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Abstract: Driven by "Dual Carbon" goals of carbon peaking and carbon neutrality, the recycling of
spent lithium-ion batteries (LIBs), particularly those featuring ternary cathode materials
(LiNi,Co,Mn,0,, NCM), has emerged as a crucial step toward achieving resource circularity and
emission reduction. Conventional recycling techniques, such as pyrometallurgical and
hydrometallurgical processes, are often hindered by high energy consumption, complex multi-step
procedures, and the production of low-value outputs such as basic metal salts. These limitations present
significant economic and environmental bottlenecks. Consequently, shifting the paradigm from "metal

recovery" to high-value "material regeneration" is imperative. In recent years, utilization routes that
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directly convert leaching solutions into cathode material precursors have gained significant traction.
However, research in this area remains relatively fragmented, lacking systematic consolidation and
critical evaluation. This review provides a comprehensive examination of technological progress in the
pretreatment of spent ternary LIBs, metal leaching, and leachate purification. It then analyzes three
primary high-value utilization pathways derived from metal-rich leachates: co-precipitation, spray
pyrolysis, and sol-gel methods. For each pathway, the working principles, technical advantages, and
industrialization challenges are elucidated. A comparative analysis is conducted regarding their
adaptability to variable waste streams, recovery efficiency (balancing metal yield and product purity),
engineering scalability (addressing continuous production and equipment design), and the
electrochemical performance of the regenerated materials. Despite their promise, these pathways face
common challenges: sensitivity to feedstock composition and the trade-off between reagent
consumption and economic viability; technical barriers to process scaling and continuous operation; and
a performance ceiling, where regenerated materials often merely restore rather than exceed the
properties of their virgin counterparts. To overcome these challenges and accelerate the industrialization
of high-value LIB recycling, future research and development should focus on several integrated
directions: (1) developing intelligent, adaptive processes capable of handling complex feedstocks
through real-time monitoring and machine learning; (2) innovating low-carbon, short-process
technologies and integrated reaction-separation systems to minimize energy and reagent use; (3)
advancing equipment design and process engineering to enable efficient, stable large-scale production;
and (4) exploring intrinsic performance-enhancing strategies during recycling, such as targeted doping
or microstructure engineering, to elevate the functionality and value of regenerated cathode materials
beyond conventional levels. This review aims to provide a structured reference and actionable insights
to facilitate the industrial adoption of high-value recycling technologies for spent lithium-ion batteries.

Keywords: Spent ternary lithium-ion batteries; Hydrometallurgical process; Valuable metal

extraction; High-value utilization; Material regeneration

0 51 7T

TE IR W Rf v N [ K A AR I 5 T, 58
1 ST B T T A T R A S B BE D HE Y O
S ARt Al IR A S R TR A 0 %
AU, Pl B 5K, S T 3 ) LA
SRR ER T R, Fo 4 A 3 T 37 5
R 3 sl LR R (2023 4R E i
70%) , T4 9% S HL LA RO TA2E , T A FE P Tt U
TE AT B -5 BUR SCH BB HE SN B R A
KIS B YRS 7 it T 4 3k B i AR
R, 3 1 I3 ok R HLABE Fi db SR A 91 Sk S 1 H
PR b AN (SO0 PR B DR A R Wy B ™ 1 1k
i, TR] At 2 — AR B R A R L i A O R B < 3T
1T

o TF R L el e 28 I s s AR R, R 5
X" HARS PR A T A LA G 1) 2R
o —J7 I, HE A RRE, R = IE AR

(LiNi,Co,Mn,0,, NCM) H & A7 I | il | BT 5
SRR s 4 TR R UR s ORI A, T
RS IELAE A 7 AR, 38 G BEAE . e T
B i, AR A A R, P
(1 T 4 J 5 P iR OH T B SR K R s K TS
Yo, e E G L i DRI, KR S 1 i
[ R AR 2 R PR BB 22 4 | B IR PR T e Al
SCHEP L AT RS R R 1 S B U

S H M ISR SR A U, E R R B4 K
HeE T BERE TE L E-RERITZ
S5 G [l W 3 A A B R R BE A L AT A AR R
B AR A TR 1 AR, (AR RE
Ferm . BT R MIBCSCRAR L S i e 277 A A
F R BE" WG & T2 4R i gl
w5, (AT Z AT | A2 EFE R, T AR R
AR K Jk R I T T Rk i
TR 2L 2% P i v 46 s T W 8, {HL T 25 52 2
BAT A B Z N, Bk MARAS 2



- 82 - (LR N T T

5540 B 1 4]

AR 77 A0 B (L 2 AL 5 90 S & i it 5207 X
(K1) o XL GEER AR AL R AE 45 75 T 45 75 il o

B, AN T SRR A5 BT FHH, o BR )
T BRI, 7 E 2 1 RISl A 28 B A

20 BRAE S SR Al TEAR A B0 i R B — Y 5 KR

Li,O
S m g9 >1000C  HFK
[ KETE A
- | — S il
SR g Ni/Co/Cu/Fe £ 4
FEL e A P ﬁLi/Mmixl e S
A '
L i” ,1 +
o ' - 1, s "
R LB Hi AEERE
— a - ‘) ST 55

KFRFEEETE - “ .
S S —y —_— —_—
i
TR IIE SR R e/
IR B e

- Wi RS
K iR A

E1 ERNERETIZREARETIZURNE-EZREIZNEFRE
Fig. 1 Specific flowcharts of traditional pyrometallurgy, hydrometallurgy, and pyrometallurgy-hydrometallurgy

combined processes

N PR E — A, A AR TG = F ) T
)52 IH S AL Tt T ST A B 1) <3 Jas (A 1) < A e
FA W R A ALy T A B AE T
UL — Bl A% U i A G R, e IR A
BB BA R E AL SR A vk RE IE AR A4
BHRTIR o XA IBERFEERRL” 1R 1] 45 iR
W, o [l SCRE 2% A9 & AR T 2 HL A R A M (E Y
et FL AT RE, MARAS b 52 T [l icad e i) 22 5 1
FIATHFLEE, S 52 B0 ) o it 4 A i A 30 0 ¢ 1
PERFRAE T AR S g™,

SR — m fE A HARR CHEAE T4 R TH S A
T IEAR A A RGBS VR D 5 S AR A AT AR 11
JEORE, BT A8 25 8 4 ol < TR A9 B0 85 5 45
AR R AR O R R ], 32 B
EALBOAR BRI R LDk | 855 PRk I e —
BEIIE o AR IO AL AT A G R A TR i, 2
A EAL T R A SRR o PR, R TH PR R i A R
TALTAL B H AR s i RO AR O E L

1 EIRERBHAESHENHNERRIHIRE

11 KIEsERMHTLEDE

Ak B2 I TH PR H i [l fieaed 7 P A B 2D
TR, LA DR 5 S e 1022 A DA K i v B AR i
RO TEAR Y BAL BRAL R O L PR L IE R
SRR RIS A 5P T AR 98 ) 1 3 88 S 2D B

HAZ O AL

(1) JZ 1H B 2 H yth 28 42l F : 3i 2 R 7 Tk
(NaC1® | MnSO,™) 1230 . {3 ¥ v (W %) ki J
AL B R B A L, BRAER 1 AR O RS o

(2) FF i 5 Ml 1. R 0 B 7 16 HL St b5
1E TR R B RS 181 0 15 5 sl AR AR M AR B0 R
B3 R LY, S5 A T A EIE L TR i RN
OYVESY B4 Jm AR SRR BRI R b 4

(3) HE A IE AR A k) 5« 0 v TR B4 (300 ~
600 °C)™, 556 (NaOH)* | A HLE I (NMP) 7 5
sk R, A me ™) R B s vE A S
TE AR AL L, il DA S B AR A R 4 R S
R,

(4) HLfife Ji T 3 AR b B R TR IR - CO, ZEHL
oY L2 P [ WA ML TR i v 79, 0 A B AR
(HF, PFs) 4 ™",

AL T 2 e BT AERCR . A SR 2
(] A7, AR iU TR 2= T
Jroek it T 5 2 K P 4T, Tk R IR LA
SRR TR 3 35 R B SRy A 118 BT Ak B R
A 5% 7 o) W ) T % SEAIR AR AE . BE /D ks
AR R R
1.2 AMeREiEHERE

AP 2 J5, 38 H R 7 0K IE AR B R
SRl S S e o A e Al = R AN oy i N



WRT34F  JRIA = OuH L ARt b 4 s 13 o s (L AL A 9 83

(K 2). HAT, AMa w2 3 h g
BURR IS H 1 B €0 390 B 1 11 2 SR e,

TEAR AR/ ok

o —

I
I
I
I
I
I
1
I
1
1
1

S

(B, 4IRS, BRI )

2 BFASIZRER
Fig. 2 Schematic of the hydrometallurgical

process for spent LIBs
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LiFePQO, cathode materials using a FeCl, selective leaching—spray pyrolysis process
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