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Table 1 Main structure and composition of lithium-ion batteries"

1

Main structures

Main material composition

Mass fraction/%

Battery Shell Aluminum Shell, Aluminum-Plastic Composite Film, Stainless Steel 20-25
Cathode LiNi,Co,Mn.O,(NCM), LiCoO,(LCO), LiMnO,(LMO), LiFePO4(LFP), etc. 25-30
Anode Graphite 14-19
Diaphragm Organic or Ceramic Diaphragm ~5
Electrolyte LiPF¢ Solution, Ethylene Carbonate, Ethyl Methyl Carbonate 10-15
Current Collector Aluminum Foil, Copper Foil 10-16

F2 REF 5N NCM =08 dib EWAREF Co. N

iv Mn. Li &gl

Table 2 Comparison of Co, Ni, Mn, and Li contents in cathode materials of our country’s minerals and common NCM

ternary lithium batteries!'*"”

Average grade of Mass fraction in NCM cathode material/%

Flement minerals/% NCM-333 NCM-523 NCM-622
Ni 0.02 20.02 31.21 34.46
Co 1.50 20.46 11.85 11.39
Mn 21.50 19.35 18.04 11.30

2.75(Rock deposit)
Li 7.16 7.75 7.47

0.10(Brine deposit)
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Fig. 1 Reduction smelting procc::ss[23 !
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Fig. 2 Reduction roasting process flow of cathode material for spent lithium-ion battery
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Fig. 3 Flowsheet of in-situ thermite reduction for recycling of spent LIBs cathode
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=200
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I NiO+C=Ni+CO  434.14
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223.85

248.85
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Fig. 4 Relationship between change of Gibbs free energy of carbothermal reduction in 10 Pa vacuum environment with
temperature
#3 ERIRLEREE T 2 D
Table 3 Comparison of reduction and roasting processes for cathode scrap®' > 377!
Raw material Pretreatment of Al foil Reductant Temperature/'C Product Ref.
LiCoO, - Graphite 1000 Co [37]
LiMn,0, Mechanical Separation Graphite 800 MnO [38]
LiMn,0, Manual Separation Graphite 650 MnO [39]
LiMn,0O, - Graphite 700 MnO [40]
LiNi,Co,Mn,_,,0, Alkaline Leaching Lignite 650 Ni, Co, MnO [31,41]
LiNi,Co,Mn,_, ,0, - Al Foil 520 NiO, CoO, MnO [32]
LiNi,Co,Mn,_,,0, Mechanical Separation Graphite 1050 LiOH [35]
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Fig. 5 Whole process of recycling spent LIBs by carbothermal reduction

[42]
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Fig. 6 Surface temperature curve of cathode material with

different microwave power™*"!
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Fig. 7 XRD patterns of LiCoO, and K,S,0; mixture

(molar ratio of 1:1.5) at different calcination temperatures*”
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560 00 500 500 LiCoO, ] Li #1 Co B ALZ 73 7 4 99.3%41 98.7%,
Temperature/C AL P N A E 99.89% ) Li,SO4 F1 99.95% K

8 LiCo0, 5 K,S,0; JE &) TG-DSC £k
Fig. 8 TG-DSC curve of LiCoO, and K,S,0, mixture!*"!

NaHSO4-H,0=NaHSO,+H,0 9)

4NaHSO,=2Na,S0,+2H,0+2S0,+0, (10)

6LiNi;3C015Mn;30,+9S0,+9Na,SO4+30,=
6LiNaSO4+2N&2Ni(SO4)2+2N&2C0(SO4)2+
2Na,Mn(SOs), (11)

T 2 2P T UNH,),SO, 1 NERALTIN %
RPEIH NCM = o4 it IEARA BRI RSB, [l
H AR 4 )8 Ni. Co Al Mn. J5 B EE A 470 C,
JEAFEIT (]2 60 min, %48 FAk R H6 R R R 25
Y, R 60 mL ZEMEKLE 60 CKIBE
t 2 h, %8 NCM HHEEH Niv Cov Mn 1B
FKINEK 4 iR,

RS B A —FfE G AR, HT SO, HEK
THHE, 595G OIS E . X T4
G REpevk, LIN %[Sl]ﬁ%'ﬂﬂ PL HoSO, NRAL AR
BEREmAA I TR . HE el S
H,SO, VBRI A FF1E 120 C %1% FBEAL 720 min, 24
#53 LiCoO, #4ky LiSO4 F1 CoSO, &, JHEZE
800 ‘CHEATRRALIEEE, 4 LiCoO, £ Co™ FE1E 1%

Co304, JaZEMTIEIE /KR EI Liv Co HI4r B [EIL
B TR BRALRT e, 277150 A 808D 4 5 25
FHIGIN, SEPE M &8 MR . FEnTiEid
1] LiCoO, 5 HySO4 BE/REE N 2:1, it BA Soff I
AT HIEFR, AHER SO, B, MR KIRE T
BRIR 20K o« (HiZ 7RG RE o8& HaS0,
(S BRI 120 CHRE 720 min, S B2
AMEDRE . HIGS8%EAE 800 C FHHTHiLET
Be, BERERC T, AR R AR AE Ml ) SO AR 5 e s,
JIT LA 75 2508 s e [ AR 7= P A7 — 58 TAL B S A R
BT &R RN, KT RN, REw,
FITERAE T AR BB R, B e AL
=X

2 RFAERWITE

TE R |H A B8 7 st () [ SO R R, MR YR 4 1]
WL ZRREENTIEZ —, HThBRERR N7
FEEIERER HE S A TSNS R BG4
SHRAP . — R A YR B AL AR AR, 8
i H R IER AR A M—O ##(M=Ni. Co. Mn)
ghRe, TR R L AR . TEHLER IR M iR,

=4 REZICIERM B AR A5 B (LiNi;3CoysMn, 30, (NCM-333). LiNis10C0y10Mns100, (NCM-523).

LiNig;0C0y/10Mny/100; (NCM-811))F”

Table 4 Optimum leaching condition and recovery rate of different ternary cathode materials (LiNi;;Coi3Mn;;0,,

e g 50
LiNis;10C0z/10Mny;100,, L1N18/10C01/10Mn1/1002)[ ]

Ternary cathode Molar ratio of cathode Roasting Roasting time/ Recovery rate/%
material materials to (NH4),SO, temperature/'C min Ni Co Mn
NCM-333 1:2.2 470 60 99.5 99.3 99.6
NCM-523 1:2.3 470 90 98.7 99.0 99.2
NCM-811 1:1.9 470 90 98.2 98.0 98.5
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W, KHLHIRIR H B RER A w2
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JR M, — M SR R P S o iR 7R T DA S ixX — IR
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M 96.7%, FEISRFEMIE 9 frw. 25 f a2 2.5
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material material
: . | :
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l -
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Fig. 9 A general flow-sheet developed for extraction and precipitation of Ni, Co, Mn and Li from spent lithium ion

batteries'®”
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Fig. 10 Leaching efficiency of different metals

from

spent

NCM using different additives

(leaching conditions: liquid/solid: 10 L/kg; 0.5

mol/L of H,SOy,; leaching temperature: 60 °C)[62]:
(a) Li; (b) Co; (c) Mn; (d) Ni; (e) Cu; (f) AL; (g) Fe
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Fig. 11 Lithium recovery rates in two recycle methods

under different pH values!®”
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Fig. 12 Significant factors interact with surfaces'®”
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%5 LCO. NCM FI LFP IEARBAHE TCHLER i 15 £ R g 56 0% 6270 60784

Table 5 Summary of leaching results of LCO, NCM and LFP cathode scrap in inorganic acids

[56, 60, 62-63, 69-84]

Inorganic Reductant .

Cathode scrap acid (LCO, NCM) Leaching and recovery rate Ref.
Oxidant (LFP)

LiCoO, H,SO, H,0, Co, Li: >99% [82]
LiCoO, H,SO, H,0, Co: 98%, Li: 97% [83]
LiCoO, H,SO, H,0, Co: >97% [67]
LiCoO, HNO; H,0, Co, Li: about 99% [56]
LiCoO, H;PO, H,0, Co: 99.7%, Li: 99.9% [84]
LiNi,;3Co;,3Mn; 30, H,SO, H,0, Mn: 90%, Co: >86% [70]
LiNi,Co,Mn,_,,0, H,SO, - Li, Ni: 92%, Co: 68%, Mn: 34.8% [71]
LiNi,Co,Mn,_,,0, H,SO, H,0, Ni, Co, Mn, Li: >98% [71]
LiNi,Co,Mn,_,,0, H,SO, Na,S,05 Li: 85%, Ni, Co, Mn: 90% [62]
LiNi,Co,Mn,_,,0, H,SO, NH,CI Li: 99.11%, Ni: 97.49%, Co: 97.55%, Mn: 97.34% [72]
LiNi,Co,Mn,_,,0, H,SO, H,0, Li: 98.46%, Ni: 98.56%, Co: 99.76%, Mn: 98.62% [63]
LiNi,Co,Mn,_,,0,  HNO;+HCI - Li: 71%, Ni: 33%, Co: 34%, Mn: 40% [72]
Mixed Type H,SO, H,0, Li: 85%, Ni, Co, Mn: >97% [73]
LiNi,Co,Mn,_,,0, H,SO, H,0, Ni, Co, Mn, Li: 99.7% [74]
LiNi,Co,Mn,_,,0, H,SO, H,0, Ni: 98%, Co: 99%, Mn: 84% [75]
Mixed Type H,SO, - Li: 93.4%, Ni: 96.3%, Co: 66.2%, Mn: 50.2% [76]
Mixed Type H,S0O, NaHSO; Li: 96.7%, Ni: 96.4%, Co: 91.6%, Mn: 87.9% [60]
Mixed Type H,SO, H,0, Li: 94.5%, Ni: 96.4%, Co: 79.2%, Mn: 84.6% [77]
LiFePO, H;PO, - Li: 94.29%, Fe: 97.67% [78]
LiFePO, H,SO, H,0, Li: 96.85% [79]
LiFePO, and LiMn,0, HCI H,0, Li: 80.93, Fe: 85.40, Mn: 81.02% [80]
LiFePO, H;PO, - Li, Fe: >95% [81]
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MBI B s 1 GRS 48 B 1 T R m b 2 2
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Fig. 13 Diagrammatic sketch of reaction mechanism in leaching process(a) and SEM images of residual powders in acetic

acid and maleic acid leaching process(b)™!
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PR} RIS HH S HOR £ JLI50, 85789, 91792, 947107) iy,
A HLERE R B b A6 B AT 75 T e K=t 5
TAENS, e, AHRER L ENRSEE, X
iR R A 2R B Kk, BAHLERIIR s —
ML TCHLRR S, 1R iR T oK. FHR,
BHRIZ BB AE S/L L ENLERIZ AR, X 55
FAALARFRA BLRR T W1 TEAROM ) Ak 3 ) d (K T
THURIEI . 1 H, AHIRIE HEERE, PG
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Table 6 Summary of leaching results of LCO, NCM and LFP cathode scrap in organic acids!™® #1792 9471071
Cathode scrap Organic acid Reductant Leaching and recovery rate Ref.
LiCoO, Succinic Acid H,0, Li: 96%, Co: 100% [104]
LiCoO, Ascorbic Acid - Li: 98.5%, Co: 94.8% [105]
LiCoO, Citric Acid H,0, Li: 99%, Co: 91% [86]
LiCoO, Citric Acid H,0, Li: about 100%, Co: >90% [106]
LiCoO, Malic Acid H,0, Li: about 100%, Co: >90% [106]
LiNi,Co,Mn,_,,0, DL- Malic Acid H,0, Li: 98.9%, Ni: 95.1%, Co: 94.3%, Mn: 96.4% [107]
LiNi,Co,Mn,_,,0, Acetic Acid H,0, Li: 98.4%, Ni: 97.3%, Co: 97.7%, Mn: 97.1% [88]
LiNi,Co,Mn,_,-,0, Maleic Acid H,0, Li: 98.2%, Ni, Mn: 98.1%, Co: 98.4% [88]
LiNi;5Co;3Mn,; 30, Acetic Acid H,0, Ni, Co, Mn, Li: >98% [88]
LiNi,Co,Mn,_,,0, Acetic Acid H,0, Li: 99.97%, Ni: 92.67%, Co: 93.62%, Mn: 96.32%  [95]
LiNi;5Co;3Mn,; 30, Lactic Acid H,0, Li: 97.7%, Ni: 98.2%, Co: 98.9%, Mn: 98.4% [96]
LiNi;5Co;3Mn,; 30, Formic Acid H,0, Li: 98.22%, Ni, Co: 99.96%, Mn: 99.95% [97]
Electrochemical
LiNi;3Co;3Mn, 50, Malic Acid . Li: 100%, Ni: 99.87%, Co: 99.58%, Mn: 99.82% [98]
Reduction
LiNi;5Co;3Mn,; 30, Maleic Acid H,0, Ni, Co, Mn, Li: >98% [88]
LiNi,5Co;5Mn,; 30, Oxalic Acid Oxalic Acid Ni, Co, Mn: >98.5% [89]
LiNi,Co,Mn,_,,0, L-Tartaric Acid H,0, Li: 99.07%, Ni, Mn: 99.31%, Co: 98.64% [99]
LiNi,5Co;5Mn,; 530, Citric Acid D-Glucose Li: 99%, Ni: 91%, Co: 92%, Mn: 94% [92]
LiNi;5Co;3Mn,; 30, Citric Acid H,0, Li: 97%, Ni: 95%, Co: 94%, Mn: 99% [100]
Mixed Cathode Scrap Citric Acid H,0, Li: 99.1%, Ni: 98.7%, Co: 99.8%, Mn: 95.2% [101]
LiNi;5Co,3Mn; 30, Trichloroacetic Acid H,0, Li: 89.8%, Ni: 93.0%, Co, Mn: 91.8% [102]
LiNi,Co,Mn,_,,O, Citrus Juice Citrus Juice Li: 100%, Ni: 98%, Co: 94%, Mn: 99% [94]
LiNis;10C05/10Mn3,00, Phosphate Citric Acid Li: 100%, Ni: 93.38%, Co: 91.63%, Mn: 92.00% [91]
LiFePO, Oxalic Acid - Li: 99%, Fe: 94% [103]
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Research progress in the recovery of valuable metals in
cathode materials for lithium-ion batteries

HU Guo-chen"2, HU Nian-xiangl, WU J i-junl’ 2 MA Wen-hui">

(1. Faculty of Metallurgical and Energy Engineering,
Kunming University of Science and Technology, Kunming 650093, China;
2. National Engineering Laboratory of Vacuum Metallurgy,
Kunming University of Science and Technology, Kunming 650093, China)

Abstract: With the development and popularization of new energy sources, lithium-ion batteries have been widely
used in various fields of life. Spent lithium-ion batteries contain a large amount of metal resources such as Ni, Co,
Mn, Li, etc, which have good prospects for recycling and are gradually receiving attention. At the same time, the
recycling of a large number of spent lithium-ion batteries poses new challenges to environmental protection and
sustainable use of resources, and at the same time puts tremendous pressure on the development of appropriate
recycling technologies. The pyrometallurgical recovery process has been widely studied due to its advantages such
as short process and high efficiency; the hydrometallurgical recovery process has gradually become a research
hotspot due to its good selectivity to valuable metals and mild reaction conditions. In this review, we first
comprehensively summarize the advanced technology of pyrometallurgical recovery of cathode materials for spent
lithium-ion batteries, then summarize the leaching of inorganic acid and organic acid in the hydrometallurgical
recovery process, and look forward to the research direction of resource treatment technology of spent lithium-ion
battery cathode materials in the future.

Key words: spent lithium-ion battery; cathode material; resource utilization; valuable metal recovery
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