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Abstract. For programmable catalysis applications, nanolaminates composed of thin alternating layers of
Al;O5 and TiO, (ATO) were engineered using atomic layer deposition (ALD) as the dielectric material
for a Pt-on-carbon catalytic condenser. Systematic investigation assessed synthesis parameters such as
deposition temperature, Al,Oz and TiO; layer thicknesses, the total number of layers (and interfaces),
and the presence of a capping Al.Os layer on the maximum achievable charge accumulation in the Pt
catalyst layer. The highest capacitance ATO configuration demonstrated a specific capacitance of ~1,200
nF/cm? with working voltages of +5 V, enabling the storage of 4x10* electrons or holes per cm? at room
temperature. Adsorption of carbon monoxide on the Pt/C-ATO device characterized by grazing
incidence infrared spectroscopy showed changes in the surface binding energy of 13.1 + 0.8 kJ/mol for
an applied external voltage bias of £1 V. The results enhance our understanding of nanolaminate
structures and provide a method for increasing charge condensation strength for higher temperature

surface chemistries.

1.0 Introduction. Catalytic condensers have active
surfaces that can be tuned via the accumulation of a
variable number of holes or electrons in an exposed
catalyst layer, with the charge being stabilized
across a dielectric film.% The goal is to apply a
potential across the condenser architecture to
modulate the electron density of catalytic sites with
time, thereby enabling a ‘programmable’ sequence
of surface electronic states that change on the time
scale of a catalytic turnover.B* Active condenser
layers can consist of metal oxides, metals, or other
surfaces with catalytic activity, making the
condenser architecture amenable to most
heterogeneous catalytic applications.

A challenge in condenser design is maximizing
charge per active site under operating conditions
relevant to catalytic chemistry. In previously
reported condensers, a HfO, dielectric film about 70
nm thick permitted charge condensation in Pt/C or

Al,03/C of ~10® |e] cm™ and thermal stability (i.e.,
retains high capacitance and low capacitor leakage
currents) up to 350 °C.[2581 The extent of charge
condensation was increased to ~10 |e’] cm™ using
a flexible ion gel film (in place of HfO,) to achieve
a higher overall device capacitance of ~2,000
nF/cm? at 25 °C, and ~20,000 nF/cm? at 200 °C.["
However, the thermal stability of the ion gel
composition (PVDF/ [EMIM]'[TFSI]) allows
functionality only up to 200 °C. This high
temperature limit is below the targeted operability
range (>200 °C) for many catalytic applications.
High-k dielectric films with high capacitance
(>1,000 nF cm™) and thermal stability up to 400 °C
would broaden the applicability of catalytic
condensers to important reactions such as methanol
and ammonia synthesis. Ferroelectric perovskite
films such as lead titanate (PbTiOs3) and either
strontium or barium titanate (BaTiOs; or SrTiOs)
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Figure 1. ATO Catalytic Condenser Design and Fabrication. (A) Schematic illustration of the alumina-titania (ATO)
nanolaminate catalytic condenser. Z¢ = thickness of the top and bottom capping Al,Os layers. Za = thickness of the
alternating Al,O3 sublayers. Zt = thickness of the alternating TiO; sublayers. (B) ATO condensers are synthesized by
atomic layer deposition with a thick bottom cap, followed by multiple alternating titania and alumina layers, followed
by an alumina top cap. Carbon is then deposited on top to conduct charge, followed by metal nanoparticle catalyst.
Bottom left: photograph of a 1 cm? Pt/C ATO catalytic condenser.

exhibit higher dielectric constants (k > 100) and
greater stabilization of charge separation.®¥! These
perovskite-based films are traditionally fabricated
via time- and cost-intensive deposition methods
such as molecular beam epitaxy to ensure
appropriate film crystallinity and stoichiometry.
Alternatively, nanolaminate films consisting of
alternating amorphous, sub-nanometer titania and
alumina layers have been fabricated via atomic
layer deposition or pulsed layer deposition,
resulting in composite films with dielectric
constants of 100 to 1,000,1*%*'2 that have been
extensively evaluated [*3141516.17.18.19.20.21]

The high dielectric constants of alumina-titania
nanolaminates (ATO) are attributed to the presence
of oxygen vacancies in TiO, and charge
accumulation at the interface of the alternating
Al,Os; and TiO, layers due to their different
conductivities, an effect known as Maxwell-
Wagner  relaxation.'®'21  This  dielectric

mechanism resembles the internal barrier layer
capacitor structure in CaCusTi4O12 ceramics, where
the high capacitance arises from grain boundaries
rather than the intrinsic properties of the
material.???®l  More  broadly, nanolaminate
structure comprised of alternating thin insulating
layers (e.g., Al,O3 or HfO;) and semiconducting
layers (e.g., TiO, or ZnQO) also exhibit high
dielectric  constants.[24%26211 A gystematic
investigation of the influence of Al,O; and TiO;
layer thicknesses on the dielectric constant and
leakage current (i.e., via tangent loss), Auciello and
co-workers found that increasing the TiO; thickness
or reducing the Al,O3 thickness while keeping the
other sublayer thickness constant causes the
dielectric constant as well as leakage current to
increase.™™ They also reported that introducing a
capping Al;Os layer of 10 nm thickness lowered
leakage current by several orders of magnitude,
from 10° A/cm? to 10° A/cm?? albeit at the
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Figure 2. (A—C) Cross-section TEM images and EDS map of the ATO-3 catalytic condenser with Pt/C top layer and
nanolaminate dielectric (0.25 nm alumina & 0.72 nm titania with 4 nm alumina capping layers) prepared at 300 °C.
(D) Cross-section TEM image of ATO-10 catalytic condenser (0.25 nm alumina & 0.72 nm titania with 4 nm alumina
capping layers) prepared at 300 °C. (E) Pt Ls-edge XANES with linear Combination Fit (LCF) for the Pt/C/ATO-5
condenser with a Pt foil reference spectra. (F) Data (points) and curvefit (lines) of the k¥ — weighted FT-EXAFS
magnitude (top), the Pt — Pt contribution to the FT-EXAFS fit (middle) and the Pt — O contribution to the FT EXAFS
fit (bottom) for the Pt/C/ATO-5 condenser, shown in nonphase-corrected R-space. Details are provided in the

Supporting Information.

expense of the dielectric constant. The thermal
stability of these nanolaminates and their maximum
charge capacity, critical for their sustained
operation as catalytic condensers at elevated
temperatures (>200 °C) is important for their
application. Moreover, the capacitive (dielectric)
properties of nanolaminates at high temperatures
(above 130 °C) have not previously been
measured. (101119

Here, Pt/carbon condensers were fabricated
from high dielectric nanolaminates composed of
alternating thin (< 1 nm) layers of Al,Os3 and TiO»,
designated ‘ATO’ (Figure 1A). ATO films were
prepared by atomic layer deposition (ALD) on a
conductive, heavily doped p-type Si wafer,
followed by carbon sputtering (1 nm) and e-beam
deposition of Pt (2.5 nm), Figure 1B. A final Al,O3

capping layer (~4 nm) was deposited between the
ATO dielectric film and both the top and bottom
electrodes (Pt/C and p++-Si, respectively) to lower
the leakage currents while maintaining high
polarizability of the device stack. The capacitive
currents and the thermal stabilities of the ATO
materials were evaluated as a function of film
thickness and growth temperature to identify design
and fabrication methods leading to high capacitance
and thermal stability.

Results and Discussion. Fabrication and
structural characterization of ATO-based catalytic
condensers. Figure 1 shows a schematic of an
ATO-based catalytic condenser. The design
parameters include the thicknesses of the AlO;
(Za/nm) and TiO; (Z+/nm) sublayers, the thickness
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Figure 3. Electronic properties of ATO device with Pt/C top layer and nanolaminate dielectric (0.25-nm Al,O3
sublayer thicknesses and 0.72-nm TiO; sublayer thicknesses with 4-nm Al,O3 capping layers), prepared at different
ALD deposition temperatures (ATO-1, ATO-2, ATO-3,see Table S1). (A) Comparison of capacitance, voltage
window, and maximum charge (per cm?) as a function of deposition temperature. (B) Comparison of capacitance as a
function of measurement temperature for different deposition temperatures. (C) Comparison of impedance spectra for
ATO-3 as a function of measurement temperature. (D) Comparison of voltage windows for ATO-3 as a function of

measurement temperature.

of the Al,O3 capping layers (Zc/nm), the number of
interfaces (N) between alternating Al.O; and TiO;
sublayers, and the substrate temperature (T / °C)
during ALD. Table S1 summarizes the
characteristics of each ATO device fabricated in
this study. For each deposition temperature,

sublayer  growth rates determined  using
ellipsometry are presented in Table S2.
Cross-sectional transmission electron

microscopy (TEM) analysis was conducted to
confirm the thickness of each sublayer and to assess
their  uniformity. The energy dispersive
spectroscopy (EDS) maps and TEM images of the
ATO-3 device are shown in Figure 2A-2D and
Figure S1, respectively. The device consists of a
top Pt/C layer, the ATO nanolaminate (~45 nm),

and Al;O; capping layers (~4 nm) separating the
ATO from the top Pt/C layer and from the bottom
p-Si substrate (Figure 2A,2B). The ultra-thin
alumina sublayers (0.25 nm) are difficult to
distinguish from the titania sublayers (0.72 nm) by
TEM due to the limited resolution (Figure 2C). To
see the nanolaminate structure more clearly, ATO-
10 was prepared with 0.75 nm alumina and 0.72 nm
titania sublayers. The TEM analysis is shown in
Figure 2D. The alumina and titania sublayers of the
nanolaminate structure are visible. The observed
uniformity and structural integrity of the ATO
confirms the benefit of using ALD to fabricate high
quality thin films, with discrete, alternating
sublayers of alumina and titania. The electron
diffraction (ED) patterns obtained from the ATO
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stacks show that the Al,Os and TiO, films are
amorphous, as confirmed by X-ray diffraction
(XRD) analysis (Figure S2), where the small-angle
vertical streaking along the film growth direction
confirms the nanolaminate structure (Figure S3)

The structure of the Pt layer in the catalytic
condensers was investigated by X-ray absorption
spectroscopy (XAS), as shown in Figure 2E & 2F.
The Pt Ls-edge edge, 11,564.8 eV, and the
whiteline maximum, 11,567.5 eV from X-ray
absorption near edge spectroscopy (XANES) data
(Figure 2E, Figure S4), indicate that Pt is partially
oxidized at the surface. A linear combination fit
showed that (89 + 1)% of Pt is metallic, while (11
*+1)% is Pt (IV). Recent studies have confirmed the
growth of disordered surface platinum oxides on Pt
(111) surfaces at ~300 K and 0.001-1 bar 0,128
therefore, this result is reasonable considering the
Pt/carbon catalytic condenser was exposed to air
prior to the XAS measurements. The average Pt
particle size estimated by fitting the extended X-ray
absorption fine structure (EXAFS) gave an average
Pt-Pt coordination number of (5.9 + 0.4), with a
bond distance of (2.71 + 0.01) A (Figure 2F,
Figure S5, Table S3). These values are consistent
with 1.5-2 nm Pt nanoparticles.” No longer range
Pt-Pt paths were observed in the EXAFS,
indicating that the nanoparticles are small and
disordered. Considering only ~10 % of the Pt is
oxidized but 1.5-2 nm Pt nanoparticles have a Pt
dispersion of 50-70 %, this suggests only a
fraction of the Pt surface was oxidized.

Electronic properties of ATO-based catalytic
condensers. The capacitance and operational
voltages of the ATO-based devices were
characterized by I-V (DC) measurements (Figure
S6-S14) and impedance spectroscopy. The
dielectric constant or capacitance of a nanolaminate
ATO film is correlated with the number of oxygen
defects (vacancies) in the TiO; layer.™® Modifying
the ALD growth temperature influences the defect
density, providing a method to tune ATO
capacitance.®? Figure 3A compares the room
temperature electronic properties of ATO-based
devices fabricated at 100, 200, and 300 °C, all other
parameters being constant (Za =0.25 nm, Zr =0.72
nm, Zc =4 nm, N = 91). The resulting capacitances
were 476, 587, and 874 nF/cm?, respectively
(Figure 3A, black e), indicating that higher growth
temperatures result in higher capacitance.

Chem

To investigate whether the increase in
capacitance is due to a higher number of defects
(oxygen vacancies) in the TiO; layer, 5 nm TiO;
layers were grown at 100, 200, and 300 °C and
analyzed by X-ray photoelectron spectroscopy
(XPS), Figure S15. The presence of an
unsymmetrical peak in the O 1s region (Figure
S15a) indicates oxygen atoms in various chemical
states. Metal oxide films grown via ALD include
not only lattice oxygen but also oxygen vacancies
and surface impurities (-OH groups).?334%!
Consequently, the O 1s region was deconvoluted
into three components: O_ (lattice oxygen), Op
(defective oxygen bound to Ti**), and Oow (surface
hydroxyl). Table S4 shows that the surface
hydroxyl concentration has a relative 10% decrease
(from 8.8% to 7.9%) as the deposition temperature
increases. In contrast, the oxygen vacancy
concentrations nearly double with deposition
temperature, from 7.2% to 15.1%. The Ti 2p region
shows the expected Ti 2psz and Ti 2pi. peaks
(Figure S15b). Despite the complexity of their
deconvolution, the binding energies for both peaks
do shift slightly to higher energies as the deposition
temperature increases. Since the binding energies
for Ti®* are lower (2ps»: 458.07 eV, 2py,: 463.70
eV) than for Ti*" (2is2: 459.39 eV, 2pu,: 465.17
eV),?Y the shift suggests a higher concentration of
Ti** and corresponding oxygen vacancies when
deposition is conducted at higher temperatures.
Therefore, the XPS result is consistent with the
larger  capacitance at  higher  deposition
temperatures, due to a higher defect concentration
in the TiO; sublayers. XRD analysis of ATO films
grown at the same temperatures confirms that the
films remain amorphous under all deposition
conditions, eliminating the possibility that
crystallization is responsible for the observed
changes in capacitance (Figure S2).

The operable voltage window also determines
the total charge accumulation (Q = C x V, where Q
= charge amount, C = capacitance, V = voltage) in
a catalytic condenser. The voltage windows were
defined at the intersection of lines extrapolated
from the low and high voltage bias regimes of the
current versus voltage scans at 1 V/s. The voltage
windows of ATO devices prepared at 100, 200, and
300 °C were similar (+5.75, +6.25, and +5.25 V,
Figure 3A, red). The capacitance and voltage
window were used to calculate the maximum
charge accumulation (e or h*), Figure 3A (purple).
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Figure 4. Variation in Nanolaminate Structural Parameters. (A) Comparison of device capacitance with total
nanolaminate thickness varied by changing the number of 0.25-nm Al,O; sublayers and 0.72-nm TiO, sublayers (all
with 4-nm Al,O3; capping layers). (B) Comparison of device capacitance with the TiO, sublayer thickness. (C-D)
Comparison of current densities with and without Al,O3 capping layers (4-nm thickness).

The device made at 300 °C had the highest charge
density (2.9x10%/cm?) at room temperature.

To characterize changes in electronic properties
of the devices at elevated temperatures, -V
measurements were conducted while the device
was heated in air on a hot plate, Figure 3B. At each
temperature setpoint, the device was allowed to
thermally equilibrate for three minutes prior to
measurement. The devices grown at different
temperatures exhibited distinct capacitances. As the
measurement temperature increased from room
temperature to 400 °C, the capacitance increased
significantly (for ATO-1: from 444 to 1280 nF/cm?;
for ATO-2: from 569 to 1560 nF/cm?; for ATO-3:
from 937 to 1733 nF/cm?). This temperature trend
is attributed to higher rates of diffusion of oxygen
vacancies towards the Al,Os3-TiO; interface due to
the promotion of molecular motion of charge
carriers at elevated temperatures, resulting in the
increased dielectric constant.™®!

Since ATO-3 showed the highest capacitance
and largest charge modulation ability across the
evaluated temperature range (25-400 °C), the
electronic properties of ATO-3 were analyzed
further. Figure 3C shows impedance spectra of
ATO-3 at different temperatures (from 25 to 400
°C). The capacitance increases significantly with
temperature (from 920 to 3120 nF/cm?), consistent
with the 1-V measurements. As the frequency
increased from 1 to 1,000 Hz, the device
capacitance  decreased slightly; at higher
frequencies, the capacitance declined rapidly due to
the limited conductance of the Pt/C layer, as
reported previously.® The operable voltage
window of ATO-3 was measured at various
temperatures, Figure 3D. The magnitude of the
achievable voltage decreased in both the positive
and negative directions as a function of
temperature, indicating that a significant increase in
the leakage current reduces the voltage range
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despite the higher device capacitance at elevated
temperatures.

The capacitance of dielectric films consisting
of a single metal oxide (e.g., HfOy) is inversely
proportional to film thickness.®® However, ATO
nanolaminate films behave differently; the total
device capacitance increases with total
nanolaminate film thickness (i.e., entire ATO) and
the total number of sublayers. Figure 4A compares
the capacitances and working voltages of ATO
condensers with different numbers of interfaces, all
other parameters being constant (Za = 0.25 nm, Zr
=0.72 nm, Zc =4 nm, T = 300 °C). Notably, the
capacitance increases linearly (from 530, to 874,
and to 1243 nF/cm?) with ATO thickness. This
result indicates that the capacitance of ATO
nanolaminates is due to charge accumulation at the
Al,O3-TiO, interfaces. Since all three devices
exhibit similar voltage windows (5.0 to 5.3 V), the
maximum charge amounts also increase (from
1.6x10%%/cm? to 3.9x10%/cm?) with the number of
interfaces (from 61 to 137 layers). Figure 4B
compares the electronic properties of ATO as a
function of TiO- sublayer thickness, while keeping
the Al,Os sublayer thickness constant (Za = 0.25
nm). The capacitance increases with TiO, thickness
independent of the number of interfaces. This result
is attributed to the higher number of defects in
thicker TiO, sublayers. However, the applied
voltage window decreases with increased TiO;
sublayer thickness, indicating a trade-off between
capacitance and voltage window. The optimum
TiO; sublayer thickness to achieve high capacitance
as well as a large voltage window is 0.72 nm.

The importance of the Al,Os capping layer
between the ATO and the electrodes was evaluated.
Current-voltage curves for ATO devices are
compared with and without 4 nm capping layers are
compared in Figure 4C & 4D. ATO without
capping layers exhibits a high capacitance (1920
nF/cm?), but also a high leakage current (~10°°
Alcm? at 1 V). In contrast, the ATO device with 4
nm Al,Os capping layers gave box-shaped current-
voltage curves with a significantly lower leakage
current (~10x lower). Furthermore, the voltage
window increases from 1.9 to 5.3 V when 4 nm
Al;O; capping layers are present, resulting in
increased total condensed charge. Thus, capping
layers are important for maximizing the total charge
in catalyst active sites in device applications based
on ATO nanolaminates.

Chem

IR of CO adsorbed on Pt/C ATO condensers.
The behavior of CO chemisorbed on metal sites in
catalytic condensers as a function of applied
voltage bias provides evidence for charging of the
active sites.®®”! Figure 5A (inset) shows isobaric
adsorbed CO infrared spectra for the ATO-5 device
(maximum charge = 3.9x10%/cm? at room
temperature) measured at different temperatures
while varying the applied potential bias (—1, 0 , +1
V). (Complete IR spectra are provided in Figure
S16.) Peaks for CO(g) (2123 and 2180 cm™?) and
adsorbed CO* (2057 cm™™) are visible. As the
reactor temperature increases, the peak area for Pt-
CO decreases as the surface coverage CO*
decreases. Figure 5A shows the CO* coverage
normalized to the highest area peak at low
temperature (25 °C) as a function of temperature for
different voltage biases. At 0 V, 50 % coverage of
CO* occurs at 115 °C. At -1 V, 50% coverage
occurs at a lower temperature (85 °C), while a
higher temperature (135 °C) is required at +1 V to
achieve 50% coverage of CO*. The variation in
coverage with applied voltage is consistent with our
previous results, where applying a negative
potential cause electrons to condense at the Pt
surface, weakening the metal-CO bond, and
reducing the CO desorption temperature.®57 In
contrast, applying a positive potential (+1 V) results
in a higher temperature for CO desorption due to
the increased Pt-CO bond strength.

Using the normalized CO coverages, Langmuir
adsorption isobars were fitted (Figure 5A, solid
lines). The heat of CO adsorption was estimated at
each potential bias, Figure 5B (details of the
adsorption model are provided in the Supporting
Information). The difference in CO binding
energies at —1 and +1 V, 13.1 + 0.8 kJ/mol,
indicates a shift in the binding energy of 6.5 kJ/mol
per applied volt. HfO,-based and ion gel devices,
having capacitances of 340 and 2400 nF/cm?,
respectively. Showed shifts in CO binding energies
of 1.5 and 14.6 kJ/mol per applied volt, Figure
5C.5B71 Although the thermal behavior of the
electronic properties (capacitance, leakage current)
of these three devices differ, the shift in binding
energy per applied volt is a linear function of device
capacitance at room temperature.

The high capacitance (~1200 nF/cm?) and
substantial charge density (~4 x10%/cm?) of the
ATO-based catalytic condensers suggest that
nanolaminates can be useful dielectric materials for
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Figure 5. Grazing Incidence IR Spectroscopy of CO Adsorbed on a Pt/C ATO condenser. (A) Normalized CO
coverage on the Pt/C ATO-5 catalytic condenser as a function of temperature at three voltage biases (-1 V, 0 V, and
+1V). Points: experimental data, lines: fitted Langmuir isobars. (B) Binding energies of CO on Pt obtained from the
Langmuir isobars at each potential bias. (C) Comparison of CO binding energies on Pt in condensers with HfO,,

ATO, and ion gel dielectric films, all measured with an applied potential of —1 V.

catalytic applications. Their thermal stability (up to
~500 °C) may make them suitable for high
temperature catalytic applications, such as
methanol decomposition, CO oxidation, and
ammonia  synthesis and  decomposition.®”!
Programmable catalysis achieved by dynamic
modulation of surface charge density is predicted to
achieve faster catalytic rates with larger variations
in charge condensation.3*4% The alternation of
insulating and semiconducting layers in
nanolaminates imparts high capacitance (2 pF/cm?)
with the capability for fast response (1,000 Hz).
Further investigations to enhance and optimize
these characteristics for faster and more powerful
condenser devices are underway.

Conclusion. Alumina-titania nanolaminate (ATO)
films were synthesized as the dielectric material of
Pt-on-carbon catalytic condensers. Their electronic
properties and thermal stability were characterized
to determine the extent of charge accumulation in
the Pt active layer. TEM analysis confirmed the
uniformity and desired thickness of the thin Al,O3
and TiO2 sublayers. A higher ALD deposition
temperature (300 °C) caused the number of oxygen
vacancies in the TiO, sublayers to increase,
resulting in higher capacitance compared to devices
prepared at lower temperatures (100 or 200 °C).
The addition of Al.O; capping layers (4 nm)
reduces device capacitance but enhances the
maximum charge condensed due to the expanded
voltage window across which the current leakage is

minimal. Increasing the number of interfaces (i.e.,
adding ATO sublayers) results in increased
capacitance, consistent with dielectric properties
that originate from the alumina-titania interface.
Infrared spectra of CO adsorbed on Pt in devices
with ATO as the dielectric demonstrates that charge
modulation shifts the CO binding energy. Due to its
high capacitance (~1200 nF/cm?) and robust
thermal stability, ATO-based catalytic condensers
may be viable for controlling catalytic chemistry at
temperatures above 200 °C.

Experimental Methods. Fabrication of ATO
nanolaminates by atomic layer deposition (ALD). A
highly conductive p-type Si wafer (Waferpro, Item
# C04005, P/B <1-0-0>, with resistivity < 0.005
Ohm-cm), was used as a substrate. The substrate
was rinsed three times with acetone and 2-propanol,
then dried with a N2 gun before use. The TMA
(trimethylaluminum) and TDMAT
(tetrakis(dimethylamido)titanium(lV)) were used
as the precursors for Al,Os; and TiO», and water was
used as the hydrolyzing agent. The growth rates of
Al,O3 and TiO; at various temperatures (100, 200,
300 °C) were determined by measuring the
thickness of films after 100 cycles, using an
ellipsometer (Film Sense LLC). The ATO
nanolaminate was fabricated by alternating the
growth of desired thicknesses of Al;Oz and TiOo.
To reduce the leakage current, two additional Al,O3
capping layers (2-4 nm) was grown between both:
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(i) the ATO and top (Pt/C), and (ii) between the
ATO and bottom (p+++-Si) electrodes.

Carbon Sputtering. A carbon film was
deposited on top of the ATO film using a sputter
coater (Leica EM ACE600). Carbon thread was
used as the carbon source, and the sputtering was
performed at 140 W under vacuum (5.0x107 Torr)
until 1 nm of carbon film deposition was measured
by the quartz crystal microbalance in the sputtering
machine.

E-beam Evaporation of Pt. A Pt layer was
grown by electron-beam evaporation (CHA
evaporator), using a Pt target source. The
deposition proceeded at 1 A/s until the film reached
the desired thickness of 1 nm, as measured by
quartz crystal microbalance.

X-ray Absorption Spectroscopy (XAS). XAS
step-scan measurements were recorded at the Pt Ls-
edge (10,564.0 eV) on beamline 11-2 of the
Stanford Synchrotron Radiation Lightsource
(SSRL), which operates at 3.0 GeV and a current of
500 mA. A liquid Nz-cooled Si(220)
monochromator at f = 0° was used to select the X-
ray energy, with a Rh-coated collimating mirror for
harmonic rejection. The X-ray energy was
calibrated by setting the maximum in the first
derivative of Pt foil to 11,564.0 eV. Pt/C/ATO
condensers were first exposed to air, and then
placed in a He-filled custom sample cell located
after the first ionization chamber. Samples were
mounted on a rotating stage to allow for grazing
incidence XAS measurements. The Pt Lal
fluorescence line intensity was monitored with a
100-element Ge detector, perpendicular to the X-
ray beam. XAS data processing and analysis were
performed using the Demeter software package.™"
In a linear combination fitting, Pt foil and
NazPt(OH)s spectra were used as references for
Pt(0) and Pt(1V) sites (Figure S4), respectively.

Electronic Measurements. Prior to
measurement, a small portion of the bottom of the
sample was gently scratched with a scribe to
remove the native oxide from the silicon wafer.
Electrical contact was made to the device via
tungsten probes, where topside contact was made
directly to the Pt/C layer and the bottom side was
grounded via probe contact to the conductive stage
underneath  the  sample. The electronic
measurements were conducted using a probe station
equipped with a source meter (Keithley 2612B and
Keithley Test Script Builder). Topside voltages

Chem

were scanned between 1 V at different voltage
sweep rates (1.00 — 3.00 V/s) to determine the
device capacitance at 0 V. The voltage window was
gradually increased to observe leakage behavior
and determine the maximum operable potential.
Impedance spectra were collected using a
multimeter (Newtons PSM3750) equipped with an
Impedance Analysis Interface 2, with a frequency
range from 1 Hz to 10 MHz. For high temperature
measurements, the device was placed on a
conductive stainless-steel piece for bottom contact
on top of a ceramic hot plate.

Device characterization. XPS characterization
was performed using a PHI 5000 VersaProbe |11
Photoelectron Spectrometer. Peak fitting was
conducted using mixed Gaussian-Lorentzian
functions superimposed on an integrated Shirley
background. The largest intensity C 1s peak was
assigned an energy of 284.8 eV for each scan to
correct for charging. XRD characterization was
performed using a Bruker D8 Discover with Co Ka
radiation (A = 0.179 nm) and an areal detector. The
cross sections of the devices for TEM studies were
prepared using a focused ion beam (FEI Helios
NanoLab G4 Dual Beam). Approximately 50 nm of
protective amorphous carbon was deposited prior to
the preparation of lamellar cross sections using a Ga
ion beam operated at energies of 30, 5, 2, and 1 keV.
HRTEM, STEM, and EDS characterizations were
performed using a Thermo Fisher Talos F200X G2
microscope equipped with a Super-X EDS
spectrometer and Thermo Fisher Velox software.
The microscope was operated by using an electron
beam energy of 200 keV.

CO isobar IR study. The CO isobar IR study
was conducted using a Thermo Scientific Nicolet
iS50 FTIR spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector, wedged ZnSe
windows, and a modified RefractorReactor™
grazing incidence angle accessory (Harrick
Scientific, RGR-XXX-3).’) The incident angle of
the beam was fixed at 75°. The IR cell was
equipped with electrical feedthroughs connected to
a sourcemeter (Keithley 2450). An ATO device
with top Pt/C surface was placed in an IR cell, and
electrical contact was made using stainless steel
wires. Before each CO isobar experiment, current-
voltage measurements were conducted to establish
the device capacitance (~1200 nF/cm?) using a
sourcemeter. After sealing, the IR cell was
evacuated to a base pressure of 100 mTorr before
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collecting a background spectrum. Next, 7.6 Torr
CO was introduced into the cell at room
temperature, and the CO(g) pressure was
maintained for equilibrium between gaseous CO(g)
and surface-adsorbed CO®. Then, the reactor
temperature was incrementally raised by 5 °C
intervals (ramp rate of 20 °C/min), and CO isobar
IR data were collected at each 5 °C increment
following a one-minute hold period, while applying
a potential bias (—1 V, 0 V, +1 V). The schematic
of the IR setup and the details of the Langmuir
modeling method can be found elsewhere.>”]
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