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Figure S1. SEM image of g-C3N4.
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Figure S2. XRD pattern of g-C3N4.
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Figure S3. FTIR spectrum of g-C3N4.

Figure S4. Morphology of Co-NCNTs. (a) SEM image and (b) TEM image. 



Figure S5. SEM image of Co-NCNTs-2.

Figure S6. Morphology of Co-NCNTs-N. (a) SEM image and (b) TEM image.



Figure S7. SEM images of (a) Co-NCNTs-S and (b) Co-NCNTs-Cl.
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Figure S8. XRD pattern of Co-NCNTs-2.
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Figure S9. XRD patterns of Co-NCNTs-S and Co-NCNTs-Cl.
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Figure S10. Raman spectra of Co-NCNTs-S and Co-CNTs-Cl.



Figure S11. (a) N2 adsorption/desorption isotherm and (b) pore sizes distributions of 
Co-NCNTs-2 according to BJH model.
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Figure S12. XPS survey spectra of Co-NCNTs and Co-NCNTs-N.
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Figure S13. O2 adsorption isotherms of Co-NCNTs and Co-NCNTs-2 at 25 °C.



Figure S14. EIS of (a) Co-NCNTs, (b) Co-NCNTs-2, (c) Co-NCNTs-N, (d) Co-
NCNTs-Cl and (e) Co-NCNTs-S. (f) Fitted circuit.

Table S1. Contact resistance (R1) and diffusion resistance (R2) calculated by fitted 
circuit for each samples.

Sample R1 (Contact resistance) R2 (Diffusion resistance)

Co-NCNTs 12.52 Ohm 2.847×1012 Ohm 

Co-NCNTs-2 12.53 Ohm 5.843×1012 Ohm

Co-NCNTs-N 12.44 Ohm 1.952×1011 Ohm 

Co-NCNTs-Cl 17.07 Ohm 4.437×1015 Ohm

Co-NCNTs-S 14.39 Ohm 1.538×1014 Ohm



Figure S15. Cyclic voltammograms (CVs) tested at the potential range from 0.02 to 
0.02 V vs. open circuit potential (OCP) with the scan rates increasing from 25 to 150 
mV s-1 for (a) Co-NCNTs, (b) Co-NCNTs-2, (c) Co-NCNTs-N, (d) Co-NCNTs-Cl and 
(e) Co-NCNTs-S. (f) Plots of the current at OCP vs. the scan rate of Co-NCNTs, Co-
NCNTs-2, Co-NCNTs-N, Co-NCNTs-Cl and Co-NCNTs-S.



Table S2. Comparison of Co-NCNT-N with Co-based electrocatalysts for ZABs.

Catalyst
ORR half –wave 
potential (E1/2) 
(V vs. RHE)

OER potential at 
10 mA cm-2 
(V vs. RHE)

Power density 
(mW cm-2)

Ref.

Co-NCNT-N 0.80 V 1.58 V 210 This Work

CoN4/NG 0.87 V 1.61 115 1

Co/Co3O4@PGS 0.89 V 1.58 V 118 2

Co@NCNTA-700 0.86 V 1.51 V 38 3

Co/Co9S8@CNTs-
900

0.92 V 1.64 V 184 4

Co-SAs@NC 0.82 V —— 105 5

Co-N-C SAC 0.85 V 1.67 V 143 6

Co-NCNT/Ng-900 0.81 V —— 174 7

Co-SAs/SNPs@NC 0.89 V —— 223 8

CoSx/Co-NC-800 0.80 V 1.54 V 103 9

CCO@C 0.86 V 1.55 V —— 10

CoP NCs 0.85 V 1.56 V 62 11

NC-Co SA 0.87 V 1.58 V 20 12

A-Co@CMK-3-D- 0.83 V —— 162 13

CoSA@NCF/CNF 0.88 V 1.68 V —— 14

CoSAs/N-CNS 0.91 V —— 157 15

Cop@CoNC 0.84 1.52 V 188 16

1-16
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Figure S16. Charge-discharge cycling performance of Co-NCNTs-N based oxygen 
electrode for Zn-air batteries at 20 mA cm-2. 

Figure S17. SEM images of Co-NCNTs-N after 130 h charge-discharge cycling tests 
for Zn-air batteries.
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