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Abstract — Diverse structures of Mn oxides in natural and engineered systems occur from the transformation of &-
MnO,, the most common crystalline phase of nucleated Mn oxides, to other structures via redox reactions, adsorption of
metals, etc. Recently, together with emerging interests of Zn-based rechargeable battery systems, which use Mn oxides
as a cathode, the transformation and recrystallization of Mn oxides have garnered interests. Here, using hydrothermal
reaction of Zn-doped 6-MnO,, the formation of todorokite and chalcophanite is observed. When the concentration of
doped Zn increases, the formation of chalcophanite is dominant, but occurs slower than that of the lower concentration
of doped Zn. This study will provide a new understanding of the effect of Zn on the recrystallization process of Mn
oxides during redox cycles in energy storage systems and environmental systems.
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Zn =33 %k0] 24 ¥ §-MnO, TS Slall ool 3w e o+
Zre) 27014 2] MnSO,9 KMnO, &3 o] 285 th13].
160 mL KMnO,(5.0 )¢} 180 mL NaOH(3.5 g)7} 410 3= &9
S 2 160 mL MnSO, £4(0.30 M)2] &3E-S syringe BLE O]
£31o] 4493 wRl 704 25 mL min'e] £E % FFsFit).
A4 72 el zn =R YRS 22517 915 160 mL MnSO,
£4(0.30 mol L™)eh4! ZnSO, €} MnSO,7} 5, 10, 20%°] = H]& =
2101 gols syringe HIEE o] g3l AH3F wHk ZHlA] 25 mL
min'?] HEE FHBIGt 28T SR RS ol %
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chalcophanite 4!

todorokite 27 A4 2 A% 163
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S5 BEe FHE wEo] Folon, o] A=l theh Xray
diffractometer(XRD, Panalytical Empyrean diffractometer(Cu Ka
radiation, A= 1.5406 A)), inductively coupled plasma-mass spectrometry
(ICP-MS, Agilent 7500a)% o]-&sh i BAS Tl P B3
AbglEo] Ve 2 7HEA] o9k Zo/Mn HlEE 242} &
I3Flet. FENE-S Fal T e A Aol AxA =
e AT E o] gate] 'RISHES AlA S ol thA]
FAAZE B3] £ JeZ vHE9] XRD, Fourier transform-
infrared spectroscopy(FT-IR, Nicolet 6700 FTIR Spectrometer) -
A& sl

3-1. zn =8 FE0| WE 2F

Y372 §-MnO, ¥ Zn =
e} Bldgt2E 7HA = todorokite 91— %— /1 chalcophanlte/l
Aol s 218 XRD 41 53l A 5 AT 5-
MnO,(®]3} §-MnO,= Zn7]- = FA] e SR U3t
2beES A3teh) ol £33 ¥ Zng] oFoll uet anks o2 A
J =& todorokite, chalcophanlte Wl 9] Zfol 7t vpEbsttt.
Aukg 7 1.0 M MgCl, Z71of|A o] w8k Wk § XRD w41&
E3l glg AHAEL 5-MnO,, Zns, Znl0, Zn20 B ~36°0114]
hk band & H.9low Tsk 72 A (001) basal plane 3] peak®] -
ANE BT o= E PHslEEC] B 124 Mg EA
XL FH Y =TT RE T Zﬂ% YERATH(Fig. 1A)[14].
ICP-MSE &3l 4% WHAshe W =53 9 Znd] 42 94 x
oA golFE Zn/Mn EH| 9} vl st RS FAT = Tk
(Table 1).

TARES 2417 X3S W, 5-MnO,, Zn5ollA] 9.6 A9 d-
spacings 7H& A7Jo] A A& Qe =+ AUAAUTHFig. 1B).
o]#]3t & d-spacing "FIMISEE F 3 x 3 HYTZE VA=
todorokite2] (100) ol A5 223 shc} [1]. B8t 7.0 2 3.5 AolA] 34
peako] TEBH= Z1E €1 = QIITt. 8A7Fe] FANgol M=
Zn10, Zn20 oA = 9.6 AclA 54 peake] LAYBFRAAITE, §-MnO,.
Zn5olA ERle T A7} b As gRle & ‘i}ﬂr T
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Fig. 1. Comparison of XRD spectra for hydrothermally reacted 6-MnO,,
ZnS, Zn10, and Zn20 at (A) 0, (B) 2, (C) 8, and (D) 24 hrs.
The region of ik band coming from disordered structure of
0-MnOQO, is marked in the box at ~36°. The observed ik band
from the all XRD spectra of 3-MnO,, ZnS5, Zn10, and Zn20
in Fig. 1A indicates the disordered layered structure of Mn
oxide nanosheets.

Table 1. The sample labels and ratios of Zn/Mn for the synthesized
Zn-doped Mn oxides

Sample label Zn/Mn
5-MnO, -
7Zn5 3.2%
Znl0 8.7%
Zn20 17.9%

Zn10, Zn202] 8417k HkS AEE W% 7.0 @ 3.5 Ao 3] H

peake] HAAIRE Zn2000A4 = EA kst 314 peaks BT 244

THRkS F AEEe AT HE S

A peak®] FHHA A= AS & F
ak-> 5-M

S el 9.6 A 317 peak

ZEox 704 3.5 Aol
Q1A T, todorokite
MnO,, Zn5 xRk & = Q)

7h ek Sl 7/4\% %")F 9,1%‘:]'

30714 o)/de] vhefet BitAksE e A g T ERld 7.0,
3.5A 59 314 peak 53 7HE # vl o] Hi= E4L ZnMny0,9]
stehal o g2 deA e chalcophamteo 2 FAH AT} (Fig. 2A).
Chalcophanite 5/37-Z & (phyllomanganate) 7}FA] i §) S ™
Zn?*, N, Mn?", Ag?, Mg2+ 59 ofo] 50| FAtole] EAsh=
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Fig. 2. The formation of chalcophanite and todorokite under hydro-
thermal reaction of 3-MnQO,, Zn5, Zn10, and Zn20. (A) Match-
ing diffractions of hydrothermally reacted Mn oxides during
24 hrs with reference of chalcophanite. (B) The structure of
chalcophanite. (B) The structure of todorokite.
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TZ25 714 3 9 W(Fig. 2B). Chalcophanite> % W] ©]-%-3}
Sl 7719] Mn octahedral AFO1E 5 3t 717} v QA Qe 725
7¥A) 2 9l o1 H] )R Mn octahedral AR E 9] o}efjol] Z+z} zn?
T FolEo] RIS AATH15]. Bk thE ST Wit
shEo] T Atolel ERAEo] F3lE EAlehE A g,
chalcophanite®] FAtelollE F8lgo] EAIEHA] & 53] St
Todorokite E}'YT-%E (tectomanganate) 7]-1] }lom 3 x3, 5
x 3,7 x 3 = thekst Bld A7) 2 1A% WS Mn octahedra’} =
#9)S o) FHA HeMa gl R 7H4 3L QItHFig. 2C).
9l9] XRD #2418 3] §-MnO,, Zn5t FAHSS 3
todorokite™} chalcophanite®] 71| 4/ = STh= 31& 218 5= 9181
11, Zn10, Zn20°1 4= chalcophanite®] 57} o] A H A5 &
Q18 2= 9o},
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Fig. 3. Dynamic variation of the crystalline structure of the hydroth
time-lapsed conditions.
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A= P AFHRYT Fig. 3004 B = ko] &3 ¥ Znd &
E7F 5875 A% T327F F2 chalcophanite©] 24A|7F HE-E- $-¢]]
YEREAIWE, chalcophanite] A7 72 AAdo] whgsl=d o 29l
HES- A|7ko] A Q&I TE §-Mn0,, Zn5 SlM = FANHS 2417 F-9]
A Z& o)A chalcophanite ©] YEF Z1& & = QI Th(Fig. 3A and
3B). Znl100l|A= 22413t - 0 A Ze A vl k817 7.0 A 312
peako] WEREIL, 4A17F HES- A Eo A HE 34 peake] FEIEHA
UElE A5 B 5 QltkFig 30). 7 e ok zn7t = 9
Zn209014= 8AI7E HES- WZ oA 3174 peake] YERSITHFig. 3D).
Todorokite2] (t3E 3] peak: 9.6 A) H-$- Zn &3 =7} S&
T5 ZH2 RS ARl ERlE= RS & AU THFig. 3A). §-
MnO, ° A& 2417 HE-8- $ A1Z-o| 4] todorokite©] chalcophanite
Hop oS Ak 278 o] A=A, WhE- Algte] F7tet

A 404
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todorokite BT} A5k #8511 578 chalcophanite®] 27 A4
7t T7khe Zle = 5 ISt Znl0, Zn2090A = A1 5A
= 11A734 72 FE9] todorokite 3] peako] - oFsiA| Y
Aok AR & Wk 58 B 5 ASITE Scherrer Equations:
0]-8-3} chalcophanite?} (3% 3] A peak: 7.0 A 2! 3.5 A) todorokite
o] A7t W& A 7] W3}elA] chalcophanite A7kl W 2
447 A FA S B THFig. 4). 5-MnO, 2441 7F =94 vk 5
~35 nme] AAT7E B0, Zn = E TR Wit
SHEE-2 WS AIZE STl wEl B ~20 nme] AR TV 2 471507
273+ T}, Todorokitex> §-MnO,, Zn5 4] 7} Scherrer Equations
o] gg A% A7] WA0] 7Fsalal o, HE- AIRE Bl Zn Iegol el
Aglel ~15 nmé] 4% =71E HiTh

FTIR A4 % XRDE FallA 13 H todorokite 3
chalcophanite 873l st AR E A& 5 AUATHFig. 5). FT-IR
AHAEHol| A todorokite 761, 550 cm™oll 4] T2 IR reflectance
peak®] WER} AL, chalcophanite 786, 655, 622, 596, 524 cm™ ]| A
U= 210 % A A ATH16]. Zn52] 2417 HES T A E el =
chalcophanite™} ¥ peake] wll-¢- SFshA| Ay gk F ol 42171 BES-
T AEFEE A et 21E B 5 Qlth(Fig. 5B).

Zn102 4A3E Hhg- & AEolA] chalcophanite ¥ peak®] w5
ok whEsh F ol 8AIRHE skl LR AL(Fig. 5C), Zn20+=
8A17F W& AEHE] chalcophanite©] =7 A2}k AL 16AI13F
FE FEEHA B 5 s AE F81E 5 S th(Fig. SD). FT-IR
A NME ZnTg Aol i chalcophanite 27 A4 432
XRD 43 dAeh= 21E & 7 ik olefst o fr2E =8 ¥
Z7t BT 7 UlelA] AR Eofof sk W1} US ol
7] o w2 a9t 53 © Zng o] &S Zn Y Mn]
T2 HellA 2 AR oll= B 2@ Algto] AR ek, Al x|
$-of|3= chalcophanite (ZnMn;0,)2] 3}t of|A] & 4= Q150] Zn7}
ARze] T gl oeE o wM Zno o] Aol v =
d e 8% 2 He Ao ® e drt

3-Mn0,9] 7d-5-= RES- 02 A== WTHESHEC] chalcophanite
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Fig. 4. Crystalline sizes of (A) chalcophanite and (B) todorokite transformed from 6-MnO,, Zn5, Zn10, Zn20 via the hydrothermal reaction.
Using Scherrer Equation, full width half maximum values obtained from the observed diffractions at 9.3° and 18.6°, and at 12.7° and
25.6° provided the crystalline size of todorokite and chalcophanite, respectively.
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S THFig. 5A). XRDE2 A 29} w2714 2 FT-IR reflectance
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A= A8 gled 4= 9l3lth(Fig. 5A and 5B).

Zn%=3 ZqEOﬂ ) AN 7 e AT 20] 8-MnO,ollA] 3
x 3 ElY1 %% 7}4]+= todorokite 2! chacophanite”} 273
3+ =al *ﬁ*éﬂ% & 2R1E < 3USIT. Todorokite®] 4% tF
et Bl A7)17 27 el EAehs A EvE S 2] 4
3 W2 A¥A geja Ak Ag-s0] Wol JI3E L Qo &=
chalcophanite Zn 7]8F2] o] XA 2|7} Q371 H WA = A7)
WIS 7o) E1 W A] chalcophanite®] A4 MIA Ul tl 3l
A B A7rso] FE I QT 2 Aol tHER] Znd] B
=71l T2 chalcophanite 2772 248 2] A| AT 2 todorokite
A A S dA ds] A5 I U= Zn 7R o] 3FHA]
s el & VTS F T AUTh 2 AellA Rl AHH <
:L]H Qtell Zn? ]‘ Z]‘ﬂ a1 = A §< A ) zn* 552 T84
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