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TableS1The "2, M2~ Mofand M= N3 yalues of 55 MIM2@CeNg DACS.
MM AG, w,mend AG, ,side AG, M AG, M- i, AG, M AG, o
(eV) (eV) V) (eV) (eV) V)
ScSc / -1.00 / -0.25 0.89 1.28
ScTi / -1.00 / -0.70 0.72 1.28
ScVv -0.88 / -0.26 / / 0.23
ScCr -0.05 / 0.58 / / 0.39
ScMn -0.39 / 0.70 / / 0.54
ScFe -0.72 / 0.80 / / 0.71
ScCo -1.14 / 0.50 / / 0.56
ScNi -0.82 / 0.76 / / 0.73
ScMo -0.45 / 0.96 / / 0.48
ScW / -1.01 / -0.50 1.18 0.81
TiTi / -0.83 / -0.08 0.93 0.82
TiV -0.47 / -0.05 / / 0.62
TiCr -0.34 / 1.07 / / 0.48
TiMn 0.09 -0.05 / 0.01 0.36 0.87
TiFe -0.64 -0.59 0.33 0.31 0.62 1.09
TiCo -0.21 -0.22 0.32 0.50 0.53 0.71
TiNi -0.49 -0.11 0.90 -0.05 0.41 0.17
TiMo 0.08 / / / / /
TiW -0.51 -0.61 0.50 -0.18 -0.01 0.86
\AY -0.06 0.35 1.32 / / 0.35
VCr 0.00 / 1.06 / / 0.48
VMn / / / / / /
VFe -0.27 -0.18 0.31 0.53 0.62 0.44
VCo -0.44 -0.08 0.83 0.49 0.34 0.36
VNi -0.47 -0.13 0.58 0.52 0.48 0.31
VMo 0.39 / / / / /
VW -0.18 -0.17 0.60 0.07 0.14 0.83
CrCr -1.36 -1.23 0.59 0.30 0.31 0.94
CrMn -1.17 -1.08 0.66 0.45 0.95 0.88
CrFe -0.30 -0.17 0.57 0.02 0.54 0.62
CrCo -0.68 -0.53 0.68 0.68 0.91 0.91
CrNi -0.16 / 0.59 / / 0.64
CrMo 0.35 / / / / /
CrW -0.31 0.10 0.06 / / 0.86
MnMn -0.85 -0.62 0.51 0.54 0.87 0.84




MnFe -0.72 0.04 0.65 / / 0.80
MnCo -0.53 -0.27 0.73 0.91 0.86 0.48
MnNi 0.06 / / / / /
MnMo 0.07 / / / / /
MnW -0.10 / 1.09 / / 1.30
FeFe -0.46 / 0.49 / / 0.57
FeCo -0.30 -0.00 0.31 0.73 0.75 0.71
FeNi -0.21 0.36 0.75 / / 0.89
FeMo -0.15 / 1.15 / / 0.62
FeW -0.57 0.01 0.53 / / 0.44
CoCo -0.76 -0.51 0.68 1.04 1.05 0.87
CoNi -0.29 0.13 0.89 / / 0.37
CoMo -0.32 -0.02 1.22 0.04 0.12 -0.12
CoW -0.72 -0.19 0.94 0.24 0.38 0.49
NiNi 0.42 / / / / /
NiMo -0.94 -0.14 0.84 0.21 0.10 0.04
Niw -1.12 -0.38 0.55 0.16 0.38 0.48
MoMo 0.73 0.69 / / / /
MoW -0.05 / -0.18 / / 0.58
wWw -0.48 -0.30 0.49 0.04 0.02 0.31

Table S2 Fitted parameters of the potential-dependent free energy (with the form E = al®+bU + ¢ and

1
E= _EC(U_UPZC)Z +Epgc . .
, respectively.) for MIM2@C¢Ng. Upzc (V/SHE) and C (e/V) are the potential of

zero charge (PZC) and capacitance of the corresponding system, respectively, and Epzc (eV) is the energy of the

system at the PZC.
Species a b c C Upzc Epzc
ScvV -1.16 -1.61 -428.13 231 -0.70 -427.57
*N,-ScV -1.19 -1.99 -446.00 2.39 -0.83 -445.17
*H-ScV -1.08 -1.30 -432.51 2.16 -0.60 -432.12
ScMn -1.11 -0.05 -427.43 222 -0.02 -427.43
*N,-ScMn -1.14 -0.48 -445.95 2.29 -0.21 -445.90

*H-ScMn -0.92 -0.07 -431.26 1.83 -0.04 -431.25



*N,H-ScMn -1.06

*NQHQ'SCMH -1.14

*N-ScMn -1.03
*NH-ScMn -1.12
*NH,-ScMn -1.14
*NH;-ScMn -1.10

ScCo -1.14
*N,-ScCo -1.11
*H-ScCo -1.17

VFe -1.17
*N,-VFe -1.14

*H-VFe -1.14

*N,H-VFe -1.14

*N,H,-VFe -1.05
*N-VFe -1.10

*NH-VFe -1.10

*NH,-VFe -1.11

*NH;-VFe -1.06

VNi -1.38
*N,-VNi -1.07

*H-VNi -1.06

FeW -1.03
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*N,-FeW -1.05 -2.28 -448.39 2.09 -1.09 -447.14

*H-FeW -0.95 -1.82 -434.49 1.89 -0.96 -433.62

NiwW -1.04 -2.39 -427.52 2.08 -1.15 -426.14
*N,-NiW -0.92 -1.98 -445.22 1.85 -1.07 -444.16
*H-NiW -0.88 -1.57 -431.24 1.76 -0.89 -430.54

wWw -1.44 -2.75 -434.80 2.88 -0.95 -433.49
*No-WW -1.26 -2.45 -452.61 2.52 -0.98 -451.41
*H-WW -1.03 -1.97 -438.83 2.06 -0.96 -437.89

Table S3 The feature names and their corresponding symbols of the original feature set.

feature symbol
The interatomic distance between M1 and M2 dyimz
The atomic number of M1 Zy1
The atomic radius of M1 Ry
The first ionization energy of M1 Iy
The pauling electronegativity of M1 Xm1
Unpaired d-electron number of M1 Nieam
The covalent radius of M1 Reovmi
The number of outermost d electrons of M1 Ngm
The electron affinity of M1 E4m
The relative atomic mass of M1 My
The oxide formation enthalpy of M1 Hg oem
Average distance between M1 and the coordinating N atoms dyi-n
The atomic number of M2 Ziz
The atomic radius of M2 Ry
The first ionization energy of M2 Iy,

The pauling electronegativity of M2 Xm2



Unpaired d-electron number of M2 Nieam2
The covalent radius of M2 Reov m2
The number of outermost d electrons of M2 Nym2
The electron affinity of M2 E 4 M2
The relative atomic mass of M2 My,
The oxide formation enthalpy of M2 Heoomz
Average distance between M2 and the coordinating N atoms dya—n
Xm1t X2 XM+
XmM1~Am2 Xm-
Nieam1 + Nieam2 Niea, +
N ied,Ml_N ied,M2 N ied,—
Ngmi+ Nawmz Ny,
Nd,Ml_Nd,MZ Nd,
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Fig. S1 Convergence test of the Debye length
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Fig. S2 The heatmap of Ej;,, of MIM2@CsNg. the Gibbs free energy change of N, adsorption through end-on
and side-on configurations on (b) TM@Ny, (¢) TM@S N3, (d) TM@S;Na pex, (€) TM@S,Ns pex, () TM@S,N,.
opp, () TM@S;N; and (h) TM@S,, respectively.
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Fig. S3 The Gibbs free energy change of N, adsorption through end-on and side-on configurations on
MIM2@C¢Ng.
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Fig. S4 The Gibbs free energy for the first and last hydrogenation steps of M1M2@C4Ng.
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Fig. S7 Relationship between applied potential and extra electrons for ScMn@C¢Ng and VFe@CgNg.
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Fig. S13 Gibbs free energy change diagram of VFe@C¢Ng along the distal pathway under vacuum conditions.
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Fig. S16 Pearson correlation plots of raw feature set.
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Fig. S17 Spearman correlation plots of raw feature set.



Fig. S18 Pearson correlation plots of refined feature set.

Fig. S19 Spearman correlation plots of refined feature set.
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Fig. S20 Comparison of the adsorption free energies of N
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obtained by DFT and (a) DT, (b) LGBM,

(c) RID, (d) MLP, (e) RF, (f) XGB model.
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Fig. S21 Comparison of the adsorption free energies of N

de
obtained by DFT and (a) DT, (b) LGBM,

(c) RID, (d) MLP, (e) RF, (f) XGB model.
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Fig. S22 The assessment of generalization capability of the XGB model under 5-fold cross validation.



