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ABSTRACT: Modifying an electrocatalyst surface by encapsulating it with a
nanoscale oxide membrane is an attractive approach for improving its
activity, stability, and selectivity. However, little is known about how the
composition and structure of such overlayers impact the properties and
performance of the underlying electrocatalyst. The results presented herein
demonstrate that the density and carbon content of carbon-modified silicon
oxide (SiO,C,) overlayers can be systematically varied using a room-
temperature photochemical conversion process to precisely control the flux
of protons and molecular oxygen (O,) to the buried interface of an
encapsulated platinum electrode. Correlations between species permeabil-
ities, overlayer composition, and overlayer structure show that proton
transport is greatly enhanced as the carbon content decreases and overlayer
density increases, while the inverse trend is observed for O,. These
observations are found to be consistent with O, diffusing through the free volume in the SiO,C, matrix, while proton diffusion
proceeds through a facilitated transport mechanism associated with the hydrogen bond network of silicon oxide moieties.
Importantly, this study indicates that overlayer composition can be a potentially powerful control knob for tuning the fluxes of redox
species to active sites as well as modifying local properties at electrocatalytic buried interfaces.
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1. INTRODUCTION

Electrocatalytic technologies like electrolyzers and fuel cells are
expected to play key roles in a sustainable energy future based
on their ability to convert renewable electricity into storable
chemicals and fuels. However, several challenges still remain in

shown that encapsulation by oxide overlayers can improve
. i 13,14 . . . 15
nanoparticle stability, impart poisoning resistance,
increase catalytic activity,'"” and increase selectivity by
blocking undesirable side reactions.'®'” The degree to which
these overlayers affect electrocatalyst performance is influenced

the development of highly active, selective, and stable
electrocatalytic materials required for improving the perform-
ance of these technologies.”” Traditionally, approaches for
improving electrocatalyst performance have included control-
ling electrocatalyst composition,” > nanostructure,”™® and
support effects.” Great strides have been made to improve
electrocatalyst performance and decrease the loading of
platinum group metals, but many of the aforementioned
approaches often encounter upper performance limits due to
scaling relations associated with species binding energies at
conventional electrocatalyst/electrolyte interfaces based on a
single electrocatalyst material.">""

Another proposed solution toward improving electro-
catalytic activity and stability is to encapsulate the active
catalysts within an ultrathin, semipermeable oxide overlayer,
creating an architecture known as a membrane-coated
electrocatalyst (MCEC)."” In these electrocatalysts, reactant
species diffuse through the overlayer to react at the buried
catalytic interface. Previous work with Pt-based MCECs has
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by both the oxide membrane and catalyst materials, with
selective species transport,' >’ intermediate removal,'” and
catalyst stabilization®' being proposed as possible explanations
for the improvements seen in activity and stability. In all cases,
overlayer thickness is of critical importance in determining
MCEC performance; the overlayer should be thick enough to
impart the desirable selective transport properties but cannot
be so thick such that it creates large concentration over-
potential losses.'>"*

While numerous studies have explored the effects of active
catalyst composition>” and overlayer thickness'>'” on MCEC
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performance, very few studies have identified clear relation-
ships between the composition and transport properties of the
nanoscale overlayers. Previous studies have demonstrated that
changing the siloxane precursor composition'*** or composite
structure™ of silicon oxide (SiO,) overlayers greatly alters their
physical and chemical properties, which subsequently
influenced the performance of SiO,-encapsulated Pt electrodes
for the alcohol oxidation'® and oxygen reduction reactions
(ORRs).B’24 From these observations, an opportunity exists to
more precisely control MCEC selectivity for different redox
species. Rather than increasing the thickness of an overlayer,
which decreases the flux of both the desired and undesired
species, altering the overlayer composition could serve a
straightforward way to control the transport selectivity toward
a desired species without decreasing its flux.

In the current study, we employ well-defined carbon-
modified, SiO,-encapsulated Pt thin film electrodes (SiOnyl
Pt) as a platform for systematically exploring the influence of
overlayer composition on the transport and electrochemical
properties of Pt-based MCEC architectures. SiO, was selected
as the overlayer material for this study based on its chemical
stability under acidic and pH-neutral conditions,” perme-
ability to many species relevant to electrochemical energy
applications,”">'” and inactivity as an electrocatalyst by itself
given that pure SiO, is electronically insulating. This latter
characteristic can be beneficial for suppressing electrochemical
reactions from occurring on the outer surface of the oxide,
thereby promoting electrochemical reactions at the buried
interface. Building oft of our prior work with SiO,IPt
MCECs,">"”** amorphous §iO,C, overlayers were deposited
onto planar, polycrystalline Pt electrodes using a room-
temperature ultraviolet—ozone (UV—ozone) wet chemical
method that has been previously described.” Briefly, poly-
(dimethylsiloxane) (PDMS) was deposited onto the Pt
electrode and exposed to ultraviolet light, which triggers
photochemical decomposition of O, in air to form ozone and
oxygen radicals. These species then permeate into the
overlayer and convert the methyl groups in the PDMS into
gaseous CO, and H,O byproducts, which then diffuse out of
the overlayer, gradually converting the layer’s composition and
structure from that of PDMS to a fully cured state after 2 h
with composition similar to $iO,.***” As illustrated in Figure 1,
limiting the duration of the UV—ozone curing process allows
for the synthesis of partially converted SiO,C, overlayers
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Figure 1. Key steps in the photochemical deposition process for
fabricating SiO,C,-encapsulated Pt thin films. In step 3, the length of
the UV—ozone treatment is shown to impact the density, thickness,
and composition of the SiO,C, overlayers.

characterized by compositions, densities, and thicknesses that
fall in between those of PDMS and fully cured SiO,.

Variations in the composition and structure of an MCEC
overlayer are expected to have significant effects on its
transport properties, as evidenced by previous studies that
show how O, selectivity and permeability are highly sensitive
to the length of exposure to either plasma or ozone in PDMS-
derived SiO, gas diffusion membranes.”*™>" Similarly,
researchers have reported large differences in proton
permeabilities through siloxane polymers and SiO,,**>**7%*
suggesting that proton transport may also be manipulated by
gradually varying the composition of a membrane between
SiO, and its siloxane precursor. Given that protons and oxygen
are commonly encountered redox species that are relevant to a
large number of industrially important electrochemical
reactions, selectively controlling the relative fluxes of these
reactants presents an enticing opportunity to modulate the
rates of electrochemical reactions involving these species
relative to competing reactions.

This study focuses on altering SiO,C, overlayer composition
by varying the duration of the UV—ozone conversion process
and quantifying the resultant effects on species transport
through the overlayer, as well as the electrochemical
characteristics of the buried interface. In the first part of this
study, a variety of characterization methods are used to
investigate how different physical and chemical properties of
the overlayer are altered as a function of the UV—ozone cure
time. These properties are then related to electrochemical
performance toward the hydrogen evolution reaction (HER)
and the oxygen reduction reaction (ORR) under mass
transport limiting conditions. HER and ORR limiting current
densities are used as inputs to steady-state diffusion models to
estimate species permeabilities within the SiO,C, overlayers as
a function of cure time. From these results, relationships
between overlayer characteristics and species permeabilities are
identified and can be used to guide the design of MCECs with
optimized fluxes of protons and/or O,.

2. EXPERIMENTAL SECTION

2.1. Electrode Fabrication. Monocrystalline degenerately doped
p*Si(100) wafers (Prime-grade p*Si, resistivity <0.00S € cm, 500—
550 um thick, WRS materials) were used as conductive substrates.
Two nanometers of titanium and 50 nm of platinum at 99.9% purity
were sequentially deposited by electron-beam deposition under high
vacuum (<5 X 107® Torr) at a rate of 0.5 and 1 A s7', respectively.
The deposited wafers were then washed and sonicated for 5 min
sequentially in acetone, methanol, isopropanol, and deionized water.
A solution of high-molecular-weight trimethyl siloxy-terminated
poly(dimethylsiloxane) (PDMS) in toluene (3.0 mg mL™') was
spin-coated onto the PtITilp*Si substrates for 2.5 min at 4000 rpm.
The PDMS-coated electrodes were then dried under vacuum (25 in
Hg) at 90 °C for 1 h before undergoing treatment in a UV—ozone
chamber (UVOCS, T10X10/OES) to convert the PDMS to SiO,C,.
Replicate samples were fabricated in all cases to ensure reproduci-
bility. Electrical contacts were attached by soldering a copper wire
onto the back of the silicon substrate with indium solder, using a
soldering iron temperature of 218 °C. The geometric area of the
electrode was defined using 3 M electroplater’s tape, resulting in a
circular 0.246 cm® opening through which the electrocatalytic surface
was exposed to the electrolyte.

2.2. Material Characterization. SiO,C, overlayer thicknesses
were measured using a J.A. Woollam a-SE ellipsometer. The
thicknesses of SiO,C, overlayers in the SiO,/PtITilp*Si samples were
determined by sequentially fitting the raw data using a Cauchy model
with optical constants derived for SiO, (n = 1.44),> and substrate
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Figure 2. (a) Thicknesses (black curve) and density (red curve) of SiO,C, overlayers deposited on Pt thin films as a function of the total UV~
ozone cure time. Overlayer thicknesses were measured by ellipsometry and used as inputs to calculate the overlayer density as described in the
Supporting Information. Error bars represent 95% confidence intervals. (b) ATR-FTIR of Si—Pt—SiO,C, samples treated for varying cure times.

thicknesses determined from fitting bare control samples lacking
SiO,C, overlayers. A separate Cauchy model using optical constants
for pure PDMS (n = 1.39)*° was also used to determine the Sio,C,
thickness for all samples, which reported deviations of up to ~5%
from the values determined using the pure SiO, model, as shown in
Figure $4.

X-ray photoelectron spectroscopy (XPS) measurements were made
with a PHI XPS system at pressures <2 X 107'° Torr using a
monochromatic Al Ka source (15 kV, 20 mA) and a charge
neutralizer, tilted to 54.7° relative to the detector. Multiplex spectra
are shown as averages of three measurements and were fit using
XPSPEAK  software applying Shirley’s algorithm for background
subtraction. All peaks were calibrated such that the Pt 4f, , peaks were
centered on 71.2 eV.*” Atomic ratios were calculated by normalizing
intensity by each element’s atomic sensitivity factor (ASF).”® Contact
angles were measured on a standard goniometer (ramé-hart
instrument co.) using 10 uL of deionized water at standard lab
conditions. All droplet images were fit with measured angles using
DROPimage (v2.8.05) software.

Surface topography and roughness were measured with a Bruker
Dimension 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 0.977 Hz and a resonant frequency of 70 kHz. Secondary
electron (SE) images of the sample surfaces were acquired using a
Zeiss Sigma VP Schottky thermal field emission scanning electron
microscope (SEM) using a beam voltage of 2.0 kV.

Fourier transform infrared (FTIR) spectra were collected on a
Jasco FTIR-6800 spectrometer with a nitrogen-cooled MCT-A
detector and a Pike Technologies GladiATR accessory with a
germanium attenuated total reflection (ATR) crystal. Spectra were
collected from 950 to 4000 cm™ with a resolution of 4 cm™’, and 128
scans were averaged for each sample to improve the signal-to-noise
ratios. All data are reported as absorbance (A = —10g(Iymple/ Lreference) )s
where reference spectra (I grence) are collected from Pt-coated silicon
wafers prepared in the same way as the SiO,-coated samples. Baseline
and CO, and H,O corrections were performed in Jasco Spectra
Analysis, while peak fitting and integration were performed using
Gaussian fits in Origin 2017.

2.3. Electrochemical Measurements. Electrolytes for all
electrochemical measurements were prepared from concentrated
sulfuric acid (H,SO,, Certified ACS plus, Fischer Scientific), sodium
sulfate (Na,SO,, ACS grade, Sigma-Aldrich), and 18 MQ deionized
water (Millipore, Milli-Q Direct 8). Electrolytes with lower
concentrations of sulfuric acid were balanced with sodium sulfate
such that the total ionic concentration equaled 500 mM to ensure
uniform electrolyte conductivity. pH measurements for all electro-
analytical experiments were taken with a benchtop pH meter (Fisher
Science Education, $90526), using a three-point calibration from 1.69,
4.01, and 7.00 standard buffers (Oaklon). Electrochemical measure-
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ments were conducted using either 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° =0.21 V vs normal hydrogen electrode (NHE), Hach, E21M002)
and a carbon rod (Saturn Industries) counter electrode. All
electrolytes were first deaerated by purging with nitrogen gas (N,)
for 20 min before experiments. For conditions that required O, gas as
a reactant species (i.e, ORR), electrolytes were purged with pure O,
(ultrahigh purity (UHP)) for 20 min prior to measurement to
saturate the solution. During measurement, O, was bubbled
continuously into solution at a 0.5 L min~" flow rate using a sparge
to dissipate any large bubbles. All current densities were normalized
with respect to the average geometric area of the exposed electrode.

Initial cyclic voltammetries (CVs) were taken in a supporting
electrolyte for 10 cycles from 0.0S to 0.8 V vs reversible hydrogen
electrode (RHE) at 25 mV s™' preceding all electrochemical
measurements. Electrochemically active surface area (ECSA) was
calculated by integrating the area from 0.05 to 0.4 V vs RHE from
CVs in 0.5 M H,SO,, subtracting out the charge contributed by the
electrochemical double layer over the same region. This area was then
divided by 210 #C cm™,* the accepted value of the charge per area
of polycrystalline Pt for proton adsorption/desorption, to obtain a
final, normalized ECSA for samples of various cure times. Linear
sweep voltammetry (LSV) measurements studying the HER were
measured at 10 mV s™! between 0.8 and —0.5 V vs RHE in 5 mM
H,SO,, balanced with 495 mM sodium sulfate (Na,SO,, ACS grade,
Sigma-Aldrich) to maintain a constant electrolyte conductivity for all
measurements. Background LSVs used for proton permeability
analysis were taken over the same potential window and scan rate
as the experimental HER LSVs in pH 7.0 Na,SO,. CVs used to
analyze steady-state limiting current for the ORR were cycled between
1.2 and —0.02 V vs RHE for five times at 10 mV s™'. Measurements
were taken on identical samples in the absence of dissolved O, to
compare background signal and show no substantial differences
between samples. Following all experiments, samples were lightly
rinsed with DI and stored in a desiccated environment prior to
postexperimental characterization.

Limiting current densities used for permeability calculations were
taken as averages between —0.2 and —0.5 V vs RHE for the HER and
0.5 and 0.2 V vs RHE for the ORR. Error bars for permeability were
calculated using two-sided, 95% confidence intervals based on two to
three repeat measurements, accounting for error propagated from the
uncertainties in ellipsometry determined in overlayer thickness, as
well as uncertainties contributed by noise in the limiting current over
the aforementioned potential ranges for each respective reaction.
Similarly, calculated densities and Si—Si spacing estimates also
accounted for error propagated from deviations in the ellipsometry-
determined overlayer thickness.

https://dx.doi.org/10.1021/acsaem.0c02359
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Figure 3. (a) Si 2p spectra and (b) elemental composition obtained from XPS measurements for as-made SiO,C,|Pt samples based on a S nm
target overlayer thickness that were treated with various UV—ozone cure times (f.,.). Spectra were obtained using an emission angle of 54.7°

relative to the detector.

3. RESULTS AND DISCUSSION

3.1. Characterizing the Structure and Composition of
SiO,C, Overlayers. To determine how overlayer thickness
changes as a function of cure time, a single sample with an
initial PDMS layer thickness of 8.8 nm was successively cured
in the UV—ozone chamber for 15—30 min increments, using
ellipsometry to monitor the thickness in between each curing
step. As seen in Figure 2a, the overlayer thickness initially
decreased linearly with cure time, shrinking to 47% of the
original thickness after the first 60 min, after which the
thickness only decreased an additional 12% before reaching a
final value of 3.6 nm. This observation indicates that most of
the overlayer conversion occurs during the first 60 min,
consistent with previous studies of SiO,C, overlayers deposited
on gas diffusion membranes.””’ As described in Section SIII,
Supporting Information (SI), the density of SiO,C, overlayers
was calculated using the ellipsometry-determined overlayer
thicknesses and XPS-determined composition measured at
each cure time. Figure 2a shows that overlayers treated for the
entire 120 min reach a final density of 2.56 g cm™, which is
significantly higher than the density of PDMS (0.965 g
cm™)** and amorphous type II silica (2.20 g cm™)*' but less
than the density of pure a-quartz (2.648 g cm™).** AFM and
SEM measurements of fully cured overlayers (t,, = 120 min)
further confirm that the SiO, is smooth, continuous, and free
of any holes or imperfections, with a surface root-mean-square
(RMS) roughness of 0.55 =+ 0.17 nm, consistent with
previously reported roughness values (Figures S1 and $2).”

ATR-FTIR spectra of the SiO,C, overlayers are provided in
Figure 2b and reveal that the as-deposited PDMS (t . = 0
min) closely matches the expected spectra for bulk PDMS,*
with the peak at ~1262 cm™ being assigned to the methyl
stretch and the vibrational modes centered at #1072 and 1109
cm™' being assigned to the asymmetric and symmetric
stretching modes, respectively, of the Si—O—Si backbone in
PDMS. These peaks are located at slightly lower wavenumber
than bulk PDMS, as is commonly reported for IR character-
ization of thin PDMS films.*>** As treatment time increases,
the peaks associated with the methyl stretch decrease in
intensity, reflecting the loss of methyl groups in PDMS after
exposure to reactive oxygen/ozone species. The lack of other
significant carbon peaks suggests that the ozone treatment
removes methyl groups without significant production of other
partially oxidized carbonyl species, which would absorb
strongly in the infrared if present.”> Concurrently, the position

12341

of the methyl stretch peak shifts toward higher wavenumbers,
which has been previously observed in substituted siloxanes
when fewer methyl groups are present.”’

The other major changes observed by FTIR relate to the
silicon—oxygen bonding. As the overlayers are further oxidized
and carbon is removed, the characteristic PDMS Si—O-Si
stretching peaks at 1072 and 1109 cm™" decrease in total area
and shift to higher wavenumbers, signifying a transition to a
more rigid, interlinked structure with more inorganic
character.*® Concurrently, a sharp transition is observed after
30 min of ozone exposure as the Si—O—Si vibration associated
with PDMS drops completely below the detection limit and a
peak appears at ~1235 cm™', which can be assigned to the
longitudinal optical (LO) phonon mode of Si—O—Si. This LO
phonon has previouslg been observed for very thin amorphous
silicon oxide films*”** but is not seen in highly defective silica
thin films lacking a continuous network of Si—O bonds.*’
Thus, the growth of the LO phonon peak in Figure 3a for
longer cure times indicates that SiO,C, overlayers only develop
a continuous SiO, bonding network capable of long-range
coupling between Si—O vibrational modes after 30—60 min of
cure time. Concurrently, the SiO,C, overlayers subjected to
longer cure times do not exhibit a peak associated with the
transverse optical (TO) phonon mode of Si—O—Si, consistent
with previous studies analyzing amorphous silica films with
thicknesses less than 10 nm.*”*®

The chemical composition of SiO,C,IPt electrodes was
further characterized by X-ray photoelectron spectroscopy
(XPS). C 1s, O 1s, Si 2p, and Pt 4f spectra were taken for the
samples of 0, 30, 60, 90, and 120 min cure times (Figure SS).
As seen in Figure 3a, the 0 min sample shows a Si 2p;,, peak
centered at 102.4 eV, which closely matches the reported peak
location for Si in pure PDMS of 102.6 eV.* As cure time
increases, the Si 2p peak center shifts to higher binding energy,
reaching a value of 103.3 eV for the fully cured sample. This
value is slightly lower than that reported in the literature for
Si0, (103.7 €V),”° which could be attributed to trace SiO
moieties and/or a small amount of residual carbon. Figure 3b
shows that the atomic percent of Si within the SiO,C, layers
remains relatively constant with cure time, reflecting that Si
atoms are not volatilized during the UV—ozone conversion
process. Meanwhile, a slight increase in Pt signal is observed at
longer cure times, which can be explained by the decreasing
screening of Pt photoelectrons as the SiO,C, overlayer
becomes thinner. In contrast to these minimal changes in Pt
and Si contribution, the atomic percent of oxygen (O) and

https://dx.doi.org/10.1021/acsaem.0c02359
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carbon (C) significantly increases and decreases, respectively,
as methyl groups are converted to CO, and H,O, and
additional oxygen atoms, provided by the reactive oxygen
species generated during UV—ozone treatment, are incorpo-
rated into the SiO, bond network. This is further evidenced by
the gradual increase in the O/Si ratio from 1.2 for the initial,
uncured PDMS sample to 2.1 for the fully cured sample, with
ratios for all other cure times reported in the Supporting
Information (Figure S6). Although the final O/Si ratios appear
slightly higher than the expected value of 2.0 for SiO,,
particularly for samples of intermediate cure time, elevated O/
Si ratios are not uncommon for porous, hydrophilic silica
xerogels that have been exposed to moisture or CO, prior to
measurement.”’ Thus, the elevated atomic O/Si ratios at
intermediate and long cure time samples could be the result of
water trapped within the SiO,C, overlayers that was not
completely removed during the UV-—ozone conversion
process. Similarly, upon completing the full 120 min of curing,
only 6.4% residual carbon remains in the overlayer, with some
fraction of this likely associated with adventitious carbon
adsorbed on the overlayer surface.

The XPS measurements in Figures 3 and S5 give a useful
estimate of SiO,C, overlayer composition, but the calculated
compositions are not necessarily representative of the overlayer
bulk since the inelastic mean free path of photoelectrons
passing through Si (/2.0 nm) is substantially less than the
average overlayer thickness.’> Overlayer uniformity is
especially important to consider for the “top-down” UV—
ozone conversion process, where reactive oxygen species
generated in the UV—ozone chamber first react with the top
atomic layers of PDMS before subsequent conversion of the
buried layers, which proceeds more slowly due to transport
limitations.”” Thus, to probe differences between the near-
surface concentration of the SiO,C, overlayers and the
composition adjacent to the SiO,C, buried interface, angle-
resolved X-ray photoelectron spectroscopy (ARXPS) measure-
ments were performed on one partially cured sample (f . = 30
min) and one fully cured sample (t.,. = 120 min) at three
different emission angles (6): 10, 40, and 70°. The reported
emission angles are given by the angle between the XPS
analyzer cone and the surface normal of the sample, meaning
that spectra recorded at € = 70° are more representative of the
near-surface composition and those recorded at € = 10° better
reflect the composition of the bulk. Multiplex ARXPS scans
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were taken over the C s, O 1s, Si 2p, and Pt 4f regions, with Si
2p spectra shown in Figure 4 and full spectra along with
composition analysis provided in Figures S7 and S8.

Si 2p spectra of the fully cured sample (Figure 4a) were fit
with a single peak centered at 103.3 eV, closely matching the
expected peak location for SiO,, and provided the best fit for
all emission angles.”” Importantly, the Si 2p spectra for the
fully cured SiO,C, sample do not exhibit any significant
changes in shape or position with varied emission angle, which
implies that the 120 min SiO,C, overlayer is indeed “fully
cured”, with relatively uniform composition throughout the
overlayer. Si 2p spectra for the partially cured sample (Figure
4b) were instead fit with two individual peaks, with the first
peak centered at 103.7 eV associated with SiO, and the second
peak centered at 102.4 eV to match the value for PDMS
determined for the 0 min cure sample from Figure 3a. In
contrast to the fully cured sample, the C 1s, Si 2p, and O 1s
spectra of the partially cured overlayer exhibit clear shifts with
0, indicating that the composition changes with depth. With
increasing 0, corresponding to increasing surface sensitivity,
the Si 2p spectra exhibit increasing SiO, character as the lower
binding energy peak associated with Si in PDMS diminishes.
At the largest emission angle, @ = 70°, the Si 2p spectra in the
partially cured sample look very similar to that of the fully
cured sample, suggesting that SiO,C, overlayers at each cure
time have similar composition at their outer surfaces. However,
differences in the Si 2p spectra measured at € = 10° show that
the local binding environment of Si atoms located deeper
within the overlayers is strongly dependent on cure time. For
these partially cured overlayers, the transition between the
SiO,like surface and the PDMS-like interface appears to
manifest as a gradual change in composition; however, it is also
possible that this change could be abrupt, as would be the case
if the ozone and oxygen radical species are highly reactive in
the overlayer film and would not permeate any further until all
reactive material closer to the surface is exhausted.

The surface chemistry of the SiO,C, overlayers was further
interrogated by measuring water contact angles to quantify the
hydrophobic character of the top surface of the overlayers.
Contact angles are reported as the angle between the sample/
droplet and droplet/air interfaces and are provided in Figure
S3. The contact angle for the uncured PDMS MCECs was
found to be 108.9 + 1.1° similar to expected values for
trimethyl siloxy-terminated PDMS.”* The contact angle then

https://dx.doi.org/10.1021/acsaem.0c02359
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using the integrated charge from the H,, region (0.05—0.35 V vs RHE) in (a) normalized by the geometric area of the exposed electrode is
presented in (b). The dashed line represents the ECSA for the bare Pt control.

decreases abruptly over the first 60 min of UV—ozone curing,
reaching a final value of 37.9 + 1.8° after 120 min. This
decrease in water contact angle, combined with XPS
characterization, shows that the surface of SiO,C, overlayers
becomes more hydrophilic as PDMS is converted to SiO,, with
increasing SiO, character and is consistent with previous
studies that have reported the hydrophilic nature of most silica
surfaces.>

3.2. Electrochemical Characterization of the Buried
Pt Interface of SiO,C IPt Electrodes. To better understand
how the SiO,C, composition at the buried interface influences
electrochemical characteristics of the underlying Pt thin film,
cyclic voltammetry (CV) measurements were used to probe
changes in the hydrogen underpotential deposition (H,,q) and
platinum oxidation/reduction features, which have been
extensively investigated for Pt electrocatalysts over the
years.”* > As the peak areas and peak center locations
associated with these well-understood processes can indicate
changes in electrochemically active surface area and proton
binding energetics, their evaluation informs how the observed
changes in overlayer composition and structure impact the
local reaction environment at the buried interface.>

The influence of SiO,C, overlayer composition on H,,q and
Pt oxide (PtO,) redox behaviors was evaluated by conducting
CV in deaerated 0.5 M H,SO, (Figure S11). CV cycles
initiated at potentials not sufficiently positive enough to induce
electrochemical Pt oxidation reveal that the amount of PtO,
species initially present at the buried interface varies with cure
time where electrodes treated for the full 120 min show similar
PtO, reduction signal to the bare Pt, and shorter cure
electrodes demonstrate lower integrated reductive area,
signifying that oxidative species formed during UV—ozone
treatment oxidize more of the underlying Pt interface at longer
cure times. The onset potential for these initial PtO, reduction
peaks also shifts to lower potentials with decreasing cure time,
meaning that the PtO, species formed on the shorter cure
electrodes are less easily reduced electrochemically, as has been
seen previously when altering the composition of the
underlying Pt catalyst.”” Such findings reveal that both the
structure and energetics of the SiO,C,|Pt buried interface
appear to be strongly dependent on the length of UV—ozone
treatment.

Upon completion of the first CV scan segment, electrodes
were cycled for 20 total cycles between 0.05 and 1.25 V vs
RHE at 10 mV s~ to quantify the integrated H,, signal.

12343

Figure Sa contains the final cycle measured at 10 mV s7',

where H,,4 features associated with underpotential adsorption
and desorption of H atoms are seen for all samples at
potentials between the negative scan vertex and 0.3 V vs RHE.
Sharp, distinct peaks coinciding with different Pt crystal facets
appear for the bare Pt and 22.5—120 min SiO,C,IPt electrodes.
All samples except the 15 min cure time sample have
comparable integrated H,,4 areas and thus exhibit similar
ECSA with no significant differences in the number of active
sites at their buried interfaces. From Figure Sb, the ECSA
calculated for longer cure time samples actually exceeds that of
the bare Pt electrode by ~10%, perhaps caused by oxidation-
induced roughening from the longer UV—ozone exposure for
these samples.”” Conversely, these results suggest that the 15
min cure time electrode has substantially lower ECSA than the
other electrodes. Ellipsometry taken of the 15 min SiO,C Pt
electrode following CV also revealed a large decrease (94%5 in
the overlayer thickness, meaning that the overlayer was largely
removed during testing. Due to the lack of overlayer stability
and substantial decrease in ECSA, samples treated for 15 min
or less were omitted from all further electrochemical
experiments.

Besides introducing changes to the H,4 features, the SiO,C,
overlayers also caused significant changes in the CV features at
positive potentials (0.6—1.2 V vs RHE) associated with the
electrochemical oxidation and reduction of PtO, species. CV
curves for all encapsulated electrodes with cure times >22.5
min show a negative shift in the onset for Pt oxidation by 50—
100 mV and a much larger integrated Pt oxidation signal
compared to the bare Pt electrodes. As previously suggested,'”
we attribute the observed shift in the Pt oxidation onset
potential to the ability of the SiO,C, overlayers to suppress the
adsorption of sulfate anions, which are known to bond strongly
to Pt surfaces and delay the Pt oxidation onset potential
compared to that seen in supporting electrolytes with less
strongly adsorbing species, such as perchloric acid.**®" Thus,
the similar Pt oxidation onset potentials and integrated PtO,
peak areas of the 30—120 min SiO,C,[Pt electrodes imply that
cure time does not significantly affect the ability of the SiO,C,
overlayers to reject sulfate ions.

3.3. Controlling Proton and O, Fluxes through SiO,C,
Overlayers. The influence of UV—ozone treatment on the
transport properties of SiO,C, overlayers was investigated by
measuring the transport-limited current densities of SiO,C,|Pt
electrodes for two commonly studied electrochemical reac-
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tions: (i) the hydrogen evolution reaction (HER) and (ii) the
oxygen reduction reaction (ORR), which are shown in egs 1
and 2 for operation in an acidic environment along with their
standard reduction potentials (E°). These two reactions were
chosen for this study due to their importance for electrolysis
and fuel cell applications while also involving redox species that
are characterized by vastly different sizes, charge, and solubility
limits

2H" + 2¢” < H,; E° = 0.0 V vs NHE (1)

0, + 4H" + 4e” < 2H,0; E° = 1.23 Vvs NHE 2)

When the reaction rate is limited by the transport of
reactant(s) to the electrocatalytic active sites through diffusion
alone, the limiting current density (i) for a planar electrode
operating at steady state is given by

nF-B C(x =4,

i =
5 fo 3
where n is the electron-transfer number, F is the Faraday
constant, P; is the permeability of species j, s; is the
stoichiometric coefficient of species j, t, is the thickness of
the overlayer, x is the distance from the overlayer/catalyst
interface, and Cj(x = §,) is the concentration of species j at the
overlayer/electrolyte interface.”> Equation 3 assumes that
convection and migration are negligible within the overlayer.
For reactions for which there are two coreactants, the limiting
species j is that which gives the smallest transport-limited flux
across the overlayer. By knowing the bulk concentration of
reactants, and measuring the resultant limiting current
produced from these reactions, estimates for the permeabilities
of protons and molecular O, through SiO,C, overlayers of
differing structure and composition can be obtained.

In this study, these limiting current densities for the HER
and ORR were acquired by carrying out linear sweep
voltammetry (LSV) or CV in acidic solutions containing
dilute concentrations of the limiting reactant (H* or O,).
Figure 6a contains the HER LSV curves, which were recorded
in § mM H,SO, + 495 mM Na,SO, while sweeping the
applied potential from 0.2 to —0.6 V vs RHE. The bare Pt
electrode exhibits an HER onset potential close to 0.0 V vs
RHE, reflecting the fast kinetics associated with proton
reduction on Pt. At about —0.1 V vs RHE, the bare Pt
electrode reaches an average limiting current density of —3.33
+ 0.06 mA cm ™2 and sustains this value until the onset of water
reduction at about —0.5 V vs RHE. The LSV curves for the
longer cure time (90 and 120 min) Si0,C,IPt electrodes also
show similar HER onset potentials and limiting current
densities to those seen for bare Pt, although these samples
require larger overpotentials to reach similar HER limited
current densities. Even larger deviations in the LSV curves are
observed for SiO,C,IPt samples with cure times of 60 min or
less. The LSV curve for the 60 min cure time sample shows an
HER onset potential shifted slightly negative with respect to
0.0 V vs RHE, but the increase in reduction current is very
gradual and a true limiting current is not reached before the
onset of water reduction at more negative potentials. SiO,C,|Pt
electrodes with the shortest cure times (t,,. = 30 and 22.5
min) also show gradual growth compared to the unencapsu-
lated or fully cured samples before reaching limiting current
densities that are 0.21 and 0.35 mA cm™* larger than the
background current for the same samples (Figure S12). As
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Figure 6. Mass transport limiting currents for SiO,C,|Pt samples of
varying treatment times under constant hydrodynamic conditions in a
stirred electrolyte for (a) hydrogen evolution in S mM H,SO, + 495
mM Na,SO, and (b) oxygen reduction in O,-saturated S00 mM
H,SO,. Data for all LSVs is presented as a five-point average to reduce
noise. Dotted lines denote a bare Pt electrode in the absence of
protons (in pH 7 500 mM Na,SO,) or oxygen (N, sat. 500 mM
sulfuric acid). Trends in limiting current densities for HER and ORR
as a function of SiO,C, cure time are summarized in (c), where the
limiting current density (iy,) for each sample has been normalized by
the limiting current for a bare Pt sample (i, p) recorded under the
identical testing conditions. Error bars represent the standard
deviation taken for two to three identical measurements.

detailed in Section SIV of the SI, H" permeabilities (Py*)
through SiO,C, overlayers can be estimated from the HER
limiting current densities for the bare Pt and SiO,CIPt
electrodes so long as the value of the latter is less than the
former. P+ was estimated to be (5.2 + 1.6) X 107** and (1.0 +
0.5) X 1077 cm® s™" for a 30 and 120 min sample, respectively.
The larger value is much greater than the proton permeabilities
previously reported for SiO, overlayers deposited on 3 nm
thick Pt substrates,'” for which the underlying titanium
adhesion layer has been shown to impact the structure and
transport properties of the SiO, overlayers.””
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Figure 7. (a) O, and H* permeabilities calculated from limiting currents for oxygen reduction in S00 mM H,SO, and proton reduction in $ mM
H,S0, + 495 mM Na,SO,, respectively, plotted as a function of SiO,C, overlayer density. (b) Schematic representations showing possible
transport mechanisms for O, and H" in SiO,C, overlayers with short (left 1mage) and long (right image) cure times.

For samples with ., < 30 min, a potential-independent
limiting current is never seen, which may suggest the presence
of electromigration effects. The same monotonic trend
between HER current density and cure time also appears
during chronoamperometry measurements at —0.1 V vs RHE
in the same electrolyte (Figure S13), showing that the different
proton fluxes viewed in the LSV measurements in Figure 6a
can be sustained under potentiostatic measurements as well.
Such a result highlights the ability to use overlayer composition
and structure to control proton flux to an electrocatalytic
buried interface where the local pH is considerably higher than
that in the acidic electrolyte. Following all electrochemical
experiments, the thicknesses of SiO,C, overlayers were
measured by ellipsometry to assess overlayer stability and
revealed no significant losses of overlayer thickness following
HER in 5 mM sulfuric acid.

To probe O, transport through the SiO,C, overlayers, the
ORR performance of SiO,C|Pt electrodes was measured by
recording CVs in an O,-saturated 0.5 M H,SO, electrolyte
(Figure 6b). Under these acidic conditions, the bulk
concentration of H* is 2000 times greater than the solubility
limit of O,, ensuring that the ORR is limited by the transport
of O, rather than H*. For a bare Pt electrode, the ORR onset
potential is 0.9 V vs RHE before reaching a limiting current
density of —1.72 mA cm 2. The limiting current densities of
the 22.5 and 30 min SiO,C,|Pt electrodes are only slightly less
than that recorded for bare Pt, but the limiting current density
decreases by up to 82% for electrodes with cure times >90
min. ORR measurements were also carried out in an O,-
saturated 0.1 mM H,SO, + 499.9 Na,SO, electrolyte (Figure
S14), showing that shorter cure time SiO,C,|Pt electrodes can
reduce O, through a H,0-mediated mechanism at such low
bulk proton concentrations. In contrast, the high Py, O,-
blocking 120 min cure time SiO,C,|Pt electrodes maintain a
H*-mediated ORR mechanism over the full range of potentials
tested, demonstrating that changes to the overlayer composi-
tion can completely change the reaction mechanism at the
buried interface through variation in the local concentration of
reactants at the buried interface microenvironment. Following
the same procedure as was used for estimating Py, oxygen
permeability (Py) values were computed from the ORR

limiting currents in Figure 6b and found to range between (1.2
+0.8) X 1077 and (2.1 + 0.6 X 107°) cm? s~ for the 30 and
120 min cure time SiO,C,IPt electrodes, respectively.

12345

Permeability values for the full set of samples are presented
in Table SI of the SI Following ORR experiments, the
thicknesses of SiO,C, overlayers were measured by ellipsom-
etry to assess overlayer stability, revealing no significant
decrease in measured thickness.

To summarize the results from the HER and ORR
experiments, average limiting current densities were normal-
ized by the average limiting current for bare Pt and plotted as a
function of cure time (Figure 6¢). This figure clearly shows the
opposing effects that UV—ozone cure time has on the
transport of H" and O, through SiO,C, overlayers, with
increasing cure time correlating positively for the HER limiting
current and negatively the ORR limiting current. For both
cases, the most significant changes in transport behavior appear
to occur when the cure time is increased from 30 to 90 min,
which corresponds with the most significant changes in the
structural and compositional characteristics of the overlayer
presented in Section 3.1.

3.4. Discussion. The results presented in the previous
sections demonstrate the dramatic impact that cure time has
on the structural and electrochemical characteristics of SiO,C,|
Pt electrodes. ATR-FTIR, XPS, and ellipsometry measure-
ments revealed that SiO,C, overlayers become more dense,
homogeneous, and carbon-deficient as cure time increases.
Shorter cure times (<60 min) produce SiO,C, overlayers
characterized by gradient compositions with SiO,-like
character at the outer surface and PDMS-like character at
the buried SiO,C Pt interface. Despite these differences in
composition at the buried interface, CV measurements
revealed that there is minimal loss in the electrochemically
active surface area for all electrodes with ¢ . > 22.5 min.

Importantly, Figure 6 shows that the structural and
compositional characteristics of the SiO,C, overlayers are
strongly correlated with proton and O, permeabilities, which
increase and decrease with increasing cure time, respectively.
The trend of decreasing O, permeability with increasing cure
time and overlayer density is well supported by studies of
silicon oxide-based gas diffusion membranes.”””° For both
PDMS and SiO, membranes explored in those studies, the
chemical interactions between O, and the membrane are weak
so that diffusion proceeds primarily through the available free
volume in the membrane, resulting in O, transport behavior
that is best described by a solution diffusion model.**®* Thus
the density and associated free volume of the SiO,C, overlayer
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strongly influence the diffusivity of O,, consistent with the
inverse relationship between Py and overlayer density shown

in Figure 7a. It follows that the substantial decrease in the
ORR limiting current seen for denser 90—120 min SiO,C,IPt
electrodes likely results from decreasing the average size of the
available free volume elements within the overlayer below a
critical value necessary to enable facile O, diffusion. This
explanation is depicted on the left side of Figure 7b, which
shows O, diffusing through large free volume elements in the
less dense overlayer. This picture is contrasted on the right side
of Figure 7b by a denser SiO,C, overlayer obtained at longer
cure time, for which the compressed material offers few
continuous pathways for O, diffusion. Consistent with this
description, other researchers have shown that dense SiO,
overlayers deposited onto Pt thin films using atomic layer
deposition (ALD) or photodeposition methods completely
block detectable ORR signal.”*** In addition to these
structural influences, the increasingly hydrophilic nature of
SiO,C, overlayers subjected to longer cure times can be
expected to weaken the overlayer—oxygen interactions,
resulting in a decrease in the solubility of oxygen within the
overlayer that further diminishes POZ.B’65

Unlike O,, H" is known to transport through silica by a
facilitated transport or Grotthuss-type mechanism.*>*%” This
transport mechanism is made possible by the ability of Si—O
moieties to react with protons to form bridging hydroxyl
(BOH) groups.”*™"" If there is a continuous matrix of SiO,
with a sufficiently high density of these sites, a hydrogen-
bonding network is formed within which protons can “hop”
between adjacent BOH groups in a manner that is similar to
the transfer of protons along the hydrogen-bonding network in
water.’”’?"7* Because BOH groups within SiO,C, overlayers
are believed to serve as fixed nodes that shuttle protons across
the nanomembrane, disruptions or discontinuities in the SiO,,
matrix that contains these groups can be expected to greatly
reduce H" permeability.

For membranes that rely on facilitated transport mecha-
nisms, a key parameter for determining species permeability is
the free carrier distance ([), defined as the equilibrium distance
between two reactive carrier centers.”* Thus, increasing the
average distance between Si and O groups that can form
reactive BOH bridges beyond the maximum allowable hopping
distance for a proton is expected to disrupt the hydrogen-
bonding network and significantly impede proton transport.
We postulate that this is what occurs when the UV—ozone
cure time applied to SiO,C, overlayers is too short. This is
supported by the FTIR and ARXPS measurements from this
study, which showed that the partially cured 30 min SiO,C,
overlayers still retain PDMS-like character, especially at the
SiO,C,IPt buried interface. Given that unmodified PDMS has
poor proton solubility and conductivity,”> this PDMS-like
bottom layer that contains a higher concentration of methyl-
coordinated Si groups, and thus a lower concentration of
potential Si carriers, likely obstructs the H-bond network of the
overlayer that separates the catalytic buried interface from the
bulk electrolyte. Conversely, the presence of intense LO
phonon peaks in the FTIR spectra of SiO,C,IPt electrodes
subjected to longer cure times gives direct evidence of long-
range order of a Si—O bond network, and the uniform Si 2p
spectra in ARXPS measurements indicate that this SiO,
network extends across the entire overlayer thickness.
Furthermore, longer cure times were shown to increase the

density of the overlayer, which effectively decreases the average
hopping distance between neighboring Si—O groups. As
detailed in Section SIII of the SI, the average nearest-neighbor
distances between oxygen-coordinated Si atoms (Ig_g) were
estimated based on overlayer densities and compositions
calculated from XPS. As shown in Figure S9, proton
permeabilities only reach appreciable values for Ig_g values
less than S A. This observation is in excellent agreement with
the computed maximum proton hopping distance between
adjacent carriers presented by Godet and Pasquarello,” thus
providing further evidence that proton transport through
ultrathin SiO, overlayers occurs through a facilitated transport
mechanism.

Analyzing trends in the HER and ORR limiting current
densities for the SiO,C,|Pt electrodes of various cure times
reveals distinct differences in how reactant species can diffuse
through these overlayers, demonstrating the potential to
control the relative fluxes of protonic and molecular species
to the electrocatalytic buried interface of an MCEC. For
membranes that separate species on the basis of their size,
there is a common trade-off between permeability (P;) and
selectivity (Pi/Pj) that places an “upper bound” on membrane
performance. This so-called Robeson limit has been extensively
studied for gas diffusion membranes,”®’” with similar relation-
ships observed for liquid separation membranes as well.” Tt
describes the trade-off between permeability and selectivity on
the basis of the relative sizes and solubilities of the two
diffusing species of interest, as well as their size relative to the
free volume elements through which they diffuse.”””” Thus, for
two species with similar size that diffuse exclusively in the
available free volume of the membrane material, it is very
difficult to increase selectivity toward the smaller species
without significantly compromising permeability. However,
since proton transport in the SiO,C, overlayers does not rely
predominantly on free volume diffusion, this work demon-
strates a rare example where selectivity and permeability are
not limited by this trade-off. Of the few examples where
membranes break the Robeson limit,**™** functionalized
groups dispersed in the membrane are employed to shuttle
the desired permeant species using a facilitated transport
mechanism, just as we have proposed for the SiO, overlayers in
this presented study.

The ability of ultrathin coatings to break the Robeson limit
for electrochemical systems requiring proton coreactants could
have important implications for a wide range of electro-
chemical applications involving proton transfer and/or proton-
coupled electron-transfer reactions. A proton is a necessary
coreactant for a number of electrochemical reactions for which
it is desirable to maximize or minimize proton flux or to
achieve specific intermediate proton fluxes that enable an
optimal pH or coverage of adsorbed H at the electrocatalytic
buried interface. For example, controlling the relative fluxes of
H" and O, is attractive for membraneless electrolysis cells
where it may be advantageous to maximize proton transport
for efficient HER at the cathode while blocking the undesirable
reduction of 02.83’84 For other reactions, suppressing, but not
eliminating, proton or O, fluxes may be beneficial. In the ORR
and OER occurring in acidic or pH-neutral environments, it is
desirable to engineer coatings that maximize permeability for
O, while still maintaining sufficient proton permeability to
ensure that low proton fluxes do not limit the overall reaction
rate or lead to extreme pH at the buried interface. Similarly,
intermediate or low proton fluxes may be beneficial in other
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electrochemical reactions such as CO, reduction, where high
concentrations of protons in the electrolyte lead to undesirable
HER and low faradic efficiency for the desired reaction.*>*°
However, completely minimizing the hydrogen-bonding
interactions of the overlayer may not be entirely beneficial
for these applications, as water or protons are still required
coreactants for CO, reduction.*® Thus, tailoring overlayer
composition to limit the HER while still maintaining a
minimum concentration of coreacting protons could provide a
balance that optimizes the faradic efficiency toward CO,
reduction. In a wide range of applications, overlayers that
enhance the transport of protons and/or other small molecules
while suppressing the permeability of larger impurity species
can also improve electrocatalyst durability through poison
resistance.'’

To expand the use of MCECs to other electrochemical
systems, future research efforts aimed at tuning overlayer
composition and structure would benefit from studies that
explore larger numbers of reactant species with varying charge,
polarity, and/or size for different membrane compositions.
Such investigations are expected to lead to more general design
rules for overlayers that can be broadly applied across
numerous classes of reactions and operating conditions.
Further research efforts incorporating in situ characterization
and/or atomistic modeling of species transport are also needed
to support ex situ observations such as those carried out
through this study and could provide a better understanding of
the local conditions of the buried interface microenvironment
where the reaction occurs. Though many fundamental
questions remain about transport and catalysis in MCECs,
these architectures represent a promising opportunity to fine-
tune electrocatalyst properties for a wide range of complex
reaction systems in ways that are not possible with conven-
tional electrocatalysts.

4. CONCLUSIONS

Results from this study illustrate both the opportunities and
challenges associated with designing MCECs with tunable
overlayer composition and structure that can be used to
control fluxes of protons and oxygen to electrocatalytic buried
interfaces. By varying the cure time of carbon-modified silicon
oxide (SiO,C,) overlayers fabricated using a room-temperature
UV—ozone process, this work demonstrated the ability to
precisely tune several overlayer characteristics, including
thickness, carbon content, density, and hydrophobicity.
These characteristics were found to strongly influence the
fluxes of H* and O, to active sites, as probed through the
hydrogen evolution and oxygen reduction reactions, respec-
tively. Moreover, opposing trends in H" and O, permeabilities
were observed as a function of overlayer cure times. H*
transport was enhanced at longer cure times, which promotes
the formation of a dense, uniform overlayer containing a
continuous SiO, network that is well suited for promoting H*
hopping along Si—O moieties through a facilitated transport
mechanism. In contrast, oxygen permeability was largest for
SiO,C, overlayers exposed to shorter cure times, which were
characterized by lower densities that can promote O, diffusion
through larger free volume elements. As a result of these
opposite transport trends, transport of one species can be
favored over the other without sacrificing overall species flux to
electrocatalytic active sites. This functionality of semiperme-
able overlayers to tailor the relative fluxes of reactant species is
expected to present unique opportunities for MCECs to

improve electrocatalyst performance for a wide range of
electrochemical reactions.
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