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Abstract: With the continued growth in demand for new energy storage technologies,
aqueous zinc-ion batteries have attracted extensive attention because of their high safety, low
cost, and environmentally friendly nature. As one of the most important cathode materials,
vanadium-based oxides possess variable valence states, open layered structures, and high
theoretical capacities, offering promising application prospects. Constructing one-dimensional
nanostructures, such as nanowires and nanoribbons, is an effective strategy for further
improving electrochemical performance, because it can markedly accelerate ion transport
kinetics and alleviate volume strain during cycling. Recent research on one-dimensional
vanadium-based nanomaterials for aqueous zinc-ion batteries has progressed rapidly; this
paper systematically summarizes these latest advances. It focuses on the critical roles of ex
situ and in situ characterization techniques in elucidating energy storage mechanism,
including Zn*/H" intercalation and conversion reactions, and optimizing material properties.
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Meanwhile, the processes, characteristics, and applicability of controllable synthetic routes

such as electrospinning and hydrothermal methods are summarized. The effects of ion pre-

intercalation, defect engineering, and conductive composite modification on electrochemical
behavior are also analyzed. Finally, in view of the existing challenges in reaction kinetics,

structural stability, and large-scale preparation, this review proposes future research directions

involving multiscale material design and system integration to promote the practical

application of aqueous zinc-ion battery systems.

Keywords: aqueous zinc-ion batteries; vanadium-based nanomaterials; one-dimensional

nanostructures; energy storage mechanisms; optimization strategies
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Fig. 1 Ex-situ characterization of Zn* insertion/extraction mechanis™”
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High stability and capacity
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o

Excellent strength and wettability

Uniform Zn2* deposition
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(a) Schematic diagram demonstrating advantages of electrospinning technology applied to AZIBs
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(b) Timeline showing development of electrospinning technology in AZIBs in recent years
E7 BEBGLIMKARFEFRMMEENSREMELIFRRENRBRS
Fig. 7 Multi-scale regulation of AZIB performance by electrospinning and representative achievements in
recent years™
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Table 1 Performance optimization and electrochemical comparison of 1D vanadium-based nanomaterials
L _ . LA E/(mAN/Q) TR PERE (REFERME
Pl 4 ;-\ ﬁaﬁ 5/ / 2 . o s %\% i
PR T AL S i f i/ (mg/em?) 8 /(A FRUHD () SCHk
Na, ., V,0, (NVO) #xi Na" i A 0.90~1.40 317/0.1 87%/1000 (1 A/g) [43]
VOH-SDS 4l K7y Na* itk N H. 51 NGB 2.00 118/20 56.1%/5000 (5 A/g) [44]
KV, O 44K £ 4k K ik A 1.78 556.4/0.8 81.3%/5000 (6 A/g) [45]
PVO gl RANE (PAND Tk A 2.00 489/0.1 91.8%/2000 (8 A/g) [46]
V,0,-H,0/Graphene & &1k} 25K K TR 2.50 372/0.3 71%/900 (6 Alg) [47]
h-VOW gk 2% 25K K TR 455/0.1 85%/1200 (0.5 A/g) [48]
V,0, H,0 4K 4 ZER K TR 1.00 394/0.1 87%/2000 (6 A/g) [49]
V,0, nH,O F#i AL IR R K = 4.00 456.5/0.1 94.3%/2000 (3 A/g) [50]
AP RERZAA
AIVOs B Mﬁgm A 1.00~1.50 316/0.2 97.6%/2000 (10 A/g) [51]
[===N
ZILH 5 VO, 4Ky TBAOH 14z 5] Nk [ 265.3/0.2 90.1%/1000 (1 A/g) [52]
KA AL A
d-NHVO ks ik %Lﬁif EIAR 512/0.3 /1000 (5 Alg) 53]
=}
SHBAH,V,0, 4K S B2k 5 Ak B R 1 2.00 496.5/0.3 87.7%/1000 (10 A/g) [54]
H,V,0, 4K 2 IWEHZOEZ}:?E%M o 454.9/0.1 67.2%/1000 (1 Alg) [55]
(=]
UK R FE = Y
V,0,-H,0@ CNTs £ &1k} BEARE E%‘ e LT 1.50~2.00 268.5/0.1 101.8%/1500 (10 A/g) [56]
BRSBTS
HAVO@G &k # ARA @ﬁgﬁgmﬁ S 15.70 305.4/1 95.7%/400 (2 Alg) [57]
H,V,0,/MXene & &1k 1D/2D 5t )5 i) 3.00 373/0.2 84.2%/5000 (0.5 A/g) [58]
- A Eé‘ﬂ-’.j:u
VN/N-CNFs 5 &4k FEAXHO=RER 0.60~0.70 710/0.5 123%/30000 (50 A/g) [59]
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Fig. 12 Schematic illustration of interlayer pre-intercalation

X e GERY AR AL B RIS T Zn* 5 1 3B 4R 2 1A
FEA AR, TR T 1 8 79 #sh 112
Hebpmrwtt. B8 T ik, PVO IEMRE
0.1 A/g N4/t 489 mAh/g it = tb %5 &, E8AIg N
& ¥R 2000 K5 517 FF 91.8% % &, EIL T H AL
12 RIS TE AR R T LR BRI A &R %S
PEIR R 1 07 T ) R E A
3.1.2 SRR AL )2 8]

Zn* FEHR N HE H B BROA B} I 25 77 AR B )
G ), X TR Aes, HS T AR
MRFE . R — W, TR A Z R TR

GERIK (LR B = — P R . Z5H7K 57
THREBE AL Zn™, TERUEFMLSEZE, BRI 7

fif, R RS9 Zn® SRR SR A AR AR
8 7 itk FE S NI . [, XK T
TR ﬁbfmmﬁ#ﬁ%TT@ﬁ,ﬁ%
R — ﬁi% EA B IR HAE DRI T R R

%,mﬁm%mﬁ%%ﬁm%ﬂﬁm%%T%W*
SN T D A TP I Nk At (NG e
B, RIS AR N3] /7 AN 7E
HEUEVERIRHE . Yan S5 K T K& LA VA
SR IENARE, R FFEZ1.26 nm. A1k
S5 R KA N JZE RIS Jot s 3 e Y 5 A RN A R B
Zn?* ({73 HL T ﬂ%%ﬁTZW%VOﬂWZE
M A AR, VB TIER IR 7 PR IEE . X
SefE P IR 9 1 Zn® 9 B 1R TT T AR



3124 itk & A ¥ 5 & K 2026 55 15 %
FeEE. ZMEHE0.3 Alg T HIEME 372 mAh/giIm 2 4E V,0,H,0 F k% 0.66 eV), [T —F.

A, fE 30 Alg 15 E T A e ORBF 248 mAh/g:
Mt Z T, 4 #ab #2585 MoK iR R
(VOG-350) 1t 6 Alg THI4H 7 &1V 157 mAh/g,
P R gk . LiS9G il 1 B A 74 i 1)K
HRLP AN G KL (h-VOW), HAHb5E N
V,0,-nH,0, WA V,0,H,0. %Ak T A
ZERIK (BN 3.2%~3.5%) XY KT Z 1A E
B, FHr4h5%E V,0,,nH,0 (001 & I r) P 5 3% 1
I, N Zn® B4 B A 15 g AR s IE . AL,
MEFRBRFRAS M (VD 12T T TS,
BE— PR T IRBLBN J1% o HE T R FE R B HL AR
[Zn(CF,SO,),*+LiTFSI], ZIEMTE0.1 Alg RSl T
455 mAh/g [ =R A &, 751 A/lg MEFE 1200 %
JE B EIRFF L 85%, IR e It 340 Whikg i
RE % 5 A1 9105 W/kg D 2% B . W 90 N ¥
AR5 5 TR T e 7t s P AR ot B Sy Sk S M
[ B, FE-15°CARHR T~ ) B & Fe e G R
PERE . Pang 28K K LA AL T H V0, 40K 46
2B E AR AR A A K (e B AR
H,V,0, 5 V,0,-H,0), 14 )z Al FE K £)°4 0.84 nm
(XFR[200]f4THD o 7E Zn* iR NI, IXELEE R K 4>+
25 Zn—R#ENZN, e RN BOR,
45 )5 52 A f ik — 2 K2 1.34 nm, JERE T
TG TE RS IA . X PR COKBEEE TR 1
T, AU T Zn* 5 EE 2 B E B Gl
WAL Ty BB ENE S, RS REE 7 AR
REERI RS E o BT iR E & IR B B 1 L 72
20 CimE 2 ~, PhRedfit 270 mAh/g i) A] L2
&, 1B 2000 K5 B EORFERAIH 87%, I
IRUF PR e R e I PG A e

B EORAFFC AL, B — R B RV R B AR
(DFT) 5 M ROBE S 25 46 7K 1) 5 oL B AL 1)
PROL T OCHE How BB S, 3D T Y
Zn* a3 ) AR R . K DFT Bidtl 45
FAESE, Z5H 7K IR fa] B0 2 (R S 78 A BT, 17 i
o HT AT AT AL DL SR TR T R
SCENT Zn® 5 F A AR F ARG HE SRl . Wu 585718
I RGDFTHHERIL, X2 V,0,H 214 FK Tk
NERCET 24K, (R3E Zn® 1178 4 HE S I M 2 5
BILTE AT, 15 Zn* [ BURE 22 A TE /K
1.40 eV KIEFLFV,0,-1.75H,0 F]0.81 eV (

X UL KB SERS R T “E BRI MIER, A
HS 2 EAZENE 7 e X Zn? T Bish 112 R T Rk
Bo R, Sun SRR I £ AL BE
il & 7 — R I JZ [0 7K & 5 1 V,0,nH,0 -+ 5k
W, RBUK & BIFAER R AT, 1RAAE—NM R
fH. Mn=0.26 1, PPREME S HLBE S 45 1 e e Tk
Z IR R T e S E R RKRERE A 0855
Zn* 5L Z 2 R FE G, ARE T RKS T
o2 s eS| KRR M. DFT 5%
B, BCRS Zn* 3 5 A 24008 0.34 eV, AR T oK
V,0, 1] 0.62 eV Fl =K & 245 11 0.52 eV, 132
Fit, 7£3 Alg FIEH 2000 X5 &R ik
94.3%, ML ERe IR FRE . N
BE— D omA B s BRI RN, Wei 5045 4 DFT 55
SHSIONE, RGN T AR A E AR 1R
FEWER . TR, EAPTIRA N V,0,H,0H,
i E SR 7K (AIVO-1.6H,0) T {#i Zn?[¥) Bader Hi
i MTE KR R 1) +1.32e $2F+ £ +1.3%e, EWA Zn*
REHEZHET; RN A% 8 2 HTiEse, HTfs
B EER MK TR, MaERAE R, A%
I TP BB 770 I & 31X R & Ak m] W 1 AT 0 B
3 Z IERAE 10 Alg 7 #1 2000 P J5 25 & R4 5
% 75 35 97.6%, =L 46 5 DFT Wil & W & o
Nguyen 2525 & DFT MIAIMD 5, REi0E5 T A
A2 K &8 (n=0~2.25) % V,0,nH,0 &1 2 55
TAAERIEI . THRRY], HKEENNEN=1.75
I, 2 A BE A TE 7K B 0.897 nm K & 1.320 nm,
e RERE 22 -0.52 eV, iR 2.24 eV B F Y E
£0.21 eV, W% ZE ST — SRR, KoT
HR R 2005 Zn? R Fe T, AR R R
WK AR AR S, A 255 Zn* 5 V-0
EZ A EAEH . BT, Zn* AR
AR A HITE 3% LA, HEAE AKX 251 mAh/g, i
B 1 3 B 5 R KONT e B A BSOR 2 A A e PRI R
BAER
3.2 SINEEPA

TEPLIE AR R, A7 2 B WL HLAR R oG
HMEEEER. B8 TR RS, BRI AR YE
FEM R RS R E MATIR T, A ROl 2 Ttk
Jio JUNEEMGE, AR T S
B IR RCR UL S Bk SR AT A S B RE S L



% 8 1]

RS AR GURARHE K R BT R b P BT T R

3125

B AT B3 AR RIS, 1100 R 45 A AR 1Y
PRSI NEB AL, AU S5 R B S
FesEth, G T R AR AR A L. PRI, 2
VEJ5 AR AL R RENS DR I Sk e BE R, T
A3 BT SEBLEE B 7 B RO R] 3 A i R R
Wang %525 F TBAOH i 44 1k i TF2 0%, 7£
VO, g K iy i T RR I R AL, WEAUR M,
SINBRZEAL A TR a8, 7R T E
TERBE AL, A RER T Zn* Y Bk 2. RIS,
RIS IR T RSB ALIE K 2 AL R A5
AN 1 &7/ 7 15 S A, 808 Zn* (A
3R At 7 W RN TEAL A, AT B R T T HAR A
BH BN /158 5 85 Ra vk . QISESI I K &4
SCi N G I £ O 7 U O I R 5 B il . [ 4
(NH,),V,,0,5-8H,0 gkt h s = b i (13D
AL FRAG AL RL b (R 23 VO R AR DV, [ B
PR AIOE 6 R s T AR ALK N ZE YR
Ry 7 HEAT AT AR, (et 7RI, IR

Hydrothermal
A
23
o)

NHVO

NzH,-H,0

)

BT (Zn*) WIfPARIRME T HZ RIS E, M
T BT B B A2 R b n AR L
Zang Sl AR AR E B AT BRI T S
BRI HNV,0 . 90K . R ke (DFT) A
SERBIR, BBk S AR B FAE Y R A
BHY R TS50, (E A BRIE (1G22 0.69 eV, [FJI K
Zn> W P GBI 55 22 -2.65 eV, MM S 35 16 5 1 H far
& S Zn* A7 e )1 . % IEARAE 0.3 A/g HL IR % &
T 523 T 496.5 mAh/g [ AT AR, 7E 10 A/g )
B 5 R R 287.4 mAh/g, HLAL2E M AE B R AR
T RBILIIHN O M B0 Li EPR F K #ik i & 7
H,V,0, 44K 28, i i 1 15 ) B HLO, IR &
MR T GIN T AT SR AL AL TR B
L& & iEid EPR fI XPS RAE S5l . XS4 2
RrEeug AL R BT a5, fem it IRy
KZE )RR, ML S B 7 A S . &
2, AR RE R I I S 1) A A R A AR
e

L —lds&g;n v;chw

-

i \
|

/
< l
~ \
\\\
~

7
/
\\__r,

2% 8e NHNO; .&o HCO: © N o H o V o O o C
°

(a) d-NHVO g5 iyl 45 5 7

(a) Diagram of fabrication process of d-NHVO nanoribbon

V5+ 5+ V 2p
VA Vet oy 2pap 4+

\V 2P=/ 4-NHVO ,\ l‘
V?Pslz
Y

V 2p1; /
NHVO
. - ~

Intensity/(a.u.)

528 526 524 522 520 518 516 514
Binding energy/eV

(b) d-NHVO 5 NHVO [#] V 2p XPS =43 # ik
(b) V 2p XPS spectra of d-NHVO and NHVO

33 SIAGSRERMHE
NFRTHEANE DB 7 A IE A R H
WEATERE, 2RI TC 2 R AR 5 v T H B

(c) d-NHVO ff] HRTEM E{%
(c) HRTEM image of d-NHVO

E13  SIASEHRE™
Fig. 13 Schematic illustration of oxygen defect introduction®

REMIrk. B FEEE SRR NSRS 7
SR, BRIETAENS BRI TR R AT, RN
AT AN PEAA R 0 P 3R B A FLR VR R A, A



3126 g #e F

5 # A 2026 F5 15 %

M B[R] 38 5 rL A 1 T PR AR I FNEE S T A i B
77547, Ba I K ki & T V,0,-H,0 5 k44K
EIEAMEENIEN . (iR, YK E M
BN, MR T Z4EE8 T Mm%, X — g5 RE
EIEE TR SR, SR RPEIK T R R R
BHAT. [FIRF, SRR MR B TR FE Y A
MEIR LR () S M s B, NI AL RISE T T Bk 1)
R REAKINE A A . Zhang S5 iE i 7K #4
SEARURTIRI, ROIhH & T A SRR
REFAK T (HAVO@G) HEAME (K14). #F
ok, fERRIEE N S AR SRR
M, BT ESN SR, BERE TR
TAEFEE) ). X—4MANIE T8 E T (Zn™)
TE FAR R IR N Gt R, A R T TS A
JRAE FL ARV R R A, AT IG5 T R (1) 25 A R
PEo BT A0 S HESEERN, BRI
MR (LX15.7 mglem® 44T, BERIEE
PR R RE ARG A AR e M, 7R 2 Alg I IR 2 T
TR 400 IR 5, HERFFHRIIL95.7%. AN
2K MXene 8 S HIL RS —4E LM RL 2
A RSETE AL YRS, B 40 Duan 98 i /K #A40%
AT HV,0, 45K #: 5 Ti,C, MXene [ & & K.
Y JZR MXene B T LR S — 4 HLV,0, 49 K
GEEy, TR T IR 1D/2D TR 4R . 1SR ANMY
NHETFRRAE TES L SR, HZ RIS S R
H e A R T Zn® B PUE Y SO R e k. =ar
HE I T H R AR A T LI B R Sk B, R B
H,V,0, 44K B 7 MXene R 4 K R 4F, W& i
Ffib K5, LRSS T AR B RS R RE RN R M A
PEo WA AEENBRRIEN SRS EHIEES
P B S Gk LI KGR iy,  Zhang 55"
MBI 28R, GEIEE, §l& T —F VN
RN N B 2K A 4E B AR, 12 R 2
L= 2 SO A Y SRS R, VN 9K R 1 &)
IYARAE AR 4 S R A K IR R R 4 oK 45 44
Ho NBRBAURE T RIFIIHETAE SN, H
78 S5 KA RN T LS M 5 ARG PR R R
Wik BETIX—45MMm%, 1%IERTE50 A/lg K
IR IEH 30000 K5, A EAIRFF482 mAh/g, H
£ 100 A/g B8 =1 £ 2 1 1T % tH 297 mAh/g 1) %%
&, RIHRRIE R S i R R .

4 REHE%

41 REE

FIR — ARG MR K R 5 7 it
U RS 7, AR THIG 2 0 ) . B
TIER ST R. R ERE SR 7635 Hh 4540 5) W
B WG, SR EERS GGG MR
fEFHMEZ, Hlg LZEMR. A mE: H/Zn* 38
FriR N K FI R N A, g RENLEE A BB . R 51
NEAZNL S RPN A AT I E: & 74, (HEEG
[RIARE M SRS R AT TRIRAR RS,

EExt FAPRER, A RHE T Ak REHLER 544 k)
B 7 T e . HLERZ T R85 A IR A R AE S 2 R
FERLRL, FEoREERRAL . BT ARG A S HYZn* 5
Gt NALL, 1 B R 5 35 20 i B sl ) 2 (5
Wi, MRS AL BRI OB . %2 TH N R AT
FAL ) — R A SRR, HilkiREEs
s RIEZ IR A SRms,  FEbh R gL SR B
. BRI EF R E R R BN, TERTHRIER
FARBAZTTH, AHMEEmNHE TSR SFETN
PRES, PR “BR-ICFE-1BK” =Bk, Eidif
BB e (0.5%~5%) F1iE -k iE E (300~
500°C) FEHiEHI AT IR, FEA5E IRk
PRAENK T R 5l ARRE AT ALR, DARTHR T
NLZf) Sy 20, R, RITE — 4R R K A A
CRH-ZTH MR SR IR E TSRS
JEGIK IR B R IERG, DA—4EgK e g SRk

LB, BL 7 B B MXene 92 ¥k 5 1
g,

BT XL IRIX — A% 0o 1) 8, FRLARYR S — RS
TEAR ) — PRA I R 15 T T SRR, 1 — LE R 45 ) 18 42
DA 7 T Ao e PR 5 A5 2 R RE D, AR
FUTTTH, AR —4ER R & T 2 R R T R
T4 S IR B R, B e VA SR R P 08D B H Kk
Plan s B . Nat s in il o] {8 NaV,0,-1.5H,0 44
Kt 1 AIg T PR 100 IR 1 75 5 IR K26 M\ 34% 12 T+ 2
90%™; S 1ILALEE —HEk (IDE) W] V,0, 409K H
B R 5 PR AR 677%™, =ik E (water-in-salt)
HLMAR TR 5 — 4E DRSS BC R FE 3 1B K 2 mol/L
Zn(CF.S0,),+8 mol/L LiCF,SO, & % 7] fif VO, 44k
HiAE 10 Alg T A2 283K 10000 X7, MgZn-bh 1 1
W F e R 0] R FEL ARV pH £ 4.71, £ NH,V,0,,



Vo
Z'E#

¥ 8 M )

— UG BHE K R B 7 Al b AT Ut

3127

(a) HAVO@G [ SEM &
(a) SEM image of HAVO@G

200

HAVO [N

200 nm
e ———
(b) HAVO@G ] TEM K
(b) TEM image of HAVO@G

_ . - 100
B X
2 =
E 150F 2 Alg e a7 80 %
> 1376 mAh/g ~ loo £
§ 100E% (50th cycle) 131.7 mAh/g o
8 115.8 mAh/g Areal loading of HAVO@G: 15.6590 mg/cm? d40 .(EJ
S S
5 50 %
8 Discharged capacity] 20 8
& «Charged capacity
N 1 1 0
0 100 200 300 400

Cycle number

(c) i f#k (15.7 mg/em?) TEFR 1A
(c) Cycling performance at high mass loading (15.7 mg/cm?)

El14 SIASSFHEER"

Fig. 14 Schematic diagram of introducing a highly conductive substrate®™”

29K HELE 20 A/g F S EREF 150 mAh/g LE A&, R
R 1t — 2D Haon S s A AE L], PR AR R
HeANE P FER A

T ) SR RN, 5 S SR v A ) 4 v il 1
PP AR ARSI IR RMERE R RIS, th B [F]D
TR FRAFAE O AR L AU A DA R S T
S S0 ) A, TSR] =R ER AL L R AL R
. Bra ik, RIS R E . 3
JHS D FC Pt Pz LA o B ] 2 L o, B AT R T T
R 2 ERe . 0% TARR Y, RSl fit
FIZRPEAL BT A i I N 5 AR &
T A5 RGN MRS AR, AL ST A
BRI, PR PR AR AR TR PP 4 A i A AR 24
SEERCI, AT B S M3 Sl S i AR HIE 7 ) SE B

L FHEEAL .
42 RZ5

YN e e S /N D S Y E
BT, AN KB BEROR (B Bk ik . 1228
R A LA A e R R IE AP RE, R
AN B SR T RURIHEZR S5 R e

IR AR BCARTE . Tk, BA 49K
CERRHE R IE R AR IgoKe, gokal kLS
BRI R R, B SSMAER s, PR
THT ARG S R RER T . A SCHISHZRARHT
ERENLA . ATk S TERE T SRS RO R Geh
B, RATHAE RS 5 R S8 i
MR FTRt . FEREIEG b, P08 i B i
Tk BRBE TSI e T HLRE T 2 A S5 SR S A7 R R AR AL
AN TFHRIEAL ., SFENEZE R, JFRE T
— YRR RHE AR F VR R B B T b AT RER
KIETT 5 N R AR -

2 & X Hk

(1] 5%, Aeifgde, w B, S5 2% IF AR S 1 it 1E AR BT I 42 0 a0
W B, fh2EEIR, 2024, 87(4): 441-448.
WANG Q, LI H Y, WANG X Q, et al. Research progress in
valuable metal recovery from cathode materials of used lithium-
ion batteries[J]. Chemistry, 2024, 87(4): 441-448.

[2] EHE . — S AR EARAT R H 2 5 i BV RERT SE[D). %7 £ 2 i
FAIE R 2, 2023,

[3] ZHANG N, DONG Y, JIA M, et al. Rechargeable aqueous Zn-
V,0, battery with high energy density and long cycle life[J]. ACS



3128 & fE

Bo% 5 R

2026 #5515 %

Energy Letters, 2018, 3(6): 1366-1372. DOI: 10.1021/acsenergylett.
8b00565.

[4] NIE W Q, SUN P F, XU S, et al. Self-supported carbon cloth
based-ammonium vanadate nanoribbons cathode for superior
flexible aqueous zinc-ion batteries[J]. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2023, 674: 131891.
DOI: 10.1016/j.colsurfa.2023.131891.

[5] CHO S H, PARK J S, KIM J H, et al. Oxygen-related defect
engineering of amorphous vanadium pentoxide cathode for
achieving high-performance thin-film aqueous zinc-ion batteries
[J]. ACS Applied Energy Materials, 2023, 6(5): 2719-2727.

[6] TAO Y M, ZHANG H J, LUO H X, et al. Advances of vanadium-
based cathodes for aqueous zinc ion batteries[J]. Chemistry-A
European Journal, 2025, 31(19): €202500219. DOI: 10.1002/
chem.202500219.

[71] YANG S N, ZHAO S S, CHEN S M. Recent advances in
electrospinning nanofiber materials for aqueous zinc ion batteries
[J]. Chemical Science, 2023, 14(46): 13346-13366. DOI: 10.1039/
d3sc05283d.

[8] CAO H L, PENG C, ZHENG Z Y, et al. Orientation effect of zinc
vanadate cathode on zinc ion storage performance[J]. Electrochimica
Acta, 2021, 388: 138646. DOI: 10.1016/j.electacta.2021.138646.

[9] SUW T, LANG M, LI W W, et al. Zn,V,0,(OH),-2H,0/MXene
cathode with fast ion diffusion for highly durable zinc ion batteries
[J]. RSC Advances, 2024, 14(31): 22560-22568. DOI: 10.1039/
d4ra03730h.

[10]ZHANG Y B, LI Z H, GONG L J, et al. Rational construction of
Ag@MIL-88B(V) Ag-V,0,
heterostructures with enhanced diffusion kinetics and cycling

-derived  hierarchical  porous
stability for aqueous zinc-ion batteries[J]. Journal of Energy
Chemistry, 2023, 77: 561-571. DOI: 10.1016/j. jechem. 2022.
11.049.

[11] SIM K, LEE S, EOM K S. Vanadium redox shuttling as a hidden
degradation pathway in vanadium oxide-based aqueous zinc-ion
batteries[J]. ECS Meeting Abstracts, 2025, MA2025-02(8): 3567.
DOI: 10.1149/ma2025-0283567mtgabs.

[12]LIU FY, ZHANG Y Q, LIU H, et al. Advances of nanomaterials for
high-efficiency Zn metal anodes in aqueous zinc-ion batteries[J].
ACS Nano, 2024, 18(25): 16063-16090. DOI: 10.1021/acsnano.
4c06008.

[13]WANG K K, LUO D, MA Q Y, et al. Advanced in situ and
operando characterization techniques for zinc-ion batteries[J].
Energy Technology, 2024, 12(9): 2400199. DOI: 10.1002/ente.
202400199.

[14]L1'Y, ZHANG Y J, ZHAO H Y, et al. Unlocking the mysteries of
interfacial processes in zinc-ion batteries through multiscale
advanced characterization techniques[J]. Nano Research, 2026,
19(1): 94908045. DOI: 10.26599/nr.2025.94908045.

[15]ZHOU J, SHAN L T, WU Z X, et al. Investigation of V,0, as a low-
cost rechargeable aqueous zinc ion battery cathode[J]. Chemical
Communications, 2018, 54(35): 4457-4460. DOI: 10.1039/c8cc
02250j.

[16] XING L L, ZHANG X Y, XU N, et al. Mechanistic insights of Zn-
ion storage in synergistic vanadium-based composites[J].
Advanced Functional Materials, 2024, 34(14): 2312773. DOI: 10.

1002/adfm.202312773.

[171LIW J, ZHU K Y, JIANG W K, et al. A multinitrogen 1-conjugated
conductive polymer stabilizing ultra-large interlayer spacing in
vanadium oxides for high-performance aqueous zinc-ion batteries
[J]. Chemical Science, 2025, 16(24): 10935-10943. DOI: 10.1039/
d5sc01545f.

[18] DENG Y, ZHANG B, FAN X H, et al. Visualizing the H/Zn co-
intercalation and the Zn intercalation mechanisms in cathode to
boost zinc-ion battery performance[J]. Energy Storage Materials,
2025, 80: 104445. DOI: 10.1016/j.ensm.2025.104445.

[191DENG W J, LI C, ZOU W X, et al. Understanding the super-
theoretical capacity behavior of VO, in aqueous Zn batteries[J].
Small, 2024, 20(19): 2309527. DOI: 10.1002/smll.202309527.

[20]KIM H J, JO J H, KIM J Y, et al. De/protonation associated
sustainable conversion reaction applicable to high-capacity zinc
storage in mildly acidic aqueous system[J]. Energy Storage
Materials, 2023, 55: 105-116. DOI: 10.1016/j.ensm.2022.11.028.

[21] XU #& . 7K FR4EE BT A V,0 3 IE AR R il % 15 F b 24 P Ak
WHIE[D]. KA K, 2023.

LIU M. Preparation and electrochemical properties of V,0.-based
cathode materials for aqueous zinc ion batteries[D]. Changchun:
Jilin University, 2023.

[22]LIU Y P, HUANG J, HUANG H B, et al. Electrospinning
engineering for aqueous zinc-ion batteries: From multi-scale
structural regulation to energy storage performance enhancement
[J]. Advanced Fiber Materials, 2026, 8(1): 1-33. DOI: 10.1007/
$42765-025-00593-y.

[23]CHEN Y W, MAD T, SHEN S C, et al. New insights into high-rate
and super-stable aqueous zinc-ion batteries via the design
concept of voltage and solvation environment coordinated control
[J]. Energy Storage Materials, 2023, 56: 600-610. DOI: 10.1016/j.
ensm.2023.01.049.

[24] VISWANATHAMURTHI P, BHATTARAI N, KIM H Y, et al
Vanadium pentoxide nanofibers by electrospinning[J]. Scripta
Materialia, 2003, 49(6): 577-581. DOI: 10.1016/S1359-6462(03)
00333-6.

[25] WANG H M, ZHANG S, DENG C. In situ encapsulating metal
oxides into core-shell hierarchical hybrid fibers for flexible zinc-
ion batteries toward high durability and ultrafast capability for
wearable applications[J]. ACS Applied Materials & Interfaces,
2019, 11(39): 35796-35808.

[26] LIU J, ZHAN L, SUN K L, et al. Electrospinning preparation of a
high-rate self-supported cathode for rechargeable aqueous zinc-
ion batteries[J]. Energy & Fuels, 2022, 36(21): 13278-13285.
DOI: 10.1021/acs.energyfuels.2c02633.

[27]1XIA Z, LI S, WU G Q, et al. Manipulating hierarchical orientation
of wet-spun hybrid fibers via rheological engineering for Zn-ion
fiber batteries[J]. Advanced Materials, 2022, 34(33): 2203905.
DOI: 10.1002/adma.202203905.

[28] HIRANO S |, SOMIYA S. Hydrothermal reaction sintering of pure
Cr,O,[M]//Hydrothermal Reactions for Materials Science and
Engineering. Dordrecht: Springer Netherlands, 1989: 3. DOI: 10.
1007/978-94-009-0743-0_1.

[29]1 BYRAPPA K, YOSHIMURA M. Handbook of hydrothermal
technology[J].2013. DIO:10.1016[R].C2009-0-20354-0.



Paxy
Z'E%»

¥ 8 M )

— UG BHE K R B 7 Al b AT Ut

3129

[30] it /R &, EK A, FHHE, 5. KBIEM R H 5 KR TTHLA RS
%, 1996, 11(2): 193-206.

SHI E W, XIA C T, WANG B G, et al. Development and
application of hydrothermal method[J].
Materials, 1996, 11(2): 193-206.

[B1] 73 ~¢ 46, RN . TEHLE RS 5 A 22 0T Ak FE[J]. {243t e, 2000,
12(4): 445-457. DOI: 10.3321/j.issn:1005-281X.2000.04.011.
FENG S H, XU R R. Advances in inorganic synthesis and
preparative chemistry[J]. Progress in Chemistry, 2000, 12(4): 445-
457. DOI: 10.3321/j.issn:1005-281X.2000.04.011.

[32] SUCHANEK W, YOSHIMURA M. Processing and properties of
hydroxyapatite-based biomaterials for use as hard tissue

Journal of Inorganic

replacement implants[J]. Journal of Materials Research, 1998, 13

(1): 94-117. DOI: 10.1557/JMR.1998.0015.
[33]MAO F F, LI Y W, ZOU Z G, et al. Zn* storage performance and
structural change of orthorhombic V,0, nanowires as the cathode
batteries[J].
10.1016/j.

material for rechargeable aqueous zinc-ion

Electrochimica Acta, 2021, 397: 139255. DOI:
electacta.2021.139255.

[34] CHEN L N, RUAN Y S, ZHANG G B, et al. Ultrastable and high-
performance Zn/VO, battery based on a reversible single-phase
reaction[J]. Chemistry of Materials, 2019, 31(3): 699-706.

[35]LIU X D, LIU C Y, WANG Z Q, et al. Facile hydrothermal
synthesis of V,0, nanofibers as cathode material for aqueous
zinc-ion batteries[J]. Journal of Alloys and Compounds, 2022,
896: 163071. DOI: 10.1016/j.jallcom.2021.163071.

[36] XIA C, GUO J, LEI' Y J, et al. Rechargeable aqueous zinc-ion
battery based on porous framework zinc pyrovanadate
intercalation cathode[J]. Advanced Materials, 2020, 32(9): 19077
98. DOI: 10.1002/adma.201907798.

[37]CHEN S F, ZHANG Y F, GENG H B, et al. Zinc ions pillared
vanadate cathodes by chemical pre-intercalation towards long
cycling life and low-temperature zinc ion batteries[J]. Journal of
Power Sources, 2019, 441: 227192. DOI: 10.1016/j. jpowsour.
2019.227192.

[38] XU Y, BAI M X, HE Z H, et al. Solvothermal synthesis of sea
urchin-like Na,V,0, structure for ultra-high stability aqueous zinc
ion batteries[J]. Journal of Electroanalytical Chemistry, 2023,
944: 117665. DOI: 10.1016/j.jelechem.2023.117665.

[39]LI Y B, ZHAO Y M, WEN N, et al. Solvothermal synthesis of
organic-inorganic cathode vanadyl acetate nanobelts for aqueous
zinc-ion batteries[J]. ACS Sustainable Chemistry & Engineering,
2023, 11(13): 5105-5114.

[A0]WANG Y M, WU J L, LU Z Q, et al. An ultrasmall structure-
optimized vanadium oxides integrated into nitrogen-doped bead-
chain-like hollow carbon nanofibers for advanced flexible cathode
of zinc ion batteries[J]. Journal of Colloid and Interface Science,
2026, 702: 138776. DOI: 10.1016/).jcis.2025.138776.

[41JWANG M L, NIE K Q, WU H B, et al. Carbon nanotubes
intertwined porous vanadium oxide heterostructured microfibers
as high-performance cathodes for aqueous zinc-ion batteries[J].
Applied Surface Science, 2023, 612: 155791. DOI: 10.1016/j.
apsusc.2022.155791.

[42]LIU M M, LI Z H, ZHANG Y B. K-doped V,0, derived from V-MOF
precursor as high-performance cathode for aqueous zinc-ion

batteries[J]. Journal of Electroanalytical Chemistry, 2023, 942:
117539. DOI: 10.1016/j.jelechem.2023.117539.

[43] GAO P, RU Q, YAN H L, et al. A durable Na,.V,0, nanobelt
cathode material assisted by hybrid cationic electrolyte for high-
performance aqueous zinc-ion batteries[J]. ChemElectroChem,
2020, 7(1): 283-288. DOI: 10.1002/celc.201901851.

[44]L1J Q, LIY W, XU W H, et al. Preparation of Na* preintercalated
V,0,-nH,O nanobelts with abundant oxygen vacancies as a high-
performance cathode material for aqueous zinc-ion batteries[J].
Journal of Alloys and Compounds, 2024, 1003: 175646. DOI:
10.1016/j.jallcom.2024.175646.

[45] WANG Q M, WU J P, WANG M M, et al. Vanadate-based fibrous
electrode materials for high performance aqueous zinc ion
batteries[J]. Advanced Science, 2024, 11(11): 2307872. DOI:
10.1002/advs.202307872.

[46]ZHANG Y B, LI Z H, LIU M M, et al. Construction of novel
polyaniline-intercalated hierarchical porous V,0O, nanobelts with
enhanced diffusion kinetics and ultra-stable cyclability for
aqueous zinc-ion batteries[J]. Chemical Engineering Journal,
2023, 463: 142425. DOI: 10.1016/j.ce}.2023.142425.

[471YAN M Y, HE P, CHEN Y, et al. Water-lubricated intercalation in
V,0,-nH,0 for high-capacity and high-rate aqueous rechargeable
zinc batteries[J]. Advanced Materials, 2018, 30(1): 1703725. DOI:
10.1002/adma.201703725.

[48]LI X L, MALT, ZHAO Y W, et al. Hydrated hybrid vanadium oxide
nanowires as the superior cathode for aqueous Zn battery[J].
Materials Today Energy, 2019, 14: 100361. DOI: 10.1016/).
mtener.2019.100361.

[49]PANG Q, SUN C L, YU Y H, et al. H,V,0, nanowire/graphene
electrodes for aqueous rechargeable zinc ion batteries with high
rate capability and large capacity[J]. Advanced Energy Materials,
2018, 8(19): 1800144. DOI: 10.1002/aenm.201800144.

[50]SUN Q C, CHENG H W, YUAN Y F, et al. Uncovering the
fundamental role of interlayer water in charge storage for
bilayered V,0,-nH,0 xerogel cathode materials[J]. Advanced
Energy Materials, 2023, 13(3): 2202515. DOI: 10.1002/aenm.
202202515.

[51]WEI M D, ZHANG Y, GU Y Y, et al. Experimental validation of
density functional theory predictions on structural water impact in
vanadium oxide cathodes for zinc-ion batteries[J]. Small, 2024, 20
(52): 2406801. DOI: 10.1002/smll.202406801.

[52] WANG Y Y, ZHANG S J, ZHANG Y M, et al. Oxygen vacancy
defect engineering of porous single-crystal VO, nanobelts for
aqueous zinc ion battery cathodes[J]. Electrochimica Acta, 2024,
475: 143623. DOI: 10.1016/j.electacta.2023.143623.

[531Ql J J, ZHANG Y F, LI M, et al. Facile and effective defect
engineering strategy boosting ammonium vanadate nanoribbon
for high performance aqueous zinc-ion batteries[J]. Journal of
Colloid and Interface Science, 2023, 642: 430-438. DOI: 10.1016/
j.jcis.2023.03.185.

[54]ZANG Q, CHENG X J, CHEN S J, et al. Oxygen defect
engineering triggered by S-doping boosts the performance of
H,V,0, nanobelts for aqueous Zn-ion storage[J]. Chemical
Engineering Journal, 2023, 452: 139396. DOI: 10.1016/j. cej.
2022.139396.



3130 & fE

Bo% 5 R

2026 #5515 %

[65]LI X, CHEN Z W, L1, et al. Oxygen vacancy H,V,0, nanowires
as high-capacity cathode materials for aqueous zinc-ion batteries
[J]. lonics, 2024, 30(9): 5279-5289. DOI: 10.1007/s11581-024-
05667-2.

[56]BA Y, WANG H S, ZHANG P C, et al. V,0,-H,O0@CNTs as
cathode for high-performance aqueous zinc-ion batteries[J].
Materials Letters, 2024, 355: 135523. DOI: 10.1016/j. matlet.
2023.135523.

[571ZHANG W Y, LIANG S Q, FANG G Z, et al. Ultra-high mass-
loading cathode for aqueous zinc-ion battery based on graphene-
wrapped aluminum vanadate nanobelts[J]. Nano-Micro Letters,
2019, 11(1): 69. DOI: 10.1007/s40820-019-0300-2.

[58] DUAN W Y, CHEN S H, LI Y L, et al. One-dimensional H,V,0,
nanorods and two-dimensional lamellar MXene composites as
efficient cathode materials for aqueous rechargeable zinc ion
batteries[J]. RSC Advances, 2023, 13(45): 32023-32027. DOI:
10.1039/d3ra05754b.

[59]ZHANG Y M, JIANG S Y, LI Y L, et al. In situ grown hierarchical
electrospun nanofiber skeletons with embedded vanadium nitride
nanograins for ultra-fast and super-long cycle life aqueous Zn-ion
batteries[J]. Advanced Energy Materials, 2023, 13(5): 2202826.
DOI: 10.1002/aenm.202202826.

[60] BAI'Y C, QIN 'Y, HAO J Y, et al. Advances and perspectives of ion-
intercalated vanadium oxide cathodes for high-performance
aqueous zinc ion battery[J]. Advanced Functional Materials,
2024, 34(11): 2310393. DOI: 10.1002/adfm.202310393.

[61INI M M, QIN M L, CHANG H, et al. Cations-pillared and
polyaniline-encapsulated vanadate cathode for high-performance
aqueous zinc-ion batteries[J]. ChemSusChem, 2024, 17(19):
€202400526. DOI: 10.1002/cssc.202400526.

[621WU T, ZHU K Y, QIN C Y, et al. Unraveling the role of structural
water in bilayer V,0O, during Zn**-intercalation: Insights from DFT
calculations[J]. Journal of Materials Chemistry A, 2019, 7(10):
5612-5620. DOI: 10.1039/c8ta12014e.

[63]NGUYEN N P, KHONG N Y T, LIU C H, et al. Tuning interlayer
water content for optimized stability and mechanistic insights in
bilayered V,0, - nH,0 cathode material for zinc (magnesium)-ion
batteries: A DFT and AIMD study[J]. Applied Surface Science
Advances, 2026, 32: 100948. DOI: 10.1016/j. apsadv. 2026.
100948.

[64] LUO H, WANG B, WANG C L, et al. Synergistic deficiency and
heterojunction engineering boosted VO, redox kinetics for
aqueous zinc-ion batteries with superior comprehensive
performance[J]. Energy Storage Materials, 2020, 33: 390-398.
DOI: 10.1016/j.ensm.2020.08.011.

[65] ZENG X, GONG Z, WANG C, et al. Vanadium-based cathodes
modification via defect engineering: Strategies to support the
leap from lab to commercialization of aqueous zinc-ion batteries
[J]. Advanced Energy Materials, 2024, 14(31): 2401704. DOI:
10.1002/aenm.202401704.

[66] SHAO Y L, ZENG J, LI J J, et al. Sandwich structure of 3D
porous carbon and water-pillared V,0, nanosheets for superior
zinc-ion storage properties[J]. ChemElectroChem, 2021, 8(10):
1784-1791. DOI: 10.1002/celc.202100280.

[671WU S G, LIU S, HU L H, et al. Constructing electron pathways by
graphene oxide for V,0, nanoparticles in ultrahigh-performance
and fast charging aqueous zinc ion batteries[J]. Journal of Alloys
and Compounds, 2021, 878: 160324. DOI: 10.1016/j. jallcom.
2021.160324.

[68] LEI S Z, ZHANG Y, SHANG W, et al. Oxygen vacancy and mixed
valence state synergy in vanadium oxide enabling ultrafast Zn**
diffusion for high-performance aqueous zinc-ion batteries[J].
Chemical Engineering Science, 2026, 319: 122253. DOI: 10.
1016/j.ces.2025.122253.

[691 ZHANG S C, ZOU Z G, GAO Y H, et al. Boosting zinc-ion storage
in vanadium oxide via "dual-engineering" strategy[J]. Nano
Energy, 2023, 115: 108736. DOI: 10.1016/j.nanoen.2023.108736.

[70] SINHA R, XIE X S, YANG Y, et al. Failure mechanisms and
strategies for vanadium oxide-based cathode in aqueous zinc
batteries[J]. Advanced Energy Materials, 2025, 15(14): 2404815.
DOI: 10.1002/aenm.202404815.

[71]LUO P, LI D, LONG J Y, et al. Inorganic salt-assisted
hydrothermal synthesis of composite vanadium oxides for
stabilization of aqueous zinc ion batteries with low current density
cycling[J]. Chemical Engineering Journal, 2024, 479: 147727.
DOI: 10.1016/j.cej.2023.147727.

[72]SONG Y F, JING L Y, WANG R T, et al. Vanadium oxide
nanospheres encapsulated in N-doped carbon nanofibers with
morphology and defect dual-engineering toward advanced
aqueous zinc-ion batteries[J]. Journal of Energy Chemistry, 2024,
89: 599-609. DOI: 10.1016/j.jechem.2023.10.013.

[73]LI'Y J, LI XY, XIE M, et al. Morphology regulation and vacancy
engineering for vanadium oxide cathodes via tungsten doping
towards advanced zinc-ion batteries[J]. Journal of Colloid and
Interface Science, 2025, 696: 137888. DOI: 10.1016/j. jcis. 2025.
137888.

[74]LIU Y, JIANG X H, LI X P, et al. Weaving of Zn,V,0, and VO,(B)
nanoribbons by carbon nanotubes for aqueous zinc-ion batteries
at room and high temperatures[J]. Journal of Power Sources,
2025, 635: 236504. DOI: 10.1016/j.jpowsour.2025.236504.

[75]WAN F, ZHANG L L, DAl X, et al. Aqueous rechargeable zinc/
sodium vanadate batteries with enhanced performance from
simultaneous insertion of dual carriers[J]. Nature Communications,
2018, 9: 1656. DOI: 10.1038/s41467-018-04060-8.

[76]ZHONG W, SHEN Z Y, MAO J L, et al. Mitigating cathodic
dissolution through interfacial water masking to enhance the
longevity of aqueous zinc-ion batteries[J]. Energy &
Environmental Science, 2024, 17(5): 2059-2068. DOI: 10.1039/
d3ee04208a.

[77]LIU S C, HE J F, LIU D S, et al. Suppressing vanadium
dissolution by modulating aqueous electrolyte structure for
ultralong lifespan zinc ion batteries at low current density[J].
Energy Storage Materials, 2022, 49: 93-101. DOI: 10.1016/j.
ensm.2022.03.038.

[78] GE H Y, XIE X, XIE X S, et al. Critical challenges and solutions:
Quasi-solid-state electrolytes for zinc-based batteries[J]. Energy
& Environmental Science, 2024, 17(10): 3270-3306. DOI:

10.1039/d4ee00357h.



