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Abstract: [Objective] Under the background of the transformation of energy structure to decarbonisation,
electrochemical energy storage technology has become a key support to promote the large-scale application of
renewable energy by virtue of its high energy conversion efficiency. However, the performance degradation of energy
storage devices in extreme environments has significantly limited their practical application potential. In order to
systematically study the key impact mechanisms of extreme environments on electrochemical energy storage materials
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and devices, we propose targeted optimisation strategies to enhance the adaptability of energy storage devices to
extreme environments. [Methods] This paper systematically investigates the key influence mechanisms of extreme
environments on electrochemical energy storage materials and devices, and focuses on four optimisation strategies by
analysing the mechanism of four types of extreme environments: low-temperature electrolyte modification, high-
temperature-resistant electrode material development, biomimetic interfacial buffer structure construction, and salt
corrosion-resistant material research and development. [Results] The modification strategy significantly improves the
adaptability of energy storage devices to extreme environments: 1) low-temperature electrolyte modification, based on
deep eutectic solvent and high concentration of lithium salt electrolyte, achieving ionic conductivity of 4.8 mS/cm at
-50 °C, with a cycling efficiency of 92%; 2) development of high-temperature-resistant materials, the NASICON-type
composite cathode has a capacity retention rate of 91.3% after cycling for 500 times at 80 °C. (3) interface engineering
optimization, bionic gradient buffer layer design makes the electrode under 15 MPa mechanical stress interface
delamination rate reduced by 67%, the cycle life is extended by 3 times; (4) anti-salt corrosion materials, hydrophobic
two-dimensional new material (MXene)/polymer composite coatings in the high-salinity environment will be the corrosion
rate suppressed to 0.02 mm/a, the electrochemical efficiency of the attenuation rate decreased by 58%. [Conclusion]
Future research should focus on key materials such as zero-strain alloy electrodes and biomimetic ion-channel
electrolytes, and build a multi-scale failure analysis model and standard evaluation system. Through interdisciplinary
integration, electrochemical energy storage technology will be promoted from the laboratory to the extreme
environments such as deep sea and deep space for large-scale application, supporting the global energy transition.

Key words: electrochemical energy storage; extreme conditions; interfacial failure; material design; electrochemical
efficiency
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Figure 1 Key challenges and coping strategies of

electrochemical energy storage materials and devices
under extreme conditions
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Figure 2 lllustration of the negative effect of low

temperature on LIBs and summary of electrolyte design
in LIBs for low temperature®®
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Figure 3 Changes in the microstructure of the electrode material surface at low temperatures®
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J - PR i 6 FR e 4, X S RfF oY 25 SR R Ak
A RE AL 7R B el b P A 2 e TR T
B ERISARYE ML Beds T, A B T s fb 2= it B
BRI K AT 2

55 RIS O EE AR SR 5 ] R AR AN
[P R . L e g 7t I 8 17
() EE BLARIE, Li* I IEARAAHBE H i2E A F AR, 76 LA
WO ELE I A e A% 2F ik SEL RS 3A Tl SR
T, XA TSI FE 5 S 2 Rt A PR,
BRI A T 32 Litde 1E St b i) | i
Hiz R, SELIFHAT | R B R 52

B2 Litiis 3 | F i R R 32
BLZ WP, T AR T A% Litig shdioR %
KR, W VEAT B A I H far e B BB R T8 i
] ) P ST AR 5 R S AT 7% P YR 5 ) sl
F LA 2R K A [P, iR 8 TR, Lit7E R R 1
5 kA i s il S i SELRR, SETBE Y Litn]
ST AN SRt b TR 75 Ltk A
UL TP A ) 4 4 ) B (B FEARIRL AR R F 7
JHCHRL B L 52 ek 32 RIS ol R i R BB A e p i A
BRI LR, ANRESE i AT B RN BG4 Li
e SEI PR A JE TR , gl A

Lopez 300K B, i LR T 4k 5 fU R &
Az NG, ANASCIF FE Tt F A VR O, o8R0 P i 5 o
I SEL RS R  BHLAS T Litf4 8L, A A 57
REHR 2 T HL AR TR B TR AR i 5 T Al %
I SELBETE i PR, i ad e fb 38 A 2 8 1 F

E8 BB FRMAERETIEITHEIRFBEE
Figure 8 Challenges faced by lithium—ion batteries
when operating at low temperatures®

T ARG IR 1 B ) P AR VAR LA 42 R PR AR T L R
H B R T SEL IR YA E P , e R R B B - M e
LB IX TS AR 2 A U ) SR,
SRS BT A RV BE L A BRI 5 Y
TR
2.2 ERRREFMH

FEL iR Jo 2 LA o i B 150 A (0 R b R 4 PR 2
i) TR AT B A A R, HHR B X B A A
TR T P L A 2 PR R LA F 5, b A 8 285
HL AR B A R LR

[ 25 42 Ak W 48 R H 3t (solid oxide fuel cell,
SOFCOER—Fig i REIRFL AR , HorERe FAR e P2
BN Z R0 R B2, b e g BRI A O
HAEH . 1819 IR T 1548 SOFC Hfif SR Y 1 ik
w5 SOFC (14 LMt J50 8 5 R TR A 8 7 1 = L PR A
AL 7 5 fL M A B R, 2 RS AL B (yttria—
stabilized zirconia, YSZ)ZER, X bR S IR T 36
B RF 0 AL PR RE L EBE S TR R, H
B B TR IR T iR AR T
AIVERE &A% . AN, HLfie Jo ) FAJIZ ik 22 %8 (thermal
expansion coefficient, TEC) 5 HLH B 6} A9 AN DL L 25
SRR S T, 2505 | S v A A PR AR b
I 2P RER AL SE M 8, 51, BSCF (Ba,sSr,sCo
0sFeq,0,—8) &5 w5 14 RE [ A A B H T 48 i 7Y TEC
{8, SRS YSZ Wi BT Z [ A TR R R W AR ik 22
St X TE TR AR A I 25 R BT i o 2 R Y 53

431



202556 A b

/B - G

RO H41% F3H

2 A AR DA S TR,

6o

EREFERT | | (srnmm v [ :
I | U ] | femmmansn| | [rausn

LT | N hmee k| [| semme | [| 9k
[rirrxmm| | [mesgen| |[mamnpn w528 AL b

MeiiE | [|Rtame] [| AR WA R

[oeseoomms | | [ MR, F

st (GYS2) e AR T
rmmrsee]  [[nmee

pIbLAE Pt

9 f&%: SOFC EBf# At i bb 520
Figure 9 Comparison of traditional SOFC electrolyte
materials®®

F 1045 T SOFC B TAEBREE, A T F#K SOFC
()3 A7 IR I v HAPERE  IFSE A DUR I T 20K
e Sk P Ak LA SR A AL . — A R0 vk R A B
FR U Z R VR L S A W BRI 2 . e S
52241 (Se) T R B A AL, vl UL 53 =
fif ARG N A B T S, IRl R AR L TECAEL,
o8 L T T LR BB AG TEC, AT U /D B2 ik 2 i
AR TR A SR OOLIZS FRL A 0 45 4 2
— B WL DL AL, RIZEAR SR 1) YSZ L i o b %
n— 2 EABAR TECAE MR, WHB 45l A k)
(CGO), LI JBRES 2 , b7 1k FAR A4 A5 Y SZ Ha fift ot
B A, DTS/ 3 5 -4t v R b 8 R
FPERES,

Hi %
e e
o>
=)
H, € 3
= 0
= HLR A
0>
KT R
Vit

10 SOFCHTIEIREE"
Figure 10  The working principle of SOFCF®

SE I % e IR TR B AR A Sy A A o M e 4
it 7R B R . W 3 S0M TR (physical vapor
deposition, PVD VR, QNGRS ST | TR R R R

432

MOGTURRAE , REAE 2% Hh 8 T EL S0 1Y) HL S 5T v
R, i 2 R AV A I 10 JRE R, A T 0 2 8 A% B
J7, 4 F L PR RED i An AT F TR ZE R AR
5 22 L B S H5E AR il 2% YSZ HL ik Jo I, mT DA
AR A IS A TR B AN = i D R i R (e R
U A P RN RS R, 3k e R 1 ke i
SOFC R AR B 787 i AT REME

ZE LTI, H A SRR AR AL X T4 B SOFC
(AP e ARG e Pk B E AR W e R R R
(R 2EL B 5 KA RV 4% 220, AT DA R e B i ik
Jic AR R BE T A 55 R AL, #E 3l SOFC 45 AR 1Y & S Al
N o AR B F 5 1o — 25 2B AL A A
A HAR , DASE B i PR BRI AR By SOFC
23 SHRHEEHG

o B IR (AN K R0 B Tk % Ak Ak B
0O XL ILAAAERE R G AT R RE AR E PR T
IRERREL . B 115 T R B G T b2 v i
KB AR B 35k S PR3 v v e B ) R R T
(W1 CI" \Na* SO, 45 ) AL S b B 4k 27 6 ik Al
YL Ak 30 T e TR AR R N 1 B ) 2l B
S A R A 1 2 A I O o A ) RE
o BRA A PR EAA KA s AR Ik S i
BT SR B O NS [ e e S5 295 1615 A )
FLAE RS SR 3 P A B R AN, an A =K AR &5
FERRRE 0L, BHAR R i & B S0 B A e
2 Z AR E AN I T R R R ol R
PETL, [R] 75 A Hh A AL T P A B I RO 1 2 5
W, BT EOH R A A S PR R i B, X —
MG AL 4 Bt (1) B AR AR B AR 75 B i A2
Z AR IR T BEAR A R BE DAL 3B DI 752K

WF5T 2 BH , Bl A 7 R B 1 T e, 40 L4 4 BH
W S 3T o v e S £ RS, LA FRL LB =2 S B
BRI, T RE R ok = I8 5 P 22 5 2ok ) 22
FLEL BT A . BRI L ik 1 IR 7E 55°CAIK
S K T, B8 PR TE 35%0 £6 BE T B HL AL 22508 H
79.60%, T 7E 240%0 £ % T , X — %R T &
39.43%™, XFMAERE T RE R ZIA R TR A
BT U BE RN, 25 5 175 AT 0 BE AR 1 & T S
ol S 3550 I e % T 2 S A 0R D e b, sk it AV
FURHRLIETS o AL, ik B PRBE I8 1] RRAE IR AR PR AR
FEIATA ARG , 25 R Jgg e



2025 4 BB ARE A T AL F AR AR A RS £ 42 R B B R,

%34

Jhih () Ak GEH)
gsasases
SESEEESS
SESEEEES
SESsEsEs
T

|2 1 2e||mrmsrscmm mi s sem

2e
I KH&?%%&K& 11367 A28

ZnCl,,,

FAk

’ Zn(‘lzw = _A = ;‘
W e KA
B SR TR

Figure 11 The working principle of desalination®®

FH

F1 $APARERBETED
Table 1 Actual capacitance of aluminum anodes®™

. . . LA
WIFERL R /%e  IRBESC ZRRE(A-h) kg
2%
All 35.0 55 2301 79.60
Al2 137.5 55 1230 42.54
Al3 240.0 55 1 140 39.43

FIELZ T, B PR AR R A5 0F T R B N AR
T o B PHAR Y R AR L 5 AR BHAR S R0, (H L fh 22k
FAOAK, B SEC 45) . FERRIER B
VTR B B A R PR A H A 230, FLR S B
PR R IR, 31X e BB BN AE e R AR A
JE K o LA AR E A bR R R L 3 T RRRR IR
B R B AR

ER B0 JR B AR Al 0T B L P R P O AT
FE, (R A 25, th TRk 5 ik
1R A VLR 284k, K AR B 52 L A A M 5y . BF
SERWT, SRR 2 T3 Q235 By ™ E R ok, HER
JEE 2R, S i b e - FE SR BER AR R L 4R
G B SR AT RE M Q235 AN AL R 4454, {0 Y
FEEIIN, BT AR IEAR, 140, 7 3.19%~0% £ FE
PEIART 405 BHAR I B S A80R Al 85% Ay, i (kT
W5 R BE S R B9 95% UL b X R N SR
Pk R B R 3 T R AR T 8 B (R 7K )23, 3 m T
BHAR () 1 J o1 Be Ak | 8 B4R P34 25 52 Wi 5 4%
DIBUZRTE B, s i PR3P RO, . 78 e B R 1
T, Q235 H R 1 25 5 W S BE VAR , ARAS B
PRI AR ER B A5 E R, DURUZMELITE I, AR 3%
TRBEAR . X AP B ARAbS R M PR 2R e 3, B

T AR B R 2k

TEFR AR LB OLT , r P RE R PRAP 4%
RG22 PR — 7T, R IR T B
PR JE Tl AR T F AL A RO AN T i 5 75—
J7 i, FhEARAL S BURROR AT I 1kt
FNAESFAIMESE o D INX K SR, HFFETT AR L B
BeRHRL S B4 FOR RARIC N AN, i
DEAL B 5 < a0, 2 i HETI Tk P fE 5 sl R A
TR IZHR A BB AR 37 807 0, D80 R PR AP KB, o it
Hb R FE R AL A i i P RE B 1 FHAILER, A
B4 S G B ORI 58, B DR e S R BRI R 5G
AR

Li LRTIR , #h AR E R M PR RE AN A RAT
FR, BRAAE B AR A A A TR RE AL e S AR
PRCRI PN o THX BEPR AR, T Z AR |
BORBCHE IR 5T 55 2 75 1A T, LASR i FL L7
SRR E IR T Y A SRR R

3 ERSRE

W g £ 14T L A2 0 B AR B 14 BE A A A2 4
ol HLAE B BE R S AR A N B R O Bk . 1T 12
SN T W i AN (AR AR R IR R LR, T
15 B B AR ) Xt RE A L B 2% 1 DG B 5 AL A AR
Uity Y JBE 30 o AT 2 2 A n s e A R AR 5 R
fitt, R LA 1 5| & B TH 0 |2 5 S5 9% 57 , = Eh B
IRITE N0 5 5 i -5 A RHBS iy, T8 e R SR
ARG ) T B R R AR o BT XTIk S )@, 3% 2
SNEE T Y EON TR v PR T A RE R B 5T BUIR
5] nvpef P 2 b F AR T T A5 A B I TR K B ) 1A A
FEL i JO 45 SR I 8 J8 T s 8 T A ity A 5 3 7 P 1 0%
I, 5000 T A B2 - R G R T AT . AR
KM TR 5 FE T W 32 A4 R RS HE R 1T (AN g
AR A A DA B T A AT ) ST RSP ) Bl
DT (B85 G TR RAE S 2 Y B AR |4 iR f
2SR REPVE B AR T A, [R] B ST 0 55 R B i
AP IRRUEALTEIN R R S 2 RO ISR P .
IR R A 2 N TR RE S i IRUEE Sl i A R
B, A A R REH AR A SRR A HS A R, SE
NS G % S TR FE 0y R 2 TN S5 A g 1 o 1) I
W, A Bk e U 4% B 5 i b R B by 3R A G B
BEL

433



202546 A L B & S QU TS N 3 F41% 3N
mkiesATE S ‘ G CLES
&F &t
2 é’ AQ%%S&
I LT I RSB
7% ‘75 ﬁ *
-4 £ : -8 Ba
%3
0 %

2 IRE R R K ‘ﬁ,*’é & P [ &5 LR I3 (SE) i 4 fit
Tt N Mo e x oy
B : g
o e AR IRAS BRI K HIAb 22 Gt REATRE B BRI R T I

E12 RIHIE TR BAFEREM
Figur 12 Electrochemical energy storage materials under extreme conditions

x2 RIRIME T R FMEEE MR T IR
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