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Supplementary Computational details

The two-electron ORR pathway can be summarized as1:

O2+*+(H++e)  OOH*

OOH*+(H++e) H2O2+*

in which, * represents the adsorption site. The reaction free energies of reactants and 

each intermediate state were estimated by applying zero-point energy and entropic 

corrections to the calculated DFT energies using the equation:

G = E+ZPE-TS-neU

where E, ZPE and S represent the differences in the calculated DFT energies, zero-

point energy and entropy of the reaction, respectively. The electrode potential was taken 

into account by shifting the electron energy by -neU, where n is the electron number of 

such state, e is the elementary charge, and U is the potential at the electrode. Since the 

ground states of the oxygen and H2O2 molecules are poorly described in DFT 

calculations, we have adopted the gas-phase H2O and hydrogen as reference states 

which are readily treated in the DFT calculations. The energy corrections of ZPE and 

S were analyzed by using VASPKIT program2.
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Supplementary Tables

Proportion for bonding configurations of carbon atoms

Table S1. Proportion (at.%) for bonding configurations of carbon atoms for all catalysts 
determined by XPS.

C1s Bonding Types (at.%)
Sample

C-C C-N C-O O-C=C/N-C=N

CNO-glu 62.16 16.05 15 6.79

CNO- glu-H 62.43 21.17 10.41 5.98

CNO-cyc 63.06 15.25 13.46 8.31

CNO-cyc-H 62.04 20.62 10.55 6.78

CNO-cel 72.06 12.02 10.16 5.76

CNO- cel-H 64.42 19.18 9.85 6.55
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Electrocatalysts summarization

Table S2. Summarization of 2e- ORR performance for different electrocatalysts.
Electrocatalysts electrolyte H2O2

production rate
H2O2

selectivity
References

Mesoporous 
Nitrogen-Doped 

Carbon
0.1M HClO4 - - [3]

N-doped porous 
carbons 0.1M KOH - 93% [4]

Mesoporous 
Nitrogen-Doped 

Carbon
0.5M H2SO4 - >90% [5]

Nitrogen-doped 
mesoporous 

carbon
0.5M H2SO4

561.7 mmol 
gcat

−1 h−1 >95% [6]

Nitrogen-Doped 
Porous Carbon

0.5M H2SO4 570 mmol gcat
−1 

h−1
95% [7]

BN-C 0.1M KOH - 90% [8]

O-CNTs 0.1M KOH 1,975 mg L−1

within 30 min >90% [9]

O-GOMC 0.1M KOH - >90% [10]

OCB 0.1M KOH - >60% [11]

NT-3DFG 0.1M KOH - >90% [12]

Mesoporous 
defective carbon 0.1M KOH - 80% [13]

oxo-G

rGO-PEI

CMK-3

0.1M KOH

0.1M KOH

0.1M KOH

224.8 mmol 
gcat

−1 h−1

106 mmol gcat
−1 

h−1

-

>82%

90%

90%

[14]

[15]

[16]

CNO-glu-H 0.1M KOH 214 mmol gcat
−1 

h−1 82% This work
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Supplementary Figures

Free energy diagrams

Fig. S1. (A, C, E, G) Free energy diagrams of the oxygen reduction reaction to hydrogen 
peroxide on different model systems at 0 V and 0.7 V versus RHE. The carbon-based 
topological structures relevant to the energy profiles are given in the right side and 
marked as (B, D, F, H), respectively. Color code: C, gray; N, blue; O, red; H, white. 
The carbon atoms denoted by a dashed magenta circle are the active sites under 
investigation.
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Polarization curves

Fig. S2 (A) Polarization curves (orange line) and simultaneous H2O2 detection currents 
at the ring electrode (cyan line) for CNO-glu-H in O2-saturated 0.1 M KOH solution at 
1600 rpm with Hg/HgO reference electrode. (B) H2O2 selectivity and transfer electron 
number for CNO-glu-H. 
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SEM images

Fig. S3 SEM images of (A) CNO-cyc, (B) CNO-cyc-H, (C) CNO-cel and (D) CNO-
cel-H.
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XRD patterns

Fig. S4 XRD patterns of (A) CNO-cyc and CNO-cyc-H, (B) CNO-cel and CNO-cel-
H.
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Raman spectra

Fig. S5 Raman spectra of (A) CNO-cyc, (B) CNO-cyc-H, (C) CNO-cel and (D) CNO-
cel-H.
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XPS survey

Fig. S6 XPS survey of (A) CNO-glu, (B) CNO-glu-H, (C) CNO-cyc, (D) CNO-cyc-H, 
(E) CNO-cel, and (F) CNO-cel-H.
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High-resolution C 1s peaks of XPS survey

Fig. S7 High-resolution C 1s peaks of (A) CNO-cyc, (B) CNO-cyc-H, (C) CNO-cel, 
and (D) CNO-cel-H.
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Calibration curve of H2O2 concentration

Fig. S8 The calibration curve of H2O2 concentration.
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