Vol. 53, No. 8
August, 2025

53 B M BB % W
2025 4 8 A JOURNAL OF THE CHINESE CERAMIC SOCIETY

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240815

o i

JR HA S Lt IEAR AR5 SR A 20 B RIF STk F

Xz TR, EFFL EARL F L B BL B OA!
1. R REREIN T SAEM TR, Kb 410083; 2. I AEREAERAR, 74 &Yl 518000)

8 E. WG EMMERE L ER R R, BT HI(LIBS) 7 BRI R R R K. ZBRT LIBs A BRI H %
i, AEARSKRSAN AT Gkt A KB E IH LIBs. HAT, JRIH LIBs fIRIWST7 12 £ 250 Ao SR A RHME R 2 28 ik
WRAR ST i, R IR LIBs IERRIETER RS 40 fE AR T 70 252 BHIRAL Bl R SC B A 5 2 — o X IEARA R B RS H#E 73 BS AN AT LA
SRR R, T BRI & B, (RIEIR IR LIBs IEARM RIS SRR o A SR T IEBARL 5 8R4 1)

LAV B TE, o TIEIHERR A S AR, PR ARRETRE, BAENKIH LIBs IEHADRH & A S

2%,

KA RIHEE P, ERMEL B 58
FESHEES: TMI12; X705  EKFRERD: A
4% R EiE] : 2025-03-26

RN TR RIF ST B R R,
T ERRBR I A PA 55 A G B0 v e U DAY D A
REVR A FEAR -2, H AT, B ra it (L1Bs) R e
BEERE. BRCERME. TERER. LidlZ8y
LA, THZ N RENAE TR L i
RESEAT VBT, A B 37 e U ZE A 3 ) 2 r it
L3 LIBs &M T Sh, LLEhH LIBs A%
(1387 BRIV ZE I8 A0 BRI IR R -8, 4,
2020 AE3R ELHT REIRIR 25 77 /o 537 Jit, BEE Ik
AN W7 - 2 R A 2 508 8 e VR R 7 SR T i, 2023
O, R T R IR IR AR A B 958.7 FI AR AR,
LIBs fE& KB 78 B ERA S5, BT Litfdi
FEATHL AL R S R 5 80 B 3 IR A BRI 55
M HEN R HAEL, ARSE S RIAN R, LIBs HE
F7fmiE T N 5~8 4L, B LIBs P& A HE A
Wi, SEAMIEEIH LIBs 77 i B4 KRt e,
1 2021 PR IH LIBs [EE 18 [Al e &5t =ik 59.1 /i t,
F| 2030 4, Wk RiHR 74 1100 55t BEEIH
LIBs(o-111,

LIBs =W AT IR GRpTRE . B
FAAR 5 # i, o, IEMRAPRLE & Lis

Wik Bl 2024-12-23. BITHY: 2025-02-02.

HEETH: ExRERREEETE (52374290); H KB IS0 &I
(2023CXQD009).

H—{EF: CEMe9s ), B, HLwisik.

WS B #ese ), B, i+, iR

XEHRS: 0454-5648(2025)08-2133-15

Ni. Co SFmHAMEETE, A L LIBs B4
f) 45%~50%, J&ueiE LIBs 1 Rg i ek 410, 3y
Brie LIBs firH I IESGEPERELLL LiCoO(LCO).
LiMnO2(LMO). LiFePO4(LFP). LiNixCoyMni_x,O2
(NCM)ZE N 4191 SRR B R IH LIBs H & K&
Li. Ni. Co. Mn. Cu. Al 5N &E%EE, L4
J& Bl R AR AR, BT SR IR
Ab, JEIH LIBs Fik & A K& 1 & wA A (R
FFHLEF)), REHHEENE R 5k, — Bt
Vg2 Y YR AN G T AR (g BRSO, R, X
JEIH LIBs 1A R BIWCAMY A BT Dk 22 i wes 4 s %
Vs, T AR ORI EREE, (R HEH REVR L AT
e RE.

AT, % IEARAA B e 2% RTSOR 2 TH LIBs B IR
PEIA R IR AL . SR IE A AR RN T2
BFEE M & BRI B A E -2, G R
Je e BT IH LIBs AT AL EE, AL IR AL HE
HFAR. TR . TEMEM R SRR B, HE
B H RN AR VA RS 88 AR IR AR S5 AL 2H 4y
SEIEER, AMEEIRN T 2K B
J& W E MRS PE M RLE SR BE W 2, R

Received date: 2024-12-23. Revised date: 2025-02-02.

First author: WEN Yunpeng (1998-), male, Doctoral Candidate.
E-mail: wenyp1998@126.com

Correspondent author: YANG Yue (1986-), male, Ph.D., Professor.
E-mail: yangyuel8@csu.edu.cn; eric1911@126.com



- 2134 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(8): 2133-2147

2025 4

e B T LML S W SR B, A O IE AR
MM EORNZ, H T 200 RS VEA RS SRk
E. ERITRIR M. WRAR SRS YR
W4, HEEE T 2RMIENGEER RS SRR 7Y
B, AR EEE RIS ERER T, il
[ A 2525261, e ERVELT, IR B8, Hiqg s
SEINEX VAR AL A M R EAT IR R, SRR
IHIERREVEA R B AR . JE 1R A L WA el
WL Z, #ERIH LIBs TALE 7> B, 19 2120
AR VAR R BEAT v R R ) e R A 1290, AR
1M, FEWAEHE D BT, FasH AR S BULR
TEVER RS AT 7 B R XA 6w PRI T
2 ETEM SR E A e 4 B = R EUE AR
DA BT, BRI AR . T4k, IRAE R
FH R B 2% I 2 X6 S 24 PR 08 KA e 38
Il [ARE, EEIRBE T EN, IERGETER R T
AR R E e R B AR A E SRR R
FNFEBL, A, FERSCHTH IR E YA RS R
SEARHEAT 7 B R RSO B AR
ARICE SR LIBs IEARA RS Ea fE AR R A

eIt Lt AT T A B d . A, XWIER
; ; Groove
Aluminum foil

Surface patterns
creation

==

oy

Porous polymer separator

. 458
Detailed &%
view &=

— — -
i

Diffusion/
penetrating

Mechanical
interlocking

__________________________

(b) Solvent-diffusion and curing steps?®!
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(c) Intermolecular forces and chemical bonding!®!
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Fig. 1 Schematic diagram of the mechanism of PVDF binding with cathode active material and Al foil
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Table 1 Summary of physical technologies for separation of cathode active materials from current collector in recycling

process
. . Follow-up
Process Samples Pretreatment Experimental conditions . Products Ref.
processing
Crushing  Whole batteries Discharged Discharged LIBs were crushed using dry and  Sieving and flotation Cathode active materials/ [41]
and sorting wet crusher graphite/ Al
Whole batteries Discharged Discharged LIBs were crushed using blade Sieving Mix black mass/Al [42]

rotors crusher and hammer crusher

Cathode/anode  Discharged/
dismantled

The discharged LIBs were crushed using an Sieving

LiCoO,/graphite particles/Al  [43]

impact crusher with a rotational speed of

3000 rad/min and a crushing time of 20 s

Grind Cathode/anode  The cathodes
were cut
into small pieces

Cathode Discharged/

dismantled hammer mill
Cathode Discharged/

dismantled from Al foils

Cathode pieces  The cathodes

were cut into small cryogenic grinding for 30 s

pieces

Electrode sheets were ball-ground to =75 um  Sieving

The discharged LIBs were comminuted in a Sieving

Cathodes were ball-milled and liberated Sieving

Low temperature pretreatment for 5 min and Sieving

Cathode active materials/ [44]
graphite/Al

Cathode active materials/Al  [45]

Cathode active materials/Al  [46]

Cathode active materials/Al  [47]
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(a) SEM images of crushing products*!
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(c) Products obtained after crushing and ultrasonict*®!
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(d) Schematic diagram of low-temperature grinding™”
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Fig. 2 Schematic diagram of separation of cathode material and Al foil by physical method
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Fig. 3 Schematic diagram of separation system, mechanism and products by thermal treatment method
F2 EREMMESHREIBENALIEELTZ
Table 2 Summary of thermochemical processes for separation of cathode materials and Al foil
Process Samples Atmosphere/system Reaction conditions Separation Products Ref.
performance
Calcination/ NCM Air 400 C,2h 88.60% NCM cathode active materials/Al [53]
pyronS|s NCM N, 600 ‘C, 15 min 100% Li(Ni1/3Co1,3Mn1,3)02/C/AI [54]
LFP Air 550 °C, 2h 99.64% Li3FEz(PO4)3/F8203/A| [56]
LFP Air 450 C 98.93% Li3FEz(PO4)3/F8203/A| [57]
Cathode N, 450 °C, 60 min 98.35% Li(Ni1/3C01/3Mnl/g)OZ/LigFEZ(PO4)3/ [58]
mixture Fe,03/LiMn,04/Al
LFP/ Air 300 C 97.1% LiC00,/C0304/LisMnsO12/ [59]
LCO/ Li0.9Nip5C0050,/Al
NCM
Fused salt LCO AICl3-NaCl 160 °C, 20 min 99.8% Cathode active material/Al [61]
LFP/ LiCI-LiNOs-LiOH 260 °C, 30 min 98.3% Cathode active material/Al [62]
Lco/
NCM
NCM LiNO3-LiOH- H,0-Li,CO3 300 °C, 15 min 99.98% Cathode active material/Al [63]

NCM is LiNixCoyMny_xyO,. LFP is LiFePO,4. LCO is LiCoO,.

IRERAGCENE A AR ) SRR PP L ML & AUE S BT BRI R
mrs ARG, BB FTIEIAAI A A 35064, o BEAh, I 1] A i 2 5 BU 2 A X
SR, Sl AL, R ERRAE R Tk AE WA AR 2RI B JE Ak B O AR
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Table 3  Solvent processes for separation of cathode materials and Al foil

System solvent ~ Samples Solvent Reaction conditions Efficiency Products Ref.
Organic solvents LCO NMP 80°C,1h 100% Al foil, C, LiCoO, [67]
NCM DMAC 60 C, 85 min 100% Al foil, C, LiMny/3Niy;3C0130, [68]
LCO DMF 60 C,2h 100% Al foil, C, LiCoO, [69]
NCM  Ethylene glycol S/L ratio = 1:10, 160 'C, 6 s 100% Al foil, C, PVDF, LiNigsMno3C0020,  [70]
NCM  Glycerin 200 °C, 350 r/min, 15 min 95% Al foil, C, PVDF, LiNigsMno3C0020,  [71]
NCM  Cyrene S/L ratio =500 g/L, 100 °C, 1 h 100% Al foil, C, PVDF, LiNigsMno2C0020,  [72]
Cathode Dimethyl isosorbide  S/L ratio = 1:40 g/mL, 150 ‘C,5h 100% Al foil, cathode materials [73]
electrode
mixture
NCM  Phytic acid S/L=1/20 g/mL, 25 ‘C, 5 min 99.9% Al foil, cathode materials [74]
Alkaline solution LCO NaOH solution L/S=7/1 mL/g, 90 °C, 2 h 100%  cathode materials, C [75]
Fenton LFP 0.2% H,0, system 25 °C 400 r/min, 4 min, S/L: 14.2 99.6%  Cathode materials, Al foil, C [76]
LFP  H,0, system Ultrasonic power:100 W, 20 min, 50 'C 97%  Cathode materials, Al foil, C [77]
IL/DES LCO  1-Butyl-3-methyl- 300 r/min, 180 °C, 25 min 99% Al foil, C, PVDF, LiCoO, [78]
imidazolium-
tetrafluoroborate
NCM  ChCI- Glycerin 190 °C, 15 min 99.86% Al foil, C, PVDF, Li(NiCoMn)y30, [79]
LFP Potassium carbonate- S/L mass ratio = 1:20-25, 100 “C, 20 min 99.3% Al foil, C, PVDF, LiFePO, [80]
ethylene glycol
NCM  Methanol-citric acid 45 °C, 15 min 99.5% Al foil, C, Li(NiCoMn)130, [81]
Supercritical fluid LCO Supercritical CO, 38 °C, 15 min, 10 MPa 98.86% Al foil, C, Li(NiCoMn)y30, [82]
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(c) Separated cathode active materlal and Al foil ®
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Fig. 4 Products and mechanisms for separation cathode materials and aluminium foils in different solvent systems
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Fig. 6 Schematic diagram of electrochemical system to separate cathode material and collector mechanism and products
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Extended Abstract

With the rapid development of portable electronic devices and electric vehicles, the production and demand of lithium-ion
batteries (LIBs) have increased exponentially. Due to the limited life of LIBs, a huge amount of spent LIBs will inevitably be
produced in the next 10~20 years. Efficient and clean recovery of spent LIBs is significant for resource recycling and environmental
protection. In the recovery process, the cathode active material containing valuable metals must be separated efficiently from the Al
foil collector. This procedure is a crucial link to reduce the difficulty of subsequent metal extraction and to achieve resource recovery.
However, the organic binder polyvinylidene fluoride (PVDF), due to its strong adhesion and stability, has become a critical factor
hindering the separation of cathode active materials. Currently, the methods for separating cathode active materials from Al foils can
be classified into physical, thermal treatment, solvent dissolution, and electrochemical methods. The physical methods include
mechanical crushing and grinding. The active materials separate when the cathode is exposed to mechanical forces in a shredder or
impact/shear crusher. However, using mechanical crushing or conventional grinding methods are difficult to remove the organic
binders on the active material surface only by mechanical force.

Depending on the difference in thermal stability of the PVDF, Al foil and the active material, melting or degrading the PVDF
binder on the surface of the cathode material can be used to separate the cathode active material. Direct calcination of PVDF is prone
to pollutant emissions, and the pyrolysis process using a fully enclosed environment allows for better control and treatment of
pollutant gases. Meanwhile, alkaline calcium oxide can accelerate the catalytic degradation of PVDF and enable the in-situ capture of
inorganic fluoride. Apart from direct calcination / pyrolysis, new technology, such as molten salt-mediated treatment, can achieve the
melting or degradation of PVDF in solid thermal media, detaching the cathode material from the Al foil and preventing the release of
fluoride.

Traditional strong polar organic solvents such as NMP, DMF, etc. can dissolve the binder by using the principle of similar
solubility. However, the volatility and toxicity of these solvents are important obstacles to large-scale applications. The exploitation of
organic solvents such as ethylene glycol and triethyl phosphate is expected to enable the replacement of highly volatile organic
solvents. In addition, ionic liquids and deep eutectic solvents, as the new generation of green solvents, have shown potential for
application in the separation of cathode materials. In addition to organic solvents, alkaline dissolution, oxidation by Fenton's reagent
and electrochemical methods as representative of aqueous systems provide diverse options for the separation of cathode materials.

Summary and prospects In summary, the current separation of spent LIBs cathode materials from the collector has made
remarkable progress. In terms of overall effect, the current separation methods have successfully separated the cathode material from
the collector Al foil, and the basic principles and process methods have been well investigated. However, analysis from a partial point
of view, there are still some problems that need to be solved for different separation methods in terms of environment, economy and
scale of use. Although the physical method has been widely used in industrial practice, problems such as low separation accuracy
remain. The separation effect can be improved by the combined use of heat treatment method and physical method, i.e., the binder is
removed by pyrolysis followed by crushing and sorting. This method achieves the separation of active materials from metal foils and
substantially reduces the content of metal impurities in the active materials. However, this method is still difficult to achieve
high-precision separation, and the development of more efficient physical separation methods and processes is still an important
direction for future research. Compared with the physical method, the chemical method separates with higher precision. However,
traditional chemical separation of active materials mostly uses toxic or volatile substances, with a high risk of secondary pollution.
Fenton oxidation and supercritical fluid are green and environmentally friendly, but the high cost makes it difficult to industrialize and
promote the application. The development of green, safe and low-cost solvents to achieve economic and efficient separation of active
materials is another important direction that needs attention in the future.

Keywords spent lithium-ion battery; cathode material; polyvinylidene fluoride; separation





