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Supplementary Methods

UMA-based structural representation and geometry optimization

Structural representations and geometry optimizations were performed with the

pretrained UMA uma-s-1p2 checkpoint under the OC20 task setting[1,2]. UMA employs

an equivariant spherical-channel network. For each atom, the final layer-normalized node

representation was extracted from the UMA backbone before the energy and force

prediction heads. The rotationally invariant � = 0 scalar component was retained as a

128-dimensional atomic embedding:

�� ∈ ℝ128 (S1)

where i denotes the atom index.

Two complementary structural descriptors were constructed from these atomic

embeddings. To characterize the overall chemical and structural environment of each

surface configuration � , the � = 0 scalar embeddings of all non-adsorbate atoms were

mean-pooled as:

�� =
1
ℐ� �∈ℐ�

 
��� ∈ ℝ128 (S2)

where ℐ� denotes the set of non-adsorbate atoms in configuration � , and ℐ� is its

cardinality. The resulting substrate-level descriptor �� was used to characterize the global

structural distribution of the generated surface space.

For the local adsorption environment used in subsequent clustering, the � = 0 scalar

embedding of the surface-anchoring ethoxy O atom was retained without pooling:

�� = ��O,anch � ∈ ℝ128 (S3)

Here, �O,anch � denotes the atom index of the ethoxy O atom directly associated with the

surface adsorption site. The local descriptor �� was used for clustering, representative

sampling, and subsequent neighborhood expansion.

Representative *OCH₂CH₃ configurations and their corresponding bare slabs were

optimized with the same UMA model using batched L-BFGS. Atoms designated as fixed

in the input slab model remained constrained, while all other surface and adsorbate atoms

were relaxed. Optimizations were terminated when the maximum force on unconstrained
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atoms fell below 0.05 eV Å⁻¹ or when 500 ionic steps had been reached. To construct

*CO and *H inputs, ethoxy was removed from the relaxed *OCH₂CH₃ structure and the

in-plane coordinates of the original anchoring O atom were retained as the initial lateral

adsorption position. For *CO, the C atom was placed at this lateral position and its height

was adjusted to give an initial 2.2 Å distance from the nearest relax-able surface atom;

the O atom was placed 1.128 Å above C along the surface normal. For *H, the initial H-

surface distance was 2.0 Å. If the retained lateral coordinate lay outside the corresponding

distance sphere of the nearest surface atom, C and H were instead initialized directly

above that atom using vertical offsets of 2.0 and 1.6 Å, respectively. These placements

defined only the initial configurations; no adsorbate coordinate was constrained during

subsequent relaxation. The resulting UMA-relaxed structures were then converted into

VASP input geometries while preserving the simulation cell, atomic species, coordinates,

and fixed-atom constraints defined for the slab. The corresponding scripts are available

at https://github.com/torenyx/uma-structure-tools.

Adsorption energies were evaluated using a method-consistent implementation of the

OC20 stoichiometric referencing scheme[1]:

��ads = �sys − �slab − �ref (S4)

where �sys and �slab denote the energies of the relaxed adsorbate-slab system and the

corresponding relaxed bare slab for configuration � , respectively. �ref is the reference

energy of adsorbate.

The elemental reference energies for H, O, and C were constructed from H2, H2O,

and CO following the OC20 stoichiometric relations:

�� =
1
2

� H2 (S5)

�� = � H2O − � H2 (S6)

�� = � CO − � H2O + � H2 (S7)

���� � =
�∈{C,H,O}

 
��� � �� (S8)

In Supplementary Equations (S5)–(S7), � H2 , � H2O , and � CO are the isolated-

https://github.com/torenyx/uma-structure-tools
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molecule energies, and �� is the corresponding elemental reference energy for element �.

In Supplementary Equation (S8), �� � is the number of atoms of element �∈{C,H,O} in

adsorbate �. UMA and DFT use the same stoichiometric reference construction, while

the numerical reference energies are method-specific. The UMAmolecular energies were

evaluated with the same uma-s-1p2 checkpoint and OC20 task setting used for the surface

calculations.

The resulting UMA elemental reference energies were −7.29 eV for C, −3.47 eV for

H, and −7.21 eV for O. Accordingly, the adsorbate reference energies used for adsorption-

energy evaluation were −39.13 eV for OCH₂CH₃, −14.50 eV for CO, and −3.47 eV for H.

These values were evaluated from the unrounded molecular energies; the elemental

reference energies are reported here to three decimal places. These reference energies

were used consistently in all reported UMA adsorption-energy calculations.

DFT calculations

Spin-polarized DFT calculations were performed using VASP[3,4]. Exchange-

correlation interactions were described using the RPBE functional[5], and core-valence

interactions were treated using PAW-PBE potentials[6]. The generated slabs retained their

original simulation cells with vacuum regions exceeding 15 Å along the surface-normal

direction, without imposing a common Bravais lattice. Because the generated slab

structures are not derived from uniquely assigned parent bulk phases, bulk space groups,

lattice parameters, and Miller indices cannot be unambiguously assigned to the 75

composition-level candidates. Slab atoms within 2.0 Å below the uppermost slab atom

were relaxed, whereas deeper slab atoms were fixed; all adsorbate atoms were fully

relaxed. Reciprocal-space integration used the same Γ-centered k-point construction as

described in the main-text Methods. Geometry optimizations were converged to a

maximum residual force of 0.05 eV Å⁻¹ and an electronic self-consistency threshold of 1

× 10⁻⁴ eV, with up to 60 electronic iterations per SCF cycle and 2,000 ionic steps. No

element-specific initial magnetic moments were assigned, and VASP’s default initial

value of 1 μB per atom was used. No independent charge-density or potential cutoff was

specified beyond the standard PAW and plane-wave settings. Adsorption energies were

evaluated with the same stoichiometric reference construction as Supplementary

Equation (S4), using method-specific reference energies. The reported adsorption

energies correspond to the 0 K electronic-energy limit; zero-point-energy, enthalpic, and
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entropic corrections were not included. The transition state was located using the dimer

method in VASP[7,8]. Vibrational frequency analysis was subsequently performed to

confirm the transition-state character, with each transition state exhibiting a single

imaginary frequency along the reaction coordinate. The activation barrier was calculated

as:

�a=�TS-�IS (S9)

Subsequent electronic-structure analyses were performed on the DFT-relaxed

geometries within the same RPBE-PAW framework, using an electronic self-consistency

threshold of 1×10-6 eV. Static charge-density calculations used the corresponding Γ-

centered k-point meshes, while PDOS calculations employed a sampling-length

parameter of 60 Å, a 3,001-point energy grid, and the tetrahedron method with Blöchl

corrections[9].

Charge redistribution upon adsorption was evaluated from the electron-density

difference:

�� � = �slab+� � − �slab � − �� � (S10)

Here, the three terms denote the electron densities of the adsorbate-slab system, the

corresponding slab, and the isolated adsorbate X, respectively, all evaluated in the same

periodic cell with identical k-point and FFT grids. Positive and negative density

differences indicate electron accumulation and depletion, respectively, and the resulting

isosurfaces were visualized using VESTA[10].

Clustering

Clustering was performed in the 128-dimensional O-centered embedding space defined

in Supplementary Equation (S3). For each *OCH₂CH₃ adsorption configuration indexed

by �, �� denotes the 128-dimensional scalar embedding of the surface-anchoring ethoxy

O atom. A total of � = 839,237 embeddings were included. To remove the common

offset of the embedding space, the global mean vector was calculated as:

�� =
1
�

�=1

�

��� (S11)

Each mean-centered embedding was subsequently normalized to unit Euclidean norm:
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��� =
�� − ��

�� − �� 2
(S12)

Here, �� is the global mean vector, ��� is the centered and unit-normalized embedding of

configuration �, and ∥⋅ ∥2 denotes the Euclidean norm. The inner product between any

two processed embeddings is therefore equal to their cosine similarity.

The normalized embeddings were partitioned using GPU-accelerated spherical k-means

implemented in Faiss[11]. Unit-norm centroids �� ∈ ℝ128 were optimized by maximizing

the total cosine similarity over a training subset:

max
{��}�=1

�
 

�∈�

 
max

1≤�≤�
� ���

⊤�� (S13)

subject to

�� ∈ ℝ128,   �� 2 = 1,  � = 1, …, � (S14)

where � = 2,000 is the number of clusters, � indexes clusters, � is the index set used for

centroid optimization, and ⋅ ⊤ denotes transpose. Under the Faiss default cap of 256

training vectors per centroid, 512,000 embeddings were sampled from the complete

dataset for centroid estimation. Optimization was performed for 25 iterations from five

independent initializations with a random seed of 42, and the solution with the highest

final objective value was retained.

After centroid optimization, all 839,237 embeddings were assigned by exact inner-

product search to the centroid with the highest cosine similarity:

�� = arg max
1≤�≤�

 ���
⊤�� (S15)

where �� is the cluster assignment of configuration � . Its similarity to the assigned

centroid was recorded as:

�� = ���
⊤��� (S16)

where �� is the corresponding cosine similarity. To obtain a compact yet structurally

diverse representative set, five structures were selected from each cluster according to the

0th, 25th, 50th, 75th, and 95th percentiles of the cluster-specific centroid-similarity

distribution. For each target percentile, the structure whose �� value was closest to the
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corresponding percentile value was retained, yielding 10,000 representative *OCH2CH3

configurations in total for subsequent UMA-based adsorption-energy evaluation.

Geometric deduplication

Geometric deduplication was performed on the relaxed *OCH₂CH₃ adsorption structures

for which the adsorption-energy calculations of *OCH₂CH₃, *CO, and *H had converged.

Because the corresponding *CO and *H configurations were derived from the same local

adsorption environment of each parent *OCH2CH3 structure, the relaxed *OCH2CH3

configuration was used as the structural identifier for deduplication. Structures were first

grouped according to their constituent element sets and then converted from ASE Atoms

objects into pymatgen Structure objects using AseAtomsAdaptor. Within each element-

set group, geometrically equivalent structures were identified using the StructureMatcher

implementation in pymatgen[12]. Matching was performed with the default tolerances of

ltol = 0.2, stol = 0.3, and an angular tolerance of 5°, while preserving atomic species

during structure mapping. Structures judged equivalent under these criteria were assigned

to the same equivalence group, and one representative structure was retained from each

group.

Subgroup discovery

Subgroup discovery was applied to the geometrically deduplicated candidate pool to

identify compact combinations of elemental properties that enrich structures satisfying all

three adsorption-energy criteria[13,14]. The source pool comprised 4,786 unique adsorption

structures. Because a fixed descriptor representation was required for each compositional

dimensionality, binary and ternary structures were analyzed independently, comprising

3,613 and 928 structures, respectively. Unary and quaternary structures were not included

in these searches. Positive and negative labels were assigned according to the joint

*OCH2CH3/CO/H adsorption-energy criteria prior to elemental safety filtering. Each

adsorption structure indexed by � was assigned a binary target label according to:

�� =

1,if  − 4.2 ≤ ��ads,�
(UMA)(*OCH2CH3) ≤− 3.3,

and  − 1.0 ≤ ��ads,�
(UMA)(*CO) ≤− 0.35,

and ��ads,�
(UMA)(*H) >− 0.2,

0,otherwise.

(S17)

Thus, �� = 1 if and only if the ethoxy and CO adsorption energies lie within the specified

closed intervals and the H adsorption energy is greater than −0.2 eV; otherwise, �� = 0.
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The three adsorption-energy constraints are imposed simultaneously.

For each structure, the constituent elements were ordered by increasing atomic number to

define reproducible element positions � = 1, …, �, where � = 2 and � = 3 for the binary

and ternary searches, respectively. Each element position was characterized by nine

intrinsic elemental properties: atomic radius (R), electron affinity (EA), ionization

potential (IP), cohesive energy (EC), number of d-valence electrons (Nd), number of

group valence electrons (Nv), electronegativity (EN), Mendeleev number (MN), and

relative atomic mass (M). This representation yielded 18 descriptors for each binary

structure and 27 descriptors for each ternary structure. Descriptor labels were written as

indivisible upright strings, with the terminal numeral directly identifying the element

position in the atomic-number ordering; for example, MN1 and Nd2 denote the

Mendeleev number of the first element and the number of d-valence electrons of the

second element, respectively. The numeral is a position label rather than a

crystallographic atomic-site index.

The searches were performed using pysubgroup version 0.9.0 and its beam-search

implementation[14]. Numerical selectors were constructed using five-bin equal-frequency

discretization. Descriptors containing more than five distinct values were represented by

interval selectors defined by the corresponding equal-frequency cut points, whereas

descriptors containing no more than five distinct values were represented by equality

selectors. A subgroup was defined as the conjunction of at most five selector conditions.

The beam width and preliminary result-set size were both set to 200. Minimum subgroup

supports of eight and five structures were imposed for the binary and ternary searches,

respectively. Following the search, rules were retained only if they contained at least one

descriptor associated with each element position, ensuring that the resulting rules

reflected contributions from all constituent elements rather than being dominated by a

single component. Up to 30 highest-ranked rules were retained for subsequent analysis.

Subgroups were ranked using the StandardQF quality function with exponent � = 0.5:

� � =
��

�

�
�� − �0 ,  � = 0.5 (S18)

where� is the total number of structures in the corresponding binary or ternary dataset, ��

is the number of structures covered by subgroup �, �� is the positive fraction within �,

and �0 is the positive fraction in the complete dataset. This quality function rewards
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positive-class enrichment while penalizing rules with very limited coverage. For each

retained rule, the subgroup size, number of covered positive structures, subgroup positive

fraction, baseline positive fraction, and enrichment factor were calculated. For �0 > 0 ,

the enrichment factor was defined as:

EF � =
��

�0
(S19)

An exact condition-level Shapley decomposition was subsequently applied to the highest-

ranked binary and ternary rules to quantify the contribution of each condition to the rule

quality[15]. For a rule containing the condition set � = {�1, …, ��} , all 2� possible

condition subsets were enumerated. For each coalition � ⊆ �, subgroup �� was defined

by the conjunction of all conditions in � , and its StandardQF score was used as the

characteristic-function value:

� � = � �� (S20)

The Shapley contribution of condition �� was calculated from its weighted marginal

contribution over all coalitions that do not contain ��:

�� =
�⊆�: ��∉�

 
� !   � − � − 1 !

�!
� � � ∪ {��} − � � (S21)

where � is the number of conditions in coalition � , and � is the total number of

conditions in the complete rule. The factorial term weights each marginal contribution

according to coalition size. The empty coalition represents the complete dataset and

therefore has � ∅ = 0 . The resulting condition contributions satisfy the efficiency

relation:

�=1

�

��� = � � − � ∅ = � �� (S22)

With the condition sets of the selected top rules held fixed, uncertainty in the Shapley

contributions was estimated using 2,000 nonparametric bootstrap replicates generated by

resampling structures with replacement. For each replicate, all coalition-specific

StandardQF scores and the corresponding Shapley contributions were recalculated, and

95% confidence intervals were obtained from the 2.5th and 97.5th percentiles of the

bootstrap distributions.
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Supplementary Table 1. CPU and GPU wall-clock times for UMA and VASP

geometry optimizations

Benchmark CPU setup GPU setup
CPU
time
(min)

GPU
time
(min)

Speed-up

UMA (72
structures) 32 CPU cores 1 RTX 4090 GPU 163.4 1.25 131×

VASP: Cu–
Zn–Rh 32 MPI ranks 2 MPI ranks + 1

RTX 3090 GPU 8.49 39.93 0.213×

VASP: Al–
Cu–Pd 32 MPI ranks 2 MPI ranks + 1

RTX 3090 GPU 51.63 108.03 0.478×
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Supplementary Table 2. Elemental descriptors used for binary and ternary
subgroup discovery.

Descriptor Definition and unit

Rj Atomic radius of element j (Å)

EAj Electron affinity of element j (eV)

IPj Ionization potential of element j (eV)

ECj Cohesive energy of element j (eV atom−1)

Ndj Number of d-valence electrons of element j

Nvj Number of group valence electrons of element j

ENj Pauling electronegativity of element j

MNj Mendeleev number of element j

Mj Relative atomic mass of element j

Note:Here, j = 1, 2 for binary structures and j = 1, 2, 3 for ternary structures. Constituent elements
were indexed in increasing order of atomic number. The terminal numeral denotes the element
position rather than a crystallographic site; for example, MN3 is the Mendeleev number of the
third element.
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Supplementary Table 3. Chemical systems retained after adsorption-energy

screening.

Chemical system

Cu Al–Cu Al–Mn

Al–Pd Al–Pt Ca–Bi

Ca–Cu Cl–Cu Cu–Ag

Cu–Au Cu–Ge Cu–Pt

Cu–Sb Cu–Y Cu–Zn

Ga–Hf Ga–Pt Mo–Rh

N–Mn N–V P–Cr

P–Sc Ru–In S–Cr

S–Cu S–Ni S–Pd

Sc–Au Sc–Cu Sc–In

Sc–Pd Sc–Zn Si–Cu

Si–Ni Te–Ta Ti–Pd

V–Te Zn–Pd Zn–Pt

Zn–Rh Al–Cu–Pd Al–Cu–Zn

Al–Ru–Ta C–V–Ga Co–Se–Ag

Cu–Ga–Pd Cu–Pd–Sn Cu–Rh–Hf

Cu–Y–Sn Cu–Zn–Au Cu–Zn–Ir

Cu–Zn–Rh Ga–Zr–Pd K–Cu–Sb

Mn–Se–Y N–Ca–Cr N–Ca–Ge

N–Ti–Y Na–Pd–In Ni–Ga–Nb

P–Sr–Au S–Se–Mo S–Ti–Y

Sc–Cu–Ga Sc–Cu–Pt Sc–Cu–Zn

Sc–Pd–Hf Sc–Pd–Ir Sc–Ru–Sn

Si–Co–Zr Si–Sc–Cu Y–Pd–In

Zn–Pd–In Zn–Pd–Pt Zn–Y–Pd
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Supplementary Table 4. Experimental synthesis precedents for 72 final candidates.

Representative
candidates

Experimental synthesis
precedent

Representative
reference

Cu Yes [16]

Al–Cu Yes [17]

Al–Mn Yes [18]

Al–Pd Yes [19]

Al–Pt Yes [20]

Ca–Bi Yes [21]

Ca–Cu Yes [22]

Cl–Cu Yes [23]

Cu–Ag Yes [24]

Cu–Au Yes [25]

Cu–Ge Yes [26]

Cu–Pt Yes [27]

Cu–Sb Yes [28]

Cu–Y Yes [29]

Cu–Zn Yes [30]

Ga–Hf Yes [31]

Ga–Pt Yes [32]

Mo–Rh Yes [33]

N–Mn Yes [34]

N–V Yes [35]

P–Cr Yes [36]

P–Sc Yes [37]

Ru–In Yes [38]

S–Cr Yes [39]

S–Cu Yes [40]

S–Ni Yes [41]
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Representative
candidates

Experimental synthesis
precedent

Representative
reference

S–Pd Yes [42]

Sc–Au Yes [43]

Sc–Cu Yes [44]

Sc–In Yes [45]

Sc–Pd Yes [46]

Sc–Zn Yes [47]

Si–Cu Yes [48]

Si–Ni Yes [49]

Te–Ta Yes [50]

Ti–Pd Yes [51]

V–Te Yes [52]

Zn–Pd Yes [53]

Zn–Pt Yes [54]

Zn–Rh Yes [55]

Al–Cu–Pd Yes [56]

Al–Cu–Zn Yes [57]

Al–Ru–Ta Yes [58]

C–V–Ga Yes [59]

Co–Se–Ag Yes [60]

Cu–Ga–Pd Yes [61]

Cu–Pd–Sn Yes [62]

Cu–Rh–Hf Yes [63]

Cu–Y–Sn Yes [64]

Cu–Zn–Au Yes [65]

Cu–Zn–Ir Yes [66]

Cu–Zn–Rh Yes [67]

Ga–Zr–Pd Yes [68]
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Representative
candidates

Experimental synthesis
precedent

Representative
reference

K–Cu–Sb Yes [69]

Mn–Se–Y Yes [70]

N–Ca–Cr Yes [71]

N–Ca–Ge Yes [72]

N–Ti–Y Yes [73]

Ni–Ga–Nb Yes [74]

P–Sr–Au Yes [75]

S–Se–Mo Yes [76]

Sc–Cu–Ga Yes [77]

Sc–Cu–Pt Yes [78]

Sc–Cu–Zn Yes [79]

Sc–Pd–Ir Yes [80]

Sc–Ru–Sn Yes [81]

Si–Co–Zr Yes [82]

Si–Sc–Cu Yes [83]

Y–Pd–In Yes [84]

Zn–Pd–In Yes [85]

Zn–Pd–Pt Yes [86]

Zn–Y–Pd Yes [87]



16

Supplementary Table 5. Thermodynamic accessibility of 3 candidates without

experimental synthesis records.

Representative
candidates Eform (eV atom−1) Ehull (eV atom−1)

Na–Pd–In −0.38 0.029

S–Ti–Y −1.85 0.088

Sc–Pd–Hf 2.12 2.925

Note: Thermodynamic data were retrieved from the Materials Project[88]. Eform and Ehull
denote the formation energy per atom and energy above the convex hull per atom,

respectively. Structures with Ehull≤ 0.10 eV/atom were regarded as thermodynamically

stable or moderately metastable candidates with plausible synthesizability.
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Supplementary Table 6. UMA and DFT adsorption energies including *OCH2CH3,

*CO and *H for the 20 representative candidates.

Representative
candidates Adsorbate EadsUMA (eV) EadsDFT (eV)

Al–Cu *OCH2CH3 −3.681 −3.567
Al–Cu *CO −0.697 −0.675
Al–Cu *H 0.041 0.050

Al–Cu–Pd *OCH2CH3 −3.310 −3.256
Al–Cu–Pd *CO −0.545 −0.529
Al–Cu–Pd *H 0.041 0.063
Cu–Zn–Au *OCH2CH3 −3.772 −3.757
Cu–Zn–Au *CO −0.513 −0.526
Cu–Zn–Au *H 0.107 0.119

Cu *OCH2CH3 −3.615 −3.577
Cu *CO −0.595 −0.617
Cu *H −0.035 −0.023

Al–Cu–Zn *OCH2CH3 −3.749 −3.550
Al–Cu–Zn *CO −0.697 −0.638
Al–Cu–Zn *H 0.073 0.158
Cu–Ga–Pd *OCH2CH3 −4.057 −4.006
Cu–Ga–Pd *CO −0.741 −0.752
Cu–Ga–Pd *H 0.243 0.240
Cu–Zn *OCH2CH3 −3.783 −3.812
Cu–Zn *CO −0.680 −0.721
Cu–Zn *H 0.277 0.261

Sc–Cu–Ga *OCH2CH3 −3.326 −3.329
Sc–Cu–Ga *CO −0.728 −0.786
Sc–Cu–Ga *H 0.420 0.410
Cu–Pd–Sn *OCH2CH3 −3.533 −3.482
Cu–Pd–Sn *CO −0.780 −0.827
Cu–Pd–Sn *H 0.408 0.427
Cu–Zn–Rh *OCH2CH3 −3.443 −3.443
Cu–Zn–Rh *CO −0.712 −0.750
Cu–Zn–Rh *H 0.366 0.334
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Representative
candidates Adsorbate EadsUMA (eV) EadsDFT (eV)

Sc–Cu–Zn *OCH2CH3 −3.545 −3.533
Sc–Cu–Zn *CO −0.619 −0.649
Sc–Cu–Zn *H 0.354 0.369
Cu–Y–Sn *OCH2CH3 −3.683 −3.577
Cu–Y–Sn *CO −0.695 −0.700
Cu–Y–Sn *H 0.181 0.200
Ga–Hf *OCH2CH3 −3.814 −3.781
Ga–Hf *CO −0.409 −0.444
Ga–Hf *H −0.011 −0.075
Ga–Pt *OCH2CH3 −3.685 −3.719
Ga–Pt *CO −0.568 −0.583
Ga–Pt *H 0.117 0.143

Ni–Ga–Nb *OCH2CH3 −3.702 −3.665
Ni–Ga–Nb *CO −0.974 −0.888
Ni–Ga–Nb *H 0.339 0.405
Sc–Au *OCH2CH3 −3.918 −3.923
Sc–Au *CO −0.619 −0.638
Sc–Au *H 0.083 0.088
Sc–Pd *OCH2CH3 −3.851 −3.928
Sc–Pd *CO −0.450 −0.421
Sc–Pd *H −0.116 −0.110
Sc–Zn *OCH2CH3 −3.894 −3.850
Sc–Zn *CO −0.456 −0.486
Sc–Zn *H 0.222 0.249
Y–Pd–In *OCH2CH3 −3.677 −3.650
Y–Pd–In *CO −0.557 −0.552
Y–Pd–In *H −0.018 0.001
Zn–Pd–In *OCH2CH3 −3.699 −3.707
Zn–Pd–In *CO −0.811 −0.807
Zn–Pd–In *H 0.071 0.080
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Supplementary Table 7. Energy differences between the final and initial states for

five representative CO–CO coupling pathways.

Representative candidates ΔE (eV)

Ga–Pt 0.453

Sc–Cu–Ga 1.347

Cu–Pd–Sn 1.825

Cu 0.945

Al–Cu–Pd 0.436
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Supplementary Figure 1. Elemental distribution of the fine-tuning dataset. The

percentage shown for each element is the fraction of the 14,000 fine-tuning structures

containing at least one slab atom of that element.
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Supplementary Figure 2. Population and compactness of the O-centered embedding

clusters. Each point represents one of the 2,000 spherical k-means clusters. Cluster size

is plotted against the median cosine similarity between member embeddings and the

corresponding cluster centroid. Color denotes the 5th-to-95th-percentile range, Q95 - Q5,

of the within-cluster cosine similarities.
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Supplementary Figure 3. Pairwise relationships among the UMA-predicted adsorption

energies derived from the 10,000 representative structures. The analysis includes

structures for which the *OCH2CH3, *CO, and *H relaxations all converged.

Hexagonal-bin intensity represents local structure density, and gold points denote the

153 structures satisfying all three adsorption-energy criteria. (A) *CO versus *H. (B)

*OCH2CH3 versus *CO. (C) *OCH2CH3 versus *H. The Spearman rank correlation

coefficient is reported in each panel.



23

Supplementary Figure 4. Spearman correlations among elemental descriptors used for

subgroup discovery. Correlation matrices are shown for (A) binary and (B) ternary

structures. Circle color and size represent the sign and magnitude of the correlation

coefficient, respectively. Gold labels denote descriptors included in the highest-ranked

subgroup rules.
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Supplementary Figure 5. Condition-level attribution of the highest-ranked subgroup

rules. Shapley contributions to the StandardQF quality score Q are shown for the binary

rule (A) and ternary rule (B). Numerical labels give the contribution of each condition,

and error bars represent 95% confidence intervals obtained from 2,000 nonparametric

bootstrap resamples. For each rule, the condition-level contributions sum to the quality

score of the complete rule.
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Supplementary Figure 6. Electronic-structure analysis of a representative rule-

matching Cu-Pd system. (A) PDOS of the clean surface and the corresponding *H-,

*CO-, and *OCH2CH3-adsorbed configurations. (B) Adsorption-induced charge-density

differences for *H, *CO, and *OCH2CH3. Yellow and cyan isosurfaces indicate electron

accumulation and depletion, respectively, at an isovalue of 0.003 e bohr−3.
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Supplementary Figure 7. Electronic-structure analysis of a representative rule-

mismatching Tc-Ru system. (A) PDOS of the clean surface and the corresponding *H-,

*CO-, and *OCH2CH3-adsorbed configurations. (B) Adsorption-induced charge-density

differences for *H, *CO, and *OCH2CH3. Yellow and cyan isosurfaces indicate electron

accumulation and depletion, respectively, at an isovalue of 0.003 e bohr−3.
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Supplementary Figure 8. Agreement between UMA- and DFT-derived adsorption

energies. UMA adsorption energies are compared with the corresponding DFT values for

*CO (A) and *H (B) across 20 DFT-validated candidate systems. The solid diagonal

denotes exact agreement, and the shaded region bounded by dashed lines indicates

deviations within ±0.10 eV. The mean absolute error (MAE) and coefficient of

determination (R2) are reported in each panel.
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Supplementary Figure 9. Representative DFT-optimized adsorption structures for

*OCH2CH3.
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Supplementary Figure 10. Representative DFT-optimized adsorption structures for

*CO.
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Supplementary Figure 11. Representative DFT-optimized adsorption structures for

*H.
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Supplementary Figure 12. Initial-state (IS), transition-state (TS), and final-state (FS)

structures for representative Sc-Cu-Ga and Cu systems. From left to right, the columns

correspond to IS, TS, and FS, respectively.
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