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Abstract

In this work, we developed a synthetic method for preparing one-dimensional MnO, nanowires through a hydrothermal meth-
od using a mixture of KMnO4 and MnSO, precursors. As-prepared MnO, nanowires had a high surface area and porous struc-
ture, which are beneficial to the fast electron and ion transfer during electrochemical reaction. The microstructure and chemical
structure of MnO, nanowires were characterized by scanning electron microscopy, transmission electron microscopy, X-ray
photoelectron spectroscopy, X-ray diffraction, and Brunauer-Emmett-Teller measurements. The electrochemical properties of
MnO; nanowire electrodes were also investigated using cyclic voltammetry and galvanostatic charge-discharge with a
three-electrode system. MnO, nanowire electrodes showed a high specific capacitance of 129 F/g, a high rate capability of
61% retention, and an excellent cycle life of 100% during 1000 cycles.
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e 2= o] A7 AlARle] i3EF )] EoldA] o] A7 1
7} s 2 e, Y4 o]o] Atsl/Ehe WS AXHA @
SS-& el wet 5712 sre Ay e well EA7F AV =
o] 93] glrke]. A=A (fuel cell) 2 B2 oA W%
A|2Ele] O3l okm A A "l AbL TRAE 2

o] AT 7L LT AA oUA] AARE AgstEe

A& BolaL QIeH7]. AN E = e o 2] sehke- ¢l
o] A5 Al AAe] A3t AAE EBHoRE FHshe WHES
AR Bkal glo] =& E9 dWE 11 Y 9 S8 AR 2] Tk
sk e YL SIEl8,9]. A710lEZ A AIE(electric double lay-
er capacitors, EDLCs) A=AAZ+= A7]0]% S (electric double layer)
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| 7Fedt 7] A=/d2] B/dehactivated carbon), “L#¥(graphene),
2L} 57H (carbon nanotube) 52 BFAAIA ] o] Wol AT
AUTH10-12]. o]23 BhAAIGS] HAaAAES & FHUE, 1%
-, R F - B o) 548 AU 9loi13]. 3H
E Ao wigg Rt w2 oux] UEE 7o ZH] o= A
FAIAELO B = shAAo] Qlnk olefst EAIS ddst] flsto] ¢
AFA A El(pseudocapacitors) 7} Ao 7= a1 QTH14,15]. 2AHA
S|AJEl+= EDLC Bt} 52 H)AA8% 9 oyx] U SA4-& vehd
a2 QJok F2 EWo|M 9] Faradaic AFslEH wk-go] 71538 Hold4:
AbslEd) AT aEAEe] A= AAE ARE T Qi) ol A
T4 A A= A ZE E2]E] 2 3(polythiophene), E2|otAE
(polyacethylene), &2]ol'd H(polyaniline) 2 Z2]3] E(polypyrrole) &
o] AFAor AT Urhi6,17]. 1, AR F - W A
Absl/ghl W-g-0] 719/do] Wojzith= whlo] Qlth Holagaksls
FolA= RuOy7F @A 71 528 w7 3d-8-3(1,000 Flg)e ol
Atk s e 5 AlmEel vlsiA] 714 o] w9 vjstal 13
HolA] £3 & 73 k. o))l T V,0s, Fe0s, NiO, ZnO,
CO304, TiOz, MnO, 8} 2= o8] Ho|g&Hiksls A5 Amsol A%
AT e, IFNE MO, e el At [ AolwHA
=2 ol &8%H1,100 Fig) 5735 AU glo] AAd) A= Al 2F
by QIeH18-21]. MnO, 7|RES] A= 7 A5t o] &8l vt
P71 flste] W2 Blxd Ay 7E32E 7 TE2Al Alo)7]eel
=¥ 3 Attt ool nanorods, nanoflowers, nanowall, nanoflakes,
nanobelt, nanowire, nanotube, nanosphere 5 T} HE]S] MnO,
ZA7Y LE 3 QleH22-25]. 53] 1399 nanowire HEHIE ¥ &
Jt)(aspect ratio) SO 3| B BIRHA Y V]eT2E AU
AR 9 o] 2o wlg- folgk Fo|th26]. o] s Ao ISt
©] MnO; nanowire 7|¥FS] 558 o]-g3to] 7HAINAEIY A5 F
& A7 78 Fell Stk o]l MnO; nanowires R} il FpH 0
2 oke 4 Sl el uist Aide] Algsh Astelth

£ AgelAE e 272432 MnO, nanowireE MnSO49} KMnO,
TA E38E2 DI H(hydrothermal method)S AME-8Fo] #| 38
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HI3EH A, gapRlo) 1 W dxk 9 oj2dy, 5 dr|gehA &

< YERISITE MnO; nanowire®] 73 FAFE AR Z(SEM),
TR B(TEM), HISEEHEAREAAR(BET), A4 71(XPS),
Xray 3HFARI(XRD) 2415 ARESEo] 2413813i Tk MnO, nanowire
£ P HAE ASEELR ARSIl ] A 71Nk 3 A
El(three-electrode system) SlollA] 77|8}e2] A4S AR
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2.1. SYLYHS 0[S MnO, nanowire H|ZE

259 SHS 30 mL 2o 0.507 g2 potassium permanganate
(Sigma Aldrich)®} 0.218 g2] manganese sulfate (Sigma Aldrich)= 3
AEkaL 40 CollA 1 h WRESIGITE 7] 3lalE E3g-ds Fdnks
7](hydrothermal reactor)®ll ¥ 120 CollA 12 h ZAJkch FEF
Ao ARoRE oY, &%, ARE 2] Wb nm ~ FFpum Y8
TEE 7 g 3, WSS E W Ao FobA] wds 7 2E
A TH27). B0l B F FEREETIE 2 h AdelA Wzt
o). YA E5-8--S membrane filter (ADVANTEC)E A8-3}
ZET SHTE EFENY EEES AA 9 AT AlFo]
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Figure 1. (a and b) Low and high magnification SEM images of MnO,
nanowires. (¢ and d) high-resolution TEM images of MnO, nanowires.
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2.2. HI==l MnO, nanowire2| £4 =7}

Azd MEo B 54 nAT RS BRE] I8te] FARA
&1 7 (scanning electron microscope (SEM), Hitachi, S-4800)3} 3}
A} v]) F(transmission  electron microscopy (TEM), JEOL Ltd.,
JEM-2100F) .2 #4319, i slehx5 #4317 S5k XA
A7) (X-ray photoelectron spectroscopy (XPS), Thermo MultiLab
20000E AHERITE A2 A4S Fl8) XA SR (Xoray dif-
fraction (XRD), Bruker-D-5005)5 ARl A& v]EwZ 2 7]
TTEE PR S5l v EEARAE(BET)E AHSHITE

2.3. MnO; nanowire2| M7|Sl5tx SN H7|

A71srer A4S st AEA Az YA e A9 A U o
el A= g4do] vl A] k= Titanium foil S AHE-SFITE A= &
=72 . =7 (carbon black, Super P) : H}RIH (polytetrafluoroethylene)
o] Sl 80 ¢ 15 : 5% A8k, 714 1-Methyl-2-pyrrolidi-
none (Sigma Aldrich)S AFE3FSITE A= 54 Ax A A32E4
o AVNRAEA BEAS FoIdle =HAe A= SEA mHAE 2
AFAA Az 9 o] o] AFEAe & Add = QAFE o= AT
Aol vigo] Testeh28]). A7) AlxE EFAEE Ti foil FAA
(current collector)®] FAIE F74% & 1A ol a9t o]+
100C h AFAx AZth A58E40 SA4S Gotrr] fla 7]
3}8k 2] VersaSTAT 4 (Princeton Applied Research-AMETEK)S A}
L3t Aol wE AR WIS SYske cTHgHARH
(cyclic voltammetry, CV)¥} AF-E AFsHA e K9S wisks
=731 495 S (galvanostatic charge-discharge)o AR5}
MnO; nanowire®] SJAFATNAE] AT-& AT RJTE 34 A5 Al H
(three-electrode system)= 7]HFS.Z MnO, nanowires 2F4H=O =2,
Ao 2 MEFN=En Ag/AgCl (3 M KC)& 7FHZ0 82 AR
sl ZAeloith A dZE 1 M NaSOs, &8 AREslgith
MnO; nanowire] 35 5782 0~1.0 VS At HolA thekst A

FUER 20d SAS Atk
3. dap H 0FE
A gH O 2 T3 MnO, nanowire®] SEM % TEM &Ato]u]
738131l Figure 1] YERASITE AT S AHE-sto] W=
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Figure 2. XRD pattem of MnO, nanowires.

adsorbtion
—O— desorbtion

140

— 018

2120 1 o

"’E s j
e 01a] )

C3 100 - guwz |

8 2010 ~ ”

) 80 1 goom

o * 006

L 601 om

& 100 200 300 400 500 600

- Pore size ( A )

2 40 1

c

®©

>

g

20 Jizsctee

0 \ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P )

Figure 3. N, adsorption/desorption isotherm of MnO, nanowires. Inset
is pore distribution of MnQO, nanowires.

671 MnO; nanowire T-ZFE= SN flo] 4 um 4o, = 30
~40 nm&] L3 nanowire FEN7F 7 FAJo] Hol YSS E1T
At LA A E nanowire T TS Tojshs A7)
glshikgo] o] Fold w Hafjde] [Ax; Y o] 2HG-E golatA sto
THANAE g TIAZ 5 Qi) aidlls TEM ov|#] &
< 5319 MnO; nanowire®] A4 727F & FAE Y-S ST
(Figure Ic and 1d). XRD #4](Figure 2) 27 59T Fa}o]
A 2% MnO; nanowire’= @ -MnO, (JCPDS 44-0141)2)2 BHela}
[29,30]. Figure 32 MnO, nanowire®] N, S22 23 Az} 3
I5E e 2ltE MnO; nanowireS7]8] 2] A7t EY IO Z
Q& §& wHA(T1 m/g)F 7F TR BRE

AE EHe X-Als &0 WEEE A fFvAE 54
ZA MnO; nanowire A EXEH-S T3k A Ul 1zke] A
Pl 0w o]9] A¥E Figure 4 YERJQILE o= g
St MnO;, nanowire2] XPS survey scan<= Mn 2p%} O Isoll t]-§-3}=
W3t 935 HojFUKFigure 4). Figure 4°141 Mn 2pin, Mn 2psp
~HEYHL 7M7) 653.8, 642.8 eVE LERIITH31]. F AFEZS)
2ol 11 evoel™, o] MnO; nanowire?] A3PER7F Mn'*'el 71913}
the 4 21T = itk AFE- ] #e] d4-> Mn 949 4ks)
efel whet 54 927} th2 A E40] "k 4 #1818t Mn
3s AT E X Ehd 4.7-4.8 eV AFEZ T Mt 942 A
Blof] wht Agel|A7F A ER WS leflA AgegA] xto]7} 9L
= A #A3F thFigure 4).
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Figure 4. (a) Survey scan of MnO, nanowires. High-resolution XPS
spectra of (b) Mn 2p and (c¢) Mn 3s of MnO, nanowires.
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Figure 5. CV curves of bare MnO, and MnO, nanowire electrodes
measured with 1 M Na;SO;4 solution at scan rate of 50 mV/s.

A7)8led B4 Hrbe 34 A5 Al2xEOlA] Fasksinh 2
= MnO; nanowire, “Jt3=- Pt A4, 71545 Ag/AgCl 3 M KCl)
S 1 M FHNEF =89 dajde gste] S48 ek &9 A9t
HE= 0.0~1.0 VE 27gstglon] S3AGAF-HE AFste] 7]
skt 5445 ARSI thFigure 5). 7152 248 MnO, =13} MnO,
nanowire A =2 FASE 50 mV/sollA] @A G FAlo] st <=3}
ANAT 24E A%k + A=2 cv FA B AR ®ofo] o
d Ateygkd 935S Rl oH ol Mn0,2] AtslEhd WS
9] Eth Mn0,2] AL Mn*/Mn* 9] A13lEY WhSol 7]elst
] sl o] Na'ol22} ool 22 whg-2) (1) upel dofdrt

MnO; + Na” + ¢ < MnOONa 6}

CV F4 92X E MnO, nanowire”} ‘34 MnO, Rt} B 52 CV
HAo] L] o1 o]= MnO, nanowire A=0] ] &2 FA L
< 714)7] wZolth Absl3HANEg-S F3 MnO, nanowire A= ¥
o M=} W o] &gato] 7)E AR MnO, A=K} Aafd o] o] 2E0]
W27 MnO, nanowire7-%= ¥Wol HEE o] HeEo] AE S &l
slnh = AAARHE o] 83t FAF HEEF 10-500 mV/sE thk
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Figure 6. (a) CV curves of MnO, nanowire electrodes measured with

different scan rates of 10 to S00 mV/s. (b) Specific capacitances of
MnQ; nanowire electrodes calculated from CV curves.

3 R17Fste] MnO, nanowired=2] CV As+ H&3F3 thFigure 6).
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10 mv/sellAl 82 27] v AE%F k9] 57.5%% FAsIch

A3t AFUEolA 543 MnO, nanowire A=2] AHF F4-
W 348 Figure 7a0l JERIQITE 47 W2 712717 A
A3 FEli= MnO, nanowire =2 CV Ao A 323t Ayk9) 5
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Figure 7. (a) Galvanostatic charge/discharge cures of MnO, nanowire
electrodes measured at various current densities of 0.5, 1, 2, 5, 7, 10,

12 and 15 A/g. (b) Specific capacitances of MnQO, nanowire electrodes
evaluated from galvanostatic charge/discharge curves.
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MnO; nanowire®] T/ 455432 61.2%= CV Aol FAHITH
Abstal e} #9137 FAdEE HAAHAE 218 MnO; nano-
wire A=-9] A-go] YAIAAE Y-S E15HITE MnO, nanowired
=4 iR drop (voltage drop)$o] 7F5A o2 4ts} kel Hh-go] o]
o]Hg el ar, FHAAQ Ti foil¥} MnO, nanowire A= 72|
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Figure 8. Cycling performance of MnO, nanowire electrode measured
at a constant charge/discharge rate of 1 A/g during 1000 cycles.

0~1.0 V2| AHSIA ZAIArt S-S 1,000 cycle &<
WHE5PHEA] MnO, nanowire =2 “VH% g AXsIITh 1 A9E
Figure 7° =A13F5131 2.7 MnO; nanowire =2 7|3k} 5L 3HA|
dsel 100% 485 gkl
4.4 B

B ATeMe FIEIHE ARESte] 121919] MnO, nanowireE
A sielom, oo Wrlsted] 54S At CEHA AR
= AHgEte] g MnO, A= HwAE-S AAEoH, 13+
nanowire 7%= JE|7} Bu} a3 07 alkaleg ke fdhs &
QISFSIEE. MnO; nanowire =2 A5 FHAHES E3Fo 0.5 Alg
9] A7 UZollA 7 =2 129 Fgol FA85S YeRSith st
A AFUE 1 A/gollA 1000 cycle £+ 34244 28-S &
MnO, nanowire F=-2] HF 2191 Z/bd EAS ERISHSITE £ A
T-ollA 70EE MnO, nanowire:= T3 A AE] 9 viE] Ea

2 ggo] b ANHERE Y A1 &
E3elE Sote] g AT & s Ao® YgHL.

7@ A

o] = 20159 % AR (g2 o] Ao ® shmAT Al
9] A5 ol I Y 2ATAIS (No 2015R1C1A1A02036556).
SEM &/do|u]A] 9} XRD A T3 AF-E 4235213 25 Central
Laboratory of Kaingwon national University) 2] #|¢1S §ho} a8}5]=-
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