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Dynamic phase transitions dictate the size effect and
activity of supported gold catalysts

Lei Zhou11', Xin-Pu Fu21', Ruixing Wang11', Cong-Xiao Wangz, Feng Luo1, Han Yan3, Yang He4*,

Chun-Jiang Jia2*, Jun Li®>®*, Jin-Cheng Liu'*

The landmark discovery of gold catalysts has aroused substantial interest in heterogeneous catalysis, yet the cata-
lytic mechanism remains elusive. For carbon monoxide oxidation on gold nanoparticles (NPs) supported on ceria
surfaces, it is widely believed that carbon monoxide adsorbs on the gold particles, while the reaction occurs at the
gold/ceria interface. Here, we have investigated the dynamic changes of supported gold NPs with various sizes in
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a carbon monoxide oxidation atmosphere using deep potential molecular dynamics simulations. Our results re-
veal that the structure of tiny gold particles in carbon monoxide atmospheres becomes highly disordered and
undergoes phase transition. Such a liquid-like structure provides massive reactive sites, enabling facile carbon
monoxide oxidation on the solid-state gold NP rather than just at the gold/ceria interface. This result is further
corroborated by catalytic experiments. This work sheds light on both the size effects and activity in noble metal
catalysis and provides insights for the design of more effective nanocatalysts.

INTRODUCTION

Heterogeneous gold catalysts are composed of support and support-
ed Au nanoparticles (NPs) (1, 2). One of the most investigated
heterogeneous gold catalytic reactions is CO oxidation on Au NPs
supported on ceria (CeO,) surfaces. This reaction attracts substan-
tial attention due to its potential applications in CO removal from
industrial gas streams, such as in automotive exhaust systems and
fuel cells (3). Moreover, owing to the recognizable adsorption be-
haviors, CO oxidation has been extensively studied as an ideal mod-
el reaction to obtain mechanism insight toward the catalytic process.
Since the 1980s, very small Au NPs, approximately 2 to 5 nm in size,
have been demonstrated to catalyze the oxidation of both CO and
H, at low temperatures (4-6). An atomic-level understanding of the
catalytic process is yet to be developed, especially regarding the sig-
nificant size effect of gold catalysts.

With numerous experimental and theoretical efforts, the metal/
ceria interface is believed to be the reactive site for CO oxidation on
gold NPs (7). The conventional mechanism for this CO oxidation
reaction involves the adsorption of CO molecules on the surface of
Au NPs, followed by the reaction with adsorbed O, molecules at the
ceria surface and Au/ceria interface (7-10). Smaller Au NPs are more
effective for catalyzing CO oxidation reaction, as they have a higher
interface-to-volume ratio. This higher ratio presumably would result
in more interface sites available for CO molecules to adsorb (7),
thereby increasing the number of CO molecules available to react at
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the Au/ceria interface and leading to a higher overall reaction rate.
However, this static mechanism does not account for the variations
in reaction temperature observed with Au NPs of different sizes
(11, 12). Moreover, the direct reaction pathways on pure Au NPs
have yet to be elucidated, especially for those whose diameters are
smaller than 3 nm, which has a severe dynamic effect (7, 13, 14).

To understand the size-activity or structure-activity relation-
ships for supported gold catalysts on oxides, we and others have de-
veloped various theoretical models (8, 15, 16). These models aim at
describing the chemical potential of supported gold NPs and their
transformation between single-atom catalysts under different con-
ditions. The effectiveness of these models is demonstrated in ex-
plaining and predicting the stability and sintering of supported
metal catalysts (17-19). The underlying assumption of these models
is that supported gold NPs are solid and their chemical potential and
morphology remain largely unaffected by phase changes at the melt-
ing point, even in the presence of reactants. However, phase transi-
tions often occur during reactions, as the melting point of Au NPs
can decrease markedly with the size reduction of catalysts, poten-
tially falling below the reaction temperature and markedly affecting
the reaction’s activity.

Time- and space-resolved experimental characterization of the
dynamic evolution of small catalysts, such as supported Au NPs, un-
der realistic catalytic conditions is challenging because of the com-
plexity of the reaction environment (14, 20-22). In heterogeneous
catalytic reactions, the solid catalysts are in contact with gas mole-
cules or a liquid phase containing the reactants, complicating the
direct observation of the catalysts’ structures and movements using
traditional ex situ techniques. One approach to characterizing catalysts
under actual catalytic conditions involves the use of in situ tech-
niques, which allow for the direct observation of the evolution of
catalysts during the reaction (10). For instance, we have used in situ
aberration-corrected environmental transmission electron micros-
copy to observe the structures and movements of Au NPs on ceria
support during a CO oxidation reaction (10), allowing for real-time
observation of the catalysts in real space. Recent scanning tunneling
microscopy studies have observed in situ adsorbate-induced active-
site formation by CO exposure on defective Ni, Cu, or Au surfaces
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(23-25). Molecular dynamics simulations, particularly with density
functional theory (DFT)-based ab initio molecular dynamics (AIMD),
are also extensively used to simulate dynamic changes during the cata-
lytic process. However, AIMD is computationally intensive and time
consuming, limiting its application to large systems of more than 1000
atoms or long-time durations exceeding 100 ps (8, 9, 15, 26). Recently,
machine learning-based deep potential molecular dynamics (DPMD)
has emerged as a powerful technique (16, 27, 28), as it applies machine
learning techniques to construct the potential energies and forces,
offering a much faster approach to accurately describing large cata-
lytic systems (16).

In this work, we use a state-of-the-art, machine learning-based
DPMD method, combined with thermodynamic analysis and micro-
kinetic modeling, to explore the intrinsic activity of small Au NPs
supported on ceria under a CO oxidation atmosphere. Our results
reveal that very small Au particles, when exposed to CO atmospheres,
undergo a transformation where their crystal structure falls down and
becomes liquid-like, which produces more low-coordinated apex Au
atoms. This transformation provides ideal active sites for CO oxida-
tion by associative Langmuir-Hinshelwood (L-H) mechanism, lead-
ing to CO oxidation occurring across the entire Au particle, rather
than just at the Au/ceria interface. By incorporating dynamic catalytic
theory into our investigation, this finding underscores the pivotal role
of structural dynamics in enhancing the catalytic activity of heteroge-
neous catalysts.

RESULTS

Deep potential molecular dynamics

From computational modeling of the dynamic behavior of Au NPs
on the ceria surface in a vacuum environment (16), it becomes clear
that in the absence of adsorbates, Au NPs on the ceria surface retain
their face-centered cubic (fcc) lattice pattern, particularly at step
sites. To gain a better understanding of how Au NPs behave in the
presence of CO gas, we develop here a machine learning force field
(MLFF) that includes CO, CO,, and O, adsorbates. Creating an ac-
curate MLFF requires collecting data from DFT calculations to cover
as many configurations in the phase space as possible. We initiated
with over 120 AIMD trajectories, each beginning with different ini-
tial compositions and configurations as discussed in the Supplemen-
tary Materials (figs. S1 to S3). We extracted local structural and
elemental feature matrices from the local environment embedding
networks of the training set. The distribution and clustering of differ-
ent local environments in the high-dimensional space were reduced
to two dimensions using principal components analysis (PCA). As
illustrated by the atomic configurations, different regions of the PCA
map correspond to distinct structures, with clear groupings of simi-
lar structures and separations of dissimilar ones. This highlights the
diversity of the dataset and the quality of the learned descriptors
(Fig. 1 and fig. S4). The MLFF we developed proved to be highly
accurate with force and energy errors lower than 89.2 meV/A and
1.85 meV per atom, respectively (figs. S5 and S6), which allows one
to directly simulate the dynamic behavior of supported Au NPs on
ceria surfaces with vacancies.

A series of supported Au NPs including Aug; (1.5 nm double-
layer), Auyg; (2.4 nm), Ausye (3.0 nm), and Auyyg; (5.6 nm) on de-
fected CeO,(111) was investigated using DPMD simulations at
temperatures ranging from 300 to 1150 K (figs. S7 to S20). A rela-
tively large Ausze NP with a diameter of ~3.0 nm exhibits clearly
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defined fcc structures at 675 K (Fig. 2, A and B). During the DPMD
simulations, the Au(111) and Au(100) surfaces of Ausys are kept
intact, and only slight disorder is observed at the Au/ceria interface.
Upon injecting CO molecules into the system, the edges of the
Ausze NPs are quickly occupied by adsorbed CO molecules, while
the overall crystal structure of Ausy¢ remains nearly unchanged.
The mean square displacement (MSD) slopes of Ausys without and
with CO are 0.0283 and 0.0289 A/ps, respectively, at 675 K. In ad-
dition, all MSDs performed between 600 and 975 K also show no
significant difference with or without CO as shown in Fig. 2C and
fig. $10. A sudden increase in MSD occurs at 875 K, corresponding
to the melting point of Auszs NP. Most coordination numbers of the
Au atom are found to be 12 and 9, corresponding to the inner bulk
atoms and Au(111) surface atoms, respectively. The distribution of
coordination numbers of Au atoms remains nearly unchanged with
and without CO adsorption at 675 K, indicating that the fcc struc-
ture of Au NPs is stable during the simulations (Fig. 2D).

By comparison, a smaller Auyg; NP with a diameter of approxi-
mately 2.3 nm and 287 atoms is also constructed on a defected
CeO,(111) surface. This Auygy NP also has an fcc structure, albeit
slightly disordered (Fig. 2, E and F). In contrast to the larger NPs,
when CO molecules are introduced into the system, the solid struc-
tures quickly break down, and the adsorbed CO molecules pull some
Au atoms out of the NPs’ surface, resulting in a low-coordinated apex
gold site for forming Au-CO species. The MSD curve indicates that
the slopes increase markedly from 0.0384 to 0.0848 A%/ps at 675 K
(Fig. 2G), which suggests an obvious disorder of Au NPs. Unlike the
larger NP, the coordination number of Au in Au,s;/CeO,_, also
changes significantly, as shown in Fig. 2H. Specifically, the numbers of
12-coordinated and 9-coordinated Au atoms decrease, indicating the
breakdown of the fcc crystal structure. Meanwhile, the numbers of
two-coordinated and one-coordinated Au atoms increase, which are
leached Au atoms resulting from CO adsorption.

To figure out the triggering temperature of the disordering for sup-
ported Au NPs, we used diffusivity (D) and the Lindemann index (L),
which is a measure of the root mean square fluctuation of interatomic
distances, as criteria to determine the melting point. As shown in Fig. 2
(Iand]J), the Lindemann indexes of Ausys and Au,79; are almost unaf-
fected by CO adsorption, with L = 0.075 serving as the threshold for
melting. The melting point of supported Ausyg is only reduced by
about 25 K from ~900 to ~875 K. Most of Ausys remains stable (blue
or green colored) in the colored local Lindemann index snapshots,
with only a few Au atoms at the Au/ceria interface exhibiting disorder
at 675 K (Fig. 2]). In contrast, the melting point of supported Au,g; is
significantly lowered from ~750 to ~675 K, with disordered Au atoms
spreading from the interface to the entire NPs at 675 K due to CO
adsorption. The smaller Aug; double-layer cluster already shows dis-
order at approximately 425 K with CO adsorption, making a decrease
of about 125 K. In addition, we observed some Au atoms without any
Au—Au bond during the simulations, dynamically forming isolated
Au-CO species that leach out of the NPs and are supported on the
ceria surface, which is consistent with previous AIMD results (9).

Thermodynamic analysis

The Gibbs-Thomson effect, with small NPs having a lower melting
point, arises from the high curvature and increased vapor pressure of
small NPs. The Gibbs-Thomson equation can be used to calculate the
structural melting point (Ty,) depression for an isolated spherical
metal particle of radius r. The equation can be expressed as follows
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Fig. 1. PCA-based similarity map of the training set for the local environment embedding networks consisting of 34,158 structures. The structures are colored
according to their types from the initial dataset. The plot visualizes the distribution and clustering of different local environments in the high-dimensional space, reduced
to two dimensions using PCA. Examples of atomic configurations from various regions of the map are provided to illustrate the dataset’s diversity. The color code for ele-

ments is as follows: Au, yellow; Ce, green; O, red; C, gray.
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where T? is the bulk phase change temperature, o is the surface ten-
sion of the solid/liquid interface, Ly, is the bulk enthalpy of fusion,
and p; is the density of solid. This equation demonstrates how the
melting point decreases as the curvature at the interface increases.
As discussed previously by Buffat and Borel (29) and Font and
Myers (30), the generalized Gibbs-Thomson relation takes into ac-
count the pressure and specific heat factors, in which the surface ten-
sion (o) can be further detailed, and the T}, can be refined as follows

(1)

2

where v, and y; represent the surface tension of solid and liquid gold,
respectively. ps and p; are the densities of solid and liquid gold, re-
spectively. It is evident that changes in surface tension play a crucial
role in determining the melting point of NPs under real reaction
conditions. In particular, the surface tension changes remarkably
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when CO molecules adsorb on the solid and liquid gold surfaces,
thereby substantially affecting the melting point of metal NPs. The
changes of y; and y; denoted as Ay(T, P) and Ay|(T, P), respectively,
are functions of temperature (T) and CO pressure (P).

The surface tension of solid gold NPs can be obtained by aver-
aging the surface energies based on the Curie-Wulff relationship
(tables S1 to S4), as expressed by Eq. 3.

Y= XY,
i

Here, y; represents the surface tension of a specific facet, while f;
is the percentage of that facet. From our reported method (8), Eq. 4
expresses the change in y with CO adsorption, where Ay,(T, P) is the
change in surface tension of facet i due to CO adsorption, which is
discussed in the Supplementary Materials (figs. S21 and S22 and
tables S5 to S7)

3)

0,[E2%(0,) —peo(T, P)
aqr,py= 2L ©) T boolT:P) @)

i
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where 6; is the coverage of CO on the Au surface and Eédg (9,») is the av-

erage adsorption energy. A; is the unit surface area, and pco(T, P) is
the chemical potential of CO molecules. On the basis of the above
equations, the melting point of Au NPs is influenced by their size, as
well as the temperature and pressure of the CO molecule. Particularly
noteworthy is the fact that the CO adsorption on the liquid Au surface
is stronger than that on the solid Au, leading to a larger difference
between yj and ys with CO adsorption. Consequently, this results in a
decrease in melting points, particularly under high pco(T, P) condi-
tions, where the CO pressure is high and the temperature is low.
According to the Gibbs-Thomson equation, the simulated melt-
ing points of supported bare Au NPs fit well with this trend, as de-
picted by the black line in Fig. 3A. Following this relationship, the

estimated trend of melting point change with the radius of support-
ed Au NPs agrees well with the experimental data (29). Inasmuch as
the electronic interaction of Au NPs on ceria is stronger than that on
inert supports such as carbon materials and silica surfaces (16), the
simulated melting points of Au NPs on ceria are a little higher than
those measured experimentally on inert substrates. Besides, the
melting points of Au NPs decrease rapidly with decreasing radius,
regardless of the presence of CO. Smaller Au NPs are more suscep-
tible to the presence of CO in their environment. At a chemical
potential of pco(T, P) = —0.75 eV, the decrease in melting point is
around 220 K for NPs with a radius of 1 nm, but for NPs with a
radius larger than 4 nm, the decrease in melting point is only about
60 K (Fig. 3B), which is in good agreement with the DPMD simulations.
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Fig. 2. DPMD simulations of supported Augi, Au,g7, Ausze, and Auyz91 NPs on defected CeO,(111). Snapshot pictures at 200 ps for (A and B) Aus76/CeO,_(111) with-
out and with a CO atmosphere and (E and F) Au,s;/CeO,_x without and with a CO atmosphere at a temperature of 675 K during DPMD simulations. The color code for ele-
ments is as follows: Au, yellow; Ce, blue; O, red; C, gray. (C and G) Corresponding MSDs averaged over five DPMD simulation trajectories. (D and H) Coordination number
distribution of Au atoms without and with CO adsorption with a Au—Au bond cutoff criterion of 3.4 A. (1) Lindemann index versus temperature during DPMD simulations
for Aug1/Ce05_,(111), Aug7/Ce07_(111), Aus76/Ce04_,(111), and Auy791/Ce0,_,(111) without and with a CO atmosphere. (J) Colored local Lindemann index snapshots at
200 ps, where the big balls are Au and Ce atoms, and the small balls represent C and O atoms. Blue balls denote that the Au atoms keep their fcc crystal structure, and red

balls denote that Au atoms are disordered.
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Fig. 3. Melting point (T,,,) of Au NPs with different sizes. (A) Size dependence of the melting point. The black line represents T, from Gibbs-Thomson equations without
CO adsorption, and the red line is plotted with CO adsorption at pco(7, P) = —0.75 eV. Diamonds are experimental data from Buffat and Borel (29) of Au NPs on carbon films.
(B) Contour plot of Ty, versus chemical potential [pco(T, P)] and radius of NPs (r). (C) T of Au NPs versus pco(T, P) with radii of 4.0 nm (red line) and 1.5 nm (black line). The
relations between pco(T, P) and T at Pco = 1 bar and Pco at T= 300 K are indicated on the ordinate.

Larger NPs require a higher temperature to melt, but at high tem-
peratures, most CO molecules will desorb from both the solid and
liquid surfaces, leading to little influence on their surface tension.
The effects of temperature and CO pressure on the chemical poten-
tial and melting point are illustrated in Fig. 3C. At low temperatures
and high CO pressures, the pco(T, P) will increase, leading to a de-
crease in Ty, Such a size-dependent reduction in melting point may
provide an intrinsic explanation for the size effect observed in CO
oxidation and water-gas shift reactions.

Reaction mechanism

Under CO oxidation conditions, the dynamic changes of Au NPs can
significantly influence the reaction mechanism and the turnover fre-
quencies (TOFs). In the case of CO oxidation on supported Au/CeO,
systems, three possible reaction pathways have been proposed, in-
cluding Mars-van Krevelen (M-vK) (31), Eley-Rideal, and L-H
mechanisms (32-34). The M-vK mechanism involves CO oxidation
facilitated by surface O on ceria at the Au/CeO; interface and is con-
sidered the most probable reaction mechanism for CO oxidation re-
actions (Fig. 4B) (35). However, it cannot explain the differences in
the onset reaction temperature observed for supported Au catalysts
with various sizes (11, 12). Au NPs with small size undergo a phase
transition and become liquid-like at relatively low temperatures. This
enhances the adsorption of CO molecules, thus leading to the L-H
mechanism where CO interacts with adsorbed O, to produce CO,
molecules (Fig. 4B, figs. 523 to $32, and tables S8 to S10).
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To determine the catalytic activity, we carry out further microki-
netic modeling. The supported solid Au NPs on the CeO,(111) surface
are constructed on the basis of Wulff construction (Fig. 4A). For solid
Au surfaces, although Au(100), Au(321), and Au(221) surfaces are
more active than the most exposed Au(111) surface, their TOFs under
real reaction conditions are still lower than 1 site™' s (Fig. 4C). Thus,
the activity of CO oxidation on pure solid Au NPs is relatively low.
Meanwhile, the M-vK mechanism contributes substantially at rela-
tively higher temperatures, T'> 400 K, occurring at the Au/CeO, inter-
face (Fig. 4C). Therefore, the activity of large solid NPs from the M-vK
mechanism at relatively higher temperatures cannot solely explain the
phenomena of low-temperature CO oxidation in gold catalysis.

Considering the melting of small Au NPs under reaction conditions,
we investigated the supported disordered multilayer cluster on the
CeO,(111) surface (Au;,/CeO,), representing the supported liquid-like
AuNPs. In the temperature range from 250 to 400 K, the low-coordinated
Au atoms on Auj,/CeQ, are the most active sites rather than the inter-
face sites. This low-temperature activity stems from the L-H mechanism
on liquid-like Au with small size, rather than from the M-vK mecha-
nism. The L-H mechanism can be divided into dissociative and associa-
tive pathways. The dissociative L-H mechanism requires the direct
dissociation of O, into two *O adsorbates, followed by the coupling of
adsorbed *CO and *O to form CO, molecules. However, the dissocia-
tion barrier of O on the Au metal surface is too high, hindering the
subsequent reaction and, thus, resulting in low CO, productivity. The
associative L-H mechanism involves the reaction between *CO and
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Fig. 4. Reaction TOF and reaction mechanisms for CO oxidation. (A) Schematic representation of the Wulff construction of solid Au NPs in vacuum and liquid-like Au
NPs on ceria. Corresponding TOF of Au(100), Au(211), Au(311), Au(221), Au (111), Au;,/Ce0; interface, and Au site on Au;,/CeO, at a range of total pressure from 1078to
1 bar and a range of temperature from 200 to 600 K. The ratio of CO is set to 0.01, and the ratio of O, is set to 0.2. (B) Schematic illustration of M-vK and associative L-H
mechanisms of CO oxidation reaction on Au/CeO,. (C) TOF of CO, versus given temperature on Au(100), Au(111), Au(211), Au(221), Au(311), and Au(321) surface, Au site

on Au;,/Ce0,, and Au/CeO, interface at Pco = 0.01 bar and Po7 =0.2 bar.

adsorbed *O, to form *OCOO species, which is the precursor of CO,.
The reaction barrier for the combination of *CO and *O, species in the
associative pathway is much lower than that for direct O, dissociation
(32). Therefore, the associative pathway would dominate when the L-H
mechanism occurs on Au surfaces and liquid-like Au sites.

To further quantify the reactivity of Au/CeO, catalysts of various
sizes, we modeled a statistical TOF on the basis of the various active
sites on Au NPs and microkinetic analysis (figs. S33 to S41). For a
supported Au NP of a specific size, the catalytic activity in the solid
phase is determined by the weighted average L-H TOF of exposed
surfaces based on Wulff construction and the M-vK TOF of the in-
terface active site. Meanwhile, the activity of liquid Au NP depends
on the average L-H TOF of exposed liquid Au atoms and the M-vK
TOF of interface atoms. The statistical TOF of supported Au NPs in
solid and liquid states can be expressed as Eqs. 5 and 6

TOF(solid) = ZfAu(hkl) X TOF py sy + fint X TOFyyq ()

TOF (liquid) = fiiquid X TOFyquid *fine X TOF;p (6)

where fy iy fino a0 fiiquia represent the ratio of the number of ex-
posed surface atoms, interface atoms on Au/CeQ,, and exposed liquid
atoms to the total number of atoms on supported Au NP, respectively.
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In addition, TOF,,,p TOF,,, and TOF;; 4 correspond to calculat-
ed TOFs for exposed solid Au surfaces, the Au;,/CeO; interface, and
the liquid Au sites on Au;,/CeQ,, respectively, with calculation details
discussed in Materials and Methods.

It is evident from the analysis that the morphology of Au NPs sig-
nificantly influences their activity at low temperatures for CO oxida-
tion. The calculated log(TOF) values for supported Auyzg, Aussss,
Auygs9, Auygor, Auyse, Augze, Alago, Augss, and Auz; NPson CEOZ(ll 1)
are compared (tables S11 and S12). The TOF at temperatures above
~430 K is similar for both solid and liquid states, while the TOF at
temperatures below ~400 K for the liquid state is two to four orders of
magnitude higher than that for the solid state because of a differing
L-H mechanism as discussed above. Larger NPs, such as Auyysg, re-
main in a solid state under reaction conditions, whereas smaller NPs,
such as Aujsy, are liquid across all reaction temperature ranges. This
finding indicates a critical size for the phase transition that triggers
the activity of Au/CeO; catalysts of various sizes (Fig. 5A). The critical
size is found to increase with decreasing temperature due to the high-
er CO chemical potential, which can accelerate the phase transition
(Fig. 5B and figs. S33 to S41). This implies that lower temperatures are
more conducive to CO adsorption on small Au NPs, thereby acceler-
ating the phase transition. Conversely, at temperatures above ~430 K,
the phase transition does not significantly affect activity. At these
higher temperatures, the M-vK mechanism at the interface predomi-
nates in the CO oxidation reaction, irrespective of the Au NP size.
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Fig. 5. Statistical TOF and catalytic experiments of Au NPs with various diameters for CO oxidation. (A) Statistical TOF per Au atom of Auy.39 and Ausy at solid and
liquid status. The inset picture shows corresponding NP configurations of its solid state, where different colors represent specific active sites used to calculate weighted
TOF. (B) Statistical TOF per Au atom versus Au NP’s diameter based on the phase transition temperature of Au NPs and microkinetic analysis. (C) Experimentally measured
CO oxidation conversion of Au/CeO, for large (~10 nm; Aunp/Ce0O,) and small (~1 nm; Au,/CeO,) NPs at various temperatures. Reaction conditions: 1% CO/20% O,/N, and
GHSV = 80,400 ml/gcat per hour. (D and F) Corresponding high-resolution transmission electron microscopy image of Aunp(10 nm)/CeO, and Aup(1 nm)/CeO, and (E and

G) their size distribution statistics.

To experimentally verify the aforementioned relationship between
size and reactivity, we synthesized a series of Au NP catalysts with the
same weight of Au loading (1%) on ceria nanorod supports (Fig. 5, D
to G, and fig. S42). The temperature required to achieve 50% conver-
sion of CO for Au NPs larger than 10 nm is approximately 445 K,
whereas for Au NPs around 1 nm, the temperature drops to about
310 K. These differing activation temperatures suggest distinct reaction
mechanisms for large and small NPs on the ceria support. For large
NPs, the reaction temperature corresponding to high CO conversion
is consistent with the temperature range most favorable for the M-vK
mechanism at interface sites. Conversely, the optimal temperature for
CO; production from small NPs matches well with the conditions fa-
vorable for the L-H mechanism in liquid Au NPs (Figs. 4C and 5C).

DISCUSSION

In summary, by combining DPMD simulations, thermodynamic anal-
ysis, microkinetic modeling, and catalytic experiments, we have eluci-
dated the relationship between the dynamic phase transition of Au
NPs of varying sizes and the CO oxidation mechanisms on ceria sur-
faces under actual reaction conditions. The developed MLFF proves to
be rather accurate, facilitating the simulations of the dynamic evolu-
tion of supported Au NPs in the presence of reactants. The finding un-
derscores that the stability and activity of Au NPs are significantly size
dependent, with smaller NPs being more susceptible to disordering
under a CO atmosphere. Moreover, integrating microkinetic modeling
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with experimental investigation reveals that low-temperature activities
are primarily governed by the associative L-H mechanism, which is
feasible on low-coordinated apex Au atoms, such as those in liquid-like
small Au NPs. In contrast, the high-temperature activities are predom-
inantly driven by the M-vK mechanism at the Au/CeQ; interface, in-
dependent of Au NP size. We find that the phase transition facilitating
Au/CeO; activity occurs at temperatures below ~460 K for small sizes,
as lower temperatures favor CO adsorption and thus accelerate the
phase transition in small Au NPs.

The finding here provides insights to advance our understanding
of catalyst dynamics under a catalytic atmosphere and underscores
the significance of accounting for metal NP size in evaluating cata-
lyst morphology and performance. Our work paves the way for the
design and optimization of more effective catalysts for practical ap-
plications, highlighting the necessity of incorporating realistic con-
ditions into computational catalytic studies.

MATERIALS AND METHODS

DFT calculations

All spin-polarized DFT calculations were carried out using the Perdew-
Burke-Ernzerhof (36) functional as implemented in Vienna Ab initio
Simulation Program (VASP) 6.3.0 (37). The kinetic energy cutoff for
the plane-wave basis set was set to 400 eV to approximate the valence
electron densities, and the projector augmented wave (38) method was
used to account for the core-valence interaction. The DFT + U method
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with U — J = 5.0 eV was used to describe the strong correlation of the
localized Ce 4f states (39, 40). Reciprocal space sampling was spaced
0.2 A™". The geometry optimization and self-consistent field conver-
gence criterion were set to 0.02 €V/A and 107° eV, respectively.

Molecular dynamics simulations and deep potential
training dataset
The AIMD simulations were performed to construct the deep po-
tential training dataset using the VASP 6.3.0 package for 3 ps with a
time step of 1 fs. The canonical (NVT) ensemble and Nosé-Hoover
thermostats (41, 42) were used with annealing temperatures from
300 to 1200 K to cover the temperature range simulated by DPMD
in this work. The initial training dataset comprised over 130 trajec-
tories from AIMD or optimization processes. Given the extensive
existence of oxygen vacancies on ceria, several surface oxygen atoms
were removed to model a partially reduced ceria support (43-45).
To minimize redundancy, an image was captured every 10 frames
throughout the AIMD trajectories. Part of structures and frame
numbers are listed in figs. S1 to S3, including the following:

1) Bulk Au and bulk CeO, crystal (fig. S1)

2) Gas CO and O, molecules (fig. S1)

3) Bare Au(111), Au(110), and Au(100) surfaces (fig. S1)

4) CO adsorption on Au(111), Au(110), and Au(100) surfaces
(fig. S1)

5) CO adsorption on Au,3, Auys, Aus;, and Auss clusters (fig. S1)

6) Bare and CO-adsorbed Auyg;, Auygy, and Ausg NPs (fig. S1)

7) Supported Aujg, Auyg, and Auss clusters on the CeO,(111)
surface with oxygen vacancies (fig. S2)

8) CO and/or O, adsorption on Au;o/CeO,, Auyy/CeO,, and
Ausy/CeO; (fig. S2)

9) Au(111)/CeO5(111) heterojunction with one, four, and five
oxygen vacancies (fig. S3)

10) Au, single atom on the CeO, surface with and without oxy-
gen vacancies (fig. S3)

11) CO and/or O; adsorption on Au,/CeO, (fig. S3)

The dataset covers a wide range of systems and configurations to
ensure the accuracy and applicability of the trained deep potential.

Deep potential training

DPMD simulations were conducted using the DeePMD-kit package
interfaced with LAMMPS (27, 46, 47). The machine learning descriptor
used in the simulations was constructed from both angular and radial
atomic configurations. The embedding network comprised three layers
with 25, 50, and 100 neurons in each layer, and the model was trained
over 2,000,000 iterations. The energy and force start and limit factors
were set to 0.02, 0.5, 1000, and 2, respectively. The neighbor searching
cutoff radius was set to 7.0 A. The accuracy of the DPMD simulations
was validated using the root mean square error (RMSE) for energies
and forces and radial distribution function. The RMSE for energies was
found to be only ~1.85 meV per atom for the Au,gCO/CeO,-Oy system,
while the RMSE for forces was ~89 meV/A (fig. S5). Furthermore, the
calculated radial distribution functions of AIMD and DPMD coincided
well for Au—Au, Au—O, Au—C, Ce—0, and C—O pairs, indicating that
DPMD was capable of accurately predicting the local atomic bonding
and coordination with DFT-level accuracy (fig. S5).

DPMD is a powerful technique offering several advantages for
simulating catalytic reactions and understanding their underlying
mechanisms. One of its key advantages is computational efficiency,
which allows for the simulation of large systems containing millions
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of atoms at a cost similar to classical force field-based molecular dy-
namics simulations. Another key advantage of DPMD is its ability to
accurately describe the structures and properties of materials with
complex bonding environments, such as Au—Au, Au—C, C—0, Ce—0,
and Au—O bonds. It can accurately predict the properties of materials
under a wide range of conditions, including high temperatures and
pressures, essential for studying catalytic reactions under industrially
relevant conditions. The ability of DPMD to accurately describe local
atomic bonding and coordination with DFT accuracy makes it a valu-
able tool for exploring the mechanisms of catalytic processes.

Microkinetic modeling

The present study used DFT-based mean-field microkinetic simula-
tions to predict the reaction rates and coverages of intermediates. These
simulations were conducted using the CatMAP package (48). The
model was constructed by numerically solving differential equations
describing the coverage of each surface intermediate under the steady-
state approximation. The rate constant of each elementary step was cal-
culated using the widely adopted harmonic transition state theory,
where the activation energy for each reaction step is obtained from the
vibrational frequencies of the transition state. The free energies of the
gas-phase molecules were estimated using the ideal gas approximation,
accounting for the contributions of vibrational, rotational, and transla-
tional degrees of freedom to both entropy and enthalpy. Specifically, we
adopted a mixture of CO and O, at a 1:20 ratio and varied the tempera-
ture from 200 to 600 K and the pressure from 10™® to 1 bar. These con-
ditions are commonly used in studies of surface chemistry.

Statistical TOF

As described above, the statistical TOF of supported Au NPs in solid
and liquid states is expressed by Egs. 5 and 6, and the involved ratios
Faugnkty fino and fliquiq are calculated as follows

Naugkiy
Saumky = N, (7)
N.
ﬁn — int (8)
' N tot
N liquid
fliquid = N, (9)

tot

where Nauikty Ninp
solid Au surface atoms, interface atoms on Au/CeQ,, and exposed
liquid-like atoms on supported Au NP and the total number of at-
oms in the Au NP, respectively.

For supported Auygsg, Auzags, Aliese, Aljgo1, Alzse, Allgzs, Allzep,
Auiss, and Aus; NPs on CeO,(111), the numbers of atoms on the
exposed solid Au surfaces and the Au/CeO, interface are listed in
table S11, along with the values of f, ) and f,,. For exposed
liquid-like atoms, coordination numbers ranging from 0 to 9 for Au
atoms were considered, where the six-, eight-, and nine-coordinated
atoms represent atoms on the surfaces of Au(321), Au(100), and
Au(111), respectively, and the seven-coordinated ones represent at-
oms on the surfaces of Au(211), Au(221), and Au(311) (table S12).
Therefore, the numbers of atoms at different sites and the values of

Faunkay finp and fiiqyiq are calculated.

Niiquie» and Ny, represent the number of exposed
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Preparation of Au,/CeO, and Aunp/CeO, catalysts

First, the ceria support was prepared using a hydrothermal method
(49), during which Ce(NO3)3-6H,0 (4.5 mmol) was mixed with an
aqueous NaOH (6 M, 60 ml) solution in a Teflon bottle under vigor-
ous stirring. Subsequently, the hydrothermal procedure was carried
out in an oven at 100°C for 24 hours, and the as-formed precipitates
were separated several times by centrifugation. The Au,/CeO, sam-
ples were synthesized via a deposition-precipitation method, follow-
ing previous work (50). The dried ceria support (0.5 g) was suspended
in 50 ml of Millipore water and stirred for 15 min, followed by addi-
tion of an ammonium carbonate solution (25 ml, 1 M) as a precipitant
agent. After that, a certain amount of HAuCly-3H,O (0.058 mmol)
dissolved in 25 ml of Millipore water was added dropwise into the
mixture. The as-formed precipitates were separated by filtration and
washed with hot Millipore water (~80°C). The Au,/CeQO, sample was
lastly obtained after drying at 70°C for 4 hours and calcination at
400°C under an air atmosphere for 4 hours. The Auynp/CeO, sample
was prepared according to a modified colloidal deposition method
(51). A 0.5 wt % polyvinyl alcohol (0.202 ml; M,, = 10,000, 80% hy-
drolyzed; Sigma-Aldrich) solution and 2 ml of HAuCly solution
(0.0125 M) were mixed into 48 ml of Millipore water at room tem-
perature under vigorous stirring. After rapidly injecting 6.50 ml of 0.1 M
NaBH, aqueous solution, 0.5 g of ceria support powder was intro-
duced into the colloidal gold solution with continuous stirring. After
another 1 hour, the solid products were separated by filtration and
washed several times with Millipore water. Last, the Auyp/CeO, sam-
ple was collected after drying at 70°C overnight and calcined at 300°C
under an air atmosphere for 4 hours.

Catalyst test for CO oxidation

The catalytic tests were conducted in a flow reactor, where a mixture
of 1% CO/20% O,/N; was used as the feed gas. The components of
the exhaust gas were quantified by nondispersive infrared spectros-
copy (Gasboard-3500, Wuhan Sifang Company, Wuhan, China). Be-
fore the catalytic test, both the Au,/CeO, and Auxp/CeO; catalysts
were pretreated in 5% H,/Ar at 300°C for 30 min. Subsequently, the
CO oxidation tests were carried out with the temperature elevating
from room temperature to 300°C at a ramp rate of 3°C/min.
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The PDF file includes:
Supplementary Text

Figs.S1to S42

Tables S1to S12

Legends for movies S1 to S8

Legends for data S1to S5
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