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M odification and prospects of cathode materialsfor aqueous zinc-ion
batteries based on different ener gy storage mechanisms

YAN Jingxuan'?, ZHANG Ningshuang'*", LI Shiyou'?, WANG Mengya'?, LI Xiaohua'-
(1. Gansu Province Low Carbon Energy Chemical Laboratory, Lanzhou 730050, Gansu, China; 2. College of
Petrochemical Technology, Lanzhou University of Technology, Lanzhou 730050, Gansu, China )

Abstract: To date, many remarkable breakthroughs have been achieved for the cathode materials of
aqueous zinc-ion batteries (AZIBs), but many problems, such as poor structural stability, easy dissolution,
serious electrostatic interaction between the material skeleton and poor electrical conductivity, still need to
be solved. Therefore, further research and key technical support are in urgent need. The energy storage
mechanism of MnQ, as cathode material for AZiBs is more complicated than other materials and has been
controversial, which is the main factor limiting the application prospect of Zn//MnQO, batteries. Herein, the
characteristics and energy storage mechanisms of the latest MnO,-based cathode materials were summarized.
The basic problems and corresponding deep-rooted causes of MnO,-based cathode materials were reviewed,
with the optimization strategies in recent research discussed. Finally, based on the existing problems in
different energy storage mechanisms of MnO, as well as the latest research progress, a series of key
challenges in promoting the commercialization of Zn//MnQO, batteries were put forward, and the future
research trends of AZIBs were prospected.
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Fig. 1 Problems and optimization strategies of MnO, cathode
materials in AZIBs!'?
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Fig. 2 Schematic diagram of zinc ion battery!'*! (a); Schematic diagram of primary alkaline Zn//MnO, battery using KOH
electrolyte (left) and rechargeable Zn//MnO, cell using Zn(CF;SO;), and Mn(CF;S03), electrolyte (right)t'*! (b);
Discharge GITT profiles of Zn//MnO,@CFP celll’®! (¢) and CV curves of Zn anode and MnO,@CFP (carbon fiber
paper) cathode in a three-electrode cell using 2 mol/L ZnSO4+ 0.2 mol/L MnSO, aqueous electrolyte at 0.5 mV/s (d);
Phase evolution of cathode electrode during the first discharge of cathode electrode materiall'® (e); XRD patterns of
a-MnO, electrode and Zn electrode in fully discharged state!'”) (f)
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Fig. 3 Schematic illustration of discharge reaction process of MnO,/Super P! (a); TEM image of a-MnO,@CNT?? (b); TEM
image (c), rate capability curves (d), cyclic curves (¢) of CNT@MnO, at 1 A/g current density®!; Schematic
illustration of formation of MGS™®* (f); HRTEM image (g) and stability of specific capacity and coulomb efficiency of

MnO,-xGQDs*! (h)
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Fig. 4 HRTEM image (a) and schematic illustration of the MnO,/PPy composite (b)*7); Schematic illustration of preparation
process (c) and SEM image of MnO,/rGO/PANI (d)**]; Schematic illustration of crystallographic structure of f-MnO,
nanorod sampleP” (e); TEM image of 6 -MnO,?" (f); Schematic illustration of synthesis (g), rate capability (h) and

long cycle performance (i) at 1.623 C of KMO NNTE2
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FRARSE; HOR, KRZH 3D 4ekirpbfegimar. ik
S FERAIR, AT B AR A RHA R RE 2 A

EZM IR, REFOEWM BHE K R W3R P A7
VR IR, AR KR K BL 3R T R B8 25 (2 ] it
WAl FEXFHEBL R, 4K T ARG H Al i 8
FEAE A BB AT R
1.1.5  FARFR#%

AT S MnO, 7E 78 FL i FE v & AR ™ B AH
AFMZEFI PR, R G IR PERE , FEA RS E
rp a2 () 1 2 f AR S sl R S SR R ekt
MG FR R B AR TR o X PRI REA R 2 AN
SRR R T, R Zn™ 5 MnO, B4
Z I A E A AR, S8 HY/Zo® S A/ Rt
TR, JFH 58 B 3,

AW ES TEH B REB AR,
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Ca® Fl AP ) il Ha 77 258 B F 2 AR 9-MinO, 4546 Al Ak
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BT i ARUREE MnO,, f2iF Zo® O A/
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HL B 0.10 A/g 3% 2.00 A/g I, Al-MnO, i Hrim A Na FUK 73R S AR A B (NMOH), Jf:
N LS I 2 A A SRR BE, B2 210 mA-h/g, i 3o 1 — A 0 SR AR R R AEIESE T AR Zn® (1)
RHARFFRN 21%, MiTE 2.00 A/g {5}, Ca-MnO, FI HEHY L B 5F), FeZ vt 2 B O S A5 R PR BE
Li-MnO, 2 ARFER SR 17%H1 11% (& 5d). 16 1 C #1120 C W}, b7 543412 278 #1106 mA-h/g,
5 Li-MnO, il Ca-MnO, #Ht, AI-MnO, BAHE L2 ZEEFF 10000 K5, A HRFERE IS 98% (Kl 5g).
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FIRZ B A Re /MG, MM 7 —FZmf BE Sh Pk, Na'7E20K 6-MnO, iy “ %L
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& (L E 0.4 V) Fl STEM-EDS o Z 4% (i) BY

Fig. 5 Schematic diagram of formation (a), TEM image (b) and cycle life and coulombic efficiency at 1.0 A/g, and initial and
last 10 charge/discharge curves of -MnO, NDs (c)3); Rate capacity (d) and binding energy of Zn*" on (001) plane (e)
of Al-MnO,, Ca-MnO,, Li-MnO,**; Schematic diagram (f) and long-term cycling stability (g) of NMOHP!; DFT
calculation of §-MnO, with Na* intercalation®! (h); HRTEM image and STEM-EDS elemental mapping images of
Cag,sMn0,+0.5H,0 at discharged state (discharge to 0.4 V) (i)”
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A, Na AU ARESE T 3 F i 3% 5-MnO,
FF R RE, Hb R =3k 335 mA-h/g [T L
i, HAEPEER 10000 W5 5BER 20T 46 2551 98%.
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Fig. 6 Zn-intercalated structures and relative energies®® (a); Schematic diagram of PANI-MnO, structure®® (b); Schematic
diagram of preparation process (c) and cycle performance at 0.2 A/g of PEDOT-MnO, (d)*”; Schematic illustration
of WBEC preparationt*¥] (e); Schematic diagram of fabrication process of N-MnO, @TiC/C*¥ (f); Side view of
schematic illustration of Zn migration and Zn ion diffusion barrier profiles in S-MnO, (g) and cycling performance at
a current density of 200 mA/g!*Y (h)
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TE AL AR, cw-MnO,-100 F2 31 H AR A9 25
L, 7E 100 mA/g T %54 300 mA-h/g;cw-MnO,-300
FITEARE I T2, 7E 100 mA/g FIF{A 135 mA-h/g,
200 PG GRS T bR (8 mA-h/g), —&
NG AR T SRR T T 2R R R i s 1
%, HEZMRE AZIBs IEM A B S5 1k

AHLF AT LA 55 Zo® Fn4a fb 4 22 18] i i i A0
HAERT, M5 B Witk 0 AT 8RR A AR S
Pk, HUANG 450 it 5 1 S 1y i1 46 T #k A PANI
i MnO, ( PANI-MnO,) (& 6b), &R AW E G
R 2 AR5 49 FT MnO, B K R SF (10 nm ) A BT
R AHAE TR o i A7 . PR, 7EFRR 200 YRATIIR
FFERE H 255 308 mA-h/g )Y 91%, Ell 280 mA-h/g,
TG 5000 WA MBS A=A 40%, H
123 mA-h/g, SCB T KR v ibah, HY/Zn®*
FEJZ IR MnO, H Hedim A /MG Hh A 2o A o 9k 33 40 H AF
58, WA TR ZSH SR B RUEH" WA
WATHLH . CHEN 21958 57 KMnO, . MnSO, il 3,4-
W TS BEMY BR ( EDOT ) 22 [a] il S8 AL 8 TR T TE
N, 5K 3,4-2 05 A WERy (PEDOT ) it A £ MnO,
20, A PEDOT-MnO,, SHLE &% PEDOT 1k
FSLAERE] T RIZ MR . FEOE A AR LE F R
BB AR R, TR O T AR 5 A6 24
FasErE, i, PEDOT-MnO, 7E 0.2 A/g HLIR B T
BRI 3A 344 mA-h/g, FE 2.0 Alg B AT GA
121 mA-h/g (& 6¢c. d ).

AR BRI R 0] 38 2 5 AR AOE S
M AT R B AR R R R 2549 5B, (B AW
BRI RRE S LBR, WHESIE%E Zn™ BIfE S
AR EOR B F L HE R AEH L B 2 61 U .
B, N R R ARRRL . TR BRI FR 2R X A 2 0]
HIZE G RE, IR MG TR & AR 1 FP 28 itk A X
MR AL 2EPERE RS2 . XHZ AR R A Ak 2 I R AIL
TR RO R AT RGNS, A BB & 2
A AL IS P MnO, FEAT R B B A
1.1.6 %eFs A2

BB AJEAE B PH B 1S5 i s
25T AR S Ab BE Bl AR 1 R B e, s
JEA R R AL A IE Y L R ES . FA R,
T 7 A Ak 3 i /AR R B 67 0 Zn™ A L W 3 1
BAE AT 5 B 5 A 30 ) PR B, — EL B, Zn®
DL IE B 1 . WY Zn® BRI T I AR 3 AR
AR 2R T I 2 TR BEL . 5 A 24 19 FBH B 1 25 o ik
B, TIRCAE Zn™ B9 A T A AR, HIES Zn® 5 IR
Z B AR, MEIEW SRR N, $2
LT NIE - A

ANG % 213 3o 4 g 4 Bl [ Ok 36 58 MnO,

( 0d-MnO, )FE i AL A6 o A BBE B9 51 A Zn®"
FE R ARk 2 1T VR /BB B 7 5 A T ) F R S B rp
HEEnrh, Bom T RmB A oimk, oog T Ak
A ELAL A PERE . Zn//Od-MnO, L BTE 0.2 A/g HL I %
R AR HE 2 HE i 1A 378 mA-h/g, 7E 1.0 A/g R Y
T H P25 HE AT 3K 202 mA-h/g, FFAE 200 RAEER R
P AR LI RCEIEIAE , SRR YRR 100%, 2
EIRFFR 135%, WAL, RE R MR % 5 0 5N
520 W-h/kg 1 2580 W/kg, ZHANG %5431 5 fif B4 1)
BREE WK 4 K AR ZS 605 AR MnO,/ A 8B 90K E
HHPEE (WBEC) ", W1 6e AirR. &bk fildss
PRGBGSR T B 798, I H MnO, 49 K15 4
s, ZHEILFEIER SR MY, MUEE T
MR S, B4 T MnO, BUAFE{L . WBEC
TE 0.1 Alg FHCH HLZS &84 312 mA-h/g, izt # i HL i
MnO, B S 285 (130 mA-h/g), 7E 1.0 Alg F1F
1000 K5, ARl 80.1%, RUIABEME]
ATTRRARE Tk ARB 22, RIEE T1EH. 54, B
ZAE & R T R WIE— PP R TR A 1 T B
ZHANG ZEHH HIR IR (200 °C) 4B (HT) JE7E
NH; S N A& T HAEASNMN N B2% MnO,

(N-MnO, ), N T #—4 5 MnO, IR HMRE,
DL SR TiC/C 40K # 8 N-MnO,_, Nits, JTE KK
T B N-MnO,_.@TiC/C 5e/ 845k, Hfl 45 m
W 6f fisn . FEfl TiC/C FHMESE, S HIEIEER
L 5% B RN R T FE 2 o ik, 27T B N-MnO,_.@TiC/C
PO R S N B i, BARRIN: 7E 0.2 Alg
HL 8 B R A3k 285 mA-h/g B LA, 11 Alg
HLIR % 2 T PTG 3R 1000 IR ITATTH 85.7%1H) 25 i AR FF
R, M ZHAO Wl it s 2 il 4 7 B A T 2 4
Ko AERMERRLF . TEA A KSR S H MnO, 49K
A (S-MnO, ). i 6g Fin, 1E#FIHE L0
1 DFT #USHFFTUE , 76 B T PRI B A B 24 i
JEF Al LL3RAN MnO, ASfE B S AR B , 55 5
LAy Zo™ W F A AR, TN s R Bl )2
11 S-MnO, 7 200 F1 2000 mA/g FIBEE T, H
WL L AR 324 F1 205 mA-h/g, SRRt
MnO, 19 1.1 A1 5.8 £ (&l 6h )., AL, BBHAES
(IR 2 T R B B TN AR LA T R o

Mn e 5 5 Al BH B - i B 1 5 A ] AR R
P& 15 IE AR A Rk B 5 A R PR AN S M Min SR R
SR d H UL BHES P . CHAO Z5UOCR A
DFT 34 8 WF5E Mn 23 4] Zn//MnO, Bt i 50
PELZE LRI, Mn S (P AL A HLF = B R I, fiff
MnO, E i LA BRI GE L, A TR/ 19 1.
BARME, HELWHE] MnO, /) O 5 Ersd T
OH , Zit &k ALEMITAY Mn i85 L. 2, H
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Selective membrane Mn cathode
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STEM-HAADF Mn

Bl 7 Zn/MnO, Bt PEEELED R ZEIES (a); f-MnO, MREBRENLHI R B R (b); Zn//e-MnO,_, B AEATEHLE (¢ );
HLIL A5 R P (d); Wi i AL # LRI Ce); J40KBE (f) FIEKRLF (g) M9 HRTEM [, JEg4k
&1y STEM-HAADF [ K 7e55 1 B % 1V i Mn, O Fl Zn 19T HE 43 ff) STEM-EDS [ (h) B
Fig. 7 Schematic diagram of zinc storage mechanism in Zn//MnO, battery®! (a); Schematic diagram of energy storage
mechanism of f-MnO, cathode*® (b); Dissolution/deposition mechanism for Zn//e-MnO,_, battery™**! (c); Schematic
diagram of battery!®" (d); Electrochemical mechanism of flow battery®?! (¢); HRTEM images of short nanorods (f)
and nanoparticles (g), STEM-HAADF image and STEM-EDS mappings of elemental distribution of Mn, O and Zn in
the discharge to 1 V during the first cycle of short nanorods (h)P!
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