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Abstract

Project Code MRG5480195
Project Title Ultrahigh Electrochemical Capacitance of Manganese Oxide
Deposited on Carbon Nanofoam
Investigator Dr. Montree Sawangphruk
Department of Chemical Engineering, Kasetsart University
E-mail Address fengmrs@ku.ac.th
Project Period June 2011-June 2013

Global warming and the shortage of fossil fuels require society to move towards sustainable and
renewable energies with low carbon emission. There are increasing interests in renewable energy production
from the sun and wind but the big problem in this area is that there is insufficient good electrical energy
storage capacity available to store energy for use during hours of darkness and when there is no direct
sunlight or there is no wind to power the electrical generators. In order to overcome this problem, high
efficiency energy storage receptacles such as batteries and electrochemical capacitors (ECs) are needed.
Unlike batteries, ECs can operate at high charge and discharge rates over an almost unlimited number of

cycles and enable energy recovery in heavier-duty systems.

Manganese oxides (MnO,) are an important and well-studied class of electrode materials for batteries,
and have more recently been investigated as electrochemical capacitors (ECs) and it is envisaged that MnO,
will serve as a low-cost replacement for hydrous RuO,, the state-of-the-art EC metal oxide. When prepared
as micrometer-thick deposits (> 100 ym) or in composite electrode forms containing carbon and binders,
MnO, delivers a specific capacitance of ~150-250 F/g, which is competitive with carbon supercapacitors, but
falls far short of the 720 F/g obtained with hydrous RuO,. The capacitance for thick MnO, films or
conventional composite electrodes is ultimately limited by the poor electrical conductivity of MnO,. In turn, EC

device performance using the planar ultrathin configuration is restricted because of low mass loading.

This work therefore aims to produce MnO, with ultrahigh capacitance (>720 F/g) at the economical mass
loading level (about 0.5 mg/cmz) by using the simple electrodeposition and polyol techniques. Carbon
nanofoam (CNF) with very high surface area (600 m2/g) was used as a supporting material. The results
showed that Ag-doped MnO, pseudocapacitor electrodes with dendrite and foam-like structures were
successfully produced using an electrodeposition method employing structure-directing agents i.e. sodium
dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) acting through micelle formation at solid-
liquid interfaces. Doping silver with MnO, enhanced their electronic conductance. Controlling pseudocapacitor
electrode morphologies with surfactants accelerated ion transport. The specific capacitance values of the Ag-
doped MnO, films produced with SDS and CTAB, measured in 0.5 M Na,SO, at a scan rate of 1 mV s were
about 800 F g'1. These values are about 2.7-fold higher than that of the pure MnO, film and about 1.4-fold



higher than that of the Ag-doped MnO, film made without using surfactants. On the other hand, MnO,
nanoparticles (NPs) with 1.8+0.2 nm in diameter were successfully produced using an ethylene glycol. The
tiny NPs were used as precursors for producing three-dimensionally ordered macroporous (3DOM) electrodes
using a colloidal crystal-templating (CCT) method. The specific capacitances of 3DOM MnO, electrodes
depend on their pore diameters. The 3DOM electrode with about 200-nm pore diameter provides 3.0-, 2.0-,
and1.3-fold higher specific capacitance than the dense film and the 3DOM electrodes with larger pores, 400
nm and 900 nm, respectively. The ultrahigh specific capacitance of the 200-nm 3DOM electrode is 765 F g'1

measured in 0.5 M Na,SO, at the scan rate of 2 mV s’

Keywords: Supercapacitor; Manganese oxide; Energy storage
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Manganese(ll) acetate
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n-Propanol
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Cetyltrimethylammonium bromide

: CTAB

99.0% APS Chemicals

5. loiduy aa3a Talne (laadles)

Sodium lauryl sulfate: SDS

99.0% Ajax Finechem

6. Indlifialwlsslan

Polyvinylpyrrolidone: PVP

M,, 40,000

99.% Sigma Aldrich

7. lndhflaueanazed

Polyvinyl alcohol : PVA

M,, 89,000-98,000

99.0% Sigma Aldrich

8. wanluiionlaasonloe

Ammonium hydroxide : NH,OH

99.9% Mallinckrodt

9. Laniau nanas

Ethylene glycol : C,HO,

99% QRec

10. NN NG

Graphite powder (20-40 micron)

Sigma Aldrich

11. m@ﬁ'mﬁﬂ

Sulfuric acid : H,SO,

99.99% QRec

12. Tmdoyluiaie

Sodium nitrate : NaNO3

99.9% QRec

13. lalasan wasaanlad

Hydrogenperoxide : H;PO,

30% Merck Schuchardt
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WARININ

14. Tm@susane

Sodium sulfate : Na,SO,

99.5% Cralo erba

15. TWunaduiasuaaniiua Potassium Permanganate: KMnO,

99% Ajax Finechem

16. n3a balasnaasn

Hydrochloric acid : HCI

VolChem

17. lsangulaate

Hydrazine hydrade : N,H,

80% Merck Schuchardt

18. 92 Hlan

Acetone : C;H;O

99.5% QRec

19. I‘ﬂgﬁu

Toluene : C¢H;CHj4

99.5% QRec

20. ansuaum lulny whdad Carbon nanofoam paper

Structural Probe, Inc.

2.2 gunsatilgdlunimaaas

fininas (Beaker)

12136 (Burette)

il (Pipette)

lulasiida (Micropipette)
N32e®IAAT pH (pH paper sticks)
PraumiLan (Vial)
PIQUANNLEIIA8ENS (Cuvette)

LILALAANNIBENT (Magnetic Bar)

LA309T I RINN AN 3 Uk e OHAUS ju RZ-11009-58

w3adnanasuuuliainusan (Hot Plate Stirrer) 8%a IKA 34 C-MAG HS7

4 4 .
LATDILRIBNRIIANGZNAY (Centrifuge)

RROARIRILLAIVIFNTANALNDW

4 o A r . .
LATDINRNRIIILANUANNE (Ultrasonic Sonicator)

@ou (Oven)

LA3BINULAREL (Spray coating air bud)
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2.3 n1saznanar8 Wil ¥ ahadiaalasanInG 3w

mi@mmﬂau@hﬂvlwwwgﬂﬁﬂmmﬂl@i’izuuﬁﬂszﬂauﬁaUmm”avl,www Taa2 IWWa1sUawm)
A a v & ¥ . A o o &
lulWupmaniwasamudiwasgnlsidaliWihng Agiagel (luasazansauda Kl gnldidudn
61989 wazmawanfisugnlsdn WWginmie nsanaznaudaslnwsesusimilsean’ad wagn
a v  aa o kit a Ao & x> A A o g
WwI3suaAsNIIanaznane W nuua Insan wazluauisuin lewaninuduaddald lag
mMIanaznandlt W lasnsniarinnszua NI AU NN ANURUILUWNTELF AN UYNAY 1 T35
& A A A a v & o a A a &
wanulsdaan iy ialdSouAsunugia1989 Ag/AgCl luansazany 20 Aadluans KMnO,
uaz 0.5 Aadluans NaNO, w1 30 Wi
mMsanaznanale iwveslarsnauvadIunazkNInigoanleos a13asany 20 Tadluans

a

KMnO, uas 0.5 Aadluans NaNO, uazdansazans 0-1 Hadluaisuad AgNO, Naannil 25 °C Wt

= 2 a a A o Aa a a & P
30 Wl esaaussassfiladonlaieadadane (SDS) war ThawAanaulaionluslug (CTAB) 7
anudutu 0-1 Hadlumigniduaslud fnioliienuquanigiwingvesfsunauszninalanziiu

a

= & & o [ ' A o A o o
LLa:LLN\jﬂ’]uaaaﬂ‘lsﬁ@ ﬂau?a@l“ﬁu@\jﬂaqqqﬂLNqﬂqmﬂﬂ3.| 400 °C ¥4 2 °H'JI;J\‘| LWBNIIATIIRALLI

U

2 A v <R a
@mmuaﬂﬂ@maﬂmaquwau

2.4 nsdsL@EiLNINia (IV) aanlas aramakanisiailaglfisoneandiatuaasuaaniita ()
2 TIAR
241 essuansaatsuusmitaaanlod mﬁl 1 laglaiduansnuqulasiashs uazlilsu pH
o Gumiazans 0.1 luas wwamfigesSian uar 0.1 luand nsadasn asluudszwaa Vial 7
aaEINlauUSINaT 10:0, 8:2, 6:4, 5:5, 4:6 WAz 2:8 VARANT
e muinnwi5) 100 saudowfl wiaurislianuteud 30 ssmaaides 1waa 12 52lus
242 @3susnsenasnuuimiaasnloa m‘ﬁ' 2 Tagliidnansnugulassasne uddsy pH
o Humiaray wimitgesfiaauaznindasn ssluudazuaa Vial isasinu 10:0, 8:2, 6:4, 5:5,
4:6 UAz 2:8 ARRAAT
® 151 pH 28983 luudazIa Vial Wivinny 9 dhe wewlailonlaasanlod

o MuUNAMILSI 100 JaUdawIN WiaunilnaiuTaun 30 asenioarder (duwaan 12 Talus
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244

245

246

wIpnaITatwmitzeanlad gan 3 lasiduminiugulassains SDS udliUsu pH

LANRITRZANY LAINITRDIBLAG LATNIATASN 8IluLARZYIA Vial NoaINaIn 10:0, 8:2, 6:4,
5:5, 4:6 LA 2:8 NafanT
LﬁuaWSﬂauquIﬂsda§1\1 20 J88luan3 SDS USHmh 1 85807 asluudazuia Vial

MUNANNLTI 100 58UGOUIN WIBNNILRANNTOUN 30 asroatTes tduIan 12 T2 lu9

W@3uFITasnIuNInMiaaan loa 707 4 I@mﬁumimuquimaa{wa SDS uaziiy pH

U Iazae wemilgasdiaa uaznIndasn avluudazaia Vial fsasdin 10:0, 8:2, 6:4,
5:5, 4:6 Uaz 2:8 NARAAT

L@&lmsmuqﬂmaaﬁ”ﬂa USuaw 1 anaas asluudazeia Vial

U5U pH 289a5luudazvia Vial 1ivinay 9 éae wenluilonlaasenlod

MNNANNLTI 100 58UGUIT WIBNNILRANNTOUN 30 asroatTer tduwIan 12 T lus

wssuaImadwsmitsean’ad gaf 5 lasdnaniugulasiaiig CTAB udlidiu pH

o

WANRITRZANY WUINTRDITLAN LATNIATASN 8ILULARZYIA Vial NoaI1&In 10:0, 8:2, 6:4,
5:5, 4:6 LA 2:8 UananT
Laumimuqﬂmaﬁw 20 J8RluaN3 CTAB 1SNtk 1 U88507 8 buLaARz1I9 Vial

NINANLSI 100 JaudawIN wiaaunslwanuToun 30 asaaaldus Wwiaan 12 13 1a9

Ww3suaIaesiuNInmizeanlae 707 6 I@mawmimuquimdaﬁ*’w CTAB uaz1l3u pH

WBuaTazany wudinigesdian waznIadasn asluudaza Vial fAeadin 10:0, 8:2, 64,
5:5, 4:6 WAz 2:8 UARNAT

Lﬁumsmuquimdfﬁ’m 20 Jadluans CTAB USunak 1 §adaas adluudazaia Vial

13U pH vaIzsluudazaia Vial liivinny 9 dae wenluiisy'laasenlaed

MINNANLSY 100 SaUdaUwIN WiannIlnauTaun 30 asentoaldas (dwaa 12 Talus
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MN13IN 2 amaz‘lumim LAFIEHLLNINTWED Elﬂvlsliﬂ’il’] nLNINNdLDLOA

AATIEINIETNING  WUIMIR

150 pH=9 My wanluilow

mséﬁaaiwgﬂﬁ awsaauquiﬂiaa*%“wo
PLTLAN NU NIATAIN laasonloe
10:0 X X
8:2 X X
6:4 X X
1
5:5 X X
4:6 X X
2:8 X X
10:0 x v
8:2 X v
6:4 x v
2
5:5 x v
4:6 x v
2:8 x v
10:0 LORALDF x
8:2 LORALOR x
6:4 LORALDF x
3
5:5 LORALDF x
4:6 LORALOR x
2:8 LORALDF x
10:0 LORALOR v
8:2 LORALDE v
4 6:4 LORALOR v
5:5 LORALOR v
4:6 LORALDF v




| damEmIzning unImila Y30 pH=9 ¢ wanluilaw
CAPCRLHRRY BlT awsaququiﬂiqa%“wo
AT NU NIATAIN laasonlod

2:8 LORALOR v
10:0 Funy x
8:2 Funy x
6:4 Tuny x

5
5:5 Funy x
4:6 Funy x
2:8 Funy x
10:0 Tuny v
8:2 Funy v
6:4 Tuny v

6
5:5 Funy v
4:6 Tuny v
2:8 Tuny v

WNBLAG v U5 pH=9 de wanluiiuulaasenlod uay ¥ lildldminiugulaseaii uaz lald

15U pH=9 e uanlaniivylaasanlad

2.5 n1IdILAIIERLNINIRaaan lue Tﬂsﬂ%mimnqu‘[mm%’wfwﬁvhﬁalw‘[ﬁf&muaﬂ%’ Llanan

[ @ o
Inaﬂaa wnamiazany

® LGuR1IAzANY Laniawlnanas USuim 10 88803 adluwia Vial

° Lﬁmmiﬂ’mq&liﬂidﬁ%’m PVP Nanuuds 0.1 Aadluass

o sihldmuuazlianuioudisiaas Hotplate stirer Nigman

=
wINn

o LGNuAINBRAZTLa0 USHNMe 1, 5, 10 Uaz 20 TaAluaas

na

a

160 2IALTALTER LTULIA 30
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2.6 nydaazduasmtsaaniad lagldarsarvaulassaislnalavaanaaed uazlsioniin

[~ o o
Tnamaa wavinazaiy
® LGuR1IIAZANY LanAwnanaa USu1ms 10 388803 adluwia Vial

° Laumsmuqﬂmaﬁw PVA NaMuuds 0.1 Aadluaans

A

e shlunmuuazliainuiausdaniaas Hotplate stirrer Ngmanndl 160 aseiaaiBoa uaa 30

U

N

® LANuINBRAZTIA0 USHDh 1, 5, 10 1Az 20 IRALNAANT

&l a I '
2.7 nMsaSuaw lwnasmtaaan laan IZIna s a3 wuawuy

e 50 fiadans vadlafawlnanas (99.5 % lasdSunas) anlwanuiaun 160 °C wiu 10 wifiiie

A

faatuaziliiduasngmnnd 80 °C natantu 0.50 ninvasnad lifialwlsdlan (10,000

U

nsNdalum) uay 0.25 ﬂ%’wammmﬁaa:sﬁmmLansli:vl,al,mmgnLamﬂuﬂﬁniﬁmm‘h&u au
#1357 300 JAUGABWIN UIW 30 U q@ﬂ”’]ﬂmil,l,muaaU@TﬁLngﬂﬁﬂﬁLﬁumﬁqmﬁnﬂﬁ A0
(25 °C)
° Lm\‘lmﬁaaaﬂvl,snﬁmuﬁagﬂm’%'sm@i”m?%u;imeaﬂaasJ@T ﬂmaéﬁ'm{uauﬁgﬂlﬁﬂufmpaa%’u
YU 1 @ns’mLsnu@mmg]mg:uaalummmuaami(maam&mﬂiwﬁavlmﬁuﬁmwmiuﬁu 1
6 g‘ a @ o ? = ¢§' 3 [ I a A = %
Wasimudlagininluairinazaioin ULANAIIUGILENTITI 0.6 LTUdAlNAIdaImi %adsan

o = a a = [ i (3 o [ | a v ° ¥
V]']ﬂ'ﬁl,ﬂﬂ@UWﬂﬂﬁvL@]'iuU%ﬂaﬁﬁ‘ﬁﬂ’]iUﬂ% LLNuﬂﬂNQﬂY}’]lﬂLLﬁdﬂﬂm‘qu 23 (25 °C) LLﬂZQﬂl‘H

RN BUUERTUREaD LN Infizean lodanul @

a 6 a [ i [l 6
® 20 "l,uimam Va3 ﬁ']iLL“IJ’JuaE]EJ@]“IJHGLLN{]ﬂ']%ﬁ@E]ﬂVL‘H(ﬂ Qﬂ‘ﬂil(ﬂNGURLLNLLUU?JE]GLLN%WQNIW

A

axlasn mnﬁfuﬁﬂﬁuﬁﬂmmLmﬁmeu 100 °C w1% 30 W9 wasanwurilwlananaasg

LLmnflﬁaaanvlfssm’I@ﬂmﬂmﬁqwgﬁﬁ 500 °C #% 3 Tl q@ﬁmﬁa:ﬂéﬁmamﬁaaan%ﬁ

CRPE)

28 msm’mi’mmmﬂmgmml,asd'lmsm:m EJ‘IJB\‘H';I"JQ‘H‘,I’I’W] maaummﬁaaanlmmg ANy

Ianzdidelassaiouardmgiuingn
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MIATINIATWIABRAA UATNINTZNBAIRNA 9z]BiaT09 Dynamics Light Scattering (DLS) uaz
FuguinsuazasdaznauiBuaiivasianvesiaguaniiaisnldgndnmedsndasganssandianasan
WUURDINTNALATBUURDIHY  wazinafasidnlasalniDuasianaiss ﬁgm‘%ﬂﬂdw AALANT wazinaia

€A s dll (3 =
naIganiNnTY e laTIETIINEN

2.9 n1siszidiaszaradl N

loadnliamuiuad uaz Sidalasadnea duuaud sunlasalnid iNemdimaindez
Tviadidumnzussatiiosmwuasin Wi iesonld daoe3aslwinuiilosian [L-AUTOLAB Il (Eco-
Chemie, Utrecht, Netherlands) Nfiasanuis FRA2 uaz GPES loadnliatnuiua3aunuain 1-100
A A &1 A A A & A A A & =2 A A A ¢ a o
fiafliaddedufl  idalasiafines Buduaud snlasalnsd gnénwn 5 dadladifinuny
Ag/AgCI 1A10191N 100 kHz fi9 1 mHz lapansazais 0.5 M 289 ladsudainagnliasaanis

‘vmaaaLﬁam@hmﬂﬁuﬂszﬁﬂwmmﬁi‘hmﬂ:
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AaNIINaa aauaﬁmmﬁnamsﬂﬂaaa

o a & a v = fal = A A & [ a
31 ﬁmg'l%'n’lEl'l“llE'J\‘.I‘W%N')LLR%T@]SGKS'\G%GGLLNGﬂ’]%ﬁBBﬂI“ﬁﬂ‘YILGI?EINE]"IﬂWIﬂ%ﬂaLaﬂt@lil,ﬂwtweﬁ

%

mwihgnnassanTIaiuuudene vadiaguanvalansiiuuazuasmilzeanlad on
waaslugufl 1 Tunsdinldmiaaussaiefia Sund aymawluvesrizguanananiduguinmadie
Il figwsugs GUA 1a) wazillelfmnaussndofin weadior suguinevesisguauidounylylsl
(37 1b) lumsassthanialdlgmsaaussaiofin Aduvasasnauaziivlifigngu GUA 1c) wazildy
A £ A Py A ' ° vy 6 v [11, 12] A A
wwsmflseanlodfivesuan UA 1d) hasanussandamTzniamahldfdduus uaziilad
a ' & [ = ' a (% ao v [7]
lanziduluwsiuisuvasizguanazlidsesuan irudsanunsnonulunwidsiaunin” iwnzlans
a a4 a a d o« o« & % [13,14] A a 2 A , , a X
Wuazdiussamitoanudsusanmenuna luun LW aLAURNIIAALIIATINIAZRINAA DN ILNAD Y B

o o A a & e & a & o _15]
m&mam‘[ummm@;mauamummmﬂmimmmmvluLsnaamndﬂauuummaamvl%w\h
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31 1 mwn’wmnfmﬁaoqamiﬂﬁﬁlﬁﬂmamuua&am‘swmaﬁaqwawiamLﬁuﬁ'ml,mmﬁaaaﬂvlsm?
a o 9 o 2 a ¢ A =~ A
wisnulasnsld (a) CTAB, (b) SDS, (o) lildmIaaussaisiia uaz (d) AdwuTgnivasuuimila

aanlae

v a Ar ‘2/ a v a a U a
Iﬂix‘iﬁi’]x‘iLLaZﬂTliJ‘]JiE‘I‘Y]'ﬁ"UE]G'Jﬁ@mﬂ’sl,ﬂi'lzﬁ@nEILY]ﬂ%ﬂLE]ﬂ"ﬁLSET@]WLWﬂ‘E% snasuiandise

awmlﬂ“ﬁ'usl,ugﬂﬁ 2a uaz b UgAIWINA (110), (101), (111), (211) waz (310) 289 S-MnO, Femaansas

17]

@ awv v [16, o a o o v = a =~ o
NUITWILNDUBANW [ LLﬂZﬁLﬂﬂ@ﬁ&lLaﬂ‘ELiiT@]WLWﬂT%ENLLﬁ@NsLﬁLﬁ%ﬁ\’iﬂ'ﬂ“ﬂi@ﬂﬁ%\?ma\ﬂﬁ@lﬂﬁll

1 =

o ' A @ o A A 4 Ao. o A a
danan innziadautvauta lidWevasastuion uazfidrayzn 2b linudavaslanziduia
aanna1atdunldinlanziiuwunsnign lunuwnuuinialulassasrenanvasulimaigaanlad lagann

2+[18-20] & o
HANINURINRLUNATH

NuITpneuniwuIE NI TauNUALIIMRaTs Na', K, Ag’ uaz Ca
aa € a a a ' ac & a a o
vas8diandwuiavaslanziiu UM 20) urasirlunwissiinmansnaioulansianvoinny

wnamiigaanlad lasNaf 0.64 keV 413710 OLy, §09WAT 5.90 LAz 6.54 keV 113N MnKy, Uag
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MnKg, au&101 Fa9RAT 3.00 uaz 3.16 keV X190 Agly, WAZ AgLp UL ﬁﬂmqﬂﬁﬂﬁ 0.28

keV 11310 CK, 28a3uauw lulnu

311 2 1 BnwsdadnaTves (a) MnO, Uaz (b) Ag-doped MnO, uaz (c) Bdtandainaiu 284 Ag-

doped MnO..

3.2 unsmiaaanlodnasaamamananisiadl lagvinn1sdsuidfandaduais 9
® JanamuEHILINMbaesSiaadanIadaIn

o aussdjiseuanluiivalaasenled

a_ A

®  AUDIFNIRALIIGY N’J"/lﬂﬂl“ﬁlﬂ%ﬁ’]iﬂ’l‘uﬂ‘&liﬂid 8319

U

o Gniwavaswefiwainadhiflalulsdlauuaznedhhiausanazaafignltlugiuzans

muquimm’%’n

1398619 919duaNzinadauuIa LLa:@hmsﬂs:mmﬁmmmi,mﬂmimlammmﬁaaaﬂvl,snﬁ 4

v d’ 1 >
Inanuansranuaanty
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3.21 HAVDIDAIIEIBILHIWLNINIBFHDLTLANADNIATAIN

A1919% 3 NATBIDATFIBITZRIILIIN R TLAAAaNIATAIN ﬂ"'u“umﬂm&mmmz@im’nmmmﬁa

aanamuuinbresbiaadansadain PUIABRNIA (Nm) ANNINIZANLA (%)

8:2 142 100%
5:5 169 100%
4:6 209 71%
2:8 229 96%

A v o A & 2+ = A o A A A v a a &
Na1197 3lavinniseanglas Mn™ VaILNIMAFLTLANMILNIATAIN LN bRLNALNINTRE DN b6
a o 1 v A a 1 aaa a 6 A
I@]Uﬂﬁﬁmﬂﬂ’mmumimuqﬂmdm’mLLa:VlaJVL@L@mmL‘NﬂgmmLLaquLuwvl,amaﬂvlfm FINRIN
MYIATWIAERMAILAIMINTZNBAUARI AN 3 wudt eradandiuuasnilvazBiaada
A a A o Y a =4 A o P
niadain duarilimeeunevesuusmilsaanladlngdn uaziidinianszaiadiansd Wasan

a A a Al &al e o v aaa a J ' <
niada3niduaraandladnuss (Strong oxidizing agent) ¥l Ao Radued93ais

uanmnﬁfmﬁmﬂum‘sﬁuﬁijwamﬂLﬂﬁaﬁmm@agmﬂ LAZNNINIZNLVBIAIBUNADNABILAE
1 di A = Y o Qs v v € d'
wraa Li’ﬁm"l,@mn'ﬁ'mmumagl,mﬂmﬂﬂaaaqamiﬂmmamauLL1_|‘1_| Non-contact mode 9
o ' A A N & Ao o A o

AATEIN 5:5 Lwamuﬂumswqamwm@a‘pql,mﬂm@lvlmmnmiaammm@]agmﬂ LATAIINIZANY
maaﬁ’;m&mﬂﬁfuﬁmmmﬁaﬁa mngﬂﬁ 3 mmma\‘la‘ld,mﬂLmamﬁaaaﬂvl,ﬁﬁﬁagjﬂi:mmﬁ 100-200

A ' \ . o o § o
wluuas ﬁmﬁamaglumalﬁmﬂunwm@mauagmamnm%aammm@agmﬂ LATANINITINLVD

@ﬁagmﬂ laganaianuuandanwantasautasnavadnaianigas



16

o '

31N 3 mmﬂagmﬂLmeﬁaaaﬂvleﬁ@Tmaum‘sﬁ’aadnéﬁﬁuﬁ 2 NAANFIUITRINNIN AT TLaa6a

nyagasniidu 5:5 ﬁ]’mﬂé’ﬂ\‘ﬁ!aﬂi‘iﬂﬁuidﬂz@lﬂu

322 wazasansslnsuvanlaitealansanlae

@139 4 wavasdusalisouenludionlaasenloddasinaayna uazdinianszaud

BaNRIULNINRERZ A0 U3 pH=9 AU GATEN PWNABRAIA | AINNINIINY
@8 NIATAIN wanlauiiowlaasanlod (nm) 1 (%)
8:2 v 292 100%
5:5 v 135 66%
4:6 v 137 95%
2:8 v 120 100%
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INANTIN 4 FinmassdiNafneINareIn1IUu pH=9 drwaatsdisumenlufionlaasenlad
WU NeanankNImitgesdiaadansagasnidu 10:0 ludnsidunsagasn uavinlwuuiavas
~ & 1 @ P , & & . 2+
mi,mml,mmuaaanvlsnmmﬂu16,000 wluiuas mm@agmﬂlﬁmmﬂ NIHWIIZIN M~ 283
a A ° Aaaa o - P & & & A A
wwsmilzerBiaarnyjisennu oH veswanludioylaasenlodedninaiifdeymasmalng o
lunwanluiisylaasanlad 14 laviminniduaissd §Asoredradorndriminmiuamsasaueag

1%“]] meloanaandinzaiudinMizesdiaadansadain ﬁﬂﬁ“um@] al‘#ﬂﬂ ABILNINHRD aﬂvl,"]j@rl,gﬂ

AILAAINNINIZTANLAINAARIA L

®R A A v @ ¥
3.23 Nmnaamsamﬁammwnn‘lmﬂumimnqufmaaﬂa

u

a a

M1390 5 Nﬂ’lla{lﬁ’ﬁﬂ@lLLix‘iﬁ\‘iN'J‘Y]ﬂﬂlﬁLﬁ%ﬁ’liﬂ?UQNTﬂidﬁ‘:ﬁd@i@‘llu’]@lm«kﬂ’lﬂ LRZAINIINTZANLGN

U

15U pH=9 A18aIL39
DA FIBUNIN S §1IAILAY IW198%NIA (nm) / @
Unsewanlufionlaasan
LBLONADNIATHIN 1a398379 MINTENLN (%)
leret

sSDS v 314/98%
8:2

CTAB v 312/83%

sSDS v 261/62%
6:4

CTAB v 232/93%

sSDS v 165/97%
5:5

CTAB v 523/48

sSDS v 103/77%
4:6

CTAB v 352/66%

sSDS v 106/91%
2:8

CTAB v 423/100%
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Aa A

MNANTN 5 mInaaaaiadnsnavasssaausifiinanltidussaiuaulasiaiianuin e

U 9

a

ANDAMFEINUAIMAFDTLANFONTATAIN E’(’]iﬂ’)ﬂﬂﬁ\liﬂi\‘i fIEIaaLTIRIANNAUszaaudumilsiuri

q

Aa

sl,ﬁ‘*um@maaagmﬂﬁ"umﬂLﬁﬂaomﬂm’wmimuqsﬂmaaﬁ’wamsammﬁdmﬁﬁﬂizfgmnﬁﬁuuﬂﬁu
A X A 2 A da ° o A . . o o

mawm@agmﬂﬂlmy‘nu \asananIaaussfiiInddszaaurinninfiidu anionic surfactant afany

. Ao o 2+ W oA ~ & ' 2 A Aa

ligand ARUAL Mn” 1% cluster u@ bilRNTwaURILIIMAFan o6 wdsIaaLIIAIAINddszauIn

o o A . . A v o 2+ & ' a ' a &
‘m%mmﬂu cationic surfactant ‘V]vLsJ?jallﬁ]llﬂll Mn ﬁ]\ﬁvLNﬁ\'iNaluL"ﬁﬂU?ﬂ(ﬂaﬂ'ﬁLﬂ@"ﬂ%“ﬂﬂ\‘]ﬂ‘lr;laﬂ"]ﬂ
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ABSTRACT

A silver-incorporated polyaniline (Ag/PANI) pseudocapacitor electrode was produced using a facile
electrodeposition method. By applying a static potential of 0.4 V vs. Ag/AgCl through a glassy carbon
electrode in the electroplating solution of 0.2 M aniline in 0.2 M H,SO4 containing 0.5 mM AgNOs for
5 min, the Ag/PANI composite with ultrahigh porosity was obtained. Silver plays two significant roles
for enhancing pseudocapacitance of the Ag/PANI composite: good electrical conductivity and fast ion
transportation. The Ag/PANI composite exhibits high specific capacitance of 420 Fg~! measured in
0.5 M Na,SOy, at a scan rate of 10 mV s~ !, which is about 2-fold higher than that of pure PANI. For the
cycle stability, 94% of the original capacitance of Ag/PANI is retained after 2000 cycles, indicating

Supercapacitor
Pseudocapacitor
Energy storage

excellent cycle stability while pure PANI has only 58% retention of its original capacitance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Supercapacitors are of interest for portable electronic devices
and hybrid electric vehicles since they exhibit high power density,
fast charge-discharge rate and high stability [1]. Two storage
mechanisms of the supercapacitors are based on electrochemical
double layer capacitance (EDLC) at the solid-liquid interface and
pseudocapacitance. Pseudocapacitors or redox supercapacitors
have fast Faradaic charge-transfer at the electrode materials in
addition to EDLC. Pseudocapacitive materials consist of metal
oxides (e.g., RuO,, NiO, and MnO,) and conducting polymers
(e.g., PANI, polypyrrole, polythiophene, and PEDOT) [2]. Among
various pseudocapacitive materials, PANI is recognized as one
of the most promising pseudocapacitive materials suitable for
the next generation of supercapacitors since it has high theore-
tical pseudocapacitance, low cost, controllable electrical conduc-
tivity, high energy density, environmental friendliness and facile
synthesis [3].

However, the specific capacitance of PANI with dense mor-
phology is still limited by low ionic transport through its film
while the stability of thin film (a few micrometers in thickness) of

* Corresponding author at: National Center of Excellence for Petroleum, Petro-
chemicals and Advance Materials, Department of Chemical Engineering, Faculty of
Engineering, Kasetsart University, Bangkok 10900, Thailand. Tel.: +66 2 942 8555;
fax: +66 2 561 4621.

E-mail address: fengmrs@ku.ac.th (M. Sawangphruk).

0167-577X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.matlet.2012.07.103

PANI is somewhat poor [4]. The conductivity of pure PANI is
rather low (2Scm™!) [5] when compared with polypyrrole
(55-100Scm ™) [6], polythiophene (300-400Scm~') [7], and
PEDOT (300-500S cm™!) [7] leading to low charge transfer in
PANI pseudocapacitors. Notably, Ag has been recently incorpo-
rated to MnO, [8,9] and RuO, [10] for enhancing their electrical
conductivity leading to ultrahigh pseudocapacitance. In the pre-
sent work, we have incorporated Ag to the PANI film by using a
one-step electrodeposition method. Ag/PANI composite with good
electrical conductivity and high porosity exhibits ultrahigh pseu-
docapacitance and excellent cycle stability.

2. Experimental

PANI and Ag/PANI materials were coated onto glassy carbon
electrodes using the electrodeposition method. Three electrodes
containing a working glassy carbon electrode (1 cm?), a platinum
wire counter electrode, and a Ag/AgCl reference electrode, were
immersed in the aqueous solution containing 0.2 M aniline and
0-1.5 mM AgNOs3 in 0.2 M H,SO4. The electrodeposition potential
and time were fixed at 0.4V vs. Ag/AgCl and 5 min, respectively
since these conditions can provide the pseudocapacitive films
with 0.4 mg cm 2, which was recognized as an economical mass
scale [11,12].

Pseudocapacitive property of as-prepared electrodes was exam-
ined in 0.5 M NaySO,4 using cyclic voltammetry, charge—discharge,
and electrochemical impedance spectroscopy. The morphology and


www.elsevier.com/locate/matlet
www.elsevier.com/locate/matlet
dx.doi.org/10.1016/j.matlet.2012.07.103
dx.doi.org/10.1016/j.matlet.2012.07.103
dx.doi.org/10.1016/j.matlet.2012.07.103
mailto:fengmrs@ku.ac.th
dx.doi.org/10.1016/j.matlet.2012.07.103

M. Sawangphruk, T. Kaewsongpol / Materials Letters 87 (2012) 142-145 143

elemental analyses of the as-prepared materials were characterized
through scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX).

3. Results and discussion

Morphological and elemental analyses: Fig. 1 shows the typical
morphology of PANI and Ag/PANI films. PANI clusters found on
the glassy carbon electrode were from an agglomeration of small
PANI particles (see Fig. 1a). The surface of PANI film is rather
rough since the electropolymerization of PANI from aniline
monomer is a multi-level growth process [4]. Whilst, Ag/PANI
composite in Fig. 1(b) has higher porosity and uniformity with
the hollow fibers packed tightly onto the surface of the electrode
leading to large surface area. For the electrodeposition mech-
anism of Ag/PANI, it possibly starts with the formation of
[Ag-aniline]™ complex ions, which undergo polymerization
involving both complex ions and pristine aniline monomer [13].
The average diameter of PANI fibers seen in the Ag/PANI compo-
site is ca. 50 nm. The porous characteristic of Ag/PANI might be
advantageous for short ionic diffusion of electrolytes leading to
ultrahigh capacitance. The EDX spectrum of the PANI in
Fig. 1(c) consists of a very strong peak at 0.27 keV associated
with CK, and a smaller peak at 0.40 keV due to the carbon and
nitrogen atoms of PANI, respectively. The EDX spectrum of the
Ag/PANI film in Fig. 1(d) shows a peak of carbon at 0.28 keV, a
peak of nitrogen at 0.40 keV, two predominant peaks at 3.00 and
3.16 keV from AgL,; and AgLg;, respectively due to the Ag atoms
[14] of Ag/PANI composite.

Electrochemistry evaluation: CV measurements of as-prepared
electrodes were evaluated in 0.5 M Na,SO,4 at potential intervals
from —0.2 to 0.8V vs. Ag/AgCl at the scan rate of 10 mV s~!
(see Fig. 2a). It can be observed that Ag/PANI film has the same
pattern characteristic of PANI. Two redox couples appear at 0.38 V
and 0.62 V vs. Ag/AgCl. These redox processes have been assigned
to the interconversion between the different oxidation states of
PANI [15]. The first redox process consisting of an oxidation peak
at 0.38 V and a reduction peak at 0.10 V vs. Ag/AgCl is associated

with the interconversion between leucoemeraldine ([CgH4—NH],,),
and emeraldine ([CgH4—NH-CgH4-NH-];,- [CeH4s—~N=—=CgHy—
NJ,). The second redox process with an oxidation peak at 0.62 V
and a reduction peak at 042V vs. Ag/AgCl is due to the
interconversion between emeraldine to pernigraniline ([CgH4—
N=—=CgH4=—N],). Incorporation of Ag metal to the PANI film, by
adding 0.5 mM AgNO; to the electroplating solution (0.2 M
aniline in 0.2 M H,S0,4), shows a significant improvement in
capacitive current, about 2 times when compared with pure PANI.
This enhancement is possibly due to ultrahigh porosity and good
electrical conductivity of Ag/PANI, which are convenient for
insertion/extraction of Na* and H* into/from Ag/PANI electrode
leading to fast ion transportation [16,17]. On the other hand, CV of
Ag NPs coated on the GC electrode shows very low capacitive
current since Ag metal is conductive, behaving like an electrical
conductor rather than a capacitor. By integrating the cathodic
current for all potentials and subtracting the capacitive current
contributed by the glassy carbon substrate, a value of the
pseudocapacitive current (I.,) contributed by PANI and Ag/PANI
films can be calculated. Using this value along with the mass of
deposition (m) and the scan rate (v), the specific capacitance (C)
can be obtained according to the equation C= I.,/mv. C values of
the Ag/PANI obtained at different concentrations of AgNOs;
(0.1-1.5 mM) were determined and shown in Fig. 2(b). The
appropriate concentration of AgNOs; is 0.5 mM (see Fig. 2b)
providing the maximum C value of 420 F g~! measured in 0.5 M
Na,S0,4 at 10 mV s~ '. Meanwhile, C values of PANI and Ag/PANI
films at different scan rates were also investigated (Fig. 2c). C
values of both PANI and Ag/PANI decreased exponentially as a
function of scan rate indicating that electrolytes (i.e., Na* and
H™) can only reach the outer surface of the electrodes at high
scan rates. Clearly, C values of Ag/PANI are 2-time higher than
those of pure PANI for all scan rates ranging from 1 to
200 mV s~ . Ultrahigh C value (about 910 F g~ ') of Ag/PANI could
be achieved at 1 mV s~ 1.

The galvanostatic charge-discharge curves of pure PANI and
Ag/PANI films at a current density of 2.5A g~ ! are shown in
Fig. 3(a). The charge curves are almost linear and symmetrical to
their discharge counterparts, indicating good electrochemical

Fig. 1. SEM images of (a) PANI and (b) Ag/PANI as well as EDX spectra of (c) PANI and (d) Ag/PANI.
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Fig. 2. (a) Cyclic voltammograms of Ag, PANI and Ag/PANI in 0.5 M Na,SO,4 at 10 mV s~ !, (b) specific capacitances of Ag/PANI at different concentrations of AgNO; added to
the electroplating solutions, and (c) specific capacitances of PANI and Ag/PANI in 0.5 M Na,SO, at different scan rates.

Fig. 3. (a) Charge-discharge curves of PANI and Ag/PANI films in 0.5 M Na,SO, at the current density of 2.5 A g~ ', (b) specific capacitances of PANI and Ag/PANI at different
current densities, (c) specific capacitances of PANI and Ag/PANI at different cycle numbers, and (d) Nyquit plots of PANI and Ag/PANI measured in 0.5 M Na,SO,4 over the
frequency range from 100 kHz to 1 mHz.
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performance of the PANI and Ag/PANI films. The C value of the
electrode can be calculated using the following equation; C=
It/(AVm) where I is a discharge current (A), t is the time of
discharge (s), AV is the voltage difference between the upper and
lower potential limits, and m is the mass of the active electrode
material. According to the above equation, the C value of Ag/PANI
composite is ca. 430 F g~ which is about 2-fold higher than that
of the pure PANI. This result is in good agreement with the C value
determined from the CV. The C values of Ag/PANI are about 2-fold
higher than those of the pure PANI for all applied current
densities ranging from 0.1 to 5.0 A g~ .

The electrochemical stability of as-prepared PANI and Ag/PANI
electrodes was investigated by charge/discharge testing for 2000
cycles at the current density of 2.5 A g~ . Over 94% of the original
capacitance of Ag/PANI was retained after 2000 cycles, indicating
a good cycle ability while that of pure PANI is only 58% retention
of its original capacitance (see Fig. 3c). The retention cycle
stability of Ag/PANI composite is also higher (84%) than that of
MnO,/PANI composite [1].

Electrochemical impedance spectroscopy was eventually used
to study ion transportation inside macropores of Ag/PANI film.
Fig. 3(d) shows Nyquist plots of PANI and Ag/PANI electrodes for
which each data point of the plots is at a different applied
frequency. The lower left portion of the curves is related to the
higher frequency while the higher portion is corresponding to the
lower frequency. The Nyquist plot of the Ag/PANI electrode is
closer to an ideal supercapacitor, the more vertical the curve as
compared with that of the PANI electrode, which has a straight
line in the low-frequency region and a small arc in the high
frequency region which is related to the electronic resistance of
the dense film [18]. At low frequency, the curve of the Ag/PANI
electrode shows less diffusion resistance than the PANI electrode
owing to faster ion transportation of the electrolytes (i.e., Na*
and H") inside the macropores of Ag/PANI electrode [17].

4. Conclusions

Ag/PANI nanocomposites were produced using a direct elec-
trodeposition method. An electroplating solution of 0.2 M aniline
monomer in 0.2 M H,SO,4 containing diluted AgNOs can provide
ultrahigh porous composite film in lieu of denser PANI film
without using AgNOs. AgNOs concentration plays an important
role in the specific capacitance of the composites for which
0.5 mM AgNOs is satisfactory to be incorporated to PANI film
providing high specific capacitance of 420 Fg~! measured in
0.5M Na,SO, at the scan rate of 10mVs~'. The excellent
capacitive behavior of the Ag/PANI composite is due to the good
electrical conductivity and fast mass transport of electrolytes
(i.e, Nat and H™) through the macropores of the Ag/PANI
composite. The Ag/PANI composite exhibits ultrahigh specific
capacitance, about 2-fold higher than that of pure PANI for the
whole ranges of scan rates and current densities used in cyclic
voltammetry and charge-discharge testing, respectively. In addition,
Ag/PANI has high cycle stability with 94% retention of its original
capacitance after 2000 cycles, indicating good cycle stability while

pure PANI has only 58% retention of its original capacitance. This
promising Ag/PANI composite could be useful for pseudocapacitor
devices.
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capacitance of the 200-nm 3DOM electrode is 765 F g~ ! measured in 0.5 M Na,SO, at the scan rate of 2 mV s~ .
In addition, the capacity retention of the 200-nm 3DOM electrode is over 98% of the original capacitance after
2000 cycles while that of the dense film is only 78%.

MnO, nanoparticles (NPs) with 1.8 +0.2 nm in diameter were successfully produced using an ethylene glycol-
assisted synthesis with successive hydrolysis and condensation reactions. The tiny NPs were used as precursors
for producing three-dimensionally ordered macroporous (3DOM) electrodes using a colloidal crystal-templating
method. The specific capacitances of 3DOM MnO, electrodes depend on their pore diameters. The 3DOM elec-
trode with about 200-nm pore diameter provides 3.0-, 2.0-, and1.3-fold higher specific capacitance than the
dense film and the 3DOM electrodes with larger pores, 400 nm and 900 nm, respectively. The ultrahigh specific

1

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Materials that exhibit pseudocapacitive storage range from conduct-
ing polymers [1] to transition metal oxides. RuO, and Co,03 have pretty
high specific capacitance (>1000 F g~ !) in this class, but they are prohib-
itive in price and toxicity [2,3]. Efforts to develop more practical materials
are now quite active. MnO, with about 1110 F g~ ! in the theoretical spe-
cific capacitance [4] is an important and well-studied class of electrode
materials for pseudocapacitors. There are many methods being used to
fabricate MnO; film electrodes[5-7]. Interestingly, an anodic deposition
of the three-dimensionally ordered macroporous (3DOM) electrode
of MnO, into a colloidal template provided high pseudocapacitance
in neutral electrolyte [8]. Herein, we report a new and facile method
based on an ethylene glycol-assisted synthesis with successive hy-
drolysis and condensation reactions for obtaining the colloidal sus-
pension of small MnO, NPs. A simple colloidal crystal-templating
(CCT) method is then used for producing the 3DOM electrodes of
MnO,. Influences of the macropore diameters of the 3DOM elec-
trodes on their specific capacitances are also systematically studied.

2. Experimental

50 mL of ethylene glycol (99.5% v/v) was heated at 160 °C for 10 min
to remove water and then cooled down to 80 °C. After that, 0.50 g of
polyvinylpyrrolidone (10,000 g mol~ ') and 0.25 g of Mn(CH3C00),*4-
H,0 were sequentially added to the reactor while stirring at 300 rpm.

* Corresponding author: Tel.: +66 0 2 942 8555; fax: +66 0 2 561 4621.
E-mail address: fengmrs@ku.ac.th (M. Sawangphruk).
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After 30 min, the resulting reddish suspension was cooled down to
room temperature (25 °C).

3DOM MnO, electrodes were prepared by the CCT method. Glassy
carbon substrates with 1 cm? were lowered into the 1 wt.% polysty-
rene (PS) suspension in water (Thermo Fisher Scientific Inc) and then
withdrawn at a regulated speed of about 0.6 cm s~ . After coating, the
films were dried at the ambient condition of 25 °C. The PS films were
then used as colloidal templates for producing the 3DOM electrodes of
MnO,. A 20-puL MnO, suspension aliquot with 0.4 mg of solid content
was infiltrated in the void spaces between the PS spheres onto
the template electrodes and left in the oven to dry at 100 °C for
30 min. After solidification, the polymer templates were removed
by solvent extraction with toluene and finally calcined at 500 °C
for 3 h, leaving inverse replicas of the template arrays.

Dynamic light scattering (DLS), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission electron microscopy
(TEM) were used to characterize the particle size, structure, and
morphology of as-prepared NPs and 3DOM electrodes. Cyclic vol-
tammetry (CV), charge-discharge testing, and electrochemical im-
pedance spectroscopy were used to characterize the capacitance
and stability of as-prepared electrodes under a three-electrode sys-
tem consisting of a Pt wire counter electrode, a Ag/AgCl reference
electrode saturated in KCl, and a working electrode.

3. Results and discussion
3.1. Morphological and structural analyses

The microstructure of the MnO, NPs is revealed in a TEM image
(Fig. 1a). An overall morphology shows highly dispersed NPs with
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Fig. 1. (a) TEM image of MnO, nanoparticles and (b) XRD pattern of as-annealed MnO,.

the average diameter of 1.8 £0.2 nm which is in good agreement
with 1.7 + 0.2 nm measured by the DLS. The MnO, NPs were rather
small as compared with other MnO, NPs obtained by the precipita-
tion method (50-100 nm) [5], solid state reaction (0.5-1.5 um) [6].
To the best of our knowledge, the MnO, NPs obtained in this work
have the smallest size ever produced. For the possible mechanism,
manganese alkoxide was first obtained and simultaneously reacted
with the hydrated H,0 molecules of manganese acetate via a hydrolysis

reaction. In addition, hydrolyzed molecules can link together through a
condensation reaction to form Mn-O-Mn bond.

The XRD pattern of the MnO, annealed at 500 °C for 3 h in the
26 ranging from 10° to 75° is shown in Fig. 1b. All reflections in this
pattern can be readily indexed to a tetragonal phase of a-MnO,
(JCPDS 44-0141), with the calculated lattice constants a=0.9816 nm
and ¢=0.2854 nm which are in good agreement with the previous
work [9] indicating high purity of a-MnO,.

Fig. 2. SEM images of (a-c) colloidal crystalline templates of polystyrene and (d-f) 3DOM electrodes of MnO, produced using such templates.
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PS particles with different sizes (200-900 nm) assembled into fcc
arrays on the glassy carbon substrates are illustrated in Fig. 2a-c. The
ordered packing of PS particles was found on crystalline films with a
honeycomb-like structure. Air voids found in the PS opal films were
used as the CCT to produce the 3DOM electrodes with different pore
diameters (Fig. 2d-f). The lighter regions in the images represent
the solid framework, and the darker circles are the air voids that
can be occupied by electrolytes in pseudocapacitors. The average
pore diameters of the 3DOM electrodes are less than the PS diameters
due to the calcination process[10].

3.2. Electrochemical evaluation

The CV characteristics of as-prepared electrodes in Fig. 3a evalu-
ated in 0.5 M Na,SO,4 at potential intervals from 0 to 1V at the scan
rate of 50 mV s~ ! are a box-like shape indicating the pseudocapaci-
tive behavior of the electrodes. By integrating the cathodic current
for all potentials and subtracting the capacitive current contributed
by the substrate, a value of the pseudocapacitive current (I.,) can
be calculated. Using this value, along with the mass of deposition
(m) and the scan rate (v), we can then calculate the specific capaci-
tance (C) according to the equation, C =I.,/mu. The calculated C of
the 3DOM (200 nm) MnO, electrode is 390 F g~ ! which is 3.4-, 2.0,
and 1.3-fold higher than those of the dense film, 3DOM (400 nm) and
3DOM (900 nm) MnO, electrodes, respectively. This capacitance value
is also higher than 313 Fg~! of the a-MnO, coated carbon nanofiber
previously reported at the same scan rate [11]. For more comparisons,
the C value of the 3DOM (200 nm) MnO, measured at 2mVs~! is
765 F g~ !, which is relatively comparable with 770 F g~ ! of Ag-doped
MnO, recently reported [7]. High C of the 3DOM electrodes is possibly
because of the good alignment of their macropores that can provide
well-ordered tunnels, convenient for insertion/extraction of Na* and

H™ into/from MnO, electrodes [12] leading to the fast ion transporta-
tion [13]. As MnO, pseudocapacitors store charge on their surfaces, de-
creasing the pore size of the 3DOM electrodes or increasing the surface
area of the electrodes obviously increases active material usage.

The charge and discharge curves in Fig. 3b are nearly straight lines
in the total range of potential, meaning a good pseudocapacitor per-
formance [14]. The electrolyte, Na,SO,4, can work at a voltage up to
1.0 V, which is agreeable with the potential window of the CV curves
in Fig. 3a. The C of the electrodes can also be calculated from the dis-
charge curve according to the following equation, C =It/AVm where
AV is the working potential window (V), t is the discharging time
(s), and I is the applied charge-discharge current (A). The calculated
C of the 3DOM (200 nm) MnO, obtained at the applied current den-
sity of 2.5A g~ ! from the second cycle is 518 Fg~ !, which is well
agreeable with 515 F g~ obtained from the CV at 5mV s~ ! (the
observed current density of 1.02 mA cm™2). This value is 2.9-, 1.8-,
and 1.4-fold higher than those of the dense film, 3DOM (400 nm) and
3DOM (900 nm) electrodes, respectively.

The electrochemical stability of the electrodes was investigated
using the galvanic charge-discharge at the applied current density
of 25A g~ (see Fig. 3c). For the 3DOM (200 nm) electrode, over
98% of the original capacitance was retained after 2000 cycles, indi-
cating a good cycle ability. This electrode has comparatively 8%, 15%,
and 20% higher stability than 3DOM (400 nm), 3DOM (900 nm), and
dense film MnO, electrodes, respectively.

Nyquist plots of the electrodes were measured in 0.5 M Na,SO4
using a sinusoidal signal of 40 mV over the frequency range from
100 kHz to 1 mHz (Fig. 3d). Each data point of the plots is at a differ-
ent applied frequency with the lower left portion of the curves corre-
sponding to the higher frequency. The Nyquist plot of the 3DOM
(200 nm) electrode is closer to an ideal supercapacitor, the more ver-
tical the curve as compared with that of the dense film electrode,

Fig. 3. (a) Cyclic voltammograms, (b) galvanostatic charge-discharge curves, (c) cycling stability performances, and (d) Nyquist plots of as-prepared electrodes.
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which has a straight line in the low-frequency region and an arc in the
high frequency region. This high frequency loop observed in the case
of the dense film but not for the 3DOM electrode (see the inset curve
of the 3DOM electrode in Fig. 3d) is related to the electronic resis-
tance of the dense film [15]. At low frequency, the curve of the
3DOM electrode shows less diffusion resistance than the dense film
electrode due to faster ion transportation of the electrolyte inside
the macroporous electrode[8,13].

4. Conclusions

The 3DOM electrodes of MnO, with different pore diameters
(200-900 nm) were produced from 1.8 4+ 0.2-nm MnO-, nanoparticles
using a simple CCT method with the assistance of polystyrene beads.
The 3DOM electrode with about 200-nm pore diameter provides 3.0-,
2.0-, and1.3-fold higher specific capacitance than the dense film and
3DOM electrodes with larger pores, 400 nm and 900 nm, respectively
due to its higher pore density leading to faster ion transportation. In
addition to its high specific capacitance, the capacity retention of
200-nm 3DOM electrode is over 98% of the original capacitance after
2000 cycles while that of the dense film is only 78%. The 3DOM elec-
trode with high specific capacitance and durability may be used for
practical applications.
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ABSTRACT: Dual-function silica—silver core-shell (SiO,@Ag) nanoparticles (NPs) with the core diameter of 17 = 2 nm and the shell
thickness of about 1.5 nm were produced using a green chemistry. The SiO,@Ag NPs were tested in vitro against gram-positive Staph-
ylococcus aureus (S. aureus) and gram-negative Escherichia coli (E. coli), both of which are human pathogens. Minimal inhibitory con-
centrations of the SiO,@Ag NPs based on Ag content are 4 and 10 ug mL ™' against S. aureus and E. coli, respectively. These values
are similar to those of Ag NPs. SiO,@Ag NPs were for the first time incorporated to a commodity polypropylene (PP) polymer. This
yielded an advanced multifunctional polymer using current compounding technologies i.e., melt blending by twin-screw extruder and
solvent (toluene) blending. The composite containing 5 wt % SiO,@Ag NPs (0.05 wt % Ag) exhibited efficient bactericidal activity
with over 99.99% reduction in bacterial cell viability and significantly improved the flexural modulus of the PP. Anodic stripping vol-
tammetry, used to investigate the antibacterial mechanism of the composite, indicated that a bactericidal Ag" agent was released

from the composite in an aqueous environment. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 4339-4345, 2013
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INTRODUCTION ces and medical imaging.'">'? There are many methods used to
produce SiO,@Ag NPs. These include an electroless deposi-
tion,'*"° a sol-gel method,'®® and a seed-mediated growth
technique.'®*® Recently, we reported a facile and green chemis-
try synthesis of SiO,@Ag NPs for hydrogen peroxide detec-
tion.'> The growth mechanism of the SiO,@Ag NPs was that
Ag" was initially bound to the surfaces of colloidal SiO, nano-
spheres by electrostatic interaction to form an Ag™ layer.'>*"?
Then, Ag" was reduced to Ag metal by a green and mild reduc-
ing agent (D-(+)-glucose).12 To the best of our knowledge,
SiO,@Ag NPs have not yet been incorporated to PP. In this
work, we then introduced SiO,@Ag NPs produced using the
green chemistry synthesis'? for improving both mechanical
properties and bactericidal activity of PP nanocomposites.

Inorganic nanoadditives are currently of interest and widely
used in the plastic industries.'"™ They can enable formulation of
new functional nanocomposites with superior properties when
compared with the pure commodity plastics, which normally
have a limited range of useful properties. For example, incorpo-
rating fumed SiO, NPs to PP enhances its gas barrier proper-
ties.” PP filled with powdered SiO, NPs can be used to enhance
mechanical properties.” Ag NPs incorporated into polymers
(i.e., polyamide and PP) form high antibacterial nanocompo-
sites.*™ This can play an important role in the manufacture and
use of medical devices, appliances, filters, nonwoven films, and
antibacterial food packaging films.”'® Such materials have high
temperature stability, low volatility,' and can thereby be used
to prevent bacterial infections.* EXPERIMENTAL

SiO,-Ag core shell (SiO,@Ag) NPs have attracted much interest ~ Chemicals and Materials
due to their unique and multifunctional properties as well as  All analytical grade chemicals were used as received without fur-
their potential applications in catalysis, biosensor, optical devi-  ther purification. These chemicals were tetraethyl orthosilicate

© 2012 Wiley Periodicals, Inc.
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(TEOS, 98 wt %, Acros), methanol (99.9 v %, Merck), ammo-
nium hydroxide (30 v%, Mallinckrodt), silver nitrate (99.8 wt
%, Prolabo), p-(+)-glucose (99.5 wt %, Himedia), potassium
chloride (99 wt %, Aldrich), nitric acid (70 v %, Aldrich), PP
homopolymer plastic resin (99 wt %, IRPC), poly(propylene-
graft-maleic anhydride) (PP-g-MA, average M, ~ 9100, average
M, ~ 3900, maleic anhydride 8-10 wt %, Aldrich). Glassy car-
bon electrodes were obtained from Metrohm Autolab.

Preparations of SiO, and SiO,@Ag NPs

Preparation methods of SiO, and SiO,@Ag NPs were previously
reported in detail.'* Briefly, monodispersed 6 wt % SiO, NPs
with diameter of 17 = 2 nm were first obtained by a modified
Stéber method.?® SiO, precursor, 22 mL TEOS, was added to
methanol solvent (77 mL) with mixing by a magnetic stirrer at
300 rpm. Subsequently, Milli-Q water (7.2 mL) was added to
the solution and the pH of the mixture was adjusted to 9 using
NH,OH (0.8 mL) and further stirred for 30 min. The mixture
was left at a static condition and ambient temperature over-
night. To prepare SiO,@Ag NPs, an aqueous solution of AgNO;
was added to the colloidal suspension of SiO, NPs while mixing
on a magnetic stirrer at 300 rpm. After 30 min, p-(+4)-glucose
was added to the mixture and heated to 50°C * 2°C. The mole
fraction ratio of SiO, : Ag : p-(+)-glucose was 100 : 1 : 1. The
structural and morphology of all as-prepared NPs characterized
by X-ray diffraction (XRD), dynamic light scattering (DLS),
energy-dispersive X-ray spectroscopy (EDX), and transmission
electron microscopy (TEM) of the materials were previously
reported.'?

Preparations of SiO,@Ag NPs/PP Nanocomposites

SiO,@Ag NPs/PP-Coated Glass Slides for Antibacterial
Tests. SiO,@Ag/PP nanocomposites were prepared using a sol-
vent blending method. The SiO,@Ag NPs were loaded to the
PP matrix with different SiO,@Ag contents (0.1-5.0 wt % SiO,
and 0.001-0.05 wt % Ag) as compared with the total mass of
the nanocomposites. PP-g-MA, a compatibilizer, was used to
assist the dispersion of core-shell NPs in the PP matrix. The
mole fraction of PP-g-MA to the core-shell NPs was fixed at 2 :
1. A known quantity (1 g) of PP granules was added to 25-mL
toluene with continuous stirring (300 rpm) at 120°C until the
PP was completely dissolved. Then, SiO,@Ag NPs and PP-g-MA
were added into the aforementioned polymer solution. This
mixed solution was stirred for 30 min then ultrasonicated for 5
min to attain better dispersion of NPs in the polymer matrix. A
glass slide (2.5 x 7.5 cm?) was immersed into the composite
for 4 h at ambient temperature. This yielded a nanocomposite
film. The as-prepared nanocomposite film was then used for
antibacterial testing.

SiO,@Ag NPs/PP  Nanocomposites for  Mechanical
Tests. Nanocomposites containing SiO,@Ag NPs at 5 wt %
SiO, and 0.05 wt % Ag were prepared by melt mixing in a Lab-
Tech twin-screw co-rotating extruder with L/D 40 (D26 mm).
Note that the 5 wt % SiO, loading was previously reported as
an optimum condition for the SiO,/PP nanocomposites.>” To
improve the dispersion of NPs in the PP matrix, 10 wt % PP-g-
MA was used as a compatibilizer and the residence time of the
mixture in the mixing section was increased after feeding NPs.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38649
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The apparatus had a vacuum venting port to remove any vola-
tile products formed during the compounding process. Before
melt processing, core-shell NPs were mixed with PP pellets and
dried for 24 h at 105°C to remove the remaining traces of
impurities. The mixed NP/PP pellets were then fed into the
throat of a twin screw pelletizing extruder. Compounding was
done using a screw rotating speed of 200 rpm and a tempera-
ture profile of 185, 195, 200, 200, 200, 195, and 185°C in the
sequential heating zones from the hopper to the die. After com-
pounding, the material was extruded from a die having three
cylindrical nozzles of 4-mm diameter to produce cylindrical
extrudates. These were immersed immediately in a water bath
(22°C) and pelletized into 5-mm pellets with an adjustable
rotating knife located after the water bath.

Antibacterial Activity Tests

The antibacterial activity tests were carried by following a stand-
ard testing method.?* The NPs dispersed in methanol were col-
lected by centrifugation, washed three times with water, and
resuspended in water by ultrasonication for 10 min. The sus-
pended NPs were then used for antibacterial testing against
both gram-negative E. coli and gram-positive S. aureus. These
bacteria were selected because they are both well-known patho-
genic bacteria responsible for foodborne illnesses and clinical
infections. The bacterial cells were initially prepared for the
antibacterial testing of the as-prepared core-shell samples. E. coli
and S. aureus were streaked on nutrient agar (NA) plates to sep-
arate bacterial cells to single colonies and incubated for over-
night at 37°C. Microorganisms from a single colony of each
type of bacteria were used to inoculate 5 mL of sterile nutrient
broth (NB) medium in test tubes. Inoculated media was incu-
bated on a shaker (150 rpm) for 24 h at 37°C. Optical density
of media at a wavelength of 0.6 um (ODg¢) was then measured.
Cells were allowed to grow on the shaker incubator until ODy
reached 0.4. After bacterial cells were ready for use in antibacte-
rial testing of the core-shell NPs, the test was begun by exposing
bacterial cells [10® colony forming units (CFU) per mL] to the
minimum inhibitory concentration (MIC) of Ag. This cell num-
ber was selected since it represents a mid-range value of the log-
arithmic growth phase. A dilution plating technique was used
to determine the number of viable cells remaining after 10-min
treatment. Surviving cells plated onto NA and incubated for 24
h at 37°C. Dilutions were done by adding 0.1 mL of the original
bacterial solution to 0.9 mL of sterile water. The resulting solu-
tion was subsequently diluted until viable colonies could be
counted. To ensure that any reduction in bacterial cells was due
to the core-shell NPs, the observed results were compared to
the results obtained by treating bacteria with the SiO, alone i.e.,
no Ag and two control experiments: (i) with the absence of
both bacteria and NPs (negative control) and (ii) with the pres-
ence of bacteria and no core-shell NPs treatment (positive con-
trol). All antibacterial tests of the core-shell NPs were repeated
for five times and the mean values were reported.

In addition, the antibacterial activity of SiO,@Ag NPs/PP nano-
composites containing the Ag contents of 0, 0.001, 0.010, 0.025,
and 0.050 wt % coated on glass slides was tested using a modi-
fied standard method.*® In this test, 100 uL of bacterial suspen-
sion in saline at ODg4 ~0.4 were placed onto the as-prepared
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Figure 1. (a) Transmission electron micrograph of SiO, NPs including an inset image of a single SiO, NP and (b) the size distribution of SiO, NPs.

glass slide in a fume hood. After drying in air, the resulting
slide was placed in a Petri dish, immediately covered with fresh
NA medium, and incubated at 37°C overnight. Viable cells were
counted using standard dilution plating. A control experiment
i.e., using an uninoculated PP-coated glass slide was also done.
All antibacterial tests of the nanocomposites were repeated for
five times and the mean values were reported.

Anodic Stripping Voltammetry Measurement

First, the as-prepared nanocomposite film coated glass slide was
stored in a flask containing 100 mL aqueous media (93-mL dis-
tilled water + 7 mL 0.1M HNO3) at ambient temperature for 1
week. This was previously reported as an appropriate soaking
time for Ag/PP composite since no sudden increase in Ag"
release was observed from the 7th day onwards.”® HNO; was
added to prevent the released Ag' ions from reducing to metal-
lic silver. Second, electrodeposition of the reducible species
(Ag") onto glassy carbon electrode surfaces was carried out at a

Figure 2. (a) Transmission electron micrograph of SiO,@Ag NPs including an inset image of a single SiO,@Ag NP and (b) the size distribution of

SiO,@Ag NPs.

WWW.MATERIALSVIEWS.COM

WILEYONLINELIBRARY.COM/APP

constant potential (-0.1 V vs. Ag/AgCl) using a chronoamper-
ometry. Third, electrooxidation (stripping) of reduced Ag metal
by applying an anodic potential was done to bring metallic Ag
back into solution (Ag"). Anode stripping voltammetry (ASV)
was then used to measure trace amounts of Ag' released from
the SiO,@Ag NPs/PP nanocomposite. In a typical ASV mea-
surement, coated glassy carbon, Ag/AgCl, and Pt wire were used
as working, reference, and counter electrodes, respectively.
Experiments were done using a pAUTOLABIII potentiostat
(Eco-Chemie, Utrecht, Netherlands). The supporting electrolyte
used was 0.1M NaNOs.

Measurements of Mechanical Properties

The specimens for mechanical property tests were prepared in
an Engel single screw injection molding machine (Monomat 80,
Germany). This machine consists of three different heating
zones and the temperatures of these were 245, 195, and 190°C
for the feeding zone, compressing zone, and metering zone,
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Figure 3. (a) Growth curves of E. coli and S. aureus and (b) photographs of surviving S. aureus colonies untreated (left) and treated (right) by SiO,@Ag

NPs on the sterile plates with sequential dilutions of 107°-10"% [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

respectively. The mold was cooled with water at 25°C. The ten-
sile properties were investigated using ASTM D638 on samples
with the dimensions of 15 cm x 1.9 cm x 0.3 cm (length X
width x thickness). The testing apparatus was a universal test-
ing machine (UTM, Hounsfield) at a cross-head speed of 5 mm
min~'. Flexural testing was conducted on the same machine
according to ASTM D790 with a three-point bending system.
Samples with dimensions of 15 cm X 15 cm X 0.3 cm were
tested at a cross-head speed of 2.0 mm min~'. Five specimens
were tested for each set of samples, and the mean values were
reported. Tensile and flexural toughness were calculated from
the area under stress—strain curve.

RESULTS AND DISCUSSION

Characterizations of SiO, and SiO,@Ag NPs

The TEM image in Figure 1(a) shows dispersed SiO, NPs. Aver-
age diameter of SiO, NPs is 17 = 2 nm as determined from the
size histogram [Figure 1(b)]. The inset magnified image of a
single nanosphere of SiO, in Figure 1(a) represents a condition
with no shell on the surface of SiO,. SiO,@Ag NPs [Figure
2(a)] are also highly dispersed and rather uniform. The particle
size histogram [Figure 2(b)] shows their average diameter as 21
+ 2 nm. The inset image shows the average shell thickness is

about 1.5 nm. The XRD, EDX, and DLS characteristics of as-
prepared NPs as well as the mechanism of the core-shell growth
was previous reported.'?

Bactericidal Activities

Si0, and SiO,@Ag NPs. E. coli and S. aureus were selected for
testing antibacterial activity of SiO,@Ag NPs. At ODg4 0.4,
bacterial cells were in the middle portion (about 2 h) of their
logarithmic growth phase as determined from their growth
curves [Figure 3(a)]. Viable cells treated with core-shell NPs
and incubated at 37°C for 24 h were counted by a dilution plat-
ing method. Photographs of plates were made from sequential
dilutions (10 °=10"® mL) viable S. aureus colonies. These sam-
ples were untreated with core-shell NPs and their controls then
grown on sterile plates. They are shown in Figure 3(b). Inhibi-
tion of S. aureus growth after treating with SiO,@Ag NPs was
clearly observed. Surviving S. aureus colonies could be counted
when samples were diluted to 107> mL. Untreated bacteria
could be counted at a dilution of 107°, This represents three
orders of magnitude difference, indicating that the SiO,@Ag
NPs have considerable antibacterial activity.

For further quantitative analyses, several calculations were done.
N/N, was determined, where the term N, denotes the number

Table I. Viability, N/Ny, and % Reduction in Viability of E. coli and S. aureus Cultures After Treatment with SiO,@Ag NPs at Minimal Inhibitory
Concentrations (MICs) based on Ag Contents (10 ug mL~" for E. coli and 4 ug mL™" for S. aureus)

Viability (CFU mL™%) N/Ng % Reduction in viability
Samples E. coli S. aureus E. coli S. aureus E. coli S. aureus
Negative control 0 0 N/A N/A N/A N/A
Positive control 567000000 581000000 1.00 1.00 0.00 0.00
SiOo NPs 552000000 571000000 0.97 0.98 2.65 1.72
SiO,-Ag core-shell NPs 15722333 131000000 0.03 0.23 97.23 77.45
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Table II. Viability, N/N,, and % Reduction in Viability of E. coli and S. aureus Cells After Being Cultured on SiO,@Ag NPs/PP Nanocomposites at

Different Ag Loadings

Viability (CFU mL~?) N/No % Reduction in viability
Ag loading (wt %) E. coli S. aureus E. coli S. aureus E. coli S. aureus
0 432200000 370000000 1.00 1.00 0.00 0.00
0.001 255166667 236166667 0.59 0.64 40.96 36.17
0.010 140166667 125333333 0.32 0.34 67.57 66.13
0.025 80666667 73333333 0.19 0.20 81.34 80.18
0.050 48000 50000 0.00 0.00 99.99 99.99

of CFU at the beginning of the treatment before adding the
SiO,@Ag NPs (time 0) and N is the number of CFU after treat-
ment with the NPs at MICs (10 ug mL™" for E. coli and 4 ug
mL~" for S. aureus). The % reduction in viability was deter-
mined (% reduction = (A - B)/A x 100). In this calculation, A
is the number of surviving microbial colonies in the blank solu-
tion and B is the number of surviving microbial colonies in the
SiO,@Ag NPs. Results are given in Table 1. All data listed were
determined from three replicate experiments. The results show
that SiO, NPs dispersed in water are not good for inhibiting
the cell growth of E. coli and S. aureus since % reductions in
cell viability are only 2.65 and 1.72 for E. coli and S. aureus,
respectively (see Table I). However, SiO, with the Ag shell can
significantly inhibit E. coli and S. aureus cells when treated with
SiO,@Ag NPs at MICs of 10 and 4 pug mL™', respectively. E.
coli and S. aureus viability was reduced by 97.23 and 77.45%,
respectively. At 10 pug mL™', no viable S. aureus cells were
observed. The MICs of the core-shell NPs in this study are simi-
lar to those of Ag NPs (3—40 ug mL™").””"*° These values are
slightly lower than those of Fe,O3-Si0,-Ag composites (16-31
ug mL™"® and considerably lower than those of metal oxide
NPs such as nanocrytalline 8 = 1 nm MgO (625 ug mL™").**
Lower MIC yields better antibacterial activity. The results here
indicate that the as-prepared core-shell NPs are able to inhibit

Figure 4. Anodic stripping voltammograms of SiO,@Ag NPs/PP nano-
composites containing the Ag contents of 0, 0.001, 0.010, 0.025, and 0.050
wt %.
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S. aureus more easily than E. coli. This is because the cell mem-
branes of gram-negative E. coli consist of an outer layer of lipo-
polysaccharide and proteins. This outer layer confers protection
upon E. coli cells and is not found on the cell membranes of
gram-positive S. aureus. As a result, gram-negative E. coli is in
general more difficult to inactivate in this manner.”'

SiO,@Ag NPs Containing PP Nanocomposites. Polymer nano-
composites were obtained using a solvent blending technique
employing the dispersant PP-g-MA and coated on the micro-
scope glass slides. The antibacterial activity of SiO,@Ag NPs/PP
nanocomposites was studied using a challenge test.”> Results
showed that increasing the mass loading of the core-shell NPs
from 0.001 to 0.05 wt % based on Ag content leads to increased
inhibitory activity as shown in Table II. The viable cell counts
of both E. coli and S. aureus were reduced by up to 99.99% at
0.05 wt % of Ag loadings. Untreated PP showed no antibacterial
activity. This result is in good agreement with Ag/polyimide
nanocomposite with Ag loading of 0.06 wt %.® The antibacterial
mechanism observed in the composites is possibly due to Ag™
biocide released from polymer nanocomposites.®'!

Silver Ion Release

A typical voltammogram obtained from ASV shows the value of
the stripping potential and the peak height and area. These
decrease in subsequent stripping scans indicating reflecting
decreasing concentration of silver on the glassy carbon electrode
surface. The summation of all stripping scans is directly propor-
tional to the total concentration of the silver ions released from
the SiO,@Ag NPs/polypropylene nanocomposites. Figure 4
shows ASVs which are the summation curves of all the stripping

Table III. Mechanical Properties of PP as well as SiO,/PP, and SiO,@Ag
NPs/PP Nanocomposites

Mechanical

properties PP SiOo/PP Si0>-Ag/PP

Flexural 1630 =10 1850 + 15 1860 + 16
modulus (MPa)

Flexural 484 + 0.4 532 05 52.4 +0.5
strength (MPa)

Tensile 1810 =+ 20 1840 £ 23 1830 = 25
modulus (MPa)

Tensile 368 +0.1 36.7+02 369=x02

strength (MPa)
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scans for composites with different Ag loading contents. A strip-
ping peak at about 0.5 V vs. Ag/AgCl in Figure 4 is related to
oxidation of Ag metal (Ag —> Ag" + e ). This indicates that
nanocomposites can release Ag” biocide in an aqueous environ-
ment. Additionally, the content of released silver increased with
the amount of silver incorporated into the composites. These
results are in good agreement with previous studies of Ag incor-
poration into polymer nanocomposites.!?® Using a calibration
method,*'"?® the quantitative amount of Ag" release can be
determined. The concentration of Ag" released from the
SiO,@Ag NPs/polypropylene composite is in good agreement
with that released from the Ag/PP composite.”® These compo-
sites contained 0.05 wt % Ag with respect to one gram of the
solid composite. At lower Ag loading levels, the released Ag"
was ~ 5.0, 2.2, and 0.4 ug L™" for loading of 0.025, 0.010, and
0.001 wt %, respectively. Ag" released from the SiO,@Ag NPs/
polypropylene nanocomposites in the aqueous environment can
inactivate bacterial cells. It binds to tissue proteins of bacteria
and causes structural changes in bacterial cell walls and nuclear
membranes leading to cell death.*>~*

Mechanical Testing

The mechanical performance of SiO,@Ag/PP composites is
listed in Table III. The results show that the flexural strength
values of SiO,@Ag/PP and SiO,/PP composites are 53.2 £ 0.5
and 52.4 * 0.5 MPa while that of the PP is 48.4 = 0.4 MPa.
The flexural strength values listed in Table III indicate that the
capability of the composites to support stress transmitted from
the thermoplastic matrix is rather good. In addition to flexural
strength, the flexural modulus of the composites is 220-230
MPa higher than that of PP. This shows that stiffness of the
composites is good. However, tensile strength and tensile modu-
lus describing the elastic properties of the composites are
approximately the same as those of PP. This is in good agree-
ment with previous reports that ungrafted nano SiO, NPs can-
not improve tensile strength and tensile modulus of PP.>> This
data also indicates that addition of SiO,@Ag NPs does not
cause a reduction in tensile strength. It was previously reported
that incorporating pure Ag NPs into polyamide caused reduc-
tion in tensile strength of that polymer.”® This is because metal
additives e.g., silver NPs can create cavities in the polymer ma-
trix due to the debonding of the polymer from the metal
surface.

CONCLUSIONS

Monodispersed SiO, NPs with diameter of 17 = 2 nm were
successfully obtained by a modified Stober method. The SiO,
NPs were then used as a core precursor for obtaining the
SiO,@Ag NPs with the shell thickness of about 1.5 nm under a
green chemistry synthesis for which p-(+)-glucose was used as
a reducing agent. The antibacterial activities of core-shell NPs
and their composites with polypropylene were tested against S.
aureus and E. coli. The minimum inhibitory concentrations
based on Ag content of SiO,@Ag NPs are 4 and 10 ug mL ™"
for S. aureus and E. coli, respectively. These values are in good
agreement with those of Ag NPs. SiO,@Ag NPs incorporated
into polypropylene matrices exhibited high antibacterial activity
(about 99 % reduction in viability) at Ag loading levels of 0.05
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wt %. The flexural strength and modulus of the composite were
investigated according to ASTM D638 and D790. The flexural
modulus of the composite was improved about 14% when com-
pared with the pure polypropylene while its tensile strength and
modulus are not decreased. The SiO,@Ag NPs obtained in this
work might be applied to other manufacture industrial plastics
requiring high antibacterial activity.
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Highly-dispersed 17 + 2-nm SiO, nanospheres were obtained by a modified StOber method and then used as material precursors
in a green chemistry process for obtaining SiO,-Ag core-shell nanocomposites with the shell thickness of 1.5 nm. In addition, an
enzymeless SiOz-Ag core-shell modified electrode was fabricated and used for thefirst time to detect H,O,. The modified electrode
has a fast amperometric response of <2 s at low detection limit of 0.1 M. The linear range of H,O, detection is estimated to be
from 0.25 M to 6.7 mM with a determination coefficient R2 of >0.99.
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Silica-silver core-shell (SIO,@AQg) nanostructures are of inter-
est due to their greatly potential applications in nanoelectronic de-
vices, molecular recognition, medical imaging, and optical devices.'
Herein, we demonstrate that SiO, @A g nanospheres can be used inthe
research area of biosensors for detecting hydrogen peroxide (H,O5).
An accurate and reliable determination of H,O, is important since
it gets involved the diagnostic response for several medical sensing
devices such as blood glucose and neurotransmitter sensors.* H,O,
concentrations usually range from micromolar (uM) for in vivo con-
ditions to millimolar (mM) for bleaching applications.* There are
many methods being used to detect H,O, such as spectrophotometry
based on peroxidase enzyme, titration, and amperometry.* Among
them, the amperometry has many advantages i.e., low cost, simul-
taneousness, high sensitivity and selectivity, and simplicity.> Note
that although the SiO,-Ag composites have not been used for de-
tecting H,O, yet, SiO, micro/nanospheres assembled on electrodes
with highly ordered macroporous films can enhance the diffusion of
redox species through the electroanalyses leading to high sensitivity
and selectivity.®” Ag nanoparticle-based emzymeless H,0, detec-
tion was widely investigated by means of the amperometry.81° From
this reason, the SIO,@Ag modified electrode in this work exhibits
good catalytic activity toward the reduction of H,O, leading to an
enzymeless sensor with a fast amperometric response time at very
low detection limit. The linear detection range is estimated to be from
apnM to mM.

Experimental

Preparation of SO, nanospheres—All chemicals used in this
work were of analytical grade. Highly dispersed 6 wt% SO,
nanospheres in methanol were prepared by a modified Stdber
method® as follows. In a typical process, 22 mL of tetragthyl or-
thosilicate (98 wt%, Acros) were added to 70 mL of methanol
(99.9 v%, Merck) while stirring on a magnetic stirrer at 300 rpm.
After that, 7.2 mL of Milli-Q water (resistivity >18 MQ cm) were
added to the reactor and the pH of the mixed solution was adjusted to
be 9 using 0.8 mL NH4OH (30 v%, Mallinckrodt). The mixture was
further stirred for 30 min and then kept in static condition at ambient
temperature (25 =+ 2°C) for overnight.

Preparation of SO,@Ag nanospheres—The solution of AgNO;
(99.8 wt%, Normapur Prolabo) was added into the colloidal suspen-
sion of SIO, while stirring on a magnetic stirrer at 300 rpm. After
30-min stirring, D-(4)-glucose (99.5 wt%, Himedia) was added to
the mixture heated up to the warm temperature (50 + 2°C). The mole
fraction of SIO,: Ag: D-(+)-glucoseis 100:1:1.

2 E-mail: fengmrs@ku.ac.th

Sructural, elemental, and morphological characterizations.—The
XRD patternswere recorded on adiffractometer with Cu Ko radiation
(» = 1.5406 A) and a graphite monochromator at 40 kV, 30 mA. Dy-
namic light scattering (DLS), energy-dispersive X-ray spectroscopy
(EDX), and transmission electron microscopy (TEM) were used to
characterize the particle size, zeta potential, element, and morphol-
ogy of as-prepared nanoparticles (NPs). The TEM images of sam-
ples were performed on a JEM 1220 with an accelerating voltage of
100 kV.

Electrochemical characterization—SiO, and SiO,@Ag nano-
spheres modified electrodes were prepared by a drop-coating pro-
cess. A 10-uL aliquot of the colloida dispersion containing 1%wt
solid content was dropped to cover the glassy carbon (GC) elec-
trode with the diameter of 3 mm in flush PTFE mounting assemblies,
which was then dried for 1 h in ambient conditions. The as-prepared
electrodes were then used as an emzymeless sensor for detecting
H,0,. Cyclic voltammetry (CV) and chronoamperometry were used
to characterize the sensing performance of as-prepared electrodes
under a three-electrode system consisting of a Pt wire counter elec-
trode, aAg/AgCl reference electrode saturated in KCI, and aworking
electrode.

Results and Discussion

Characterizations of S0O,-Ag core-shell nanospheres—The mi-
crostructure of the SiO, NPsisreveadled inaTEM image (Figure 1a).
An overall morphology shows high dispersion of the NPs with the
average diameter of 17 & 2 nm determined from the size distribution
of all NPs seen on the TEM image, which isin good agreement with
18 + 3 nm measured by the DLS. An inset image in Figure larepre-
sents a single nanosphere of SIO, having no shell on its surface while
the TEM image of the SiO,@Ag nanospheres (Figure 1b) shows the
average shell thickness of 1.5 nm. An inset image presents a single
core-shell nanosphere.

The possible mechanism of the SiO,@Ag nanospheresisthat Ag*™
isfirstly bound to the surface of colloidal SiO, nanospheres to form
Ag" layer, owing to the el ectrostatic interaction.?>?? This processwas
confirmed by the decreasing zetapotential of the complex, —31 mV, as
compared with —47 mV of the bare colloidal SiO, nanospheres. After
that, the Ag* layer was reduced by D-(+)-glucose to form nucleating
sites, continuously growing the Ag shell.

The XRD pattern of the pristine SiO, nanospheres in Figure 1c
shows only one broad diffuse peak at the 20 value of 24°, which
is attributed to the amorphous pristine SiO,. The EDX spectrum of
SIO,@Ag (Figure 1d) consists of apeak at 0.28 keV associated with
CK, due to the GC electrode, two peaks at 0.52 and 1.8 keV of OK,
and SiK,, respectively owing to the SIO, core, two predominant peaks
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at 3.00 and 3.16 keV from AgL,: and AgLg, respectively and other
peaks at 2.66, 3.38, and 3.52 keV represent AgL;, AgLg,, andAgL 1,
respectively due to the Ag shell.

Electrochemical evaluation for H,O, detection—The cyclic
voltammograms of as-prepared electrodes in 10 mM H,0O; in
0.2 M PBS (pH 7.4) at the scan rate of 0.01V st are shown in
Figure 2a. Clearly, the bare GC and the SiO, modified GC (SiO,/GC)

Figurel. TEM images of (a) SiO, nanosphereswith anin-
set image of a single SiO, nanosphere and (b) SIO,@Ag
nanospheres with an inset image of a single core-shell
nanosphere as well as (c) XRD pattern of SiO, nanospheres
and (d) EDX spectrum of SiO,@Ag hanospheres.

electrodes cannot detect H,O, since there is no redox peak observed.
On the other hand, the SIO, @A g/GC shows a predominant reduction
peak of H,0, at —0.48 V which isin good agreement with —0.49V of
Aglreduced graphene oxide modified GCE.?® The possible reduction
mechanism of H,0, at the Ag shell of the SIO, @Ag/GC electrodeis
proposed as follows;

2Ag + H,O, — 2Ag0OH [1]

Figure 2. (a) cyclic voltammograms of GC, SiO2/GC, and
SiIO,@Ag/ GC electrodes in 10 mM H,O; in 0.2 M PBS
(pH 7.4) (scan rate: 0.01 V/s) and amperometric plots of the
SiO, @Ag nanospheres modified glassy carbon electrodesin
0.2 M PBS huffer (pH 7.4) on the consecutive injection of
H20, with (b) uM and (c) mM ranges.
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2AgOH + 26 + 2HT — 2Ag+ 2H,0 2]

First, H,O, reacts with the Ag shell to give argentous hydroxide (see
reaction 1), which then gets reduced to the renewed Ag shell (see
reaction 2).24

Figures 2b and 2c show typical amperometric (cathodic current-
time) plots of the SIO, @Ag/GC electrodein 0.2 M PBS (pH 7.4) on
the consecutiveinjection of H,O,. The current response at high signal-
to-noise ratio (~5) in Figure 2b islinearly increased as a function of
H,O, concentrations (2.5-20 wM) which isatypical rangefor in vivo
conditions and residual levels in foodstuff and drinking water. The
SIO,@Ag/GC modified electrode shows high sensing performances
i.e., adetermination coefficient (R?) of 0.998 (seetheinset calibration
curve in Figure 2b), the detection limit of 0.1 wM at the signal-to-
noiseratio of >3, the fast time response of <2 s, and the sensitivity of
35.4 pA mM~1 cm™2 (see the upper inset plot in Figure 2b). The
sengitivity in this work is comparatively in good agreement with
38.2 pA mM~t cm=2 of the graphene oxide/MnO, modified GC
(LOD = 0.8 pM)® and dightly better than 20.5 pA mM~1 of
the myoglobin/Ag NPs modified pyrolytic graphite electrode (LOD
= 1 uM).% At higher concentration of H,O, (mM range) which is
the typical level for bleaching applications,* the SIO, @Ag/GC elec-
trode also providesthe linear detection range of H,O, from 0.1 mM to
6.7 mM with the R? of 0.992 (see the inset curve in Figure 2c).

Conclusions

Highly dispersed 6-wt% SiO, nanospheres in methanol with the
diameter of 17+ 2 nm were obtained by a modified StOber method.
SiO,@Ag core-shell nanospheres with the average shell thickness
of 1.5 nm were then obtained by a green chemistry. The SIO,@Ag
nanospheres modified glassy carbon electrodes were fabricated and
used for hydrogen peroxide detection. The SIO, @Ag modified elec-
trode exhibits afast amperometric response of < 2 sand the detection
limit of 0.1 wM at high signal-to-noise ratio (>3). The linear range
is estimated to be from 0.25 wM to 6.7 mM with R? of >0.99. The
SiO,@Ag modified electrode could able to detect H,O, for in vivo
conditions and residual levels in foodstuff and drinking water as well
as bleaching applications.
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ABSTRACT

Although supercapacitors have higher power density than batteries, they are still limited by
low energy density and low capacity retention. Here we report a high-performance sup-
ercapacitor electrode of manganese oxide/reduced graphene oxide nanocomposite coated
on flexible carbon fiber paper (MnO,-rGO/CFP). MnO,-rGO nanocomposite was produced
using a colloidal mixing of rGO nanosheets and 1.8 + 0.2 nm MnO, nanoparticles. MnO,-
rGO nanocomposite was coated on CFP using a spray-coating technique. MnO,-rGO/CFP
exhibited ultrahigh specific capacitance and stability. The specific capacitance of MnO,-
rGO/CFP determined by a galvanostatic charge-discharge method at 0.1 A g™* is about
393 F g !, which is 1.6-, 2.2-, 2.5-, and 7.4-fold higher than those of MnO,-GO/CFP, MnO,/
CFP, rGO/CFP, and GO/CFP, respectively. The capacity retention of MnO,-rGO/CFP is over
98.5% of the original capacitance after 2000 cycles. This electrode has comparatively 6%,
11%, 13%, and 18% higher stability than MnO,-GO/CFP, MnO,/CFP, rGO/CFP, and GO/CFP,
respectively. It is believed that the ultrahigh performance of MnO,-rGO/CFP is possibly
due to high conductivity of rGO, high active surface area of tiny MnO,, and high porosity
between each MnO,-rGO nanosheet coated on porous CFP. An as-fabricated all-solid-state
prototype MnO,-rGO/CFP supercapacitor (2x 14 cm) can spin up a 3V motor for about
6 min.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

teries [3]. Supercapacitors store energy via two mechanisms
i.e., electrochemical double layer capacitance (EDLC) and

Supercapacitors have a major advantage of 10- to 100-fold
higher power density (charge/dischrage rate) than batteries
[1-3]. Besides, they have a longer cycle-life, no memory effect,
and much safer due to physical energy storage-based mecha-
nism leading to maintenance-free when compared with bat-

pseudocapacitance. They are used in portable devices or
equipments requiring low energy e.g., photographic flash,
flashlights, personnel memory cards, portable media players,
and automated (medical) meter reading equipment as well as
used in conjunction with batteries or fuel cells to deliver high
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power typically needed during rapid breaking and rapid accel-
eration in hybrid electric vehicles [3].

However, supercapacitors store lower energy density
(~0.5-30 Wh kg™?) than batteries (~20-180 Wh kg™!) [1-3]. In
order to increase the energy density of supercapacitors, elec-
trode materials with higher active surface area and conduc-
tivity, which can store both EDLC and pseudocapacitance,
are required. Graphene exhibited high EDLC with the theoret-
ical value of 550F g~* calculated for single-layer graphene
sheet [1,4] and high intrinsic (quantum) capacitance
(~21 uF cm™?), which is the upper limit for carbon-based
materials [1,5]. MnO, displayed ultrahigh faradaic pseudoca-
pacitance with the theoretical value of 1110F g™* [6,7]. The
composites of graphene-related materials and MnO, recently
reported can display ultrahigh EDLC and pseudocapacitance
[8,9].

MnO,-graphene oxide (GO) composite synthesized by a
soft chemical route in a water-isopropyl alcohol system
exhibited a specific capacitance (SC) of 210 F g~* determined
by a galvanostatic charge-discharge method at an applied
current density of 0.15 A g~* [10]. MnO,—graphene composites
produced by a microwave-assisted method displayed the SC
of 310 F g * determined by a cyclic voltammetry at a scan rate
of 2mV s~?, about threefold higher than that of pure graph-
ene [8]. More recently, MnO, clusters were directly coated on
different carbon materials using a chelation-mediated aque-
ous solution method [9]. It was found that the composite sup-
ercapacitor electrode consisting of reduced GO (rGO) and
MnO, exhibited the highest SC of 260 F g~* at an applied cur-
rent density of 0.3 A g%, when compared with other compos-
ite electrodes studied [9].

However, the size of MnO, clusters previously produced by
the chelation-mediated technique [9] is rather big, a cluster
size of >100 nm for which the specific pseudocapacitance of
MnO, clusters may not play a major role to the total SC of
the composite. In this work, we therefore produced the com-
posite of rGO nanosheets and tiny MnO, nanoparticles
(1.8 £ 0.2 nm in diameter) [7] using a simple colloidal mixing
method. The diluted oxygen-containing functional groups of
rGO can benefit the dispersion of MnO, on rGO nanosheets
and the infiltration of electrolyte [11]. We fabricated a flexible
supercapacitor electrode by coating as-prepared MnO,-rGO
composite on flexible carbon fiber paper (CFP). CFP, an electri-
cally graphitic sheet of the randomly arranged short carbon
fibers, has high flexibility, conductivity, and electrochemical
stability [12]. The as-fabricated flexible MnO,-rGO/CFP elec-
trode can in addition remove a typical drawback due to the
brittle characteristic of metal oxide supercapaciotor electrode
usually limiting its applications especially for flexible devices.

Although MnO,-graphene composite coated on the flexi-
ble CFP has not yet been studied, other flexible supercapacitor
electrodes were recently reported. For example, a flexible
graphene-based supercapacitor produced by using a simple
laser scribing method exhibited a specific capacitance of
276 F g~* [1]. Graphene paper produced by an electrospinning
technique exhibited the SC of 197 F g~ [13]. The rGO paper
produced by a flame-induced reduction of GO paper had the
SC of 212 F g * [14]. The folded graphene paper produced by
a thermal reduction of GO aerogel at 200 °C in air for 1.5h
gave the SC of 172 F g~* [15]. MnO,~graphene composite pa-

per, produced by a three-step route i.e., (i) preparation of
MnO,-GO composite dispersion, (ii) vacuum filtration for
making MnO,-GO paper, and (iii) thermal reduction of
MnO,-GO to MnO,-graphene, exhibited the SC of 256 F g’1
[16].

2. Experimental
2.1.  Preparation of reduced graphene oxide nanosheets

Preparation methods of GO based on Hummers and Offeman
method [17] and rGO nanosheets using a chemical reduction
process were previously reported by our group elsewhere
[18,19]. Briefly, 3.0g graphite powder (20-40 um, Sigma-
Aldrich) and 1.5 g NaNOs (99.5%, QRec) were added to 150 ml
H,S0, (98%, QRec) while stirring at 100 rpm in an ice bath
for 1h. 8.0 g KMnO, (99%, Ajax Finechem) was slowly added
to the mixture at 25 °C for 2 h without stirring. 90 ml Milli-Q
water (>18 MQ cm) was added to the suspension with contin-
uous stirring (100 rpm) at 95°C for 12 h. Then, 30 ml H,0,
(30%, Merck) was slowly added to the diluted suspension.
For the purification, the mixture was filtered through polyes-
ter fiber (Carpenter Co., USA). The filtrate was centrifuged at
6000 rpm for 15 min and the remaining solid material was
then washed in succession with 200 ml Milli-Q water, 100 ml
HCI (30%, Sigma-Aldrich), and 100 ml ethanol (30%, Merck).
This process was repeated three times. The GO powder was
collected by filtration and vacuum dried. For preparation of
rGO nanosheets, 0.5g GO powder was dispersed in 200 ml
Milli-Q water using ultrasonication for 30 min. 216 g p(-)-
fructose (99%, Sigma-Aldrich), recognized as a reducing agent
[18], was added to the as-dispersed suspension. The mixture
was then refluxed at 98 °C for 24 h. The rGO powder was final-
ly collected using the same purification method of GO powder
mentioned above.

2.2.  Preparation of MnO, nanoparticles

Tiny MnO, nanoparticles were produced using an ethylene
glycol-assisted synthesis with successive hydrolysis and con-
densation reactions [7]. In brief, 50 ml ethylene glycol (99.5%,
Sigma-Aldrich) were heated at 160 °C for 10 min to remove
water and then cooled down to 80 °C. Next, 0.50 g polyvinyl-
pyrrolidone (10,000 g mol~?, Sigma-Aldrich) used as a stabi-
liser and 0.25g Mn(CH3COO),4H,0 (99%, Sigma-Aldrich),
oxide precursor, were sequentially added to ethylene glycol
while stirring at 300 rpm. After 30 min, the resulting reddish
suspension of MnO, nanoparticles was cooled down to room
temperature (25°C). The mechanism of MnO, formation
based on an ethylene glycol-assisted synthesis with succes-
sive hydrolysis and condensation reactions was proposed by
our group elsewhere [7].

2.3.  Fabrication of MnO,-rGO electrodes

MnO,-rGO nanocomposites were produced by adding rGO
powder to the colloidal MnO, nanoparticles suspended in
ethylene glycol at the 1:1 weight ratio of rGO:MnO,. The mix-
ture was stirred at 300 rpm for 30 min and then coated on
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graphitized CFP with the thickness of 400 um and the electri-
cal resistance of <12 mQ cm? (SGL CARBON SE, Germany) by a
simple spray coating technique (Paasche Airbrush Company,
USA). The airbrush head used a coating pressure and temper-
ature of 20 psi and 25 °C, respectively. The specific loading of

MnO,-1GO on the CFP was around 4 mgcm ™2,

2.4. Structural, electrochemical

characterizations

morphological, and

Raman Spectroscopy and Fourier Transform Infrared Spec-
troscopy (FTIR) were used to characterize the structures of
GO and rGO nanosheets. Raman spectra were recorded on a
Senterra Dispersive Raman spectroscope (Bruker Optics, Ger-
many) with a laser excitation wavelength of 514 nm. GO and
rGO powders were placed on a clean SiO,/Si substrate and
were then used for Raman measurement. The FTIR spectra
were acquired on a FTIR spectrometer (Perkin Elmer System
2000). The specimens for FTIR measurement were prepared
by grinding the dried rGO powder mixed with potassium bro-
mide (KBr) to a fine powder and then compressing under high
pressure into thin pellets. Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) were em-
ployed to characterize the morphology of rGO. The TEM
images of samples were made using a JEM 1220 (JEOL Ltd.,
Japan) with an accelerating voltage of 100 kV. The TEM speci-
mens were prepared by placing the aqueous suspension
(~0.05mgml™") of rGO in acetone on the copper grids fol-
lowed by drying under ambient conditions. Energy-Dispersive
X-ray spectroscopy (EDX) was used to do elemental analysis
of the as-prepared electrodes. X-ray Diffraction (XRD) with
CuKa radiation (lambda = 1.54 A) was employed to character-
ize the crystalline structure of MnO,. The chemical composi-
tion and the energy state of MnO,-rGO/CFP were carried out
using X-ray photoelectron spectroscopy (XPS) measurements
with Al-K alpha radiation (hv = 14,866 eV). Nitrogen adsorp-
tion—-desorption isotherms of rGO and MnO,/rGO samples
were carried out at —196 °C (77 K) using a Quantachrome
Autosorb-1C instrument. The samples were degassed at
200 °C for 15 h before the gas sorption measurement. The spe-
cific surface area and pore size distribution of rGO and MnO,/
rGO samples were derived by using the Brunauer-Emmert-
Teller (BET) method.

Cyclic voltammetry (CV), galvanostatic charge-discharge
testing, and electrochemical impedance spectroscopy were
used to characterize the capacitance and stability of as-pre-
pared electrodes under a three-electrode system consisting
of a Pt wire counter electrode, a Ag/AgCl reference electrode
saturated in KCl, and a working electrode. All electrochemis-
try measurements were carried out in 0.5M Na,SO, using a
computer-controlled u-AUTOLAB II potentiostat (Eco-Chemie,
Utrecht, The Netherlands) equipped with a FRA2 frequency
response analyzer module running GPES/FRA software.

2.5. Fabrication of an all-solid-state
supercapacitor device

M YIO2—TGO

The polymer-gelled electrolyte was prepared by the following
method with our modification [1,20]. 1 g polyvinyl alcohol
(PVA, molecular weight 89,000-98,000, 99% hydrolyzed,

Sigma-Aldrich) was mixed with 10 ml Milli-Q water. The mix-
ture was heated at ~90 °C under constant stirring (100 rpm)
for 20min and then cooled down to room temperature
(25 °C). After cooling, 10 ml of 0.5 M NaNO; was added to the
mixture and stirred (100 rpm) for 30 min.

Fabrication of an all-solid-state flexible MnO,-rGO/CFP
supercapacitor device was assembled by pouring the poly-
mer-gelled electrolyte (100 ul electrolyte/1 cm? of the elec-
trode) onto the MnO,-rGO/CFP electrode with the dimension
of 2x 14 cm [1]. This assembly was left under ambient condi-
tions (25 °C) for 3 h to ensure that the electrolyte completely
wets the MnO,—rGO/CFP electrode. The all-solid-state MnO,—
rGO supercapacitor was then fabricated by sandwiching two
electrolyte-coated MnO,~rGO/CFP electrodes and left over-
night until the polymer-gelled electrolyte solidified. The poly-
mer electrolyte acts as both the electrolyte and the ion-porous
separator.

3. Results and discussion
3.1.  Morphological and structural characterizations

TEM images of rGO nanosheets, MnO,, and rGO-MnO, nano-
composites are shown in Fig. la-c, respectively. A few layers
of rGO nanosheets have different lateral sizes randomly over-
lapping each other (Fig. 1a). Highly dispersed MnO, nanopar-
ticles have the average diameter of about 1.8+0.2nm
(Fig. 1b). The MnO,-rGO composite produced by a colloidal
mixing method in Fig. 1c shows tiny MnO, nanoparticles sit-
ting on rGO surface. A low-magnification SEM image (Fig. 1d)
shows the composite coated on CFP for which the carbon fiber
has the diameter of 8-10 pm and the MnO,-rGO nanosheets
have the lateral size of less than 5um and high porosity
among adjacent MnO,-rGO nanosheets coated on CFP. The in-
set digital image in Fig. 1d shows that the as-fabricated sup-
ercapacitor electrode remains high flexibility of CFP.

The N, adsorption/desorption isoterms of rGO and MnO,/
rGO nanosheets in Fig. 2 can be assorted as a type IV adsorp-
tion isoterm according to the IUPAC classification, which is
feature of mesoporous materials [21,22]. The hysteresis loop
starts from the relative pressure of 0.42 to that of 0.99. The
isoterms in Fig. 2 also exhibit an H3-type hysteresis loop
due to the existing mesopores of absorbents having slit-
shaped pores [22]. This confirms that N, adsorbed on rGO
nanosheets. The BET specific surface area of rGO is about
510m? g !, which is in good agreement with 492 m? g~ * of
other previous work and significantly higher than 8.5m?g*
of graphite [23]. Interestingly, the specific surface area of
MnO,/rGO composite is about 490 m? g~*, which is slightly
lower than that of pure rGO indicating that the composite is
rather stable and still dispersed. Additionally the mesoporous
structure of the MnO,-rGO nanosheets may play an impor-
tant role to the high power density of supercapacitor elec-
trode due to the fast diffusion of electrolytes (Na* and HT)
improving electrolyte access to high interfacial area [21].

Note the XRD spectrum of MnO, as well as the Raman,
FTIR, and XPS spectra of GO and rGO nanosheets were previ-
ously reported and explained in details elsewhere [7,18]. rtGO
nanosheets with the C:O ratio of 10.5:1 were produced by
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Fig. 1 - TEM images of (a) rGO nanosheets, (b) MnO, nanoparticles, and (c) MnO,-rGO nanocomposite as well as (d) low-

magnification SEM image of MnO,-rGO coated on CFP.

Fig. 2 - N, adsorption/desorption isotherms of (a) rGO
nanosheets and (b) MnO,/rGO composite.

reducing GO with fructose [18]. A typical EDX spectrum of
MnO,-rGO/CFP electrode in Fig. 3a consists of three peaks at
0.64, 5.90, and 6.54 keV of MnL,;, MnK,;, and MnKg;,, respec-
tively. A peak at 0.28keV is found associated with CK, of
rGO and CFP. Oxygen peak is found at the same peak position
of MnL,;. Fig. 3b shows the wide-scan XPS spectrum of the as-
prepared MnO,-rGO/CFP for which Mn, O, and C elements are
found on the sample. The narrow-scan XPS spectrum (Fig. 3c)
shows two peaks located at 641.4 and 652.6 eV, which can be
attributed to Mn 2ps/; and Mn 2p4/, of Mn**, respectively. The
peak values agree well with those reported for MnO,, indicat-
ing Mn** oxidation state [24]. Fig. 3d shows the narrow-scan O
1s XPS spectra of as-prepared MnO,-rGO/CFP. The O 1s peak
has contributions from two oxygen species, an 0>~ peak of
MnO, at the lower binding energy (528.8eV) and a much
broader OH™ peak of manganese hydroxide and functional
groups of rGO at a higher binding energy (530.2 eV) [24-26].

3.2. Electrochemical evaluation

The CV characteristics of as-prepared electrodes (Fig. 4a) eval-
uated in 0.5 M Na,SO, at potential intervals from 0 to 1V vs.
Ag/AgCl at a scan rate of 10 mV s~ are a box-like shape indi-
cating the good (ideal) capacitive behaviour of the superca-
pacitor electrodes [11]. The potential range of as-prepared
electrodes is wider than 0.6 V vs. SHE of Mn,03-mesoporous
carbon electrode [27]. Using an average cathodic current (I.y)
for all potentials of CV curve along with the mass of deposi-
tion (m), the discharging time (At), and the potential window
(AV), we can calculate SC according to the equation, SC =I,.
At/mAV. Note, At is equal to AV/v where v is a scan rate
[28,29]. The calculated SC of the MnO,-rGO/CFP electrode is
393F g ! which is 1.6-, 2.3-, 2.7-, and 9.5-fold higher than
those of the MnO,~GO/CFP, MnO,/CFP, rGO/CFP, and GO/CFP
electrodes, respectively. Note that the SC of the bare CFP is
only 0.05F g~%. High SC of the MnO,~rGO/CFP electrode is
most possibly because the incorporative effect stems from
high surface area of tiny MnO, nanoparticles, high conductiv-
ity of rGO nanosheets (5200 S m~ which is about three or-
ders of magnitude higher than that of the GO) [30], and high
porosity of MnO,-rGO nanosheets coated on CFP [9]. Espe-
cially high porous supercapacitor electrodes can provide
well-ordered tunnels and convenient for insertion/extraction
of Na* and H* into/from the electrode leading to the fast ion
transportation [24,31]. The calculated SC decreases when
the scan rate increases from 2 to 100 mV s~ (Fig. 4b) indicat-
ing that the electrochemical capacitive process was controlled
by concentration polarization or diffusion electrochemistry
[32]. At high scan rate, the cations (Na* and H*) are mainly ad-
sorbed on the outer surface of the electrode while at low scan
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Fig. 3 - (a) EDX, (b) wide-scan XPS, (c) narrow-scan Mn 2p, and (d) narrow-scan O 1s XPS spectra of as-prepared MnO,-rGO/CFP.

Fig. 4 - (a) Cyclic voltammograms and (b) specific capacitance vs. scan rates of as-prepared supercapacitor electrodes in 0.5 M

Na,S0,.

rates the cations can approach deep pores of the supercapac-
itor electrodes leading to higher SC [33].

The electrochemical performance of as-prepared elec-
trodes was also evaluated by galvanostatic charge-discharge
tests carried out under different current densities. The linear
voltage-time curves in Fig. 5a show a symmetric characteris-
tic of charge-discharge curves indicating a good capacitive
behaviour of the high-performance supercapacitor electrode
[34]. The as-prepared electrodes can work at a potential up
to 1.0V for MnO,-rGO/CFP while slightly lower than 1.0V
for other electrodes. All potentials in Fig. 5a are in good agree-
ment with those observed from CVs in Fig. 4a. The SC of as-
prepared electrodes was calculated from the discharge curve

according to the following equation, SC = IAt/AV where AV is
the working potential window (V) excluding IR drop, At is
the discharging time (s), and I is the constant current density
(A g ). At the applied current density of 0.1 A g™?, the SC of
MnO,—rGO/CFP is about 393F g~*, which is 1.6-, 2.2-, 2.5-,
and 7.4-fold higher than those of Mn0O,-GO/CFP, MnO,/CFP,
rGO/CFP, and GO/CFP, respectively. The similar results are also
found at higher applied current densities (Fig. 5b). MnO,-rGO/
CFP has the highest SC at the applied current densities of 0.1-
2.0 A g ! indicating good rate capacity when compared with
other supercapacitor electrodes studied.

The electrochemical stability of the electrodes was investi-
gated using the galvanostatic charge-discharge at the applied
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Fig. 5 — (a) Galvanostatic charge-discharge curves of as-prepared electrodes under different constant currents and (b) specific

capacitance vs. current density.

Fig. 6 — Capacity retention of as-prepared electrodes over
2000 cycles of galvanostatic charge-discharge tests.

Fig. 7 - Nyquist plots of as-prepared electrodes in 0.5 M
Na,S0, using a sinusoidal signal of 40 mV over the
frequency range from 100 to 1 mHz.

current density of 0.1 A g* over 2000 cycles (Fig. 6). For MnO,~
rGO/CFP, over 98.5% of the original capacitance was retained
after 2000 cycles, indicating good cycle ability. Whilst, other

electrodes i.e., Mn0O,-GO/CFP, MnO,/CFP, rGO/CFP, and GO/
CFP have 6%, 11%, 13%, and 18% less stability than MnO,-
rGO/CFP, respectively.

Nyquist plots of as-prepared electrodes were measured in
0.5 M Na,SO, using a sinusoidal signal of 40 mV vs. Ag/AgCl
over the frequency range from 100 to 1 mHz (Fig. 7). Each data
point of the plots is at a different applied frequency with the
lower left portion of the curves corresponding to the higher
frequency. The Nyquist plot of MnO,-rGO/CFP is closer to an
ideal supercapacitor, the more vertical the curve as compared
with that of other electrodes, which have a straight line in the
low-frequency region and a small arc in the high frequency
region regarding with their high electronic resistance [35].
At low frequency, the curve of MnO,-rGO/CFP electrode
shows less diffusion resistance than others due to faster ion
transportation of the electrolyte inside the porous composite
electrode [31,36]. High frequency loops observed in the inset
curves in Fig. 7 are related to the electronic resistance of sup-
ercapacitor electrodes. Polarization resistance or charge
transfer resistance value determined from the high frequency
loop of MnO,-rGO/CFP is ~2Q cm ™2, which is lower than
~7 Qcm? of other electrodes. Note a solution resistance is
~7 Q. This indicates that a high conductivity of rGO nano-
sheet can enhance charge transportation of pseudocapacitive
materials, MnO, nanoparticles.

Fig. 8 - A 2 x 14 cm all-solid-state prototype of MnO,-rGO/
CFP supercapacitor supplying electricity to 3 V spinning
motor.
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3.3.  An all-solid-state MnO,-rGO/CFP supercapacitor

In order to demonstrate the performance of MnO,-rGO/CFP,
an all-solid-state prototype of MnO,-rGO/CFP supercapacitor
was made by sandwiching two pieces of MnO,-rGO/CFP
(2 x 14 cm) with a polymer-gelled electrolyte separator at the
middle (see Fig. 8) [1]. The as-fabricated supercapacitor, fully
charged at a constant potential of 9.0 V (Panasonic 6LR61XWA
- Alkaline Battery), can spin up a 3 V motor for ~6 min (Movie
S1).

4. Summary

GO was prepared by a modified Hummers method and used
as a precursor for producing rGO nanosheets for which GO
was reduced with a reducing agent fructose. MnO, nanoparti-
cles with the diameter of 1.8 + 0.2 nm were produced by eth-
ylene glycol-assisted synthesis with successive hydrolysis
and condensation reactions. MnO,-rGO nanocomposites pro-
duced by a simple colloidal mixing were coated on flexible
CFP using a simple spray-coating technique. Flexible superca-
paciotor paper of MnO,-rGO/CFP exhibited ultrahigh specific
capacitance and stability. At an applied current density of
0.1A g’l, the SC of MnO,-rGO/CFP is about 393 F g’l, which
is 1.6-, 2.2-, 2.5-, and 7.4-fold higher than those of MnO,-
GO/CFP, MnO,/CFP, rGO/CFP, and GO/CFP, respectively. In
addition to its high specific capacitance, the capacity reten-
tion of MnO,-rGO/CFP is over 98.5% of the original capaci-
tance after 2000 cycles. This electrode has comparatively
6%, 11%, 13%, and 18% higher stability than MnO,-GO/CFP,
MnO,/CFP, rGO/CFP, and GO/CFP electrodes, respectively. It is
believed that incorporative effects of MnO,-GO/CFP lead to
ultrahigh capacitance. A high conductivity of rGO can en-
hance charge transportation, high active surface area of tiny
MnO, nanoparticles can contribute pseudocapacitance, and
high porosity among MnO,-rGO nanosheets coated on CFP
can accelerate mass diffusion of electrolytes. An all-solid-
state supercapacitor of MnO,-rGO/CFP can spin up 3 V motor
for about 6 min (discharging time). We believe that MnO,-
rGO/CFP may be used as supercapacitor electrodes especially
for flexible electronic devices.
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Abstract Ag-doped MnO, pseudocapacitor electrodes with
dendrite and foam-like structures were successfully pro-
duced for the first time using an electrodeposition method
employing structure-directing agents, i.e., sodium dodecyl
sulfate (SDS) and cetyltrimethylammonium bromide
(CTAB) acting through micelle formation at solid—liquid
interfaces. Doping silver with MnO, enhanced their elec-
tronic conductance. Controlling pseudocapacitor electrode
morphologies with surfactants accelerated ion transport. The
specific capacitance values of the Ag-doped MnO, films
produced with SDS and CTAB, measured in 0.5 M Na,SO,

M. Sawangphruk
Department of Chemical Engineering, Kasetsart University,
Bangkok 10900, Thailand

S. Pinitsoontorn

Department of Physics, Faculty of Science,
Khon Kaen University,

Khon Kaen 40002, Thailand

J. Limtrakul

Department of Chemistry and Center of Nanotechnology,
Kasetsart University,

Bangkok 10900, Thailand

M. Sawangphruk - J. Limtrakul

Center for Advanced Studies in Nanotechnology
and Its Applications in Chemical,

Food and Agricultural Industries,

Kasetsart University,

Bangkok 10900, Thailand

M. Sawangphruk (P<) - J. Limtrakul
NANOTEC Center of Excellence,
National Nanotechnology Center,
Kasetsart University,

Bangkok 10900, Thailand

e-mail: fengmrs@ku.ac.th

at a scan rate of 5 mV s ' were 551 and 557 Fg ', respec-
tively. These values are about 2.7-fold higher than that of the
pure MnO, film and about 1.4-fold higher than that of the
Ag-doped MnO, film made without using surfactants.

Keywords Electrodeposition - Supercapacitor -
Pseudocapacitor - Manganese oxide - Surfactant -
Electrochemical capacitance

Introduction

Global warming and shortages of fossil fuels encourage
society to move towards sustainable and renewable energies
with low carbon emissions [1]. There is increasing interest
in renewable energy. However, the lack of good electrical
energy storage systems remains a large problem [1]. In order
to overcome this problem, high-efficiency energy storage
devices such as batteries and electrochemical capacitors
(ECs) are needed. ECs are referred to as supercapacitors
because of their extraordinarily high capacitance density.
They can physically store charges at their solid—liquid inter-
faces. This phenomenon is known as electrochemical
double-layer capacitance (EDLC). Thus, ECs does not pro-
duce any volume change that usually accompanies redox
reactions of the active masses in batteries. The charging and
discharging rates of ECs are equally high while those of
batteries are kinetically limited since they rely on reaction
kinetics and mass transport [2].

An important subclass of EC devices consists of pseu-
docapacitors which undergoes both an electron transfer
reaction and EDLC storage. Materials that exhibit pseudo-
capacitive storage include conducting polymers [3] (i.e.,
polyaniline, polypyrrole, polythiophene, and poly(3,4-
ethylenedioxythiophene) and a variety of transition metal
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oxides. RuO, pseudocapacitors have relatively high spe-
cific capacitance (>1,000 Fg') in this class. However,
their costs are prohibitive and their materials toxic [4].
Efforts to develop more practical and inexpensive pseudo-
capacitive materials such as MnO, [5-9] and NiO [10-12]
are now quite active. MnO, is an important and well-
studied material for supercapacitors. It exhibits theoretical
specific capacitance of approximately 1,110 Fg ™' through
stoichiometric reduction of MnO, to MnOOH in a poten-
tial window of 1 V [13].

However, the capacitance for thick MnO, films
(=100 pm) is ultimately limited by the poor electrical
conductivity of MnO,. Alternatively, the stability of ECs
in the thin MnO, film (<5 pm) configuration is restricted
because of low mass loading [14, 15]. In order to over-
come the electrical resistance of MnQO,, silver was incor-
porated into MnO, thin films. Ag mass loading of
50 ug cm > was accomplished using cathodic electrodepo-
sition. This led to higher specific capacitance and lower
electrical resistance compared with pure MnO, films. Spe-
cific capacitance of 770 Fg ™' was obtained for pure MnO,
films at a scan rate of 2 mV s ! in 0.5 M Na,SO, electro-
lyte [6]. Previously, silver was incorporated in RuO, films
using a radio frequency magnetron co-sputtering tech-
nique. The results showed that Ag-doped RuO, provided
significantly higher specific capacitance than RuO, films.
This was due to high electrical conductivity of Ag-doped
RuO, [16].

In this work, we further improve the specific capaci-
tance of Ag-doped MnO, films. This was done by
controlling their morphology with surfactants in the elec-
trodeposition process and increasing mass loading to an
economical level (0.4-0.5 mg cm ?) [17, 18]. Use of
surfactants for controlling morphology of the electrodepos-
ited Ag-doped MnO, has not been done previously. However,
the effect of surfactants on the morphology of the pure MnO,
films was previously studied. Adding surfactants (i.e., CTAB
and Triton X-100) to the electrodepositing solution of manga-
nese sulfate can increase the surface area of MnO,. This
leads to enhancement of the rechargeability of alkali
manganese oxide batteries [19]. MnO, films electrodepos-
ited in the presence of the Triton X-100 provide high
porosity and therefore high surface area. This leads to
59% enhancement in specific capacitance when compared
with values for MnO, film produced without Triton
X-100 [5]. Structures of surfactants with nonpolar hydro-
carbon chains and ionic or neutral polar head groups play
an important role in electrosynthesis. This is because they
can form micelle at solid-liquid interfaces [20-22].
Coulombic interactions between the head groups of sur-
factants and electrode surfaces are strong. Thus, micelles
formed can be used as soft templates in the electrodepo-
siting process [23].

@ Springer

Experimental
Chemicals and materials

Potassium permanganate (KMnQy,), silver nitrate (AgNO3),
sodium sulfate (Na,S,05), sodium nitrate (NaNO3), potas-
sium chloride (KCl), sodium dodecyl sulfate (SDS), cetyl-
trimethylammonium bromide (CTAB) purchased from the
Sigma-Aldrich Co. were of analytical reagent grade. All
solutions and subsequent dilutions were prepared using
ultra-pure water (>18 MS) cm). Graphite electrodes were
supplied by Structural Probe, Inc.

Electrodeposition

Electrodeposition experiments were conducted using a con-
ventional three-electrode system. A 1 cm? graphite substrate,
a platinum mesh, and an Ag/AgCl electrode (in saturated
KCI) were used as the working, counter, and reference elec-
trodes, respectively. Electrodeposition of MnO, was per-
formed following a reported cathodic electrodeposition [6].
We further developed the process as follows. The electrode-
position was carried out at a current density of 1 mA cm  vs.
Ag/AgCl for 30 min in aqueous 20 mM KMnO, in 0.5 M
NaNO; containing 0—1 mM AgNOj; at 25 °C. The surfactants
(CTAB or SDS) in concentrations of 0—1 mM were added to
the process for the surface morphology-controlled samples.
The as-electrodeposited films were annealed at 400 °C for 2 h
to obtain a crystalline phase and to increase the purity of
MnO, films [24].

Structural and morphological characterizations

The microstructure and composition of the as-prepared films
were investigated using scanning electron microscopy/energy
dispersive X-ray spectroscopy (EDX) operating at 15 kV. The
XRD patterns of samples were recorded using a diffractometer
with Cuk,, radiation (1=1.5406 A) and a graphite monochro-
mator at 40 kV and 30 mA.

Electrochemical evaluation

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were used to evaluate the specific ca-
pacitance and stability of as-prepared electrodes. These
techniques used a computer-controlled n-AUTOLAB 11
potentiostat (Eco-Chemie, Utrecht, The Netherlands)
equipped with a FRA?2 frequency response analyzer module
running GPES/FRA software. CV curves were scanned at
voltage ramp rates of 1-100 mV s~'. EIS was carried out
using a sinusoidal signal of 5 mV vs. Ag/AgCl over the
frequency range from 100 kHz to 1 mHz. An aqueous
electrolyte consisting of 0.5 M Na,SO, was used for all
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capacitive measurements. This was done because when
applied to supercapacitors, aqueous Na,SO, electrolyte,
presents several advantages over the organic ones. It is
relatively inexpensive, more environmentally friendly, and
easier to make [25]. Additionally, the stability potential
window of Na,SO, with regard to the pseudocapacitive
mechanism is about twice as large as in acidic or basic
electrolytes [25].

Results and discussion
Surface morphology

Scanning electron micrographs of the Ag-doped MnO,
films and the pure MnO, film are shown in Fig. 1. In the
presence of a cationic surfactant, CTAB, agglomerated ox-
ide nanoparticles with a foam-like structure were observed
(Fig. 1a). With an anionic surfactant, SDS, a dendrite Ag-
MnO, structure is seen (Fig. 1b). In contrast, without
structure-directing surfactants, denser film structures were
observed on both Ag/MnO, (Fig. 1c) and cracked MnO,
(Fig. 1d) films. The crack-free morphology of Ag-doped
MnO, is similar to materials recently reported [6]. This is
possibly due to the strong interfacial interaction between the
hybrid film and the graphite substrate. In contrast, the cracks
typically found on the pure oxide films [26, 27] are because

Fig. 1 Scanning electron
micrographs of Ag-doped
MnO, films produced using

a CTAB, b SDS, ¢ without
surfactant, and d the pure MnO,
film

of the huge stress generated by the capillary force during the
drying process [28, 29]. Surfactants significantly affect the
morphology of the Ag-doped MnO, films. They play an
important role in the nucleation and growth of hybrid films
through the hemisphere-micelle formation at the electrode—
liquid interface [19]. The structure of these products is
controlled through a balance of interfacial forces between
metal oxide precursor and surfactant [19, 30]. However,
further studies on the nucleation mechanism for surfactant-
assisted electrodeposition of foam-like and dendrite Ag-
doped MnO, structures are still needed.

Chemical structure of silver-doped manganese oxides

The phase and purity of the as-annealed oxide films were
determined by powder XRD measurements. The XRD pat-
terns in Fig. 2a, b show five dominant peaks. They can be
indexed as (110), (101), (111), (211), and (310) planes of a
pure tetragonal phase of 3-MnO, and are in good agreement
with previous work [31, 32]. The XRD spectra also indicate
that the films possess the high crystallinity of pure 3-MnO».
This is seen in the sharp and intense spectral peaks. Inter-
estingly, in Fig. 2b, no peaks related to Ag are observed in
Ag-doped MnO, samples. This can be attributed to Ag ion
insertion inside the tunnel of the 3-MnO, structure occur-
ring more in doping than in the coating process. It is well
established that MnO, can accommodate large ions such as

@ Springer



2626

J Solid State Electrochem (2012) 16:2623-2629

Fig. 2 X-ray diffraction
patterns of a MnO, and

b Ag-doped MnO, and ¢ energy
X-ray dispersive spectrum

of Ag-doped MnO,

Intensity
(110)
(101)

(111)

Y

L (211)

25 30 35 40 45 50 55

2Theta (deg.)

Na“, K*, Ag", and Ca®" [33-35]. Typical EDX spectrum of
the Ag-doped MnO, films in Fig. 2¢ shows Mn, Ag, O, and
C elements. A peak at 0.64 keV is attributed to OL,;. Two
peaks at 5.90 and 6.54 keV represent MnK,,;, and MnKjg,,
respectively. The two predominant peaks at 3.00 and
3.16 keV result from AgL,, and AgLg;, respectively. A
peak at 0.28 keV is found associated with CK, of the
graphite electrode.

Electrochemical evaluation
Cyclic voltammetry

The EDLC of the Ag-doped and pure MnO, films was
investigated by means of the cyclic voltammetry in a

0.5 M Na,SO, electrolyte solution at potential intervals

from 0 to 1 V vs. Ag/AgCl at the scan rate of 5 mV s .

The voltammograms indicate pseudocapacitive behavior
which stores energy through highly reversible surface redox
(Faradic) reactions and the EDLC with highly reversible
charging—discharging reactions of cations (i.e., Na" and H")
on the surface of oxide electrodes. The charge storage mech-
anism is attributed to the adsorption of Na" and H' on the
surface of pseudocapacitor electrodes [14]. By integrating the

Fig. 3 a Cyclic
voltammograms of the pure
MnO, and Ag-doped MnO,
films in 0.5 M Na,SO, at a scan
rate of 5 mV s ' and b specific
capacitance as a function of the
scan rate for which Ag-doped
films were prepared from

20 mM KMnO, solution
containing 1 mM AgNO;

and 1 mM surfactants (i.e., SDS
or CTAB)

@ Springer

(b) () Mn
> O, Mn
(@) =
Ag
= C Mn
5 I
A
60 65 70 0 1 2 3 4 5 6 7 8

X-ray Energy (eV)

cathodic current for all potentials and subtracting the capaci-
tive current contributed by the substrate, a value of the pseu-
docapacitive current (/) can be calculated. Using this value,
along with the mass of deposition (71) and the scan rate (v), we
can then calculate the specific capacitance (C) according to the
equation, C=1I,/mv. From the CV in Fig. 3, the calculated C
values of the Ag-doped MnO, electrodes produced using
CTAB and SDS as soft templates, i.e., Ag/MnO, (CTAB)
and Ag/MnO, (SDS) at the scan rate of 5 mV s~ were 551
and 557 Fg ', respectively. These values are about 1.4- and
2.7-fold higher than that of Ag/MnO, and MnO,, respectively.

CV measurements were also done at different scan rates
over a range of 1-100 mV s '. Calculated C values are
shown in Fig. 3b. These values decrease with increasing
scan rates since the scan rate makes a direct impact on the
diffusion of Na" and H" into the pseudocapacitor electrodes.
At high scan rates, the cations (Na® and H") will
primarily approach the outer surface of the electrode.
At low scan rates, the cations can approach deep pores
of the pseudocapacitor electrodes. Low scan rates allow
more contribution to EDLC of the MnO,. However, a
closer look at the slope of the specific capacitance
curves of the Ag/MnO,(CTAB) and the Ag/MnO,(SDS)
electrodes in Fig. 3b is revealing that the diffusion of
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Fig. 4 a Cyclic
voltammograms of Ag/MnO,
(CTAB) at a range of scan
(cycling) number (2-2,000) and
b specific capacitance of all
prepared films as a function of
the scan number

Na" and H" inside deep nanopores at high scan rates
can significantly enhance pseudocapacitance. This sug-
gests that the foam-like structure of Ag/MnO,(CTAB)
and the dendrite structure of Ag/MnO,(SDS) electrodes
offer a faster pathway for ion transport and lower resis-
tance for charge and electrolyte diffusion.

The stability of doped pseudocapacitors has addition-
ally been studied using the CV measurements over scan
(cycling) number of 2,000. Figure 4a presents CV
curves of Ag/MnO, (CTAB) upon cycling for 2,000
scans at the scan rate of 5 mV s ' with the cut-off
voltages 0—1 V vs. Ag/AgCl in 0.5 M Na,SO4. The
calculated value of C after 2,000 scans is only 1.4%
less than that at scan number 2 (552 Fg'). This indi-
cates high Ag/MnO, (CTAB) stability. Figure 4b com-
pares the C values of all prepared films as a function of
the scan number. In this figure, Ag/MnO, (SDS) with
its dendrite structure provides similar C values over the
scan number of 2,000 with high stability. This is com-
parable to Ag/MnO, (CTAB). However, the Ag/MnO,
electrode made without surfactants in the electrodepositing
process shows less specific capacitance (about 1.5 times).
The C values of Ag/MnO, still possess a significant two- to
threefold increase over that of pure MnO,, which is in good
agreement with very recent work [6].

Electrochemical impedance spectroscopy

The impedance plots in Fig. 5 show a partial semicircle at
a high-frequency component. This is due to Faradic
charge transfer resistance and a nearly straight line along
the imaginary axis at a low-frequency component due to
the mass transport limit. The smaller semicircles (inset of
Fig. 5) in the high-frequency range are observed in the
case of Ag-doped MnO, films. This can be compared
with the larger semicircle of pure MnO,. From this, it
can be suggested that incorporation of silver into MnO,
structure leads to fast electron transfer across electrified
interfaces or an inner Helmholtz layer to the solvated
cations in the outer Helmholtz layer. This process

enhances the specific capacitance of pseudocapacitor elec-
trodes as evidenced from the cyclic voltammetry. Addi-
tionally, the magnitude of charge-transfer resistances at
the solid—liquid interface is in the following order: Ag/
MnO,(SDS)~Ag/MnO,(CTAB)<Ag/MnO,<MnO,. If
charge-transfer resistance is smaller, the pseudocapacitor
provides higher specific capacitance values [10]. The
slope of the straight line in a low frequency range is
due to the Warburg resistance. This is a result of the
frequency dependence of ion diffusion from the electro-
lyte to the electrode interface. From the Nyquist curves,
the slopes of the curves for the Ag/MnO, (SDS) and Ag/
MnO, (CTAB) electrodes are steeper than the slope for
Ag/MnO, and the pure MnO,. This implies that the
dendrite and foam-like structures of Ag/MnO, can signif-
icantly enhance diffusion of solvated cations to the po-
rous electrodes. If we compared the Nyquist curves of
Ag/MnO, and the pure MnO,, doping silver into MnO,
structure enhanced the electronic conductance of the ox-
ide supercapacitor as well as the ion transport [36, 37].

Fig. 5 Nyquist plots of as-prepared electrodes in 0.5 M Na,SO, using
a sinusoidal signal of 5 mV over the frequency range from 100 kHz to
1 mHz

@ Springer



2628

J Solid State Electrochem (2012) 16:2623-2629

Conclusions

In summary, MnO, and Ag-doped MnO, pseudocapacitors
at a mass-loading level of 0.4 mg cm > were coated on
graphite electrodes by using an electrodeposition. With the
presence of surfactants (i.e., SDS or CTAB) in the electro-
plating solution, dendrite and foam-like structures of Ag-
doped MnO, were successfully produced in lieu of denser
films produced without surfactants in the solution. The
specific capacitance values of the Ag/MnO, (CTAB) and
Ag/MnO, (SDS) in 0.5 M Na,SO, at the scan rate of
5mV s ' were 551 and 557 Fg ', respectively. These values
are about 2.7-fold higher than that of the pure MnO, and
about 1.4-fold higher than that of the Ag-doped MnO, film
without using surfactants. The foam-like structure of Ag/
MnO, (CTAB) and the dendrite structure of Ag/MnO,
(SDS) electrodes with high stability play an important role
in the specific capacitance of pseudocapacitors by enhanc-
ing ion transport and lowering resistance for charge and
electrolyte diffusion. These Ag-doped MnO, pseudocapaci-
tor electrodes with foam-like and dendrite structures provid-
ing high specific capacitance and durability may be used for
practical applications.
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Reduced graphene oxide (rGO) nanosheets were produced using a modified Hummers
method. Antifungal activity of rGO nanosheets was tested against three fungi i.e., Aspergillus
niger (A. niger), Aspergillus oryzae (A. oryzae) and Fusarium oxysporum (F. oxysporum). The rGO
inhibits the mycelial growth of the fungi and it is believed that this is due to its sharp edges.

The half maximal inhibitory concentration (ICso), a measure of the effectiveness of the rGO
in inhibiting the fungi, was investigated. ICs, values of the rGO against F. oxysporum, A. niger,
and A. oryzae are 50, 100, and 100 ug ml~?, respectively.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a material consisting of a monolayer of sp?
bonded carbon atoms [1]. It is of interest due to its high sur-
face area (~2,630m?g ") [2], high electrical conductivity
(~2000Scm™") [3], high thermal conductivity (4,840~
5,300Wm~*K™Y) [4], high electronic carrier mobility
(200,000 cm? V-* s 1) [5], and high Young modulus (~10 TPa)
[6] leading to various potential applications [7]. Graphene is
produced by various techniques. Such techniques include
micromechanical exfoliation of graphite (“Scotch-tape”
method) [1], ultrahigh vacuum techniques [8], and variations
of Hummers method [9]. Among these, a Hummers method
is facile and scalable. This method can be used to produce
graphene oxide (GO) in large quantities. GO is a graphene
sheet with carboxylic groups, phenol hydroxyl, and epoxide
groups [10]. The carbon to oxygen ratio of GO is rather high

(approximately 3:1) [11]. GO is not conductive due to its lack
of an extended n-conjugated orbital carbon. However, after
reduction of GO with basic chemicals such as hydrazine,
hydroxylamine, and sodium borohydride, reduced graphene
oxide (rGO) with diluted oxygen species (C:0=10.3:1) is
formed [12]. Furthermore, this material is electrically conduc-
tive. The conductivity of rGO is 5-200 S m~* which is about 3
orders of magnitude higher than that of the GO [13].
Recently, it was reported that graphene nanowalls, GO and
rGO can inhibit the growth of bacterial cells (i.e., Escherichia
coli, Staphylococcus aureus) [14-16]. Graphene nanowalls can
damage bacterial cell membranes with their extremely sharp
edges [15]. GO and rGO with oxygen-containing functional-
ities can oxidize glutathione. This is a redox state mediator
in bacteria. Its oxidation leads to inhibition of bacteria [14].
In comparison, rGO has higher oxidation capacity than GO,
graphite, and graphite oxide [14]. Although the bactericidal
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activities of graphene related materials were reported
recently, to the best of our knowledge their antifungal activity
has not yet been studied.

In this work, we studied the antifungal activity of rGO
against three fungi i.e., Aspergillus niger, Aspergillus oryzae,
and Fusarium oxysporum. Aspergillus niger and Fusarium oxyspo-
rum are phytopathogenic fungi that cause diseases on
vegetables and fruits. For example, A. niger is a common con-
taminant of food and feed and causes a disease called “black
mold” on grapes, onions, and peanuts. A. niger is a xerophilic
mold, i.e., it can grow under conditions of low water activity.
It can cause deterioration of stored food as well as archived li-
brary reserves and museum collections [17,18]. F. oxysporum is
a saprophytic plant pathogen, which can grow on organic
matters in soil and in the rhizosphere of plants. It can survive
for long periods causing Panama disease or Fusarium wilt
[19]. On the other hand, A. oryzae is a beneficial fungus used
for the production of traditional Japanese fermented food
e.g., sake, rice vinegar, and soy sauce as well as for heteroge-
neous enzyme production [20]. A. oryzae is Generally Recog-
nized As Safe (GRAS) by US Food and Drug Administration
(FDA) and the World Health Organization (WHO) [20].

2. Experimental
2.1. Chemicals and materials

Graphite powder (20-40um, Sigma Aldrich), sulfuric acid
(98%, QRec), hydrogen peroxide (30%, Merck), potassium
permanganate (99%, Ajax Finechem), sodium nitrate (99.5%,
QRec), hydrazine (80%, Merck), and acetone (99.5%, QRec)
were of Analytical Reagent grade. Potato dextrose agar (PDA)
was obtained from Sigma Aldrich. Water was purified by
using the Milli-Q system (>18 MQ cm, Millipore).

2.2. Preparation of graphene oxide

GO was synthesized by using a Hummers method [9] with our
modification as follows. Graphite powder (3.0 g) and NaNO3
(1.5 g) were put to a concentrated H,SO, (150 ml) while stirring
at 100 rpm in an ice bath for 1h. KMnO, (8.0 g) was slowly
added to the mixture at 25°C for 2h without stirring.
Milli-Q water (90 ml) was added to the suspension and kept
stirring (100 rpm) at 95 °C for 12 h. Then, 30% H,0, (30 ml)
was slowly added to the diluted suspension. For the purifica-
tion, the mixture was filtered through polyester fiber (Carpen-
ter Co.). The filtrate was centrifuged at 6000 rpm for 15 min
and the remaining solid material (GO) was then washed in
succession with 200 ml of water, 100 ml of 30% HCI, and
100 ml of ethanol. This process was repeated for 3 times.
The final product GO was collected by filtration and vacuum
dried.

2.3.  Reduction of graphene oxide

GO powder (100 mg) was sonicated in Milli-Q water (30 ml) for
30 min. Hydrazine hydrate (3 ml) was added to the as-dis-
persed suspension. After that, the mixture was refluxed at
98 °C for 24 h. For workup, the product (rGO) was harvested

using the same purification method mentioned above. The fi-
nal product rGO was collected by filtration and vacuum dried.

2.4.  Structural and morphological characterizations

Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy were used to characterize the structure of rGO.
The FTIR spectra were acquired on a FTIR spectrometer
(Perkin Elmer System 2000). The specimens for FTIR measure-
ment were prepared by grinding the dried powder of rGO
together with potassium bromide (KBr) to a fine powder and
then compressed under high pressure into thin pellets. Ra-
man spectra were recorded on a Senterra Dispersive Raman
spectroscope (Bruker optics, Germany) with a laser excitation
wavelength of 514 nm. The powders of rGO placed on a clean
Si0,/Si substrate were used for the Raman measurement.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to characterize
the morphology of rGO. The TEM images of samples were per-
formed on a JEM 1220 (JEOL Ltd., Japan) with an accelerating
voltage of 100 kV. The specimens of TEM were prepared by
placing the aqueous suspension (~0.05 mg/ml) of rGO in ace-
tone on the copper grids and dried under ambient conditions.

2.5.  Antifungal assay

rGO nanosheets were dispersed in 15 ml PDA agar at 50 °C and
poured into sterilized Petri dishes (90 mm in diameter). After
solidification, agar disks (5 mm diameter) covered by fungal
growth were aseptically removed from a young (5 day old)
PDA fungal culture. The disks were aseptically placed at the
center of the PDA agar plates containing rGO nanosheets
(0-500 ug ml™%). All Petri plates were incubated at 25 °C for
7 days. Experiments were performed with five replicates.
The average fungal colony diameters were determined.
Growth inhibition of A. niger, F. oxysporum and A. oryzae was
proportional to the concentrations of the rGO nanosheets
(0-500 ug ml~%) in PDA. The antifungal effect was expressed
as the percentage of mycelial growth inhibition and calcu-
lated by the formula below [21]:

dc — d;
de

Mycelial growth inhibition(%) = x 100

where d. is the average diameter (mm) of fungal colony in
control and d; is the average diameter (mm) of fungal colony
in treatment.

3. Results and discussion

3.1. Characterizations

The as-prepared GO and rGO materials were dispersed in
acetone to a nominal concentration of 0.5 mgml~?! (Fig. 1a).
Exfoliated GO produced through the modified Hummers
method had sufficient functional groups (e.g., epoxides,
hydroxyls, carboxylic acids) [10,22] to enable suspension in
acetone. After reducing GO with hydrazine hydrate, rGO was
harvested and re-dispersed in acetone using sonication. The
rGO suspension shows black color produced by the removal
of oxygen by reduction with hydrazine hydrate. The
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Fig. 1 - (a) Photograph showing the dispersion of rGO (left) and GO (right) in acetone, (b) optical micrograph, (c) SEM image and

(d) TEM image of rGO nanosheets.

microstructures of rGO nanosheets were observed by optical
microscopy (Fig. 1b), SEM (Fig. 1c) and TEM (Fig. 1d). The opti-
cal micrograph shows the transparent characteristic of rGO
nanosheets on an oxidized Si substrate. The SEM image
shows rGO nanosheets with average particle (lateral) size of
less than 5 um coated on the carbon substrate. The TEM im-
age shows a few layers of rGO nanosheets with different lat-
eral sizes. The nanosheets randomly overlap forming
different edge graphitic layers.

A Raman spectrum of the rGO (Fig. 2a) shows the breathing
mode of Ay, the so-called D band at about 1342 cm ™. The in-
plane bond-stretching motion of E,, of sp? carbon atoms,
namely the G band occurs at about 1576 cm™* [23,24]. The
intensity of the D band is higher than that of the G band

due to creation of new many smaller graphitic sheets. The
intensity ratio of G/D is 0.85, which is in good agreement with
previous work [25,26]. Fig. 2b shows the FTIR spectrum of rGO
powders. The presence of different functionalities in rGO was
found at ~3200-3400 cm ™ (a broad peak of O-H), at ~1718 cm
~1 (C=0), at 1579 cm™* (skeletal C=C), at 1226 cm ™' (CG-OH),
and at 1070 cm ™! (C-0). All of these observations are due to
stretching vibrations. These FTIR results agree with previous
work [12,27].

3.2.  Antifungal activity of rGO nanosheets

The concentrations of rGO nanosheets, which can totally
inhibit the mycelia growths of A. niger (Fig. 3), A. oryzae

Fig. 2 - (a) Raman and (b) FTIR spectra of rGO nanosheets.
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Fig. 3 - Mycelial growth of A. niger on the PDA media containing different concentrations of rGO (0-500 pg m1?).

Fig. 4 - Mycelial growth of A. oryzae on the PDA media containing different concentrations of rGO (0-500 pg m1™%).

(Fig. 4), and F. oxysporum (Fig. 5), are at 500, 500, and 250 ug
ml~?, respectively. The reason, why the rGO nanosheets were
effective to inhibit fungi, is probably due to the direct contact
with the cell walls of fungi. After the contact, the reactive
oxygen-containing functionalities of several small rGO nano-
sheets could chemically react with the organic functional
groups of chitin and other polysaccharides on the cell walls
of fungi [28]. Notably, the antibacterial mechanism of graph-
ene-related materials based on the direct contact with the
bacterial cells was previously reported [14,15]. It was also
reported that the antifungal mechanism of essential oils
containing oxygen-species functional groups (e.g., phenol)
was due to the direct contact with the cell walls of fungi
[18,21,29]. Interestingly, it was recently reported that the

cytotoxicity of GO nanosheets on A549 human cells occurred
as a result of direct interactions between the cell membrane
and GO nanosheets [30].

As the extent of fungal growth inhibition was dependent
on the concentration of rGO used, the half-maximal inhibi-
tory concentration (ICso) values were then determined by
plotting the logarithm of the concentration of the rGO
(ngml™") versus the mycelial growth inhibitory activity (%)
in Fig. 6. The ICs, values of the rGO nanosheets against F. oxy-
sporum, A. niger, and A. oryzae are 50, 100, and 100 ug ml~%,
respectively. This might be because the rGO can easily get at-
tached to the external cell wall of F. oxysporum via hydroxyl
oxygen species of glycoproteins [31]. These inhibitory concen-
trations are about 2-fold lower than those of the essential oils
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Fig. 5 - Mycelial growth of A. oxysporum on the PDA media containing different concentrations of rGO (0-500 pg ml ).

Fig. 6 - Plots of the logarithm of the concentration of the rGO
(ng ml17?) versus the mycelial growth inhibitory activity (%).

[18] and ZnO nanoparticles [32] being used as antifungal
materials. This means that rGO nanosheets have a superior
antifungal activity.

4. Summary

rGO nanosheets were produced using a modified Hummers
method using reduction with hydrazine hydrate. The anti-
fungal activity of as-produced rGO nanosheets was investi-
gated against three fungi ie., A. niger, A. oryzae and F.
oxysporum. It was found that ICso values of rGO nanosheets
against F. oxysporum, A. niger, and A. oryzae are 50, 100, and
100 ug m1~%, respectively. The findings further suggest anti-
fungal applications of graphene-related materials. The fungi-
toxicity of rGO against pathogenic fungi e.g., A. niger and F.
oxysporum might support the possibility of using rGO as an
antifungal nanomaterial. Conversely, the fungitoxicity of

rGO against nonpathogenic and beneficial fungi e.g., A. oryzae
could be a concern.
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For palladium nanocatalysts (PdNCs) to be used as a successfully
high-performance direct ethanol fuel cell anode material, improve-
ments in electro-catalytic activity and stability are needed. Here we
show an excellent controllable electrodeposition method for fabri-
cating the ultraporous structure of PANCs. Ultraporous PdNCs were
coated on three different carbon materials: flexible carbon fiber
paper (CFP), and CFP modified with either graphene oxide (GO) or
reduced graphene oxide (rGO) nanosheets. The as-fabricated elec-
trode of PANCs/rGO/CFP exhibits higher catalytic activity toward the
electro-oxidation of ethanol in alkaline media, more excellent
poisoning tolerance to carbonaceous species, and higher stability
than other electrodes.

Direct ethanol fuel cells (DEFCs) are one of the most promising
carbon-neutral, sustainable, and efficient power sources for pow-
ering portable, mobile, and stationary devices."” Anion-exchange
membrane (AEM) DEFCs with Pd-(Ni-Zn)/vulcan XC-72 catalyst
toward ethanol oxidation in KOH had a power density of 170 mW
em™? at 80 °C.? The state-of-the-art AEM DEFCs using Pd-based
catalysts have recently been demonstrated to yield ultrahigh power
density (185 mW cm > at 60 °C)" while the state-of-the-art peak
power density achieved by the conventional proton exchange
membrane (PEM) DEFCs using Pt-based catalysts was only 79.5
mW cm™ 2 at 90 °C.> PEM-DEFCs have a rather low power density
due to the poor kinetics of ethanol oxidation on the surface of
catalyst.*
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catalysts for the electro-oxidation of ethanolt
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Although the complete electro-oxidation reaction of ethanol to
CO, (CH;CH,OH + 120H  — 2CO, + 9H,0 + 12¢") on the Pd
catalyst anode of AEM DEFCs can give a high electron density, 12
electrons per ethanol molecule, this reaction requires high activa-
tion energy (overpotential) to be overcome for the scission of a C-C
bond.* Meanwhile, it was reported that another candidate reaction
of incomplete ethanol oxidation to acetic acid (CH3;CH,OH +
40H~ — CH;COOH + 3H,0 + 4e ") or acetaldehyde (CH;CH,OH +
20H" — CH3CHO + 2H,0 + 2e~) via CH3CHO,4, intermediate has
lower a electron density (only 4 or 2 electrons per ethanol mole-
cule).’ This incomplete reaction can be observed from the backward
anodic peak of cyclic voltammograms (CVs) corresponding to the
stripping of poisoning intermediate CH3;CHO,q4s chemically adsor-
bed on the catalyst surface.® The peak height of this backward
anodic peak relates to an amount of unneeded poisoning inter-
mediates. The ratio of the forward anodic peak current density (I) to
the backward anodic peak current density (Z,) investigated by cyclic
voltammetry is typically used as a criterion for investigating the
catalytic activity of the fuel cell catalysts.” A high I/I,, ratio implies
that the catalyst has high catalytic activity and excellent poisoning
tolerance to unneeded intermediate species.

The development of highly active Pd and Pd-based catalyst
anode electrodes with high I/I,, ratio is consequently crucial for the
practical use of AEM DEFCs. Although Pd nanostructures e.g.,
nanoflowers,” nanoparticles,® porous particles,” and nanoporous
films' and Pd-based alloy catalysts e.g, Pds;Pts; nanowires,"
Pd,sPtss nanowires," PdSn nanoparticles,* and Au core@Pd shell*
recently developed exhibit high specific current density toward the
electro-oxidation reaction of ethanol, poor poisoning tolerance to
intermediate species i.e., CH;CHO,gs (I/I, < 1.3y is still a concern
inhibiting their catalytic activities.

In the present work, an ultraporous Pd catalyst coating flexible
reduced graphene oxide (rGO) nanosheet-coated carbon fiber paper
(CFP) is prepared using a direct electrodeposition method. Gra-
phene is the newest carbon support material to have received
attention.” It has several outstanding properties necessary for
developing good fuel cell electrodes e.g., high electrical conductivity
(~2000 S cm™ %), high surface area (~2630 m> g™ '), high flexibility

This journal is © The Royal Society of Chemistry 2013



(Young modulus ~ 10 TPa), high electronic carrier mobility
(200 000 cm® V' s 1), cost effectiveness, simple handling, and high
electrochemical stability.’® CFP is an electrically graphitic sheet of the
randomly arranged short carbon fibers.”” CFP has high flexibility,
conductivity, high electrochemical stability, and excellent gas
permeability. The electrodeposition is well recognized as a simple,
cheap, and scalable technique.'® Pd nanowires produced using this
technique with the assistance of an alumina membrane exhibited an
I; of 73.8 mA ecm ™2 and I/, of about 0.9 for the electro-oxidation of
ethanol (1.0 M ethanol + 1.0 M KOH).* Tetrahexahedral PANCs with
high-index facets electrodeposited on glassy carbon electrode
provided an I of 1.84 mA cm ™2 and I¢/I,, of 0.48 toward the electro-
oxidation of ethanol (0.1 M ethanol + 0.1 M NaOH).* Pd nano-
particles have been recently electrodeposited on graphene sheets by
reducing Pd*" in ethanol.® It was found that a more negative
potential (—0.85 V vs. Pt pseudoreference) provided denser Pd films
when compared to a lower potential (—0.75 V vs. Pt pseudorefer-
ence).* Pd nanoparticles were also electrodeposited on the graphene
surface by cycling potentials from —0.3 to —0.5 V vs. Ag/AgClina 1
mM [PACL, "~ +1 M NH,Cl electrolyte (pH = 3.4).> Recently, star-like
Pd clusters have been electrodeposited on the surface of GO sheets
using a pulse electrodeposition in 0.01 M PdCl, in 1 M HCl and used
in PEMFC exhibiting a power density of about 1.08 kW g~ ' at 70 °C.>

In this work, ultraporous PANCs were electrochemically depos-
ited on rGO nanosheet-coated CFP using cyclic voltammetry (0 to
—0.75 Vvs. Ag/AgCl) in Pd(NO;), + H,S0,. The as-prepared Pd/rGO/
CFP electrode in this work has ultrahigh porosity and flexibility
exhibiting ultrahigh specific current density towards the electro-
oxidation of ethanol in alkali media. To the best of our knowledge,
the Pd/rGO/CFP electrode has the highest Ij/I;, ratio when compared
with other previous work implying that it has excellent poisoning
tolerance to the carbonaceous species.

A Hummers method* with our modification was used to
synthesize GO powder as follows. Graphite powder (3.0 g) and
NaNO; (1.5 g) were added to concentrated H,SO, (150 ml) while
stirring at 100 rpm in an ice bath for 1 h. KMnO, (8.0 g) was slowly
added to the mixture at 25 °C for 2 h without stirring. Milli-Q water
(90 ml) was added to the suspension with continuous stirring (100
rpm) at 95 °C for 12 h. Then, 30% H,0O, (30 ml) was slowly added to
the diluted suspension. For the purification, the mixture was filtered
through a polyester fiber (Carpenter Co., USA). The filtrate was
centrifuged at 6000 rpm for 15 min and the remaining solid
material was then washed in succession with 200 ml of water, 100
ml of 30% HCI, and 100 ml of ethanol. This process was repeated 3
times. The final product GO was collected by filtration and vacuum
dried. For reduction of GO, GO powder (0.5 g) was sonicated in 200
ml Milli-Q water for 30 min. Fructose (216 g) was added to the as-
dispersed suspension. After that, the mixture was refluxed at 98 °C
for 24 h. The final product (rGO) was eventually harvested using the
same purification method mentioned above and characterized by
Raman and FTIR spectroscopy (Fig. S21).

rGO powder was sonicated in acetone for dispersion (1 mg
ml~"). The dispersion was then coated on a flexible CFP substrate
using a spray-coating technique (Paasche Airbrush Company, USA).
The airbrush head had a single action and fine lines (1/32 inch in
diameter). It was used for spaying an rGO in acetone suspension
onto the CFP substrate. The coating pressure and temperature were

This journal is © The Royal Society of Chemistry 2013

Fig. 1 (a) TEM of rGO nanosheets, (b) lower- and (c) higher-magnification SEM
images of rGO nanosheets coated on flexible CFP, and (d) photograph of two
water droplets on rGO/CFP showing its superhydrophobicity.

20 psi and 25 °C, respectively. The specific mass of rGO on the CFP
was about 4 mg cm™ > 3D ultraporous Pd nanocatalysts were elec-
trodeposited onto the rGO/CFP electrode using cyclic voltammetry
by cycling potential from 0 to —0.75 V vs. Ag/AgCl in 1 mM palla-
dium(n) nitrate in 0.5 M H,SO, at a scan rate of 0.01 V s~ * for 10
cycles. Thermogravimetric analysis (TGA 2960 in a flow of air at a
heating rate of 10 °C min~", TA instruments) was used to determine
the Pd content on the electrodes.

ATEM image (Fig. 1a) shows a few layers of rGO nanosheets with
different lateral sizes randomly overlapping each others. The SEM
images with different magnifications in Fig. 1b and ¢ show as-
sprayed rGO nanosheets on CFP (4 mg cm™ ). The carbon fiber is
about 8 um in diameter. An inset image (Fig. 1b) shows that rGO/
CFP remains highly flexible. The average particle (lateral) size of rGO
nanosheets (Fig. 1c) is less than 5 pm. Two spherical droplets of
40 pL water on rGO/CFP (Fig. 1d) indicate its superhydrophobicity,
which is needed for AEM fuel cells.” This is because a hydrophilic
electrode can lead to a flooding problem of the membrane fuel cells.

Fig. 2 (a) Lower- and (b) higher-magnification SEM images of as-electro-
deposited Pd on the rGO/CFP electrode, (c) HRTEM image, and (d) electron
diffraction pattern of as-electrodeposited Pd.
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Fig. 3 XPS spectra of (a) C1s of GO, (b) C1s of rGO, and (c) Pd3d of Pd/rGO.

3D ultraporous Pd nanocatalysts were electrodeposited onto the
surface of rGO/CFP electrode using cyclic voltammetry (Fig. S1t).
The electrodeposition mechanism of Pd during the backward scan
is as follows, Pd*" + 2e” — Pd. On the other hand, during the
forward scan the stripping (oxidation) peak of Pd (Pd — Pd*" +2e")
is observed at —0.15 V vs. Ag/AgCl. It is believed that this stripping
process is a key leading to the ultraporous Pd located on the entire
surface of rGO/CFP (Fig. 2a and b). Pd nanostructure bridged each
other forming ultraporous Pd (see EDX spectrum in Fig. S3af). The
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diameter of each Pd nanorod (Fig. 2b) has an average size of about
20 nm. The high-resolution TEM image (Fig. 2c), electron diffraction
pattern (Fig. 2d), and XRD pattern (Fig. S3bf) indicate that the Pd
catalyst exhibits a typical face-centered cubic (fcc) lattice structure.

C1s XPS spectrum of GO shown in Fig. 3a consists of four peaks
centered at 284.0, 286.1, 287.8, and 290.3 eV, which can be attrib-
uted to C=C, C-OH, C=0, and O=C-OH, respectively.”® After
reducing with fructose, most oxygen related species were removed.
Lower peak intensities of C-OH and C=0 are observed in Fig. 3b.
The C : O ratio determined by XPS increased from 2.3 : 1 of GO to
10.5: 1 of rGO. This ratio is well agreeable with 10.3 : 1 of high-
quality graphene nanosheets previously reported.” Fig. 3c shows the
curved-fitted XPS Pd3d spectrum of Pd/rGO/CFP. The two peaks
centered at 335.0 and 340.1 eV can be assigned to Pd3ds, and
Pd3ds;, of Pd(0) metal, respectively.”” Other two weak peaks centered
at 342.2 and 337.4 €V can be attributed to Pd3ds, and Pd3d;/, of
Pd(n) oxide, respectively.*®

TGA was used to examine the loading content of Pd and thermal
decomposition of the as-prepared electrode under air at a heating
rate of 10 °C min~". The curves of weight loss and derivative weight
change of Pd/rGO/CFP are shown in Fig. 4. As the temperature was
increased to 200 °C, the sample weight decreased slightly (about 0.2
wt%) due to water evaporation. The major weight losses, occurring
between about 500 °C and 750 °C, are due to combustion of the
carbon in the samples.”® At about 536 °C of the derivative weight
change, the weight loss can be attributed to 5 wt% polytetra-
fluoroethylene (PTFE) typically used in the fabrication of CFP* and
the gaseous oxidation of carbon of rGO and CFP at about 724 °C.*®
The residual weight corresponding to the weight of the Pd catalyst is
approximately 0.40 mg per 1 cm” geometrical area of the electrode.
Pd contents on GO/CFP and CFP also determined using TGA
(Fig. S47) are 0.36 and 0.35 mg cm ™, respectively.

Electrochemically active surface area (EASA) of the Pd/rGO/CFP
electrode was determined by cyclic voltammetry in 0.5 M H,SO, ata
scan rate of 0.01 V s~ " (Fig. S51) and compared with Pd/GO/CFP,
Pd/CFP, and commercial Pd-activated carbon coated on CFP
(Pd-C/CFP) electrodes. A high EASA would have many active sites for
the electro-oxidation reaction of ethanol.' The calculated EASA
of ultraporous Pd/rGO/CFP at the mass loading of Pd catalysts

Fig. 4 TGA weight loss and derivative weight change profiles of Pd/rGO/CFP
sample.
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Fig.5 Cyclic voltammograms of (a) Pd/rGO/CFP, (b) Pd/GO/CFP, (c) Pd/CFP, and
(d) commercial Pd—C/CFP in 1 M C,H5OH in 0.5 M NaOH at different scan rates
(0.01-0.1 mV s "), (e) the plots of the square root of scan rate vs. anodic peak
current and (f) chronoamperomograms of as-prepared electrodes in 1 M C;HsOH
in 0.5 M NaOH.

(0.4 mg cm?) is about 63.2 m> g~ ', which is significantly higher
than 25.8 m> g~ " of Pd coated on CNT® and 45.0 m*> g~ ' of Pd
nanoflower.” In addition, the EASA of Pd/rGO/CFP is about 1.7-, 3.3,
and 5.0-fold higher than those of Pd/GO/CFP, Pd/CFP, and
commercial Pd-C/CFP, respectively.

Typical CVs during the electro-oxidation of ethanol on Pd/rGO/
CFP electrode in 1 M C,H;OH in 0.5 M NaOH at different scan rates
(0.01-0.1 V s7') are shown in Fig. 5a. As clearly seen from the

Table 1
Pd and Pd-based catalyst electrodes for ethanol oxidation in alkali media

forward scan, a peak for the oxidation of ethanol appears with a
broad shoulder in the potential region from —0.55 to the onset
potential peak of 0.34 V vs. Ag/AgCl at a scan rate of 0.1 Vs~ " The
anodic oxidation potential increases as the scan rate increases. At
lower scan rates, the electro-oxidation reaction of ethanol takes
more time to occur, hence the cut off potential shifts to more
negative values. In the backward scan, no oxidation peak occurs
until the electrode poisons are lost from the surface. In particular
when the potential moves to more negative values than —0.37 V vs.
Ag/AgCl, CH3CHO,; is stripped from the electrode.

The forward scan onset potential provides a rough measure of
the overpotential requirements of the ethanol oxidation process for
which the oxidation reactions of ethanol on Pd/GO/CFP, Pd/CFP,
and Pd-C/CFP electrodes appear at potentials centered at ca. 0.30 to
0.60 V vs. Ag/AgCl for scan rates of 0.01 to 0.10 Vs~ * (see Fig. 5b-d).
These onset potentials are significantly higher than 0.09 to 0.24 Vvs.
Ag/AgCl of Pd/rGO/CFP indicating that the ethanol oxidation is
more kinetically favorable on the Pd/rGO/CFP. The magnitude of
the forward wave current is indicative of the overall electrocatalytic
activity of the catalyst electrodes for ethanol oxidation. For example,
the specific current density of Pd/rGO/CFP at 0.05 V s~ is 925 mA
mgpd’l, which is comparable with 950 mA mgpdp{1 achieved using
the Pd,sPtss nanowires/glassy carbon electrode." As this reaction is
under the diffusion electrochemistry, at higher scan rates (0.1 Vs~
the specific peak current density of Pd/rGO/CFP is increased to be
1033 mA mg,q ', which is about 1.7-, 2.4- and 3.4-fold higher than
Pd/GO/CFP, Pd/CFP, and commercial Pd-C/CFP electrodes,
respectively. More importantly, the I¢/L;, ratio of Pd/rGO/CFP at 0.05
Vs~ ! is 5.26, which is higher than 0.95 of Pd4sPts5 nanowires/glassy
carbon.” To the best of our knowledge, the I/I;, ratio in this work is
the highest when compared with other previous work (see Table 1).

Based on the CV analysis, it is believed that Pd/rGO/CFP
electrodes can possibly offer active sites that are accessible for
adsorption/desorption of chemical species occurring in the electro-
oxidation reaction of ethanol. rGO nanosheet-coated CFP can play
multifunctional roles in increasing the performance of Pd catalyst
such as fast mass transport and fast electron transfer as compared
to CFP and GO modified CFP.** Furthermore, the specific oxidation
peak current at different scan rates has a linear relationship with the

Electrochemically active surface area (EASA), the ratio of the forward anodic peak current density (/) to the backward anodic peak current density (/,) of the

Catalyst electrodes Solutions EASA (m®*g™') Scanrate(mVs ') I(mAmg ') I, Ref.

Pd nanoflowers/Ni electrode 1M EtOH + 0.5 M KOH 45.00 50 765 1.20 7
Pd;;Pts,nanowires/GCE® 1M EtOH + 0.5 M NaOH  52.04 50 ~310 ~0.90 11
Pd,sPts5 nanowires/GCE 1M EtOH + 0.5 M NaOH — 50 ~950 ~0.95 12

Pd NPs-helical carbon fiber/GCE 0.5 M EtOH + 1 M KOH — 50 — ~0.88 33

Pd NPs-carbon black/CRE? 1M EtOH + 1 M KOH — 50 ~840 ~0.88 34

Pd NPs/GCE 1M EtOH + 1 M KOH — 10 — ~0.54 35
PdSn-MWCT/GCE 0.5 M EtOH + 0.5 M KOH 63.58 50 — 1.27 13

Au core@Pd shell/GCE 0.5 M EtOH+ 0.1 M KOH — 50 — 0.74 14
Pd/rGO/CFP 1M EtOH + 0.5 M NaOH  63.20 50(100) 925(1033) 5.26 (6.08)  This work
Pd/GO/CFP 1M EtOH + 0.5 M NaOH  37.18 50(100) 585(601) 3.00 (3.27)  This work
Pd/CFP 1M EtOH + 0.5 M NaOH ~ 19.15 50(100) 413(430) 2.14 (2.82)  This work
Pd-C(Sigma)/CFP 1M EtOH + 0.5 M NaOH  12.64 50(100) 286(308) 1.16 (1.37)  This work

“ GCE: glassy carbon electrode. ” Carbon rod electrode.
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oxidation peak potential (Fig. 5e). This indicates that the ethanol
oxidation process was controlled by concentration polarization or
diffusion electrochemistry.*>

The long-term stability of as-prepared catalysts for oxidizing
1 M CHsOH in 0.5 M NaOH was investigated using chro-
noamperometry (current-time measurement) at 0.30 V vs. Ag/AgCl.
The results are shown in Fig. 5f. Pd/rGO/CFP maintained its cata-
lytic superiority about 1.6-, 2.5- and 3.2-fold higher specific current
density than Pd/GO/CFP, Pd/CFP, and commercial Pd-C/CFP,
respectively.

Conclusions

rGO nanosheets with a C: O ratio of 10.5:1 were produced by
reducing GO with a green chemical, fructose. rGO nanosheets were
coated on CFP (4 mg cm %) using a simple spray-coating technique.
A 3D ultraporous Pd nanocatalyst was then electrodeposited on the
rGO/CFP electrode at the mass loading of about 0.4 mg cm™> using
a cyclic voltammetry. Pd/rGO/CFP with ultrahigh surface porosity,
flexibility, and high EASA (63.2 m> g ') exhibits high catalytic
activity and stability toward ethanol oxidation in alkali media. With
the collaborative effects including the fast mass transport due to the
3D ultraporous Pd nanocrystals and the enhanced electron transfer
that stems from rGO nanosheets, the Pd/rGO/CFP electrode has
1.7-, 2.4- and 3.4-fold higher catalytic activity than Pd/GO/CFP,
Pd/CFP, and commercial Pd-C/CFP electrodes, respectively. The
catalytic stability of Pd/rGO/CFP is 1.6-, 2.5- and 3.2-fold better than
those electrodes, respectively. An ultrahigh I/1,, ratio of Pd/rGO/CFP
(6.08 at a scan rate of 0.1 V s™') indicates that it has excellent
poisoning tolerance to carbonaceous intermediates .e., CH;CHO,qs.
We believe that the ultraporous Pd/rGO/CFP may be one of the best
electro-catalysts for alcohol fuel cells.
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