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ABSTRACT

Catalyst nanoparticles are dynamic, and their structures depend on the reaction conditions. Although average shapes can be

observed experimentally, it is challenging to monitor transient structures and the mechanisms for structural changes during

operating conditions. Herein, we use Density Functional Theory-based kinetic Monte Carlo simulations to study how CO affects

adatom formation and clustering on Cu and Au surfaces and nanoparticles. Adatoms are created at undercoordinated sites and

are stabilized by the formation of metal-CO complexes. Clusters of adatoms are formed on the (100) facets for both metals. The

clusters are transient for Au, whereas they can be regarded as precursors for Cu nanoparticle reshaping. Bulk vacancies are present

for Au, whereas vacancies are mainly located in the surface layer for Cu. The work demonstrates the structural flexibility of Au

and Cu nanoparticles in the presence of an adsorbate, which has consequences for their catalytic properties.

1 | Introduction

Material properties generally depend on the atomic structure, and
large efforts are directed to establishing structure-function rela-
tionships. In heterogeneous catalysis, such efforts include studies
where catalytic properties are investigated for well-characterized
surface facets and nanoparticles (NPs) with controlled shapes
and sizes. One challenge when investigating structure-function
relationships in heterogeneous catalysis is the inherent flexibility
of metal NPs in the typical size range of 2-5 nm. Adsorption may
alter the relative stability of different facets, which may lead to
refacetting and reshaping [1, 2], or eventually the formation of
different phases, such as oxides and carbides [3]. An illustrative
example of the dynamic character of catalyst surfaces is the
self-sustained chemical oscillations during H, oxidation over Ru
surfaces [4], where the periodic, facet-dependent formation of
oxidized Ru determines the activity of the catalyst.

The time-scales for reshaping and the formation of different
phases are in some cases slow enough to be followed experimen-
tally using, for example, spectroscopy [5] or transmission electron

microscopy [6]. However, many structural changes are fast and
transient and therefore difficult to capture with conventional
experimental techniques at operating conditions. One example
is the transient formation of adatoms, which could be promoted
by adsorbates such as CO. CO oxidation on Au NPs supported
on ceria has been proposed to occur on transient adatom species
[7]. Based on ab initio molecular dynamics, it was in Ref.
[7] suggested that gold cations detach from the Au NPs and
catalyze CO oxidation on the oxide as single atom catalysts.
Although molecular dynamics simulations provide detailed infor-
mation on reaction mechanisms, such simulations are limited
to time-scales of ps-ns, which is too short to capture extensive
restructuring. Because of the separation of time-scales, it is
computationally challenging to simultaneously treat chemical
transformations and the structural flexibility of metal NPs. The
structural dynamics and/or thermodynamical stability of metal
NPs have in the past been investigated using molecular dynamics
[8, 9] or (kinetic) Monte Carlo simulations [10-14], whereas
simulations of reaction kinetics have been performed on static
catalysts using mean-field or kinetic Monte Carlo approaches
[15-17].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
© 2026 The Author(s). ChemCatChem published by Wiley-VCH GmbH

ChemCatChem, 2026; 18:¢01336
https://doi.org/10.1002/cctc.202501336

10f10


https://doi.org/10.1002/cctc.202501336
https://orcid.org/0000-0003-2112-1154
mailto:rassve@chalmers.se
mailto:palvaro@chalmers.se
mailto:ghj@chalmers.se
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cctc.202501336
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202501336&domain=pdf&date_stamp=2026-01-14

Recent efforts have been taken to combine the structural flex-
ibility of NPs and reaction kinetics [18-20]. Based on Density
Functional Theory (DFT) informed kinetic Monte Carlo simu-
lations, it was recently proposed that small metal clusters may
form on stepped metal surfaces in the presence of adsorbates
such as CO and NH; [18]. Similarly, DFT-based kinetic Monte
Carlo simulations for dilute PdA@Au NPs in the presence of CO
have revealed that CO promotes the presence of Pd atoms in
the surface of Au NPs and the formation of small transient Au
clusters [19]. Hydrogen and CO facilitated surface roughening of
Cu has, moreover, been proposed using pseudo kinetic Monte
Carlo simulations during conditions for electroreduction of CO,
[12]. The formation of undercoordinated sites is particularly
important for the catalytic properties of metal NPs, which are
described by linear scaling relations. Brensted-Evans-Polanyi
relations link reaction barriers with adsorption energies, which
are determined by the local metal coordination numbers. Using
such scaling relations, CO-induced roughening of Pt NPs has
recently been shown to produce fluctuating catalytic activity for
the CO oxidation reaction [20].

Herein, we apply DFT-based kinetic Monte Carlo simulations to
compare adatom formation in the presence of CO on Cu and Au
surfaces and NPs. The potential energy surfaces are constructed
from DFT calculations for different surface structures using
scaling relations based on coordination numbers. CO is found
to promote adatom formation and the presence of small two-
dimensional clusters. The clusters formed on Au are transient,
whereas the clusters on Cu can be regarded as the initial phase of
NP reshaping.

2 | Computational Approaches

The kinetic behavior of Au and Cu surfaces and NPs is investi-
gated using kinetic Monte Carlo simulations, based on scaling
relations. The scaling relations are derived from energies obtained
from DFT calculations.

2.1 | Density Functional Theory Calculations

Density functional theory calculations are performed with the
Vienna Ab Initio Simulation Package (VASP) [21-24]. The inter-
action between the core and valence electrons is described with
the projector-augmented wave (PAW) method [25, 26]. The con-
sidered valence electrons are 2s*2p? (C), 2s*2p* (0), 3d'%4s! (Cu),
and 5d'°6s! (Au). The exchange-correlation effects are described
with the functional proposed by Perdew, Burke, and Ernzerhof
(PBE) [27]. Dispersive interactions are accounted for using the
D3-correction [28, 29]. The Kohn-Sham orbitals are expanded
with plane waves, truncated at 450 eV. The electronic structure
is considered to be converged when the changes in Kohn-Sham
eigenvalues and electronic energies are below le-6 eV.

The potential energy landscape is constructed from explicit
calculations of the extended (111), (100), (211), and (532) surfaces.
The (111) and (100) surfaces are described by p(3x3) surface
cells, the (211) surfaces by p(1x3) surface cells, and the (532)
surfaces by p(1x1) surface cells. The surface slabs consist of six
atomic layers, of which the two bottom layers are kept fixed

in their bulk positions. The periodic slabs are separated by at
least 14 A of vacuum. The integration of the Brillouin zone is
approximated by finite sampling using a I'-centered (7,7,1) and
(5,5,1) grid for Au and Cu, respectively. Bulk calculations are done
with a (3 x 3 X 2) unit cell (72 atoms) using a (3,3,5) k-point grid.
Structural optimization is performed using the conjugate gradient
method, and structures are considered to be converged when the
maximum force on each nuclei is below 0.03 eV/A. Transition
state structures are obtained using the climbing image nudged
elastic band (CI-NEB) method [30, 31]. The reference energy of
gas phase CO is calculated using a (30, 31, 32) A vacuum box,
sampled by the I'-point. Vibrational analyses are performed using
finite differences within the harmonic approximation.

2.2 | Kinetic Monte Carlo Simulations

The reaction kinetics of CO adsorption, desorption, and metal
diffusion are investigated using kinetic Monte Carlo (kMC)
simulations. kMC is a stochastic approach, where the structures
are evolved over time [32, 33]. In the first reaction method, a list
of possible events (L) is created, which connects specific states
of the system. Each possible event is associated with a time of
occurrence (f,. ) according to

Inu

= tsim - T’

oce Y]
where tg,, is the current time of the simulation, u is a uniform
random number in the unit interval, and k is the rate constant for
the specific event, which in this case is an elementary reaction.
In each step of the kMC simulation, the event with the lowest
t,.. is executed. The system is updated according to the chosen
event, and tg, is set to t,.. After the update, events that are
disabled are removed from L, and new events that have been
enabled are added to L. New times of occurrences are evaluated
for events where the reaction rate constant has changed because
of the structural update.

The rate constant for CO adsorption is described using collision
theory [34]

A
kads = & (2)

\2rrmkgT ’

where p is the pressure, A is the area of the adsorption site,
s, is the sticking coefficient (assumed to be 1), m is the mass
of CO, kj is the Boltzmann constant, and T is the temperature.
Thermodynamic consistency is ensured by computing the rate
constant for desorption from the adsorption rate constant via the
equilibrium constant

K—@

- = eiAG/kBT Aand kdes = kadseAG/kBT9 (3)
kdes

where AG is the zero-point corrected free energy of adsorption.
The partition function of adsorbed CO is calculated assuming
frustrated vibrations as follows:

1
Zioraion = | | PRy (C))

i
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where ¢; is the energy of vibrational mode i. The gas phase
partition function is calculated as the product between the
translational, rotational, and vibrational partition functions

Z = Z

rotation

Z

Z translation vibration

3
kT < \/27rkaT> STk, T 1

p h h2 1 — e—€/ksT’

®)

where m is the mass of CO, h is Planck’s constant, I is the moment
of inertia, and ¢ is the C—O stretch vibrational energy. The
elementary reaction rate constants are calculated from transition
state theory according to

kT

k ~ Te_Eﬁ/kBT; (6)

where E* is the energy difference between the transition and
initial states.

A common issue in kMC simulations is that different types
of events often are associated with different time-scales [32].
One method to prevent sampling of only the fastest event
is to scale some rate constants. Here, we have scaled CO
adsorption/desorption to/from the metal site, see Supporting
Information. Because of the fast CO adsorption/desorption, CO
diffusion is not explicitly included in the simulation as adsorp-
tion/desorption equilibrates the CO coverage on the time scale
of vacancy formations. Comparative simulations including CO
diffusion as a reaction event are presented in the Supporting
Information (Figure S1).

2.2.1 | Considered Elementary Reactions

The considered events include CO adsorption/desorption and
events for metal diffusion. The events with metal atoms include
processes where vacancies are formed/healed, diffusion between
the surface and the bulk, and adatom diffusion events. As elemen-
tary reactions could be concerted mechanisms including more
than one metal atom, processes where two metal atoms move
simultaneously are also incorporated. The considered elementary
reactions are as follows:

Co(g + =* <=> CO" (R1)

M + % <=> o + M* (R2)
M-CO + % <=> o + (M-CO)* (R3)
Co(® + M* <=> (M-CO)' (R4)
+ o —-> CO"

(M-2CO)* + M-CO (R5)

M+ % <=> % 4+ M (R6)

(M-CO)" + = <=> = (R7)

(M-2CO)" + % <=> % + (M=2CO)" (R8)

M + o <=> o + M R9)

M-CO* + o <=> o + M-CO" (R10)
where M is either Au or Cu, * denotes an empty surface site, and o
denotes a vacancy. M* denotes an adatom and M denotes a metal
atom in the metal NP. Reaction (R1) describes the adsorption
and desorption of CO. Reaction (R2) describes the formation and
healing of a surface vacancy. In (R2), an atom in the surface layer
forms an adatom on a neighboring surface site. The formation
and healing processes can occur either with one metal atom or
via a concerted mechanism with two metal atoms. The process
with the lowest barrier is implemented in the kMC simulations.
For Au, the concerted mechanism is significantly favored for
(111), (100), and for steps where the coordination of the adatom
decreases with 7, 6, and 4, respectively, as compared to the atom
in the surface. However, for cases where the adatom coordination
is reduced by 3 with respect to the surface atom (for example,
a (211) step toward a micro(100) facet, and the corner of a
(532) surface toward the (111) facet), the one-atom mechanism
is favored. For Cu, the formation of a vacancy occurs via the
one-atom mechanism in cases where the coordination of the
surface atom < 7. On the (111) surface and on the (100) surface,
the concerted mechanism is favored. However, the preference
for the concerted mechanism is not as pronounced as for Au.
Reaction (R3) describes the CO-mediated formation and healing
of avacancy. In the CO-mediated process, CO adsorbed on a metal
atom in the surface layer is ejected to form a metal-CO adatom
complex on a neighboring surface site. Reaction (R4) describes
the adsorption and desorption of CO from an adatom on the
surface. A second CO molecule can be adsorbed on the (M—CO)*
complex, albeit, the adsorption energy of a second CO molecule
is weak. Reaction (R5) denotes the healing of a vacancy, in which
the process is mediated by two CO molecules. After the healing,
one CO molecule is adsorbed on the metal atom, whereas the
other CO molecule resides on a neighboring site on the surface.
Reaction (R6) describes adatom diffusion on the metal surface.
This process occurs either via the diffusion of one metal atom,
or a simultaneous movement of an adatom and a surface atom.
The process with the lowest barrier is implemented in the kMC
simulations. For Au, the simultaneous movement of two atoms is
associated with the lowest diffusion barrier on the (100) surface
and over a (211) step, whereas adatom diffusion (one atom) is
favored on the (111) surface. On Cu, the simultaneous movement
of two metal atoms for the diffusion is only favored when the
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diffusion occurs over a (211) step. Reactions (R7) and (R8) are
the diffusion of M—CO and M—2CO complexes, respectively.
Reaction (R9) describes the diffusion of a metal atom (not an
adatom) to a neighboring vacancy, either in the surface, between
surface layers, or in the bulk. Reaction (R10) is the CO-mediated
diffusion of a surface atom to a neighboring surface vacancy. A
complete description on how the initial, final and transition state
energies are obtained for the different events is presented in the
Supporting Information.

3 | Results and Discussion
3.1 | Potential Energy Surfaces

DEFT calculations for a range of different systems (see Supporting
Information) are performed to establish scaling relations for the
stability of the metal atom. The scaling relations for the energy
(in eV) of a metal atom as a function of the coordination number
(CN) are,

E(Au) = —2.226 — 0.245 x CN (7)

E(Cu) = —2.160 — 0.304 x CN. ®)

The energy for CO adsorption is calculated for coordination
numbers 2-10 and the explicit values are used in the kMC
simulations. The diffusion barrier for CO-decorated metal atoms
E* (M—CO) is described by

E¥(M — CO) = E¥(M) + E™ (CO) — E®

ads ads

(CO) ©)

E*(M) is the barrier in the absence of CO. E\; (CO) and E%, (CO)
are the adsorption energies of CO on the metal atom in the
transition state (TS) and initial state (IS), respectively. The CO
adsorption energy as a function of coordination number is
presented in Figure 1. For CO adsorbed in bridge or hollow
configurations, the CN corresponding to the atop configuration of
the specific adsorption site is chosen in the kMC simulations. The
CO adsorption strength decreases linearly with the CN and the
slope is greater for Au than for Cu. CO—CO repulsive interactions
are considered for CO on neighboring metal sites. The interaction
is considered to be two-body and determined by calculations for
Au(111) to be 0.14 eV.

The potential energy surfaces (PESes) for the formation of an
adatom/vacancy pair and the subsequent formation of a cluster
on the surface are shown in Figure 2. The left panels show the
process in the absence of CO, whereas the right panels show the
CO-mediated processes. The PESes are constructed for different
origins of the adatom, namely (111), (100), (211), and (532). (211)
and (532) represent edges and corners, and the adatoms are in
these cases assumed to be ejected onto a (111) facet. Structural
models for the process of adatom creation and cluster formation is
shown for (111). The ejected adatom is on the (111) facet coalescing
with a preexisting dimer, forming a trimer, whereas the adatom on
(100) is coalescing with a preexisting trimer, forming a tetramer.
By choosing different sizes of the preexisting clusters, the change

) *
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FIGURE 1 | The CO adsorption energy for different coordination

numbers in the range 2-10, for Au (top) and Cu (bottom). The red, dashed

lines are guides for the eye.
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FIGURE 2 | The potential energy landscapes for the cluster forma-
tion process on the (111) surface [red], (100) surface [blue], (211) surface
[green] and (532) surface [brown], for Au (top) and Cu (bottom). In the left
figures, the landscapes in the absence of CO are presented, whereas the
right figures show the CO-mediated process. The shaded area describes
process occurring on the (111) or (100) facets, respectively.

in coordination number for the adatom as the final cluster forms
is two on both (111) and (100).

On bare Au(111), the formation of an adatom/vacancy occurs via
the concerted mechanism with two Au atoms, and is associated
with a barrier of 1.35 eV. The formation of an adatom/vacancy
pair is endothermic, and the backward process (vacancy healing)
has a low barrier of 0.04 eV. The adatom may diffuse on the
surface with a barrier of 0.12 eV. The diffusion barrier of the
adatoms on the extended surfaces depends on the number of
neighboring adatoms in the initial state. The diffusion barrier
toward a cluster is similar to the barrier for a single adatom
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diffusing on an extended surface, whereas the diffusion barrier
away from a cluster depends on the number of neighboring atoms
in the cluster. The formation of a trimer on Au(111) is endothermic
by 0.81 eV with respect to the bare surface.

The adatom formation barrier is 0.99 €V on the bare Au(100). The
adatom formation occurs also for this surface via the concerted
mechanism. The healing of the vacancy, which also includes two
atoms, has a low barrier of 0.06 eV. The diffusion of adatom is
on the (100) surface less facile than on the (111) surface having
a barrier of 0.34 eV. The adatom diffusion on (100) is a two-
atom process, where the adatom replaces a surface atom. The
healing of the vacancy is strongly favored over the diffusion of
the adatom. The formation of a four-atom cluster on Au(100) is
endothermic by 0.44 eV with respect to the bare surface. The
barrier for adatom/vacancy formation from (211) is reduced to 0.81
eV. The adatom is in this case a one-atom event, and the transition
state and the final state of the adatom (in the elementary reaction)
are higher coordinated than on both Au(100) and Au(111). The
healing of the vacancy has a barrier of 0.12 eV, whereas the
diffusion barrier away from the step to the (111) terrace is 0.36
eV. Hence, the adatoms are expected to be short-lived, and the
effective barrier to remove the adatom from the step to the (111)
facet is ~ 1.05 eV. The endothermicity of the cluster formation
is similar to that on Au(100), which can be understood from
the relative stabilities of the metal atom in the initial and final
positions. The number of nearest neighbor atoms is in both
cases decreased by two. On the bare (532) surface, the vacancy
formation process occurs via the one-atom mechanism and is
associated with a barrier of 0.89 eV. The adatom is after the
process located on a (111) site. The barrier for the adatom to diffuse
away from the vacancy (0.12 eV) is in this case similar to the
barrier for the healing of the vacancy (0.07 eV). Thus, the adatom
is expected to be longer lived in this case as compared to the other
surfaces. The formation of a trimer is endothermic by 0.33 eV
with respect to the bare surface. To summarize, the formation of
a cluster is endothermic on all surfaces. However, the barriers for
cluster formation and the stabilities of the clusters are sensitive to
the choice of surface, and the size of the formed adatom cluster.

The barriers for vacancy formation are decreased in the presence
of CO, which can be understood from Equation (9) and Figure 1.
The decreased barriers originate from the solvation of the tran-
sition state. As the Au atom in the transition state has a lower
coordination than the bare surface atom, the adsorption energy
of CO is increased, which stabilizes the transition state with
respect to the initial configuration. The influence of CO on the
one-atom vacancy formation barrier is most pronounced on the
surfaces with highly coordinated atoms [(111) and (100)], where
the differences in coordination between the initial and transition
state configurations are the largest. Importantly, the stability of
the formed adatom-CO complex is considerably stabilized as
compared to the adatom in the absence of CO. Consequently,
the barrier of the adatom-CO complex diffusion away from the
vacancy is similar to the barrier for the vacancy healing process,
which extends the lifetime of the vacancy. The stabilities of
the final clusters are, in all cases, stabilized in the presence
of CO.

For the bare Cu systems, the highest barriers for adatom
creation are calculated for Cu(1ll) and Cu(100), in similar-

ity with Au. A difference with respect to Au is, however,
the high barrier on Cu(100). Adatoms are for both surfaces
formed preferably via the concerted mechanism. The difference
between the barriers computed for the concerted and the one-
atom mechanism is, however, small for Cu(100). The barrier
is reduced from 1.93 eV (single-atom mechanism) to 1.86 eV
(concerted mechanism). The reduction of the barrier is more
pronounced on Au(100) where it is 1.46 eV for the one-atom
mechanism and 0.99 eV for the concerted mechanism. The
difference in importance of the the two mechanisms is related
to the softer phonon spectrum for Au. As for Au, the barriers
are significantly lower for Cu(211) and Cu(532) surfaces. The
reduction of the barriers is again related to the smaller differ-
ences in coordination number of the adatom in the initial and
transition states.

Adatom formation is endothermic on all Cu-surfaces. The energy
differences between (111) and (100) with respect to (211) and (532)
is aresult of the under-coordination of Cu atoms in (211) and (532).
The formation of adatoms is followed by adatom diffusion and
cluster formation. The barrier to diffuse away from the vacancy
is low on Cu(111), whereas it is larger on Cu(100) and Cu(211)
because of the comparably high loss of coordination of the adatom
at the transition state in this case. The addition of the adatom
to the pre-existing cluster is exothermic by around 0.6 eV in all
cases.

The adsorption energy of CO on Cu(100), Cu(111), Cu(211),
and Cu(532), is calculated to be —1.08, —1.21, —1.13, and —1.18
eV, respectively. The adsorption of CO only slightly affects the
barriers for the creation of Cu-adatoms on Cu(111) and Cu(100).
The barrier for adatom formation is reduced by 0.20 eV on Cu(211)
and 0.09 eV on Cu(532).

CO moderately affects the stability of the formed adatoms. The
reaction energies for CO—Cu adatom formation on Cu(111) and
Cu(100) are endothermic by 1.62 and 1.19 eV, whereas they
are endothermic by 0.52 and 0.47 eV on Cu(211) and Cu(532),
respectively. The adsorption of CO on the Cu adatoms lowers
the diffusion barrier on the terraces for all surface orientations.
We calculate the CO—Cu adatom forward diffusion barrier for
Cu(100), Cu(111), Cu(211), and Cu(532), to be 0.45, 0.06, 0.22, and
0.40 eV, respectively.

To conclude, the adatoms are preferably formed on under-
coordinated sites. The barriers for the adatom formation are
generally decreased in the presence of CO. The adatom-CO
complex is stabilized as compared to the adatom in the absence
of CO. Hence, CO alters both the thermodynamics and the
kinetics of the process. Importantly, the healing of the vacancy
is preferred over the adatom diffusion away from the vacancy in
the absence of CO, whereas the adatom-CO complex diffusion
barrier away from the vacancy is similar to the barrier for
CO-mediated healing of the vacancy. Adatoms are stabilized
by clustering into larger islands on (111) and (100) facets. The
PESes in Figure 2 are for the (211) and (532) facets constructed
with cluster formation on (111). It is clear that instead forming
a tetramer on (100) would result in a higher stabilization. A
favorable pathway for cluster formation on NPs is, thus, vacancy
formation on under-coordinated sites and clustering on the
(100) facets.
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FIGURE 3 | Theadatom coverage on the (111) surface [red], the (100)
surface [blue], and the (111) surface with two (211) steps [green], at 373, 473,
and 573 K, for Au (top) and Cu (bottom). The coverages in the absence of
CO are represented with continuous lines, whereas the dashed lines are

the coverages at a CO pressure of 1 bar.

3.2 | Temperature-Dependent Adatom Coverage
on Extended Surfaces

Kinetic Monte Carlo simulations are used to study adatom
formation as a function of temperature. The considered surfaces
are p(20x20) surfaces of (111) and (100), and a p(20x20) (111)
surface with two (211) steps. All structures are created with 10
atomic layers, of which the bottom 8 layers are treated as bulk. The
kMC simulations are performed in the absence of CO and with a
CO pressure of 1 bar. The time-averaged coverage of adatoms at
the temperatures 373, 473, and 573 K are presented for Au (top)
and Cu (bottom) in Figure 3. The reaction conditions are, e.g.,
relevant for CO and CO, hydrogenation and additional results for
0.1 and 10 bar CO pressure are presented in Table S8. The results
are averages of 16 independent simulations. The solid lines are the
results for the (111) surface [red], the (100) surface [blue], and the
(111) surface with two (211) steps [green] without CO. The average
adatom coverages with CO are shown with dashed lines.

The coverage of adatoms on Au(lll) in the absence of CO is
below 1le-12 ML for T = 373 K. The low coverage of adatoms
(and vacancies) on the (111) surface is related to the high barrier
for adatom formation, and the low stability of the adatom; a
created adatom preferably heals the vacancy than diffuses away.
The adatom coverage increases monotonically with temperature,
however, the adatom coverage is low also at 573 K, being only ~
5e-8 ML. The adatom formation process is more facile on Au(100)
as compared to Au(111). However, also in this case, the healing of
the vacancy is favored over the diffusion of the adatom away from

the site where it was created. The rate of adatom diffusion away
from the vacancy can be approximated as

e "
Fait. X Opgatom € “Fairt /8T oy @=ABvacsom. /knTe=AE g /keT = (10)

where 0,4,,m iS the coverage of adatoms, AE;“_ is the barrier
for adatom diffusion away from the vacancy and AE,,_ ¢o,. is the
reaction energy for the vacancy formation. The ratio of adatom
diffusion rates away from the vacancy (ryy; ) between Au(100)
and Au(1ll) is ~ 100 at 373 K and about 20 at 573 K. This is
consistent with the adatom coverages in Figure 3. When two (211)
steps are introduced to the (111) surface, the adatom coverage is
increased, owing to the facile vacancy formation process at the
low-coordinated step sites. However, the healing of the vacancy
is fast, and the adatoms are, consequently, short-lived. At 573 K,
the adatom coverage is slightly below le-5 ML.

CO increases the presence of adatoms for all considered surfaces,
with the largest effect for Au(111). The reason for the large effect
on the Au(111) surface is the high coordination of the initial state.
The coordination of Au in the (111) surface is nine, whereas the
coordination of Au in the transition state of the vacancy formation
is two. The low coordination of the transition state increases the
adsorption strength of CO, which stabilizes the transition state.
CO has a similar effect on the vacancy formation on Au(100)
and at the (211) step. Furthermore, CO significantly stabilizes
the adatom as compared to CO adsorbed on the metal atom in
the surface. The metal-CO complex diffusion is facile, with rates
similar to the healing of the vacancy. This is in contrast to the
case without CO, where the vacancy healing process is faster. In
similarity to the case without CO, the adatom coverage increases
monotonically in the entire temperature range. At higher tem-
peratures, the coverages are similar to the case without CO as
CO desorbs at higher temperatures, preventing the CO-mediated
processes to occur.

The adatom coverage at T = 373 K is effectively zero for Cu(111)
and Cu(100) in the absence of CO. This is consistent with the
high barriers (1.8 eV) and endothermicity for adatom formation
in these systems. At T =473 K, the calculated coverage for Cu(111)
is about 10716 ML, whereas the coverage of the Cu(100) is about
10712 ML. The higher coverage on Cu(100) can be understood
from the higher barrier for vacancy healing on Cu(100) [0.57
eV] as compared to Cu(lll) [0.16 eV], Thus, the lifetime of
adatoms is longer on Cu(100) than on Cu(11l). As for the Au
systems, the adatom coverage increases with temperature. The
introduction of Cu(211) steps to the Cu(111) surface significantly
affects the formation of adatoms. At T = 373 K, the average
coverage is around 107! ML and increases with temperature.
The large difference in coverages between the Cu(111) and the
stepped surface is related to differences in the barriers for adatom
formation for the two surfaces. The ratio in the rates for adatom
diffusion away from the vacancy (Equation 10) between a stepped
Cu(111) surface and an extended Cu(111) surface is approximately
10°, which is close to the ratio of the coverages (10°) obtained in
the kMC simulations.

The introduction of a CO pressure increases the average adatom
coverage for all surfaces, with the largest effect for the (111) surface
with (211) steps. The coverage of adatoms increases in this case
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FIGURE 4 | The number of adatoms as a function of time for Au
(top) and Cu (bottom) truncated octahedron nanoparticles at 573 K and a
CO pressure of 1 bar. Structures of the nanoparticles at different times are
presented. In the snapshots, black color indicates a vacancy in the surface.

For clarity, only CO adsorbed on adatoms are visualized.

by six, four and two orders of magnitude for 373, 473, and 573 K,
respectively. The effect of CO on adatom formation is smaller for
Cu(111) and Cu(100) as compared to the corresponding surfaces
for Au. This is a consequence of the lower stabilization of the
vacancy formation energy by CO on Cu as compared to Au and
by the overall higher barriers for the adatom formation process on
Cu. The result that CO facilitates adatom formation is agreement
with a recent report on the CO-induced roughening of Cu(111)
[35].

3.3 | Adatom Cluster Formation on NPs

Kinetic Monte Carlo simulations are performed for a 3.6 nm
truncated octahedron Au and Cu nanoparticle with a CO pressure
of 1 bar at 573 K. The truncated octahedron is the stable Wulft-
construction of NPs of this size for both Au and Cu. In Figure 4,
the number of adatoms (and vacancies) are presented as a
function of time for Au (top) and Cu (bottom). Snapshots of the
nanoparticles at four different instances are included, in which
black color indicates a vacancy. Adsorbed CO is visualized only
on the adatoms for clarity.

When a vacancy is formed on the surface, the neighboring surface
atoms get a lower coordination, which decreases the barrier
for the formation of a second adatom. Moreover, neighboring
adatoms on the facets of the NP stabilize adatoms by the forma-
tion of clusters and thereby alter the thermodynamic preference
for adatom formation. For the Au NP, three adatoms have formed

at 0.93 us. Two adatoms have clustered, forming a dimer on the
Au(100) facet, whereas the third adatom diffuses in the form of an
Au—CO complex. The vacancies are located in the corner of the
nanoparticle as a result of the lower coordination and stability
of these atoms. At 1.03 us, four adatoms have clustered on an
Au(100) facet, forming a tetramer. The tetramer has an enhanced
stability, as all adatoms in the cluster are six-fold coordinated.
Note that also two of the vacancies have clustered, as this also
lowers the energy. The adatom cluster grows to as many as
eight adatoms until it eventually disintegrates. The monomeric
adatoms are always covered with CO, and the Au—CO complex
diffusion is facile. However, CO desorbs from the larger clusters
owing to the higher coordination of the adatoms and the repulsive
CO—CO interactions. The time-scale of the cluster formation and
disintegration is on the order of microseconds, which could make
these transient structures difficult to observe experimentally.

The clusters formed on the Cu NP in Figure 4 are large and stable.
Once a nine-atom cluster has formed, it remains until the end of
the simulation. The first cluster in the trajectory is formed after 4
us. In similarity with Au, a tetramer on (100) is the required unit
to form larger islands. As for Au, CO desorbs from the adatoms
once the clusters form on the surface. CO is on the nine-atom
clusters occupying only the corner sites. It should be noted that
not all trajectories result in three 9-atom islands that are stable
over the entire simulation time. We have also obtained trajectories
with zero, one and two islands.

The possibility to form Cu islands on the (100) is related to the
higher stability of the islands on the (100) facets as compared
to the (111) facets (coordination number four instead of three)
combined with the higher barrier for adatom diffusion on (100)
as compared to (111). The slow diffusion on (100) increases the
lifetime of the clusters. Even though the corner sites on the nine-
atom cluster are as undercoordinated as the regular corner on
the nanoparticle, these atoms are stabilized by the overall energy
gain from CO adsorption. Adatoms originate predominantly from
corner sites. The loss of coordination for neighboring atoms, once
a vacancy has formed, leads to an etching of the edges of the NP.
The accumulation of vacancies on the edges of the nanoparticle
is visible at the snapshots at 9.21 us and 13.12 us.

The reason for the transient clusters on the Au NP is a con-
sequence of the stable initial structure. Even if CO alters the
kinetics and the stability of adatoms, it does not alter the
preferred structure as CO adsorption is endergonic (positive
Gibbs free energy of adsorption) for all sites with CN > 6, and
only slightly exergonic for sites with CN < 6 at 573 K. Thus,
there is no thermodynamic driving force for NP reconstruction
at this temperature. In contrast, CO adsorption on Cu NPs may
alter the thermodynamically preferred structure. In the absence
of CO, relocating nine Cu atoms from the corners of the truncated
octahedron to form a cluster on the (100) facet is endergonic.
However, the relocation of atoms from the corners creates new
under-coordinated sites with strong CO adsorption energies. The
free energy gain for the process can be approximated as follows:

AG = Z AN, 6, AG;, an
i

ChemCatChem, 2026

70f 10

6UBO 1 SUOWILLIOD 9ARERID 3|qedt|dde au Aq pausA0b a8 Sap1e YO ‘88N JO S3JNI 10y ARIg1T BUIIUQ AB]IAA UO (SUORIPUOD-PUR-SLUBH WO A3 1M A0 1 PU1|UO//SARY) SUORIPUOD PUe SWB | Y} 39S *[9202/T0/EZ] Uo Afeiqiauljuo /31 * 831ARS 8010Au| qy ABOjouyos L JO AISBAIUN SBWIRYD - YoIeasay SeWRYD AQ 9EET0SZ0Z 100/200T 0T/I0p/W0D A3 1M Areiq iU U0 adoIne-Alis ILeyo// Sy Wo.y pepeojumod ‘T ‘9202 ‘668EL98T



=
S S
w -

Vacancy probability  Vacancy probability
=
o
1

FIGURE 5 | The distribution of vacancies for the (111) surface, the
(100) surface, the (111) surface with two (211) steps and a 3.6 nm truncated
octahedron nanoparticle at 473 K and a CO pressure of 1 bar for Au (top)
and Cu (bottom). Vacancy color codes: Red [surface site of (111) facet], blue
[surface site of (100) facet], green [step or edge site], brown [corner site],
gray [second layer], yellow [10-fold atom in (211)] and black [third layer
or bulk]. The results are averages of 16 independent kMC simulations.

where the summation runs over all coordination numbers for
which the CO adsorption is exergonic, AN; is the change in the
number of atoms with CN corresponding to i, 6 is the corre-
sponding CO coverage (which can be estimated with a Langmuir
isotherm), and AG is the Gibbs free energy of adsorption. In
the case of nine corner atoms clustering on a (100) facet, the
thermodynamic driving force, originating from the increased CO
adsorptions, is approximately —2.2 eV for the Cu NP, which com-
pensates the endergonity in the loss of metal-metal interactions,
which is 1.8 eV. Thus, CO alters both the kinetics and the thermo-
dynamics of the NP reconstruction for Cu, leading to a difference
in the structural stability with and without a CO pressure.

3.4 | The Distribution of Vacancies

The creation of adatoms on the surface is associated with the
simultaneous creation of vacancies. Once an adatom is formed,
it can either diffuse away or heal the vacancy. The vacancy
can, in addition, be healed by lateral atom diffusion within the
surface plane or by diffusion of subsurface atoms. Knowledge
about the distribution of the vacancies is crucial for several
reasons. Vacancies at different locations in the surface alters the
coordination and, hence, the chemical properties of neighboring
atoms. The location of the vacancies may also influence the
adatom coverage, as vacancies in the surface layer are more
readily healed than subsurface and bulk vacancies.

The time-averaged vacancy occupations for the different types of
sites for all considered systems are shown in Figure 5. For M(100)
and M(111), the vacancy can occupy three non-equivalent types
of surface sites, namely (i) surface, (ii) subsurface, and (iii) bulk
(layer 3 and deeper). The surface with a step has, in addition, two
nonequivalent sites: (i) a surface edge and (ii) a 10-fold surface
site. The NP system has, in addition to the sites on the M(111)

and M(100) surfaces, two additional sites in the topmost layer: the
edge and the corner sites.

The results in Figure 5 are averages of 16 independent simulations
performed at 473 K and a CO pressure of 1 bar. Red and blue
colors indicate a vacancy in a (111) facet and a (100) facet,
respectively. The green color represents a vacancy on a step or
at an edge of a nanoparticle. The brown color is a vacancy on
the corner of the nanoparticle. Note that close to a (211) step,
10-fold coordinated atoms are present, and the vacancy in those
positions is represented with the yellow color. Gray color indicates
a subsurface vacancy (second layer), whereas black indicates a
vacancy in the third layer or the bulk.

For the extended Au(11l1) and Au(100) surfaces, the vacancies
are preferably located subsurface, and the vacancies are rarely
located in the surface layer. The preference for subsurface
vacancies has a thermodynamic origin. Diffusion of Au from
the surface layer in Au(l1l) to the second layer is associated
with a barrier of 0.40 eV, whereas the diffusion from the
second layer to a vacant site in the surface is associated with
a barrier of only 0.24 eV. The vacancy is, hence, more stable
in subsurface positions. The preference for subsurface vacancies
is consistent with the tendency of Au clusters to form hollow
structures [36] and the pronounced d-character in the Au—Au
bond [37].

The adatom coverage and number of vacancies are increased
when the (211) steps are introduced to the (111) surface. The
vacancies are in this case preferably located on the (211) step,
as a result of the lower coordination. However, a large fraction
of vacancies are still present below the (111) terraces. The same
preference is present for the NP. Vacancies are preferably located
at the corners of the particle, where the atom stability is the
lowest. However, also edge vacancies are present. Subsurface
vacancies are rare for the NP, although they are present below the
(111) and (100) terraces.

The distribution of vacancies for Cu(111) and Cu(100) is differ-
ent than for the corresponding Au systems. For the extended
Cu(111) and Cu(100) surfaces, the vacancies are located mostly
in the surface layer. In fact, all vacancies are found on the
topmost layer for Cu(111), whereas some vacancies are present
also in the subsurface layer for Cu(100). The preference of
vacancies in the surface layer has thermodynamic origin. The
barrier for Cu diffusion from the surface layer to the subsur-
face is 0.35 and 0.16 eV for Cu(11l) and Cu(100), respectively.
The barrier for Cu diffusion from the subsurface layer to the
surface is 0.70 and 0.68 eV for Cu(111) and Cu(100), respec-
tively.

The introduction of the two (211) steps on the Cu(11l) surface
slightly modifies the vacancy distribution. As for the Au system,
vacancies are generally located at the steps. Note that the number
of vacancies (and adatoms) is significantly larger for the stepped
Cu(111) surface than on (111) surfaces (Figure 3). Interestingly, the
presence of the steps also increases the probability of subsurface
vacancies in the second layer. The vacancy distribution for the
Cu NP is similar to that of Au in the sense that the vacancies
are generally located at the corner and step sites. However, the
presence of subsurface vacancies in the Cu NP is low.
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4 | Conclusions

Technical catalysts are commonly realized as 2-5 nm-sized metal
NPs supported on porous supports. NPs in this size regime are
structurally flexible and respond sensitively to the operating con-
ditions. In this work, we have used a 3D DFT-based kinetic Monte
Carlo approach to investigate the flexibility of Auand CuNPsina
CO atmosphere. CO is found to promote the presence of adatoms
and the formation of small two-dimensional clusters. The work
highlights the interplay between kinetics and thermodynamics
for the flexibility of the NPs. The kinetics determines how facile
the reactions are, whereas the thermodynamics determines the
stability. The simulations show that catalyst particles adapt their
structure to the reaction conditions and that new catalyst sites
are created during the reaction. The restructuring could have
implications for catalytic reactions, as reaction barriers on metal
systems depend on the coordination numbers.
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