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Alleviating Mn*" Dissolution in ZnMn,0Q, Cathode for the
Extended Cyclability via Particle Size Increase
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Abstract: ZnMn,0, (ZMO) cathode possesses a high theoretical capacity of 224 mAh g™! and high operating
voltage (1.9 V vs. Zn?*/Zn) for aqueous Zn—ion batteries. However, the disproportionation reaction of Mn®* leads
to Mn dissolution in the ZMO cathode, deteriorating lifespan. In this study, we attempted to reduce Mn
dissolution by enlarging the particle size, thereby diminishing the electrode/electrolyte interfacial area. The
ZMO particle grew with increasing the calcination temperatures of 400°C, 500°C, and 600°C. Higher calcination
temperature created oxygen vacancies within the lattice, thereby increasing the contents of Mn®* for charge
neutrality. The rate capability decreased with the increase in particle size, which is presumed to be due to the
lengthening of the diffusion path of Zn ions. After a long—cycle experiment of Zn—ion batteries assembled with
ZMO cathode and Zn anode, the Mn deposit amount on the anode was measured to reveal the Mn dissolution
from the ZMO cathode based on the disproportionation reaction. The ZMO particle synthesized at 600°C with
the largest particle size demonstrated the highest cyclability of 48.1% at 1.0 A g™* based on the lowest Mn
deposit on the anode. Hence, the ZMO electrode with a larger particle size exhibited improved cycle stability
by alleviating of the disproportionation reaction from the reduced electrode/electrolyte interfacial area.
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Fig. 1. Scheme of synthesis procedures for ZnMn,0O, powder through sol—gel and calcination.
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Calcination ZnMn,0O, powder
(400 - 600°C, 4 h)
2. M8 wy

212 g

ZnMn,O, A= 7 JE &8 HEJST @™ ).
Zinc acetate dihydrate (99.0%, Samchun, Republic of
Korea), manganese acetate anhydrous (98+%, Alfa Aesar,
USA)¢} citric acid anhydrous (99.5%, Duksan, Republic
of Korea)& 27 1 mmol(0.2195 g), 2 mmol (0.3461 g)
223 3 mmol(0.5764 g)2] H|E&E FH|SIH L citric acid
= ZY o|EA(chelating agent)ZA] E-LF St FH]E A
TAEL 255 SHF GomLyt BA de ole A
HAA 80°C 2&=2 2 AlZF B9 WHHslY Zn-Mn
citrate =5 FAAIZTE wyto] gkgd £ FE&AL dF
9 E(LO-FS050, Shinmyung Science, Republic of
Korea)oll Al 80 °CellA 16 AlIZF 53t §ullE SUAIA Zn-
Mn citrate A2 A Z35ATF. Zn-Mn citrate 22 FHY
FH A72E ARESte] 7] B9712 TR sk %
Z71(400 °C, 500 °C, 600 °C)lA 4x]7F Bt dladlo]
ZMOE skt | A& 400 °C, 500 °C, 600
°C &4 2= mE ZM0400, ZMO500 —LEal
ZMO6002- % grg 33Tt
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" ZMO®| #EW ¥ field—emission scanning
electron microscopy (FE-SEM, SU8220, Hitachi, Japan)
£ olg3te] 5kve] 7Y 11.4-11.7 mme] 2572
ox BZsAt FE el Ht A7 FE-SEM
O[MAIZHE Image J] 2T ESOlE Fsle] FFFIA
&% (equivalent spherical diameters for nonspherical
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7% A7le IXF 7F F2F 471 (Autosorb iQ-XR/
AG, Quantachrome Instruments, USA)YE A}&-5fo] E293}
ATk HFEAA L AL FRFHOZRE multi-point
Brunauer-Emmett-Teller (BET) ©]2°.2 AN oM Het
718 3719} 7182 = quenched solid density functional
theory (QSDFT) W'Ho 2 =3t} Az 72 B4
f1eted AEl sl X-ray diffractometer (XRD,
EMPYREAN, Malvern Panalytical, UK)E @83}, 0
- 90°20) WM 40 kV, 30 mA Z7A2] Cu-KoX(
= 154 A) o2 ZA3It}. Fourier transform infrared
spectroscopy (FT-IR, Frontier, PerkinElmer, USA)S &
&3] 4004000 cm'e] 2 @l Zn-0%F Mn-O
A% 543 Mno| sk WistE EA T Xoray
photoelectron spectroscopy (XPS, NEXSA, Thermo
Fisher, USA)= Al-Ka (1486.6 eV)2] WA QS &85}
o e stAazollA 4E ZMO MEES &AW Mn
o H AstE AT E3E C 159 binding
energy?] 284.6 eVZE calibrationd}$13L, CasaXPS A~XE
Ao]E E3| Gaussian (70%)-Lorentzian (30%) function
< o83l fittingdltt. & a3 47] (HMS-3000,
Ecopia, Republic of Korea)& AM&-3le] ZMO Hgle] A
IHE=E S35 Hale A S ZMO, Ketjen
black (EC 600JD, Lion Corporation, Japan), 123
polytetrafluoroethylene (Sigma-Aldrich, USA)E 8:1:19]
AR 4ol 0.2 mm T 10 mm 27| dAFS
2 AZsiAnk. =59 AZE Mn 2 Inductively
coupled plasma (ICP; Optima 7300DV, PerkinElmer,
USA)E &&sto] 430t}

233 M A MY |5 2
&43% ZMO AZ, Ketjen black =HA =g
polyvinylidene fluoride (Sigma Aldrich, USA) HRRIGIE
Az 8:1:1Z EFF $F, 1-methyl-2—pyrrolidone (99%,
Alfa Aesar, USA) §VIE €83l &2i8] FEIZ A5E
4S5 FHskAt. A=554E carbon paper (HCPO30ON,
WizMAC, Republic of Korea) 37 Aol g Ego|=H
S 53 1320 mge] FHow FYI F JFE
(OV—-11, JEIO TECH, Republic of Korea)s &3}
80°CelA 12 h &<+ A=A

A A2k A FFEA=10 mm)S 2, EEuo g
£ fFaAdfod#A (GF6 grade, CHMLAB Group,
Spain)E, 223 S=22+= Zn foil (99.2%, The Nilaco
corporation, Japan)& 283t CR2032 type®| F14d-E
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Az, ek, Majdz 8" 2 M ZnSO4 + 0.1
M MnSO;= zinc sulfate heptahydrate (99.0%, Duksan,
Republic of Korea)$} manganese sulfate monohydrate
(99%, Alfa Aesar, USAYS X4 SRl &8)A1A A
sk AzHE A1 d2olA 12 h FF AR
(aging) ¥, A713ket SAS ZIPsidrt.

Electrochemical impedance spectroscopy (EIS)# cyclic
voltammetry (CV)< potentiostat (VMP3, Bio Logic
Science Instruments, France)E ARE-3le] F243}% T} EIS
= BB EHSNA 10 mve] F1Fe] AR HE S FH
3te] 1000kHz — 100 mHz 3+ HLloA A=A
CVE 0.1mV s'9] FAREERZ 1.0-1.9 V(Zn*/Zn)2] A
A SA s th 3, Galvanostatic charge—
discharge (GCD) #4& F3td 1.0-1.9 V(Zn*/Zn)e] #
S aslo Mg, 8% 54 2 59 54 B
oh MR 0.1 A g'e] AREEAM, &5 5L 0.1-
20A g'o] AFLE HHIA 2.0A g'/0.1A g H]
S AR S £ 542 1.0A g'o] AR
Tollx 8003 FHAE &% FAES S8l Ateslth
e ASES AR 8 A3 A 2719] 30 cycles
2443} (activation) O Z 7HESI o™ =42 Battery
cycler (WBCS-3000, WonA Tech, Republic of Korea)
2 Agsiar.

Ak L2 2928ty Zn-Mn citrateEFE A
Z=9] P4 W= FE-SEMS E3dlo] e}
o (¥ 2a-c)). F=3, ZMO HEE2 YAA7|E= FE-
SEM ZAFZRE] Image ] AZEY ]S galo] =A3}
Ak w2 sk 2XollA FdE ZMO0400, ZMO500 A
E2 vAlEta T FHO QAP ASEJL, B2 2k
oA AzE ZMO600 MEZL Eddd J44S Btk =
gk, ZMO400, ZMO500 Z2]3 ZMO06002] UAF 7]+
Z}zy 122, 41.8 233 93.7 nmA+ GE ). 3
exE & QA F Y3 ZnMn,04 YAETF SAEWE
<] (ostwald ripening), ¥ (coalescene) 5°] Yold wj
27 A £52 F7A ZMO YAk A £x2 7)
2353t} [27-29]. wERA, ZMO AZE T3 2 L0
Al AR YA A St 7KEslEY] W YA A
717F 7kt Aoz Azt
ZMO AEES] A A7) % BEHE, 71F 23X N,
2z B o R Hrlsith (2™ 2(de)). 3t 2%
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Fig. 2. Field-emission scanning electron microscopy images of (a)
ZMO400, (b) ZMO500, and (c¢) ZMO600. (d) N, adsorption/
desorption isotherm curves and (e) Pore size distributions of the
ZMO samples at different calcination temperatures.

Table 1. The average particle size, specific surface area, and
average pore width of the ZMO samples at different calcination
temperatures.

Average particle Specific surface Average pore
Sample size” area”™ width™
(nm) m’g") (nm)
ZMO400 12.2 262.2 2.6
ZMO500 41.8 186.5 2.5
ZMO600 93.7 112.2 22
*Image ] ZAZES A& T3l AEY HF 27 & ALt
**Multi-point BET ©| 2 2 2 A At
*+QSDFT " 0.2 7] 52| Ht A F< A4t

7} 400 °CAlM 600 °CE wobd4= wlmws2 7}
2622004 1122 m? g'o& AT} (& 1) vEd
o] e sk 2= STkl mE dAke] Al v
o2 A7tEn. ZMO AEsel dsl N, FEH] §

(a)

fo » & N

k< A5 8He] X A61dE A 123 (2023 129)

FdellA] YRS o]8] I (hysteresis loopr> FE EE
ZMO®IA mesopore(2 <d <50 nm)’} FAE AL ou|sh

ot (@¥ 2(d) [30]. 3, IUPACY] o834 EF(HI
— H4)el ¢sPd ZMO0400, ZMO500 M=o A9 o]
o] slit FEje] 7198 7= type H3oll 7P7hH =
L 2noA &43F ZM06002] ©]E FAHL type H3E
o} type Haoll o 7HaAl vebdtt [31, 32]. o2 o]
T4 MNP 9 F FHY slit 7] =2 5k 2=
(600°C)llM A= ATH= 21 YERdt [31, 33, 34]. &
& 8t 2RelM= ZMO Ak 2719 S7kR Qlske]
Ak 7HA o] FokA AL Ate] 7]Fe] Fokxl Aom A7t
b we2bA, ZMOo MEE] Hdt 7y e A
Az, 4= 271 F7hel wet 71E 277t A A4S &
AT (2" 2(e), E 1)
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Fig. 3. (a) X-ray diffraction patterns of ZMO samples synthesized at different calcination temperatures (b) crystal structure of ZnMn,Oy,
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Table 2. (211) peak intensity and full width at half maximum (FWHM) of X-ray diffraction pattern. Lattice constant and unit cell volume
calculated via Rietveld refinement for each sample.

Sample (211) Lattice constant Unit cell volume
P Intensity FWHM [A] [A%]
ZMO400 2784 0.7369 a:zgsz'gggg 298.4976
ZMO500 3002 0.4340 322;52';1125 301.7652
ZMO600 4179 0.2555 3:2352';;20 302.8141
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Fig. 4. Rietveld refinement results of (a) ZM0O400, (b) ZMO500 and (c) ZMO600.
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Fig. 5. (a) Fourier—transform infrared spectra (FT-IR) of ZMO samples at different calcination temperature. (b) Inset of FT-IR spectra
indicating transition metal-oxygen bonds.

S AL Mn*(0.58 A) o] U1 oz oitd
T} [43, 44]. ¥ 2 o] WS /A MY FUR=
ZMO2] AA} Zd4=(lattice constant)2} TH] A A} H-3) (unit
cell volume)s S7FA1Z ZAolth [45]. Rietveld refinement
2 ZMO400, ZMO500 18|32 ZMO600 A3t 4},
sl 25 St whEt AP g9 AR R)vt St
sk Zlo] ERIHAT (2d 4, & 2). 5, 3tk 2= T

7¥l mEk ZMO W Ak o] 7HAste] Mn*Ut St
Ro= Azt

Zn-Mn citrate®] d}4 &% W3l 2 ZMO W Mn
o] ksl WslE EA5h] fI8te] FT-IR 42 33t
Atk (¥ 5). FT-IR spectradlA ¥ 3}<(wave
number)®] A% W2 IrE e ARy F2 A%

Z1o]Z2 zte=t) [4647]. RE FH|E AZoA #=dH



928 ekas-

A 5832 A61d Al123 (20231 129)

Mn3* )

Intensity (a.u.)
Intensity (a.u.)

ZM0400, Mn 2p

4+

Mn3*+

Mn4+

Intensity (a.u.)

\ ZMO0600, Mn 2p

635 640 645 650 655 660
Binding energy (eV)

(d)

(e)

635 640 645 650 655 660
Binding energy (eV)

635 640 645 650 655 660
Binding energy (eV)

(f)

Oy

Intensity (a.u.)
Intensity (a.u.)

ZMO0400, O 1s

Intensity (a.u.)

ZMO0600, O 1s
1 1

1 1 1

526 528 530 532 534
Binding energy (eV)

526 528 530 532 534
Binding energy (eV)

526 528 530 532 534
Binding energy (eV)

Fig. 6. (a) X-ray photoelectron spectra of Mn 2p for (a)ZMO400, (b)ZMO500, and (c)ZMO600. O 1s spectra of (d) ZMO400, (e)

ZMO0500, and () ZMO600.

485 cm A9 3= Mn—O A%S et 609 cm™

A #AZE F3= Mn-0°l Hs| AFAol7t &L Zn-
O A%e] sl sdste Tt} [46]. ESF, ZMO FF
GA] Bk 257 BOHTE 544 9 666 cm oA #S
HE 242 Mn-O ¢ Zn-0 Al sigsls &0 ¥=
(shoulder peak)®] 1717} S7ksiitt. &6 = A|7]¢]
S7F AA2 sta 2% St wek ZMO FE U
[MnOg] A 32 [ZnO4] AFAA NN A4 F-Fo] A
o] Mn-0¢9F Zn-0¢] A Zol7b 7HAgly] wWEo=
FZSHET (44, 48-50]. =, AHE FF AR Fopxl
Mn-0%} Zn-O ZAge] S7H= <18 &vl 92 A77 &
7¥et Aoz A7k} [48,49].

91 XRD$} FT-IR ZAFoA sth 2% F7ie wet
A Mn*/Mn*e] Blgo] T7kst Zlo® it (2
g 3, 29 5). ZMO AEES] Mn Hy sk HHIlE
AEFHoz BEAS7] $35ted X-ray photoelectron
spectroscopy(XPS)E &85ttt (¥ 6). Mn 2p2] high
resolution Z~HEZ X Mn**e} Mn*'o) sdst= w2 |
A v Z2RE 7F Al RS AT (2" 6(a-
). HEsh T2 S| Mn o RRE ARk Ht
AHslEE ZMO0400, ZMO500, ZMO6009] thial z+z}

Table 3. The percentage of Mn®" and Mn*" contents, average
valence state of Mn, and the peak areal ratio of oxygen vacancy (O,)
in ZMO samples.

Mn®** Mn** Average  Areal ratio
Sample contents  contents valencestate  of O,
(o) () (Mn) (%)
ZMO0400 273 72.7 3.7 20.0
ZMO500 37.8 62.2 3.6 20.9
ZMO600 58.5 41.5 34 323
37, 3.6, Z2E 3 34 It (F 3). B 4 =&
[MnOg] ZA] W 2tas WEAA e 335 A3t

[40-42]. O 1s spectra®llA]
(O ks AR A7t EAfshe
B (0] HIEEHE A T HES Ko = 3
ol 7Fsaltt (¥ 6(d—f) [51,52]. ZMO400, ZMO500,
I8]3 ZMO600 AZol|A kA Fyol sl dde
747} 20.0, 20.9 AL 32.3%E, skh &% Z7io)] wat
b FEe] vl S7PE ERlEn (& 3). wEhA, ska
2% Z7k) wel ZMOW Mn B A7 Zaste
ol AAR Ul Atak Fol Z7sk] Mn*te] H|go|

Z71307) o2 AzhET [44].
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Fig. 7. (a) Cyclic voltammograms measured at a scan rate of 0.1 mV s, (b) charge/discharge profiles measured at a current density of 0.1
A g for ZMO400, ZMO500, and ZMO600 electrodes, and (c) electrical conductivity measurements of pelletized samples for ZMO400,

ZMO0500, and ZMO600.

Table 4. Specific capacit?/
the range of 0.1-2.0 A g™,

measured at 0.1 A g, rate capability in
and charge transfer resistance (R.,) of the

ZMO samples synthesized at different calcination temperatures.

Sample S:;:éi}cf Rate C%p ability R
(mAh g ) (%) (®)

ZMO400 199.4 46.3 50.5
ZMO500 201.0 35.8 102.7
ZMO600 201.8 332 1443

ohE ak 2%eA FdE ZMO

ey e
MEE

SEHEES

A& Zol= cyclic voltammetryS -85l A48T (2

2

=

7(a)). 1.55, 1.60 Vol #=E= 2709 Atst F=9}

1.22, 1.39 VoA #=HE= 219 g da3E= Mty
2bs)-gke] whgt AHEE F]=o|tt (53] Bg, ZMO A&

=9 A71skety A

T2 0.1 A g AFL=olA HHF

A ki 2 S7Re ZMO 2] 4R 2718 S7HIF
OEE D). F=2 dA A71¢] S7ks 2718k
2 (electrochemical active areays HAAl7|B2
H§-3S AT [54]. 28y, =
ZMO 47 JATole Batal &g
7kttt S7ksk BlegS A ZMOS] K7
7t F7Vel7] Wi o= AZbET (28 7(c)) [55-57].
s, SV A7 |AserE wE Ax}; o]FS 7FesHA
st A= FHAA dojuh=s Aksh-ghele] E4s) goo]
o Hod Zo)7] wjZeltt

[58]. =2 3t&h 2%l
ZMO2] A7|d=wrt S7bsh Al AARyxd St
2k

rlo

T

53°] shallow donor®]
Z+E T} [59,60].

OE stk £xold $E ZMOoel &%
SJate] ohdet AFUE(0.1-2.0 A ghellA 83

o]
=

FHAdg oz =AY (29 7(b)). ZM0O400, Stk 0.1 A gliA AT vLF} 20 A gl =
ZMO500, 1232 ZMO600 AZEE59] H§7F Ztzt A H&HE vast &5 548 ANtsidt (a9
199.4, 201.0, Z&]2Z 201.8 mAh g'& 3l&h 2% Z7l  8(a), E 4). ZMO400, ZMO500, 22|32 ZMO600 AZ
wE} vl-go] A% FUFIATE (F 4). ¥4 SEM A E9] &5 542 77 463, 358, 33.2%=% Sk %7
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Fig. 8. (a) Specific capacity variation at different current density, (b) electrochemical impedance spectra, (c) cycle stability at a current
density of 1.0 A g”! of ZMO samples at different calcination temperature.
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Table 5. Cycle stability with a current density of 1.0 A g for 800
cycles for ZMO samples at different calcination temperatures. Mn
concentration indicates the deposited Mn contents on Zn foil as
anode after long—cycle experiment.

qe o Mn concentration
Sample Cycle stability (%) (ppm)
ZMO400 0.0 316
ZMO500 33.7 172
ZMO600 48.1 64

n** o]29] 3t A
S, ZMO9 At A7) S7ke EEAS A A5/
Asid AMelA Aot o] 9] o] AsA7| R s}
olF AR 771 20l mEt &5 EAE A5t
H Aoz Aztdnt (2™ 8(b)) [30, 62, 64, 65]. T,
ZMO A ot 2xo] 7ie @9l A F9E St
AlA AS1E Zn*'e] olFS &olal Ftt [30, 66] (LH
4, & 2). B3}, ok 2= 7] mE PdE AHEE
W2 Az} o]E5S 7hsshAl dth2d 8(c)). Solalzl
o9 ofsF mg M7 o)F EF ZMO AT &%
54 el 71l £ 9l [30, 67). 2HO® BTl
ES da Lxold A" ZMO0500, ZMO600 A1Z2)
Holxl &4 EAS oA A7) St wet zn*t gt A

1=

[e]

7V &5 542 st akh 25 STl w
2 &% 549 7as A 27] St wek Aol A
=Wz el g WFo= AztET [61-63].
T

s

2 FE vF] Witk G 1).
ZMO =2 TWHA] 4bskske] wkg-S sl Mnol &
453t vgoz Qg HaldE fEHo S5 A4S
2 250 " ZMOA
sted 1.0 A g'elA 800
cycle % &% WHslE SAUTE (2 8(c), & 5). 3t
A 2% Z7te| mE YAk A7)
ANAL 53], AZE F 7 =
ZMO600-S 48.1%2] &
o] aAtE o]&-
gl AHo] Zo
Zo] ¢s}EA7]
A3} et 25 Tl et §EWHS do7)= Mn'te
H|go] FopHtl Tyolx= B8l AT e e
AFAs)d Ae] W A gapt Me't ¥&e] $71 &
FEok o A7) diEe =2 Azt
=2 kA 2xolA FAE ZMOIA Mn £&0] &3}
HIEAE BN 98t Zn 25 S&E Mn 5
Attt EdEst vhgo R s ZMOEHH &

o

o
=

A

- A g 8kE] A A61HE A 123 (2023 129)

=8 Mn'e Fade T8 F52= olEdel MnO
ez S5l AZE7] wjEel], 5=l A2E Mn o
il

5). ZMO600 Q1A Zn foil ¥ Mn &3] 64 ppm
o2 7P Wkt wEbA, T2 gk 252 Qld &

2 3715 zFe ZMO6002] 7$- AF/AsE HEHE
a2 Mne| §F°] ¢8l=o] Zn foil 12 A2 Mn
o] L7} AN o7 Clsl P $E £ EA

< B3t

4.

M

ZnMn,0,ZMO)°] 1 54 e fslikeE Mndl &
#4538 WS dsiA AL st EdTe WS WA
& Ao LA, ZMO W MnE Hs|d= 824
A &3] TAE op7lsly] witolth wEhA, & Ate
St 255 =9 ZMO YAe] 4e fEgo=m A=

A2} =27z 122, 418, 283
93.7 nmZ 3tk 257} Zr1e wet HaE YA =277}
Z7FIAt. B8 d4a LEE Mn-O 28-S &3 4#
T2 W A FEe S FTTRIRH, M FEol
715kl wEF Mo FHEE FThelnh A 271 F
7t whel z718keha] & wAlo] Zhasiglont A E
o] o Hlge] 2% FUlsIAT 9, ARt 7]
o] Z7tet Al Zn* o2 it A7t F7kste] 200 W
2 AFLEQRO A ghelrd &5 540 46.3(ZMO0400),
35.8(ZMO0500), Z&] 3L 33.2(ZMO600)%E 723t
2L 27] S7FE QlE &4 54 A v, A543
A HE HHo] faste] b W SRS Y 5
o] FAFAUTE 53], ®& sk L= Qs 7FE 4
2717k G ZMO600 800 cycle 52t 48.1%2] 7H
et 7 548 2o

HAlel 2
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