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Table S1. The E; values of 164 M-N,S,.

Coordination ™ E; Coordination ™ E;
Ny Sc -7.03 N,S,-sep Y -6.60
Ny Ti -5.76 N,S,-sep Zr -5.88
Ny M -4.79 N;Sy-sep Nb 3.89
Ny Cr 2.64 N,S,-sep Mo 285
N, Mn -3.94 N,S;-sep Tc -13.03
Ny Fe -4.01 N,S,-sep Ru 267
Ny Co -4.65 N,S;-sep Rh 344
Ny Ni -4.43 N,S;-sep Pd 375
Ny Cu 3.44 N,S,-sep Ag 232
N, Y -6.84 N2S;-sep Hf -6.07
Ny Zr -5.90 N,S,-sep Ta 435
N, Nb 3.74 N:S;-sep w -2.58
N, Mo 278 N;S;-sep Re -2.16
Ny Tc -13.52 N,S,-sep Os 241
N, Ru -3.24 N:S;-opp Sc -6.55
N, Rh -4.37 N:S;-opp Ti -4.94
N, Pd -4.61 N:S;-opp v -3.48
N, Ag -2.35 N2S;-opp Cr -4.36
N, Cd -4.93 N:S;-opp Mn -3.36
N, Hf -5.79 N:S;-opp Fe -4.27
Ny Ta -4.29 N:S;-opp Co -3.96
N, w -2.91 N:S;-opp Ni -3.84
Ny Re -2.69 N:S;-opp Cu -2.73
Nq Os -2.35 N:S;-opp Zn -4.27

NS, Sc 2510 N;S;-opp Y -6.67
NS, Ti -4.07 N,S;-opp Zr 475
NS, \ -3.34 N,S;-opp Nb 2.92
NiS; Cr 3.02 N;S;-opp Mo -3.25
N;S; Mn 347 N;S;-opp Te -13.46
NS, Fe 2.96 N,S;-opp Ru -3.19
N;S; Co 3.13 N:S;-opp Rh -3.91
N;S, Ni 436 N,S;-opp Pd 4.19
N;S, Cu -3.38 N:S;-opp Ag -1.55
NS, Y -6.65 N:S;-opp Cd -3.76
N Zr 631 N.S;-opp Hf -5.20
NS, Nb 474 N;S;-opp Ta -3.20
NsS; Mo 333 N;S;-opp W -2.05
NS, Tc -11.99 N,S;-opp Re 265
NS, Ru -1.65 N,S;-opp Os -3.09
NS, Rh 2.64 N;S; Sc -5.03
NS, Pd 2292 NiS; Ti -4.15
NS, Ag 2.62 N;S; M -3.00
NsS, cd 5.02 NiS; Cr -2.88
N;S, Hf 575 NiS; Mn -3.12
N;S, Ta 241 NiS; Fe -2.68
NS, w 2.87 N;S; Co -2.81
NS, Re -1.00 NiS; Ni -2.64




N:S, Os 071 NiS; Cu -1.63
N,S;-adj Sc 5.02 NiS; Y -5.47
N,S,-adj Ti 3.88 N;S; Zr -4.93
N,S;-adj % .89 N;S; Nb 7.44
N,S;-adj Cr 279 N;S; Mo -1.97
N,S;-adj Mn -3.04 NiS; Tc -12.28
N,S;-adj Fe 2.5 N;S; Ru -1.98
N,S;-adj Co 2.56 N;S; Rh -2.70
N,S,-adj Ni 23] N;S; Pd -2.95
N,S;-adj Cu 127 N;S; Ag -1.42
N,S;-adj Zn 2.86 N;S; Hf -4.74
N,S;-adj Y 516 N;S; Ta -3.14
N,S;-adj Zr 4.19 NiS; W -1.63
N,S;-adj Nb 516 NiS; Re -1.39
N,S,-adj Mo 172 N;S; Os -1.26
N,S;-adj Tc -12.01 Sq Sc -5.21
N,S;-adj Ru 175 S4 Ti -3.65
N,S;-adj Rh 245 S4 \ -3.03
N,S;-adj Pd 268 S, Cr -3.00
N,S;-adj Ag -1.07 S4 Mn -3.20
N,S;-adj cd 318 Sy Fe -2.76
N,S;-adj Hf 4.45 S, Co -3.07
N,S,-adj Ta 238 Sq Ni -3.01
N,S;-adj w -1.44 S4 Y -5.06
N,S;-adj Re 121 S, Zr -4.70
N,S;-adj Os -1.00 S4 Nb 10.56
N,S,-sep Sc 6.42 S, Mo -2.10
N,S;-sep Ti -5.80 S, Te -12.59
N;S;-sep \ 4.7 S4 Ru -1.40
N,S,-sep Cr 3.97 S4 Rh -3.09
N,S,-sep Mn 4.45 S4 Hf -4.61
N,S,-sep Fe 3.68 Sq Ta -2.18
N,S,-sep Co 377 Sy W -1.24
N,S,-sep Ni -3.52 S, Re -1.81
N,S,-sep Cu 2.89 Sq Os -2.20

Table S2. The Ugi values of 164 M-N,S,.

Coordination ™ Ulgiss Coordination ™ Uge
N, Sc 0.03 N,S;-sep Y -0.21
N, Ti 232 N,S,-sep Zr 0.69
Ny A\ 337 N,S,-sep Nb 2.7
Ny Cr 3.91 N,S,-sep Mo 3.42
Ny Mn 3.39 N,S;-sep Tc Nan
Ny Fe 3.78 N,S,-sep Ru 510
Ny Co 3.28 N:S;-sep Rh 4.28
Ny Ni 2.63 N,S,-sep Pd 3.54
N, Cu 2.39 N;S;-sep Ag 3.63




N, Y -0.21 N,S;-sep Hf 0.94
Ny Zr 0.69 N,S,-sep Ta 3.35

N, Nb 2.27 N2Sy-sep w 4.42

Ny Mo 3.42 N,S,-sep Re 4.45

Ny Tc Nan N,S,-sep Os 224

Ny Ru 5.10 N:S;-opp Sc 0.03
Nq Rh 428 N:S;-opp Ti 232

N, Pd 3.54 N;S;-opp M 3.37

N, Ag 3.63 N:S;-opp Cr 3.91

N, cd Nan N,S;-opp Mn 3.39

N, Hf 0.94 N;S;-opp Fe 3.78

Ny Ta 3.35 N:S;-opp Co 3.28

N, w 4.42 N,S,-opp Ni 2.63

N, Re 4.45 N,S;-opp Cu 2.39

Ny Os 224 N:S;-opp Zn -0.13
NS, Sc 0.03 N;S;-opp Y -0.21
NsS, Ti 232 N,S;-opp Zr 0.69
NsSi v 3.37 N:S;-opp Nb 2.27
NS, Cr 391 N,S;-opp Mo 3.42
N;S,; Mn 3.39 N,S;-opp Tc Nan
NsS, Fe 378 N;S;-opp Ru 5.10
NS, Co 3.28 N:S;-opp Rh 4.28
NS, Ni 2.63 N,S;-opp Pd 3.54
NS, Cu 2.39 N:S;-opp Ag 3.63
N;S: Y 021 N,S;-opp cd Nan
K Zr 069 N.S;-opp Hf 0.94
NS, Nb 227 N,S;-opp Ta 3.35
NsSy Mo 3.42 N2S;-opp w 4.42
NsS, Tc Nan N,S;-opp Re 4.45
N;S; Ru 5.10 N,S;-opp Os 2.24
NS, Rh 428 NS, Sc 0.03
NS, Pd 3.54 NS, Ti 2.32
NS, Ag 3.63 NiS, \ 3.37
N;S, Cd Nan N;S; Cr 3.91
N3S, Hf 0.94 NS, Mn 3.39
NS, Ta 3.35 NiS; Fe 3.78
NS, W 4.42 N;S; Co 3.28
N3S; Re 4.45 N;S; Ni 2.63
N;S, Os 2.4 NiS; Cu 2.39
N,S;-adj Sc 0.03 N;S; Y 2021
N,S;-adj Ti 232 N;S; Zr 0.69
N,S;-adj Vv 3.37 N;S; Nb 2.27
N,S;-adj Cr 391 N;S; Mo 342
N,S;-adj Mn 3.39 N:S;3 Tc Nan
N,S;-adj Fe 3.78 N;S; Ru 510
N,S;-adj Co 3.28 N;S; Rh 4.8
N,S;-adj Ni 2.63 N;S; Pd 3.54
N,S;-adj Cu 239 N;S; Ag 3.63
N,S;-adj Zn 20.13 NiS;3 Hf 0.94




N,S;-adj Y -0.21 NiS; Ta 335
N,S;-adj Zr 0.69 N;S; W 4.42
N,S;-adj Nb 227 N;S; Re 4.45
N,S;-adj Mo 3.42 N;S; Os 2.24
N,S;-adj Tc Nan S, Sc 0.03
N,S;-adj Ru 5.10 S, Ti 232
N;S;-adj Rh 428 S v 3.37
N,S;-adj Pd 3.54 S, Cr 3.91
N>S;-adj Ag 3.63 Sq Mn 3.39
N,S;-adj Cd Nan S, Fe 378
N,S;-adj Hf 0.94 Sy Co 3.28
N,S;-adj Ta 3.35 S, Ni 2.63
N1S;-adj w 4.42 S Y -0.21
N,S;-adj Re 4.45 S, Zr 0.69
N,S;-adj Os 2.24 S, Nb 227
N,S,-sep Sc 0.03 S, Mo 3.42
N,S;-sep Ti 232 S, Tc Nan
N:S;-sep v 3.37 S4 Ru 5.10
N:S;-sep Cr 391 S Rh 4.28
N,S,-sep Mn 3.39 S, Hf 0.94
N,S,-sep Fe 3.78 Sy Ta 335
N,S;-sep Co 3.28 Sy w 4.42
N,S;-sep Ni 2.63 Sy Re 4.45
N,S;-sep Cu 2.39 S, Os 224

Table S3. The 11 configurations are excluded according DFT calculations.

TM-N,S, *OQH, *0, *OOH
Cu-S, (o)
Zn-N,4 (0]

Zn-N;S, OH

Zn-N,S,-sep OH
Zn-N;S OH
Zn-S, OH
Pd-S, OOH
Ag-Sy (o)
Cd-N,S;-sep OH
Cd-N;S OH
Cd-S, OH




Table S4. The AG+on, AG+o, and AG+oon values of 164 TM-N,S,

Coordination ™ AG+on AG+o AG+o0n Coordination ™ AG+on AG+o AG+oon
N4 Sc -1.45 0.23 1.62 N,S,-sep Y -1.21 1.23 2.00
N, Ti -1.51 -1.27 1.27 N,S,-sep Zr -1.32 -0.44 2.06
N, A% -1.57 -1.11 1.66 N,S;-sep Nb -1.78 -1.42 1.46
N, Cr -0.09 0.14 2.86 N,S,-sep Mo -1.36 -1.23 1.70
N, Mn -1.87 -1.51 0.88 N,S,-sep Te -0.79 -0.72 2.19
N, Fe -0.40 0.81 2.51 N,S,-sep Ru 0.03 0.77 3.00
N, Co 1.08 2.61 3.90 N,S,-sep Rh 0.94 2.58 3.75
N4 Ni 1.67 4.00 4.54 N,S,-sep Pd 2.04 4.38 4.67
N, Cu 1.83 2.12 4.52 N,S,-sep Ag 1.45 1.69 4.54
N, Y -1.70 0.14 1.53 N,S,-sep Hf -1.30 -0.17 2.10
N, Zr -2.21 -1.70 0.97 N,S,-sep Ta -2.00 -1.38 1.34
N, Nb -2.51 -2.73 0.69 N,S,-sep w -1.77 -1.90 1.52
N4 Mo -2.41 -2.69 0.52 N,S,-sep Re -1.27 -1.25 1.83
N, Tc -1.48 -1.70 0.90 N,S,-sep Os -0.41 0.26 2.32
N, Ru -0.11 0.74 2.76 N,S;-opp Sc -1.14 0.98 2.46
N, Rh 1.05 2.64 3.86 N,S;-opp Ti -0.60 0.19 2.67
N, Pd 2.02 4.40 4.88 N,S;-opp \Y% -0.55 0.21 2.47
N, Ag 1.52 1.83 4.76 N,S;-opp Cr -0.13 0.36 3.00
N, Cd 1.51 4.24 4.17 N,S;-opp Mn 0.70 1.22 3.65
N4 Hf -2.69 -1.97 0.64 N,S,-opp Fe 0.69 1.85 3.69
N, Ta -2.86 -2.57 0.45 N,S;-opp Co 1.00 2.49 3.88
N, w -2.44 -2.78 0.97 N,S;-opp Ni 1.67 3.87 4.43
N, Re -1.29 -1.47 1.25 N,S;-opp Cu 1.42 1.71 433
N, Os 0.40 0.69 2.88 N,S;-opp Zn 0.84 1.97 4.01

NS, Sc -1.27 0.56 1.75 N,S,-opp Y -1.25 1.12 1.93
N;S,; Ti -0.96 0.05 2.29 N,S;-opp Zr -1.14 -0.03 2.00
N;S; A% -0.72 -0.10 2.47 N,S;-opp Nb -1.21 -1.08 1.75
N;S; Cr -0.17 0.25 2.79 N,S;-opp Mo -1.20 -1.18 2.02
N;S; Mn 0.49 1.02 3.43 N,S;-opp Te -1.02 -0.90 2.04
N;S; Fe 0.58 1.73 3.51 N,S;-opp Ru -0.14 0.55 2.72
N;S; Co 1.08 2.70 3.94 N,S;-opp Rh 0.97 2.58 3.76
NS, Ni 1.67 3.31 4.46 N,S,-opp Pd 2.07 4.38 4.68
N;S,; Cu 2.00 2.37 4.69 N,S;-opp Ag 2.11 1.94 4.58
N;S; Y -1.50 0.51 1.70 N,S;-opp Cd 1.79 2.09 4.29
N;S; Zr -1.20 -0.28 1.88 N,S;-opp Hf -1.06 0.00 2.06
N;S; Nb -2.15 -1.90 1.18 N,S;-opp Ta -1.59 -1.21 1.51
NS, Mo -1.39 -1.46 1.89 N,S,-opp W -1.33 -1.53 2.00
N;S; Tc -1.53 -1.54 1.26 N,S;-opp Re -1.50 -1.40 1.71
N;S; Ru -0.10 0.56 2.80 N,S;-opp Os 0.30 0.27 3.07
N;S; Rh 1.01 2.61 3.86 N;S;3 Sc -0.94 -0.09 2.13
N;S; Pd 2.07 443 4.76 N;S3 Ti -0.67 0.06 2.37
N;S; Ag 1.87 2.15 4.47 N;S; \Y% -1.03 -0.62 2.06
N;S; Cd 2.01 1.60 4.40 N;S; Cr -0.14 0.21 2.90
NS, Hf -2.78 -2.06 0.51 N;S; Mn 1.76 3.34 3.55
N;S; Ta -2.11 -2.22 1.27 N;S; Fe 0.71 1.90 3.57
N;S; w -1.75 -1.71 1.40 N;S3 Co 1.02 2.47 3.95
N;S; Re -1.51 -1.50 -0.71 N;S;3 Ni 1.68 3.89 4.47




N;S, Os -1.62 -2.19 1.04 NiS; Cu 1.81 1.75 4.56
N,S,-adj Sc -1.10 0.81 2.08 N;S; Y -0.59 0.49 2.81
N,S;-adj Ti -1.40 -0.57 2.09 NiS; Zr -0.98 0.01 2.62
N,S,-adj v -1.00 -0.77 2.24 N;S; Nb -2.08 -1.50 -1.74
N,S,-adj Cr -0.03 0.24 2.88 N;S; Mo -0.85 0.50 2.30
N,S,-adj Mn 0.83 1.32 3.71 N:S; Tc -0.74 1.24 231
N,S,-adj Fe 0.67 2.01 3.62 N;S; Ru 0.08 0.56 2.72
N,S;-adj Co 1.03 2.51 3.96 NiS; Rh 1.06 2.64 3.83
N,S,-adj Ni 1.63 3.85 4.51 N;S; Pd 2.02 432 4.70
N,S,-adj Cu 1.51 1.72 4.46 N;S; Ag 1.80 1.41 4.68
N,S,-adj Zn 1.15 0.84 4.24 NiS; Hf -1.02 -0.03 2.09
N,S,-adj Y -1.26 1.12 1.71 N;S; Ta -1.70 -0.82 1.74
N,S,-adj Zr -2.10 -1.01 1.39 NiS; W -1.55 -1.59 1.67
N,S,-adj Nb -2.12 -1.76 1.01 N;S; Re -1.49 -1.31 1.76
N,S;-adj Mo -1.22 -1.30 1.93 NiS; Os -0.79 -1.32 3.03
N,S,-adj Tc -0.86 -0.88 2.07 S4 Sc 1.26 2.08 4.84
N,S,-adj Ru 0.04 0.73 293 S, Ti -0.46 0.13 2.63
N,S,-adj Rh 1.01 2.69 3.81 S4 \Y -1.22 -0.60 2.03
N,S,-adj Pd 1.99 2.12 4.78 S4 Cr -0.24 0.12 2.85
N,S,-adj Ag 1.70 1.95 4.48 S4 Mn 1.00 1.98 4.05
N,S,-adj Cd 1.71 1.38 4.55 S4 Fe 0.34 1.43 3.20
N,S,-adj Hf -1.30 -0.22 1.73 S, Co 1.10 2.50 3.97
N,S,-adj Ta -1.66 -1.17 1.37 S4 Ni 1.81 4.01 4.58
N,S,-adj A\ -1.51 -1.57 1.67 S4 Y -1.15 -0.22 2.06
N,S,-adj Re -1.43 -1.36 1.71 S4 Zr -0.84 -0.01 2.34
N,S,-adj Os -0.47 -0.10 1.96 S4 Nb -1.20 0.02 1.88
N,S,-sep Sc -1.08 1.02 2.10 S4 Mo -1.51 -0.10 1.81
N,S,-sep Ti -0.69 0.18 2.58 S4 Tc -1.09 -0.88 2.04
N,S,-sep \Y -0.88 -0.55 2.13 S, Ru -2.07 -1.51 0.91
N,S;-sep Cr -0.10 0.27 2.74 S4 Rh 1.16 2.69 4.01
N,S,-sep Mn 0.85 1.32 3.71 S4 Hf -0.97 0.45 2.17
N,S;-sep Fe 0.69 1.88 3.56 S4 Ta -1.63 -0.09 1.57
N,S,-sep Co 1.01 245 3.92 S4 W -1.38 -1.13 2.14
N,S,-sep Ni 1.63 3.79 4.38 S, Re -1.44 -1.18 1.80
N,S;-sep Cu 1.70 1.76 4.68 Sy Os -0.23 -0.23 2.78
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Figure S1. Heat map of Pearson correlation coefficients for different features before feature selection.
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Figure S2. Heat map of Pearson correlation coefficients for different features after feature selection.
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Table S5 The optimized structures and overpotentials of 13 excellent catalysts.

M-N,S, Structures Overpotential
Co-N, 0.30 V
Co-N,S,-adj 0.25V
Co-N,S,-sep 0.24V
Co-N,S,-opp 0.26V
Co-N;S; 025V
Co-S, 0.24V
Rh-N;S,; 0.37V
Rh-N;S; 0.35V
Rh-S, 031V
Ir-N,S,-adj 031V
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Figure S5. Gibbs free energy change diagrams of (a)Ir-N,S,-adj, (b)Ir-N,S,-sep, (¢)Ir-N,S,-opp, and (d)Ir-N;S;, along the AEM pathway under vacuum and implicit solvation.
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Figure S7. Gibbs free energy change diagrams of (a)Co-N;Ss, (b)Co-S4, (¢)Rh-N3S,, and (d)Rh-N;S;, along the AEM pathway under vacuum and implicit solvation.
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Figure S8. Gibbs free energy change diagrams of Rh-S,, along the AEM pathway under vacuum and implicit solvation.



() (b)

O A0 O A, 0 O A O
TY oYY o
AR

0 2500 5000 7500 10000 0 2500 5000 7500 10000
Time (fs) Time (fs)

Figure S9. Ab initio molecular dynamics (AIMD) simulations and root-mean-square deviations (RMSDs) of (a)Co-N,S,-ortho and (b)Co-S,.
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