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Materials

All spent LIBs cathode materials utilized in this study were dismantled from spent mobile phone batteries
purchased from Alibaba Group Holding Ltd. Hydrochloric acid (HCI, AR, 35 ~ 38%, Sinopharm Chemical
Reagent Co., Ltd.), nitric acid (HNOs, AR, 65 ~ 68%) and L-ascorbic acid (CsHgOg, AR, purity > 99.0%)
were dissolved/diluted before use. Ammonium hydroxide aqueous solution (NH;H,O, CP, 25 ~ 28%) is
used to adjust the pH of the effluent. Sodium carbonate (Na,COs, CP, purity =99.8%) for precipitation of
NCM622 precursor and Li,COj;. Lithium carbonate (Li,COs, 4N, purity > 99.5%) for precipitation of
NCM622 precursor. And the recovered Li,COj; can be utilized in the manufacturing of NCM 622 cathode
material. All electrochemical properties tests were performed in an electrochemical workstation (CorrTest,
CS310M). Inductively coupled plasma-optical emission spectrometry (ICP-OES, FHS12, Spectro Arcos)

was utilized to measure the concentration of metal ions.

Table S1 XRF and EDX analysis of EOL cathode material.

XRF Co;0, NiO MnO F ALO;
wt% 76.63 10.54 7.91 3.88 1.04
StdErr 0.17 0.07 0.10 0.39 0.07
"~ EDX  C NG Ma Foooa o
wt% 56.6 4.28 3.34 0.882 0.698 342

Table S2 Leaching efficiency results of Li (a), Co (b), Ni (c), and Mn (d) with various acids ratios at 40 min
and 10 g/L solid-liquid ratio.

Various acids ratios/M Leaching efficiency results/%

HCI HNO; vC Li Co Ni Mn
0 0 1 98.00 96.69 99.57 99.90
0 1 0 61.35 10.40 58.84 15.36

0.25 0.25 0.5 99.50 95.60 98.10 98.80

0.25 0.5 0.25 99.78 98.10 99.23 99.83

0.5 0.25 0.25 99.82 99.89 99.40 99.92
1 0 0 93.43 66.73 95.97 80.70

The introduction of ascorbic acid for the recycling of waste cathode material has already been reported due
to its acidity and reducibility. However, ascorbic acid is a very expensive reducing agent, the extensive use
will undoubtedly increase operating costs. In this paper, the amount of VC required to treat 2 kg of spent

lithium-ion batteries is calculated.
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Table S3 The amount of VC required to treat 2 kg of spent lithium-ion batteries

Acid solution Cathode active material/kg VC/kg
ascorbic acid 0.7 11.848
mixing acids 0.7 2.962

Table S4 Leaching efficiencies and EDX analysis of the leached cathode material.

ICP-OES Co Ni Mn Li Al
LR(%) 99.98 99.98 99.99 99.99 87.15
EDX Co Ni Mn F Al C o
wt% -- -- -- 5.24 52.63 5.65 36.48

Table S5 XPS parameters obtained from the leached spent cathode materials.

Line designation Composition FWHM (eV) Area (cpseeV) E, (eV)
Al 2p AlLO; ! 34 2154.6 71.1
Al 2p;, Al,052 1.6 12028.8 74.1
Co 2ps) Co030, 3 1.6 50528.4 779.3
Co 2ps) CoO 4 3.0 95148.5 780.3
Co 2pyp Co0304° 1.4 16656.5 794.6
Co 2pp Co0304° 2.8 40665.5 795.9
O1s Co0304° 1.3 58883 529.35
O1s CoO7 2.0 49892 530.4
O1s ALO;3 8 2.9 91879 531.15

When Al(OH);, NCM622 precursor and Li,COj5 precipitate, there was a certain capacity loss of Li. Among
them, the loss of precipitated AI(OH); is about 1% -3%, the loss of precipitated NCM622 precursor is about
3% -5%, and the loss of precipitated Li,CO; is about 6% -10%. And the recovered Li,COj; can be utilized
for the manufacturing of NCM 622 cathode material. The NCM622 precursor was mixed with Li,COs at a
Li/M (M is the sum of transition metals Ni, Co, Mn) molar ratio of 1.06, so additional extra Li,COj; is
required.

Table S6 Variation of metal concentration in recovery process.

Concentration of element/M

Solution
Li Co Ni Mn
the effluent 0.101 0.074 0.006 0.021
concentration adjustment 0.99 0.072 0.215 0.071
NCMG622 precipitation finished 0.95 -- -- --

Li,CO; precipitation finished 0.062 - -- -
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Table S7°1° A comprehensive summary of the kinetic models.

No. Kinetic models Name
D1 kt=a? One-dimensional diffusion model
D2 kt = (1-a)In(1-0)+a Two-dimensional diffusion model
D3 kt = [1-(1-a)'3]? Three-dimensional diffusion model (Jander)
D4 kt = [1-Qa/3)]-(1-a)?3 Ginstling-Brounshtein model
D5 kt =[1/(1-a)'3-177 Zhuravlev, Lesokhin and Templeman model
D6 kt = [(1+a)'3-1]? Three-dimensional diffusion model (Anti-Jander)
D7 klnt = [1-(1-a)'3]? Kroger and Ziegler model
D8 kt = [1-(1-a)'2]? Cylindrical diffusion model (Jander)
D9 kt = [1-(1+a)?]? Cylindrical diffusion model (Anti-Jander)
D10 kt =[1/((1-a)"3)]-1 Dickinson and Heal model
D11 kt = [1/((1-a)'®)]-1+1/3In(1-c) Dickinson and Heal model
D12 kt = 1/5(1-0)*3-1/4(1-0)*3+1/20 Dickinson and Heal model
Al kt = [-In(1-a)]V4 Avrami-Erofeev model
A2 kt = [-In(1-a)]"? Avrami-Erofeev model
A3 kt = [-In(1-a)]'3 Avrami-Erofeev model
A4 kt = [-In(1-a)]*3 Avrami-Erofeev model
A5 kt = [-In(1-a)]*3 Avrami-Erofeev model
A6 Ink+nlnt = In[-In(1-a)] Avrami-Erofeev model
FO kt=a Zero order
F1 kt = -In(1-a) First order
F2 kt = (1-a)"! Second order
R2 kt = 1-(1-a)'? Interface (contracting area)
R3 kt=1-(1-a)' Interface (contracting volume)
R4 kt = 1-(1-a)*3 Interface
P1 (n=2) kt = a2 Power law (half)
P1 (n=3) kt = a3 Power law ( third )
P1 (n=4) kt =g 14 Power law ( quarter)
E1l kt = Ina Exponential
E2 kt = [-In(1-a)]? Exponential
B1 kt =In[o/(1-0)] Prout-Tompkinsmodel
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Table S8 Regression parameters of Li, Co, Ni, and Mn.

Li Co Ni Mn
T(°0O)
R? k R? k R? k R?
30 1.146 0.997 0.2832 0.998 0.2098 0.976 0.3519 0.991
50 1.965 0.978 0.3021 0.999 0.2913 0.983 0.4911 0.947
70 2.554 0.956 0.3364 0.999 0.3589 0.954 0.7198 0.951
90 5.512 0.986 0.3491 0.999 0.6236 0.999 1.210 0.878
-Ink/(1000/T) 2.715 0.953 0.4049 0.975 1.893 0.946 2.231 0.976

Table S9 Lattice structure parameters of the NCM622 cathode material.

Parameter  a(A) c(A) c/a Ipos/lios  Niin Lilayer (%) R, (%) R,, (%)

NCMe622  2.8731 14.2128 4.9468 1.90 0.97 7.57 8.14

Nitrogen cycle

NH;H,O0 solution is used to adjust the pH of the effluent. After AI(OH);, NCM622 precursor and Li,CO;
precipitation, calcium oxide can be introduced to the effluent to release the NH; gas with the help of reaction
heat. Finally, NH; gas was pumped in water to obtain NH;-H,0O, thereby achieving the recycling of N

element.
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Figure S1 EOL LIBs (a), cathode (b), and recovered cathode powders (c¢) from EOL LIBs.
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Figure S2 Leaching kinetics of Co at 30 °C and 10 g/L solid-liquid ratio at 11min (a), 20 min (b),

30 min (c), and 40min (d) with various mixed acids ratios.
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Figure S3 Correlation and significance between mixed acids ratios and leaching efficiencies (a),
Eh-pH diagram measured during the leaching process with 0.5 M HCI, 0.25 M HNOs, and 0.25 M
HClI at 30 °C and 10 g/L solid-liquid ratio (b).
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Figure S4 Leaching kinetics of strategic metals at 30 °C (a), 50 °C (b), 70 °C (c), and 90 °C (d) at
10 g/L solid-liquid ratio, 0.5 M HCI, 0.25 M HNOj3 and 0.25 M VC.

Figure S5 SEM (a) and EDX (b) images of the leached residual at 90 °C with optimal acids ratios.
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Figure S6 XPS survey of the leached residual at 30 °C (a) and the deconvoluted high-resolution
XPS curves of Co (b), O (¢), and Al (d).
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Figure S7 Thermodynamic calculations of Ni-containing (a) and Mn-containing (b) species at

30°C.
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Figure S8 Reactions of DHA hydrate to form Bi-DHA.
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Figure S9 Thermodynamic calculated species distributions of mixed acids system at 30 °C (a), 50

°C (b), 70 °C (c) and 90 °C (d).
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Figure S10 UV-vis spectrum of mixed acids at Omin (a), 1~40 min (b), and deconvoluted

absorbance curves at 1 min (c) and 40 min (d).
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Figure S11 Deconvoluted UV-vis absorbance in mixed acids system at 5 min (a), 7 min (b), 11

min (¢), and 20 min (d).

Figure S12 SEM (c), and EDX (d) images of the as-recovered NCM622 precursor.
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