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Figure S1. Phonon dispersion of (a) VN4, (b) CoNy, (c) CrNg4, (d) MnN4, (e) FeNs, (f) RuNy4

monolayers.
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Figure S2. Evolution of the total energy for (a) BeNa, (b) MgNa, (c) VN4, (d) CoNa, (¢) RhN4 (f) IrNa,

(g) PtN4 monolayers during the ab-inito molecular dynamics (AIMD) simulations for 2500 fs at 300

K. The inset diagrams show the side and top views of the atomic structures at the starting and end of

the AIMD simulation.
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Figure S3. Evolution of the total energy for (a) BeNa, (b) MgNa, (c) VN4, (d) CoNa, (¢) RhN4 (f) IrNa,
(g) PtN4 monolayers during the ab-inito molecular dynamics (AIMD) simulations for 2500 fs at 1000
K. The inset diagrams show the side and top views of the atomic structures at the starting and end of

the AIMD simulation.
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Figure S4. The electron localization function (ELF) on the atomic plane of (a) BeN4, (b) MgNa, (c)
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Figure S5. The projected density of states (DOS) of M and N atoms in MN4 (M = Be, Mg, V, Co, Rh,
Ir, Pt) monolayer, (a) BeNa, (b) MgNua, (¢) VN4, (d) CoN4, (¢) RhN4, (f) IrN4, (g) PtN4, and the DOS

of (h) H atom.
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Figure S6. Schematic diagram showing the supercells of MN4 monolayer used for modeling (a) 11%,
(b) 25%, and (c) 100% M atoms participating in reaction. Yellow, silver, and purple balls represent

the M, N, and H atoms, respectively.
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Figure S7. The atomic structures at the starting and end of the ab-initio molecular dynamics (AIMD)
simulations for 2500 fs at 300 K for two (a) OH*, (b) O*, and (c) OOH* species absorb on the two

nearest neighboring Ir atoms on IrN4 monolayer.
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Figure S8. The atomic structures at the starting and end of the ab-initio molecular dynamics (AIMD)
simulations for 2500 fs at 300 K for (d) OH* and O*, (¢) O* and OOH*, (f) OH* and OOH* absorbing

on the two nearest neighboring Ir atoms on IrN4 monolayer.



Table S1. The calculated energies (E) of H2O and H> molecules in gas phase, the zero-point energy

corrections (ZPE) and entropy contributions (TS) of H>O, H» at 298.15 K.

Species E (eV) ZPE (eV) TS (eV)

H>O -14.21 0.55 0.56

H> -6.72 0.27 0.35




Table S2 The zero-point energy corrections (ZPE) and entropy contributions (TS) of H* OH*, O*,
and OOH* on MN4 (M = Be, Mg, V, Co, Rh, Ir, Pt) monolayers at 298.15K with 11% M atoms

participating in reaction.

MNy4 Species ZPE (eV) TS (eV)
BeNy H* 0.18 0.01
OH* 0.40 0.11
O* 0.11 0.11
OOH* 0.54 0.21
MgN4 H* 0.24 0.02
OH* 0.39 0.16
O* 0.09 0.12
OOH* 0.53 0.18
VN4 H* 0.18 0.02
CoNy H* 0.20 0.01
OH* 0.40 0.12
O* 0.10 0.08
OOH* 0.51 0.14
RhN4 H* 0.21 0.01
OH* 0.40 0.13
O* 0.09 0.08
OOH* 0.54 0.21
IrN4 H* 0.22 0.01
OH* 0.41 0.13
O* 0.10 0.08
OOH* 0.53 0.20
PtNy H* 0.24 0.01
OH* 0.43 0.13
O* 0.12 0.12

OOH* 0.63 0.30




Table S3 The zero-point energy corrections (ZPE) and entropy contributions (TS) of H* OH*, O*,
and OOH* on MN4 (M = Be, Mg, V, Co, Rh, Ir, Pt) monolayers at 298.15K with 25% M atoms

participating in reaction.

MNy4 Species ZPE (eV) TS (eV)
BeNy H* 0.18 0.01
OH* 0.40 0.11
O* 0.09 0.08
OOH* 0.54 0.21
MgN4 H* 0.21 0.02
OH* 0.39 0.17
O* 0.09 0.12
OOH* 0.53 0.25
VN4 H* 0.18 0.02
CoNy H* 0.20 0.01
OH* 0.40 0.12
O* 0.10 0.08
OOH* 0.53 0.19
RhN4 H* 0.21 0.01
OH* 0.40 0.13
O* 0.09 0.08
OOH* 0.54 0.21
IrN4 H* 0.22 0.01
OH* 0.41 0.13
O* 0.10 0.08
OOH* 0.53 0.20
PtNy H* 0.24 0.01
OH* 0.38 0.18
O* 0.09 0.11

OOH* 0.52 0.31




Table S4 The zero-point energy corrections (ZPE) and entropy contributions (TS) of H* OH*, O*,
and OOH* on MN4 (M = Be, Mg, V, Co, Rh, Ir, Pt) monolayers at 298.15K with 100% M atoms

participating in reaction.

MNy4 Species ZPE (eV) TS (eV)
BeNy H* 0.18 0.01
OH* 0.38 0.08
O* 0.09 0.08
OOH* 0.46 0.16
MgN4 H* 0.19 0.01
OH* 0.30 0.04
O* 0.23 0.24
OOH* 0.53 0.24
VN4 H* 0.19 0.02
CoNy H* 0.20 0.01
OH* 0.40 0.11
O* 0.10 0.08
OOH* 0.53 0.18
RhN4 H* 0.20 0.02
OH* 0.38 0.10
O* 0.09 0.08
OOH* 0.54 0.19
IrN4 H* 0.21 0.02
OH* 0.41 0.13
O* 0.10 0.08
OOH* 0.52 0.19
PtNy H* 0.24 0.01
OH* 0.38 0.17
O* 0.08 0.14

OOH* 0.50 0.19




Table S5. The lattice constants, bond lengths, dynamical stability, cohesive energies (Econ), formation

energies (Er) and dissolution potential (Ugis) of MN4 (M = Be, Mg, V, Cr, Mn, Fe, Co, Ru, Rh, Ir, Pt)

monolayers.
NS I;atticebconstant Bond length D);n?){rl{itcal Ec\o}h F{i U\(;is
B d O TN NN NNy b @) v W™
BeNs 427 3.66 6459 1.75 1.34 1.34 N 4.82 0.60 0.04
MgNs 483 3.86 6645 2.06 1.35 1.35 \ 4.36 6.30 0.37
VN4 482 379 6685 2.01 1.35 1.36 \ 4.86 1.80 0.42
CrNs 476 3.78 66.62 1.98 1.34 1.36 x
MnNs 4.60 3.75 6596 1.89 1.35 1.38 x
FeNs 451 3.72 6562 1.85 1.34 1.37 x
CoNs 444 370 6543 1.82 1.34 1.36 \ 4.87 1.85 0.55
RuNs 4.72 3.77 66.51 1.97 1.33 1.36 X
RhNs 4.73 3.78 6647 198 1.33 1.33 \ 4.89 2.25 1.09
IrNs 472 377 66.51 1.96 1.34 1.36 \ 4.90 2.55 1.27
PtNs 4.73 3.79 66.37 198 1.33 1.36 \ 4.49 2.65 0.81




Table S6. Gibbs free energy change of hydrogen adsorption (AGn+) at M atom on MN4 (M = Be,
Mg, V, Co, Rh, Ir, Pt) monolayers with 11%, 25%, and 100% M atoms participating in reaction.

Svstem AGu- (eV)
y 11% 25% 100%
BeNs 1.16 1.05 121
MgNs 0.69 0.83 1.29
VNs 0.06 -0.01 0.14
CoNq 0.37 0.38 0.47
RhN4 0.14 0.14 0.40
TrNq -0.01 -0.01 0.11

PtN4 1.04 0.97 1.63




Table S7. Gibbs free energy change of intermediate OH adsorption (AGon*), O adsorption (AGo*),
OOH adsorption (AGoon*), the four reaction steps (AG1 ~ AGs), and the overpotentials (1) of oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) on MN4 (M = Be, Mg, Co, Rh, Ir, Pt)
monolayers with 11% M atoms participating in reaction. The results of OER and ORR are presented

in red and blue color, respectively.

AGon*  AGo+ AGoon* AGi1 AG2 AG3 AG4 n

System (eV) (eV) (eV) (eV) (eV) (eV) (eV) V)

0.06 2.57 0.72 1.56 1.34
-1.56 -0.72 -2.57 -0.06 1.17

BeN4 0.06 2.64 3.36

-0.37 2.27 0.72 2.30 1.07
MgN4 -0.37 1.90 2.62
-2.30 -0.72 -2.27 0.37 1.60

0.96 1.49 1.50 0.97 0.26
CoNy 0.96 245 3.95
-0.97 -1.50 -1.49 -0.96 0.26

0.99 2.15 1.02 0.76 0.92
RhN4 0.99 3.14 4.16
-0.76 -1.02 -2.15 -0.99 0.47

0.82 1.58 1.35 1.17 0.35
IrN4 0.82 2.40 3.75
-1.17 -1.35 -1.58 -0.82 0.41

1.58 2.16 0.70 0.48 0.93
PtN4 1.58 3.74 4.44
-0.48 -0.70 -2.16 -1.58 0.75




Table S8. Gibbs free energy changes of intermediate OH adsorption (AGon*), O adsorption (AGox),
OOH adsorption (AGoon*), the four reaction steps (AG1 ~ AGs), and the overpotentials (1) of oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) on MN4 (M = Be, Mg, Co, Rh, Ir, Pt)
monolayers with 25% M atoms participating in reaction. The results of OER and ORR are presented

in red and blue color, respectively.

System AGon+  AGo* AGoon+ AGi AG2 AGs AG4 ]
(eV) (eV) V) (eV) V) (eV) V) M
-0.01 2.59 0.81 1.53 1.36

BeN4 -0.01 2.58 3.39
-1.53 -0.81 -2.59 0.01 1.24

-0.24 2.37 0.94 1.85 1.14
MgN4 -0.24 2.13 3.07
-1.85 -0.94 -2.37 0.24 1.47

1.01 1.57 1.34 1.00 0.34
CoNy 1.01 2.58 3.92
-1.00 -1.34 -1.57 -1.01 0.22

1.20 1.91 1.01 0.80 0.68
RhN4 1.20 3.11 4.12
-0.80 -1.01 -1.91 -1.20 0.43

0.91 1.56 1.38 1.08 0.33
IrN4 0.91 2.47 3.84
-1.08 -1.38 -1.56 -0.91 0.32

1.32 2.18 0.55 0.87 0.95
PtN4 1.32 3.50 4.05
-0.87 -0.55 -2.18 -1.32 0.68




Table S9. Gibbs free energy changes of intermediate OH adsorption (AGon*), O adsorption (AGox),
OOH adsorption (AGoon*), the four reaction steps (AG1 ~ AGs), and the overpotentials (1) of oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) on MN4 (M = Be, Mg, Co, Rh, Ir, Pt)
monolayers with 100% M atoms participating in reaction. The results of OER and ORR are presented

in red and blue color, respectively.

System AGon*  AGo* AGoon* AGi1 AG2 AGs3 AG4 ]
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (V)
0.39 2.69 0.53 1.31 1.46

BeN4 0.39 3.08 3.61
-1.31 -0.53 -2.69 -0.39 0.70

0.26 2.67 0.60 1.39 1.44
-1.39 -0.60 -2.67 -0.26 0.97
1.11 1.70 1.26 0.85 0.47
-0.85 -1.26 -1.70 -1.11 0.38
1.40 1.87 0.94 0.71 0.64
-0.71 -0.94 -1.87 -1.40 0.52
1.32 1.60 1.33 0.67 0.37
-0.67 -1.33 -1.60 -1.32 0.56
2.05 2.37 0.12 0.38 1.14
-0.38 -0.12 -2.37 -2.05 1.11

MgN4 0.26 2.93 3.53

CoNy 1.11 2.81 4.07

RhN4 1.40 3.27 4.21

IrN4 1.32 2.92 4.25

PtN4 2.05 4.41 4.54




Table S10. The Bader charge on metal center (Bm) and the adjacent four N atoms (Bni, Bn2, Bns,
Bn4) on MN4 (M = Be, Mg, Co, Rh, Ir, Pt) monolayers.

System BwMm (e) Bni (e) Bn: (e) Bns (e) Bns (e)
BeNy 1.64 -0.43 -0.40 -0.42 -0.39
MgN4 1.62 -0.40 -0.41 -0.39 -0.42
CoNy 0.84 -0.20 -0.23 -0.19 -0.22
RhN4 0.66 -0.14 -0.16 -0.20 -0.16
IrN4 0.79 -0.17 -0.19 -0.20 -0.23

PtN4 0.78 -0.17 -0.19 -0.19 -0.23




