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Detailed computation method
The Gibbs free-energy change (G) for each reaction is calculated as follows:

 (1)∆𝐺= ∆𝐸+ ∆𝐸𝑍𝑃𝐸 ‒ 𝑇∆𝑆+ 𝑒𝑈

where  and  represent total energy and zero point energy, respectively. T and  devote ∆𝐸 ∆𝐸𝑍𝑃𝐸 ∆𝑆

temperature and entropy respectively. e and U are the charge transfer and the electric potential 
respectively.

Fig. S1 The structures of AgPd with 38 atoms. (a) Ag38, (b) Ir38, (c) Pd38. Colors: Pd in dark blue, Ag 
in light blue, and Ir in yellow, respectively.

Fig. S2 The structures of AgPd with 38 atoms. (a) Ag1Pd37, (b) Ag2Pd36, (c) Ag3Pd35, (d) Ag4Pd34, (e) 
Ag5Pd33, (f) Ag6Pd32, (g) Ag7Pd31, (h) Ag8Pd30, (i) Ag9Pd29, (j) Ag10Pd28, (k) Ag11Pd27, (l) Ag12Pd26, 
(m) Ag13Pd25, (n) Ag14Pd24, (o) Ag15Pd23, (p) Ag16Pd23, (q) Ag17Pd21, (r) Ag18Pd20, (s) Ag19Pd19.



Fig. S3 The structures of IrPd with 38 atoms. (a) Ir1Pd37, (b) Ir2Pd36, (c) Ir3Pd35, (d) Ir4Pd34, (e) Ir5Pd33, 
(f) Ir6Pd32, (g) Ir7Pd31, (h) Ir8Pd30, (i) Ir9Pd29, (j) Ir10Pd28, (k) Ir 11Pd27, (l) Ir 18Pd20, (m) Ir 19Pd19.

Fig. S4 The structures of AgIr with 38 atoms. (a) Ag1Ir37, (b) Ag2Ir36, (c) Ag3Ir35, (d) Ag4Ir34, (e) 
Ag5Ir33, (f) Ag6Ir32, (g) Ag7Ir31, (h) Ag8Ir30, (i) Ag9Ir29, (j) Ag10Ir28, (k) Ag11Ir27, (l) Ag12Ir26.



Fig. S5 The structures of AgPdIr with 38 atoms.



Fig. S6 The structures of AgPd with 55 atoms. (a) Ag1Pd54, (b) Ag2Pd53, (c) Ag3Pd52, (d) Ag4Pd51, (e) 
Ag5Pd50, (f) Ag6Pd49, (g) Ag7Pd48, (h) Ag13Pd42, (i) Ag42Pd13.

Fig. S7 The structures of AgPd with 55 atoms. (a) Ir1Pd54, (b) Ir2Pd53, (c) Ir3Pd52, (d) Ir4Pd51, (e) Ir5Pd50, 
(f) Ir6Pd49, (g) Ir7Pd48.



Fig. S8 The structures of AgPdIr with 55 atoms. (a) Ag1Ir1Pd53, (b) Ag1Ir7Pd47, (c) Ag3Ir1Pd51, (d) 
Ag4Ir4Pd51, (e) Ag6Ir1Pd48, (f) Ag7Ir1Pd47, (g) Ag19Ir1Pd35, (h) Ag19Ir2Pd34, (i) Ag20Ir1Pd34, (j) 
Ag27Ir1Pd27, (k) Ag54Ir1.

Fig. S9 The structures of Ag-Pd-Ir with 79 atoms. (a) Ag19Pd60, (b) Ag45Pd34, (c) Ag60Pd19, (d) 
Pd19Ir1Pd48, (e) Pd34Ir45, (f) Pd60Ir19.



Fig. S10 Adsorption sites of H and HCOO on the surface of Pd38 nanocluster. White devotes H atom, 
and red devotes O atom.

Table S1 Detailed input dates of ML models.
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Table S2 Detailed parameters of ML models.

ML Model Parameters

RFR
N_estimators: 150

Max_depth: 12
Random_state: 0

GBR

N_estimators: 900
Max_depth: 12

Random_state: 0
Subsample: 0.6

Learning_rate: 0.01

SVR

Kernel: 'rbf'
Gamma: 'scale'

Degree: 4
C: 7

XGBoost
N_estimators: 150

Max_depth: 9
Colsample_bytree: 0.9

Lasso
Alpha: 0.001
Max_iter: 900

Tol: 0.01

Table S3 R2, MAE and RMSE for six different sets of training and test data for ML models.

ML 

Model
Training R2 Training MAE Training RMSE Test R2 Test MAE Test RMSE

RFR 0.954 0.029 0.041 0.89 0.055 0.073

GBR 0.999 0.002 0.006 0.88 0.051 0.065

SVR 0.831 0.065 0.077 0.83 0.061 0.077

KNN 0.999 0.001 0.006 0.94 0.041 0.050

XGBoost 0.999 0.001 0.006 0.87 0.053 0.069

Lasso 0.582 0.095 0.122 0.83 0.070 0.078



Table S4 Details about features of 310 structures for prediction.
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