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(a) Optimization strategies of vanadium-based materials

(b) Optimization strategies of manganese-based materials

(c) Optimization strategies of Prussian blue analogues

(d) Optimization strategies of phosphate-based materials
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Fig. 1 Challenge and strategy of cathode materials
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(a) Surface modification of Zn anode

(b) Construct three dimensional structure of Zn anode

(¢) Attribute radar map of Zn, In, Al metal'*®!

(d) Advances in zinc powder

(e) Epitaxial electrodeposition

[113]

B2 SubbbebT 7o it g

Fig.2 Advances in anode materials
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(a) Problems of aqueous electrolyte

(b) Advances in eutectic and quasi-eutectic electrolytes

(c) Advances in high concentration electrolyte

(d) Problems of solid-state electrolytes

ESPW is electrochemical stable potential window. OER is oxygen evolution reaction. HER is hydrogen evolution reaction.

K3 g i et

Fig.3 Advances in electrolytes
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(a) Properties and modification strategies of separator

(b) Modification strategies of current collector

MOF is metal-organic framework. CEI is chemical-electrochemical interface.

(c) Properties and modification strategies of binder

K4 JRETEY R R

Fig. 4 Advances in non-electroactive species



« 418 - CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(2): 405427

2024 4

1E, Fk, wTRATEANSENGErEES IR BBt AL S A
ETREEGARS, BT HAEN, e rEl
MEEE R e 2t — PR . R, XLEE
PEZEA R, SR TrE. ok, KM
- AR PRI BT SR A A R AR A A ) R
RrEAR A HAE S il . BRI, BRINAE B BETE I
JIREX B B L T BB IR U e TAE s

PENK ZR AR BT H I I B B Ry, ARV
HHEE TR FE 5 L K. Coulombic 2% B B &5
Wil o ARVRAR IR BT T ZEAR T AE AN [RI M 0 1) 5 JR ke %
AN FE TR ARAER A — 8, KT8 & JEm AR R
BRI o [RIE ] S TR 4b)x SEiA
AT 1) ERAR T TR AR R, fEHR
BT SRR, BN MESER]; 2) MIIEAK S5
M FLREZEM LR BT 3) Woit& ER 3D £5440,
3D S5M i T H S I LR T AR B B 2 TS 7 A
A LAA 5] Zn®" i B AT SRS RE T 2R
143 Fhgn WA T RRSLIE M E F A
HE, FEH2E TEZRE. JEAIE R
HER I — 885, H T RE R 78 A 2 4 1R,
V4 FARA L% 2 7 — T A R PR SR ALK I
M 9 £ M (PVDF) B T FH AL 7 19 LA 27 0 #hfa
S8 T DA S 5 AR IR AN FEA 2 [R] 1) R AP BiY S T
JROA RS T LI IE AR A R T i 2 A ),
SR, PVDF KIS AT FANLER, s A8
FH ) N-F - 2-IE i Bt i (NMP) VA SR A% 0 5, 5 4%
K, BATREMMEEE, SR TKREETH
AR A RIS AU, DR 75 B R B A 3 45
FIR AR HeIX — ] (LI 4c).

Chang 2" h@ i in N S & s m sl 4% 1K
PEREZER, S54E400 PVDF SHTREL, HaHE
(2SI B AT SR B G 70, JF HARIL sk K 1 A
theEfasEE. A, KRGS A Bh T IR A Bk
% A 5t SRR (CED PR 4P 2= I U 7 R i T30, R AT
¥ A AF i B0 71 BRI E Y 3 S AR B A %
B R R, KA I HEAT IO K 22 B0 72 R R
PEADRL, T AERE FC S I D e E R A5 . Rk,
RRAEK REE S TR T, 7B nsmiZ5s
Iy IR T -

2 AR AR

255 7K 2R HEARIU R e P S 1 PR 3 R AR 1
RZh 35, KRBT HIERI S AR =2
oA ARRAERS, IO K R

TR FEAT T SR, TK REE R T AR S 471
LA i 230 PR ) R o
21 EWHREHEAE

WAL ) s A 2 4 e o 15 e O AR A L
B EARM R RAE Y RS A T &
BT HOEE . OVF RS TR R AT
I EE K5 . HEHR )2 H §R 2 HOERA R S5 1
R E PEANRIAR,  7E FEVRAE P I A AN T J8E A i L B
SERIL ARSI, IR R LG, &
PRI L ) AR R AR R AE A E . H AT,
AR TR AN GRS AR A 78 I S 2 DG S ) A E
PERIA ROHNE o AR IERRAD R TR AN SP R B 5G4
R (AN BH & 1 BOR S YTOR T S5 A, R g
T A TR Ak, TR BE RS 1A B b
Zn* 5 IR R AR gE R 2 18 O EE M AR, A
A B T BRI ) Zn® N/ H 30 2

TERRATRHEE 7K Z R )V i 2 A P 3 47 1)
). 0F T AR AEARE, LA U PR T B R
M [R5 Ak S R AR REZE g 554818, Tahn-Teller %%
RAE S M 78 A8 it B2 Hp e A Ak B AR
Mn*H Mn™, T Mn® [ ] PE A I A R RE T
VA RAE BRI P U AR ARG, 7E B R
N Mn® 0] UFE— EFEE EEAR, (B HTEIER A R e
X [FREHL, R 2 ORI B 78 T8 F G 3
W), 7R AR AT T K R LR 2 MR R AL B T,
PR b S S0k 22 Hobh R e gt 0 RIS AR 9
FEAFAERT R PE, BB, WEERZE, Xn]
Aet 2 R 2 BN A BRI IR T R BRI AR
SE VR TTTAE R FRLR T A M i 1y S R O B S By
IR, 0T e ) ] E e AR SR T A A CEL AN HL AR T
AR IS KA P . SR, N L4511 CEI W] e 1E
KGR g R R LR VER, R AL CEL BAR
AL AN W S ST OB R ORGP = H g B LA I
URNCIBUE (7F =59

TEARAA 5 A B AT MR o R ) 3R R AE 5
AL RIS, 33 AR R R . — L8
RN GINA, ERCREFEF, HRA AR
S BRI 0 HI RE 128 B AR T S B AR
() pH {3 it o%), B OH (AR 2, IR N ER AR
Sy, I B B AR R T S A AL B R SR
[ZnSO4(OH)s NH,O1- [FIR, 1 =4 1 2% vh A F A
15 R AR SR PR B (R A e O 2 FR K I T Ak i
HURAS I, IEARTEPEY) 5T PT fe A FAR R [T 7 B8, fif
15 HL I R AAR I R A TG 1 R R



252 5 2 W

JREGE ZF: KRBEE FHILH R . 419 -

UbAh, B A 2o AR AR 4
FEAER ), FAEMPRLZ RIS N, B AR Mhiksh
piBT PR NTITRSES €ag 8 R AES LY S NAS) WA K= 118
[EIR, IEARAL R A ) H A 22 B LTI AR BR il K R B
B AR, BTN
FEAN T LSRRG R S ST . 2, KRB
R P IEAR AR EHRE T, ER AT
W B MR EARRREEE. KIEMHFmIIKR
BT B IR AR, BRI S S AL BT A R
AT TR SR AL 04 1o,

22 HAREERE

FET KRR, B R AE S Ak R A Rl
B2, SECEE N AR E AU T, R T
&R I IEIA A . 1) BERLR . FEARGHIBR I /K
F AR PR A S AR R LR, FE SR
fEAE, B AR BRI EA A TR . S
B R T A% AN R 32 S e T X3 P 37 8 P R B 9K
B, WLHAEAR R LI Zo® S USE B e R R T
BT 4D L, FREEAEAR Se A% AL B H T B
G . B JE TR SR e Rum Rl R, DUE
KIMBE/IME, NI AT AR K I B 208 Y
fal O, FEMECIRGE R R, BT T R s A
R, IX R B ) B9 0 2 v A e S B AR 1T Bk
AEAERRES, F 15 BENAY f B B R T B TE R, A
736 R EL U P A R R R e 0, e, R K
SRR A LR ARG I, — D 3k B A 3 T
AT ES N R A . 2) B rAE . b8
TSR, SR AR A, IR
R (4 5 et 3 TR P AT USSR AR A 2 s O,
BRI, B AR AE 2 T AR I BR B A SE A K &)
T e E| P A e P A 4 e O 1 [ A A
FHH(SEDZEAE, e T B MERRAE B bl R 1,
ToVEBH B — B S S R . (R, B SRR T 1)
L S PR R PR W (T BRI B AR AR AL, S B
R 3 — 2D VR, 15 MR 1) & R AN
Rk, R am e A KT aetk. 3)
MU N FE7K Z2 R B B8 138 5 LA G Y
IKE B T RR(Zn(H0)6 HFAE, O8RS 7l
CAE RS Z) Wi K SEBCAL K o T e R A 1, o
LI T S ECRR SRR N, 7E 59 RRE H AR
t, Zn/Zn* AR AEE JE AR T T A A, RN 4
JEEE SRR E, A REATRN, FEE
PR AL EERIE, RS ERNA
A 2V ABEE AR FELAR VR 5 BRI AR R AT

i H BB EARSREAEE BN, SEanh
K AR R, X AR e BT
IR, BT RIR WS AR 2 S 8OR MU= pH E
Fhisn, WEMEAR[Zn(H,0)6]* 7T LA B2 5 B8
ﬁiF%EP[lB—HS]O

TE SR B 78 F3CHE R R R, B AR R T 1) %
Fofr v RUHT A& ORISR AR . B R AT
B, A R TR R 2 G B B R A 384 m M T
BT Lo BTSN R EAT 2 51 S H g pHL fH
RAABAN,, A R T JE T P B TR SRR T
TMIX L E =4 N2 S B ORI 51— D1
KHAR ) FA 22 AL, AT 51 R A b I R TR,
FFEE R, iR BRI — R,
b 1) R50HH, 2 75 3 N7 [ 2% A

B SCRTIR, B R O 3R BRSNS 2 T B
PERVAAR G R BETT o IR L SRS AT BT 55 KB 1 ik
BRGSO TR R, R R O R R B AT
N, AHRAREATHRA B S R PR A BELAS T e AT s
PR . K2 AR AR E A RELRUE S i) 2 TR
SERPRE 7, T 45 S T A K e TR R AR R AR
PR AR TR R . TR AN IR 0 51N B 2 PRAR AR
TSR, SRR B RERE T HERE%L,
Xof 7K R B T FELL ) £ FR MR R RN Th 2R A A A
BN o = 2R B A K A 1] O 75 PR AR R AR TT R
ST EL I, T 2R (1 ) % 2R E e SR Y
AR ) AR 2 KR BRI AR P2 2 . kA, i bR
A RE SN RIAT S TR S By, 34 St b ) A A
AT SR o
23 HER

LR o8 s PRI P 1) B B R 2y, B AL
SR 2 W S5 B i b P EL A R R BE AL
Smgk e L, r P S R T 1 UK AR R
EATAE P, B NBIRAE, X g
WA, BTG E Coulombic MR Z A
A AR AR 2 R 1 e,

W LK BRI ZnSO4 A1 Zn(CF;S0s), 17K
T - KT ZnSO, HUMRR, H TV MY A7 1E,
SSHCRM A BRI, BRI 5T LA
TEAR KRR BB IX — 1) i, (E LBtk REAS
Zn(CF;S05), Il BRI, Zn(CF3S0s), HfR)T
ik v R R A PR A L L . TR E K
TEAE, IEMAMEHEZIOK R BRI 2 A 1E L ™
AR, B R AN T R R S . H
FIEFIK B B iR e & DA, JEE 2



. 420 - CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(2): 405427

2024 4

WP RN S, DU, 767K 2R AU T
W 9 Coulombic Iz ik 75 28— HEA R A HAR.,

[ 45 3 D LA 2 L A R RO T, 3
HEL LA 2 A LT OB SE e, T LTI
4 AR RIS, 288 K 2R PR I A 1
B IR AT, BRIREB TS, BRI
BRI . R AL R e . AT T e
PSSR A G — 2B L 5 R R . SRRt T 4 5%
FHREF RS, SUER IR, Ha
T I BRI B 257 v R 1A LA e e B P
ASHR .

R FE FELARR O MK At e, 3 3 T DAYE
IE SN LT AE B SEX B, 76 31075 6 T 4 PO 1R
IR T TR V. I, e IS K
H 2R B SEX AT LAJr 56 85 7 Lt 0 AL 2
WE . R, K AR BS T i S SIS L
PR, Bt BB T H H RIS AR
BRI, S8 )7 TR R A B R BRI I, L
TS AR R, DA B K L SR
R 5 A R AE K L AR R 5 o 1 L O
3 w5 EZ

K B B B 0 G S 0 T W T AL
R B K AR T O RE S R, ESE
TERR R SRR P 2 b Zn® 7 — UL oh 1 Tt i
MR R, BEJE, SURKE . Wi, p

MRV IEARAT R AT g L, 35T b M B 5 R 1
HURIAR RO K REEE T HIBEFIRE. R
gk, B A R A L I R
ST b S5 F R B AL s AT ML, X R AR R
2 F SR A R R T RV, IS, KR
S M PRI FE K 22 30 5 PR AE SE B0 = R h, R
T T PEAL, TR SR ST PR . MIRFE
/NP0 R R B RE B BRI
. 7 FEEI, L B 1 )RR B ER FBOK
Rl I RN B 2R RE IS R TE N B .. IR Bk
W IR AARL, it e AR, i
(¥] LA & B AR AR AR 4 T 8O0 s it M BB 1 3o v P
filie SR, 7K FREE ST it AR 1R 7T DL B B
F, B —D s JEE A M AR R, X
M2 A B R AL

1) IEMARHIHLEIRT T . IERAT R TE 52 1e 4
FIEK RS I AR I ARG . TR
ST MR L Sems IR R e . R RS K R e
BT E R, B H AT RT S 1 IE AT
BHO R SALE TR AEN . MM R T
W) 2 A S I IR R, HETCHRIE 1
5 FARFEHBUE: Zo™ A RSHLE] . Zo® H LN
SRS A SO A TR S AL
RA R, BHAEE Zo® LB AR % 4
Wo FEALSEALY b T RN BH B T B A0 T AT 7T
FAIE BA A RAIE 45 M Re s MR A XU TF B, AR, A

K5 KRB T IR R AT S

Fig. 5 Development prospects of aqueous zinc-ion batteries
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Progress on Aqueous Zinc-lon Batteries

DENG Zhiyuan, LI Mingzhu, FANG Guozhao, LIANG Shuquan
(College of Materials Science and Engineering, Central South University, Changsha 410000, China)

Extended Abstract

Lithium-ion batteries (LIBs) dominate the field of energy storage due to their high specific energy density and long cycle life.
However, the scarcity of lithium resources, potential safety issues, and high cost severely restrict their further large-scale energy
storage applications. It is thus urgent to investigate other battery systems beyond LIBs. Alkali metal ions (Na" and K") with higher
abundance and multivalent charge carriers (i.€., Zn?*, Mg?", AI*", etc.) have attracted much attention. Although sodium-ion batteries
(SIBs) and potassium-ion batteries (KIBs) have the similar chemical properties to Li, they have lower energy density (i.e.,
100-120 W-h/kg, 150-170 W/kg), toxic and flammable electrolytes, high operating costs, and safety hazards. Magnesium-ion
batteries (MIBs) and aluminum-ion batteries (AIBs) involve multi-electron redox reactions. Although they can theoretically achieve
greater specific capacity and energy density, the positive electrode materials available are just a few compounds, affecting their
overall development. In addition, the passivation of the Mg anode greatly prevents a further transport of Mg®*. AIBs are in the
primary development stage because of the formation of Al,O; layers on the anode, leading to the corrosion of aluminum electrodes,
decreased battery efficiency and low cycling stability.

Among all available energy storage systems, aqueous zinc-ion batteries (AZIBs) are considered as a most promising large-scale
energy storage due to their lower cost, higher cycling stability, aqueous electrolyte, and safe battery manufacturing process. AZIBs
can directly use metallic zinc as a negative electrode material, and they also have unique advantages, such as high theoretical capacity
(i.e., 820 mA-h/g and 5 855 mA-h/cm?), low redox potential (i.€., -0.76 V vs. SHE), abundant crustal reserves (i.€., 300 times greater
than that of lithium), and good stability in the presence of oxygen and humid atmosphere. Multivalent AZIBs allow multiple electron
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transfers during the electrochemical reaction, providing an opportunity for achieving high energy and power density. In addition,
compared to flammable organic electrolytes, the aqueous electrolytes typically used in AZIBs have lower cost, safer characteristics,
and higher ionic conductivity.

AZIBs have been developed since the invention of the Voltaic Pile (Zn-Ag) by Alessandro Volta. In 1870-1969, a large-scale
production led to the invention of zinc-carbon batteries (i.e, ZnNH,CIMnO,) and alkaline zinc-manganese batteries (i.e.,
Zn|[KOHMnO,), which are still used. In 1986, Yamamoto used weak acidic electrolytes instead of alkaline electrolytes to improve the
reversibility of zinc-manganese batteries. In late 2011, Kang proposed a concept of “zinc-ion batteries” and confirmed the reversible
insertion/extraction reaction of zinc ions in manganese dioxide in a zinc sulfate electrolyte system. Since then, various rechargeable
battery systems based on near-neutral aqueous electrolytes (i.e., zinc-manganese, zinc-vanadium, zinc-cobalt, and zinc-iodine) have
been developed. The existing work on AZIBs deals with aqueous solutions containing ZnSO,, ZnCl,, or Zn(CF;S0;), as an
electrolyte with a high safety and a reversibility.

There are numerous reports on the extensive research on AZIBs, i.e., zinc metal anode, cathode materials, electrolyte engineering,
and potential applications. However, there exist still some challenges in the development of these batteries. For instance, the cathode
materials suffer from the issues like structural instability, poor conductivity, and dissolution. The zinc anode has inevitable dendrite
formation, hydrogen evolution reactions, surface corrosion, and passivation. The aqueous electrolyte has a low voltage window and
corresponding parasitic reactions. In addition, most studies are also conducted under mild laboratory conditions without considering
the entire battery system, including inactive components.

Summary and prospects Rechargeable aqueous zinc-ion batteries based on neutral or weakly acidic electrolyte systems have been
developed. However, there are still some challenges in the current battery systems such as low energy density and short cycle life.
This review focused on the fundamental scientific issues associated with some aspects of AZIBs, and provided a comprehensive
summary of the latest advancements in cathode materials, anode materials, electrolyte materials, and inactive component materials
(such as separators, current collectors, and binders). The core issues and research strategies associated with each component were
discussed., Some perspectives on the fundamental issues for high-performance water-based zinc-ion batteries were proposed based on
the battery structure and electrochemical operating mechanisms.

The existing work on AZIBs are mostly carried out in the laboratory, mainly single aspects of evaluation and lacking
comprehensive assessments. From small button cells to large-scale pouch cells and prismatic cells, some issues and defects could be
magnified, and the impact of side reactions on the electrochemical performance became more apparent. The future research and
application of aqueous zinc-ion batteries could require a further exploration of their fundamental issues and multivariate optimization
of battery performance.

Keywords aqueous zinc-ion batteries; cathode material; anode material; electrolyte; non-electroactive species
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