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Figure S1. Schematic illustration of the synthesize method of homogeneous and heterogeneous 

DACs.
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Figure S2. The X-ray photoelectron spectroscopy (XPS) spectra of C 1s obtained from the NCNT.
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Figure S3. The X-ray photoelectron spectroscopy (XPS) spectra of N 1s obtained from the NCNT.
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Figure S4.   The X-ray photoelectron spectroscopy (XPS) spectra of Fe 2p obtained from the 

NCNT.
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Figure S5. The X-ray photoelectron spectroscopy (XPS) spectra of Ni 2p obtained from the NCNT.
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Figure S6. The X-ray diffraction (XRD) patterns obtained from the NCNT, Ni-Ni-NCNT, Fe-Fe-

NCNT, Fe-Ni-NCNT and Ni-Fe-NCNT.
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Figure S7. The mass spectrometry (MS) of NCNT, Ni-Ni-NCNT, Fe-Fe-NCNT, Fe-Ni-NCNT and 

Ni-Fe-NCNT.
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Ni-Ni-NCNT Fe-Fe-NCNT Fe-Ni-NCNT Ni-Fe-NCNT

Metal fraction 

(%)

0.5 9.31 2.75 4.0

Table S1. The metal mole fraction of Fe-Fe-NCNT, Ni-Ni-NCNT, Fe-Ni-NCNT and Ni-Fe-

NCNT.
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Figure S8. (a) Schematic of transition metal adsorption site and pyridinic structure. Transition 

metal adsorption sites were labeled as TM1 and TM2. Pyridinic structures were labeled as N1~N3 

for single vacancy, N1~N4 for divacancy and N1~N6 for meso-pore vacancy structures. (b)-(d) 

Formation energy after adsorption of transition metal for single, di, and meso-pore vacancy. Single-

AC and Dual-AC referred to single atom catalyst and dual atom catalyst. All substrates were named 

TM2-TM1 in the DFT calculation. The Single-AC denoted a configuration where only TM1 was 

adsorbed. 
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Figure S9. The scanning electron microscope (SEM) image obtained from (a) NCNT, (b) Fe-Fe-

NCNT, (c) Ni-Ni-NCNT, (d) Fe-Ni-NCNT, (e) Ni-Fe-NCNT and (f) Ni/Fe-NCNT.
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Figure S10. The metal particle size distribution of Ni-Ni-NCNT, Fe-Fe-NCNT, Fe-Ni-NCNT and 

Ni-Fe-NCNT.
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Figure S11. Metal particle size distribution of of (a)Fe-Ni-NCNT, (b)Ni-Ni-NCNT, (c)Fe-Fe-

NCNT and (d)Ni-Fe-NCNT. 

13



Figure S12. (a) The transmission electron microscopy (TEM) images and (b) the d-spacing 

analysis images of NCNT.
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Figure S13. The selected area electron diffraction (SEAD) patterns image of (a) NCNT, (b) Ni-

Ni-NCNT, (c) Fe-Fe-NCNT, (d) Fe-Ni-NCNT and (e) Ni-Fe-NCNT.
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Figure S14. The scanning transmission electron microscopy (STEM) images of NCNT.
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Figure S15. The OER mechanism analysis graph of Li-O2 cell with DACs.
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Figure S16. The cycle performance of NCNT in LOB cells.
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Figure S17. The 60th cycle performance of Fe-Fe-NCNT, Ni-Ni-NCNT, Fe-Ni-NCNT and Ni-Fe-

NCNT.
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Figure S18. The average ORR and OER voltage of NCNT, Ni-Ni-NCNT, Fe-Fe-NCNT, Fe-Ni-

NCNT and Ni-Fe-NCNT.
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Figure S19 (a)-(d) Free energy diagram of OER/ORR in Ni-Ni-NCNT, Fe-Fe-NCNT, Fe-Ni-
NCNT and Ni-Fe-NCNT.
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Figure S20 Equilibrium potential of all DACs cases. The dot line shows standard voltage, 2.96V.

22



Net charge (change)
Structure

Ni Ni

Substrate 0.54 0.64

LiO2 0.81(+0.27e) 0.80(+0.16e)Ni-Ni

NO2 0.90(+0.36e) 0.75(+0.11e)

Fe Fe

Substrate 0.91 1.01

LiO2 1.07(+0.16e) 1.21(+0.20e)Fe-Fe

NO2 1.11(+0.20e) 1.23(+0.21e)

Fe Ni

Substrate 0.98 0.56

LiO2 1.15(+0.17e) 0.79(+0.23e)Fe-Ni

NO2 1.35(+0.37e) 0.65(+0.09e)

Ni Fe

Substrate 0.42 1.33

LiO2 0.55(+0.13e) 1.78(+0.45e)Ni-Fe

NO2 0.26(-0.16e) 2.26(+0.93e)

Table S2. Bader net charge and charge change value of transition metal after adsorption of LiO2 

& NO2 on Ni-Ni-NCNT, Fe-Fe-NCNT, Fe-Ni-NCNT and Ni-Fe-NCNT.

23



Figure S21. Schematic illustration for roles of DACs.
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Figure S22. (a) The dV/dQ curves of the NCNT obtained from the 10th to the 70th cycle. (b) Ratios 

of “NO2
- mediate oxidation”, “DACs associated oxidation” and “Direct oxidation” of NCNT 

obtained from the 10th to the 70th cycle.
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Figure S23. Calculated charge density difference plot NO2 on Fe-Ni-NCNT and Ni-Ni-NCNT.
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