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Abstract: Transition metal catalysts supported on oxides undergo significant structural changes under reaction conditions,
which are influenced by interactions with reactants. These interactions can lead to the dispersion of metal atoms, leading to
the formation of stable single-nucleus metal complexes. Understanding the stability of these complexes is essential for
catalyst design. In this study, we use multitask symbolic regression to identify a descriptor for the stability of single-nucle-
us metal complexes with common reactants, such as CO and H,O, on the basis of first-principles calculations. We develop
a multidimensional descriptor incorporating metal-metal, metal-support, and metal-adsorbate interactions, achieving high
accuracy in predicting the stability of single-nucleus metal complexes. Our analysis revealed that in the absence of react-
ants, the stability of single metal atoms is mainly determined by the hardness (cohesive energy) of the metal. The presence
of reactants such as CO and H,O further stabilizes single-nucleus metal complexes by saturating undercoordinated metal
atoms. This stabilization is correlated with the Lewis acidity of the surface oxygen in the support. Supports with lower
Lewis acidity enhance metal-support interactions, promoting CO adsorption on all metals and H,O adsorption on com-
plexes of hard metals. In contrast, supports with higher Lewis acidity enhance hydrogen adsorption, promoting H,O inter-
actions with complexes of soft metals as well as Pd and Pt. Additionally, our descriptor predicts nanoparticle (NP) dissoci-
ation into single-nucleus metal complexes or Ostwald ripening (OR) tendencies. Under CO conditions, harder metals tend
to favor dissociation, whereas softer metals (e.g., Ag, Cu, and Au) are more prone to OR. Under H,O conditions, the Lewis
acidity of the support surface oxygen influences NP behavior, with supports such as CeO, stabilizing single-nucleus metal
complexes and promoting NP dissociation. These insights provide guidance for selecting catalyst components and optimiz-
ing reaction conditions to control the stability of single-nucleus metal complexes and guide NP dissociation or OR pro-
cesses.

Keywords: single-nucleus complex; descriptor; multitask symbolic regression; first-principle calculation
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1 Introduction significant attention for their exceptional catalytic activity,
there is limited research on the stability and reactivity of
single-nucleus metal complexes, which may represent the true
active species under reaction conditions. For example, Lu et
al. identified Pt(O); and Pt(O), complexes during CO oxida-
tion via operando EXAFS and DRIFTS!". Similarly, Yan et
al.™ investigated the structural dynamics of rhodium suppor-
ted on CeO,, revealing a transition from nanoparticles to

Rh;(CO); complexes during methane steam reforming

Supported transition metal catalysts are essential in a variety
of catalytic processes, such as ethanol steam reforming” and
methane steam reforming"”. The catalytic performance of
these materials is significantly influenced by dynamic struc-
tural and compositional changes that occur under experiment-
al conditions®l, Metal nanoparticles can undergo transforma-
tions, including sintering or dispersion, leading to the forma-

tion of different active species, such as nanoparticles, clusters,
and single atoms. Additionally, dispersed metal atoms can in-
teract with reactants, resulting in the formation of single- or
multinucleus metal complexes. Although these complexes are
typically stable only under specific reaction conditions, the
detection of metal complexes remains challenging because of
their small size, dispersed nature, and uneven distribution,
and advanced experimental and theoretical techniques are
needed to distinguish them from other molecular species.
While single-atom metal catalysts (SACs) have garnered

through in situ/operando characterization and first-principles
modeling. Wu et al.”? detected Rh;(OH),CO complexes dur-
ing CO adsorption via in situ CO-DRIFTS and associated
these species with the high activity of the catalyst. These
studies underscore the importance of metal complexes under
reaction conditions, as such insights are essential for identify-
ing actual active configurations and designing more efficient
catalysts.

The stability of single-nucleus metal complexes is influ-
enced by the interactions between the metal, support, and en-

CSTR: 32290.14.JUSTC-2025-0010
DOI: 10.52396/JUSTC-2025-0010
JUSTC, 2026, 55(X):


mailto:wxli70@ustc.edu.cn
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
mailto:wxli70@ustc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
https://justc.ustc.edu.cn/article/doi/10.52396/JUSTC-2025-0010
http://justc.ustc.edu.cn
https://cstr.cn/32290.14.JUSTC-2025-0010
https://cstr.cn/32290.14.JUSTC-2025-0010
https://cstr.cn/32290.14.JUSTC-2025-0010
https://cstr.cn/32290.14.JUSTC-2025-0010
https://cstr.cn/32290.14.JUSTC-2025-0010
https://doi.org/10.52396/JUSTC-2025-0010
https://doi.org/10.52396/JUSTC-2025-0010
https://doi.org/10.52396/JUSTC-2025-0010
https://doi.org/10.52396/JUSTC-2025-0010
https://doi.org/10.52396/JUSTC-2025-0010

Zzsrg "

Descriptor for metal complex stability: synergistic effects of support, metal, and environmental conditions

Chai et al.

vironmental adsorbates. Soft metals (such as Ag, Cu, and Au)
with low cohesive energies are more likely to break
metal-metal bonds and exhibit a greater tendency to disperse
from nanoparticles than hard metals are. For example, nano-
clusters can form on Cu(111) and Cu(100) surfaces with few-
er step sites, whereas similar behavior is observed only on
stepped Pt(557) and Pt(332) surfaces!’ ™. Additionally, the
support plays a critical role by providing anchoring sites for
metal atoms through metal-support interactions. For example,
Dvordk et al."™ identified monoatomic step edges on
CeO,(111) surfaces as sites that anchor single Pt atoms via a
combination of photoelectron spectroscopy, scanning tunnel-
ing microscopy, and density functional theory (DFT) calcula-
tions. Ligands from reactants in the environment can further
stabilize undercoordinated dispersed metal atoms, increasing
their overall stability. Lu et al.”? demonstrated that single Pt
atoms are stabilized as Pt(O), species at step edge sites on
CeO,(111). Nie et al.'"! and Génzler et al.”! investigated the
redispersion of Pt in an oxidizing environment (e.g., O,) on
CeO, and highlighted the influence of redox conditions on the
stability of dispersed Pt atoms. Additionally, researchers have
shown that hydroxyl groups from dissociated water facilitate
the dispersion of metal atoms on the support, as demon-
strated for the metals Ag"!, Cu"®, Pd"", and Pt'"". Therefore,
the stability of metal complexes arises from a synergistic in-
terplay among the hardness of the metal, the metal-support
interactions, and the interactions between adsorbates and met-
al atoms.

Given the critical role of these interactions, extensive re-
search has investigated the stability of supported SACs, with
most studies attributing their resistance to aggregation to the
binding energy of the metal atom on the support relative to
the cohesive energy of the metal bulk"”*. Further studies
have linked the binding energy to catalyst properties, such as
the Fermi level of the metal atom and oxophilicity, as meas-
ured by the oxide formation energy, as well as support prop-
erties such as reducibility, as assessed via the oxygen va-
cancy formation energy”®*. Recently, our work®! demon-
strated that the oxophilicity of the supported metal and its af-
finity for the metal element in the oxide support serve as
dominant descriptors for supported metal catalysts, including
SACs. However, the identification of descriptors for the sta-
bility of metal complexes on supports under experimental
conditions remains elusive, which hinders more efficient cata-
lyst design with high stability and activity.

In this study, we used a data-driven machine learning tech-
nique, namely, multitask symbolic regression™! with Sure In-
dependence Screening and Sparsifying Operator (SISSO)®*7,
to identify the descriptors for predicting the formation energy
of metal complexes on a support relative to their bulk metal
phase, with a specific focus on single-nucleus metal com-
plexes. A multidimensional descriptor was constructed by
considering the interactions that govern the formation of
single-nucleus metal complexes on a support. These interac-
tions encompass the metal-metal interactions in the bulk met-
al phase, interactions between the single metal atoms and the
support, and interactions between the adsorbates and the
single metal atoms. The interaction between metal atoms in
their bulk phase is represented by the enthalpy of sublimation

-2

of the bulk metal M, which corresponds to the negative co-
hesive energy at 0 K. For the interaction between the metal
and the support, a simplification was made by focusing on the
interaction between the metal atom and the oxygen atoms of
the support. This was quantified through the dissociation en-
ergy of a metal oxide phase. Finally, the interaction between
the adsorbate and the metal atom is captured by the energy
cost of dissociating the gas—phase metal-adsorbate complex.
These three interaction terms were translated into simple fea-
tures that collectively provide a systematic and accurate un-
derstanding of the formation energy of single-nucleus metal
complexes on a support. This approach integrates thermody-
namic principles and mathematical analysis to enable precise
predictions while maintaining interpretability through physic-
ally meaningful descriptors.

2 Computational details

2.1 Methods

Spin-polarized periodic first-principles calculations were per-
formed via density functional theory (DFT) within the Vi-
enna ab initio simulation package (VASP)®-". The general-
ized  gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) functional®" was applied to
account for exchange—correlation effects, whereas the projec-
ted-augmented wave (PAW)P>* method was employed to de-
scribe the interactions between the valence and core electrons.
A Kkinetic energy cutoff of 400 eV was used for the plane
wave basis set. To accurately describe the localized d states in
metal atoms, the PBE + U approach®™ was employed with the
U — J parameter set to 3.0 eV®* for the Ce, Zr, Hf, Ti and
Th atoms.

The optimization of bulk lattice constants was performed
via a 6x6x6 k-point mesh"™”, with convergence achieved when
the atomic forces dropped below 0.02 eV/A. The optimized
lattice constant was found to be 5.49 A for CeO,, which
closely aligns with the experimental value of 5.41 A, A
2x2x1 k-point mesh was applied for the slab calculations, and
the structures were considered converged when the forces on
the atoms were reduced to less than 0.05 eV/A. Dipole correc-
tion was implemented to reduce interactions between surface
dipoles and their periodic counterparts, and a vacuum layer of
15 A was introduced to prevent artificial interactions along
the surface normal.

2.2 Models

The structures of the M,/CeO,, M,/ZrO,, M,/HfO,, M,/TiO,,
and M,/ThO, surfaces were constructed by positioning a
single M atom on a three-layer (2x2) supercell of the (110)
surfaces of the fluorite-type CeO,, ZrO,, HfO,, TiO,, and
ThO, surfaces, respectively (Fig. 1). The set of metals (M)
comprises late transition metals (Fe, Co, Ni, Cu, Ru, Rh, Pd,
Ag, Os, Ir, Pt, and Au) and early transition metals (Ti, V, Cr,
Mn, Zr, Nb, Mo, Hf, Ta, W, and Re). During geometry optim-
ization, the bottom atomic layer of the supports was kept
fixed, while the reactant molecules and the top two layers of
the support were allowed to relax. For the supported metal
atoms, relaxation is only allowed along the z-axis to ensure
that the structure remains at the bridge oxygen site, which is
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Fig. 1. (a) Top view of the stoichiometric M'O,(110) (M = Ce, Zr, Ti, Hf, and Th) surface. (b) Top view of a single metal atom (M) on the fluorite-type
M'O,(110) surface, denoted as M/M'O,. (c—f) Configurations showing the adsorption of one CO molecule (‘1CO’) (c), two CO molecules (‘2CO’) (d),
one OH group (‘10H”) (e), and two OH groups (‘20H”) (f) adsorbed at the M/CeO, surface. The dashed blue lines mark the boundary of the slab model’s
unit cell. Color coding: beige (Ce), blue (M), red (O), light gray (H). Only the atoms in the uppermost layer of the support and the Pt atom are depicted as

solid circles, whereas those in the lower layers are represented by lines.

considered the optimal adsorption site!*"*.

To evaluate the stability of these complexes in the pres-
ence of reactants (CO or H,0), we calculated the formation
energy (E;) with respect to the bulk M, support, and gaseous
CO and H,O as reference states:

Ef:(Etot - EMI

_Eslab_ (1)

whereE,,, Ey,Equ, Ecoand Ey,, represent the electronic
energies of the total system (including the catalyst and react-
ants, as for H,O, the OH group binds to the supported metal
atom, whereas the H atom attaches to a lattice oxygen at an
infinite distance from the metal atom), a metal atom in the
bulk phase, the support, and the reactants (CO and H,O) in
the gas phase, respectively, as calculated from DFT. E; was
averaged over each reactant molecule (with x and y represent-
ing the numbers of CO and H,0, respectively).

Next, considering the experimental conditions such as the
temperature and partial pressure of the reactants, we calcu-
lated the formation free energy (Gy) via the following equa-
tion:

X' Eco =Y Ep,o)/(x+Y)

GFE; 2

where ... Tepresents the chemical potential of gaseous CO
or H,0, which is dependent on temperature and partial pres-
sure.

To characterize the E; of single-nucleus metal complexes,
three interaction components were considered: the cohesive
energy of M in the bulk phase, represented as the negative of
its enthalpy of sublimation (—H,M)""; the interaction
between the single metal atoms and the support (Qy); and
the interaction between the single metal atoms and the react-
ants in the gas phase (Qyr). First, the enthalpy of sublimation
of metal M in its bulk phase, Hy,, . is calculated via the fol-

~ Hreactant

-3

lowing equation:

Hsub,M = Eﬁ;lls - (3)

Here, E}; and EX"™ denote the energies of a metal atom in
the gas phase and the bulk phase, respectively. Next, the in-
teraction between the M atom and the support is modeled by
the interaction between the M atom and an oxygen atom since
the M atom is positioned at the bridge site between adjacent
lattice oxygen ions in the support. This is represented by the
dissociation energy (Qumo) of the most stable metal oxide
phase, MO,, into metal atoms and oxygen in the gas phase.
The Qyo 1s expressed by the following equation:

QMO =

bulk
EM

gas gas bulk
+ 2E —Eyo

4)

where EZ° and Eyy represent the energies of the oxygen mo-
lecules in the gas phase and one unit cell of the MO, bulk
phase, respectively. The value of x represents the ratio of oxy-
gen atoms to M atoms in the bulk phase. Finally, the interac-
tion between the reactant (CO or H,0) and the metal atom M
under experimental conditions (Qy) is evaluated by consid-
ering the energy cost for the decomposition of the complex
(denoted by ‘R-M’) into the single metal atom M and the re-
actant R in the gas phase, as represented by the following
equation:
Owr = Ex\ + Ex" - ER 6))
Here, E}" and Ey,, are the energies of the metal complex R-
M and reactant R in the gas phase, respectively.

3 Results and discussion

To identify effective descriptors for supported single-nucleus
metal complexes, we first focused on developing a descriptor
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for the stability of SACs in the absence of reactants. This
multidimensional descriptor includes features that describe
the interactions among the various components within the
catalyst system. This initial analysis is based on DFT calcula-
tions of E; for twelve single metal atoms (M), including Fe,
Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au, supported on
various four fluorite-type metal oxide supports, such as CeO,,
Zr0,, TiO,, and HfO,. The descriptor was tested using data
for SACs formed by early transition metal (Mgyq,)
species—namely, Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta, W, and
Re—and by extending the analysis to a broader range of sup-
ports, including CeO,, HfO,, and ThO,. Next, we incorpor-
ated common reactants such as CO or H,O to explore the
descriptor for the E; of single-nucleus metal complexes under
experimental conditions. Once this descriptor was identified
and validated, we investigated how key factors—such as met-
al hardness, the oxygen affinity of the metal atom, and the re-
actant adsorption strength, which are integral components of
the descriptor—impact the stability of these metal complexes.
This exploration provides a comprehensive understanding of
the factors governing the stability of supported single-nucle-
us metal complexes and the potential for Ostwald ripening
(OR) and dissociation of NPs.

3.1 Descriptor for the SAC stability

To systematically investigate descriptors for the stability of
SACs, we focused on key features related to the cohesive en-
ergy of the metal bulk phase and the interaction between the
single metal atoms and the support. Previous studies™*"! have

established that stability is largely governed by the binding
energy of metal atoms during the sintering process. Specific-
ally, a higher cohesive energy promotes single metal atom ag-
gregation, whereas stronger interactions between single metal
atoms and supports stabilize undercoordinated metal atoms
and enhance their dispersion. To quantify the cohesive en-
ergy of the metal bulk phase, we used the enthalpy of sublim-
ation of the metal (H,, ) in its bulk phase. Additionally, we
simplified the interaction between the metal atom and sup-
port by focusing on the interaction with oxygen, as the metal
atom is typically adsorbed at the bridge site of lattice oxygen
ions within the (110) surface of the fluorite-type support. This
interaction is characterized by the dissociation energy of a
corresponding metal oxide phase (Qyo)-

To determine how these features influence the stability of
SACs, we employed multitask symbolic regression within the
framework of the SISSO. The analysis was trained on a com-
prehensive dataset that includes the E; of single metal atoms
on the basis of DFT calculations. This dataset consists of
twelve late transition metals—Fe, Co, Ni, Cu, Ru, Rh, Pd,
Ag, Os, Ir, Pt, and Au—supported on four distinct oxide sup-
ports (CeO,, ZrO,, TiO,, and HfO,) (Fig. 2a). This training
dataset includes data for a range of metals, spanning soft
metals such as Ag, Cu, and Au to harder metals, and features
a variety of supports, encompassing both support with
stronger interactions with metal atoms (CeO,, TiO,) and sup-
port with weaker interactions (ZrO,, HfO,), as indicated by
the normalized metal-support interaction (MSI) above and
below 0.5, respectively!! (Fig. S4). This approach allows for

(@ (b) 7 (I
CeOz HfOz 6| @ miceo, ¢ @ Mmiceo,
© @@ ~ | @ wzo, R I
Ccf‘) 3 °1 @ wmmio, ® 3 77
o 41 @ mHf, @ o *
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»w 24 w 24 )
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Fig. 2. (a) Schematic representation of the training dataset, including various late transition metals (M) and oxide supports. (b) Comparison of the forma-
tion energy (Ey) of single-atom catalysts (SACs) on CeO,, ZrO,, TiO,, and HfO, supports, as calculated via DFT and as estimated via Eq. (6). Panels (c-f)
present this relationship for SACs supported individually on CeO, (c), ZrO, (d), TiO, (e), and HfO, ().
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a systematic exploration of how these selected features con-
tribute to the stability of single metal atoms on various sup-
ports.

After exploring various dimensions and feature complexit-
ies, we identified a simple and interpretable functional form
that achieves high accuracy, with an RMSE of 0.38
eV—compared with the typical data noise in DFT calcula-
tions. The same regression functional form is used across all
the supports, represented by the sum of H, and the Oyo
weighted by their respective coefficients, as shown in the
equation below:

E; = ¢ Hyyym+¢0w0 +C (6)

Here, ¢, is positive, whereas ¢, is negative or positive, and
both vary depending on the specific support, ranging from
CeO, (red dots), ZrO, (blue dots), and TiO, (black dots) to
HfO, (green dots), as shown in Fig. 2b. Hyy,n and the Oyo
were selected as key features in this study because of their
ability to capture essential catalytic behavior, ensuring that
the model remains simple, interpretable, and accessible for
analysis. A larger ¢, reflects a greater degree of metal-metal
interactions on the support, promoting aggregation. Con-
versely, a more negative ¢, reflects a stronger interaction
between the metal atom and the support, which counteracts
aggregation and stabilizes dispersion. Since the most stable
metal oxide was selected as the reference to obtain the Qyo,
the bond strength for this reference may exceed the interac-
tion energy between the metal atom and lattice oxygen in sup-
ports, such as ZrO, and HfO, with weaker metal-oxygen in-
teractions (Fig. S4). Consequently, this choice can overestim-
ate the Oy, resulting in positive ¢, values. However, this
does not affect the functional form of the descriptor.

First, we observed that across all the supports, the ¢; val-
ues are greater than the absolute values of ¢,, highlighting the
dominant influence of the metal cohesive energy over the
metal-support interactions. Second, the ¢, values for differ-
ent supports follow the trend of CeO, > TiO, > HfO, = ZrO,.
Similarly, the ¢, value is also highest for CeO,, followed by
TiO,, while the values for HfO, and ZrO, are approximately
zero (Table 1). These results suggest that only supports with
strong interactions with metals, such as CeO, and TiO,, signi-
ficantly influence the stability of SACs, with CeO, emerging
as the most effective support for SAC design.

We further analyzed the data by separating it on the basis

of different supports to evaluate the robustness and reliability
of the descriptor. The subsets shown in Fig. 2c—f span dis-
tinct energy ranges with varying degrees of scatter. The cor-
responding training RMSE values are 0.31, 0.21, 0.61, and
0.23 eV, respectively. These results demonstrate that this two-
dimensional descriptor is applicable across a wide range of
SACs. The relatively high RMSE for SACs on TiO, arises
from the data point for Pt;, which shows the largest positive
deviation from the DFT-calculated E;. This deviation may be
attributed to structural deformation reflected by the notable
upshift of the two lattice oxygen atoms coordinated to the Pt
atom. Notably, the data points for ZrO, and HfO, overlap in
Fig. 2b at more positive E; values, indicating the comparable
and relatively lower stability of SACs than that of CeO, and
TiO,. This trend aligns with the weaker influence of both
metal-support interactions and cohesive energy on complex
stability, as indicated by the smaller absolute values of ¢, and
¢, respectively (Table 1).

To further validate the generalizability of Eq. (6), we con-
ducted systematic modifications on the catalysts in the test set
(Fig. 3a). First, we varied the metal, replacing late transition
metals (M) with early transition metals (mainly Ti, V, Cr,
Mn, Zr, Nb, Mo, Hf, Ta, W, and Re) on CeO, (red circles in
Fig. 3b) and HfO, (green circles in Fig. 3b). This subset is de-
noted by Test-1. Next, we substituted the supports with ThO,
while keeping the late transition metals M unchanged (de-
noted by the Test-2 subset in Fig. 3a and the orange dots in
Fig. 3b). Finally, we simultaneously modified both the metal
and support, replacing late transition metals with early trans-
ition metals and the support with ThO, (denoted by the Test-3
subset in Fig. 3a and denoted by orange circles in Fig. 3b).
These modified catalysts are distinct from the original sys-
tems in the training set.

Fig. 3b compares the E; values for the test set predicted by
Eq. (6) with those calculated via DFT, showing an RMSE of
0.35 eV, which is slightly lower than the RMSE for the train-
ing set. This underscores the robust generalizability of Eq.
(6). Similar to M on the supports in the training set, the ¢, val-
ues are significantly greater than the absolute values of ¢, for
the test set, indicating that the cohesive energy of the metal
can effectively estimate the feasibility of SAC formation. We
categorized the data points into four subsets for M,,,/CeO,,
Mean,/HO,, M/ThO,, and M,,/ThO,, achieving RMSE val-
ues of 0.30, 0.55, 0.23, and 0.21 eV, respectively. Fig. 3c—f'il-

Table 1. Coefficients and RMSEs of the functional derived from multitask symbolic regression for E; of single metal atoms in the training and test sets

without reactants.

System ¢y (Hgpn) ¢ (Omo) o RMSE (eV)
M/CeO, 0.98 -0.42 -0.16 0.31
M/ZrO, 0.58 0.12 -0.35 0.21
Training Set .
M/TiO, 0.75 -0.23 -2.20 0.61
M/HfO, 0.59 0.12 -0.47 0.23
Mey,/CeO, 1.19 -0.56 1.53 0.30
M,,,/HfO, 1.46 —-0.62 3.20 0.55
Test Set
Mearly/ThOZ 1.35 -0.44 1.68 0.23
M/ThO, 0.59 0.14 -0.76 0.21
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Fig. 3. (a) Schematic representation of the training and test datasets, including various late transition metals (M), early transition metals (M) and ox-
ide supports. (b) Comparison of the formation energies of single-atom catalysts (SACs) on CeO,, HfO,, and ThO,, as calculated via DFT and as estim-

ated via Eq. (6). Panels (c—
ported on ThO, (e).
lustrates these subsets, which cover distinct energy ranges and
exhibit varying levels of scatter. These findings highlight the
broad applicability of this two-dimensional descriptor to di-
verse supported metal catalysts.

For CeO,, HfO,, and ThO,, the ¢, and absolute values of ¢,
for supported M, are greater than those for M (Table 1), re-
flecting the greater influence of metal hardness and
metal-support interactions. The significantly higher H,,
and Qyo for M, than for M correspond to a more pro-
nounced variation in E; (Table S1). Thus, the stability of
SACs formed by M,,, on supports can vary more signific-
antly with changes in metal species.

3.2 Descriptor for single-nucleus complex stability

Building upon the exploration of descriptors for SAC stabil-
ity, we extended our investigation to examine the formation

(a) (b)

f) present this relationship for SACs composed of M, supported individually on CeO, (c), HfO, (d), ThO, (), and M sup-

energy of single-nucleus metal complexes in the presence of
common industrial reactants, CO and H,O, as shown in Fig.
4a. For H,0, which readily dissociates into OH and H on
SACs, we focused primarily on its dissociated form. In this
configuration, the OH group binds to the supported metal
atom, whereas the H atom attaches to a lattice oxygen at an
infinite distance from the metal atom. To account for the in-
teraction between the metal atom and the adsorbate, we intro-
duced an additional feature —the dissociation energy of the
single-nucleus complex in the gas phase (Qygr). We utilized
multitask symbolic regression to derive a concise and inter-
pretable functional form for the descriptor of E; for single-
nucleus metal complexes. The catalyst systems in the training
dataset for the metal complexes are the same as those used in
the training dataset for the SACs, as depicted in Fig. 2a, with
CO and dissociated H,O as reactants. To investigate the influ-

6
c«;o2 Hfo2 1CO-M
. A | ® 1CO-MICeO, A 10H-M/CeO,
» fp © fp @@ < f B 1CO-MiZrO, A 10OH-M/ZrO,
O
@ @ 2CO-M 6’ 2 ® 1CO-M/TiIO, A 10H-M/TIO,
(,« L (/ @ @ %f 4 0 B 1CO-MHO, A 10H-M/HfO,
»n O 2CO-M/CeO, A 20H-M/CeO,
© DD 10Hm £ : Meeo:
Oﬂ Oﬂ a 8 2 21 A O 2C0-MZrO, A 20H-M/ZrO,
@@ '-'-T_4_ ﬁ O 2CO-MTO, A 20H-M/TIO,
20H-M K RMSE =0.28 eV
O 2CO-MHO, A 20H-M/HfO,
“ ol a0l N o

E; from DFT (eV)

Fig. 4. (a) Schematic representation of the training dataset, including various late transition metals (M), oxide supports, and reactants. (b) Comparison of
the formation energies of single-nucleus metal complexes on CeO,, ZrO,, TiO,, and HfO, supports the presence of 1 CO molecule (‘1CO’), 2 CO mo-
lecules (‘2C0O’), 1 dissociated H,O molecule (‘10H’), and 2 dissociated H,O molecules (‘20H”), as calculated via DFT and predicted by Eq. (7).
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ence of pressure on the stability of single-nucleus metal com-
plexes, we adjusted the number of reactant molecules: a
single molecule (labeled ‘1CO’ and ‘10H’, indicated by the
filled square and triangle symbols in Fig. 4b) and two mo-
lecules (labeled 2CO’ and 20H’, indicated by the empty
square and triangle symbols in Fig. 4b) within the single-nuc-
leus metal complexes. We used the test set for SACs as cata-
lyst systems, incorporating ‘1CO’, 2CO’, ‘10H’, and ‘20H’
into the test set, as shown in Fig. 6a.

Consequently, for the training dataset shown in Fig. 4a, the
Owmr Was integrated into the descriptor for the E¢ of SACs, and
the E; of single-nucleus metal complexes becomes a function
of Hyp iy Omo» and Qg with a low RMSE of 0.28 eV, as rep-
resented in the equation below:

E; = ¢\ Hypn +C0m0 + 60w +Co

(M

Here, as shown in Table S4, ¢, is positive, and ¢, is approx-

imately zero, indicating that the metal-oxygen interaction has
a negligible effect on systems with identical support and reac-
tion conditions. c¢; is negative, and a more positive Qyr sug-
gests stronger attracting interactions between the reactants
and the single metal atom in the gas phase, enhancing the sta-
bility of the single-nucleus metal complexes and leading to a
more negative E;. Both ¢, and c; are comparable and signific-
antly greater than c¢,, as shown in Table S4, indicating a simil-
ar influence from the metal hardness and the adsorption of re-
actants. The coefficients change depending on the type of re-
actant species and the support.

Fig. 4b presents a comparison between the E; values calcu-
lated from Eq. (7) and those obtained from DFT calculations
for systems in the training set (Fig. 4a), with a low RMSE of
0.28 eV, demonstrating the accuracy of Eq. (7) in describing
E;. We subsequently categorized the data points on the basis
of the presence of specific reactants, as shown in Fig. 5: ‘1CO’

6 5 6 — 6 — 6
(a) ® 1CO-M/CeO, ® 1CO-W/ZrO, = 1CO-MITIO, B 1CO-M/HfO,
< 44 44 44 44
) .‘.' .‘,' o ",-
o 21 24 Ll 2 24 o
2 L
2 o f. 0 = 0 P 0 |
W 4] 4 4] 4.
RMSE =0.21 eV RMSE = 0.26 eV RMSE = 0.23 eV RMSE = 0.26 eV
N B B — B
(b) 6 4 =2 0 2 4 6 6 -4 2 0 2 4 6 -6 -4 =2 0 2 4 6 6 -4 2 0 2 4 6
6 - 6 6 6
O 2CO-M/CeO, O 2CO-W/ZrO, O 2CO-MITIO, O 2CO-M/HfO,
4 44 4 4
2 o g4 0- & 0 0 Ida
u
41 RMSE =0.17 eV | 1 RMSE = 0.15eV |1 RMSE = 0.17 eV | 1 RMSE = 0.15 eV
e ) o) - . Cj - .
6 4 2 0 2 4 6 6 -4 2 0 2 4 6 -6 -4 2 0 2 4 6 -6 4 2 0 2 4 6
(©) s 6 6 6
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s 4 4 ‘“ 4 4 A,“‘
e, ) A} , ) -
o “] T T Aa
2 S e w4
2 04 MA 04 0 0
§ 2] d 2 2 2
£ A f‘
uy y
1 RMSE = 0.32 eV | 7 RMSE =041ev |41 % RMSE = 0.53 eV |1 RMSE = 0.45 eV
B — S — e — B —
6 4 =2 0 2 4 6 6 -4 2 0 2 4 6 -6 -4 2 0 2 4 6 6 4 2 0 2 4 6
(d) o 6 2 6 2 6 g
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Fig. 5. Comparison of the formation energies of single-nucleus metal complexes on CeO, (a), ZrO, (b), TiO, (c¢), and HfO, (d) support in the presence of
1 CO molecule (‘1C0O”), 2 CO molecules (‘2CO”), 1 dissociated H,O molecule (‘10H”), and 2 dissociated H,O molecules (‘20H’), as calculated via DFT

and predicted by Eq. (7).
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(Panel a), 2CO’ (Panel b), ‘10H’ (Panel c), and ‘20H’ (Pan-
el d). For each reactant, the data were further divided by sup-
port type—CeO,, ZrO,, TiO,, and HfO,—displayed in panels
from left to right with low RMSEs ranging from 0.15 eV to
0.26 eV, except in cases involving the presence of ‘10H’.
The largest RMSE for systems with ‘10H’, ranging from 0.32
eV to 0.53 eV, may be attributed to the binding of OH to both
the single metal atom and the metal ion in the support. The in-
teraction between OH and the metal ion in the support,
however, is not captured by Eq. (7). Fig. 5 shows that the
range of E; varies with changes in both reactants and sup-
ports, and the distribution of points differs across the panels.
These observations confirm that the proposed functional form
is applicable and can be extended to a broad range of single-
nucleus complex systems.

To further evaluate the generalizability of Eq. (7), we con-
ducted a series of tests using the transferability dataset, as
shown in Fig. 6a. This allowed us to assess how well Eq. (7)
performs when it is applied to different catalyst systems. The
calculated E; values from both Eq. (7) and DFT show good
agreement, with lower RMSE values of 0.27, 0.21, and
0.16 eV, as illustrated in Fig. 6b, ¢, and d, respectively. The
coefficients ¢;, ¢,, and ¢; vary with respect to changes in re-
actants and supports (Table S4).

For the test dataset, the ¢, values are approximately zero,
whereas the ¢, values are positive and the c; values are negat-
ive, which is consistent with the results in the training dataset
for the complexes. Notably, the absolute values of ¢, and c;
are comparable, contributing similarly to Ey This suggests

that the hardness of the metal and the impact of reactant ad-
sorption are consistently the dominant factors influencing the
stability of single-nucleus metal complexes on the same sup-
port under identical reaction conditions. These findings
demonstrate that changes in the metal species affect E;
primarily through variations in the metal hardness and
metal-adsorbate interactions.

Furthermore, we evaluated the regression function on two
additional comprehensive datasets. First, to assess the impact
of U correction on the regression functional, we selected sys-
tems consisting of CeO, and 12 metals in the presence of
‘1CO’, 2C0O’°, ‘10H’, and ‘20H’ from the training set in Fig.
6a, adopting a different U value of 5 eV for the d-orbitals of
Ce. As shown in Fig. Sla, a strong consistency was observed
between the E; values from the DFT calculations and those
predicted by Eq. (7), with an RMSE of 0.22 eV. This result
indicates that the generalizability of Eq. (7) is unaffected by
the value of the U correction.

Additionally, we tested a second dataset comprising E; val-
ues of complexes formed by these metals on the (110) sur-
face of rutile-type TiO,, as reported in a previous study™?.
Unlike our original dataset, which focused on fluorite-type
MO, supports, this dataset provided a distinct comparison.
Remarkably, Eq. (7) demonstrated robust accuracy for pre-
dicting Ef, achieving an RMSE of 0.19 eV (Fig. S1b). There-
fore, although the calculation parameters of E; and the crystal
phase of oxides are different, the multidimensional descriptor,
represented by the combined interactions of the system com-
ponents, can serve as a universal descriptor for assessing the
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DDODDD
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Fig. 6. (a) Schematic representation of the training and test datasets, including various late transition metals (M), early transition metals (M,q,) and ox-
ide supports. (b) Comparison of the formation energies of single-nucleus metal complexes involving M,y on CeO,, as calculated via DFT and predicted
via Eq. (7). (c) The same comparison for single-nucleus metal complexes involving M on ThO,. (d) Comparison of the formation energy for M, on

ThO,, calculated via DFT and estimated via Eq. (7).
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stability of single-nucleus metal complexes.

3.3 Influence of catalyst components and reaction condi-
tions on stability

Following the investigation of the descriptors for single-nuc-
leus metal complexes, we next examined the impact of cata-
lyst properties and reaction conditions on the stability of
single-nucleus metal complexes. This analysis incorporates
factors associated with the features from Eq. (7), including
the metal hardness, the oxygen affinity of the metal atom, the
Lewis acidity of the lattice oxygen in the support, and the
presence of H,O or CO.

3.3.1 Impact of metal hardness

As shown in Eq. (7), E; for a single-nucleus complex is re-
lated to the hardness of the metal reflected by a larger Hy, .
A stronger interaction between metal atoms in the bulk makes
E; more positive, indicating less stability of the correspond-
ing single-nucleus metal complexes. To explore the relation-
ship between the hardness of metal M and the stability of
single-nucleus metal complexes, we first focused on SACs in
the absence of reactants. The E; values for SACs formed by
metals ranging from soft (e.g., Ag, Cu, and Au) to hard (e.g.,

Pd, Fe, Co, Ni, Rh, Pt, Ru, Ir, and Os) metals were calculated
on ZrO, and CeO, supports via Eq. (6), as shown in Fig. 7a.
Zr0O, and CeO, exemplify two types of supports character-
ized by weaker and stronger interactions with metal atoms, re-
spectively. These E; values are approximately consistent with
those derived from DFT calculations (Fig. S2). Fig. 7a indic-
ates that all E; values are positive, confirming the instability
of the SACs. On ZrO,, E; becomes more positive as the metal
hardness increases from left to right, reflecting the dominant
influence of cohesive energy on SAC stability. This is con-
sistent with the larger value of ¢, whereas the ¢, values for
Zr0, are approximately zero (Table 1). In contrast, the E; val-
ues of CeO, do not clearly depend on the cohesive energy,
suggesting the combined impact of both the metal's cohesive
energy and its interaction with the support.

3.3.2 Impact of oxygen affinity

Following the investigation of the relationship between metal
hardness and the stability of SACs, we next focused on the in-
teraction between the metal atom and the support. This inter-
action is represented by the Qy,o, Which also reflects the oxy-
gen affinity of the metal atom. As discussed above, com-
pared with ZrO,, Oy has a greater effect on E; on CeO,. To

(a) Metal E; sisso
Ag Cu Au Pd Fe Co Ni Rh Pt Ru Ir Os (eV)
1 1 1 1 ggg
g z0, {172 227 228 247 ..... 800
= 4.00
6 3.00
CeO, 143 113 203 167 048 130 132 234 291 233 257 275 fgg
0.00
b Metal E: sisso
(b) Ag Cu Au Pd Fe Co Ni Rh Pt Ru Ir oOs (eV/reactant)
N — 5.00
eof v - [ O Y -~
Zro, 3.00
3 1cO{ 1.11 065 1.18 0.29 0.28 113 051 1.81 200
X
© o, 20ers - - [ R
CeO, 0.00
o I O O - -~ [ -
-2.00
(c) Metal E: sisso
Ag Cu Au Pd Fe Co Ni Rh Pt Ru Ir Os (eV/reactant)
I 1 1 | 1 1 ! 1 1 5.00
20HH 0.37 . 0.62 0.51 ..- 0.37 065 054 055 0.72 4.00
Zro, 3.00
.8 10H4{ 093 056 1.80 169 059 0.74 099 256 .... 200
3 1.00
CeO, 0.00
058 105 092 1.08 156 -1.00
-2.00

Fig. 7. Formation energies as predicted by Eq. (6) for (a) single metal atoms and Eq. (7) for (b) single-nucleus metal complexes with CO and (c) single-
nucleus metal complexes with dissociated H,O. These species are composed of metal atoms supported on ZrO, and CeO,. From left to right, the Hgy,m
values of the metals increase sequentially, indicating that the metals become harder.
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understand why the oxygen affinity of a metal atom on CeO,
has a greater effect on the stability of SACs than does that on
Zr0,, we calculated the hydrogen adsorption energy on CeO,,
Zr0,, TiO,, and HfO, (Table 2) to evaluate the Lewis acidity
of the lattice surface oxygen in the support, which reflects the
ability to accept electrons from metal atoms.

Hydrogen adsorption on metal oxide surfaces is related to
the Lewis acidity of surface oxygen, with a process involving
electron transfer from H to surface oxygen*’. Most metal ele-
ments, except Au, have electronegativity values comparable
to or smaller than those of H (Table S5), resulting in an elec-
tronegativity difference between the metal atom and the oxy-
gen atom that is similar to or greater than that between hydro-
gen and oxygen. A greater electronegativity difference typic-
ally leads to more ionic bonds between two atoms, which is
associated with electron transfer processes. Therefore, the ad-
sorption of a metal atom onto surface oxygen is also expec-
ted to correlate with the Lewis acidity of the oxygen atom.
Our results show that a greater hydrogen adsorption energy
(—1.16 and —3.13 eV for CeO, and TiO,, respectively, in Ta-
ble 2) correlates with a more negative value of ¢, (—0.42 and
—0.23 for CeO, and TiO,, respectively, in Table 1), indicat-
ing a promotional influence from the metal-oxygen interac-
tion on E; In contrast, ZrO, and HfO, have positive hydro-
gen adsorption energies of 0.31 eV and positive ¢, values of
approximately zero (0.12 in Table 1), indicating a slight in-
hibitory impact from metal-oxygen interactions. Hence, the
impact of metal-support interactions is related to the Lewis

Table 2. Adsorption energy of hydrogen on different clean supports (unit: eV).

acidity of the lattice oxygen in the support. CeO, and TiO, are
characterized by greater Lewis acidity than ZrO, and HfO,
are, leading to stronger promotional effects from metal—oxy-
gen interactions.

In general, the hardness of a metal consistently influences
the stability of SACs, whereas supports (such as CeO,) with
higher Lewis acidity can enhance the metal-support interac-
tion, thereby further improving the stability of SACs. Overall,
the Fe atoms on CeO,, which combine relatively lower metal
hardness with stronger metal-oxygen interactions, are the
most easily dispersed, forming SACs with the lowest forma-
tion energy E;

3.3.3 Support-dependent adsorbate effects

The hardness and oxygen affinity of a metal influence the sta-
bility of SACs. However, under experimental conditions, the
presence of reactants can further impact stability by binding
to SACs to form single-nucleus metal complexes. To invest-
igate this effect, we considered the presence of ‘1CO’, 2CO’,
‘10H’, and ‘20H’ in the systems shown in Fig. 7b and ¢ and
calculated the corresponding E; values for single-nucleus met-
al complexes via Eq. (7). The DFT-calculated values, presen-
ted in Fig. S2, closely align with those obtained from Eq. (7).
Additionally, the impact of CO and H,O adsorption on E; was
examined by calculating the change in E; (AE;) from SACs to
single-nucleus metal complexes.

First, we observed that the AE; values for systems contain-
ing ‘1CO’ and ‘10H’ are negative, as shown in Fig. 8a. Addi-

System CeO, 710, TiO, HfO,
E s -1.16 +0.31 -3.13 +0.31
(a) Metal Ef,oomplex' Ef.SAC
Ag Cu Au Pd Fe Co Ni Rh Pt Ru Ir os (V)
1 1 1 1 1 1 1 1 1 L 1 1 _100
Zr0,4-0.78 -1.71 -0.48 -0.78 -2.54 -2.26 -2.06 -1.29 -0.74 -1.35 -1.31 -1.36 2.00
. 10H '
c -3.00
8 CeO,4-1.91 -1.95 -1.87 -1.72 -159 -2.00 -1.89 -1.76 -1.86 -1.41 -1.49 -1.18
8 -4.00
&’ Zr0,--0.60 -1.62 -1.10 -2.96 -2.84 .-.---. 5.00
1CO
Ce0,--1.70 -152 -2.45 -2.71 -0.84 213 -2.25 -2.63 192 251 -1.71 600
-7.00
(b) Metal E¢ complex~ Et.sac
Ag Cu Au Pd Fe Co Ni Rh Pt Ru Ir oOs (&)
1 1 1 1 -1.00
Z2r0,4-1.34 237 -1.66 -1.96 .
. 20H 2.00
c -3.00
8 CeO,{-2.30 -245 -269 243 -2.05 -2.87 -2.74 --.
g -4.00
£ oy o] o s 20 [ 5 e
2¢O
CeO,{-128 = — 243 -161 -2.39 -2.49 B
-7.00

Fig. 8. Change in formation energy (Efcompiex—Ersac, denoted AE) from single-metal atoms to single-nucleus metal complexes with CO and dissociative
H,O0 supported on ZrO, and CeO,, as predicted by Egs. (6) and (7). From left to right, the H, \ values of the metals increase sequentially, indicating that

the metals become harder.
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tionally, the AE; values for systems containing ‘2CO’ and
‘20H’ are even more negative (Fig. 8b) because of the satura-
tion of single metal atoms. Therefore, we focus primarily on
the adsorption of CO and H,O in systems with 2CO and 20H
(Fig. 8b), emphasizing how the support properties influence
AE;. This analysis involves comparing the AE; values for met-
al atoms supported on CeO, and ZrO, in the presence of
‘2CO’ or 20H’, establishing a correlation between the sup-
port properties and the impact of adsorbates on metal com-
plex stability.

For identical single-nucleus metal complexes on different
supports, only the coefficients ¢; (¢, ¢,, ¢3, and ¢, in Eq. (7))
vary, whereas the features Oyo, Our, and Hy,, Temain con-
stant, as shown in Table S1. Therefore, the variation in AE;
with changes in support is attributed primarily to the changes
in ¢; (Ac;), which are denoted as Ac,, Ac,, and Ac, (Table 3).
Notably, c¢; is exclusively present in Eq. (7) for single-nucle-
us metal complexes (Table 3). Ac,, Ac,, Acy and c; represent
the variation in the metal-support interaction, hydrogen ad-
sorption (for dissociative H from H,0), and metal-adsorbate
interaction during CO or H,O adsorption, respectively. Our
analysis examined how these factors collectively influence
AE; (Fig. 8b), which can be expressed as AE; = AciHy, v +
Acy Qo + €30m: TAcy. To identify the dominant factors, we
compared the variations in Ac; Ac, Ac, and c; across differ-
ent supports to determine which coefficients most signific-
antly contributed to the observed changes in AE}.
3.3.3.1 Impact of CO adsorption
First, the stabilizing effect of ‘2CO’ on single-nucleus metal
complexes is more pronounced for hard metals on ZrO, than
on CeO,, as evidenced by the more negative AE; value (Fig.
8b). This difference arises primarily from enhanced
metal-support interactions during CO adsorption, reflected by
a negative Ac, (—0.31 in Table 3). In contrast, on CeO,, Ac,
becomes positive (0.18 in Table 3), suggesting that CO ad-
sorption weakens the metal—support interaction, leading to the
destabilization of single metal atoms.

While the values of Ac; (—=0.59 and —0.26 for CeO, and
Zr0O,, respectively), ¢; (—0.42 and —0.32 for CeO, and ZrO,,
respectively), and Ac, (0.07 and 0.28 for CeO, and ZrO,, re-
spectively) collectively result in a less negative AE; for ZrO,
than for CeO,, the significantly greater negative Ac, on ZrO,
outweighs these contributions. This highlights that the more
pronounced reduction in AE; caused by CO adsorption on
Zr0O, is driven primarily by the stronger metal-support inter-
action relative to CeQO,.
3.3.3.2 Impact of H,O adsorption
The promotional effect of H,O adsorption on E is influenced
not only by the support but also by the metal species. For
most hard metals, except Pd and Pt, the effect of ‘20H’ on

Zr0, is more pronounced than that on CeO,, as indicated by a
more negative AE; on ZrO, (Fig. 8b). In contrast, for Ag, Cu,
Au, Pd, and Pt, this effect is more significant on CeO, (Fig.
8b). Therefore, we discuss these two groups of metals separ-
ately.

For most hard metals, excluding Pd and Pt, the promotion-
al effect of 20H’ on E; is more pronounced on ZrO, than on
Ce0,, mirroring the trend observed with ‘2CO’ (Fig. 8b). The
negative Ac, value for ZrO, (—0.21 in Table 3) reflects an in-
crease in metal-support interactions upon H,O adsorption,
contributing to the promotion effect. Conversely, the positive
Ac, value for CeO, (0.34 in Table 3) suggests an inhibitory
effect from these interactions.

A further comparison of Ac;, Ac,, and ¢; (Table 3) between
the two supports revealed a similar trend to that observed
with 2CO adsorption. These terms collectively contribute to a
more positive AE; on ZrO, than on CeO,. However, this con-
tribution is outweighed by the more negative Ac, for ZrO,
(Table 3) Thus, the stronger enhancement of AE; on ZrO, by
‘20H’ primarily arises from a more significant increase in the
metal-support interaction due to H,O adsorption, which is
consistent with the conclusion drawn for ‘2CO’.

In contrast, for soft metals (Ag, Cu, and Au), as well as for
Pd and Pt, the promotional effect of ‘20H” on E; on CeQ, is
more pronounced than that on ZrO,, with AE; values ranging
from —2.30 eV to —3.60 eV (Fig. 8b). On ZrO,, ‘20H’ has a
less significant promotion effect, with AE; values varying
from —1.34 eV to —3.13 eV (Fig. 8b). This trend can be attrib-
uted to the smaller positive value of Ac, (0.20, Table 3) and
the greater negative values of Ac,H,,y (ranging from —1.98
to —3.94 eV, Table S8) on CeO, than on ZrO,, where Ac, is
1.55 (Table 3), and Ac|H,, ranges from —0.59 to —1.18 eV
(Table S8). Conversely, the Ac, and Ac; of CeO, (0.34,
—0.56) are more positive than those of ZrO, (-0.21, —0.58),
resulting in a more negative AE; for ZrO,. Therefore, the
stronger promotional effect observed on CeO, is primarily a
result of its more negative Ac,H,,  and less positive Ac.

The AcHg,,\ captures the effect of metal—support interac-
tions on breaking metal-metal bonds within the metal bulk,
where a more negative AcHg,y indicates stronger
metal-support interactions. Additionally, the coefficient Ac,
is related to the hydrogen binding energy, as we considered
the dissociative adsorption of H,O. The hydrogen bonding en-
ergy is influenced by the Lewis acidity of the lattice oxygen
in the support. The adsorption energy of hydrogen on CeO, is
—1.16 eV, whereas on ZrO,, it is 0.31 eV (Table 2), corres-
ponding to Ac, values of 0.20 and 1.55 for CeO, and ZrO,, re-
spectively. This indicates that stronger hydrogen adsorption
contributes to an energy gain for E; on CeO,, resulting in a
less positive Acy. Therefore, both the metal-support interac-

Table 3. The difference between the coefficients (Ac;) of complex and SACs.

System Ac, Ac, c Acy
2CO-M/Ce0, —0.59 0.18 —0.42 0.07
2CO-M/ZrO, —-0.26 -0.31 -0.32 0.28
20H-M/CeO, —0.67 0.34 —0.56 0.20
20H-M/Zr0, —-0.20 -0.21 —0.58 1.55
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tions and the hydrogen adsorption strength of the support play
a role in influencing the effect of 20H".

Overall, the support influences not only the stability of
single-nucleus metal complexes with CO but also that with
OH through H adsorption or metal-support interactions.
Since the support primarily affects metal-support interac-
tions via the Lewis acidity of surface oxygen atoms, the
Lewis acidity of surface oxygen is expected to play a key role
in affecting AE}. Supports with a lower Lewis acidity of sur-
face oxygen (ZrO,) enhance metal-support interactions, lead-
ing to a greater promotional effect from CO on all metals and
from H,O on complexes primarily composed of hard metals.
Conversely, supports with a relatively high Lewis acidity of
surface oxygen in CeO, facilitate hydrogen adsorption, result-
ing in a promotional effect from H,O on complexes formed
by the soft metals Pd and Pt.

Frenkel et al. used in situ TEM to observe the reversible
disappearance and reappearance of perimeter Pt atoms on
Pt/CeO, under WGS conditions. CO-DRIFTS detected CO
adsorption features on low-coordinated Pt atoms at 180 °C,
indicating that single Pt atom complexes with CO"”. Simil-
arly, Rh;(CO), forms on CeO, in a pure CO atmosphere"”,
supporting the transition from positive E; for isolated Pt and
Rh atoms to negative E; for single-nucleus complexes in Fig.
7 when CO is present. While direct evidence for metal com-
plex formation with H,O remains elusive, in situ analyses
suggest that hydroxyl groups from dissociated water enhance
the dispersion of metal atoms (e.g., Ag, Cu, Pd, and Pt)!'""".
This implies that H,O can potentially contribute to single-
nucleus complex formation, as reflected in the more negative
E; for complexes involving OH than for those involving isol-

ated metal atoms, as shown in Fig. 7.

3.4 Nanoparticle dissociation vs. Ostwald ripening

Next, we evaluated the influence of reaction conditions on the
stability of single-nucleus metal complexes under relatively
low partial pressures of CO and H,O (set to 0.1 mbar) at 300
K, with corresponding chemical potentials of —0.63 eV and
—0.16 eV, respectively. After collecting the dataset of G; for
single-nucleus metal complexes across various metals on
CeO, and ZrO,, we analyzed the trends of NP dissociation in-
to single-atom complexes and Ostwald ripening (OR), which
depend on the sign of the G; for single-nucleus metal com-
plexes. Specifically, when the G; values are positive, the OR
process occurs, whereas a negative Gy indicates that single-
nucleus metal complexes are more stable than NPs are, driv-
ing the dissociation of NPs into single-nucleus metal com-
plexest™.

Under a CO atmosphere (‘2CO’ in Fig. 9a), the dissoci-
ation of NPs is more pronounced for most hard metals on
ZrO, with a negative Gy, except for Pd and Pt, where soft
metals exhibit a stronger tendency for the OR process with a
positive G¢. On CeO,, the OR process is observed exclusively
for soft metals, whereas the dissociation of NPs into single-
nucleus metal complexes is more prevalent for the remaining
hard metals. In general, under CO conditions, hard metals on
both CeO, and ZrO, generally exhibit a stronger tendency for
NP dissociation, whereas the OR process is typically favored
by soft metals. This is because, with increasing metal hard-
ness, the interactions between the metal and oxygen (Qy0) as
well as between the metal and CO (Qyr) are enhanced (Table
S1), resulting in a more negative E;.

(a) Metal G sisso
) (eV/reactant)
Ag Cu Fe Ni
. . 5.00
2C0O4 0.77 0.36 0.73 0.08 ....935E-£-.. 4.00
Zro, 3.00
g 1CO{ 175 128 182 013 093 025 0.05 091 050 1.77 114 245 200
X
© o 20107 = lllllllll
CeO, 0.00
1CO+ 0.36  0.24 0.27 0.34 0.06 1.04 069 1.67 -1.00
-2.00
Metal G sisso
(b) ) (eV/reactant)
Ag Cu Au Pd Fe Co N Rh Pt Ru Ir Os
I 1 ] 1 1 1 1 | 1 5.00
0.78 066 0.53 0.80 069 070 0.87 4.00
Zro, 3.00
g 196 1.84 075 090 1.14 272 .. 200
X
© o 20071 18 05t aso [1ai] 41 A7 070 05t 064 0st 050 I
CeO, 0.00
0.32  0.10 . 073 120 1.08 123 1.72 -1.00
-2.00

Fig. 9. Formation free energies of single-nucleus metal complexes with (a) CO and (b) dissociative H,0O, which are composed of metal atoms supported
on ZrO, and CeO,. The partial pressures of CO and H,O are set to 0.1 mbar each at 300 K.
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Under a H,O atmosphere (‘20H’ in Fig. 9b), unlike under
CO conditions, the OR process occurs exclusively on ZrO,
for all metals except Fe, Co, and Ni, whose NPs tend to disso-
ciate into single-nucleus metal complexes. On CeQO,, H,O in-
duces the dissociation of all the metal species from the NPs.
Therefore, in the case of 20H’, the support effect is more
pronounced. This is attributed to the strong Lewis acidity of
the lattice oxygen on the CeO, surface, which facilitates the
adsorption of dissociated hydrogen from H,O and enhances
the metal-support interactions, thereby promoting the stabil-
ization of H,O on the SAC.

In general, supports with lattice oxygen and stronger Lewis
acidity (such as CeQ,), combined with metals of higher hard-
ness, promote a greater tendency for NP dissociation, where-
as the opposite favors the OR process. Additionally, CO has a
stronger preference for promoting NP dissociation, whereas
higher pressure is required for H,O to shift the process from
OR to NP dissociation on a support with weaker Lewis acid-
ity (such as ZrO,).

4 Conclusions

The structure of supported transition metal catalysts can
change in the presence of reactants under experimental condi-
tions, leading to the formation of dispersed metal species that
bind to ligands from reactants, forming single-nucleus metal
complexes. Understanding the stability of these single-nucle-
us metal complexes is crucial for determining the active con-
figurations of catalysts under experimental conditions. In our
study, we employed multitask regression to identify
descriptors for the formation energy of single-nucleus metal
complexes in the presence of common reactants (CO and
H,0). This approach incorporates key factors, including the
hardness of the metal, metal-support interactions, and ad-
sorbate—metal interactions. Our findings reveal that changes
in metal species primarily impact the stability of single-nucle-
us metal complexes via the hardness of the metal and the
strength of the metal-adsorbate interaction, which is further
modulated by the Lewis acidity of the lattice oxygen in the
support. However, the influence of metal-support interac-
tions can become more pronounced when the support and ad-
sorbates are varied.

For supports with weaker Lewis acidity, such as ZrO,, CO
exerts a more significant promotional effect through en-
hanced metal—support interactions (Ac,Qyo), thereby increas-
ing the stability of single-nucleus metal complexes compared
with that of supports such as CeO,. In contrast, the stability of
OH-containing single-nucleus metal complexes depends on
both the metal and the support. For most hard metals,
metal-support interactions (Ac,Owo) have a substantial pro-
motional effect on supports with weaker Lewis acidity.
However, for soft metals (Ag, Cu, and Au), as well as Pd and
Pt, stronger hydrogen adsorption on supports with higher
Lewis acidity enhances the stability of single-nucleus metal
complexes.

The tendency of the NPs to dissociate into single-nucleus
metal complexes or ORs was evaluated on the basis of the
free formation energy G; under experimental conditions. Un-
der a CO atmosphere, the sign of G; is more closely related to
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the hardness of the metal. For both CeO, and ZrO,, as the
metal hardness increases, the interactions between the metal
and oxygen are enhanced in SACs. Hence, hard metals exhib-
it a stronger tendency for NP dissociation, whereas soft
metals (Ag, Cu, and Au) are more inclined toward the OR
process. Under a H,O atmosphere, this tendency is influ-
enced by the partial pressure of H,O. At low pressure, the sta-
bility of single-nucleus metal complexes is comparable to that
of SACs. Supports with higher Lewis acidity, such as CeO,,
enhance metal-support interactions, thereby promoting the
dissociation of NPs. However, under relatively high partial
pressures, the increased promotion effect of CO adsorption on
Zr0O, can further drive NP dissociation. In general, the tend-
ency of NPs to dissociate into single-nucleus metal com-
plexes or undergo OR depends on the metal hardness, type of
support, and reaction conditions, as described by Eq. (7).

To identify a descriptor for single-nucleus metal com-
plexes with a single ligand type, data-driven machine learn-
ing techniques can be further applied to develop descriptors
for complexes with multiple ligands. For reactions such as
water—gas shifts, this approach can be extended to systems
where Pt binds both OH and CO. We also recommend in situ
studies under CO- or H,O-rich conditions to validate these
predictions and enhance our understanding of metal complex
formation.
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