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Table 1 Typical cathode materials of LIBs and their main properties!*® ¢l

Crystal Theoretical ~ Practical ~ Voltage/
Formula stru)tl:ture capacity/ capacity/  (vs. Li*/ Advantages Disadvantages Application
(mA-h-gh) (mA-h-.g) L)V

LFP  LiFePO, Olivine 170 140-160 34 Long cycle life, high  Lower capacity, poor low- Power/digital batteries
safety, lower cost temperature performance

LMO LiMnO4 Spinel 148 110-120 4.1 Low cost, good safety, Low capacity, short cycle life Power/storage batteries
good rate performance

LCO LiCoO, Layered 274 140-180 39 High capacity, mature High cost, poor safety, short  Digital batteries
process cycle life, poor high-

temperature performance

NCM  LiNixCoyMn; O, Layered 270 160-200 3.8 High capacity, long Moderate cost, average safety Power batteries
cycle life

NCA  LiNiyCoyAl;,,O, Layered 270 180-200 3.8 High capacity, long High cost, poor safety, poor ~ Power/digital batteries

cycle life, good rate
performance

high-temperature
performance
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Fig. 1 Composition, typical electrode materials, and degradation mechanisms of Li-ion batteries (L1Bs)*8 32

1.2 ERMREREESE

P FE I T AP R FH B AR A 0 A2 38 5 K2
BIEE SR IH BRI N S8, AR
BbbRE. BRI, XEEG T EAEREITK. fE
B TP E DL ROROR B SRS SRl e
SRR AR T RS R R H bR i g, R,
B HEAS SR IH st RO A SR A 5 Pl e 1)
HEJT A, BERSTESR T TR A F A5 (1 ] s K sk
S IREE LI A2 55 A (L 2a).

H A AR A RS A T8 T B AR
TR AR, RN E RGP R MR 1H
e o B AR R . OB IRIE R ATHOR . JRAR
SR MRS, AR5 TN R
(EERAAITER Al Cu %) LA i 1) s B T = A 1) —
URASAT (19140 5 A% 5 Akt P Tt e X T g ol FEL AR
REE). gAKWLK IERAMEHIMEE 3 B
ANEUR IR (IS, R 2 IR L,
WAL S (I & RSB, e (ERARAEAR ™
A ERRIE R AR R R I R S
AL S it

121 [FEk&EE IFi] A5 e 4512 5 (SSR) & —
R T EARA RS B e SRR, Ha@d ndvg &
Je T AR R ERE, 75 Rl 75 3 R AR R S AN
VIELEHE, MM EERAREE SN ST R
BRAA BFS18Y TR AR ) 1) 2K R0 8 2 HH AN T I3 A
AR R 75 A S S U B T (L) R AR R Y
ANFITEARAE, RN O IERARME & 1A%
O SR ME06. 331, [ A e g VA8 BRI AT 78 AT 8
W% 2015 45, Nie ZPNEK K IH LCO Mkl Sk
R P (Li-COs)E il T HEAT 2 bedh, Skl | B 442
2 BEERREIE 152 mA-h-gt AR &,
I HAE 80 K& 5 A IR FF R ik 98.3%, HAE
PR ST (P A IE S 5 A MR AR 5 2 IR 45 44 1) 1 Th 2
B

H #0737 /e B B, 41 LCOB+S,
LFPE8-3911 NCMUO-4UEE , $57 A 38 ot v B 5 R ML I
ARGk IEE .. BENTESREN: 1) 8
TR AL IR T 3R 4L 2) IRASRIH
TEAR AR AR AN I At By 75 3 3 AT MU VS A4 (a0 K
Y 3) fEmim Nk Tk, EMHSALH. IE



5 53 &4 8 1]

AT A PRIFE I AR A RO PR HE IR R - 2169 -

WAL I8 485 2% A BRUAE RV R AN [R] 1 5%, 491 2, LCO
FNCM AR 7 B8 m 1 e 45 R % (32
800 C)LIKE HEIRGEH, LFP M) IR 75 A AR Y
TEE(%) 650 °C). HHTIEAH M52 B FIE Bl e )k
SRR PR, 2h S R T BRI B
TNEF . BEAl, CNTRENeeh I RE TR R K,
SxyNII AR, A R N B
&Y 1.05~1.20 f% . #RYEH IR (Li.COs) FI A
FALHL(LIOH), HA LiOH Hi&EH T RAREE Ik
LEAAEWL, fHhn, ZEXT NCM FHRHEATHMEE E ),
BT Li2COs 4 il B 35 e 2 ‘T B0 R ik FE AE Al R
TAAMEATE 2y, (6 LIOH WA B T oAk
—FUPEANRG E R0, [HARERE M, SNEER R
RIFAE T IERM B ME— iR R . BFARERH, Bk
FAAS W] 300 78 T30 AR BT B 1 =4 TR w4 Dy
JEE, Chi Ml I S B4 iR H Bl = 5
TIRIH NCM MR JZARGER, R BUR UG 5 H)
HE BRI SR RS T A N 2R NCM S50 (L
2b), BEJEHIMEHES ] 200 AEIA(0.5 C) 515
7~ 129.1 mA-h-g Lt HIAE.

B TR RE, AN B4 e IR
BA BRI, flin, £ LFP KMEERTh, 56
P P R EE SR SR IR [ S e 25 26 A LA R s
e R Kk R (19 I 750 T A AR Tl IR Bk (FePO.) 1]
LFP SEAARRIAHAS, (AN e fs S Ao AL ) LFP
B A, B NCM B4R S E SE R O
ORI A BE B A A A, B o i R R A
(NazS208)B81, 7 B2t i e 4k, 40 B-F 2k
AR (B-NIOOH) A [H AR I T A, 3k T i i3k 1 S A4
BEERZ M . teoh, BIAEBIED RIS A0
4 R DR ERT FEIBARHE S . Wu SRR F
R, B INBRERAN (NaCO)E NBIF, BEMW &
% LCO EREMMME 3R, 125 J5 rIA R
AEEL =0 TRk LCO #1 8}, Zhou Z51SLK: Mo/Ti Xt
JZ1H LCO #4735 2%, Mo/Ti RE845 N IEMH Bl i
Merp, EEIIIHIAAR, R i e IR e Lt
P REEIMER . Bk, BSRASEE R v
PEfdi . L2MTZ 2 Z R . SR, PRI
FHICSE AL FU 2R, [ N 75 E 78R G He 2
1] iR PR BR SRAEAE E I — S A S, X
SET AR AR .

122 K#FEBE  AKMEBEHTR)FEAILZE
KA Iz UE SR AR S AT A S A . K
POERIFH & 28V R S5 IR 45 5 7 A0 B B AR

MR, {3k IE R AL R AN R SR S B . 7
ZJ7EF, LIOH &M TRURERE T P AMEERAE,
&N ) R . B T R RIS B AR, KA
JRE IR B AT A AR 6] 8 53 R0 23 0 T e 31 DG B A
o Blan, Xu SBaRFH — M4 5 m iR & sl
(0.1 mol/L LiOH 5 3.9 mol/L KOH fiR &)1 &
WREEI 4 mol/L LiOH ¥, FDh S 30 AR AA K} 7
Btk BE R R RILE 22 150 mA-h-g (1)
WILRFY &, FAE 50 IRAEH 5 75 B AR Fe e ik 93.1%.
X T B B AR (LFP) IE R (1 B3 I AE , B I 5N
SRR RBIEZEM . B, FERCA)H
FU7K G FHFASIRE SIF B o] 280K Fe* I8 )50 Fe?+, M
Rt LFP @25 Ik S (WL 2c~1& 2d). i,
IR BT 558 PR JOP RS &, DAl — D4R
BT BORER, D SR A IR A 2 R
B, AR FECT AN, KRGE FA R R
(1 s S B e FE R AR AR, (R AV i Rl
b FE ST R T A AR o

123 k¥R HAL 2215 5 (ECR) J7 ki@ it
TE HLIAE FH R X3l FEAY A7 7 DA S B AR MEE 5 R 1290
Zhang ZEUTVE R FH IR IH A RHE MBI, BC A
BEER (U BRER AR ) VE 9 BIYR,  7F F Ak 2 RORE R 58 R
X IR HAT RO AN (LI 2e). SRT, H1 T FEAL2Ab
B FRVS R BB R, TZ2REES, &
GEHE RIS PTAT AT R e — 20 VRS . AL T2
WFEIPE R, Wang 251811 7 — R a3 7 %
I TR A AT SR N TR SRR, KR IH LFP IEAR
BT A O B A BB R . T TR AR
DNSEILT JEIH LFP IEAR RN, [R)RS dk e 1 AT RHR
RS RTZ, N HBE R SERR N 7. AT
ME, HAEBEEARTREGIMIIMARE, H&qe
FEARMIMRSS, SRR B IEMGHTIE E A,
RIX B IR AR AR AR R DL R T2 3% B 4
THEEER,

124 JLEEREBE B E (ESR) & — Fh Ak
T AR R o R 7, Hom i M 2R IR I
A R BAR K R SRS, LB LS
AR, HEATHME . RO IRRE A R
REFE, (BAEAEA) 75 45 & MR KB IR DR 45 it
HAr, 2N Eh ik R OB 78 51 N T IEARA R
MBS, BFEHEART: LINOs+KOH+LIOHM I,
LiOH+KOH+Li;COs®, LiOH+LiNO3z+CH3;COOLIBY,
LiIOH-+Lil (LB 2f)521, Ji 2058051 F 3L i 2h i R
KBS NCM R IHIEWARL, TESRHLR IH AR



« 2170 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(8): 2166-2183

2025 4

MOEHAME LR iR S B R RIS, IER T RN
FLHL 2L F A OE bR SR IR (AL/Cu) )35 A AT BLat —
DHENMRERETT S0 T k(4.6 V) R EILT
MR PERE . XL, B AR R AE SR LRI AR
IELHIFIR, ARG LE s RE S B ORFFAL e 58
S5 TR, 5 TR T IA B R iirE .
BT R As S, RIS SR R 7 IR I H e
FERARA R A0HS,  [RIN BA S 1) T 2 es PEAn
BRI

125 iR N7 DREREERERT

Time efficiency

Energy
efficiency

SSR
HTR
ECR
ESR
CLR

Envionment
friendliness T

Technology scalability
(a) Comprehensive comparison of cathode regeneration methods!'®!

{5 Fey

OO0 OLi

(c) Schematic of hydrothermal regeneration of LFP+!

O Fe

L2, H IR EIAHE A S AL (CLR) 7 AR 4
SR 5% B OR AR L [ 5 EB4%9, Ganter Z5B4R AL
HR(LIN ) BV RO R IH LFP BEAT 1A% M. B
H AL (LIRS R IH LFP i, st
R AR A ER L, ATRRREN 17X FePO4 ik i
AR N R R A . R R BRI 40%0I K IH LFP
R EENEE G, HAEERE R 5
7K. Yang ZEB5E T 0.1 mol/L = Z &M &A1tk
L (LIBHEt:) I VUSRI, EZIR A 6 min
fHESEIL T LFP MR s = (WL 2g), [RIE CREF

Co,

Li,CO, g ?ﬁ ‘L
Ni@ s ’«‘i"‘“‘ _.~ QE%

Spent NCM Regenerated NCM

Calcination, O,

RAAAAANANANANA]

850 °C

(b) Schematic of solid-state sintering regeneration of LCO
with endogenous Li impuritiest*!!

Li, (FePO,

ocC

0 3 6 9 12 15 18
Time/h

(d) Re-lithiation processt**!

FePO,

VAN
| 10 min|

{

[
[
;

L

(e) Schematic of electrochemical regeneration of LCOM!

MnO, 2l ‘_,,.-"Li-ricthiquid
S eSS

~

$Co0,
a.——.b O »
23Li,OLi ‘&‘9% aa
oLi,2 Ni LR

Sl

(f) Scheme about NCM regeneration by eutectic salti*?!

K 2

1
1
1
i
g‘ i
5 H
E i
)
1
1
1
1
1
1
A‘ HE
LAl SN A
[
1
Lithiation _JL\_A\:_.JL\_,_,,\
regent \ 0 min
‘\ 1 1
— 28 32 36 40
QL OF @pP 0O 20/C)

(g) Scheme illustrating chemical lithiation regeneration!>!

2 SR B TS L TE AR L 7 05 4145475259

Fig. 2 Classical cathode regeneration methods for Li-ion Batteries (LIBs) [15 41, 45 47, 52, 55]



5 53 &4 8 1]

AT A PRIFE I AR A RO PR HE IR R - 2171 -

T H ISR e . Wang 25617 SR 444 T
o f R PR [ VR A ST R B ) SR, Rdd 5
WG B £ 13 B SR AR A S L TR A ) 2 2, AL
TR FMEBERE ) BT B AR BT B A ) 9 A
WAL R T, DALSEIM BB R . B 55 M KL
fEZ 1 500 RIGFR 5 15 RE PR+ 80.5%I1 75 &

B T KPERIER], B FRARRKESE. A
SRk WG] AFR e YL AN iR v 1 5
e s AT R — P ERAR TG TV ). Wang S50
FtLA[Comim][NTF2] 55 85 T A4 FIAN LiBr 9%
Ui, EEE AR E T AR NCM. A58 AL
BE A KRR AT LA HLATIE R,
X AE AR A0 75 P [ i DA R TG 55 A A 3 T 5 o e
T A
1.3 ERGRM R R E L]

FEREE - ft R, SRR R T R I AR e E
TSR R B T, [RIERE A R T4 R A1 L AL 1)
AR, BOAE Bt s f AR AR 20 T ek Li+
MEMTFELE 1a); mEERE, MRz, 4§,
PR RL R B RS R T, o SR L
Al PERE . R IIE M AR E M DL S AR R kAL
FAR G FHAL, IEFSR, BRI A
FIFE L LA B (4200 mA-h-gt, LizSis ). Hi5EfEE
Fw REERUFEAR AS, IBHRCAIE T 1060,
WEIE A &R A ST 6, XEHES RS
JE L ) B TR A S . SR, REAE SR ORI R
TR R IR 5 80 S50 R AR VAN 2, BRI
T HE R AL S BT AT B SRy R IX LBk
%, I TN T R R T R B A R R
A, el B SCE M B S R, TS
R REFNIEIA A a0, X —Rm o R — R MR
WA R A SR T B 1), B T kAL, RS
Wz A, 4R Sn. Al. Ge Z5)E bW bzt
Rl s IR AR B 25 B v S5 R T
JEL R 5] 0o,

B L TE G IR RE A, SRR SR R
BEATIH AT 2 FRHLA S5 R ORI S SR 2R
21631, A I 2 Aok T R F AR O A 7 A 2 17 5
RABEMRE, FEMENEE YA LiffEe
1o FHIHSONE SR RGH 55 ] 4 HLfige o T (SE IR
TS A K ) A 564868, SEI JEAE SR TH bl ket
PEIARE M T7 TR OB R, (R KRS KA IG
T AR ST, RS REE R, i FECER R
R R R 4. BhAh, 7ERIR. SR

LS A AN SR 26, ORGR TR AT R R
SRHPUREN, XA RAM SR BB AfE &
2 1A VERE I FEAIR, 3 AT REAT R Y AR R A 22 2
B RHTRE 5 HSR AR 2 8] ) FE A2 S (e,
W 2 1 55 Fa AR S SR AR I i b e, AT iE— 2D B
Rt AR RE .
14 SR EEESF A

FAT, Ao st e 7 Mt i) iz A e
TR RL . SRT, S5 IR L, A SR A i AR
AR Z T3 THAR R AL, AT LA A (e i A7 £
A3 L ISOR REAS 2 A2 fis EEAROC8T, SR, A L ith
AR, AR BTYR. RS AR A A
J8 o CA R S I 2 R S 2 B R OGR I, XA R 57
GRS RL T AL B ARG AN F] 38 G o

R PR AL EEEE, 5 i KPR S
ML A AR 2 JE TR, B AR . BRIR X
T2 2R R AR R RDOTE, 8 T
BRI H202) A BN, 53— 5T, 37 it
7R A PRI A R H Ay s AR BN B TR AE 5E
P B NIRRT B R s, T SR
fif H g K iz ok, JERAA B Er .
BEAR, KR IH A SR T AR D B N B D e
77 (AR R 7R A SE AR AR AN AL 51 55) A
— IS B AT F 0,

2 MR KR

TGP RH % TR IE W 7 BRUNT A REIE BDF
YErF i, M E A EAE RN SNV TE
P . IXFMI R AR 1 FRAMY S5 T #viE
AT et o, IEEN T RESEH AE AR . i,
PR BIEANE SPhe 4 12 AR A% 4 r it AR A
PR, 3 A7 s LI TRL M R R SR 3 B 1Y )
B, X5 AT A RCR . BRI A DA S 5K
PUR e R e B H AR AAYE . AHELZ R, PR A s
AREEE TREEIN SR B & BRSNS S it
Jiid, RENBIRIN BEBCR R RE B (T SEP>10% KesT i)
FHILIEZR), DLPGE SR S 22, [, feffit
L SN 5 B A G, TSR R A A, 1K
PR SEAE H Rk ARFERORT /L, IEIZHT RO fL it
AR 26 1518 52 ATUSk 1) 2 LR 1123260,

21 BRAEMZARHKELZE

AR A R O il B Rl 3, K RE
RPN S B I, 3R A R A 5 SR o
WRAERER AL T3, H AT ST A 2 Mo R 5



. 2172 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(8): 2166-2183

2025 4

BR, WIEERAHIE . BOUHIE K. ™
BRI G B KIGE B ZLA 6 ORI R N # 4
WIRCS

1) BB G . A A ke R 4
A 2 L PEL A S SR (U B SR SR I, R 3
5 R Z R PR R R, R, I RE R
FERMEUR T REAT, BLR R s (s . R R
BORBA VL RRE Rl — @ PP BT,
FEFP R gfE, REVSAH RO B EHG B AR A A
5 ENEE R s THIR A, THE R R PR ATk 105 K-s™2,
HUMHE LA P RIS RE T IR I A B LT 2R SR
& o FEHAE R 3 M R (1 S S 3 TR 45 2
Hefi o pt22 TIDL R AR R SRR ) 5 4

2) WothBh &k WOtHARZ D Z TR
oo RIZ. UIELL BhAL. BRI i A ) SR
BB ARG R, BOLAE T & e R
SIAPRLRTE, BAMELREEIRSD, SEIDERE M AR
AL . WO RF IR AT A7 AR Rl R R
FERRER . SR TR E TR SRR T, X
R AEMRLR T AR A A AR, A0 SEELA R R
A RIS, FOLAHBIHOR BRI IU A AE T RO
o 22 (R T) 3 R, SO VPRG B A2 G R AR S 25
o] & L1778l

3) B W e A TR FH e L R A
(CaBIEe) 5 B MR SR R Cn A e S5 ) 1 5 o L T
CRUSUR ALY P e DR A % NG 9D A= R A
tre-s2l, R MSCRARE R DAAS B gl & B L RiT R4,
AT DR A R A SR SRS # i 1Y) s IS4 T XA
e & e S B ERIE R 15 . AR U I

4) KIEE R KIS A )

*x2

TS, SRR T 25 I HT SR A I # i H
bR . AEIX IR, BRI B HPD A T
5% 800~1600 K, Fifi J5iduidt v HI . ple = i (83-891, iy
T KR [ R R = P P ) 2 BT o B G 3A
SRR B2 45 (115 B I TR) (RO 204

A, HAh 7 NS B R R0, 2141 e
JERNL N FABe] A A& e LB, UV SiBI eSS0, 1
B PG BERHE T B BRI LTy ik R B
FH TEAE AN W7 HE 20 6 TR G O AR 1 2 B AR = Ak
RIE
22 BREMBEAWRMHIEURFORF S

RN BRAREB TR A 5 % Gt 4% 7 VETE IR B
JiFE ERIIX ALK 3a F15E 2), X TR R &
R AL T 2B EE R P, Mtk gy

%, BPE AL O RRIELE T R R N AR
Wk IS S LIS TE] o IR 122 SR, IO 7 1)
ZH A B B AE AL [AG=AH-TAS, I\ AG N
i & HEEAE(kI-molt), AH JIEAF(kd-molt), T
RIFIRSCIRE(K), AS A2 (kJ-mol - K )] 4%
Hil. HBER AR L, B L N A R R
TNRIEAR], ikt PR A K
R BL(AG<0). i, FPRA R iz Tl & # )
SR e MR AR (842 1 11> IV/VI) (WA 3b),
WAL . BACY) K £ H 5y = e & s -2
01941, [FJIT, Mk B i SO 7 R A e LA AR I8 ISP A R
gk, ARTIERHIRE RMEEESE 1> /10>
V)21, thah, i i RE 7E 2 A0 N AR 2 P BRI
B PI(RAATT> V) FIAR #2288 e e, T4
m BRI R, SEEURE HE A R E AR (L
K 30)[73' 92-93] _

RGEE T ESBIRE REARIIEL

Table 2 Comprehensive comparison between traditional synthesis methods and ultrafast synthesis methods

Traditional synthesis methods

Ultrafast synthesis technology

Reaction features  Relatively low temperature + long reaction time

Thermo-dynamic
factors

1) Primarily forms thermodynamically stable phases
2) Likely to produce thermodynamically stable
by-products/intermediates

Kinetic factors 1) Low temperature struggles to overcome high energy
barrier intermediate states

2) Slow reaction rate, requires long reaction time

3) Product selectivity controlled by time, but prolonged
reactions may lead to more by-products

Applicability Better general applicability, suitable for generating
thermodynamically stable phase materials

Ultra-high temperature + instantaneous reaction

1) Entropy increase effect alters spontaneous reaction direction, facilitating the
formation of high-entropy compounds

2) By-products have relatively low thermodynamic stability, enhancing
selectivity

3) Non-equilibrium reactions help form and stabilize metastable phases

1) Overcomes high activation energy barriers, increasing reaction rates
2) Faster solid-phase diffusion speeds, improving reaction rate and uniformity
3) Avoids side reactions caused by prolonged reactions

Requires control over precursors, reaction conditions, etc.; More suitable for
high-melting-point materials, multi-element high-entropy compounds; Enables
extreme synthesis that traditional methods cannot achieve
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Table 3 Summary of ultrafast synthesis methods for battery materials regeneration
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Spent materials (Ultrafast) Synthesis methods Temperature & duration Capacity/(mA-h-g?) Cycling performance Ref.
LCO Joule heating 1440 K, 8s 133,0.1C 81%, 0.2 C, 300 cls. [97]
LCO Microwave assisted 1350 K, 300 s 141,02C 88%, 0.2 C, 300 [98]
LFP High-temperature shock 1073 K, 20s 152,0.1C >99%, 2 C, 400 cls. [99]
LCO Flash Joule heating & 2500 K, 0.3s 142,02C 97%, 0.2 C, 100 cls. [100]

solid-state sintering

LFP High-temperature shock 993K, 20s 153,0.1C 98%. 1 C, 300 cls. [101]
Graphite Joule heating 2000 K, 0.1s 320,1C 96%, 1 C, 500 cls. [102]
Graphite Joule heating Max. 1900 K, 0.15 s 145,0.1C 92%, 0.2 C, 300 cls. [103]
Graphite Microwave assisted 1400 K, 30 s 352,02C 81%, 0.2 C, 400 cls. [104]
Graphite Joule heating Max. 2850 K, 0.2 s 351,02C 77%, 0.5 C, 400 cls. [105]
Si NP/RGO Joule heating 1800 K, 30's 1957, 200 mA-g 60%, 200 mA-g, 100 cls. [106]

Sn NP/RGO Joule heating 1550 K, 30's ~950, 100 mA-g* ~63%, 100 mA-g?, 50 cls.
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Table 4 Comprehensive comparison of different pathways of battery material direct regeneration!'6-17.22

SSR HTR ECR ESR CLR USR
Time scale Hours Hours Minutes Hours Minutes Seconds
Energy consumption Very high High Low High Medium Low
Reactant utilization High Low Medium Very low Low Very high
Process complexity Low Medium Very high High High Low
Environmental concern High Medium Low High Very high Very low
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Extended Abstract

The pursuit of carbon neutrality has become one of global priorities, requiring the widespread adoption of electrification
technologies across various sectors, including transportation, industrial processes, and residential applications. A critical factor in this
transition is the integration of distributed energy systems that harness renewable energy sources, such as solar, wind, and
hydroelectric power. These intermittent energy sources necessitate advanced energy storage systems to ensure a continuous and
efficient energy supply. Among the various energy storage technologies under investigation, lithium-ion batteries (LIBs) have
emerged as the most widely applied due to their high energy density, long cycle life, and scalability. However, the rapid growth in
LIB ownership and demand has led to concerns about resource scarcity and the environmental pollution caused by spent batteries.
Traditional recycling methods, such as pyrometallurgy and hydrometallurgy, although mature and widely used, suffer from several
disadvantages, including high energy consumption, substantial pollution, lengthy processing times, and high costs. These limitations
make them unsuitable for meeting the modern industry's demands for efficiency, economic viability, and environmental sustainability.
Therefore, there is an urgent need to develop rapid, efficient, and environmentally friendly direct repair methods for battery materials.

This review begins by examining the failure mechanisms of electrode materials and extends to the current advancements in
electrode material repair methods. The failure mechanisms can be broadly categorized into active material degradation and interface
reaction failures. Cathode materials, due to their higher recovery value, have attracted significant attention and research. The main
recovery methods for cathode materials include solid-state sintering regeneration (SSR), hydrothermal regeneration (HTR),
electrochemical regeneration (ECR), eutectic salt regeneration (ESR), and chemical lithiation regeneration (CLR). Among these,
solid-state sintering and hydrothermal regeneration are the most technologically mature, with the highest industrial potential. However,
both methods still require prolonged high-energy input, raising concerns regarding their economic and environmental sustainability.
On the other hand, anode material recycling, driven more by the need to extract valuable metals than by economic incentives,
primarily focuses on upgrading waste materials.

Compared to traditional synthesis techniques, which suffer from high energy consumption and inefficiency, ultra-fast synthesis
technology can instantaneously release large amounts of energy to quickly initiate chemical reactions. After the reaction is completed,
energy input can be rapidly withdrawn to facilitate efficient cooling. This technology has attracted increasing attention in the materials
synthesis field due to its efficiency and low energy consumption. The review then summarizes representative methods, including
Joule heating, laser-assisted techniques, and microwave-assisted techniques, discussing their advantages, disadvantages, and
applicability. It also analyzes the thermodynamic and kinetic differences between ultra-fast and traditional synthesis methods,
emphasizing how ultra-fast synthesis breaks through conventional limitations by combining ultra-high temperatures with
instantaneous reaction times. This approach provides new pathways for the novel synthesis of advanced functional materials, such as
energy materials, high-performance catalysts and high-strength metal materials.

Ultra-fast synthesis, with its low energy consumption and high efficiency, is rapidly becoming a critical breakthrough in the field
of electrode material repair and regeneration. This review comprehensively outlines recent advancements in ultra-fast synthesis for
both cathode and anode materials. Ultra-fast synthesis has successfully facilitated the regeneration of electrode materials such as
LiCoO2 (LCO), LiFePO4 (LFP), LiNixCoyMnixyO> (NCM), graphite anodes, and silicon-based anodes. Despite the promising
progress, challenges remain in scaling up ultra-fast synthesis for industrial applications. Precise control over energy input and product
quality uniformity is crucial for industrial implementation. Moreover, the adaptation of ultra-fast synthesis to various material systems
and a deeper understanding of the reaction mechanisms are ongoing research topics. The rapid development of artificial intelligence
(Al) offers new opportunities for integrating Al into ultra-fast synthesis, enabling better process optimization and outcome prediction.
In conclusion, ultra-fast synthesis represents a revolutionary approach in battery material repair and regeneration, offering a promising
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alternative to traditional recycling methods and supporting the transition towards a more sustainable energy future.

Summary and prospects This review comprehensively summarizes the development background, application progress, and
challenges faced in the recycling and repair of battery materials, with a focus on ultra-fast synthesis technology. Compared to
traditional methods, ultra-fast synthesis has made significant advancements in the field of battery materials due to its speed, efficiency,
and environmental sustainability. It has increasingly become the focal point of research. Meanwhile, the rapid development of
artificial intelligence technology has provided strong support for deepening the understanding of the mechanisms behind ultra-fast
synthesis, guiding its research direction, and improving its adaptability for industrial applications. Looking ahead, with the continued
advancement of green low-carbon technologies and the growing demand for efficient recycling techniques, ultra-fast synthesis is
expected to play a crucial role in promoting the recycling and utilization of battery materials, driving industrial upgrades, and
providing key momentum for the sustainable development of the new energy industry through continuous innovation and
optimization.
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