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Table S1. The total energies (eV) for convergence test with respect to the k-grid sampling size for
CrNgs-Gra, FeNs-Gra/ben/NO,, RuNs-Gra/ben/NO; and FeN4-Gra/benzene.

k-grid CrN4-Gra FeN4-Gra/ben/NO,  RuN4-Gra/ben/NO;  FeNs-Gra/benzene
5x5x1 -450.625 -537.264 -537.133 -521.731
6x6x1 -450.626 -537.225 -537.146 -521.731
7x7x1 -450.658 -537.225 -537.188 -521.733
8x8x1 -450.625 -537.264 -537.146 -521.731
10x10x1 -450.625 -537.264 -537.145 -521.732

Table S2. The charge (¢) of Cr atom in all the catalysts before (Q1) and after (Q2) the oxygen-
containing intermediates are adsorbed.

Model Q1 Q2
*O, *OOH *O *OH
CrN.-Gra 1.23 1.54 1.47 1.53 151
CrN4-Gra/O 1.47 1.48 1.61 1.59 1.64
CrN4-Gra/OH 1.54 1.64 1.63 1.61 1.57
CrN4-Gra/OOH 1.51 1.60 1.57 1.58 1.63
CrN4-Gra/ CH 1.34 1.30 1.36 1.32 1.44
CrN4-Gra/CH> 1.33 1.47 1.48 1.60 1.52
CrN4-Gra/CH3 1.35 1.52 1.48 1.58 1.53
CrN4-Gra/NH 1.44 1.49 1.58 1.56 1.60
CrN4-Gra/NH; 1.45 1.57 1.55 1.60 1.54
CrNs-Gra/NH3 1.39 1.56 1.55 1.50 1.58
CrN4-Gra/ben 1.35 1.53 1.47 1.40 151
CrN4-Gra/ben/NH, 1.38 154 1.50 1.59 1.52

CrNs-Gra/ben/NO> 1.35 1.51 1.46 1.39 1.47




Table S3. The Cr—O (dcro0) bond distances between Cr and O in absored O, and the adsorption
energies AE.ds (eV) for the most stable ORR intermediates for the studied catalysts.

deo(A) *0, *O *OH *OOH *H *H,0 *HOOH

CrNs-Gra 185 -213 -590 -368 -230 -157 -030 O+H0
CrN4-Gra/O 3.11 -0.20 -3.08 -201 -065 -141 -0.17 -0.20
CrN4-Gra/OH 191 -089 -433 -284 -152 -146 -0.35 -0.39
CrN;-Gra/OOH 190 -092 -445 -294 -156 -149 -0.30 -0.39
CrN4-Gra/CH 2.89 -025 -3.02 -193 -067 -1.37 -0.18 -0.26
CrN4-Gra/CH; 194 -045 -334 -228 -097 -150 -0.22 -0.31
CrN4-Gra/CHz 1.91 -0.96 -4.06 -359 -1.32 -151 -0.30 -0.36
CrNs-Gra/NH 320 -022 -308 -225 -090 -137 -0.19 -0.22
CrN4-Gra/NH: 190 -082 -421 -28 -156 -143 -0.30 -0.37
CrN4-Gra/NHs 1.87 -1.77 -541 -370 -231 -154 -052 O+HO
CrN4-Gra/ben 191 -0.83 -391 -257 -125 -149 -0.30 -0.35

CrNs-Gra/ben/NH: 191 -0.79 -389 -257 -127 -148 -0.28 -0.35
CrN4-Gra/ben/NO> 1.91 -0.76 -390 -257 -134 -150 -0.32 -0.33




Table S4. Adsorption energies AE.d¢s (eV) for the most stable ORR intermediates and Gibbs
adsorption free energies of the oxygenated intermediates (AG=oon, AG=o0, and AG=on) and
overpotentials (1) for MN4-Gra/CHs catalysts.

Eas (€V) AG (eV) nwv)
*0 *OH *OO0OH *OOH *0O *OH

ScNa-Gra/CH3? -3.06 -1.10 - -

TiNs-Gra/CH3? - - -1.23 -

VNg4-Gra/CH5¢ - -2.90 -1.47 -

CrNs-Gra/CH3 -4.06 -3.59 -1.32 4.02 1.76 0.86 0.37
MnNs-Gra/CHs -3.63 -2.58 -1.34 3.99 2.22 0.96 0.30
FeNs-Gra/CHs -3.46 -4.05 -2.63 4,01 2.37 1.06 0.32
CoNy4-Gra/CH3 -2.87 -2.12 -0.94 4.38 3.04 1.40 0.69
NiNs-Gra/CHs -2.91 -2.19 -0.99 4.31 2.99 1.34 0.62
CuN4-Gra/CHs -2.77 -1.69 -0.51 4.83 3.13 1.84 1.14
ZnN4-Gra/CH3® - -0.75 - -
RuNs-Gra/CHs -3.76 -2.77 -1.62 3.73 2.08 0.79 0.44
RhN4-Gra/CHs -3.02 -2.28 -1.14 4.16 2.88 1.23 0.47
PdN4-Gra/CH3 -3.12 -2.62 -1.38 3.94 2.78 0.88 0.35
IrNs-Gra/CH3 -2.91 -2.53 -0.98 4.32 2.91 0.95 0.63
PtN4-Gra/CHs -2.81 -2.95 -1.27 4.00 3.06 0.57 0.66

a*OOH was not adsorbed on the SCN4-Gra/CHs.

bThe ligand CHz falls off when *O and *OH were adsorbed on the TiNs-Gra/CHs, respectively.
The ligand CHjs falls off when *O was adsorbed on the VNs-Gra/CHa.

4*0 and *OOH were not adsorbed on the ZnNs-Gra/CHs,



Table S5. Adsorption energies AE.ds (eV) for the most stable ORR intermediates and Gibbs
adsorption free energies of the oxygenated intermediates (AG=oon, AG=o0, and AG=on) and
overpotentials (n) for MN4-Gra/ben/NO; catalysts.

Eass (€V) AG (eV) nw)
*0 *OH *OOH *OOH *0O  *OH
ScNa-Gra/ben/NO22 -3.02 -111 - -
TiNs-Gra/ben/NOZ° - - - -
VNs-Gra/ben/NO-¢ - - -1.47 -
CrN4-Gra/ben/NO> -3.90 -257 -1.34 3.98 1.93 096 0.29
MnN4-Gra/ben/NO; -3.44  -254  -1.27 4.06 2.40 1.01  0.37
FeNs-Gra/ben/NO, -3.44  -251  -1.46 3.90 2.40 1.03 021
CoNg4-Gra/ben/NO; 277 -206 -0.86 4.47 3.14 146  0.78
NiNs-Gra/ben/NO; -2.75 -2.01 -0.82 451 3.15 1.35 0.82
CuN4-Gra/ben/NO; -269 -1.34 -0.25 5.00 3.22 220 131
ZnN;-Gra/ben/NO_¢ -2.74 - - -
RuNs-Gra/ben/NO; -340 -258 -155 3.80 2.42 097 0.26
RhN4-Gra/ben/NO2 -296 -231 -1.17 412 2.95 1.20 0.43
PdN4-Gra/ben/NO; -3.00 -254 -1.32 4.00 2.91 095 031
IrNs-Gra/ben/NO; -2.85 -2.60 -1.11 4.21 2.96 0.92 0.52
PtN4-Gra/ben/NO; 271 -296 -1.30 4.03 3.17 058 0.65

a*QOH was not adsorbed on the ScCN4-Gra/ben/NO:z.

bThe ligand ben/NO: falls off when *O, *OH and *OOH were adsorbed on the TiN4-Gra/ben/NOz, respectively.
“The ligand ben/NO: falls off when *O and *OH were adsorbed on the VN4-Gra/ben/NO2, respectively.

4*OH and *OOH were not adsorbed on the ZnNs-Gra/ben/NOz2,



Table S6. Adsorption energies AE.ds (eV) for the most stable ORR intermediates and Gibbs
adsorption free energies of the oxygenated intermediates (AG=oon, AG=o0, and AG=on) and
overpotentials (n) for MN4-Gra/ben catalysts.

Eaas (€V) AG (V) nv)
*0 *OH *OOH *OOH *0O  *OH
ScNa-Gra/ben? -3.06 -1.12 - -
TiN-Gra/ben® - - -1.14 -
VNs-Gra/ben® - -2.78 -1.39 -
CrN4-Gra/ben -391 -257 -1.25 4.04 1.93 096 0.35
MnNs-Gra/ben -347 256  -1.28 4.03 2.36 098 0.34
FeNs-Gra/ben -3.53 -2.59 -1.46 3.88 2.31 0.95 0.28
CoNgs-Gra/ben -2.84 -2.10 -0.89 4.40 3.07 1.42 0.71
NiNs-Gra/ben -2.84 208 -0.71 4.60 3.06 1.45 0.90
CuN4-Gra/bend 274  -1.45 - -
ZnNs-Gra/ben® -2.76 - - -
RuNs-Gra/ben -355 -262 -1.53 3.83 2.30 0.91 0.32
RhN4-Gra/ben -3.03 234 -1.14 4.23 2.88 1.19 0.54
PdN.-Gra/ben -3.08 -260 -1.36 3.98 2.83 0.91 0.32
IrN4-Gra/ben -2.93 -2.60 -1.06 4.21 2.89 0.92 0.52
PtN4-Gra/ben -2.80 -2.96 -1.27 4.02 3.07 0.55 0.68

a*OOH was not adsorbed on the ScN4-Gra/ben.

bThe ligand ben falls off when *O and *OH were adsorbed on the TiN4-Gra/ben, respectively.
“The ligand ben falls off when *O was adsorbed on the VN4-Gra/ben.

4*OOH was not adsorbed on the CuN4-Gra/ben.

**OH and *OOH were not adsorbed on the ZnN4-Gra/ben.



Table S7. Adsorption energies AE.d¢s (eV) for the most stable ORR intermediates and Gibbs
adsorption free energies of the oxygenated intermediates (AG=oon, AG=o0, and AG=on) and
overpotentials (n) for MN4-Gra/ben/NH; catalysts.

Eass (€V) AG (eV) nw)
*0 *OH *OOH *OOH *0O  *OH
ScNa-Gra/ben/NHz2 -3.09 -1.13 - -
TiNs-Gra/ben/NH,° - - -1.05 -
VNg4-Gra/ben/NHz¢ - -2.69 -1.20 -
CrNs-Gra/ben/NH; -3.89 -257 -1.27 4.06 1.94 096 0.37
MnN4-Gra/ben/NH; -351  -261 -131 4.00 2.34 092 0.32
FeNs-Gra/ben/NH; -3.36  -244  -1.27 4.06 2.48 111 037
CoNa4-Gra/ben/NH- -285 -213 -0.90 4.47 3.06 140 0.78
NiN4-Gra/ben/NH; -287 -213  -0.97 4.37 3.03 142 0.68
CuN;-Gra/ben/NH_¢ -2.73 -1.47 - -
ZnNg4-Gra/ben/NHz® -2.59 - - -
RuNs-Gra/ben/NH; -3.61 -267 -154 3.80 2.23 087 0.36
RhN4-Gra/ben/NH; -3.04 237 -114 4.16 2.86 115 047
PdN4-Gra/ben/NH; -3.12 -265 -1.39 4.00 2.78 0.88 0.35
IrNs-Gra/ben/NH -3.00 -2.66 -1.08 4.21 2.82 0.87 0.53
PtN4-Gra/ben/NH; -283 -299 -1.34 3.99 3.05 052 071

a*QOH was not adsorbed on the SCNs-Gra/ben/NHz.

bThe ligand ben/NH: falls off when *O and *OH were adsorbed on the TiN4-Gra/ben/NHz, respectively.
“The ligand ben/NHz falls off when *O was adsorbed on the VN4-Gra/ben/NHz.

4*OOH was not adsorbed on the CuNs-Gra/ben/NH2.

**OH and *OOH were not adsorbed on the ZnN4-Gra/ben/NHz.
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Figure S1. The optimized structures of O,, *O, *OH, *OOH and HOOH intermediates on the CrNa-

Grasurfaces with different axial ligands.
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Figure S2. The optimized structures of *O, *OH and *OOH intermediates on the MNs-Gra/CH3

surfaces.
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Figure S3. The optimized structures of *O, *OH and *OOH intermediates on the MN4-Gra/ben/NO;

surfaces.
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Figure S4. The optimized structures of *O, *OH and *OOH intermediates on the MN4-Gra/ben

surfaces.
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Figure S5. The optimized structures of *O, *OH and *OOH intermediates on the MN4-Gra/ben/NH>

surfaces.
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Figure S6. The free energy diagrams of the different ORR pathways for FeNs-Gra/ben/NO2, RuNs-

Gra/ben/NQO,, CrN4-Gra/ben/NO-, and FeNs-Gra/ben.
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02 - *O0OH

*OOH — *O + H,0

*0 - *OH

*OH - H,0

RuN,-Gra/Benzene/NO,:
02 - *OOH

*O0H — *0 + H,0

*0 — *OH

*OH - H,0

Figure S7. Atomic structures of the initial state (IS), the transition state (TS), and the final state (FS)

for ORR on FeNy4-Gra/ben/NO> and RuN4-Gra/ben/NOs.
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Figure S8. Atomic structures of the initial state (IS), the transition state (TS), and the final state (FS)

for ORR on CrNy4-Gra/ben/NO; and FeNy4-Gra/ben.
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Figure S9. The scaling relationship for Gibbs adsorption free energies of *OH versus *OOH and
*OH versus *O for MN4-Gra/CHs (a,b) MNs-Gra/ben/NO: (c,d) MNs-Gra/ben (e,f) and MNa-

Gra/ben/NH: (g,h).
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