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Computational Methods and Details
DFT calculations

All spin-polarized density functional theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package (VASP),% 2 with workflows constructed and managed through
the Atomic Simulation Environment (ASE).3 The PAW (projector augmented-wave) potential* was
employed to describe the interactions between ionic cores and valence electrons, and the
exchange—correlation energy was treated within the generalized gradient approximation using the
Perdew—Burke—Ernzerhof (GGA-PBE) functional.>” A plane-wave energy cutoff of 400 eV was
adopted for all calculations. To ensure sufficient surface site diversity while maintaining
computational efficiency, all constructed HEA surfaces were expanded to (4 x 4) supercells with
four atomic layers, in which the bottom two layers were fixed to simulate bulk constraints. A
vacuum region of 20 A was applied to all slabs along the surface normal direction to avoid
interactions between periodic images. The Brillouin zone was sampled using the Monkhorst—Pack
scheme with a 2 x 2 x 1 k-point mesh.% The Gaussian smearing with a width of 0.2 eV was employed
for metallic systems. Structural optimizations were considered converged when the energy and
maximum force on each atom converged to within 1 x 104 eV/atom and 0.05 eV/A, respectively.
Regarding van der Waals (vdW) interactions, while dispersion forces may make non-negligible
contributions to adsorption energetics in heterogeneous systems,® the present work focuses on
hydrogen chemisorption on metallic HEA surfaces, where the energetics are dominated by local
metal-hydrogen bonding. Thus, explicit vdW corrections were omitted to maintain computational
consistency across the large compositional space. Representative test calculations with vdW
corrections (Table S5) show that although moderate quantitative shifts in AGy occur, the overall
adsorption trends and relative energetic preferences remain largely unchanged.

The computational hydrogen electrode (CHE) model was employed to evaluate the adsorption
free energy of adsorbed hydrogen.® Within the CHE framework, the chemical potential of a
proton—electron pair is equated to half of that of a hydrogen molecule in the gas phase under
standard conditions, (i.e., u(H* + e7) = 1/2 u(Hz(g))). The effect of electrode potential was
incorporated by shifting the electron energy by —eU, where e is the elementary charge and U is the
applied electrode potential referenced to RHE. Accordingly, the AGy was calculated as:

AGy = DEags + AEzpe — TAS (Eq. 1)

where AE,qs is the hydrogen adsorption energy obtained from DFT calculations, AEzpe is the

zero-point energy correction, AS is the entropy change, and T is the temperature (298.15 K). All

thermodynamic corrections were calculated using the VASPKIT package.?



Machine learning details for DSTAR and SISSO

To elucidate the relationship between the local coordination environment of active sites and
their corresponding adsorption energies, the atomic configurations of sites must be transformed
into machine-readable descriptors. Herein, the local atomic environments were characterized
using the DSTAR descriptor, originally proposed by Seoin et al., which has been successfully applied
to bimetallic catalytic systems.?2 The DSTAR method describes each adsorption site by partitioning
the local coordination environment into three regions: the first nearest neighbors (FNN),
corresponding to the three metal atoms directly bonded to hydrogen; the same-layer of second
nearest neighbors (SNNsame), which influence lateral electronic interactions on the surface; and the
sublayer of second nearest neighbors (SNNsyb), which reflect subsurface-induced electronic and
strain-related effects. For each region, the number of constituent metal atoms and the weighted
elemental properties were calculated. Specifically, eleven tabulated atomic properties were
employed, including atomic number. lonic radius, oxidation state, electronegativity, row and group
in periodic table, thermal conductivity, melting point, boiling point, block and ionization energy,
resulting in a total of twelve features for each coordination region. Consequently, each adsorption
site was represented by a 36-dimensional fingerprint (3 regions x 12 features), which quantitatively
encodes the compositional, geometric and electronic characteristics of the local atomic
environment (Fig. 1c and Fig. S5). These site-specific fingerprints were subsequently used as the
primary input features for SISSO model training. Notably, the present descriptor set does not
include explicit electronic-structure features such as the d-band center.'>1* While such descriptors
can provide a deeper and more direct link between surface electronic structure and hydrogen
adsorption strength, they generally require additional electronic-structure calculations for each
adsorption configuration. Instead, the model relies on readily accessible elemental and
physicochemical properties that implicitly capture the dominant chemical trends across diverse
local environments. This choice avoids the additional computational cost of per-site
electronic-structure post-processing, enabling efficient exploration of the broad FCC-HEA
compositional space. This strategy positions the present framework as complementary to
electronic-descriptor approaches, with future incorporation of electronic-structure descriptors
offering a clear path to further enhancing both predictive accuracy and mechanistic insight.

The resulting SISSO models enable efficient prediction of AGhu for all surface sites across the
FCC-HEA composition space. Specifically, the SISSO model was trained and validated using a
reproducible data partitioning strategy through the train_test_split function in scikit-learn. The full
dataset comprising 7004 adsorption sites was randomly split into a training set (80%, 5603 sites)
and a testing set (20%, 1401 sites) with a fixed random seed of 42. All hyperparameter tuning and
model selection were conducted exclusively on the training set, and the testing set was strictly held
out for final, unbiased performance evaluation.



Machine learning details for phase prediction

A supervised machine-learning classifier was employed to pre-screen FCC-stable Ni-based
high-entropy alloy compositions prior to DFT evaluation, reducing the computational burden of
exhaustive phase identification. The model was trained on a literature-derived curated dataset
consisting of 369 experimentally reported multicomponent alloys with reliable crystal phase labels
(FCC, BCC, and others).

Ten physically interpretable descriptors were adopted as input features, covering elemental,
alloy-level, and thermodynamic characteristics, including composition-weighted averages of
atomic radius (7), valence electron concentration (VEC), Pauling electronegativity (¥), and melting
point (T,,); atomic size mismatch (8), electronegativity difference (Ax), mixing entropy (ASmi),
mixing enthalpy (AHmix); and thermodynamic criteria Q and A. All descriptor definitions and
calculation formulas are provided as following:
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where the individual items involved are defined as follows. The ¢; (and ¢)), ri(and r)), xi (and x;),

VEC; and T}, are the atomic molar fraction, atomic radius, Pauling electronegativity, valence
electron number, and melting point of the i (and j*) element, respectively. R is the gas constant.
AH{]’-‘ix is the enthalpy of mixing for the binary equimolar j-j alloys.

Six widely used classification algorithms—Logistic Regression, Support Vector Machine (SVM),
Gaussian Process Classifier (GPC), Random Forest (RF), XGBoost, and Multi-Layer Perceptron
(MLP)—were benchmarked using 10-fold cross-validation. The MLP model achieved the highest
average accuracy of 0.89 and was therefore selected as the final phase classifier. It should be noted
that this ML phase filter serves as a pre-screening step to efficiently exclude non-FCC compositions
before high-throughput DFT calculations, rather than a definitive phase predictor.



The distribution of elements in FCC Phase

12000

10000 1

8000 1

6000 A

Counts

3570

4000 1

2737

2000 1

694

446

0 . . . .
IS A R GRS G S N R S S

Figure S1. Bar chartillustrating the distribution of elements in the Face-Centered Cubic (FCC) phase.

The x-axis displays 15 elements (Ag, Au, Cd, Co, Cr, Cu, Fe, Ga, In, Mn, Mo, Ni, Pd, Sn, Zn), while the

y-axis quantifies their abundance (Counts).



The distribution of elements in selected FCC phase
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Figure S2. Bar chart illustrating the distribution of elements in selected Face-Centered Cubic (FCC)
phase. The x-axis displays 15 elements (Ag, Au, Cd, Co, Cr, Cu, Fe, Ga, In, Mn, Mo, Ni, Pd, Sn, Zn),

while the y-axis quantifies their abundance (Counts).



Periodic table of element frequencies in selected FCC phase
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Figure S3. Elemental frequency distribution of screened FCC high-entropy alloys, visualized on the

periodic table to illustrate the relative occurrence of elements across the selected compositions.



S1. S2. S3.
Co,Cr,Cd,In;Ni, Co,Cr,GazAu,Ni, Cuy;Fe,Co,Pd,;Ni,

Sites | AG, (eV) Sites AG, (eV) Sites | AGy (eV)
T1 -0.53 (H) T1 -0.47 (H3) TL | -022(H)
Bl  |-0.43 (H1) B1 -0.58 (H) Bl  [-0.30 (H1)
H1 -0.41 H1 -0.54 H1 -0.30
T2 -0.54 (H) T2 -0.48 (H) T2 |-0.32(H3)
B2 -0.48 (H) B2 -0.24 (B) B2  [-0.30 (H2)
H2 -0.41 H2 0.14 H2 -0.29
T3 -0.40 (H) T3 -0.41 (H) T3 |-0.32(H3)
B3 -0.45 (H) B3 -0.48 (H3) B3  [-0.31(H3)
H3 -0.44 H3 -0.48 H3 -0.31

Figure S4. Corresponding hydrogen adsorption free energies (AGy) for local atomic configurations
on selected HEA surfaces. Green, dark yellow, yellow, dark blue, purple, brown, white yellow,
orange, dark pink and pink balls represent Ni, Cu, Au, Pd, Cr, In, Cd, Fe, Ga, and Co atoms,
respectively. Various types of adsorption sites are labeled as T (top), B (bridge), and H (hollow), and
the numbers in parentheses (e.g., H3) correspond to the specific sites indicated in the surface
structures above.
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Figure S5. PCA projection of the full candidate-site pool (gray) and the sampled adsorption
configurations used for DFT calculations (red). The sampled configurations show broad overlap
with the dominant descriptor distribution, indicating representative coverage of the relevant local-

environment space.
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Figure. S6 An example of fingerprint construction for H adsorption on HEA surface, in which the
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Figure. S7 Learning curves of the SISSO model. The plot shows the evolution of the mean absolute
error (MAE) for both the training (blue) and testing (orange) sets as a function of the training set
size. The model achieves convergence with a test MAE stabilizing at approximately 0.12 eV beyond

3,500 training samples, indicating robust generalization without overfitting.
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Figure. S8 Residual analysis of the model predictions. The residuals are randomly scattered around
the zero line (dashed red) with no discernible trend, confirming the absence of systematic bias in

the model.



Common Local Motifs with Near-Thermoneeutral AGy, in FNN Regions
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Figure S9. Statistical distribution of the most frequent local elemental motifs in FNN regions
associated with near-thermoneutral hydrogen adsorption site.



Table S1. Molar ratios of the HEA compositions in the selected FCC phases.

AgiAusCusPdi3Nig
AgiAusFePdgNis
AgiAugFe PdsNis
Agi1AusMo1PdsNis
AgiCdiCosPdsNig
Ag,Cd:Cr,PdsNig
Ag1Cd;Cu4PdgNig
Ag1Co1Pd13SNn1Nig
Ag:Co:Pd 3Zn1Nig
Ag1CosCuqPdgNig
Ag1CosCusMosNig
AgiCosFesMnsNig
Ag1CosInPdsNig
Agi1CosPdsSnsNis
Ag1CoyCriGaiNis
AgiCusFePdsNii,
AgiCusMn;PdgNis
AgiCusMo,PdsNig
Ag1CusPdsSnsNis
AgiCusPdsZnqNig
AgiCusPdsZnqNig
AusFe PdsZnsNisg
Au,FesMniMosNis,
AuFesMnsZnsNia
AusFesMo;PdsNig
AusFesMosPdsNi,
AgiFesMosNis
AgiMo+Pdy7Niy
AgyCdoPd;Niy
Auq3CusMn;Niy
AussFesPdsNi;
Auy3PdsSnNiy
Au47Co4CryNiy
Auq;CriMoiNi,
AuqzFe:SnqNiy
Auq;GaMn;Niy
AusCosFesPdiNig
AusCosMo1ZniNig
AusCooCriPd:Nia
AusCogCriSnqNis
AusCogFe PdiNis
AusCosMn;SniNia
AusCriCu;MosNisg

Agi1CusMoPdsNis
AgiFe.Ga PdyNig
AgiFeiMo,PdisNia
AgiFesMn;MosNis
AgiFesMo,PdgNig
AgiFesMn PdsNi,
AgiFeoPdsZn:Nig
Agiln1Mo,Pdi3Nis
Au13C0,CriCuiNig
Auq3CriCusMoqNia
Auq3CriFe;MoiNia
Auq3CusFeiZniNig
Aus3CuiGaPdiNis
AuqsFe;GaiZnqNia
Au;3Ga;Mn;PdiNi,
Au;CdiGasPd3Nis
Au;Cd4In;Pdi3Nia
Au;Cd;PdsZnNis2
Au;CdsFe;SnsNisg
Au1C013CuUsSN1Nig
Au,CoisFe;MniNig
Au,C013Ga1MniNi,
AusFesPdsSnqNig
AusFesPdyeZniNis
AusFesMn,Pd;Nig
AusFegPdiZnsNis
Au;,GaiMosPdsNig
Auq;Ga:SniNiy
Au;M0.ZmNiy
Au,Co,Pd;Niy;
Au,CogFesNis
AuqCriCuiNiyy
AuqCrqFesNiis
AuqCriZnsNiqs
Au1CriZngNis
AuqCrsCusNig
Au,Cuq;FeqNiy
CoFe;MoiNi,
CorsFeiZniNiy
Co17Ga,Pd1Ni;
Co:CriGasNiyy
C0o1CriZnsNiss
Co4CrsCugNis

Au;Co13Mn4Pd;Nig
Au,C0,Cr,GasNis2
Au,C0.CriMn;Nisg
Au,C0,CusMosNis
Au;Co,CugGasNis
Au,CosFe PdiNise
Au,CosFeiZnizNia
Au,CosFesGaiNis2
Au,CosFegPdsNis
Au;CoqlnPdsNisg
Au1Co1MnsZngNia
Au,CosCriMn;Nis
Au,CosCr:SniNis2
Au;CosCrsPdsNig
Au,CosCusGasNia
Au,CosCusSnqNis
Au,CosGa;MosNig
Au,CosGasPd;Nig
Au;CoslnsPdyNis
AuiCosMniMoiNiir2
Au;CosMn,Pd;Nis,
Au,Ga;SniZnsNis,
AusIn{PdsZn;Nis2
Au;Mo0o1Pd13SniNig
Au,PdsSnsZn;Nig
AusCo4CrsPdiNig
AuqFeiZnsNisz
AuqFesMnsNig
Au,FesMn;Nig
AuqFesZnsNis
Au;GaqPdi3Nis
Au;GaqPdsNi3
AuiMnyZngNig
AusCoqFegNis
AusCriPd3Niy
AusCuqFe Niss
Co1CusMoqNig
CosFesSnqNivz
CosFesGaiNiis
CosFesMnsNis
CosFesMoiNig
CoqFegPdsNis
Co1Ga;PdgNis

Au;,CosMn,SnNis,
Au;CosPdsSnqNig
Au,CosCriMosNis
Au,CosCrsCuqNis
Au1CosCrsGaiNia
Au,CosCuqFesNia
Au,CosGa;MoiNig
Au,Cr,Cu;,GaiNisg
AusCriFe;MoiNise
Au,CriFesMniNisz
Au;CriFesPdsNig
Au,CriGaiZngNisg
AuCriPdsZnsNig
Au:CriSnqiZngNig
Au:CrsCusFeiNig
Au;CrsCusPdiNig
Au,CrsCusSniNig
Au;CrsFe,PdNis,
Au,CrsFesMosNisg
Au,CusFe;MnsNiz
Au,CusFeiZnizNia
AusCo;CusPdsNisg
AusCo,CusMnsNia
AusCo;CusPdsNia
AusCosFe;MniNisz
AusCoqFe PdsNig
AusCugFesNi;
AusCusPdsNiy
AusFe Zn;Nisz
AusFesGaiNig
AusFesPdgNiq
AusMosZnqNisz
AugCosFeqNig
AugCo4PdiNisg
AugCrsPdsNiy
AuoCusFesNis
CosCuslngNig
CosCugGasNiy
CosFessGaiNiy
CosFeisMoqNiy
CosGasPdiNig
CosMo+PdsNig
CosPdq3ZnNiy

Au,CusFesMnqNis2
Au,CusFesZnsNisg
Au;CuilnqPdi3Nia
Au,CuiMosPd;Nis,
Au;CusPd1ZniNise
Au;CusPdsSn;Nig
Au,CusFe;MogNis
Au,CusFesGaiNig
Au,CusFesMosNia
Au,CusFesPdiNig
Au;CusMniMosNir2
Au;CusMo,PdsNia
Au,CugFe:MnsNig
Au,CugFe:MosNis
Au;,CusMnsPdiNia
Au;CusPd;SnNig
AusFe GaiPdi3Nia
AuqFe;GaiZnsNig
AusFeqIn,PdsNig
AusFesMo1ZnsNis,
AusFe PdsSnqNiy,
AusCoqFesZnsNia
AusCoslnPdsNisg
AusCoiMn,PdiNis2
AusCo.MosZn;Nisg
AusCosCrsPdiNig
AusCusFe;Niy
AusCusSniNiy
AusGaqPd;Nig
AusMo01Zn:Nig
Cd1CosPd3Niy
Cd+CryPdsNis
Cd+Fe PdsNiis
CoisFesMosNis
Co13PdqZn;sNiy
Co17CriZnqNiy
AusCuiFesMnqNig
AusCu,Ga;PdiNiq2
AusCuMoiZnsNig
AusCuiMogSniNis
AusCu4PdsSn;Nig
AusCusPdsZnsNia
AusCusFe;SniNig




AusCriFesMosNia
AusCriMo,Pd;Nis,
AusCusFesMosNia
AusFesMn;SniNig
AusGa;Mo:SnqNis2
AusPdsSnsZnNia
AuoeCd;CriPdsNis
AuoeCd;PdsZnNis
AugCo4CriPdsNis
AugCoiCusMosNia
AugC04Ga PdsNisa
AugCo4lnPdsNis
AugCosCriMn;Nig
AugCuiMosSniNia
AugCuiSniZnsNia
AugCusMo+ZniNia
AugCusPdqZnNig
AugFe,Ga;MoiNisg
AugFei;Mo1ZnsNig
AugGaqln;PdsNig
AusMn;MosSnNis
Cd1Co4CrqlnsNisg
Cd1CosCrsFesNig
Cd1CosGaiMo;Nig
Cd1CosMo1PdsNis
Cd+CryIn{PdsNig
Cd+CrsFe PdsNis
Cd1CusFesPdsNis
Cd1CusFesPdyNis
Cd1CusMn;PdyNig
Cd1CuyPdqZnsNis,
Cd1CusMosPdsNig
Cd1CusPdsSnsNia
Co1CuqFessMoiNig
Co1CusFe,GaiNisg
Co1CusFe GasNis,
Co1CuqFesIniNis;
Co1CusFesPdsNisg
Co1CusFesZnsNis
C01CusMnPd1Nise
Co1CuiMn ZnqNise
C01CuyPd:SnsNiq,
C0,CusPdsZnNis,
CosCrgFe GaiNig

Co1CrsFesNisg
Co1CuizsMosNis
C01Cu3PdsNiy
Co1CuqFessNis
CosFegsGaiNiy
CosMo01ZngNis
CosMosPdsNiy
CriCuqFesNis
CriCusMniNi3
CriFesGaiNiq;
CriFesSniNiy7
CriFesMn;Niss
CriMnsZniNis7
CriMnsPdsNis
Cu4PdsSnsNig
CuiSniZnsNisg
CusMn;SniNis3
CusSniZnNiss
CugFe PdiNis
CugMn,PdsNis
CusMo,Pd;Nig
Fe1sMn4Pd;Nis
Fe13SniZnNis
FeiGaiZnqsNis
CdqFe:Mn,Pd;3Nis
Cd+Fe;Mn,PdgNisg
Cd+FeiPdsZnsNisg
Cd+FesGasPd;Nis,
Cd+FesPdeZnNig
Cd+Fesln.PdsNis
Cd1GaiMn,PdsNig
CdiMn,Pd;3ZnqNi4
CdiMosPdsSniNis
Cd+PdsSnsZn:Nig
Co1CusFesPdiNisg
Co,CusFesSniNisg
Co1CusGa;Mn;sNig
Co1CusGa PdiNiy,
Co+1CuslnqPdsNig
Co1CusMnsPdNig
C01CugMn;SnqNig
CosFeisGaiMoiNis
CosFe,Ga;MniNiqe
CosFeiGaiPdsNig

Co1Mn,PdsNis3
Coi1MosPdsNis
CosCrsPdsNiy
CriMo:ZniNis7
CrsCuqFesNis
CrsCugZniNis
CrsFesGaiNig
CrsFesMniNig
CrsMo4PdsNis
CuisFesMniNis
CuisMoqPdiNis
CusFe,GasNiis
CuqFe PdsNis
FeiMniZnsNiss
FeiMosPdsNis
FeiPd;Sn:Nis7
FesMnsPd;Nig
FesMosPd;Nig
FesSniZnsNis
FesGaiMoiNis
FesMn1ZniNisg
Ga;Mn;PdiNiy;
CdsCo4CriPd;Nis2
CdsInsMnsZn;Nia
Co13CriMn;MosNig
CoizFeiMniZniNig
Co13Ga1Mo+Pd;Nig
Co13Mn1M0:Zn;Nig
Co1Cr,CusMnsNig
Co1Cr,CusMosNis2
Co1CriFesGaiNis;
Co1CriFesMn;Niq,
CosFe;MnsPdsNig
CoqFe;MnsPdgNia
CosFesMo4ZngNig
CosFesMnsPd;Nig
CoFesMn;Pd:Nisg
CoiFesMn;Sn;Nig
CoFesMo1PdsNis
CoqFegPd:SnNig
Co1GasMnyZngNig
Co1GaiMosPd;Nis,
CosFe:SniZnsNig
CosFesGa;Mn;Nig

CogFeiMoiNisg
CogFesMosNis
CogFesSniNis
CuqFesGasNig
CusFesZnsNig
CusFesMnsNis
CuqFeqPdiNig
Cu,Ga Pdi3Nis
CuiGaZnssNis
CuiMnqPdy3Nis
CuiMnsPdiNis3
CuiMosZnqNisz
CuyPdiZnqNiyz
Cd1Co4CusFesNisz
Cd1CosMn;PdsNig
Cd1CosMo4Pds3Nis
Cd1Co,PdsZnsNig
Cd1CosCuqFesNia
Cd1CosCuiMo;Nis2
Cd1CosCugFe;Nig
Cd:CosFe GaiNis,
Cd1CosFegSniNig
Cd1CosMo,PdsNig
Co1CriFesMnsNig
Co1CriFesMo;Nis,
Co1CriFesSniNis,
Co1CriFesZn:Nig
Co1CriGa;Mn;sNiq2
Co1CriMn ZngNig
CoiCr1MosPd;Nis,
Co1CryPdsZngNig
C0+Cr,PdsSnsNig
C0o1CriSniZngNisg
Co1Ga;SniZnsNisz
Co1In1Mn,Pd3Nis
Co1MniMo,Pdy3Nis
Co1Mn1Mo;Pd;iNisg
Co1MnMo,PdsNiq,
Co1MnsMo4Pd;Niq2
Co+PdsSnqZn;sNig
CosCryCusFe; Nis2
CosCryCu1SnyNis
CosCrqCusFesNis
CosGaiMosPdsNig

AusCusPdsSniNia
AusCusSniZnsNia
AusFeiMosPd;Nig
AugCosMo:SniNia
AusCriCu:SnqNig
AugCriCusMosNia
AugCriFesZniNisg
AusCriGa;MoiNig
AuoCriGa;PdiNisg
AusCusFe,GasNig
AugCusGasPdiNisg
AugCuiMn;Sn;Nig
AugCuiMoqZn:Nisg
Cd1CosMo0+Zn;Nis,
Cd1CosPdqZn Nis,
Cd1CosPdqZnsNig
Cd1CosPdsSniNig
Cd1CosPdsZniNig
Cd1CosCrslnqNig
Cd1CosCu;PdsNig
Cd1CosCusGasNia
Cd:CogFeiMoiNig
Cd1CogFesPd;iNis
Co1CrsCuiMn;Nisz
C01CrsCusPdgNig
Co1CrsCusMosNis
Co1CrsCusZnqNig
C0o1CrsGa PdiNiy,
Co1CrsMnqZngNia
C01CrsPdsSniNig
C01CrgCusPdiNig
Co1Cus3Fe PdiNig
Co1Cui3sM04ZniNia
CosCriCusSnNig
CosCriFesMnqNiq;
CosCriFesGasNia
CosCryGa;SniNisz
CosCriPdsSnsNis
CosCriPdeZniNia
CosCrsCuiMnsNia
CosCrsCusSnqNig
CosCrsPdsSniNia
CosCrsPdsZn;Nig
CosMo1Sn1Zn;Niqz




CosCrePdiZniNiga
CosCusFe;SniNisz
CosCuqFeslniNig
CosCusMosPdiNig
CosCuiMosZnNig
CosCusGa PdsNia
CosCusGasMoiNia
CosCusGasZniNia
CosCusMn,PdNig
CosCrsCusGaiNia
CosCusFe GasNia
CosCuyGasPdiNisg
CosCuiMnsSniNia
CogFe;MnsPdiNi,
CogFe;Mo,PdiNisg
CosFesGaiZniNia
CosFesMo1SniNiga
Co9Gai1Mn,PdsNig
CosGaiMo1Zn;Nig
CrsCusFe PdsNis
CrsCu;Mn;Pd1Nis,
CrsCuiMnyZn;sNig
CrsCuiSniZnsNis
CrsCusFe SniNig
CrsCusGasPdqNisg
CrsCusPdqZnNig
CrsFe.GasPd;Nis,
CrsFe:Mn,PdsNig
CrsFe;Mo,Pd;Nis,
CuiMosPdsSniNis
CuiMosPdsZn;Nig
CuqPd13Sn+Zn;Nig
CusFe,Ga;Mo;Niq2
CusFe,GaiPd:Nis,
CusFe,Ga;PdsNig
CusFeqIniZngNia
CusFe,PdsSn4Nig
CusFesIniPd;Nig
CusFesMn1Pd Nia
Gai1Mo4Sn1ZnyNise
GaiMosPdqZn;Nis2

CosCusMosPdiNiga
CosCusGaiMoiNia
CosCusPdiSniNig
CosFeslnsMosNig
CosFeqlniZniNisz
CosFeqlniZnsNig
CosFesMn;Mo1Nis2
CosFesMnsZnNig
CosFesMosSnNig
CosFesMosZnsNia
Co9GasPdsSnNis
CosGasPd;SniNis
CogPdiSniZnsNis
CriCuisFeiZniNia
CriCuqFesGasNig
CriCuqFesSniNis2
CriCuqFesZnsNisg
CriCusFesMnsNis
CriCu:Ga;MoqNisg
CrsFesGaiPdsNia
CrsFesMn;Mo:Nig
CrsFesMo:SniNig
CrsFesPdiZnsNia
CrsFesPdsZniNia
CrsMn;Mo;Pd;Nis,
CrsMn;Sn1Zn4Nis2
CrsCusFesMn;Nig
CryCusFe Pd;Nig
CrsFe:Mn Zn:Nisg
CusGaiMo;PdgNig
CusGaPdsSnsNig
Cusln{Mn,PdsNig
CuslnMosPd;Nig
CusMn41PdsSnNig
CusMo1SniZnsNig
CusMosPdiZnsNig
CusPd:SniZnsNig
CugFeiGa;SniNig
CugFe;Mo+PdsNis,
Ga;MosPdySniNig
In1iMn1Mo,PdgNig

CosFesGasMniNia
CosFesIniMosNig
CosFesMn PdsNi,
CosFesMo,Pd;Nig
CosFesPdsZniNia
CosFesSniZnsNig
CosGa;MnsSniNig
CosGai1Mo;PdsNis
CriCuiMn;Mo;Nise
CriCusMnPdsNis,
CriCuiMn ZniNise
CriCuiMo,PdsNis;
CriCu;PdsSnsNig
CriCusFesMniNiq2
CriCusFesSniNig
CriCusGa;MosNig
CriCusGasPdiNisg
CriCusIn PdsNig
CriCusMo;SniNis2
CuqsFeiGaPdiNis
Cu1sMn1Mo:Zn;Nig
Cu1zsMn;SnZnsNi,
CusFe1Ga;MoiNise
CusFesMnMoiNie
CusFesMnsMoqNiq2
CusFe:MnsPdiNisz
CuqFe;MnsPdsNig
CusFesMosZn;Nis
CuqFe PdiZnsNis,
CuysGasMo,Pd;Nig
CusGaiMo4Zn;Nig
CuoeGaiPdsZn Nia
Fei3PdiSniZn Nig
FeiGa;MosPd;Nis,
FeilnyMosPdsNis
FeiMngPd:ZnsNiy
FeiMo,Pd13ZnqNis
FesMo:SniZnsNiqz
FeiMosPdsSnqNig
In1MosPdeZn Nig
MniMo;PdsSnsNisg

CosGa1PdiSnsNisg
CosGasMo:SniNig
CosGasPdiZnqNig
CosInsMn,Pd;Nig
CosMnqPd;SnsNisg
CosMnsMo+Pd;Nig
CosMngPdiZn:Nis
CosMo,Pd:SniNis2
CosMo1PdsZmNig
CriFeisMo.PdiNis
CriFe:Mn4Pd;Nise
CriFe:Mo4Pdi3Nis
CriFesMosZnsNig
CriFe;Pd13ZniNia
CriFeiSniZnsNiqz
CriFesGa,Pd;Nis,
CriFesln,PdiNis,
CriFesMniZniNis,
Cr.FesMo,PdsNig
CusFesGasZmNig
CusFesMn,PdgNig
CusFesMo,PdsNig
CusFesPdsSnqNig
CusFesMo1ZnsNia
CuqFegPd ZnsNig
CusGaiMn,PdsNig
Cu1GasMnySnqNisg
Cu,GaMosPdsNig
Cui1Ga;MosZnNis
FeiPdsSnsZniNig
Fe;PdsSn4ZnNig
FesGaiMn,Pd;Nis»
FesGaiMosSniNig
FesGa;PdsSniNig
Fesln,PdsSn;Nig
FeslnPdeSniNis
FesMn;Mo;PdsNig
FesMn,Pd:SnsNisg
FesMn;PdsSniNis
MniMo,PdsZn;Nis,
MniMosPdsSnNig

CosMosPd;SniNig
CosPdiSnqiZnsNis,
CooCr1Cu,PdNig
CosCriFe1ZnsNia
CooCriFesPdiNis
CosCriFesZniNia
CosCriMniMosNia
CosCriMosPdiNis
CosCrPd:SniNig
CriFesGaiZnsNia
CriFesMo+ZniNig
CriFegMosZniNia
Cr1ln;Mo,PdsNis,
CriMniMosPdgNiga
CriMn4Pd;3SnqNis
CriMnsMo:ZnsNig
CriMnsPd:ZnNis»
CriPd13Sn1Zn¢Nig
CriPdiSniZniNise
Cu1GasPdiZnsNis,
Cu1Ga1PdsSnqNis,
CuqInsMo,Pds3Nig
CuiMn,Mo4Pd3Nis
CuiMn,Pd3ZnqNis
CuiMn;Sn+ZnsNis2
CuiMnsMo,Pd;Niq,
CusMo,PdsSniNis,
CusMosPd;SniNis,
CuiMosPdsSnsNia
FesMnsMo1ZnsNig
FesMo,Pd;Sn;Nis>
FesMo,Pd:ZnsNig
FesMo1SniZnsNis2
FesMosPdZn;Nig
FesMosSniZnsNis
FesGaiMn;SniNig
FesGaiMniZn Nig
GaiMn,SniZnsNis
Ga;Mo,PdsSnsNig
Mn1Pd3Sn1Zn;Nig
MosPd;SnsZnqNig




TableS2. The hydrogen adsorption free energies (AGy, eV) for surface sites on Co;PdsAusin;Nig and
Co1PdsAuslniNig surfaces.

Sites Co1PdsAusinyNig Co1PdsAuglniNis
Site; -0.30 0.47
Site; -0.37 0.31
Sites -0.39 0.37
Sites -0.37 0.42
Sites -0.31 0.18
Sites -0.45 0.70
Sitey -0.37 0.32
Siteg -0.30 0.89
Siteg -0.32 0.31
Siteio -0.32 0.63
Site11 -0.36 0.52
Site1s -0.20 0.47
Siteis -0.08 1.29
Site1s -0.20 0.35
Siteqs -0.44 0.35
Siteqs -0.14 0.25
Site17 -0.40 0.30
Siteis -0.32 0.30
Sitelg -0.40 0.56
Siteao -0.15 0.34
Sitex; -0.19 0.32
Sites -0.14 0.33
Sites -0.44 0.37
Siteys -0.08 0.34
Sitess -0.32 0.37
Sites -0.32 0.94
Siteys -0.15 0.53
Siteas -0.32 0.61
Siteys -0.33 0.29
Siteso -0.33 0.66
Sites; -0.38 0.29

Sites; -0.34 0.33




TableS3. Part list of elemental distributions in the first nearest-neighbor (FNN) regions of surface
sites exhibiting near-thermoneutral hydrogen adsorption (|AGu| <0.10 eV).

HEA surface Site FNN1 FNN2 FNN3
Siteys Ni Ni Ni
Sitess Ni Ni Co
Site1s Ni Ni Co
C01Cr1Cd1IniNise Sites Ni Ni cr
Sitey Ni Ni Ni
Sitexs Ni Ni Ni
Sites; Ni Ni Ni
Sitezo Ni Co cr
Site11 Ni Co 7n
Sites1 Ni Ni Ni
Sitess Ni Co 7n
Sites Ni Ni Ni
Sites Ni Ni cr
Sites Ni 7n cr
Site1g Ni Ni 7n
Siteio Ni Ni Co
Sitez Ni Ni Ni
Sites; Ni Ni Ni
Sitess Ni Ni 7n
CoiCriZmAuiNis itew N Ni Ni
Sites Ni 7n Cr
Sitess Ni Ni Ni
Sitess Ni Ni Ni
Siteas Ni Ni Co
Site; Ni Ni Ni
Siteyy Ni Ni 7n
Sitezg Ni Ni 7n
Site1, Ni Ni Ni
Sites Ni Ni 7n
Siteg Ni 7n cr
Siteso Ni Ni 7n
Sites Ni 7n cr
Sites Co cr Cr
Sites: 7n 7n cr
Sitess Ni Co 7n
. Site: Co 7n cr
Co1Pd;CroZnsNia Sites - . -
Siteys Co Co 7n
Siteyg Ni Co 7n

Sitess Ni 7n Cr




Siteg Co Co Zn
Siteg Ni Co Zn
Sites Cr Cr Cr
Sitez, Co Zn Cr
Siteis Zn Cr Cr
Siteie Ni Cr Cr
Siteis Ni Co Zn
Siteis Cr Cr Cr
Site1o Co Cr Cr
Site1, Co Zn Cr
Site1g Ni Ni Co
Sites Ni Zn Cr
Sites; Ni Ni Zn
Sites Co Zn Cr
Siteio Ni Ni Ni
Siteao Ni Ni Ni
Siteis Ni Ni Ni
Co1Pd1GaiAusNir, Site1s Ni Ni Ni
Siteys Ni Ni Ni
Sitey: Ni Ni Co
Sitex Ni Ni Ni
Site17 Ni Ni Ni
Siteyy Ni Ni Ni
Siteza Ni Ni Ni
Sites Ni Ni Ni
Sitey1 Ni Ni Ni
Co1PdsCriAu;Nis Sltezo NI NI NI
Siteys Ni Ni Ni
Sites Ni Ni Ni
Siteg Ni Ni Ni
Sitess Ni Ni Ni
Sitey Ni Ni Ni
Siteis Ni Ni Co
Siteo Ni Ni Zn
Sitey Ni Ni Zn
Siteza Ni Ni Ni
Sites Ni Ni Zn
Co1PdiZnsGaiNiiz Sftelo Nf Nf Ni
Site1o Ni Ni Zn
Sitey7 Ni Co Zn
Siteao Ni Ni Zn
Siteag Ni Ni Zn
Sitey Ni Ni Zn




Site1s Ni Ni Zn
Siteis Ni Ni Co
Co1PdiZnsGaiNi1z Sites Ni Co Zn
Sitexy Ni Co Zn
Sitess Ni Co Zn
Siteio Ni Ni Ni
Site, Ni Ni Co
CorPdsCriAgiNis Siteys Ni Ni Ni
Siteso Ni Ni Cr
Siteys Ni Ni Ni
Sitey7 Ni Ni Cr
Sitess Ni Ni Ni
Sitess Ni Ni Ni
Sitey; Ni Ni Ni
Siteso Ni Ni Cr
Co1PdsCriIniNis Sites; Ni Ni Cr
Sitex Ni Ni Ni
Sitey7 Ni Ni Ni
Sitezs Ni Ni Ni
Sitezq Ni Ni Cr
Sites Ni Ni Co
Siteza Ni Ni Ni
Co1PdsGaiAgiNii Site1s Ni Ni Ni
Sitess Ni Ni Ni
Siteis Ni Ni Co
Sites: Ni Ni Ni
Sitey Ni Ni Ni
Co1PdsGa;CdiNir Sites Ni Ni Co
Sites Ni Ni Ni
Sitezs Ni Ni Ni
Co1PdsZn1AugNis Site1o Ni Ni Co
Sites Ag Pd Ni
Co1Sn1PdsAgiNig Siteg Ag Ni Pd
Sites Ag Ni Pd
Sitess Ni Ni Ni
Sites Ni Ni Ni
Sitez Ni Ni Ni
C01Sn1Pd1CriNisg olteso N N cr
Sitez1 Ni Ni Ni
Sitess Ni Ni Co
Site1o Ni Ni Co
Siteyy Ni Co Cr




TableS4. Part list of proposed high-entropy alloy (HEA) catalysts.

Quaternary high-entropy alloys Quinary high-entropy alloys
Sni1Zn1GaiNisy MniMo;Co1GaiNiss
Cu1CooCriNig Cos5n1Cr1Zn1Niz,
Fe1Co1Zn1Ni17 Mo1CosCriGaiNii
CusFe1GaiNiyy CosCriZn1GaiNin
CusFe1CrsNigs Mo15n1Zn1GaiNie
CosGa1CdiNiss Cu1Co1Sn1CriNise
Mn1Cu1Sn1Nisy Cu1CosGaiCdiNir




Table S5. Comparison of hydrogen adsorption free energies (AGy, eV) for various surface sites of
S1 (Fig. S4) with and without van der Waals (vdw) corrections.

Sites AGy (without vdw correction)  AGy (with vdw correction)
H1 -0.41 -0.46
T1 -0.53 -0.58
Bl -0.43 -0.46
H2 -0.41 -0.44
T2 -0.54 -0.58
B2 -0.48 -0.53
H3 -0.44 -0.46
T3 -0.40 -0.42

B3 -0.45 -0.47
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