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AdADY - ndleuleesled, ieunly, waluladdy, sunleanusau

nmsdasesivesieululninmielasenlys (NTs) gnduasienannszuiunisuelulad
wiuvosuiulnmdsurossluaisazarsvonediulnanealudiunauvesuiuaiile
(deionized water) uAns1fua1sF1061991191AN1MARBILgNNTIAADUE N WAL NS
dougnuinet dnwarlasaiawdn sedusenausn wazesdusenaumaail memalladig 9
ﬁﬂﬁ ﬂﬁ@dﬁgﬁ%ﬁﬂﬁ@Lﬁﬂmamwuda\‘mﬁﬂ (field emission scanning electron microscopy,
FE-SEM) n15taeaiuudedisng (X-ray diffraction, XRD) Raman spectroscopy WazlangLsd
Ilndidnaseuaualnsalal (X-ray photoelectron spectroscopy, XPS) AUENRY LEUNIU
gudnanauazauenvasioululnmidenlasenludgnaiuaulnsyiuuvesiusiaan
lopoufifinnududuuanssfuisnnmeassinuimelmmdelaeenledluuiinuves
husmanleseuiifiarundudu 12 wt % Wutiinafivmngdmiumsiiluyssgndlda
ffusinsadauasyd (UV photodetector) tilosnvielnmidoulneenlediishmaduituiiie
Uinsnnuasdianuenveiolnmidelasenlsdfivmngay fafuelnmideuleeenludi
I§annnsnnaesisannedmivnisinludszendldaueie 4 Wy dnsnfauas’

A95397AKAE (gas sensor) Lwadwase19nd (solar cell) kagdLsaU Ase1nI9nas

(photocatalysts)



ABSTRACT
TITLE : EFFECT OF DI WATER CONTENT ON THE GROWTH OF TIO,
NANOTUBES SYNTHESIZED BY ANODIZATION PROCESS
AUTHOR : PRACHTRAKOOL KOKING
DEGREE : MASTER OF SCIENCE
MAJOR : PHYSICS
ADVISOR : ASST. PROF. SUTTINART NOOTHONGKAW, Ph.D.

KEYWORDS @ TITANIUM DIOXIDE, NANOTUBES, ANODIZATION, THERMAL ANNEALING

Vertically aligned anatase TiO, nanotubes (NTs) were synthesized by anodization
of a pure Ti foil in ethylene glycol solutions containing different concentrations of
deionized (DI) water. The morphology, elemental composition, and crystallization of
TiO, nanostructures were analyzed by field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), Raman spectroscopy, and X-ray spectroscopy (XPS),
respectively. The diameter and length of TiO, NTs were controlled by varying
concentrations of DI water. Furthermore, the research indicated that TiO, NTs in DI
water 12 wt. % was suitable for further applications in UV photodetector due to it
having a high volume to surface area ratio and long tube. TiO, NTs had high potential
in various applications such as UV photodetectors, gas sensor, dye sensitized solar

cells, and photocatalysts.
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1.1 anudunnuazanudfny

o

v o

Tnndflen Tio, Wuansisdniadadu (n-type semiconductor) waztuansnedaig
losumnuauladuiiasluaudBiugulasdnvaziuenziainiesunienn veall wag
auUANIaLEs wanAnaulANIaINIeA Nzl NRwa weuleeanlandilivautosing

(% 1% = . a & o [ 1%

Wa9UNI19A wide energy bandgap Uszana 3.2 uag 3.0 dianaseuliandiunsulaseasia
NENUUUDULNA (anatase) wag3ina (rutile) muandu [1-7] drgauautalaaidunig 9
fananu Uy lrTnIne1aansussunIvelrauaulaludnwurlassasaveaviauily
TInndleulaeenlan (TIO, NTs) WuiiimwuazidunionimninsfneideiiiuunniuGes o
qufalagdu wu drnndssendldludingiaiauia (gas sensor) AInsIadauasyd (UV
photodetector) diulsenovlugunsaliwaduasaniing (solar cell) ALsaUFATEMIUAS
(photocatalysts) Wiansuannseuentalasiauesnainin (hydrogen generation) Wadu ¢
Judu [1-15] iesanfiuaudesinamadsnuinindslasusumnaulasasgninunuszandld
I o [ a 1 d' d' :'z 1 [y} 1 1 a 5
WudnsradauasyIlugieninueninfuiidind 380 uiluiuns Aueg1aunsnaly anns
Tmndleulaeanledgnineglunquuesansiivasndeliiluiiviedwindon dauadiosnin
fogaMnlgearlaununIIHEneY

Uagulidnvarlassadeszduunluwnsvesinmilleulasenladgnlasuaivauladu
YUY UEUAIAUNLY (nanowires) k19Ul nanorods #5aviaulu (nanotubes) [10-14]
Pnnmuativieululnnillonleeanledlasuauaulauinigaiiosninisnsadiununisie
Yumsunnuazanvaznisisesiiilussdeou Sumunzdmsunsdiundszgnaldvindusa

) A=V v | A Ao A = U a s ~
nsrvinwased Baladinssenuindanubhauasianaussousfdossuiuiaulnmidey

YA v a v [

lneanled adrslsiudrundaqiudlafanisensieruimuuiuuss TiO, nanostructure
based UV photodetector lilaussaugitulaonisinunadraduansussnouniothunadng
Wulpseasresesdouuui-1Bu (p-n heterojunctions) $1ufua15UsEnoUdY 19U noble
metals viialanzaanles (metal oxide, MO) #3pansiaith AiluoUTe3 I mdLUAY 19U
FeO,, CdS, CuO, NiO waz WO, tdudu dlaiin1ssssduin UV photodetector fiasn997n

p-type MO/n-type TiO, heterojunctions Qﬂﬂizﬁ%uﬁmmmhqﬂLLasﬁammuzﬁﬁﬂ’jw uv



~ v . = 1 a = < Yo U a v 1 v q'
photodetector #1a351931nUuFIUVRS TiO, Llgdag1ufed Feagiiulaininidugadunas
UFulsanasiimuansusenausening TiO, AUasusenaudumsaInnIsALAIIMUIT NSANY
HansenuwazantRvesdnwaeiuivewlulnnilleuladeenlendsliegtos duiumewmana
Tuidelladuigfnuidnvausnuiivewsululnnlleulaeenleandansivsilaain
nszvIumskeluladunivsnadunauvesdiysanlessuiusuauansaiy F99ins
o dy L ! a %)’ a IS 1 v ! IS (34 v 5
asslasiunuiusuailedinade wunauazdnwugvislnnlleulasenladig Ay
NMATstagAnwaudAnuguLazanyuEiuig vuavie inideuleeanles wenusuin
S av A ° v o @ 9 1 = s A ° Y o
dlefmnzandmivihinvsulsainumislunideulaeenled Wesihudssendldii

Jusnsiatanaedseluluswan

1.2 dngusrasAvadlaseinisivg

12,1 ieRnvisnswieuasUsznouunluges ntype TiO, Usinadunanvetingbo
USnauandeiu sudisgamaiidaus 500°C Tasnszuiunsdaeseziuvuuelulaiedy
(anodization)

122 pyrdeudnvazdidinemaiag % LU X-ray Diffraction (XRD), Field Emission
Scanning Electron Microscope (FE-SEM), X-ray spectroscopy (XPS) #38 Raman spectro-
scopy

123 wiwisaui@fiugiuves TO, kagarusnwsunslusiudssguivinig
melulsswmevsonsusewmealaognadil

124 ewsuniosdninuiuazszaunisaidmiunisimisunaz ey Tio,
Slovsmnanidlessiuardmaturioululnmideslasenlsdlviftudiiaulay dndnw

1.2.5 WEUNIHANUININTIERUNA/UNNA og1etioy 1 13as

1'%

1.3 YIUUAYBINISANYIAUAI

[y

AS19TLUUNAUITNIFENTUTLANT A WA DWAUITAAILAINNITOVDIUNIFU AT A

CY [y

nMdegulny

1.4 Uszlevidianadnagladu
1.4.1 aunsasienenssnauiinelfunismseuvisuly TiO, MENTEUIUNITIATEY

wuuslulawtulinuin@nuseauusyansuarUsgain



1.4.2 nadusalunisesen TiO, nanotubes Aifliauuvewmauazslng waznsimue
ANURtuvesTinaihusrnlessuiiuandeiu Neamaniinseusgluyas 500 °C
1.4.3 nswiaudfnugiuees TiO, wuumasuinauasslng

1.4.4 annsamginslunulssgivnmsneglulssimaniensUsemasg1ades 1 1389
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2.1 dayabosduradlmmion
2.2.1 visululnmiileulaeanlea (Titanium Dioxide Nanotubes)
Imdemdulanslunguniuddudadusmifeguinlulanuazeylusy
ansUsznevvesusisiesatneenunitolildlmdonuiandiiaveznen 22 InsdiniFesh
Y9481anN50U (Electron configuration) Ain 1s? 252 2p® 3s® 3p® 3d? 4s? wazivuineymeou

IS <

47.867 Satloznoulyvinideniyindu 147 pm d9anasuiraiiazaniends 1,667 uay

9 9

3,285 °C gud sy Turaziianumuuduiioamgiiviesdio 4.50 ¢/cm uazilanmgumiy
i (Electrical resistivity) figaumgfl 20 °C #o 42.0 pa cm mnidlearihufizeladsumn
ansilsflalane (Non-metal) Tnglamzegrsdseantiau lelasiounarulasiauiigamaiiageds
anuzeandiatu (Oxidation state) maeiifisnasiatusniignfie 4* Fsansusznouiiaed
Tomaintunfdeluanaswanlasenlsduasinnsznaslsfinmedianiuzeantindudu 4
fefulassadrefasinduareglusubnmideslaoonled (To,) uarlmniounnszaaslsd

(TiCly) tHudulne) [15]

2.2 wilalvnifleulasenlan wimislaseasnavawan

2.2.1 auwd (Anatase) flassadrsndnuuuinnsslnda (Tetragonal) WWusdnfinuluy
s35uIAUILNANs mMnlviamougsndn 915 °C azdsulassawdndunuusing

222 5lnd (Rutile) fllassairamdnuuuimsyinda (Tetragonal) 1uvdiaiinuanndige
TusssuvA finwnamy uasiadosrensdsundasdegamniifia

2.23 vu3nAlat (Brookkite) filassadamdnuuvessilnsdudn (Orthorhombic) Wuwiiad
wulstleslusssund fmunafiesdegamniivn maldfuanufousinnin 750 °C agidou

lassagananluwuugivg



puN 3lna ugnlan

ad 2.1 lassadrsuuunng q vadlnndeulaeenlan

2.3 vieululmnitsulasanlua
lassasuluveslnimilleulasenladaiunsadunmeilivainnaieguuuu Wueuna

111U (Nanoparticles) tauleunlu (Nanofibres) 1 9u1lu (Nanorods) u1luSuusu

(Nanoribbons) a3au1Tu (Nanowires) kazviaunlu (Nanotubes) dslaseasisviounly

Tnmdeulaoanlemdulassasranlasualinuaulasgrauin tieasandaud@nisvunie

a &

v 1 Ya @ d' d' % < 1 o Y 1 aaa
Sidnasaulan dwalidianasouaiuisandeuilasiasilurioulu vinlidusauiisenlu

1
(% d

anwarll Wegnnszdulaendsnu ilmAanislanlassvesdidnaseuldsiaianiiguwuy

U MbiaunsaihlUldusslevilaegaiiuszansain wasdsaunsainlmniisulneanlani

D

fidnwaziuieululuuszendldiduiioUselovdlusiiuing 9 unnune wu sudidnnsetind
(Electronics) A1uLad (Optics) AMTUNAIIUNALNY (Energy storage) LaZAIUNITUNNE
(Biomedicine) [16-17]

2.4 msauasizvvisululnndenlasenlennisnszurunisuelulaigdu

nsgulunsualulady (Electrochemical Anodisation Process) Wumadandaves
nszurumsmaailifiafianunsaasunlasanmituiinvelans Taon1siliAnfida
sonlas (Protective oxide film) vuituinvedany ievinlilangaunsatesiunisinnsou
Isunnau Tnensldansazanedidninslas (Electrolyte) saufuiniasinglwihnszuanss (DC
Power Supply) %wzéfaﬂﬁ‘lamﬁaasmasgé’m%’j’;mﬂw%%maium (Anode) uazlaveaiindu
ogdudravuiodaualng (Cathode) Tnsdrulnajaylduduunadidy vieursadsldiduus
Aoy [18-20] fan i 2.2

nszurunsidwasinilietiuuuwadsidninslad desenevludedalni 2 vin Ao
Hauelun uazdauelng diuasazaredidninsladidlossuadoulumogluasazats lng

wannisvesnisiuelulawduasidunisinliiinufisealinenssualwilwdvinliingu



sonlyanadeswazdignsuvuiadnunn 9 wdsveguuilans luvasyiuelulawduloosu

a

uINAgIwd I TIkalnauasiinufasensanduntinalng druftinelunasiinUgizen
sandwdulaslossuavazindimaiuelun adusenlednioveguurivedans ey
o

mewniidadufinnenssudsniseniinisiweluladu wie wolufneendindu vedany

Tnwiley

Power supply

/,—-1"" "‘\\
> '\
! {
Ti foil (anode) _| f i ;
| .
QT coil (cathode)

Electrolyte "’_’b_Ld/

Ani 2.2 asrUsenauvaagadtad i luniswaluladusiuniagialmmiiounosn [21]

2.5 nalnvasnisneflvasiaunlulnmilleslasanladlaenszurunmsualulawdu
nsnemiuAuIInuRulimideuviujiserduaisazaredianiusladiinnisnefdives
sanleania ey lneinainnisvirugisevedmdenlossuy (Ti) eandaulessu

(0%) viselansanlanlonau (OH) ludidninsladasannis (2.1) wag (2.2)

- +
2H,0 >0, +4de” +4H 2.1)

Ti+0,—> TiO, (2.2)

J a Y < 3 a & s al % 3
NUULANTAOMYBIINTUTLIAENUNTuEBNlgaluBldntnsladiusenaumevlgeslss

leeou 1y n3nlslnswgesin (HF) uesluieuvgeslsd (NHF) iosanvigeslsdlosau (F)



negludianinslad Fadlauaudfdansou laglnndeulneenledfigninnseuszaaisds

ganinTiuvigeslsdlossu (TiF%,) deaunis (2.3) way (2.4)
Ti" 4+ 6F —>TF

TiF~ +2H,0 > TiO, +6F +4H"

(2.49)

Wiehandulugnsuiliinduaziiuanudnuiniu uasivdsuwlatdasaieauiidnue

Yy v
= IS 1

1% = o ' & a a v o X a IS a a a a
ﬂa’]EJﬂa\‘iﬂUVlasU‘U'](ﬂL’ﬁﬂ‘VILiENG]’NNQWﬂﬂUWUN’JIVIW]Lu‘&JlI Bendeiinduiinvieunly

Tnmdleulaeonlonnaning 2.3

Oxide Pores

N\ / \

‘\\ Barrier layer
(=]

@ Metal Ti ( (€)

Pores voids
N £
Barrier la}4

(d (&)

anil 2.3 anvaznisiiavisululnindeulasenled (a) nsnadivastuaanleq,
(b) BuiingnsuvuIndnuulueantes, (c) nsiiulavasgnguannIuiadu
YU Barrier, (d) N13YE18AIVIIVUIATNIULALATHAWAIVITUDDNLBALANA

Juwideia uas (e) dinlurieunlulnndeslasanladagiauysal [21-22]



2.6 ¥ANNITUAZIBTNITIATIEN
2.6.1 X-Ray Diffraction

n53es1zAdldiuialureanaiiania X-Ray Diffraction #a Powder Method
wmallnansiaegsiaziinziazgnualaziden (Powden wazltlfogeffuaniozves
Brage's Law lun1s3insnzviasielngdaz1d X-Ray Diffractometer 7ifisa¥n (Detector) X-Ray
devAAsuuagANLITuves X-Ray MAsaLuueenun waxil Recoder fivhwthil Plot
A X-Ray iasauuseniifisuiuguiliaeaiuu (26) wuusnluifanngnsdenun
dmFuteadguinasy (Cubic Unit Cells) tnafianis XRD anunsalduilassa¥randnves
vowuddldmnuiinsinneilasaaimdnuasarsing q dudeudndlianysal uasdudeuly

msnlassadravedangidy Cubic Unit Cell Tngldaunis (2.5) fie

a
d = (2.5)

k)
NSRS

gl 2dsin@=nA il n 1 1

agle d. . =——unuan d luauns (2.5)
2dsin@

A

a
ayla = (2.6)
2dsin@  A/h? 4K+

2.6.2 Raman Spectroscopy

nénnsvhauidesutvaaslussdueynialianavesasiuasaouaussnisyy
fuenabangu fo suudilnneutunszaeundufrendaruvinfunissunuui Fondn
Rayleigh Scattering uasfiinnduainnisnssideiufindsnuvingy FslilavenAudnuae
Sumnevtedsiiudasiluassiu uilinssutuvedlinousvaaslussdveyniadnuuuni
Fedunnmsvusuilidavgunaeluanavesaastunsvaussinensfundanudily
vidpmendsnueenin Mlindumvesineuiiinnduannisnszidsiosniiudeuinnii
wasfianensznuiuadefuingaestuiinnudigannsutuudinssneduiudniutiosly

NNAANIY
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2NN 2.4 wANN1STINIUYRLnAla Raman Spectroscopy

2.6.3 X-ray Photoelectron Spectroscopy (XPS)

[

waida xps niefidaniulude Electron Spectroscopy for Chemical Analysis

Y

3

(ESCA) Tduaslugnuues soft X-ray Lilen1snszduliiAnlnlaBidnasounagiiufinisiins e
Andanudauievesdidnasoutuluan (Core electron) iflesanamdrnudanariduen
awzvasameyluurazsnuariuegfivanusmaaiivosozneutu nsiesesidna s
annsnszyriauarantugnaaivessiniiiussdusznovuinaiiuivesaisiifenis

AAs1EAlA

Raster Scanned Ellipsoidal
Micro-Focused Quartz Crystal
X-ray Beam Monochromator

Energy Analyzer

Raster Scanned
Electron Gun

\
| L3 .
E=a Al Anode

Samnle

2NN 2.5 wann1sTnauveanaila X-ray Photoelectron Spectroscopy

2.6.4 napsgansIAIBIaNAsaULUUHBINTIA (FE-SEM)

Field emission scanning electron microscopy (FE-SEM) Wundes YaNIIA 1

Aao o

danmseuiiifdmensligariiiuieies TEM (A3ee SEM dMmdwenegeanyssaua 10 unly

WR3) N1SRsBueg1nieNIsgaleiaIes SEM Ulidndudesndiegrsassesdivunnuig

aAa & d‘

1w P 1% d' XX v v [ d' 1
NINULNBANIYLATDN TEM ﬂ‘lﬂ (LW?WBI@Jl@G\i?Q’]ﬂﬁ]’mﬂ’ﬁ BLANFIDULARBUNNSHNIU

¥ '
A a

F9819) N1sasnInvinlalaenisnsiaindiannseuias NouaNNURIMNUR 88197 N1T
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A5andunisIY

3.1 Jangunsal
3.1.1 3esdnela (Power supply)
3.1.2 @l (Wire)
3.1.3 Unineswaiafn (Plastic beaker)
3.1.4 nszynwanain (Plastic jar)
3.1.5 urulvindeu (Titanium sheet)
3.1.6 wyA1sUaU (Carbon)
3.1.7 weadansluila (Ultrasonic cleaner)
3.1.8 9uEde (Petri dish)
3.1.9 dudalulasiou
3.1.10 1A309 SEM 8% JEOL JSM 5410-LV
3.1.11 309 X-ray Diffractomneter 8%e PHILPS X' Pert

3.1.12 #3843 hot plate magnetic stirring

3.2 saadiildlunimaass
3.2.1 Ethylene Glycol (EG)
3.2.2 DI water
3.2.3 Acetone
3.2.4 Ethanol

3.2.5 Ammonium fluoride

3.3 @n1uNaiueIuIvY
AMAIVINENE A1AIVIINBIFNARTTININ WATANITY AMNLINYIFNART UWIINY1DY

guUasI¥eTll
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3.4 35n1519a89

FBn3wsey TIO, nanotube arrays lagninseuduuuukulnnillounsedlasuelulaw-

'
o [

u FeiisnswIeusel
3.4.1 daudulnindeunass vun 2x3 cm
342 dusulmmideunesd ¥iAuare ndie Acetone, ethanol wag 11ile
audsU og1eay 5w lusvuudansleda antud luieeusalulnsiou
3.4.3 wisuansdiaelnslavividdunauues Ethylene glycol Aaadudu 97wio, NH,F
Aty 0.3 wt% waz 1itle Aududy 2 wite (Inethvn) puasazanedidalnslast
TAniuAae hot plate magnetic stirring
3.4.4 thuslulmnideuvesdiiazenn fuluasazaredidalngd duandusud 2.2 Tay
Falvwiulnndouoss vuufuwsuaueu (svegriistszann 2 cm) arnilduseiulal
voumasdgliit 30 V udusulnmeniicld 2 $alug
345 791 wiasumnududuresUSinasiilesstuiiae 2 wioe, 6 wtd, 12 wtd%
LAz 16 wit% i)
FUf 1 EG 97.55 ¢ + NHgF 0.45 ¢ + Dl water 2 g
%uﬁ 2 EG 93.55 ¢+ NH.F 0.45 ¢+ Dlwater 6 ¢
Fufl 3 EG 88.55 ¢ + NH,F 0.45 g+ Dl water 12 ¢

v '

TUN 4 EG 85.55 ¢ + NH,F 0.45 ¢ + DI water 14 ¢

De

345 \easuauiatiidinua dusulnmdelasenlediiundialagldiaies
Ultrasonic cleaner 1 w17 utlu Acetone 1 w9l wazualu Ethanol 80 1 w1
3.4.6 tuiulnnideulaeenledilduidasldufalulasioy Weukulnmdsuls
oonluduriahluslumeou Tngligamaiveanmeve 500 °C Wuna 2 42l
3.4.7 dnsiulndeuleeanlynlunsrvaeudnvazmadugiuinet anvauslassadanan
sfUsznaus g wavesiusznoumaadl femedaig « fail
3471 NA0I9aNIIANBLANATOURUUABINTIA (field emission scanning
electron microscopy, FE-SEM)
3472 madsnuudadiend (X-ray diffraction, XRD)
3.4.7.3 Raman spectroscopy
3.4.7.4 Longsdlnlndiannseuaualasalall (X-ray photoelectron spectro-

scopy, XPS



uni 4

NAN15938

4.1 awinevesasFIeE 1 iauLaudIn1saUTigamall 500 °C 1utan 2 alu
NNAMA 4.1 uansanssogrswsiulimieniesdiiviinisuelalawduluasazaiedida
Toslavififiusunanialefiunnsnaiusll a) EG (97.55 ¢) + NH.F (0.45 o) + DI water (2 9), b)
EG (93.55 g) + NH,4F (0.45 ¢) + DI water (6 ¢), ) EG (88.55 g) + NH4F (0.45 ¢) + DI water
(12 ¢) whaz d) EG (85.55 g) + NH,F (0.45 ¢) + DI water (14 g) ﬁmgﬂﬁ]uﬁuﬁdm’%nmﬁﬁﬂu
asazarwdidalaslasiaziinisidsudvoswsivlmmdouresdodiadiulsdaiauiesain
UfRsonAntuszninsusuiegstuaisararsdidalnslasidleviinisouanufoufigumad
500 °C tHunan 2 $2lus Tuanizussennia daanddunind 4.1 :inamazdanaiiuing
vosansingaldsulufudiimegaiulddaaudoninniseufigungiguiesda
H,0 uazansiafifivaunieagluarsdiorns wu Woolsd wardsudoudu q Wualy uas

a a [ LY i = =1 3 1 3
Wenswdsumadudnuaslassadimdnveslnmdoulaeenledegsauysal
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ﬂi (g)

ad 4.1 wrulndedleeanloandusuiaiiflafinnenu a) 2 wt.%, b) 6 wt.%, c)

12 wt.% ag d) 14 wt.%

4.2 #aaNN15IAR2Y Field emission scanning electron microscopy (FE-SEM)
Snwaugmsiiuinvesansiaegng Tio, fiiiuniseufigamad 500 °C Tuan1izusseinie
Huaan 2 Falus gNuININTIIERUMIENATA FE-SEM Fauandlunnil 4.2 (il (a-b) wans
SnuarUsnaiuRavearAinvINmes TiO, nanotube arrays fidusmnaniile 2 wto
Yoz (c-d) 6 wt%, (e-f) 12 wt% wag (g-h) 14 wt% LLama”ﬂwsz%L’amﬁuﬁ’aLLasmwé’maq
vesEsiogafiiiuinailefiunnansiunudisu anamd 4.2 (@) axdanaldindeld
Umauidle 2 wio dnvngiuinvesansinednasianouuunaguey uagtuInves
GusigugnansvisUssana 100 NM auinaueTvioyssann 22 pm uanainiazdanelén
dousmahilesndudu 6 wide, 12 wi% uag 14 wi% agvilivuiadusigudnanavie
gy 100 NM, 120 NM, 160 NM wag 170 NM audisu dauanslunini 4.2 (a, c, e
war o Tumnssiuiuasdunafiuiimunaueniviesvananievinahilediudy fe
mnugnvielnmiflonanatain 22 pm 8y 10 um, 5 um wae 3 um dnsudsmasiile 6,

12 uag 14 wt% mua1iu dauanslunnaefinuined 4.2 (b, d, f uag h) memanailauise

'
a

asuladnfevsuianidleinduusuin H ions luansasargiintuaiedsaunis (2.1)
Weannnisuandvesiazddiinaseu sendiaulansenled ntuvgeslsdinujisendiu

didnmseunazlansenledazinliinuisenegnesinid mewswatiaziinlinisaaiedimnig
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wilveseanleaiiuniositu azdwmalidnsinisiivlavesionseninueivesiounly
lnmdleulaeenlenantesas luvusiiduiiaudnatwemisululnmilloudvuinuiniy

aaudsagulaindsinanihdleinadaduriaudnanaaraueivieululnnilledlaoenlen

3 um

T [ R B B B |
20.0kV 12 3mm x50.0k 1 2004 12,50 m %1 F0Cam

AN 4.2 USaiuRawaznnanvnsvaisun lulnmileulasanlyan
USunauindla a) 2 wt%, b) AMWARYI19Y89 2 wt%, (c-d) 6 wt%,
e-f) 12 wt% waz (g-h) 14 wt% aua1nu
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ANA 4.2 UShanuRasaznnwaava1evasvisun lulmiteulasanludn
USuauunile a) 2 wt%, b) NMMWARYINVBY 2 Wt%, (c-d) 6 wt%,

e-f) 12 wt% waz (g-h) 14 wt% auaau (sa)

4.3 mswasziunndesalsznaulaemaiia X-ray diffraction

(101)

(004)
Ti

nomalized Intensity (a.u.)

L

T T T T T T T
10 20 30 40 50 60 70
20(degrees)

mwﬁ 4.3 XRD atﬂﬂm%'maaLLciulwmLﬁﬂuaanlwﬁﬁgnauﬁqmmﬁ 500 °C
WJuaan 2 °i'1l"a‘lm a) 2 wt%, b) 6wt%, c) 12 wt% uaz d) 14 wt%

AT 4.3 LERINAINATTIA XRD vas TiO, NTs Tuanvaranedidalaslaniiidusunaning
Tofiing 9 fu Ao a) 2 wt% NTIMLEUELAS b) 6W9% NTMLEUFNN ©) 12 wt9% NTIMLEUEURY
wag d) 14 wt% nSIEUER Aua1au F991nRansIiile asdansLiuIng 20 veq 25.3°,

37.8°,47.8° 52.9° uay 62.9° %uﬁw‘hLmﬂwaaﬁﬂﬁaamﬂé’aaﬁ’mzmwaa (101), (004),
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(200), (105) waz (204) MuaIdU Feszurumanialmfuindussuruveandouaves
Tnmdleulaoenlas Geinanunmaniuandififiuiiaissnogreiildiludnunslasieadies
TiO, AaLuvouINg dmSufiafiaudanssil 20 Wiy 40.3° waz 70.8° FeaonAdoaiy
53Uy (101) waz (103) uansdeszurunanveslanslmmdey feswiniduuns TO,
gnasisvusHuvedlans Ti auisausingiiavesgiusedlamsieilday TiO, AputIauls
uananikavesnmsiasie XRD ilvmmuiiliusngfinvessinuudiou iedsandsnideuu
1935193U 9 F9agUledn arsfieene TIO, NTs vugusesves Ti Agndaasizwiléainnig

a 1

aa o [ Y 1 PN
‘VIG]@’ENI@EJ’JﬁLL‘U‘ULL@I‘L!VLG]L‘U%ULUUﬁ’ﬁﬁ]’J@Eﬂ\‘iVIUiﬁVIﬁ

9

4.4 na3n Raman spectroscopy

145 anatase TiO, nanotubes
104 ¥
0.8
3
E -
=
@ 06
L
s |
c
2 0.4
& 640
w S
A EE AN DI14%
PN PR P v
................. el L T T TR ) DI2%

.......... - ~ . DIé&%
-------- - DI 2%
T T i T i T T I
300 400 500 600 700
-1
Wavenumber/cm

Al 4.4 sranuaansuYas Tio, NTs TulSunaiiile a) 2 wt%, b) 6 wt%,
0) 12 wt% uaz d) 14 wt% Trunseufeauiauilgamgi 500°C

Wuan 2 32lue

NAUANTUYBITIWIUVRIATAI0E19 TIO, NTs TutTunaniusmainlessun 2 wt%
89 14 wt% wagldriuniseumeaamnill 500 °C 1 Juvian 2 Halus dsanslunini 4.5 (a-d)

ANUAIAU FINANLAAINATINVDIATADE19 TIO, NTs WUINTYIavAduUTEUN ~145,
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~399, ~516, Waz 640 cm @nunsausuanlainduiines £, By, Bi+A, uas E, Fauanads
fnvedlaseadie TiO, NTs Aflawuveunna dadunisiuduléinaisiogng TiO, NTs
FUsunanhusiranlesau 2 wt% e 14 wio Rduaszsildaeituelulaedunassiiunis
ouflgamgfl 500 °C uan 2 $lus iudnwarlassaiauuveninaia naiiliaenndos
FUNAIINNNTIAEIE XRD Uenaninuin naansingiemada FE-SEM, XRD i@z Raman
815029819 TiO, NTs AflUsuadiUsaanlesay 12 wt% inzaudindunisinly

Uszgnaldmnsiaiawasg? iWeasmnildnuaeiuiiniseulasanuenivisiinzay

4.5 w8310 X-ray photoelectron spectroscopy

Cis

Ols

(b) 5

(a)

Tizp

Intensity (a.u.)

Intensity (a.u.)
Tizs

|33?25
Ti3s

. —T——— . ———— -
0 200 400 600 800 1000 1200 280 282 284 286 288 290 292
Binding energy (eV) Binding energy (eV)

01s

(c) mze..

- 3
3 o
= &
g 2
£ @
0 c
=] O
] =
- E
Ti 2p1f2
T T T T T T T T T T T T
456 458 460 462 464 466 468 470 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

A 4.5 XPS aan3uvas TiO, NTs MiIun15aufegumgal 500 °C
Wuran 2 92lue vasansaiadiefidusunainusaaniossu 12 wt.% o

a) survey scan, b) high resolution spectra, c) Ols, d) Cls
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ssfdsznoumaniiuarsnuesansiietne Tio, NTs Aifusuaniiile 12 wtd fiums
ouMegaumgil 500 °C Wunan 2 dalus gnihannsisasusemaia XPS fuandlunin
4.5 i (a) uanstaRnuLUUN 1sveasFnege TiO, Uiand dafinUszneulusie Cls Ti
2p way Ols indsauBawmiles 285 458 waw 529 eV mudwu Jedunaldinldnuinves
5193 9 neduievulas dwiunsdlvesalaniu Cls Adunaldainnisinde XPS
dleanainarsiedgninieuluannzusseinia fidundiuiinmessmaniveuiiay
Judoundounaqueguiinuiiiieddominiulfiaueduandunind 4.5 (b) luszdy
wdsudulu Ti 2p fdansldanawaniuves XPS axflaasiiniindsnudanien 457.4 uaz
863.2 eV doefinfiazuansds sEdudundseiuves Ti* 2ps, WAy TiY2pls MUEIAU
Fedonndestuaansuyes TiO, wuvau WA sauanslunmi 4.5 () dmsuaansuves
01s fauandlunni 4.5 (d) Aeduiszdundsnudamien 529 eV 1duiiafiuansdeiuse
Tangeanludves T-0 FuAnanndanudamieives 0% Tunaniivues TO, uagalUaniui

YRNFUdAmniled 531.8 eV wananaiuszves OH ignanduuuRive TIO, WuusunE
La
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d3Una afUTeNa uasdalauauu

5.1 d5duazaiusnena
nolmmdeulaeonladuuusunnainaniinisdasosdingruduszidevaiinaus

[ ¢ @ a

gndsaseivuuuguvedlninidounesd tneisuelulawdudaduisnieazainsansa a0

o

fuyus uarduaseilafigamnisn vielnndeulaoenledfigndaasedlddaeiztasrns
Fuaspifivsinashilefiunndneiu uasinsuelulaeduiiusesiuluda 30 v idunan
2 dlus ntuhlvevdeanufeuluannzusseniafigumad 500 °C WWuian 2 Falus
mséf’saﬂﬂdﬁlé’%gﬂﬁwmsm’ga]’"imt,as%miwﬁé’wLwﬂﬁﬂﬁuaq FE-SEM, XRD, Raman
spectroscopy haz XPS ATUaIRU Hafiliainn1snaasInud YUIALHUNIAUENA1IYID
lmndenlneanleduazanusmvesieannsngnauasldmensasuulansmame s
lowlesannisunnsvesinagiBidnasou sondiau lensenles antuigeslsfinjizen
fudidnaseuuarlansenled awilfiAaufiseregemnis mnusuahiled 2 wiv% -
14 wt% aufeaudeuluannzusserniaund Agamgil 500 °C 1uan 2 Falus 1
vauNNA 910 FE-SEM USinaniiiledl 12 wto Afiannszandnuasresiufiadosdaioy
wazidurinugusnanamngaufunisinlusegndldeusing q Sawaninnismnassdaeisi

winzgdmsunmaihlluszendldvinlusimsniauaeindneluluewes

5.2 daausnuzinvasussiliuivenswaunuidesely
AsiauliviauTures TiO, An1sdnsesivesedsaiausuazidusuideou Wisazld

AELURNINTADINS

5.3 UNRIUIAa lUVaInTNlATINIG

Igiannansissaiedn ntype TiO, wieldlun1sasta UV photodetector
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Effect of DI water content on the growth
of TiO2 nanotubes synthesized by anodization process
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12385 Sathonlamark Rd. Warin Chamrap, Department of Physics, Faculty of Science, Ubon
Ratchathani University,34190 Thailand
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Abstract. Vertically aligned TiO2 nanotubes (NTs) were fabricated by anodization of a pure Ti foil
in ethylene glycol solutions containing different concentration of deionized (DI) water. The
morphology, elemental composition, and crystallization of TiO2 nanostructures were analyzed by
field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), Raman spectra,
and X-ray spectroscopy (XPS), respectively. The size of diameter and length tubes could be
controlled by varying concentration of DI water. Furthermore, we found that TiO» NTs in DI water
12 wt. % was suitable for further applications in UV photodetector due to its good surface and long
tube. TiO2 NTs has a high potential in various applications such as UV photodetectors, gas sensor,
dry sensitized solar cells, and photocatalysts.

Introduction

Titanium dioxide (TiO2) is a n-type semiconductor. There has been much interest in its basic
characteristics and for applications in gas sensor, dye sensitized solar cells, hydrogen generation by
water photoelectrolysis, photocatalysts, and so forth [1-15]. This is due to its outstanding physical
and chemical properties. Recently, special interest has been focused on TiO2 nanotubes (NTs). These
nanostructures, TiO2 NTs is a popular material due to its vertically oriented, highly ordered structure.
TiO2 NT arrays have been extensively studied for their applications in sensors for hydrogen, oxygen,
humidity, and glucose [15-20]. In order to synthesized TiO> NTs with controlled shape and ordered
surface morphology, there has been reported by many different methods such as template synthesis
[6], hydrothermal, chemical vapor deposition, sol-gel methods [7-8], and electrochemical anodization
of Ti foil. Of all the methods, electrochemical anodization is the most popular method for synthesis
of TiO2 nanostructures due to its simplest techniques to obtain TiO> nanotubes with uniformity in
diameter, high surface area, high quality and superior alignment of the tubes [21]. The morphology
parameters of TiO2 NTs were prepared by electrochemical anodization method, e.g., length, tube
diameter, smoothness. All these parameters depend on the anodization conditions, such as applied
voltage, anodization time, electrolyte composition, and temperature.

In this work, we report the fabrication of a high density of TiO2 NTs that were prepared by
electrochemical anodization of Ti foil. Using ethylene glycol solution with different concentration of
DI water and constant concentration of ammonium fluoride (NH4F) were used in the mixture. After
anodization, the amorphous nanotubes were annealed at 500°C for 2 h. in order to obtain the crystal
structures of anatase and increase the electron mobility.

Experimental details

TiO, NTs with ultrahigh aspect ratio were grown on a Ti foil by electrochemical anodization
method. The experimental details have been previously reported in our work [22]. The anodization
of Ti foil was performed at room temperature in a two-electrode electrochemical cell in which the
graphite sheets and Ti foils were used as the cathode and anode, respectively. Ti foil was anodized in
mixture of 0.3 wt. % NH4F, 2, 6, 12, and 14 wt. % DI water in ethylene glycol solution for anodizing
time 2 h. under a constant voltage of 50 V. After anodizing the sample was cleaned with DI water,
acetone, and ethanol, respectively, for 10 min in each process, and then the resulting oxide layers
were annealed at temperature of 500 °C for 2 h. The morphological and crystal phase identification
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of TiO2 NTs was characterized by field emission scanning electron microscope (FE-SEM), X-ray
diffraction analysis (XRD), and Raman technique respectively. The chemical state and surface
composition of sample was determined by X-ray photoelectron spectroscopy (XPS).

Results and discussion

(@)

Fig 1, shows FE-SEM images of TiO2 NTs in DI water (a) 2 wt. %, (b) 6 wt. %, (c) 12 wt. %, and
14 wt. %, respectively.

The morphology of TiO2 NTs, after thermal annealing at 500 °C for 2h were characterized by
FE-SEM as shown in Fig. 1. The samples were anodized in mixture of 0.3 wt. % NH4F and DI water
concentration varying from 2 wt. % to 14 wt.% in ethylene glycol and constant voltage of 50V for 2
h. Fig. 1(a) shows top view of the anodized TiO2 NTs in DI water 2 wt. %. The surface of sample
was not clean and a small diameter of TiO2 NTs. The average length of the tubes was 22 um as shown
in the inset of Fig. 1(a). For DI water of 6 wt. %, 12 wt. %, and 14 wt. % were shown in Fig. 1(b-d),
respectively. It was clearly shown that, the average diameter of TiO2 NTs increases with increasing
DI water concentration as shown in Fig. 1(a-d), while, the average length of the tubes decreases with
increasing DI water concentration (see in the inset of Fig. 1(a-d)). Oxide growth at the surface of the
metal occurs due to the interaction of the metal with O* or OH" ions.

2H,0— 0, +4e +4H" (1
Ti+ 0, - TiO, 2)
At the metal/oxide interface, metal ions (Ti*") dissolve into the electrolyte under application of an
electric filed,

Ti* +6F~ — TiF~ 3)
Anodic formation of TiO2 NTs on the surface of pure Ti foil can be explain as following equation,
TiF) +2H,0 —>TiO, +6F +4H" “4)

Pitting of the oxide layer are formed by fluoride ions (F°) as shown in Eq. (3) and (4). Nanotubes
are formed as the pits are chemically dissolved further into the oxide layer. The variation of nanotube
lengths with the concentration of DI water can be explain that, the chemical dissolution rate is
determined by F- and H" as shown in Eq. (4). After increased the concentration of DI water to the
solution increase H* ions in the electrolyte (see in Eq. (1)). Resulting, the chemical dissolution of the
oxide is highly accelerated causing slow the growth rate of nanotube lengths. As a result, we found
that the tube lengths of DI water 2 wt. % is longer than 6, 12, and 14 wt.% as shown in the inset of
Fig. 1(a-d). Moreover, the nanotube diameters have been synthesized by anodization that increases
with increasing the concentration of DI water. Because of the accelerating chemical dissolution of
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the oxide causes nanotube with larger inner diameters due to addition of more water in Ethylene
glycol solution. This indicate that the inner diameter and length of tube was greatly dependent on
concentration of DI water [22-24].
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Fig 2, shows XRD pattern of TiO2 NTs in DI water of (a) 2 wt. %, (b) 6 wt. %, (c) 12 wt. %, and
(d) 14 wt. %, respectively.

Fig. 2(a) shows the XRD spectra of TiO2 NTs samples in concentration of DI water 2 wt. %, 6 wt.
%, 12 wt. %, and 14 wt. %, respectively. The diffraction peaks at 20 are 25.3°, 37.8°, 47.8°, 52.9°,
and 62.9° which correspond to (101), (004), (200), (105), and (204) of the anatase phase of TiO2
(JPCDS, card No. 21-1272) [7,21,12]. All the major peaks are TiO2, indicating that the TiO> NTs are
dominantly oriented in this plane direction. The featured peaks 20 values of 40.3° and 70.8° are
indexed to (101) and (103) crystal planes of metal Ti phase. The various impurity peaks are not
observed in the XRD spectrum, indicating that all these samples were pure TiO2 NTs.

i145 anatase TiO, nanotubes

Raman Intensity/a.u.

4(I)O 5(])0
Wavenumber/cm’'
Fig 3, (a) shows Raman spectra of TiO2 NTs in DI water (a) 2 wt. %, (b) 6 wt. %, (c) 12 wt. %,
and (d) 14 wt. %, respectively.

The Raman spectrum was used to confirm the formation of a TiO: anatase after electrochemical
anodization of Ti foil with concentration of DI water 2 wt. %, 6 wt. %, 12 wt. %, and 14 wt. %, as



shown in Fig. 3(a-d), respectively. Resulting in Fig. 3(a-d), it is found that the peaks at ~144, 399,
516, and 640 cm™! can be assigned to the Eg, Big, BigtAig, and Eg, modes of the anatase phase,
respectively [21]. There are confirmed that all samples formation a bulk anatase phase. Resulting in
FE-SEM, XRD and Raman spectra, we found that the TiO2> NTs in DI water concentration of 12 wt.
% was suitable for further applications in UV-photodetector due to its smooth surface and the long
tube. The chemical composition on the surface of sample was determined using XPS technique as
show in Fig. 4.

) 5
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Fig 4, (a) XPS survey scan spectra of TiOz in DI water 12 wt. %, (b) high resolution XPS spectra
of Ti2p, (c) Ols, and (d) Cls.

XPS technique was used to determine the surface composition and chemical state of TiO2 NTs.
Fig. 4(a) show the survey scan spectrum of pure TiO:. The peaks are Cls, Ti 2p, and Ols,
respectively, as shown in Fig. 4(a). No impurity peaks are observed in XPS spectra. The case of Cls
spectra usually appear in XPS analysis is due to most samples that have been exposed to the
atmosphere will have a detectable quantity of adventitious carbon contamination, (typically with a
layer thickness of 1-2 nm) [25-27]. In core level XPS spectrum of Ti 2p, two peaks at binding energy
of'457.4 eV and 463.2 eV corresponding to anatase TiO> in the literature. These two peaks of TiO2
could be assigned to the levels of Ti**2ps; and Ti**2pi, respectively, as observed in Fig. 4(c). The
fit peak of Ols as shown in Fig. 4(d), the main peaks at binding energy of 529.5 eV correspond to the
metallic oxides Ti-O bond which are consistent with binding energy of O% in the TiO> lattice. And,
the peaks appearing at 531.8 eV are assigned to adsorbed OH- on the surface of TiOx.

Conclusion

High quality TiO2 NTs were grown on Ti foil by using a simple, low cost, low temperature, an
electrochemical anodizing method. TiO2 NT arrays were fabricated by anodization method with
different concentration of DI water at 30 V for 2 h. Measurement and analysis of samples indicate
that the diameter and tube length increased with increasing concentration of DI water. Furthermore,
we found that the size of diameter and length tubes could be controlled by varying concentration of
DI water. This suggests the possibility of the promising applications in efficient UV photodetectors.
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