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Abstract: As new energy vehicles proliferate and energy storage systems scale up, lithium-ion batteries
confront market risks stemming from resource scarcity and price volatility. In this context, sodium-ion
batteries have emerged as a promising alternative, leveraging their abundant resources to potentially
complement lithium-ion batteries in large-scale electrochemical energy storage and low-speed electric
vehicles. Despite the rapid surge in sodium-ion battery research and the onset of commercialization
initiatives globally, several market and technological prerequisites persist, posing challenges compared to
the well-established lithium-ion battery system. This article provides a concise overview of sodium-ion
batteries from a commercialization perspective, tracing their development history and current industry
standing. It delves into the core positive and negative electrode materials, costs, and application prospects
within the existing sodium storage electrode material systems. Additionally, the article presents a forward-
looking analysis of future opportunities and challenges, aiming to guide further advancements in the sodium-
ion battery industry.

Key words : sodium-ion battery ; lithium-ion battery ; cost; industrialization
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Fig. 3 Crystal structure of layered oxide cathode materials
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P4 LR & RS

Fig.4 Crystal structures of Prussian-blue materials'**/

2.1.3 BHAETIHEY
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AR RRER . HAk %20 Na, M, (X,0,).Z,
(M Ryt ¥ 4 g B, X R A%, 2 F 1 OH
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EME . I T A f A e PR R BEEN AR VR 5 A
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FEGIR T AMTRI R R 48R , (0 A7 R ARAE L3RI Y
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R R . Wang 138 1o 7 500 BR B i B [ A0
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5 fRIHER IR T RUL A P S R
(a)NaFePO,-Mi#i£1 ; (b)NaFePO,-BHANT" ; (c)NASICON-Na,V,(PO,),; (d)NaFeP,0,; (e)NaFeP,0; (1)NayCoP,0; 5 (g)Na,CoP,0y;
(h)NaZCOPZO7 i ( i)Na“LFeg( P(')4)2P207 5 (] )NaZFePO4F H (k)\faaVZ( PO4)2F3 5 ( 1)N83V2(PO4)202FL38J

Fig.5 Crystal structure of representative polyanion-type compounds

[38]

(a)NaFePO,-olivine; (b)NaFePO,-maricite ; (¢)NASICON-type Na,V,(PO,),; (d)NaFeP,O;; (e )NaFeP,O;; ({)Na,CoP,O;;
(g)Na,CoP,0,; (h)Na,CoP,0; (1) Na,Fe,(PO,),P,0,; ())NayFePO,F 5 (K)NayV,(PO,),F, 5 (DNay V, (PO, ) ,O,F )
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FL A VL S IO PR A e 1 A5 1 2 0 3, #iIA R a2 SIB
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3 o ] BRI A R — 2B AR AR AR B T — BT O Sk
B R 1) T T A R R R . EOR TR TR B T
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WL HA R A SR
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ERFN = 40 B LR R B (NaO TF ) #h AL [Wlis Tk b, %4t
T —FE s BH S Y 31 mol /L 5k vk BE Eh 41 7K
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ffife ) v PEAS T kS G2 F A (DEGDME FEC/
DEC) i 35 J1 2F 85, % P4 v vl v 16 2% e fige e 6 PR
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WRIP S T ARAE R R R, 5 &SR



8 BT R

202547 H

NaNij ;sMn,,,Co,,0, (NaNMC ) 1E W% B A 11 755 1 3 25
P, AT A5 //NaNMC 4L L7E 4.2 VY 5 R T AR 1
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#F5¢ 2 W Nal[ B (hfip), ] -DME I Na[ B (pp), ] 1% i #
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NaPF 5 H i % P A9 HE A1 H,O F 30 NaPF 19 K figt
S, 145 NaPF s 5 H i 937 E 55 5 T B 3 6 N A A e
PE, I IE AR RN S AROE R 2 1 CEL/SELZ , #2 5 A
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B FE /N i EL AR SRR, BRI T STB 11 5T i A
BESAS 45 SIB 7842 i AR M i A W& AR T LIB. 7E H

B ALBLAL R, o T S SR A Y L TR R
AU A T AT R, 7 e MR fk R BEL 4[] ) i i
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AL, G 3 11 J AR 25 4 AR AR [R) , 32 224 45 [ A
WA 573 A B TIH CRETRIERESE . DL HRTAY
il AR A, 2R R R R Z5F 9 SIB, bR 32 22
JEAEBHA AL FE AR 15 LIB JEAAH S . [ A4 R
A BRI 60 % LA I, HoHpOE /o b kL G 1 e
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A4 TE A RTRRE Bk 673 B Y 18650 8 STB #E AT T R4 Y 22
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BLLFP)) MES ST T b 250k TR AR
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A = E R LIB W) 1E i #48E, Nay . Fe, sMn,, O, Fl A
B SIB IE SR AL, I 430l 20 4% i g 24 53 kWh
(ALY 2 o 25 SRR BH A F gt 2 1 AR Oy 5925 38
G, S5 2l (5875 350 ) A 24, BRI LX) F 2020 4 2
AR G FE 0, SIB A I I Al 3

B 25 T RE R T2 S ARl e o R R BN AN
PR T il i 0 0 R PR g () 4 8 5 SR R Ik
T AL R TR R T 2R o FRL b R TR AR A A% A 2020 48
1 475 6/ _1 5k 2] 2022 421 60 1 T/, T2 LIB
BAE Sy 3K R 7 AR 3 T3 & - 15 IE AR A
BHAEE — A SIB W & A0, 51 & T 7=k X SIB ) = B 56
e R, BT PHEV2 U S (R 1)) ke
7 LEP HL A SIB 5y 4 il A (455 TE /6745 A1 L A
SEWAR) . B, INRE % M R , SIB B %
PIIET LEP /4 Ba it , B2 LEP /B AR A4 5 FL i
Hegm % gl s FEmmREmmEettakazm
SIB; 2R AW/ RERRAR F 19 SIB fie 12t 2 B AH X2
R, T LAE] 160 Wh/kg, $%3T LEP/ £7 88 H i BE %%
JE o MR B R &4 1 /R fk A & SIB A
H A% AFIZ AR Z A b R R B o 2 3 AR, SR FH 42 ™

AN B 5 ABRBRBE 20 J5 /Wi 35 % LFP 4 % 24
k8 T3 oG/, L LEP /7 88 f 3t (4 B4 R AR 249 4
0.242 58/ Wh, i 4 5 )2 R A ALY /B R AK 7 SIB ) #4
A2 0.497 T/ Wh, RIS B g5 4 4% [ 320 A0 47 35 AH
M 3.5 7 g0/, R AR 0.273 50/ Wh 5 T4
HI LEP// A S5 f b i AR AS . IR BE A R M
A1 55 U A48 ol A T 0 il A i , L P L it 1 A1 k12
REAAS etk Rt 2 B AR T, M A 0, LFP /B
Ttk 2 LIB MRS AR AR AR T 2R S A0/ B e A
A SIB. Z45KE,SIBAER % A L LIB, Hip
DA AS K LIB. & BloombergNEF 38 ™, if 1 JL
ARk Bl B T BRI FAE = B K,
LIB 4 k& M 2010 4E 9 917 25 70/kWh F [ 5] 2020 4F
() 137 2270/ kWh, R T 85% . R4 2021 4 LIB 1Y
JAAN R 2 132 3500/ kWh, BEIE/N TR . {H Bloom-
bergNEF 4 4f 4 4% A5 £h k35 DL K 7= b Ak B0k, i)
2026 4F LIB M #6015 nT B R 22 100 2270/ kWh LR
S ILFR, ER AT R A A RS G X sl ) s
CLLA R A 15 9 v 015 A 4 o ) 1 | 8 S
WP R Tl [ SR T, 45 A 45 A AL, Se Bt
PV P9 v 8 IR SOR o A = 300 LIB [MDSCAIL ] T £
P bR U R AL Bl 1 fR) B, A R T AR R e R
L e LIB AT AR m s R ™ . TR i, i R AR

®1 ETPHEV2EERANSZE
Table 1  Cost accounting based on PHEV 2 cells

Gravim-  Volum-
Electrode Electrode Current Battery etric etric Material ~ Material
Battery (PHEV? cells) Specific capacity/ comPaction material  collector capacity/ energy energy cost/ cost/
(mAh-g™") density/ consump- - consump- Al density/ density/ (CNY-  (CNY-
(grem™) tion/g tion/g (Wh- (Whe W LhHhr wkp e
ke LD
SIB  Layered oxide//Hard carbon ~Cathode 130 3 270.29  22.09 33.7 160 296 0. 497 0.273
Anode 300 1 136.91 23.72
Sodium iron pyrophosphate// Cathode 100 2.3 283. 37 17.82 27.2 129 224 0.423 0.213
Hard carbon Anode 300 1 111.24  19.27
Prussian white//Hard carbon Cathode 130 1.6 209. 26 17.10 26.1 143 215 0.392 0.167
Anode 300 1 106. 96 18.53
LIB  LFP//Graphite Cathode 145 2.3 300.96  23.52 41.9 176 361 0.242 0.242
Anode 300 1.5 145.47  41.54
LFP//Lithium titanate Cathode 145 2.3 244.99  41.33 34.1 76 178 0. 646 0. 646
Anode 140 2.8 252.44  43.74
LLFP//Hard carbon Cathode 145 2.3 226.70  20.67 31.5 152 278 0.448 0. 249
Anode 300 1 128.36  73.31

Note: The material costs are calculated as follows: layered oxide cathode materials for sodium-ion batteries at 80000 CNY/ton, Prussian white and
sodium iron pyrophosphate both at 40000 CNY/ton, lithium iron phosphate at ~80000 CNY/ton (based on lithium carbonate priced at 200000 CNY/
ton), lithium titanate at 80000 CNY/ton, copper foil at 90000 CNY/ton, and aluminum foil at 40000 CNY/ton; scenario A assumes hard carbon at

200000 CNY/ton, while scenario B uses 35000 CNY/ton
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Abstract: In recent years, sodium-ion batteries have become a research hotspot in the world and are
gradually moving toward industrialization. However, they still have shortcomings, including phase
transition, structural degradation, and voltage plateau. Therefore, the development of positive electrode
materials with better performance plays a crucial role in the capacity and energy density of sodium-ion
batteries. This paper meticulously introduces three primary categories of positive electrode materials for
sodium-ion batteries: transition metal oxides, polyanions, and Prussian blue. It elucidates the unique
advantages of each material in diverse applications, acknowledges their inherent limitations, and presents a
range of improvement strategies to address the challenges of low capacity and energy density. Additionally,
by examining the investment trends and industrial layouts of sodium-ion battery positive electrode
materials, this study analyzes the industrialization pathways and current development statuses of these three
systems, summarizing the latest research advancements. Therefore, it is anticipated that with the ongoing
maturation of theoretical foundations and industrial advancements, sodium-ion batteries will rapidly
develop,and gradually integrate into daily life.

Key words : sodium-ion battery ; positive electrode ; industry ; transition metal oxide ; polyanion ; Prussian blue
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Fig. 1 Operation and structural principles for sodium-ion battery
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Table 1  Comparison of properties of three positive electrode materials for SIBs

[17]

Positive electrode material ~ Chemical formula Energy density/(Wh-kg™")  Cycle life Rate capability
Transition metal oxide Na,MO, 140-150 2000-4000 Excellent
Polyanion Na M, [ (XO,), ], 100-140 4000 Excellent
Prussian blue Na,Ma[ Mb(CN)4]-2H,O  140-160 2500 Poor
(a) ; (b)
E d
nergy density Salety
Fast charging |
Safety
Stability __- Specific capacity
NP =
LFP )
[ siBs Metal oxides
cost Phosphates

Low temperature

Long-life

Prussian blue analogs

Potential Cost-effectiveness

B2 Bl T AN AR R A L Tt () B B 28 T FL S AN TR) SR A9 AR B2 0] (D) X LE A 3k

Fig. 2 Radar comparison maps of sodium ion battery and LFP battery (a) and contrast between different types of

positive electrode materials for sodium-ion batteries(b)
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Table 2 Comparison of sodium-ion batteries, lithium-ion batteries, and lead-acid batteries'*’

]

. Energy density/  Cycle life —20 °C low capacity ~ Safety Environmental Application field
Comparison - .
(Wh-kg™) retention performance

SIBs 90-160 2000-14000  >88% Excellent Excellent Two-wheel electric vehicle, energy
storage , base station

LIBs 120-300 3000-1000 <90% Fine Excellent New-energy vehicle, large equipment,
electronic products

LABs 50-70 300-500 <60% Excellent Poor Two-wheel electric vehicle
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Table 3 List of companies that lay out layered materials

Company Battery System Product and performance

CATL Full battery Energy density is 160 Wh-kg !, fast charge performance is 15 minutes charge 80%
ADAYO Full battery/positive electrode/anode  Energy density is 145 Wh-kg ™', cycle life reaches 4500 times

GEM Positive electrode Layer oxides , high capacity ,and low cost

RONBAY Positive electrode Energy density is 100-200 Wh-kg

EASPRING Positive electrode The specific capacity of the layered oxide is 177. 2 mAh-g !

CHANGYUANLICO Positive electrode

XTC Positive electrode

retention

7EC Positive electrode

Layout industrial line,a small amount of shipment, and performance in the upstream

Energy density is 145 Wh-kg !, cycle number is 4000 times with 80% capacity

Energy density is 150-160 Wh+kg ', cycle life reaches 4000 times in normal

temperature 1000 times in high temperature, 90% capacity retention under — 20 °C low

temperature, fast charge at 4 C to 5 C with first coulomb efficiency of 87 %-88%

Transimage

VEKEN Battery

Battery/positive electrode/electrolyte Energy density is 145 Wh-kg ', cycle life reaches 4000 times, specific capacity is 140
mAh-g™!
Energy density is 150 Wh-kg ™', cycle life reaches 3000 times
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Table 4 List of companies that distribute polyanions

Company Battery system  Product and performance

ZOOLNASM Positive

The 2 C cycling performance is 1500 cycles, with an energy density of 122 Wh-kg . The fast charge performance

The composite sodium ferric phosphate material shows 1 C cycling for 500 times with 98. 2% capacity retention. At

electrode allows more than 90% charge in 30 min
JNION Positive
electrode 0.2 C,it has a specific capacity of 102 mAh-g ™!
LIFUN Battery The energy density is 140 Wh-kg ', cycle life is more than 2000 times
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Table 5 List of companies that distribute Prussian blue

Company Battery system Product and performance

MALION Prussian blue (white) The probability of thermal runaway is extremely low , the safety performance is commendable
positive electrode

HIFICHEM Prussian blue (white) Cooperate with MALION to lay out a 50 T pilot production line. Provide support for the upstream key
positive electrode raw materials sodium cyanide raw materials

BRUNP Prussian blue positive The problem of rapid capacity decay during the cycle is improved, and the cycle life reaches 2500-3000

RECYCLING  electrode cycles

Natron Energy ~ Prussian blue positive

electrode the laboratory stage

The battery can be fully charged in 8 min and has a cycle life of over 50000 cycles, but it is currently at
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Abstract: Sodium-ion batteries have garnered significant attention owing to their abundant sodium
reserves, cost-effectiveness, and operational principles akin to lithium-ion batteries, exhibiting immense
potential for large-scale energy storage applications. The advancement of sodium-ion batteries with rapid
charge-discharge capabilities can effectively cater to frequency modulation needs in large-scale energy
storage systems. As a pivotal component, the electrolyte in sodium-ion batteries plays a crucial role in
electrode/electrolyte interface reactions and significantly influences the fast-charging characteristics of these
batteries. This paper delve into the opportunities and challenges associated with fast-charging electrolytes in
sodium-ion batteries. Furthermore, we discuss the intimate relationship between the fast-charging
performance of sodium-ion batteries and the properties of the electrolyte, focusing on the electrolyte’ s
transmission characteristics and electrochemical stability. Lastly, we summarize the current development
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status of fast-charging electrolytes based on various solvent systems and propose a general design strategy.

The comprehensive analysis presented in this paper offers valuable insights and guidance for the research

and development of sodium-ion batteries with rapid charge-discharge capabilities.

Key words: sodium ion batteries ; scale energy storage ; electrolyte ; fast-charging ; interfacial reaction
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Fig.2 Schematic diagram of Na™ transport during charging
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Fig.4 Comparison of oxidative stability of different electrolytes
(a)oxidation stability of NaDFOB, NaClO, and NaPF; in EC/DMC systems'™!; (b)oxidation stability of NaFSI/DME at different concentrations'**’
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Fig.5 Rate performance of HC anode in the EC-based electrolyte!™(a) and in different electrolytes!™ (b)
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Fig. 6 Structure diagram of t-GIC(a) and relationship between graphite interlayer distance and relative repulsion energy"*'(b)
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Fig. 7 Properties of low and high concentration electrolytes
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Abstract: Prussian blue analogous compounds (PBAs) have emerged as promising candidates for cathode
materials in next-generation sodium-ion batteries (SIBs) , attributed to their inherent thermodynamic
stability, expansive ion intercalation/deintercalation pathways, abundant electrochemically active sites, as
well as their adjustable chemical compositions and elemental ratios. However, the electrochemical
performance of these materials is frequently compromised by crystal defects and high levels of crystalline
and interstitial water content. This review delves into the structure of PBAs, categorizing them from both
single-electron and two-electron perspectives. It examines the prevalent challenges faced by PBAs,
systematically reviewing existing typical modification strategies across six dimensions: crystallinity control,
defect mitigation, morphology modulation, ion doping/substitution, component optimization, and carbon
coating/compositing. Furthermore, it offers insights into the current status of PBAs in transitioning from
laboratory research to industrial applications. Looking ahead, this paper anticipates the development of
PBAs in the realm of SIBs, expecting them to advance from the laboratory stage to industrialized
applications through advancements in materials engineering and surface science.

Key words : sodium-ion battery ; Prussian blue analogues ; modification strategy ; cathode material
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R RUBA Rt T I 5 — Se Pk AR, B 2, th T A AR
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2 EE TR IR B R R
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JP oA o A5 PBAs [ PRE & i f i, 45 R 25 437
AR A7 AE 2 5 BRGNS 1 A I o R o 1 R iy 22

Ty B YR IS , 5 K45 sl s i,
4h, PBAs Y S AR 25 44 1T U ST 7 R SR R = A
T, M B B 1 0 B0 FOK Y A R ARk . — ik
Ui, BRENAY PBAS 5257 5 4549, T & G4 1) PBAs 4 FLR)
Ao WEKALPRIS | BT oK 0 & m il AH S5 48 5 AR
REIGE = MAIEN R, AR H Y s e et AR
PBAs 1] BEAFE1E B AN 1] 306 A0 % A8 B 25 B BOLE A 75 A
A2 [AIEE, BT H A SRR, PBAS 78 52 bR H
HIA G & A R PERE AR R . T PBAS 8 %l
T T WAk A T K AV R PSR A2 T i
B, T 3 L 5 vk i A5 2 00 B4 ) i AR HE 2 v g AT
[ M,(CN) )25 (v AL 7K, PR ase ol e Ak 27 4 BB 1 ik
TR EMGE . BALKS TS WE T
TP I B o AR A TR B BELAS B [l A A
IR , TR AR T PBAs HE 42 4 28 ) R 5
— 7 I, 30 ] REAE B Ak A R A R B L R R L 5
K LSRR 0 L AR 2E o i ASOUEAL T H R R RE
FA[REG I RGN, BT, YRR R E T
FAR A i B AL 7K 7 519 PBAs #48E, LU
fEH Ak A YERE . PBAS BB i M SR w55 T 24
JET, BT SCEM R R (K 1) . B 58, ik at
AL 355 RS il R SRR RS B
ey b TR IR B8 7 PR AR T A0 K 45 ) R vk
ARGERE , DA 5 T35 T 40 32 %) 1) FH 238 0 B8 AR R
vk, M FHEE A TSR I IR A A 451, #2871 PBASs
()45 i B, Ul /D G5 A8 Bl g, 1 i b R 1 295 ) S 1k A
B R, B CESEERE AN LI AR S
HLMEADRE, IBRAOKRE A BIRS RRREY BN E
HRORE, A R PBAS [ T S B R 0 L for 1%
iy, SR AR A AL A TEYE . BRI PBAs 4R
TCE MRS S L), B L EA P [RIRION; 1) 22 38 P67 55
PBAs, it 5| A S Z 48 &1, AU A A )5 g
PEAL A PRI 25 5L, IR RE IR 1T BRI L 1454, F0
U R IR AT, 32 5 F AL A Ao T I B
21 FHRERSKERWK

4% 3 B S U (PBASs) B 45 f it #2 J2
PE AL AL A M AR Y DGR L T A D R AR T Y s
L S B FTC A K & i, AN AT DA 2 5 TR R Y L 2
LI REE R IR RS E M. WFR R Ak A R
JESCP 4 S KB EE PBAs BRI A 10 B AR
YHT, PR By SRR R RN S RNE W I BOR T
B AHFTE B T NaCN = 5 AR H 5 A= BURI 22 &1 i, 3
FH 32 B T Fe-Fe % PBAs M BF, R I T K HLA 1Y
Mo MEZ T B ERNE, UM A %
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mm A A% 5 A B T A R T B B 4 IRk
Y9 PBAs #48L. Yang A BA R AT R IR — #NAE A
AT A B T Na,Co[ Fe(CN), , Jifii UV-vis Jt
T AT & B I AR rp 2 T Bl 1 S RO AR, X S 3K
1R ah B R ek . k) B9 Na.Co[ Fe(CN); ]
TE 10 mA/g HL i % B F L H 150 mAh/g i Al kb
i, BIEAE 100 mA/g R HFE E T, ME 2 200 K
Ja B RAT R I8 900 (B 2(a) ) . Han HIBA™R
FAFPETR =B A7, Sl G DTE L A L T
i 4 e ELIG Bl B 9 NiHCF #1881 2(b) ), %k
1615 mA/g LA B2 Tl 58 80 mAh/g (21 #it
b %5 B 85 mAh/g) , 7£ 170 mA /g B HE i FAEHR 1200 7%
Ja L& #4754 78 mAh/g.
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2P BE 22 18] () 5K , Chou FAT BA U IFSE T ZK AR 0 2% A4
Xt PBAs MHAR R4 o 25 SR WoR | il i 5] AFr e
R 4N VR 2 445 b R, I A NaCl 48 55 % P A s 1k
JE P A ot 2 R A Ry e AR AR R R A AR
DA R 89 T e 3 4 il it AR 22 T sb 1, T DA LA A
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(50 C (8500 mA/g) i b 45 5 24 74 mAh/g) o J5 AL
XRD FI7 2 FRAF B b B 7 o R v 7 Bt
5537 77 FH 22 ] v ] 3 b A 4k
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R AU A e L Jiang PR BA TSR R TTRE Bk
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Re e FUER o i HL Ak 2F R AE FNEE A8 4B 4 B, PR
SREWE T LT B3k it 3, 0/ B o 4 TR VA A L B e A
R M [ B 8 oo I S0 285 188 T o A I D) A 3k i
TR ST EE . TE— 0 RO R R X SRS
(XRD) 43 Hr 7 , AR 8 5 i ABE H e v s
IRFUAR A /N (IR 2 2.6 96) , 5 500 HL 3 B2 v (%) A B 7
(R Rk 7 P ) i B ] 5
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() B 7K T A5 W B, 24 B T 28 200 ~ 260 “CHf, Bz 7K
0 IF GG W BR , 3X A 2o FRAEAE A0 = # AR 1) 37 7 R =
AR A A, 55 B8 = AR A R (B 2(e) ) .
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22 HmEA
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RYERE PG FAE P . Dou BN A AEBBE B A K
YK TR PBAs DLl £ PB@C 2 A #08. ixb BHE
90C H 3 2% & N Al il L 4 77.5 mAh/g, 20 C HL it
TS 2000 IR )5, LA REARFETE 90 mAh/g, 7 i
PREER IR 9000 X ELOR 5 (19 M AR I T T PB 40K 5
BETERREE 1 (135950 438, A 8040 58 T 4B 1
1, RISl 1 5 Fl 1 0 R T T TR R

BEA1 , Chen H A 2R F 28 — W R 12 20 2l ik ol 2%
T rhas g5k PB A7 i I 54 fLak (CMK) Z /7B
W N-PB@QCMK ZE A% (K 3(b)). ZEAY AL
L P ICRHPT AN R R i R 4 A . AT
K24 CMK /Y PB #18F, N-PB@CMK J& L T 8 4
A5 ZEPERE A FE 28 5 ] 3K 120 mAh/g, £85 200 IR
FHAE G A ARRRRAI R 8500 TRA M HL AL
3T A BHE DRI IR IR A ) 4.2 V S
AR IR R B B R AEAEFe? (C) 5 Fed (C)ZJa], i
A S5 ¥ O A 7 7 A H At R T b AR O R A
JO7, i 7 R AR oo 0 2 AR R R M A AT 3 o Y — 2P
HLZE 2V, ARG K 2 5 ST 5 A1 01 22 T AH 16 A%
PR Fe? ™ (N) A SO ) S0

J T i PBASs [ H AL~ BE |, Liu A1 BA
K HASEUUHE A B T 2% Mn . Co, Cu  Ni i = HE-
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12 100 mA/g HLI B T ARy A B NayCo Fe(CN) g JIRERERER L () ORI BLUCHE I 5 (IR D0NE 5 3T SR R (b) 2
JeNa, Fe[Fe(CN) JFEGH A R EE T (¥ XRD 3 (o)

Fig. 2 Comparison of cycling properties of Na,Co[ Fe(CN);] synthesized by different methods at 100 mA /g (a

),4OJ

effect of the conventional precipitation method on the morphology wersus the low-speed precipitation method (b)™* and

XRD patterns of Na,  Fe[ Fe(CN),] protected by argon gas and at different temperatures(c )™

LS T, LA 18 120.2 mAh/g, 762 A/g AU H
T T, 23 4000 WAE IR 5 | 25 5 PR 35 4T = ik
80.1% . BT EEHFIIES 3BT K 3., 3D A7 B bk A A7-AE
AU T s R 4, N T PBAs Kz 8] Y
B PG B T ATRIERE , B LR T 40 Tk
AN SR A A B AR FRAR AL B2 5 TR R
Mo AL, Yang F1 BN 35 A2 S UTRR I (215 -
AL DL B BRI T TR B L BT AR KRR GRS
M3 (CNTs-CC) | 1 FeHCF 44 % 37 )7 14 (FeHCE/
CNTs-CC). CNTs 5| A I #E 1 KT FeHCF ki
5 L figp TR ) 2 A T AL AR HE T R A S B T2 TR
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CCTEO.L A/g WU B BT, lb4S ik %) 135 mAh/g,
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SRTT AT O A AN R 4 B 0 fie bk A ok 8 4k
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T PR - FR A R AT ) R L CRIE T AR 254
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T AR 2EPERE . 0, Liu A1 BRI 18] 11 42892
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il VR ) S T RRURE K B T B T
I, F-PB1 B I AL T F-PB2 9% bk fig (&1 4(a) ),
1E 1600 mA /g 1Y i HL it %5 B2 S AR e P % 113 mAh/g
() 25 5, FL7E 800 mA /g I HL it % B T 6 26 400 ¥k
J& AR R R R IR 800,

B T RSHIAR Z A0 AN 6 B 4 RHE St 2 80 AR
] ) FL AL 2 4P . Qiao FATA Y 58 A2 7K AU g i 7
()RS 20 R 45, 38 3k el AR R 1 R 2 3R 0 I g e T
(PVP) & i DL K |0 il B, o1& i T AN TR IE 5 i
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3 FeHCFe4UKAE CNTs 98 A3 () “RIN-PB@CMK & A 1R 7% B ()14
Fig. 3 Composite process of FeHCFe nanoflowers with CNTs(a)"* and schematic structure of N-PB@CMK composite (h)]

Na,Fe[Fe(CN), ] (PB-Hz) ¥ #k, 4057 77 & (PB-H1)
TR YT 57, 44 (PB-H2) AT [UTFE B3R (PB-H3) (& 4
(b)) HAb2EMASE s, PB-H2 BA H i iy L&
BRI R E TR R AR . PO R R VR
(R ASAGE PB A i A5 208 ¥ 78 L 38 5 A Z1 ik
RO, Bt R M RHE 345 H A2 P R 22 18] 19 P TR B 3R
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TE S5 4 il (%) FE L

Z PRSI K, H R Z 005 e T RLgK
TR MR I ST, 4N, Wang A A% FH 2 %1
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TSR L R AE T, AR 0.5 C B HL IR B T SE 8
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BRI AE 2C By my U2 B2 T L 289 200 IRAE 30 I, HL4s
AR RF R R A 83.3% . 45 A% Y L (DFT)
T KRB, 7 FeosCoo HCF B4 8EHh 888 B B & 1
PR AR NI RE IR 0.04 eV, AR T HAE

MR TR 19 0.19 e V(K 4(c) ) o iX—KILFEH,
MR ZE R (5 | R A s TP TARAE 22 199 AR GE
PRI T 8BS T A RMAR A 055
TEGORAEFIE 5T 36t L W B ATE 34T T
HE—25 0 = He i e, fe MR ke s 0 fe . il
Cao P ) FH A 468 1 B 4 B 2 i ) 45 1 460 8 73
A3 WA B B F 19 25 .0 Min 35 PBAs 9 K <7 7 1 b1 k)
(H-KMF) ., 59E%5.0 Mn 3& PBAs # 8 (KMF ) A L,
H-KMF e85 M fa e M Vs T B B HUR i 7 5/
PR R B R f, Hon] 6 2 B AE 50 mA/g 11
LR 5 B 3K F] T 128 mAh/g, BIE 7E 3200 mA /g )
R BT MR R 72 mAh/g ] 3 L 25
o XEMERER BERTE, A T K /Na' iy
PIMRIRR , o5 — 5 T8 D005 T 3L 28 o0 25 4 AR R R AL 5
k250 S5 K AE PBASs BREH R R B AR TR A
Wang A BN FIIFH £ Z BEAE R 2R TG P, S8 T
Lt 2% 1 FUEIR Na,Fe[Fe (CN) 5] (T-PB) 44 K #4 B Y
HAIAEA A ERGE A 5 3E 0 N T F AR A4 k) 5 L A
W Rl P PR Ae T RN B i 2E AR T-PBIE K T
PR R T2 4 9 1 04 DR L 25 BU AN AEBEBIL R o I BT
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Fig.4 Effect of morphology on electrochemical properties and kinetic behavior of PBAs

(a)comparison of the multiplicative properties and schematic diagram of the morphology evolution of the F-PB samples'**!; (b)comparison of the

morphology of the three materials PB-H1,PB-H2,and PB-H3; (¢)comparison of diffusion energy barriers of sodium ions in the bulk phase of
Fey ¢Coy ;HCF (111) and from the surface of Fe, (Co, ,HCF(111) to its bulk phase'™”; (d)energy density vs.
power density of COHCF without and with FeHCF shell

Wit s T-PB A RHE S A/g R % T L BE
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HCF i 08 5% Z M e 5 06 A2 e M L 25 & CoHCF
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HCF@FeHCF #4BHE 20 C B w45 R 414~ g
P45 54.8 mAh/g B HL 28 &, /R O KA Al 2 B
DR R (F4(d)) . 751 CRERT, 4 200 Ik
PEIR G, A R R R E A 84.1% . IR 22 A AN
FL Ak 24 BB 3% 43 BT 30F — 25 31F 52, CoHCF@FeHCF fip
FA a5 Aa R0 s T ik SRR 1 3 )2 HE R
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TERES R YR R R T 2 TR PR, R
KT H T R RS BT
24 HEFEAHSEGIKK

iU 4R B T M Ak Ak & ko PBASs 1E
W A1 R Ab 2 M RE ) E BT B, Horp 22— i 0y Uk 2
Bk, i, Komaba F1 B SR AL 22 UTTE I, RS S
BT & S AR PBASs HUAR A B R 51 Na,M[Fe(CN),] -
nH,O(M = Mn, Fe, Co,Ni) , IRAHT T A4 E4H
A3 XML AR SR AT R IR . SEER 45 R R |, Na-
MnHCFe (4 22 ) 7 30 mA /g 4 HL U 25 BE R i W13 %
LA AT G L 25, K 126 mAh/g. XA SEPERE I T
T MnN; {7 Mn?"*" J FeCy 1 Fe? 3T & AL 18 R X5 B9 17
T RSE T SR TR R A . ML Z T,
Na-NiHCFe (22 ) W) D A B i 45 it B2 JBd 50 1 ¢ e
PCARAS T Fe A AR RE A R AR e M, R NIl
B AN T RE M RHES F 1 i b 2 AR M ke 1) G o
YER . AT 3 —B4R5EARR 48 HL Bk PBAs # 4+
fb2APERE Y ELARRZ IR, Xu B PR SR , il
K AR T = Fh 4 8 B 0y e lis R DIiE R A T
A Cu.Co MINi i &5 PBAs #4 8 (CuCoNilll, Cu-
CoNi211, CuCoNil21, CuCoNil112, CuCoNil00 Fl Cu-
CoNiO11) . #£5 mA/g IR E BT, T & A Rk
258 R B /IME YR K CuCoNi011>>CuCoNill1>Cu-
CoNil21>CuCoNil12>CuCoNi211>CuCoNil00, H
1, CuCoNi01 i %535 2 143 mAh/g, Tfii CuCoNil00
AR 68 mAh/g. FEfEHRMERE T T, BR T CuCoNil2l
(%2 L CuCoNi100 B FH 47 Z A1, FLACKE S (R 48 3 14 g
EHF S mbEReny —E . Mkl AR,
Co FINI B 285 AT Co* * A Ni* & ik JF X,
W REETE T ARG L2 . T3k 50 ARG R 5 1 25
PR, CuCoNi100 Hyde i, B 3 92 % , H Ak vk
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CuCoNil121(85% ) F1 CuCoNil11(81%) , X 54t k1
FURCH R P AR A —E E R . B XRD A
DFT 845 it — 48R, Cu B AN i & 3580 T
ARIE SR (R e v AR T8N B T i A%, S IR
PR T LS AR e ME . PRI 2B LT e TR
I, NTTEN"—FE, BEF T R AR HAK D) 6E .

Ba% 25 b —FE Rl R A SR g 9z
FH 4 Rl B oA B M5 . 40, Chou AT BR 5.
T Zn" B4 X PBAs M ORHE RE G52 0, il £ T AR
Zn*" Wl i) Na,Zn Fe, ,[Fe (CN) ¢] (ZnFeHCFs) #4
Bl BRI, Nays:ZnsFeo s Fe(CN) 41 (ZnFeHCE -
2)7E 150 mA/g WL BE R, I 36 2000 IR 45 1t
FrFoN 58.5% , I-AE 6000 mA /g i = L % T L 4T BE

R 100 mAh/g Y LL 785, SEI A0 s P A DR R 1
TR o X — M AR 45 T ZnFeHCF-2 A RHE
FUCH R R IR BN AR A R T A5 o8
bk, Gl GITT A1 CV 4081 27w , ZnFeHCF-2 # 8}
R TP IR B F S 2 10 em®/s, UEM T
It B ANFEE T ARG R R T T e T
P BORCR , W I 2R A0 T MR H A2 e . 2%
RlHh , Jiang A1 BN FE IR AT, 8 2 L DTTE A A
T Ni*" 4 24 ) NaNi,,;Co,s; [Fe (CN) 5] (NCHCF ) #4
Bl HAB AN Na,Co[Fe (CN) ] (CoHCF) # [t ,
NCHCF J& 3 i B e 10 45 s B A B AR A 435 Ak & 2
NCHCF #4 - E 8 H i R v S 30 34 B I 11 H
G BT B XN AN A S AR . TRA R ELE
BT S XRD  XPS £ AR B 4047 & 30, 48 Nit
£ NCHCF = 3h b2zt v (R E B i d Bl
LT 25 X AR BB B B RS AT R A T R AR R
HEMIE T T NCHCF e i) f A2 fett (B 5(a) ) . B
M 7, NCHCF 7E 100 K i ¥4 J5 25 & P& 15 % 5 ik
93%, fix KL 2 1A% 146 mAh/g. X — &SR T
B HB s N T4k PBAs B4R Ak 27 1 e 1) 5
PEo Sun BB T — ol BB 948 4% 07 =0, |
R B I P 5] Ba? B 1 A B S 22 Y TR
F e R RN L Ak S A Ba® B T 0E A PBA S N
L B NaPB-0.10Ba, M BHE 6 C 5% T Zad 150
WAER G AR ON 96.6 %0, A TR B K Ba® B
F i) NaPB-blank (i1 150 )5 , B PR F54%61.63%)
M, REtEiERem. Bl TG FT-IREMEL
I, NaPB-0.10Ba Hr 45 B A FBEC A K 1 7t bk 2 FEAIR
Ui Ba® B A B T B 1K o AR R E] T B
WA HAER (B 5(b) ), i i — 2 DFT 15 /R
NaPB-0.10Ba H 44 & 7 1 iE g it (0.0132 eV) B 2.
T NaPB-Blank (0.2643 eV ) .

BRE B A AR R A AEAR R TR Z 0], i
FHMWALE T AR TR Z M A% E S B T 4504
JRZE5 . s, A ANE AEREN TR B RS
BT, AZIt)a &, H AT —2 BT RIS T
YER TR R R R kAT B s B 44 . il
Han 1 A" A PBAs #4 8 1 4 J& Fe B F B B FRE
R BRR T XSS M B S K S . H
R FFEERR (CA) SFFERREAE ARG A7), 8 4
DIEL S T Na,Fe[Fe(CN) | (PB)fiki, XPSHIFT-
IR M 45 W AP R IR 19 51 At 2 18458 1T PB & 1
[ O—C=0 {24, B FEEH O—C=0 %
W 46 5 Na,Fe™[Fe (CN), ], »nH,O F 1 1Y & H JiE
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Fig. 5 Effect of ion doping on electronic structure and water content of PBAs

(a)comparison of energy band structures of COHCF and Ni-doped CoHCF"*"'; (b)schematic diagram of Ba®" from the electrolyte

as a “defender” to prevent water molecules from entering the lattice to maintain framework stability'**!
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il CELZ iy JEA K o ORI, 8 2 Tk A PB-CA2
KI5 O—C=0HHEHELEE JEENa—0O—C=0
SR 5 A T R B BE, 33k 4B B S 1 R A R A 1 A
PB-CA2IRE ZHIHIRES o

Chong A1 BN B ABEFE T NaFe[Fe (CN) 141 ¥
TR 35 8 ERE Fe AR AR, B 5 & A e
Fe 151 Sk (14 BE A7 K 732 il it A 2 0 PR 67 KA
B, R IR 0 L A RO R O X — [

AT R K IR W 4 O B B T AN [F] Fe 25 FaL 45
19 PB #1 #} , £9 45 NaFe®" [Fe?” (CN) ;] . Na,Fe*"
[Fe*" (CN)4] LK Fed ' [Fe? (CN) gl i@ Eik o br
7R, Fe" [Fe (CN) s M B i) Fe—C W i 5 AH A%
T NaFe’' [Fe?" (CN),) ] #il Na,Fe?' [Fe?" (CN),)
i B J8 2 3 U PR (9T R A a2, DT 3
THCEFEAIN Fe &1 & &, Mo, & BLAIKS
TR BT R, Fe—C L 24 BB & A oAy, 5
Fe—C # 0 i Ak 34 m , i il Fe® [Fe (CN) ] #£
261 cm ' Ab B RRAE I DR FE A BB 58  UESE T Fe® [Fe*”
(CN) I BHA AT F I Y A AR BB e 45 ok & o o
HEME M RHE B i A/ S R S B T
77 AH =37 77 A B T AR 25 T AR 22 [ Y AT AR AR
B ZAE 10 mA/g I LR E TS T 121.4 mAh/g iy
He 5 L3 A, JFAE 50 mA /g B R R, et
100 RIGH G AR T H AR IE R R e, Mz
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T, NaFe' [Fe? " (CN) |44 4 e B i 5 R A 4 25 1 4%
A WNTARAS T AR AR RE . XS R IAT )
M AE Y] T 8 2R R A e P < T TR A TR A

BCA BR A , REAS 03 11k PB A By AL A A PERE
F 1R RS X T A [ B S X PBAS
FOEHAL AR RER R

1 AEBERBEMALE PBAs B Z R

Table 1  Electrochemical performance of PBAs modified by various strategies

. - Capacity Rate capability/
Material Strategy Capac11y/(méh-g ) retention/%  (mAh-g™") Reference
(current density) )
(cycle) (current density )
Na, ;sFe[ Fe(CN)gly o745+ 2. 76H,0 Modify synthesis conditions 150 (0.1C) 74 (50 C) [41]
Na, ;Fe[ Fe(CN)gJ, g7+ 2. 38H,O Modily synthesis conditions 123 (15mA-g™") 64.9 (3000) 85 (1500 mA-g ') [61]
Cu-doped Na,Fe[ Fe(CN)g] Element doping 90 (50 mA-g™ ") 81 (1000) 50 (20 C) [62]
Ni-doped Na,Fe[ Fe(CN); ] Element doping 117 (10 mA-g™ ") 86.3 (90) 50 (1000 mA-g™") [63]
Niy 5Coy ;[ Fe(CN); ] Chelating agent and surfactant- 145 (15 mA-g ") 90 (600) 90 (1500 mA-g ') [64]
assisted
Na,Mn[Fe(CN)g] Chelating agent assisted 152.8 (10mA-g ") 82 (500) 110.3 (1000 mA-g~ ') [65]
Hollow-core-shell Na,Mn[ Fe(CN)4]@ Architecture design 123 (50 mA-g™ 1) 83 (600) 52 (3200 mA-g~ ") [66]
Na,Ni[Fe(CN);]
Core-shell NayCo,_,Ni,[Fe(CN)s]@  Architecture design 104.3 (0.1C) 88.3(1000)  79.1(10C) [67]
NaNi[ Fe(CN),]
Na; ;Fe[ Fe(CN)gly s710.152- 16 Conductive agent composite 124.6 (25mA-g ') 85(50) 96.8 (9 A-g ) [68]
H,0/RGO
Na,Fe[Fe(CN); /RGO Conductive agent composite 102 (50 mA-g™ 1) 90 (50) 81 (200 mA-g 1) [69]
KNaMn[Fe(CN)g J@QCNT Conductive agent composite 164.5(20mA-g™ ") 82 (100) 77.3 (1 A-gh) [70]
Na,Fe[Fe(CN),J@C Conductive agent composite 130 (50 mA-g™ 1) 90 (2000) 77.5(9A-g™ ) [9]
Na, oFe, ;Mn, Cuy [ Fe(CN)g ] o+ Conductive agent composite 107 (1C) 90 (500) 82(1C) [71]

14H,0 and architecture design

3 EHETHEERIERMEIRGEN A

PBAs fE Sy — Fi il EL W5 I 1) 8 5 1 R 3 1E A A
b, H S5 %y BE ) Pk AR R 2 U B A H
P 4 b Y BN AR . Wang BN R H PBA 577 1A
B 7 S5 A B AL P 15 A2 0 (FeP@C ) 43 SIAE Ry 1E 4
SR A A AE 0.1 A/g B RS B R, Al
L2544 108.3 mAh/g, AT LA M HR 5 IO ER 200 IR 22
A7 o Chou 1 BR ™Mt B A B ll A6 RIS A 7= 1)
“ERAL KGN OK RN A T KRG R T A R
Na, Mn[Fe(CN)](MnHCF) , {444k # MnHCF -
S-170 BHEME R IEAR , 3B A S Tl 21 2%€ T Rl i b
2% LY AE 15 mA/g 1 HL U % B R CH 4 i Dk 133
mAh/g, JEIF 70 R J5 I 45 i R FF R 28 81.5% ., Liu
A A3 o — R TR ) A RS S N S O T R
I Na,EDTA £ RE A, 5l ABUR LR (VC) 3k 2% i
Na,EDTA 5id P 4 )8 9 P 5 S 1E ), S & Bk
i 4 R (94.7 %) B EDTA-1IMVC ¥4 -1 % 1E 4%
R, e 2 5 8 M A B Al 2L %% A 4 Fi b, 22 1500 ¥k
TE G 25 AR Hr 8 R 82.4% . % 5 NaTi, (PO,),

(NTP) VEBE A4 HL 1, 2817 3000 IG5 2 AR5 R
5]k 81.1% . MECE % M Bk A , PBAs O B4
b Ak SEAREAE , RIUASE Ak il £ 2 L 1 22 S b A0 1ot
(T TR, R N SRR TAE 5 FE I B A T 2 %5
J1. Wl Xie A BR 5 FE 100 L Sz 7 i P okH 2 1)
IR AN R B Al B I DTVE AR B T 3.2 kg Ni/Fe 3t
%BZ% 1 Na,Mn, sFe,.Niy,(CN) (& 6(a) ) F1 3.3 kg Mn/
Ni #4824 1) Na, 5, Mno sNios [ Fe (CN) Jo g2 2.01H,0
FE A, TSR RE B R A 1) e IR AN A1 R AR
fig o Chou BRI A7 2 A Rk M2l B D0 12
76100 L 2 W #8523 T 5.0 kg Na, Fe[ Fe(CN), k¢
mn A&, AL T 5 Ah R H i (K1 6(h) ), Hi[F
T B AR AR R, 220 1000 IRAE 3R 5 25 i

Fr ol 78% . 1 B AE 2018 4F , 35 [H Y Novasis Ener-
gies 2N FILSE L T PBAs LG % va 23/ M T- 5 )
PRI E T LA 25 (B 6 (c)) I3 T
FL AR R i St i AR AR PR (L 6.(d)) T il 4%
(4 4 5 i ol 5 Al D e 2 25 19 R0 P 9 2 B0 S v 1)
PECROR 207 500 IRIE I J5 28 A Rk 31 98.6 % .
B S, R R R B A T AR IR P AR He
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PR B T L b AR ph 3 [ H b £l Natron Energy 28
A A2 S R (6 (e) ™) o He &7 X% HL L idE A 7
THALSEIEAL B R R R AR SRR, AT D
TE5 min A 0% SOC FEHLF] 80% SOC, AL T 1 C
f5 3R R LT 75, 78 10 C i ] LUBR L 88 %6 i ikt i 25

. b, 7E 10 C/10 C,100% DOD i &4 F , 6 3
4200 K Ji R IANN 296 o hidE— 25 (0 1PA e 4 bk
R Z A AE RS A PR LA HL L
H KGO R . SRR T R A S AR
TR Z A, 35T PBASs IEM BO4M 25 1 H 78 RE 2
YR B PGt rmEAIREN ST, 2
DU B 2SR A R SE PR N AT S, HAT,

16 PBASs 0T 584 45 0 e 7R3
(¥R A B TLUE s A 5 3. 2 kg 2 NayMing (Feg 5Nig o(CN) 7 () AP RR AN AME R RS 146 5. 0 kg 4 Na,_ Fe[Fe(CN), 17
(c)PBAsHYE T 7ol ™5 () PBAs By HUM R AL A 7228178 (e) Natron Energy 4% Sk #4804 ] 4k PBAs JE4h 2 7 ra i |

Fig. 6  Demonstration of kilogram-scale preparation and application promotion of PBAs

(a)preparation of 3. 2 kg grade Na,Mn, 4Fe, ,Ni; »,( CN)s by sodium citrate-assisted precipitation” ; (b)preparation of 5. 0 kg grade Na, ,Fe[ Fe(CN),]

by sodium citrate and sodium-compensation-assisted precipitation

electrode and pouch cell fabrication of PBAs'™

[77

I; (e)Natron Energy-led construction of a pluggable PBAs-based sodium-ion battery module!

'; (¢)hundred-kilogram-scale preparation of PBAs *'; (d)pilot line scale

79]



R E I

5 DS B AR AR P A SR e 3 53

PBAS fith &% 1E W% 19 7= b A6 1E b F e & g B Bt , 2K
Ak 5 IR HLAS I AR e A B AH S A R B & 5 2R
PR YR ARIE X AR A AN R M Y RE
% A 3K 130~140 Wh/kg, B7n i R4 1 B Ak 24 v
AE. FE PR B A A PBAS A b AL 45 T ARG
B B S RO M DT R TR R

e AL R e, PBAS M R} IIfs 2 R SC A i
1) — RN ARPR AL, Horp e 28 1 Y R) R — 2 an el 5
B BRMR AT R 4 oK, R 4 K AR FE AR
S RHAAE AN RE ), 1 S PR fR e .
Hh AR HE i AR Tk A A 7 v 7 Y
2, e A AR 7 T AR B AR RS AN A R
BUAS , B AR 28 55, B ik G I A A . T
X ik Bk %, il 5 B RIFAILRG TE LA B R 208 1A K
J7iERER, DU e a1k e A2 ve e . S Xt b
WP A AL AT FE LR R BT — R AW . B
Se, FERARAQNH 51, W B TR = AL
A U 2R, LAy 550 42 T BR 45 i /K 9 52 i), [R] B 42
MR LA R R B o WG AR, 38 R A AR Y
A2 RO A5 ), 1 5 A e 0 s B b i R e
PE, i — D4R T T R AR RE . R FE T2k
38 A e BT R T2 R e G 5 A A
AFB, LA - o B 0 B S b A se 1k, DAt R
TRAS TF 4 e 2B P R0

4 LEFRIE

(1) PBASs B 52 (R HE L 45 4 | 55 K 0 2 Mot #o i
SERNE SRR e SRR VAN R B L DR Ve v
25 Ko o) i A5 HLAE G B T B IE AR A RHA R A
FE G2 A7, SR L Gk 2E DT IE A A L PBAS
A S AR B B K R K SR S
), B PBAS 7E 3L BRIV FH A7 7R SE PR HL AR R AR
F VR BE2E A PR FA R A P B 1 5 B 25 R 4B
RAEE . HET, 538 1Y 5 e 2 A% A R s LA
TUE PBAs SR sE 8 b . 244K i iR B K Bbe
275 S A AR AR PBAs K & i GAh 4% PBAs 5
SHEA RN ALY S AR 2,
AR TR 2 i AR % H T e i AR T LA R
PERE . TE S5 94 K RUBE DL Ak mT DA K B4 I A1 4l 5 1
(14X % % A%, 16 R I AR b AL 5 e S AR ) 2 kv L e
KT A e . tnT DU B e 2L Y
WAL R ITRFIZES LB = AR F A MR

(2)PBASs 7584 B 7 o ith o LA KA 04 1o FH 5

UTAF AR BT ST AT TR A A e Rt AD (N SEBR
S 7 T oK 7% i, Hads T 1 22 AR A i DR 9 o) L. A
PRAUERPEBERATER T, SR T AR o il 46
AT PBAs PRI E 1] Bl A ) S B i 7, i B
A= = A S AR AV ERE . FAT PBAS BY5 GE A2
K ZRBRER  TEIOAL G LT 2R AL |, 5 R A B
BT LS s i A s PERE R s 5 (N sl e 5 A i %2
A% B ST B IR TR o AR U A LK S5
IS T R R, L[] A 2 5 A 7 A8 PR
B o R, SRR ARAAS AR5 K ) — 2P G ik aE
TEJEBE . IRTSCRIE R n] LUA Y, H AT SRR T 5 8
IR S S BT 2SS AR HESD T, BRI |
P SRR A R A P[] R PR DA 25 5 P fE
P i F5 0 KT B PBAs BHRHA Z A A4
PHE DL 2R AL BUA PR R SR TT A B 28 PBAs ¥
JERFITE . BEAh, 7l A A BE Al 2 2 56 3 o A Ll
WFE , R AT b BEAEPE BRI R 19 5 | A S 330 S B v
DU AL LB AR I PR R R . B2 IR S PR RERY
PBAs 1E Wb BH#E Sy STBs 7887 e I 41Ul 2 15 42 415
FrrE T o K bR AT ST U A B 2 KT ]
Zz—

S 3k

[1] NAYAKPK, YANGL T, BREHM W, et al. From lithium-ion
to sodium-ion batteries: advantages, challenges, and surprises[J].
Angewandte Chemie International Edition, 2017, 57 (1) :
102-120.

[2] ABRAHAM K M. How comparable are sodium-ion batteries to
lithium-ion counterparts? [J] ACS Energy Letters, 2020, 5
(11): 3544-3547.

[3] LIUQN, HU Z, CHEN M Z, et al. Recent progress of layered
transition metal oxide cathodes for sodium-ion batteries[J]. Small,
2019, 15(32): e1805381.

[4] FATIMA H, ZHONG Y J, WU H W, et al. Recent advances in
functional oxides for high energy density sodium-ion batteries [J].
Materials Reports: Energy, 2021, 1(2): 100022.

[5] BZe4g, B, BEM, % oK RGNS 7 AR R NayV,
(PO s Wil & FetkRE[T]. boBH TR, 2023, 51(9): 158-166.
LYUYJ, LIANG Y Q, TANJ X, et al. Preparation and proper-
ties of modified aqueous sodium-ion electrode material NasV,
(PO,) 5 [J]. Journal of Materials Engineering, 2023, 51 (9) :
158-166.

[6] ZHAO A, FANG Y J, Al X P, et al. Mixed polyanion cathode
materials: toward stable and high-energy sodium-ion batteries[J].
Journal of Energy Chemistry, 2021, 60: 635-648.

[7] TANG X, LIU H, SUD W, et al. Hierarchical sodium-rich Prus-
sian blue hollow nanospheres as high-performance cathode for
sodium-ion batteries [J]. Nano Research, 2018, 11(8) : 3979-
3990.



o4

PR T AR

202547 H

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

WANG S J, XIAO H, REN Y R, et al, Construction of Na,V,
(PO,) ;/CN/rGO composite cathode material and its sodium stor-
age performance [J]. Materials Reports, 2021, 35(24), 24006-
24010.
JIANG Y Z, YU S L, WANG B Q, et al. Prussian blue@C com-
posite as an ultrahigh-rate and long-life sodium-ion battery cathode
[J]. Advanced Functional Materials, 2016, 26(29): 5315-5321.
QIANJF, WU C, CAO Y L, et al. Prussian blue cathode mate-
rials for sodium-ion batteries and other ion batteries [J]. Ad-
vanced Energy Materials, 2018, 8(17): 1702619.
PENG J, HUANG J Q, GAO Y, et al. Defect-healing induced
monoclinic iron-based prussian blue analogs as high-performance
cathode materials for sodium-ion batteries [J]. Small, 2023, 19
(36): 2300435.
X, AR, TR 3 R R AL G M R
BB T R RS BERE LT ). MRS, 2021, 35(23): 23050.
LIH, HEY Y, ZHOU G W. Research progress of Prussian blue
and Prussian blue analogue in sodium ion batteries[J], Materials
Review, 2021, 35(23): 23050.
YOU Y, WU XL, YINY X, et al. High-quality prussian blue
crystals as superior cathode materials for room-temperature
sodium-ion batteries[J|. Energy Environ Sci, 2014, 7(5): 1643-
1647.
XU Y, ZHOU M, LEI Y. Nanoarchitectured array electrodes for
rechargeable lithium-and sodium-ion batteries[J]. Advanced En-
ergy Materials, 2016, 6(10): 1502514.
LU Y H, WANG L, CHENG J G, et al. Prussian blue: a new
framework of electrode materials for sodium batteries[J]. Chemi-
cal Communications, 2012, 48(52): 6544-6546.
XIE B X, SUNBY, GAO TY, et al. Recent progress of prus-
sian blue analogues as cathode materials for nonaqueous sodium-
ion batteries [J]. Coordination Chemistry Reviews, 2022, 460:
214478.
LIH, HEY Y, ZHOU G W. Progress in sodium ion batteries of
prussian blue and prussian blue analogs materials [J]. Materials
Reports, 2021, 35(23): 23050.
LEE H-W, WANG R Y, PASTA M, et al. Manganese hexa-
cyanomanganate open framework as a high-capacity positive elec-
trode material for sodium-ion batteries [J]. Nature Communica-
tions, 2014, 5(1): 5280.
R, BRILEE, IO, 45 S LRI AL R A S
PRERLT]. hEBRESAR, 2017, 47(5) : 603-613.
WU C, QIANJF, YANG H X, et al.Recent progress and chal-
lenges in the development of Prussian blue analogues as new inter-
calation cathode materials[J]. Scientia Sinica Chimica, 2017, 47
(5): 603-613.
MA F, LI Q, WANG T Y, et al. Energy storage materials de-
rived from prussian blue analogues[J]. Science Bulletin, 2017, 62
(5): 358-368.
MINOWA H, YUI'Y, ONO Y, et al. Characterization of prus-
sian blue as positive electrode materials for sodium-ion batteries
[J]. Solid State Tonics, 2014, 262: 216-219.
PENG J, ZHANG W, LIU Q N, et al. Prussian blue analogues

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

for sodium-ion batteries: past, present, and future[J]. Advanced
Materials, 2022, 34(15): 2108384.

REHMAN R, PENG J, YI H C, et al. Highly crystalline nickel
hexacyanoferrate as a long-life cathode material for sodium-ion
batteries[J]. RSC Advances, 2020, 10(45): 27033-27041.

XU Y, WAN J, HUANG L, et al. Structure distortion induced
monoclinic nickel hexacyanoferrate as high-performance cathode
for Na-ion batteries [J]. Advanced Energy Materials, 2018, 9
(4): 1803158.

WEI C, FU X Y, ZHANG L L, et al. Structural regulated
nickel hexacyanoferrate with superior sodium storage performance
by K-doping [J]. Chemical Engineering Journal, 2021, 421:
127760.

NIE P, YUAN J R, WANG 1J, et al. Prussian blue analogue
with fast kinetics through electronic coupling for sodium ion batter-
ies [J]. ACS Applied Materials &. Interfaces, 2017, 9 (24) :
20306-20312.

GAO Y, ZHANG H, WANG J S, et al. Structural modulation
of low-cost Cu-Mn-Fe prussian blue analogs for long-calendar-
life sodium ion batteries [J]. https://doi. org/10.21203/rs. 3. rs-
2474646/v1 ,2023..

ADIL M, SAU S, DAMMALA P, et al. Comprehensive study
of sodium copper hexacyanoferrate, as a sodium-rich low-cost
positive electrode for sodium-ion batteries [J]. Energy &. Fuels,
2022, 36(14): 7816-7828.

ROJAS V, CACERES G, LOPEZ S, et al. Rechargeable
sodium-ion battery based on a cathode of copper hexacyanoferrate
[J]. Journal of Solid State Electrochemistry, 2023, 27 (4) :
865-872.

TANG Y, LI W, FENG P Y, et al. High-performance manga-
nese hexacyanoferrate with cubic structure as superior cathode ma-
terial for sodium-ion batteries [J]. Advanced Functional Materi-
als, 2020, 30(10): 1908754.

XUCL, MAY Z, ZHAO J M, et al. Surface engineering stabi-
lizes rhombohedral sodium manganese hexacyanoferrates for high-
energy Na-ion batteries [J]. Angewandte Chemie International
Edition, 2023, 62(13): €202217761.

sUO Y D, JIANG J C, XIE J, et al. Enhanced performance of
core-shell structured sodium manganese hexacyanoferrate
achieved by self-limiting Na"-Cs ™" ion exchange for sodium-ion
batteries[J]. Rare Metals, 2022, 41(11): 3740-3751.
CALIXTO-LOZADA O, VAZQUEZ-SAMPERIO ],
CoRDOBA-TUTA E, et al. Growth of cobalt hexacyanoferrate
particles through electrodeposition and chemical etching of cobalt
precursors on reticulated vitreous carbon foams for Na-ion electro-
chemical storage[ J]. Solid State Sciences, 2021, 116: 106603.
TAKACHI M, MATSUDA T, MORITOMO Y. Cobalt hexa-
cyanoferrate as cathode material for Na® secondary battery [J].
Applied Physics Express, 2013, 6(2): 025802.

ZHANG J W, WAN J, OU M Y, et al. Enhanced all-climate
sodium-ion batteries performance in a low-defect and Na-
enriched prussian blue analogue cathode by nickel substitution|[J].
Energy Materials, 2023, 3: 300008.



R E I

5 DS B AR AR P A SR e 3 55

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

ZANG J Q, MAO Y Y, LIU X F, et al. Controlled crystalliza-
tion of carbon-blended prussian blue analogs for advanced sodium-
ion batteries[ J]. The Journal of Physical Chemistry C, 2023, 127
(39): 19424-19431.

XU Y, WAN J, HUANG L, et al. Dual redox-active copper
hexacyanoferrate nanosheets as cathode materials for advanced
sodium-ion batteries [ J]. Energy Storage Materials, 2020, 33:
432-441.

GENG W Q, ZHANG Z H, YANG Z L, et al. Non-aqueous
synthesis of high-quality prussian blue analogues for Na-ion bat-
teries[ J]. Chemical Communications, 2022, 58(28): 4472-4475.
XIANG JJ, HAO Y C, GAO Y T, et al. Tailoring the growth
of iron hexacyanoferrates for high-performance cathode of sodium-
ion batteries [ J]. Journal of Alloys and Compounds, 2023, 946
169284.

WU X Y, WU C H, WEI C X, et al. Highly crystallized
Na,CoFe (CN) ¢ with suppressed lattice defects as superior cath-
ode material for sodium-ion batteries[J]. ACS Applied Materials
&. Interfaces, 2016, 8(8): 5393-5399.

LIU Y J, FAN S W, GAO Y, et al. Isostructural synthesis of
iron-based prussian blue analogs for sodium-ion batteries [J].
Small, 2023, 19(43): 2302687.

HUANG Y, ZHANG X, JI L, et al. Boosting the sodium stor-
age performance of Prussian blue analogs by single-crystal and
high-entropy approach[J]. Energy Storage Materials, 2023, 58:
1-8.

WANG W L, GANG Y, PENG J, et al. Effect of eliminating
water in prussian blue cathode for sodium-ion batteries [J]. Ad-
vanced Functional Materials, 2022, 32(25): 2111727.

WAN P, XIE H, ZHANG N, et al. Stepwise hollow prussian
blue nanoframes/carbon nanotubes composite film as ultrahigh
rate sodium ion cathode [J]. Advanced Functional Materials,
2020, 30(38): 2002624.

WANG Z H, HUANG Y X, CHU D T, et al. Continuous con-
ductive networks built by prussian blue cubes and mesoporous car-
bon lead to enhanced sodium-ion storage performances[J]. ACS
Applied Materials & Interfaces, 2021, 13(32): 38202-38212.
WANG Y, JIANG N, YANG C, et al. High-entropy Prussian
blue analogs with 3D confinement effect for long-life sodium-ion
batteries [ J]. Journal of Materials Chemistry A, 2024, 12 (9) :
5170-5180.

HE L, RUAN L, YAO W, et al. Tailoring sodium iron hexacya-
noferrate/carbon nanotube arrays with 3D networks for efficient
sodium ion storage[J]. Journal of Electronic Materials, 2023, 52
(6): 3517-3525.

ZUO D X, WANG C P, HAN J J, et al. Oriented formation of a
prussian blue nanoflower as a high-performance cathode for
sodium-ion batteries[ J]. ACS Sustainable Chemistry &. Engineer-
ing, 2020, 8(43): 16229-16240.

LIUY, WEIGY, MAMY, etal. Role of acid in tailoring prus-
sian blue as cathode for high-performance sodium-ion battery[J].
Chemistry-A European Journal, 2017, 23(63): 15991-15996.
HAN J, HU Y, HAN Q, et al. Synthesis of high-specific-

[51]

[52]

[54]

[55]

[56]

[57]

[58]

[60]

[61]

[62]

[63]

[64]

capacity Prussian blue analogues for sodium-ion batteries boosted
by grooved structure [J]. Journal of Alloys and Compounds,
2023, 950: 169928.

JIANG W, QI W T, PAN Q Q, et al. Potassium ions stabilized
hollow Mn-based prussian blue analogue nanocubes as cathode for
high performance sodium ions battery[J]. International Journal of
Hydrogen Energy, 2021, 46(5): 4252-4258.

JIANG M, REN L, HOU Z, et al. A superior sodium-ion bat-
tery based on tubular Prussian blue cathode and its derived phos-
phide anode[J]. Journal of Power Sources, 2023, 554: 232334.
PAN Z T, HE Z H, HOU J F, et al. Designing CoHCF@Fe-
HCF core-shell structures to enhance the rate performance and cy-
cling stability of sodium-ion batteries[J]. Small, 2023, 19 (45):
2302788.

BIE X, KUBOTA K, HOSAKA T, et al. Synthesis and electro-
chemical properties of Na-rich prussian blue analogues containing
Mn, Fe, Co, and Fe for Na-ion batteries [J]. Journal of Power
Sources, 2018, 378: 322-330.

ZHU Y H, ZHANG Z, BAO J J, et al. Multi-metal doped high
capacity and stable Prussian blue analogue for sodium ion batteries
[J]. International Journal of Energy Research, 2020, 44 (11) :
9205-9212.

ZHANG H, PENG J, LI L, et al. Low-cost zinc substitution of
iron-based prussian blue analogs as long lifespan cathode materi-
als for fast charging sodium-ion batteries [J]. Advanced Func-
tional Materials, 2023, 33(2): 2210725.

QUAN T J, XU E Z, ZHU H W, et al. A Ni-doping-induced
phase transition and electron evolution in cobalt hexacyanoferrate
as a stable cathode for sodium-ion batteries[ J]. Physical Chemis-
try Chemical Physics, 2021, 23(3): 2491-2499.

LIU X, GONG H, HAN C, et al. Barium ions act as defenders
to prevent water from entering prussian blue lattice for sodium-ion
battery[ J]. Energy Storage Materials, 2023, 57: 118-124.

LIM S, CHOI D, JEONG T, et al. Carboxylate-derived conduc-
tive, sodium-ion storable surface of Prussian Blue with a stable
cathode-electrolyte interface [J]. Journal of Alloys and Com-
pounds, 2023, 938: 168502.

QIAO S, DONG S, YUAN L, et al. Structure defects engineer-
ing in Prussian blue cathode materials for high-performance
sodium-ion batteries [J]. Journal of Alloys and Compounds,
2023, 950: 169903.

PENG J, ZHANG W, HU Z, et al. Ice-assisted synthesis of
highly crystallized prussian blue analogues for all-climate and
long-calendar-life sodium ion batteries [J]. Nano Letters, 2022,
22(3): 1302-1310.

WANG Z H, HUANG Y X, LUO R, et al. Ion-exchange syn-
thesis of high-energy-density prussian blue analogues for sodium
ion battery cathodes with fast kinetics and long durability[J]. Jour-
nal of Power Sources, 2019, 436: 226868.

FUHY, LIUCF, ZHANG C K, et al. Enhanced storage of so-
dium ions in prussian blue cathode material through nickel doping
[J]. Journal of Materials Chemistry A, 2017, 5(20): 9604-9610.
PENG J, WANG J S, YI H C, et al. A dual-insertion type



o6

PR T AR

202547 H

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

sodium-ion full cell based on high-quality ternary-metal prussian
blue analogs [J]. Advanced Energy Materials, 2018, 8 (11) :
1702856.

PENG F W, YU L, GAOP Y, et al. Highly crystalline sodium
manganese ferrocyanide microcubes for advanced sodium ion bat-
tery cathodes [J]. Journal of Materials Chemistry A, 2019, 7
(39): 22248-22256.

HUANG Y X, XIEM, WANG Z H, et al. A chemical precipita-
tion method preparing hollow-core-shell heterostructures based
on the prussian blue analogs as cathode for sodium-ion batteries
[J]. Small, 2018, 14(28): 1801246.

YINJ W, SHEN Y, LI C, et al. In-situ self-assembly of core-
shell multimetal prussian blue analogues for high-performance
sodium-ion batteries [J]. ChemSusChem, 2019, 12(21) : 4786-
4790.

TANG Y, WANG L, HU J W, et al. Epitaxial nucleation of
Na,FeFe (CN) (@rGO with improved lattice regularity as ultrahigh-
rate cathode for sodium-ion batteries[ J]. Advanced Energy Mate-
rials, 2024, 14: 230301.

ZHUO W C, LIJL, LIX D, et al. Improving rechargeability of
prussian blue cathode by graphene as conductive agent for sodium
ion batteries[ J ]. Surfaces and Interfaces, 2021, 23: 100911.
LIY, LAM K H, HOU X H. CNT-modified two-phase manga-
nese hexacyanoferrate as a superior cathode for sodium-ion batter-
ies[J]. Inorganic Chemistry Frontiers, 2021, 8(7): 1819-1830.
XU X, LAN Y L, ZHANG B B, et al. Construction of polyani-
line coated FeMnCu co-doped prussian blue analogue as cathode
for sodium ion battery [J]. Electrochimica Acta, 2023, 471:
143375.

REN L, JIANG M, HOU Z, et al. Building Na-ion full cells us-
ing homologous Prussian blue and its phosphide derivative [J].
Applied Surface Science, 2023, 612: 155952.

PENG J, GAO Y, ZHANG H, et al. Ball milling solid-state

[74]

[76]

[77]

[78]

[79]

synthesis of highly crystalline prussian blue analogue Na,  ,MnFe
(CN) 4 cathodes for all-climate sodium-ion batteries [J]. Ange-
wandte Chemie International Edition,2022,61(32) : €202205867.
WANG Y, LIU J, JIANG N, et al. Highly crystalline multivari-
ate prussian blue analogs wvia equilibrium chelation strategy for
stable and fast charging sodium-ion batteries[J]. Small, 2024, 20
(44): 2403211.

XU Z, SUN Y, XIE J, et al. High-performance Ni/Fe-codoped
manganese hexacyanoferrate by scale-up synthesis for practical
Na-ion batteries [ J]. Materials Today Sustainability, 2022, 18:
100113.

XU Z, SUNY, XIE J, et al. Scalable preparation of Mn/Ni bi-
nary Prussian blue as sustainable cathode for harsh-condition-
tolerant sodium-ion batteries [J]. ACS Sustainable Chemistry &.
Engineering, 2022, 10(40): 13277-13287.

WANG W, GANG Y, HU Z, et al. Reversible structural evolu-
tion of sodium-rich rhombohedral Prussian blue for sodium-ion
batteries[ J ]. Nature Communications, 2020, 11: 980.

BAUER A, SONGJ, VAIL S, et al. The scale-up and commer-
cialization of nonaqueous Na-ion battery technologies [J]. Ad-
vanced Energy Materials, 2018, 8(17): 1702869.

HE M, DAVIS R, CHARTOUNI D, et al. Assessment of the
first commercial Prussian blue based sodium-ion battery[J]. Jour-
nal of Power Sources, 2022, 548: 232036.

ESWHE : HEK A RREEFRA4(22005315)
W ks B #A . 2024-09-10; 5% F H#5 . 2024-10-09
BWESE A F0k(1989—) , 3B, Wz, -t AR S 0, W5 O 1) oy
BB T HL M D6 R btk < R DTN XK AR B 2 5 U RS R 2E AR BRI
2£05¢ (400715) , E-mail : niuyubin@swu.edu.cn

(ALFr% . K)



%53 % 579 MooR TR Vol.53  No.7
202547 H % 57—67 Bt Journal of Materials Engineering Jul. 2025  pp.57—67

SRR EIL, FHET, IR, 5 A A5 T B 7 R LRI WIS SRS [T ] AR TR, 2025, 53(7) :57-67.
WANG Chenhang, FENG Xiaoyu, ZHANG Xinyao, et al. Research progress in failure mechanisms of lithium-ion batteries
under extreme conditions[J].Journal of Materials Engineering, 2025,53(7) : 57-67.

WimF A TEE FHEIBRR
MHIF R AR

Research progress in failure mechanisms
of lithium-1ion batteries under
extreme conditions

EBAL?, F TR O REA
BESE N Emte | Y

(1 e mt TR BB, bt 1000815

2 JERTE TR HPRATHT G LK 401120)

WANG Chenhang"*, FENG Xiaoyu"*,ZHANG Xinyao'?,
YANG Guang"?, WU Hongwei"*,.LIAO Yanshun'?,
MENG Xianglei"?, HUANG Qing"*

(1 School of Materials, Beijing Institute of Technology,
Beijing 100081, China; 2 Chongqing Innovation Center,
Beijing Institute of Technology , Chongqing 401120, China)

HEE : BAE SRR 0BV 4 e, X RETE R A8 T Ao AR RE TR R AL H7 oK H 25 35K Rl R AE TC AL HL 8l
e RGN AR A AR b R B B B KR  TCIC ISR AR, R 9 sk SR S PR T BB TR AR K Y
PRARGE R (FUR MmO bl R D AR AT LT B PR R AN A PR T IR R . AR SCERIR TR OC T S
T AR IR S R A 2R T S B AR, 2 DA PR PR A L 5 4 2 I A% LA B H b S I A5 T
B ARV TR B T L TR A IR St 2 I I MR ARG AL . SR, SCERRAEE T R T R T N X R S R A 1 R e
A, A ISR R A AR TR R R e b RS T AR R e b AR R )Yz SR R
SRR - IR AR b s R T R BIG VR

doi: 10.11868/].issn.1001-4381.2024.000759

FESES: TMI11 MEEARIRED: A XEHS: 1001-4381(2025)07-0057-11

Abstract: With the rapid development of modern technology, there is an increasing demand for energy
storage systems that can operate stably in extreme environments, especially in cutting-edge fields such as
unmanned aerial vehicles, electric vehicles, and deep-sea exploration. Lithium-ion batteries, due to their
high energy density, long life, and lack of memory effect, have become an ideal choice to meet the energy
needs in these extreme environments. However, harsh conditions such as extreme temperatures, impacts,
and pressures pose serious challenges to the performance and safety of batteries. This article reviews the
failure behaviors and mechanisms of lithium-ion batteries in various extreme environments in recent years,
focusing on the changes in the internal material structure of the batteries, lithium ion transport, and
electrochemical reactions to explore the internal material failure mechanisms of lithium-ion batteries under
various extreme conditions. Finally, the article summarizes the main measures to improve the performance
of lithium-ion batteries in extreme environments. It is hoped that these studies can guide the design of more
durable and efficient lithium-ion batteries in the future, promoting the development of lithium-ion batteries
in a wider range of fields.

Key words: high temperature ; low temperature ; high impact ; pressure ; failure ; thermal runaway
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Fig. 1 Overview of failure mechanisms and optimization measures of LIBs under extreme conditions
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Fig. 4 Typical voltage waveform of lithium-ion batteries in a high-impact pendulum impact test system(a) ,and

schematic diagram of the impact process of lithium-ion batteries(b)"
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Fig.5 XRD patterns of the battery for the pristine electrode and electrodes after cycling at 0. 1 MPa and 90 MPa(a),

Nyquist plots of the battery before and after cycling at 0.1 MPa and 90 MPa(b)"?’
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Abstract: With the increasing demand for energy storage, higher requirements have been put forward for
the cycle life, capacity, working stability, and rate performances in batteries. Lithium-ion batteries (LIBs)
are favoured for their excellent electrochemical performance and broad development prospects and have
been widely applied in mobile devices, electric vehicles, and other fields. However, the bottleneck factors
such as life decay and high cost have hindered the further promotion and application of LLIBs. This article
reviews the main factors affecting the cycle life decay of LIBs, including damage and gas production of
positive electrode materials, as well as the consumption of active lithium caused by the repair of negative
electrode solid electrolyte interface (SEI) membrane and the formation of lithium dendrites. Effective ways
for scientific researchers to improve the life properties of LIBs in recent years, including the structural
design of negative electrode materials and the control of SEI film stability, as well as ion doping and
surface coating of positive electrode materials, are also summarized. Finally, the future development
trends in this field from three aspects, such as multi-element doping, uniform coating new technology,
and stable SEI film control are proposed based on the bottleneck issues in the development of lithium-
lon batteries.

Key words: Li-ion battery ; positive electrode material ;negative electrode material ; cycle life; SEI
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Fig. 1 Structure and working principle of lithium ion batteries '
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Fig. 3 Structure and formation process of SEI membrane

(a)structure of double layer SEI membrane'??'; (b)formation process of SEI membrane

(¢)chemical reaction of primary SEI membrane formation
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Fig.4 Failure model and properties of positive particles

[27

(a)SEM morphology of NCA primary and secondary particles'?”’; (b)schematic diagram of crack formation in secondary particles during charging/

discharging processHéﬂ ; (¢)SEM sectional morphology of Ni90 positive material after 200 cycles s (d)average fracture strength of NCM333

secondary particles before and after cycles''®'; (e), (f)hardness and strength of secondary particles as a function of cycles''™';

(g)microcrack area fraction with time in CSG-NCAS88 and CSG-NCABS7 kept at 4.3 V2
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Fig.5 Strain and gas generation process in positive particles

(a)BCDI images of 3D MR particles in the strain field (compressive and tensile strains are represented in blue and red, respectively)!;

(b)in-situ differential electrochemical mass spectrometry of LMR primary particles*!';

(c)gas content vs voltage of NMC811/Li cells under different cut-off voltages'™!
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Table 1 Volume change of well-studied cathode materials

before and after charging

Cathode Li-intercalation ~ Volume
) Reference

material phase change/ %

Li Li =100 [33]

C LiC 12 [33]

Si Li, ,Si 320 [34]

Sn Li, ,Sn 300 [35]

S Li,S 76 [36]
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Fig.6 SEM images of lithium deposition on the anode surface
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Table 2 Designed morphology and capacity of anode materials

Morphology Material Structure Capacity*/ (mAh-g ") Capacity retention**/ %
Core-shell NiCo,-V, 0,4 Co-V precursor 1250 46
structure Double shell NiCo,V,0q 1500 123
NiOH7! Single-shell NiO fiber 823 62
Multi-shell NiO fiber 879 87
TMOs! Dense TMOs 1050 20. 8
Multi-shell TMOs sphere 1520 66
S Dense Sb 400 0
Core-shell Sh@C 600 76
Coating MnO"! Dense MnO 450 42
structure C-coated MnO@Mn,0, 750 107
Fe,0,°! C-coated Fe,0,@N-C 1726 98. 4
Array Co,0,1% Dense Co,0, 750 87
structure Co,30, array 1230
MoS, %! MoS, array 1297 84

Note:* represents 0.2 A/g; ** represents 250 cycles
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Table 3 Effect of doped ions on Li—O and Fe—O
bond length in LFP

) ) Li—O bond Fe—O0O bond
Doped ion Ton diameter/nm
length/nm length/nm

Un-doped 0.21492 0.21793
AT 0. 0535 0. 21560 0.21774
Ti*" 0. 0605 0.21582 0.21751
Vi 0.0610 0.21581 0.21748
Ni** 0. 0690 0.21578 0. 21550
Mg*" 0.0720 0.21530 0.21714
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Table 4 Effects of valence (B) and radius (D) of doped ions on electrical properties of layered cathode materials

with rate performance (C), cycle times (N), and capacity retention (R)

Site B D/nm C-rate N/cycle R/% Ref.

Un-doped 1.0 100 71.9

Li site Na™ 0.103 0.1 50 98. 45 [7,70]
K" 0.137 0.1 50 99. 74 [70]
Rb* 0.152 0.1 50 98.1 [70]

M site Ti* 0.6 0.1 100 86.4 [71]
Mg?! 0.07 0.5 100 84.9 [72]
AP 0.182 5.0 100 87.5 [73]

O site SE 0.184 1.0 100 70.4 [74]
F~ 0.133 1.0 100 97.1 [75]
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Table 5 Influence of coating materials on electrochemical properties

Capacity—>capacity/(mAh-g '), retention/ % ,discharge rate/cycle

Coating Coating Cathode material Ref.
Before coating After coating
Oxide MgO LiCoO, 148—>111,74.5,—/60 156—>132,65,—/60 [86]
SiO, NMCS811 187—>130,69. 7,2 C/300 185—>160,85. 68,1 C/300 [87]
ALO, Li, ,Mn, ,Niy 15Coq 1:0, 252->231,92.4,0.03 C/30 273->257,94.83,0.05 C/3 [88]
TiO, LiMn,O, 101—>39,38.62,0.5 C/100 102—>84,81. 31,0.5 C/100 [89]
Phosphate Li,PO, NMC811 198>138,71. 54,1 C/100 192>173,88. 06,1 C/100 [90]
FePO, LiNij 0Coy 15Al, 0505 156—>121,76.82,1 C/100 162—>136,85. 34,1 C/100 [91]
Electrode material LiFePO, NMC811 197—133,65. 3,1 C/100 192—175,82. 54,1 C/100 [92]
Li, Ti-Op NMC811 144>53,36.4,1 C/170 161>122,76. 68,1 C/170 (93]
Conductive Polypyrene LiNiy sMn, 0, 120—99,81. 58,1 C/300 126-—>121,90. 54,1 C/300 [94]
polymer PEDOT LiyV,(PO,) 4 117—105,70,0.1 C/40 128—>129,97.66,0. 1 C/40 [95]
Tonic LiZrO, NCMS811 184—>91,49. 22,1 C/200 180—>161,89,1 C/200 [96]
conductor Li;LaZr,0p,  LiMny 6Ny 5505 6sFo o0 107->83,76. 34,1 C/100 119->104,86.81,1 C/100 [97]
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Abstract: Lithium-ion batteries have been a crucial and indispensable energy storage system in the energy
technology. Developing Li-ion batteries with high energy density, extended cycle life, and cost-
effectiveness is a central challenge. Silicon material, distinguished by its impressive theoretical capacity of
4200 mAh-g ' and low price, has emerged as a promising candidate for negative electrode material.
However, its substantial volume expansion, reaching up to 300% during charging and discharging cycles,
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poses a formidable commercial hurdle. To date, three generations of silicon-carbon negative electrode

materials have undergone iterative development. This review focuses on three generations of silicon-carbon

negative electrode materials fabricated via the CVD method. The material structure design, experimental

methodologies, reaction mechanisms, and material properties are analyzed. The strengths and weaknesses

of these three generations of preparation techniques are summarized , and insights into the future direction of

silicon-carbon negative electrodes in Li-ion batteries are provided.

Key words: silicon/carbon composite ; silicon-based negative electrode ; chemical vapor deposition ; negative

electrode material ; Li-ion battery
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Fig.1 Schematic diagram of SI@CNF-C(a)"*, TEM images of SI@CNF-C(b)'*’, schematic diagram of Si/C(c)"*"
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Table 1 Electrochemical properties of the first generation silicon-carbon negative electrodes materials

Material Initial capacity/(mAh-g™!)  Current density/(A-g ')  ICE/% Cycle Capacity retention/%  Rel.
CLP-Si/C 2219.1 0.25 61.9 100 72.1 [22]
VGs@Si@PCFs 2414 1 83.8 3000 83.5 [29]
MPCF@VG@SiNDs/C  1512. 2 0.1 86.6 100 102 [30]
pSi@C 3207 0.1 63.8 70 45.36 [32]
CNTs-Si-CNTs 2097 0.1 63 100 62.5 [34]
Si/C 3445.1 1 78.3 500 77 [36]
Si/ACNT 2252 0.1 66. 4 300 80 [38]
Si/CNFs/CNTs 1636.9 0.1 78.6 100 69.9 [39]
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100 pm /N Z AR, Z— AORETE A0 R R e Ui
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)2 I A), FLRR 2 0 A Sa AR AR R A sy, T
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HAES/0.5 CF, AHFEWKE FT35 9456,

E2 SiO/C 5 SiO/C-CVDMEHE Ik (a), VG@SIO,/NC Mkl 5 1 R 2 18] (b))
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Fig. 2 Raman spectra of SiO/C and SiO/C-CVD(a)"*, schematic illustration of VG@SiO,/NC(b)* schematic
illustration of Si0/G ()™, and EDS mapping images and TEM images of SiO and secondary particle (d )"’
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Table 2 Electrochemical properties of the second generation silicon-carbon negative electrode materials

Material Initial capacity/(mAh-g ") Current density ICE/% Cycle Capacity retention/ %  Ref.
(Si+Si0,)@C 1708 0.1C 73.8 130 96.6 [41]
Si0,/C-CVD 1734 0.1A-g! 67.3 150 84 [42]
VG@SiO,/NC 1796.7 2A-g ! 73.7 500 84.2 [45]
SiO@C 1201 1.2A-g! 82 300 93.3 [47]
SiO@C 852.6 0.2A-g! 86 100 93.7 [48]
SiO,@C 2023 1C 75.2 500 50.1 [50]
SiO,@C 1654 1A-g! 98 500 83 [51]
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3 SEAGHE/RERE (), Si/CEA7REE (D), POHC@SI@C MALREE ()7, CHCS kb e ()
Fig. 3 Schematic diagram of SEAG ()"’ schematic diagram of Si/C(b)'™’, schematic diagram of POHC@Si@C (¢)™",
Schematic diagram of CHCS (d)!
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Table 3 Electrochemical properties of the third generation silicon-carbon negative electrode materials

Material Initial capacity/(mAh-g ") Current density ICE/% Cycle  Capacity retention/%  Ref.
SEAG 525 0.35mA- cm 2 93.8 50 99.3 [55]
PoHC@Si@C 1124 0.1C 83.2 200 87.4 [57]
Silicon carbon materials 2205 0.1A-g! 88.2 25 45.8 [64]
Si/C/GMs 820.8 0.05A-g! 87.1 50 68. 4 [67]
2D Si@C 2255 0.2C 92.3 200 94.9 [68]
C/SINW/GM 890. 1 0.2C 76.2 50 65.7 [69]
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Abstract: With the development of portable electronic devices and electric vehicles, the energy density of
traditional lithium-ion batteries is approaching their theoretical limit. The research on lithium metal
batteries with high energy density has been re-focused. However, the high reactivity of lithium increases
safety risks and reduces energy density when excess lithium is used. Anode-free lithium metal batteries
(AF-LMBs) have emerged as a solution. AF-LLMBs possess high energy density and the lowest redox
potential. But they have poor cycle life, limited active materials, and complex interfacial reactions.
Improving the cycle stability of AF-LLMBs is key to realizing the application of high-energy-density storage
systems. This paper reviews the development of AF-LLMBs and analyzes in depth the current challenges
they face from four aspects: lithium dendrites, electrolyte stability, solid electrolyte interface (SEI), and
current collectors. These factors together affect the cycle stability, safety, and energy density of AF-
LMBs. Finally, it is pointed out that the future research directions should focus on optimizing electrolyte
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formulations, designing artificial SEI layers, and improving current collector materials and structures.

Meanwhile, paying attention to the volumetric energy density of batteries to meet the demand for compact

and efficient energy storage systems in practical applications, thereby promoting the commercialization of

AF-LMBs.

Key words: anode-free lithium metal batteries; lithium dendrite ; electrolyte ; SEI; current collector
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Fig.1 Battery configuration diagrams

(L7]

(a)typical commercial lithium-ion battery with the structure of Cu | graphite || LiCoO,| Al,where Cu and Al are negative and

positive current collectors, respectively; (b)lithium metal batteries, lithium metal replaces graphite negative electrode ;

(¢)anode-free battery with a negative collector in the initial state
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Table 1  Comparison of coulombic efficiency of various electrolytes at different charging voltages and cycle numbers

Electrolyte Charging voltage/V Cycle number/cycle Coulombic efficiency/ % Reference
4 mol/L LiFSI-DME 3.0-3.8 100 99.8 [34]
2 mol/L LiPF; 4.5 50 97.8 [35]
Phosphonium-based ionic liquid electrolyte 4.5 50 99.15 [36]
LFE 4.3 50 99 [37]
Concentrated electrolyte (LiTFSI, LIDFOB) 4.6 80 98.3 [38]
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Abstract: Lithium-ion batteries quickly occupy the absolute leading position in the secondary battery market
because of their high energy density and long cycling life. However, battery thermal runaway frequently
causes fire accidents, so battery safety research is of great importance and urgency. Separator as one of the
key components of the lithium-ion battery plays a crucial role in the safe operation of the battery. The
development of high temperature resistant separators with excellent properties, such as high mechanical
strength, low thermal shrinkage, and good self-extinguishing, can significantly enhance the safety of
batteries at high temperatures. This paper systematically reviews the latest research progress in the
development of high-temperature resistant separators for lithium-ion batteries, including the modification of
commercial polyolefin separators and the structural and performance studies of three common high-
temperature resistant separators (polyacrylonitrile, polyvinylidene fluoride, and aramid fiber). The
characteristics parameters of separators, such as thickness, porosity, ionic conductivity, and thermal
shrinkage, are summarized. Finally, the future development direction and opportunities of high-temperature
resistant separators are prospected.

Key words: lithium-ion battery; high temperature resistance separator; polyolefin separator modification;
polyacrylonitrile ; polyvinylidene fluoride ;aramid fiber
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Fig. 1 Schematic diagram of the lithium ion battery under mechanical,

electrical and thermal abuse leading toward the thermal runaway '’
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Table 1 Requirements of separator properties for lithium ion batteries

Thickness/pm Tensile strength/ Porosity/ Electrolyte wettability Tonic conductivity/ Thermal shrinkage/
MPa % (mS+em™ 1) %
<25 >98. 06 40-85 Fast and fully wetted 0.1-1 <75 (at 90 °C after 1 h)
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SR, AT O I )2 R TR Ml 2R A B A 1 1
PR R AR G W an B ik ik R (PEEK) |, J2& — F
BA 5 R 8 0 2 5 A i M B R (I N
340 °C) o Zhu 5" R ARG AR H AR 78 R M I b i 2
Ifi i % — )2 PEEK, 15 3] PP-PEEK # PE-PEEK & &
B, 4 & 3 () TR o PEEK 2 T 52 4 B i
o B RS E P, AR 3K 200 C Rt RE AR 455 A 6 e E
(E3(b)™) oAb, 55 s R IR bR RS AH L, PEEK
U V2 X L M A L T ) S AN (A5 A 5 B )
TR T 100% DL b, DA H R T H I ) L A 1
Ao WL (PDAE N —Fhm Mg defh TRESY,
BA @ AU e e R m G oE . QA& T —
B B Ptk Bk JF o Uk T PP R R SR |
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Table 2 Physicochemical properties of modified polyolefin separators
) Thickness/ Tensile . fonic L Electrolyte )
Separator Preparation method strength/ Porosity/ % conductivity/ Thermal shrinkage/% — Ref.
pm B uptake/ %
MPa (mS+em™)
HAP-NA/PE Impregnation ~22 113 0.0345 No obvious shrinkage ~ [43]
(200°C,1h)
PP-PEEK Coating 27 115 54.8 0.993 181.4 0.2 (200 °C,0.5h) [22]
PE-PEEK Coating 25 125 57.6 1.31 193.3 9.4 (200°C,0.5h) [22]
Cr-MOF/PP Coating 42 2260 No obvious shrinkage [42]
(160°C,0.5h)
Mg(OH),/TPP/PE Coating 35 50.3 .69 31.4(130°C,1h) [49]
HPI@PE Electrospinning 28 24.3 65 0. 46 204 No obvious shrinkage ~ [39]
(200°C)
TiO,/PE Coating =9 17 0.57 269 10 (140 °C,0.5h) (23]
PP@PI Coating 24 138 54.78 0.35 207.62 No obvious shrinkage [38]
(150°C,0.5h)
HDPE@boehmite/PE Coating 10 44 0.3162 136.8 5(130°C,1h) [45]
ZrO,@P1/PE Coating 11 54. 28 0. 66 164.18 No obvious shrinkage [46]
(150 °C,0.5h)
Sodium alginate/ Coating 76 5.9 61.4 1.53 165 No obvious shrinkage ~ [55]
AIOOH/PDA-PP (200°C,0.5h)
7nB/PE Coating 28 1.14 8 (150 °C,0.5h) [56]
Halloysite@PP Coating 35 =42 71 0. 66 224.6 7.9 (180°C,0.5h) [47]
AIOOH/PE Coating 25 145.1 60. 1 1.08 173.1 8 (150 °C,0.5h) [44]
PP-g-mSiO, Impregnation 25 60 0.87 379 0(170°C,0.5h) [41]
ALO,/PE@PPy Impregnation 23 43.5 0.61 75 0(200°C,0.5h) [57]
Celgard 2325@(P-POP/  Coating 63 1.24 661 No obvious shrinkage [40]
PVDF) (200 °C)
Novec1230/HFC@PE Coating 53.6 1 132 5 (180°C,0.5h) [52]
DMVP-SiO,/PE Coating 23.5 46. 1 0.97 90 0(200°C,0.5h) [51]
DBDPE/Sb,0,/PE Coating 16 63.8 20 (150 °C,0.5h) [50]
Vermiculite/ PP Coating 30 157.3 0 (500 °C) (48]
APP-ALO,/PE@PFR Impregnation and 28 0.65 73 0 (300°C,0.5h) [24]
coating
PP/PE/ATPM Multilayer 25 ~14 48.5 1.61 181 0(180°C,0.5h) [53]
coextrusion
UHMWPE/PMP Sequential biaxial 2140 53.1 1.17 160 1.6 (120°C,1h) [54]
stretching
UHMWPE/SIO, Sequential biaxial 500 59.5 3.38 472 1.7 (120°C,1h) [58]

stretching

(PP@P1) ., 455320, PP@PI b i A1t 3p1) 25 5% B 34 3]
138.6 N-m ', H7F 150 “Crayiit Tl E 0.5 h )5 B9/ JL
PR, SRR S RS R e PR . [FIE, PLAgER
TR 2 HLA T 2 AP 3 A R B 2 LB & 4, Tl
DI P R W R B 0% . Yang 252K B 25 22
B AR AR 2 T S A IR 1) SR M WV e (HLPT) 40 K 27
AP PE BB (HPI@PE ) . HPT 40 K 21 4 )2 1 8 44
FeE M 15 HPI@PE PR AE 200 “CTF I B 5 Bl 4
S RENIEZ A PLERE Y (POP) & — M A% E 1

b PO SRR AR A R A R AR ) = 4EA L
ZALM KL, Song %K POP 5 by 6 88 S 16 5 B BH.
WA (SRR ARG ) HEA T T H A I ] 45 1 P-POP,
SR I B VR B AE Celgard 2325 B e i . SRR IR <
PRI T — K1 P-POP AL — i R 4 1 i Jik 284
RELJRSRI , i LG A B M P el A 2 5 B B AT R
B LR RO IR o R A SR I, P-POP/Cel-
gard 2325 [ fIE 2= 76 1 AR RN 608 =22 18] 2 B I 1) OR 37
BeJZ , NI TN B, Bl5 1k R4
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I3 PP-PEEK Rl i 2 #4755 Pl B R i 414 H - S8 BB (SEMD ] () , PP FGIBEAI PP-PEEK FJEEAE 200 C R #b 30, 5 hJF HIE A (b)),
il # HAP-NA/PE Wl i 5 082 LA S AOR S5 R 228 (o) 15 KR HAP-NA/PE B 55 5 i PE WY B 78 120 CF B3R FE R 2R ()
Z1O,@P1/PE WA £ 072 B 45K 75 B (e) B ALO,/ PE W5 ZrO,@P1/PE B A T AL (£) 14
Fig.3 SEM image and structure diagram of the cross section of PP-PEEK separator(a) , photographs of PP separator and PP-PEEK separator

aftter the heat treatment at 200 °C for 0. 5 h(b)"?, schematic diagram of the preparation process and microstructure of HAP-NA/PE separator(c)

and charge and discharge curves of batteries with HAP-NA/PE separator and pristine PP separator at 120 °C(d)"

1 schematic diagram of the

fabrication process and structure of ZrO,@PI/PE separator(e) ,and flammability test of ALO,/PE separator and ZrO,@P1/PE separator(f)-"

THUE AN ALO, SiO, 2 i T HA B
S RN BEL At 4 AR T 23 Ak of el M Rl 2R s
JEBEAE . Yang FTBR 4 T — Rl A H A% B D TR
SIS WO 9 SO, (mSiO,) g4 K Uk L 241 5 1) B
3 [ 7E PP & s 3R 1M, 75 3] PP-g-mSiO, & 5 Fa i
PP-g-mSiO,f@EAE 170 “CF AL E 0.5 h 5 /M2 4k,
H A PP-g-mSiO, b JI5 T 28 2% 119 F b 7 3% 28 70 i
1000 YK J& 1 45 AR R AT RE I8 ) 93 % . Zhou A1 BA
$2 R % 3L MOF A5 2 b IR0 J2 6 ) o el 36 2 Pl b %2
4 SRR, 5 ALOURIZM L, R 5L MOF
JZ 4 0 H B A i AR M R B o Chen T BA
I A S Fil SR A T AR ML B T2 F & T —Fb
B 5 K 75 P R AL 5 i B PRl 4 P e 1 %
WA 9K A (HAP) /PEE AR, @& 3(c) i
N BERR /55 (OCP) i i 35 3R FE 0 b i B2 VLA FE PE
FESFR BN, 22 Ji5 38 3o A B, OCP #5725 S HAP, [A] B
I Fl Y PE FH T 40 09 3K 20 1 FH 2 WA 21 28 55 1
HAP-NA [ JIEFR 2 B, T8 i =45 B30 AH B S
HAP-NA/PE [ . HAP-NA/PE [ [l B4 1 5 i
W40 7 2 434.4 MT-m > ()8 = B0 AT 24 0.69 1

o PRI R B, 78 180 'C'F , HAP-NA/PE i fis (1) i 1
RN DAIKF] 2 2456.4 %0 TR A EWi 2. 1525 T HAP-
NA/PE P& B R 4F i #4F 0 1, BT 41 2% 1 # 3t 7
120 °C,0.5 CHE T BB A A 100k (B 3(d)™).
L Z T, 2R FH PE B 15 21 25 1) H 3t 7 A [R] 2% 8 T 1
P35 10 W5 Joidk B % FE A, , X i T PE BR 7R
[ N e E TR A R A A i 50 S B i Y a1
Zheng P BN F K 345 A (AIOOH) 1R 2 B i v )2
ARk AR G i A T L A TR T Y Ak A A
PR, QUATBN BT T — Ao ALY ZrO.@P1 ¥ 5%
YORBEER, K R T PE RIS R, Hl 5 T HA
PR P B AR T 1Y (ZrO.@PT)/PE B& i . 40 &l 3
(e)" iR, PAA UK ERAE R PLAATIK {4 | 38 28 4
GRUK LR, WA T HA IS A LA
YRR ZrO@PL, 2R KPR R A1) ZrO,5¢ 2358 T
(ZrO,@P1)/PE i JE (% W i B8 1 o [WIsE, DA 3
(D) ] R4 DU PT 280, Ji PE B IR o 11 5ok L)
FU. M ALO,/PE B BRAE R 1 78 vl DUOULER 265
FIV% X Al g S i T ALO, 5 PE Ff B8 AR 28 1k 22 1 ik
1. MLZT, (ZrOP])/PE F& A LURRUSER , IF
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HAEBRR T OB E RIS 0 AR, ] DL
T IR o e

KERW A MOk T HRR IR 2500 A= & H IR e
PERAF 0 TCHLAL G P 2 ot FH - 0 0 F b s
AR P . Xiong FTBA“ 4 H 7 PP B B iy i 0 v
R AR e 0 g KA (HNT's) DL 3 v B JE 1) Pk 5
PEo P15 5] A9 HNTs@PP 52 4 b I 2 B B 6 e
i IR T P RN IR E T (FE 180 “CNLE 0.5 h i A #A
WA R R 7.9%60) , T B A R T B — s I LR PR
Parekh %54 — B B 1E 1000 °CF o £ 16 B I8 41 5
B B R4 J2 o R R e A et o B L el A P
Pt A PR R RE R D T 1.675 kI g !, I HL oM R
FEE S AR B 5 T 3.38 °C

RELJZR 750 AT L2 30 2ok 2 R o 85 ik 1 32 97 R L ol 40
il FEL L P AR o I 4 BELIA 391 [ T o 8 3% 1T T
VLA RICHE S P S0 TR 1140 66 32 81 BELJEA 390 A 8 o i 44 K
IE AT 3 F T/ B T AR R (81 4) o Zhao 5800

R WL B (APP) UL U 7 78 Wy I W) R 450 78 179 Pl 8 ok
PEBR M 1 B I (CCS@PFR) 6 1, et 1 — Rl B #4)5
KA REE A W (APP-CCS@PFR) . 4nf& 4 (a)2
fiR ,— 5T, CCS@PFR ¥ J21E A —Fh — 4k 482 5E 1)
THEZ AT L skE G el A T R B B AR T R 1Y)
PN R % 5 55— T, APP Bl K 43 2T G 1 22 S
iz (PPA)IRA 2, A R DI T HUREER A AN
S IE AR ) AT R SR AR i, TR 1 T R itk e
(R A o I P (ARC) IR A5 (B 4(b)~(c)®)
FW, R CCS@PFR [ 5 20 256 1) H it 7E 29 80.1 “CHif
TEUR B A A Bl 5 & AR R ZL R SR B e R
Hat 450 “C. BRT, R A APP-CCS@PFR g fi5t 21 2%
R FEL it 7E 2218 (Y ) BGE RR S e A, AT TR B A A R
o R, E4(d)~(g) AL, R CCS@PFR
98 FIEE 2 25 1% P Y 1 6 98 B B b %, AR A Ak o T
K H APP-CCS@PFR [ A 2H 25 1) g 3t 119 i A% 0 g
BREAE M S LR R e 3 . iF — 20 2 0 S0 30 25

4 APP-CCS@PFR W IE45H4 7% 2P B BRI HE (a) , SR ] CCS@PFR B fisE (b) #1 APP-CCS@PF R BRI (¢ ) 28 % 4 H 7t A it e A CARC) il
X, R CCS@PFR FRfE(d) , (e) F APP-CCS@PFR AR () , (@) 231y Fi it 7E ARC LS (19 B R, R T CCS@PER P 5 (h) 1 APP-CCS@PFR P
IBE (1) 21205 L L A R S 6 R, SR APP-CCS@PE R RIS 2052 Y i b, () B S35, 9 R 9 AURe kT30 (k) ™), Duial FR R ISEAY 228 44 73 2 181 (1) K B
MBI (m) , 5% JH PE B BRI Dual FR B EAY HL AT 0 525 AR 725 4 (n) ) MIE R (PCMD) B9 T BE R 13 454 (o) , PCM-TEP@SIO, Bl BHIA

FBIR L E 5 R & (p) , PCM-TEP@SIO,/ PP FR B B il 45 T 2 A AL ()

Fig. 4 Structure diagram and flame retardant mechanism of APP-CCS@PFR separator(a), accelerating rate calorimetry (ARC) test results of the
batteries assembled with CCS@PFR separator(b) and APP-CCS@PFR separator(c) , photographs of the batteries assembled with CCS@PFR separator
(d), (e) and APP-CCS@PFR separator(f), (g) after the ARC test, photographs of the nail penetration test of the batteries assembled with CCS@PFR
separator(h) and APP-CCS@PFR separator(i) , photographs of the batteries assembled with APP-CCS@PFR separator after testing (j) and the cell

lighting a bulb(k)"?*!, structure diagram(1) and flame retardant mechanism(m) of Dual FR separator, temperature profiles of pouch cells with PE

separator and Dual FR separator during the nail penetration test(n)™", temperature responsive property of phase-change material (PCM) (o),

schematic illustration showing the temperature-regulated release of flame retardant from composite PCM-TEP@SiO,(p), fabrication process
and flame retardant mechanism of PCM-TEP@SiO,/PP separator(q) ™"
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(4 (h)~ (k)™ A%, 2k H CCS@PFR st 4H 2% 119
HL Y S BVt TR BB KON TR APP-CCS@PFR
I 2] 25 %) e b 82 A R 8 B I P R 4 HLZE
Je ATy SR RE NS 15 22 JT 0, 6 W APP-CCS@PFR i i i
U EI @ R e R = o N B E YO i N
Mg (OH),/#i R =755 (TPP) & & MR LR 7 15 PE
B FEE L A5 31— A A BELA R RS (MT 31/PE) o FE#T
POl g vERE L 519 Mg (OH), M P RE A 5 19 TPP
R RIE T, MT31/PE b Bk s 7 /i /e & iR T
(R4 AP AT E AL 2R RE . Cui B BA 05 AN T f i
B IR — 7 2 %e (DBDPE ) B3 #1 Sb,O, 1 % T PE
B F e 1 (L 4D o Frd B AL A BRI (Dual FR)
o Z A H R BR AL RS S RO A Y
ShBr, %H 25 LA 38 i3 HE B SR D KK IR, Sk 128
Ak be (B 4(m) ™) o B, R PE BB 2 25 1%
A 2R SE 0 S AR EAE 5 s INIAH 228 °CL, I 4E 20 s
N AFEE TS 21 400 “CR 4(n) ™) . i A FH Dual FR &
FEE P Pt P L B 218 T, R A AE 2 min ST A B4
90 °C., Tfii Zhao 251 % 2.0 SRR — 1 18 (DMIVP) L
k2 S| M= R A = B G Al O S L L Y =R RSO
(mSiO,) Wk T PE BB 1A , 15 8] PE-mSIO. & & &
JE . PE-mSIiO, B 7E 200 °C R i E 0.5 h )5 i #alk 4i
KA Z MR, R R EE . RIEE, 5
DMVP FL 32 7 0T L ff W AR L, PE-mSiO, b AR ikt
% T DMVP 7 LA 5 5 i A B Gl b, it e 7
L, 9 P I R 25 S50

AH LT B BELBR ) v 7 T e A2 1, g BELA 9
W TRE Y ron] LI 1k JH B i 2 A o, I
R B2 b s /0 BELASR 500 %o H b P BB 1Y) B TS . 4
& AR PR R BRI B R SN S Ia AL KRR
RFR R 2 LA R, DAk S R i i — 20 R . Hu
P BN 93 35 7 PP i 165 2% 1 v 7 22 £ L S10. £ 78 18 I i
MBEIR — TR (TEP) & & ek, i 25 7 $4 A B pot
(PCM-TEP@SiO,/PP) , W& 4 (o) ~(q) " i~ . T
JIR TR S — e a5 A0 L it 5 R AR o YL 1) A A
MEHPCM) |, AT VR by BELAR 700 R 00 0% 2 i A1 L. R
PCM-TEP@SiO,/PP B & i H i 1F % T AE I, TEP
B R 7E [ R PCM . — HH g & A 3 R
U B2 35 2] PCM # 5 F, PCM st & 44k 3 B ik TEP,
DLl kR o Lou 80 DL = B M- IR 2 -H N
7¢, Novec1230 Fl-L J R Sebe (N-H) i, il £ 7 —F
B A5 A ik (N-H-microcapsule) I # H ik 5 T PE
PR e . N-H-microcapsule 75 & BT 3] — & #2 %
it sk 2RO N-H, N-H B 8 <AL i,
AT LT L b ) PR s e A

LR ShOPE R SR I R R 5 R T A RHR A
Ja — R, AR 2 A M R B A A4 1S . Pu
P BN o $F 3 HT L T M R PP R e T B
(ATPM)AE i #4388 5 20 43, I8 H 55 PP A1 PE 3t
R il &t B 5 G 0E PR 1 MC-TIPS PP/PE/
ATPM & &R, ATPM AT LR & B I ) )y 27
S, 3 AT LAE = T B BK 28 SRR A 1) BEER B
B2, It ,MC-TIPS PP/PE/ATPM & & [ HA
e Al PR e M (FE 180 “CTR L 0.5 h i ST Wi 4 2R mf
ZWEAST) o Li 28R B SUsh B AR T2, il 45
TR O/ R (4-H H-1- 15004 ) (UHMWPE/
PMP) & G, PMP 3RS A5 5 A =
FLBR i DA R R G A AR I (FE 120 "CTR i
1 h 5 AR ) 46 2R o0 0.7 %, PN 14 ol 1.6 %) -
HHEENE, F I UHMWPE/PMP & B B e 1 C
THEF 100 WY SRR E 5 99.89 %6, R L 5 1Y)
PEI AR E M
22 BRRAGHEERE

RN (PAN) T EA RIFny 1 2#the . m
A L BRI S 0 RS M O 10 317 O i) iz
FHVERL S T b PRI BE AL o 55 4h , PAN = 5 i U0
S VA T PR RS T R A VR P R L AT R TR
R B T H S, 6 310U B BRI 9 T T AR SR T
TH () B i e PAN SERR IR Y 2 A E S5 Tia
AELOR R 25 221 45 T PAN/Mg-AlZ IR US4k
YI(LDH) & AR, 4583K0], PAN/Mg-Al-LDH [
I 2% B0 EL A v AL B R (87%0) | HL i Jo I IR R
(1053%) B THL S (4.25 mS+em 1) LF 1T HELFH
(106 Q) FNvE ML Ak 2EAe e B H (5.4 V) SR . HH %
2, A1 EEF IR R PAN BRI, PAN/Mg-Al-LDH b 5
#E 230 ‘CRACE 1 hJa4ME o A1k, F B A L
SERYBEEEME . A, Kim 2570 Ning 25543 51 £
FH 3 Fh IS ALY K Bk (ALO; . BaTiO; Fl TiO,) Fls 4Rk
AR R TCHLIG s AR, B T PAN R R Y BERA
Rk o Jia SR L 27 22 BOR RS R i A 5
0T PAN JEFR B 3L 2 AR PRI 5 . 251360, 24
A 1200 (B 204, FRD B it 2 5 58
I (PCA-12) 30 S A i A A e RS L S %
Leng %5 DL PANVE Ry B RS SE 44 , R (i — 91 £ )i -co-
FNHN M) (PVDF-HFP)VE A £ 4 52 B3], 3R 2 M it
WSt B (PVP) AR A WAL il A 1 1 5 B2 s (20.05
MPa) FLER 5 (70.7 %0 ) K dhdeoe v R (200 CF L
# 1 hJEJW4s) i & I (PAN/PVDF-HFP/
PVP) . Fan & EIG DAY 6B, 76 PAN/PVDF-
HEP & & WSt — 25 U 78 22 e AR, o e 3 o i
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Table 3 Physicochemical properties of PAN based separators
) Tensile Tonic
Separator Preparation method Thickness/ strength/  Porosity/% conductivity/ Electrolyte ’I‘hfermal Ref.
pm P (mS-cm uptake/ %  shrinkage/ %
PP/PAN/cotton fibers Filtration and hot press 63 1.99 269 1.95(160°C,1h) [70]
M-PAN/PVDF-HFP Electrospinning and 14. 36 82.09 2.81 553.23 30 (200°C,0.5h) [64]
impregnation

PAN/CNTs@PVDF- Electrospinning 15.47 80.22 3.43 545.76 60 (200 °C,0.5h) [67]
HFP/UiO-66-NH,

PAN/PVDF-HFP/PVP  Electrospinning 38 20.05 70.7 1.78 584.2 0 (200 C,1h) [63]
PAN/ALO, Electrospinning 5.2 783 0(120°C,3h) [61]
PAN/ADEP Electrospinning 60 27.7 46 0.83 137 ~4.7(200°C,1h) [71]
PAN/HPCTP Electrospinning 60 41.7 43 0.95 162 3.9(200°C,1h) [68]
PAN/boehmite Electrospinning 110 64.1 61 4.7 836 0(200°C,0.5h) [62]
PI/PAN/PI Electrospinning and 75 18.12 88.7 0. 69 554.2 0(200°C,0.5h) [66]

pressed lamination
PAN/CA/boehmite Electrospinning 46 82 1.694 608 30.8 (200 °C,1h) [25]
PAN/paraffin Electrospinning 88 83 1.4 293 0(200°C,0.5h) [69]
PAN/Mg-Al-LDH Electrospinning 80 87 4.25 1053 No obvious shrinkage [ 60 ]
(230°C,1h)

PAN/PVA Electrospinning 26 32 65.3 1.77 473.1 0 (180°C,1h) [65]

MRS RRE M . Dong %I H [m] 4l f 25 226 23R 2
B (PVA) B2 PAN Wi 458] T PAN/PVA B &
e BB, fie e T R B v AL B 2R (65.3 00 ) TSR i A 5t
(32 MPa) Z [/ F )& , [F i PAN/PV A Bl 3 1
S B H S R (1.77 mS-em ) A R E M
(270 °C) o Li%5"3m 2o i vl 27 22 JC 1 390 AH 43 25 A A
JEE & T BA = 4e i 4 R854 0 PL/PAN/PIE &
P, 259300, PI/PAN/PI R B EL ATt S5 i hir {5
J& (18.12 MPa) FIBH A BE , I LA vl 22 B0 10 AR 1Y
PN BEL IO 2 ) Bl 28 . Fan 2517 SR i ) g v 2 22
HAR W& T PAN/B 94 K & (CNTs) @PVDE-HFP/
Uio-66-NH, (PC@PU) Z% 1k 4} oK £F 4t it . H |
PVDF-HFP #1 Uio-66-NH, 44 & i ki #4538 T PC@PU
WeA X L 7R I 1 S T, DT 8 15 17 P S 1) 5 - FL
K (3.43mS-cm ) ;1M PAN FI CNTs R/ Sy g i 4%
L, $2 5 PC@PU M g5 fa ke vk, ot — 2 iE 73
PFETE . Y u S5 R A BB AR S AR A — G
(HPCTP)#t PAN JE[8 B #h A e v . il 5(a)
TR % #2524 45 3 1 PAN/HPC TP & & Fa s k17
HRO4h AT LR AT = P AR B (40 MPa) R Rl 46
R(TE200 CTACE 1T hrylds %8 3.9%) . JLH,
PAN/HPCTP & 45 Bl B K4 i BELAA 1A A (]
5(b)') 3 AT DAAT A4 PR B A B T R 9 42 4 . Liu
SRR AR AR AL () TR E T — R i 1 g A

Fa g VEBR I (PW@PAN) LA i £ 25 7 e vtb PN 350 I
S ETb. WE5(c)~(e) ™ R , PW@PAN b 5
() il e L 275 22 0 A, b, R s 1 PAN 90K 2F 2 40 34
HAM . MRS, fthoR B T A 0 A7 g
b, 25 v [ 285 20 o0 Y A - W S AR i 15 3tk
ISR BE AN 2 3 e s IR R T B R R A A Y
T 25 SO AR [ [ A o TR 5 (D) rp i #R0a 52 1] 26 B
PW@PAN F 5 5 5 10 R PR BE A S 7E S iR T Y
ROTRGENE . U ZE 0, 7E 5Tl 52 5 v (] 5(g) ~
(h)") At FH R Mk Celgard P B %) B b & A PN 30 0 3%
HFEWEE FFFZE 39.6 CHAREF T 6 min, #LLZF,
K PW@PAN [ 5 () F b 2% TR0 I B A o) 52 35 2%
(135 s Ja k&2 B . R, PW@PAN B A i i
Aot 26 B B S A I AR | 44 CC R R 2R I LE B
2.76 Jog "K', & F Celgard f@ i A9 1.97 J-g K ',
X LB S L ] PW@PAN [ A 30 H o 53 7 T
B 2R
23 BESZCHEERE

R £ (PVDF ) PRUH: R A ol i Tk AR 5
P18 T 27 e R T RIS A T DA Sy 2 R e S )
MBS R Z —. 5340, PVDF WA 1 B Btk
P B AR AT LA g o JIEE T e A S 1 5 0 H 7, DA T 3
IR TR, R4 g IT YN T ARk
B4R T8 B B B PR B PVDF 3 B i i) o B
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&5 PAN/HPCTP Wl il 4 v AR B 55477 725 8] (a) , Celgard 2400 B PAN/HPC TP (P210/HP15) BB R BE TR ()16
it R 805 P M P 2 R s T () il BE DA B 4 AR HLIUR 28 (), (e) , PW@PAN BN PP B AR 130 °CTF YRR IR (D),
RTINS P A (g) , PP BRI PW@PAN B0 HAR 2 ()

Fig.5 Schematic diagram of the fabrication process and structure of PAN/HPCTP separator(a) , flammability test of Celgard 2400 separator and PAN/
HPCTP (P210/HP15) separator(b)'%®!, schematic structure of the thermoregulating separator(c) , flame retardant mechanism of the thermoregulating
separator(d), (e), thermal imaging images of PW@PAN separator and PP separator heated at 130 ‘C(f), photographs of
batteries before and after the nail penetration(g) , specific heat of PP separator and PW@PAN separator(h )]

R4 PVDFERERMIBNLZRME
Table 4 Physicochemical properties of PVDF based separators

Tensile Tonic

Separator Preparation method Thickness/ strength/ Porosity/% conductivity/ Electrolyte Thermal shrinkage/%  Ref.
pm VP (mS-cm-1) uptake/ %
PVDF/SiO,/ Electrospinning 36. 84 85 0. 8824 355. 23 No obvious shrinkage [78]
GO@TPP (150°C,1h)
PVDF/Mg(OH),  Casting 49.5 85.9 1.4 539.8 3.5(180°C,2h) [75]
PVDF/TiO, Electrospinning 0.9 75.97 0.68 491.2 No obvious shrinkage [76]
(160°C,2h)
PVDF/Ni(OH),/ Casting 63.7 1.22 293.5 2 (150°C,0.5h) [79]
Mg(OH),
PVDF/PZSMS Impregnation 24 2.8 62 1.47 433 1.8 (150°C,0.5h) [26]
PVDF/SiO, Casting 66 1 239 2.1(200°C,2h) [73]
PVDF Electrospinning 70 79.1 1.65 429 No obvious shrinkage [72]
(150 °C,0.5h)
PVDF/AI(H,PO,),/ Casting 29 51.2 0.374 264 No obvious shrinkage [77]
GO (200°C,1h)
PVDF/modacrylic/  Electrically-assisted 55 2.8 92 3.67 606 3(140°C,1h) [74]
Si0, solution blow spinning

PSR, He P RN ALY 22350 % 7 PVDF 9ok SRERWT, X PVDF 5 2200 B o0 24 06 I, Fiv ) & 1) B
LPYERR N, T IT 1 AR S X PR AR R AR o 45 P MLET AR RN 2T AR 2, IS R I AR E A A
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fip R M ME B . Zhang F A DK Si0, 5 PVDF 4%
A il gt —Fh e P R A LR AR (S10./PVDF) .
Si0,/PVDF F [ 80 H =5 i FLBRR (66 20) L 5134
FaE M (200 °CTFBCEL 2 h BRI EE R 2,19 ) Al BH
PE o Kilic B SR F Al B ¥ R 2 Bl a5 T
PVDFE /e Pk S N i / S10. 98 K £F 4E B s . 2ok 3R
S HE I A =5 T 25 22 35 W ] G54 BRI T B Y
AT R BG L I 3G 5 TR RS 4 RO E R M A BRI
Zhang P BA'™ DL & E AL BE (MCH) 449 Kk £F 4k 5 PVDF
R IR, SR FH I AE 7 il 45 T PVDE/MCH & A& B i .
PVDF/MCH & B A & i FL B 2 (85.9%0) = Y &5
FHEH(1.4mS-em ) FFEEE (180 ‘CFE 2 h
AP 46 %8 3.5%) , 3 HLW FH PVDF/MCH B i )
LY AE 100 “CTF REFR A FE 26 100K . Huang 1 BA™5R
FH #0025 22 %5 ) 45 19 TiO./PVDF & & & B fE 18
160 “C T AREFIMI T HIXFFR A2 o Zeng A LI TEHL
B L BHAR I (ALCHLPO,) o) F1 5 30 B 47 1) Ak A 58
I (GO) Ry Ik}, 8 28 3 2 o o5 H — R g =4 £
FLEEH B 8 2B RS B (PGF ), & 6 () " s o 7E
FL Y & A PR P, Rt 4R ) Bl R DA TE AR Y B
PGF [ 5 P 11 5 Tl BELR 7 Ak 280 K S PR R PE
IFAE GO IR HEFHS B R, e RBR BERRAR T #0458 XL
B (E6(b) ) B 6(c)~(e) ™ A, Celgard i
18 200 “CHT 9 Bl 46 5 AE 90% 2247, 1M PGF B st £E
200 CFHCE 1 hfg RFMBi@a A E AL, N
DSC gk (6 (1) )] LI H , Celgard B s i i A
HELAE 132 °C, %R F PE B 8840 4% AR R B (T,) , T
PGF B 8 /R i = 1 T, 36 W HEA 3 3 1 ga
PEo T3AN, LLAMNAS A G (L6 (@) 7)) FIDGT R A Fisf ]
A3 £k (1 6 (h) ™) BB PG B BECZE i ARt
M PGS 40 A IFELY S s A B AR E , &
B PGF B B ELA O B3 3488 1, LB 1k R B 4 R
£ o Zheng AT BNOR FH [R) il i 25 22 F0 S 2 i v 2 22
D745 T B R = 4 EE (TPP) #1 PVDF 4 4 Y BHLA
W (TPP/PVDF) , JF 84T T HERE LB . S5 R0,
I FH [R) Sl e v 2 22 1 A B LA TR I 2R 4 5 4R, HL
X TPP 11 58 25 50 R 5 -, R o 3 B 11 R 3 1 LA 2
it Zheng A A7 R FH R 4l i ey 27 22 30 26 T —Fhe
S PVDF \SiO, f1GO M 51, ¥k TPP 4K 4 4
24 B8 I (PVDF/SiO,/GO@TPP) |, fn & 6 (1) JiF
7~ o PVDE/SIO,/GO@TPP [ 2 31k 5 1 #4 &
SEPERIBE AT  #E B KPR 15 s ARk, B RG24
PERAF(91.2%0) o BRARAE K HEL 30 sl 150 Jet i BT flc £ L A
SE U)K HL 1] 865 190 1) R ] A B B Py $ G W T g . L
A ST Ty B 1 B AR e 08 S A 28 b 00 ) A b A R

AT R & A . Liu A AR T UL PVDF 5%,
TPP W% B K EF 2 i VST ol B2, e 1 2 e
RELJR P B RN A0 G T M BB 110 B IS 10 41 40 L. 28
T, 722 i 2 T B0 )2 BEAR T E DL K B iR
H FERHAR MRS I 5 17 50 J2 H ) s A1 D 2 5 e A
POCWIPEREAS I o B AR A0 bR B A $A o B D) g, B A
HAICHT 1A (2.13 s) , I 2k DL PR I R e A A RO T
WE R 177 °C, H B MK [ 45 550 1.82 s, RILHAL
SR EAPERE o
24 FHAHEBE

07 4 A7 Yk (AF ) G5 FLURR (%) 5 B 5 P 5 0 1k
e e AT 45 4 T B A S5 1 AR R e R 1 P R T
SRRy A e B e Y T AR S R,
U, AF 35 B S 7E 2 35 Ha b Hi AL 27 1k 8 A0 28 4 T
N L RO S S S ¥ 7 = E W e o Lo
5 HL S A0Sk R T AR AT v IR AR 35 B ) B A
PESE, IR SR FH U ) 4 s —Fh BT A
K FLAR 45 F B 55 48 4 K 27 4 (ANFs) B i . BF 98 %
B, ANF's i [ ELA & R Ao 3 (127 MPa) FE S (1)
P M (FE 160 'CF RS 3AR T A ML) o 2R ANFs
B B A L, 3L BE % 78 100 °CF & 2 1 35 100 ¥k, % 1
ANF's [ i BB 6% o H vt $2 (LB 47 A e 4 . Wu 557
FI T R S 0 E AR VR TR H R il 28 T —Fl ANFs X,
BERCPRIE . 45 5 W] 3% ANF's < 5EIE BRI B AT 25 1
FLBR (86.5 %0 ) 1 L 47 A Hi v R 3R (695 %6 ), PRLIE
HEHHENEFHEHSFA.04mScm )., A5
PP P BEAH L, ANFs B I b 15 R 20 H B pE S5 1 44
Fare M (78 300 CTF CE 1 hJs B HUC4E 0 0) Al E 4R
PEE 7(a)~(c)™) . Bk, FIIH ANFs S 5E e b AT
41 %€ 1 LTt 7E 90 “Crn il B RBASASUE IIE 2R 200 ¥k, HLAF
HERFFRE R 901% (F7(D)™) , [, ANFs S EER
e I %) e A G M R E T LED AT #E 90 °C R A2 e
TAE(E 7(e)”) ., Lutkenhaus Z&"V % H 55 4l B A
R4 T ANFs B i, 38 i i A 05 T T2
SPHHATAC T, AE RIS B ANF's B JE A LA 55 1)
FUARBURI L i B, 28 B T B 5 1) ) 2 5 A A
e M (£ 300 “CF 1 245 B i pai 8 LA 0 RS
TREFEE)

¥ AF 5ILAb Dy REEA BEEATE A, AT P IF) ks
JIT A5 B B ) ) B 2 45 . Zhang 25V F FHZE ANFs
FE T AT AT K 2 -8 (ZIF -8) ik, il £t ZIF -8/
ANFs & A Wil . ks i ZIF -8 J50k: Bij 1 ANFs
) B2 ME AR, S 3 v T R R L B R A R ARV I i
PEo BLAh, ZIF-8/ANFs F I HA G3E 1 J1 245w 5
6 1y BELJR P R B RRUE T (7 200 °CT RUSE TG AT DL AR
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K6 PGF A &R 2 E (a) X TAEHLERE (b) , Celgard BRI (¢ ) Fl PGF R (d) 7E 200 “CF #AAb S (B R, Celgard FBEAI PGF
RS 7S TR T BB 4% (e ), Celgard FRIE A PGF FRIEAY DSC 2R () , PGF FREAYLLAMBAZ AL (FLIR) 3 A% (@) FI I B9
i ] 43 R 2 (h) 7 PVDE/SI0,/ GO/ TPP IR 45 H 775 75 R B R i ik (1)L
Fig. 6 Structure diagram (a) and work mechanism of PGF separator (b), photographs of Celgard separator (¢) and PGF separator(d)

after the heat treatment at 200 °C, thermal shrinkage ratio at different temperatures of Celgard separator and PGF separator(e), DSC

curves of Celgard separator and PGF separator(f), forward looking infrared radiometer (FLIR) thermal distributed images(g) and

corresponding time-resolved temperature curve of PGF separator(h)!"”, structure diagram and the thermal stability

test of PVDF/Si0,/GO/TPP separator(i)"™’

1) B0 T L FE 21T . Sun % 5E L AE S A
T, HE T —Fh B2 4E 2= 910K 4 4 (CNF) il AF
H M E AR (PI-CPM-PI) . % AF i 344 —
I X6 2R e (PPT A ) 3R [ia] 28 — i [1] 2% — Jiie (PMIIA )

fif 41 % . PPTA 5 PMIA ] 4k A 1. 28 L4 %, PI-
CPM-PI @ IR =4k W 28 B2 45, fRaiE 1 H & 0 )
SRR . CNF B AL T PI-CPM-PI 5 () £L Bt
IR T LR R T . [WIEE, PI-CPM-PI &
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RS AFERBERNYIBLZRNE
Table 5 Physicochemical properties of AF based separators

) Thickness/ Tensile . fone . Electrolyte )
Separator Preparation method strength/ Porosity/ % conductivity/ Thermal shrinkage/ % Ref.
pm B uptake/ %
MPa (mS+cm™ 1)
PI-MA Electrospinning and 30 38 73 0.8 260 0 (300 °C,0.167 h) [86]
adsorption crosslinking
PI-CPM-PI Filtration, impregnation 23.74  69.34 1.04 237.16 0.31 (200 °C,0.67 h) [85]
and hot press
ANFs aerogel Casting, solvent exchange 0.75 86.5 1.04 695 0 (300 °C,1h) [27]
and freeze-drying
ANFs Casting 9.5 127 0.1 No obvious shrinkage [83]
(160 °C)
ANFs/ZIF-8 Filtration 52.8 61.6 1.37 224 No obvious shrinkage [84]
(200 °C)
ZIF-8@BC/ANFs Filtration and press 70.7 62.4 1.6 267.8 No obvious shrinkage [87]
(200 °C,0.5h)
CF/ANFs Filtration and press 40 34 49.5 0.75 157. 4 0(200°C,0.5h) [89]
ANFs/PEO Electrospinning 41.52  75.85 4.33 650 0 (200°C,1h) [88]
ANFs-CP Filtration 20 23 2.74 238 0(240°C) [90]

7 PP BRI ANFEs BB A RRELEE T A5 891 R (), PP AL (b) Rl ANFs BRI () BRI, A (8] B 3t 7 90 “CTR B ERERE (d)
SR FH ANF's B B v 3t 76 90 CTF 22 LEDATRY I A ()70 AT it £ 120 °CT R i B A Hi s -k il it 28 () , PP sl (@) Al
PI-MA B (h) 75 Hi b 57 S50 i 7y SEME el %
Fig. 7 Photographs of PP separator and ANFs separator after the heat treatment at different temperatures (a) , flammability test of PP separator(b) and
ANFs separator(c) , cycling performance of different cells at 90 “C(d) , photographs of a LED light powered by a cell with ANFs separator at 90 “C(e)"*",
the voltage-time curves of different cells discharging at 120 “C(f) ,SEM images of PP separator(g) and PI-MA separator(h)

after cells discharging at high temperature'*%!
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JEAE 200 °CF HCE 40 min (P45 R AU K 0.31%, %
B O S 0 SR E M . Wu SR R B A2 I
AR BRI 57 485 (MA) 38 338 U FH 285 B 1 28 1k 0 ke
(PO £F 4 , #1145 PI-MA & Al BFss %0, PI-
MA B B8 7E 300 °C R & 10 min J5 3R 5 4% R ~F 54
o UL, PI-MA B RS i e T B2 R 5 1 F il 78
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T, 2R PP B B L B AE 15 min P HS R 3 2
I, SR 5 7 56 min B 28454 0 'V, B HLth & 2 T 3K
FE . M SEM E S54RI (- 7(g)~(h) =) AT LLF
PP s fe 2 e iR RS A0 & A= FiL il A2k, HAL
ZER ORI ANTE B E A 5 1 PI-MA B 5 (%) S 0 L 5
SERE, HALGS M 5 IR 254 B, ORAE T R 3t 7 =5 L
TREETAE, MALTHERY BRI A L 50k
WIS AF #1758 & DLl & 5A L 5 Y B2 4y
P 1 T e T R A, LA A 8 o b 7 A5 R S
A,

3 BES5RE

I8 JIEE A Sy 8L 5 R Sl 19 S B 21 A 4, ki b
MR e B TR E AN B IER . BEE B R4
S KA FH H 8 A B K, DR K R b 1Y i /T R
5 P BLOR AS TAR v DR R AR G AR T 5 ] R 1 kR
IV K A 1 AL 45 M AT 2 0 1, DAL I e ol 11 4 4
o M2z BT SCTE . SR, H Rl ) 2R 4 42 bR
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e
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Abstract : Lithium-based batteries (LBBs) are widely used in portable electronic devices and electric
vehicles, serving as a pivotal component in both current and emerging energy storage technologies.
Lithium-sulfur batteries are considered as the ideal choice for the next generation of high-energy density
batteries due to their high energy density (2600 Wh-kg™'). Due to the unique long chain structure and high
adhesion force of polymer materials, it shows excellent performance advantages in the application of
lithium-sulfur battery binder. This paper reviews the latest research progress and application prospect of
polymer materials in improving the safety and stability of lithium batteries. The application of polymer
materials in modified separators, solid state electrolytes, binders and flame retardants for LBBs is mainly
discussed. In addition, the inhibition ability and mechanism of polymer artificial solid state electrolyte
interface film and solid state electrolyte on dendrite growth are introduced, and the flame retardant property
of polymer and its mechanism as solid state electrolyte are pointed out. Finally, based on the excellent
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plasticity and chemical controllability of polymers, the potential of high ionic conductivity and interface

stability achieved by molecular design in LBBs energy storage is prospected.

Key words: lithium-based battery; polymer material; lithium-sulfur battery; solid state electrolyte; battery
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Fig. 2 Schematic diagram of preparation process of PPY-S,PANI-S, and PEDOT-S core-shell structures(a) ,
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Fig.3 Characteristics of conductive binder and influence of molecular structure on mechanical properties
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Abstract: In recent years, with the proposed goals of “carbon peaking” and “carbon neutrality”, the rapid
development of new energy electric vehicles has led to a soaring demand for lithium ion batteries (L.IBs).
However, the widespread use of LIBs inevitably results in a sharp increase in the number of retired
batteries, making the efficient recycling and reuse of these waste batteries an urgent issue. LLIBs are
categorized into four main types: ternary lithium ion batteries, lithium iron phosphate lithium ion batteries,
lithium cobalt oxide lithium ion batteries, and lithium manganese oxide lithium ion batteries. Among them,
lithium iron phosphate lithium ion batteries stand out for their extensive applications and high recycling
potential. Currently, the recycling of waste lithium iron phosphate lithium ion batteries primarily focuses on
the recovery of valuable elements from cathode materials, high-value reuse of materials, and the recycling

and functional development of anode materials. This paper provides a comprehensive review of recent
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advances in the recycling and reuse of lithium iron phosphate lithium ion battery materials, highlighting

processes such as pyrometallurgical and hydrometallurgical recovery, the regeneration of cathode materials

and their innovative applications in catalysts, as well as the reprocessing of waste anode graphite and the

preparation of graphite-based functional materials. Finally, combined with the current technical level, the

recycling and utilization of lithium iron phosphate lithium ion battery materials are summarized, and it is

pointed out that the future direction of lithium iron phosphate lithium ion battery materials recycling should

highlight the trend of optimization classification and recycling strategy, innovative recycling technology,

comprehensive recycling, in-depth research on recycling mechanism, and optimization of electrode material

design. At the same time, the challenges of future recycling technology are complex battery composition,

irregular battery shape, electrolyte processing problems, and low recovery rate.

Key words: lithium ion battery ; lithium iron phosphate ; cathode material ; anode material ; recycling and reusing
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Fig. 1 Process flow chart of Na,Coy assisted carbon roasting-magnetic separation
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Fig.4 Schematic diagram of graphite regeneration process in waste LIBs!""!
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Fig.5 Reaction mechanism of PMS activation and RhB degradation'®"’
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Abstract: Lithium fluorocarbon batteries have gained widespread application in areas such as implantable
medical devices, military application, sensors, wireless devices, and aerospace due to their high energy
density, excellent safety performance, and low self-discharge rates. The performance of lithium
fluorocarbon batteries is particularly critical in extending the service life of leadless pacemakers. This article
reviews the strategies for enhancing the capacity and voltage of lithium fluorocarbon batteries. The
following three aspects are mainly discussed: firstly, the advancement of high specific capacity and high
voltage fluorocarbon, involving the optimization of carbon source structure, pre- and post-fluorination
treatment, and control of fluorination methods; secondly, the development of high-performance
electrolytes, including the use of low concentration lithium salts with solvents processing high donor
number, as well as reactive lithium salts and solvents; lastly, the optimization of battery manufacturing
processes, particularly focusing on thick electrode and electrolyte injection processes. A comprehensive
analysis indicates that by meticulously modulating the structure of carbon sources, optimizing the
proportion of fluorocarbon bonds, improving electrolyte formulations, and innovating process
technologies, it is possible to develop lithium fluorocarbon batteries with higher capacity and voltage,
thereby effectively enhancing the service life of leadless pacemakers.

Key words: leadless pacemaker; fluorinated carbon;high capacity ; high voltage ; electrolyte
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To LA AR O R R R PR A T — T Y
TRIT R FRBIAE A LU AL S P AN sl B OF
RORE R I . ST, TC 4R RS Micra TPS Fl1
Aveir VR 255 UL AGHE A A AT 51 0.8 em®
AL em? UL GRS 1/10, X F/N bR
A7) T e AR {E R B X FR 7 e D R R Y
SR o TR SR AR T A AR (Li/T.) R
AR L (1L MnO2) R T A 108 H Y, S i A g
W B R . AR A s AR R P, Sk
(fluorinated carbon, CF ) /E Ry tE A4 K}, 72 a=1 H 1%
BUF, P E Ik 865 mAh-g WK HIS AR, i
HRALEALY) (silver vanadium oxide, SVO) . MnO.Fl 13§
IER AL RE, = B BE A 4390 0 315,308 mAh-g ™!
211 mAh-g "7 i Ah BGEARRK (Li/CF,) it ik
A =5 2180 Whekg ' A fits 28 B foff HL 0 i ]
TR AR AT A B ) ELX 25 A R R A TE R R
LY. HET, Micra TPS 1 Aveir VR ¥/ Li/CF, H
A A A iy 08 B4R G R AR 1 OKOF 0 )
R ATAERNL0.34ED BRI, X e g AT SR K fiE S il
Pt re AR B BR ), B4 8% 32558 F T 40 % L)
R EBES R R R RN R . KT
AR A5 i 1) B BLIR AR TE T HE 98 Li/CF, f it
fit. Micra TPS /Y Li/CF, H # 78 F AL B s in 1
W4 SVO FEARHE — 5 L Tt 25 1 (9 [R) B, 3 v T L
SN N SN & SR PT S N T v 5
PR 181775 BB DA XTI A B AT TR AR
ik S R b R B AR A B A AT N B, R
£ LR e e vk oA I S SO S S 2V 7
T H b ) H Bl B N Li/CF, 3 A 25 1 4 T 4
TC T G2 0 A A o0 Ry OC i . A R ER Y
TR L H A A 5 i ) LA P BTRR, 2 5 Li/CF, i it
(4 L R B A5 0F — 2P JE KR B 28 19 i . Li/CF, M
25 5 55 L e 32 22 32 AR A ) | P U LA B b )
T A2, AR SC 3% GX 3 7 45 T $2  Li/
CF, H th 25 15t A He AR B 9 0 e

1 &Lk

Y24 A1k, CF R IEREE 4 B F 5 . Luo
A 25 1Y 2 LA A 2 & (fluorinated graphene,
FG) ek, 768 i L % B (43.25 A g D) N Ty
R 70 kW kg o SR, & T4 CF A&
%5 B I 5 i AR X B D o SRR AR AE R i AT [ AR GE
WA RE o B B LU RE B AP T, BRIE RE R
JEREMS A F] 2180 Whekg "', M r=1H},CF, #ig It
5 E Rk 865 mAh-g ! TR RS LR e L F/C L
e HS A mOR . (HUE Zhou ZE 1 & BB IR
F/C ok 1.42 i S A Bl A 19 L 25 4 (802.7 mAh-g )
X F F/C Hh 1.03 1 L 45 4 (922.6 mAh-g ') ,iX 5
ZRTAIHEM AN EE . e Ah, Li/CF, 3 4 B8 v R 2
4.57 VM SEBR By FF 6 o AR 3.2 V 2247, Tk i
HL - 502 2.4 V', BT, Micra TPS 1955 —A0JC
SR MY A = R T2 142 mAh,{H CF, 1%
R 58 4 I FH G R L2 R i H PR A A3
1.1 ShEFESEMAK

CF, 1) b 25 5 AHA B fb 2 i B EUME G, CF A
FEE T C—F &t B8 C—F 8 DL S e C—F .
Bl 1 WANE C—F S a5 s A e, 87 C—F
e F A C IR A RIEE 254 0.3 nm, J& 34 C—F f#
WRE Y 2.14 /% . B F C—F Sm45 5 RE29 0 285 eV,
My C—F B 45 G A2 R 291 eV, RISy
C_F%EXELJ}Q@}J&EEQ iﬁ*ﬁfﬁﬁiﬁfﬂ,CFmﬂ‘J
il 5 TR b CF o 1Y B 5, 7E 450 CIY IR AR T, %
AT 340 % (A R Al 7 58 R s ViR B 1 F LTI i A C—F,
HIC—F, 8, 1 C—F, M1 C—F B iE M 2%, fE 1~3 V
HL R R e R R 2 5 R I, DT AR AR i e 2
PR, s il B C—F B 2 A 142 55 C—F S A 1s M
JEl £ e 2 Li/CF, ) G4

H Tk TC 23R AEAE 2 i ] 22 A AR A [) sk )
LA S5 M e AL i B b & 7 AR R R C—F i,
AT SO 78 B 2 22 501 . Hu %5738 R IR TR

Bl C—F By BIAERK Cls XPS i h 5 fiEug
Fig.1 Length of C—F bonds and characteristic peaks of C—F bonds in C1s XPS'"!
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FALH & T —FE A B AL Z LR BR (fluori- AR YER C—F, 8. T UV BT RENE i )5 i k3t

nated microporous carbon spheres, FMCSs) , MCSs H
AITRAL A A BB AL T R B AL, AR O 2 i 3
Hr C—F 8, 7ERAL BT, AL R by R A
FLo HALIRE R 250 *CHY FMCSs HA e KAV
ZH 955 mAh-g ' BEE FALULEE B9 7T AL A5 1
(YT IR 3 3 FMCSs 1Y L 3 T AR R LA B2 ST /)
B AR FMCSs B LA fE . Lin 5 JF & T —Ff g
A Bk 4 K Jig %% (carbon fluoride nanocapsule, CENC) ,
A0 3 X AN [ AR IR BE 9 CENC 84T XPS X 44T, &%
PLAE 360 CAM4F T R4 CENC R Z &+
C—F ## \C—F, fl C—F. i, il a4 C—F i, 1
P A 1 B E , 1A% 1056 mAh-g 'c CENC
HA w30y 3D thas 454, 77 A4 R 5 i il 4 T .
e I AR5 A 14 Jay S 1y A8 BEL 1k 1 43 ik S5 T B sp® A
b, AR R0 sp” AL BB 5 C—F b B & , 5
C—F By i 55 , 164k C—F. fil C—F, 8, (i L 5
Lit W BT Z 0 A, X — G RY], w3454
AL C—F, Al C—F S I s 745 i . R, Bk
PEEA 35 0L RN il SR 450 0 Bk IR AT AL A
T4 CF R LA i

TE AT R XRRHEA T3 2AE BR 4R 5 CFL L4
A RO . Wang 507 UL Z i Se s A SR IE
178 (boron, B)#&4% , 15 2 0 AL B i 148 2 1 28
J#i (fluorinated boron-doped graphene , FBG) H. & 5 &
9 F/C L (29 1.3) FL £ & AL, FBG J& B &k
1204 mAh-g 'Y LA . FERAL RE T, A A E H e
(9% B AR T AL ROR  IPIE S WAL=, BN
2SRRGB B4 AL C—F BB 7 X — i FE AN
$E Tt CF ZER AL SO b = A i He 2 i, I T iR & 1Y
Li™ MRl SRR A B . O3 b B T I 4 m e
THAREIBRIR_ AT B T E e CFL R L As i LiggE™
K, AL T2 Zn FT N AR 40 K48 (carbon nano-
tubes, CNTs) 5K 2k 1 CNTs A0 L , 57 5 &5 11
B YRR BOM AR A A2 B BT, 72 0.1 C I
ML A3 1113.6 mAh-g ' Zn Hl Ni R 54 1k 52
REARICR ) LIF B9 R, 1 vl AR Ak Tl Bsf 3 i
PERPRHI RIS , B A B OB A . TERUL
Ja X AR AT AL BT LUFE S C—F BERY 2R AL Ma
ZENTe F 28 A (ultra violet, UV) BB B H A = F/C He
(5 1.4) B9 ALK IR (fluorinated carbon source, FSC) ,
KIAEL T 48~T2 h i BRGTS AL R T 1 C 5%
B JCVA i F Y FSC e LUE A b 7l . UV Ab
FIMUE T FSC RYBHAT, TR R TIE R o s 1 41 5
ShH X — RO T T AL SE B R R C—F B A

Hr C—F 8 K257 C—F i x5 453 UV IR 5 kb
PRS0 Li/CF, 0 3 45 70 ik R 28 v RS (A% L
TR IR T A . SR, XN 5k H T HE L
I FHAEAR AR N 1 TG 2B A 4% Li/CF, Bt . Luo
SIS R R AT DO R A AL R SR BE R TR AL CF,
FAORHA 7 2%, B R TR PR C—F B iUl C—F, 4
VLTV TR SEBLNT CF, M L) C—F, Ml C—F, f ik
B E AL, 38 3 A AR A A BEAR YR, AN T LU Ak
FEIEVE ) C—F &, 3205 CF L [ B FE AL R, b ] A3
IVLL W RS A, 9/ INCH 2 ) LIF B9 RE, AT A %4
B CF, i e

AR A A B )S 19 CF, s 3 K 25 71
78t . Ahmad 4638 o 2 6 LAk 5, R ThF, #4
O3 A B SRR AL B A K A, T A R R Y L2
i 35 1180 mAh-g !, 3 # i CF o, B & 19 H 38 (5
847 mAh-g o KB AALHIBRANK B PO AR S 2
B 2 RSO A F AR S O R v T LY
BRI Y LIF 72 5. bR B
Li 0] LU A BB 2, A LiF o 25U
Gl & A TE AL D 2 Bk 94 K 4 (single wall carbon
nanotubes, SWCNTs) A1/200 {54 B8 i 40 K45 19 N 3 1]
EARZFAL, CFos A5 SEEE T 900 mAh-g ' B & L
25, T AR Bk 98 K4 CFos IR HE 2 2 531
mAh-g™", 053 A B A B BT A A R A 2
SEH R T R B LA AL R AL T — )
SERIAT B IR AR

i B 4 ) C—F B Lo )2 3k B8 1 2% BRAEUIR
A CHETRME . SR, H AT AR REIE SE X — A Al &
Bt R o N IR WESEOT LUE Y 3 A DR ) ik
B SRS (4 Ah 38 3 DL SR Y SR AR SR, T
DI RART CF APEH S5 H Rk A IR C—F B
FN 5 RN E T, o KN CF, LA 3.
1.2 SBRESLK

TE Li/CF, iyt o, SR i R 5 He v e 22 [ A7 7
2R X EWE TSR Li/CF, i e i i
HL R 7 THT I A AR K B B8 77 . AR AL C—F B
M 57 HLBE BB (% 52, HE T B2 ) AH . A L RO
Zhang %"V R B, 1Li/CF , Bt 1) FEL R Bifi C—F #7734
IS TR MR . NG A ORI R R
I, BEAS AR, (A5 BE T 25 oy A A OB T T I o ke Ah,
A e o (A S S g 3 N E N S = P I o ]
RGN B C—F AR B AT A4 & Li/CF, HL it Y
WL R . TR C—F R B SR A B RE L 7R
R B Bt A v B A AR E AR AE s IR T i, X L
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S 1) MM C—F BEL 78 5 1 7 O i R BE T, B T
] I B B Ry e 19 & Ak C—F, fl C—F 4 .
I, AR TR ST B R & LA R TR R B C—F B
CF, B WAL ik o RN, 38 2 MG 3604k 1 2% 14 3
PRI F/C HAAR, 3 BRI T L H 2 i i 4 s
I, T B DRI Y58 35 426 A0 A i Ak B %) 1 JE TIEA TR A
WF5E, LATF % i [R] s HL 4% v 25 R0 e L R 1Y) CF 8

RF S 1) A TR 45 4 0T LR AIR SR AR B XE B . Zhang
SRR R, AR B AR I CNT 78 2547 S Ak B £ wfie
D RREAAE 5 . TEHI &AM F/C H A s Ak ik i
T/NEAR M) CONT T 209 AR A%, 7e bt 72
th, C—F #EAYIE B Eb Stk M sp” 2] sp® 24 A0 IR 25 19 %
A o R B A SRR I AR BH 1k T8 4 B DR AR
sp 2 Ak, A HE AR 1Y sp? Z AL BHAE D T C R 21k
HUBEAF R FHEE M ES, X 8 C—F M3 Mk %
AR THEF C—F LA, IR E RN,
BRI, 26 12 S JUR R [R] B A B U5 14 Sl TR
AR CF, A B ) F/C Ho, N 1 spa] DI AR 3, 75
FH TR SAE 25 F T, il 23R 3 K CONTs BAT 3 & 1Y)
F/Clb. [, ihask, R 6 Wim, BAKR &
R Coo . CNH FI SWCNTs i H B 5 4176 3 V L
o B, ihF R R R, A BT C—F 4
W BE B AR Y CF, L P Bt s

F1 JLMAEEZRERSELEEMERE CFME F/CLt
Table 1 Fluorination temperatures and F/C ratios of
corresponding CF, materials for several carbon sources of

different diameters

F/C  Epor

Carbon Diameter/nm  T/°C ) Ref.
ratio E. /V

Ceo 0.7 300 0.80  3.63 [23]
SWCNTs 1.3 300 0.61 [22]

3.05 250 0.52 3.00 [24]
DWCNTs 4 300 0.42 2.55 [22]
MWCNTs  10-100 380 0.43  2.38 [22]
CNFs 140430 420 0.39 [22]
Graphite 600 1.00  2.40 [25]
CNH 50-100 120 0.87  3.16 [26]

— BT r R R A R R A T A A
wn, HA/NT 2 nm By & T EE SWCNTs 71 350 “CHif i 1)
TR AT B 2 T Coo FE BT 350 CRIZE T
Al RB S R A B A E R POE ST el Tt
RS F/C i B, B C—F Sk B 25 7
TR B 2R R 4 W AL I 2R N B . Peng 48 0FE
120 “CRHR L L FE T e il 25 T F/C Heoh 0.87 3

AL 1% 49 K £ (fluorinated carbon nanohorns, FCNH) #4
B, H XPS Ot BoR F & 7 C—F B A 2 & ik
76.76% (F1s) , UL Fb 75 22 748.5 mAh-g ', il
BHUE A 3.16 Vo SR, FETRE T8 & 240 CHEA IR
AL, R FCNH B F/C Hes#) 111,45 i T iR
T B oK A i e i 3R 45 0, S B0 C—F Sk
R 2 15.28% (Fls) , i ML R B2 F % 2.71 V.,
PR, JF 2 HLA R G e 1 1) v il S5l A ek ket 52
PR AL R B C—F e B A b B e
X i YR R T 5 AT AL BEAT R TR T CF, B
L o AL AT B U A T SR T 48 44 e A AR I CF L 1
BROKBEGL , M2 i FL L o R o AN [ B B8] ) A 7
FEAL AT BIR B 45 19 FBG BAT AR 2K B8 + C—F
v o LB e=1.2.5 .10 %} B 19 CF, 1Y 2F 5 7
C—F #E ¥k BE 4> 9 S~ 6.07%. 8.94% . 6.39% Al
5.34%1 0l 2 fr st FBG-2 B B B O 6 S
e BT RBABIET M CF A BRI It
Hb, AL G R 28 345 B IR B AT LU 5 C—F, Al
C—F B2, 3B+ C—F 8 & 1. ik 3(a) fr
TR s R A B T RAL P 60 min J , CF L3 ) C—F,
N C—F 5o BB 24— F J5F, JE il C—F, 8 C—F
AP R o C—F SR EE R N T 20.86 %0, [A] A 7E K
T 0.1 CAEFH A B R B T; . Yao &5l & T
S B 14 5 R L ik 40 K 4 (plasma fluorinated multi-
walled carbon nanotubes, PECNT) , £t 300, 330 °C il
360 CHALIRE AL FEA) PENCT 2 8 7 C—F # & 1
TR 6.85% .4.99 % Fl 4.16 % , 32 I 1L 45 5 1 HR 5T 1)
R EAFEEENEE T C—F#., WE3(h)~(d)
M DLAEL, S AR EWEERN S C—F #M
PFCNT HA SRR LR L 8 R B R 5
(IRET . 0 IC R B 26 M2 A 55 8 1A kb F SR s,
PUA RO R 2 B C—F vk 5, N34 i CFL 1
GEERE
3 o 95 T i R 45 A it S BRI C—F B i S e
Bl i B 2R R T K CFL B 2K SR, L) B3 )
FHAF B FRE S C—F ST 2, — 35 2L IR AT 2 ok
TR 2% 19 C—F, Bl C—F, 51 & 14 I8 3 B AL BT
AN T CF, NS 43 He i itk — 2598 & T CF,
(1) e LR R

2 MK
LR IRAE Li/CF, B o i 25 28 e i A

1L 1 B T IR SOROR SC B A B D RE . R
fifp R4 2 B A [ B4 R SRR AS I R0, Xk L v
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K2 AREEAETFBG-1(a) FBG-2(b) \FBG-5(c) \FBG-10(d) .FG (e ) MFE A HL T Z S AE 0. 01 C iff H It 8] 80 5 7
(galvanostatic intermittent titration technique , GITT) 15 FBG-2 M FG Y4 75 8= (D,, ) (D (15)
Fig. 2 Galvanostatic discharge curves of FBG-1(a) ,FBG-2(b) ,FBG-5(¢),FBG-10(d) and FG(e) at different rates,
and D, ;- of FBG-2 and FG calculated from GITT at 0. 01 C(H)!"

B3 s AR AR CF AR R B (2) ™ PECNT £ 0. 1 A g AL E N IR GITT 4 (b)),
GITTHHEEE PFCNT H D, (o) A A7 S BB (il ] S 45280 A8 ) ()
Fig.3 Schematic diagram of typical air plasma modified CF, materials(a) "', GITT curves of PECNT at current density of 0. 1 A-g '(b),
D, calculated from GITT data for PFCNT (¢) and EIS spectra(inset : equivalent circuit model) (d) "’

Y HL R RIS A 4 S s . T, o R AR A% fi B R A 4 (propylene carbonate, PC) Fil - H & Fk 2,
FE 7 3 28 R FHARR A 0 W S I O, b A i 8 3k 4 g %5t (dimethoxyethane , DME ) 2L i R G H . M
S AR (lithium tetrafluoroborate , LiBF ;) 5% 7S FUAH iR # CF IEMA R R Ak 2 fig , D0 AL i i i 2 0 2
# (lithium hexafluorarsenate , LiAsF;) , A S y-T R — A R EL T AT R SR
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21 BEBEEFAME

FEWFSY Li/CF, Wit 8 19 s ) DR 22 s, AT & 8t
FEL 98 VR 5 391 P B R X6 F L1/ CF, H e 174 25 i AT R 1 L
A W E S i BN W 2 A% (donor num-
bers, DNs ) B35 751 AT LA AR H fige 8 0 1 Jo , DA T 5 i
HL AR I . B, Fu P s 3R, R 1, 3- =
5L -2- K M B (1, 3-dimethyl-2-imidazolidinone,
DMI) Fl DME hy #5771 #9 FL A A AE % 32 g 55 L ~F- 15 19
HI e, AHE T K2 £ 45158 (ethylene carbonate , EC)
% 2 — 2 Tk (diethyl carbonate, DEC) ) 4 45 H, fig
W, HETE M 241 VIRETHE2.69 V., X EEEH N
DME W IR BE etk e #F 17 85 1% % , 1 DMI | T
A EAZ MBS, BRAE A ALH 55 C—F SR SR .
W& 4(a) Bk, 78 DMI/DME ¥ 7 i C—F # i # 2
L 7E EC/DEC I H A HEAR, X 5K 4(b) i /R i
M2k — %, 7 DMI/DME iR b L JE B A 5 .

Pang %% 22 3 — B 3£ I W (dimethyl sulfoxide,
DMSO)#i11,3 —4%FR (1, 3 dioxolane, DOL) IR &
H i A0 AL G2 1Y PC I DME, 45 5 40 18 4 (¢) fif i,
001 CARMT i dEkh 2.6 VIRFFZE 28V,
Li" F DMSO Z [ f£ 7 3 /i LW 5 1, {45 Li /DMSO
fig 1 3 [a] 4 A 9 fb A1 55 (fluorinated carbon graphite,
FCG) 1, [al i DMSO/DOL. Hi, fif i i 85 1 H 5 R 14
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Fig.4 Energy barrier plots of C—F bonds in DMI/DME and EC/DEC solvents(a)™!!, overpotential plots of Li/CF, batteries in controlling and
optimizing electrolyte solvent(b)™!, discharge curves of Li/CF, batteries with both electrolyte of 1 mol/L LiBF,/DMSO+1,3-DO(5:5) and
electrolyte of 1 mol/L LiBF,/PC+DME(5:5) at 0. 01, 0.05 C and 0. 2 C(¢)™, and discharge curves of FG cathodes in
0-1 mol/L LITFSI/DMSO+EC+DMC(2:1:1) electrolytes at 0. 1 C(d)!*!
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Fig.5 Mechanism diagram(a) and locally amplified solvation structure(b) for CF, ,, during discharge in 1 mol/L LiBF, DMSO:DOL(1:9)""!
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Fig. 6 Schematic diagram of thick cathode with an ammonium bicarbonate template(a) and discharge curves of thick CF, cathode

at 0. 02 C with different additive amounts(b)!**
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Abstract: Sodium iron phosphate (NaFePO,, NFP) , a cathode material renowned for its stable three-
dimensional structure and high theoretical specific capacity of 154 mAh-g ', stands out as a pivotal
component in sodium ion batteries. NFP exists in two distinct crystal structures: triphylite and maricite.
The triphylite variety boasts a long lifespan and high reversible capacity, yet its structural thermodynamic
instability poses challenges for conventional synthesis methods. Conversely, the maricite structure is stable
but exhibits electrochemically inert characteristics due to the absence of cationic transport channels. Both
structures suffer from low conductivity and sluggish reaction kinetics, hindering their industrial applications.
This paper delves into the characteristics of these two crystal structures and summarizes various synthesis
methods, including solid-state, hydrothermal, displacement, and electrospinning, as well as modification
techniques such as crystal structure regulation and material surface modification. Additionally, it identifies
the key challenges faced by NFP cathodes and presents potential solutions, while also outlining future
research directions.

Key words: sodium-ion battery; cathode material; sodium iron phosphate ; synthesis method ; modification
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Fig.1 Schematic crystal structures of NFP!?!
(a)t-NFP and view along 6 axis; (b)m-NFP and view along 4 axis
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LiFePO, M BB 2L 10 2 65, I I, t--NFP 1 3 Fs e Pk
KT LiFePO,, £ 141 T t-NFP.m-NFP } LiFePO,
B AR SO EE 22

%1 t-NFP.m-NFP % LiFePO, 1) R &S &xt pp 182124
Table 1  Comparison of lattice parameters of t-NFP,
m-NFP,and LiFePO,/ 224

Material a/nm b/nm ¢/nm V/nm?

t-NFP 1. 04051 0.62216 0. 49486 0. 32035
m-NFP 0. 89773 0. 68679 0. 50434 0. 31095
LiFePO, 1. 03309 0. 60086 0.46953 0.29146
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NEP % 1k , 42 f Bl 2k 40 7 FH 25 48 K i 7 70 o SR )
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Fig. 3 Modification measures for m-NFP

(a)HRTEM of NFP milled'"; (b)possible sodium-ion diffusive pathways and atomistic structure for amorphous NEP!7;
(¢)galvanostatic charge/discharge profiles at a current density of 20 mA-g~'3; (A )HRTEM (inset is SAED pattern) of NFP@C at
fully discharged (1. 5 V) states in first cycle!**’; (e)structure diagram of m-NFP oxidized to monoclinic NASICON phase NayFe,( PO, ),

B T B3R D7 20K 40Kk m-NFP 484k i NASICON
ZERIAN , Zha SR KRS GV B T2 il ad 3
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{5 NFP CHI D254 AN ], AR 70 i o 2 b A

SEA AR A AL 5 F m-NFP S o] w6 R ffb % 48, FLBE#h
AR AR AR AR AR /N (29 1060) , BRI, iz b ke 81
MR EAE Y. 76155 mA-g IR E
T WIHA AR 130 mAh-g RIS . BETE
7750 mA-g R E TR 78 mAh-g YL
HLHL 25 &, 7F NaDFOB HLf# I 1 20 C B R 230
E R E M (5000 YR G B4 5 25 8 oA 3 0 ) A o5 1
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Abstract: Aqueous zinc-ion batteries (AZIBs) have emerged as a highly competitive and promising new
energy storage technology due to their high safety, high theoretical specific capacity, low cost, and simple
fabrication process. In recent years, vanadium-based oxide materials have been widely used as cathode
materials for AZIBs due to their high theoretical capacity, diverse valence states, and high electrochemical
activity. However, challenges such as low electronic conductivity, structural instability, slow kinetics, and
complex energy storage mechanisms hinder their further development and application in AZIBs. Recently,
with the continuous optimization of electrode materials and the in-depth exploration of electrode reaction
mechanisms, researchers discover that defect engineering strategies can effectively address these issues and
enhance the electrochemical performance of vanadium-based oxide cathode materials. This review
summarizes the zinc storage mechanisms of vanadium-based oxides, explores the research progress of
applying defect engineering strategies to vanadium-based oxide cathode materials in aqueous zinc-ion
batteries, discusses and summarizes the reasons for the improvement in zinc storage performance, and
provides prospects for future research directions in defect engineering. The aim is to promote the
development and practical application of high-performance zinc-ion batteries.

Key words: aqueous zinc-ion battery ; vanadium-based oxide ; energy storage mechanism ;defect engineering
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Fig.1 Summary of energy storage mechanism and defect types of

vanadium-based oxides and their effects on zinc storage performance
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Fig. 2 Schematic illustrations of energy storage mechanisms of vanadium-based oxide cathode
(a)Zn** insertion/extraction; (h)Zn*" /H™ co-insertion/extraction; (¢)chemical conversion reaction
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Table 1  Vanadium-based oxides modified with some typical defect types and their zinc storage properties

Cathode Defect type Voltage/V Capacity/(mAh-g ') Cycle stability Ref.
04-V,054 O vacancies 0.1-1.6 406 (0.1 A-g™H 90% after 1000 cycles (2 A-g™!) [43]
V,-VO,(B) 0.3-1.5 375 (0.1 A-gh) 85% after 2000 cycles (5 A-g™!) [44]
0,-VO 0.2-1.5 410 (0.2 A-gH) 86% after 2000 cycles (2 A-g 1) [45]
CVvO, 0.2-1.6 471 (0.83 A-g™ 1) 82% after 400 cycles (2 A-g™1) [46]
Fec/O4-VO 0.2-1.6 411 (0.5A-g™h) 86% after 3000 cycles (20 A-g™1) [47]
Defect-rich V,0s Cation vacancies  0.2-1.6 328 (0.8 A-g 1) 97% after 800 cycles (51.2 A-g ') [48]
7n, 5(NH,), ;V,0,0+0. 91H,0 0.1-1.9 461 (0.1A-g ") 90% after 3500 cycles (2 A-g™ ") [49]
HV,0,;-0. 04Al1 Tons doping 0.2-1.4 243 (10 A-g™!) 100% after 1000 cycles (10 A+g™ ) [50]
FeVO 0.2-1.6 276 (0.2 A+g™ ") 94% after 3000 cycles (0.5 A+g ™) [51]
(NH,),V,05+nH,0 0.3-1.6 372 (0.1 A-g 1) 80% after 2000 cycles (5 A-g™ ") [52]
NaCay, 4V0y4+ 3H,0 0.4-1.5 347 (0.1 A+g h 83% after 1000 cycles (5 A-g™ ") [53]
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Fig. 3 Oxygen defect engineering in vanadium based oxides

(a)schematic of Zn*" storage/release from Oy-V,0; structure (V,, represents oxygen vacancy)**/; (b)CVO, and CVO Raman spectra;
(¢)CVO, and CVO EPR spectra; (d)V2p high-resolution XPS spectra; (e )high-resolution XPS spectra of O1s%;
(Dillustrations of preparation process of Fec/Oy-VO composites ; () HRTEM image'*"
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Fig.4 Cationic vacancy and ion doping engineering in vanadium based oxides

(a)schematic illustration of Zn*" diffusion in the ZNV, the black dotted circle represents NH, " vacancy™*!; (b)schematic illustration of V,-V,0,

structure along the c-axis, the red and blue spheres represent O and V atoms, respectively™®”!; (¢)cycle performance of V,~-V,0, at 5 Asg ' !

571,
H

(d)XRD patterns of KVO and V,04’; (e)rate performance of KMgVOH ,KVOH,MgVOH and VOH'""'; (f)diagrammatic sketch of structure
of VO and VO-NH and difference in formation-energy between them!'®/; (g)schematic illustration of N-doped VO,

three-dimensional porous nanoflower structure
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Synthesis and electrochemical performance of
lithium sulfonimide solid polymer electrolyte

Chgr 2t RIENC AR BR s ESST RE BE
(BHNIIFE IR e SRRl B St TRES K
oo G 2, 5P 550001)

LIANG Jinlan, WU Daohuan,ZOU Haifeng,

CHEN Zhuo,ZHUANG Jinliang, CHENG Hu"

(Key Lab for Functional Materials Chemistry of Guizhou
Province, School of Chemistry and Materials Science,
Guizhou Normal University , Guiyang 550001, China)

FEE 300 LA 4- SR Ak b G0 4 -0 PRl e S0 SRR 3 2o R 7 b AR 5 7 38 40 0 1) o S R 5 AT, 1% Al I e 2
(LIFBTFSI 1 LICBTFSI) , #F — 25 38 £ ¥ W 58 55 15 6l 45 P A PEO 2 5 & 9 L % 5T (PEO,,-LiIFBTESI Al PEO,,-
LICBTESD) , J- X HAgOW T 5 A8 M K i Ak # PR REEA T3RAE o 25 R 3R AE 60 °C EO/Li" =20 i}, P [ 745 L fif o A
BT SRAF10 1 S/em, BAEERE B0 R 5V, 15 WA 4 1 2 256 1 Pl vt 35 ELAG 50 e 1 B L LE 54 (0.1 €,
2150 mAh-g™") o AL T AR PEO,-LIFBTFSI [ 45 HL M 5T, & T 2E 1Y PEO,,-LICBTF ST [ 745 H A J51 B 5100 5 1 H
b2 Reoe MR A A 7 0B 20 50 R JE , AT Y AR EE 758 1y 137.4 mAh-g ' BRI RER R 93.0%0 . ILAh, IR
PEQ,,-LICBTFSI [ Hfff BT 5 41 4 R B B4 i v Ak 2R e P, 4B 0 B0 Bk el i 78 P %% 2 0.1 mA/em® AR T 18
17500 hifii A % A 4

SR B TR AW R AR R AL R

doi: 10.11868/j.issn.1001-4381.2024.000166

RESES: TQI52  XEEFRIEF: A XE4HS: 1001-4381(2025)07-0174-08

Abstract: Fluorinated and cyanosubstituted lithium sulfonimide (LiFBTFSI and LICBTFSI) are
synthesized from 4-fluorobenzene sulfonyl chloride and 4-cyanobenzene sulfonyl chloride by sulfonylation
and ion exchange, respectively. Two PEO based polymer electrolytes (PEO,-LIFBTFEFSI and PEO,-
LiICBTFSI) are prepared by solution casting, and their micromorphology, thermal stability and
electrochemical properties are characterized. The results show that at 60 °C and EO/Li"=20, the ionic
conductivity of the two solid electrolyte reaches 107" S/cm, the electrochemical stability window is greater
than 5 V, and the battery assembled with lithium iron phosphate has a high initial discharge capacity
(0.1 C, =150 mAh-g '). Compared with the fluorine PEO,-LLIFBTFSI solid electrolyte, the cyan-
containing PEO,-LICBTFSI solid electrolyte has better electrochemical stability and interface
compatibility. After 50 cycles, the specific discharge capacity of the battery is 137.4 mAh-g ™', and the
capacity retention rate is 93.0%. In addition, the cyano-containing PEO,,-LiCBTFSI solid electrolyte has
good electrochemical stability with lithium metal, and the assembled lithium symmetric battery operates
stably at a current density of 0.1 mA/cm?® for 500 h without short circuit.

Key words: lithium-ion battery ; polymer electrolyte ; lithium salt; polyoxyethylene
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(lithium-ion batteries, LIBs)/E b —FPEGE L 5 09
et RE i 25, HAT R 00 | e ot 2% B v RN PR AR 1
D S SR A, Bz ] T i A L B
T LS L RN R IR it S R L SR AR SR S
- H YR A LIRS LA o, AR TR IR TR IR LS 2 4
BB e bR I R A RGER 2 —JR R A
R AW 5 (solid polymer electrolytes, SPEs) . i
[P 285 2 6 0y W e o3 R PR R G ) SR AR RN Eh A A,
TR Ao PG, A B TFAL B8 0 A DL H i
Jo, [ 785 5% 6 1y v e o AN S ELAG B s Y AR E PR AT
e fee e HA W 2 TR 2 A v S
Mo REENIRHEARC ZHIE TRk T X
G S A 5T (B SR AS  U S H AT A AR & IR
B3 L R TR A K S T BEBC B R TR) R, AT B )
T E A B E b 20 kRO R, R
RE DL 7 1 SR 5 W Ha i o 28 B [ 2850 25— i, e 0
PSR L —o

Fenton & fF 5% & I 06 3R A Ak 24 (polyeth-
ylene oxide, PEO) 55 4 J& £h IR 5 vl L oL B 1 &
o BEJS , Armand R ER RN PEO EIRIE R0 [ 25
REY AR BN TR s, B IR T RS
REWEEABER R AR, A S REY
H A S5 ) AN TR ABIET, SR 1 A RT 441 6 A Ak e
RIFRC N TR . BHAT, RS Y
AL T8 R E A 20 R AW 98 & H (polyvinylidene
fluoride, PVDF)"™ | & N J& IE (polyacrylonitrile,
PAN) R 5 YL T 945 12 1Y g (polymethyl methacry-
late, PMMA)" 4% . TERG WA, PEO P Rl
PE LRI S Ak 2 e R e 1, 2k B AT
WFFE IR A VR 12 SR 5 100 v il S SR AR L 22
— o BRI, FETRMMER PEO R &Y i T 7E = IR
TS A, R LE 10 °~10° S/em Y [
L IR R T PEO JE5R454 iUff Jot A 2 B iy HH

A R 55 0 L i o 1) SRR 2 A o, A R (R BE B
At OCE . H AT E Y 8 ER A 4R LiClO,.
LiPFs LiBF, LiTFSI 4, {HiX $E050 8 1 A A £ 2 1
EBEEAR (T, <<0.5) , 2 S EU™ H A W =4k , kT
o R 4w B AN B S TR AR A S BT L, B AR T H
kR, BT LR AT R T A
TR Y R o, i e IR R TR R G
Yra s b AR R R R PR I s B E R R A
W& P TR RS AR, D TR 25 Ak, AT 4R
e [ 285 LA JOT ) 5 5 L R R S 1Y) R A SR T
PR BB 7 45 0 A2 B2 T SR A W H i o L Ak 2
PEREAY A B 2 — JHorp R R IV e U A R bR

TR 0 W H - AR A5 R B oy TR B
BB B A B T AR R A W R A T )2
PRELZ — o BT XA B I e [ 2 4 AR (40 LiPSTESI
LiPSFSI.LiPSsTFSD) M Z5 M (L AL A e b 55 45 SR &
B, 5L W H 5 AT AT DA A v B 5 67 f far 1)
BOBURREE B OR LA A B, DA T 4R v I A A T 1Y)
M3 SRl BRSO 0 [ B S R 4
RSB B R 5 # 8h, $ v 1 2R B AR R AL, b
TWRENAL, KT, AT R, BT A
TR 5 R skt A s 2, BRG] T s+
(58 A i, X SR B - R B 3 R AR

NS A IR AT R R I, A B R T B
TR E AR AR REAR, 2 TR e, b = 2R AW
FEL AR SO 1) 5 R SR R N BT R A R T —
P AR AR AR BR b BT A (] BBUAG S5 AT 1% A Pt I e Y
R TR FH R B RIRSCA I R 1 W H - R B A5 A
T B A H g A SRR B DT R R LA S
A AR AR IR 5 A BB E , & B - B
FLRENE O 55 S IR e R R i S RE S . BN,
Morizur %G 1L T — Z 515 S eIV e AU &, % B
A —CF, M 4-FC.H, 5 A iy B 6 i 3R e i L 78
25 CHf k8] 0.51 mS/em. BtAh, Yuan Z%959% 3 7 —
Pl B B e A IR [ (U3 ) (4-TR 20 et k) IV e |
(LiPCSD) , i 3 5| A Bt 8L 5 5L (—CN) , sy il 7
PRA SR AR AR T H ) S TR

AR A A o i P R S A2 48 1) O 1 0 il D A
T AR SR L 35 A (—F F—CN) BU A4 it 5% 0
g (LIFBTFSI A LICBTESI) , H44 H 4 1) 5 B4
I (PEO) IR, il 45 T PR LT PEO ()[R G
Yy | fi# i PEO,,-LIFBTESI Al PEO,-LiCBTFSI, *
FHAH B AR I 3 A XS T S R0 25 7R 44
I (DSC)BIEFE T 3R 6 W Fa i JoT 1) SO0 T 35 44
R P 5 E — 20 I A 2 i P L, I3 3 rL Ak BT
(EIS) | £k 1 49 i 1k % (linear sweep voltammetry,
LSV) ik JEFKZ (cyclic voltammetry , CV ) 3455 )7 1%
WS T H AL PERE |, 8 3 78 0 0 R A 2410 PR
RHFSE T LR, FRIT T 2R IR LR )3 T - A
XTGPy e o FL AL 27 P R S

1 KEHBETEZE

1.1 ZeHel

A-FARR LS, 4- OB E S, W 1L I By ik
Wik 0 A R F) 5 = R Y, 4- — (L i e
(DMAP) , oK R, i — 3 &4 (PVDE) , R4
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fk 2 % (PEO, M,=10° g/mol) , N- H & it 1% ¢ il
(NMP) , W [ _F i B R T A b B Ay A BR 23 7 5 4
2, ok AR, — & e, 1 A A A LR
FAT PR R AR (LiFePO,) , W F 5 N J% A 5 4
BB A FRA R HE R (), SRS (gl ) , 1
A REPREA A,
1.2 BT BR4E £ LIFBTFSI 0 LICBTFSI B9 & B

A AN TR g e i B o
A A-F AR RS (15.93 mmol, 3.10 g) . = %6 H il i e
(15.96 mmol, 2.38 g) . 4- — H & FL L i (4.18 mmol,
0.51 g) #1160 mL 1 LM , M 5 inA 4.5 g ok

IR A, Z IS TE R R A A TS T e 48 he [ 4
Fa , B0 WUH W, BEZE R 9500, A 30 mL P4 i ¥
i BV RO A 300 mL G H e v, M 7S R E S B0
BUTYE , 60 CT . 4 TS B9 AR T 20 mL N
], O RS B O U TR, TR TREZE N
AW LT LS S, B0 T, BRASE Ak
KFBTFSI., BfiJ&# KFBTFSI 5 % B /R & 1% LiClO,
HECNE T IEAT B F3c e RN, ek uE EZE PR Al T
M, B A5 3 [ AR (4- UM AR BE ) (= 380 P L0t )
B (LIFBTEFSD) o (4- 55038 28 f 1k ) (= 9 FF L it
I ) IV AR (LiICB TFST$AH R 5 4 i o

E 1 LiFBTFSIAILICBTESI A Rk ™2
Fig.1 Synthetic routes of LIFBTFSI and LiCBTFS!-2:2%]

1.3 PEO/LiFBTFSI #1 PEO/LiCBTFSI Bl 75 B &%
HERNE &

K VS W e 5 7 il & A R A W g T, s A
WE 2 . ¥ PEO F LIFBTFSI( & LICBTFSI) $#%
MEO/Li =20: 1 W EE/R LI T MG, £ A& AR

T, 60 CHEFEEI S B WAR . FF LR BB A
RO 2 Z /T Fiiwl 12h5, T
60 “CE 25 T4 24 h, B nl 45 2] [# & R 4 9 8 1k
(SPEs) , 43 % it & PEO,-LiFBTESI Hl PEO,-
LiCBTFSI,

2 il A RS W B AR T M AT SO R R IR
Fig.2 Diagram of preparation of solid polymer electrolyte and assembly of button battery

1.4 HEEMLK 5 RAE

SR FEARE L AR 4 21 S AN (1S5) RAFER R 1 H
A 1 45 1 5 >R FH A% w6 L IR % 3% A (AVANCE NEO
400) XH AR ERHEFT 'TH NMR . “C NMR Al F NMR 4347 5
S A T A0 (Sigma 300) WEEE [ 245 H A 5 B9
F Y A 5 >R R 2 B AR 22 R 3 Al AL
(Q2000) BiF 5% i1 45 H fife Jo 1) AR M RN ) 24 M g
K X ST 51X (D8 Advance ) 3 BT [ 25 Ho, i i 1)
i ARZER

fifi Fl CHIG60E Hi A2 T sl 30 3 138 265 Ha it o 110

MLt fE . ZH 2% SS/SPES/SS B fif il , 5% FH A2 i BHL
Uik (EIS) Wik 2 + i 32 586, B %50 [ 8 0.1 Hz~
1 MHz, #& & & 5 mV, I B {5 Bl S 30~90 °C ; 21 2
Li/SPEs/SS H fif il , 5% e PR AR 22 4314 v 0 3k ] 2
FEL i 5T A L AL R 7 1, AR 0.1 mV /s, B
JEFU R 2.5~6.5 V; 202 Li/SPEs/Li SHFR .t , 5%
EIS I 38 481 X Bk E il i) 55 1T BEL e, 00 2 A1 46 3 [ Ry
0.1 Hz~1 MHz, #& 08 4 5 mV, [w] i 5% 48 B 3 76 0
Wi Li/SPEs/Li %P FR HL i 7E FL 3 % B2 0.1 mA/em”
1) FE T FL AR M o
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P IE WAL RE LiFePO, 3 HLF £ Je 2. 45 77) 3R
i — 3 LM (PVDE) 4% F it [ 8: 1: LIRS, DA N- AL
ML BERR (NMP) b 43 BRI, BREE 34 5] IR B T AR AT
L, FRARIER A . R 2 FR, U4 Rk f
W, 3% B IEAR 7 IEA A L S A R VB A R A (L
K ) Ml e BT, 78 F-E 4/ h 41232 Li/SPEs/
LiFePO, $112 HL L , FF 47 0 20 PR ¢ R i L 38 70 ik L 41
PR

2 ZER51R

21 $BHEHMST

&l 3 4 LIFBTFSI #1 LICBTESI 4 4% i & 3% . ¢
5 GG LAMETE R . i B 3 ETAL, —109.24 &R FR
E—F WA 8%, —77.88 J2—CF o F (AL A0 8%

118.50 &2 —C=Nrph C ke, oh, 7EK 3IThh
TEE 2267 cm b E—C=N Y ERAF I, 1316, 1186,
567 cm ! BT J—SO,, —CF,, —C—S— i1 W g i,
11761093 cm ' BT J2—S—N—S—y Wil . 454
DL bt BB 2 A B T LIFBTFSIT A1 LICBTESI
FiAp £ £L . LIFBTFSI: 'H NMR(400 MHz, DMSO) :
& =7.83(dd, J=9.0, 5.4 Hz, 2H), 7.33(t, J=9.0 Hz,
2H) ; *C NMR(101 MHz, DMSO) :6=163.84(d, J=
248.5 Hz) , 141.97(d, J=3.2 Hz), 129.47(d, J=9.2
Hz), 120.43(q, ]=324.3Hz), 115.78(d, J=22.5 Hz) ;
“F NMR (377 MHz, DMSO) : § =—77.88, —109.24.,
LiCBTFSI:'H NMR (400 MHz, DMSO) :6=7.99(d,
J=8.8 Hz, 2H), 7.92(d, J=8.8 Hz, 2H) ; “C NMR
(101 MHz, DMSO) : 6 =149.42, 133.17, 127.50,
120.32(q, J=324.1 Hz), 118.50, 114.16.

3 LIFBTFSIH'H NMR(a) .\"*C NMR(b) \""F NMR(c)i# &5 LICBTFSI A9 'H NMR(d) |
BC NMR(e) 1% E & LiIFBTESTFI LICBTFSI 9 FT-IR 1%# (f)
Fig.3 'HNMR(a), "C NMR(b),"F NMR(c) spectra of LIFBTFSI, and "H NMR(d),”C NMR(e)
spectra of LICBTFSI, and FT-IR spectra of LIFBTFSI and LiCBTFSI({)

22 EEBEYBRBRERMBNEZEEST

KHBRBEHEEG & TEHSRES Y B R
PEO,,-LiIFBTESI #l PEO,,-LiCBTFSI, Jf %} H #k 17
TIORIE SR AR E M T . [ 4 Sy W o i1 245 L e o
SEM E Kt l . W4T AE H BARAYH®
fiff o S T R B S)BUE B PEO B IR B 1
Ao PR R ARG R A SR, BA
KA A 2 R n T 25 e o TR RE T R AR B T
H b A A A TR

Bl 5(a) Sion T PR [ 2 3R G 0 Ha e T Ay AR i
2 . W LLE I, PEO,-LIFBTFSI fil PEO,,-LiCBT-
F ST &4 H i B 7E 330 ‘CAEAT T Ui & HE i, e IR X
PR ol L R I ) EL A 8 v ) AR RE T il R T
AR FE TR . B 5(h), (o) R TR AP H
fig JF A2l PEO B9 XRD 5 DSC ik . M E 5(b) A] LA
A A PEOEZ R T = LS 5, i TAERER A ik
T PEO B AT P HEF , B PEO 45 i i 1B 25 1%
1%, JC 5 JE X3 in A A F Li i f&4 . hkn] WL, Jm
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1

100 pmn

14 PEO,-LiIFBTFSI(a) 5 PEO,,-LiICBTFSI(b) [#25 Hi ff: it SEM & J PEO,-LIFBTFSI(c) 5 PEO,,-LICBTFSI(d ) [#1 75 Hi fift i 524 Bt -
Fig.4 SEM images of PEO,,-LiIFBTFSI(a) and PEO,,-LiCBTFSI(b) solid electrolyte and photographs of
PEO,,-LiIFBTFSI(¢) and PEO,,-LiCBTFSI(d) solid electrolyte

5 PEO,-LIFBTFSIH PEO,-LiICBTFSI 7% f fift i i 2k (a) XRD 3% (h) K DSC E ()
Fig.5 Thermogravimetric curves(a), XRD patterns(b) and DSC patterns(c) of PEO,-LIFBTFSI and PEO,,-LiCBTFSI

A3 i (4R ER AT DUA RO R S RS W BE BT s T
i 5 (e) T, 5 4l PEO AH L, W 5T 04 445 4
FE B4 P RIS, iF — 20 Ul B AR R 09 i A A B F RIS
PEO M4 i B B4 Ty AEAR IR AR AR M A % A L 1
R B AL SRE T FEMTINAR LT i Ak, 45 v B T H
23 ERREYBEMBRBUFEEESHT

6 & PEO,,-LiIFBTFSI fil PEO,-LiCBTFSI

Arrhenius HIZ8 5oL TR -IRE X RE, 455K 6(a),
(b)FT LA H Bl 25 T 0 T i [ 285 e o ) Pl 58
BHTHE R, 7E 60 CH, PR R A 10 H ffe S0 1) H 52 6 8
HKFE10* S/em. UL, PEO 25 & B A R# AT Bl
F L L4, 42 &5 B 7 % . Hip  PEO,,-
LiIFBTFSI 4 #5358 0% =5 T PEO,,-LICBTFSI, X &
T F ELA 5058 (0 W L1 BE T R /N 3 Tl 62 B, B
A RT LAY 25 AL o

816 PEO,-LiIFBTFSIH PEO,,-LICBTFSI H1, 53 Arrhenius fh4k (a) 5 1 S5-I 52 2 18 (b)
Fig.6  Conductivity Arrhenius curves(a) and conductivity-temperature relationship diagram(b) of PEO,,-LiFBTFSI and PEO,,-LiCBTFSI

& 7460 °C'F PEO,,-LIFBTFSIFIPEO,-LiCBT-
FSIMZ Rk 2 (LSV) iz, "TLIAE I, B R &
) FRL AR IO ) SR AL o3 i FR R AR 397E 5 V AL TR 92128
A, BRI . LRGSR, PR RS 1) i

iR AL R B DR T 5 V, BEA LR k2=
R T AR T ) T A R AR
2.4 Li/SPEs/LFP it £ 88 43 1

Li/SPEs/LFP Hi th (1) H Ak 2% P fig 4 141 8 Fr o o
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7 PEO,-LiIFBTFSIf PEO,-LICBTFSI#) LSV HiZk
Fig.7 LSV curves of PEO,,-LIFBTFSI and PEO,-LiCBTFSI

8 (a), (b) Ay L th ) 0 PR AR 22 fh 2, 19 A Ha b 47 %
3.6 Vb H LA AL I, 7E 3.2 V Ab H BAE S0, 75 5
T A 0 P b 1) Sk 3 D B B R AE o i Li/PEO,,-
LIFBTFSI/LFP Bl 114 %04k 06 3t Bl 25 451 6 80
BT 2 R K, AR R 2R DT EL R A 25 . M L
2§, Li/PEO,-LiICBTFSI/LFP H ¥ 75 3 Y45 3
2R HASE 2T A, E L8 D h £k VG e 45 - | T

FHIIT HXTHR S0 08 R Ji 06 Fi e A 22 388/ 0 , 108 BH A
FH PEO,,-LICBTFST A4 £ &5+ H it A7 5 47 i 91 26
ALPE O HAEAE A 78 o (A AL R B2 AN

MEL8(c) AT AR H , T gl i 2 01 P it 35 EL AT 3¢
Y R RO HE 2 i (2 150 mAh-g ) L H R A
PEO,,-LiIFBTFSI 21 %% (1) HL i 78 1 24 37 I 5 25 1t &
AR . 5 Z M H, Li/PEO,-LICBTFSI/LFP
FA Yt 22 B LR TR IO S A PR T L AE 50 IR B4 )5 H:
L HE 2 137.4 mAh-g L, AR R R 93.0%.
AN, T 8(d) T %, Li/PEO,,-LICBTFSI/LFP 7£ %
RIGA LR A P 5 s b 2s v i | O BL7E S
RO ELH L 2 TR F Li/PEO,-LiIFBTFSI/
LEP, X Al BEIH N T 538 A B T EGEEL AL S PEO,,-
LiCBTESI 2z [a] i) SR AR 2514 , HAT B I Y 5t 1T BT
AT ) P RS M, DIl LA & A5 2 N ATH AR AR
WE MR A . i, 3R A R
U AR P | BB A AR = SR 1 W A B 1 AL T AR
PEFIE IR 1 -

K8 Li/PEOQ,,-LiIFBTESI/LFP(a) Ml Li/PEOQ,,-LICBTFSI/LFP(b) B K 22 i<k & Li/SPEs/LFP 1E
0.1 C FEYPEFMERE (0) 5 0.1~1 C FEIFERIERE(d)
Fig.8 CV curves of Li/PEO,-LiIFBTFSI/LFP(a) and Li/PEO,,-LiICBTFSI/LFP(b) cells and cycling
performance of Li/SPEs/LFP at 0.1 C(c) and rate capability at 0.1-1 C(d)

2.5 Li/SPEs/Li R EEE S

EI9HL1/PEO,-LIFBTFSI/LFILi/PEO,-LICBT-
FSI/Li B AL it 78 15 2 P9 AN TR fift A7 i i) 9 52 3 B 37
A BT AR At 2. #h L9 (o) IR, A ok i fge

5 HR 4 A i AR BHBTAE 5 K5 # T E , PEO,-
LICBTFSI & & 19 51 BH 5T # PEO,,-LIFBTFSI
/N, I H 5 T BE AT B B[] 2 £b AR X 22, 3% B AU 3R
AL AT 4 H A B AR, B G i ST A A
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9 Li/PEO,-LiIFBTFSI/Li(a) fl Li/PEO,-LICBTFSI/Li(b) 7 A [Flf# A7 18] 4 22 i LA | Li/ SPEs/Li X FR Lt 11
S B ATAE 2R (¢) S Li/SPEs/Li Xt FRHL B AE 0.1 mA/em® Y AEFR 2k (d)
Fig.9 Alternating current impedance diagrams of Li/PEO,-LIFBTFSI/Li(a) and Li/PEO,,-LICBTFSI/Li(b) at different storage
time and interface impedance change curves of symmetrical Li/SPEs/Li battery(c) and cycling curves of
symmetrical Li/SPEs/Li battery at 0.1 mA/cm®(d)

SRS E MR

K 9(d) K Li/SPEs/Li X FRHL L 7E 0.1 mA/cm® )
PEI £k o T LA WEE B, Li/PEO,,-LiIFBTFSI/Li %f
PR L L FE I 25 235 h 5 kAR S I 4, 3 0T BB 2 H A
PRk R 4 R B B MR B S DU S 3, R 4 SR A
Jey 0 DX IR AN 7 3R AT R A, e ) 2 B
A2 T, Li/PEO.-LICBTFSI/Li % F #, 1t 75 75 FF
500 h G AR I pE G, i — P RNFR SRS R Z
[ A B4 S AR 2R, e A A R R AL AR

3 it

(1) LA 4-Fi PR R L 50 4 -0 R PR ol ok 00 SR, 3
I A S A e SN BT T AN [ A i
Vi B £ LiIFBTESI A LICBTESI, 343 % 5 PEO 4t
2 T HA R A $R e M B 5 R A ) i i
PEO,,-LiIFBTESI I PEO,,-LiICBTFSI.,

(2) ESR A YRR TR S2RIAH] 104 S/cm,
AL ERGE T DR T 5V, SRR 225 1Y FL Tt 75 IR
JiHR HE 25 5 A 150 mAh-g ' PEO,,-LICBTFSI{& &
F I TR S A P RS R R L 78 50 RAE A 5 ik
B AR 1374 mAh-g | B EREFR A 93.0% ., K

F PEO,,-LICBTF ST £H %% fi%) 41 X #5376 B, It 28
0.1 mA/cm? FEaE1E 47 500 h A KA 5 1 .
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Abstract : Separator modification represents a prevalent approach to inhibiting lithium dendrite growth and
enhancing battery safety. In this study, lithium metal serves as the negative electrode, LiFePO, as the
cathode, and a graphene coating modified polypropylene separator is employed. Lithium batteries are
assembled and undergo rigorous testing, including cycling tests, rate capability tests, electrochemical
impedance spectroscopy (EIS) measurements, and morphological analysis of the lithium negative electrode
before and after cycling. The primary focus is to investigate the influence of positioning the graphene
coating towards either the cathode or the negative electrode on battery performance. Cycle performance
results indicate that when the graphene coating faces the negative electrode, the battery exhibits an initial
discharge-specific capacity of 168 mAh/g at 0.2 C. After enduring 500 cycles, the discharge-specific
capacity remains stable at 154 mAh/g, yielding a capacity retention rate of 91.67%. EIS analysis further
reveals that the battery with the graphene coating oriented towards the negative electrode exhibits decreased
interfacial resistance and improved reaction kinetics. Moreover, the surface of the cycled lithium negative
electrode remains smooth and uniform, devoid of significant lithium dendrite formation. Consequently,
lithium batteries configured with the graphene coating facing the negative electrode demonstrate superior
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cycle performance and heightened safety.

Key words: modified separator; graphene; lithium battery ;dendrite
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Fig. 2 Morphology and structure of grapheme  (a), (b)SEM images; (¢)N, adsorption and desorption isotherm curves; (d)pore size distribution

&3 AR SEM
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Fig. 3 SEM images of different separators

(a), (b)surface of PP separator; (c¢), (d)surface of graphene modified separator; (e) , (I)cross-section of graphene modified separator
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Fig.4 Cycling performance at 0. 2 C of different batteries
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Fig.5 Voltage profiles of different batteries  (a)PP battery; (b) GFC battery; (¢)GFA battery
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Table 1 Comparison of hysteresis voltage of different batteries in different cycles

Voltage/V
Sample -

Ist Sth 50th 200th
PP 0.0772 0.1238 0.1803 0.4032
GFC 0.0521 0.0571 0.0562 0. 0487
GFA 0.0518 0.0537 0.0422 0. 0487
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Fig. 6 Rate capability of different batteries
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Fig.7 Electrochemical impedance spectra of different batteries before and after 100 cycles

(a)PP battery; (b)GFC battery; (¢) GFA battery; (d ) corresponding equivalent circuits of the three batteries
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SEN O TR AR T IR A DT TR T B T LR
161 CAEZRT 78 i B A6 2R 100 WK i, 3 b H w0 S 1

FE BH 257 T 35, PP E 3l i B T E BH 3G i & 151.8
Q,HE T 136.4% , GFC H jtl (7% A 1 #L BH 34 Jin 22 80.1
QB80T 82.9% , GFA Hi i 1) S 17 Fi BH 3% i 22 54.3
Q, 30T 64.0% , 31X AT e A2 I I BT R AL i RN At
B3 BT ER S R A S S TS R L R SELS o L
GFA H 3 (% v, BHLAZ Ak S5 /0N | ik B L AE F s 496 24 2o 72
HPE RE R , X 5 GFA HLjth 19 £ 1 R 4 4 & —
.

®2 RIABIEHEFLEEESH

Table 2 Results of the EIS fits using equivalent circuits before and after cycling

Sample R/Q Rep/Q R./Q R/Q

PP uncycle 1.5 15.5 47.2 64.2
PP after 100 cycles 3.3 115.5 33.0 151.8
GFC uncycle 1.8 25.6 16.4 43.8
GFC after 100 cycles 1.5 68.5 10.1 80.1
GFA uncycle 2.2 19. 8 11.1 33.1
GFA after 100 cycles 1.7 44.1 8.5 54.3

2.5 EREHMAIHRESTINESH
B4 T R b R A T HR e AR T TR

S i S o O R R T DR R i, X o SR A
AN Sy R B P U RN Y S B A B R T 25 5 TE L
AN R R AR K o RS I A A KK T —
Aol R URRS AL | H AR R RE ST FE Y B A A L
) 2 B R A ) A2 L O T B ERA B AR A K
PGP FETICHL 25 YA Ha T 3 A, o 28 17 7 DMC g

VR, LLEBRALAT AR B B0 L i S ), O e T4
R, ZBRZARE DMC R AR5 X G 1T
SEM MR, WEZ H R 1B 30 0 i A2, an &1 8 s o 11
) 3 A T B B R R R BT R 225 . K8
(a-1), (a-2)  AEFR 5 9 PP A Tt 119 £ 67 4% 3 T A )
WM, AL Z T B 8(b-1), (b-2) P E 3 5 1Y
GFC HL b i # A R To MIC , RIS — &
JERY A o T8 (c) W Rl ERE A GEA R A% HE £ A%

P8 [ vyl B AR AR B 25 YRS AR AT (1) Fisi 4 (2) SEM
()PP HLth 5 (b) GFC HLth 5 () GFA HLith
Fig.8 SEM images of Li negative electrodes of different batteries after 25 cycling under low (1) and high(2) magnification
(a)PP battery; (b)GFC battery; (¢)GFA battery
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Fii A A DR BRSO, R 8 (e-2) OR B ok WL
AEATIE A DU B A | SR8, B AT AT AL
ARGER , UE I BEAS &t = A 45 B 8 . XA,
A1 SR VR TR R AR e Wl A R ORI R v, BLAT B R
LR A S L, AT LA A AR R AR L i L B 1
(BRI I LY 3T e S N Y =/ Eod iR
A PR 5 i, T ELEELAL S B SR 0 TR R RES M L5 )R
AR 1SN T el T O B T 2/ G T
gy, A R R F A AR PR ST B T R T A
HL A T A0 B R BE R F VL R B BROULE
SR AT LATE R, 7 sl i e J2 0 v vl S B A B TR
Byo), B RE RS

3 it

(1) Fh P ot B ) s e e )25 3550 ) L S oA Rk 45 4
AR ALK E PR BB B RS W, A R O IR R IR R
T ) I BB A0 R TAT ] 7068 00 1) b b B A B B 25 5
GFA Huith B AL 75 IR I ERE 72 0.2 CIOFE R T,
BRI H AT LA #] 168 mAh/g, A6 500 K
HCH AR AT LA ) 154 mAh/g; M RAE R4,
GFC H 3t 5 Uit i be 25 5 o 140 mAh/ g, T4 500 I
J5 T, FE 28 137 mAh/g.

(2) 1 ) FBe Y GF A Bt HLA 55 e R e 1k
FENG PR FIE IR 5 1 H A2 B BT v 3 5 405 40
BT ANACELAT S AR 1 5 1w Fi B, T FL A 34 I A B AR 1k
/e

(3) GFC H th iy 41 £ Bl 2% 18T H B0 K o ) AT Atk
B UEIFE SO S AR R R UURUAN Y AT 5 1 GFA Lt
) B B A 2 T 3K, R AT T 20 4 P R B 5
BE ] AT, GFA H A R0 ) 420 A 114 A K R4 17 1A
YRR BN R e
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Ui0-66 £ & B 7= Fn &R bE X 4R 5k B8 ith
bR AR FB 4k =14 BE B =2 M)

Effects of UiO-66 metal clusters and defects on

electrochemical performances of lithium-sulfur
battery separators

BB EH AT, FE R B ESR

(BNIMFE I A SR RERL o B SEM 48 D g
BHEME2E T 50005 $EH 550001)

ZHAO Yingmei,ZHAO Yuqing,ZHOU Xingyu, LI Haixin,
CHENG Hu,ZHUANG Jinliang’

(Key Lab for Functional Materials Chemistry of Guizhou Province,
School of Chemistry and Materials Science , Guizhou

Normal University , Guiyang 550001, China )

FE 43 9 LS B4 4% (Ce (NH,),(NO,) ) F P AL 85 (ZrCly) Jy e @ ER , 1, 4- XK W R A HLELR (H,BDC) , & A Ce-
Ui0-66 1 Zr-UiO-66 W Ff 4 J& A HLAEZE (MOFs) o a8 K X S 4 (XRD) 4 7 2 5088 (SEM) 55 H R 3R A
MOFs [ iS5 FITES . R FH B =S ik s Ce-Ui0-66 Fil Zr-UiO-66 7138 T Celgard PP F I F&IE—0, 145 MOF s &
T 0 L BB R R, 20024 S0 oA A P e ) P fH A M RE L 5 SRR I« Ce-UiO-66 BUPE R I H b FLA Bt v Ak 2 PR E L 77
0.2 CAEZF, BRI 1047 mAh-g ', 4 200 JAUAIGE I G , A EARFESR R 77.590, e S AR08 100 % . ARG
UG T, Ce-UiO-66 B PERR I LB 75 0.1.0.2.0.5.1.2 CAH T ik H1 24518 43 1 35 5] 1281, 945.768.1.673.2.604.7
mAh-g !, 4R [1] 5 0.1 CHf, K2 % 951.6 mAh-g |, AR R 74.3% . LR W] Ce-UiO-66 1 1 E AL IE S i
P Ce-oxo IR 1A 55 A 2 B ALAR A 56 A0 RO, 035 A i 8l ) 24P B 5 141, Ce-UiO-66 I A7 76 5 2 Wb AN A
BCAE A, REAE A A5 2 Z AL AL (LIPSs) , I8 % 2 WAL W) 28 M A0 , 1 — D4R ot e b 1y i Ak 2 R

SR A 4 A MUAHESE s FRASE 2k s R R Ak

doi: 10.11868/].issn.1001-4381.2024.000282

mESEE. TQI52  XERIEFE: A XEHS: 1001-4381(2025)07-0191-10

Abstract: Two metal-organic frameworks (MOFs) , Ce-UiO-66, and Zr-UiO-66, are synthesized using
cerium ammonium nitrate (Ce(NH,),(NO,),) and zirconium tetrachloride (ZrCl,) as metal salts, and 1,4-
benzenedicarboxylic acid (H,BDC) as the organic linker. The crystal structure and morphology of the
MOFs are characterized by powder X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The MOFs-modified functional separators are prepared by loading Ce-UiO-66 and Zr-UiO-66 onto one
side of commercial Celgard PP separators wia vacuum filtration. The electrochemical performance of
lithium-sulfur batteries is assembled and tested. The results show that the Ce-UiO-66 modified separator
batteries demonstrates optimal electrochemical performance. At a rate of 0.2 C, the initial discharge
capacity reaches 1047 mAh-g ', with a capacity retention rate of 77.5% after 200 cycles and Coulombic
efficiency approaching 100%. Under various current rates, the Ce-UiO-66 modified cells deliver discharge
capacities of 1281, 945, 768.1, 673.2, 604.7 mAh-g ' at 0.1, 0.2, 0.5, 1, 2 C, respectively. When
returning to 0.1 C, the capacity recovers to 951.6 mAh-g ' with a capacity retention rate of 74.3%. The
above results demonstrate that the redox-active Ces-oxo clusters in Ce-UiO-66 can effectively catalyze the
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conversion reactions of lithium polysulfides (LiPSs) and enhance the redox kinetics. Furthermore, Ce-

UiO-66 possesses abundant defects and unsaturated coordination sites, which can effectively anchor

LiPSs, mitigate the shuttle effect, and further enhance the electrochemical performance of batteries.

Key words: lithium-sulfur battery ; metal-organic framework ; separator; polysulfide ; shuttle effect

P NIREIER S B D& A 1 N 571 2 N
XTREIR AT K 2D H 2 3K py g s, Wtk a5
B R R RE IR A S AR DL ARk &
B Ko HRTR ) 1z i8R B 7 HL b (lithium-ion
batteries, LIBs) %% & B 2 BB (E (372 mAh-g '),
E DL AT e i 2 R A T SR . R P
(lithium-sulfur batteries, LSBs) H. A7 # & B9 BLiS L &
1 (1675 mAh-g ') FIRE % i (2600 Wh-kg ') , A&
RN — AR S R R R EE R
W IR AR, AR XA, AT B T R AT R
B RAS o b4k, i T LSBs 3 N = W) 2 A AL AR
(Li,S) , PRI TG e ARt/ H 3 b [sTSOR T, BAT R85
RAFE . R LSBs B i 200 81 (H BB Be LRl
R A fEE R KR 200 . Hoh, 2 6 46 £ (lithium
polysulfides, LiPSs ) it 25 #2 R4 2 il 24 H: k Ji i fie R
i3 A o i R LK B i T o A S 3 LTS
G e Sk B A R ) Z AL P ZE R

E AT, FR B R v el A B TRR R R 2 R SR A I
KE AW, R WA M (polypropylene, PP) . B 2 ¥
(polyethylene, PE) DA & PP/PE & & #F Kl R Xk
REYEA RAFib=ioe tE 2400 480, e
AFAE HL W AR | AEEE P A 22 LA SO LA 24 il
LiPSs ZERR A0 A5k 5 o 78 Ml Ak b 5 3 T s i 2 e
PEURJZ AT A 20 BH L Z Ak 0 A 1 T 2 (8] Y 28 4, 2
Mk IR RIS R A VIR A s 2 —Y A
K, S FIINBEIR)Z Wi kL & e A &R Ak
Rz N T BRSBTS AR T REME R
I i e AR At il P Ak~ PR (B R BRI 22 4 1k
FEAS Z B AP 250 A RS T AR R DL R A/ )
et M I, B A RRATT A AR 48 25 1]

4 J@ A HLHESE (metal-organic frameworks, MOF's )
MOBLELA & LE R A Z5 0 ZRE0E FLER R ALY T
DIREAb S5 4 5, O D i T & i LSBs BRI
TE A Z MOFs A Bl b, 5ili 5 4 & A ALHE Z2 90 K b1 kL
(Ce-MOFs) BA kit J5ik 43 Jm A1 7% (Ce ) LR iic
A7 E LA Kt S R K R e 1 S R L B 0 R T A
A T B A IR A SR 1 T Cett  Zet SRR
PRTC AL S, 38 5 BE 0% 1 iR A RL 45 4 1 il 4 AT 7
(Ces-oxo) FEEE MK (Zrs-oxo) o KM, AR YA HLR
BRBCAAMI 5 A Ce-MOF s Fll Zr-MOF's HA K BL Y ff ik

250 . Flan, Ze-UiO-66 J& i 1, 4- X748 - H R 5 4% 4
5 ¥y g 7 A HL B A 1T 0 577 (face-centered cubic,
few) FHFDGEHE B —Fh MOF's, B 25 R AR 51
KA P AR E M R BRI IR A N )
Z I MOFs #1R 2 — . B Zr-UiO-66 4% 48 1 7% 2
R A AR RR A8 AR AR IR RE ELAT IO 7 7 Fh A
i AR G5 ) — 3 Y Ce-Ui0-66, UiO-66 % %1 MOFs H
A e b T RUR = B W IAL S A, BB 1 LiPSs i 1
Wy PR R FH R SR MOFs FLIE P, A 3 AR L 2 4%
BN o WA, UIO-66 Y 4 J A 7 38 T USRI fh 4
A7 50K LiPSs [ 78 4 Ji R sk ba 7 . SR, AH L T
Zr-Ui0-66, Ce-UiO-66 ] Ces-oxo A #% H A F AL IR 5
PR, R, A AR f fh 2 AT rp R B 5 Zr-Ui0-66
AN ) A2 P T 68 4 A AT R R SR AT 7R Lewis
i Bl P 1) 22 S, K 22 1 4 1 O B B A A TR
[H . MiHFFE Zr-UiO-66 Fl Ce-UiO-66 /5 A 41 4 B b fE
JE B P b4 R A B T4 78 MOF s 43 @ 25 170 A5 L Ak
BB A5 P 2R 6 LSBs Ha Ak 2= M RE A 52 e, DTG Ry 153
15 PR BE MOF s &1 b B2 LB S g i

BT AR TAERL L, 4-3%0 8 H R (H.BDC) A
MLBECAA , 4351 F ZrCL A Ce (NH,) ,(NO, ) 4 H i 1 75 71
Pk A T Zr-Ui0-66 1 Ce-UiO-66 5 i 7] #
MOFs, & H H 25 il 38 09 J7 1 23 5106 Ze-UiO-66 i
Ce-Ui0O-66 171 2% T Celgard iy i @ B — M0 , i £ T Zr-
Ui0-66 F1 Ce-UiO-66 & (1) T REPE BR AR, - 21 25 g 41
T HL L o R A PR AR 227 (eyclic voltammetry, CV) |
L, b 2% BH 3T 7% (electrochemical impedance spectros-
copy , EIS) | 78 5 HL A1 P00 38 F A% 05 24 038 45 Hi £k
S IR SE T AN [R) MOF s 16 i [ 54 % e, v 1)
H Ak~ PERE , 383 T MOFs £L3E %} LiPSs FRBAE F
4 J A I 2RI X LiPSs B4l & AL VE R

1 KEHBEHEZE

1.1 RIEHE

Bl 1R 4l 2% (Ce (NHL) », (NOy) 6, 43 BT 46 ) , 1, 4-%F 4
ZHR (H.BDC, 43#r4k) , WL 8 (ZeCly, 43 M4l ) 3
Wy b Bk 3 R A PR R s B (S,
99.8%) , B — I 24 (PVDF,99% ), LA133 & 457
(KRN NE Z e R Y)) , N-H L g L6 i (NMP,
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UiO-66 45z Ja VAT A5k o o S8 P, v o P, 27 P RE ) 52 T 193

A3Arat) 0 [ TR T A AR B AT BR S 5
N, N-— H 5 H iz (DMF ), JEk 2B (EtOH) |, vk g
iR (HAC) , ¥ B Jb st i RS A BR A A 8 R (e
), TR B (SP) , BRI (Sy) , i JF A AL A S8 0
(rGO), Celgard 2500(PP),CR 2032 HLih ¢ , 1R 540 9
(JEREZY R 250 pm) B8 A BHEEAR A A 1, 3-8
Mg (DOL, iLith gk ), 2 "B H i (DME, B4 ) ,
1 mol/L X = 5 F FEfe Bk e 22 (LiTFSI) DOL/DME
(1: 1 ARFRLE) /2% (BT i 4340, T [A]) LINO, i H i i
(FEMZ) , B fb 2R (Li,S, Bt gk ) , #1752 24k
SRR R AT

1.2 MOFsH& R

Ce-Ui0-66 45 W« 4 fif IR 4l # (116.9 mg,
0.213 mmol) ML A 10 mL BEESHE h , FEANA 0.4 mL £
BRI TE e B . K LR H.BDC
(35.4 mg, 0.213 mmol) ML A 10 mL BEESHEH, FEmA
1.2 mL DMF #8755 % 08 A MLECR S W . B L
B 2 & m b h S IR A 1A B3 2 e
16 100 “CEAF T AR 15 min, B &5 RS B IR .
B L ffF DME # EtOH 3§ vk, 31 T 60 ‘C&4F
TR, A5 3] 1 AR K fir 44 R Ce-UiO-66, 7™
FH80%

7r-UiO-66 & % : ¥ H.BDC (747 mg, 4.5 mmol)
A ZrCl, (1.05 g, 4.5 mmol) I A 3% 5 4, £ A
40 mL DMF #117 mL HAC. #@AIREG¥HE), Z 5k
BRI G W BR SRR N ZN, BRG],
B, I 120 CCHERS T ORI 24 h, RV ZE IR H 2 %
Ho B DME I EtOH i3 , e r=4 , 7t
F 60 CHAT TSR A8 A B R A, ma N
Zr-UiO-66, /=58 90 % o
1.3 UiO-66 FR R H#l &

FREL13.0 mg Ce-UiO-66 A17.0 mg rGO F* 250 mL
PEMR A, A 75 mL EtOH 1 25 mL &8 7K, FhnA
160 pL LA133 B4 /), @ /A 4% 1 h, JE i Ce-UiO-
66/rGO MK - 8 H23 R Ce-UiO-66/rGO ¥
S 61 B AF Celgard PP I I, F40 “C& 4T B2 T4
12 he e P R HLER L A% 0 19 mm A9 (B F L 2
Ce-UiO-66 FafB , B 1i 2 I BE 2 25 pm. Zr-UiO-66
e A4 A ] 532 1 % o
1.4 HihyAR

TCRA B i 45 < % Ce-UiO-66 #1481 F1 PVDF %
G570 ISR 9 IR A, LANMP 20 8IR]  BRES 3
5o BRI PR BT IR AR TE I, T 50 °C HLas
THE 12 h, feJa b R LR E A R 11 mm B |, 5 44
h Ce-UiO-66 ol Fr, LA A BC X ARt i o Zr-

Ui0-66 Tt 7 AH [F) 7 i il 45 -

TEAS B R 1 A5 - JOR) Eh 5 B RN SP 4 B £ HE
713, WP AT R BB A 155 °C B AR,
RN 12 h, 4338 S@SP Z A Mk, 1% S@SPE Ak
SP.PVDF Zhg5 5 # i w te 7: 2: 1IR &, A GE &
NMP, BREEIA] K 3OBHR B IR A0 T8 O U B
250 pm)  HE T pf R BLER L A2 8 11 mm
F, PRE, HB R AE 5.6~6.2 mg Z A, i 3k 7E
1.5~2.1mg A, & H.

i # 0.2 mol/L Li,S HLfift i : 75 L FE 4 (KK-
021AS, /K% MH<C0.01X10"°) H, FRHL 92 mg Li,S H
o AR R A1 320 mg ST 20 mL BEEESH A , 1 Hedh i
AR N 1: 1 DOL FIDME %5, T 60 ‘C&M4E T
R Z P 48 h, FRAF I S (A A&, Bk 0.2 mol/L
Li,S; HLf# K

A ZLED - A 1 mol/L X = 8 FH JE Ak ik SV e
B (LITFSI) DOL/DME (1: 1, f&K#1H ) /2 % LiINO, N
LA (20 pl) , S/C e VB R IE A, [ i A Celgard
2500 S AB MR, il B A, 3R A R oM SE SE )
TER S TEALN CR 2032 8R4 it

Kb K H, LAY 2 BE : LA 0.2 mol/LL Li,S, hy Hi, i
(20 pL) , Tohm ik F A R 5B FlIE AR , B B R Celgard
2500 R fiEE , i 7 AN o I AR R R T EAE 4
CR 2032 X} Fr e ith .

1.5 MERENK 5 RAE

K FH S4800 Y 14 HE 1 1 i 5% X Ce-UiO-66 Fll
Zr-UiO-66 # BHE S IET T RAE ; K H Rigaku Ultima [V
X R B AR AT ST (XRD) F240F B & BURE S 1 285
BE 5 R RSN AT UL 406 BE 11 (UV-2450 ) XA [A] 44
W BRI T R LIPS B 5% B3 e B R4 143 W7 HL K

20 24 HAY PR figp oy, 0B B A R T 5 IR AR = IR
R8O [) B 3 % B (1 C=1675 mAh-g™") F, % H
Land 2001 A H it 0 2 22 G904 70 3 7 ke e D35 ol FH
CHIG60E HL k2= T AR 47 CV I, 42 vt il &
U 1.7~2.8 V. EIS & B £ H —1.0~1.0 V
(vs. Li/Li") TG FI N 10 2~10° Hz, IR 5 mV .,

2 GRS

2.1 UiO-66#F#l5 #r

UiO-66 fiARZEF A& 1(a) BioR , B R IR
TR BDC il Zr, 7% F 25T B0 X 45 SR F a5 7134
A Y Zr-Ui0-66 Fl Ce-UiO-66 HA #H 7] By & 14 25
¥, H 5 Ui0-66 B R XRD 1% & 22V & (& 1
(b)) Bl 1(c), (d)FalR Zr-UiO-66 1 Ce-UiO-66
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K1 UIO-66 A4y (a) Zr-UiO-66 Fll Ce-UiO-66 3K XRD 15 (b) K Zr-UiO-66(c) 55 Ce-UiO-66 (d)SEM 4]
Fig.1 UiO-66 crystal structure(a), XRD patterns of Zr-UiO-66 and Ce-UiO-66(b), SEM images of Zr-UiO-66(c) and Ce-UiO-66(d)

SEM &, 7] L& H, Zr-UiO-66 EA H /4 /\ i 4T
i, NSHFE 0.5~1 pm Z [i] 5 Ce-UiO-66 R A HLI A4 /\
T A, ROSHAE 200 nm 2247, HA B BB EE , vl BE &
Ces-oxo & Ja PIFRAF AR 2 TR iR S 3800

& 2 K Ce-UiO-66 H1 Zr-UiO-66 W ff Li,Ss 5 KK
S B8 7 AUV -Vis OGS . UV-Vis IR IO 15
FW (K 2(e)), BN Ce-UiO-66 F1 Zr-UiO-66 M Fff 7
Jo W RN I B LioSs EIE WAE 420 nm A2k 5 W WA IV 2K
Ce-UiO-66 F1 Zr-UiO-66 Y5 X} Li,S, A 55 5% 1) W B 7

Mo 5 Z XN, LiSe % WA N Ce-UiO-66 1 Zr-
UiO-66 W15 , Ham s e & A B AR L . Rl e
TN Ce-Ui0-66 J& , Li,S, ¥ W 2 0 1 MA 8 (0 5 28
Rk 3hE (Kl 2(0)) , Wl e M, 1 Ze-
UiO-66 1 2 W B3, R4 3 h i LiSe I 3 (0,58 411
B (HHATT AR B Li,Se i B LT Ce-UiO-66. ik
SRR, Zr-Ui0-66 1 Ce-UiO-66 ¥4 4 [@] ) MOFs,
H Ce-UiO-66 A b A ik fa 2 22 RS8N P RORE S5
4 5 SR , F 90 HE X LS, T A0 S W R

P2 AN TR BRI V40 8 11, 8 A B0 B LU R UV - Vis IO
()0 h;(b)1 h; ()3 h;(d)6 h; (e)UV-Vis FIBOETHE
Fig.2 Digital images of Li,S, solutions at certain adsorption time and UV -Vis absorption spectra
(a)0h;(b)1h;(c)3h;(d)6 h;(e)UV-Vis absorption spectra

22 [RIEEBBEEENSH
Fitk— 25 Ce-UiO-66 Fl Zr-UiO-66 &1 [ 1
Xt LiPSs B4 W BfE: it , 18 1o 5 25 il 80K A ] i i Y

Ce-UiO-66 F1 Zr-UiO-66 1k} 35 5 1l 11 2 £F Celgard
PP R b, 740 CHAF T B2 T4 12 h, R AL
£ MOFs B fi (Ce-UiO-66/Celgard fl Zr-UiO-66/
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Celgard) , I8 i H AY i fiff it w8 28 9 BC g sk 1 1
IR MOF s 16 1 i 5 1) W PR L anI&T 3 7 o H [ AT
W, H R F it o 9 S 9% 35 % MOF s 48 i B i
B 5, 70 00 fi 3 Ry LioSe VW, A 0 i 2 Sk Tk SIS v )
(DOL:DME=1:1,/&f). X} T rGO/Celgard PP
B JBE AN 5 4 B Celgard PP BRI, Li, Sy 7 7 I [8] Py B 2
Wi 25 155 Celgard PP &R, 6 hJ5 , A4 35 W B i A8
LW AR 1Y Celgard PP BB F rGO/Celgard PP i i

X LiSs U BE 71 ¥ 822 . 5 Z M B, B Ce-Ui0-66/
Celgard 1 Zr-UiO-66/Celgard 1E A a5, 4 7% W A
12 h A R WL 3 W S A 2 A L 3R W] Ce-Ui0O-66/
Celgard F Zr-UiO-66/Celgard [ i fg 98 A 2% FH %
LiSi iy . EARAIREN, Ce-UiO-66 1 Zr-UiO-
66 A7 BEAE S B AL P, vt e 5 0 B M B R, 0 i 22
Ay 0 242, AT i s H b ) A 2 1 B AT B AR
FETE

E3 Ce-UiO-66/Celgard(a) Zr-UiO-66/Celgard (b) .,rGO/Celgard (¢ ) & 5l Celgard PP(d) Xt Li,S, T B3 RS2 [/
Fig.3 Photographs of diffusion effects of Ce-UiO-66/Celgard(a), Zr-UiO-66/Celgard(b),

rGO/Celgard(c) and pristine Celgard PP separators(d) on Li,Sg

2.3 UiO-66 [@R% R it BB L E 1 BE 53 4

# Ce-UiO-66 F1 Zr-UiO-66 171 2% T B 4% 2H 255 %1 i
HL Y, 38 S PR AR 22 [ R A58 MOF s X 2 i A4 S 4
W )2 Re g e B 4 R . B R4 (a) AT
UL AN LS 45 HHLRR CV I T — SR R,
TIE B B A7 A5 DX R] N A 8 AR A LI 5 LS, ik A
Ko MIMA LLS 5 , Bt CV £k B B B (0 A kis

JU , B CV il 42 B RRAE SR AR BRI R B Li,S, Bt fk
VI AL o A EE T Zr-UiO-66 ZH B %F 4% B it , Ce-
Ui0-66 HL it HA 235 1Y 246 /30 I AR fiE i | B e £
TR L i, 8B Ce-Ui0-66 11 Ceg-oxo
AT LiPSs HAT — & LR . o0 Z R 7R 20
ME, , Ce-UiO-66 Fl Zr-UiO-66 X Fk H it i) CV il £&
¥ineng e 2 m A (K 4(b), (0), AP E Y EA LI
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F4 BRI CV liZk (a) FE5 mVes R 1~5 JA Ce-Ui0-66(b) 5 Zr-UiO-66(c)CV fZk LA S AR BT 4 L it CV #i 2k (d)
Fig.4 CV curves of the symmetric cells(a) , Ce-UiO-66(b) and Zr-UiO-66(c) CV curves of cycles 1-5

at a scanning rate of 5mV+s~! ,and CV curves of the Li-S full-cell(d)

ffea e i . Bl 4(d) 2 Ce-UiO-66/Celgard |
Zr-Ui0-66/Celgard 1 i 1f Celgard PP E I i 40 ¢
AR 4> T CV TR, MOF s 16 1 i 5 i s ) C V7 ity
LRAE 2.3 VAI2.0 V FFEIT H BT BH S (3 i, 4 531 %)
T Sl b Kok 2 i AR LiS, (4<<n<<8) 1y FE Al
BB (LLS,/LLS) o FE PR R, T L
WZER 2.30 VAL H BLAY E A RN 2.37 V Ik 1Y JE 95 I
A R N FE L SRR T R AR T RS LLS B AR
Z A, Itk — L E A M BT . 5 R R Celgard
PP [ 5 L 3t X} e & B, Ce-UiO-66/Celgard 1 Zr-
UiO-66/Celgard [ J5 1t 325 H 8L T 38 I 06 1E %, 460 fk
W £ 7% | Ak 06 5 30 D 0 H 57 22 I 174 mV (Celgard
PP) [% % 65 mV (Ce-UiO-66/Celgard PP) fi1 79 mV
(Zr-UiO-66/Celgard PP) . i I 7] 15 , Ce-UiO-66/
Celgard P JIE B 3t A% Al /) , BB S AR A8 AR
N1k RE . X FEIE T Ces-oxo KX LiPSs A
A TR R T R A AR

Kl 5 & Ce-UiO-66/Celgard . Zr-UiO-66/Celgard
F 45 Celgard PP A [ B A9 4165 A Tt 7E 0.2 C T A
Pk RE L 7 CH il 2 DL KA R R RE . Ce-Ui0-66/
Celgard 1 Zr-UiO-66/Celgard &1 FF 5 F 1 7E 9] 1R il
HL S A B DR R R B R D T YA T Celgard
PP Rt . XF T Ce-UiO-66/Celgard b H it , 17
YRCHL 254 1047 mAh-g !, FEFR 200 Wk 5 il A

J9811.6 mAh-g ! B EARIF RN 77,59 BECRCR L
I 100 %6 , % 1 1 B R 45 o 0 R 2 0.11 %0,
XF T Zr-UiO-66/Celgard P H Jth , 7 U000 78 &
ik 1102 mAh-g ', 1§ ¥R 200 W5 ik H 25 B R 750.9
mAh-g !, ZEAE RN 68% , A RCHEEIT 100%,
X IO - 49 B UK B 45 o R DR R 0.15%0 0 AR T R IR
Celgard PP [, 7EAR [R5 3 TR IR , B R 4
AU 927.9 mAh-g !, I 5 200 K 5 CH 2 2N
324.2 mAh-g ' A RRFFRAR 3520, BRI 45 it 5
Pk Rk 0.33% . AT FE A 0.2 CHE, LBy 55 1,
10 .50.100 150,200 YA 1 ) 72k L H Fs BE AR AR
2 ] MOF s 6 1 b 5t ety K R I8 17 A X R . R
SR Ce-Ui0O-66/Celgard [ i H, i #7) 4f il H 25 1 i AIG
T Zr-Ui0-66/Celgard B 5 Hi, L, {H 75 o 5 ol i 32
TR, 2 AR R F, I, Ce-Ui0-66/Celgard
JIES H Y () 25 A RE A T Zr-UiO-66/Celgard B fi5
FLY
KI5 (d) R AN [R5 2T 3 i B FEE P, b 1 21 1 g
Ce-UiO-66/Celgard gAML 7E 0.1.0.2.0.5.1.2 Cf%
R, HH 2R 4 5k 1281,945.768.1.,673.2.604.7
mAh-g™', & [8] 0.1 C i, Hon] 3% i By 75 &2 & 951.6
mAh-g !, FEAEFFR N 74.3% ., Zr-UiO-66/Celgard
BB L AR 0.1.0.2.0.5.1.2 CARERT, HCH 25 & 43l
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5 T Ce-UiO-66 . Zr-UiO-66 Fl Celgard PP FalR A HE G HL i 0.2 C T EFERE (a) \Ce-UiO-66(b) 5 Zr-UiO-66(c)
0.2 C A RIEEF U R M2 LR A 3R P RE ()
Fig.5 Cycling performance of Li-S batteries based on Ce-UiO-66, Zr-UiO-66, and Celgard PP separators at 0.2 C(a),

Ce-Ui0O-66(b) and Zr-UiO-66(c) charge-discharge curves at 0.2 C for different cycle numbers and rate performance(d)

HCAL S 2 R O 857.2 mAh-g !, AR R R
70% . SR, X T IRGG Celgard PP RS HL It , 9] 1f 25 &
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FERPR R 63%, LR RE FEKBREE T,
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TN LiPSs (1 %4k 38 J5 8l g 2, I B il 22 6 A0 22 g 41
& @ SO A HUEE AR , B D R A ek B
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SECRAIR S R R IR R, kg R
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F b P B R S IO DXk T R, R O L L
PIA Z AT . X K] Ce-UiO-66/Celgard [
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S X 3B €6 W %, 3 T AR S (R /D i 2
R UUR. i Celgard PP i F b 114 J52 17 X el Bt 2. 4
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&6 HTF Ce-UiO-66.Zr-UiO-66 Fil Celgard PP [ i1 HL it 0.2 CHRERET (a) FGFE 200 kG (b) BHALHE &
Fig.6 EIS of Li-S batteries with Ce-UiO-66, Zr-UiO-66, and Celgard PP separators at 0.2 C before cycling(a) and after 200 cycles(b)

- i
e D?p =l=T=T=1
'y ¥ Ros
[ < e i

e 25 (i

Ea. ” r =i=1= =l L =]
- -

 CelgEa™

7 Ce-UiO-66 B PEFR I 1 SEM K (a) i Jf] Ce-Ui0O-66(b) . Zr-UiO-66(c) K Celgard PP(d) [
BB L b AE 0.2 C RS2 R IRFR 200 YRHF A LT 1) TR 1)
Fig.7 Cross-sectional SEM image of Ce-UiO-66 modified membrane(a) and images of lithium anodes disassembled from Li-S

batteries after 200 cycles at 0.2 C using Ce-UiO-66(b), Zr-UiO-66(c) and Celgard PP separators(d)

VL Ce-Ui0-66 1 Zr-UiO-66 15 8 1ii [ 15 7 T 26 B0
o, Sk R AR A 1 S ok R A R K B R R Y
IR . 2 19255 DL MOFs 16 1 [ 5 20 25 1)
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Celgard 1 Zr-UiO-66/Celgard Ff I f th Toig SR 01 1R 25
ISR G e B — @ 3.

3 &g
(1AW T Zr-UiO-66 F1 Ce-UiO-66 1 il [7] #4) 14

1 MOFs 28 K4 8L, SEM 1 XRD %8 , Zr-UiO-66 B
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T, I 20 26 491 R Tt X L e A M e . SR R R
Ui0-66 [/ fLIE 25t 8 A A PR ] LiPSs (5% , 18 22
SERRRIONE , $i v LT O RS R S 50R

(2) K EE F IR 4R 1Y Celgard PP HL I, Ce-UiO-66/
Celgard Hl Zr-UiO-66/Celgard [ 5 e, 1 1 fig 14 15 2]
KR R L 4 B 2 X T Ce-UiO-66/Celgard Hi, it ,
0.2 CAEZRT , BRI A 58 1047 mAh-g ', 75 36
200 YK J5 W HL 25 1 0 811.6 mAh-g !, AR IR Ny
77.5%, JECRCRIEIT 100 Y0 , X 1 -4 55 IR 0 25 1 0,
FMLE0.11%.
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Table 1 Comparison of electrochemical performance between Ce/Zr-UiO-66/Celgard
membrane battery and modified membrane reported in reference

Membrane modification Carrier Sulfur loading/ Reversible capacity/  Cycling performance
material material (mg* cm™?) Crrate /€ (mAh-g™!) capacity/ (mAh-g ') Nfeyele  Reference
Ce-Ui0-66 Super P 0.65-0.93 0.2 1047 811.6 200 This work
Zr-Ui0-66 Super P 0.65-0.93 0.2 1102 750.9 200 This work
Ui0-66-1 Super P 1.5 0.5 1032 720 500 [26]
Ui0-66-2 Super P 2.5-3.0 0.5 1147 964 200 [27]
Ui0-66-SO,Li CMK-3 2.0 0.5 1020 580 500 [28]
Ui0-66-S/Nafion rGO 1.7 0.2 1185 872 200 [29]
Ui0-66-NH,@SiO, G 0.5 0.1 1400 560 100 [30]
HKUST-1@PVDF-HFP rGO 1-1.5 0.5 1196 802 600 [31]
ZBCP/GF/CNT Super P 1.0 0.25 1272 738 200 [32]
Ce-MOF-1/CNT Super P 2.5 1 1021.8 838.8 800 [8]

(3) Ce-UiO-66/Celgard Hith H A7 8 5 19 45 &
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Construction of sulfonated branched

polybenzimidazole membranes for
application in all-vanadium flow battery

R XA e R B,

[/ SN N QU

(PE AR R 2% ARG A2z 2B, 1T 4R B 621010)

LI Huiting, LIU Xiyang, LONG Jun,HUANG Wenheng,
LI Jinchao",CHEN Liang, CHEN Qin,ZHANG Yaping’
(School of Materials and Chemistry , Southwest University of
Science and Technology, Mianyang 621010, Sichuan, China)

FEE 18 o) A LR AL (VEB) I, 8 b B SRR ok 15 1, 4~ LR R N IR B0, 1l 4% T BB A A0 8 43 1)
9 30% . 40% . 50% F1 60% 1) Bk 1k 2 Ak B ZE I Bk sk (sb-PBI) i . Hrfr | sb-PBI-50 5 J& 30 3 40 5 i 9L S T BE
(9.34X1077 em?*/min) G 715 66 71 (2.05<X 10 % S/cm) MIBELEM: (2.20 X 10° S+ min/cm?®) . #4 sb-PBI-50 45 Bl 5] VFB
W, 78 80~280 mA/em? Hi U A B T, HFE S A 2 (96.26%~98.35% ) . H, T A 2 (73.50%~90.19 % ) H1 fiE ht 5 &
(71.72%~86.82% ) ¥4 7 T 7 FH Nafion 212 55, Ah, 76 140 mA/em® i % T , i F sb-PBI-50 1Y VEB 1] Fa i # 47
1170 R FEHCBAGEIR , B R 2225 M A ROULE SRS , U B sb-PBI-50 IAE VEB Hh HAg 419 1 v 77

SEGEAR - s B AL S AL IR AT DRI 5 BT S SRR R 5 A LI It L

doi: 10.11868/j.issn.1001-4381.2025.000095

FESES: TB34  XEkARRE: A XEHS: 1001-4381(2025)07-0201-11

Abstract: The sulfonated branched polybenzimidazole (sb-PBI) membranes with theoretical sulfonation
degrees of 30%, 40%, 50%, and 60% are prepared by reacting between synthesized branched
polybenzimidazole and 1, 4-butane sultone for application in all-vanadium flow battery (VFB). Among
them, the sb-PBI-50 membrane shows excellent vanadium ion resistance (9.34>10 " cm*/min) , proton
conductivity (2.05>X10 % S/cm) , and selectivity (2.20><X10° S+min/cm®). The coulomb efficiencies
(96.26%-98.35%) , voltage efficiencies (73.50%-90.19% ) , and energy efficiencies (71.72%-86.82%) of
VFB with sb-PBI-50 membrane are higher than those of commercial Nafion 212 membrane under the
current density of 80-280 mA/cm®. In addition, the VFB assembled with sb-PBI-50 membrane can stably
carry out 1170 charge-discharge cycles at 140 mA/cm”. The chemical structure and micro-morphologies
can remain stable after long-term cycles, indicating that the sb-PBI-50 membrane has good application
potential in VFB.

Key words: membrane; sulfonated branched polybenzimidazole; proton conductivity and selectivity; all-

vanadium flow battery
UTAER, FRIE XA DB RS T FAEREIR A st o ESRAYHR R MERL BT AR I, SE B E R

SRR B LEBIEAE BT SR, AT A RE R A B, MRS TR R R E B I RE TSE AT, LAPRAIE T 1
oy SR RN RFER R, BAAREAS  AERRESHA T . 2P0 B (all-vanadium
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flow battery, VEB) K H A A 5T 2 4> 75 & 55 T %8 0]
PR A A7 A A B IR B AU SR A, R it R 4
BRI, 2282 Y . BEE S VEB f %
iz —,  HEZE G LN W - (1) Bk IE f
e BV AN 22 X385 , LA E A R Tt fiT ) 54 5 (2) A
FEL 9L A 750 L i 2 4R B8 3 A, R Sl T B 5 B 1 AT
[l i, PR PR AR 22 8] A F fer P . I, BT O o
T T8 7 FIRR U M Y 4 SRR R (451 40 < nafion R 471
OB 12 FHT VEB. SR, nafion i A4 F 4L 198 15
R R P PR 1E 2 S8 VEB FECRCR Mg AR
F#AK . ULk, nafion 5 B A0 85 At BR i T H: R R AR
B AR Y JEF I, AR ZBHE TAEE i VEB
L B800FIF RS B S BRI AR | & 1% 518
Mo S AR M AT A 1 R RS e

I I KMk (polybenzimidazole , PBI) 41 5 f4k
sEfesE e O AR BB EE RE A E MY B, B —
Pl AT 5c A VEB R BECS 8800, i F PBI R 2R
IEwk s BE AT HES , B 535 (0] A7 76 550 1 S B4
F 5 BOH BT A O BELAS BLES 98 35, {HL [R] s B
il TR AL Y . PR, el £ T PBIE Y T AL
Sfe, itk —2 Ak HAe VEB sp g i T, B8 A i
FIAL TRIBZL NS T 45 Fg IR P 2 1 0 PBIAS 1%
SRWA RO, Hd, Cui 251058 i % PRI R KR
TS | 7€ 180 “CHKF IR T T 15 53 ML 46.6 mS/cm
PR A 125.3 mS/em. Geng %I 1,4-28 " RIR A
3,3 - AR BRI £ T A 2830 PBIINPBD 2, A
FeALSE R OPBI-20 f5(0.51 Q- cm?) , NPBI-25 JJE 1 i
FHFFARZ 0.31 Q-cm?, i T %4715 8.07 mS/cm.
DL 25 Rt E o o 25 A i 1T A R T PBIEE Y
i F1E R he

ARTAER BT IS AN 159 1 AL R ORI
ki (b-PBI) i 401, IR FH 1, 4- T JEmf R PO g, 8t
T IR A 2 7 1) 2% — 2R 81 LA AN () B sk Ak B8 11 fse
b 37 Ak B 9 ke (sh-PBI) 5, 3144 L 5 T VFB
H BT BRI T - (1) S A5 #y ] LA Rk 3
B PBI i 431 1925 [R5 48, DT 0 I 7 1A% 55 (2)
il 7 5 1T 1 5 ) A AT AR T 1 S K e R I g 9
0 () IR e R DI TR R 2 5 5
VEPEIE B 9 “ trade-of R0 5 (4) ZE PR kI 1 5 | A
A BT S ) 24 R BE 1G5 AR S BRI b i
A AR, X sb-PBI B fk 2= 2540 O 5 4L
PEBE & VFB MEREIEAT R G0 5%, 915 b-PBIE M Na-
fion 212(N212) X b o AF5Y B 7E i 324k 5 i Ak
WA L 35 4R T PBIIEAE VEB W 52 FH K .

1 SERMBETTE

1.1 =Zesrel

1,4-T HEREFR N EE 4,4- IR 28 SAkén,
W B IR T A AR A A BR A 7] 5 3, 3- & R
Je ) [ R AR MR R AT BR A ] 5 F BB R ) 1 22
sERA AR B A BRA R AR 4R 4R T
AL B R R SR YRR T R R Ak A BR A
A) s N212 iy [ FEFRA 7
1.2 #HEFE

FRESCHR[11], A T b =R ik 4,4',4"-
(#-1,3,5- =5 H) =KW R, ¥ H 5 3,3 - &3t
PR 4, 4"- R — Rk R A RS e L h
15% M b-PBI & 401 RS, @t 8 1,4-T S f iR
PR A FE A 45 H T S TR B B A Y sb-PBI B,
sb-PBI-z (x=HS i fb B B0 A s Ze an il 1 i 7s .
sb-PBI i () ¥ i fiff £k B (TSD) MR 45 23 =X : TSD =
(n./2n,)X 100 % TFEETIAS , Horbn, Mo, 3 504 1,4-T
JE A R PN IR RN 3, 3'- T L BB R i 19 A B, mmol,
b-PBI.sb-PBI-30.sb-PBI-40 . sb-PBI-50 #l sh-PBI-60
PR JEORE R AN 2R 1 R il s AR A R

[F1  sh-PBI-x EAYA KL

Fig.1 Synthesis route of sh-PBI-x membranes

(DERSHEYF ¥ 5.00 g AL —BE%E T
50.00 g et R v, 50 "CF R 3 h i, JIMA 1.07 g
(5.00 mmol) 3,3~ Z FEB R .0.36 g (0.75 mmol)
4,4",47-(%-1,3,5- =A%) = KH R . 1.00 g (3.88
mmol) 4,4~ ZFRIE T IREE, THE Z 120 ‘CRV 6 h, Bl
S O A A NG R o N I XN R N 7/ N
NaHCO; #2555 1 , 1 JE /R 7E 40 “CT44 24 h, 75
# b-PBI &4 F. ¥ b-PBI & 20 T i T — H AR
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%1 b-PBIFisb-PBIFERIERIFAE
Table 1 Usage f raw materials of b-PBI and sb-PBI membranes
4,4', 4" - (benzene-1, oo ) R . . .
. . ~ 4,4'-dicarboxyldiphenyl  3,3'-diaminobiphenylamine/ Sodium 1,4-butylsulfonic
Membrane TSD/% 3, 5-trioxy) tribenzoic ) )
) ether/mmol mmol hydride/mmol  acid lactone/mmol
acid/mmol
b-PBI 0 0.75 3.88 5.00 0 0
sb-PBI-30 30 0.75 3.88 5.00 3.00 3.00
sb-PBI-40 40 0.75 3. 88 5.00 4.00 4.00
sb-PBI-50 50 0.75 3.88 5.00 5.00 5.00
sb-PBI-60 60 0.75 3.88 5.00 6.00 6.00

Hh TC )R — TR B Y RO, A R . RS TR
80 ‘CF 14 24 h, 58 4Bk LW AR f5 % T 3.0 mol/L
H.SO ¥ thiR i 5 KA B4k s FF R 258
TR PR 3K, R4 b-PBLER =29 T L 1K
R,

(2) ¥ %5 1 2.21 g b-PBI & 4> F . 0.12 g(3.00
mmol) 5% 0.16 g (4.00 mmol) 8 0.20 g (5.00 mmol) 5%
0.24 g(6.00 mmol) NaH fil A 250 mL [BJig H ), If
JTA 60.0 mL = A, 78 A& AR T 60 “C I N
4 he BEJE, A 0.41 g(3.00 mmol) 5 0.54 g (4.00
mmol) 3 0.68 g(5.00 mmol) % 0.82 g (6.00 mmol) 1,
4-T FERERR N ER , 80 ‘CR 36 ho RN 45 WG B
W EIRA R IR AEIA 120.0 mL Z/R Z B, 33 gk
HE 98 (O L YR [EA, 97T 40 °CF T4 24 h, 23 51175 2
sb-PBI-30.sb-PBI-40 . sb-PBI-50 . sb-PBI-60 & 4> .
¥ sb-PBI-30. sh-PBI-40., sb-PBI-50 ., sb-PBI-60 & 43
TR T F AR B A B — o B Y B A, Ui
FERNE . SRJF ,#E 80 ‘CF T4 24 h, 58 @B KA, i
5 B T 3.0 mol/L HL,SO, ¥ W H iz i 5 K47 i
A B BRI, 25 B8 /K R ki 3 Uk, BI43Jill il 75
sb-PBI-30.sb-PBI-40,sb-PBI-50 . sb-PBI-60 & , 32 1
TEBE KPR AT, HIERE S35 44 44 45 43 pm,
1.3 KA E
1.3.1 YA

K H Nicolet-6700 %I 32 okl 4= i S5 d 37 AR 48 21 47
6% (ATR-FTIR) , 5 5 B ] 2 4000~400 em '
Avance 600 MHz #! #% # 3 #ik (NMR) #1 ESCALAB
Xi+ 7 X G S6 L T HEIS (XPS) X B8 1) A4 S5 F i £ 7
FTAE AR A AR, Quattro S B4 #T L
T A% (SEM) X B SO0 SRUEA T RAE . 7EMA
H R AT VAR U A T T, L AR 0 R AT 4
Ab
1.3.2 WK MR FAc s i

7K 3 (W) Fis ik 32 (Q) By BAR MR Ty i an F

DN TR B i 5 SRR BE , PRI T 5B 7ok b 24 h,
WO 35026 M SR T 7K 73, R I DN B ) S S VR
WA Q BTN (1) ~(2) Fi7R

W= My o100 (1)
My
hwclih(r
Q:T”X 100% (2)
dry

FHA 2 e B gy 53 ) R MRS T Y T4, @5 A AT
D 3 AR TR 5 T B RS, pm

B 251w (IEC, mmol/g) R iEh 3 i &+
AL Y 5 i o MRt AR AT D R Y BT i
BB HR2 T 1.0 mol/L NaCl® W 24 h, f )5, H
0.01 mol/L. NaOH ¥ WO 5 1 W HEA T I A2 , By Bk AE
FER. BEIEC A= (3) s

IEC — S0 Vaon (3)
My

2 cnvoon F NaOH I AT B, mol /L s Vo N E
TR F I FE R NaOH 3 AR R, mLL
1.3.3  JizetkRe mib s tae v

BEREER BT A 1 em X5 em BYFE S, 25588 F K H
PEUR,60 CT 824 hm , IR . @ o7 seik
AL (QI-210A) 76 2 3 T X ) 7 4 M e kA 7 I3,
P AR AR 10 mm/min. B KPrAH5E 5 (6, , MPa)
FIKr 2R (0, Y0) TR AN (4) ~(5) s

F

hw

(4)

O max

!

L
0 =-X100% (5)

A F R BT 22 0F 1) 35 K 7, N Rl 43 501 A S )
JELRE RN GE E , mm; L e BB A 4 B mm; L8 B
240 R 2 X i mm

SR AR TR 12 90 30 0 %) fh 2 A e AT PRt
TE 40 °CF B 32 9 #F 16.0 mL 0.1 mol/L V*'+3.0
mol/L H.SO W . 7ESL g i fe v, A 15240 AT I
436G (UVI800PC) 7 B iR M s M 7E 55 3.6..9 .
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12 (15 KB r = 4 VOB 7 W6 B o A v A i B
FEA I VB vk B AR AR R DA Ay B I A R Y
fEhm o
1.3.4 B TFBER LR AEEE
BRI T BB R (P, cm?/min) 5 EH A BE .
W B e 78 2 9 Eoh 2 8], BSEA AR ARl 3.14 em”,
oA M B0 43 59 & 47 32.0 mL 1.0 mol/L V*' 2.0
mol/L H,SO, % # #1 32.0 mL 1.0 mol/L. MgSO,+2.0
mol/L H,SO W . 8 1%+ LA 120 r/min #9323 B $i 4
AP O T R . BB 12 h, DA O
3.0 mL FE S, FTER A0 -1 UL A i Al v s
T B ERE o BRI KA VS R ) A N
Pl b B TS R = (6) R
Calie—e) (6)
K VB HOh PSR EL, mL; ¢, o8 ¢(min) B
Ay @ VBTV EE , mol/L; ¢ R ZE MK
b VB TR AR mol /L A R IR B Rk R,

cm?

I FE e A 27 22 3 BELAE 3 (1S ) X6 i 1 i B (R,
Qeem®) HFATINR . BRI AR 5 Wi TR
JELRE , PR R T 3.0 mol /L HL.SO VAW H 24 h, %
J& 5 P 3.0 mol/L Ho.SO, ¥ W i A It , FH H 78 fife b 1
L AL T AR 3G (CHIG60E ) #E47 EIS I3, 45 5K 517
M e 3K, I R 12 22 8§l 76 +0.002 Q- cm?s EIS K
3 23 [ 2 1~100000 Hz, 2 18 4 0.005 V., i R, F
JEFAE S (e, S/em) BB AN (7)~(8) IR »

Rs:(Rl_Ro)Al (7)
/CZ% (8)

Ao A BE R A RO, em?s RORT R, 4397 A BEF
TR H R FL fige s A L BHLAEL, Q.

i FIEFEE (@, S+ min/em?®) FI R PEAS IR 19 25 & 1
At HA A= (9) firs .

a :% (9)
1.3.5 Hpi

X oy - S5 A0 T A PR T AR L R
FH GROMACS #2741, 73 F 48 0132k FH OPLS 42 )5
T X T RABRA R  w e fii Bl T Rk ik
Tt/ MELUHBR TR L EE . K5, [HiRE
FER G T X R R G EAT 20 ns B9 53T 8l ) 2445
o BRI R, 20 F A5 G i LINCS Bk #1714
o AW AN T A 3 . il
V-rescale #8557 ok 4k 5 R 48 09 & . Lennard-

Jones F1HH HAH BAE FH ) ARRTRE 25 1% B0 1.2 nm, AR
P05 2] 1) ) U 0 038 38 3+F Visual Molecular Dynamics
AR o
1.3.6 VFBHih

3 320 5% 20 K TE SR AR RE H 30.0 mL R H LA
W (1.5 mol/L V*"+3.2 mol/L. H,SO,) Lk 60 mL/min
() 3 3 435I 78 VEB B e 3t (LSB-1) 1F 67 A i 14 1 i
VOE 22 181496 B 3 2y, - 2 e i 3 R 2 (CT-
4008-5 V/12 A) Ik VFB iy TEfE . VFB B SEPRisfT
B0 RS R T, LA TAE VEB B9 TAE
BEIR R 20~25 °C,

(1)VFB A

FEE L (OCV) 2 FEEP 25 BH 7 1 Fa b rL e R
FRARE i Fsbr . MR AR W < 8 56, 76 80 mA/cm?
T K VEB R e B IS 2 09 2/3, AR L ith
TSRS — B, PRl VEBHAE 30 5% B e Bl I 1] 1)
Ak, HEIR 2R 0.8V,

(2) VFB 3%

¥ VFB7E 80~280 mA /cm? H, i % B N R 47 78 ji
B, VEB SRR (CE) (BB SR (EE) fl
JERF(VE) R AR (10) ~(12) iR

C(is

CE=—"X100% (10)
(/ch
Ei%

EE=""%100% (11)
Ech
EE

VE =—— X 100! 12
CE % (12)

A Co F Co s R TR 2S S AR 25 5, mAh 5 Ey,
. 532 15 L RE B A ST L AE B, mWh,

(3) VEB RKAFFRM L

Xt VEB ZE47 78 M R AR ER I, DAPFAS B A S 07 A2
TEVE

2 FHRE5HM

21 HELEBSH

] ATR-FTIR %I sb-PBI i #F 17 2 1F , 45 5
K 2(a) . 2921 cm™ 12852 em Ak AR I i e 43 1)
J& —CH,— A9 A XiF FR RS FR A 46 9% sl e o [R) A
599 em &b I I PRI T S—O B 45 PR 3, S=0 A~
o AR X R A 446 % s g 3 BZE 1164 cm ™' AT 1039 em ™!
A 1164 e AR A RS R IE T C—O 4k sl (1
JEAE sb-PBIJEH I A1 IH i 385 , i T RS2 i T S=0
PRENES C—OMRNEE A FTE. DL ES5 R M
Bl Joe L 0 £ € G Zh $2 A b-PBI F4% . LA, C—N Al
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C=N {45 sh &5 B2 T 1286 cm A1 1602 em ™%
ATR-FTIR 255491 AE R sb-PBI R E # s D) il 25 -

F i —E B sh-PBIBE Y {22 2544 , H 'TH-NMR
WL, 25 R an & 2(b) i, 7.3(HL) .8.3(H2) 1y
WA YR T 4, 4'- R ORI R R T, 8.3 (H6) |
7.3(H7) .6.7(H8) My I J& F 4,4, 4"-(-1,3,5- =
AL = RH BRI R AT, 7.5~8.0(H3~H5) MR F
3, 3'- A SRR () R AR T, 13.0(H9) A (e X6 1
Fokme LA T N—H i+, 4.4(H10) .2.4(H13) \1.9
(H11) 1.6 (H12) &b ) 0 Jag T~ e J A0 £ 7 FH 5 o+
W . SR, 76 b-PBI % "TH-NMR H 2 08 00 517k s 32 ]
BRI LR B0 AN, BT 7.5~8.0(H3~H5) 1Y

VYR 3, 3" - A IR IOR M I R A T T, I AR e
Wk me SL P (9 BEIS E B, DT P 2 IS A0 %, FL I 6 4>
AN 12 EE, B BT R RN, R B AR
FLE M 1.000, 3 F I, sh-PBI-30., sh-PBI-40, sh-
PBI-50 ., sb-PBI-60 & 7E 1.6 (H12) &b W F 3 4 4> & 1)
U T BR324 0.193,0.260,0.318 ,0.372,, i s i fk &
(SD)HHEARX:SD=(Au/Apsns )/ (4/6), Hr Ay,
S H12 W 1 FH 5 Ay s 42 H3~HS5 W4 15 #2 , sb-PBI-30,
sb-PBI-40 . sb-PBI-50 . sh-PBI-60 JI& () 5 o fi 4k, i 43
M2k 28.9% .39.0% .47.7% . 55.8% , 5 FIS B Ak JiF
FAR—5, "H-NMR 45 5 13— 86 & sb-PBI i &2 %
BLIIRE AR

%12  b-PBIFIsb-PBIIEAY ATR-FTIR(a) F1'H-NMR 7% (b)
Fig.2 ATR-FTIR(a) and '"H-NMR(b) spectra of b-PBI and sb-PBI membranes

AL, FIH XPS X5 sb-PBI-50 i (1 4k 2% 45 ¥4 i 47
TR, AR B an & 3B . 7E Cls i (E 3(a)),
284.8 eV Hy I X R T C—C 4 , 286.5 eV I T )& T
C=N., 7£285.2 eV £ 47, C—N Hl C—O % B A H
P45 A he. 76 NsiE i (K 3(b)), 435l 7E 400.1 eV
398.5 eV M 2% #| —NH— fl —N= i 1", Jf- H. sb-
PBI-50 Uiz N AU AE 400.7 eV Ab ¥k &3, X Bk %
1,4-T AR N R 5 b-PBI & A4 THER R N . 7 Ols
R (E3(c)),532.1 eV Ab iy 0§ X} R F C—O—C,
532.8 eV I IH 8 T C=0., ES2p i (K 3(d)),
167.9 eV F1 166.7 eV 4k By W AT 15 J& T O—S=0 1y
S2py H1S2py5164.3 eV H1163.1 eV ISR J5 T C—S
) S2pys Al S2pst ™ o B, XPS %5 4l 78 3 E 55 T
sb-PBI-50 i ity i 2y il 4 o
22 WAR BHKENBEFLHRBENH

b-PBI. sb-PBI I N212 i (1) I 7K 5 75 B 2R Al S
F e 7 A 4 (2) BTk o BT A b-PBI Al sb-
PBI ) I 7K 26257 B i 8 T N212 B (9.47 %), ixX 2 A
Sk S ACZER T LABE R [ i ARER, AR S 25 g T
ZINKTFo SO, T BIA T SEKME R L 1A]
FHESF b-PBIAR, sb-PBI WK F it — 203 K, H 3R

IR I 3 B A B 38 G R R B R
SHRUE MRS S IR UM G . R4 sb-PBIE i 1
7K 2 bl B A B 0 T R I 3 K, H D ik R
(12.05%~17.22%) 22 AL 55 /)N, B BH sb-PBI i H A7 4%
AR ) R e 1, RRAS A il /2 VB (R
sb-PBI fi5 (0.96~1.47 mmol/g) f) B F 38 i 75 it
FI0 KT N212 5(0.92 mmol/g) , H B 738 e 45 i
Wi 2 P it T 108 1 0 T 30 97 084 A, 33 % BH A 1 0
BT B A B AR RN L RERS A AR T A%
Fo UL, B B B S A R AH R A sh-PBIBLRE
PAGHRIY 15 e 1, M HAE VEB i 44t 1
.
2.3 HFMEEMLFEREN ST
b-PBI.sb-PBIFIN212 f& i Jj 2 PR e an &l 4 (b) iy
7o WE A o S P B 3, sb-PBI Y B
KALAPm BB B, Wi 2P KOoR g B, X2
Sk e ot e 1) D B B TR A SR I . SR, A L
T N212 Ji5 , sb-PBI 5 H A 85 K 1 de K ir A o B2 /)N
1R BT SR A 3 3 2 B U R N 212 Bk 2 1k 4 IR
IS5 | Re s R AR UL S i A e . Bz, sb-PBI
JIE B4 12 BEA T b-PBLBSE I N212 i 2 [A], 7843 1A 80
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%13 sb-PBI-50 iy XPS i

(a)Cls;(b)N1s; (¢)Ols;(d)S2p

Fig. 3 XPS spectra of sh-PBI-50 membrane  (a)Cls; (b)Nls;(c)Ols;(d)S2p

[El4  b-PBI.sb-PBIFIN212 BRI /K5 5 MM 88 A i 78 1 (a) 124 ERE (b) I
A SRR A 5 VB T B RS LAY AR AR ()

Fig.4 Water uptakes, swelling ratios,and ion exchange capacities(a) ,mechanical properties(b) ,and concentrations of V*'

ions produced per gram membrane over time(c) of b-PBI,sb-PBI, and N212 membranes

TS AR b 2 R A T A RS 5 2 4 T T Ak
P,

1E 40 °C 0.1 mol/L V° +3.0 mol/L H,SO, & #&
T RN IR S B PEAL T sb-PBIE A {25 Fa
ENE BRI A () PR o B B A) ) B4, g e B
TEREE P R VB IR R g n . SR, 7R
AH R B[R] P, sb-PBI BRI o= 2R 1 VB ik
FEmS = T b-PBIJE , 5 sb-PBI i {24 2 k55 T
b-PBI RS, 33X 2 H TR iR Ak AT EL AT 3 2 /KM B3
JBE 5 i A AV VOO R A R B S
R 3 BT =R %3 AR I B 700 1 A (OE o=
it R e A ) 5 B 2 T 188 i, sb-PBI Ak 24 e g kL 81

BTG R B SR, A B TR SR AT N212 i B
A A NG T A5, o 3 B s g K M, T A BRI
S EEPE VOB I T AR AR L S A2 AR e
Yo R I B o T IR BE R AL R 09 BT Ak R e v
TR B R H 1 Wang 25T X S5 HGE
24 HIBFBER RFESRMRFERESH
JEBH AL BEXT VEB ) CE BA B0 (& 5) .
WA 5(a) iR, BT A sb-PBE [ V4 B 75 15 HUR Y
W e T b-PBLAR , HLBEH S R A B (10 358 M0 i 328 4448 K
X2 DR A T R i AT A 5 ) A iR T B %) S K fEL [
o W L) 55 T BHALRE J1 . SR, 5 N212 BEAH b,
b-PBIFl sb-PBIRAY V5 11235 HU R  E FE. iX
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Fig.5 Changes in V*"concentrations with time across b-PBI,sb-PBI, and N212 membranes (a) ,vanadium ion permeabilities,

proton conductivities and proton selectivities of b-PBI, sb-PBI, and N212 membranes(b)
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Fig.6 VFB performance test
(a) Comparison of open circuit voltages of b-PBI, sb-PBI-50 and N212 membranes; (b-d) CEs, VEs,and EEs of b-PBI, sb-PBI-50,

and N212 membranes at 80-280 mA/cm?; (e) comparison of the EEs of sh-PBI-50 and PBI-based membranes reported previously
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Fig. 7 VFB cycle stability of sh-PBI-50 membrane
(a)long-term cycle performance at 140 mA/cm?; (b)cycle performance at 80~280 mA/cm?; (¢) ATR-FTIR spectra of sh-PBI-50
membrane before and after 1170 VFB cycles; XPS spectra of sh-PBI-50 membrane after 1170 VFB cycles:

(d)-(g)facing positive electrode;; (h)-(k)facing negative electrode
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Fig.8 Morphology of sh-PBI-50 membrane
(a)digital photo; SEM images: (b)surface; (¢)cross-section; SEM images after 1170 VFB cycles:

(d)surface facing positive electrode; (e)surface facing negative electrode ; ()cross-section
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Coal-derived porous carbon electrode
material for high-performance zinc ion
hybrid surpercapacitors

T LTS, ERRE, VRROR AT R X )
CEBUTAR R 2= S35 TR 5B , 8 g 241000)
DING Lei,HUANG Xiuli, WANG Lulu,XU Maodong,
REN Yiming, HUO Chaofei, LIU Huan’

(School of Chemical and Environmental Engineering , Anhui
Polytechnic University, Wuhu 241000, Anhui, China)

FE ST IRE s S0 R B IR IR, & TR 22 L ¢ AR A AL AR T I PR S T T v ORI R e T R i H A
HYSEEE . ASTIFSE LAARA IR R AR, KOH TG A6 550, 3 — 25 G AL SR, il 48 T A SE 2 AL ikl . 45 3R ol 45 i A5
FL AL A K IR FALIE G5 (FE R T 2094.5 m?- gL FLA S 0.96 em®- g~ 1), 32 & A A AL N O Ze 513t
B2 K BTSRRI . DI L 22 L S IE B, 2 mol - L1 ZnSO, AWM FIUME BT , Zn §A R 50, 256 n =X e s 7
RAHMARIEOLAg "M E T AR EIL178.7 mAh-g s Ml VB [ K 200 %5 %5 20 A-g ', LL A8 S ATy 4E 45
89.2 mAh-g ', I T 1 5 1O fi5 Mk R 5 5 K RE I % T AL SR BE 430 o0 142 Whekg ' F116854.9 W-kg ' IL4h, LAHA
e @ZnSO, 2y 58 g PR i SO A) S 09 1 1 A5 B3 TR P 2 48 [ R b o o iy mi Ak 2 P, O R A R M

KRR R s 2L I RALIE SR s ks B IR G AR

doi: 10.11868/j.issn.1001-4381.2024.000886

RESES: TQS3  XEHRIRE: A XEHS: 1001-4381(2025)07-0212-09

Abstract: In light of the “rich coal, poor oil, and scarce gas” resource status in China, developing carbon
electrode materials from coal can accelerate the transformation of clean and efficient utilization of coal and
the realization of “dual carbon” goals. Herein, the porous carbon is synthesized from Shenmu bituminous
coal via a one-step KOH activation strategy. The results indicate that the resultant carbon possesses a
hierarchical porous structure with a surface area of 2094.5 m?-g~" and pore volume of 0.96 cm’-g™',
abundant graphitized microcrystals, N/O co-doping, and excellent hydrophilicity. By employing as-
fabricated carbon as cathode, 2 mol-1. " ZnSO, aqueous solution as electrolyte, and Zn foil as anode, the
assembled coin-type Zn-ion hybrid supercapacitors (ZIHSCs) exhibit a high capacity of 178.7 mAh-g ' at
0.1 A-g "and retain 89.2 mAh-g ' by enlarging the current density 200 times to 20 A+g ', manifesting an
eminent rate performance. Importantly, the maximum energy density and power density of ZIHSCs can
reach 142 Wh-kg ' and 16854.9 W-kg ', respectively. Furthermore, the quasi-solid ZIHSCs based on
the gel electrolyte of gelatin(@ZnSO, also deliver outstanding electrochemical capability and excellent
{lexibility.

Key words: coal ; porous carbon ; hierarchical structure ; electrochemistry ; zinc ion hybrid surpercapacitor
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F14) 153 T2 58 5 22 L e LA P SRy A COE AR P 356 1 0 o )
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(2) #E [ 25 ZTHSCs 21 %6 : LT B8 Ji5 19 Zn 76 8 1
e, B @ZnS O, Ay 5 HL A T, ] 8 1 T 3 211,
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i e LU B FAd A . L, BB PR T A 4
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214 PR T AR

202547 H

P A B R S R # k4 b, R BT B A
TEAR
1.5 RIUEMNBRAE

I TM 3000 4 SEM F1 Tecnai-G2-F30 % TEM
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FLR TR AL . SR SL 250 U4 fih A 0] 24300 38
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L BAPTIE (EIS) B Ak 243k . 3 5k CT2001A ALHL
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P=23600E/¢t (3)

A TR R, A IO IR T 55 Vo TAR L

T 10 (AN B 375 530 R P ] A B RS ) , V7 5 R 3 P it

ik, g.
2 #ERESH

2.1 BESILRHMERERTH

e Bl SEM WLEE T 7 il £ 15 35k 22 L o ) T B R A
(El1). HE1a) ] LIA ), DSMCA 3 I G i /Y
AHIHORIE S . B 1(b), (¢) Tl %0, 051k
DSMCAK 2 T £ 3 R i 38 Bk ) fLE 2544, A
6 A7 KOH 58 & A= 1 30 0 Ak 2% 5 R (6KOH A+
2C = 2K+ 3H,+2K,CO) AR T K LIS, A F1Fhn
PR APV 5 A s R 0 E fer A a5 . FRIRT 1(d)
EDS St £ /0 0] I ), DSMCAK i /£ 7E C N,
OJCE HAMmEA], Hirp N O 22 i T3 B 2 F Tk
S M AR e AT | 386 A R4 L 3 T AR (L A
MEELES, AR T A A0 25 1 . i T el A i A b ok
il P AGAGR N T ZOk AR 1 SR, SE B T 4
TN HB., #—LFH TEM 481 7 DSMCAK
AT 25 4 , I 2 fif s, DSMCAK “h JG 58 JE 45 44 3
PR K A S AT AL, A8 R 38 o S P D
Bl e Al 2 T A

BT MR R SEM 4]
(a)DSMCA; (b), (c)DSMCAK; (d ) DSMCAK ) C .O NJGZ EDS B &
Fig.1 SEM images of coal-derived porous carbons
(a)DSMCA; (b), (¢)DSMCAK; (d)the corresponding elemental mappings of C,O, and N elements of DSMCAK

A0 et N, 25 7R 2 o6 - o B 3k — 25 i TS £
LR ALIE S5 (F 1L 3) . MNFE 1 A] 201, % iR
i DSMCA F 2 T8 A1 (Sper ) AR FL AR B Ry 222.4

m’-g 'F10.05 em®-g !, i DSMCAK H 2 i BRI FL
A 43 90 R 35 2094.5 mPg AT 0.96 em?’eg !, i B
KOH ZI pi /) @ 2 (2 iF T FLIEZ5 M 28 1k, 5 SEM
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Fl2 MEEZILH DSMCAK Y TEM A
Fig.2  TEM images of DSMCAK derived from coal

®1 BEZILRHILBRERSH
Table 1  The structure properties of the porous carbons

derived from coal

Material Sger/(m*+g ') Pore volume/(cm® g ')
DSMCA 222.4 0.05
DSMCAK 2094.5 0. 96

gh 3 I 3(a) AT, DSMCAK (7 N, W F - 55 B
IR T/ IV AR A4 E (FEAHXT I P/P<<

0.05 i, N, W52 i s 54 1 5 75 0.4<<P/ Py=<<0.9 i Bl Y
1P B I [ 3R 5 AE P/ Py=>0.9 B, N I B 2218
Jin) , B DSMCAK ELA 5 R AFL3E 2544 , B[R] B 47 78
AL A AL R R AL, 5 3 (b) FL AR 4 A il & A
SEM.TEM 73 Hr &6 R —2, #i itk , DSMCAK B4 &
TR o AL TE G5 A0 S R A L 3R T B, AT A Ak 4 e
TAEH AR, It k2 gl 0 2% | TR B 4 AL 22 1Y 7R
PEOL S, IR LT A7 7 o

3 BRHLZALH DSMCAK A N, M B - fst 43 2 () LA G304 i 2 (b)
Fig. 3 N, absorption/desorption isotherms(a) and pore size distribution curves(b) of coal-derived DSMCAK

185 Bl X SFERAT SR E G IESR A AT T B3
ZALIR B AR SRR (1 4) o B 4(a) XRD & & AT
DITE 24.3°F 43,7 W5 3] 2 AT e, 43 ) U g 1T v
PRAT SR A A (002) A1 (100) dh T . 5 DSMCA M EE
DSMCAK A7 55 06 5 55 B 5 98555 , 3% J2 i KOH Z fsh A
FHREAR T i A oBHE B 51 /Y . b 4h , DSMCAK
XRD U 5 JF 7E 20<20° [X. 38k 103 38 i1, ik — 25 15 B
DSMCAK fFAE R LA Y, 5 TEM K N, 21
W B - A A R — 3. R 4(b) 45 Hh TSR Lk
i) Raman Y635 &, £F 1350 e ' A1 1580 em ' BfF 3+ ¥
T IR DR G W, 53 )@ T ICE B 451 sp i FiLfr 254k
ghER sp B, DS G ISR H (/1) % T
i B B R A A BB AL R E , &3 B DSMCA Al

DSMCAK 1 In/I; {8 43 7 i 1.17 1 1.03, ¥t B
DSMCAK HA 8 & i A S e . 32 o KOH
WL SR IO E A sp RN, AR T HA
sk AR

I X SR OG T g i AR 58 T 1 2 2 AL s
DSMCAK 3R IC R H AL (E5) . Kl 5(a)
FXPS i BR T C N.OJLRENES, sE—4H M
T DSMCAK &4 N, O =i, H 55 & & 55k
2.04% M 7.63% . B 5(b)Esr#t ClsiG G0 sp'C
(284.7 €V) .sp’C(285.4 ¢V) ,C—N/C=0(286.9 eV )
Fl-m+(290.1 eV)ANIE 0l 18 5(c) A, i 43 98
NIs G5 4 B0 & Z A, 5 31058 T N-6 (nikiE
A,397.9 eV) N-5(MEE%(,400.1 eV) N-Q(AB4A,
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4 PR Z ALY XRD & 1E] (a) F Raman 3% 4] (b)
Fig.4 XRD(a) and Raman(b) spectra of coal-derived porous carbons

5 DSMCAKMIXPSHEE  (a)223;(h)Cls; (¢)Ols; (d)NIs
Fig.5 XPS spectra of DSMCAK  (a)survey spectrum; (b)Cls; (c)Ols; (d)N1s

401.0 eV) M N-X (H E kLY, 403.2 eV) , H i N-6 {i%
FEHS AN N-5 B B4R A T DAL 1 A 5 Hh 28 08 177 42
FL ] A7 it 25 0, T N-Q 1 sp” 22 fh 45 44 T 1 5 1 L
5 L E I O L Ak 2 B 2 5 (e) R B
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eV)HI C=0—0(536.7 e V) &8 B HEHA 5, N O
JEF ELAT B3 4 L B M T i 2 38 DSMCAK & 1
Bl 017 b 3 i R T IR e | B Sk

M6 0T LA Y K 76 X BRFE i DSMCA & Ifif
HFE M FA 200 146.8°, T £E DSMCAK 2 I 9 42 fim £ K
MRS/ N 2 29 83.9° , WEM] T DSMCAK B A 1 B f 38 7K
PE R F 7K FR ZnSO, HL MBS W B, B 24
Lb 2R 1w B, 0 1T 4R T AT AR L 2R i, U
R TR AR A — 2PN Ak A R S 2 AL R

DSMCAK MU K iK1 53 P 2 FLE5H) S K i A
AL AT T N O B 4 IF ok 17 SRk Pk,
A R T H g A6 iz, A BRI T 2L 5 0 f b
PEBE
2.2 N ZIHSCs BL 2 ERES T

WG E MR L2 7E 0.2~1.8 V HLIE B FH T FF
il 25 B Z L i itk 2e R . R 1B 7 () AT,
ZnDSMCAKZE5 mV+s " H R T CV e fr BBl A%
() i ARG 2 K F ZnDSMCA M Zn[YP-50, it B
Zn|DSMCAK 7t 758 i AR T Zn[DSMCA, 1iif H 8
if TR YE s ZIHSCs fAAif 78 1, X JH 8 T A 3k 1)
i, EZ et )N AR NS T AN N SR aR - R
24 T3 42 G0 S5 Ak e B B R AE . oedb,
Zn|DSMCAK ) CV [t £ 52 25 56 18 54 A7 35 M /9 B
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6 DSMCA(a)fIDSMCAK(b) 55Kk #2fi ff
Fig. 6 The contact angles determined by water drops on the surface of DSMCA (a) and DSMCAK(b)

W, % WA Fir 20 %% 1) ZTHS Cs i REAT 9 1 % TE ML fL i
PREH I / H8 BRI B ) UL 2 F 25 R il I Zn® HiL Ak
ST TR/ R B AR I IR r S S Rl .’ 7(b)
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Mk, B & A B AR 0B AL BT, CV IR A i 45 6 X FR
PER AP A9 AETE | R 434 3% 050K %2 500 mV-s
CV hEAA & A4 B ALl , Ui DSMCAK B B
B 1) R A 2 T KR BRI RN B ) 2 RS T R Gk
() 43 % FLAE 235 #4) RO 5 19 2 A MR A S 0 o e
iz .

& 7(c) ZnDSMCAK F1 Zn|YP-50F A9 1% 4%
Al T DLW 2 B AN [ B 30 25 BT 25 22 0 7 ke o
it HPECRCER B ZnDSMCAK 770 75 i i
FTF Zn|YP-50F, 5 CV 25—, 1boh, 454 R

LI B T ZnDSMCAK B R AFXFRME Y GCD il
L (E7(d)), #E—2AE0E T DSMCAK HL A R AT
B Y AL 2R RS M S T i M . Zn|]DSMCAK 7 0.1
A-g LB EE T LA R RGA 178.7 mAh-g ! BRI,
WY K 20075 2= 20 A-g !, HL & B AT AR 4k 15 16
89.2 mAh-g ', AR FF R B F 49.9%, B EFE LT
Zn[YP-50F (7E HL I B 0.1 A-g "I, HL &8 4 99.6
mAh-g ' 24 HL B CK 200 F5 B, H AR R R 44.1
mAh-g |, RS RA44.3%), T/ EIHIEDSMCAK
FL AR A BHLE R A 2 2 0 st A v A ARCPR 04 3 ) A R
TR fE Atk fe . M % B R R AR PE = 1 A-g !
}.0.2 A-g ', ZnDSMCAK b 25 5K SR 4 45 78 121.9
mAh-g~ '} 144.5 mAh-g ™', JE R 5 H 4] 4h (6 124.2
mAh-g '} 157.5 mAh-g "L, BB DSMCAK H %

7 ZnDSMCA Zn[DSMCAK FI Zn|YP-50F 75 mV s~ HHA#liF FAEIRR % M128 (a) , Zn]DSMCAK FEAR A MR R G RZ ML (b)),
ZnDSMCAK I Zn|YP-50F £ 0. 1~20 A-g "HLIR B F A5 MERE (¢) , ZnDSMCAK 7E 0. 1~20 A-g HL % B I A s A i 2k (d)
ARG T 1A g ™ LR EE ZnDSMCAK fE AL FE B IR (o) , ATl f e T Zn[DSMCAK IR L 784 (1)
ZnDSMCAK f Nyqusit Bl (g) , Zn]DSMCAK 1 Zn|YP-50F ) Ragone [ (h)

Fig.7 CV curves of Zn[]DSMCA,Zn|DSMCAK , and Zn|YP-50F at 5mV s '(a),CV curves of Zn[DSMCAK at a scan rate range from 3 to
500 mV s~ !(b), the rate performance of Zn[DSMCAK and Zn[YP-50F at current density 0. 1-20 A+g~'(¢),GCD curves of Zn|[DSMCAK at
current density 0. 1-20 A+g~!(d),GCD curves of ZnDSMCAK with different mass loading at 1 A-g~'(e) ,areal capacities of Znj[DMSCAK
with different mass loading at 1 A-g~'(f),Nyquist plots(g) and Ragone plots of Zn|[DSMCAK and Zn[YP-50F (h)
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75 30 i R i R F A SR A AILEE H ARG 1 e e
2R T LT RS, DR A CV k£ i A v AR
PR, ML 8 (o) A5 5% BE ML 8 (d) GCD il £ ] DL &
PRME [ 28 ZIHSCs f0ift 728 B 38 AR AT BRI =080
JUE tt v [ 25 Zn]DSMCAK 78 8 5 H 33 7% rh A7 4
B CRCR E0. L A g " HUR B T LA BT
H A 182.8 mAh-g ', Rl Hi Jif % B 9 K 100 fi5 &
10A-g ' lEERJEA 51.6 mAh-g 'c HHHEE
FHAKF M 1 A-g ' 0.2 A-g B, LA RS54 95.0
mAh-g ' & 133.5 mAh-g ', 3 7§52 31 H A 46 {8 94.6
mAh-g ' % 139.9 mAh-g ', FFKUEH] DSMCAK EA
g3 I HL b 2F R i BT i ol 1B 8 (e) 11 Ragone
BRI, e [ 245 ZIHSCs 78 99.2 Wekg 'R T,
R RBEHRE % % N 141.6 Whekg ' (36 MEW) i 2k &
2.5mg). RIfH7E7894.6 W-kg ' TR H T, fig i %%
JEBEA 32.3 Whekg 'o ZEBIMEAE Ry nl 2R (F 0 &

F8  EfIZS Zn]DSMCAK (1 ffb %P g
() B 7R IR (DGR LR 5 (€)0.1~10 A~ g Mg ; (d)1E AL e i £k (e)Ragone [ s (DR M 2T 10 mV s EFRA 22 M4k ;
()5 A-g "FO~180° I Z B G A AR RS (WS A-g MR E
Fig.8 Electrochemical properties of the quasi-solid Zn[DSMCAK

(a)schematic configuration; (b)CV curves; (¢)rate performance at 0.1-10 A+g~*; (d)GCD curves; (e)Ragone plot; (f)CV curves under different

bending angles at 10 mV s~ '; (g)capacity retention after repeated bending 0°-180° at 5 A+g~'; (h)cycling stability at 5 A-g ™~
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BARAR , N LA A IR R 22 3E AR 10 mV -s R
THET AR MMAETCViigk. HES(HTLUE
ORISR CV IR AR R — 5 AL
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TN 07 il 2] 180 T B Ae e P, 45 R LRI 8(g) o
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Zn|DSMCAK AJ 3R gl i 3R IE 5 TAFE# I 24 h, &l 9
Fi7R o

B9 #ERFZS Zn]DSMCAK 3K 8l 2 B A
Fig.9 The photos of electronic timer powered by quasi-solid
Zn[DSMCAK device
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FEE : L KMnO, . MnSO,+ H,O . (NH,) 8,0, 113 18 Ay J5URE , 38 220 45 1l 7K #4521 1) T B R 0] 45 G AS ] 5 A 1) — S Ak A
(MnO,) . it XRD . SEM , TEM £ AR bR S5 H FITE A AT RAL o 25 KR, BTG 1808 MnO, 34 R 9K 0k: , (HA [R]
PR (4 MnO, 5 3L R R Y SOWTE S o 36T e He Ak 22k BE 2% B - 5-MinO, H T Hgt B (4 48 Bk 4t A 4R A5 R 4 S I 437 o5, ik
AEI A0 T A S R (4 MnO,, 7E 2 A/ g (A L I8 B T B3R 1400 UK AT LIGA 21 623.48 mAh/g (Y L A H . SR JAIEERR 2%
2% L R Ak 27 ST R PR JAE 1R BT 2 B AR AR 98 MinO, FRLR B9 301 727451 L 5-MinOL I8 S8 5 B9 Li 9 Blodi =% .

SRSRAR] S T HL M A s AR s Y R RE

doi: 10.11868/j.issn.1001-4381.2024.000134

FESES: TQI52 TERERIRAD: A NEHS: 1001-4381(2025)07-0221-07

Abstract: Different crystal forms of manganese dioxide (MnQO,) are synthesized using KMnO,, MnSO,*
H.,O, (NH4),S,04, and hydrochloric acid as raw materials by precisely controlling the temperature and
duration of a hydrothermal reaction. The structure and morphology of the materials are characterized using
XRD, SEM, and TEM. The results show that the synthesized MnO, nanoparticles display different
microscopic morphologies depending on their crystal forms. A comparison of their electrochemical
performances indicates that 6-MnQO,, due to its unique flower-like structure, provides many reaction sites,
leading to superior performance compared to other crystal forms of manganese dioxide. At a current density
of 2 A/g, 8-MnO, achieves a capacity of 623.48 mAh/g after 1400 cycles. The kinetic properties of the
MnO, electrode are investigated using cyclic voltammetry, electrochemical impedance spectroscopy, and
constant current intermittent titration techniques. It reveals that 6-MnQO, exhibits a higher Li" diffusion rate.
Key words: lithium ion battery ; anode ; manganese dioxide ; crystalline type ;nano material
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AT EUR i, LIBs BN HT37) 57002 i B4 50
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AB . MK MnO, i] LIS 22 (8 6 M40 A, R MR 4
1o L AL - A GRS L 8 E MO, DL 2 i il
TFEAE (- B R-FY y-RUAN5-HI 55 ), Hodr, o-FY B-AU AN
y- T EAT — YR RETE S5 1 O- U — 4k PRI AW
B~ Mn* Bk 6 4~ AH AR 19 A LI P B — A SR AR 1
MnOg /\ A& A TT, i T MnO, /\ [ 55040 B 7 4211
75 AR, 5 3 MnO, 5 3 H /N AS [] 4 % 1 5k
JZ L ORI 45 R R TR] A 28 Y MinO, HAT AS A [R] 119
HLAb 2= BE

A TAE R HAS R  Jsot, it 7K #8905 s o) & 1
Foft fia R A 44 K MinO, (- 78 3-8y - HU 1 O-78) Ff 5 L
HEATFRAE 38 55 5 B 5 | Fi Ak 2 03K 45 T B X AN [
i 8 MnO, [ A2 PEREEA T4

1 SREMBEHEE

1.1 LSRR

1o B R AT (KMInO, ), BT T 3550 4 BR 23 7 5 S 1k
i (MnCl,) , 11622 s bRA AR A BR A R s — /KA i
2% (MnSO, - HO) , REEHT AR N X R KA1 T
I R B ((NHL) .S:05) , K EHEAR R AL 2 U0 A R A
Ao VA L2y Bhartiati. R (HCI, 12 mol/L) , K
AR R IR A R AR A LS TFRERE
1T mol/L R . SEge R Fe b T H 2588 /K th L i i 4
Y284 B2 7 2B 77 19 Basic-S15 8 [ 3l U 4l 7K 2%
TR A 2% o
1.2 AEAE MnO,HIH &

R K Bk il £ AN TA] f 28 MnO,. - 1l 85 «-MnO,
FITELR A B8 84 0.316 ¢ KMnO, & T 50 mL 28187k
% Sk 5 min J5 , A 20 mL #5782 (1 mol /L) 4k 254k
$£ 30 min, ZR 5  15 min 2RI S . R GE R
B B N AT N R DU R 2K R R B AN K B R R &8
(100 mL) 7 150 “CIR s KUHLA H s 8z 6 h, B S A
SRV HI BRI . SEa i L8 KR K Z BEXT e
7= AT B O | 7E 60 “CELZS TR L T8 ad
W, 1533 a-MnO,.

B-MnO,.y-MnO, H18-MnO, {4 T. 2,5 «-MnO,
HARL, AN 58 3T B-MnO,, 45 0.6 g MnCLA10.3 g
KMnO, &4, 160 ‘CZK# 20 h; XF T y-MnO,, #£ 3.375 g
MnSO,+H,0 #14.575 g (NH4),S,05 1R A, 90 ‘C/K #
24 h; XF F §-MnO,, 4 0.275 g MnSO,*H,O fil 1.5 g
KMnO,iR4,160 “C/k# 24 h.,

1.3 MRRMESBRENK

fifi FH 2L CuKe R SRR B9 TTR B X 528 fi7 5

(X-ray diffraction, XRD )X 5341 MnO, i) 425 ), T

I R 5°~80°, 49 A 5 () /min, @A A H
F 1 8% (scanning electron microscopy, SEM) W ¢
MnO, (WL AR . 8 TEM-2100 4 3% 5 - 1. %
i (transmission electron microscope, TEM) 3k it — 2
NLEERE i F SOV S5 A s 2R 80

TE T TR T EH P 43 CR2032 B4 1 v itk
AT HAR 2RI, B A A . AR B MnO.,
S HL ) (Super P) F %k 45 7 (3R 0 90 & s , PVDF) 4%
7:2: 1 A A, LN 1.0 mol/LL LiPF % T
BRI £ 4T Bk 2 — H e F B 2 FY M6 v (EC: DMC:
EMC=1:1: 1/{R8H) . 1l CT-4008 B &k L b )
AR GEHEA T E LI T s I A M R R e
i 6] 8K %E (galvanostatic intermittent titration tech-
nique, GITT) W, i I VIMP3 B fi, 4 27 A 3l ) 5t
R B b 22 FH TS (electrochemical impedance spec-
troscopy , EIS) , 3 #4796 #1 R % (cyclic voltammetry,
CV)ili

2 HERE5HH

2.1 MRERAE

& 1 Ay 38 2k 7K $ak A 9 A MnO, A i 9 XRD &
Tk 38 2 XRD B35 A 2 AS 5] 5 78 MinO,, B R AF & T8
Hohr, o -MnO, i1 5 B35 o 47 T 12.87 1 18.17, 28.8" .
37.5°.49.8° 1 60.3" B U 43 1) % b T AL A 47 Y MinO,
() (110) , (200) | (310) . (211) | (411) A1 (521) & T
(PDF No.44-0141) , 2% B /55 5 2 B1 R ER R 28 2ok K B s
W T BT PR A 8 MnO,, Hi 58 1 1 5 25 150 1A 4
BHAGZE S R4 . B-MnO, fi7 5 K% 47 T 28.7° . 37.3°
F156.7° 1y e 43 1) % N T 8RR B B MinO, /9 (110)
(101) A1 (211) &4 i (PDF No.24-0735) , & i J3 (1) 921
F W] B-MnO, [F#: B A 5 & 45 JPE . y-MnO, #
3-MnO, 1) XRD K3 431 5 75 J7 . 4 % MnO, (PDF
No. 14-0644) FK #4465 7 MnO, (PDF No.80-1098)

F1 AJEF A MnO, B XRD % &
Fig.1 XRD spectra of different crystal phases of MnO,
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AIARE PDF R X i B AF, A WER 31 5 2% B A OC 14
TRV, RWG = Y sh e o {2, PR MnO, AT
S s AR g H™ i Ak, R A R RS
RN R T iR ROE A, SR ] SEM X Y
Bl Al A MnOLBE S AT R AE , E 27 7R o «-MnO, i
TN AT B KR S5 R (1 2() ) KR O K KT
1 pm, B 100 nm 47 . 5 «-MnO. A Lt , B-MnO,
B AR R (200 ~ 400 nm) KB BT e kR4

)

tﬁ_
m £|_

&_.-'

(K2(b))o y-MnO, 2 BN HRZ 5 pm 19 1 JHR 45
P, AR B, H B R B S T Ak A
(K 2(c)). ZEE 2(d)H,5-MnO, 7 832, JTE 5L 5¢
H LRI K 7 R AR R A5 R ARk T B
12/ 600 nm £ 47 o F T MnO, B9 B HL ] , 5-MnO,
() AL IR S5 48 2 PR AR R o A8 S AN s, BT LT A A
FUBE TR B35/ N 0 K RS A R T AR L 7 A
MR B e 22

Vi &

E 2 RFEHE MO, 1) SEM
(a)a=-MnOy; (h)B-MnO,; (¢)y-MnO,; (d)8-MnO,
Fig.2 SEM images of different crystal phases of MnO,
(a)a-MnOy; (b)B-MnO,; (¢)y-MnO,; (d)3-MnO,

R T A8 R DU MnO, BT S5 A HOULZ,
¥, TEM X MnO, A AT 4E, a3 it , 1Y
Fh MnO, ) TEM K #il SEM EI A%} . £ HRTEM &
o, AL DLOWLEE 2 T Y «-MnO,(211) &4 10 5520, fikk
[ FE 4 0.21 nm (&l 3(a) ) ; -MnO, i fi ks [A] 54 0.31
nm (& 3(b) ), XF W AR B9 (110) & 1 5 y-MnO,
() fm A% (] B A 0.26 nm (& 3(c) ), X R 7S 40 19
(031) I 5 6-MnO, ¥ fm A& B #EA 0.7 nm (& 3(d) ),
X T K AR 5 (001) b T, AH 55 He Al 78 Y
MnO,, §-MnO, 8 5 (1 A% [8] B 344 F T Li 7EM K rh
M AL o 256 BB RAELE AL, Uh B 7K $hak i ) b
BT YRR AL MnO,, HRE 58 50 M, 4l BE
22 EBUFMESHT

7% A [A] F MnO, 5 H AL A PERE , ZHE i/

MnO, ¥ B b - 3847 15 70 50 Ik, e i L F v
il 4 0.01~3.0 V, fHE L Z FE R 0.1 A/g (B (4)) .
F P AN ] & 75 MinO, 9 49) 1 70 550 R T £ mT 260, a
Al 84 1) MinO, 19 497] 1 750 H Bh 2RI IR AR AL, LR E0mT DA
I ARGy 0.4 V UL B RHE X RN 0.4 V U K
FEX ., La-MnO,(E 4(a)) kil 755 — U i
0.4 V DL RY#HE X A A E] 77 9 LiMnO, B E B
I MnO,+Li"+e —LiMnO,, B 5 7E 0.4 V &b H #1
T— N6, FEAL  LiT gk 1) LiMnO, [ 4
k& e A, LiMnO, 8% 18 7 A% Li;MnO,: LiMnO,+
Li'+e —Li,MnO,, BfiJ57£ 0.4 V-S4 8 5 5 5+
b RN 4 SRR, FAAR R A - Li,MnO,+2L1 " +2e —
Mn+2L50. & BIEHERE , &4 5 %8 MnO
1M 9E MnO,, 5% — Bl R IE 5 LiMnO, 1 &HIE I 2%, IF
AR, LT R G R RO R X, HR R IX
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[#3  RAfH A MnO, B TEM K FIHRTEM
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)5-MnO,
Fig. 3 TEM images and HRTEM images of different crystal phases of MnO,
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)3-MnO,

P, AF X 57— U L B BT T v (R B AR A K
SO R L AR KR D %A AR R R
9 :MnO—+2Li" +2e —>Mn+Li,0" . #AK 8 ¥) 14
TR IR U 4 JE A AL AR R LIBs T b i — A~
o s Ba , BRI SCBR R A S b e P e
Fe s, TR U A 5 7 MnO, 19 78 i L AL < «-MnO,
B-MnO, . y-MnO, Fl §-MnO, 147 4 il i, b 25 240 5
1857.1506,1891.,1476 mAh/g, B IR 7t H, 1t 25 2 43 )
H9502.658.899.514 mAh/g, ZiH5, HFECHER 5

X H 27.03% . 43.69% . 47.54 % 11 34.82% , 1 J 3 Fil
PG 110 32 2 I DR 2 v A TR P AS RT3 43 i (LR MO,
22 [8] ) A AT 0 A i vy A SET R B T i . Hev, H
R B AN T 335 o 2 RO RO R L 2 5 T L,
MnO, 1 IE B, 7E 9] 4 L il 2 rh B S B AE 0.75 V
DL b A AR A R ) AR i X B 5 SET RS AR ol = 8 kA
FE R 2 AR 3 R R/ IR, BVAE TR
0.6 VBT, Li -5 MnO, AN AT 386 (1) %4 s by W) 3228 & A
FE0.1 V Iz, EE4(d) AT LIE 2], 75 2ad 5 1 1

B4 0.1 A/g LIS BT AN i R MinO, B ST 2k
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)5-MnO,
Fig. 4 Charge-discharge curves of different crystal phases of MnO, under 0. 1 A/g current density
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)3-MnO,



R E I

AN [5] i R A oK S A A ) SO Al e 225

FE S, 8 -MnO, (1) 78 L il 26 AH E O At = Fp
MnO, HA 545 (0 A v, 7 — e B b R i H 5 22
AFGE B - 1) ] 3P DU AT RE R /N Aok RS
FIAE BRIE 3 4 48 8 22 118 2 7 A7 A A 5K o

& 5(a) K7 ] i 5 MnO, By A% 227 B it 245 5
1£0.1.0.2.0.5.0.8.1.0.2.0 A/g M IE T, B
a-MnO, [ LA T EARSN , oAl —Fh i 5 ) MnO, 1A
AT Y L 28, X W] o-MnO, I R PR i 22 . 24
HAL I 2% B B M1 0.1 A /g, 1T L& B 8-MnO, i L %5
s, 0430 mAh/g, FERREFEON 91.93% , R H
HL b 27 ATt P T A HE D 5 LR B ) A A R M
K, FAE R R 1 AR L T 2 1 R A e, O HUH AR

AN AR ZE R R T LT PSR Y H . A T 2SR
TEAPERE , 7E 2.0 A/g BT B XT 6-MnO, #4715 HL I
PEPAERE I, M AT F b e 0.1 A/g R is 1k 5 B ff £
R 5E 4G . B 5(b) B FEAG ER 1400 B s , H
AR IR E T 623 mAh/g, EE SRR N 99.47 %,
BE Ak, e R b ) 25 B O I T G o) 328 T 0, (A
PEFR KL 100 P, R b %) 25 2 JF G 2 S 185 o, 3 b 3
SAEHAMAG S & 8 Ak i TR A 5
X AT BB U P T 0-MnO, Jh R 1Y AL ER &5 4 3 58 T MinO,
A RN, 7F 20— 2 BB A R ) L 5-MinO, 13k
(AR AE fb 25 800 L 52 o T B4 3% o7 8, 2 1T
AT E

K15 A2 MnO, ) 78 i
() AR F T MnO, BIF5 2 PERE 5 (D)3-MnO,7E 2 A/g F I KAEFERE

Fig.5 Constant current charge discharge testing of different crystal phases of MnO,

(a)rate performance of MnO, with different crystal types; (b)long-term cycling performance of 3-MnO, at 2 A/g

HE—25 R ELS £ A 10 A i 78 MnO, B ) 1Y)
Lk 2 R Bl 3 2 R4 T 3 A (16 () ) o I s i X
()24 R o AR e H fr RS BT (R, , AR AT L —Ff
i 8 15 MnO, . 6-MnO, 1 R, 5 /N, 6 B H B A B AR
H ey A B il FR U1 A 2R TR AR 1 16 R 2 A T
T T R T A R B AR AR L R T L
PR AR X 0 AR 53 T AR Li* ZEA R rh
BT HAT 4 «-MnO, Fl §-MnO, F 1 22 383 BHER 2 Hy
45, Ul W H Ay SR ) > R i R 1 B-MinO, Fl
Y-MnO, 1 L FR 53 A28 10 K T 457, Ul B e v
B A Z BT R

h T HE— AW AE Li A DU FR 7 MnO, 5§ HE
1709, R H GITT & Li/MnO,2F s i 47 705, Lit
P HARED! TR (DR,

L4 (mBVM )( AEs )

s | AR (D

ya

A s e R DK R SR I 8] 5 27, DA FELUBR 3 P00 5 1) i
5 Vi BEIRRRR s My DR BE R Bt 5 S Shy A A5 v T

(2 fil TR s AES R ikop 5 R 9 Fa R 28 Ak AE R
UL FE R A H R AR A . I SR F L AE 10 mA /g
) HL i A S L R AR B 3.0 Vs R fE L
50 mA/g LN LA TR | B[] 2R 30 min, RECH
SRR HE 2 hy e, AR R P AN T L 7
B, B E A ERF0.01 VAL Rl RS Z M.
H1 [ 6 (b) AT T, , MinO, 7€ i FE 4 R 78 i 45 SR B B 1)
FL R D Bl A, a3 X I T A R F i R AR i
O3 o TR T £ DX A4 H I8 30 D00 4 /0, 10 B 121X 35
R s st B, S GITT i B2 n
Li" P 8RB & 6 (o) fE 6 (d) Bz, 43 5 i 78 78 i
FEL 70 B ) L 7 R BB e T i el AR i #5, mT L
A b L 52 2], & -MnO, 91 A AH 4 F o Ath = B i A
MnO, B R Li 3 8 R 5, b g K 483k eR 6-MnO,
AR B B A R R R

itk — 21 i MnO, A BEAL I, XF Li/MnO,
H It AT AR 3 CV I, B 7 A TE] B 2 MnO, Y
A CV T4k, F3# 8 0.2~2.0 mV /s, i i 1§ H i
AR C R ci=ad’, 1T OEIF BT L AEREMLA
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6 AR ST MnO, 1t 3l 715V R 4 BT
(a)EIS 28 ; (b)7E GITT MR FEACH 2 5 (o) e i A b it BRSO 2R 18T () FE e il Bt LiT P BUR Bt Z8 1A
Fig.6 Dynamic performance analysis of different crystal phases of MnO,
(a)EIS curves; (b)charge-discharge curves in GITT test; (¢)Li" diffusion coefficient curves during discharge process

(d)Li" diffusion coefficient curves during charge process

F7 A2 MnO, 19 CV 2 (1) FIARRL Y BAE 4341 (2)
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)5-MnO,
Fig. 7 CV curves of with different crystal types of MnO,(1) and B-value analysis(2)
(a)a-MnO,; (b)B-MnO,; (¢)y-MnO,; (d)3-MnO,

M o=10}, FoRH L SE A R EAEREALE I E (R 3 54

HLAATR) 5 24 6=0.5 B , /R LI 56 4 B 2F 9 HL il

PRl (R AT R ) X By o (B T4 SR an &) 7 (1) F K $ i B & B PO A AN [] i 284 f) MinO,,
(a-2)~(d-2) i, X F 0-MnO, M 5 (B 7(d-2)) , Tt LB b Sl Bh i 76 e B 4 5 LIBs. ARl S AL Y
el b (A 0.592, IEM 16 6 {H 1 0.676, 1Z b {HFH  MnO, 528 H AR A HOIFE SR, Horp §-MnO, #1147 5 /)
S-MnO, fEE it Fe b, A B LAt , S EIS (SRR SF, B 58 09 S 6] B, 5 26 30 10 R 10 44 >k
ghEIR—F, AEEREERE o0 Li™ i AL P HE T R a A s WAV Ao
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