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Supported metal catalysts have at-
tracted significant attention in the
field of heterogeneous catalysis due
to their excellent catalytic perfor-
mance and wide-ranging industrial
applications. Among them, Cu/ZnO
catalysts, as a typical supported
metal system, exhibit outstanding
activity in key industrial reactions
such as the water-gas shift reaction
(WGSR) and methanol synthesis.
However, their stability under HoO-rich conditions remains a critical issue that affects both

the catalyst’s long-term durability and catalytic efficiency. In this study, we investigate the
thermodynamic stability and dynamic evolution of Cu/ZnO catalysts in the presence of HoO
using first principles calculation combined with molecular dynamics (MD) simulations based
on machine learning potentials. Our results reveal that HoO molecules can interact with iso-
lated Cu atoms to form Cu—OH complexes, significantly lowering the formation energy of Cu
single atoms on the ZnO(1010) surface. Further MD simulations under given atmospheric and
simulation conditions were performed. Small Cu clusters (Cug and Cujg) are more prone to
forming Cu(OH)2 complex, whereas no Cu—OH complexes are observed in larger clusters
(Cuss). This work elucidates the destabilizing role of water molecules on Cu/ZnO catalysts
and deepens our understanding of their structural evolution under HoO-rich environments.
The findings provide valuable theoretical insights and data support for optimizing the stabili-
ty of Cu/ZnO catalysts under reaction conditions.
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I. INTRODUCTION

Heterogeneous catalysts play a vital role in energy
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conversion, environmental remediation, and chemical
synthesis, driving sustainable industrial processes
through enhanced reaction efficiency, selectivity, and
stability. During catalytic reactions, strong interac-
tions between metal atoms and supports, as well as be-
tween metal atoms and reactant molecules, can induce
dynamic changes in the catalyst’s geometric structure

and chemical composition. These transformations in-
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volve the formation of alloy phases [1, 2], oxide phases
[3], or non-stoichiometric surface oxide layers [3], and so
on. Supported metal nanoparticles, under reaction con-
ditions, undergo sintering via particle migration and co-
alescence [4] or Ostwald ripening (OR) [5], or even dis-
integrate into smaller clusters or isolated single atoms
[6, 7], ultimately resulting in catalyst deactivation. Cap-
turing and understanding the dynamic behavior of cata-
lysts under realistic reaction conditions is essential for
elucidating catalytic mechanisms and improving cata-
lyst performance. Although recent advances in charac-
terization techniques have enabled the direct observa-
tion of catalyst evolution under reaction conditions [8],
challenges persist in resolving dynamic structural evolu-
tion due to material-specific constraints and insuffi-
cient spatiotemporal resolution. Machine learning po-
tentials (MLPs) now enable ab initio-accurate simula-
tions of catalytic systems, bridging quantum-mechani-
cal fidelity and mesoscopic spatiotemporal scales to re-
solve dynamic atomic rearrangements under operando
conditions [9, 10].

Cu/ZnO heterogeneous catalysts, widely utilized in
industrial processes such as CO/COg hydrogenation to
methanol [11, 12] and the water-gas shift reaction
(WGSR) [13, 14], encounter significant durability chal-
lenges in aqueous environments. While advanced char-
acterization  techniques have clarified critical
aspects—including active site electronic configurations
[1, 15, 16], metal-support interaction mechanisms [3],
degradation pathways [17], and advancements in syn-
thetic methodologies [18]. The multiscale structural
evolution of these catalysts under hydrothermal condi-
tions remains a key efficiency constraint. The aqueous
environment induces paradoxical catalytic effects: wa-
ter promotes methanol synthesis through hydration of
*OCH3s intermediates [19]; however, it has also been re-
ported to inhibit Hy activation and CO9 adsorption due
to active site blocking [20]. These dual functionalities
arise from water’s capacity to act as both a reactive
participant and structural modulator. Operando stud-
ies have identified HoO-induced sintering, manifested as
XRD-detectable crystalline growth, which collectively
diminish active site availability and mass transport effi-
ciency [17]. Interfacial restructuring under reactive at-
mospheres (e.g., CO/H20) generates disordered CuO,
clusters on ZnO surfaces while expanding Cu-ZnO in-
terfacial areas, indicative of water-enhanced metal-sup-
port interactions [3]. Spectroscopic investigations fur-
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ther reveal water’s involvement in redox processes, in-
cluding oxygen vacancy occupation at ZnO interfaces
and Zn site reoxidation [21, 22], confirming its dynamic
role in electronic and structural modifications. Crucial-
ly, under Ha/H20 atmospheres, water adsorption domi-
nates over gaseous reactants in driving Cu nanoparticle
morphological evolution [23]. Notably, sintered Cu cat-
alysts demonstrate room-temperature reactivation via
O2/Ho0-mediated oxidative-reductive cycling, over-
coming traditional high-temperature dispersion con-
straints. In a humid O9 environment, HoO promotes the
formation of hydroxylated Cu species and facilitates the
migration of Cu atoms on y-AlpOs surfaces [6]. This dis-
covery prompts critical questions regarding hydration-
driven dispersion universality: can interfacial hydroxy-
lation induce thermodynamic instability and kinetical-
ly accessible detachment pathways for Cu clusters on
ZnO under moisture exposure? Resolving this demands
concurrent analysis of hydration-mediated surface free
energy modifications and hydroxyl-assisted bond cleav-
age dynamics at metal-support interfaces.

To systematically address these interfacial hydra-
tion mechanisms, we combine thermodynamic stability
analysis with dynamic pathway interrogation. Density
functional theory (DFT) calculations quantify the for-
mation energetics of the isolated Cu—OH, species (z=0,
2), comparing the disintegration free energy of Cu,, clus-
ters (n=38, 18, 55) on Zn0O(1010). These calculations re-
veal an OH-induced thermodynamic preference shift
from clustered to hydroxylated single-atom configura-
tions. Complementarily, machine learning-accelerated
MD simulations track hydroxyl-assisted bond cleavage
dynamics across these three cluster sizes, establishing
size-dependent disintegration stability. The multiscale
results demonstrate two critical size-governed phenom-
ena: (i) small subnano clusters (Cug) exhibit sponta-
neous hydroxyl adsorption initiating Cu—Cu bond rup-
ture, while (ii) larger assemblies (Cuss) maintain struc-
tural integrity—directly correlating thermodynamic in-
stability with kinetically viable detachment mecha-
nisms at the hydrated interface.

Il. COMPUTATIONAL METHODS

All first-principles calculations were performed us-
ing the Vienna Ab initio Simulation Package (VASP)
[24, 25], employing the projector augmented-wave
(PAW) method [26] and the Perdew—Burke-Ernzerhof
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(PBE) exchange—correlation functional [27] within the
generalized gradient approximation (GGA) [28]. The
plane-wave kinetic energy cutoff was set to 400 eV.
Electronic self-consistency was achieved with a conver-
gence threshold of 1074 eV, and the force convergence
threshold was set to 0.05 eV/A. The PBE functional
was used to optimize the bulk lattice constants of ZnO
(a=3.296 A, ¢=5.279 A; experimental values: a=3.250
A, ¢=5.207 A [29]) and Cu (3.63 A; experimental value:
3.62 A [30]), yielding results in good agreement with ex-
perimental data. A (3x3) supercell of the ZnO(1010)
surface consisting of three atomic layers was construct-
ed. During structural optimization, the bottom layer
was fixed to represent the bulk structure, while the sur-
face and adsorbates were fully relaxed. A 15 A vacuum
layer was introduced along the zdirection to eliminate
spurious interactions between periodic images. Spin po-
larization was taken into account for both the surface
and gas molecules. The effect of the Hubbard U correc-
tion was not considered in this study [31]. The climbing
image nudged elastic band (CI-NEB) method [32, 33]
was used to locate transition states, with a force conver-
gence criterion of 0.05 eV/A, and the uniqueness of the
imaginary frequency was ensured to confirm true transi-
tion states.

MD simulations were performed using the Large
scale Atomic Simulation with neural network Potential
(LASP) software [10]. In this work, we used the first
quinary Cu-Zn-C-O-H global neural network (G-NN)
potential within the LASP software. The details of the
method have been previously reported. The quality of
the potential energy surface (PES) of G-NN is largely
determined by its training dataset. To encompass all
possible microenvironments of Cu,(OH), clusters on
ZnO surface systems, SSW algorithm was employed to
explore compositions, atom number per unit cell
(~4-104) and various geometrical structures (including
clusters, slab models, and bulk structures) based on 613
systems. The final training set comprised 63539 configu-
rations calculated using highly accurate DF'T, contain-
ing a variety of structural patterns on the global PES as
summarized in Table S2 (Supplementary materials,
SM). The first-principles method incorporated a plane-
wave cutoff radius of 450 eV and an electronic step con-
vergence criterion of 5x1070 eV, using Gaussian smear-
ing with a smearing width set to 0.05 eV. K-points were
set to the gamma point for calculations involving mete-
orological clusters, whereas a fully automatic method
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grid was employed otherwise.

The stochastic surface walking (SSW) method [34,
35] was employed to explore the low-energy structural
configurations of Cu particles of various sizes adsorbed
on the ZnO(1010) surface. These configurations were
then used as initial structures for subsequent simula-
tions. To identify the most representative catalyst
structures under near-real reaction conditions, the
grand canonical Monte Carlo (GCMC) method was ap-
plied. Based on the SSW-optimized configurations,
GCMC simulations were performed for the Cusg,
Cuig, Cus5/Zn0O(1010) systems under WGSR reaction
conditions (500 K, 1 bar HoO partial pressure) [36]. The
stable structures obtained from the GCMC simulations
were used as the initial configurations for the subse-
quent MD simulations. MD simulations were carried
out in the NVT ensemble at 500 K, with a time step of 1
fs and a total simulation duration of 1 ns. The ZnO sur-
face was modeled using a (9%6) supercell with a 50 A
vacuum region along the zdirection to avoid periodic
image interactions. To represent the bulk-like behavior
of the support, atoms in the bottom layer were fixed
during the simulation, while the top layers and adsor-
bates were allowed to fully relax to capture their dy-
namic evolution. The Cu—Cu nearest-neighbor dis-
tances were analyzed along the MD trajectories to in-
vestigate the size-dependent structural dynamics of the
supported clusters under near-operando conditions.

In practical catalytic processes, supported metal
nanoparticles often experience surface structural trans-
formations in response to the surrounding reactive at-
mosphere, which may result in aging, sintering, or even
disintegration [37]. Based on the stability theory for
nanocatalysts under reaction conditions proposed by Li
et al. [38—40], we can quantitatively describe the associ-
ated thermodynamic processes using first-principles cal-
culation and machine learning potentials. The corre-
sponding energy variations of supported catalysts in re-
active environments are depicted in FIG. 1.

Compared to bulk materials (or infinite particles),
atom in nanoparticles,

the energy increase per

AENP(R), is given by:

1 1
AENP(R) = 5 (Esup +Cu — Esup) - E 'Ebulk (1)

where Egupicu denotes the total energy of the support
surface with Cu nanoparticles loaded, Eg,p is the total

energy of the pristine support surface, Ely,x represents
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FIG. 1 Energy diagram of supported nanoparticles and
surface single atom under reaction atmosphere.

the energy of bulk metal Cu, and y is the number of Cu
atoms in the nanoparticles, while n denotes the number
of Cu atoms in the bulk metal.

The total energy of a single Cu atom adsorbed on the
support surface is represented by EOCXU. The formation
energy of a Cu single atom on the ZnO surface, Efcu, is

calculated as:
Cu Cu 1
Ef = Egx — Esup - EEbulk (2)

The total energy of a Cu single-atom hydroxide com-
plex adsorbed on the support surface is E(,Cxu(OH)z. The
formation energy of Cu(OH); (where 2=1, 2) on the
ZnO surface is given by:

Cu(OH), _ ,Cu(OH)

Ef =Fox T4z EH-sup —&- EHZO

1
- (1 + x) : Esup - ﬁEbulk (3)

where Ejgyp is the total energy of hydrogen adsorbed
on the surface oxygen species, Ey,o denotes the energy
of a gas-phase HoO molecule. The total activation ener-
gy Fiot is expressed as:

Eiot = Ef" + EY' (4)

where E" and EY' represent the formation energy and
diffusion energy barrier of the Cu single atom or
Cu(OH), (where 2=1, 2) complex on the surface, re-
spectively. The adsorption energy of H90O is calculated
as:

20 :EOC;(OH)

. C
ad +z- EH—sup - Eg'

_-T'EHQO — I-Esup (5)

To assess whether HoO facilitates the disintegration of
Cu nanoparticles, the Gibbs free energy of disintegra-
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TABLE I Formation energies of Cu, Cu(OH), and
Cu(OH)z on the ZnO(1010) surface, along with the corre-
sponding diffusion energy barriers and the adsorption ener-
gy of HoO on the Cu single atom (energy unit is eV).

Form. energy Diffusion energy
BEY 136 EMO(Cu(OH)) 178 E(M 045
EMOM ~042 E1O(Cu(OH)y) 246 EMOM 0.60

pMOm2 —1.10

Ads. energy

ESU(OH)Z 0.55

tion, AG%;,, is employed. When AG%if) <0, the particle
is disintegrated; when AG%HS:, >0, the particle is unlike-

ly to disintegrate. The calculation formula is:

AG%%%:EfCU(OH)E — @ Aup,o(T, P) — AExp(R) =TS

(6)

where S'is the configurational entropy. Assuming a sur-
face coverage of 0.01, the configurational entropy con-
tribution is approximated as 4.83x 1074 T (in eV) [41].

I1l. RESULTS AND DISCUSSION

A. Thermodynamic calculations of OH-induced disintegra-

tion of Cu particles on ZnO

To understand the stability of isolated Cu atoms on
ZnO surface, we first evaluated their formation energy
at the most stable adsorption site on ZnO(1010), which
is calculated to be 1.36 eV (Table I), indicating a signifi-
cantly endothermic process. This suggests that single
Cu atoms on ZnO(1010) are thermodynamically unsta-
ble, leading to low surface concentrations and a strong
tendency toward aggregation. However, when HsO is
introduced into the system, a strong interaction occurs
between OH and the surface Cu single atoms, leading to
the formation of a single-hydroxyl Cu complex
(FIG. 2(b)), with an adsorption energy of —1.78 eV.
Furthermore, a second OH can further adsorb on the
Cu single atom, forming a bidentate Cu-hydroxide com-
plex (FIG. 2(c)) with a total adsorption energy of —2.46
eV. Relative to bulk Cu, the formation energies of the
Cu hydroxide complexes are —0.42 eV (single hydroxyl)
and —1.10 eV (bidentate hydroxyl), indicating that OH
adsorption significantly stabilizes the surface Cu single
atoms.

For OR process, while pristine Cu nanoparticles ex-
hibit a high total activation barrier (1.81 eV), hydroxyl
coordination dramatically reduces the thresholds to
0.18 ¢V (Cu(OH)) and —0.55 eV (Cu(OH)z)—a 10-fold
decrease enabling spontaneous disintegration and fol-
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FIG. 2 Stable adsorption structures of (a) Cu, (b)
Cu(OH), and (c¢) Cu(OH)2 on the ZnO(1010) surface, and
(d—e) their corresponding transition state structures. Red:
O; gray: Zn; blue: Cu; white: H.

lowing OR under hydration. However, the ultimate
ripening propensity depends critically on two compet-
ing factors. (i) Transport efficiency: low diffusion barri-
ers (~ 0.5 eV) promote hydroxylated species migration
toward larger clusters. (ii) Reintegration likelihood: en-
ergy cost for Cu(OH), (z=1, 2) dissociation from sta-
ble clusters determines atomic reincorporation rates.
Our data resolve the first factor but leave the second
unexplored— the thermodynamic stability of mobile
Cu(OH); (z=1, 2) species upon encountering larger
clusters remains unquantified. This knowledge gap pre-
vents definitive ripening predictions, as fast transport
(promoting ripening) could be counterbalanced by
strong Cu(OH),—cluster binding (inhibiting atomic re-
lease). Future work must probe Cu(OH),/cluster inter-
facial energetics to establish whether hydration ulti-
mately accelerates sintering or enables size-stabilized
dispersion.

B. Gibbs free energy of disintegration

The stable structures of ZnO(1010)-supported Cus,
Cuig, and Cuss clusters were systematically mapped
based on the SSW method. We computed AG%il% for
clusters disintegration into hydroxylated Cu-OH,
species (z=1, 2) across temperature (300-1000 K)
ranges and HsO partial pressures (1074 and 1 bar), as
quantified in the phase diagrams of FIG. 3(a—c). Three
critical trends emerge: (i) all systems exhibit linear
AG%if, o T relationships, demonstrating enhanced ther-
modynamic driving forces for cluster disintegration at
lower temperatures. The Cu(OH)2 pathway shows
steeper slopes (AG%H% T) compared to Cu(OH), at-
tributable to its higher hydroxyl coordination enhanc-
ing entropy-driven stabilization. (i) At 107 bar HaO
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FIG. 3 Dependence of the disintegration Gibbs free ener-
gy of Cu(OH) (single solid line) and Cu(OH)2 (double sol-
id line) complexes on temperature, pressure, and Cu clus-
ter size on the ZnO(1010) surface, along with the corre-
sponding cluster structures. (a) Cug/Zn0(1010), (b) Cug/
Zn0(1010), (c¢) Cups/Zn0O(1010). Red: O; gray: Zn; blue:
Cu.

pressure (FIG. 3 blue boundaries), Cu(OH)2 dominates
below 484 K (the intersection point between the blue
double solid line and the blue single solid line), transi-
tioning to Cu(OH) at higher temperatures. Elevated
pressure (1 bar, red boundaries) shifts this threshold to
660 K, extending the Cu(OH)s stability domain by 176
K. Furthermore, increasing the HoO pressure leads to a
reduction in AG%}?M highlighting the role of water in
promoting the disintegration of Cu clusters into hy-
droxylated species. (iii) With increasing particle size,
the temperature window for which AG%HS;, <0 becomes
narrower, reflecting the enhanced thermodynamic sta-
bility of larger particles. Specifically, under 10™* bar

© 2025 Chinese Physical Society
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conditions, Cug, Cujg, and Cuss clusters are thermody-
namically favorable for disintegration into Cu-OH,
complexes (z=1, 2) below 850 K, 780 K, and 700 K
(i.e., the temperatures at which the corresponding
AG%}% curves intersect with the AG%; =0 line), re-
spectively. These results suggest that smaller clusters
have lower thermodynamic stability and are more like-
ly to undergo disintegration over a wider range of condi-
tions.

Notably, under WGSR experimental conditions, all
systems exhibit negative AG%SP values favoring disinte-
gration, with Cu(OH)y being energetically preferred.
This establishes a clear thermodynamic hierarchy:
smaller clusters and higher hydroxylation degrees syn-
ergistically drive metal dispersion.

C. Hydration-driven structural dynamics from bond-length

evolution

1. Cug cluster: deformation and irreversible detachment in wa-

ter

To resolve the atomistic mechanisms of water-medi-
ated cluster disintegration, we tracked the Cu—Cu near-
est-neighbor distance evolution through combined MD
simulations (FIG. 4). Under dry conditions (500 K), the
Cug cluster maintains robust structural integrity with
Cu—Cu bond lengths tightly constrained within 2.2-2.4
A over 1 ns simulation (FIG. 4(a)). The negligible bond-
length variation across all atoms confirms a rigid metal-
lic configuration.

Under H2O-rich conditions (500 K and 1 bar HyO
partial pressure), GCMC simulations were performed
based on the assumption that water readily dissociates
at the Cu—ZnO interface [16, 42—44]. In the resulting
stable structures, OH adsorbs on the Cu particle, while
H adsorbs on the support surface, consistent with previ-
ous studies [16]. Initial stage (0-500 ps): OH preferen-
tially adsorbs on edge Cu atoms, increasing surface
bond-length dispersion (2.2-2.8 A) while compressing
the cluster into a flattened morphology, indicating en-
hanced metal-support interactions. About 600 ps: a
boundary Cu atom (FIG. 4(b) blue trace) undergoes hy-
droxyl-assisted extraction, with its Cu—Cu bonds elon-
gating abruptly to 3.6 A—surpassing metallic bonding
limits. This forms a Cu(OH)2 complex anchored
through dual Cu—O-Zn linkages. About 800 ps: adja-
detach
(doy-cu>4.0 A), forming secondary Cu(OH)y species.

cent Cu atoms (green trace) irreversibly
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FIG. 4 (a) Cu—Cu nearest-neighbor distance analysis for
Cug/Zn0O(1010) and (b) Cug(H20)9/ZnO(1010) with corre-
sponding structural snapshots. Red: O; gray: Zn; blue,
dark blue, green: Cu; white: H.

These hydroxylated complexes exhibit no reintegration
tendencies after their formation due to stronger Cu—OH
covalent bonding, demonstrating kinetic stabilization

under operational hydration conditions.

2. Cuyg cluster: flattening and reversible detachment in water

Under dry conditions at 500 K (FIG. 5(a)), the Cusg
cluster maintains strong metallic cohesion, with the
Cu—Cu nearest-neighbor distance fluctuating between
2.2 A and 2.5 A. Minor bond-length fluctuations are
solely due to thermal vibrations, with the structure
maintaining its integrity. This inherent stability disap-
pears when introducing HoO (1 bar), which induces sig-
nificant structural transformations (FIG. 5(b)).

During the initial stage (0-200 ps), the Cu—Cu near-
est-neighbor distance is mainly concentrated between
2.2 A and 2.8 A, indicating that the initial structure of
the cluster remains relatively stable. However, com-
pared to the cluster in the absence of H2O, the distance
distribution becomes more dispersed, suggesting that
the adsorption of H9O slightly elongates the Cu—Cu

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2504046
https://doi.org/10.1063/1674-0068/cjcp2504046
https://doi.org/10.1063/1674-0068/cjcp2504046
https://doi.org/10.1063/1674-0068/cjcp2504046
https://doi.org/10.1063/1674-0068/cjcp2504046

Chin. J. Chem. Phys., Vol. X, No. X

A

£,
B o
o < h
P 5

Nearest Neighbor Cu Distance (A)
» -0
=
L

—_
=2

=
bt
n

5.0 4

4.0

3.5

3.0

Nearest Neighbor Cu Distance (A)

2.5 LA A

0 200 400 600 800 1000
Time (ps)

FIG. 5 (a) Cu—Cu nearest-neighbor distance analysis for
Cuis/Zn0O(1010) and (b) Cuig(H20)12/Zn0(1010) with
corresponding structural snapshots. Red: O; gray: Zn; blue,
yellow: Cu; white: H.

bond, weakening the interaction between Cu atoms.
Concurrently, the hydrated environment induces signif-
icant nanoparticle morphological changes: compared to
the hemispherical anhydrous configuration, the hydrat-
ed cluster becomes more flattened, indicating enhanced
metal-support interaction. Around 250 ps, accumulat-
ed hydroxylation overcomes interfacial cohesion, ex-
tracting a boundary Cu atom (bond length 3.6 A) into a
Cu(OH)g complex. It is noteworthy that this complex
remains stably present for approximately 600 ps before
merging back with the original cluster, indicating that
the Cu(OH)2 complex possesses appreciable kinetic sta-
bility. This reversible restructuring behavior suggests
that HoO enables the formation and subsequent re-asso-
ciation of Cu(OH)y complexes, thereby dynamically
modulating cluster integrity at the atomic level.

3. Cuss cluster: stability and resistance to water-induced

changes

The variation of Cu—Cu nearest-neighbor bond
lengths during the simulation of Cuss clusters on the
Zn0(1010) surface is presented in FIG. 6. In contrast to
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FIG. 6 (a) Cu—-Cu nearest-neighbor distance analysis for
Cu55/ZnO(1010) and (b) CU55(H20)11/ZHO(1010) with
corresponding structural snapshots. Red: O; gray: Zn; blue,
green, dark blue: Cu; white: H.

the evolution trends observed for Cug and Cuyg clusters,
Cuss clusters exhibit distinctly different behavior. Re-
gardless of the presence of HoO, the Cu—Cu nearest-
neighbor bond lengths fluctuate within a relatively sta-
ble range of 2.2 A to 2.6 A, which is consistent with typ-
ical bonding distances for metallic Cu. This stability
suggests that, throughout the simulation, the Cu atoms
remain firmly bound within the cluster, without under-
going significant structural reconstruction or dissocia-
tion into single-atom species.

FIG. 6 (a and b) illustrate the dynamic evolution of
the Cugs cluster on the ZnO(1010) surface, in the ab-
sence and presence of HoO, respectively. It is clear that
the Cuss cluster does not undergo substantial changes
during the simulation, only exhibiting minor local ther-
mal motion (FIG. 6(a)). Under HyO-rich conditions
(FIG. 6(b)), slight increases in Cu—Cu bond lengths are
observed for certain atoms—such as the dark blue and
green Cu atoms—but these values remain below 2.6 A.
This behavior suggests that larger clusters are kinetical-
ly more resistant to water-induced disintegration, in
stark contrast to the dynamic restructuring observed in
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smaller clusters. Thus, the introduction of HoO leads to
minimal structural changes, with no observed atom de-
tachment, further highlighting the stability of larger Cu
clusters under such conditions.

In summary, on the ZnO(1010) surface, the adsorp-
tion of OH weakens the Cu—Cu interactions within Cu
clusters across all investigated sizes, as evidenced by the
elongation of Cu—Cu bond lengths. Additionally, after
OH adsorption, the cluster structure becomes more ex-
panded and flattened, indicating enhanced metal-sup-
port interactions. The extent of OH-induced structural
deformation is strongly size-dependent. Smaller Cu par-
ticles (e.g., Cug and Cujg clusters) show a more pro-
nounced effect from OH, with clear structural changes,
including the formation of Cu single-atom hydroxide
complexes (Cu(OH)3). In contrast, for larger Cu parti-
cles (e.g., Cuss clusters), the effect of OH is weaker, and
the cluster structures with and without OH adsorption
are similar. No Cu single-atom hydroxide complexes are
observed, indicating that Cu—Cu interactions still domi-
nate in larger Cu particles, leading to higher stability.
This enhanced stability arises from their lower surface
energy and higher coordination of surface atoms, which
reduce their reactivity toward water and suppress the
formation of hydroxylated species. Moreover, the
formed Cu single-atom complexes are able to remain
stable over a certain timescale, suggesting that they ex-
hibit high kinetic stability.

IV. CONCLUSION

In this study, we systematically investigated the
thermodynamic stability and dynamic evolution of
Cu/ZnO catalysts in the presence of HoO. Using DFT
calculations, machine learning potential-based molecu-
lar dynamics simulations, and trajectory analysis, we
reached the following conclusions:

(i) A single Cu atom supported on the ZnO(1010)
surface is inherently thermodynamically unstable. How-
ever, when HoO (OH) is introduced into the system, OH
can coordinate with the Cu single atom to form a single-
atom Cu—OH, complexes (z=1, 2), significantly reduc-
ing its formation energy and stabilizing the surface sin-
gle atom. Phase diagram analyses further reveal that in-
creasing the chemical potential of HoO (i.e., by decreas-
ing temperature or increasing pressure) enhances the
thermodynamic driving force for cluster disintegration.
This effect is strongly size-dependent: smaller Cu clus-
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ters (e.g., Cug and Cujg) exhibit a greater tendency to
dissociate into hydroxylated single-atom species than
larger clusters (e.g., Cuss), indicating that particle size
plays a critical role in determining thermodynamic sta-
bility under aqueous conditions.

(ii) The adsorption of OH on Cu particles weakens
Cu—Cu metallic bonds, as evidenced by the elongation
of nearest-neighbor distances and structural deforma-
tion of the clusters. Upon OH adsorption, the clusters
undergo expansion and flattening, reflecting enhanced
metal-support interactions. The extent of this deforma-
tion is also size-dependent: small clusters display more
pronounced local restructuring, and in some cases, ex-
traction of individual Cu atoms to form stable Cu(OH)a
complexes. In contrast, large clusters maintain their
metallic bonding network and exhibit limited struc-
tural response. Notably, once formed, Cu(OH)y species
demonstrate high kinetic stability and persist through-
out the MD simulation, highlighting the ability of HoO
to facilitate yet kinetically favorable single-atom forma-
tion.

Our study reveals that under HsO-involved condi-
tions, the structural morphology of Cu in the Cu/ZnO
system may transition from nanoparticles to single-
atom Cu—OH complexes. This phenomenon is signifi-
cant for understanding the stability of Cu/ZnO cata-
lysts. The results not only enhance the understanding of
the dispersion behavior of Cu on ZnO support but also
provide data support for the subsequent optimization of
Cu/ZnO catalysts. In the future, additional experi-
ments are needed to further validate these findings and
provide more comprehensive insights.

Supplementary materials: Energy comparison between
LASP and DFT, types of structures used for potential
training, other calculated configurations, selection of U-
values and functionals and radial distribution function
calculations.
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