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Strong inorganic HCI, H,SO4, High leaching efficiency (>99% Li recovery), fast Severe equipment corrosion, toxic fumes (e.g., Clz+ [33]
acids reaction Kinetics, effective for metal impurities (e.g., SOx), high wastewater generation, poor organic binder

Al, Fe, Ni) removal, safety hazards
Weak organic Citric acid, Environmentally friendly, mild operating conditions, Lower leaching efficiency (e.g., ~97% Li recovery), [49]
acids Gallic acid low corrosion risk, reduced wastewater toxicity longer reaction time, higher temperature requirements,
limited scalability for industrial use
Hybrid systems  HCI/H,0o, Enhanced oxidative leaching, improved impurity Residual H.O.decomposition complicates waste  [50]
H,SO4/H,0,  removal, moderate efficiency treatment, still faces corrosion issues

23 NEARE

KT BEEIE R S b2

LA SRALEOR, 2 55— R OL I A% 5 B 5 f

R EMTTIE. Yi SPUR B ER Y, AR RTIR



« 2200 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(8): 2194-2209

2025 4

FEL R, 3 ] S A B M) Sz A A 0 B I AR 1)
R B (O 5a). 1% T2 AR AE AR 9 B Ak N ER
WORL, MM MRH S A 2N G8E, Foad

PR B I 43 T 2RI AT S IR 96 5 A 2 ORI 7 5 .

B G B A R B AR S ) AL e M RE,
0.1 C 5% N HIih % 21k 360.8 mA-h-g™t, HIEH
200 A J5 2 B I . Yu 152153k — 35 % R v T
(2600~3000 C)f7 2L ALEE (LB 5b), A A28
FEI 1000 J JG 25 B IR FF 1A 97.3%, {HREFE LA

ccycled
graphite

Recycling

Lithium-ion battery

Cathode g Separator
material and shell
L%

Anode material

Smelting

Ultrasonic vibratior
and sieving

@ @

(a) Process of disassembly, smelting, ultrasonic vibration,
151]

and screening for graphite anode materials

Spent graphite

¢<%

%

Incomplete hexagon *—’/ \

- Graphite Metal 1mpunnes ‘

‘/ Electrolyte decomposition < Binders
. produets

Larger interlayer distance ~‘

Recycled graphite

(c) Schematic diagram of cobalt salt-catalyzed graphitization

regeneration for anode graphite"”!

Organic Carbon  Oxygen
composmons Metalllc species

mat treatment ‘. Acid washmg
Acid-] Ieached graphlte
@

Smaller {( ?8

interlaye
distance

18

e NI, WA IS A S LEARIR R B
A BRI T AT . Chen 455315 ) % B2 1
AbFR I 1H 28 9 51 NG ERAE D #1677 (O 5¢),
T 48 SR AL R A] 3 2% Bk 358 mA-h-gt, JERLI
LA R B E . R, Liu 5554 T
TREIR M, 456 % i S0k A A B 0K
& (0L 5d), ECIh] % AGIFesO.@Fe 44K ik,
HAE 0.5 CHER TG 200 J& 5 i 2% E AT PR RF
427.9 mA-h-gL,

Regenerated graphite with
(iv)J1 crystal lattice reconfiguration

Microporous PP membrane Anode

Cathode

(b) Schematic diagram of lattice reconstruction in graphite anodes

and its graphitization mechanism'”

‘ Acid-treated graphite ’
% Recycled graphite
Sodium ion batteries l
i,

d

Cobalt salt
recovery

Spent graphite

Spent battery

E%% SN

Lithium ion batteries

N Ry e

New energy vehicle

232

(d) Schematic diagram of regenerable
graphite anode™!

KI5 kikib& R
Fig. 5 Pyrometallurgical recovery

S RAE B R BAT RGN R 5 . KRB K
PeF, EH R T2 (R A =) S ERERE S
AT EAT, A AT sS4 < AL TR A ImTC
AMARJIFRIRTE . HRRRSRAE T KiRaet
BRI F AR E BRI, BT E
SRS AN, RN, RiR AL B ] BRI AT 5

WIS, AR R IR L S R BT Al S
PERE. RARFTUAAGR mAER R, UL
FAEHEFAR, HRREKFEARERE T E, WET6E
BEFE A PH3A [l A o
24 EE-NEBRETZ

feg b, ik & O T MR I S KBk



%5 53 &4 8

FRA S RIFEEE 7 A A SR ORI [

- 2201 -

&)@ KA. AR, A (B RERES R) E N
— PR R BT A R T, IR T R R LA R
B EEREIG. R, BERIRMKIIIE &6
A — b = 20 A 55 A SRS . Yang 25081 g 4 %
PRI 2B 2 TR A 22 R A AL (Ul 45 77 A SEI
JEE), SRJEdd R — 0 LB e (LK 6a). FiAE
ARG R A RN 591.0 mA-h-g™t, JF7#E 100
DAEIRJEORFE T 97.9% M FaEE. BEJS, Gao
RO T — M OLET T, BRI B —IR S
KIFG GGG, T R AR R OLE 6b).
TR A AR RG2S 208 349 mA-h-g L,
N 98.8%, S ATEI Y. Li FEHEH—
TR FH JE SRS e 5 M R R 7 v, SRBLIR A
R R AR P LT [T . AR AL A BB (LI 6C).
ks S-LIBs R4 14 515 2 LiCoO2 FH A7 524 1)
TREWD, SRIEHFAE 1000 °CIEUBkE 30 min, &G
KR W B S0y . R TCER e S5 1Rk
R TI, RHARB IAR FTR A FAR A R e 4e A
BASRIMER P shah, Li ZBe@Edygik-—k
RECRFR T — P AT AR S, I8 R
AP SRR AR S B, SEEL T A SR BH AL R

Q  Q
Negative current collector Spent graphite| o
-l - £
N, 7 / ;:5
AR R R i K |4

First step heating L N
heati
Second step heating Acid leaching

g H meter
¢ pH, mete

\ A

£

.

Regenerative graphite

Na,CO;solution | <
NIlj

Recovered lithium carbonate — ==
Precipitation Purification
(a) Process flowchart of two-stage roasting and acid leaching>!

Sulfuric acid curing
transformation

Sulfuric acid solution
leaching

(c) Process flowchart of oxygen-free roasting and
wet magnetic separation'”

K6

Calcination

R lal e (LB 6d). WEFLREN, Z4FiJCER (W AlL Fe.
Co SF) MM T A 53R, FIRAILZ ML,
SEAL G ITIEME AR LRI R TR
b, WA TN R RG] NG AR RS I R
b PR A A SR R K (LL R THIA B 7.578 m2g #8 %
26.443 m?g), B H AR B SR A ERERIR
BEBRIR R S RN 18.9%4% % 0.1%); HA&ET
2600 ‘CEME MRtz = A £ )ZE (M 0.357 nm
WA 4 0.338 nm). PR SRR I AR 7 1) Ak 2 1
e, EIXRFCHAREIA 359 mA-h-gt, PEFF 70 IRJE2
BRFFRN 97.7%, SR Y.

5 ERTIR, KE-RIERS T2 F B A
A VEREFI BRI RA AR S, BB Ch R AR 2%
LR(LZR 2). R, 1% L EAYH G 2 5B A S 2801
REFE R 5 RS, o mrimiee 510 2= b B
(RGP A AT) TR IR NI TS o SCBEEPR AR AE T S A% 5
REE R B 5 G5B 2 R4, RN R IR 28
FPEE WA TR . AT LB Rt T 2%
ARG, SENDIREINYIEME IS8R, FIRRE
N GHFACHF 28 42, DAHEBNIZ A KR Tl Ak,
R o Z7AE DAL S 7 T R 3R T R PRI 55

L T
- ———~ EJ
u =

l Oxygen-free roasting ‘

‘Wet magnetic
separation

Products

.

(b) Schematic diagram of sulfuric acid curing and leaching process"™”

Raw materials

LiCoO,+C

L S5

. Impurities
Graphite
residue

N T

Structure modification

ff""" . ﬁ’,—a’? =
LCOVCICH 11¢ ==
RS =

Anacrobic calcination =
Nl o

Lea‘}:}ning -
(d) Schematic diagram of the treatment process for highly
contaminated graphite anodes'™

WE-KIER AT E

Fig. 6 Combined hydrometallurgical-pyrometallurgical process



< 2202 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(8): 2194-2209

2025 4

R2 EBETHMEESRES: MR RA, TEENSEREE
Table 2 Comprehensive comparison of lithium-ion battery recycling methods: efficiency, cost, environmental impact, and

applicability
Method Efficiency & performance Cost Environmental impact Applicability Ref
Physical separation Recovery rate: Equipment investment: Pollution: Low (no chemicals); Initial separation of metals and [41]

LiC00,-49.32%, Graphite Medium (crushing,
<73.56%; Purity: Graphite screening, flotation);
<73.56% (requires
reprocessing)

Leaching efficiency:
HCI >99%, Citric

acid >97%; Regenerated
graphite

Hydrometallurgy Reagent cost: High
(strong/organic acids);

Equipment maintenance:

Pyrometallurgy Capacity recovery:
325-427 mA-h-g%;
Throughput: High
(continuous production)
Capacity retention: 97.7%
(70 cycles); Impurity
removal rate: >99%

Energy consumption:

Operational cost: High
(exhaust treatment)
Hybrid Integrated cost:
hydro-pyrometallurgy
Equipment complexity:
High

Energy consumption: Low

High (corrosion-resistant)

Extremely high (>2600 C);

Medium-high (multi-step);

electrode materials; suitable for
medium-purity scenarios

Waste: Minimal metal/plastic
residues

Wastewater: Contains
CI-/SO4?- requiring treatment;
Gas emissions: HCI/H,SO,4
volatilization (strong acid
systems)

Gas emissions: Harmful
F/P-containing gases;

Carbon footprint: High (fossil
fuel heating)

Pollution control: Multi-stage
treatment (acid wastewater +
high-temperature exhaust);
Resource utilization: High

High-purity regeneration [49]
(battery-grade graphite); requires
wastewater treatment systems for
large-scale applications

Bulk processing of low-value
waste; suitable for industrial zones
with exhaust purification facilities

[53-54]

High-value recycling (e.g., power [58]
batteries); applicable to enterprises

with strict environmental

regulations and strong

technical/financial capabilities

3 & AREA A
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Extended Abstract

The global transition toward renewable energy and electric vehicles has triggered exponential growth in lithium-ion batteries
(LIBs), resulting in a surge of retired batteries. As the predominant anode material in LIBs, graphite accounts for a significant mass
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proportion of batteries. However, improper disposal of spent graphite (S-Gr) through incineration or landfilling poses severe
environmental risks, including particulate emissions and toxic residue release. Recycling S-Gr is critical to alleviating resource
shortages, reducing production costs of high-purity graphite (which requires energy-intensive graphitization processes at
2500-3000 ‘C), and achieving sustainable development goals. This review focuses on the failure mechanisms, recycling strategies,
and reuse pathways of S-Gr, providing key insights for advancing closed-loop battery ecosystems.

The degradation of graphite anodes during LIB cycling originates from multiscale failure mechanisms. Deterioration of the solid
electrolyte interphase (SEI) caused by chemical decomposition, mechanical stress, and thermal instability leads to irreversible lithium
loss and capacity fade. Concurrently, lithium dendrite growth on graphite surfaces increases internal short-circuit risks, while repeated
Li* intercalation/deintercalation induces microcracks and structural collapse of graphite layers. These coupled mechanisms initiate a
vicious cycle of performance degradation, highlighting the necessity for tailored recycling approaches.

Current recycling technologies focus on efficient separation and purification of S-Gr. Physical methods (e.g., flotation and
sieving) achieve preliminary separation but suffer from impurity retention (purity <73.56%). Innovative techniques such as Fenton
reagent-assisted flotation and pyrolysis-ultrasonic synergy enhance recovery efficiency, but face scalability challenges.
Hydrometallurgical processes utilizing HCI, H2SO4, or organic acids (e.g., citric acid) effectively leach impurities like Li, Al, and Fe
but generate corrosive waste. Pyrometallurgical approaches (e.g., inert atmosphere calcination and catalytic graphitization) restore
graphite crystallinity but demand high energy consumption (>2600 °C) and emit hazardous gases. Hybrid strategies combining
hydrometallurgical treatment with high-temperature annealing emerge as promising solutions.

Regenerated S-Gr demonstrates versatility in energy storage and functional applications. For secondary batteries,
carbon-modified S-Gr via rapid thermal shock or phenolic resin coating exhibits superior performance in LIBs. In
sodium/potassium-ion batteries, defect-engineered S-Gr shows enhanced kinetics and stability. Beyond energy storage, S-Gr can be
transformed into high-value materials. Advanced applications include graphene production through lithium-intercalation exfoliation
and catalytic composites for environmental remediation.

Summary and prospects Despite progress, critical challenges persist. The heterogeneity of S-Gr sources (natural, synthetic, or
composite graphite) complicates standardized recycling. High costs, toxic emissions (e.g., fluorine), and intensive energy-consuming
steps hinder process scalability. Future directions should prioritize intelligent sorting systems, Al-driven process optimization, and
green alternatives like bioleaching. Integrating ultrasound, microwave, or electrochemical technologies could streamline processes
and reduce energy consumption. Expanding S-Gr applications (e.g., flexible electronics, CO2 capture, and defect-engineered catalysts)
requires interdisciplinary innovation. Addressing these issues will accelerate commercialization of S-Gr recycling technologies,
promote sustainable battery ecosystems, and advance global carbon neutrality goals.

Keywords lithium-ion batteries; spent graphite; anode recycling; regeneration; failure mechanisms





