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Abstract: Pt based materials are used extensively in heterogeneous catalytic processes, but are
notoriously susceptible to poisoning by CO. In contrast, highly dilute binary alloys formed of
isolated Pt atoms in a Cu metal host, known as PtCu single-atom alloys (SAAs), are more
resilient to CO poisoning during catalytic hydrogenation reactions. In this article, we describe
how CO affects the adsorption and desorption of H> from a model PtCu(111) SAA surface and
gain a microscopic understanding of their interaction at the Pt atom active sites. By combining
temperature programmed desorption and scanning tunneling microscopy with first principles
kinetic Monte Carlo we identify CO as a Pt site blocker that prevents the low temperature
adsorption and desorption of Ha, the so-called molecular cork effect, first realized when
examining PdCu SAAs. Intriguingly, for the case of PtCu, H> desorption occurs before CO
release is detected. Furthermore, desorption experiments show a non-linear relationship
between CO coverage of the Pt sites and H> desorption peak temperature. When all the Pt
atoms are saturated by CO a very sharp H» desorption feature is observed 55 K above the
regular desorption temperature of H>. Our simulations reveal that the origin of these effects is
the fact that desorption of just one CO molecule from a Pt site facilitates the fast release of
many molecules of Hz. In fact, just 0.7 % of the CO adsorbed at Pt sites has desorbed when the
H> desorption peak maximum is reached. The release of H> from CO corked PtCu SAA
surfaces analogous to the escape of gas from a pressurized container with a small puncture.
Given that small changes in CO surface coverage lead to large changes in H» evolution
energetics the punctured molecular cork effect must be considered when modeling reaction

mechanisms on similar alloy systems.



Introduction

CO is a common catalytic poison, especially for Pt based heterogeneous catalysts.!” The strong
adsorption energy of CO on Pt hinders the dissociation and recombination of H, via Pt sites.?
Furthermore, H> and CO are key species in a great number of catalytic conversions in the energy
industry, including Fischer-Tropsch synthesis, methane steam reforming, and methanol/ethanol
fuel cells. Often, the interaction between surface bound H and CO is repulsive, which can impact
the uptake and release of both species from the metal surface.*!! Thus, a fundamental
understanding of the interactions between H, CO and the substrate must not be overlooked in the

rational design of new catalysts.

In previous work, it has been shown that the co-adsorption of H and CO on bimetallic alloys
produces unique desorption behavior. On PdCu(111) single-atom alloys (SAAs), CO raises the
desorption temperature of H», allowing H adatoms that have spilled over from the Pd sites to Cu
to remain on the surface beyond the normal desorption temperature, a phenomenon known as the
molecular cork effect.'? Similar behavior has been reported on PdzoAuso bimetallics, where
adsorbed CO traps H in the near-surface layer.!® In contrast, on PdAu SAAs, H> desorbs from the
surface at a lower temperature in the presence of CO as it is forced by CO onto the Au(111) host
from which it desorbs at 110 K.!* This is also observed on Co nanoparticles supported on
Cu(111) where CO exerts a two-dimensional pressure forcing H off the Co islands onto the
Cu(111) surface.!® These studies show that both the atomic scale surface structure and the nature
of the adsorbed species impact the H> desorption temperature. In this study, we further the
understanding of co-adsorption of CO and H on SAAs by studying PtCu alloys. We have

previously found that PtCu SAAs exhibit enhanced reaction selectivity, stability, and tolerance to



CO poisoning as compared to monometallic catalysts;!>!” therefore, they represent promising

candidates for overcoming the current limitations of Pt-based catalysts.

To understand the fundamentals of CO interaction with isolated Pt atoms in Cu, as well as the
effect on co-adsorbed H, we study the behavior of H and CO on a well-defined PtCu SAA model
system. Using a combination of temperature programmed desorption (TPD) and scanning
tunneling microscopy (STM) we probe the system to elucidate the energetics of H> adsorption
and desorption, as well as the effect of co-adsorbed CO. We show that individual, isolated Pt
atoms in the Cu(111) surface enable facile H> dissociation at low temperatures and spillover to
majority Cu sites. Even though CO blocks H» dissociation and uptake at low temperatures, we
show in the case of pre-adsorbing H prior to CO exposure that H, can desorb from the surface in
the presence of CO, albeit at higher temperature than in the absence of CO. Furthermore, we also
show that the H peak temperature is dependent on the surface coverage of CO. Our
experimental observations are explained using density functional theory (DFT) calculations and
kinetic Monte Carlo (KMC) simulations, which we use to elucidate the mechanism of H»
desorption from the PtCu(111) SAA surface in the absence versus in the presence of CO, and
model the kinetics of H> and CO TPD. Our simulations show that CO preferentially adsorbs at,
and subsequently blocks, single Pt atom sites in the PtCu(111) SAA, preventing low temperature
H-H recombination in a manner similar to a molecular cork. In contrast to the PdCu(111) SAA,
H is held to higher temperature on the PtCu(111) SAA surface. This facilitates rapid H-H
recombination when only a small fraction of Pt sites are free. When all the Pt sites are initially
blocked by CO and the surface reaches a temperature allowing only 0.7% of the CO to desorb
from the Pt sites, the H-H recombination rate is so high that the H> peak maximum occurs,

analogous to the release of gas from a punctured balloon. Finally, we show with KMC



simulations that there is a non-linear dependence of the H, desorption peak temperature on initial
CO coverage on Pt. Initial coverages of 99.8% (just 0.2% lower than full coverage,
corresponding to only one free Pt atom) are enough to facilitate low temperature H> desorption.
While the above discussion may suggest that PtCu SAAs are susceptible to poisoning by CO, CO
in fact binds more weakly to Pt sites on the SAA, desorbing at 350 K as compared to ~450 K on

pure Pt.

Experimental Methods

TPD experiments were performed in an ultra-high vacuum (UHV) system with a base pressure
of <1 x 107! mbar. The chamber was equipped with a quadrupole mass spectrometer (Hiden)
and had the ability to cool the sample to 85 K with liquid nitrogen and resistively heat to 750 K.
Surfaces were exposed to Hz (99.9% Airgas) and CO (99.99% Airgas) by backfilling the
chamber to the required pressure through high-precision leak valves while the sample was held at
85 K. Exposures are quoted in Langmuirs (1 L =1 x 107 torr-s). TPD measurements were
performed with a linear heating ramp of 1 K-s™!. Pt coverages were quantified by CO titration by
saturating with CO (10 L) and taking ratios of CO desorption from Pt sites (>300 K) vs. Cu
(<250 K), accounting for CO binding 1-to-1 atop to isolated Pt atoms in Cu'? ¥!? and for the

known saturation packing density of CO on Cu(111) (0.52 ML).?°

STM experiments were performed using a low-temperature (LT) scanning tunneling
microscope (Omicron Nanotechnology). The vacuum chambers had base pressures < 5 x 107!
mbar. In order to observe adsorbed H atoms, imaging was conducted at 5 K after exposure to H»
at 85 K and subsequent cooling to 5 K. STM imaging of H adatoms occurred at non-perturbative

tunneling conditions at or below 30 pA and 30 mV.2!-??



Computational Methods

We performed periodic, planewave DFT total energy minimization calculations using the
Vienna Ab Initio Simulation Package (VASP) version 5.4.1232* with the projector augmented
wave (PAW) method?>2 to model core ionic potentials and the revised Perdew-Burke-Ernzerhof
(RPBE) exchange-correlation functional.?’?® We note here that energies derived from DFT
calculations are highly dependent on the choice of functional. In this case, we employed RPBE
because it was designed specifically to overcome issues of over-binding encountered when using
other xc-functionals. Our previous work showed that RPBE gives CO adsorption energies
comparable to experimental results on both pure metal and SAA surfaces.?’ Our slab calculations
used a 3 x 3 x 5 unit cell where ions in the top-most three layers were free to relax whereas those
in the bottom two layers were fixed to the RPBE bulk FCC lattice constant for Cu (3.64 A). In
the case of PtCu SAA calculations, a single atom of Cu in the surface layer of the slab was
replaced by Pt. A vacuum region of 10 A was used to minimize periodic interactions in the z-
direction. We used an 8 x 8 x 1 Monkhorst-Pack k-point mesh to sample the Brillouin zone and
the planewave kinetic energy cutoff was set to 400 eV. To aid with convergence, we employed
Methfessel-Paxton smearing with a smearing width set to 0.1 eV. We ensured electronic self-
consistency up to a tolerance of 10”7 eV and during ionic relaxation, we performed conjugate
gradient minimization of the Hellmann-Feynman forces on free atoms to within a tolerance of
102 eV-A'l. To locate transition states we utilized the dimer method of Jénsson and Henkelman
in VASP Transition State Tools version 3.1.3° We confirmed that the transition states correspond

to 1% order saddle points on the potential energy surface through vibrational frequency analysis



using finite displacements of 0.02 A. Adsorption energies ( E,, ) of H and CO are calculated

relative to Ha (g) and CO (g) such that

E — Eslab _Eclean o EHZ (g) co () (1)

Tot Tot 2 Tot ETut °

where E;% and E;" are the DFT total energies of the slab with m H and n CO present and the

clean slab, respectively. ET © and E °® are the DFT total energies of isolated gas phase

molecules of H, and CO, respectively. Note that more negative values of H and CO adsorption

energies correspond to more stable binding.

Parameterized by our DFT calculations, we performed KMC simulations within the graph-

theoretical framework as implemented in Zacros, version 2.0.>'* Rate constants k,, for

adsorption, desorption, surface diffusion and surface reactions were calculated according to

transition state theory (TST):*

k :kB—TQ_TSexp — AE” (2)
Y ky-T

where k, is the Boltzmann constant, 4 is Planck’s constant, T is the temperature, Q" and Q"
are the molecular partition functions for the transition state and initial state, respectively, and
AE is the activation barrier. In order to compute the molecular partition functions Q, we used
vibrational frequencies computed with DFT under the harmonic approximation. For non-

activated adsorption events (e.g. CO adsorption) we assumed 2D gas behavior, as the reaction

coordinate is identical to the third translational degree of freedom, perpendicular to the surface.**



The pre-exponential factor in (2) is temperature dependent, both due to the thermal factor of

k,-T/h,but also because Q" and Q" are functions of 73> this is accounted for in the KMC
simulation using fitted functions of 7. Further information on the computation of k,,, using DFT

calculations can be found in the supporting information of ref 34.

All KMC simulations utilized a 50 x 50 hexagonal fcc(111) lattice with 5000 metal atoms
(5000 top sites, 5000 fcc sites and 5000 hep sites). For PtCu(111) SAA simulations, a Cu(111)
lattice was used, where host metal sites were randomly substituted with dopant metal sites under
the condition that these Pt sites cannot be first or second nearest neighbors. The Pt atom
percentage density used in all simulations was approximately 10 %, which is comparable to that

on model PtCu(111) SAA terraces within 10 nm of a step-edge.'® 3°

Our simulations considered the following reversible elementary events (see schematics in
supporting information): CO adsorption/desorption on Pt top sites and Cu three-fold hollow sites;
H> dissociative adsorption/associative desorption on shared Pt-Cu-Cu fcc and hep site second
nearest neighbor pairs and Cu fce and hep site 1% nearest neighbor pairs; CO diffusion between
Cu three-fold hollow sites as well as between Cu three-fold hollow sites and Pt top sites; H
adatom diffusion between Cu three-fold hollow sites, Cu three-fold hollow sites and Pt-Cu-Cu
three-fold hollow sites, and finally between Pt-Cu-Cu three-fold hollow sites. Kinetic parameters
for all of these events were computed using harmonic TST and DFT calculated vibrational
frequencies. We note that H adatom diffusion was treated as a fast quasi-equilibrated process and
the kinetic constants thereof are scaled-down (“stiffness scaling”) whilst preserving this

equilibrium in order to gain computational efficiency;¢*” no other rate constants are scaled.



Finally, we simulated TPD using KMC by initializing the surface with H and/or CO at various
coverages given in ML (where 1 ML = total number of surface metal atoms) and ramped the
temperature uniformly at a rate of 1 K-s!. The partial pressures of gas phase H, and CO were set
to zero in order to reproduce ultra-high vacuum conditions. Ensembles of 8 simulations with
different initial random number seeds were used and were averaged to give the final TPD

spectra.

Results and Discussion

H: Activation and Desorption Kinetics with and without Co-adsorbed CO

To directly probe the interaction of CO and H with isolated Pt atoms in the Cu(111) surface,
we prepared PtCu SAAs by depositing low concentrations of Pt onto Cu(111) at 380 K. We have
previously shown that, at these low Pt concentrations, Pt atoms exist as single isolated atoms in
the surface layer of Cu.'® 3> The high dispersion of Pt in Cu allows us to selectively probe the
interactions of H and CO at isolated Pt atoms. PtCu SAAs exhibit unique H> adsorption and
desorption behavior as compared to monometallic surfaces.!*>'® Our previous TPD studies show
that Hz desorbs from PtCu SAAs at 230 K,'>17 70 K lower than the desorption temperature from
either bare Cu(111)*® or Pt(111) (~300 K).*® This is explained by our DFT calculations, which
reveal that isolated Pt atoms in Cu reduce the barrier for dissociative adsorption/recombination
of Hy relative to Cu(111). Additionally, the binding strength of H adatoms on PtCu SAAs are
much weaker compared to Pt(111). Using DFT with the functional and parameters detailed in the
experimental section, we compute the activation barrier for H> dissociation over a single Pt atom
in the PtCu(111) SAA to be 0.09 eV, which is 0.66 eV lower than on Cu(111) (0.75 eV). Hence,

we observe facile activation of H, on PtCu SAAs at temperatures as low as 85 K. Moreover, we



compute a desorption barrier from PtCu(111) SAA of 0.39 eV, facilitating low temperature H-H

recombination (230 K).
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Figure 1. Co-adsorption of H and CO on PtCu(111) SAAs (0.01 ML Pt coverage). TPD traces for CO
(m/z = 28, red) and H» (m/z = 2, blue) for adsorption of A) 50 L H,, B) 0.2 L CO, C) 0.2 L CO followed

by 50 L H, D) 50 L H; followed by > 0.2 L CO.

Exploring the impact of CO adsorption on the uptake and release of Ho, we find that when we
do not expose 0.01 monolayer (ML) PtCu(111) SAA to any CO, H> desorbs from the surface at
250 K (Figure 1A). The higher desorption temperature observed in this current study is due to
the presence of CO on some Pt sites as discussed below. Notably, while we did not introduce
CO deliberately in this case, adsorption of small amounts of CO always present in the
background of the UHV chamber causes occupation of some Pt sites, as evidenced by a small

area CO peak centered at 350 K (Figure 1A). Additional CO exposure of greater than 0.2 L at 85



K saturates the Pt sites (0.01 ML) with CO while producing a low coverage of excess CO on the
Cu terraces (0.03 ML) (Figure 1B). Our desorption traces are in agreement with previous studies
that show CO desorbing from Cu(111) terraces at 170 K for CO coverages below saturation and
200 K from Cu steps.!”-2% 4" When we co-adsorb Hz and CO, the desorption traces are dependent
on the order of gas exposure. If CO is adsorbed prior to H> exposure, we do not observe any
uptake of H (Figure 1C). CO blocks the Pt sites, inhibiting the dissociation of H», despite the
availability of Cu sites. When we adsorb H» prior to CO, we observe H> desorption at 285 K, 55
K higher than the desorption temperature of H> on PtCu SAAs without CO exposure.
Intriguingly, and unlike the case of PdACu SAAs, the H, recombination on PtCu SAAs appears to
begin prior to desorption of CO from Pt sites (Figure 1D). Furthermore, we observe that the full-
width-half-max of the H> desorption peak decreases from 35 K to 25 K in the presence of CO,
suggesting that CO traps H on the surface by blocking a low temperature desorption pathway and

allows it to acquire more energy at elevated temperatures and desorb at a faster rate.

H/CO Atomic-Scale Adsorption Site Preference

The interaction of CO and H with the Pt active sites was directly probed through molecular
manipulation experiments with the LT-STM tip (Figure 2 A-G). As shown in Figure 2A, the Pt
atoms are well dispersed in the Cu surface and appear in topographic STM images ~20 pm
higher than the surrounding Cu lattice. H> followed by CO were co-adsorbed onto a 0.01 ML
PtCu(111) surface at 85 K before being cooled to 5 K for imaging. We initially observed H
adatoms as clusters of mobile depressions on the Cu terraces (Figure 2B-E). Previously, we have
shown that H adatoms that have spilled over from the dissociation site are mobile on Cu(111) at
5 K due to quantum tunneling through the diffusion barrier (which we calculate using DFT to be

0.13 eV).2! We then deliberately and selectively remove H adatoms from the imaging window by



applying a 200 mV bias to the STM tip while scanning. This causes all the H adatoms to diffuse
away, but a few immobile depressions remain on the surface (Figure 2F), which require a high
(5 V) local pulse to remove. It is well established that > 2.4 V pulses are needed to desorb CO
atoms from metallic surfaces,* therefore we identify those immobile depressions in Figure 2F
as CO molecules. Directly underneath the CO molecules we observed stationary surface
protrusions ~20 pm in apparent height, which are the Pt atoms substituted into the Cu lattice
(Figure 2G). These results demonstrate the preferred adsorption sites of CO molecules are the

isolated Pt atoms and that surface H resides on the Cu(111) surface.

Figure 2. STM images of the co-adsorption of H and CO on 0.01 ML PtCu(111) SAAs. A) Atomic
resolution STM image of individual isolated Pt atoms in Cu(111). Imaging conditions: 10 mV 150 nA.
B-D) Time-lapse images of adsorbed H and CO showing H atom diffusion (vertical streaks) and
stationary CO. Imaging conditions: 30 pA and 30 mV. E-G) STM manipulation experiments that
remove the mobile H atoms and show the Pt active site. E) STM image after adsorption of H and CO. F)
Image after 200 mV scan to remove adsorbed H atoms from imaging frame. G) Image after local 5 V

pulses to remove adsorbed CO revealing a Pt atom under each CO molecule. Three Pt sites are



highlighted with circles. The images B-F) were taken at 30 mV and 30 pA and image G) 10 mV and 50

nA.

DFT Calculations of CO and H: Adsorption/Desorption Mechanisms

In order to elucidate the unusual desorption behavior of H» in the presence of CO on the
PtCu(111) SAA surface we perform DFT calculations. We evaluate the binding strength of each
of these species as well as their mechanisms of adsorption and desorption on the various site
types of both surfaces. Finally, using DFT we consider whether H-H recombination via single Pt
atoms in PtCu(111) SAA is possible whilst CO is still adsorbed, and evaluate the mobility of

adsorbed H and CO by calculating diffusion barriers.

The adsorption energies of a single H adatom on shared Pt-Cu-Cu fcc and hcp SAA sites are
-0.14 eV and -0.16 eV, respectively (Figure 3A). The adsorption of H on SAA sites is slightly
stronger than on pure Cu fcc and hcp sites, with the adsorption energy of H in either site (on Cu)
being -0.09 eV (Figure 3A). The similarities in the binding strength, in addition to the low
barriers of H adatom surface diffusion and the high multiplicity of Cu sites in a SAA, facilitate
the low temperature spillover of H from the single Pt atom to pure Cu, which we have previously

observed using STM.!®



Z
z

-0.06 -0.40
> 0.08 —~
Z % .-0.60}
3-0.10 | =
E ’ PtCu-Cu qg:
e -0.801
W_o.12} 15
C
.0 S
8014} +=-1.00f
3 o
= 2
< -0.16f 2_1.20_
- (@)
-0.18¢ 3
-1.40¢
-0.20
C)
0.20
%001 H-H recombination 046 oV
§_0'20 via Pt with CO
3_0 40 ‘b‘ CO desorption|
) iaC
2 H, dissociation via Cu
2-0.60F via Pt
w
50801 CO diffusion
a CO adsorption Ptto Cu
2-1.00F via Pt
e -1.03 eV
< H-H recombination
20 m via Cu
-1.40¢ EEETY m
H spillover Pt to Cu

-1.60
Reaction Coordinate

Figure 3. Adsorption energy diagrams of A) H adatom binding on shared Pt-Cu-Cu fcc and hep hollow
sites, as well as on threefold Cu fcc and hep sites; and B) a CO molecule on Pt top site as well as that on
Cu fcc and hep hollow sites. Panel C) gives the adsorption energy as a function of reaction coordinate
showing H; adsorption at isolated Pt atoms (green), CO adsorption at isolated Pt atoms (blue), H-H
recombination at isolated Pt atoms with CO co-adsorbed (purple), H-H recombination on pure Cu (red)
and CO desorption from pure Cu (orange). Diffusive steps are shown in grey. Transition state structures
are encased in brackets and denoted by f. Stable states are given by horizontal lines on the energy

diagram where multiple structures indicate adsorbates at infinite separation.

The mechanism for H; dissociation on the PtCu(111) SAA proceeds via the single Pt atom top

site (Figure 3C). This is consistent with ab initio studies of H» dissociation on PdCu(111) SAAs



and with our previous work using a different computational setup.**** The two resulting H atoms
bind to Pt-Cu-Cu fcc and hep hollow sites that are separated by the Pt atom; this configuration
has a total adsorption energy of -0.30 eV, indicating a negligible interaction between the two H
adatoms. The total barrier for the recombination of the two H adatoms on the SAA surface is
0.39 eV compared to 0.92 eV on Cu(111) (Figure 3C, reverse green pathway and red pathway,
respectively). Hence, we observe low temperature desorption at 230 K from the PtCu(111) SAA,

that is 70 K lower than from pure Cu(111).16:38

Considering the adsorption of CO on pure Cu(111), we find that CO is most stable in threefold
fcc and hep sites with an adsorption energy of -0.50 eV (Figure 3B). On the PtCu(111) SAA,
CO binds most favorably to single Pt atom top sites with an adsorption energy of -1.19 eV
(Figure 3C); in fact, any attempts to optimize the structure of CO in shared PtCu sites result in
relaxation to the Pt top site. These adsorption energies are in good agreement with our STM
experiments, by which we concluded that CO preferentially binds to isolated Pt atoms in
PtCu(111) SAA, rather than on facets of pure Cu(111) (Figure 2F). We correctly predict the
most favorable adsorption site on the PtCu(111) SAA, however on Cu(111), experiment shows
that CO is most stable on Cu top sites. A lack of qualitative agreement for CO adsorption site
preference on Cu(111) is a well-documented issue when employing DFT calculations under the

generalized gradient approximation and we take this opportunity to refer the reader to interesting

1.45 1.46

discussions by Kresse ef al.” and Feibelman ef al.” that allude to the origins of the apparent
contradiction to experimental works. Despite the site preference issues, we point out that the
RPBE xc-functional employed here is specifically designed to reliably reproduce the CO

adsorption energy.?’ Indeed, with a similar set-up to that employed in this study, we have used



DFT with RPBE to obtain CO adsorption energies on an assortment of SAA and pure metal

surfaces with a mean absolute error of 0.04 eV when compared to experiment.?’

A recent study by Thirumalai and Kitchin related the electronic structure of SAAs to their
reactivity.*’ Through analysis of the atom-projected d-band density of states (PDOS) of a number
of SAAs, it was determined that there is poor charge mixing between isolated platinum group
metal atoms and their coinage metal host matrices.*’ This results in a sharp peak in each dopant
PDOS close to the Fermi level that is akin to that of an isolated gas phase dopant atom.*’ Thus,
these isolated dopant sites are highly reactive, explaining the low activation barrier we calculated
for H-H recombination and H» dissociation over Pt sites in PtCu(111) SAAs. Indeed, in a broad
theoretical survey of SAA reactivity we showed that SAA materials exhibit enhanced reactivity

in numerous adsorption and bond scission reactions relevant to catalysis.**

Computing the adsorption energy of H and CO that are co-adsorbed at a single Pt atom on the
PtCu(111) SAA surface, we find that the interaction of these two adspecies is highly repulsive.
In order to co-adsorb at an isolated Pt atom, H binds on a shared Pt-Cu-Cu fcc/hep site whereas
CO is heavily displaced from the Pt atom top site due to the strong repulsive interaction (0.37
eV) exerted between these two species. The addition of a second adsorbed H adatom on the
isolated Pt atom further destabilizes the adsorption by 0.27 eV (Figure 3C, co-adsorbed CO+2H
configuration at -0.84 eV, 0.64 eV higher than the infinitely separated configuration of these
three molecules). This unstable configuration serves as the initial state for H-H recombination in
the presence of CO adsorbed to Pt, though we compute a total activation barrier of 1.34 eV from
infinite separation (Figure 3C, from blue state via purple pathway). Notably, this total barrier,
accounting for the energy required to overcome strong repulsive lateral interactions between CO

and H, is much greater than the total desorption barrier from PtCu(111) via Cu sites of 1.04 eV



(Figure 3C, from blue state via red pathway). Thus, the desorption of H> from a CO-covered site

is not likely and the corking effect of CO persists on the PtCu(111) SAA.

In search of another explanation for the experimental results that show hydrogen desorbing
prior to CO, we examined the mobility of CO adspecies on the surface, considering the
possibility that CO migration might transiently free Pt sites and enable H> desorption. To this
end, we computed the minimum energy pathway for the CO diffusion between Pt and Cu on the
PtCu(111) SAA surface. The pertinent transition state is located on the bridge site between two
Pt first nearest neighbor Cu atoms and the corresponding activation barrier is 0.83 eV (Figure
3C, grey pathway on the right), which is 0.10 eV less than the H> desorption barrier on Cu(111)
and 0.51 eV greater than the PtCu(111) H-H recombination barrier in the absence of CO. These
data provide a useful starting point for KMC simulations that probe the mechanism of the

punctured cork effect.

KMC Simulated Thermal Desorption Spectra

Parameterized by data from our DFT calculations, we use KMC to simulate the TPD of H» and
of CO from Cu(111) and PtCu(111) SAA, as well as both species together from PtCu(111) SAA.
In the case of H> TPD from Cu(111) (Figure 4A), our simulations yield a peak desorption
temperature of 312 K with a half-peak maximum width of 35 K. This simulated TPD profile is in
excellent agreement with experimental H, TPD from Cu(111) by Anger et al. (315 K).*® For H»
desorption from PtCu(111) SAA (Figure 4B) we achieve good qualitative agreement with
experiment as the simulated TPD peak temperature is low (165 K) compared to that from

Cu(111), though is a 65 K underestimation compared to our experiment (Figure 1A). Analysis of



the reaction statistics shows that the low temperature desorption of H> from PtCu(111) SAA

(Figure 4B) is solely due to H-H recombination via single Pt atoms.

A) Honly on Cu(111)

B) H only on Pt-Cu(111) SAA
165 K

C) CO only Pt-Cu(111) SAA
149 K

D) H and CO on Pt-Cu(111) SAA
149 K 286 K

100 150 200 250 _ 300 _ 350 400
Temperature (K)

Figure 4. KMC simulated TPD traces of (A) H, from Cu(111) using an initial H surface coverage of
0.33 ML; (B) H» from PtCu(111) SAA using an initial H surface coverage of 0.33 ML; (C) H; from
PtCu(111) SAA using an initial H surface coverage of 0.33 ML and CO coverage of 0.33 ML; and (D)
CO from PtCu(111) SAA using an initial CO surface coverage of 0.33 ML. The temperature in each
simulation was raised from 100 K to 400 K at a ramp rate of 1 K-s!, using CO and H; partial pressures
of 0 to reproduce UHV conditions. H, TPD traces are shown in blue whereas that for CO is shown in

red.



In the case of CO TPD, our simulations yield peak desorption temperatures of 149 K and 331
K from PtCu(111) SAA (Figure 4C) which compare well with the peaks at 160 K and 350 K
recorded experimentally (Figure 1B). Notably, we do not reproduce the secondary CO
desorption peak at 200 K in our simulations as we do not explicitly model CO desorption from
Cu step edges but rather (111) terrace sites exclusively. Reaction statistics from the KMC
simulation show that the peak at 149 K can be attributed to CO desorption from Cu sites within
the SAA. This is in good agreement with our assignment of the low temperature peak in Figure
1B (160 K) that was made based on previous TPD studies on pure Cu(111).!7-2%4% According to
the reaction statistics the secondary peak at 331 K corresponds to desorption from both Cu and Pt
sites, though the number of CO species evolved is equivalent to the total number of Pt sites.
When there is a stoichiometric amount of CO molecules adsorbed at the Pt sites and the
temperature is below 250 K, such that CO cannot diffuse away from Pt, all Pt atoms will be
saturated and no CO will be present on Cu. Above this temperature, there is sufficient thermal
energy for CO to overcome diffusion barriers of 0.83 eV and 0.85 eV in order to move away
from Pt onto Cu sites whereon, due to the high multiplicity of these sites, it may temporarily stay
until a vacant Pt site is found. The residence time of CO on Cu is short, though on a timescale
comparable to the kinetic constant for CO desorption from Cu at this temperature, allowing CO
to desorb from the surface via these sites rather than directly from Pt. Interestingly in our
simulations, CO diffusion remains in quasi-equilibrium throughout, specifically because the CO
desorption via Cu occurs on a much slower timescale than CO diffusion from Pt to Cu. This is
evidenced by three orders of magnitude of difference between their respective rates and
effectively quasi-equilibrates the Pt to Cu CO diffusion (see supporting information). A

mechanism of diffusion followed by desorption from weaker binding sites is somewhat unusual



though has previously been used in the successful interpretation of spectra for the TPD of
aromatic compounds from vicinal Cu(433).* In this case, benzene and naphthalene freely
migrate from strong binding Cu(433) steps to weak binding Cu(111) terraces, well below the
onset of desorption and cooperative desorption from both surfaces gives rise to a broad high
temperature peak,*® analogous to that which we observe in our study (Figure 1B and Figure

40).

Before we discuss simulations of the co-adsorbed system, we briefly remark on the reliability
of our simulations this far. For the single-adsorbate systems, we have very good agreement
between our simulated TPD spectra and experiment for H on Cu(111), CO on Cu(111) and CO
on PtCu(111) SAA, though for H on PtCu(111) we have only qualitative agreement. Our DFT
calculations predict a low H» dissociation barrier of 0.09 eV, which agrees well with our
experimental observation that PtCu(111) SAA can activate H» at temperatures < 85 K. Thus, as
the H-H recombination barrier is a sum of the dissociation barrier and the adsorption energy of
two H adatoms, we infer that our DFT calculations must under-predict the binding strength of H
on Pt sites. We used the RPBE functional that is specifically designed to overcome common
issues of over-binding, though in the case of H adsorption this compensation appears to be too

great.

In our previous work** using the OptB86b-vdW*° functional, we found comparable PtCu(111)
SAA H; dissociative adsorption barriers to RPBE, though more negative adsorption energy of H
(-0.29 eV). Using this adsorption energy in our TPD simulation, results in a peak desorption
temperature of 218 K that is in much better agreement with the experimental TPD peak of 230 K
(Figure 1A). Unfortunately, this functional heavily over-binds CO (-1.61 eV), and as a result the

simulated CO TPD peak temperature is predicted to be >100 K too high. This is problematic for



studying the co-adsorbed system as, during the KMC TPD simulation, H> evolves from the
surface via Cu sites at a desorption temperature of 312 K irrespective of the presence or absence
of CO and is therefore qualitatively incorrect compared to what we observe experimentally
(Figure 1D). Thus, despite a lack of quantitative agreement with experiment for the desorption
of H from PtCu(111) SAA when using RPBE, we recognize that the H-H recombination must
be rate-limited by the presence of CO and therefore we choose the RPBE functional to model the

co-adsorbed system as it gives the best representation of the CO desorption kinetics.

In the co-adsorbed H» and CO system on PtCu(111) (Figure 4D), we simulate a peak
desorption temperature of H» that has increased to 286 K compared to in the absence of CO. The
CO desorption trace is very similar to that in the absence of H adatoms. Closer inspection of the
reaction statistics (Figure 5) reveals that some H» leaks slowly from the surface via Cu sites
when there is a stoichiometric 1:1 amount of CO to Pt. Notably, no desorption of H> via Pt is
simulated until CO desorption occurs. Heating the system is essential to facilitate CO desorption
which, at the start of the temperature ramp (100 K), will occur from Pt on the timescale of 1.22 x
10%* s or 3.87 x 10** years (kiook = 8.20 x 10* s1). However, once sufficient thermal energy is
attained, such that a single CO molecule desorbs (making the CO:Pt ratio sub-stoichiometric), H-
H recombination is facile and rapid via unoccupied Pt sites. This fast desorption of Hy is
reflected by a narrowing in the half-peak maximum width from 34 K in the absence of CO to 16
K in the presence of CO (Figure 4B and D, respectively). Analyzing the reaction statistics
(Figure 5) shows that the majority of H> desorbs via Pt sites. Moreover, they show that the
sharpness in the H desorption peak is due to the CO site blocking causing H adatoms to be
trapped on the surface well above the activation required for normal H-H recombination at Pt

sites.



~

—e—H, via Pt
—@—H, via Cu
| —e— CO via Pt
v— CO via Cu,,
A— CO via Cu,,

(@]

()}
T

N
T

w
T

N

—_
T

Rate of Desorption (103site's™)

0 Dol
240 260 280 300 320 340 360
Temperature (K)

Figure 5. Desorption rates as functions of temperature during KMC simulated TPD on PtCu(111) SAA
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scale is adjusted to more clearly show the dependence of H, desorption via Pt on the desorption of CO

thereby clipping the peak of the former (at 286 K) from the figure.

Interestingly, by the time the H> peak maximum is reached, only 0.7 % of CO has desorbed
from the surface indicating that very few Pt sites need to be free to facilitate fast H-H
recombination. In fact, we initialize several simulations with sub-stoichiometric coverage of CO
to Pt and note a non-linear dependence of the H, desorption peak temperature depending on the
percentage of Pt atoms covered by CO (Figure 6A and B). Similarly in experiment, we observe a
shifting TPD trace for H> desorption that is dependent on CO exposure. Exposures of greater
than 0.2 L up to 2.0 L of CO result in the same desorption spectrum shown in Figure 1D (Figure
6C) indicating that the Pt is saturated by CO over this interval. At lower exposures we find that
the H» desorption peak temperature takes intermediate values between the cases when only

background CO is present and when the surface is saturated with CO (Figure 6C).
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Figure 6. KMC simulated TPD of H, from the PtCu(111) SAA with varied CO percentage coverage on
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desorption temperature with inset magnified to show higher temperature region; C) corresponding

experimental H, TPD after 50 L of H, exposure followed by 0 L, 0.2 L and 2 L of CO exposure.

The simulated non-linear dependence of the H> desorption peak temperature with CO coverage
shown in Figure 6B suggests that the most drastic effect on H-H recombination is at high CO
exposure, where the majority of Pt sites are blocked. Indeed, having just 0.2 % of Pt atoms free is
enough to reduce the H» desorption peak temperature by 48 K. Recalling our simulation of CO
TPD on PtCu(111) SAA shown in Figure 4C, the leading edge of the CO desorption trace
extends to over 80 K below the peak. In the context of our experimental TPD (Figure 1B) this

would suggest that very small, undetectable amounts of CO begin to desorb from the surface just



below 270 K, coinciding with the start of the sharp H> desorption peak. At these elevated
temperatures, well above those required for normal H> desorption, just these few desorbing CO
molecules are, according to our simulations (Figure 6A and B), sufficient to allow for fast H-H

recombination and desorption, despite a low number of active sites.

In our previous work on the PdCu(111) SAA molecular cork system,'? the DFT computed
adsorption energy of CO on the single Pd atom is -0.84 eV, 0.34 eV stronger binding than to
pure Cu (-0.50 eV). The H-H recombination barrier on PdCu(111) SAA is 0.68 eV, 0.16 eV less
than the CO desorption barrier from Pd. These calculations are in good agreement with the
experimental observation that CO selectively blocks H» release at isolated Pd atoms in
PdCu(111) SAA, forcing H adatoms to remain on the surface 50 K above their normal desorption
temperature.'? Interestingly in the absence of CO, Hz desorbs from PdCu(111) SAA with a peak
temperature of 210 K'? which is just 20 K less than on the PtCu(111) SAA surface used in this
study. On the other hand, the difference in CO desorption peak temperature is larger, being 270
K on PdCu(111) SAA and 350 K on PtCu(111) SAA. It follows that H adatoms are trapped on
the surface by CO in the PtCu(111) SAA system at much higher temperature than in the case of
PdCu(111) SAA. Therefore, when CO finally begins to desorb from each surface, H-H
recombination is much faster on PtCu(111) SAA than on PdCu(111) SAA as reflected by CO

induced 35 K and 20 K reductions in the H> desorption half-peak maximum, respectively.

Conclusions

We have used surface science and microscopy techniques in conjunction with theoretical
modelling to investigate the adsorption behavior of H and CO on PtCu(111) SAAs. Our TPD

experiments show that CO traps H adatoms on the PtCu(111) SAA surface, 55 K beyond the



normal H» desorption temperature. However, unlike in the PdCu(111) SAA Molecular Cork
system'?, we observe experimentally that CO does not desorb prior to H-H recombination. Using
high-resolution STM experiments and DFT calculations we show that CO adsorption is specific
to single Pt atoms rather than pure Cu(111). Moreover, using KMC we determine that CO is a
site blocker for H> desorption via single Pt atoms at temperatures up to 55 K beyond the
desorption temperature of H> in the absence of CO. Analyzing the KMC reaction statistics
reveals that some H» leaks slowly from surface Cu sites whilst CO molecules are blocking the Pt
active sites. However, and most significantly, the majority of H is evolved via recombination at
isolated Pt atoms after desorption of the first CO molecule, which explains the experimental
results whereby significant H, desorption occurs before any CO is detected. We also show that
there is a dependence of the H, TPD peak temperature on CO exposure and using KMC we
determine that this relationship is non-linear with respect to Pt atom CO coverage with the most
notable changes occurring just below saturation. This work builds on our discovery of the
Molecular Cork effect for Hz evolution from SAAs and demonstrates that a combination of
experiment and theory are required to fully understand the interaction of H and CO and their
competition for active sites. These important phenomena must be taken into consideration in

order for reaction mechanisms on alloy catalysts to be understood.
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Figure S 1. CO diffusion rates as functions of temperature during KMC simulated TPD on PtCu(111)
SAA for a system initialised with a CO:Pt ratio of 1:1 and H coverage of 0.33 ML. Forward (blue) and
reverse (red) rates are shown for CO diffusion from A) Cu fcc sites to Pt top sites; B) Cu hcp sites to
Pt top sites; and C) Cu hcp to Cu fcc sites. The rates of diffusion are shown to be several orders of
magnitude larger than the desorption rate of CO from Cu and Pt sites and appear to be quasi-

equilibrated.



@ rttopsite @ Cutopsite
A Pt-Cu-Cu fec site A Cufccsite
W Pt-Cu-Cu hcp site VWV Cuhcpsite

Figure S2. Representative snapshot of the PtCu(111) SAA lattice used in our KMC simulations. The
snapshot is a portion of a 50 x 50 Cu FCC(111) lattice with a total of 5000 metal atoms present. Of
the 5000 Cu atoms present, 481 are randomly substituted by Pt atoms. Six unique site types are
accounted for based on our DFT results including Pt top (blue circle), Cu top (red circle), Pt-Cu-Cu fcc
(light blue triangle), Pt-Cu-Cu hcp (light blue inverted triangle), Cu fcc (orange triangle) and Cu hcp
(orange inverted triangle). Neighboring connectivity is indicated by lines between sites, with each site

coordinated to 12 others.
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Figure S3. Schematics of all elementary events considered in KMC simulations. All events are
reversible and activation energies (Ea) and reaction energies (AE) are given for the forward direction
(left to right). Notably the activation barriers for H diffusion have been stiffness scaled for
computational efficiency and the new values are marked with a “*”. Shapes and colorings used in the

schematic correspond to those defined in Figure S2.
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