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Fig. S1 XRD pattern of the cathode material



Fig. S2 SEM images and EDS mapping of the spent cathode materials



Fig. S3 XPS spectra (broad scan) of roasting products under different atmosphere



Fig. S4 XRD patterns of the powder from water leaching solution 



Fig. S5 SEM images and EDS mapping of NCM-Air (650 °C, 6h)



Fig. S6 SEM images and EDS mapping of NCM-H2O (650 °C, 6h)



Fig. S7 SEM images and EDS mapping of NCM-N2 (650 °C, 6h)



Fig. S8 SEM images and EDS mapping of NCM-CO2 (650 °C, 6h)



Fig. S9 SEM images and EDS mapping of NCM-H2 (650 °C, 6h)



Fig. S10 SEM images and EDS mapping of NCM-CO (650 °C, 6h)



Table S1 Assignment analysis of Ni in the XPS spectra of raw material and roasting 

products. (650 °C, 6h)

Ni 2p3/2
Sample

Valence state Peak position/eV At% References

NCM-Raw +3 856.61 100.00 1-4

+2 854.30 42.19
NCM-Air

+3 855.87 57.81
3, 5-7

0 852.52 13.76
NCM-H2O

+2 854.57 86.24
8-10

0 851.65 21.01
NCM-N2

+2 854.65 78.99
8-10

0 852.09 15.81
NCM-CO2

+2 855.07 84.19
8-10

0 851.89 13.24
NCM-H2

+2 854.62 86.76
8-10

0 852.08 15.61
NCM-CO

+2 854.99 84.39
8-10



Table S2 Assignment analysis of Co in the XPS spectra of raw material and roasting 

products. (650 °C, 6h)

Co 2p3/2
Sample

Valence state Peak position/eV At% References

+2 781.69 52.09
NCM-Raw

+3 780.19 47.91
1, 3, 4, 11-13

+2 782.11 32.49
NCM-Air

+3 780.35 67.51
1, 3, 11, 12, 14

0 778.54 14.70

+2 782.05 37.80NCM-H2O

+3 780.14 47.50

11, 15, 16

0 778.54 17.85
NCM-N2

+2 781.54 82.15
12, 15, 16

0 778.76 20.45
NCM-CO2

+2 781.82 79.55
12, 15, 16

0 778.72 25.02
NCM-H2

+2 781.65 74.98
12, 15, 16

0 778.75 22.05
NCM-CO

+2 781.3 77.95
12, 15, 16



Table S3 Assignment analysis of Mn in the XPS spectra of raw material and roasting 

products. (650 °C, 6h)

Mn 2p3/2
Sample

Valence state Peak position/eV At% References

+3 641.12 44.66
NCM-Raw

+4 642.92 55.34
3, 11, 14, 16

+3 641.13 69.37
NCM-Air

+4 642.98 30.63
2, 3, 7, 11

NCM-H2O +3 641.27 100.00 3, 7

NCM-N2 +2 640.76 100.00 7, 15

NCM-CO2 +2 640.97 100.00 7, 15

NCM-H2 +2 640.56 100.00 7, 15

NCM-CO +2 640.52 100.00 7, 15
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