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Abstract. Accelerating catalytic chemistry and tuning surface reactions requires precise control of the electron
density of metal atoms. In this work, nanoclusters of platinum were supported on a graphene sheet within a catalytic
condenser device that facilitated electron or hole accumulation in the platinum active sites with negative or positive
applied potential, respectively. The catalytic condenser was fabricated by depositing on top of a p-type Si wafer an
amorphous HfO, dielectric (70 nm), on which was placed the active layer of 2-4 nm platinum nanoclusters on
graphene. Potential of +/-6 V applied to the Pt/graphene layer relative to the silicon electrode moved electrons into
or out of the active sites of Pt, attaining charge densities more than 1% of an electron or hole per surface Pt atom.
At a level of charge condensation of +/-10% of an electron per surface atom, the binding energy of carbon monoxide
to a Pt(111) surface was computed via density functional theory to change 24 kJ mol? (0.25 eV), which was
consistent with the range of carbon monoxide binding energies determined from temperature programmed
desorption (ABEco 0f 20+1 kJ mol™ or 0.19 V) and equilibrium surface coverage measurements (ABEco of 14+1
kJ mol or 0.14 eV). Impedance spectroscopy indicated that Pt/graphene condensers with potentials oscillating at
3,000 Hz exhibited negligible loss in capacitance and charge accumulation, enabling programmable surface
conditions at amplitudes and frequencies necessary to achieve catalytic resonance.

1.0 Introduction. Over the past century, metal
surfaces have been synthesized for precise
electronic interaction with adsorbates to accelerate
reactions and control catalytic pathways.? Bulk
metals were converted to nanoclusters supported on
metal oxides and carbon surfaces, providing higher
dispersion and increased densities of edge, step, and
terrace sites.®*® These active metal surfaces were
further refined by alloying with other metals®?,
adding promoters and inhibitors that further modify
their properties,®® and by designing the
catalyst/support interactions. !>V Precise synthesis
of more advanced nanoparticles and surface design
has included core-shell particles“?®, intermetallic

surfaces*', and single atom alloys*®'”) to provide
more electronic specification at the active site by
altering the coordination of the atoms and the
composition of nearest neighbors.® Such synthetic
methods, however, require precise surface
structures in stable conformations and only provide
discrete options for active sites that are static on the
time scale of the catalytic turnover.

An alternative approach to catalyst design
directly tunes the electron density of the active site
by stabilizing positive or negative charge in the
exposed catalytic surface.’** We have recently
described the method of a ‘catalytic condenser’ that
uses a high-k dielectric HfO, layer to separate a
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Scheme 1. Adsorption of carbon monoxide (blue oxygen, orange carbon) on the platinum-graphene active layer of a
catalytic condenser with negative (left) and positive (right) charge condensation. Charge condensed in the active layer
distributes between the graphene and a discontinuous layer of platinum nanoclusters that are 2-4 nm in height and

alters the binding energy of carbon monoxide.

conductive silicon electrode from a conductive
active layer of ultrathin amorphous alumina on
graphene.®? In this example, the amorphous
alumina layer is a solid Lewis acid catalyst, while
the supporting graphene rapidly distributes charge
across the device surface. When a positive voltage
bias is applied to the active alumina/graphene layer
relative to the silicon electrode, the alumina catalyst
active sites are depleted of electrons, making them
more acidic and faster at dehydrating alcohols such
as isopropyl alcohol.

Synthesizing the catalytic condenser stack
design with a metal-on-graphene active layer
(instead of an oxide on graphene) extends
condenser applicability to many important metal-
catalyzed chemistries. However, electronically
biasing metals by stabilizing charge at the surface
requires unique design of the metal layer. Metals
have about an order of magnitude higher catalytic
active site density than oxides such as alumina (10*°
vs. 10% sites cm?, respectively)®?; more charge per
unit area must be stabilized to electronically perturb
the catalytic active site. Additionally, electric fields
that extend through the catalytic condenser from the
electrode to the catalytic metal layer are more
efficiently screened by metal layers than by oxide
layers; the catalytic active sites must be close to the
graphene layer stabilizing the electrode
countercharge (i.e., a thin metal catalyst layer).

Platinum in particular is a useful catalyst due to
its surface electron density that binds adsorbates
sufficiently strongly to break hydrocarbon bonds

and accelerate chemistry. Platinum is an efficient
reforming catalyst of alkanes and oxygenates®¥,
a selective hydrogenation and dehydrogenation
catalyst®2%2) and an active surface for oxygen
reduction in fuel cells®? among many other
catalytic applications. Platinum is therefore a
highly characterized catalytic material in many
forms including single crystals surfaces®3Y,
nanoclusters®>®® alloys®*®  and  single
atoms®®3), making it an effective probe metal for
modulation in a catalytic condenser.

In this work, the active layer of a HfO,-based
catalytic condenser was synthesized from platinum
on graphene. As depicted in Scheme 1, platinum
active sites were comprised of thin nanoclusters
several atoms thick (~2-4 nm) dispersed on a
continuous graphene sheet. Lower platinum
loading decreased the total number of active sites
and increased the charge stabilized per active site.
The active layer of platinum on graphene was
separated from a conductive p-type silicon substrate
by 70 nm of insulating, amorphous HfO,. Under
negative bias (Vcar < 0), electrons accumulating in
the graphene and platinum reduced the binding
energy of adsorbates such as carbon monoxide.
Likewise, positive bias (Vcat > 0) depleted
electrons in the platinum and graphene and
increased adsorbate binding energy. The physical
and electronic ~ characteristics  of  this
platinum/graphene catalytic condenser were
characterized to demonstrate a tunable metal
surface with substantial variation in the electronic
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Figure 1. Platinum graphene catalytic condenser structure and composition. (a) Illustration of a Pt Graphene
Catalytic Condenser device. (b-c) Cross-sectional TEM of the Pt/graphene active layer on HfO, insulating layer. The
image of the device fibbed to a cross sectional width of ~30 nm indicates that the Pt nanoclusters are ~2-4 nm thick
and separated by exposed graphene. The scale bars are shown in the respective TEM images. (d) Top-down SEM
shows patches of multi-layer graphene with hexagonal domains and the EDS indicates uniform distribution and
composition of carbon and platinum across the device. The scale bar is 20 um. () AFM image (Scale bar of 1 um)
and height profile show minimal variation in active layer height across the device surface, consistent with the cross-
section TEM. (f) Raman spectra of graphene collected at different spots on the device confirmed single layer (SL)
and multilayer (ML) graphene on the device surface. (g) XPS Pt 4f spectra of the reduced Pt/G and reduced Pt/Si
indicate a ABE of ~ 0.3 eV of Pt in the reduced Pt/G. (h) STM image of the Pt/G surface showing metal cluster
morphologies and charged surfaces.

properties of active sites, even when oscillating  thickness, as measured by an ellipsometer,

applied potential bias at frequencies above 1,000
Hz.

2.0 Results and Discussion. The
Pt/Graphene/HfO./Si catalytic condenser depicted
in Scheme 1 and Figure 1a was fabricated with full
details described in the Methods Section and the
Supporting Information. Beginning with a
conductive p-type silicon wafer substrate (~1 cm?),
an electrically insulating HfO; layer was grown by
atomic layer deposition (ALD) at 100 °C. The HfO;

increased linearly with the number of ALD cycles,
and the selected thickness of 70 nm was achieved
in 500 cycles consistent with prior examples. 839
On top of the HfO, layer, a ca. 1 cm? graphene sheet
was transferred using an established polymethyl
methacrylate (PMMA)-based method to provide a
conductive sheet across the insulating layer.“4V
While a gold contact was added to earlier catalytic
condenser devices®, this was not included for the
current device with the Pt/graphene active layer to
avoid its participation in carbon monoxide

Onn, et al.

Page 3



adsorption. Finally, Pt was deposited on graphene
by electron beam evaporation of a pure Pt source
and reduced in flowing H; at 150°C in a tube
furnace for an hour.

The resulting catalytic condenser stack and
active platinum/graphene layer were visible from
the cross-sectional scanning transmission electron
microscopy (STEM) image of Figures 1b and 1c.
On top of the amorphous HfO; insulating layer was
a thin ~0.4 nm layer of graphene followed by an
ultrathin Pt layer just a few nanometers thick, which
appeared discontinuous. Focused-ion beam (FIB)
cross-sectioning of the sample allowed for
observation of individual particles of Pt between
regions of exposed graphene; these particles were
also distinguished using energy-dispersive X-ray
(EDX) spectroscopy, as shown in Figure 1c.
Individual Pt particles exhibited a high degree of
crystallinity with the expected lattice structures for
2-4 nm nanoclusters (See Figure S4). From the
plan view obtained by SEM as shown in Figures 1d
and S5, the surface of the device comprised regions
of single (light grey) and multi-layer (dark grey)
graphene with several hexagonal-shaped domains
visible and consistent with previous results. The
presence of these layers of graphene was confirmed
by Raman spectra collected over 20 spot sites in
Figures 1f and S6. More importantly, SEM-EDX
verified that both carbon (C) and Pt were evenly
distributed across the device surface (Figure 1d).

The catalytic condenser’s surface roughness
was then characterized by atomic force microscopy
(AFM) as shown in Figure 1e and Figure S7. Over
a two-by-two-micron region, variation in surface
height (Ah) of the majority of the surface was only
~2 nm; the AFM tip was not capable of providing
lateral resolution to observe individual particles.
XPS measurements in Figure 1g showed a
difference in binding energy for reduced Pt on
graphene, with Pt 4fs, at 74.6 eV and Pt 4f7,at 71.3
eV when compared to reduced Pt on Si samples,
with Pt 4fs, at 74.3 eV and Pt 4f7,at 70.9 eV. The
0.3 to 0.4 eV shift in binding energy has been
attributed to enhanced interaction in the Pt-C due to
the C *—Pt d hybridization only observable in low
loadings of Pt nanoparticles“>*®). This Pt-C
interaction, detectable only after reduction, should
allow for improved modulation of electron density
of the Pt clusters. These observations, as well as
height profiles obtained from the scanning
tunneling microscopy (STM) image in Figure 1h
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and Figure S8, are consistent with a thin
discontinuous layer of Pt nanoclusters 2-4 nm in
height on a continuous layer of graphene.

The insulating amorphous HfO; layer functions
to stabilize opposing charge between the condenser
Si electrode and the platinum/graphene active layer,
with the extent of charge condensation dependent
on the thickness and quality of the HfO; film. We
have previously characterized ALD-grown 70 nm
HfO, films and determined that they remain
amorphous at or below 350 °C; XRD peaks
associated with crystalline HfO, only appear when
heated to 400 °C or above.Y The crystalline phase
of HfO, exhibits a lower dielectric constant (~17
versus 26 for amorphous HfO,), and the crystallized
HfO; film is more likely to exhibit pinholes that
conduct current between the active catalyst layer
and the underlying electrode.4#54¢4748) Qperating
the catalytic condenser at temperatures below 400
°C allows for broad application of Pt active sites to
many catalytic reactions while also achieving the
highest amount of charge condensation at the active
site.

Condenser  Electronic  Properties.  The
electronic properties of the Pt/graphene catalytic
condenser were measured as shown in Figure 2. In
Figure 2a-2h, the amount of charge stored in the
active Pt graphene layer was determined from
current-voltage (I-V) measurements of both a
graphene condenser (without Pt) and the full
Pt/graphene condenser, varying from -1.0 to +1.0 V
at different sweep rates. Comparable results were
obtained from I-V curves measured at larger sweep
rates from -6.0 V to +6.0 V, Figure S9. The
graphene device without Pt exhibited displacement
current densities in the range of 10-50 nA cm?,
linearly varying with the corresponding sweep rates
and consistent with a graphene condenser
capacitance of 35 nF cm, as shown in Figure 2b-
2¢.®) In stark contrast, the platinum/graphene
condenser achieved current densities of ~500 nA
cm?, a ten-fold increase over the graphene-only
device capacitance to 350 nF cm, when measured
at room temperature. The added Pt nanoparticles
dramatically increased the total capacitance of the
condenser stack, which is consistent with either
charge injection into the particles or their
polarization.

The box-shaped displacement current-voltage
measurements of Figure 2a indicate that electronic
charge accumulated in both condensers with active
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Figure 2. Electronic properties of the Pt /graphene catalytic condenser. (a) I-V curves of graphene on HfO, on Si
(blue) and Pt/graphene on HfO, on Si (red). (b) Accumulated charge density measured by I-V curves (complete |-V
curves in the Supporting Information) of both devices as a function of applied bias, Vcar. (c) Device capacitance with
Pt/graphene (red), graphene (blue), and Pt only (black). Charge accumulation at + 6 V relative to the estimated Pt
active site density range. (d) Measured device capacitance as a function of temperature. (e) Leakage current through
the HfO, insulating layer as a function of temperature in A cm.

layers of graphene (blue, left) and
platinum/graphene (red, right). Based on the
measured capacitance, the condenser with only
graphene (no Pt) stabilized approximately 10*? (e
or h*) cm? for Vcar of +6.0 V; for the same
potential bias, charge condensation increased by an
order of magnitude up to ~10** (¢” or h*) cm™ when
platinum was deposited on top of the graphene
(Figure 2b-2c). The difference of these two
electron densities indicates that charge is primarily
accumulating in the Pt nanoclusters (holes or
electrons at Vcar greater or less than zero,
respectively). Moreover, the 2-4 nm Pt/graphene
device is condensing the maximum amount of
charge for the applied potential and the thickness of
the HfO; insulating layer. To demonstrate this, an
alternative device (Figure 2c) comprised of a thick
Pt layer (30 nm) on HfO, supported on Si also
stabilized about ~10™ (e or h*) cm™, which is the

maximum achievable charge stabilized with the
selected HfO> insulating film at room temperature.

The extent of charge accumulated in the Pt
nanoclusters on graphene is sufficient to alter
surface binding and adsorbate reactions. A
continuous metal surface exhibits catalyst active
site densities of ~10% sites cm™?. In the catalytic
condenser, charge was accumulated in the amount
of ~10" (e or h*) cm, which would account for
about 1% of an electron accumulated or depleted
per surface Pt site on a continuous metal surface,
assuming all charge accumulates at the surface.
However, the deposited metal surface is
discontinuous with regions of exposed graphene,
possibly decreasing the number of surface sites,
which could increase the charge
accumulation/depletion beyond 1% of an electron
per surface Pt atom. This is further complicated by
the complexity of charge distribution in metal
nanoclusters on crystalline planes; charges
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accumulate near the Pt/graphene interface as well
as highly undercoordinated Pt sites on the cluster
surface. Consequently, the effect of charge
accumulation on Pt was further assessed via
calculations that examine model Pt clusters
supported on graphene and the binding of
adsorbates in the next section.

The temperature dependence of the condenser
capacitance and leakage currents were measured
over the working temperature range to assess the
distribution of charge. As shown in Figure 2d, the
device capacitance remained constant at ~340 nF
cm? from room temperature up to 120 °C, after
which it increased to ~980 nF cmwhen heated to
240 °C, more than doubling the total amount of
charge accumulated in the catalyst at room
temperature. This increase in capacitance as the
sample was heated was replicated within
experimental error as the sample was cooled,
indicating that capacitance is a reversible function
of temperature for the HfO, insulating film.
Condensers also exhibit leakage current, defined as
the number of electrons that flow through the
insulating HfO, layer with time. At room
temperature, leak current was measured less than
0.1 pA/cm? as shown in Figure 2e. This leak
current increased with increasing device
temperature and applied voltage, as expected. At
240 °C and 6.0 V potential bias, the leakage current
of the condenser device was on the order of
microamps (nA) and below conditions that would
lead to any significant resistive heating (ca. 0.3 °C
increase mint at 100 pA) of the device (see
supporting information for additional details).

Charge Distribution in Pt and Computed CO*
Binding Energy. Our calculations via density
functional theory (DFT) show that charge depletion
or accumulation is more pronounced on metal
surface sites. Figure 3a shows the charge variation
on a cuboctahedral Pt nanocluster (ca. 2.7 nm) upon
adding or removing electrons from the nanocluster.
Even for a neutral nanocluster (Vcar of 0 V), the
surface is partially reduced, which in turn partially
oxidizes atoms in the sub-surface layers. A similar
result was reported by Holmberg et al. for a silver
nanocluster comprising the same number of atoms
as our Pt nanocluster.“® Upon removing electrons
(Vcar > 0 V), the surface oxidizes whereas the
electron density in the core remains essentially
constant. Notably, the extent of oxidation is found
to be highest for the most undercoordinated sites,
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i.e., corner atoms. Addition of electrons (Vcar <0
V) also follows a similar trend with maximum
reduction at the surface, whereas the oxidation state
of atoms beneath the surface remained unchanged.
Interestingly, the charge was well-dispersed upon
removal of electrons, while adding electrons
resulted in more localized electrons on the corner
atoms. This observation is further corroborated by
the Bader charge distribution over all atoms shown
in Figure S32.

CO adsorption on Pt is one of the widely
studied metal-adsorbate interactions by DFT, but
common generalized gradient approximation
(GGA) functionals fail to capture the binding site
preference for CO. Experimentally it has been
observed that at low coverage CO selectively binds
on the atop site on Pt(111), whereas standard GGA
functionals predict preferential binding to three-
fold sites. There have been many attempts to solve
the so called ‘CO/Pt(111) puzzle’, but a generally
valid solution remains elusive.®*%°? Moreover,
CO is known to occupy bridge sites at intermediate
coverages before returning to atop sites at near
monolayer coverage. Based on DFT studies,
Gunasooriya and Saeys attributed this shift in
binding site to the negative surface charge of Pt
atoms, which primarily destabilizes CO on atop
sites by increasing the occupancy of the Pt-C ¢*
antibonding states.®®

Figure 3b shows the variation in binding
energy of CO on atop sites of different facets
including Pt(111), Pt(100), Pt(122), and Pt(211) as
function of surface charge over a much larger range
than reported by Gunasooriya and Saeys. With
increasing concentration of surface holes (h*) CO
binds more strongly; conversely, increased electron
density on surface Pt atoms weakens CO binding,
consistent with the trend observed by Gunasooriya
and Saeys. With increasing surface coverage,
repulsive adsorbate-adsorbate interactions weaken
the binding energy of CO. We used the coverage-
dependent binding energy model from Grabow et
al. to show in Figure S33 that the strength of these
lateral interactions does not vary significantly with
applied charge.®?

Overall, DFT calculations predict a binding
energy variation of about 0.25 eV (24 kJ mol™) for
charge condensation in the range of +/- 0.10
e/surface Pt(111) atom, for a large range of
coverages (see Figure 3b and S33). The center of
the binding energy distribution, however, does
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Figure 3. (a) Charge distribution in a nanoparticle with varying net charge. The lower panel is the top view of the
slice at the middle of the particle. (b) Effect of surface charge on the CO* binding energy on different Pt facets
considering only atop binding sites. (c-d) The top view and side view of the Pt(111) and Pt(100) unit cells; other facets

are shown in the supporting information.

depend on the surface coverage and the selected
DFT functional. For small variation in electron or
hole accumulation (Figure 3b), variation of CO
binding energy differs by Pt crystal plane (Figure
3c, 3d) with Pt(111), Pt(100), Pt(211), and Pt(122)
exhibiting slopes of 120, 81, 80, and 71 kJ/mole-
CO per electron/Pt-atom, respectively.
Temperature Programmed Desorption of
Isotopic *3C-Labeled Carbon Monoxide. Carbon
monoxide strongly binds to Pt, making it an
effective probe of the Pt surface. Depending on Pt
surface structure (e.g., terrace, edge), oxidation
state, exposed facet, and surface coverage (0 < 6co
< 1), the binding energy of CO on Pt has been
reported to vary widely. On common Pt facets
including (111) and (100), CO favors binding on
atop sites.®%%5%57) The CO binding energy on Pt at
low coverages has been reported in the range of
~125 to 160 kJ mol™, whereas the binding of CO at

coverages greater than 50% decreases to as low as
50-100 kJ mol* (2258565759 Renylsive lateral
interactions between neighboring CO* molecules
limit loading to less than complete surface
coverage.®>®" The variation in binding energy of
CO is detectable by temperature programmed
desorption (TPD), with stronger binding species
desorbing at higher temperatures. %6162

To evaluate the binding of carbon monoxide on
the Pt/graphene catalytic condenser, the kinetics of
gaseous *CO desorbing from the Pt/graphene
condenser’s surface was measured via TPD. The
catalytic condenser (ca. 1.0 cm?) was connected to
two inert conductive wires providing voltage bias
between the silicon substrate and
platinum/graphene active layer. These wires
suspended the condenser device in a heated quartz
vacuum chamber connected to a dosing station, a
vacuum pump system, and a quadrupole mass
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Figure 4. Temperature programmed desorption (TPD) of *CO on (a) 2 nm Pt and (b) 10 nm Pt on the graphene
catalytic condenser with varying potential bias, Vcar. (¢) TPD of 3CO on powdered samples of Pt, Pd, and Ru on
alumina with the Pt/graphene condenser at Vcar of -6V. (d) Peak maximum temperature of *CO desorption on
Pt/graphene condensers with 2 nm (m) and 10 nm (#) Pt layers with varying applied potential bias, Vcar. Numbers
associated with each potential are the estimated binding energy of 3CO (Eq, kJ mol™) determined by the Redhead
equation (Supporting Information). The dashed line represents the peak temperature of *CO desorption on powdered

Pt on alumina.

spectrometer, QMS (Figures S12-S15). After the
condenser was preheated to remove any surface
adsorbates, reduced in-situ, and cooled, *CO was
dosed at room temperature into the chamber to
saturate the surfaces of the Pt nanoclusters. Starting
from 20 °C, the condenser was then heated to 400
°C at a ramp rate of 10 °C min™ while the desorption
of CO was tracked by the QMS monitoring the
mass-to-charge (m/z) of 29; isotopically-labeled
3CO was selected to avoid m/z overlap with N,
(which shares the same m/z of 28 with *CO),
providing a clearer signal interpretation.
Temperature programmed desorption yielded a
peak at m/z of 29 associated with *CO desorption
from the Pt surface (Figure 4a). Control
experiments (Figure S19) noted the absence of a
m/z of 29 peak in the absence of a device, in the
absence of dosing *CO, and in the case of *CO
dosed to a graphene-only device (without Pt). Each
trial was conducted with a fixed voltage bias during
the entire temperature ramp. Without bias (Vcar of
0 V), CO was observed to desorb with a peak at
106+7 °C. Temperature programmed desorption of

13CO on a supported Pt catalyst (5 wt % Pt/Al,Os,
Figure 4c and Figure S17), yielded a “CO
desorption peak of 107 °C, consistent with peak
desorption temperatures over the Pt/Graphene
condenser (106 °C) in the absence of applied
potential.

Comparison of the Pt/graphene condenser
TPD peak with literature indicates general
agreement, despite complications associated with
different material structures and compositions,
experimental conditions, and dosing conditions.
For example, CO binds stronger on Pt(100) surfaces
than on Pt(111)®8%5)  Another strong effect
derives from dosing conditions and initial surface
coverage of carbon monoxide on Pt. Carbon
monoxide exhibits strong repulsive lateral surface
interactions that reduce its binding energy, reducing
the temperature of the CO desorption TPD peak by
as much as ATpeak of 60 °C for CO* surface
coverages of 7 to 45% (~200 °C to 140 °C) on
Pt(111)®”. In contrast, TPD measurements in this
work applied large doses of carbon monoxide,
resulting in coverages that would exhibit lower CO
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binding energies and peak desorption at lower
temperatures, as observed in Figure 4.

Under negative potential bias applied to the
Pt/graphene catalytic condenser, the desorption
peak shifted to lower temperatures of 88+9 and
68+11 °C for Vcar of -3V and -6V, respectively.
Conversely, positive potential bias applied to the
catalytic condenser shifted the *CO desorption
peak to higher temperatures of 127+18 and 136+13
°C for Vcar of +3V and +6V, respectively. Carbon
monoxide was more weakly adsorbed to platinum
when excess electrons accumulated near the
binding site (Vcar < 0 V), while electron depletion
near the binding site strengthened the **CO binding
energy (Vcar >0 V).

The shift in temperature associated with the
13CO desorption peak maximum indicates that
charge condensation within the 2-4 nm Pt/graphene
catalytic condenser modulates the electronic state
of the surface site(s) interacting with carbon
monoxide. For a Pt/graphene condenser with a
thicker 10 nm layer of Pt and an identical 70 nm
HfO insulating layer at the same potential biases,
no detectable shift in *3CO peak desorption
temperature was observed (Figure 4b) at any of the
considered voltages, -6V < Vcar < +6V; all TPD
profiles exhibited the same peak at ~109 °C despite
changes in the sign (e.g., h* or €) or extent of
applied potential bias. The results of peak
temperature versus applied voltage are summarized
in Figure 4d for thin (2-4 nm Pt) and thick (~10 nm
Pt) catalytic condensers.

The absence of any shift in *CO TPD peak
temperature in the 10 nm Pt/graphene condenser
relative to the 2-4 nm device at variable potential
bias, Vcar, is probably due to the distribution of
condensed charge in the Pt layer. The thicker 10 nm
Pt layer likely shields the charge accumulating at
the Pt/graphene interface from the Pt atoms and
adsorbates at the surface, i.e., the voltage-induced
charge is not accessible to the surface for the thicker
Pt device. In contrast, the surface metal atoms in the
2-4 nm Pt/graphene condenser are closer to
accumulating charge  stabilized near the
Pt/graphene interface; the induced charge likely
distributes throughout the thinner Pt layer up to the
surface where it can alter the binding of CO.
Moreover, exposed graphene resulting from
incomplete coverage of Pt (Figure 1b-1c) suggests
that interfacial Pt sites close to the graphene surface
experience a more significant charge perturbation.
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Interpreting the binding energy of carbon
monoxide on the 2-4 nm Pt/graphene catalytic
condenser is complicated by the distribution of
types of Pt sites, the heterogeneous accumulation of
charge in Pt, and the lateral interactions of carbon
monoxide on the Pt surface at different surface
coverages. While the Pt/graphene condenser TPD
peaks are broad over a wide temperature range, they
are not significantly wider than the peaks of other
metals from conventional powder catalyst samples
including Pt, Pd, and Ru (all 5.0 wt.% on alumina,
Figure 4c). Initial interpretation of the measured
TPD peaks applied the Redhead model (assuming a
desorption pre-exponential factor of 10% s?, see
supporting information for details), which indicated
variation of the binding energy from about 95 to
115 kJ mol™? between -6V and +6V, respectively
(Figure 4d). While this initial analysis
demonstrates a shift in binding energy, more
complicated models accounting for multiple Pt
sites, charge distribution, and lateral CO
interactions are the focus of future work.

Infrared Spectroscopy and lIsobars for CO
Adsorption.  The binding energy of carbon
monoxide on the Pt/graphene condenser was also
experimentally determined from adsorption isobars
obtained via variable temperature infrared
spectroscopy  (VTIR).©®%8489  The  catalytic
condenser was placed within a grazing incidence
infrared spectroscopy cell (Harrick, Refractor
Reactor) with the active surface of Pt/graphene
exposed to the incident infrared light source
(Figure 5a). Light reflecting from the condenser
was directed to a HgCdTe detector and evaluated
relative to a clean condenser surface background
scan to identify absorption peaks associated with
surface species on Pt or graphene. A fixed potential
bias, Vcar, was applied to the condenser by
electrical feedthroughs through the top of the
sample cell during each experimental trial at each
temperature to collect an isobar profile. During
each measurement, a fixed amount of pure carbon
monoxide gas (30 mL min™) flowed continuously
through the sample cell and over the condenser
surface to maintain equilibrium between gaseous
carbon monoxide and surface-adsorbed species.

A carbon monoxide adsorption isobar was
collected by measuring the peak area at 2063 cm™
(Figure 5b-5c) associated with CO* on Pt at fixed
CO(g) partial pressure (1 atm), distinct from the
two peaks at 2143 and 2269 cm™ associated with
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Figure 5. Infrared spectroscopy of CO on Pt/graphene condenser. (a) Grazing incidence sample cell with

reflected light, heating stage, potential bias application, and continuous gas flow. (b) The absorbance peak at ~2063
cmt of CO on the Pt/graphene condenser subtracted from the background with varying surface coverage. (c) The
absorbance spectrum containing two peaks at 2143 and 2269 cm associated with gas-phase CO and a peak at 2063
cm® for adsorbed CO on the Pt/graphene condenser. (d) Adsorption isobars of the normalized CO coverage on the
Pt/graphene condenser measured as a function of temperature for -6V (purple), OV (blue), and +6V (teal). Points are
experimental measurements, and lines are fitted Langmuir isobars. (e) The binding energy of 3CO on the Pt/graphene
condenser determined by fitting Langmuir isobars for -6, 0, and +6V potential bias.

gaseous CO vibrational modes.®¢"% The sample
temperature (measured with a thermocouple within
the sample cell) increased 3 K min™, which was
sufficiently slow to ensure equilibrium between the
flowing carbon monoxide gas and the platinum
surface. CO adsorption isobars were acquired for
potential biases, Vcar, of -6, 0, and +6V between
20 to 225 °C (Figure 5d). Isobars are normalized to
the maximum area of the 2063 cm™ peak at 20 °C;
the peak area decreased with increasing
temperature consistent with reduced surface
coverage of an exothermic CO adsorption on Pt.
From the isobar data shown in Figure 5d, it is
apparent that positive bias applied to the
Pt/graphene active layer relative to the condenser
silicon electrode binds carbon monoxide more
strongly, while negative bias weakens CO* binding
energy. The platinum surface with negative bias
(Vcar of -6 V) exhibited lower CO* surface

coverage at lower temperatures; the isobar with
positive condenser potential bias exhibited the
opposite trend. To quantify the shift in binding
energy with applied potential bias, isobars were
interpreted through Langmuir isotherms (see
supporting information for details). Assuming that
carbon monoxide becomes immobile upon
adsorption onto the Pt/graphene condenser surface
(ASags of 197 J mol™ K1),® the heat of adsorption
of carbon monoxide was determined to be -
74.5+0.6, -82.3+0.7, and -88.9+1.0 kJ mol™ for the
potential bias, Vcar, of -6, 0, and +6 V, respectively
(Figure 5e). While absolute binding energy values
derived from the adsorption isobars are lower than
those from TPD, the trend of increasing CO binding
energy with decreasing electron density in the
Pt/graphene active layer is consistent across all
measurements and DFT calculations.
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Pt/Graphene Condenser Dynamics. Our results
above demonstrate that the Pt/graphene catalytic
condenser can statically shift the electronic
properties of Pt active sites, but the next
opportunity for applying this technology is the
dynamic oscillation of active sites to accelerate and
control catalytic reactions.™ We have recently
outlined a strategy for achieving significantly faster
catalytic turnover frequencies, even beyond the
Sabatier limit, by oscillating the energetic
properties of catalyst sites.">*™ Using the
descriptor of the surface binding energy of a
reaction intermediate, rate acceleration becomes
substantial at an active site that is oscillating the
binding energy of the selected intermediate in
excess of ~0.2 eV (19.3 kJ mol?).4®™ The
Pt/graphene catalytic condenser described herein is
now achieving binding energy variation of CO*
near this limit (Figures 4 & 5).

The other requirement of a dynamic catalyst is
sufficiently fast switching of the energetic state of
the active site. For each catalyst composition (e.g.,
Pt, Pd) or electronic state (e.g., Pt, +3V), the rate
limiting reactions of a more complex catalytic
mechanism exhibit natural frequencies, defined as
the inverse of the time constant of reaction (or
adsorption/desorption, if that is rate limiting).
When the active site oscillates at those natural
frequencies, the rate accelerates beyond the
Sabatier peak. For the considered model and real
catalytic reactions, frequencies of interest occur in
the range of 10 to 1,000 Hz.®™7® \ith this
frequency target, the Pt/graphene catalytic
condensers were evaluated for their dynamic
electronic characteristics.

During oscillation of the applied potential bias,
Vcar, to the catalytic condenser, charge moves
laterally across the device a distance of ~1 cm in
both the conductive silicon support and the
Pt/graphene active layer. Each of these layers
exhibits an electronic time constant associated with
the resistivity of the layer, which can be compared
to a condenser with a bare graphene surface (Figure
6a). The kinetics of lateral charge transfer across
the bare graphene surface was then compared with
the Pt/graphene device Figure 6b. Two other
variations in device design were considered to
achieve faster overall device speed: (i) inclusion of
a gold star pattern (50 um wide wires, centered on
the graphene sheet) between the graphene and HfO,
layers in Figure 6c, and (ii) inclusion of a highly
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conductive Pd layer between the Si and HfO; layers
in Figure 6d.

Each independent layer was experimentally
characterized by measuring the electrical resistance
across the ~1 cm device by the method depicted in
the inset of Figure 6e. By connecting two
electrodes to each end of the layer of interest and
measuring the current, the electrical resistance was
determined for layers of silicon, graphene,
palladium gold, and a star pattern of gold on
graphene (Au*/G). From this resistance, a
theoretical RC time constant, t, was calculated for
each of the five considered materials as the product
of the measured resistance (R) and the device
capacitance (C),

T= RC (Eg. 1)

The cutoff frequency was then calculated as the
inverse of the RC time constant; additional details
are provided in the supporting information. The
selected silicon wafer, though conductive, was slow
with a maximum achievable frequency of ~1 Hz
over a distance of 1.0 cm. Graphene was
substantially faster at ~1,600 Hz, which was
accelerated to ~4,200 Hz when the gold star pattern
was added. Finally, both palladium and gold
exhibited frequencies in the range of 10°-10° Hz, as
expected of highly conductive metals.

The complete catalytic condenser was
electronically  characterized under dynamic
conditions by an impedance spectrometer (Figure
6f). Similar to the electronic measurements
performed on the condenser devices, two pin probes
were used, one placed on the Pt/graphene layer and
the other on the counter electrode, which was either
the Si or Pd electrode that was made via shadow-
mask patterned e-beam evaporation of a Pd source.
Impedance spectra were then collected via
application of a 2 V sinusoidal potential from 10 Hz
to 10 MHz. The original design of
Pt/graphene/HfO,/Si with 70 nm of HfO; and 2-4
nm of Pt on graphene (Figure 6b) exhibited the
expected ~350 nF/cm? capacitance when measured
at low frequency (<100 Hz). However, capacitance
significantly decreased below 1 nF/cm? as the
frequency increased to 1,000 Hz. Similarly, the
condenser containing only graphene (no Pt)
exhibited the expected ~35 nF/cm? capacitance at
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Figure 6. Dynamic Behavior of Pt/Graphene Catalytic Condenser. Catalytic condensers fabricated with: (a)
Graphene on HfO on Si, (b) Pt on graphene on HfO, on Si with accompanying photograph, (c) Pt on graphene on Au
star pattern on HfO, on Si, and (d) Pt on graphene on Au star pattern on HfO, on Pd on Si with accompanying
photograph. (e) The cutoff current frequency of a 1.0 cm material determined from measured conductivity; see
supporting information for more details. (f) Capacitance of condenser devices as a function of applied frequency. (g)
The measured (points) and predicted (lines) ratio of leakage current through the condenser relative to current
capacitive current accumulating in the active layer as a function of oscillation frequency (proportional to voltage

sweep rate) and device temperature.

low frequencies, before also decreasing in
capacitance below 1 nF/cm? at 1,000 Hz.

The decrease in capacitance of the Pt/graphene
condenser with increasing frequency was attributed
to the relatively large resistivity of the lightly-
doped silicon wafer which prevented uniform
charge distribution over 1 cm? areas at timescales
shorter than ~1 s. As shown in Figure 6e, the
silicon sample achieves a cutoff conductive
frequency of about 1 Hz for a 1 cm? wafer for the
considered device capacitance. This limitation was
evaluated by considering three alternative
condenser designs: one with a gold active layer in
place of Pt/graphene (not depicted), a second device
with gold metal on either side of the HfO, (not
depicted), and a third device with palladium
between the silicon wafer and the HfO; insulating

film (Figure 6d). Pd was selected for its
conductivity and demonstrated HfO, growth on Pd
surfaces, but any conductive metal should
equivalently perform in terms of charge
conductivity. The device with gold/HfO./Si also
exhibited a decrease in capacitance beyond 10 Hz,
consistent with Si limiting the overall lateral
electron transport. In contrast, the device with gold
on either side of the HfO, insulating film layer
achieved high capacitance up to the megahertz
frequency range (see supporting information),
indicating that the limitation exists within the
selected Si support. Finally, the device containing
the  additional internal layer of Pd
(Pt/graphene/HfO,/Pd/Si) exhibited high
capacitance up to ~3,000 Hz, indicating that the
increase in conductivity in the bottom electrode
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when switching from Si to Pd shifted the overall
device charge transport limitation to the active layer
of Pt/graphene. Alternatively, high electrode
conductivity could be achieved with a highly doped
Si wafer. With this new design element, a fast
conductive electrode, catalytic condensers can
operate at high capacitance at speeds up to and
beyond the range of interest for catalytic resonance.

Another key issue for dynamic operation of the
catalytic condenser is the distribution of capacitive
charge for active site perturbation and the charge
lost to leakage current. While the leakage current
measured in Figure 2e was low for all relevant
conditions at static application, dynamically
varying the potential can alter the ratio of capacitive
current versus leakage current (i.e., current that
accumulates charge in the active layer versus
current that passes through the HfO insulating
layer). To measure the behavior of electrons with
respect to these two different directions,
Pt/graphene  condensers were electronically
measured at different temperatures with varying
voltage sweep rates using the same probe system in
Figure S10 and methods described in the
Supporting Information.

By these methods, the ratio of the leakage
current to the capacitive current that leads to
accumulated charge in the active layer is depicted
in Figure 6g for voltage sweep rates of 0.75, 1.00,
1.25,1.50, and 4.00 V st. Below 200 °C, all devices
exhibit a majority of the current contributing to the
accumulated charge in the active layer (capacitive
current). As the temperature increases, leak current
increases and more charge is lost to leakage
between the Pt/graphene and Si wafer electrode.
However, as the sweep rate increases (i.e., the
applied oscillation frequency increases), the
amount of current lost to leakage current decreases.
For a device at 240 °C, the applied current
contributes equally to the active layer at a sweep
rate of 4.00 V s above which most current
contributes to accumulated charge in the catalytic
active layer. For most considered oscillations of the
Pt/graphene condenser, this corresponds to a
frequency of about ~1 Hz.

Projecting the distribution of charge between
capacitive and leakage current out to the
frequencies of interest indicates that leakage should
become negligible for dynamic operation of
catalytic condensers. The measured data of Figure
6g were fit to an inverse power law and
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extrapolated to the frequency ranges of interest
(inset, 10 to 10,000 V s?). As shown, a Pt/graphene
catalytic condenser at room temperature operating
at 100 V s should lose only 0.01% of electrons to
leakage current. At higher temperature of 240 °C,
less than 1% of electrons should be lost to leakage
once the device operates above ~400 V s*, with
even better device efficiency occurring at higher
potential sweep rates. In the frequency region of
interest for dynamic and programmable catalysts,
most of the voltage applied to the device should
result in active site perturbation with only
negligible electrons lost to leakage.

The Metal Catalytic Condenser. The variation
in carbon monoxide binding energy predicted by
density functional theory on the platinum/graphene
catalytic condenser is consistent with the
experiments of carbon monoxide infrared
spectroscopy and temperature  programmed
desorption. Most importantly, both experiments
and computation indicate that depletion of electrons
at the active site strengthens CO binding on Pt,
while the addition of electrons weakens CO binding
energy. More quantitatively, DFT calculations
predicted that an electronic accumulation of -0.10
to +0.10 |e’| per surface atom will shift the CO*
binding energy by about 24 kJ mol™? (0.25 eV).
Comparing this prediction to experiment is
challenged by quantification of charge over the Pt
surface; experiments measured the accumulation of
~10 e-/cm? for Vcat of +/- 6V, but the density of
surface sites on a Pt film is up to ~10% sites/cm?
(>1% of an electron per surface site). In
comparison, the TPD experiments of Figure 4
measured a ABEco of ~20 kJ mol™ for this degree
of charge accumulation (~10% e/cm? +/-6V).
Similarly, the measured isobars of Figure 5 were
interpreted to result in ABEco of ~14 kJ mol™ for
the same +/- 6V bias. Both of these experimental
measurements are larger than predicted by
computation if only +/- 0.01 |e’| accumulates per
active site. This could indicate that the Pt/graphene
condenser has fewer than 10™ sites/cm? or that
electrons are unevenly distributed in the Pt surface
as depicted in Figure 3a, among other potential
inaccuracies in calculation or interpretation of
experimental data.

Enhancing the Pt/graphene catalytic condenser
for stronger shifts in adsorbate binding energy will
require accumulating more charge in fewer surface
Pt atoms. Platinum can be deposited in smaller
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clusters with higher dispersion, even down to single
Pt atoms on graphene,"™. These new Pt particles
can also be designed to deliberately enhance active
sites (i.e., edges, corners), with catalyst particle
shapes, alloys, or core-shell structures that
deliberately push accumulated charge to the
surface. Additionally, more charge can be
accumulated in the active layer with thinner
dielectric films and materials with higher dielectric
constants. For example, oxide ferroelectric films
such as BaTiOs or SrTiOz exhibit dielectric
constants significantly larger than HfO,, providing
capability to stabilize one-to-two orders of
magnitude more charge in catalyst layers at the
same applied potential (%8

Electronically perturbing adsorbates on metals
provides a new opportunity for tuning the energy
profile of a catalytic cycle to enhance surface
chemistry. As a platform technology, the catalytic
condenser is a general approach for active site
design that can tune the electronic state of both
metals and metal oxides.®V Instead of controlling
the energies of surface species and transition states
through active site design alone, a continuum of
surface electronic states are accessible on a
catalytic condenser via applied voltage, Vcar, that
were previously not available in the discrete atomic
structure of surfaces. Catalysts can be optimized by
selection of a specific applied potential that
optimizes rate, selectivity, or active site stability.

The more advanced application of the catalytic
condenser oscillates the binding energy of reacting
surface species at the speed of the catalytic
turnover.’” By ‘programming’ the applied
potential, Vcar, to change with time as the surface
reaction proceeds, the catalyst active site can
provide optimal conditions for each elementary step
independently. Simulation of a dynamic active site
has predicted significant catalytic rate acceleration,
even beyond the Sabatier peak, at ‘resonance’
oscillation frequencies that match natural
frequencies of the rate limiting steps within a
catalytic cycle.>™ These resonance frequencies
have been predicted to occur above ~10-100 Hz,
with variation of the onset of catalytic resonance
depending on the selected combination of
chemistry, active site, and reaction conditions (e.g.,
temperature) that determine elementary step
kinetics.1%™"  The frequencies required for
catalytic resonance are achievable with the
Pt/graphene device; as shown in Figure 6e, the
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conductivity of electrons in the Pt/graphene layer is
sufficiently high to operate at 100-1,000 Hz. When
integrated into a catalytic condenser with a high
conductivity electrode (e.g., a highly conductive
metal), the entire device shuttles electrons into and
out of the active layer sufficiently fast (102-10° Hz)
to maintain high capacitance at the frequencies
required for catalytic resonance (Figure 6f). With
the capability to modulate the energy of adsorbates
at frequencies above 100 Hz, the -catalytic
condenser has achieved the performance
characteristics necessary to implement
programmable catalysis for a host of metal-
promoted surface reactions.

3.0 Conclusions. A catalytic condenser comprised
of platinum nanoclusters on graphene was
fabricated, characterized, and evaluated for its
ability to modulate the binding energy of carbon
monoxide with varying applied potential. The
device consisted of 70 nm of an amorphous HfO;
electrical insulating layer grown on conductive
silicon; graphene was then transferred on top of
HfO,, and Pt was deposited onto the graphene by
electron beam deposition. Electron microscopy, x-
ray photoelectron spectroscopy, and atomic force
microscopy indicated a continuous graphene film
with a thin layer of independent Pt nanoclusters ~2-
4 nm thick between regions of exposed graphene.
The active layer of Pt/graphene accumulated ~10
e’/cm? with +/-6 V of potential bias, with most of
the charge residing in the Pt cluster to achieve
charge densities above 1% of an electron or hole per
Pt active site. Density functional theory
calculations indicated that charge accumulated in
the particle distributed unevenly, with much of the
charge residing near the particle surface. For carbon
monoxide binding on atop sites, calculations
predicted that accumulated charge of +/-0.10 ¢
[surface-Pt-atom altered the binding energy by
~0.25 eV. Carbon monoxide binding was
experimentally evaluated by the method of
temperature  programmed  desorption.  The
Pt/graphene condenser with ~2-4 nm of Pt
exhibited a peak in **CO desorption at 107 °C, but
the peak temperature shifted to lower and higher
temperatures of 68 and 137 °C with applied
potential bias of -6V and +6V, respectively. Over
this potential range, shifts in peak temperature
associated with **CO desorption were interpreted as
a change in carbon monoxide binding energy of 95
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to 115 kJ mol™; positive bias increased the binding
energy of CO* resulting in higher desorption
temperatures. Equilibrium adsorption of carbon
monoxide on the Pt/graphene condenser was also
evaluated by grazing incidence infrared
spectroscopy, resulting in adsorption isobars at
temperatures of 20-240 °C and fixed bias potentials
of -6, 0, and +6V. By fitting a Langmuir isotherm
over this potential range, the CO binding energy
was estimated to shift from 74 (at Vcar of -6 V) to
89 kJ mol™ (+6 V). Experimental measurements of
CO binding energy variation were consistent with
computation, with positive potential bias applied to
the active Pt/graphene layer resulting in stronger
chemisorption. Finally, impedance spectroscopy
determined that the Pt/graphene active layer could
operate at ~10° Hz without a loss in capacitance,
achieving fast conditions with significant shift in
binding energy required for  resonance
programmable catalytic applications.

4.0 Methods. The platinum/graphene catalytic
condenser was fabricated, verified by electron
microscopy, atomic force microscopy, scanning
tunneling microscopy, and spectroscopy, and
evaluated by experimental catalytic reaction and
computation. Complete research methods are
described in the Supporting Information.

Catalytic Condenser Fabrication. Catalytic
condensers were fabricated on a conductive p-type
Si substrate (WaferPro) with sequential deposition
of HfO,, graphene, and Pt layer followed by a
reduction in Hy. 70 nm of HfO, was grown from
500 HfO, ALD cycles at 100 °C in a flow-type
ALD reactor (Kurt J Lesker ALD-150 LE). Each
HfO, ALD cycle comprised of alternating
exposures to  the precursor, Tetrakis
(dimethylamido) hafnium (TDMAH, t= 13 ms),
and H,O (t = 200 ms) with purges in between each
step. Graphene on a Cu foil substrate, obtained
commercially from Graphene Supermarket, was
transferred on top of the HfO; layer using an
existing PMMA-based method and retained
electrical conductivity (Figure S2). A Pt layer (2
nm) was then grown on the graphene by e-beam
evaporation of a pure Pt source. Each device was
used to collect a full set of voltage modulated
experimental reaction trials. Full descriptions of the
fabrication process are available in the Supporting
Information.
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STEM, SEM, and EDX Analyses. The electron
transparent cross-section of the devices for the
STEM studies were prepared using Focused lon
Beam (FEI Helios NanoLab G4 dual beam). A
preliminary amorphous Carbon (am-C) protection
layer (~50 nm) was deposited on top of the sample
using a sputter coater. Two additional protection
layers of am-C (2 um) and Pt (2 um) were deposited
on the region of interest. FIB ion beam was
operated at 30 kV with 2 kV electron beam. STEM
experiments were carried out on an aberration-
corrected FEI Titan G2 60—-300(S)TEM microscope
equipped with a CEOS DCOR probe corrector,
monochromator, and a super-X energy dispersive
X-ray (EDX) spectrometer. HAADF-STEM
images were obtained at 200 kV with 150 pA probe
current. Camera length was 130 mm with probe
convergence angle of 25.5 mrad. The detector inner
and outer collection angles were set to be 55 and
200 mrad respectively. STEM-EDX elemental
maps were obtained and analyzed via Bruker
Esprit. SEM images and SEM-EDX maps were
acquired using JEOL 6500 FEG-SEM.SEM
images and SEM-EDX elemental maps were
acquired under 5 kV. The SEM-EDX maps were
quantified using the Aztec EDX analytical system
(Oxford Instruments). For more details and results,
refer to the Supporting Information.

Spectroscopy. Raman spectra of the condenser
devices were collected using a Witec Alpha 300R
confocal Raman microscope equipped with a
UHTS300 spectrometer and a DV401 CCD
detector. XPS spectra collection was performed on
a PHI Versa Probe I11 XPS system (ULVAC-PHI)
using a mono-chromated Al Ka X-ray source
(1486.6 eV). The measurements were conducted
using an X-ray spot size of 0.1 x 0.1 mm? with a
power of 25 W under 15 kV. The survey spectra
were measured using 280 eV pass energy and 1.0
eV/step. The data was processed with the Multipak
software. Infrared spectra of the condenser devices
exposed to CO was collected using a Thermo
Scientific Nicolet iS50 FT-IR with a Mercury-
Cadmium-Telluride (MCT) detector and a tailored
Refractor Reactor Grazing Angle setup (Harrick
Scientific). The incident angle is fixed at 75° and
the window is a wedged ZnSe. To measure the
effects of temperature with IR, the background is
first collected at every experimental temperature.
Pure CO is flowed into the sample chamber at 30
sccm and the IR spectrum is then collected and
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subtracted. Full details on collections and analyses
are available in the Supporting Information.

Temperature-Programmed Desorption. *CO
TPD was carried out in a customized ultrahigh
vacuum chamber. Isotopic *CO was selected as a
probe molecule with a mass-charge ratio of 29. The
fragment was monitored during the temperature
ramp of the device, while potential bias was applied
to the catalytic condenser. Full description of the
equipment setup, device handling, temperature
calibration, and the full TPSR process can be found
in the Supporting Information.

Atomic Force Microscopy and Scanning
Tunneling Microscopy. AFM profiles were
measured by a Bruker Dimension Icon closed-loop
atomic force microscope using the force-
modulation technique with a force feedback
setpoint of 581 pN. Probes were standard Si
cantilevers calibrated before measurement with a
spring constant of 0.674 N m*. STM measurements
were performed using an Omicron low-temperature
scanning  tunneling  microscope at  room
temperature under a vacuum of 8.0 x 10°*° mBar
using a Pt/Ir probe. Samples were grounded through
the Pt/graphene film. Differential spectra were
collected from a Stanford Research Systems lock-
in amplifier with a modulation signal of Ve = 10
mV and fmos = 10 kHz. Data were processed using
the WSxM software.

Device Electronic Characterization.
Capacitance measurements were collected from a
probe station equipped with a source meter
(Keithley 2611B and Keithley Test Script Builder).
Conductive metal probes were carefully placed on
the surface of the sample for the electrical
measurements. Different voltage sweep-rates (1.50
Vs, 1.25 V/s, 1.00 V/s, 0.75 V/s, 0.50 V/s) were
used to collect the I-V curves. For temperature-
based experiments, a conductive sample stage was
placed on top of a ceramic non-conductive hot
plate. Probes were carefully placed on the sample’s
surface and on the conductive stage to measure
capacitance and leakage current. The impedance
spectra of the devices were recorded in a two-
electrode configuration, like the setup used in
capacitance measurement as described above.
These measurements were performed with a
Newtons PSM3750 multimeter equipped with an
Impedance Analysis Interface 2 from the frequency
range of 10 Hz to 10 MHz.

Chem

Computation. All periodic DFT calculations
were performed using the Vienna ab initio
simulation package (VASP)®8288) employing a
plane wave basis set under the Kohn-Sham
formulation®%® along with the Atomic Simulation
Environment (ASE)®” for workflow management,
visualization, and post-analysis. The electron
exchange-correlation energy was determined
within the generalized gradient approximation®®
using the PBE functional.®® The projector
augmented wave (PAW) method was used to
describe the interaction between ion cores and
electrons.®%) The valence electron wavefunction
was expanded into a plane wave basis set with an
energy cut-off of 400 eV, and spin polarization was
enabled.

Geometry optimization calculations were
performed using Gaussian smearing with a width of
keT = 0.1 eV and subsequently extrapolated to 0 K.
The self-consistent-field (SCF) cycle was stopped
when the electronic energies were converged to 10°
6 eV. lonic relaxations were performed until the
atomic forces were less than 0.02 eV/A. The
Brillouin zone was sampled with the Monkhorst—
Pack scheme, using 16 x 16 x 16 k-points for bulk
Pt lattice optimization, 4x4x1 for Pt surface
calculations and T-point only for nanoparticle
calculations. Bader charge analysis was performed
to estimate partial electronic charges on the
atoms'(91,92,93)

Gas-phase energies were computed using the
already mentioned parameters except for a
narrower Gaussian smearing width of 0.01 eV and
ionic relaxations were performed until the atomic
forces were less than 0.005 eV/A. Additionally the
dipole corrections were applied in all three
cartesian directions keeping the gas molecule at a
central position in a cell of size 15 A x 15 A x 15
A. We define the adsorption energy as:

AE = Eactiads — Eact -Eads (Eq 2)
Eacvags IS the total energy of the surface with
adsorbate, E, is the energy of optimized structure
for the surface, and E.gs is the energy of isolated
adsorbate molecule. In our definition, favorable
binding is indicated by negative values of AE. All
the optimized geometry and INCAR files are
provided in the supplementary information.
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The cuboctahedra platinum cluster comprising
of 561 atoms was constructed using the optimized
Pt bulk lattice constant of 3.968 A. All the atoms
were fixed to their bulk position and the Bader
charges were calculated for this fixed geometry
with applying dipole corrections in all directions.

All Pt surfaces i.e., Pt(111), Pt(100), Pt(211),
and Pt(122) are represented by periodically
repeated slabs separated by 30 A of vacuum. For
neutral systems, a dipole correction normal to the
surface was applied. The charged calculations were
performed by controlling number of electrons in the
system by varying the NELECT parameter
combined with the implementation of implicit
solvation using VASPsol and without further dipole
correction.®*® The dielectric constant used to
screen the electrostatic potential in the vacuum
space was set to 80, representative of water. We
confirmed that the implicit solvation model had no
effect on the CO binding energy of the neutral
system.
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