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S-1 Computational details  

In this study, we explored ORR and OER proceeding via four electrons (4e-) 

pathway as described by Eq 1a-1d and Eq 2a-2d. 

The 4e ORR process is as follows:1-2 

 O2 (g) + H2O + e−+ * → *OOH + OH−  (1a) 

 *OOH + e− → *O + OH−  (1b) 

 *O + H2O + e− → *OH + OH−  (1c) 

 *OH + e− → OH− + *  (1d) 

where * indicates an active site of the catalyst, (g) represent the gas phase. 

The OER is the reverse reaction of ORR.3-4 

 OH− + * → *OH + e−  (2a) 

 *OH + OH− → *O + H2O + e−  (2b) 

 *O + OH− → *OOH + e−  (2c) 

 *OOH + OH− → O2 (g) + H2O + e− + *  (2d) 

The cohesive energy (Ec) is defined as 

 Ec = (Et − Σi niEi)/n  (3) 

where Et is the total energy of systems, ni and Ei are the number of the isolated i atom 

(i = C, N, Cu, Ni and Zn) in unit cell and the corresponding energies, respectively, and 

n = Σini is the total number of atoms. 

The adsorption energy of adsorbed molecules on the substrate is calculated by 

 Ead = Emol+sub – Emol – Esub  (4) 

where Emol+sub, Emol, Esub and are the total energy of adsorption system, adsorbates, 

and, substrate respectively. 

The free energy change for each step can be calculated based on the computational 

hydrogen electrode (CHE) model of Nøskov et al. by the following equation:5-6 

 ΔG = ΔE − TΔS + ΔZPE  (5) 

where ΔE is the energy discrepancy between initial state and final state in reaction. 
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ZPE is zero-point energy and S is the entropy. The entropy and vibration frequency of 

the molecules in the gas phase are referred from the NIST database. The vibration 

frequency of adsorbed species can be obtained by calculating with fixed substrate. 

The direct calculation of the free energy of an oxygen molecule is usually avoided 

because its ground state is a triplet state. Instead, its free energy is directly derived by 

this equation:4  

 GO2
(g) = GH2O (l) − G𝐻2  (g) + 4.92 eV.  (6) 

GH2O (l) can be obtained by having the calculation of GH2O (g) at a pressure of 0.035 

bar. And that of H+ + e− in solution under standard condition without electrode 

potential is equal to that of 1/2H2 according to the CHE model.1 

The results of Eq. 1a-1d (ΔG1, ΔG2, ΔG3, ΔG4) can be calculated separately based 

on the following equations: 

 ΔG1 = ΔG*OOH – 4.92  (7a)                                                                       

 ΔG2 = ΔG*O – ΔG*OOH   (7b)                                              

 ΔG3 = ΔG*OH – ΔG*O   (7c)                                               

 ΔG4 = – ΔG*OH  (7d) 

Then, we can derive onset potential (UORR) and overpotential (ηORR) for ORR from 

the following equations: 

 UORR = −max (ΔG1, ΔG2, ΔG3, ΔG4)    (8)                                

 ηORR =1.23 − UORR  (9) 

The results of Eq. 2a-2d (ΔG5, ΔG6, ΔG7, ΔG8) is the opposite of Eq. 1a-1d (ΔG1, ΔG2, 

ΔG3, ΔG4). 

 ΔG5 = ΔG*OH    (10a)                                                 

 ΔG6 = ΔG*O – ΔG*OH   (10b)                                               

 ΔG7 = ΔG*OOH – ΔG*O   (10c)                                              

 ΔG8 = 4.92 – ΔGOOH*  (10d) 

Similarly, the calculation of UOER and ηOER can be expressed as follows: 

 UOER = max (ΔG5, ΔG6, ΔG7, ΔG8)    (11)                                     

 ηOER = UOER – 1.23  (12) 
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The average energy of d band near the Fermi energy for transition metal atoms is 

calculated by7 

 𝑑𝑐𝑒𝑛𝑡𝑒𝑟 =
∫ (𝜀×𝜌)𝑑𝜀

0
−0.5

∫ 𝜌𝑑𝜀
0

−0.5

    (13)                                   

where ρ the electron density at certain energy level of ε.  

S-2 Structural Details 

1. Coordinate information of C3N3Cu in .cif file 

data_CONTCAR-C3N3Cu 

_audit_creation_date              2022-04-04 

_audit_creation_method            'Materials Studio' 

_symmetry_space_group_name_H-M    'P-3' 

_symmetry_Int_Tables_number       147 

_symmetry_cell_setting            trigonal 

loop_ 

_symmetry_equiv_pos_as_xyz 

  x,y,z 

  -y,x-y,z 

  -x+y,-x,z 

  -x,-y,-z 

  y,-x+y,-z 

  x-y,x,-z 

_cell_length_a                    6.5319 

_cell_length_b                    6.5319 

_cell_length_c                    21.2860 

_cell_angle_alpha                 90.0000 

_cell_angle_beta                  90.0000 

_cell_angle_gamma               120.0000 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_adp_type 

_atom_site_occupancy 

N1     N     0.54628   0.94722   0.01711   0.01267  Uiso   1.00 

C1     C     0.76890   0.97819   0.00221   0.01267  Uiso   1.00 

Cu1    Cu    0.33333   0.66667   0.05797   0.01267  Uiso   1.00 
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2. Coordinate information of C3N3Ni in .cif file 

data_CONTCAR-C3N3Ni 

_audit_creation_date              2022-04-04 

_audit_creation_method            'Materials Studio' 

_symmetry_space_group_name_H-M    'P-3' 

_symmetry_Int_Tables_number       147 

_symmetry_cell_setting            trigonal 

loop_ 

_symmetry_equiv_pos_as_xyz 

  x,y,z 

  -y,x-y,z 

  -x+y,-x,z 

  -x,-y,-z 

  y,-x+y,-z 

  x-y,x,-z 

_cell_length_a                    6.5116 

_cell_length_b                    6.5116 

_cell_length_c                    21.2601 

_cell_angle_alpha                 90.0000 

_cell_angle_beta                  90.0000 

_cell_angle_gamma                 120.0000 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_adp_type 

_atom_site_occupancy 

N1     N     0.54380   0.94234   0.01638   0.01267  Uiso   1.00 

C1     C     0.76771   0.97517   0.00224   0.01267  Uiso   1.00 

Ni1    Ni    0.33333   0.66667   0.05595   0.01267  Uiso   1.00 

 

3. Coordinate information of C3N3Zn in .cif file 

data_CONTCAR-C3N3Zn 

_audit_creation_date              2022-04-04 

_audit_creation_method            'Materials Studio' 

_symmetry_space_group_name_H-M    'P-3' 

_symmetry_Int_Tables_number       147 

_symmetry_cell_setting            trigonal 

loop_ 
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_symmetry_equiv_pos_as_xyz 

  x,y,z 

  -y,x-y,z 

  -x+y,-x,z 

  -x,-y,-z 

  y,-x+y,-z 

  x-y,x,-z 

_cell_length_a                    6.4668 

_cell_length_b                    6.4668 

_cell_length_c                    21.5395 

_cell_angle_alpha                 90.0000 

_cell_angle_beta                  90.0000 

_cell_angle_gamma                 120.0000 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_adp_type 

_atom_site_occupancy 

N1     N     0.53553   0.92861   0.01142   0.01267  Uiso   1.00 

C1     C     0.76393   0.97157   0.00126   0.01267  Uiso   1.00 

Zn1    Zn    0.33333   0.66667   0.07452   0.01267  Uiso   1.00 
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S-3 For Section 3.1 

 

Figure S1. (a-d) The PDOS of Cu_3d and (e-h) PDOS onto dx2-y2, dxz, dz2, dyz, and dxy for 1-CuN3, 

2-CuN3, 3-CuN3, C3N3Cu, respectively. 

 

 

Figure S2. Structural configurations of reaction intermediates of *OOH, *O and *OH on 1-CuN3. 

 

 

Figure S3. Structural configurations of reaction intermediates of *OOH, *O and *OH on 2-CuN3. 
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Figure S4. Structural configurations of reaction intermediates of *OOH, *O and *OH on 3-CuN3. 

 

 

 

Figure S5. The optimized structural configurations of O2* and H2O* on (a, d)1-CuN3, (b, e) 2-CuN3 

and (c, f) 3-CuN3. The bond length of O-O of O2* and adsorption energy of O2* and H2O* were 

illustrated, with the unit of bond length of Å.  
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Figure S6. Different structural configurations of 2-CuN3. Energy of substrate (E*), over potential of 

ORR (ηORR), horizontal distance between two Cu atoms among them (d) were illustrated. Models (a), 

(b) and (d) show two CuN3 sites that are not directly adjacent to each other in graphene, and the 

distances between them are 0.48, 0.71, and 0.65 nm, respectively. The model (c) with two connected 

CuN3 was selected as representative for 2-CuN3 because this type arrangement of CuN3 is promising 

for designing 2D catalysts with high concentration of CuN3 moiety.   

 

 
Figure S7. Structural configurations of reaction intermediates of *OOH, *O and *OH on 2-CuN3 with 

four possible arrangements of CuN3 moieties.   
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S-4 For Section 3.2 

 

Figure. S8 The electron localization function (ELF) of C3N3Cu. The C, N and Cu atoms are 

marked in white color. The isosurface levels are set at 0.50 e/r0
3. 

 

 

Figure. S9 AIMD simulations of C3N3Cu nano flake. The lateral and top views of strcture snapshot at 

the end of AIMD simulations is illustrated. 

 



S11 

 

 

Figure. S10 The free energy diagram of N2 formation by the decomposition process of the N-N bonds 

in graphene leaving leading to the formation of two rings of 5 fold and 9 fold in the carbon lattice. 

 

Figure. S11 The free energy diagram of -C-H formation by the decomposition process of the N-N 

bonds in graphene.  

 

 

Table S1. The Wyckoff positions and coordinates of N, C and Cu in C3N3Cu. 

Element Wyckoff Position Coordinate 

N 6g (0.54637 0.94740 0.01717) 

C 6g (0.76908 0.97823 0.00222) 

Cu 2d (0.33333 0.66667 0.05806) 
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Figure. S8 (a, b) AIMD simulations at 300K of C3N3Ni and C3N3Zn. (c, d) phonon spectrums of 

C3N3Ni and C3N3Zn. The lateral views of monolayers at the end of AIMD simulations are illustrated in 

the insets (a, b). 

 

Figure. S9 The elemental projected band and DOS of (a) C3N3Ni and (b) C3N3Zn. The Fermi level (Ef) 

is set to zero. 
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Figure. S10 Free energy profiles of OER over C3N3Ni. 
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