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Abstract: With the rapid expansion of the electric vehicle industry, the quantity of spent lithium-ion
batteries has witnessed a sharp increase, which underscores the significance of recycling and reutilizing
spent graphite anodes for sustainable development. Although spent graphite retains a relatively stable
layered framework after cycling, it also exhibits structural defects, residual electrolyte components, and
other surface contaminants. These issues limit its direct reuse in new batteries but create opportunities
for targeted regeneration and functional transformation. This review provides a comprehensive
overview of recent advances in the repair, regeneration, and functional utilization of graphite anodes
from spent lithium-ion batteries. Repair and regeneration aim to restore the electrochemical activity of

degraded graphite by removing impurities, repairing structural defects, and reconstructing the electrode-
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electrolyte interface. Low-to-medium-temperature graphitization, enabled by the introduction of
transition metal catalysts that reduce the migration energy barrier of carbon atoms, allows the
graphitization process to proceed at lower temperatures and with reduced energy consumption. Surface
treatments focus on constructing protective coatings on damaged graphite surfaces to cover defect
regions, improve structural integrity, and stabilize the electrode-electrolyte interface, thereby
suppressing undesired side reactions. Rapid heating treatments, such as microwave irradiation and Joule
heating, generate localized high temperatures within seconds, enabling efficient removal of surface
residues and repair of near-surface defects in an energy-saving and environmentally friendly manner.
Functional utilization leverages the intrinsic defects, porous structures, and the ability of spent graphite
to incorporate heteroatoms or metals. By tailoring surface morphology and introducing functional
elements, spent graphite can be converted into advanced functional materials for diverse applications.
Defect sites and residual heteroatoms can serve as catalytic centers for electrocatalysis and pollutant
degradation, while the engineered porous structures and surface functional groups enhance the
adsorption of heavy metals and organic contaminants in aqueous environments. Furthermore, strategies
such as defect engineering, heteroatom doping, and composite formation enhance ionic transport and
capacitive performance, facilitating the development of porous carbons, doped graphene, and graphite-
based composites for supercapacitors as well as sodium-ion and potassium-ion batteries. From an
environmental and economic perspective, graphite regeneration and utilization provide distinct
advantages over conventional recycling methods. Repair and regeneration reduce greenhouse gas
emissions and minimize secondary pollution, while functional utilization mitigates waste and generates
economic value by producing functional materials with ecological benefits. Despite notable progress,
large-scale recycling of spent graphite remains challenging due to high energy consumption, complex
processing steps, and the limited availability of efficient, scalable technologies. In addition, the diversity
of waste sources complicates the establishment of standardized pretreatment and regeneration
procedures. Future research should focus on developing intelligent and universal recycling technologies,
along with the construction of integrated closed- and open-loop pathways, to achieve resource-efficient,
environmentally compatible, and value-added reutilization of spent graphite. The coordinated
implementation of these strategies is expected to enhance efficiency, reduce costs, and maximize the
resource potential of spent graphite, thereby supporting a sustainable and circular lithium-ion battery
industry.

Keywords: Spent lithium-ion batteries; Graphite; Regeneration; Repair; Functional materials
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Fig. 1 Mechanism of graphitization-based repair of spent graphite and its electrochemical performance
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Fig.2 Mechanism of surface-defect repair of spent graphite and its electrochemical performance
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Fig. 3 Mechanism of rapid heating treatment of spent graphite and its electrochemical performance
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Table 1 Different regeneration techniques and their effects on the electrochemical performance recovery of graphite
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Fig. 4 Schematic illustration of spent-graphite-based catalytic materials and their electrochemical performance

4 JR RN (ORR) ik 7 I, 5% 42 )@ PU/C
ARk R AR L v 0 P, (L g AR IR o) L R A 7
Mo @i e 78454 8, nE % IH A 5
R IR B4 Rk ORR i {3 . HU 451
K H Hummers 72264 J& 1H A1 8255 40 N AL A 5206
(GO), & A . A4 K Mn 94K ok 7 2% 5 3K
% Mn/NS-rGO 1 1 71 . f## 1k 5 F #£ 0.1 mol/L
KOH Hift i 22 B 1.01 V Y ORR 44 H 37 Al
0.87 V Hy2Fik HLA7, 33T 20% Pt/C HEALFI 7K SE .
2233 5000 YK CV G35, HE DA R 8 mV,
KL A2 E M. A Mn/NS-rGO900
Shy BF R AR A 700 1 [ 265 R 2 A< L S, W ) SR % T
IAF] 103.8 mW/em?, 1] g 52 b L T35 5 ik e (4] 4
(b) (). BEJIGO %" ff GO 5575 11 & pu e
(HMT) IR &5 1R K, il A B2 £ (NG), Bk
NGB D E RN BT T AR L
WtE . BRI R, Z U EAE A ORR & HiL A7
8

FEAR T 0.04 eV, 7£ 1 mol/L KOH MLk, &
700 °C i kAL BRAGFE S (NGT) 2B fefd: /9 ORR
PERE, IR 0 F A7 5 2 i A4 A ) 0.915 V
F10.840 V. 1AM, NG7 i H 44 5 00 B S8 % g
(OER) M, 75 10 mA/em” HL A5 B Ayt HaL 37 4Y
410 mV(E 4(d) (e)) o FEFEMBHHEZ SR
IR T 2285 BE IR B 120 mW/em’, #83: PY/C HLBY .

B HL A= A A A, T4 SR A 5 K A H
FEHH S T, TSP YS Yy ) v Ak e i O
PR EE 4, PENG %55 3 3o R R 25 4 1B e
(AW-CT) Kb, K5 15 1H A7 8857 Ak SR 28 STt 1k 571
(TRGPsyicr) , T RE A B 7K o (078 #LT5 G ) WL
M ACBPA) . HIFF iR H R H 50k 0.122 45 min
SR AT SRR 2.3 A%, FTAE 1 h SEEE 99.8% 1 25
B, IFAE 30 d NORFFHEIE 100% 1 B fif 250 %
A=A IR (LCA) R, P4 A 8B A0 2 BR AR 1%
W (GWP) 5 i A BB RRAR L 20%, IR K A EE



PE 54k BORHE A& 73 501 B2 50% 5 44%, 7]
[ R S B B JE G PR R 505 e msan B, dE—2
B4 E b B cuo H 5 A B E A, kS
CuO/C LTI (AM), Z A FF AT i 2505 Ah i B iR
B(PMS), H TR % 1] B(RhB) 454 L5 4
PP, CuO M 3 1k L, il 3 Cu(TD) 5 PMS
Z 18] B 22 S B A Cu( y/Cu( 1) B3R, Figk ™=
Az ELAG 0 S AR R 9 05 MR S Bl (ROS) , DTG L 322
AR5 YY) . 1E c(AM)=0.3 g/L, c(PMS)=
0.5 mmol/L. pH=3.48 M e fE s b 2 1F T, ik &R
TE 13 min N B ] 5¢ 4 [% % RhB, JF7€ 30 min N X}
FH A28 15 DU 2 28 S5 X R Aot T e DR A 90% 1Y
FBRAR L A, A AR A i AR O T R IR P 4l
Ab B, TR R P R G R AE S TR, R
ST BT 95% MR [, i 35 kb T 9%
JRIAE . S5 CuO/C ALFIAH L, AM il % A%
AT REARLY 87%, i A am il 2K 2 3 A5 LA b, {A
B R B SR B T FE LM . SONG 251
Hil 5 2 FL AT BB AL (PMG) A EE AL S
A FLE5AE, W B RE 5 B T AR B B R T
PMG 1) Z FLE5 R BT T A Ak 700 % DU 20 26 h e 4k
(TC) AW Bt 75 8, i H R TH 5% B3 19 Cu., Fe, Co %
4 J& 2% O AT B[] 54k HL,0, 7 42 ROS, 52 BH Xt
TC 1Y 2R AL B i . 72 PMG/H,O, 1K R 1, TC
FE 2 min P9 2 BR BRI AT IR E] 98.3%, W25 & ik
F| 495 mg/g, &R A BN S 5L L. BEAb, %4
PRFNTE R 5 1) pH i BBl RO Rl K AR 45 F T 6k
Rt S A R e R BE, R PR 2% HH A IR B SE 1
faE k.
2.2 WRBRHFAY

EIHA S B 2 L850, BA G & 484
JoT 5 AR PE B RB A, X SRR (L B A A R R B
FCHF TR R B A R s L FEAE BT B
B BE 8 1 22 L2548 SE X5 Y 40 1) ) B A
A, I RBMK S R T RE S 4 e TS A S kA
T2 48 5 L TR BFE S I IRI ML A, DT 15 28 2 Bk 7K
W ESE . AR AT AE R E 25 ).

i 3 MU TG ALK % 1H 7 58 5 KMInO, Bir[] b
B, W] 414 1 JC B MnO, 1R 10 A B ALY
(AMO@GO), 1T Cu® . Pb*", Cd™" % 4R E
TP LR FR P, AMO £ A4 Y MnO,(OH)
507 BB R A R RE T A5 K R R cu®
Pb” Al Cd™ T8 Wi da & 1, RN, AMO@GO 1
2245 4 VO) 3 3o LR 6 FH 384 50 5 e 3 R )

(I8l 5(a)) . Langmuir W FiE AR5 R B], AMO@
GO Xf Cu™', Pb™", Cd™ ) 5 W B 2 8 43 391 ik 5|
233.99. 353.13, 257.95 mg/g, 2 [F] 25 1 58 KL% Fff
FI 2~8 135

LR 25 5 P R B B R AT i — 250 R 10 A 55
BEAL I BEA AT B4R (FG) A0K Fr, 1T 8 4
J&(Pb™) | Jeklsr T (IF /P 3L 3 MB, H 2E# MO)
i 2 (B R ENRO) ™, FG 25 1f (1 B fof
SyAT R pH A5 Ak, PR X PH S 78 5 [ s - A i e
WY R RAF R . FERMERMET, FG 5k
W b5 B 25 5 Ykt MO, ZEBRPE 451, W% Pb™"
A MB B B E AR A . BEAh, FG Kim A &
AUE R W 515 YL I e M G L R
i, g — AR T W PERE . FG X ENRO. MB,
MO LK Pb” 1 22 B R 43 51535 5 99.95% ., 98.93% .
95.82% F1 95.56%, I+ HAF pH hy 3~11 75 [l ] #4147
Fr s 0 % (1 5(b) ) . HOU 2859 D) 5k
= T PR 1H A7 88 TR AAK, JF & T BTSN &R
B2 0 51 B4R Fe(OH), /A1 52 (SFG) WU A5, M
i, ST X Cu” 3 £ Bk . 7F Fe(OH)y/—SH
WU 145 K R, Fe(OH), i 1 B 1 52 #e/FE FH 45 &
Cu”", —SH & A1 W38 1 5 5 7 ) Cu” 32 it it 7,
T WAR RE A A0, DA i 28 448 55 k=7 W B 76
(8 5(c)) . £ 0.01 mol/L HCI B it b B , % W%
B TR AE T L 5 URAIE PR A AT LR 0 v 1 R o 2k
R R R S R e e SRR R E Tk
2.3 fERERHY

B I A 854 5 A& P2 RE R 5005
(RS, 2l Y e A B, n]EE AR R i BE
SGRER L, QA FLBR AL BB 5 . X AR
PRER T A0 S S a5 Re v, e n
SRR 5 24 R B 4t — 0 T L L SR LR
HLAL AT PR S AL G AR H, 3R TR IR
A1 55 WA RE AT BHEAT ARG . P58 A B Ao il ]
PRI, FF A R O RB IR AR K R ZR .

NATARAJAN %" I Hummers ¥ il % GO,
FER AR 76 0 T HE 2 1 5 U B A, R JUAR
A 85475 (rGO) , 1 Ry i 9% H 75 2 S AR A4 L (& 6
(a)). rGO HeHE R 5 = Tk, H L4850
WK E TP B TR IE . 412%€ 1) MnCo,0./
rGO A XF R 5 4% (ASC) HA 1.8 VIS
JE B 1, 75 450 W/kg L) 3% BN 1Y g 1t % 16
£ 23.9 W-h/kg, Bl 7£ 9 000 W/kg 175 RE 14 +F
10.3 W-h/kg [ BE 12 % B, HL7F 8 000 WK 1E 3 5 {7

9



i’t T MnO,

- e
x,ief"** SR s

(—CO0"),M>*

(—CO )M*(—CO00") J \_‘ y

°Mn @ Lc o

Pas %
| 2H |
(a) AMO@GOXFCu?-
140
Bl R [ ra
120 | B2 R2 B r5
B R
100 | 9 %
S g | AR g
1.
b :§ < @ -1 #
RGN R NN
X B B o
aE N dENE
~RERH AR AR
1E 1810
o LIS £ 5% A 2t

ENRO MB MO Pb*

(b) FGXTENRO. MB. MO A Pb [/ B 16 4 14 g5

. M: Cu Pb Cd

= [MnO,(0)* IM?*

Pb> . Cd> 1 i A7 = J] s

120
100 +
Q@  JSULHE
~ 80} —— ) R
e ——— TR
£ 60 —
e :
= .
= 40t S ¥ . =
H - R>=0.8453 R=0.999 4
20 I P R
0 200 400 600 0 400 800 1200
_______ WEmin _____ Wmin
0

0 2(‘)0 4(‘)0 6(‘)0 8(‘)0 1 (;00 1 2‘00
i 1] /min
(o) KRHUHE— LB Sy #EA e —Ra J1 A&
TRIWR Bt 31y 7 2 it 2500

B 5 KA SERMEIES R R R I

Fig.5 Pollutant adsorption mechanisms and performance of spent-graphite-based adsorption materials
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Fig. 6 Fabrication process of spent-graphite-based energy-storage materials and evaluation of their electrochemical

performance
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Table 2 Methods and performance of functional material regeneration from spent graphite
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