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Synthesis and characterization of reduced-graphene oxide (r-GO) and hybrid thin films of r-GO

with nanoparticles (Zn or Si) and application as electrode material for supercapacitors

Tne

HYI8A1ENI19158 A5, GNSUID BYNBIUAI

30 nueeu U 2560



{ :lnﬁmnif_u]'l_lm T T j

3189UNFITeATUaNY Tl
Falasen1snrenineg

nsduRTeilasmAuanvuEvaBRdnTusanlyauas NduUHaNves Shrdnsluiveynawily

warnsthludszandldiludadidninsadmsurhduiuysyqean

FolATINITN1EDINGY

Synthesis and characterization of reduced-graphene oxide (r--GO) and hybrid thin films of r-GO

with nanoparticles (Zn or Si) and application as electrode material for supercapacitors
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ATt LM sFnwnsdaassiansazans eraphene oxide 91nnens Ll
(graphite flakes, 5¢) Aaen15aAANILATIAI8 NaNO; (3.75¢) H,SO, (375 ml) whag 22.5 g,
KMnO, Wusvinazans runszuiumstiumismasdulueaios ultrasonic wazvhnisazans
et DI ielwldansanefidaanundy pH Afunaraielildansazate sraphene oxide
fanunsounldausneluly dusu MWCNTs ¥inswSeuldainneasusu CM-150 0.2g

afinluansazangiall HCL 3% wag H,SO, ludnsndu 1:3 Hiunseuiunstuiiesiigamgd

100 °C Wuaan 12 h. 3nduriIn1snIeaRIuAl8nIEAIwnTesriafilAe Wevinn1suen
asazaenidunsneananaisazaneadna MWCNTs 1nUudea19m1811 DI wagyininisnses

F19 funangseuiielilaansavansainues MWCNTs 9l pH Milunans

nduyiaisazane graphene oxide, (GO) hag MWCNTs ma%ﬁuﬁu%uq
GO/MWCNTs/GO (3 way 4 si'?‘u) t:huﬂ1iﬂ5@&éhasz‘Uuzj@mgnnnﬂﬂuﬂszﬁ’qmﬁazawﬁga 3
(@) $u \Fouwsuasmaneeniinuiugiuseseedilui@ tilueuiideuiigamad 50 °C 1y
a1 5 h. mﬂﬁ?ur;humiaué’mmm%fauﬁqmmﬁ 500 °C luussenmeAves N, gas WWuran
1 h 917U #9819 -GO/MWCNTS/-GO ®5 8 r-GO/MWNCTs/r-GO/MWNCTS LU
psRaevautAnleAlla FE-SEM Lﬁa@é’ﬂwmzmqmamwu‘%nmﬁuﬁa MIIVADUANWUY
Tnssadnmendnuasesdussnoumaniisudsdaulou vnsasaasismaila XRD way
XPS wallan Ly emansiegedinteuleitminzan arnduilusunssuaunis
Dudlsznavvasdunuiszauasiluasiatnantinelniwaiivnamaiin CV curve uay
GA HAYINNITNABDIAIUNATIAFIL wud’]é”uﬁuﬂizqﬁa%ﬁqmﬂ r-GO/MWCNTSs/r-GO (3

(%
[

FU) 138 r-GO/MWNCTs/r-GO/MWNCTs (4 1) Hautflunisdauazaiguszansuagziian
AN 150 Fg' Ainuuiunszua 10 mAg! FellAnunndndaiiulszaiiasnenin r-Go
LUURED FeusuenliinaninsathluinuisasuiudsaieldvindudiiuiszqBenifsely

Tusureale
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Tumdvounuuvanetulaensaiadudug dnumelesiadsvesasiognsiegnsigniaiou
FeMInTesinEsEUUgYYIMALAZTIMSaUFIBANSeuTionmgiifUszans 500 o
waidea dnuarnamenmuTnuiuinues ~GO/MWCNTs gnasIadeufiendesqanssd
wuudesnsim  (FESSEM)  s1waziBenlassainauavesdusznounianivedansinetagn
n3RaUMmEImAtla XRD wag XPS sy audinislniiaiiviseaudfvesninuaiunsaves
Fufuseguesansusznouuly -GO/MWCNTs lavinisialaedslandnliawnuunns (CV)
AN TInUTngdnuazidunsmidusuiislndifsssudvaen muvmnutunszuaazAey
diududleusuliadinaanniu m’lwmuﬁumzLLaLﬁmmﬂﬁqmﬁﬁhmmubaﬁl,m 500 mVs™ 4
ANUMUIRIUNTERE 10 mAg'  A1ANRaNIzURdasUTENauNIlY -GO/MWCNTs 4
AUsznas 150 Fo'! Faruaaldannnisinvemdanudnsnstlumsauasianioneniosin
autAmaiilvidl (galvanostatic, GA) Fenavosansuszneuuly -GO/MWCNTs @110
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Abstract.

This research synthesized a reduced graphene oxide (r-GO) multi-walled carbon
nanotube (MWCNTs) nanocomposite film via layer by layer (LBL) assembly. This
structure was prepared by vacuum filtration and heat-treated at a low temperature of
500 °C. The morphology of the sample was determined by field emission electron
spectroscopy (FE-SEM). The structural detail and the chemical analysis were
characterized by using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS), respectively. Electrochemical properties of -GO/MWCNTs nano-composite were
characterized by the cyclic voltammetry (CV) curve. The resulting CV curve of r-
GO/MWCNTs nano-composite appeared nearly rectangular in shape. The current
density (A/g) was gradually increased by increasing the scan rate of the voltage, as high
as a scan rate of 500 mVs™. At a current density of 10 mAg, the specific capacitance
of the nanocomposite, estimated by galvanostatic (GA) charge/discharge measurement,

is 150 Fg''. These nanocomposites can be developed for supercapacitor electrodes.
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1
2.1 (a) Snwarlpssadrwansifly, (b) Afdnwasla uie aunsadalasseld 3
2.2 wiuns1@lu 2 iR (20) AifinsdnSesfvesesneumsuauiiidnuaesing o 4
2.3 fiowluasuounilamanesu (MWCNTS) 7

4.1 uanAMENBUTRMALAI783 -GO/MWCNTS fldinmstefendonanssaiuuudesnn (a)
UShniuiduuY (b) uansnmsaung 11
4.2 u@ng XRD aluansuYes GO/MWCNTS/GO uag r-GO/MWCNTS/r-GO NaULaERaIN1TaUAI8AINL
Souitgnumgil 200 °C, 400 °C and 500 °C AwEG 11
4.3 ugne XPS alansuwed Cls 984 (@) GO/MWCNTs Aaun1soumgnNiay (b) 1ain1souniy
AnuFeuitgamgil 500 °C 12
4.4 (2) wans CV N51MUesETUSENOU r-GO/MWCNTS figasaunudiuansnaiy (b-d) wanen1sinues
wdudnsnsTlumuaziamieensosinauiviaadluin  (salvanostatic)  AiAuuILIY

NIELA10 mA/g 20 mA/g wag 50 mA/g ANNAIRU 14
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= °
unn 1 unun

a < [y Y salal wa o £ ! = V1 a < [ =
nsuluianuimssdniianuaudininuneg gnununUssendldnusiigg ddelainnaiudulaniay
WWNUA Indium Tin Oxide (ITO) Begniantdlugaduasonfing uag wiaarsuauuily (CNTs) szl
nszvIuNsduAszinlidudeusazsrgnnd naiududmdeihuwasladts 98% Tuguanuiiveanis

@ I < A 1 a ¥ VR ) ¢ a [ 1
waaiy [1] danuudeusiavdanguasainsadalaneladgniiunussendldlugunsaldnvseddngd iy

wihqeilefeuuuduria (touch screen) lidaldwelaniagninunldlunisidsundiseiiilusuanli

I3 44'

2w o Y a aa P = |
L‘Uuaﬂ@m%ﬂi&ﬁ]ﬂiﬂlﬂﬂ 2] u@ﬂ‘iﬂﬂuaﬂ@mgiﬂiﬂaﬁqﬂ‘ﬂ@ﬂﬂﬁqwum@Laﬂ@i@uaqmqﬁﬂlﬂaauwvlﬂlﬁﬁLﬂaU

s

Wrausasdanunzdmsuinunussendlddmiudiinnselindniaa1udga (electronic high
frequency) [3] dnegnsflasuanuaulalusgrannluneuiife nmstnsfusniudssdnsainnisly

a = ) = oA & & I3 ] I3 a a =
NMTUYDILURALA DT %Qﬂﬁ]"\!UULLUWLW@iiIU@J@ﬂ@ Iumuﬂ BNULARN M13°9) LUULLUU@LVIEINI@E)@MLUWLG]E)i

'
=

(Lithum lon Batterry, LIB) @wuin LIB #ilddagduiianunuiundsinuvedgaiiseyleaaugs (@i

9
= A a o w

wavilalifauaadion 2 W) uatedefinelimaciviiei saznumiudymilauesde Tnaiuiulunis

s

Y159 918N (HUALABIIERY) SEUWUAWBTTOU LN LIB diaslwihsuasliaiunsad

[y

A & o Y] & = o o & 1 a v
rFursaiunasnulilaunn daymmariagnualulueweniiissnniiiaguinassdetensiiiugnauny

[
VU a v

U M ITAUNUYRIINTAY [4,5] nudusunslundnuaudfivivaunsadalaseivuneglussauunly

o a

wes druinliAadiniinselioyniawnsnsznininaramseinbnlugngunienaunaiulu

(%
1Y

o o & a [ [ [ £% = ¥ 14
a15Usznau dnvinluta anode lununwmeIazanunsadausyauazinunasulags dongnisldnula

a a a

YT TN Ta7 1 UNN5B1FARUALADS LATIALEITY FATUSZANSAIWANILUULAL 10 W1 9107 WAUT

'
o A

11310 graphite anodes wanNGaiin1sHaulagnIsdn nsluUsEneuiudandug wu luseu (B) ¥
Huusursasuuuung [6-8] Windsgdndamlunisifuvsegldunnty Wunsfaundssdnsamuesuy
mnestuausniily 3e aunsaidiannsednd selulueuian [9-11] wenvnnsuazgninunyseendld
IULwﬂIuIa§ﬁaﬁaam§miﬁ/\luué’aET@Qﬂﬁmﬂﬁé’ﬂuﬁ’slﬁwizg?jamm (Supercapacitor) T8 UUAZAUNEIIU
(energy storage) Waduaweing (solar cell), whawuges wardusg Snuinune [12-15] sgrslsinuann
Anandrssudedsvesnsilueenladvionsfufen wwilussavinmdesvintuuszgndldvindu
dnuusznauvesiuivysgianafiosnanuseusuardnmnlfueldievesukunsiiiu/asfiusen
Lo Fremwadl Woikg Sdnidenaneviwhnimessuasidsansuszneusedulassadisunlumns
sENiauRuNIIueeNloALa: ieululUATYaIAITUBY (GO/CNTS) Auag1aunsvaly dmsunisuien

ansUsznouszivuluuasiinussgnaldlunisindusifiulszqBaein Weswnauaudinfvewviouly
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AsUBUITTI LU du ALz iuUszANSAMMIeNY electrical conductivity asdiniuUsey
89870 [16-23).
vieuluasuewdulassadisuluiinandninemanslaiinisdneiwaznuindulasadand

AuaudRRAyra1enudansanaziunldusglevdldedannunglueuan auaudfdnaniiey

v

| s X a Aa < ] H o = a 1 = wa
GU@QV]E)U']IUF’WTUBUU ﬂaLUUIﬂi\‘laTNU'ﬂuvmﬂ')']NLLGUQLLﬂi\T UIUNLUN llﬂ')']ﬁJEJWViEJuaﬂ HUAUUNNIIN

[
v o aAa o = °

ezl g nadadiuimausaiuinae muu‘wauﬂumiuaummmmﬂi“aﬂ@ﬂ#’flumLﬂ‘U

Y

a aa IS

Us¢98389n (supercapacitors) DYIUNTNAMIELRHAT A wﬂmamumwmawﬁuﬁ NN KAEIIAN

q

dunulunsudniion Jeinidelfihnsinuauandisiiuussqieiaiiaiininiagvesasuszney

=

58w GO/CNTs fuegssaiiles inmsidoindeanauiififvewiewluvieduaivouazifusiae
gnvsangeseninawiunsfueenlynliniefuavdana vl ﬁ"u Raundudnitthesiudseansaiwnnsi
i‘Wﬂ’lLLﬁuiJﬂ”lﬂ’NiJ"\]"\]’]LW’]uVI@J’]ﬂ“UUWJEJ [16-23]. eisaq 4 Wiiniseneneufnunduaidinnniey
asuUsznauulusEning GO/CNTs ifletanuszendldlunsvingunsalfufiuuszgaean femaiad
WANANAUNINUIENANYID LY gamma radiations, reduction of a graphite oxide, vacuum filtration,
chemical vapor deposition (CVD), spin-coating, and plasma enhanced chemical vapor deposition
(PECVD) [24-33]. frsivgusageladnediu dudulunuidedasdiiunisiasuisrfunisdunsiei
ansUsznevUsTiuulunsvekuIMmdns iuesnledfuviouluasusundananedu (-GO/MWCNTS)
seiBnsniensgrsiefiannsovildluiesualufifnig a uvninenduguasusiil dufeisiizend
graphene/multi-walled carbon nanotube (MWCNTSs) composite via layer by layer (LBL) assembly

with vacuum filtration technique.
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uni 2 ngufitneadas

2.1 AU

v
o A

377U (Graphene) Adunanlnuunannsidtues nsldifediudszneuniegluldduasi

e

[ -dl v A ¥ A o

wldilionsuing Fesuseasudioisnlsunisdemeionause agvirlnldfuaedn duifeinldfuae

Usgneulumedurensernauasusuissanenudutug Juiumeiuszmaniinesu vlvauaenle

' [
A v a

us NTIAWARINAS WA N BNIUABL (hexagonal) ISeerariuadaiuseie Wuunuuetumen i

nwauglaanunsonemeanule Fedolaiuimanlulanmssnuiiswanilsegnouasvaulussunu 2

v a <@

§iR (2-dimension) WHUNIMUUINEALIEY 1 BxAaY W1 WANAUTAMULTINSINGR Bavdunsednlavale

[

= 1 Y 1 1 aa Y v a va & v o Y a (Y
maﬂwms‘lammmuaamﬂmLﬂumimmuuawm LLa’JEJ\‘lﬂJﬂmﬁﬂJUG]L‘IJ‘L!G]’J‘L!’]V]']QI‘V\M']IWL'V]EJ‘UL‘V]']ﬂ'U

vala

nownkazlanmiinuseulananinianaus snde

JUN 2.1 (a) dnwauglaseasnaneens

[y

Wy, (b) Nilanwuzla v amnsadalawele [34]
397U TALUTMTAYULALITUNYT INTI1ZLAAINTINAITUBUUTENT winasiin139nSeeiaves
s & o = & Aa 3 v o
9¥MPUAITUBULTULUUNIIUANUT (octahedron) BIUUFULUUTNNAIULTILIININ NITIALIEIAIVO
s A % dyl 4 a i3 a va PN 1 (% 5
agpauATUBUNAAudNalY N3 n31lWe wazmes dauaudinianenIniuand1afuLInung 19
Aauds anule uazanau TR Wi
3 v a o ) 3 v o o & Y ] S &
1 s WunmsdatesisUuuunilavesnsvey dasesiidunsadanin Wuussinuisian
Tassadsdawmilen: 4 Sidnnseulu sp>orbital Luu 3 4
2. wnsluld (Sangu: Graphite) 1unisdaseadiguuuuniwesinaisueudnuussunsann
a{' = % ) v § Yo Vyva ° 1% Y o A a %
Wiae (hexagonal) L3esdouiududus dnldvinldduannn iWWvasulany drdunasduuisein 1&
a

dulnany (nilsluansngeuian) lassassdawmilen: 3 Sdnaseulu sp’orbital 2 {f uay 1 BiannsoU

1u p-orbital
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= v v

3. Wainolsd (v¥e yaiaetw) videdidnauluuini tafuea (buckyball) Wulassadaunludid
vaduiugudnarsaddasadiadios 1 uiluues fasasluanaiivsznouiuinanssmenes
5195 UBUTIUIY 60 Bxnay (C60) iWenseiuilulassaiisdnvuzsunsinaundiofugniauoa
US¥NoUME I VniaENYaIA e (hexagons) 91U 20 2 WAzIiALY (pentagons) 37U 12 39
nfindnundufinsiuiuiin Tassadraunlunsueu sphybridized finmsfnwfumnneunansdud lu

sUuUUAeg Fadunnuiudin wisersusuwily vuia 1 86 (10) finanuiu nsrfundhuliduns

' (%
=

877 TINIANYIUVIAITUOUU LT MAIBNAITTY UBNAINTNTZUIUNITAT VTN BLLIIAISUDUUN LY
v U 24 1% U L7 1 1 a A ] & = gj = al ¥ 6
falmnududeuazaunualiitgandusuniuvsowsuA U UEsiUALIBNMe n3lid vua 3
15 (3D) iAnnuNunIFuAoufumduduyg Jansdnsesiveddasainunlua1susuLuuagg 1
NAUFINVDY  wlunsHuLwIA 2 T35 (2D) Tunanidndnyuglassaineaeiunsidiu 15133nunde
y L@ A a A A ! ¢ S . = Y%
A.A. 1960’s uetlulsoanundeidoinluunIsuautuLfe) (single sheet) ernunfiazenoanainiuls
Junsyiadousaaud wa. 2004 Wunshunuasisnuesianillae Konstantin Novoselov wag Andre

L4 U a

Geim Fesaanduanasduazandudynafade lavinisfnulaswdawentuvesnsiiidlagldinun
D - S Y A A A o =~ a a v
syTuAAeNlinAsuIanestuRel vTeliaunuiintuesneuiissesnouiel awnsaniaaladn
o Ha = = wa a ' A A A o o - = y o=
TanilmnunadesuaziinuauiAfivivedundeldelasiiiies Jusenianidn "3y (graphene)’ Fans

AuNUASIDVNlnsaaalasus1eialuaanvi@ndl 2010

JUN 2.2 urung1iitu 2 {# (2D) Nlinnsinseaiivedasneuniuaunilanyuysineg [34]

2.1.1 AENURVRLEIUNTINY (Properties of Graphene)
NI UL Nz lATIAT199EADNAITUDULUUNNLAAYN hegxagonal NIALIEIADE AU (AA1YFINY).
SreeieTEnIngerney 0.142 nm ns1iudanwdunsane useiluaisnesiiiuaudesinandaanuy

19U (zero energy band gap) uAdNwULNIIAULUY 1 0R anwaEAA18WIIANTUBUUN I ULAUYDIT1S
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[

NAUILNIVY A8TUEUMNUNTIIMAENITIATLIMIVBINANYRINTIHULUY 1 17 Tulansdng iy

AuaUYeIININaIUNaIsaUSUA LA

2.1.1.1  AnunuILUUYeIns i (Density of graphene)
WAL UUNNWAELYBIN Y (unit hexagonal cell) UsNauUAI88EABLEDIFIVBIAITUDUUY
Nuft 0.052 nm? Arunuuwesnsuswalddu 0.77 me/m? Wisuieufiuagauitufivune
1 m? aansnyiain nsftudmiinuies 0.77 fadnfuwidy uenainilusy nsludadiauuldugs

wiiusozmouvasdideundvunadniign Aldaunsanzauiula

2.1.1.2 anulusauasveansiilu (Optical transparency of graphene)

s ushasiunasldifeuimuadssana 98% lughumudvssnisuaaiiu fanallsdad
aU3agAtuULAIUTEN 2.3% yospduuamimn ldiufuaueaduvesadulawm (optical
domain) Tneunusea © was a @9 o Aermnsivedlasiadsaziden (fine structure constant) i

Dumgualinsiulidnvauslalivansdlos

2.1.1.3 Anuudevaansiilu (Strength of graphene)
nsilufiseRumnuudegeiis 42 N/m Gamdnndfinnuudseglusag 250-1200 MPa wewindu 0.25-
1.2x10° N/m? drasa3sudisusuuiuildumanndrisianumunindussiunsiiiy Ussunamlavinf
3.35A=3.35x10" m AeAumuvesunslil) sue 2 fafieunsandinld finnuudansseglumig

0.084-0.40 N/m Sauans iU T ludAuLdawsaInnINnannaia 100 win

2.1.1.4 msthliwesnsifu (Electrical conductivity of graphene)
Dusnuauia 2 fadnsilaiduluauaunis o=enp Galaranmiadoudildvesdidnasounaszlea
Gulumumguidsiidadinedl u=200,000 cm?v's™ Tnglriuoudssifiaumuuiuresmme (carrier
density) n=10"? cm AMUATUNIUTDILAUTUIA 2 ARWIOAINUAIUNIUADANITINUILNNAU 31 Toniu
ausunaiudutug Snsiilnihegd 0.96x10° Q'em™ ffouansivitnisiilvifiives narftusnnny
NoAsTaTAT 0.60x10° O 'em’?

2.1.1.5 m3iAusou (Thermal conductivity)

anmnsiandeuesusunsAugnimuslasliuey aansaialduszanas 5000 Wm 'K v

nesuasgamiviesanusainldegin 401 Wm'K? dupisnsituiinisihanuieufinimeag 10 i
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2.2 visunlumsuay
viourluasuau (carbon nanotubes) HnJaneanslaliaiuauladnuwifeifunisfnuinaaudd
984 fullerenes luananiilassaisuseneulumessnauvainisuau Balin153niSeavatonuaLg

Jussifeunasilasadsegsznindasiadaveanysuazunsindlunsznavesasveuiaieliuuuni

aAa v

~ P o | P I PRy o - a A &

finsAunulassasielndves fullerenes Nidnvazilugnueanilassaianilounslnidugunsainay
Feusznauluiiy 60 a¥ndNYRIANSUAUNTINWMLaNN1AS(C60) FITUNITAUNUNITINLS IR D
A1suauezmankuulndldimenuiinew wenantuiniduldminisdaudadduananAunuiuliveny
geanldidulassadreaiidunesvnanladsanarsenlasadnatutn ourluaisueu(carbon
nanotubes ; C1,000,000) viouluasuau (carbon nanotube) fisusnululasanndnevesasveu fu
A a o & a Y ¢ ~ = ' I a wa a
Wwendaiulugunsainseuen wasiidurdiaudnarafissddiuluiuns vieurlumisueuy fnauaudan
uwdausswazmileandn wanndn awmnsalni vie naneluauiu (linlni)ld Juegiuiiamiaves
LWINFINSEI Vos0zmauATUBLULNTauluAISUaY ansathunUseendldlanganinewing wu
1 duanglndy Tuin3ealdluily (nanoelectronics) ldnealuidulen dauaziBenaiwaznuniuniy

Aaa (7

Tmnden viendndu wunweiniiongnistdnuuiududud venainddsfianuudanssuaziivminiu
2 v v ] I3 = 1% & A Ao o & I3
Judulassairevewisunlumsveu flassadraduiuuluananeiniidnwuziluuoenivesaisuey
Seedatuduiuigiudugmiivesuiavenduriuguinalsveariearsueu lassasisvesviowly
A15UBY (carbon nanotubes) 9zlAsfadauidunnuaindiuniialdussavdnatunils Jadniadd
a 1 3 gy < a s v
LwImNAndvieuluafusuiliidnuazidy monoelemental polymer (Indlwesiusznaulumesis
= a A = ] a s al o =i A v
Wesrliafen Faunnaeanindiuesinulaeiiluieenussnouvade19dumie) 31NN1TNABILAZNIT
AundeaaNiawesiansliiiuii vienarsiifiauauisalunisdanguluiivee danuuduasd
AanUAnllsssundnvaeUsen1s fegay aunsavanaduaingunilaluddngunileegneundunag
¥ < IS) A [ < a & ! s v wa o =€ o
ansaaedudenidanuudawsannduiivey uenanuueurlunisveudaauaudiunlnindayi
Tidn1sneaesasrinlu anslanzuilu (Nanowires) wazdaulufinluvuiauiluaina (Nanoscale
transistors) wazludagiuviaunluaisveuaunsatluszendldnuasawazUszauaudnsaluegig

an
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SUl 2.3 sieunTuasusuniavianedu (MWCNTS) [35]

vioulumsuaufinulag NEC Fullerenes vi3atiniiuea msvauilassairadusugnuoaduduily
waluladinaslsludandvdlutiagiu flegvaresiensieiu Wy af wand 183 Nanogate AMNINGS
fivaeliaiuazidoniuddulnaldfuaziauuiuse uinifinafsiafieuiindndedulouTu Franz
Ziener GmbH & Co. finmauififuau futh wastunsiudsandsneneg dedlisesduuasastuses
\WJoupsiudsandsn ndesAaneasanin OLED (Oreanic light-emitting diodes) vadlndndauanannle
adauazaudaniinenIn LCD (Liquid Crystals) wiufuunnvesu3en Nanofim Aldindwesvdaung
fupuadou annsasviaunas JestusesTntiu wazasiuanusnineg uSnifiafldvieuluadueu nax

Auns1 g ¥e9USEM Baborat NiAnaNTRALTININNEN 100 Wi wedvvdnies 1 Tu 6 vinlvinsfand

9 Y
[

) X & % = a a o g v a a .
WAIUINYU anNIILAIIVBINATULUD LL@%QﬂLVluuavLaLVlﬁ‘;U@Q‘inVl InMat V]I?J’LV]@U@ﬂ']iNaG]LLU“U Air D-

Fense @115l ulang 4 dUan

2.2.1 aaulaniAvvasiauluasuay

fiawuundafioanaznifatety (single wall/ multi-walls CNT) Siftuifingeunniianaudauss
WINAEINTN (WedaENIn) ANNEAEUEe wazanunTalaseld Whiiusemelad ilwiladunlunsdl
Aanddulang thaufeuldiun wagilanuiaiosionmgigsannsaussgeznen visluanatuin

aulineluvielafinuaudfiluianUuanUdoauas (field-emitter) Armchair Zigzag

2.2.2 nMslguselevivasvisunluasuau

Frunealues waziwsiin wedwesiilwih Josturduwimaniiiiifiuauudwswemedwes
FUAMUIUMIUNTLANE1YeUeIEN LM sITowarnsldUselovivesiounluvesasueusiy
wE1udlanlnsnvesnUdinesd sanlnsavewunnes dinifulalnsaudmiuwadidoinaad

4

UszAnsnmigaaasessnuuludidnnsetinduaziniana suuiludidninstaduazinioina sonmild
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vieulumsuouduiiUawuas gunsaldmsuondisd Fudiuneasnuaznihenud) wluduwes i
AULUALADIVUIALEN WLTNSIUVDINADIADI0ZABN 1T STMANUASITEULAZ DU 53 UL L UY

Tulasased@rnsunisvinicnssuiiadonazaisnsiioy
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a ax
UNN 3 I5N1INAaDY

3. FuURBUNITNAREY
a1sUsENou -GO/MWCNTs gnindeutiududun TasTBnisnsesdeszuumsaaania iethunsh
HuindudnivUssauuudeen HsnaaTeudsd
3.1 %gumaumim%'aumiazman‘sﬁ\luaan‘l%ﬁ (graphene oxide, GO)
1. dmensnld (5¢) NaNO; (3.759) wag H,S0, (375ml) unaslinmenulaginnIsauasagans
sgsailadugraniuds
2. 11 22.5g of KMnO, waufuasazargluded 1 vinsausgrsseidondunar 2 vu. figumgd
25 °C
3. 11 700 ml of H,50, 5 wt% wag 15 ml of H,0, 30 wt% wasdnluluasasanededl 2 agnedg
wazvinIsAueEsaLles
4. Yransaranefilaunadseensag H,50, 3 wt% waz H,0, 0.5 wto% Tu ultrasonic Wutian 5 unii
waztluduwies (centrifuged) 7 8,000 rpm Wuwian 15 undl VTWLLUU%‘%’]"’] fu 7 a%q
5. thansaratedilédnedae HCL 3 wio lu ultrasonic Wuwian 2 widt waztiduedesduwies 3
sy
6. thansazaneiildaseandaeii deionized (DI) water Ingmstumiosuazivin DI sonuaviiu
1 DI Bnafeieng wuuiumaneadeunseitldansazaneiidan pH Wunans (6~7)
3.2 FuUABUNNSIASEN MWCNTS
1. 1163 CM-150 0.2¢ maufiunsa hydrochloric wag sulfuric ludndau 1:3 warihaisasaiedléily
Huesdt 500 rpm unan 12 . auaueumgilia 100 °C
2. antiuinsnsesansazaterun TSR iaRiLAY (omnipore membrane filters type 1.0
um) sunseatldansaenay MWCNTs a1nturinmsideansdnasadaei bl lu uttrasonic e
10 ui
3. grsavanereunTeaideaieth DI naneq aswaunsertldansiislan pH Mdunans
3.3 SUAUANTINGU GO/MWCNTS (3 1)
1. 4ufl 1, hrarsazane 5 mg U84 GO (4.2mg/ml) wanfutn Dl lusnsnaau 1:1 vn1siagrau

arsazarsifuilolfeadu anduinnisnsesiiessuvdyainidiiunszatenseswlinfivay
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(anodic aluminum oxide, AAO anodisc 47, 0,2 um, 47 mm 50 circles, made in Germany)

UNTENLAHE GO (LADULIA)

(% '
o

2. Uil 2, Urasazany MWCNTs (2.5mg) AY9) Masuutiees GO (19 1) Lagyinn13nTesniessuy

-4
FOUEUINAIUNTENIUTIURINTIVDS MWCNTS LNDUIAS

3. Fufl 3,11 5 me 989 GO yuuuReIiuiuten 1 aunsendlaansiegnadu GO/MWCNTs/GO
NBULILAZANUNTAVNDBNINLAUNTEA BN TN LULR

a

4. 141 GO/MWCNTs/GO aufieauiauiigamgll 50 °C iWwan 5 9. ntwilleuiiaaumad

500 °C neldussennia N, 20mU/min) Wuaan 1wy

5. ¥1a15i0819 -GO/MWCNTs/-GO firuni1seuatntes 4 luSasemada FE-SEM, XRD, XPS,

CV-curve Wiavinn1sIAsIZIina
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UNT 4 NALAZIATITANANTIINAADY

20.0kV 13.1mm x25.0k

a

SUN 4.1 UaRnMENgUSIMNURITeY -GO/MWCNTs 71liannmsanemendedgansiAuuuudeinsa

v
a =

(a) USHIEUNURIAUUY (D) WEAININARAUING

JUN 4.1 uansinuuyuRIv09815M0g19Usenau -GO/MWCNTS/-GO Wuutue asInAiNTun1sIi
Anufeungamgil 500 e agldusseinievenidlulasiau ssdunaiuinduloves MWCNTs
Y ' a ' a § o 1 v A ] b a e
nsznemuazileguuinvesrunsueenled dmsunisinSeaiulutug veslduuusenaures -
GO/MWCNTs/r-GO anhsadanalaninsnvinadanandlusun 1 (b) Fannuailaanunsafigadladndule

MWCNTs dazununsifiusanlonaansonaunauiudutug wardnsiteunenusyninsdulmdueded

NANENTRAYEI r-GO waz MWCNTSs udlwiifuazdinug

a

N3UN (high electrical conductivity

1%
Y

v & 1% Y 1 1d & o [y o o & L] L4
and large surface area) PRUULAIAITNIDYNUTENDULTUTUS U agd@IUUINusIdugUunsal

WUNS991U (energy storage devices) latdupenai

Before_annealing

Wm‘ ff? L 400°C
) M\ »M‘R ' ‘
WW d 500 °C

AN b g

10 20 30 40 50 60
20 /degree

JUN 4.2 uang XRD aansuves GO/MWCNTS/GO uag r-GO/MWCNTS/r-GO fiauuasnain1saume

AwFouiigamail 200 °C, 400 °C and 500 °C AudRU

wambhlasinis gnsurg vymesund 1aTAand Ao Inemans unnerdeguasivord |
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NI IAIUNTENaUTBY  -GO/MWCNTS/-GO gnihlUiamasiomadn XRD Liteviinis
nrvaeudnvazlasalasmdnvesansiegnadnandusuil 4.2 Faazdunaiuinguuuulassaiig
wEnUeIEnIMIngnouiseuMsnIdeuazlandusUl  42@)  weanmsiauansiiafisums
20=10.62° {idnunuzautauargasu dsanunsnesugldinfiaiifufievesansiedinniiueanlys (GO)
dmsuaianiuues XRD wesansdiegnmdingnaudiemudouiigamgll daus 200 fe 500 asen
waldea dauansluguil 4.2 (b-d) suddu Jmdsannansmiegregnausenudeuazdaunaldiniinm
sondiaugniineenly Tnedunaldainaaniudidiums 26=10.62° melu wazidorfufiazusng
awanduiiduntses 20=26.10° Tununu uenandasdunaldiaanuiidumisdasduidouly
mardntioavienis 20 geiu Wevhniseuflgamgiifiugatumuiidy MnmepataansoagUléi
aaﬂ%wugﬂﬁﬁmaaﬂl‘Umﬂsﬁmﬁ'aqmmﬁiumiaumﬂ%u uidndinanansneuldgeaniiaamgil 500
ssrnwadeaidum i metnniiasiaesaznsouiasinnsuanllannseiaringg

naaadludduellédn waranniseuflgamgll 500 swnwaldsaudtuuenaINTinapendiauay
anaanfianudy  evnouvesnsueuiiinnsdaSesilmilfesadussuuinnty - nuaitldivand
anunsavsvenldidnunelasianens MWCNTs fU wi r-GO fmsnaunaufufndunieluduuasifn

ANSNATUAUTEHINNTU

1.0 (a) before annealing

T T T T T T | — T T T T
282 284 285 288 290 292 294
C:C lafter annealing@ 500 <C |

Intensity, normalized
[x8]
00
o

0.0 e e e
280 282 284 286 288 290 292 294
Binding Energy (eV)

JUT 4.3 uans XPS alaniuvued Cls vas (@) GO/MWCNTs Agun1saunigaduiou (b) naaniseume

ANUTBUTRUAN 500 °C
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Mntuansiregisfigminluindaemaia  XPS  ievhnisesivdeukariudunareseandiaugniida
ponlUfBNIzUIUNNTBUMIBAINSDUY SnuawesiusznaunaaiivesusarsnusnuiuRIesEns
Feg1Usznay GO/MWCNTs/GO (foususenmsou) way -GO/MWCNTs/-GO (Mdannseuil 500 °C)
fanandlusuil 4.3 Ssazdanaldiaansuves C1s gnutseenliifunguilsiduvesieunseusnandly

JUT 4.3(a) wazgnuusluiingesnndsnuiussusinanaiu 4 fin dwsuliaindsnudamiey 284.5

Y
a &

Bidnnseuliad waenadesiuiiusyrasniuey sp® (C-O) wariindnudawmie 286.5eV araenndos
fuiusy C-O wdsnuBawnilen  287.7eV denadesfiuiiuseres C=0 uagndanudaimien 289.7eV
@nRRBINUNUSEYRY O-C=0 MUAINU gﬂﬁ 4.3 (b) wansaansuvesansiegsiiiunseufeay
Souilgnumgil 500 ssrwaldea Fsannsvlazdunafiuiaianiues Cls Andssndamilen 2845 ev
mﬂm%’mzLﬁﬁuLLazﬁﬂqﬁuLﬁ'aLﬁ&l‘uﬁumiéhasmﬁaumaaué’wmm%’au Tunnsanuiua AR LYo
C-0, C=0 uaw 0-C=0 muiduiinazanas uenaniaandusy LwdwﬁﬁﬁLmﬂiwzgﬂmﬁﬂﬂmqwé’wu
Sawmienfisnindntos Lﬁaqmmﬁmsauqaéﬁu mﬂmaﬁlé’mmmﬁwaﬂlé’dwﬁqmmﬁmiauqﬁu
Uhinueondauuasilidureseandindluaisiogaazgnindnooniudeanuion  femauaiyilif
iAnnsdniSesilmivesesneumiveuduhlugnmsiduusiuimdnilusenluddsussnausesesmey
AsuaulunsRusynounand Ay

U 44 (@) uanwanmsinautAimsliihwesiifulszaiviianasiedaszney r-
GO/MWCNTs/r-GO samadalepanliaunuuns (cyclic voltammetry, CV) S?iﬂﬁuﬁuﬂizagﬁimqa%ﬁﬂ
$189 Usznousiednitlidh (electrode) dostamy uasdavidne rGO/ MWCNTs/rGO Sdnwaiiu
HnaN Hinausyunn 1.6 mg wazsiiuiiiuszana 1 cm? iwdwaaﬁ?ﬁwgmLstmﬁ’u‘[maﬂizmwﬁ’]
ndulengu uagldansazanalnunadon (6 M KOH) Wudddnlaslan nmsindesizsiaudflniuad
89 1-GO/MWCNTS/r-GO Tivinms¥aigaumnfivios Usudnglatiinlutag 0.0 - 0.8 V wasdasaunuain 5 &
500 mv/s” amaannmsinsnemeda CV szdanalditdnvazvesnsmesidususisdney Amdeu de
LLamﬁﬂiWﬁLﬁuﬂizﬁgﬁlﬂu%ﬁmﬁ%LﬁUUiz@lWﬁﬂLﬂﬁaaﬂﬁ?}ju (electrochemical double layer capacitor)
AravULUnTEUA (A/9) azApne ity Wethsaunudndlififindy waranfufuinniianiivasauny
500 mvs ! tuvsnefivinussansnmussnsiedeuivesdiannseussinanssuiunsdnuazaeueq
[31-34] Mnduifiulssgliieidgnindevemdnudnsnilunsniuasianiae
galvanostatic, GA Gsvhmsfafiaamuuiunszua 10 20 wag 50 mA/g figamaiivies dauandlugud

44 (b-d) Ny MuanInIsialszy-amelszy  naiiueeziidnvasanduiovandudunss

aonndeaiungfnssudoundulavesiuiuysey (reversible behavior) wanantiazdaunamiuinfAnaug
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ISP J

msduATIZlkar MInNEN YAl veITAITN T Uean BilaL ax U 1maLYe T4 14

\an1 (specific capacitance) Y83 UU2azdAARYY 8Na HIBAUMUILUUNTZUATBINIIANBYTEY

Wiudu dmsurinugianig (specific capacitance (Cy) gnAmIulnga)I5a9InAIAINTUYINTIWUA

¥NITONUALAIIUTEY HINALNIT

C. =1/[m(AV / At)]

e m(g) Aewravesdalwihiiviininansuseneuves -GO/MWCNTS

1(A) Aonssualwihpsfivesnismeysey

AV (V) Ao anusedndlniilunsasnssuiunisaeysey

At(s) Panamldluusiaznszuiunissn/melsey

o n
15 (a) SOOmW's'f..l. 0.8 (b) 10 mA/g
. 7 i100mvis
1.0 '/' ,'. /1.
s - /B0mVis
= 1 . Ty 0.6
< 054 20mVis
=
g 1 SmVis E
2 0.0 & 0.4+
R s
5 05 >
P 0.2
g
1
3 0.0 -
1.5
T T
T T T T T T
0.0 0.4 06 038 800 1000 1200
Potential (V) Time (s)
c 20 mA/g 50 mA/
s © (d) g
0.8
064 06+
b
3 L]
g
© 04 = 04+
% 5 o4
G
>
0.2 024
0.0 0.0
T T T T
0 30 40 50 60 70 5 10 15 20
Time (s) Time (s)

a

U7 4.4 (a) uama CV n519lve3ansUsEnay -GO/MWCNTS fitnsaunuiluansisiu (o-d) uansnsinues

nasnusnTuslursanasfavisameinsosinandiniaadllnii (calvanostatic) AmNuMUILULATELE

10mA/g 20mA/g Waz 50mA/g LAY
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Sredenaumstnsdunazamnafwesineg wand daduamseuenzsaieresi
uUsERamevns r-GO/MWCNTS/r-GO flennumuuiunszuaunnsefuléied aaugianiz 150 F/g
FaunuutunsTud 10mA/e ANANRNE 81 F/g FaunuLdunsTud 20mA/e ANAUPRNE 63
F/g FaunuudunsTug 50mA/g %qm&mq ﬁlﬁmﬂmiﬁwuamméwﬁﬁmmﬂﬁmﬂﬂsW\Ié’fqLLaWQIuEUﬁ
4.4 (b-d) MUAIAY IINNANTAUINMAIANNYPRNIZVBIFNAUYTEY r-GO/MWCNTS/r-GO wandlviiiin
1 AeuenIzaziiiianaain 150 F/g f3 63 F/g ilemnumunutunssuafintu fududeuqenis
unigedildanmsdinfie 150 F/g fimnumunusunszun 10 mA Tusdidnlaslad 6 M KOH

A oAy y ' 1 =] A o 1 1 =] 1 a
‘Ll’e]ﬂ"\]’]ﬂu@YWlVLG]WU']']ﬂ’]ﬂ'JWNQLQWW%QJF‘W&IWﬂﬂ’J’WYJLﬂUUi%ﬁ!WV]’]"\]']ﬂﬂ'JUUiSﬂ@ULLN‘U rGO tNWENDYINLAYT

Feoaniaedinissieaulineunind [5, 30-32].
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P
uny 5. a@gunaniimvaasy

a1UsEnouuluYes -GO/MWCNTs/-GO gninamegiduienssuiunisairadudug Tasisns
N389A8TTUVAYYINALAZDUMAIEAINUTOU Snwarusnaiuiowazam 19219 9E1561081990
nTaeUMEndedgansImididnasouluudeniniifaussauzgeuiailadddatumeimaianisdes
n31A (FESEM) dnwairlassadandnuavasdusznaumanaiivesansied 1ugnnsanaeudnaisdaemaia
XRD wag XPS AUa1U hagasiiege -GO/MWCNTs/r-GO gninaudaniuadlniingigizn1sinly
adnThauniem3 naannsinusnginduliwesnswiidnuazugusandrofivaen anuvuiuy
nszudlilihAen g iinduiderhnisfuadndluiuntu wesdunniiaafidnglaiiuinty 500 mvs?
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Abstract. We synthesized a reduwced prapheme owide (-GN pmlt-walled carbon pamorobe
(MWINT s) nanecempesits flm via layer by layer (LEL) assembly, This struchure was prepared by
vaomm flmation and heat-treated at a low temperahoe of 500°C. The morphology of the sampls was
determimed by feld emission elecmon specmoscopy (FE-SEM). The smoctoral detail and the chemical
amalysis were characterized by using X-ray diffraction (XFD) and X-ray photoslectron spactroscopy
(KF%), respectvely. The cyclic voltammetry (CW) oarve of 1-GOMW CH T s nanocomposite appeared
nearly rectangular in shape. The cument density (A/'g) was pradually increased by increasing the scan
rate of the valtage, as high as a scan rate of 500 mWs"'. At a current density of 10 mAg™, the specific
capacitance of the nanocomposite, estimated by palvanostaic (GA) charge/discharge measurement, is
150 Fg''. These manocomposites can be developed for supercapaciter electrodes.

11 Jnchi

Graphene is a single atom thick two dimensional nanostracture of sp’-hybridized carbon materials.
Tt has the umique properties of high electrical and thermal conductivity (5,000 W 'E™"), mebility of
charpe camiers (200,000 ™V, factore strength (125 GPa), and specific surface area
(2630 m°g") [14]. In addition, graphens exhibits potential advantages of high surface amsa.
Thereforz, it has been unsed in vamous aveas of research esperially in namostrocturss such as
eleciromnics, foel calls, batteries, supsr capacibars, sensars, and biosensors. Thers have been ssveral
recent shadies on the potential of zraphens bawmﬂmm In wirhee of, its high
specific capacitances of 135 Fg'' and 205 Fe' [3-7]. However, the dizadvantages of the synthesis of
graphens are the diffionlty in isolating a single layer and its tendency to curl up doe w the fexibility of
thie sheet [3]. Farthermare, supercapacitors composed of ooty graphene still have effect on a boss of
active surface area due to agzregation of the material Eecently, nanocompesites of praphene and
carhon nanatabes (CHTs) have been widely used in supercapacitor becanse they enhance elecimical
condoctvity and provide high readily accessible surface area [2-16].

CHT: consist of cylindrical grapheme sheets with diametsrs in panescale. They have high
mechanical srenzih chemical stability, good elecmical conductivity, rich optical propertes, and high
surface area. CNT: or carbon-based materials have been widely used im electrochemdical
double-layered capaciters'supercapaciiors as a result of their large surface area and low cost There
have been several shadies oo the potential of graphene and CWTs hybnd flms as a supercapaciior
electrode material because CNTs have excellent binding properties. To serve as a binder, to hold the
graphene panc-sheets together, the resulfing composite flms may pessess enhanced high surfacs arsa,
high elecimical condwctiviry, and large specific capacitance [9-16]. Fecently, many effors have been
made o obtain graphens and carbon nanefube composite electrodes for supercapacitors by vamous
methods af synthesizs such as zamma mdiatons, reduction of a graphite oxide, vaomwim flration,
chemical vapor deposition (CVD), spin-coating, and plasma enhanced chemical vapor depoesition
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(BECVIY) [17-24]. In this work, we reported a simple fabrication process of graphens mmalti-walled
carbon nanofube (MWENTS) composite via bayer by layer (LBL) assembly with vaomm fltration
teckmigne. This method may ot be suitable for cr=ating a large scale area:; however, it has a potenial
for development in battery and supercapacitor mdustry [26-30].

1. Experimental Defails

B-GOMWCNTs composite using LBL assembly was prepared by varuom fSloaten for
fabricating supercapaciior elecirodes. Graphite flakes (52 and WaliOy (3.75g) were diluted m the
concentrated H.505 (375ml) selution while staming in ice bath. Then, 32 3g of KEMnO, was added
imfo the mixmure. The mixzure was confmoeusly stimed for 2 hours in an ice water bath at
temperatare of 20 =C, 25 °C and 30 °C, respectively. Wext, 700 ml of H-50, 5 wile and 15 ml of
H20, 30 wit were added while the mixnre was coptmaensly stured. To maintam, the temperahire
of reaction for two hours at 20=C, 25 =T, and 30 °C, respectively. After that, 15 ml of H205 30 Wi
was slowly added while stiming with the same ice bath process. The product was washed with
H-50, 3 wt and HO: 0.5 wi% in an uirasonic cleaning bath for 5 minotes and centrifiiged at
B.000 rpma for 7 times. Then, the remaining product was washed with HCL 3 wi%: in an ulirasonic
cleaming bath for 2 mimgtes and cenimifuge for 3 times. Finally, the product was cenmifogsd and
rinz=d with dejonized (D) water. This process was repeated unfil the pH of the sohution aboat 6-.7.

MWCHTs were preparsd by adding C3-150 0 2g in a mixnwe of hydrechloric acid and solfarc
arid with mbo 1:3. The splution was cenmifuged at 500 rpm for 12 hours while the temperatore was
maintained constant at 100 *C. Then, it was filtered through millipare (emnipore membrans fiters
npe 1.0 pm) mniil the collected solid of MWCNTs soludon was obiamed. MWCNTs deposited on
the membrane was nnsed by DI water. Conseguently, the mixtore of MWCINT: and DI water was
placed in the nlimasonic clemmer about 1 mimtes. The sohmion was filtered and rinsed with DT water
umtil the pH of the selution became newiral.

By LEL assembly, a threslayersd GOMWINT: composite was fabrcated as following
processes. First layer; 3 mg of GO selution (4 2mz'm0) was diteted with DI water by 1:1 ratio, then
shaken for 3 mirmites or until a uniform misure was obtained GO0 paper was prepared by Sliration of
the ditofe dispersion thooozh a anedic alominmm oxids (AAQ, anodisc 47, 0,2 pm, 47 pm 50 circles,
made in Germany) membrane and a fler paper (50 mm o diameter) ooil the surface of the GO
appeared viriaally dry. Second layer; the MWCHT: (2.5mg) solufien was put in vaomm filiration
until the surface of MW CWTs was almeost dry. Third layer; the same process was performed fo form
GO (5mg) untd a three-layered GOMWENTS composite was dried Afier drying, the GOMWCNTS
film wounld peel off from the filter membrans automarically, and it was allowsd fo dry io the oven at
temnperarare of 30 *C for 5 hours. Next, GOMWINT: flm was heated at 500 *C under nifrogen
(20ml'min tofal ae) smwosphere for | hour in a fube fomace m order to reduce the oxygen fom
GOMWCNTs film Finally, the GOMWCNT: flm was removed fom the fumace and allowed to
conl down to reom temperature. This work was performed at Karea Ressarch Institute of Chemdcal
Techmalagy, (KRICT), Dasjeon, South Forza.

3. Besnliz and Discussion

Fig. 1, shows the surface merphology of r-G0W CINTs composite with LBL assembly after the
thermal reduction fims at 30 =C under X, fow, and the overlap of MW CHWTS on the surface of GO
could be observed. A thres-layered sandwich stmuchae of nanocomposite flms was verified by a
cross-sectional FE-SEM imags as shown in Figlib). The results confimm that MWCNT: were
imfercalared m the layer of graphene oxide, and the composite films composed of -G and
MWCHTs. Both 1-G0 and MW CHTs have mirinsically high electmcal conductivity and large surface
area. Therefore, it could be an ideal candidate for ensrpy siorage devices.
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Fiz. 1. FE-SEM imagss of r-GOMWCINT: nanocomposite with LBL (a) top wviews, (B
cross-sectional view of mmages.
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Fiz. 2. ¥RD patem of GOMWCNT:  Fiz. 3. High resolution 3PS anabysiz Cl5 of

composite before and after thermal anpealing () GOMWINT: composite paper before

at temperahme of 200 =C, 400 #C and 500 =C, and (b) after apmealing af temperanme of

Tespectively. 500 =i

The 3 BD technique was nz=d to chamcterizs r~EOMWINT: composite m order to identify the
chemiral compositions of the samplss as shown m Fig 1. XBD partern of pre-thermal anmealing of
the sample as in Fiz. 2{a) shows a sharp peak at 29 = 1004) which comesponding to the peak of GO,
and Fiz. 2{b-d) present diffraction peaks of composite paper afier thermal annealing at avoond 200 =C,
400 =C, and 300 =C, respectively. By reducing the oxygen. peak at 26 = 10.62 disappearsd, while
diffraction peak at 26 = 35,10 canbe detectzd The peaks were shified to a right toward a higher 16
degres by mereasing the temperature. As a result of losing oxygen, carbon atoms io the basal plape
mary reaTanze durmg armealing becauss of the avalable thermal ensrgy. These results comelate with
the structure of MW CNT intercalated in the r-GO sheet. XP5 was employed to confirm the reduction
of omygen. The species and chemical state of the sach element in the surface of GOMWCNTS
(pre-amnealing) and r-GOMW CN T s (post-ammealing at 300 =C) can be determined by KBS technique
& shown m the Fig. 3. The Cl: specira provide detailed surface fimctional groaps of sample before
thermal ammealing as shown in Fig 3(a) and can be divided m to four different peaks. The peaks are
located at 2 binding enerzy of about 284 .5 &V comesponding to ameants of sp’ carbon (C-C); and
binding energy of -0, C=0, and 0-C=0 at 286 5eW, 287 7eV, and 2R9.TeV, respectively. Afier
thermal ammealing at the empemanme of 500 =C, the peak miensity of CJs5 at 284.5 &V increaszes and
shifts backward to a kower binding energy with increasing the temperabme. Conversely, the peak
imtensity of -0, C=0, and O-0=0 decreases with increasing the annealing temperabme. This
indicates that at high temperatore the oxygen coofaining finctiomal groaps of the sample was
removed. The results leading to the formation of new sp” hybridized carbon peak. This result suggests
that (0 was reduced and ransformed to -G
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Fiz. 4. (a) OV corve of r-GOMKRCNT: composite films scanned at different mates in § M EOH,
(b)-{d) show gabmnostatc charge-discharge omves of devices af omment demsities of 10mA/gE,
20mA 'z and 50mA/ g, respectively.
The analysis of the elecmochemical properties of r-GOMWINTS composite was perfommed at
the For=a Fessarch Imstinate of Chemdcal Technology (ERICT) in Dasjeon, South Korea The
elecirochemiziry of the cells was camed out in 6 M EOH agoeous selution af reom temperabmre. The
cyclic voltammetry (CW) shown m Fig 2(a), was performed to mnalyze the capacitance behavior of
=MW CHT s manocomposite with a petential range of §0-0 8 V. Diferent scan mtes ranging from
5 to 500 m Vs~ were used. All the CV curves of r-GO/CNTs composite appeared nearly rectangular in
shape, indicating that the dewhls layer capacitor was present. The cumment density (A'2) was gradually
increased with increasing scan rate of the voltage, encesding kish scan rates of 500 mVs". I means
that there is efficient elecoron ranspent during fast charging and discharging processes [31-34]. The
glecirochemical capacitance of these elecnds material: was smdied by pabwanostanc (GA)
charge-dizcharge in 6 M KOH agueous electrolyte. The symmetric capacitors fabricated from each
glecirode contained 1.4 mg (RHOMWCNT:), and the surface arsa of cincle was approximately
1 cor’. The cathode and anode elsctrode were pressed together and separated by a porols nonwoven
cloth separator. The &A measurement was camied ot at the oorent density of 10, 20, and 50 mA/g at
room femperanore a5 shown in Fig 4 (b-d). The chargins-discharging corves were almost Hoear, (all
curves show an almost fmangular shape) comespending fo the reversibls behaviar of the ideal
capacitar. Furthermors, the resaltng implications of Fig. 4(b-d) are that capacitive behavior and the
specific capacitance of elecoode were sradually decreased with increasing of the discharged cunrent
density. The specific capacitance () was caloulated Som the slope of each discharge curve
according to the eguation O =J/[m{aF / Af)][26]; where miZ) is the mass of -GOMWCNT:
compasite paper oo each electede, [i4) is the constant discharge cument, AF(F) is the voltage
difference in discharge and Arns) is the discharge time According to the above squation, the averaze
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specific capacitance of the GO MMWINT = conposite paper at diffsrent comrent densities was 130 F'g
(10mAgh 81 Fle (20mA g} and 63 Fig (30mA s, as shown Fig 4(b-d). respectively. This indicates
that the specific capacitance of the slecrode decreazes from 130 1o 63 F'g with an morease of the
ourrent densify. The specific capacitance of 130 F'g was obtained at the current depsites of 10 mA in
4§ M KOH Additomally, it was higher than that of the capacitance of the individual o&0 as a
supsrcapaciior elecirode material that has been reported [3, 30-31].

4. Conclusions

E-GO/MWICNTS ranocomposite was synthesized via LEL azssembly with vaorom filmation. The
mpholegy of the sample was determined by FE-SEM. The aystal sowoure and the chemical
analysis were characterized by using XRD and XP%, respectively. OV omwve of r-GOMWCNTS
nanpcomposite appeared nearly recfangalar, and cmrent density (Ag) was sradually moreased with
increasing scap rate of the voltage, excesding kigh scan mtes of 500 mVs™'. The specific capacitance
of the r-GOMWCNTSs estimated by GA charge/discharge measurement is 150 Fz'' at a current
denzity of 10 mAz". These nanocomposiies can be developed for supercapaciior elscimodes.
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Abstract:

This paper describes the fabrication and characterization of a hybrid nanostructure
comprised of multiwall carbon nanotube (MWCNTs) on reduced graphene oxide (r-GO) via
layer by layer (LBL) assembly. This structure was prepared by vacuum filtration and heat-
treated at low temperatures of 500°C. The morphology of sample was deternined by field
emission electron spectroscopy (FE-SEM). The structural detail and the chemical analysis
were characterized by using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XP5), respectively. The cyclic voltammetry (CV) curve of MWCNTs/r-GO hybnid film
appeared nearly rectangular in shape. The current density was gradually increased by
increasing the scan rate of the voltage, exceeding a high scan rate of 500 mVs-1. The
maximum specific capacitance obtained was around of 538 F/g in 6 M KOH. These hybnd
films can be improved for supercapacitor electrodes.

Keywords: Multiwall carbon nanotube, reduced graphene coude, supercapacitor electrodes
Introduction

Graphene is a single atom thick two dimensional nanostructure of sp™-hybridized carbon
materials. It has the unique properties of high electrical and thermal conductivity (5,000
WK}, mobility of charge carriers (200,000 cma™V-'s ™), fracture strength (125 GPa), and
specific surface area (2,630 m°g™!) [1-6]. In addition, graphene exhibits potential advantages
of high surface area. Therefore, 1t has been used in various areas of research especially in
nanostructures such as electronics, fuel cells, bafteries. super capacitors, sensors, and
biosensors. There have been several recent studies on the potential of graphene as a
supercapacitor electrode material In virtue of, its high specific capacitances of 135 Fg! and
205 Fg! [6-9]. However, the disadvantages of the synthesis of graphene are the difficulty in
isolating a single layer and its tendency to curl up due to the flexibility of the sheet [10-11].
Furthermore, supercapacitors composed of only graphene still have effect on a loss of active
surface area due to aggregation of the material Recently. nanocomposites of graphene and
carbon nanotubes {CNTs) have been widely used in supercapacitor because they enhance
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electrical conductivity and provide high readily accessible surface area [12-18]. CNTs
consist of cylindrical graphene sheets with diameters in nanoscale. They have high
mechanical strength, chemical stability, good electrical conductivity, rich optical properties,
and high surface area. CNTs or carbon-based materials have been widely used m
electrochemical double-lavered capacitors/supercapacitors as a result of their large surface
area and low cost. There have been several studies on the potential of graphene and CNTs
hybnid films as a supercapacitor electrode material becanse CINTs have excellent binding
properties. To serve as a binder, to hold the graphene nano-sheets together, the resulting
composite films may possess enhanced high surface area, high electrical conductivity, and
large specific capacifance [13-19]. Recently, many efforts have been made to obtain
graphene and carbon nanotube composite electrodes for supercapacitors by various methods
of synthesis such as gamma radiations, reduction of a graphite oxide, vacuum filtration,
chemical vapor deposition (CVD), spin-coating, and plasma enhanced chemical vapor
deposition (PECVD) [20-29]. In this work, we reported a simple fabrication process of
graphene/mmlti-walled carbon nanotube (MWCNTS) composite via laver by layer (LBL)
assembly with vacuum filtration techmique. This method may not be suitable for creating a
large scale area; however, it has a potential for development in battery and supercapacitor
industry [20-34].

Experimental details

MWCNTs/-GO hybrid films vsing LBL assembly were prepared by vacuum filtration for
making electrodes. Herein graphene oxde (GO) was prepared from a GO solution. The GO
solution was prepared by the chemical oxidation of graphite flakes according to the modified
Hummers method. MWCNTs were prepared by adding CM-150 02g in a muxture of
hydrochloric acid and sulfuric acid with ratio 1:3. The solution was centrifiged at 500 rpm
for 12 hours while the temperature was maintained constant at 100 *C. Then, it was filtered
throngh millipore (omnipore membrane filters type 1.0 pm) until the collected solid of
MWCNTs solution was obtained. MWCNTs deposited on the membrane was rinsed by DI
water. Consequently, the muxture of MWCNTs and DI water was placed in the ultrasonic
cleaner about 10 min. The solution was filtered and rinsed with DI water until the pH of the
solution became neutral By LBL assembly, a four-lavered GO/MWCNTs composite was
fabricated as following processes. First layer, 5 mg of GO solufion (4. 2mg/ml) was diluted
with DI water by 1:1 ratio then shaken for 2 min or until a vniform mixture was obtained.
GO paper was prepared by filtration of the diluted dispersion through a anodic alumimim
oxide, (AAQ, anodisc 47, 0.2 pm 47 mm 50 circles. made in Germany) membrane and a
filter paper (50 mm in diameter) until the surface of the GO appeared virfually dry. Second
laver, the MWCNTs (2.5 mg) solution was put in vacimm filtration until the surface of
MWCNTs was almost dry. Third and fourth layer, the same process were performed to form
GO (53 mg) and MWCNTs (2.5 mg), respectively, until a four-lavered MWCNT/GO
composite was dried. After drying. the MWCNTs/GO films would peel off from the filter
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membrane automatically with carefil use of forceps, and it was allowed to dry in the oven
at temperature of 50 °C for 5 h. Next, MWCNTs/GO (4-layers) sample was heated at 500
“C under nitrogen (20 ml/min total rate) atmosphere for 1 h in a tube furnace in order to
reduce the oxygen from sample. Finally, the MWCNTs/GO film was removed from the
furnace and allowed to cool down to room temperature. This work was performed at Korea
Research Institute of Chemical Technology, (KRICT). Dagjeon, South Korea

Results and Discussion

Fig. 1: (a) shows the top view FE-SEM images of MWCNT=/4-GO films after thermal annealing at
300 °C, (b) cross-section

Figure 1 shows the field emission electron spectroscopy (FE-SEM) images of MWCNTs/1-
GO films after thermal annealing at temperature of 300 °C in the mtrogen ambiance for the
removal of oxygen-containing functional groups and molecules of water from the sample,
after reduced oxygen from sample. thus MWCNTs/1-GO can be observed in Fig. 1. A fop
view of sample exhibits a dense fibrous of carbon nanotubes covering on the top surface and
rough spongy surface as shown in Fig. 1{a). Fig. 1(b) shows the cross-sectional FE-SEM
images of the MWCNTs/r-GO in which the packed lavers structure can be observed in the
sample. It implies that MWCNTs were bonded to r-GO, not just physically adsorbed on
surface of -GO. This sample can improve the electrical connectivity of sample due to the
effective intercalation and distribution of MWCINTs between the r-GO layers.

{b1 MW HTRIRG0

Intengily (2.

002

3] MWCHTIGD

r T T r ;
20 40 20 (=)
2ridegree

Fig. 1: XRD pattern of hybaid films (a) before and (b) after thermal annealing at temperature of
500 °C, respectively
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We used x-ray diffraction (XRD) to characterize hybrid films before and after thermal
annealing at temperature of 500 °C to identify the chemical compositions of the samples.
The XRD patterns of MWCNTs/GO (before annealing) and MWCNTs/r-GO films (after
ammealing) are shown in Fig. 2. Fig. 2(a) shows a sharp peak at 28=10.62°, which is
corresponding to the (002) plane of GO and CNT [22]. Fig. 2(b) presents a diffraction peak
of sample after thermal annealing at 500 °C and oxygen is removed in this process. After
reduced oxygen the GO peak at 26=10.62° disappeared, while a diffraction peak at
26=26.10° can be detected, due to the loss of oxygen These results are corresponding to
structural changes in the GO and CINT that were chemuically bonded. This reduction in results
can be confirmed by x-rav photoelectron spectroscopy (XPS) and Raman spectroscopy. The
species and chemical state of the each element on the surface of MWCNTs1-GO hybrid
films can be determined by XPS technique as shown in the Fig. 3. The Cls spectra of sample
before anmealing as shown in Fig. 3(a) can be divided in to four different peaks. The peaks
are located at a binding energy of about 283.7 €V correspond to amounts of sp® carbon (C-
C) and the binding energy of  C-0 at 285.6 eV, C=0 at about 287.7eV and O-C=0
(carboxyl) at 289 3eV, respectively. After thermal annealing at the temperature of 500 °C,
the peak infensify of Cls at 283.7 eV increases and the peak position shifts toward a lugher
binding energy. while the peak intensities for C-0, C=0 and O-C=0 peaks decrease,
indicating that after thermal annealing the oxygen containing functional groups of the GO
was removed and CNT were chemucally bonded with r-GO. Room temperature Faman
spectra of MWCNTs/GO before and after thermal annealing at 300 *C were measured by
using Raman microscope (Renishaw invia Raman microscope) with 785 nm diode laser
excitation on 1800-line grating. Faman spectra of sample before (black line) and after (red
line) thermal annealing is observed in Fig. 4(a). respectively. Raman peak of D is located at
1350 cm™ and G peak at 1580 cm [22]. The intensity ratio of the D band to the G band of
pre-annealing is about ~0.97, whereas the ratio ID/IG of sample after annealing at 500 =C is
~1.2. The mtensity ratio of the D to & bands increased after annealing. indicating that an
mecreased number of small sp2 hybridized carbon atoms of graphene can be formed [26].
The 2D bands of pre-annealing and post-annealing samples are shown in the Fig. 4(b). The
2D band of sample after thermal annealing of 500 °C is clearly shaper than that of pre-
annealing, indicating that MWCNTs-GO has nmch fewer graphene layers than
MWCNTs/GO [27-31.35-37].
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Fig. 4: Baman spectra of MOWCNTs/GO (a) before and after annealing at the temperature of 500 *C
(b) and high-resoltion 2D peak of samples.

The electrochemical behavior of the fabricated MWCNTs/1-GO LBL was characterized by
cyeclic voltammetry (CV). CV measurement of sample was obtained in 6 M EOH aqueous
solution at room temperature. It was performed within the potential range of 0.0 to 0.8 V at
scanning rate of 5 mV/s to 500 mV/s. The measured voltammetry curves show a quite
rectangular shape for scanning rate lower than 70 mV/s indicating a good charge propagation
and ion response within the electrodes. The shape of the CV curve of a supercapacitor should
be rectangular providing that there is a low contact resistance, attractive for capacitor
applications. A small changed in the rectangular shapes with the increase of potfential
scanning rate from 100 to 500mV/s, which is mainly due to the resistance of the electrode.
The specific capacitance of the electrode can be calculated according to the following
equation.
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Where Cs is the specific capacitance (Fg''), is the mass of electroactive materials in the
electrodes (g). is the potential scan rate (mVs-1), Vi and Ve are the integration limits of
voltammetric curve (V). and I(V) denotes the response cument (A/g?). The measured
average capacitance of MWCNTs/-GO samples were 538 F/g, 511 Fig, 474 F/g. 375 Fig,
267 F/g. 138 F/g at scan rates of SmVs™!, 10mVs?, 20mVs!, 100mVs?, 200mVs?, 500mVs
! respectively. The maxinmm specific capacitance of about 538 F/g as MWCNTs/r-GO
electrodes was higher than the films made from graphene or r-GO only. There have been
several studies on the potential of graphene/CINTs and rGO/CNTs as a supercapacitor
electrode material. High specific capacitances of 135 F/g, 205 F/g, 212 F/g, 2004 F/g 385
F/g have been reported [8-9, 30-38]. This result agrees with the previously report that the
GO-CNTs is expected to show promusing performance for the fabrication of supercapacitor
because of ifts possible good electron conductivity, low diffusion resistance of
profons/cations, and highly electroactive areas

Conclusion

This paper describes the fabrication and characterization of hybrid films comprised of
MWCNTSs grown on r-GO for supercapacitor applications. MWCNTs/1-GO hybrid film was
obtained by a simple process by vacuum filtration with LBL. The hybnd films were
characterized by FE-SEM. XRD. XPS and Raman spectroscopy characterization. The
specific capacitance was calculated by infegrating the area under the CV curves. The
maximum specific is 538 F/g at a scanning rate of 5 mVs™ in 6 M KOH. which is higher
than the supercapacitors composed of graphene or r-GO only. This sample 15 promising for
the improvement of supercapacitor electrode materials.
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