer surface. For
example, a 5-10 nm thick SiO, overlayer characterized by a
resistivity of 10° Q ¢cm would incur an ohmic drop of ~ 1 V to
support a current density of ~ 1 mA cm™ 2 However, charge
transport through TiO, overlayers could still be significant at
resistivities of 10® Q cm, as the same conditions would only
require ~100 mV of additional ohmic resistance. This analysis
demonstrates that TiO, overlayers could support meaningful
rates of electronic transport (such as those seen in Fig. 4b) to
active sites on their outer surface.

2.4. Electrocatalytic activity of oxide overlayers

To further assess whether the outer surface of the oxide over-
layers are catalytically active, SiO, and TiO, overlayers were also
deposited on three different Ir-free substrates: FTO/glass,
degenerately doped p-Si(100) (p+Si), and 50 nm thick Pt thin
film on p+Si(100). CV curves were recorded in the identical
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electrolytes and using the same scan conditions and range of
oxide layer thicknesses used in Section 2.2.

CV cycling of bare and oxide-encapsulated FTO substrates in
Fe(u)/Fe(m)-containing electrolyte was used to assess the intrin-
sic catalytic activity and Fe blocking capabilities of overlayers in
the absence of a good catalyst at the buried interface. As seen in
both Fig. 6a and b, the bare FTO electrodes in the Fe-containing
electrolyte exhibit notable oxidation and reduction current
densities, which can be attributed to the FeOR and FeRR,
respectively, but with significantly larger overpotentials and
higher asymmetry than for bare Ir. These differences can be
attributed to the poor catalytic activity of FTO.** The CVs
recorded for SiO,|FTO electrodes in the Fe-containing electro-
Iyte, seen in Fig. 6a, show that even the thinnest SiO, overlayer
(made with the lowest precursor concentration) suppresses the
Fe redox current while the thicker overlayers synthesized with
the higher precursor concentrations nearly eliminate Fe redox
current. The CV curves for the TiO,|FTO electrodes, seen in
Fig. 6b, display suppressed Fe(u) oxidation and Fe(ur) reduction
current at both the low and medium precursor concentrations,
with curve shapes displaying asymmetry similar to the CV curve
for bare FTO. The highest precursor concentration TiO,|FTO
electrode displays even lower FeOR and FeRR signal that is
slightly larger than that seen for the medium and high concen-
tration SiO,|FTO electrodes.

To assess whether the roughness of the FTO substrates has a
substantial impact on the continuity of the oxide overlayers and
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Fig. 6 Representative CV cycles of (a) SiO,|FTO and (b) TiO,|FTO for three different overlayer precursor concentrations (low, medium, high).
Representative CV cycles for (c) SiO4|Pt and (d) TiO,|Pt electrodes with varied overlayer thicknesses measured with a scan rate of 10 mV st in dearated
aqueous Fe-containing electrolyte (25 mM FeSO4 + 12.5 mM Fe,(SO4)3 + 0.1 M Na,SO4 + 0.05 M H,SOy). For all CV curves, the black trace corresponds

to the bare substrate without any overlayer.
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more accurately determine how Fe(u)/Fe(m) redox features
change with overlayer thickness, a series of electrodes were
fabricated by depositing oxide overlayers on substrates based
on a smooth p+Si(100) wafers. First, overlayers were deposited
directly onto the as-received p+Si substrate. None of these
electrodes exhibited any significant electrochemical features
associated with Fe redox reactions (Fig. S25, ESIT). While this
result may demonstrate that there are no Fe-redox-active sites
present on either the SiO, or TiO, overlayers, it is possible that
the presence of a 1-2 nm native silicon oxide layer present on
the Si wafer could be suppressing redox signal by increasing
electrical resistance between the substrate and overlayer.®

Finally, overlayers were deposited onto p+Si(100) wafers
coated with 50 nm of Pt, which served as a proxy for Ir that is
also very active towards Fe(u)/Fe(u) redox reactions. Represen-
tative CV curves recorded for overlayers with thicknesses vary-
ing between 2-10 nm are seen in Fig. 6¢ and d for SiO,|Pt and
TiO,|Pt respectively. For all electrodes, CV curves display an
apparent mass transport limited current densities at large
overpotentials for both the FeRR and the FeOR. For the
thinnest overlayers (< 4 nm), there is a decrease in the
apparent limiting current for SiO,|Pt electrodes while the limit-
ing current for the TiO,|Pt electrodes remain the same as the
bare Pt electrode. Above this thickness threshold of ~ 4 nm,
the Fe(u)/Fe(ur) redox signal for both types of oxide layers
becomes similar to the background signal. Interestingly, this
near complete suppression of Fe redox is different from the
data in Fig. 5b and ¢, where appreciable FeOR and FeRR current
was still observed for thicknesses up to 9 nm for both
Pt|TiO,|Pt and Pt|SiO,|Pt in the presence of an active outer Pt
layer. This suggests that the outer surfaces of both TiO, and
SiO, may not possess high enough catalytic activity towards the
Fe redox reactions, especially at larger thicknesses and moder-
ate overpotentials. This difference in behavior may also be
explained by differences in density of states at the outer sur-
face, which would help facilitate tunneling of charge carriers
through the oxide, as suggested in previous studies with
tunneling TiO, layers.®*°°

2.5. Species transport through silicon oxide overlayers

To further investigate the role of species transport through the
overlayer to active sites at the buried interface, the Fe(u)/Fe(ur)
redox behavior of 40 additional MO,|Pt thin film electrodes
with varying thickness was evaluated. Apparent FeRR limiting
currents, similar to Fig. 6, recorded during CV measurements
in Fe-containing electrolyte were normalized by the limiting
FeRR current for a bare Pt control electrode and plotted against
overlayer thickness in Fig. 7. It is seen that the limiting current
for SiO, | Pt electrodes rapidly decreases with overlayer thickness
for thicknesses greater than 2 nm, while significant decreases
in the limiting current density of TiO, -encapsulated electrodes
are not seen until an overlayer thickness of 3-4 nm. Above these
two thickness thresholds, a drastic decrease in limiting current
is followed by a more gradual decline towards zero current for
thicknesses greater than ~ 5 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Current density towards the FeRR taken over 0.45-0.5V vs. RHE
for 40 MO,|Pt electrodes during CV cycling in Fe-containing electrolyte
(25 MM FeSO4 + 12.5 mM Fe,(SO4)z + 0.1 M NaySO4 + 0.05 M H,SO,).
Current densities were normalized to the limiting current density of a bare
electrode and plotted as a function of overlayer thickness for both SiO,
and TiO, overlayers. Dotted lines represent current densities predicted by
the 1D diffusion model (egn (5)) for different species permeabilities. The 1D
model assumes that species transport across the diffusion boundary layer
remains the same for bare Pt and MO,|Pt electrodes.

The drastic decrease in current with increasing overlayer
thickness (¢,) in Fig. 7 could be consistent with a reaction
occurring on the outer surface of the overlayer (Fig. 1a) if
electrical transport across the overlayer is limited by quantum
mechanical tunneling through a dielectric barrier, for which
tunneling probability decreases exponentially with overlayer
thickness (i ~ exp(—t,)).>> However, current is also expected
to decrease with ¢, for reactions occurring at the buried inter-
face of an oxide encapsulated electrocatalyst (Fig. 1b), for which
the limiting current density should vary as i, ~ 1/¢. This
inverse relationship between i, and ¢, is seen in eqn (3), which
is based on a 1-dimensional (1D) solution-diffusion model
describing reactant transport by diffusion across a diffusion

boundary layer and an overlayer with thickness t,:'”*®”

. nFC;y
i, = T (3)
ke P

o
~

where C; is the bulk concentration of species j, k. is the mass
transfer coefficient associated with the diffusion boundary
layer, and P; is the permeability of species j within the overlayer.
By taking the ratio of the limiting currents between the encap-
sulated (ijim mox) and bare electrodes (ijim,pare), €qn (3) can be
rewritten in terms of the ratio of mass transfer coefficients
associated with the diffusion boundary layer (k.) and overlayer
(Py/t,), assuming the diffusion boundary layer is the same for
both electrodes.

. n-FCJ
llim,bare = % (4)
ke
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Eqn (5) was used to model (fjim,mox/Tlim,pare) for three differ-
ent permeabilities spanning three orders of magnitude (10°-
10" em?® s7'), with the results shown in Fig. 7. In this analysis,
k. was kept as a constant value corresponding to that extracted
from the bare Pt electrode CVs. Comparison of the modeled
curves in Fig. 7 to the experimental data points shows that the
1D diffusion model may reasonably describe (fjim mox/flim,bare)
vs. t, data for SiO,|Pt electrodes for a species permeability
of &~ 1 x 107*® em? s~'. However, the scatter present in the
experimental data makes it difficult to confidently state
whether the 1D diffusion model gives a better fit to the data
than an exponential fit associated with quantum tunneling.

While the 1D diffusion model could be a reasonable fit to
the experimental data for the SiO,|Pt electrodes, the same
cannot be said for TiO,|Pt electrodes for any assumed Fe(u)
permeability. Disagreement between the shape of the modeled
curves and experimental data is especially pronounced at the
lowest thicknesses (< 4 nm), where the FeRR current densities
of the TiO,-encapsulated electrodes were statistically the same
as bare Pt. While this thickness-independent behavior could
potentially be explained by incomplete coverage of the over-
layers, conformal TiO, overlayers made by atomic layer deposi-
tion (ALD) exhibit similar behavior over this thickness range
(Fig. S26, ESIt). Overlayers fabricated by ALD are expected to be
highly conformal, even for thicknesses down to 2 nm, and thus
the similar FeRR behaviors suggests that the wet chemical
overlayers were also conformal. Therefore, the most likely cause
of the behavior for overlayer thicknesses < 4 nm is that the
FeRR occurs at the outer surface over the overlayer (Fig. 1a),
bypassing the need for species transport through the overlayer
and resulting in similar mass transport limiting current as an
unencapsulated electrode. This scenario is similar to that
described by Hoffman et al.'* for thin ALD TiO, overlayers
deposited on Ir electrodes and is consistent with the thinnest
TiO, overlayers having the lowest electrical resistivity (Fig. 5d).
Combining insights from Sections 2.3, 2.4, and 2.5, we con-
clude that active sites exist on the outer surface of the TiO,
overlayers, and that the bulk material possesses sufficiently low
electronic resistivity to support meaningful electron transfer to
those sites for TiO, overlayer thicknesses < 4 nm. For ¢, >
4 nm, the electrical resistance of the overlayer becomes too
large, causing electron transport and/or Fe(u)/Fe(ur) transport
across the overlayer to become limiting.

The observations that (i) SiO, overlayers possess very high
electronic resistivity (Fig. 5), (ii) SiO,|FTO substrates do not
display any meaningful OER activity (Fig. S25 and S27, ESIY),
and (iii) SiOy|Ir electrodes exhibit similar OER performance as
bare Ir electrodes (Fig. 4), suggest that the OER is occurring at
the SiO,|Ir buried interface as depicted in Fig. 1b. For this to
happen, H,0, O,, and H' must be able to transport through the
SiO, overlayers with low energy penalty. Meanwhile, the high
selectivity towards the OER vs. FeOR is likely explained by Fe(r)
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species being selectively blocked by a semipermeable oxide
overlayer, which is consistent with the observations that little-
to-no Fe(u) oxidation signal is observed for SiO,|Ir (Fig. 4c),
SiO,|FTO (Fig. 6a), or SiO,|Pt (Fig. 6¢) electrodes. Additionally,
a recent molecular dynamics study by Aydin et al. suggested
that Fe(u) and Fe(m) transport through SiO, is constrained by
size exclusion of the solvated ions,*® while it is well-established
that dense SiO, overlayers can readily transport H' through a
facilitated diffusion process involving hopping of protons along
a H-bonding network within Si0,.”*°*% However, some studies
have reported that SiO,”° and MoO,’ overlayers can be effective
at blocking O, transport, including a recent study from our
group that reported that O, permeability of SiO, overlayers can
be two orders of magnitude lower than the permeability of H".>®

To better understand transport mechanism of species
through SiO, coatings, classical molecular dynamics (MD)
simulations were carried out for 2 nm thick SiO, slabs with a
well-defined pore diameter of 0.8 nm (Fig. 8a). Additional
studies on nanoscopic SiO, on platinum suggest species trans-
port is associated with the formation of Si-O-Si ring
structures”' with diameters > 0.3 nm.”” Previous characteriza-
tion of SiO, overlayers deposited by the UV-ozone process by
ellipsometric porosimetry indicated that pores, if they exist,
have average diameters that are less than 0.6 nm® while other
studies on nanoscopic SiO, on carbon nanotubes suggest pores
are likely < 0.7 nm through BET analysis.”® Thus, by using MD
simulations to investigate species transport for a pore diameter
slightly larger than 0.6 nm, this study is being conservative in
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Fig. 8 (a) Representative illustration of the molecular dynamics simula-
tion consisting of an aqueous solution phase [water (H: red, O: white), and
Fe(n) (blue) ion] and a single SiO; (Si: purple, O:cyan) pore with a hydro-
xylated surface and a pore size of 0.8 nm (O: pink, H: light green)
(b) potential of mean force (PMF) as a function of distance to the SiO,
pore center for O,, H,O, Fe() and Fe(in). PMF curves for Fe(i) and Fe() are
reproduced from ref. 40.
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its assessment of whether species are likely to enter and diffuse
through the overlayers.

Results of MD simulations are provided in Fig. 8b, where the
potential of mean force (PMF) for H,0, O,, Fe(u), and Fe(m)
permeants are shown as a function of their location with
respect to the pore center. These results predict that transport
of both O, (red line) and H,O (green line) from the bulk
electrolyte into a 0.8 nm pore is barrierless, meaning that there
is no energy penalty for these permeants to enter the pore. This
lack of energy barrier is attributed to favorable interactions
between both O, and H,O with the silanol groups present in the
SiO, pore that overcome the energy penalty associated with the
breaking of hydrogen bonds when entering the pore.”* In sharp
contrast, the energy barrier for Fe(u) (blue line) and Fe(um)
(orange line) transport is found to be significantly higher than
that of O, and H,O, providing further evidence that SiO,
overlayers promote selectivity towards the OER over the FeOR
thanks to their ability to block Fe(u) from reaching buried active
sites while still permitting diffusion of H,O and O, into free
volume elements of SiO, from the bulk electrolyte. The energy
barriers of Fe species were due to modulation of solvation
structures albeit qualitatively different between Fe(u) and
Fe(m): loss of weakly bound second shell and large strain in
strongly bound second shell, respectively.*’

[1l. Conclusions

This study demonstrates that TiO,- and SiO,-encapsulated
iridium electrocatalysts can significantly enhance the selectivity
towards the OER over the competing Fe(u) oxidation reaction
with minimal impact on the OER activity. The ability to sup-
press Fe(u)/Fe(m) redox reactions while permitting the OER is
highly dependent on the thickness of the oxide overlayer, with
SiO, overlayers being more effective at blocking Fe(u)/Fe(iu)
reactions than TiO, overlayers of the same thickness. However,
Fe(u)/Fe(m) redox reactions may occur at very thin (< 4 nm)
TiO, overlayers, while comparable SiO, overlayers show sup-
pressed electrochemical activity. The effectiveness of SiO, over-
layers to suppress Fe(u)/Fe(ur) reactions on their outer surface is
explained by their large through-plane electronic resistivity,
which is around one order of magnitude larger than for TiO,.
Furthermore, molecular dynamics simulations show that H,O
and O, species experience low energy barriers for transport
through model SiO, nanopores-thus allowing the OER to
proceed at the oxide/Ir interface—while Fe(1) and Fe(u) species
transport is hindered by large energy barriers. This ability to
manipulate the selectivity of OER electrocatalysts in the
presence of a competing redox species through rational design
of oxide overlayer properties is relevant to a number of applica-
tions, including but not limited to seawater electrolysis and
Z-scheme photocatalysis. Through precise control over both
charge carrier and species transport, oxide-encapsulated elec-
trocatalysts also offer an attractive approach for designing
multi-site electrocatalysts for co-optimization of selectivity
and activity for more complex multi-step redox reactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Material and methods

Electrode fabrication

Electrodes were fabricated on either FTO glass (TEC7, 2.2 mm
thick, GreatSolarCell), or monocrystalline degenerately doped
p+Si(100) wafers (Prime-grade p+Si, resistivity < 0.005 Q cm,
500-550 um thick, WRS materials). The iridium electrodes were
prepared by sputter coating a thin layer of iridium (~ 50 nm)
using an EMS150T sputter coater (Electron Microscopy
Sciences, Hatfield, PA, USA) onto the aforementioned FTO glass
substrate. For metal|p+Si based electrodes, 50 nm of Pt was
deposited at a rate of 1 A s~ with a 2 nm Ti adhesion layer
(deposited at 0.5 A s™%). For the fabrication of SiO, overlayers:
low, medium and high precursor solutions of high-molecular-
weight trimethyl siloxy-terminated poly(dimethylsiloxane)
(PDMS) (600000 cSt, Gelest) in toluene (1.2, 3.3, and
5.3 mg mL ") were spin-coated for 2.5 min at 4000 rpm.>® For
the fabrication of TiO, overlayers solutions of titanium iso-
propoxide (TTIP) (97%, Sigma Aldrich) in anhydrous ethanol (2,
5, 10 mg mL ') were spin-coated for 1 min at 1000 rpm. The
PDMS and TTIP coated electrodes were then dried in a vacuum
oven (30 in Hg) at 90 °C for 1 h before undergoing treatment in
the UV-ozone chamber (UVOCS, T10X10/OES) for 2 h to convert
the PDMS to SiO, and the TTIP to TiO,. Replicate electrodes
were fabricated in all cases to ensure reproducibility. A range of
precursor solutions (0.5-6 mg mL™~' of PDMS in toluene for
Si0, or 1-6 mg mL~"' TTIP in ethanol for TiO,) were prepared
for varying overlayer thickness between 1-15 nm, which was
measured via ellipsometry. Electrical contacts were attached by
soldering a copper wire onto the front of the Ir electrode, or the
back of the p+Si substrates using a solder temperature of
220 °C. The geometric area was defined using 3 M electropla-
ters tape with a circular opening of 0.25 cm” through which the
electrode was exposed to electrolyte. To create the Pt|SiO,|Si
and Pt|TiO,|Si electrodes 1 nm of Pt was deposited on SiO,|Si
and TiO,|Si substrates through electron beam deposition at a
rate of 0.3 A s™".

Atomic layer deposited TiO, overlayers were deposited in a
custom deposition chamber at 150 °C using alternating cycles
of titanium(wv) chloride (TiCl,) and water in N, carrier gas. One
cycle consisted of 1 s pulse of TiCly, 1 s N, purge, followed by 1 s
pulse of H,O and 3 s N, purge. Samples with various cycles were
synthesized all under continuous flow conditions.

Electrode characterization

Overlayer thickness of electrodes on p+Si(100) substrates were
measured using a J. A. Woollam o-SE ellipsometer. Thicknesses
of the SiO, and TiO, overlayers were determined by fitting the
raw data to Cauchy model with optical constants for SiO, and
TiO,. Thickness of the SiO, and TiO, overlayers for electrodes
on the FTO substrates were estimated by measuring the thick-
ness of the SiO, and TiO, overlayer on smooth Pt-coated Si
substrates after undergoing identical spin-coating procedures.

X-ray photoelectron spectroscopy measurements were made
with a PHI XPS system at pressures < 2 x 10 ' torr using a
monochromatic Al Ko source (15 kV, 20 mA) and a charge
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neutralizer, tilted to 54.7° relative to the detector. Multiplex
spectra are shown as averages of three measurements and were
fit using CasaXPS software applying Shirley’s algorithm for
background subtraction. Atomic ratios were calculated by nor-
malizing the intensity of each element’s atomic sensitivity
factor.

Surface topography and roughness was measured using a
BrukerDimension Icon atomic force microscope (AFM) in air
using a ScanAsyst silicon tip on a nitride cantilever with a 2 nm
nominal tip radius and a spring force constant of 0.4 N m "
Measurements were performed in peak force nanomechanical
mapping mode using a scan rate of 0.22 Hz and a resonant
frequency of 70 kHz.

Electrochemical measurements

All electrochemical measurements were performed in deaer-
ated aqueous 0.1 M Na,SO, (ACS reagent, >99.0%, anhydrous,
granular, Sigma Aldrich) + 0.05 M H,SO, (Certified ACS plus,
Fischer Scientific) in 18 MQ cm deionized water (Millipore,
Milli-Q Direct 8) that was adjusted to pH 1.5 using concentrated
sulfuric acid or sodium hydroxide. The iron-containing electro-
lyte was prepared identically except for the addition of 25 mM
FeSO,-7H,0 (ACS reagent, >99.0%, Sigma Aldrich) and
12.5 mM Fe,(SO4);-xH,0 (97%, Sigma Aldrich). Measurements
of pH were taken with a benchtop pH meter (Fisher Science
Education, $90526), using a 3-point calibration from 1.69, 4.01,
7.00 standard buffers (Oakton). Bulk electrochemical measure-
ments were conducted with an SP-200 BioLogic potentiostat, a
commercial Ag|AgCl (sat. 3 M KCl) reference electrode (E° =
0.21 V vs. NHE, Hach, E21M002), a carbon rod (Saturn Indus-
tries) counter electrode and a standard glass three neck round
bottom flask (Ace Glass, European flask, 250 mL). Electrolyte
for all electrochemical experiments was deaerated by purging
nitrogen (Airgas, 99.99% purity) for 20 min prior to experimen-
tation. Sandwich structure experiments were completed by
mounting Pt|MO,|Pt|p+Si electrodes onto a custom designed
Teflon enclosed stainless steel holder (47 mm diameter) which
was directly mounted onto a rotator (MSR Rotator, Pine
Research). The geometric area was defined using 3M electro-
platers tape with a circular opening of 0.25 cm? through which
the electrode was exposed to electrolyte.

Internal resistance of each electrode was measured by
performing potentiometric electrochemical impedance spectro-
scopy (PEIS) at open circuit potential from 200 kHz-100 mHz
with an amplitude of 10 mV before performing cyclic voltam-
metry measurements. Cyclic voltammetry measurements for Ir
based electrodes were performed between potentials of 0.42
and 1.65 V vs. RHE with a scan rate of 20 mV s~ ' for 5 cycles.
Cyclic voltammetry measurements for p+Si and FTO based
electrodes without Ir were performed between potentials of
—0.1 and 1.65 V vs. RHE with a scan rate of 20 mV s~ ' for
3 cycles, after initial pre-treatment scans between 0.05 and
1.15 V vs. RHE with a scan rate of 100 mV s~ for 20 cycles.
Electrochemical testing in supporting electrolyte (where applic-
able) was additionally completed before any Fe containing
electrolyte. RDE scans were completed between potentials of
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0.2 and 1.2 V vs. RHE with a scan rate of 20 mV s * for three
different rotation rates of 50, 100, and 250 RPM.

Molecular dynamics simulations

Models of SiO, slit pores were created using a four-step process
described in our recent study,’® which we briefly summarize
here. Starting with the a-quartz phase of SiO,, an orthorhombic
supercell with dimensions of 24.0 x 34.0 x 32.4 A® was
constructed. Several layers of the oxide were then removed to
create slit pores, and surface oxygens were terminated with
hydrogen atoms. An extra vacuum region was then added and
filled by aqueous solutions that contain water molecules, a
redox shuttle, and chloride ions for charge neutrality. For the
simulations involving gas transport, either an O, or H, mole-
cule was added to the aqueous solution. The system was
equilibrated for 1 ns under the NPT ensemble at 7 = 298.15 K
and P = 1 atm by using the Berendsen barostat.”> To prevent
rigid-body translation, silicon and oxygen atoms in the middle
of the SiO, slab were constrained, while all other atoms were
allowed to move. The Lennard-Jones (LJ) parameters for Fe(ur)
and Fe(u) were obtained from the literature,”®’” and those for
0, were also obtained from the literature.”® Finally, the LJ
parameters provided by Joseph and Aluru were used for the
pore structure atoms.”® A rigid SPCE water model was used in
all simulations.®

After equilibrium, free energy surfaces associated with the
transport of redox shuttles, water, and O, through SiO, pores
were determined using well-tempered metadynamics (WT-
MetaD) simulations.®* This method involves adding Gaussian
potentials to the system’s free energy landscape based on
predetermined collective variables. Two collective variables
were selected: the center-of-mass (COM) distances between
the permeant and the pore in two directions (parallel and
perpendicular to the pore surface) for water and O,. For the
Fe ions, the collection variables were the COM distance
between the ion and the pore and the number of water
molecules in the first hydration shell of the ion. Statistics was
collected for four replicas of WT-MetaD simulations, each
spanning 350-450 ns. The simulations were carried out under
the NVT ensemble at 7 = 298.15 K using the Nose-Hoover
thermostat.®” The Gaussian bias energy was deposited every
500 steps with specific heights and widths for each collection
variable, as described in a recent study.*® All simulations were
performed using the LAMMPS package® patched with
PLUMED 2.5b.*
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