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Abstract: With the rapid expansion of the electric vehicle industry, the volume of spent lithium-ion
batteries (LIBs) has witnessed a sharp increase, underscoring the significance of recycling and
reutilizing spent graphite anodes for sustainable development. Although spent graphite retains a
relatively stable layered framework after cycling, it exhibits structural defects, residual electrolyte

components, and surface contaminants. These issues limit its direct reuse in new batteries but create
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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 LIBs. Repair and regeneration aim to restore the electrochemical activity of
degraded graphite by removing impurities, repairing structural defects, and reconstructing the electrode-
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 occur at lower temperatures and with reduced energy consumption. Surface
treatments focus on constructing protective coatings on damaged graphite 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.
Specifically, 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.
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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
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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

PR R & T IRERT R

253k

(Way

7 e

ORR i H1{370.87 V vs. RHE; 4725 5 iy ii%

Mn/NS-rGOHLAEALHH, 11k s < itk

Hummersi% , & iiE &

DI HE103.8 mW/em®, | mA/em” T E4E [47]

ORR/EAL
fiEfe s JH139.8 h
L L 1
BPARESR %% 410,166 min ', SIRAEIF R
TRGP . cr25F AL, B 15
B R ‘ awscrEFentonffifL 7] sk b5 %5000 4JRFEHRIE: Ni. Cu. Mn. Col [50]
ey
KF99.65%
R 254 . Cu’ 233.99 mg/g. Pb™ 353.13
_ - mg/g. Cd™ 257.95 mg/g; SUKIRIFIG, WLBH%
BRI 1% JBff 551 R {\IJ "
LR M2 2R AMO@GOWMIF, FEAITAIE o (oot o e 154
80.23%
W2 B4 46}
MB: W3k #98.93% , %4119.30 mg/g;
. N A SIS, Bkl BT MO: WK 95.82% ., #514825.67 mg/g;
ek Ao ) N e [55]
HRLEEE ENRO: WEH{3%499.95% . %5 HF 21.21 mg/g;
Pb™: WEBHS3R95.56% . %51k86.10 mg/g
TAEHEL8 V; 450 Wikg T AE R AF23.9
S LG, AEMCONGO AT Wff‘r I, mooi;“fir;t .
ummersy . ; S LR o
I G g “e R, FERN [59]
94.4%
BERERAAL SrL: 10 CTFIEER2 0000, 2R
. 75%, FEARRIER99.8%; 4xHi: 2Pk C
B TR ARG R, TR - - [62]

TR 150K, FEBRFR 80%, WE(HIIRE
FE1 142 Wikg

3 REgE5REE

W BT RE URIR A5 )7l o DRl i e, IR ST
TR AR BRI AN, A SR A O B R T R M B
B AZ R, e 2k DI 5 (B A T 2 A
S B L ) AR T 27 1) . AR SCRGELR
B TR AR S D REA MG R A X B R A R
B S AROR B . B AR BOR EEE XA
SRR OE PR o 1 IR SET BE R, A 5T is e K
LERG BRI A5 1] L, 3 i A SR AP AR | T b P PR
AL BEAET By, KA A AR PR R, (T E R
TR R b ot . Horh, 1 SRl AR R
ARBUE S ARG, (BT ZREAER R, ik A 52
P B AT AR A S8 AT, (E J0A7 A < J B B A XL
B o 2 ThT Ak B R A B A1 L REAB 2 3R i sk
(L7 i P RE A2 R IR 2R B R Ab BT 255 IR 3R 52 )
PRIFPAE BEEAT S RERI I EY Hik S T2
P B SR s, H A AE LS BB B . DhRE
FARHC AR AN T8 50 1] FH IR TH A 28 1Y) 35 181 Ry
5 2 LA REE, R I A AL AR . R BE

TS i RERERL A i BRI E ™ 9, 3058 T IR I A7 25
MBTRALIR AR . ARIMTIZIEAR T M P,
Hr= ah PERE S) 32 2 2% Bk B 5 45 I A AR R R
i, Xk SRS AL PREOR B o A, 5 R
PR [l Wi s A A B, o A P A AR Y T 3 75 5K
XA, E—E R B2 1 b Ak Re .

MRS TR 1 R, R IH A0 88 1) P A
AL REDCHE Ty i Ay 2 0 B AR E
AT A B T A HH PR A P AT R A S
LR 5 A5 T M, AN UREA AU IR RERE, i
REDE /D CO, MR UARHEL, FE 0T S MUK i
TR g mil A S SRk T2 Ak, ThREd
BHEF AR DURIR R (4, #5 IR 1H A0 s 5%
L . R FNAEBERARL, [R5 52 B T BERAE 3R
S 0G6 8. BRI, B %4 88 PR SORTE
REAETE M | ¥5 YR -5 B2 IR I 25 07 I 00 T 15
GLTL, LR ORI SR A R RS T
CPIBEE S

S G E R TH A 8 Y E UG 3 R, B
A HARATI T 8 REFER = . T 2@ WA /2 B LA



+ 106 - (LR N T T

5540 B 1 4]

P2 BRAE A, i it — A A e N 5E3% . 165G, Al
TEAT R AESETSIAANTEESHLAG IR
ik, Wik T | B s R AR R
SCBLAL BRSO A A0S T, 455 IR SR AR
PRGN EFA AR T Y BE R e AL 5 e 45 F 1
ASHIL, DA T 7 R AR REAE A [T I, 0 R 47 7 A i)
Py PRASH 55 A2 R, LA 2 A [ 2 5
Ko HWK, IF R HAT )2 JROREE I A F 8 ] e i
PR, S ARMEAL A 7308 5 BAL BRAR 2, LIRS A
[vi) o 5 45 1R AR B2 1) B TH A s, ) N R 2R B AR
A E TG BR 2% T 20, 256 W 30 2 SRR b
UL 9l /A R Tl 1 P S B2 o e A L Bk S R RE Y
—Ak, FORARAT IR REAS E A AT SR, AL AL 1A=
PEQLIERL o f ), WA P BR 5 AR AR B IR
F8 A A 2, ARARR I T Ay 8 614 2K A58 B FA45 405 e
BESEAT /oAb B, A S5 e 8 | sl = A
£ 30 oo P B B A P A D e L 0 SR A R T 4
R 057 E | 4 O s A A R o AR A A AR
FAL Al . e B e BE A D BE AR, AT FEAIK [l
WA, e RALZE 5 (8 5 BRI A 28 il i A
Ty RS S 2R R, R IR A 2R
FHAESOAA B kil B e S AR5 10 &
Ji&, AL BB AT A ik A1 S BEIRUEL BRI TR 7, AR
AR AR FEL AT SR 10 BRI XU, 30 4 by Ay S o L 30
L5 ] Rk BE IR A 2R 4R 11 O B 1Y PR SCHEE 5 TR
TREE

£ Z L HR ( References ) :

(11 HEEET DL 2018 ERE T A FisirHl

[EB/OL]. (2019-01-14) [2025-08-20]. http://www.caam.org.
cn/search/con_5221202.html.
China Association of Automobile Manufacturers ( CAAM) .
Operation of China’s automobile industry in 2018 [EB/OL].
(2019-01-14) [2025-08-20]. http://www.caam.org.cn/search/
con_5221202.html.

2]  HERE T4 2024 4F 12 A {5 B & 4i 23 [EB/OL].

(2025-01-13) [2025-08-20]. http://www.caam.org.cn/chn/4/
cate_154/con_5236619.html.
China Association of Automobile Manufacturers ( CAAM) .
CAAM monthly information press conference, December
2024 [EB/OL]. (2025-01-13)[2025-08-20]. http://www.caam.
org.cn/chn/4/cate _154/con_5236619.html.

[3] HANISCH C, LOELLHOEFFEL T, DIEKMANNJ, et al.
Recycling of lithium-ion batteries: A novel method to sepa-
rate coating and foil of electrodes[J]. Journal of Cleaner
Production, 2015, 108: 301-311.

4] B 2023 AERER L)) b S 58 J7 RS )1

[10]

(1]

[12]

[13]

[14]

[15]

T L= Il INT. R H e, 2024-05-16(07).
ZHAO lJianguo. China's retired power batteries exceeded
580 000 tons in 2023, and the recycling industry is accelerat-
ing[N]. People's Daily, 2024-05-16(07).

SO R IREEMT——2030 4EHT A IR TR 4 fL A R 42
TF W 1 0F 4% ) 4% [EB/OL]. (2020-10-29) [2025-08-20].
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-
brief-20201029/.

Greenpeace. Extending resources: Circular economy poten-
tial of new energy vehicle batteries by 2030 — Research report
[EB/OL]. ( 2020-10-29) [2025-08-20]. https://www.green-
peace.org.cn/2020/10/29/ev-battery-media-brief-20201029/.
NATARAJAN S, RAO EDE S, BAJAJH C, et al. Envi-
ronmental benign synthesis of reduced graphene oxide (rGO)
from spent lithium-ion batteries (LIBs) graphite and its appli-
cation in supercapacitor[J]. Colloids and Surfaces A: Physic-
ochemical and Engineering Aspects, 2018, 543: 98-108.
OLIVETTI E A, CEDER G, GAUSTAD G G, et al
Lithium-ion battery supply chain considerations: Analysis of
potential bottlenecks in critical metals[J]. Joule, 2017,
1(2): 229-243.

SUROVTSEVA D, CROSSINE, PELLR, etal. Towarda
life cycle inventory for graphite production[J]. Journal of
Industrial Ecology, 2022, 26(3): 964-979.

CHEN lJie, LI Ruilan, DUAN Yongzhi, et al. Low-energy
and green in situ recycling of spent lithium-ion batteries to
achieve graphite regeneration and pre-lithiation[J]. Green
Chemistry, 2025, 27(32): 9724-9736.

NANDIKES G, GOSWAMI L, OH S, et al. Upcycling of
Li-ion battery recycling residues to graphene oxide: Life
cycle hotspots and production scale impacts[J]. ACS Sustain-
able Chemistry & Engineering, 2025, 13( 31)
12733-12744.

JI Yongsheng, ZHANG Hao, YANG Dan, et al. Regener-
ated graphite electrodes with reconstructed solid electrolyte
interface and enclosed active lithium toward >100% initial
coulombic efficiency[J]. Advanced Materials, 2024,
36(19): ¢2312548.

NATARAJAN S, ARAVINDAN V. An urgent call to spent
LIB recycling: Whys and wherefores for graphite
recovery[J]. Advanced Energy Materials, 2020, 10(37) :
2002238.

LIN Na, JIA Zhe, WANG Zhihui, et al. Understanding the
crack formation of graphite particles in cycled commercial
lithium-ion batteries by focused ion beam - scanning electron
microscopy[J]. Journal of Power Sources, 2017, 365:
235-239.

WANG Luning, MENAKATH A, HAN Fudong, et al.
Identifying the components of the solid-electrolyte interphase
in Li-ion batteries[J]. Nature Chemistry, 2019, 11(9) :
789-796.

GONG Shiwen, ZHAO Qiming, FAN Yuxin, et al


http://www.caam.org.cn/search/con_5221202.html
http://www.caam.org.cn/search/con_5221202.html
http://www.caam.org.cn/search/con_5221202.html
http://www.caam.org.cn/search/con_5221202.html
http://www.caam.org.cn/chn/4/cate_154/con_5236619.html
http://www.caam.org.cn/chn/4/cate_154/con_5236619.html
http://www.caam.org.cn/chn/4/cate_154/con_5236619.html
http://www.caam.org.cn/chn/4/cate_154/con_5236619.html
https://doi.org/10.1016/j.jclepro.2015.08.026
https://doi.org/10.1016/j.jclepro.2015.08.026
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://www.greenpeace.org.cn/2020/10/29/ev-battery-media-brief-20201029/
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1111/jiec.13234
https://doi.org/10.1111/jiec.13234
https://doi.org/10.1039/D5GC01277E
https://doi.org/10.1039/D5GC01277E
https://doi.org/10.1002/adma.202312548
https://doi.org/10.1002/aenm.202002238
https://doi.org/10.1016/j.jpowsour.2017.08.045
https://doi.org/10.1038/s41557-019-0304-z

ShIE LA RIS 1 v SRR A SR OB S P A S D RE A A 2t

- 107 -

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Sustainable upcycling of spent graphite anodes via concen-
trated sulfuric acid[J]. Small, 2025, 21(33): 2503988.
YAO Ning, LIU Fu, SHAO Ahu, et al. Upcycling the
spent graphite anode into the prelithiation catalyst: A separa-
tor strategy toward anode-free cell prototyping[J]. Advanced
Materials, 2024, 36(46): €2408268.

HEISKANEN S K, KIM J, LUCHT B L. Generation and
evolution of the solid electrolyte interphase of lithium-ion
batteries[J]. Joule, 2019, 3(10): 2322-2333.

XU Liqianyun, ZHANG Xixue, CHEN Renjie, et al. P-
doped Ni/NiO heterostructured yolk-shell nanospheres encap-
sulated in graphite for enhanced lithium storage[J]. Small,
2022, 18(7): €2105897.

YU Haijun, DAI Hongliang, ZHU Ying, et al. Mechanis-
tic insights into the lattice reconfiguration of the anode
graphite recycled from spent high-power lithium-ion batter-
ies[J]. Journal of Power Sources, 2021, 481: 229159.
DONG Yu, ZENG Zihao, YUAN Zhenggiao, et al. Spent
graphite regeneration: Exploring diverse repairing manners
with impurities-catalyzing effect towards high performance
and low energy consumption[J]. Journal of Energy Chem-
istry, 2024, 91: 656—669.

JOHNSON O. Classification of metal catalysts based on
surface d-electrons[J]. Journal of Catalysis, 1973, 28(3):
503-505.

WANG Bin, LI Jiexiang, ZENG Zihao, et al. Introduced
iron-based catalysts for low-temperature upcycling regenera-
tion of spent graphite towards ultra-fast lithium storage prop-
erties[J]. Small, 2024, 20(48): €2406033.

LIU Kui, YANG Shenglong, LUO Luqin, et al. From
spent graphite to recycle graphite anode for high-perfor-
mance lithium ion batteries and sodium ion batteries[J]. Elec-
trochimica Acta, 2020, 356: 136856.

LUO Shi, LIU Fengrui, TIANXU Wanshi, et al. Regener-
ation of spent graphite via graphite-like turbostratic carbon
coating for advanced Li ion battery anode[J]. Energy Storage
Materials, 2024, 73: 103833.

QIAO Yu, ZHAO Huaping, SHEN Yonglong, et al. Recy-
cling of graphite anode from spent lithium-ion batteries:
Advances and perspectives[J]. EcoMat, 2023, 5( 4) :
e12321.

ZHANG Jin, LI Xuelei, SONG Dawei, et al. Effective
regeneration of anode material recycled from scrapped Li-ion
batteries[J]. Journal of Power Sources, 2018, 390: 38-44.
YI Chenxing, GE Peng, WU Xiqing, et al. Tailoring
carbon chains for repairing graphite from spent lithium-ion
battery toward closed-circuit recycling[J]. Journal of Energy
Chemistry, 2022, 72: 97-107.

CHEN Wen, QU Haotian, SHI Ruyu, et al. Upcycling
spent graphite into fast-charging anode materials through
interface regulation[J]. ACS Energy Letters, 2024, 9(7):
3505-3515.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

WANG Bin, DONG Yu, ZENG Zihao, et al. Regenerated
spent graphite with enhanced pre-storage abilities of near-
surface layers towards high-rate properties[J]. Journal of
Power Sources, 2024, 621: 235299.

CHEN Kechun, DING Yuan, YANG Liming, et al. Recy-
cling of spent lithium-ion battery graphite anodes via a
targeted repair scheme[J]. Resources, Conservation and
Recycling, 2024, 201: 107326.

ZHANG Hao, SONG Yaduo, ZHAO lJiale, et al. Kinetics
dominated, interface targeted rapid heating for battery mate-
rial rejuvenation[J]. Advanced Energy Materials, 2025,
15(13): 2404838.

CHENG Zhiheng, LUO Zhiling, ZHANG Hao, et al
Targeted regeneration and upcycling of spent graphite by
defect-driven tin nucleation[J]. Carbon Energy, 2024,
6(4): €395.

YU Haoxuan, HUANG Meiting, LI Yifeng, et al. Toward
Joule heating recycling of spent lithium-ion batteries: A
rising direct regeneration method[J]. Journal of Energy
Chemistry, 2025, 105: 501-513.

SUN Jing, CHEN Wenxin, JIA Kexin, et al. Progress on
the microwave-assisted recycling of spent lithium battery
graphite[J]. Processes, 2023, 11(5): 1451.

SHAN Minghui, XU Shuchang, CAO Yunteng, et al.
Rapid regeneration of graphite anodes via self-induced
microwave plasma[J]. Advanced Functional Materials,
2024, 34(48): 2411834

LI Tangyuan, TAO Lei, XU Lin, et al. Direct and rapid
high-temperature  upcycling of degraded graphite[J].
Advanced Functional Materials, 2023, 33(43): 2302951.
CHEN Weiyin, SALVATIERRAR YV, LIJT, etal. Flash
recycling of graphite anodes[J]. Advanced Materials,
2023, 35(8): €2207303.

SHANG Zhen, ZHANG Naizhe, YING Zhiwen, et al.
Direct regeneration and flash upcycling of mixed spent
graphite with a uniform energy-storage property[J]. Chemical
Engineering Journal, 2025, 505: 159132.

LIIVAND K, SAINIO J, WILSON B P, et al. Overlooked
residue of Li-ion battery recycling waste as high-value bifunc-
tional oxygen electrocatalyst for Zn-air batteries[J]. Applied
Catalysis B: Environmental, 2023, 332: 122767.

YAN Shuxuan, CHEN Xiangping, YANG Ying, et al.
Peroxymonosulfate activation by N-doped 3D graphene from
spent lithium-ion batteries for organic pollutants degrada-
tion: An insight into the degradation mechanism[J]. Chemi-
cal Engineering Journal, 2024, 484: 149379.

ANH NGUYEN T H, OH S Y. Anode carbonaceous mate-
rial recovered from spent lithium-ion batteries in electric vehi-
cles for environmental application[J]. Waste Management,
2021, 120: 755-761.

HAO lJie, MENG Xiangqi, FANG Sheng, et al. MnO,-

functionalized amorphous carbon sorbents from spent


https://doi.org/10.1002/smll.202503988
https://doi.org/10.1002/adma.202408268
https://doi.org/10.1002/adma.202408268
https://doi.org/10.1016/j.joule.2019.08.018
https://doi.org/10.1002/smll.202105897
https://doi.org/10.1016/j.jpowsour.2020.229159
https://doi.org/10.1016/j.jechem.2023.12.052
https://doi.org/10.1016/j.jechem.2023.12.052
https://doi.org/10.1016/j.jechem.2023.12.052
https://doi.org/10.1016/0021-9517(73)90146-2
https://doi.org/10.1002/smll.202406033
https://doi.org/10.1016/j.electacta.2020.136856
https://doi.org/10.1016/j.electacta.2020.136856
https://doi.org/10.1016/j.ensm.2024.103833
https://doi.org/10.1016/j.ensm.2024.103833
https://doi.org/10.1002/eom2.12321
https://doi.org/10.1016/j.jpowsour.2018.04.039
https://doi.org/10.1016/j.jechem.2022.05.002
https://doi.org/10.1016/j.jechem.2022.05.002
https://doi.org/10.1021/acsenergylett.4c01244
https://doi.org/10.1016/j.jpowsour.2024.235299
https://doi.org/10.1016/j.jpowsour.2024.235299
https://doi.org/10.1002/aenm.202404838
https://doi.org/10.1002/cey2.395
https://doi.org/10.1016/j.jechem.2025.01.065
https://doi.org/10.1016/j.jechem.2025.01.065
https://doi.org/10.3390/pr11051451
https://doi.org/10.1002/adfm.202411834
https://doi.org/10.1002/adfm.202302951
https://doi.org/10.1002/adma.202207303
https://doi.org/10.1016/j.cej.2024.159132
https://doi.org/10.1016/j.cej.2024.159132
https://doi.org/10.1016/j.apcatb.2023.122767
https://doi.org/10.1016/j.apcatb.2023.122767
https://doi.org/10.1016/j.apcatb.2023.122767
https://doi.org/10.1016/j.apcatb.2023.122767
https://doi.org/10.1016/j.cej.2024.149379
https://doi.org/10.1016/j.cej.2024.149379
https://doi.org/10.1016/j.wasman.2020.10.044

+ 108 - (LR N T T

5540 B 1 4]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

lithium-ion batteries for highly efficient removal of cadmium
from aqueous solutions[J]. Industrial & Engineering Chem-
istry Research, 2020, 59(21): 10210-10220.
SUBRAMANYAN K, JYOTHILAKSHMI S, ULAGANA-
THAN M, et al. An efficient upcycling of graphite anode
and separator for Na-ion Batteries via solvent-co-intercala-
tion process[J]. Carbon, 2024, 216: 118525.

SCHIAVI P G, ALTIMARI P, ZANONI R, et al. Full
recycling of spent lithium ion batteries with production of
core-shell nanowires//exfoliated graphite asymmetric superca-
pacitor[J]. 2021, 58:
336-344.

JIN Liangxiao, ZHOU Bojun, et al. Current status and

Journal of Energy Chemistry,

future prospects on upcycling spent lithium-ion batteries for
the preparation of electrocatalysts[J]. ACS Applied Energy
Materials, 2025, 8(13): 8726—8743.

XU Qi, WANG Yang, SHI Xinyu, et al. The direct appli-
cation of spent graphite as a functional interlayer with
enhanced polysulfide trapping and catalytic performance for
Li-S batteries[J]. Green Chemistry, 2021, 23( 2)
942-950.

HU Haolin, WANG Yuelin, XU Yue, et al. Upcycling
retired Li-ion batteries into high-performance oxygen reduc-
tion reaction electrocatalysts in flexible Al-air batteries[J].
Chemical Engineering Journal, 2024, 492: 152325.
BEJIGOK S, FIKADU B, RAAJU SUNDHAR A S, etal.
Waste to wealth: Upgrading spent graphite towards defect-
rich nitrogen-doped graphene for lithium storage and oxygen
electrocatalysis[J]. Carbon, 2025, 238: 120261.

HAN Shengjie, XU Lei, CHEN Chen, et al. Recovery of
graphite from spent lithium-ion batteries and its wastewater
treatment application: A review[J]. Separation and Purifica-
tion Technology, 2024, 330: 125289.

PENG Yu, ZHANG Qiming, FAN Yonghui, et al. Recy-
cling of spend graphite anodes in Fenton-like catalysis for
green economy and long-term sustainable wastewater purifi-
cation[J]. Chemical Engineering Journal, 2025, 520:
165825.

ZHAO Yanlan, WANG Hou, LI Xiaodong, et al. Recov-
ery of CuO/C catalyst from spent anode material in battery to
activate peroxymonosulfate for refractory organic contami-
nants degradation[J]. Journal of Hazardous Materials,
2021, 420: 126552.

SONG Duanmei, YU Jiadong, WU lJing, et al. In situ
enhanced catalytic degradation behavior of antibiotics by
graphite anodes from spent lithium-ion batteries: The unique
role of self-doped metals[J]. Journal of Cleaner Production,
2025, 486: 144495.

IDA T K, SONOWAL K, GOLDER A K, et al. Simple
environmental-friendly method for graphite recovery from
spent lithium-ion batteries and its utilization for the synthesis

of graphene oxide[J]. Separation and Purification Technol-

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

ogy, 2025, 374: 133758.

YAN Ruizhao, LI Bang, ZHOU Mingxian, et al. Highly-
efficient synthesis of heavy metal adsorbents by using spent
lithium-ion  battery anode  graphite via  one-step
mechanochemistry process[J]. Resources, Conservation and
Recycling, 2023, 190: 106857.

THI MAI N, VAN THANH D, HIEN T N, et al. Highly
adsorptive removal of heavy metal, dye, and antibiotic
pollutants using functionalized graphene nanosheets sono-
electrochemically derived from graphitic waste[J]. Journal of
Environmental Chemical Engineering, 2024, 12( 3) :
113020.

HOU Huiliang, ZHONG Qifan, ZHANG Zhenhua, et al.
One-pot synthesis of dual-sites adsorbent based on recycling
spent Lithium-ion batteries: Matter cycle, orderly graft-
ing, and copper adsorption[J]. Journal of Cleaner Produc-
tion, 2023, 410: 137230.

YU lJiadong, LIN Minsong, TAN Quanyin, et al. High-
value utilization of graphite electrodes in spent lithium-ion
batteries: From 3D waste graphite to 2D graphene oxide[J].
Journal of Hazardous Materials, 2021, 401: 123715.
DIVYA M L, NATARAJAN S, LEEY S, et al. Achiev-
ing high-energy dual carbon Li-ion capacitors with unique
low- and high-temperature performance from spent Li-ion
batteries[J]. Journal of Materials Chemistry A, 2020,
8(9): 4950-4959.

NATARAJAN S, KRISHNAMOORTHY K, KIM S J.
Effective regeneration of mixed composition of spent lithium-
ion batteries electrodes towards building supercapacitor[J].
Journal of Hazardous Materials, 2022, 430: 128496.
RANE R P, SHITOLE S S, VARANDE S P, et al. Upcy-
cling waste graphite from spent LIBs for fabrication of novel
mesoporous carbon and p-GN/BT based supercapacitor[J].
Applied Energy, 2024, 364: 123220.

AKSHAY M, JYOTHILAKSHMI S, LEEY S, etal. CuS
modified graphite from spent Li-ion batteries towards build-
ing high energy Na-ion capacitors via solvent-co-intercala-
tion process[J]. Chemical Engineering Journal, 2024,
498: 155462.

YAO Ning, LIU Fu, ZOU Yiming, et al. Resuscitation of
spent graphite anodes towards layer-stacked, mechanical-
flexible, fast-charging electrodes[J]. Energy Storage Materi-
als, 2023, 55: 417-425.

ZHANG Jiakui, LEI Yu, LIN Zhiping, et al. A novel
approach to recovery of lithium element and production of
holey graphene based on the lithiated graphite of spent
lithium ion batteries[J]. Chemical Engineering Journal,
2022, 436: 135011.

ZHANG Qiongfang, HU Le, REN Yibin, et al. Waste to
wealth: One-step exfoliating of spent graphite to build a low-
cost cathode for lithium-sulfur batteries[J]. Small, 2024,

20(50): €2406087.


https://doi.org/10.1016/j.carbon.2023.118525
https://doi.org/10.1016/j.jechem.2020.10.025
https://doi.org/10.1021/acsaem.5c00837
https://doi.org/10.1021/acsaem.5c00837
https://doi.org/10.1039/D0GC04033A
https://doi.org/10.1016/j.cej.2024.152325
https://doi.org/10.1016/j.carbon.2025.120261
https://doi.org/10.1016/j.seppur.2023.125289
https://doi.org/10.1016/j.seppur.2023.125289
https://doi.org/10.1016/j.seppur.2023.125289
https://doi.org/10.1016/j.cej.2025.165825
https://doi.org/10.1016/j.jhazmat.2021.126552
https://doi.org/10.1016/j.jclepro.2024.144495
https://doi.org/10.1016/j.seppur.2025.133758
https://doi.org/10.1016/j.seppur.2025.133758
https://doi.org/10.1016/j.seppur.2025.133758
https://doi.org/10.1016/j.jece.2024.113020
https://doi.org/10.1016/j.jece.2024.113020
https://doi.org/10.1016/j.jclepro.2023.137230
https://doi.org/10.1016/j.jclepro.2023.137230
https://doi.org/10.1016/j.jclepro.2023.137230
https://doi.org/10.1016/j.jhazmat.2020.123715
https://doi.org/10.1039/C9TA13913C
https://doi.org/10.1016/j.jhazmat.2022.128496
https://doi.org/10.1016/j.apenergy.2024.123220
https://doi.org/10.1016/j.cej.2024.155462
https://doi.org/10.1016/j.ensm.2022.12.001
https://doi.org/10.1016/j.ensm.2022.12.001
https://doi.org/10.1016/j.ensm.2022.12.001
https://doi.org/10.1016/j.cej.2022.135011
https://doi.org/10.1002/smll.202406087

	0 引　　言
	1 废旧石墨的修复再生
	1.1 中低温石墨化
	1.2 表面处理
	1.3 快速热处理

	2 废旧石墨的功能材料化再生
	2.1 催化材料
	2.2 吸附材料
	2.3 储能材料

	3 总结与展望
	参考文献

