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The following figures show the chosen sites of ORR pathway for each step on different models 

(NQ, N6nH, 3N6, N5), and the structures with the lowest energy in each case.

Figure S1. The first step of ORR pathway. (a)-(k) refer to the different sites of O2 located on NQ 

substrate. NQ_S1_ (a) HBH (b) BCH (c) NBC (d) NH (e) HCH (f) HNH (g) CH (h) CH2 (i) CBN 

(j) CBC (k) BNH. The model marked by red dash line is the lowest energy configuration, as 

discussed in free energy diagram.
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Figure S2. (a)-(c) refer to the chosen sites on NQ for steps 2-4, while (d)-(g) refer to structures 

with the lowest energy at steps 1-4: (d) NQ_S1_CBC (e) S2_site15 (f) NQ_S3_site2 (g) 

NQ_S4_site2. The three positions marked by red dash line are the lowest energy configurations, 

as discussed in the free energy diagram.
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Figure S3. The first step of ORR pathway. (a)-(k) refer to the different sites of O2 located on N5 

substrate. N5_S1_ (a) CBC1 (b) CBC2 (c) CBN (d) CH1 (e) CH2 (f) CH3 (g) HBH (h) HNH (i) 

NH1 (j) NH2. The model marked by red dash line is the lowest energy configuration, as discussed 

in the free energy diagram.
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Figure S4. (a)-(c) refer to the chosen sites on N5 for steps 2-4, while (d)-(g) refer to structures with 

the lowest energy at steps 1-4: (d) N5_S1_CBC1 (e) N5_S2_site2 (f) N5_S3_site2 (g) 

N5_S4_site1. The three positions marked by red dash line are the lowest energy configurations, as 

discussed in the free energy diagram.

For the remaining two doped configurations, we followed the procedure for calculating four 

steps of NQ to compose the free energy diagrams. However, there were still a few differences 

when choosing sites at each step in different doped configurations due to the symmetry or 

experience after finishing calculating steps of NQ. Fig. S5 – S8 show all chosen sites at each step 

and the final structures with the lowest energy in N6nH and 3N6.
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Figure S5. The first step of ORR pathway. (a)-(k) refer to the different sites of O2 located on N6nH 

substrate. N6nH_S1_ (a) CBC1 (b) CBC2 (c) CBN (d) CH1 (e) CH2 (f) CH3 (g) HBH (h) HNH 

(i) NH1 (j) NH2. The model marked by red dash line is the lowest energy configuration, as 

discussed in the free energy diagram.
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Figure S6. (a)-(c) refer to the chosen sites on N6nH for steps 2-4, while (d)-(g) refer to structures 

with the lowest energy at steps 1-4: (d) N6nH_S1_CBC2 (e) N6nH_S2_site3 (f) N6nH_S3_site3 

(g) N6nH_S4_site4. The three positions marked by red dash line are the lowest energy 

configurations, as discussed in the free energy diagram.
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Figure S7. The first step of ORR pathway. (a)-(j) refer to the different sites of O2 located on 3N6 

substrate. 3N6_S1_(a) CBC1 (b) CBC2 (c) CBN (d) CH1 (e) CH2 (f) CH3 (g) HBH (h) HNH (i) 

NH1 (j) NH2. The model marked by red dash line is the lowest energy configuration, as discussed 

in the free energy diagram.
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Figure S8. (a)-(c) refer to the chosen sites on 3N6 for steps 2-4, while (d)-(g) refer to structures 

with the lowest energy at steps 1-4: (d) 3N6_S1_CBC2 (e) 3N6_S2_site11 (f) 3N6_S3_site4 (g) 

3N6_S4_site7. The three positions marked by red dash line are the lowest energy configurations, 

as discussed in the free energy diagram.
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Figure S9. Spin density map of (a) N6nH, (b) N6, (c) NQ, (d) 3N6, and (e) N5 with scale from -
2.385e-6 to 1.735e-1.

Table S1. Formation energies (eV) of each reaction pathway at U0 = 0 V (vs NHE) 

Table S2. Formation energies (eV) of each reaction pathway at Ueq = 1.23 V (vs NHE) 
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