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Abstract: Due to the superior catalytic activity and efficient
utilization of noble metals, nanocatalysts are extensively used
in the modern industrial production of chemicals. The surface
structures of these materials are significantly influenced by reac-
tive adsorbates, leading to dynamic behavior under experimen-
tal conditions. The dynamic nature poses significant challenges
in studying the structure-activity relations of catalysts. Herein,
we unveil an anomalous entropic effect on catalysis via surface
pre-melting of nanoclusters through machine learning acceler-
ated molecular dynamics and free energy calculation. We find
that due to the pre-melting of shell atoms, there exits a non-
linear variation in the catalytic activity of the nanoclusters with
temperature. Consequently, two notable changes in catalyst
activity occur at the respective temperatures of melting for the
shell and core atoms. We further study the nanoclusters with
surface point defects, i.e. vacancy and ad-atom, and observe
significant decrease in the surface melting temperatures of the
nanoclusters, enabling the reaction to take place under more fa-
vorable and milder conditions. These findings not only provide
novel insights into dynamic catalysis of nanoclusters but also
offer new understanding of the role of point defects in catalytic
processes.

■ INTRODUCTION

Since the early 1900s, when Wilhelm Ostwald first coined
the term “catalyst”,1 these materials have garnered exten-
sive attention due to their remarkable ability to effectively
change the rate of chemical reactions and facilitates the syn-
thesis of chemicals with higher conversion yields. With the
development of in situ and operando characterization tech-
niques,2–4 numerous studies have shown that the structures,
morphologies, and even compositions of catalysts can exhibit
significant variations at different states under reaction con-
ditions, particularly for their surfaces,5–12 where catalytic
reactions primarily occur. Unfortunately, the atomic-scale
picture of catalytic processes remains largely unclear due
to limitations of characterization techniques in spatial and
temporal resolution.13

On the other hand, computational approaches can pro-
vide a useful tool for investigating structural dynamics of
catalysts and its role in catalysis at the atomic level.14? –16

For instance, Sun et al.17 have applied ab initio molecu-
lar dynamics (AIMD) to investigate dynamic structures of

sub-nanometer clusters and further calculated reaction en-
ergies and barriers on some meta-stable isomers using static
structure optimization.18 These studies have highlighted the
significance of meta-stable isomers of catalysts in affecting
the activity, and however this approach still relies on pre-
selected isomeric structures for studying elementary reac-
tions. Clearly, an ensemble representation of catalyst struc-
tures that takes into account all relevant configurations con-
tributing to reaction free energies, is only adequate to accu-
rately portray the full, statistic nature on catalyst dynam-
ics.18 Recently, Cheng and coworkers19–22 have combined
AIMD and enhanced sampling methods to rigorously cal-
culate reaction free energies on dynamical sub-nanometer
metal clusters at varying temperatures, and found that the
small clusters can undergo phase transitions owing to strong
coupling with surface intermediates during elementary reac-
tions, facilitating the reactions.23–25 However, in many cat-
alytic processes, the catalysts typically fall in several to tens
of nanometer size, and it seems unlikely that surface species
would significantly affect the dynamics of the whole nanopar-
ticles, suggesting limited impact on reactivity. While, sur-
faces may play an important role in structural dynamics, and
thus the interesting question to ask is how surface dynamics
affects the activity in nanosized catalysts.

We present here our study on dynamic catalysis on nan-
oclusters, enabled by machine learning accelerated molecular
dynamics (MLMD), surpassing the limitations of AIMD on
spatial and time scale. Specifically, we investigate CO2 dis-
sociation (reverse of CO oxidation) reaction catalyzed by
three copper nanoclusters, i.e. Cu54, Cu55, and Cu56, at
different temperatures. Notably, the Cu55 cluster exhibits
a highly symmetrical icosahedral structure,26,27 while Cu54
and Cu56 can be considered as Cu55 with a vacancy and
an ad-atom, respectively. This selection of model systems
enables us to study the influence of point defects on surface
dynamics of the catalysts, as illustrated in Figure. 1. Inter-
estingly, our calculation discovers that these nanoclusters
show a surface pre-melting behavior during the catalytic
reaction, which give rise to anomalous entropy changes and
has great impact on the catalytic activity. Moreover, our
results show that point defects like vacancies and ad-atoms,
can lead to increased dynamics of the surface structures of
the nanoclusters, thereby facilitating reactions under milder
conditions. We expect that our work opens up a new angle
to understand catalyst dynamics and helps develop new
strategies to optimize catalytic performances.
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Figure 1. (a) Model systems to investigate the surface dynamics of nanoclusters, namely Cu54 (upper), Cu55 (middle), and Cu56
(bottom), where the dark blue, light blue, transparent and orange balls represent the core, shell atoms, surface vacancy, and ad-atom,
respectively; (b) Schematic illustration on how surface vacancy and ad-atom affect surface dynamics and catalytic activity of nanoclusters,
where the grey, and red balls indicate the carbon and oxygen atoms, respectively.
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■ METHODS SECTION

DFT setup. All DFT calculations are carried out by
freely available program package –
CP2K/QUICKSTEP.28,29 The core electrons are described
by Goedecker-Teter-Hutter (GTH) type pseudopotentials.30

The electronic exchange and correlation energies are de-
scribed by Perdew-Burke-Ernzerhof (PBE) functional31

with the Grimme D3 dispersion correction.32 The valence
electrons of Cu, C and O atoms are Gaussian-type triple
ζ basis with two polarization function (TZV2P),33 and an
auxiliary plane wave basis with an 800 Ry cutoff is used to
re-expand the electron density.34 The orbital transformation
(OT) algorithm35 is used to optimize self-consistent wave-
function (SCF) when the charge density residual converges
to 1.0 × 10−6 a.u..

Workflow of MLP construction. To construct the
MLP for investigating the structural dynamics of nanocat-
alysts during the reaction, we employ a concurrent learning
strategy combine with Well-Tempered MetaDynamics (WT-
MetaD). The workflow contains three main components:
training, exploration and labeling. These three steps are re-
peated iteratively until the final MLPs are accurate enough
for atomic simulation which are implemented in Deep Po-
tential GENerator (DP-GEN) package.36 Here is a brief de-
scription of the workflow:
a). To initiate the training step of workflow, initial datasets
are needed, in which case we collect 200 structures and cor-
responding energies and atomic forces through AIMD com-
bined with WT-MetaD.
b). Training: An end-to-end symmetry preserving inter-
atomic potential energy model, Deep Potential – Smooth
Edition (DeepPot-SE),37 is used to construct the potential
energy surface (PES). Four DeepPot-SE models are con-
structed based on the same training data but with differ-
ent random seeds through freely available package DeePMD-
kit,38 so all these models can fit the datasets but have dif-
ferent model parameters. For training parameters, the local
environment is constructed with cutoff and smooth cutoff
set to be 15 Å and 2 Å, and the embedding, fitting neuron
net and axis neuron are set to be {25 50 100}, {240 240 240}
and 16, respectively.
c). Exploration: Through one of the four models, we employ
WT-MetaD to enhance MD sampling so that the dissocia-
tion of CO2 on Cu nanocluster can occur during the sim-
ulation. The maximum force deviation (see ref36 for more
detailed information) among four models is calculated as a
criterion to select the new structures with moderate values
(0.2 − 0.4 eV/ Å). In each iteration, several enhanced MD
simulations are conducted at 50-1600 K.
d). Labeling: The new structures from exploration are la-
beled with DFT calculation according to the same setup as
AIMD and added into the training datasets, so a better MLP
can be obtained.
In order to construct the MLP for free energy calculation
of CO2 dissociation on Cu54, Cu55 and Cu56 nanoclusters,
4250 frames of Cu54CO2 and 2600 frames of Cu56CO2 are
collected as training datasets. Additionally, we have also
validated its accuracy on the Cu55CO2 system, as discussed
in SI.

Free energy calculation. Our study combined WT-
MetaD with MLMD to obtain free energy profiles for CO2
dissociation at different temperatures. The reaction co-

ordinate was chosen as the distance between the carbon
and oxygen atoms. The MD simulations were performed
in the NVT ensemble using a velocity rescaling thermo-
stat (CSVR) with a time step of 0.5 fs.39 WT-MetaD,40

introduces a time-dependent bias Gaussian potential along
the reaction coordinate, enabling enhanced sampling of rare
events in molecular simulations. By biasing the system away
from previously sampled regions of configuration space, WT-
MetaD allows the reconstruction of the free energy surface
(FES) as a function of the chosen reaction coordinates.
Each simulation was carried out for 20-50 nanoseconds to
ensure convergence, and detailed parameters for WT-MetaD
simulation can be found in the SI.

■ RESULTS AND DISCUSSION

Free energies of CO2 dissociation on dynamic Cu
nanocluster. Investigation of the influence of the dynamic
catalyst structures on catalytic reactions poses a signifi-
cant challenge for theoretical methodologies, demanding suf-
ficient statistical sampling and ab initio electronic structure
calculation to accurately depict bond-breaking and forming
events. This challenge is even more pronounced for nanocat-
alysts, as the timescale required for first principle calcula-
tion increases significantly with the size of the system,41

which makes the study of nanometer systems using tradi-
tional AIMD computationally prohibitive. In this work, we
combine concurrent learning scheme36 and enhanced sam-
pling method42 to train a MLP for Cu nanoclusters catalyz-
ing CO2 dissociation, and rigorously validate the accuracy
for the studied systems, as demonstrated in the Figure. S1-3
of Supporting Information (SI). With this MLP, we are able
to calculate reaction free energies on nanocatalysts with suf-
ficient statistical sampling and significantly reduced compu-
tational cost, while maintaining ab initio accuracy.

The free energy profiles of CO2 dissociation catalyzed
by Cu55 at various temperatures are obtained by Well-
Tempered MetaDynamics (WT-MetaD)40 (see Methods,
SI), as shown in Figure. 2(a). To verify the statistical con-
vergence, We have computed the free energy barriers (∆G̸=)
and reaction free energies (∆rG) as a function of sampling
time (see Figure. S5). The convergence of free energy dif-
ferences can be achieved in tens of nanoseconds of MLMD
simulations, well beyond the timescale of tens of picosec-
onds affordable by AIMD. Based on the temperature de-
pendence of ∆G̸= and ∆rG illustrated in Figure. 2(b), it
can be observed that both gradually increase as the tem-
perature rises. Surprisingly, there are two abrupt jumps in
both curves around 650 K and 850 K, suggesting signifi-
cant changes in the catalyst’s activity within these tempera-
ture ranges. The corresponding values at different tempera-
tures are presented in Table S3. The non-linear variation of
∆G̸=/∆rG as a function of temperature has also been ob-
served in the catalysis of sub-nanometer clusters, which was
attributed to the entropic effects owing to phase transitions
in subnanocatalyst.19–22 Thus, in the following we carry out
detailed analyses on the entropic effect of structural dynam-
ics and possible phase transitions of nanoclusters to elucidate
the underlying mechanism causing the two sudden changes
in free energies.

Entropic effect on catalysis via surface pre-melting
of metal nanoclusters. By taking a derivative of free en-
ergy differences with respect to temperature,43 the activa-
tion entropy (∆S ̸=) and reaction entropy (∆rS) are obtained
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Figure 2. (a) The free energy curves of Cu55 catalyzing CO2 dissociation reaction at different temperatures; (b) The free energy
barriers (∆G ̸=) and reaction free energies (∆rG) as a function of temperature; (c) The entropy changes and Lindeman index (δrms) as
a function of temperature. Left panel: The activation entropy (∆S ̸=) and δrms of initial state (IS) and transition state (TS) for shell
atoms (solid line) and core atoms (dashed line); Right panel: The reaction entropy (∆rS) and δrms of IS and final state (FS).

as shown in the upper panel of Figure. 2(c). Both ∆S ̸= and
∆rS exhibit two negative peaks at the temperatures where
the free energy differences change dramatically, indicating
that the differences of the entropies between initial state (IS)
and transition/final state (TS/FS) increase significantly at
these temperatures. Further, we investigate the tempera-
ture dependence of structural dynamics of nanoclusters at
IS, TS, and FS by computing the Lindemann index (δrms)44

(Methods section in SI). δrms serves to measure the extent of
atomic motion in nanosized systems,45 and small and large
values correspond to solid-like and liquid-like states, respec-
tively. Additionally, to identify which atoms become more
dynamic than others, we calculate the atomic Lindemann
index (δrms,atomic) and present the results in Figure. S10.
Interestingly, at 650 to 800 K, atoms located further from
the center of mass of the Cu55 exhibit enhanced dynamical
behavior. Accordingly, we classify the atoms in the nan-
ocluster into core and shell atoms based on their distances
from the center of mass. For Cu55 atoms within 3 of the
center of mass can be considered as core atoms, while the
rest near the surface are shell atoms. The melting behaviors
of shell and core atoms at IS, TS, and FS are illustrated
as S-shaped T-δrms curves and compared in the middle and
bottom panel of Figure. 2(c). Evidently, the melting tem-
peratures of the shell atoms are about 200 K lower than those
of the core atoms, indicating a pre-melting behavior of the
nanocatalyst, which is similar to previous findings.46–48

The intriguing observation arises from the different melt-
ing temperatures among different reaction states for both
core atoms and shell atoms. At temperatures below ∼600
K or above ∼900 K, both the shell and core atoms of the
different reaction states are either in solid-like or liquid-like
states, respectively (the white regions in the middle and bot-

tom panel of Figure. 2(c)). Thus, the entropy differences
between IS and TS/FS, i.e., ∆S ̸= and ∆rS, are relatively
small (the white regions in the upper panel of Figure. 2(c)).
Between ∼600 K and ∼650 K, the core atoms of all reaction
states remain in the solid-like state. However, because the
shell atoms of the IS become more dynamic than those of
the TS/FS (the blue regions in the middle panel of Figure.
2(c)), the entropy contribution from the shell atoms of the
IS increases, leading to a decrease in ∆S ̸=/∆rS (the blue
regions in the upper panel of Figure. 2(c)). After ∼650
K, the shell atoms of TS/FS become more dynamical (the
yellow regions in the bottom panel of Figure. 2(c)), and
the increase in entropy of these two states compensates for
the entropy increase of the surface atoms of IS, resulting in
an increase in ∆S ̸=/∆rS (the yellow regions in the upper
panel of Figure. 2(c)). The similar mechanism can also
be applied to the temperature range of ∼800 and ∼900 K,
in which the core atoms of different states melt at different
temperature ranges (the pink and gray regions in the Figure.
2(c)), inducing negative peaks of ∆S ̸=/∆rS.

The negative peaks of entropy suggest that CO2 disso-
ciation reaction are more likely to happen at lower tem-
peratures. More importantly, the reverse reaction, i.e., CO
oxidation, can be facilitated through pre-melting and core-
melting of nanoclusters. It should be emphasized that the
surface pre-melting is likely to be commonly present in many
nanocatalytic systems under realistic catalytic conditions, as
evidenced not only by theoretical investigations46 but also
by observations using in situ characterization techniques.47

Additionally, many experimental studies have provided evi-
dence that the surface structure of the catalysts undergoes
dynamic changes during catalytic reactions.49,50 However,
despite these observations, a comprehensive correlation be-
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tween the dynamics of surface structure and catalytic ac-
tivity has not been established. In this regard, we have
demonstrated for the first time that the activity of catalysts
can be altered by the surface pre-melting mechanism, specif-
ically through the entropy contributions originating from the
surface atoms. In contrast to sub-nanometer clusters, it is
possible to achieve phase transition catalysis in nanoclusters
at relatively lower temperatures due to the strong interac-
tion between the reactant molecules and the surface atoms.

Surface dynamics of metal nanoclusters enhanced
by point defects. In real catalytic systems, defects are
often present on the catalyst surfaces, and their vital role
in the catalytic reactions has been extensively studied and
confirmed in recent years.51–53 Understanding the influence
of these defects on the surface dynamics of catalysts and
their subsequent impact on catalyst activity is crucial for
the rational design of catalysts with improved performance.
Therefore, we further investigate CO2 dissociation reaction
on Cu54 and Cu56 clusters, which can be considered as highly
symmetric Cu55 containing point defects in the form of va-
cancy and ad-atom, respectively.

Figure 3. Temperature dependence of free energy barriers
(∆G ̸=, green lines) and reaction free energies (∆rG, orange lines)
for CO2 dissociation on Cu54 (upper panel), Cu55 (middle panel)
and Cu56 (lower panel)

The free energy profiles of Cu54 and Cu56 catalyzing CO2
dissociation as a function of temperature are calculated and
presented in Figure. S7(a) and 8(a), and the time accumu-
lative averages of the corresponding ∆G̸= and ∆rG to check
the statistical convergence are displayed in Figure. S4 and
S6, respectively. The ∆G̸=/∆rG on the three Cu54, Cu55
and Cu56 nanclusters are compared and plotted as a func-
tion of temperature in Figure. 3, and the detailed values
can be found in Table S2 and S4. Similar to Cu55, the tem-
perature dependent ∆G̸=/∆rG curves for Cu54 and Cu56

also exhibit two distinct jumps, which can be attributed to
differences in the melting temperatures of the shell and core
atoms between IS and TS/FS, as illustrated in Figure. S7(c)
and S8(c).

It is commonly accepted that the presence of surface de-
fects, i.e. vacancies and ad-atoms, can affect the activity due
to lower coordination numbers of surface atoms and higher
adsorption energies, as illustrated in Figure. S12 and S13.
On the other hand, what we find most intriguing here is that
the temperatures at which free energies change significantly
differ among these three nanoclusters, especially for the first
transitions (see Figure. 3). According to detailed analyses
of the melting behaviors of these three nanoclusters (Figure.
4(a),(b) and Figure. S14), the observed differences in first
transition temperatures of ∆G can be attributed to changes
in the onset melting temperatures of shell atoms. Specifi-
cally, the melting temperatures of shell atoms for Cu54, Cu55,
and Cu56 are 550, 650, and 150 K, respectively. This finding
indicates that point defects, such as vacancies and ad-atoms,
can lower the pre-melting temperature of Cu55 nanocluster,
thus affecting reactivity. Since the core atoms exhibit sim-
ilar melting temperatures, the temperatures corresponding
to the second transitions in free energies are very similar.

On Cu54 there is a vacancy on the surface, which provides
a free site for the neighboring atoms and make them more
dynamic, and the nanocluster has a lower pre-melting tem-
perature of the shell atoms than Cu55. This is supported
by comparing the probability distributions of copper atoms
relative to the centers of mass of the two nanoclusters (P (r))
obtained from MD simulations at 600 K, a temperature at
which the shell atoms of Cu54 start to melt while the shell
atoms of Cu55 remain solid-like. The presence of a vacancy
on the surface facilitates more frequent atomic exchanges
between the corner and edge atoms of the first shell (the
blue area in Figure. 4(c)). Moreover, the vacancy may even
allow core atoms to switch positions with those from the
surface region (the inset figure of Figure. 4(c)), thereby re-
sulting in a non-zero value of P (r) between the core and
shell region, in contrast to Cu55 in which similar atomic ex-
change is not observed. As for Cu56, it is remarkable that
the surface melting temperature is about 400 K lower than
that of Cu55, which can be attributed to the presence of an
ad-atom on the surface. Below ∼150K, the ad-atom is iden-
tified as the peak more than 5 away from the center of mass
of the nanocluster, as indicated by the pink circle in Figure.
4(d) and Figure. S11. When the temperature is above 150
K, this peak is reduced and broadened, and P (r) exhibits
non-zero values within the range of 4.8 to 5.6 (see the inset
of Figure. 4(d))), in contrast to the distribution at 100 K,
indicating that the ad-atom can penetrate into the surface.
The penetration of the ad-atom can significantly alter the
arrangement of the surface atoms at 150 K and induce dy-
namic exchange of shell atoms comparing to those at 100 K
(the blue area in Figure. 4(d)). Thus, the surface melting
temperature can be significantly lowered in the presence of
the ad-atom.

By comparing the symmetrical nanocluster Cu55 and the
clusters with one atom more or less, the surface point de-
fects, i.e. vacancies and ad-atoms, have been revealed to
significantly impact surface dynamics and lower the pre-
melting temperatures of nanocatalysts. Thus, our MLMD
calculations clearly demonstrate that the commonly present
point defects on the surfaces of nanocatalysts can facilitate
surface reactions at lower temperatures by a significant en-
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Figure 4. (a) The calculated δrms as a function of temperature, with the green, purple, and orange lines corresponding to Cu54, Cu55,
and Cu56, respectively; (b) The onset temperatures of phase transitions for shell (left) and core atoms (right) of different nanoclusters;
(c) The probability distribution functions of the copper atoms relative to the center of mass of the cluster (P (r)) based on the MD
simulations for Cu54 and Cu55 at 600 K; (d) The P (r) for Cu56 at 100 and 150 K.
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tropic factor induced by the surface pre-melting behaviour.

■ CONCLUSION

It is likely that this theoretically discovered abnormal
entropy effect induced by the surface pre-melting may be
widely present in many catalytic systems involving nanocat-
alysts without being realized. In literature, many studies
have observed structural dynamics of surface atoms of cat-
alysts under environmental conditions, which is suggested
to correlate with the changes in catalytic activity. For in-
stance, it has been found that the oscillatory change in the
activity of CO oxidation is attributed to the order-disorder
transformation of the surface of Pt nanocatalysts.54,55 Sim-
ilarly, the formation of a dynamical self-hydrogenated shell
on the surface of TiO2 has been observed by using trans-
mission electron microscopy and is believed to enhance pho-
tocatalytic hydrogen evolution reaction.56 Furthermore, our
finding suggests a new mechanism to improve catalyst per-
formances by engineering surface defects to tune surface dy-
namics and pre-melting behavior. We expect that the devel-
opment of catalyst synthetic methods such as wet chemical
method57 and gradient assembly method,58 may enable pre-
cise control over catalyst size, potentially leading to defect-
induced phase transition catalysis of dynamic nanoclusters.

To sum up, we combine enhanced sampling and concur-
rent learning methods to obtain accurate machine learn-
ing potentials to calculate free energies of dynamic catal-
ysis on nanoclusters. We discover a new surface pre-melting
mechanism that can significantly change free energies of sur-
face reactions due to anomalous entropic effect associated
with strong coupling of reaction intermediates and surface
atoms.Furthermore, we find that surface vacancy and ad-
atom can alter the surface dynamics and thus catalytic ac-
tivity by lowering the pre-melting temperature, with the for-
mer offering free site to neighboring surface atoms to move
around, and the latter penetrating into and significantly per-
turbing the surface structure. Therefore, our work provides
new insights into dynamic catalysis and the role of surface
defects in catalysis, which may help develop strategies of en-
gineering surface defects and dynamics to improve catalysts.
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