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Supplementary Figure 1. Schematic diagram of preparation for Co-SAs/N-C, Co-NPs/N-C and N-C catalysts.
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Supplementary Figure 2. XRD pattern of the as prepared Zn-HMT.



Supplementary Figure 3. SEM images of N-C at different magnifications. a Scale bar, 500 nm. b Scale bar, 200 nm.
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Supplementary Figure 4. TG profiles of Zn-HMT and CoCl,*6H.O under N, atmosphere.
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Supplementary Figure 5. XRD patterns of N-C and samples derived from different calcination temperatures.
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Supplementary Figure 6. EDS patterns of the samples derived from different calcination temperatures. a 600 °C. b

700 °C. ¢ 800 °C. d 900 °C.
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Supplementary Figure 7. The color evolution of Zn-HMT, N-C and Co-SAs/N-C.



Supplementary Figure 8. TEM images of Co-SAs/N-C at different magnifications. a Scale bar, 500 nm. b Scale bar, 100

nm.



Supplementary Figure 9. HAADF-STEM images of Co-SAs/N-C. a Scale bar, 5 nm. b Scale bar, 2 nm.
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Supplementary Figure 10. TEM and SAED patterns of Co-NPs/N-C. a TEM image. Scale bar, 100 nm. b SAED pattern.

Scale bar, 2 1/nm.
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Supplementary Figure 11. XPS survey spectra of Co-SAs/N-C, Co-NPs/N-C and N-C.
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Supplementary Figure 12. EXAFS in K space of Co-SAs/NC, CoO samples and Co foil.
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Supplementary Figure 13. Raman spectra of Co-SAs/N-C, Co-NPs/N-C and N-C.
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Supplementary Figure 14. Adsorption—desorption isotherms pore size distribution of Co-SAs/N-C, Co-NPs/N-C and N-C.

a, ¢, e N, adsorption—desorption isotherms. b, d, f pore size distribution of Co-SAs/N-C, Co-NPs/N-C and N-C.
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Supplementary Figure 15. The discharge-charge curves and capacity retentions of Co-SAs/N-C, Co-NPs/N-C and N-C.

a-c The discharge-charge curve at different current densities. d The capacity retentions of the three electrodes.
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Supplementary Figure 16. The discharge-charge profiles at different current densities. a, b The discharge-charge
profiles of Co-NPs/N-C and N-C based electrodes at various current densities ranging from 0.2 to 1 A g™ with a limited
capacity of 1000 mAh g™
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Supplementary Figure 17. Cycling stability of Co-NPs/N-C and N-C. a, b The discharge-charge profiles of Co-NPs/N-C
and N-C based electrodes with different cycles at 400 mA g™.
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Supplementary Figure 18. Terminal discharge-charge voltages of Co-NPs/N-C and N-C during cycles. a, b Cycling
stability and terminal discharge-charge voltages of Co-NPs/N-C and N-C electrodes at 400 mA g'1 with a limited capacity

of 1000 mAh g™.
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Supplementary Figure 19. The deeper discharge-charge profiles of Co-SAs/N-C and N-C. a The discharge-charge
profiles of Co-SAs/N-C with different cycles with a cut-off capacity of 12000 mAh g'1 at 400 mA g'l, b N-C based
electrodes with different cycles with a cut-off capacity of 3500 mAh g™* at 400 mAg™.
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Supplementary Figure 20. EX-situ SEM images of discharged Co-SAs/N-C electrode during the first cycle. Scale bar,

200 nm.
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Supplementary Figure 21. EX-situ SEM images of discharged Co-NPs/N-C electrode during the first cycle. Scale bar,

200 nm.
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Supplementary Figure 22. EX-situ SEM images of discharged N-C electrode during the first cycle. Scale bar, 200 nm.
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Supplementary Figure 23. EX-situ TEM images of discharged Co-SAs/N-C electrode. Scale bar, 200 nm.
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Supplementary Figure 24. EX-situ TEM image and and SAED images of discharged N-C. a EX-situ TEM image. Scale

bar, 200 nm. b EX-situ SAED image. Scale bar, 5 1/nm.
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Supplementary Figure 25. EX-situ TEM image and and SAED images of discharged Co-NPs/N-C. a EX-situ TEM image.

Scale bar, 200 nm. b EX-situ SAED image. Scale bar, 5 1/nm.
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Supplementary Figure 26. EX situ XRD patterns of recharged and discharged electrodes. a, b Co-SAs/N-C. c, d

Co-NPs/N-C. e, f N-C.
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Supplementary Figure 27. Raman spectra of the discharged/charged electrodes for Co-SAs/N-C and N-C at thelst
full cycle.
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Supplementary Figure 28. EX-situ TEM images of recharged Co-SAs/N-C catalyst. Scale bar, 200 nm.
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Supplementary Figure 29. EX-situ TEM images of recharged N-C catalyst. Scale bar, 200 nm.
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Supplementary Figure 30. EX-situ TEM images of recharged Co-NPs/N-C catalyst. Scale bar, 200 nm.
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Supplementary Figure 31. Differential electrochemical mass spectrometry (DEMS) analysis. a, b DEMS analysis of the

evolved gases during the discharge and charge of a Li-O; cell with Co-SAs/N-C cathode. c,d DEMS analysis of the

evolved gases during the c) discharge and d) charge of a Li-O> cell with N-C cathode. The solid black lines indicate the

potential, while the green and blue solid dots denote the O, and CO; evolution profiles, respectively.
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Supplementary Figure 32. Ex-situ XPS analysis. a, b Ex-situ XPS spectra of pristine, discharged and recharged

Co-NPs/N-C electrode in Li 1s and C 1s regions. c, d Ex-situ XPS spectra of pristine, discharged and recharged N-C

electrode in Li 1s and C 1s regions.
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Supplementary Figure 33. Nyquist plots analysis. a-c Nyquist plots of Co-SAs/N-C, Co-NPs/N-C and N-C based

electrodes at different discharge/charge stages. d Nyquist plots of the fresh Co-SAs/N-C, Co-NPs/N-C and N-C

electrodes.
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Supplementary Figure 34. XRD pattern of Co-SAs/N-C catalyst powders scratched from the electrode after the 200"

cycle.
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Supplementary Figure 35. HAADF-STEM images. a, b HAADF-STEM images of Co-SAs/N-C catalyst scratched from

the electrode at different areas after the 200" cycle. Scale bar, 5 nm.
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Supplementary Figure 36. SAED pattern of Co-SAs/N-C catalyst scratched from the electrode after the 200" cycle.

Scale bar, 5 1/ nm.
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Supplementary Figure 37. XPS patterns of the pristine Co-SAs/N-C and the Co-SAs/N-C catalyst scratched from the

electrode after the 200" cycle.
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Supplementary Figure 38. The optimized structures of LiO, adsorbed on different planes. a (200) plane of Co

nanoparticle in Co-NPs/N-C. b (220) plane of Co nanoparticle in Co-NPs/N-C.
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Supplementary Figure 39. Calculated free energy diagrams for the discharge-charge reactions on the active surface of

Co-NPs/N-C.
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Supplementary Table 1. Elemental compositions of catalysts determined by XPS (C, N, O, Co) and
ICP-OES (Co)

. Co (wt. %) Co (wt. %)
Catalysts materials C (wt. %) N (wt. %) O (wt. %) XPS ICP-OES
N-C 85.36 10.95 3.69 / /
Co-NPs/N-C 78.44 9.91 3.53 8.12 8.07

Co-SAs/N-C 82.37 10.28 4.78 2.57 2.01
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Supplementary Table 2. Co K-edge EXAFS curve fitting parameters. (So?=0.90)

Catalyst Shell N R(A) o° (x10°A%) AE, (eV) R%
Co-SAs/N-C Co-N 3.8 1.94 4.0 2.3 1.0
Co foil Co-Co 12.0 2.48 6.9 -5.8 0.49
CoO Co-Co 12.0 3.09 8.6 3.9 0.87
Co-0 6.0 2.17 7.4 5.3 0.72

N: coordination number;

R: interatomic distance between central atoms and backscatter atoms;

o”: Debye-Waller factor to characterize both thermal and structural disorders;
AEg: inner potential shift;

R%: the indicator for the goodness of the fit.

Soz: the amplitude reduction factor.

Error bounds (accuracies) are estimated as N, +0.1; R, 0.02; 0%, +1.60; AE,, +0.50.
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Supplementary Table 3. Comparison of electrochemical performance between this work and some

reported doped C-based and noble metal-based cathodes for Li-O, batteries

Catalysts materials Overpotential Curr(_ent densiF /cut-of_fl Cycle number Reference
(V) capacity (mA g /mAh g) (cycles)
N-CNT 0.97 500/1000 126 2
Ru/C 0.91 500/2000 125 3
N-Graphene/RuO, 1.10 400/2000 100 4
AU/CNT 1.04 400/500 112 5
C0gSg/C foil 0.57 100/500 105 6
MnO,/RuO,/Graphene 0.37 100/1000 45 7
Co[Co,Fe]O4/N-Graphene / 100/500 110 8
CNT film 1.72 200/1000 262 9
MoO,/CNT 0.75 200/1000 210 10
IrCo/porous C 0.77 200/1000 200 11
MnO,/C nanosheet 1.22 200/1000 28 12
N-C/CNT c.a. 1.20 200/500 75 13
This work 0.4 400/1000 260
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Supplementary Note 1. The programmable fabrication process of the catalysts

The programmable fabrication process of the Co-SAs/N-C catalyst is illustrated in Supplementary
Figure 1. Firstly, Zn-HMT white precipitations are successfully synthesized by mixing hexamine (HMT)
with abundant N-donor ligands as nitrogen/carbon source and Zn(NO3),*9H,0 in ethanol solution
through metal-ligand interaction. Subsequently, the as-fabricated bulk Zn-HMT can be thermally
exfoliated into ultrathin N-doped carbon nanosheets (N-C) through a fast pyrolysis process at 900 °C
under Ar atmosphere®. At last, a gas-migration-trapping procedure is carried out. The Co-SAs/N-C and
Co-NPs/N-C catalysts are generated just by tuning the annealing temperatures from 500 to 900 °C

according to TG curves in Supplementary Figure 4.
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Supplementary Note 2. XRD patterns of N-C and samples derived from different calcination
temperatures

As shown in the corresponding X-ray diffraction (XRD) patterns (Supplementary Figure 5), when the
temperatures are controlled below 800 °C, only a typical diffraction peak indexed to (002) plane of
graphitic carbon exists. However, when the temperatures are elevated to 850 and 900 °C, three distinct

reflection peaks at 44.2°, 51.5° and 75.8° gradually appear, implying Co nanoparticles may form (JCPDS
Card No. 15-0806).
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Supplementary Note 3. EDS patterns of the samples derived from different calcination temperatures

Energy-dispersive X-ray spectroscopy (EDS) spectra of the samples in Supplementary Figure 6 also
identify the component evolution and demonstrate temperature is the crucial parameter in determining
whether the isolated Co atoms can be decorated into nitrogenated carbon again. We postulate Co* ions
cannot be bound with N-C at lower temperature (500-600 °C) and Co nanoparticles inevitably appear at
high temperature (850-900 °C). In this regard, N-C, Co-SAs/N-C (800 °C), Co-NPs/N-C (900 °C) species

are chosen for the following investigations.
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Supplementary Figure 4. Raman spectra of the discharged/charged electrodes for Co-SAs/N-C and

N-C at thelst full cycle

As shown in Supplementary Figure 27, the intense peaks at ~798 cm™ which are characteristic for
Li»O,, demonstrate that Li,O, dominates the discharge products. After a following recharge, the Li,O,
peak vanishes, further confirming an excellent reversibility associated with the desirable formation and

decomposition of Li,O,, which is in accordance with the XRD results in Figure 4e.
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