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Figure S1 The XRD pattern of residue after heat treatment at 160 oC for 12 h without 

water atmosphere 
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Figure S2 The XRD patterns of the solid product for the reaction between Mn2+ and 

NCM
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Table S1 Elemental contents of the commercial pristine cathode materials (LiCoO2, 

LiMn2O4 and LiNi1/3Co1/3Mn1/3O2)

Elemental 

concentration

Li

(mg/g)

Ni

(mg/g)

Co

(mg/g)

Mn

(mg/g)

LiCoO2 71.0 555.9

LiMn2O4 44.75 805.13

LiNi1/3Co1/3Mn1/3O2 72.43 184.8 192.0 180.8
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Table S2 The consumed Co2+ and the generated Li+ in the filtrate at different reaction 

time 

Time

(h) 
2 4 6 8 12 

Li
+
 (mol/L) 0.1144 0.5750 0. 7990 0.9391 1.023

reduced Co
2+ 

(mol/L) 
0.0669 0.3017 0.4167 0.4588 0.5132

Li
+
/Co

2+ 1.71 1.91 1.92 2.05 1.99
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Table S3 Gibbs free energies of the reaction between LCO and Co2+ at different 

temperature calculated by HSC Chemistry 6.0.

Temperature

（℃）
120 130 140 150 160

∆rG

(kJ/mol)
-109.54 -111.35 -113.19 -115.06 -116.95
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Table S4 Thermodynamic data of relevant chemical compounds used for the 

calculation.

C
p
 =A + B× 10

-3
 T + C × 10

5
 T

-2
 

+ D × 10
-6

 T
2 

Compound 
∆Hθ

fus

(kJ·mol
-1

)

S
θ

(J·mol
-1

·k
-

1
) A B C D 

LiCoO2 
-679.4 52.17 321.45 -758.99 -79.01 722.03 

Co2+
 

-58.158 -112.968 -2010.2 8802.5 306.8 -11008.5

Co3O4 -910.02 114.31 131.65 66.02 -24.80 0.00

Li+
 

-278.45 12.24 -728.31 3273.22 146.42 -3941.74
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Table S5 The consumed Mn2+ and the generated Li+ in the filtrate at different reaction 

time

Time(h) 1 2 4 6 8 12

Li+
 
(mol/L) 0.1788 0.5250 0.5439 0.5882 0.5914 0.5990

reduced Mn2+
 

(mol/L) 
0.1157 0.2683 0.2889 0.2963 0.3048 0.3083

Li+
 
/Mn2+

 
1.54 1.96 1.88 1.99 1.94 1.94
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Table S6 Li+ extraction efficiency (Li%), the residual rate (M%) of Ni2+, Co2+ and Mn2+ 

for the decomposition of LiNi1/3Co1/3Mn1/3O2 in the solution of Mn2+, Co2+ and Ni2+ at 

160 oC for 8 h with a S/L ratio of 100 g/L

Leaching agent Ni2+ Co2+ Mn2+

Li% 27.48 86.08 100.40

Ni% 57.20 — —

Co% 0.21 10.74 —

Mn% — — 0.20

‘—‘ demonstrates that it is below the detection limit. 
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Table S7 Elemental contents (wt%) of spent NCM-cathode scrap

Real powder Li Ni Co Mn Al

NCM-cathode 

scrap
5.59% 23.4% 10.6% 10.9% 8.04%
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Table S8 Extraction mass balances for the extraction of lithium from NCM-cathode 

scrap by MnSO4

Content
Mass

（g）

Li

（g）

Ni

（g）

Co

（g）

Mn

（g）

Al

（g）

replacement ion —— —— —— —— 10.28 ——

LCO-cathode 

scrap
50 2.896 11.68 5.323 5.455 4.021 

filtrate —— 2.816 —— —— —— ——

extraction/residual 

rates in the filtrate
—— 97.2% —— —— —— ——

leaching slag 66 0.1915 11.43 5.16 15.18 3.88

residual rates in 

the slag
—— 6.61% 97.86% 96.94% 96.47% 96.49%

mass balance —— 103.81% 97.86% 96.94% 96.47% 96.49%

Reaction conditions：NCM-cathode scrap 50 g, 200℃, 24 h, S/L=100.
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Table S9 The pH variations for the reaction system of NCM-cathode scrap and Mn2+ 

before and after the reaction

Real powder content pH

NCM-cathode scrap in 

deionized water
10.83

MnSO4 solution 6.76

NCM-cathode scrap in 

MnSO4 solution
6.81

NCM-cathode scrap

filtrate 9.90
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Table S10 Elemental compositions (wt%) of the LCO-cathode scraps

Real powder Li Ni Co Mn Al

LCO-cathode 

scraps
6.61% —— 57.4% —— 0.44%

‘—‘ demonstrates that it is below the detection limit. 
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Table S11 Extraction mass balances for the extraction of lithium from LCO-cathode 

scraps by CoSO4

Content
Mass

（g） 

Li+

（mg）

Co2+

（mg）

Al3+

（mg）

extractant —— —— 1022.75 ——

LCO-cathode 

scraps
4.0 264.24 2296.16 17.6

filtrate —— 253.25 0.442 ——

extraction/residual 

rates in the filtrate
—— 95.84% —— ——

leaching slag 4.536 26.17 3201.08 18.22

residual rates in 

the slag
_____ 6.9% 96.45% 103.5%

mass balance _____ 102.74% 96.46% 103.5%

Reaction conditions：LCO-cathode scraps 4 g, 200℃, 24 h, S/L=100.
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Table S12 pH varies for the decomposition of LCO-cathode scraps in the solution of 

CoSO4 before and after the reaction

Real powder content pH

LCO-cathode scraps in 

deionized water
10.35

CoSO4 solution 3.71

LCO-cathode scraps in 

CoSO4 solution
6.74

LCO-cathode scraps

Filtrate after the reaction 7.33
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Table S13 The electrochemical performance comparison between R-LCO and other 

typical regenerated LiCoO2 reported.

Capacity
(mAh g-1)

Current 
density

Capacity 
retention

Voltage 
range
(V)

Rate 
performance

mAh g-1

reference

153 0.2C 2.5-4.3 Ref.1

150.3 0.1C 93.2%（

100cycles）
3-4.3 Ref.2

148.2 1C 91.2%（

100cycles）
3-4.3  2C=141.9;

5C=130.3
Ref.3

138.6 0.2C 86%（

200cycles））

3-4.2 2C=111 Ref.4

144.5 0.2C 92.5%（

200cycles）
2.75-
4.25

5C=115.3  
2C=127.5

Ref.5

132.5 20mA g-1 90.1%（

100cycles）
3-4.2 Ref.6

136 0.2C No decay（
200cycles）

3-4.3 Ref.7

132.1 0.2C 96.7%（

50cycls）
2.8-4.2 Ref.8

131.2 1C 84.5%（

100cycles）
2.8-4.3 5C=110 Ref.9

137.9
94.6%

(100cycles)
2.5-4.2

2C=137.6
5C=134.9
10C=129.3
15C=119.3

144.9 2.5-4.3

162.5

1C

2.5-4.4
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