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Abstract

Heterogeneous catalysis is key for chemical transformations. Understanding how catalyst
active sites dynamically evolve at the atomic scale under reaction conditions is a prerequisite
for accurate determination of catalytic mechanisms and predictably developing catalysts. We
combine in-situ time-dependent observation and machine learning-accelerated first-principle
atomistic simulations to uncover the mechanism of restructuring of Pt catalysts under a pres-
sure of carbon monoxide (CO). We show that a high CO coverage at a Pt step edge triggers
the formation of atomic protrusions of low-coordination Pt atoms, which then detach from the
step edge to create subnano-islands on the terraces, where undercoordinated sites are stabilized
by the CO adsorbates. The fast and accurate machine learning potential is key to enable the
exploration of ten of thousands of configurations for the CO covered restructuring catalyst.
These studies open an avenue to achieve atom-scale understanding of structural dynamics of

more complex metal nanoparticle catalysts under reaction.



1 Introduction

Catalysis is central to chemical production, pollution abatement, and energy transformation.
Supported metal catalysts are the workhorses of the largest current chemical processes. The
notion of “active site” on the catalyst, i.e. the ensemble of surface atoms responsible for bond-
breaking and forming steps on the reactants, and its structure and dynamics under reaction
conditions are key for understanding the catalytic performance.'™ There are now clear evi-
dences that surface sites of metal catalysts might not remain as prepared during a catalytic
reaction; their structures and/or compositions evolve in the reaction conditions, under a pres-
sure of reactants and/or products of the reaction.*~'?> For example, in reducing gas Hy the
surface region of an as-prepared Rh-Pd core-shell structured bimetallic catalyst restructured to

a Pd-rich surface !>

while the surface of as-synthesized Pt-Cu alloy nanocubes restructured
to a Pt skin layer. 1

For a simpler case of a monometallic catalyst, tracking the surface structure of the stepped
Pt(557) surface at room temperature in CO at different pressures revealed that the step edges
start to restructure at a CO pressure as low as 108 Torr and that a massive reconstruction oc-
curs at a pressure of 0.5 Torr, the surface getting homogeneously covered by nanoclusters with
a size of 2.2 nm. '® This breakup of the surface creates more under-coordinated sites. When the
CO pressure is decreased to 5x10~® Torr, these nanoclusters reunite back to a stepped surface
with curled step edges. The reversible formation of nanoclusters shows that this restructuring
is driven and maintained by the high CO pressure. !¢ Density Functional Theory (DFT) calcu-
lations showed that under a model CO coverage of 1 ML a surface restructured with triangular
shape arrangements is more stable than the non-reconstructed surface. At the same time, re-
structuring of Pt(557), Pt(100), and Pt(110) was also observed in other gases such as Os. 7 A
similar phenomenon occurs on Cu(111), Ni(557), Au(111), Au(110), Co(0001) in the presence
of CO.%13-2! The early work by Tao et al. on Pt(557)'® evidences the extensive reconstruc-
tion but did not explore at an atomic scale the elementary steps and mechanism of the surface
transformation under a pressure of CO, which is the focus of the present work.

These earlier studies show that as-prepared surface sites could be readily transformed by



the action of the adsorbates, rendering synthetic efforts to control the initial structure of the
surface somewhat meaningless. Metal sites on the “surface clusters” can have lower coordi-
nation than those at the initial terrace or step sites, which can alter the activity and selectivity
of the catalytic reactions.?>? Therefore, exploration of how the surface of a metal catalyst is
restructured at an atomic scale in a gas phase of reactant(s) is key to identify catalytic active
sites, fundamentally understand the catalytic mechanisms at a molecular level, and predictably
develop novel, more active, more selective, or more durable catalysts. 33,34

Other than the studies on metal single crystal surfaces, restructuring of the surface of metal
nanoparticles in reactant gas, particularly Pt nanoparticles in CO or CO and O mixture was
studied through in-situ TEM3>39 in-situ IR3®, EXAFS?’, and AP-XPS??. For instance, the
oscillatory change between faceted Pt nanoparticles and rounded Pt nanoparticles during catal-
ysis of CO oxidation at 450°C was observed by Vendelbo et al.* Literature established the
coupling of the increase and decrease of CO conversion with the proposed switch between
the faceted nanoparticles with low-miller index surface and a rounded one with a mixture of
low and high (i.e. stepped) Miller index surfaces.® The restructuring of the morphology of
metal nanoparticles in pure CO was reported.>> The reconstruction of (100) terraces of Pt
nanoparticles to high Miller index surface was suggested with in-situ STEM and in-situ IR.3®
This observation was supported by computation of adsorption energies which found the high
miller-index surfaces such as (211) and (311) with adsorbed CO is thermodynamically favor-
able over CO on Pi(100).%

Although the surface restructuring phenomenon of metal catalysts under the pressure of
a reactant gas is well documented experimentally, its origin and formation mechanism is not
yet understood at the atomic scale, hindering rational catalyst design.®!%!%2! First principle
atomistic modeling could be a major approach to explore the surface restructuring phenomenon
under the pressure of a gas. Nevertheless, computational studies of metal catalyst surfaces and
their restructurings under high adsorbate coverage are largely limited due to four major chal-
lenges: (1) the high computational expense of exploring surface reactivity using accurate first-
principles calculations on surfaces described by large unit cells, (2) the numerous combinations

of adsorption configurations possible at high coverages, (3) the large space of configuration for



the metal surface restructuring under a pressure of a gas, and (4) the interdependence between
the surface local structure/metallic coordination and the adsorbate coverage. Hence, to provide
atomic scale insights on adsorbate-induced restructuring on catalytic systems, computational
modeling requires a fast but accurate energy and force calculator to enable the exploration of
a large space of configurations.

To demonstrate how the atomic-scale restructuring mechanism of a metal surface under
a pressure of a reactant gas could be uncovered, we integrate in-situ scanning tunneling mi-
croscopy (STM) experiments and large-scale simulations. Computationally, the determination
of the CO overlayer coverage and arrangement for each Pt structure considered here requires
sampling a large number of configurations, around 13000 single-point calculations. Consid-
ering the size of unit cell required, this sampling cannot be performed directly with DFT and
was critically enabled here by a fast neural network potential trained on first principle Density
Functional Theory (DFT) calculations. Not only one but an ensemble of low-energy configu-
rations exists for the CO overlayer, and each configuration of the Pt atoms and this fluxionality
of the adlayer will be important for the restructuring kinetics. The approach developed here
enables an unbiased statistical sampling of the CO-Pt system at a given temperature and CO
pressure, i.e. a grand canonical treatment at variable CO coverage. For optimal accuracy, the
low-energy ensemble of structures were recalculated using DFT, so that all energies are of DFT
accuracy.

Our combination of methods shows that the Pt surface restructuring is initiated by the for-
mation of a few atoms large protrusions along the step edges and is driven by the high CO
coverage, stabilizing low coordination sites. Small Pt islands, multiply coordinated with CO
molecules, analogous to polymetallic carbonyl coordination complexes, can detach from the
step edge to form subnano-size islands on the Pt terraces. Our calculations revealed that small
islands (<12 Pt atoms), extracted from the step edge are metastable and only subnanometer-
scale islands with a size of 12-19 atoms, are stable, which matches the experimentally observed
0.5-0.8 nm nanoclusters on the Pt(111) terraces with STM. We found that the stabilizing effect
due to the formation of low coordination sites that strongly bind CO competes with the desta-

bilization arising from the perturbation of the quasihexagonal pattern of CO molecules on the



terraces. CO pressure-induced Pt atom detachment from the steps is additionally shown to be
kinetically accessible. In the precursor state of the detachment, a leaving Pt atom protruding
from a step edge adopts a configuration of a dicarbonyl surface complex (2CO-Pt,), facilitating

its detachment.

2 Methods

Machine Learning atomistic potential of the class of High Dimensional Neural Network Po-
tential (HDNNP) was trained on first principle Density Functional Theory (DFT) calculations.
The structural and chemical environment information of each atom is used as feature to train
the potential energy surface, with both total energy and atomic forces. Deploying the Weighted
Atom-centered Symmetry Functions, the Cartesian coordinates defining the atomic structure
of the system are converted to translational and rotational invariant feature vectors.**" The
training was performed using the n2p2 code which employs an efficient approach via multi-
stream extended Kalman filtering to optimize the weights of the neural network minimizing
the cost function defined by the sum of squared errors of energy and forces with a flexible
parameter to adjust the importance of the two.*! The machine learned iteratively by first con-
structing a preliminary HDNNP that was improved systematically and self-consistently by
running NNP-based simulations to sample relevant configurations and evaluate their DFT en-
ergies to determine configurations that are not accurately described. These are then included
in the training set until no further problematic structures can be identified. More details on the
training of the NNP and its accuracy can be found in the supporting information.

For effective reproducibility of the work, details of the hyperparameters of the symmetry
function, the weight files of the neural network, and other details of the HDNNP are included in
the supporting information (Section S8). The final training set consisted of 6153 structures and
generated a HDNNP with a root mean square error compared to the reference DFT calculations
of 1 meV/atom for energy and 0.06 eV/A for the atomic forces. A larger set consisting of 13379
structures was used for validation with similar errors.

First principles calculations were performed with the Vienna Ab-initio Simulation Pack-



e*>* using the general gradient approximation (GGA) Perdew-Burke-Erzenhof (PBE) func-

ag
tional.** Core electrons were described using the projector augmented wave method.*#6 A
k-spacing of 0.25 is used for all the calculations and the k-point grid is centered at the I" point.
A cutoff energy of 400 eV is used. A C-O bond distance based correction developed by us has
been applied to correct for the known over-binding of CO from Perdew-Burke-Erzenhof (PBE)
functional**, the approach being previously validated for CO adsorption on Pt(111), Pt(100),
and Pt stepped surfaces.*"*8

Global optimization was performed using Basin Hopping Monte Carlo simulations
(BHMC) with an in-house open-source code. This algorithm takes advantage of local min-
imization to convert the potential energy surface (PES) from a curved surface to stepped
shape basins.*® The exploration of these basins is achieved by Monte Carlo sampling through
atomic displacements and the Metropolis criterion. The free energy is calculated by sub-
tracting the reference chemical potential (which is a function of temperature and pressure)
of the adsorbate from the energy of the system as shown by the following equation: AG =
E(nCO + slab) — E(slab) — nco x pco. Additional effects to the free energy of adsorption
could arise from entropy effects, but this is not accessible in the current scope of the work. Due
to the low temperature used here and to the high coverage of CO which hinders CO mobility,
entropic contributions are expected to be low and should not change the qualitative picture
presented. Apart from the random displacements generally used in the MC algorithm, we also
utilize the “Clustering mutation algorithm” developed by us previously which has shown better
acceptance ratio in the BHMC simulations.*®

To understand the kinetics of Pt restructuring under CO pressure, we cannot use the tradi-
tional nudged elastic band method since the coverage of CO keeps changing to stabilize the
island formation and motion on the terrace.’®>! Hence to simulate the extraction of one-Pt-
atom protrusion at a Pt(553) step edge, we manually move the Pt atom towards the terrace
perpendicular to the step edge. At each image of this extraction process, we perform grand
canonical basin hopping using the fast HDNNP to find the lowest energy configuration of CO

molecules. Here we make a Born-Oppenheimer type approximation such that CO molecules

are allowed to move more quickly compared to Pt (island) atoms to ensure equilibrium of the



CO molecules on the surface with the gas phase CO.

The structure of Pt surfaces in a CO environment (at different pressures) was studied using
a high pressure scanning tunneling microscope (HP-STM) system. The sample was placed
inside the HP-STM cell (approximately 15mL in volume) with the cell door remained open
for surface checking under UHV environment. For in-situ experiment, the HP-STM cell door
was closed and CO gas was flown through the cell and over the sample during STM image
acquisition. The sample could be heated simultaneously by an IR laser (810 nm) irradiation on
the back of the sample. The sample temperature was monitored using a K-type thermocouple
spot-welded onto the back of the sample. More information about this system can be found in
the literature. >

There are three limiting factors preventing us from obtaining STM images at atom scale or
a resolution better than the images presented in this article: (i) Temperature: all STM images
in Figure 1 were collected at room temperature under a pressure of CO instead of lower tem-
perature or even cryogenic temperature which significantly helps collecting a high-resolution
image. (ii) Scanning speed: as we were trying to catch the evolution of surface structure, we
had to scan relatively fast, limiting the number of pixels per nm? and lowering the image res-
olution. (iii) feature of the surface morphology: the narrow terrace in terms of relatively high
density of step edge requires a faster feedback loop of scanning to compensate the change of
tunneling current. The faster response in z-direction sacrificed the resolution. For the same

reasons, no high-resolution images were obtained in the early work as well. '6

3 Results & Discussion

3.1 In situ imaging of restructuring at nanoscale

A sequence STM images was acquired on the same stepped region of our Pt(111) sample in
CO gas at a pressure of 1.5x107% Torr (Fig. 1). The terraces are ~5-10 nm wide. A low
pressure is selected to slow down the surface restructuring events so that consecutive steps of

the restructuring process can be tracked. Fig. 1(a) shows the image of the surface just after the



Figure 1: STM images of a Pt(111) surface at room temperature in gaseous CO. (a-h) STM images of the
same region taken sequentially at different times: (a) tg = 0, (b) t; =10, (c¢) to =12, (d) t3 =14, (e ) t4
=16, (f) ts = 23, (g) tg = 25, (h) ty = 27 min after the CO pressure was brought up to 1.5 x107% Torr at
room temperature; the size of each image (a-h) is 15 nmx20 nm; the acquisition time of each image is 1-2
minutes. In (a-h), the progressive detachment of a subnanometer cluster was observed experimentally. (i)
STM image under a CO pressure of 0.1 Torr; size of the image is 30 nmx40 nm; nanoclusters with a size of
0.5-0.8 nm appeared as bright spots on terraces of Pt(111).

introduction of CO. It features terraces with irregular step edges of Pt atoms. The blue arrow
marks the area that evolves as a function of time. After 10 minutes (Fig. 1(b)), a subnanometer
protrusion forms at the step, towards the lower terrace. This “peninsula” detaches from the
step edge after 14 minutes (Fig. 1(c)), forming a subnanometer size cluster on the terrace. The
cluster then diffuses on the surface, with a slight apparent increase in size (Fig. 1(e)). The size
of the Pt cluster does not increase further after 16 minutes while it continuously diffuses on
the terrace. The pressure of CO has a major influence on the rate of these detachments of Pt
clusters from the step. No such detachment was observed during the duration of the experiment
for the same sample in UHV or under a CO pressure of 5 x 10~ Torr (Fig. S3). In contrast, at

a higher pressure of 0.1 Torr, a great number of Pt nanoclusters with size of 0.5-0.8 nm were



formed on the terraces (Fig. 1(i)).

The images give important information on the surface transformation, but they do not pro-
vide an atomic scale mechanism of the restructuring. The time scale required to acquire the
image is long (at least tens of seconds) preventing to record detailed time evolution. Hence,
the specific atomistic structure of Pt atoms and CO molecules and the rearrangement kinetics
on the surface is unknown. It is therefore mandatory to couple the experimental insight with

atomistic simulations as we do here.

3.2 Grand canonical simulations of elementary restructuring pro-
cesses

Various elementary steps for surface restructuring were explored using basing-hopping sim-
ulations and the trained neural network potential. A basin hopping algorithm is used to ex-
plore the potential energy surface and has shown application previously to understand CO

53-56

arrangement on Pt stepped surfaces*®, fluxionality of catalytic clusters as well as for bio-

molecules.>’ At the same time, HDNNP have been used to reduce the high computational
cost of DFT simulations especially when used for global optimization problems. 3762,

Two models of stepped surfaces have been considered, Pt(553) and Pt(557) (Fig S1 and S2
respectively). On Pt(553), the atoms of the step edge and their underneath atoms form trian-
gular Pt arrangements in the counter-step (111 step) while Pt(557) gives square arrangements
(100 step). The considered elementary restructuring processes are (i) step rearrangement, (ii)
step atom extraction towards the lower terrace, and (iii) island formation on the terrace. One
important feature is that the coverage and positions of the CO can dynamically change during
each considered restructuring process. This feature has been considered by performing global
optimization with basin hopping for the CO overlayer at variable CO coverage for each Pt
surface structure (Section S3.3). To understand the effect of pressure, we perform the global
optimization at different pressure conditions (0.0007, 0.5, and 450 Torr). Since the Gibbs
free energy changes logarithmic with pressure (G ~ kgT'In(P/P?)), change in pressure from

0.0007 to 0.5 and 0.5 to 450 Torr results in a change in Gibbs free energy of ~7kpT = 0.15 eV



(at RT). Hence with the limited accuracy of DFT calculations, these steps in pressure condi-
tions give use a reasonable understanding of the overall effect. Since the CO diffusion barrier
is low on the (111) surface of Pt and CO adsorption is not activated, we assumed that CO
diffusion or addition/removal on the surface is very fast, so that the CO adlayer structure will

remain in equilibrium with the gas phase upon Pt surface restructuring.
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Figure 2: Simulation of elementary surface restructuring events at the Pt(557) step edge: (a) Restructuring
energy under a CO pressure of 0.0007, 0.5 or 450 Torr for step rearrangement (structures b-e), step atom
extraction (structures f-h) and island formation keeping the step unmodified (structures i-k). The parallelo-
gram shown in white line marks a unit cell.

The step rearrangement process for the Pt(557) step edge is shown in Fig.2(b-d). 1, 2,
or 3 atoms form a protrusion at the step edge. This process is markedly endothermic on the
bare Pt(557) surface in the absence of CO adsorbates (by 0.54, 0.52, and 0.67 eV for 1, 2,
and 3 atoms, respectively (Fig. S15, Table S4) since the coordination of Pt atoms is globally
decreased. In contrast, under a pressure of CO, such a movement of step atoms is stabilizing

by 0.2 to 0.6 eV depending on the number of Pt atoms rearranged and the pressure. Clearly, the
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CO adsorbates promote the breaking of Pt-Pt bonds and the formation of low coordinated Pt
atoms along the step edge. CO coverage is high, even at 0.7 mTorr pressure, with full coverage
at the step edge, and 0.67 to 0.83 ML on the terrace depending on the CO pressure (Table
S5). Although the amount of CO is not systematically increased following the restructuring
elementary step, the presence of CO adsorbates and their rearrangement is essential for the
restructuring to occur. The formation of triangular apexes induced by CO adsorption on Pt
(557) as in Fig.2(e) is in good agreement with STM experiments where such “triangular”

restructuring has been evidenced. '

3.3 Mechanism of island formation on terraces

Moving ahead, we formed 1, 2, or 3 atom islands on the terrace of the stepped surface. Two
approaches are considered. The first one just extracts atoms from the step edge, forming simul-
taneously a small island and a kinked step. In the second approach, the step is kept unmodified,
hence assuming that the island atoms thermodynamically originate from the bulk of the Pt sam-
ple. The restructuring energy (AFE,.s) to form these small islands under a pressure of CO is
found to be positive, i.e. destabilizing, by 0.14 to 0.84 eV depending on CO pressure and the
type of islands. This destabilization is much smaller than that for the surface in the absence of
CO adsorbate (between 1.37 and 3.0 eV depending on the configuration; see Fig. S15), so that
CO adsorption has a clear stabilizing effect on a Pt atom at low coordination, but the amplitude
of the adsorption effect is not strong enough to compensate the intrinsic energy cost to form
the low coordination islands. The CO coverage, here defined as the ratio of the number of
CO molecules to the number of Pt atoms of an entity, such as an island or cluster, is high and
depends on the size. For example, the CO coverage can be 2 for a dicarbonyl on Pt; (2CO-Pt;)
and 1.5 for three CO molecules on Pty (3CO-Pty) compared to 1 for a Pt step atom of the initial
surface. However, the energy stabilization contributed by the increased adsorption energy of
CO is not large enough to render the structures thermodynamically stable.

Computational studies on Pt(553), another stepped surface (Fig. S1), demonstrate how the

restructuring process can depend on the specific geometry of the initial step. The main effect is
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Figure 3: (a) Simulation of elementary surface restructuring events at the Pt(553) step edge: (a) Restruc-
turing energy under a CO pressure of 0.0007, 0.5 or 450 Torr, for step rearrangement (structures b-e), step
atom extraction (structures f-h) and island formation keeping the step unmodified (structures i-k).

similar, in that the stronger CO adsorption at low coordination Pt atoms. However, in contrast
to Pt(557) (Fig. 2), step rearrangement events on Pt(553) are slightly endothermic by 0.1 to
0.4 eV (Fig. 3 (c, d, e)) and step atom extractions are also energetically less favored.

Since very small islands (1-3 atoms) are found to be metastable, we explored the formation
of larger islands, featuring some more coordinated Pt atoms. If we suppose that an island
is moved away from the unmodified step, the system can be simplified as one consisting of a
terrace and supported islands as shown in Fig. 4. Here we consider the formation of monolayer
islands of sizes 1, 3, 7, 10, 12, and 19 atoms on Pt(111) (1 and 3 are repeated to show the
consistency with the previous model including the step). The simulations recover the previous
result that islands of sizes 1 and 3 are metastable by 0.4 to 0.7 eV in the range of the considered

CO pressure. Pty shows similar stability. However, beyond that size, the restructuring energy
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Figure 4: (a) Comparing the formation energies of Pt islands of increasing sizes from 1 to 19 atoms on a
Pt(111) terrace under a CO pressure of 0.007, 0.5 or 450 Torr. (b-e) show the representative structures at a

CO pressure of 450 Torr.

(AE,¢) starts to decrease. Notably, restructuring Pt(111) under pressure of CO to form Pt;o
or Pt;g islands is found to be exothermic. Such islands are far from being stable in the absence
of CO. For example, the formation energy of Pt;g island on a Pt(111) surface is +7 eV (+0.4
eV per Pt atom) in the absence of CO. However, compared to CO on a terrace of Pt(111) of
similar size, the net gain in CO adsorption energy in the presence of the Pt;g island is between
7.5 and 8 eV depending on the pressure, which can compensate the energy cost of forming

such islands, making these reconstructions thermodynamically favorable(see Fig. S16, S19).

3.4 Kinetics of Pt restructuring under CO pressure

Beyond thermodynamics, kinetic aspects are also crucial for our understanding of restructuring
processes. Exploring of specific pathways for all these restructuring events whose thermody-
namics were extensively studied here is highly challenging and beyond the scope of this report.
Fig. 5 shows a representative example where CO-induced Pt mobility can occur with a mod-

erate energy barrier when a one-Pt-atom protrusion at a Pt(553) step edge is extracted towards
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Figure 5: Kinetic reaction pathway for a restructuring event on Pt(553); (a) Reaction energy profile for the

detachment of one Pt atom from the Pt(553) step edge (b-h) and its diffusion on the terrace (h-k) at a CO
pressure of 450 Torr.

the terrace, while the other pathway (diffusion on the terrace) is shown in Fig. S20 (see section
2: Methods).In the initial configuration of the pathway (Fig. 5(b)), the Pt atom is attached
to the step edge and, at the considered pressure condition (450 Torr) the total equilibrium CO
coverage is 0.57 ML, one CO binding to the protruding Pt atom. In the final configuration (Fig.
5(k)), the Pt atom is on the terrace, stabilized by the formation of a dicarbonyl surface complex,
and the equilibrium coverage of 0.6 ML (i.e. one more CO in the unit cell). The key point for
a favorable energy pathway is to first rearrange the CO molecules on the initial configuration,
by forming a metastable structure with one more CO adsorbate (Fig. 5(c)), less stable in free
energy by 0.22 eV but with an additional CO coordination for the protruding atom, bridging
with a step-edge Pt. This precursor state adopts a configuration that facilitates the detachment
of the Pt atom by the formation of a dicarbonyl surface complex, with an overall energy barrier
of 0.8 eV and a pathway shown from Fig.5(c) to Fig.5(h). The end of the process is simply

an easy diffusion of the Pt-dicarbonyl moiety on the surface Fig.5(g-k). The fluxionality of
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the CO adlayer is of crucial importance, enabling the protruding Pt atom to reach, at a modest
energy cost, a configuration of CO ligands optimal for the restructuring event (Fig. 5). The
calculated barrier for CO-assisted atomic extraction from the step edge is accessible at 300 K

and is compatible with the experimental time scales of restructuring.

3.5 Discussion

The main qualitative reason for the restructuring is the formation of lower-coordination Pt
atom sites, where CO chemisorbs more strongly, thus compensating for the energy cost arising
from the restructuring of the bare surface. Since breaking the Pt-Pt bond and adsorption of
CO are the main contributors with opposing consequences to the catalyst rearrangement, the
restructuring energy (AF,.;) can be conveniently decomposed into the energy required for
breaking Pt-Pt bonds (A E,,,¢t41, positive) (on the bare surface) and the energy gained from the
enhanced CO adsorption strength due to the modified coordination of Pt atoms upon restruc-
turing, (A Ecpem, negative) such that AE,cs = AE et + AEchem- If [AEchem| > |AEmetails
restructuring is thermodynamically favorable (Table S2, S4, S6).

When comparing the effect of the step structure, in the absence of CO adsorbates, the
Pt(553) step is more difficult to restructure than Pt(557) (by 0.37-0.99 eV for Pt atoms step
rearrangement and 0.19-0.71 eV for step extraction, Fig. S14). On Pt (557), the restructuring
results in formation of (111) step edges, which are more stable than the initial (100) step edge,
making the process energetically favorable. Unlike Pt (557), the restructuring in Pt(553) starts
from a (111) step to form (100) microsteps, which are less stable (Fig. 3(d)). The restructuring
energies to form small detached islands on Pt(553) (Fig. 3(i-k)) are similar to that on Pt(557).
The relatively less energetically favorable restructuring on Pt(553) shows that the structure of
the step is another significant descriptor for restructuring.

The investigated islands in Fig. 4 can be separated into two families. At small size (Pt;
to Pt7) CO can bind to the cluster through several types of modes including atop or bridge
on island, atop or bridge between island and support. Starting at a size of 10 Pt atoms a more

regular pattern emerges: each Pt atom is covered by one CO on the island, such a high coverage
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being permitted because CO molecule can tilt outward to release the Pauli repulsion between
them at a short distance (2.7-3 A). 16 These subnanometer-size islands (Pto-Pty9) combine a
smaller destabilization to form the bare island (per Pt atom) and still a large fraction of low
coordination edge atoms that provide stabilization from stronger CO binding. Stability of
the subnano-island hence results from a subtle balance between low metal coordination and
stabilization from CO adsorbates.

The correlation between restructuring energy and CO coverage is more complex than could
be initially thought. Restructuring enhances CO adsorption because it creates sites with lower
coordination at step/edge. Therefore, the number of CO at step/edge sites is generally increased
upon restructuring. On terraces, CO adsorbates adopt a quasihexagonal arrangement™®® that de-
velops in extended Moiré patterns on large (111) areas.*”:%3 By moving Pt atoms towards the
terrace, restructuring perturbs this quasihexagonal arrangement and therefore destabilizes CO
adsorption on the terrace. As a result, the number of CO adsorbates on the terrace can decrease
upon restructuring. This destabilization of CO on terraces is more important at high CO pres-
sure, since the CO coverage is higher. Overall, CO adsorption is stabilized upon restructuring,
but this results from a combination of stabilization at the additional low-coordinated step sites
and destabilization at terraces. Therefore, a higher CO pressure does not necessarily stabilize
the restructuring, as can be seen in Figs. 2, 3, and 4. Nevertheless, the formation of nano-scale
islands on Fig. 4 (islands with 12 and 19 Pt atoms) is more favorable at higher pressure since
their more regular shapes and CO organization disturbs less the CO packing on the terrace.

At this point we can compare the experimental and the computational data obtained in
the present paper. Upon CO adsorption at stepped Pt terraces, the first process evidenced
by both experiment and theory is a rearrangement of the step edges by displacement of Pt
atoms, but without detachment of Pt atoms or clusters on the terraces. Straight step edges are
transformed in wandering or zigzag ones. Experiments and theory agree that the stability of
these rearrangements depends on the type of steps. Steps with (100) counter-step facets (as on
the Pt(557) surface) provide easy (exothermic) restructuring with the formation of extensive
triangular nano-shapes on the terraces and “zig-zag” step edges. '® In contrast steps with (111)

counter-step facets (as on the Pt(533) surface) are much less prone to rearrangement, because
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these steps are intrinsically more stable and the rearranged structure is metastable. Our stepped
Pt(111) sample (Fig. 1) shows such (111) steps, and the step wandering remains very moderate.
The second process concerns the true detachment of a small Pt island from the step towards
the terrace. This process requires large enough terraces. This is not the case on the Pt(557)
surface and the triangular nano-shapes do not detach from the step upper-terrace. In contrast
on our Pt(111) surface the step density is lower and fully detached subnanometer size islands
are seen from the STM data and are calculated to be stable under a pressure of CO. Finally, the
calculated barrier for detachment of a Pt atom assisted by high CO coverage is moderate (0.8
eV) which is fully compatible with the time scale of restructuring measured by the experiment.
Our combined theory-experiment approach hence provides a detailed view on the possible
pathways and mechanism of restructuring of stepped Pt surface under a pressure of CO.

Vibrational spectroscopy is a major method to characterize chemisorbed CO molecules.
Indeed, the CO bond stretch frequency depends on the coordination of the surface Pt. For ex-
ample, Avanesian et al. showed that the CO stretch frequency is lower when CO is bound to an
undercoordinated Pt site representing the edges and corners of a Pt nanoparticle, compared to
high coordination sites on the terraces.3® This is explained by the fact that an undercoordinated
Pt site results in a larger amount of charge transfer to the adsorbate leading to a larger shift in
the vibrational frequency. In our case for the Pty islands on Pt(111) surface (Fig. 4(f)), the
CO stretch frequency is in the range 2025-2035 cm™! for the 12 CO molecules on the island,
compared to 2060-2070 cm™! for CO adsorption on the terrace (top site).*’ Interestingly, CO
molecules adsorbed in the center of the subnano-island show a very similar stretch frequency
than those bound to the periphery Pt atoms. Therefore, Pt coordination is an important param-
eter, but not the only one, and CO local coverage or tilt with respect to the facet normal could
also play a role. %

Our study shows that restructuring of stepped areas of a Pt(111) surface occurs at room
temperature with minute time scale. It initiates at steps and propagates toward terraces at
least for 5-10 nm. Such a restructuring by subnano-island formation can be viewed as an
atomic scale roughening of the (111) terraces and affects a small fraction of the surface atoms.

Although this could have a major influence for catalytic reactivity by creating low coordination
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sites, such restructuring might be difficult to follow by surface sensitive spectroscopic methods,
since the signal could be dominated by non-restructured surface sites. It is pertinent to compare
the situation of model single crystal surfaces studied here to that of supported Pt nanoparticles
considered in the literature. Avenesian et al. considered Pt nanoparticles in the range 2 to
17 nm under a pressure of CO by TEM, IR and DFT.3® They suggest no restructuring at
298K and showed restructuring of the (100) facets at 363K but did not evidence a change of
structure on the (111) facets. The restructuring by island formation initiating at steps shown in
the present paper would require large enough nanoparticles that can show steps on the (111)
terraces (2 5 nm in size). Already at 298 K under CO, (111) terraces of large nanoparticles
should be restructured with subnano-islands, but this could be difficult to see with the TEM
and IR. Indeed, these small islands would result in small contrast change for TEM and they
would lead to only small change of the fraction of under-coordinated sites, difficult to assess
from the IR experiments. Therefore, the approaches on single crystal surface and nanoparticles
are complementary. Different modes and scale of reconstruction can be present on different
facets, and they can occur at different temperature. Besides Pt(111), restructuring has been
reported on numerous metal surfaces with low Miller-index including Cu(111)®, Au(111)'?,

Au(110)2°, Co(0001)%!, Pd(111), Pd(100), hence it is significant to explore the restructuring

mechanisms in terms of kinetics at atomic scale in the future.

4 Conclusion

We explored the atom-scale mechanism of the restructuring of stepped regions of Pt(111) under
a pressure of CO and we show that restructuring initiates at step edge through the formation of
Pt carbonyl subnano-islands on the lower terrace, based on both time-dependent HP-STM im-
ages and machine-learning enhancing computational studies. The generation of a fast machine
learning potential allowed us to explore large surface unit cells with various surface models,
a large number of adsorbate configurations, and complex surface restructuring processes. The
integration of experimental in situ STM imaging and fast machine learning potential-based

computational studies provides an atomic-scale understanding of the origin and mechanisms
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of the restructuring of platinum surfaces under a pressure of CO. Here more generally, this
paper demonstrates the importance of gaining atomic-scale comprehension of the dynamical
transformation of metal catalyst surfaces, under a high coverage of adsorbates. The capture
of such a dynamic atomic-scale picture of the ensemble of surface structures of a catalyst in
a reactant gas is a clear prerequisite for an accurate determination of catalytic reaction mech-
anisms at a molecular level. These atomic-scale understandings of the dynamics of metal
catalyst surfaces under reactant gas pressure offer insights on how to design catalyst/reactant
systems that would promote such metal surface restructuring to dynamically create catalytic
sites under reaction conditions leading to maximizing the activity or selectivity for the desired

reaction.
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