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Fig. S1. Phonon dispersion spectrum of the BPN.
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Fig. S2. Isosurfaces of electron localization function of the BPN.
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Fig. S3. The electrostatic potential along the z-axis direction.

15

20



Configuration-I

Configuration-I1

Configuration-111

Configuration-IV

Configuration-V

Fig. S4. Five different types of diatomic configurations in BPN.
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Fig. S5. Optimal adsorption conformations of 3d, 4d, and 5d transition metal diatoms.
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Fig. S6. The calculated migration barrier for Cu.
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Fig. S7. AIMD simulations of Cu,BPN were carried out at 500 K over a total time step of 10 ps, using

both vacuum conditions and an explicit solvent model to simulate aqueous solution conditions. The green

and yellow parts in the figure represent temperature and energy, respectively.
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Fig. S8. CDD distributions for 22 TM,@BPN, where the isosurface value is 0.0015 eA23and cyan and

yellow represent the accumulation and depletion of charge, respectively.
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Fig. S9. Calculated the TDOS and d-orbital PDOS for 22 TM,@BPN, displayed in gray and blue,

respectively.
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Fig. S10. CDD distributions for 22 CO-TM,@BPN catalysts, with an isosurface value set at 0.0015 eA

3, In these distributions, cyan and yellow indicate the accumulation and depletion of charge, respectively
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Fig. S11. PDOS calculations for CO molecules on 22 TM.@BPN surfaces. The d-orbitals of TM and

the p-orbitals of CO are depicted in blue and pink, respectively.
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Fig. S12. Free energy diagram of CO reduction to various C1 on Sc;@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S13. Free energy diagram of CO reduction to various C1 on Ti.@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S14. Free energy diagram of CO reduction to various C; on V.@BPN. The black line represents the

common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S15. Free energy diagram of CO reduction to various C; on Mn.@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S16. Free energy diagram of CO reduction to various C; on Y,@BPN. The black line represents the

common path, the red line represents the CH3OH path, and the blue line represents the CH, path.
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Fig. S17. Free energy diagram of CO reduction to various C; on Nb,@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S18. Free energy diagram of CO reduction to various C; on Ta,@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S19. Free energy diagram of CO reduction to various C; on W>@BPN. The black line represents

the common path, the red line represents the CH3OH path, and the blue line represents the CH4 path.
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Fig. S21. IS, TS, and FS energy changes involved in the reaction *CO.CO — *COCO and *CHO.CO

— *CHOCO for the V2@BPN.
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Fig. S23. IS, TS, and FS energy changes involved in the reaction *CO.CO — *COCO and *CHO.CO

— *CHOCO for the Y,@BPN.
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Fig. S24. 1S, TS, and FS energy changes involved in the reaction *CO.CO — *COCO for the Zr,@BPN.
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Fig. S26. 1S, TS, and FS energy changes involved in the reaction *CH,.CO — * CH,CO for the Ir,@BPN.
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Fig. S32. IS, TS, and FS energy changes involved in the reaction *CH,.H — *CH3 for the Ni.@BPN.
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Fig. S33. IS, TS, and FS energy changes involved in the reaction *CH,.H — *CH3 for the Ir,@BPN.
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energetically favorable pathway.
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Table S1. The most favorable configuration (conf) and relative energy in TM.@BPN. "/" indicates that

this conformation does not exist.

Metal Conf-I (eV) | Conf-Il (eV) | Conf-lll(eV) | Conf-IV (eV) [ Conf-V (eV)
Sc Relax to Conf-IIT 0.66 0 1.18 0.36
Ti Relax to Conf-III 0 0.03 0.63 1.10
A% 0.69 0 / 1.37 /
Cr 0.01 0 Relax to Conf-I 0.95 0.80
Mn 1.39 0 / 0.84 0.78
Fe 0 0.54 Relax to Conf-I 0.69 0.51
Co 0 0.14 / 0.74 0.54
Ni 0 0.38 / 0.83 0.78
Cu 0 0.37 Relax to Conf-I / 0.03
/n 0 / 0.01 0.02 0.01
Y Relax to Conf-IIT / 0 1.53 0.40
Zr Relax to Conf-IIl 0.82 0 1.31 0.77
Nb Relax to Conf-III 0.09 0 0.85 Relax to Conf-III
Mo 0 0.20 Relax to Conf-I 0.50 Relax to Conf-I
Ru 0 0.28 / 0.72 0.97
Rh 0.01 0 / 0.76 0.88
Pd 0 0.67 Relax to Conf- / 0.56
Ag 0 0.03 0.01 0 0
Cd 0 / 0 0 0
Hf Relax to Conf-V 0.9 0 1.65 0.66
Ta 0.60 0.28 0 / /
W 0 0.92 / Relax to Conf-I Relax to Conf-I
Re 0 0.50 0.85 1.18 1.11
Os 0 0.66 / 1.18 1.27
Ir 0 0.70 / 1.30 1.04
Pt 0 0.83 Relax to Conf-I 0.74 0.74
Au 0 0.02 / 0 0
Hg 0 / 0 0.01 0.01




Table S2. Binding energy (Ep) of the DACs in the most stable configuration and the cohesion energy

(Econ) of the metal atoms in TM.@BPN.

Metal Ep (eV) Econ (€V)
Sc -7.94 -4.21
Ti -1.77 -5.40
V -5.87 -5.35
Cr -3.06 -4.02
Mn -3.73 -3.54
Fe -4.72 -4.84
Co -5.08 -5.13
Ni -6.09 -5.01
Cu -3.19 -3.48
Zn -0.49 -1.46
Y -8.20 -4.51
Zr -10.15 -6.36
Nb -8.24 -7.48
Mo -11.54 -9.01
Ru -9.59 -8.49
Rh -7.20 -6.53
Pd -4.43 -4.30
Ag -2.09 -2.97
Cd -0.48 -1.07
Hf -9.39 -6.88
Ta -9.62 -8.78
W -9.63 -9.53
Re -10.08 -9.62
Os -8.58 -8.91
Ir -8.22 -8.03
Pt -7.12 -6.24
Au -2.70 -3.63
Hg -0.51 -0.59




Table S3. Structural and electronic properties of TM,@BPN, including M—M bonds (dwm-m), d band

center (g4), magnetic moment (Mag), and charge transfer (CT) from metal dimer to C atoms.

Metal dv-m (A) &4 (eV) Mag (uB) CT (e)
Sc 4.01 1.47 1.24 2.25
Ti 2.48 1.05 1.34 1.68
\Y 2.43 0.40 3.33 1.49
Mn 2.57 -0.48 7.33 1.09
Fe 2.17 -0.95 5.32 0.77
Co 2.17 -1.19 2.68 0.58
Ni 2.36 -1.11 0.62 0.46
Cu 2.35 -2.10 0.00 0.42
Y 4.03 2.06 -1.06 2.55
zr 3.53 0.85 1.21 2.17
Nb 2.61 0.54 0.93 1.65
Mo 1.73 -0.76 0.75 0.80
Ru 2.28 -1.13 2.99 0.48
Rh 2.65 -1.00 0.30 0.35
Pd 2.67 -1.81 0.00 0.21
Hf 3.30 1.30 0.59 2.15
Ta 2.49 0.86 0.00 1.56
w 2.10 0.12 0.00 0.92
Re 2.14 -0.84 1.39 0.69
Os 2.27 -1.26 3.23 0.46
Ir 2.41 -1.46 1.09 0.19
Pt 2.55 -2.16 0.65 0.05




Table S4. The adsorption energy AE (eV) of CO, the Gibbs free energy AG (eV) of CO, the bond lengths

(A) of M—C and C-O (dw-c and dc-o), and charge transfer (CT) from metal dimer to CO.

Metal AE+co(eV) | AGco(eV) | duc(A) dco(A) CT (e)
Sc -2.31 -1.69 2.23 1.25 -0.95
Ti -2.68 -2.05 2.03 1.26 -1.07
v -2.92 -2.32 1.97 1.26 -0.95
Mn -2.34 -1.69 1.95 1.24 -0.82
Fe -2.22 -1.63 1.88 1.23 -0.69
Co -2.65 -2.00 1.91 1.19 -0.42
Ni -2.34 -1.76 1.88 1.22 -0.52
Cu -1.14 -0.57 1.93 1.19 -0.36
Y -2.09 -1.47 2.40 1.24 -1.08
Zr -2.96 -2.33 2.25 1.27 -1.12
Nb -3.12 -2.48 2.08 1.28 -1.12
Mo -1.13 -0.96 2.25 1.18 -0.44
Ru -2.43 -1.80 2.01 1.21 -0.50
Rh -2.58 -2.05 2.04 1.19 -0.35
Pd -1.88 -1.27 2.00 1.18 -0.21
Hf -3.03 -2.43 2.20 1.30 -1.21
Ta -3.51 -2.85 2.05 1.31 -1.16
W -2.24 -1.61 2.05 1.28 -0.85
Re -2.25 -1.59 1.94 1.18 -0.38
Os -2.50 -1.83 1.87 1.18 -0.28
Ir -2.42 -1.79 1.98 1.21 -0.41
Pt -2.29 -1.64 1.86 1.17 -0.12




Table S5. The values of the free energy change (AG/eV) at each step involved in Sco@BPN.

Reaction process AG
*CO+H"+¢e — *CHO —0.03
*CO+H"+¢e — *COH 1.55
*CHO + H' + ¢ = *CHO —0.92
*CHO + H' + ¢ > *CHOH 0.61
*CH,O + H™+ e — *CH30 —0.54
*CH,O + H" + ¢ — *CH,OH 1.11
*CH30 + H" + e — *O + CHas (g) -1.76
*CH30 + H + ¢ — *CH30H 2.34
*O+H'+e — *OH 0.57
*OH + H" + e — *H,0 (1) 2.39




Table S6. The values of the free energy change (AG/eV) at each step involved in Ti-@BPN.

Reaction process AG
*CO+H"+¢e — *CHO 0.03
*CO+H"+e¢ — *COH 1.52
*CHO + H' + ¢ - *CHO —0.41
*CHO + H'+e"— *CHOH 0.87
*CH,O + H™+ e — *CH30 —0.60
*CH,O + H + ¢ — *CH,OH 0.62
*CH30 + H"+ e — *O + CHa (g) —-1.43
*CH30 + H" + ¢ — *CH30H 2.17
*O+H"+e > *OH 0.32

*OH+H +e—*H,0 (1) 2.17




Table S7. The values of the free energy change (AG/eV) at each step involved in V,@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.02
*CO+H"'+e — *COH 1.48
*CHO + H + e — *CH20 —-1.00
*CHO + H" + ¢ - *CHOH 0.62
*CH,0 + H"+ e — *CH30 —-0.03
*CH20 + H' + & — *CH,OH 1.32
*CH30 + H™+ e — *O + CH4 (g) -1.35
*CH30 + H"+ e — *CH3;0H 2.47
*O+H' +e — *OH 0.50
*OH + H' + & — *H0 (1) 2.27




Table S8. The values of the free energy change (AG/eV) at each step involved in Mn,@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.13

*CO+H"'+e — *COH 1.08
*CHO + H" +¢— *CH»0 —0.14
*CHO + H'+ ¢ —> *CHOH 0.77
*CH,O + H™+ e — *CH30 0.05
*CH,O + H" + ¢ — *CH,OH 0.33

*CH30 + H + ¢ — *CH30H 1.52
*CH,OH + H" + ¢ — *CH3-OH -1.27
*CH,OH + H" + ¢ — *CH, + H,0(1) —0.19
*CH3-OH + H" + & — *OH + CH4 (g) —0.73
*CH;3-OH +H"+e—*CHj3 + H,O(1) 0.27

*OH + H' + ¢ — *H0 2.13




Table S9. The values of the free energy change (AG/eV) at each step involved in Fe;@BPN.

Reaction process AG
*CO+H"+¢e — *CHO 0.38
*CO+H"+¢e — *COH 1.37
*CHO + H' + e— *CH20O —0.19
*CHO + H' + ¢ > *CHOH 0.63
*CH,O + H™+ e — *CH30 0.21
*CH,O + H" + ¢ — *CH,OH 0.31
*CH30 + H + ¢ — *CH30H 1.13
*CH,OH + H" + ¢ — *CH3;0H 1.02
*CH,OH + H" + ¢ — *CHz+ H20 (1) —0.28
*CH, + H" +¢"— *CH3 -0.61
*CHz + H + ¢ — *CHa(g) 0.62




Table S10. The values of the free energy change (AG/eV) at each step involved in Nio@BPN.

Reaction process AG
*CO+H"+¢e — *CHO 0.59
*CO+H"+¢e — *COH 1.95
*CHO + H' + ¢ - *CHO —0.28
*CHO + H' + ¢ > *CHOH 0.50
*CH,O + H™+ e — *CH30 —0.23
*CH20 + H + e —*CH.0OH 0.25
*CH30 + H + ¢ — *CH30H 1.00
*CH,OH + H' + ¢ — *CH30H 0.51
*CH,OH + H" + ¢ — *CHz+ H20 (1) —0.20
*CH, + H + e — *CHj3 -0.74

*CHz + H + e —>* CHa(g) 0.67




Table S11. The values of the free energy change (AG/eV) at each step involved in Cu,@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.46
*CO+H'+e — *COH 1.14
*CHO + H' + ¢ - *CHO —0.45
*CHO + H' + ¢ — *CHOH 0.03

*CH,O + H™+ e — *CH30 —0.30
*CH,O + H" + ¢ — *CH,OH —0.34
*CH30 + H +¢”— *CH30H 0.33

*CH,OH + H" + ¢ — *CH3;0H 0.29
*CH,OH + H" + ¢ — *CHz+ H20 (1) —0.10
*CH, + H + e — *CHj3 -0.90

*CH; + H + e — *CHy 0.61




Table S12. The values of the free energy change (AG/eV) at each step involved in Y,@BPN.

Reaction process

AG

*CO +H"+ e — *CHO
*CO+H"+¢e — *COH
*CHO + H"+ ¢ — *CH>0
*CHO + H"+ ¢ - *CHOH
*CH20 + H" + ¢ — *CH30
*CH20 + H' + & — *CH,OH
*CH30 + H + ¢ — *CH30H

—0.19
1.63
—0.72
0.78
—0.48
0.98
1.90




Table S13. The values of the free energy change (AG/eV) at each step involved in Nb,@BPN.

Reaction process AG
*CO + H"+e¢"— *CHO -0.12
*CO+H"'+e — *COH 0.97
*CHO + H' + ¢ - *CHO 0.10
*CHO + H' + ¢ — *CHOH 1.11
*CH,O + H™+ e — *CH30 0.44
*CH,O + H + ¢ — *CH,OH 1.29

*CH30 + H' + e — *CH30H 1.37




Table S14. The values of the free energy change (AG/eV) at each step involved in Ta,@BPN.

Reaction process AG

*CO + H"+e¢"— *CHO —0.14
*CO+H"+¢e — *COH 1.04
*CHO + H' + ¢ - *CHO 0.03

*CHO + H + ¢ »>*CHOH 1.26
*CH,O + H"+ ¢ — *CH3-O -1.22
*CH20 + H + ¢ = *CH»-OH —-1.53
*CH,-OH + H" + ¢ — *CH3-OH 0.40
*CH,-OH + H" + & — *CH»-H20 (1) 1.92
*CH3-OH + H" + ¢ — *OH + CHa(g) 0.50
*CH3-OH + H" + ¢ — *CHs + H20 (1) 2.09
*OH +H™+ e — *H20 (1) 1.35




Table S15. The values of the free energy change (AG/eV) at each step involved in W>@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.10
*CO+H'+e — *COH 1.13

*CHO + H' + ¢ - *CHO —0.70
*CHO + H' + ¢ — *CHOH 0.96
*CH,O + H"+ e — *CH30 0.47
*CH20 + H + ¢ = *CH»-OH -1.19
*CH30 + H + ¢ — *CH30H 0.89
*CH,-OH + H" + & — *CH»-H20 (1) 1.65
*CH2+H'+ e — *CH; —0.01
*CH; + H + e — *CHs4 0.45




Table S16. The values of the free energy change (AG/eV) at each step involved in I @BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.53
*CO+H"'+e — *COH 0.67
*CHO + H' + ¢ - *CHO 0.04
*CHO + H'+ ¢ —> *CHOH 0.17
*CH,O + H™+ e — *CH30 —-0.11
*CH,0 + H' + ¢ — *CH,0OH 0.25

*CH30 + H + ¢ — *CH30H 0.70
*CH,OH + H" + ¢ — *CH»-H0 (1) —0.12
*CH2+H'+ e — *CH; 0.28

*CHs; + H"+ ¢ — *CHy4 0.28




Table S17. Gibbs free energy change (AG/eV) of formationfor C—C coupling via *CO.CO, *CHO.CO,

and *CH,.CO intermediates on TM@BPN.

*C0.CO — *CHO.CO — *CH».CO —
system *CO-CO *CHO-CO *CH,CO
Sc —0.69 —1.41 —
\% 0.28 0.76 —
Ni 1.65 0.81 —0.76
Cu 1.31 — —0.34
Y —0.69 -0.06 —
Zr —0.30 — —
Hf —0.37 — —
w 1.38 — —

Ir — — ~1.33




Table S18. The values of the free energy change (AG/eV) at each step involved in Sco@BPN.

Reaction process AG
*CO+H"+¢e — *CHO —0.03
*CHO + CO —» *CHO.CO —0.45
*CHO.CO — *CHOCO —-1.86
*CHOCO + H" + & - *CH,0CO 0.09
*CHOCO + H" + e — *CHOHCO 0.46
*CHOCO + H"+ ¢ = *CHOCHO —0.78
*CHOCO + H'+ ¢ = *CHOCOH 0.58
*CHOCHO + H" + ¢ — *CH,OCHO 0.6
*CHOCHO +H" + ¢ — *CHOHCHO 1.06
*CHOCHO + H" + ¢ — *CHOCH-O 0.79
*CHOCHO + H"+ ¢ — *CHOCHOH 1.03
*CH,OCHO + H" + ¢ — *CH,OHCHO 0.48
*CH,OCHO + H" + ¢ — *CH,OCH20 —-1.00
*CH,OCHO + H" + ¢ — *CH,OCHOH 0.51
*CH20CH20 + H" + e — *CH2OHCH,O 0.73
*CH,OCH,0 + H" + ¢ — *CHOCH>OH 1.10
*CH20HCH,O + H' + ¢ »>*CH3CH,0-OH 0.10
*CH,OHCH,O + H" + ¢ — *CH,OHCH,OH 2.11
*CH3CH,0-OH + H" + ¢ »>*OH+CH3CH>OH(1) —0.58
*CH3CH,0-OH + H + ¢ — *CH3CH2O+H20(1) —0.45

*OH + H"+ e — *H0 2.34




Table S19. The values of the free energy change (AG/eV) at each step involved in V,@BPN.

Reaction process AG
*CO+ CO — *CO.CO —-1.01
*C0O.CO — *COCO 0.28
*COCO + H'+e— *CHOCO 0.41
*COCO + H"+ e — *COHCO 1.06
*COCO+H"+e — *COCHO —0.71
*COCO + H'+ ¢ — *COCOH 1.34
*COCHO + H" + e = *CHOCHO —0.55
*COCHO + H"+ ¢ = *COHCHO 0.89
*COCHO + H"+ e — *COCH20 —0.40
*COCHO + H"+ ¢ = *COCHOH 0.85
*CHOCHO + H"+ ¢ — *CH,OCHO —0.44
*CHOCHO +H" + ¢ — *CHOHCHO 0.55
*CHOCHO +H" + ¢ — *CHOCH-O —0.05
*CHOCHO + H" + ¢ — *CHOCHOH 0.99
*CH2OCHO +H" +¢"— *CH,OHCHO 0.75
*CH,OCHO + H" + ¢ — *CH,OCH-0 —0.42
*CH2OCHO + H" + ¢ — *CH,OCHOH 1.09
*CH,OCH,0 + H" + ¢ — *CH,OHCH>O 1.37
*CH,OCH20O + H" + ¢ — *CH,OCH,OH 1.19
*CH,OCH2OH + H' + ¢ — *CH3CH,O-OH -1.77
*CH,OCH,OH + H" + ¢ — *CH,OHCH,OH 1.94
*CH3CH,0-OH + H" + ¢ — *OH+CH3CH,OH() 2.08
*CH3CH,0-OH + H + ¢ — *CH3CH20+H20O(1) 1.45

*CH3CH,0 + H" + ¢ — *CH3CH,OH 2.12




Table S20. The values of the free energy change (AG/eV) at each step involved in Ni»@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.59
*CHO + H" + ¢ — *CH,O —0.28
*CH,O + H"+ ¢ — *CH,OH 0.25
*CH2OH + H' + ¢ — *CH30H 0.52
*CH,OH + H + e — *CHa+H,0(1) —0.20
*CHz+ CO - *CH2CO —0.76
*CH,CO + H" + ¢ — *CH,CHO —0.61
*CH,CO + H" + e— *CH,COH 0.05
*CH,CHO + H" + ¢ — *CH3CHO 0.16
*CH,CHO + H" + e— *CH,CH,O 0.79
*CH,CHO + H" + ¢ — *CH,CHOH 0.38
*CH3CHO + H" + ¢ — *CH3CH20 0.06
*CH3CHO + H' + ¢ — *CH3CHOH 0.30

*CH3CH-O + H + ¢ > *CH3CH>OH 0.56




Table S21. The values of the free energy change (AG/eV) at each step involved in Cu,@BPN.

Reaction process AG

*CO+H"+¢e — *CHO 0.46

*CHO + H' + ¢ — *CH,0 —0.45
*CHO + H" + ¢ — *CHOH 0.03

*CH,O + H + & — *CH30 —0.30
*CH,O + H"+ ¢ — *CH,OH —0.34
*CH,OH + H" + ¢ — *CH3;0H 0.30
*CH,OH + H" + ¢ — *CH, + H,0(1) —0.10
*CHz+ CO —» *CH2CO —0.34
*CH,CO + H"+ e — *CH3CO —0.30
*CH,CO + H" + ¢ — *CH,COH —0.50
*CH,COH + H" + ¢ — *CH3COH 0.57
*CH,COH + H" + ¢ — *CH,CHOH 0.42
*CH,COH + H" + ¢ — *CH,C+H2O(1) 0.73

*CH,CHOH + H" + ¢ — *CH3CHOH —0.09
*CH2CHOH + H" + ¢ — *CH,CH>OH —0.73
*CH,CHOH + H" + ¢ — *CH>CH+H>O(1) —0.97

*CH2CH + H"+ e —»* CH.CH; —0.12




Table S22. The values of the free energy change (AG/eV) at each step involved in Y>@BPN.

Reaction process AG
*CO+H"+¢e — * CHO —0.19
*CHO + CO —» *CHO.CO —0.23
*CHO.CO — *CHOCO —0.06
*CHOCO + H"+ ¢ — *CHOHCO —0.97
*CHOCO + H"+ e — *CHOCHO -2.39
*CHOCO + H" + ¢ — *CHOCOH —0.73
*CHOCHO + H"+ ¢ — *CH,OCHO 0.59
*CHOCHO + H" + ¢ — *CHOHCHO 1.04
*CHOCHO +H" + ¢ — *CHOCH-O 0.57
*CHOCHO +H" + ¢ — *CHOCHOH 1.09
*CHOCH,0 +H" + ¢ — *CH>OCH,O —0.53
*CHOCH,0 +H"+ ¢ — *CHOHCH-O 0.53
*CHOCH,0O +H" + ¢ — *CHOCH>OH 0.59
*CH,OCH,O +H" + ¢ — *CH,OHCH,0O 0.63
*CH20CH20 +H" + ¢ — *CH,OCH,OH 0.51
*CH,OCH2OH +H" + ¢ — *CH3CH,0-OH -1.72
*CH,OCH,OH + H" + ¢ — *CH,OHCH,OH 2.26
*CH3CH,0-OH + H" + & — *OH+CH3CH>OH(1) 1.31
*CH3CH,0-OH + H" + e — *CH3CH»0 + H>O(1) 1.51

*OH +H" +e” — *H,0 2.25




Table S23. The values of the free energy change (AG/eV) at each step involved in Zr,@BPN.

Reaction process AG

*CO+ CO — *CO.CO —0.69
*C0O.CO — *COCO —0.30
*COCO+H"+e — *CHOCO —-1.04
*COCO + H"+ e — *COHCO 1.08
*COCO+H"+e — *COCHO 0.50
*COCO + H'+ e — *COCOH 0.96
*CHOCO + H"+ e — *CH,OCO 0.6

*CHOCO + H"+ ¢ — *CHOHCO 0.89
*CHOCO + H" + ¢ — *CHOCHO —0.16
*CHOCO + H"+ ¢ = *CHOCOH 0.88
*CHOCHO + H"+ ¢ — *CH,OCHO —0.13
*CHOCHO + H" + ¢ — *CHOHCHO 0.93

*CHOCHO + H"+ ¢ — *CHOCH,0 -0.12
*CHOCHO + H" + ¢ —» *CHOCHOH 1.49
*CH2OCHO + H" + ¢ — *CH,OHCHO 0.94
*CH,OCHO + H" + ¢ — *CH,OCH-0 -0.49
*CH2OCHO + H" + ¢ — *CH,OCHOH 1.25
*CH,OCH,0 + H" + ¢ — *CH,OHCH>O 1.50
*CH,OCH20O + H" + ¢ — *CH,OCH,OH 1.37
*CH,OCH2OH + H" + ¢ — *CH3CH>0.0H -1.96
*CH3CH20.0H + H" + ¢ — *OH+CH3CH>OH(1) 2.01

*CH3CH20.0H + H" + ¢ — *CH3CH20+ H20 (1) 2.15

*OH +H'+ e — *H,0 1.37




Table S24. The values of the free energy change (AG/eV) at each step involved in Hf@BPN.

Reaction process AG
*CO+ CO —»* CO.CO —0.86
*C0O.CO — *COCO —0.37
*COCO+H"+e — *CHOCO 0.52
*COCO + H"+ e — *COHCO 1.04
*COCO+H"+e — *COCHO —-1.23
*COCO + H'+ e — *COCOH 1.06
*COCHO + H" + ¢ = *CHOCHO 0.04
*COCHO + H" + ¢ = *COHCHO 1.10
*COCHO + H"+ e — *COCH20 0.63
*COCHO +H"+e— *COCHOH 1.13
*CHOCHO + H" + e—*CH,OCHO —0.22
*CHOCHO + H" + e— *CHOHCHO 1.63
*CHOCHO + H"+ ¢ — *CHOCH,0 -0.21
*CHOCHO + H" +¢" - *CHOCHOH 1.05
*CH2OCHO + H" + ¢ — *CH,OHCHO 1.07
*CH,OCHO + H" + ¢ — *CH>OCH,0 —0.65
*CH2OCHO + H" + ¢ — *CH,OCHOH 1.17
*CH,OCH,0 + H" + ¢ — *CHOHCH-O 1.81
*CH20CH20 + H' + & — *CH,OCH>OH 1.71
*CH,OCH,OH + H" + ¢ — *CH3CH,0.0H -2.41
*CH,OCH,OH + H" + ¢ — *CH,OHCH,OH 1.83
*CH3;CH,0.0H + H + ¢ —* OH+CH3CH>OH(]) 2.39
*CH3CH,0.0H + H + ¢ — *CH3CH20 + H,O(1) 2.50

*OH + H"+ e — *H,0 1.54




Table S25. The values of the free energy change (AG/eV) at each step involved in Ir,@BPN.

Reaction process AG
*CO+H"+¢e — *CHO 0.53
*CHO + H' + ¢ — *CH,0 0.04
*CHO + H" + ¢ — *CHOH 0.17
*CH,O + H" + ¢ — *CH,OH 0.26
*CH,OH + H + e — *CHa+H,0(1) -0.12
*CHz+ CO - *CH2CO —-1.33
*CH,CO + H" + e —* CH,CHO —0.05
*CH,CO + H" + ¢ — *CH,COH 0.09
*CH,CHO + H" + ¢ — *CH3CHO 0.25
*CH,CHO + H" + ¢ — *CH2CH20 —0.03
*CH,CHO + H" + ¢ — *CH,CHOH 0.41
*CH2CH,0 + H" + ¢ — *CH3CH20 —0.09
*CH,CH,0 + H" + ¢ — *CH>CH,OH 0.20

*CH3CH-O + H + ¢ > *CH3CH>OH 0.59




Table S26. The PDS and AGmax (eV) for products of CHs, CH;0H, CH,CH,, and CH;CH,OH on

TM,@BPN.
Systems PDS AGax Products
*CH30 — *CH3OH 2.34 CH3;OH
Sc2@BPN *OH — *H,0 2.39 CHj4
*OH — *H,0 2.34 CH3CH>0OH
*CH30 — *CH3;0H 2.17 CH;0OH
Ti2@BPN
*OH — *H,0 2.17 CH4
*CH30 — *CH3;0H 2.47 CH;0H
V2@BPN *OH — *H,0 227 CH,
*CH;CH,O — *CH3;CH,OH  2.12 CH;CH,;OH
*CH30 — *CH3;0H 1.52 CH3;0OH
Mn>@BPN
*OH — *H,0 2.13 CHy4
*CH,OH — *CH30OH 1.03 CH3;0OH
Fe;@BPN
*CH3 — *CHgy 0.62 CHg4
*CO — *CHO 0.59 CH;0H
* * 0.67 CH
Ni>@BPN CH; — *CHy 4
*CO — *CHO 0.59 CH;3;CH,;OH
*CO — *CHO 0.46 CH;0OH
Cuw@BPN
*CH3 — *CHgy 0.61 CHg4
*CO — *CHO 0.46 CH>CH»
*CH3;0 — *CH30OH 1.90 CH3;0OH
Y@BPN
*OH — *H,0O 2.25 CH;3;CH,;OH
Zr@BPN *CH3;CH>2.0H — *OH 2.01 CH3;CH>OH




Nb,@BPN

Hf:@BPN

Ta;@BPN

W2@BPN

In@BPN

*CH30 — *CH3;0H

*CH3;CH,.0H — *OH

*OH — *H20

*CH30 — *CH3;0H
*CH,-OH — *CH»

*CO — *CHO
*CO — *CHO
*CH3;CH>0 — *CH3;CH>,OH

1.37

2.39

1.35

0.89
1.65

0.53
0.53
0.59

CH;0OH

CH3;CH,OH

CHa

CH;0OH
CHa

CH3;0OH
CHa
CH;3;CH,OH




Table S27. The products and U for CORR on the selected Fex@BPN, Ni;@BPN, Cu,@BPN, and

Ir,@BPN in this work and the other systems in previous reports for comparison.

Systems Products UL
Fex@BPN CHa4 -0.62
In@BPN CH.4 -0.53
Ni>@BPN CH;CH,OH -0.59
Cu@BPN CH2CH> —0.46

B@Bi' CHa4 -0.57
Ru,@C,N? CH4 -0.58
Mn,@Pc? CHs4 —0.84
Cu (100)* CH>CH> -0.72

Cus@CsNoHy CH>CH» -0.50
Fer@C,N°® CH>CH> -0.76
B@GRY’ CH3;CH,OH -0.53

Cu:B>® CH3CH,OH -0.59

Cus@CoN’ CH;CH,OH —0.81
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