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Quantification of leaching kinetics parameters

Formula S1: 

Assuming that the proportion of Li in the leached ions remains invariant, the 

apparent reaction rate equation can be derived as follows:

(1)1 ‒ (1 ‒ 𝜂)
1
3 = 𝐾𝑡

where K denotes the rate constant, t represents the leaching time (min) 2-4. This 

model is suitable for both diffusion control process and chemical reaction control 

process.

Formula S2: 

Based on the fitted K at various temperatures, the activation energy Ea can then be 

calculated using:

(2)
‒ 𝑙𝑛𝐾 =

𝐸𝑎

𝑅𝑇
‒ 𝑙𝑛𝐴

Where A is the pre-exponential factor, R is the molar gas constant, T is the 

thermodynamic temperature (K), Ea is the apparent activation energy (kJ/mol) 5, 6. 



The main reactions involved in the recovery process

Eq.(1) shows the overall leaching process of LCO with ChCl:OA 4, 7, which results 

in the separation of Li and Co into different phases (soluble Li+ and solid state Co2+) as 

follows:

(1)4𝐻2𝐶2𝑂4 +  2𝐿𝑖𝐶𝑜𝑂2 + 4𝐻2𝑂 =  𝐿𝑖2𝐶2𝑂4 +  2𝐶𝑜𝐶2𝑂4 ⋅ 4𝐻2𝑂↓ +  2𝐶𝑂2↑

The following equations illustrate the detailed separation mechanism of Li and Co 

from spent LIBs:

(1) The extraction of Li by DES follows this mechanism 8:

(2)𝐿𝑖𝐶𝑜Ⅲ𝑂2 +  𝐻 +  → 𝐻 ‒ 𝐶𝑜Ⅲ𝑂2 + 𝐿𝑖 +

(2) The Co element undergoes the reduction from Co3+ to Co2+ and forms a chelate 

complex with C2O4
2-. With the existence deionized water, the cobalt precipitates as a 

stable compounds of CoC2O4•4H2O as a stable compound 4. The corresponding 

reactions are shown in Eqs. (3) - (5).

(3)𝐻 ‒ 𝐶𝑜Ⅲ𝑂2 + 4𝐶𝑙 ‒ + 4𝐻 + + 𝑒 ‒ →[𝐶𝑜Ⅱ𝐶𝑙4]2 ‒ + 𝐻 + + 2𝐻2𝑂

(4)
1
2

𝐶2𝑂2 ‒
4 ‒ 𝑒 ‒ →𝐶𝑂2↑

(5)[𝐶𝑜𝐶𝑙4]2 ‒ + 𝐶2𝑂2 ‒
4 + 4𝐻2𝑂→𝐶𝑜𝐶2𝑂4·4𝐻2𝑂↓ + 4𝐶𝑙 ‒

CoC2O4⋅2H2O can be obtained by drying at 100°C for 10 h. Afterwards, Co3O4 

can be prepared by calcination as a precursor for regenerating LCO. The equations 

involved in this process are described as follows:

(6)𝐶𝑜𝐶2𝑂4·4𝐻2𝑂
100℃

→ 𝐶𝑜𝐶2𝑂4·2𝐻2𝑂 + 2𝐻2𝑂

(7)𝐶𝑜𝐶2𝑂4·2𝐻2𝑂
200℃

→ 𝐶𝑜𝐶2𝑂4 + 2𝐻2𝑂



(8)
𝐶𝑜𝐶2𝑂4 +

2
3

𝑂2

400℃
→

1
3

𝐶𝑜3𝑂4 + 2𝐶𝑂2

The regeneration of LCO material is achieved by using the regenerated Co3O4 and 

Li2C2O4 as the precursors with a high temperature solid-phase method. The following 

equations describe the reactions involved in this process:

(9)𝐿𝑖2𝐶2𝑂4

600℃
→ 𝐿𝑖2𝑂 + 𝐶𝑂2 + 𝐶𝑂

(10)
𝐿𝑖2𝑂 +

2
3

𝐶𝑜3𝑂4 +
1
6

𝑂2

900℃
→ 2𝐿𝑖𝐶𝑜𝑂2



Table S1. A summary of metal leaching from spent LIBs. 

Condition
Leaching 

efficiency[%]Category
Recycling 
method

Cathode
Time[min] Temp[°C] Li Co

Ref.

CTR 
Roasting 

(Graphite)
30 1000 98.93 95.72 9

Salt assisted 
roasting 
(H2SO4)

120 800 99.3 98.7 10

Salt assisted 
roasting 

((NH4)2SO4)
120 400 98 98 11

Pyrometallurgy

Salt assisted 
roasting 

((NH4)2SO4)

LCO

60 400 91.3 93.5 12

0.4 M H2SO4 10 200 77 24 13
0.4 M HNO3 10 300 82 37 13
2 M H2SO4 
and 0.28 M 

glucose
240 80 92 88 14

0.1 M citric 
acid + 0.02 
M ascorbic

acid

360 80 100 80 15
Conventional

Hydrometallurgy

0.1 M 
iminodiacetic 
acid+0.02M 
ascorbic acid

LCO

360 80 99 91 16

ChCl : Malic 
acid

240 60 — 81.2 17

ChCl : 
Malonic acid

240 60 — 24.4

ChCl : EG 1440 180 89.81 50.30 18
ChCl : EG 1440 160 28.4 23.8
ChCl : EG 1440 80 ~0

ChCl : Urea 1440 160 61.2 64.2 19
ChCl : Urea 720 170 68.7 89.1 19
ChCl / Urea 720 180 95 98 19

DESs

EG / 
sulfosalicylic 

acid 

LCO

360 110 98 93 20



dihydrate
This work ChCl / OA LCO 180 90 ~95 ~98



Table S2. Energy and economic analysis of Pyrometallurgy, Hydrometallurgy1 and this 

work.

Pyrometallurgy Hydrometallurgy This work

Cost ($ kg-1) 4.87 4.35 3.2

Revenue ($ kg-1) 4.90 6.35 13.92

Profit ($ kg-1) 0.03 2.00 10.72

Energy consumption (MJ kg-1) 10.71 19.57 5.8

GHG emission (g kg-1) 2183 1468 449



Table S3. A brief comparison between Pyrometallurgy, Hydrometallurgy and this 

work.

Pyrometallurgy Hydrometallurgy This work

High temperature 

treatment

Intermediate operation 

condition
Mild operation condition

High energy 

consumption
Corrosive acids

Green and energy 

reservation

With waste disposal Non-recyclable Leachant reusable

High GHG emission Moderate GHG emission Low GHG emission



Table S4. Solubility Product Constants at 25°C7, 21. 

No. Compound Ksp

1 Co(OH)2 1.0 × 10-15

2 CoCO3 12.0 × 10-11

3 Ni(OH)2 3.1 × 10-15

4 NiCO3 6.8 × 10-8

5 Mn(OH)2 1.7 × 10-13

6 MnCO3 3.3 × 10-11

7 CoC2O4 4.09×10-8

8 NiC2O4 4.31×10-9



Fig. S1 (a) Digital photos showing that wasted LCO can be collected from the spent 

electrodes followed by thermal treatment to remove the binder and the conductive 

additives. (b and c) give the TG-DSC curve of (b) 50% PVDF: 50% acetylene black 

and (c) the black mass directly collected from the wasted electrode measured 

under air atmosphere at a heating rate of 5°C min-1. (d and e) show the SEM 

images (d) and the XRD pattern (e) of the LCO collected after the pre-treatment 

as shown in (a).



Fig. S2 Effect of different water content on cobalt precipitation



Fig. S3 (a) Effect of adding DIW in the DES on the cobalt separation process and 

(b) the effects of different solid-liquid ratio. With the existence of DIW, the 

characteristic peak of [CoCl4]2- was not observed in the UV-Vis spectra. For the 

leaching solution without DIW, three characteristic bands (630, 667 and 696 nm) 

indicate the formation of [CoCl4]2-. The results shed light on the transformation process 

of the cobalt element.



Fig. S4. (a) The leaching rate under different conditions (60-100°C, 0-240 min). (b 

and c) show the fitting of the activation energy (Ea = 21.7 kJ/mol) in the leaching 

process.



Fig. S5. SEM images of the precipitated brick-like CoC2O4•2H2O phase (a and b) 

and the annealed Co3O4 (c and d). The annealed Co3O4 resembles the morphology of 

the CoC2O4•2H2O precursor, while pores were formed due to the topological shrinkage 

of the lattice; (e) the commercial LCO and (f) the regenerated LCO.



Fig. S6. 5x magnification version of digital photos.



Fig. S7. (a) Digital photos visualizing the lithium element can be extracted by 

direct cooling. (b) XRD patterns of the precipitated lithium compound recovered 

at different temperatures.



Fig. S8. SEM images of the precipitated Li compound in the form of oxalic salt.



Fig. S9. Energy and economic analysis of other recycling approaches and this 

work. (a) Cost, (b) revenue and (c) profit for Pyrometallurgy, Hydrometallurgy 

and this work. Radar charts with parameters in terms of environment and 

economy for (d) Pyrometallurgy, (f) Hydrometallurgy and (g) this work.



Fig. S10. Cycle performance of DES (90°C, 3 h). (a) Leaching efficiencies of Li and 

Co at different cycle numbers and (b) digital photos of DES after multiple cycles.



Fig. S11. (a) The CV and (b) EIS spectrum of the recycled and the commercial 

LCO samples.
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