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ABSTRACT: Understanding the nonequilibrium transformation of
nanocatalysts under reaction conditions is important because
metastable atomic structures may be created during the process,
which offers unique activities in reactions. Although reshaping of metal
nanoparticles (NPs) under reaction conditions has been widely
recognized, the dynamic reshaping process has been less studied at
the atomic scale. Here, we develop an atomistic kinetic Monte Carlo
model to simulate the complete reshaping process of Pt nanoparticles in
a CO environment and reveal the in situ formation of atomic clusters on
the NP surface, a new type of active site beyond conventional
understanding, boosting the reactivities in the CO oxidation reaction.
Interestingly, highly active peninsula and inactive island clusters both
form on the (111) facets and interchange in varying states of dynamic
equilibrium, which influences the catalytic activities significantly. This study provides new fundamental knowledge of nanocatalysis
and new guidance for the rational design of nanocatalysts.
KEYWORDS: active site, surface roughening, CO oxidation, environmental kinetic Monte Carlo, structure sensitivity

1. INTRODUCTION
The structure of a metal catalyst plays a critical role in
determining its activity.1−3 In recent years, in situ experiments
have demonstrated that the structures of catalysts undergo
dramatic reconstructions in changing gaseous environ-
ments.4−6 A typical example is the reshaping of metal
nanoparticles (NPs) under reaction conditions, which has
attracted much attention because the number of active sites
would be changed, and new active sites could also be created
during the structural transformation.7 Since Hansen et al.
reported the water vapor-induced reversible reshaping of
supported Cu NPs, this type of interesting phenomenon has
been studied by in situ microscopies and theoretical modeling
for over 20 years.8 A plethora of dynamic shape changes have
been observed in NPs (Pt,9 Pd,10−13 PdCu,14 Au15) under
different reactive environments. Despite these achieve-
ments,16,17 studies of the dynamic evolution of the reshaping
process at the atomic scale are limited. The lack of knowledge
of atomistic transformations hinders a comprehensive under-
standing of the true atomic surface structures of NP in
reactions.

Although many theoretical methods to model the structure
reconstruction of catalysts have been developed in recent years
with ever-growing computational power, a new model is
essential to accurately represent the structural changes of
catalysts at the atomic scale.18,19 Recent theoretical modeling
techniques have been established to predict the equilibrium

structures of metal NPs and nanoclusters under reaction
conditions from a thermodynamic perspective.20−22 However,
these studies focused on the equilibrium structures that cannot
fully represent the nonequilibrium changes of catalysts in
reactive environments. The combination of quantum chemical
calculations, machine learning algorithms, and molecular
dynamics methods allows for the atomic simulation of catalytic
interfaces consisting of dozens to hundreds of atoms up to
nanoseconds.23−25 But the spatial and temporal scales are still
too small to study the reshaping process. Conventional kinetic
Monte Carlo (KMC) models have been developed to study
the growth and dissolution of metal NPs under a vacuum or in
a liquid environment.26−28 However, how to take the
complexity of the reactive gas effect into consideration is a
question.

In this work, we present an atomistic KMC model that can
well describe the complicated migration behaviors of different
surface atoms of NP under the reaction conditions. Using this
model, we realized the simulation of the reshaping process of a
Pt NP under CO gas conditions and unraveled the in situ
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formation of atomic clusters, mainly on the (111) facets,
during the reshaping process. We currently choose CO as a
typical reaction condition because previous experiments have
shown the dominant effects of CO on the structures of
catalysts in mixed gaseous environments, including CO and O2
gas mixtures.7 We further show that the mechanism of the in
situ cluster formation is closely related to the reshaping
process, which is different from the mechanisms of in situ
adatom formation on crystal surfaces.29,30 Through reaction
activity simulation and mechanistic analysis, we found there are
two types of in situ-formed clusters on NP: the isolated island
is inactive and the peninsula is highly active in the CO
oxidation reaction. Conventional studies have widely used
well-defined polyhedrons as models of NPs, in which the active
sites are commonly attributed to the low-coordinated corners
and edges.31 Here, we demonstrate the in situ-formed clusters
as a new type of active site on the NP surface boosting the
catalytic activity that has long been overlooked. This new
finding provides new perspectives to understand various
phenomena of nanocatalysis, including reaction oscillation
and high activity of terrace facets. This also provides new
guidance for the rational design of metal catalysts.

2. METHODS

2.1. Kinetic Monte Carlo Simulation Methods
Gillespie’s direct method (DM) was adopted as the KMC algorithm
within a lattice model of the face-centered cube.32 In the whole
heterogeneous catalytic system, the state could be changed by the
adsorption, desorption, and diffusion of gas molecules and adsorbed
species on the catalyst surface as well as the migration of catalyst
atoms with the potentially adsorbed species.

The time (Δt) of the current system taken to reach from one state
to another is evaluated as follows33
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where u1 is a random number in the interval [(0, 1)], ktot is the sum of
the rate constants of possible events in the simulation, and ka is an
executed process (an event occurring at a lattice site).

In each KMC step, after the rate constants of all possible events are
calculated, one event is stochastically selected to occur according to
the proportion of the event’s rate constant to the total rate constant,
described as follows34

k k k u k k k k ka a a1 2 2 tot 1 2 1+ + ··· + + + ··· + + + (3)

where ka is the rate constant of every event and u2 is a random
number of [(0, 1)]. Then, the list of possible rate constants (k) is
updated after each step. The calculation of rate constants is described
in the Supporting Information.

To simulate the surface reconstruction under reaction conditions
precisely and efficiently, we describe the energy of the catalyst system
(E) as a function of the generalized coordination number (GCNi) and
coordination number (CNi) of each site i, which includes the metal−
metal interactions (EMM) and the metal−gas interaction (Eads)

35,36
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where the first term of EMM
i is a Hubbard-model-like definition
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where εM is the bond energy obtained by fitting the surface energy
according to our previous works.35,37 U0 is the constant cohesive
energy derived from the periodic bulk metal system, and δi is the
scaling factor to correct the cohesive energy of the catalyst with
different sizes (from a single atom to a periodic bulk system). The
second term of Eads

i was described using the scaling relationship with
GCN, as proposed by Calle-Vallejo et al., which has been proven to
be an effective way for describing the Pt−gas interactions in previous
literature.38,39

For the atomic migration in the reconstruction process, we could
effectively evaluate the energy barrier (Ea

mig) of the atomic migration
on the catalyst surface with the adsorption of gas molecules as
follows28
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where Ef and Eb are the formation energy and broken energy after and
before atomic migration. Considering the adsorption and repulsion of
intermediates on the catalyst surface, the rationality of choosing eq 6
is verified by comparison with density functional theory (DFT)
calculations (Table S1). Within our theoretical framework, surface
atom migration naturally follows the following rules: (1) without the
adsorption of gas, the migration of a highly coordinated atom to a
low-coordinated site is difficult; (2) gas adsorption reduces the value
of Ea

mig for one surface atom moving from a high-coordinated site to a
low-coordinated site because of enhanced adsorption and reduced
repulsion on the latter; and (3) gas adsorption also reduces the Ea

mig of
a surface adatom on terrace sites. All of these rules are composed of
the physical origin of the structural reconstruction under the reaction
conditions. More derivations and details for KMC simulations are
provided in the Supporting Information.

2.2. Density Functional Theory Calculations

All spin-unrestricted density functional theory (DFT) calculations
were performed utilizing the Vienna Ab-Initio Simulation Package
(VASP).40 The projector-augmented wave method (PAW) was used
with valence electron numbers of Pt(10), O(6), and C(4).41 The
cutoff energy was 400 eV for the plane-wave expansion. We adopted
the revised Perdew−Burke−Erzernhof functional in the generalized-
gradient approximation (GGA-RPBE).42,43 The functional developed
by Hammer et al. is to improve the accuracy of adsorption energy of
small molecules (NO, CO, etc.) on the noble-metal surfaces (Pt, Rh,
etc.),44,45 which has been extensively validated and applied.21,22 For
the optimization of geometry structure, the convergences of the
electronic self-consistent energy and forces must be less than 10−5 eV
and 0.05 eV/Å for the structural optimization, respectively.

Here, all periodic two-dimensional (2D) surfaces were built from
an optimized faced-centered cubic (FCC) cell with a lattice parameter
of 4.0 Å. The vacuum space is 15 Å to separate the slabs along the z-
axis. The bottom two atomic layers are fixed to mimic the bulk
structure. The top four atomic layers are allowed to relax. For the
search of the transition state in CO oxidation, CO diffusion, O
diffusion, and Pt atomic migration on the Pt surface, the climbing
image nudged elastic band (CI-NEB) method was performed using
the VTST module of VASP.46 The transition states are optimized
until all force and electronic self-consistent energy criteria are less
than 0.05 eV/Å and 10−5 eV, respectively.

Periodic (4 × 4) slabs were used to calculate the adsorption energy
and reaction barrier of In CO oxidation. The k-point grid was (3 × 3
× 1).47 To calculate the average repulsive energies of adsorbed
species, the periodic (1 × 1) slabs with a full surface coverage were
applied for the average repulsive energies of CO−CO and O−O,
where the k-point grid was (8 × 8 × 1).47 The average repulsive
energy of CO−O was calculated on the periodic (2 × 2) slab with a
full surface coverage, where the k-point was (4 × 4 × 1).47
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3. RESULTS AND DISCUSSION

3.1. Theoretical Protocol of Dual KMC Approaches

We depict the proposed theoretical protocol of our study in
Figure 1a, using a combination of dual KMC approaches and
DFT calculations. In the environmental KMC (EKMC, steps
1−3) simulation, we start with a model using a well-defined
morphology as the initial structure, and then consider the
elementary steps of gas adsorption, desorption, diffusion on the
NP surface, and particularly the migration of surface atoms of
the NP at a given temperature and pressure. The migration of
Pt surface atoms reshapes the morphology of the NP and
further roughens the surface simultaneously. The reconstructed
NP (R_NP) obtained from EKMC is adopted as the model for
the reactive KMC (RKMC, steps 4−6) simulation, where the
catalytic activity is evaluated by considering the adsorption,
desorption, diffusion, and reaction of the adsorbed species.
The algorithm of the dual KMC approach is presented in
Figure 1b. This protocol facilitates the study of the influence of
the surrounding environment on the surface structure and
catalytic performance of nanoscale catalysts on the atomic
scale.
3.2. Modeling the Self-Generation of Clusters on the
Facets of Pt NP in the Reaction Environment

Using the EKMC approach, we examined the morphological
transformation of a Pt nanocube of ∼4 nm (5324 atoms)
under a CO pressure of 1000 Pa. The temperature was set to
800 K to accelerate the structural changes. We performed
simulations over 2 × 109 KMC steps (>0.5 ms) for the system
to reach a quasi-equilibrium state. Figure 2a illustrates some
snapshots of the reconstructed NP structures versus the
simulation time to directly visualize the NP reconstruction
process. It was observed that the atoms from the edges and
corners migrated over the (100) facets to expose the (111) and
(110) facets, leading to surface roughening and a shape
change. During structural transformation, the surface-to-

volume ratio of the Pt NP quickly decreased to a dynamic
equilibrium state at about 0.20, with an increase in CO
coverage from 0.22 to 0.31. The reshaped NP has a rounded
shape with exposure of the (110) facets by CO adsorption after
approximately 0.408 ms. This morphology change agrees with
the experimental observations of Vendelbo et al., in which the
high-index facet fractions increased with increasing CO partial
pressure during the reaction oscillation.7 The kinetic
simulation results also agree with the thermodynamic
predictions in our previous work.48 Between 0.408 and 0.518
ms, the morphology of the NP did not change significantly, but
the surface atom diffusions could still be observed. Particularly,
atomic clusters are continuously observed on the NP, as shown
in Figure 2b,c. As a comparison, we also performed a similar
simulation without CO gas molecules (Figure S11). The
morphology of the NP changes but to a truncated octahedron,
which is the well-known equilibrium shape of Pt NP under
vacuum. Without CO adsorption, fewer adatoms are observed
on the NP, and no atomic clusters are formed.

We further evaluated the coverage of CO on the surface sites
of different CNs, as shown in Figure S9. The CO coverage on
the low CN sites is higher than that on the high-CN sites,
which is attributed to the decrease of the CO adsorption
energy with an increase of CN. Most of the surface sites with
CN ≤ 6 are occupied by CO molecules, while few CO
molecules adsorb on the (111) facets with CN = 9. We
confirm that the high CO coverage is the main driving force for
the structural transformation, as reported in the previous
studies.49,50

With the examination of the structure of the reshaped Pt
NP, there are distinct characteristics on the different facets.
NPs are colored by the corresponding CNs to monitor the
structural changes and diffusion of surface atoms. We captured
three snapshots of the reconstructed Pt NP, as depicted in the
left column of Figure 2b. More detailed snapshots focused on
the (111) facet are presented in the right column of Figure 2b,

Figure 1. Chart flow for studying the effect of gaseous environment on catalyst’s structure and performance. (a) Starting from an initial model with
arbitrary morphology, the reconstructed NP structure (e.g., R_NP1) is sampled using the EKMC procedure, considering the possible events of Pt
NP in CO gas. Using the sampled structure as a model, the performed RKMC simulation enables us to estimate the activity (i.e., 3D activity map
and TOF) of Pt NP toward the CO oxidation reaction. (b) KMC algorithm with a lattice model of a face-centered cube.
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illustrating the continued migration of edge atoms of the (111)
facet to other facets of the NP. Through atom migration, a new
and larger (111) facet is exposed, and the shape of the NP
evolves to an equilibrium shape. Before the new (111) facet is
completely formed, some of the atoms from the old (111)
facet stay on the substrate in the form of atomic clusters. These
atomic clusters have very low CNs, and form very strong bonds
with CO gas molecules that stabilize the clusters on the NP
surface after morphology change. Without CO adsorption,
these clusters are unstable because their CNs are too low
(Figure S11). In the work of Xu et al.,30 the formation of small
clusters on transition metal surfaces in a reactive environment
is explained by the ejection of adatoms from steps or kinks to
the terraces. Here, we show a completely different mechanism
for the in situ formation of atomic clusters on NP facets by

removing atoms from the terrace under the reaction
conditions.

Adatoms and their aggregations on the (110) and (100)
facets are also observed during the simulation. We captured
two NP snapshots to observe changes in (100) facets, as shown
in Figure 2c. More detailed snapshots of the (100) facets reveal
that the edge atoms of the NP migrated as adatoms to the
(100) facets, subsequently gathering into small clusters. The
accumulation of atoms forms a new (100) facet with a smaller
area. This process continues and cycles, generating new
dynamic adatoms on the (100) facets. When the NP evolves to
a quasi-equilibrium state, some adatoms and clusters are
formed as well on the (100) facets through the mechanism of
ejecting adatoms with CO adsorption. As shown in Figure S10,
the atoms in (110) facets involved in the edges of the
reconstructed NPs dynamically diffuse and tune the size of

Figure 2. Generation of small clusters and adatoms on the reconstructed NP surface. (a) Variations in the surface-to-volume ratio and CO coverage
as a function of KMC steps at 800 K. (b, c) KMC snapshots of the reconstructed NP and more detailed snapshots of the (111) and (100) facets.
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(110) facets, in which adatoms (1 and 3 atoms) always
dynamically exist on the small (110) facets. The mechanism is
similar to that of the (100) facet.
3.3. Reactivity Oscillatory Induced by Dynamic Changes in
the Size and Location of Clusters

To quantify the activity changes of the dynamically generated
atomic clusters over the NP surfaces, we extracted 40
consecutive and 40 reconstructed Pt NP models every
500,000 KMC steps in the last 0.1 billion steps of the
EKMC trajectory. We then performed RKMC simulations for

each roughened Pt NP catalyst at 800 K under a CO pressure
of 1000 Pa and an O2 pressure of 500 Pa. The simulations were
all carried out three times with 1.0 billion KMC steps, via
turnover frequency (TOF, s−1 site−1), with data from the last
0.5 billion KMC steps collected to analyze the catalytic activity
of the overall Pt catalyst (particle TOF) and the respective
surface site (site TOF). The catalytic activity changes among
different NPs are plotted in Figure 3a, where each value
represents the particle TOF relative to the average of all of the
TOFs of 40 NPs. These reconstructed NPs show a clear
fluctuation in activity at 800 K, with a range as large as 6.25 ×

Figure 3. Catalytic activity of self-generated clusters. (a) TOF change of 40 dynamically reconstructed NPs, of which 6 NP models are labeled with
Roman numerals I to VI. (b) TOFs of (111) facets of NPs at 800 K. (c) TOFs of the (111) facets of NPs. (d) 3D activity maps of NPs and the
(111) facets. (e) Maps of potential CO adsorption probability, O adsorption probability, and adsorption coverage on the (111) facets.
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105 s−1 site−1 (from 5.93 × 106 to 6.56 × 106 s−1 site−1),
accounting for their dynamic structures.

We chose 6 reconstructed NP models as representatives to
show the dynamic changes in the size and location of the
clusters on the reconstructed NPs (Figure S12). We focused
on the (111) facet because most of the atomic clusters stay on
this facet. We observed that the TOFs of small clusters on the
(111) facets also present similar trends to the changes of
particle TOFs, as shown in Figure 3b. The whole NPs and
(111) facets are mapped with different colors based on their
site TOF (log(Nrea/s)) to visualize the active site, as shown in
Figure 3d. The particle TOFs of the NPs are mainly
contributed by the edge atoms and surface clusters with
lower CNs. However, we found that not all low CN adatoms
exhibit high activity. Isolated adatoms and atomic clusters
(islands) on the (111) facets are almost inactive, whereas
clusters connecting with the edges and corners of the NP
(peninsulas) exhibit ultrahigh activity.

We presented the statistics of the potential adsorption
possibilities of CO or O of atomic clusters on the (111) facets
under pure CO and O2 gas conditions in Figure 3c. These
clusters show very high adsorption capacities. We therefore
plotted the color maps of the adsorption probability and
coverage in Figures 3e and S13. Almost all clusters and
adatoms show up to 90% adsorption probabilities, indicating
the strong adsorption of CO and O on these surface sites. This
was proved by the statistics of adsorbed CO and O coverages
on the surface sites with different CNs (Figure S14). On the
other hand, the substrates of the (111) facets with highly
coordinated atoms (CN ≥ 9) have difficulty in adsorbing CO
or O. Comparing the trend of Figure 3c with that of Figure 3b,
we found that the higher CO and O coverages correspond to

lower activities, which indicates that the mechanism of
different cluster activities corresponds to the phenomenon of
catalytic poisoning. To achieve high activity, CO and O must
meet each other frequently. If the catalyst is occupied by only
one type of reactant, it will be deactivated, referred to as
poisoned. The atomic clusters, no matter whether they are
islands or peninsulas, have very limited sites for the adsorption
of reactants. There is a high chance that the cluster is covered
by the same type of reactant, for example, CO, during the
reaction. The cluster itself is poisoned because the strong
bonds between the cluster and CO prevent molecule
desorption, and no empty sites can be generated for the
adsorption of O. The reaction was then stopped. For the
island, the nearby substrate site has no adsorbed intermediates
to react, resulting in complete catalytic poisoning. For the
peninsula, the nearby sites of edges and corners also have a
higher adsorption probability of CO or O, resulting in both
peninsula atoms and corners showing high activity.
3.3.1. Contributions of the Self-Generated Clusters to

the Nanoparticle Activity. To fully explore the influence of
the self-generated clusters on the catalytic activity, we
performed RKMC simulations on the roughened surfaces of
the reconstructed NPs (Rou_str) and the smooth surface of an
ideal Wulff NP (Wulff_str) under a CO pressure of 1000 Pa
and an O2 pressure of 500 Pa at 600, 700, and 800 K. We
constructed the Wulff_str NP with the same diameter of 5.4
nm and a shape similar to that of Rou_str (Figure S15). The
surface-to-volume ratio of Rou_str (0.20) is also close to that
of Wulff_str (0.21). To determine the structures of Rou_str
NPs at 600 and 700 K, we first carried out EKMC simulations
with 200 million KMC steps on the reconstructed surfaces of
Pt NPs under a CO pressure of 1000 Pa at 600 and 700 K,

Figure 4. Comparison of TOFs of the reconstructed NPs (Rou_str) and fixed ideal NP (Wulff_str) at different temperatures. (a) Atomic structures
of NPs are colored by the coordination numbers. (b) Particle TOFs of NPs at different temperatures. (c) Difference in 2D activity-CN maps of
Rou_str and Wulff_str at 600 K. (d) 3D activity-site maps of NPs considering different CNs at 600 K.
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starting with the structure of the reconstructed Pt NP obtained
from 800 K simulations to save time. We found that lower
temperatures led to the generation of more small clusters and
adatoms on the NP surfaces, as shown in Figure 4a. Then, we
performed RKMC simulations with 1.0 billion KMC steps for
these three Rou_str NPs and Wulff_str NP under a CO
pressure of 1000 Pa and an O2 pressure of 500 Pa at 600, 700,
and 800 K, respectively. Figure 4b depicts the statistics and
comparison of the particle TOFs for Rou_str NPs and
Wulff_str NP at different temperatures. At 800 K, the TOF of
Rou_str is 6.56 × 106 s−1 site−1, which is much higher than
that of Wulff_str (6.32 × 106 s−1 site−1). As the temperature
decreases, the catalytic activities of both NPs also decrease, but
the particle TOF of Rou_str is always higher than that of
Wulff_str. At 700 K, the TOF of Rou_str is 5.35 × 106 s−1

site−1 and that of Wulff_str is 8.26 × 105 s−1 site−1. At 600 K,
the TOF of Rou_str is 1.04 × 106 s−1 site−1, which is 41.61
times relative to Wulff_str (2.50 × 104 s−1 site−1). This
indicates that using the ideal model significantly under-
estimates the catalytic performance of the catalyst in real
reaction environments, especially at low temperatures.

According to 2D activity and the CN maps of NPs (Figure
S16), we counted the activity difference on the surface sites
with different CNs at 600 K, as shown in Figure 4c. We also
plotted the three-dimensional (3D) activity-site maps of
Rou_str and Wulff_str NPs according to the site TOF per
surface site with different CNs (Figure 4d). We observed that
the enhanced catalytic activity of Rou_str is mainly located on
the lower CN surface sites, which is consistent with the
previous finding that the low-coordinated sites of CO-induced
Pt NPs are mainly attributed to the high CO oxidation activity
at low temperatures.51 In particular, small clusters and adatoms
show extraordinary activities, and the perimeter sites of the
clusters are more active. However, for Wulff_str, the reaction
sites of CN = 8 and 9 show higher activity than Rou_str, which
is due to enough neighborhood coupling sites on the NP
surface. The 2D activity−CN maps, activity differences, and
3D activity−site maps of the NPs at 700 and 800 K are shown
in Figures S17−S18. The small clusters and adatoms with
lower CNs of Rou_str are still the main activity sources, but
these sites do not exist on the surface of Wulff_str (Figure
S19). Therefore, the generation of small clusters and adatoms
has a significant impact on catalytic performance, especially at
low temperatures, and should be considered as an important
factor in the design of low-temperature, high-activity catalysts.

4. CONCLUSIONS
The discovery of self-generated active atomic clusters provides
a new understanding of many reaction phenomena. We
observed a significant reactivity oscillation for the dynamically
reconstructed Pt NPs under a CO pressure of 1000 Pa and an
O2 pressure of 500 Pa at 800 K. The size and location of these
clusters and adatoms on the NP surfaces play a crucial role in
NP activity changes, where the island clusters are inactive but
the peninsula clusters show high activity. Such a reaction
oscillation can be referred to as an intrinsic oscillation because
it is caused by the spontaneous migration of catalyst surface
atoms during the reaction rather than by external environ-
mental changes. Moreover, we found that the small clusters
and adatoms formed on the (111) facets turn this inactive
surface into an active surface during the reaction. This gives a
new perspective to understanding the experimental observa-
tions of the enhanced catalytic properties due to the increase in

the number of terrace sites. The number of active low CN sites
on the NP surface is normally determined by the corner and
edge fractions of the particles. We show that the atomic
clusters on the NP facets also contribute active low CN sites to
catalytic reactions, which brings new paradigms of catalyst
design. Because the reshaping phenomena of metal NPs are
common under reaction conditions, the active atomic clusters
can be a general factor influencing the catalytic performance of
NPs. We may need to re-examine the active sites of NPs
because the effect of self-generated clusters has been largely
ignored in previous studies. Herein, we point out that tuning
reaction environment conditions is a promising strategy for
designing highly efficient catalysts with more active sites. In the
meantime, when designing the catalyst, we should consider the
environmental effects on the catalyst dispersion, accessibility,
and stability under different conditions.

Overall, we present an atomic KMC method to simulate
nonequilibrium NP transformation on large spatial and
temporal scales. Through a kinetic study, we demonstrate
that despite the morphology change, the reshaping of metal
NP could create atomic clusters on the NP that work as new
types of active sites in reactions. These findings provide a new
understanding of the nature of active sites on NP surfaces and
contribute to the efficient design of catalysts with high catalytic
reactivity and durability in the future.
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(20) Martoňák, R.; Laio, A.; Parrinello, M. Predicting Crystal

Structures: the Parrinello-Rahman Method Revisited. Phys. Rev. Lett.
2003, 90, No. 075503.
(21) Zhu, B.; Xu, Z.; Wang, C.; Gao, Y. Shape Evolution of Metal

Nanoparticles in Water Vapor Environment. Nano Lett. 2016, 16,
2628−2632.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00088
JACS Au 2024, 4, 1892−1900

1899

https://orcid.org/0000-0001-6015-5694
https://orcid.org/0000-0001-6015-5694
mailto:gaoyi@sari.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Yan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Ou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyi+Duan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Ying"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8976-7464
https://orcid.org/0000-0002-8976-7464
https://pubs.acs.org/doi/10.1021/jacsau.4c00088?ref=pdf
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1038/nature20795
https://doi.org/10.1038/nature20795
https://doi.org/10.1126/science.aay2474
https://doi.org/10.1126/science.aay2474
https://doi.org/10.1126/science.aay2474
https://doi.org/10.1126/science.abe3558
https://doi.org/10.1126/science.abe3558
https://doi.org/10.1126/science.abe3558
https://doi.org/10.1038/s41929-023-00983-8
https://doi.org/10.1038/s41929-023-00983-8
https://doi.org/10.1038/s41929-023-00983-8
https://doi.org/10.1126/science.abm3371
https://doi.org/10.1126/science.abm3371
https://doi.org/10.1038/nmat4033
https://doi.org/10.1038/nmat4033
https://doi.org/10.1126/science.1069325
https://doi.org/10.1126/science.1069325
https://doi.org/10.1002/anie.201800925
https://doi.org/10.1002/anie.201800925
https://doi.org/10.1039/C7CC07649E
https://doi.org/10.1039/C7CC07649E
https://doi.org/10.1039/C7CC07649E
https://doi.org/10.1039/C8CC04574G
https://doi.org/10.1039/C8CC04574G
https://doi.org/10.1038/s41467-020-16027-9
https://doi.org/10.1038/s41467-020-16027-9
https://doi.org/10.1038/s41467-022-33304-x
https://doi.org/10.1038/s41467-022-33304-x
https://doi.org/10.1002/anie.201605956
https://doi.org/10.1002/anie.201605956
https://doi.org/10.1021/acsnano.8b08530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b08530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00398J
https://doi.org/10.1039/C8CS00398J
https://doi.org/10.1088/2632-2153/ac191c
https://doi.org/10.1088/2632-2153/ac191c
https://doi.org/10.1088/2632-2153/ac191c
https://doi.org/10.1038/nchem.121
https://doi.org/10.1103/PhysRevLett.90.075503
https://doi.org/10.1103/PhysRevLett.90.075503
https://doi.org/10.1021/acs.nanolett.6b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Zhu, B.; Meng, J.; Yuan, W.; Zhang, X.; Yang, H.; Wang, Y.;
Gao, Y. Reshaping of Metal Nanoparticles under Reaction
Conditions. Angew. Chem., Int. Ed. 2020, 59, 2171−2180.
(23) Kitchin, J. R. Machine Learning in Catalysis. Nat. Catal. 2018,
1, 230−232.
(24) Artrith, N.; Kolpak, A. M. Understanding the Composition and

Activity of Electrocatalytic Nanoalloys in Aqueous Solvents: a
Combination of DFT and Accurate Neural Network Potentials.
Nano Lett. 2014, 14, 2670−2676.
(25) Liu, M.; Yang, Y.; Kitchin, J. R. Semi-grand Canonical Monte

Carlo Simulation of the Acrolein Induced Surface Segregation and
Aggregation of AgPd with Machine Learning Surrogate Models. J.
Chem. Phys. 2021, 154, No. 134701, DOI: 10.1063/5.0046440.
(26) Andersen, M.; Plaisance, C. P.; Reuter, K. Assessment of Mean-

Field Microkinetic Models for CO Methanation on Stepped Metal
Surfaces Using Accelerated Kinetic Monte Carlo. J. Chem. Phys. 2017,
147, No. 152705.
(27) Stamatakis, M.; Vlachos, D. G. Unraveling the Complexity of

Catalytic Reactions via Kinetic Monte Carlo Simulation: Current
Status and Frontiers. ACS Catal. 2012, 2, 2648−2663.
(28) He, X.; Cheng, F.; Chen, Z.-X. The Lattice Kinetic Monte

Carlo Simulation of Atomic Diffusion and Structural Transition for
Gold. Sci. Rep. 2016, 6, No. 33128.
(29) Sumaria, V.; Nguyen, L.; Tao, F. F.; Sautet, P. Atomic-Scale

Mmechanism of Platinum Catalyst Restructuring under a Pressure of
Reactant gas. J. Am. Chem. Soc. 2023, 145, 392−401.
(30) Xu, L.; Papanikolaou, K. G.; Lechner, B. A.; Je, L.; Somorjai, G.

A.; Salmeron, M.; Mavrikakis, M. Formation of Active Sites on
Transition Metals through Reaction-Driven Migration of Surface
Atoms. Science 2023, 380, 70−76.
(31) Jørgensen, M.; Grönbeck, H. Scaling Relations and Kinetic

Monte Carlo Simulations to Bridge the Materials Gap in
Heterogeneous Catalysis. ACS Catal. 2017, 7, 5054−5061.
(32) Gillespie, D. T. A General Method for Numerically Simulating

the Stochastic Time Evolution of Coupled Chemical Reactions. J.
Comput. Phys. 1976, 22, 403−434.
(33) Voter, A. F.; Sickafus, K.; Kotomin, E.; Uberuaga, B. In
Radiation Effects in Solids, NATO Science Series; Springer, Berlin,
2007.
(34) Reuter, K. First-Principles Kinetic Monte Carlo Simulations for

Heterogeneous Catalysis: Concepts, Status, and Frontiers. In
Modeling and Simulation of Heterogeneous Catalytic Reactions: From
the Molecular Process to the Technical System; Deutschmann, O., Ed.;
Wiley-VCH, 2012; Chapter 3, pp 71−111.
(35) Zhu, B.; Qi, R.; Yuan, L.; Gao, Y. Real-Time Atomistic

Simulation of the Ostwald Ripening of TiO2 Supported Au
Nanoparticles. Nanoscale 2020, 12, 19142−19148.
(36) Han, Y.; Li, X.-Y.; Zhu, B.; Gao, Y. Unveiling the Au Surface

Reconstruction in a CO Environment by Surface Dynamics and Ab
Initio Thermodynamics. J. Phys. Chem. A 2022, 126, 6538−6547.
(37) Li, X. Y.; Zhu, B.; Qi, R.; Gao, Y. Real-Time Simulation of

Nonequilibrium Nanocrystal Transformations. Adv. Theory Simul.
2019, 2, No. 1800127.
(38) Calle-Vallejo, F.; Martínez, J. I.; García-Lastra, J. M.; Sautet, P.;

Loffreda, D. Fast Prediction of Adsorption Properties for Platinum
Nanocatalysts with Generalized Coordination Numbers. Angew.
Chem., Int. Ed. 2014, 53, 8316−8319.
(39) Calle-Vallejo, F.; Loffreda, D.; Koper, M. T.; Sautet, P.

Introducing Structural Sensitivity into Adsorption−Energy Scaling
Relations by Means of Coordination Numbers. Nat. Chem. 2015, 7,
403−410.
(40) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid

Metals. Phys. Rev. B 1993, 47, No. 558.
(41) Blöchl, P. E.; Först, C. J.; Schimpl, J. Projector Augmented

Wave Method: Ab Initio Molecular Dynamics with Full Wave
Functions. Bull. Mater. Sci. 2003, 26, 33−41.
(42) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient

Approximation Made Simple. Phys. Rev. Lett. 1996, 77, No. 3865.

(43) Hammer, B.; Hansen, L. B.; Nørskov, J. K. Improved
Adsorption Energetics within Density-Functional Theory Using
Revised Perdew-Burke-Ernzerhof Functionals. Phys. Rev. B 1999, 59,
No. 7413.
(44) Gajdos,̌ M.; Eichler, A.; Hafner, J. CO Adsorption on Close-

Packed Transition and Noble Metal Surfaces: Trends from Ab Initio
Calculations. J. Phys.: Condens. Matter 2004, 16, No. 1141.
(45) Gajdos,̌ M.; Hafner, J.; Eichler, A. Ab Initio Density-Functional

Study of NO on Close-Packed Transition and Noble Metal Surfaces:
I. Molecular Adsorption. J. Phys.: Condens. Matter 2006, 18, No. 13.
(46) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. A Climbing

Image Nudged Elastic Band Method for Finding Saddle Points and
Minimum Energy Paths. J. Chem. Phys. 2000, 113, 9901−9904.
(47) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone

Integrations. Phys. Rev. B 1976, 13, No. 5188.
(48) Zhu, B.; Meng, J.; Gao, Y. Equilibrium Shape of Metal

Nanoparticles under Reactive Gas Conditions. J. Phys. Chem. C 2017,
121, 5629−5634.
(49) Avanesian, T.; Dai, S.; Kale, M. J.; Graham, G. W.; Pan, X.;

Christopher, P. Quantitative and Atomic-Scale View of CO-Induced
Pt Nanoparticle Surface Reconstruction at Saturation Coverage via
DFT Calculations Coupled with In Situ TEM and IR. J. Am. Chem.
Soc. 2017, 139, 4551−4558.
(50) Michalka, J. R.; Latham, A. P.; Gezelter, J. D. CO-Induced

Restructuring on Stepped Pt Surfaces: A Molecular Dynamics Study.
J. Phys. Chem. C 2016, 120, 18180−18190.
(51) Neugebohren, J.; Borodin, D.; Hahn, H. W.; Altschäffel, J.;

Kandratsenka, A.; Auerbach, D. J.; Campbell, C. T.; Schwarzer, D.;
Harding, D. J.; Wodtke, A. M.; Kitsopoulos, T. N. Velocity-Resolved
Kinetics of Site-Specific Carbon Monoxide Oxidation on Platinum
Surfaces. Nature 2018, 558, 280−283.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00088
JACS Au 2024, 4, 1892−1900

1900

https://doi.org/10.1002/anie.201906799
https://doi.org/10.1002/anie.201906799
https://doi.org/10.1038/s41929-018-0056-y
https://doi.org/10.1021/nl5005674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5005674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5005674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0046440
https://doi.org/10.1063/5.0046440
https://doi.org/10.1063/5.0046440
https://doi.org/10.1063/5.0046440?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4989511
https://doi.org/10.1063/1.4989511
https://doi.org/10.1063/1.4989511
https://doi.org/10.1021/cs3005709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs3005709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs3005709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep33128
https://doi.org/10.1038/srep33128
https://doi.org/10.1038/srep33128
https://doi.org/10.1021/jacs.2c10179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.add0089
https://doi.org/10.1126/science.add0089
https://doi.org/10.1126/science.add0089
https://doi.org/10.1021/acscatal.7b01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9991(76)90041-3
https://doi.org/10.1016/0021-9991(76)90041-3
https://doi.org/10.1039/D0NR04571C
https://doi.org/10.1039/D0NR04571C
https://doi.org/10.1039/D0NR04571C
https://doi.org/10.1021/acs.jpca.2c03124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c03124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c03124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adts.201800127
https://doi.org/10.1002/adts.201800127
https://doi.org/10.1002/anie.201402958
https://doi.org/10.1002/anie.201402958
https://doi.org/10.1038/nchem.2226
https://doi.org/10.1038/nchem.2226
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1007/BF02712785
https://doi.org/10.1007/BF02712785
https://doi.org/10.1007/BF02712785
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1088/0953-8984/16/8/001
https://doi.org/10.1088/0953-8984/16/8/001
https://doi.org/10.1088/0953-8984/16/8/001
https://doi.org/10.1088/0953-8984/18/1/002
https://doi.org/10.1088/0953-8984/18/1/002
https://doi.org/10.1088/0953-8984/18/1/002
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1021/acs.jpcc.6b13021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b13021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-018-0188-x
https://doi.org/10.1038/s41586-018-0188-x
https://doi.org/10.1038/s41586-018-0188-x
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

