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Titanium dioxi : ) Was synthesized iging a sol-gel method. Various
- ‘ ) .

gr soiution were added to TiO;

",

amount of silver;
sol to produce A . ; Ti0O; sol was coated on
glass plates using a ing t¢chniguewo ms. The as-prepared films
; ‘ | : ‘ he in films was evaluated
by measuring the ¢ hgl » e (' ace under UV irradiation.
Addition of silverdr t Ings o 3 i iti s lof the mixed oxide films.
TiO; film containing l'.] s mol q’vﬂ““a ’ 0-1. \\h\- ungsten not only pos,:sesscd
the best hydrophilic pr ies T g theip®@bilities to retain hydrophilicity
after removal of UV irfadiatid *{ {3 to silver and tungsten inhibiting the
recombination of photo-genesfies : |
photolumine ’a;e spect ition of o ) olybdenum (0.1-1.0
mol%) to Ti(} g i

generated elecfft 15 ¢
vacancies on Tim

rface. Furthermore, neither CuO nor Ma'assessed hydrophilicity.
An increase in the 4’1 t of copper or mo]yh m in TiO; worsened the hydrophilic

"Ffﬁ"EI'JVIEJVI‘i‘WEJ'mﬁ

which agreed with the results from

s because the photo-

ating surface oxygen
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CHAPTER |

w ”CTION

is J|del gany applications such as

urlf'atlo geliss=pigment, UV absorber, gas

mggsurface, etc. As for TiO, thin
: ~— :
films, there a V' dhote-indteed“phenorena; the first one is the

deBomposition of organic

Titanium di '

photocatalyst for envj

pollutants in wateggnd 4 2 HaD! % \ oilen, s "'\, organic compounds; the
1

second one is hydrophrligfproe ,_ vhic cu \‘\ Ler Ti D, surface is irradiated

with UV light (F v hinga e A/ opelty of TiO, surface allows
o '

water to spread<€omplétel '._ i‘ \\ aining as droplets, which

can be developed inid seli-clea 'oo| ass@s and surfaces (Guan, 2005

and Yu et al., 2006). vever --1- S propér ' t ste The hydrophilic surface can
return to hydrophobic state -{fi::.-:ar.-..- g ke @' from'UV illumination for extended

period of time. .__{HJ
Th&_ _ f utilizing as a phc : in photocatalytic
process are&h Y, Mrjn hole pairs, which

lead to low phrm cata lig tl bsorption capability in

visible reglon |n et al., 2007). In order to slow down th ecombination rate and

enhange the inter cﬂ“large transfer efﬁme” doplni of transition metal ion into

HHARURITNHEANT

and Bellardita et al., 2007), W®* (lget al., 2001, Bellﬂa et al., 2007 and K t l.,

q W’lfﬂ\‘l NI TINYINY

electron—hole pairs, thereby prolonging the lifetime of electrons and holes and
improving photocatalytic activity of TiO, (Sharma et al., 2006). Nevertheless, only
few researchers have reported the effect of metal doping on hydrophilicity although



there may be a close correlation between photocatalytic activity and hydrophilic
property of TiO, (Guan, 2005).

Isgi.e., Ag, W, Cu, and Mo) were added

to TiO,. The effects of mefe e /wphilicity of thin films and their
abilities to retain oohi “.:I-' QFET_sefio | of UV irradiation were
investigated. TiO-afimme tal-la nﬁd by a sol-gel method and
then were coate 7 ing k dip=coating’

j bt TiOy, principles and
h”d'. ed'hydrophili¢ pr ‘iflh\-__ Ntese ™ the literature reviews
of previous work S tofthis res ;,*ir"-: ' l"\

[ S \'\
Cri i®, anti Metel loaded-TiO, using a sol-
gel process, preparatiin of4tH in

:!'!'-f-r _'r
b , f

characterization of the thinil

\
s by \ dip-coating technique and

-Or‘]‘é\)

AUEANENINYINS
RINNTUUNIININY



CHAPTER Il

TiO, is an ns

owing to its except strong oxidizing power,
chemical stabili ity fgood Tnechigmical Mg inexpensive (Litter,
1999). TiO, exist sfallograg rutile, and brookite (see

o higher hydrophilicity and
ile (tetragonal), mostly
common in na : re emperatures, which has
higher opacity, gre se. Moreover, it is used as

a convertible pigmenglfin ,-,.;;_._-_7;.;.;_'. tryalliang and Chen, 2004); and
| f' .

brookite (orthorhomblc), S Wich is scare and usually found only

in minerals (Ohara et al., 2008)#More0Ve ficult to prepare pure phase under

Fqilu @) V]Ej o = =
IS ININUHIINAIEY



2.2 Synthesis of titanium dioxide by a sol-gel method (Su et al., 2004)

The sol-gel process occurs in quuid solution of organometallic precursors such
silicate and zirconium propoxide. The
ctlons and form sol according to

(2.1)

where M aitl Rare fefa Ik gl group, respectively. The

sol is made of s6lid pafticlfs.of : -die : \._\. Mnometers suspending in
a liquid phase. Affter % * condehse into gel, in which solid
macromolecules are ’ .._.. ----- d ph e. \ 09 the gel at low temperature
(25-100 °C) produce poro ‘nr rice ‘ gels. To obtain a final product, the

gel is heated. This heat treafm; !;T"’“ F poses, i.e., to remove solvent, to

Wy
decompose ‘ﬁon | xiiﬁ;,)to rearrange of the
structure o t T Y S e et o) J

il
Using gﬂl}"jhsol- ontrol Mstmchmmetry of solid

solution and @*homogeneous distribution of nanoparticleS™and metal oxides. In

addlﬁn the meta‘oﬂs can be prepared e%at room temperature and high purity
HHINENINYIND

2.3 Photo-induced hydrophilicitygf titanium dIOXId in film

q W e A e

of a semiconductor. A semiconductor is characterized by an electronic structure, in

which a valance band (vb) and a conduction band (cb) are separated by a band gap

(Eg). The band gap defines the wavelength sensitivity of the semiconductor to



irradiation. A photon with energy higher than or equal to the band gap energy is
absorbed by a semiconductor particle. Then an electron (e™) from the valance band is

promoted to the conduction band§ ultaneous generation of an electronic

vacancy or hole (h™) in the yale pend. Fhig’pgocess is photoexcitation of electrons.

Figure 2.2 shows the photoCataly ¢p oCoufti n an irradiated semiconductor

particle. In metal, ypes- 0 ST i ns and holes, immediately
— ; —

recombine on th ' : ik of partielegin=a-few nanoseconds and the

accompanying ene i€ dieSipated hsyt onductor such as TiOy,
however, the e tiffeto allow themselves to

be trapped in s donor (D) or acceptor

( A) species, whichgftisogbedfog :
2.4102.7) (Li ). Slibge

e afthe particle (see Equations

can be initiated.

WBloexCitation) (2.4)

TiO,(e” +h"): Q)4 heat i8kombination) (2.5)

TiO,(e7)+ A—> TiO= (reduction) (2.6)
= .J-jﬁ‘

i, om0, datc @)

¢
o

Figure 2.2  Photocatalytic process occurring on an illuminated semiconductor
particle (Litter, 1999).



The hydrophilicity of TiO, film was actually discovered by accident work that
was being carried out at laboratory of TOTO Inc. in 1995. It was found that, if TiO;

thin film was prepared with certainyperc ntage of SiO,, it acquired superhydrophilic

r UV irradiation. Photo-induced
ytlc decomposition of organic

be Such as, strontium titanate

: ic-acl !aStOTIOz but not become

) or WO3, which shows
ivity (Miyauchi et al.,

property with water conta

) irradiation consists of

v t| (Sakai et al., 2001)
\ :

8 ine *'\-,' removal and adsorption

C “-\ dte wettability change on

A

: ‘ at thigshighly hydrophilic conversion
originated from the clean sUrface-produce ' B decomposition of the contaminants

b g o
on surface through com "':ff_?v.: phatoc ocess. However, after a large

number of@e @lon of hydrophilic
r.ljas, (1) hydrophilic
conversion of : aord-'on surface. Before and
m acid, both TiO, and SrTiO; films had theubntact angle about 20°
and 70° respectlv‘yﬂ‘ter UV irradiation, WNater contact angle of SrTiO; film

FHHINHNINEINT

Iowe‘lnan initial contact angle (Maaayushl etal., 2000) (2) treatment of TiO; s§rface

QAR INYINY

(3) sonication of hydrophilic surface of TiO; film in pure water back to the original

after applied

less hydrophilic one. As the hydrophilic surface was sonicated in pure water, the

surface strain were removed and highly hydrophilic was enhanced (saki et al., 1998),



and (4) on highly hydrophilic surface, it was found that the reconversion rate in a
cleaner pure oxygen atmosphere is much higher than that in ambient condition. If

carbon contamination is the only I s that glves rise to an increase of the water

contact angle, then it mighty conS|der that the hydrophilic-to-
hydrophobic -- . ;  \ should be higher than that in
Guth ' iwra |on of carbon containing
contaminants in ttm—" [ .*' v ult is the reverse (Sun et al.,
' n Laltegaate mechanism for hydrophilic

conversion exi of Orga ;, s0ntamimants on the surface (Irie

The mechghi indie \ydtophi LH,: oposed on the basis of
the reconstru v g hydroxy ’ "‘ curs%y adsorption of water
molecules on the rated ,,r €l sites8f IO, Uhcer UV light irradiation,
and reach to highly : f- D 1 \ of defective sites on TiO,
surface can be exp' ns 2.8 . - 9 (Yuetal., 2002).

(2.8)
(2.9)

When the Tiﬁ : Eenerated electrons are
trapped at the<slrface of Ti sites as Ti*" and immediatefy*oxidized by adsorbed
molecular oxyger‘vu the holes diffuse tofglilD, surface, being trapping at lattice

qummﬂnmmm; o

latticE® oxygen atoms. Then two ?<ygen radicals are coupllng and release as Oz

A SIS URIINYTAY

hydroxyl groups and then multiple layers of water molecules by Van der Waals forces
and hydrogen bond (Fujishima et al., 2000; Lee et al., 2003 and Guan, 2005). The

process gives rise to a hydrophilic surface. The longer the surface is illuminated with




UV light, the smaller the contact angle for water becomes and tendency to spread

perfectly across the surface.

replacement of chemi .u*_:;‘ oyl sy, from the air and the healing
of surface defectivessites,Which - dc and electronic structures
to the native Ti ' Varigret al. C ) €ons he hydrophilicity is lost
and the surface wegia peh; s f ‘ jliC Staltgsto hydrophobic state one.
, v N 4 Bemit would be more valuable
if the hydro ity 6F e Ji®, films car IY { for g time, through the
hydrophilicity co : J & sred : | t 10, surface again with

H H H H H
\Q . C.’/ \ C.’/
: Lot
; L s/
Ti* Ti* Ti*
N7 L) N/ N\
/H
-H,0, -1/202

or -(H,0 +0,)

QRIBINIUHAINEINE



2.4 Wettability and contact angle (De Gennes, 1985 and Irie et al., 2005)

Wettability is one of the most important on solid surface. The surface

wettability is generally evaluatgd! ¢
liquid/vapor interface meg: the ‘; contact angle is specific for any

given system and is_deterigee; ss the three interfaces. Most
often the concept issillustrated-wi S ‘ _' esting on a flat horizontal

solid surface (

t tangle which is the angle at which a

pe as small as possible

because the for ally change the above-

The theoretj iptiow"of coptactiangle acises firom the consideration of a
thermodynami: ilibriugh b _’ e ; \'-, lRmeENWg@the liquid phase of the
droplet (L), the s f f 1 ), andithey Sfapor phase of the ambient

(V). At equilib ch ?\ s should be equal. It is
convenient to frameghe giScUssiontt u.:p pithe i \"‘u'\" energy or surface tension.
The shape of the roI is detern Hined by oo‘\, aplace Equation (see Equation

2.10) which, must be Satisfi f d in ec Wﬁf owsin Equation 2.10.

(2.10)

i i
where * 6’ is contact angle :
ﬂurface tension betwedfedolid and vazor ambient atmosphere

ﬂumwmw 1179

o, Issurface ten3|on between I|qU|d and vapor ambient atmosphere

ammmmummmw
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vapor

Figure 2.4 T@;
the Conta 7/

where @' ig

y s thts T -._.:; petween the actual surface area and

the appare@rf i

surface (6> 90°).‘

AUDINYAINYING....
e HMEE

< 90°, the surface allows the substrate to be wette

R

and the water film is form on its surface. This state is called “hydrophilic”.
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3. When 90° < 4 < 150°, the substrate has little or no tendency to
adsorb water and tend to bead on the surface. This state is called “hydrophobic”.
4. When 6 > 150

without actually wetting. / extent. This state is called
“superhydrohydrophohi 3\
- i} city (Guan et al., 2005)
o=
A

ater droplets simply rest on the surface,

—— .

2.5 Relationship betwee

| 5 enhe 7"~.__u Bre, hydrophilicity can
enhance photocatghysi ‘ ér har j fabghgan adsorb contaminated
compounds, which | irn: the! - . ilic s ‘~ into hydrophobic surface.
Nonetheless, photg Iy8is canadbee aposeithe organic mpound deposited on the
surface into HO, X garmig§ compounds to restore the

hydrophilicity. As a result, P hotocatalysi 3 nprove hydrophilicity and sustain this

cof o\ Y
|
q O, il i e "TiOs filR
Figure 2.5 Relationship between photcatalytic and hydrophilic properties on
TiO,-coted surface. (Irie and Hashimoto, 2005)
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2.6 Applications of hydrophilic property of TiO, film

2.6.1 Self-cleaning surface (Fujishima and Zhang, 2006; Fujishima et al.,
2008)

U
Based on -. focafe {// philic properties of TiO, surface,
gradually adsorbed -"" ' i ' ﬁ)—é%d by photocatalytic process,
while self cleanlngmnated s‘face mced when the water, such
natural rainfall

enetrated to the space
between the strai Shed off from surface. This
technique is obvio sihcelitica }' egdrecly available solar light or
m §if . ¥ cost and reduce the
)\ Ti© should be exterior

construction materiall, siffcefith "' .\,\\'\._;I‘.-, to abundant sunlight
and natural rainfgif. aterialé Ji \ g -}"a uminium siding, plastic
i ' n a L erhydrophlllc self-cleaning
-Clganing surface was found to

be dependent on the ive fate-of cc fen anditiccontamination, illumination
of sun light and amount of rainfatizw ';'4 photocatalyst can maintain the surface

clean only when the phe tion rate is greater than that of
contamma@ retard the rate of
contaminatpft , \ J

2.6.2AW -fogging s al., 2008) | |

Foﬁiﬂf the surface of mirf@ and glasses occurs when moist air

P ANENTNES ﬂ’%reaﬁzfsr;%

refraCt’ it randomly. On a highly Vdrophlllc surface&water droplets are

A WIGITI R T T Tarat]

large, it forms a sheet like-layer that also has high visual clarity. The first commercial

application of this phenomenon has been for automobile slide-view mirrors. In
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addition, it has marketed adhesive TiO,-coated plastic films or TiO,-coataining sprays
for the conversion of existing mirrors.

2.6.3 Heat transfer,a ’yfl tipn (Irie and Hashimoto, 2005 and
Fujishima, 2008) . § &
jh'_\-‘,_r . / .
Sumﬁsurfa@s ma@heat transfer accompanied
by quuid-vapoW ‘ .005) studied the heat

transfer propertie dfonhilic) TIO3 Sucfages. Theysfound that a TiO,-coated

regime, and i | | .
because of the rgi€ EHON imp ,'\‘- e ‘ flow back to the hot
surface) was. 185 i er the at' %\ -\,‘” coated surface. They also
compared the fal ‘ \ surface with that on an
el surface through nozzles to
stable water film was formed
than those on an ordi ‘-?' @t tragéfer rate increases for thinner
’ gpccted to improve the performance of
falling-film evaporators.fieseAWotkers's

could be oj: ald

hat the superhydrophilic surface

ef rious heat transfer
oo

phenomenalt | \J
b the other : por pressu:jﬂ"s lower than saturated

vapor pressure, \“ater evaporates, generatina latent heat flux, accompanied by a

COQMIY @ic hn'r ing at hges inggagvery ount of
Wﬁoﬂoglj orn‘ tkw mﬁmjﬁfgcﬂ‘co ng can be
achi”d. A very thin water Iayef with a thickness of approximatély 0.1 mm can cover
all of the highly hydrophilic TiO; ‘aterial, even thouglBi§ stands vertically, ifM a

RISl NEAE

to solar light and thus the sprinkled water will form a thin layer and be evaporated
efficiently from the surface. The evaporation of the water generates latent heat flux,

which cools the building surfaces and the surrounding atmosphere. The cooling effect
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reduces the usage of air conditioning, saves on energy consumption, and reduces the

artificial heat emission.

2.7 Effects of various par N /%} |I |ty of titanium dioxide

This section d effects ameters on hydrophilicity of
02 p‘se stw hydroxyl group, specific

ombination of electron

TiO,. The param

surface area an

and hole, band ga

Mesoporous TiOz ' ' . ) \ O \ nd TiO; thin films were
prepared by a m8difi , w{ A sol-ge \w " , respectively, followed
by dip coating on fuged tz sUlgtrate. Both IORaNAW 1O, films were calcined at
500 °C and 900 ° der- 10 Jujr: anat and rutile phase structure,

respectively. MTiO, 4
faster than MTiO; and TiQz .
by the lon | it e .

asestructure became hydrophilic

ucture did. This can be explained

in anatase phase
structure, e hef ) Zacaneied. Furthermore, the

content of I} Ax |92 ms in anatase phase

and hydrop |Iicitywai|g,eater.

. ‘ : rkersy 2 ts’ i he geffecim0 Icination
S-S BN ARG o
WhlmNere prepared on fused quartz substrate by a sol-gel method, followed by dlp
coating. Mesoporous TiO, thin fI|I‘S were calcined atd889, 700, and 900 °C iflafter

RSN INEIRD

rate because the film was composed of anatase and rutile phases, which was beneficial

structure wasd{ ter, so their pofa

In enhancing the transfer of photo-generated electrons from the anatase to the rutiie

phases, thereby reducing the recombination of electrons—holes in anatase phase.
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Moreover, the films that were calcined at 700 °C possessed high content of surface
hydroxyl group (compared with the films calcined at 900 °C) and high surface

followed by coatiggee PE0 ot [rate ilms were soaked in 0.2

M HCI for four d JNgsS/of T I s thdinet affect the water contact

groups of Ti jims after FCI treg 0 Mléd to a decrease in the
water contact angl€ o : ydro| ‘ fe i iease in surface hydroxyl
groups after th€ treatgfentfivad attribyted o ang ' action at the interface
of Na in nascentghO,dtyeff (from* datime glass sub ate) with proton (H") from
HCl. b 42 |

vu’ and oworker§“ {2001 % ddée polyethylene glycol (PEG) to the

precursor solution dufing t if"r?f aration ) | TiO3 films via a sol-gel method on

soda lime glass substrate When: amount increased, pore size and specific
-2

surface area-af TiQ droxytadsorbed content on

TiO, Surfa‘ ,..:mm:‘.:::m::..—j::mm..n.-.. of mcreasmg van
der Waals 0+ Wate

e
However, Whéﬂhe amount 0 G ged 0.5 g, the lt%]roxyl content did not
change S|gn|f|cant*y and the contact angle remalned unchanged.

ﬂuﬁmw&}ﬂﬁwmﬂ‘i

Jiang and Chen (2@4) studied the h)&phlllc properties of

A RAGSNFU NI Tart]

TiO, decreased as increased vanadia contents from 46 nm (TiO) to 20 nm (1.81

d hydroxyl groups.

mol% V,0s). Before irradiation, the water contact angles of the films were about 34°.

After illuminated by sunlight for 40 minutes, the water contact angles of V,0s-TiO,
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films drastically fell to 5°, but TiO, film that remained unchanged. The improvement
of hydrophilicity was attributed to doping of vanadium ion could produce a visible-

light response which may change t

d gap energy between the conduction and

valence bands. Thus, it acqui absorbing visible light. Moreover,

smaller crystal size of TiO%giiee ding! phe nerated electrons could easier
to move to the surfacsafcfitm=wi and produce more oxygen

- - — 3
vacancies and dV five sit = %
Meng (o

fect of Fe doping on

TiO, thin films were

Y

prepared by vspra_ . is/ “deposition \teehnig 8on  glass substrate. The
hydrophilicity, in#fri Vas _‘___ the' CO! glangle of water under
illuminated of Xen Y | g.@ Fesenhe "ﬂ\ \,g hydrophilicity of the film,
which was  attj e n,f"'f: the hahd'gar ergy of the TiO; and,
consequently, theii in ‘_’33.'.._. bt Dt n /18ible spectrum.
WY '
Li and/€owe r‘"{"}':"”f '7'- fe off8tts of vanadium incorporation

)

‘_.J

on hydrophilic propertles O, film Qo (x=0.05-0.2) films were prepared
by a sol-ge| uu W laylig till ‘ination, the contact
angle decre t creasing of the x values, which T, V0, films with
x=0.1-0.2 3 r; singhof surface roughness,
lattice distorticﬁ' hat was Catisec SUBStrtUtion of'rv " ions for Ti sites and

V-incorporation narrows band gap of Tii- XVXOZ were beneficial to the super-

“ﬁﬂmwamwmm

2.7.4 Effect defective site and inhibition of recombination of photo-

generated electrons and holes

N ANAINRIINEINY

induced hydrophilicity of TiO, thin films. TiO, and Fe-doped TiO, thin films were
prepared by a sol-gel method followed dip coating on soda lime glass substrates. The
best hydrophilicity was achieved with TiO, film that was doped with 5 mol% Fe.
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Increasing the amount of Fe doping reduced the hydrophilicity of the film because
Fe,Os3 itself did not exhibit hydrophilicity. An enhancement in hydrophilicity of TiO,

sorption of water on the defective site on

TiO,, which increased with

surface was related to the preferen 'a
\ re, photo-generated electrons in the

doped film accumulated i ithe%ed 3 whereas holes accumulated

in the valance band ofshiQy cffecti gecombination of electrons and

‘ » thin films that were
doped with Al ' 1) dncorder to make oactivity of the surface

suitable for ed using the dip-coating
method on sod [the highest resistance to
conversion from R, contact angle of water
remaining at 25 or@dywithin three hours with
contact angle of vvF . _- S a Jois con entration of Ti** compared
with Ti** in unddped, ped,” VW-dop C V co-doped were 58.63%,
46.45%, 57.19%, an & _ - aspectively nceftration of Ti** on TiO, surface

was a major factor mfluen AgHydro| mblic same trend was observed in both

Wr

soda lime glgss and r gphilicjty of TiO, thin films

also depen IS l"'“"":':':-':'-:":':'":"'.‘-:'—":":':-:::::!:':':%:fi:i::::',

L

=
-d

and coworkers gated the iﬁcts of Mo doping on
hydroph|I|C|ty of TjO, thin films which were induced by h|g temperature annealing.
' fil coated on
%glj:vnﬁya 0] eh ﬁ o-doped
fllmgmowed relatlveIS/ smaller water contact angle than pure TiO, film did. The 0.75
wt% Mo-doped TiO; film exhibifed superhydrophiligiy. Regarding the effgct¥

q RSN T ARIVINHIRY

never reached zero even when heating time was increased. Doping of Mo has dual
eifects on hydrophilicity of TiO, films. On the one hand, the number of defect site
(Ti*") increased with Mo doping. As a result, water molecules could occupy those
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oxygen vacancies to produce surface hydroxyl groups and make the surface
hydrophilic. On the other hand, MoOs itself does not exhibit hydrophilicity, so
hydrophilicity decreased when the d

Zcontent exceeded 0.75 wt%.

/ nhancement of photo-induced

superhydrophilicity ‘of --- thin i -doped TiO; thin films were
prepared on soda lime _g!a s 8 a sol-gel method, followed

by dip coating. .05-0.2 atomic% showed

the best photosis \ Belto the fact that a small
. ' B W

amount of Fe** or b »\ll“v\«\s\:.:-.,:'. i€byelectrons and holes and

C . o - o W o

inhibited the recom ctrons and ¢ i! Atloy erlng of hydrophilization

rate was expec ) : af e heca \\.\ rg Pecause Fe mainly acted
as recombination ¢ ‘ c'dark) A Fe-doped films exihibted
slow conversio hydr ,_?L’ t0 \ ophebieity than pure TiO; film
because Fe-doped f t "g:: ed hig! \‘ ydroxyl group content but
also small crystalkl'te sige, fay, he: f' ation @ffvatér molecules and reducing
the rate of conversio "::":“‘F c to. pbic'State.

g Shag AJ" S of Ni doping on
photo-ind ff--»f----;;;;;;;;;;;;;-—:-—--:—::::::::::::::_:z:;:; i1 gﬁed TiO; thin films

were prepa d b
Pure TiO, flqu acheda 0
doped films, 1 -?I% Ni-doped films exhibited the best hydrophilicity by reaching

R

the qectlve site on TiO,, which increased with Ni doping. Furthermore, the

da glass substrates.

|
arter one hoq |0f illumination. For Ni-

recombination of electrons and hols was retarded an dgthe hydrophilicity was gigét

qmmmmumwmaﬂ

Yuan and coworkers (2007) studied the effects of doping of Fe and Cr
on hydrophilic properties of anatase TiO, films. The TiO; Tilms were prepared by a
modified sol-gel method and were doped by phodeposition of Fe,O3; and Cr,0s.
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Before illumination, the Fe- and Cr-doped films had smaller contact angle (30° and
35°, receptively) than pure TiO, film (60°). After three hours of UV illumination, the

contact angle reached 0° for Fe- and €r4doped films and reached 28° for pure TiO,

0 ydrophilicity. The improvement in
ﬂ lattice metal ions (Ti, Fe, and

hydrophilicity was a r
Cr) to form defectivessi

2.8 Effect of me ing 1o T D 1 Of 08 re activity of titanium dioxide
Li and co studie um t|V|ty of tungsten-doped
TiO, which, I- 9el, W to ity was evaluated by
photodegradationgdt bIUEd ‘ fer \ \\\. -.,_‘\ob The activity of
tungsten-doped® Ti0 ighificamtly hi .w.l.\‘\ "‘- e TiO,. The optimal

content of WO, in#'i nd? f"ﬂ nol% 4k Sthial ."%;o doping of tungsten
oxide into TiO; co I “ ' | Al f BARto-generated electrons and
holes. On the othgP ha : " it of tune t foxide was higher than its
optimal amount, tu oxide ae asfecombination center instead.

Furthermore, doping of tungste Je-inte=RID; tould shift the light absorption band

- gél; method followed dip

and tungsten
substrates. The photoactlwty of the 1‘”51

i)
g
photodegradation i AStsgric acid on the film@ugface. The most active photocatalyst

effmﬁ ANHNIHYTRT -

elect being transferred to the suWnce rather than undergomg bulk recomblnatlon

AW T8 YNNG Y

nanocomposite particles, which were prepared by a hydrothermal method and then

coating on s was measured by

were calcined a temperature in the range of 450-900 °C. The activity for RhB

photodegrdation of equimolar WO3/TiO, composite that was calcined at 550 °C was
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significantly higher than that of pure TiO, and just slightly lower than that of Dgussa
P25. This may be attributed to the more efficient separation of photo-generated charge

carriers, light absorption and higher a e acidity.

97/( ic activity of W-doped TiO;

repared by a hydrothermal

hotodegradation of methyl

doped TiO; inck ; Bratur e W pased from 120-180 °C,
but decreased sjg#fTi urther\fo, 2100C e, main reason may be

. . . - W .
attributed to the i fdceare "~k atlon and aggregatlon of

temperature of 1504 ined'tt f'-‘ [ \ \‘ ‘-." tivity because the doping
"f‘i el8@irons. So, the charge
CQ

d actas recombination center for

(2002) -inves sdmthe effects of Ag doping on the
microstructuge and4g tocatalytic activity 8. \Which were prepared by a
sol-gel -v‘o$~--------—:—.-:---:-:--:—:------::::::::f—::z::; BopINY of Ag effectively
increased tHe pho ar ;‘- explained in two

e
reasons; firstIyHy decrease and an in r ase in specific surface

area of TiO, films, Secondly, an enhancement in the separation of charge pairs and

inh their by, r ba ng of Ag

U O T

“tlcles with relatively negatlve charge, so photocatalytlc activity of Ag -TiO;
was depressed.

q RIasNIl U N8

nanoparticle films. Ag-TiO, nanoparticles were synthesized by a sol-gel method and
then were prepared in form of organic pastes before fabricated on ITO glass by means
of doctor-blade. Photocatalytic activity of Ag-TiO, nanoparticle films was evaluated
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by photocatalytic degradation of rhodamine B. The highest photocatalytic activity was
observed at TiO, that containing 3 mol% Ag. This was attributed to appropriately
doped and deposited Ag species surface of TiO, can capture the photo-
generated electrons and hol B | )ey content of Ag exceed 3 mol%, the

3ﬁw&;ﬂ can overlie on the TiO,

i W0 : ‘ tancous doping and deposite Ag
on photocatalydis ere prepared by a sol-
' ( i \"'n.,- by photocatalytic

\'-‘ S Intensities of Ag-TiO,

\A t"\\o x iy indicating that the Ag
N,
0 \ he'Bhotogenerated electrons and

as, §
holes. The appr@pri ofAg- (i : "‘.\. »' Id greatly enhance the
activel sites for capturing the

photogenerated eléctro lywhile ) conter exceeded 5 mol%.

Li and coworkers 2004) studi dhetocatalytic activity of TiO,-Cu,0
particles, which were pre red ghemicagl. method and their
photocatal -wl activity v vas-tested-by-photodegradation-of brilliant red dye solution.
The results gre 2dyCu,0 depositing on

TiO, but it deprgased a
obtained for the composite containing 3wt% Cu,O. This can be explained by Cu,O

AUBEY oy AW
QHABANIRIIMIINHIAY

Photoactivity of Cu-TiO, was tested by degradation of aqueous brilliant red X-3b

| o
gswnich theip hest degradation was

solution. TiO, that containing 2% copper showed the best photocatalytic activity,
which was 3 times that undoped rutile TiO,. This was attributed to the decreasing in
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the recombination of electrons and holes on TiO, surface. Because Cu®* is an
effective acceptor for electrons, it contests for electrons with the holes. However,

excessive copper was deposited on TjOp, gnore Cu(OH)** would be formed. Cu(OH)**

had a greater adsorption to-thesiicidengeMight. ;This high adsorption decreased the
light energy irradiating.gHNhew! face of /)/ﬁe removal efficiency of X-3B

Xin and ¢ ) _ , oped TiO, nanoparticles
on photocatalysie®®Ctivig ' sparedit 0, Sincthod. The 0.06 mol%
Cu-TiO, that wagCalgj °C for sou “ho "Sa8hawed the highest RhB
degradation rate e sé appre amoun ' Jen vacancies and doped Cu
effectively capjgfed @ C ACLron \ S0 & recombination of the
electrons and holegffva | i \""“.;) mol%), the excessive
oxygen vacancj f 3 i ;;' the :"x\: ion centers of photo-
generated electronv'g, d s. Furthe gi'Mgh'CGu deRing, excessive p-type Cu,O
also reduced photocataljtic actiMily-0f Cu photacatalyst.
Vo iGES

Xu and coworkers
2

which TiO,-owde pared by hod dg)owed deposition of
copper (0- ‘ Nnol%)-c surface-bv- 'oreguction met The photocatalytic

activity of @ {0) ( thylene blue under

r-deposited TiO, photocatalysts,

==t
UV light irrad‘ﬁ on. The Testis and A reveal that all copper existed
in the Cu(l) state The highest photocatalytic degradation was obtained for 0.16%

ectrops ed to the

gL

er‘l prevent the electron-hole recombination. Thus, the photocatalytic activity of
methylene blue was enhanced. H(ﬂever when coppggEgieposited content reacfied’

qRARKNINU AT NERS



CHAPTER I

E

3.1 Chemicals

a-Aldrich

: Y 5 ,: .:'l, '.|‘ o
7 AP VAR L N

Titaniu Jsopi hoXide.
f

s

" 1% J. T8 Baker

-
.l
A

Nitric&cid, §8-7
)

Hydrofigdficaid, 40 evaiild | orec™
¥y ; e 1 p

0
i

Silver nitratgf99 K‘r.‘r‘ Sigma-Aldrich

Ammonium m;a ﬁ-f.:r—— Sigma-Aldrich

- T |
rich
i F L

Ethaﬁ'ﬂ, 9. erk

Acetone, 99.5 % QRe&C™

AUYANININYINT

3.2 mparation of the thin films

ARIRIAIHRRIING TN
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3.2.1 Preparation of TiO; sol

Titanium dioxide sol was synthesized using a sol-gel process, and
ursor. Firstly, 7.33 mL of 70% nitric

acid was added to 1000 -a,_____: | Minile the acidic solution was stirred,
83.5 mL of titanium is Spropc ' Sy A fter that, the white suspension
temperature for. The sol was placed in
dialysis tubing (e ,-..- : i abor ateries.Inc, USA) and then was
submerged in distil io/oh 10 aifsol per 700 mL of distilled
Ehan Rpernteate reached to 3.3. The

resulting product s diglyz€d JIiO,; %6 ' _a_temperature.

3.2.2 Preparati

Thq 0

L

of metal. The concentrifion R MO paft i ;\a
was dried at 110 °C fér 24 ff{{ d'calci 350 °

-
a8 inditerm of a molar percentage
was obtained after TiO, sol

or two hours.

ﬂ;.ifjr_?‘ o ) .
A AT L ount of silver nitrate was

dissolved @ nL of deionized water and was then added @Nise to 140 mL of
i ' ._m}unt of silver added
was in the rangi'n‘j)fo S

e
Toere re W-TiO; sol, the p fT|02 sol was adjusted to 1.0 by 1 M

{l
UL INGNING IS

contﬂ'ed for six hours. The amount of tungsten added was in the range of O 1-1.5

q HATINIURIANLIAY

1 M nitric acid. The desired amount of 0.2 M copper nitrate solution (pH 2.5) was

added dropwise to 140 mL of TiO, sol under vigorous stirring and the stirring
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continued for one hour. The amount of copper added was in the range of 0.1-5.0

mol% copper.

To prepared Me:THO: ‘ H of TiO, sol was adjusted to 2.0 by
1 M nitric acid. The desirge.8 t o ium molybdate solution (pH 2.5)

was added dropwise t0™ 940 i ¥igorous stirring and the stirring
M ﬁdd was in the range of 0.1-

loading was adjusted

der was fired in order

g8chnique. Prior to coating,
glass plates were cl tioM@n an ultrasonic bath for 30

minutes, and were washed ° 1 hen acetone. The glass plates were

submerged in the sol_ane Aaen a motor withdrew the plates

at a i"t,_ pared _ @ in a box furnace

q}two hours. The as-

calcined fllmsﬁ a ontaﬂngle of ca. 5°. Before
further experiment, the films were stored in the dark place ferfour weeks in order to
increase the water‘oﬁt angle on the surfacdi

AUEANETNENS
QRARATHRAT et

section.
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3.3.1 X-ray diffractometry (XRD)

XRD was employed to identify crystal phase and crystallinity of
00 X-ray diffractometer with Cu Ka

radiation using Ni filter s erating 0 mA. The amount of the sample

of TiO; in each sample. The

paed in tI‘ZG rangmmth a resolution of 0.02°.

ateesay@bebye-Sherrer’s formula

diffraction patternsJ
The average cr;

from the line broade asio*Eguation 3.1

(3.1)

Stal esha actor
Sl

.I

A is XFray
0 i€the ffract n.angte;
B is Xgfay g 'yt-ﬁa':aii‘ﬁ Drog

tos Amicus X-ray

A :
photoelectron Spec m@ using Mg Ka X-ray
I and 10 keV with a resolution of 0.1 eV. Tijbperatlng pressure was

source at 20

approximately 5 ‘&Pa A wide-scan sw spectrum was collected for each

AREINONINETINT

V Photoemission peak areawas determined after smoothing and background

q WTARTS!

equipped with the XPS system.
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3.3.3 Inductively coupled plasma optical emission spectroscopy (ICP-
OES)
The metal content i m Ie was measured with a Perkin Elmer
Optima 2100 DV spectro
the sample was dissol :
mixture was stirred & and hen

- ank sa ple M

ples approximately 0.01 grams of

ic aC|d in a plastic beaker. The

mL with deionized water in

a plastic volumetric_flas from a solution of 49%

hydrofluoric acid that uggefiyg same dil as the sample.

3.3.4 Nitrg@en p¥sigoypiione

Spgfific gSurfe a v -  byshitrogen adsorption in a
continuous  fi8 y\q ogeny, tempere using Micromeritics
ChemiSorb 2750 UIsefChghisorpth ,r "

e : :
in helium was empl ed, sﬁ ¢ carrier), 3eforeheachy experiment, approximately

0.2 gram of samplg8 .~ blaceds |f glé \, e and \ gated at 200 °C for one hour

mixture of 30 vol% N

.

e s —

under helium gas with J?J—_‘r, rem@ve moisture.
e

3.3.5 Atomic foree ’?Jw,

Qs

he curface moroholoay  and roticdhness o ’ g film sample was

characterize@*08ing e £ ‘Digital Instruments,
== ¥

which operatedﬁ the tapping mode atroom temperature. ABM analysis permitted the

quantification of t? roughness in terms of the root mean square values (RMS).

ﬂuuﬂ@ REPINEINT

The light absorptlor‘haracterlstlcs of tﬁlms were measured

AR AINNRIING IS

1 nm. A clean glass plate was used as a background for reference.
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3.3.7 Temperature-programmed desorption (NH3-TPD)

Temperature programmed desorption (TPD) using NHs; as a probe

attached with ChemiSoft JO% s0f . wéunt of NHj3 adsorbed on the surface
was determined by a_tHes al“eondt :
sample was put & JUARZ- ube, \‘lch w&p@- a temperature-controlled

furnace. Heliu

proximately 0.1 gram of a

5 mL/min. The sample

was heated to 35 aRlsthe temperature was held

weogled down to 30 °C. After
ey

that, 15 vol% inFheli o ,;‘\ et a MO rate of 15 mL/min

for two hours to
instead of heliu hse guently, helium gas was
fed through the sa \‘*.,_ was heated from 30 °C to

600 °C with a h 10 f’f"n n., e 5|g

=
v \
one second. . 9\ O

tep was recorded every

nes f'u '{'-M’Y ’U"

To study :i’_i_’jfvy inatio of photo-generated electron and

holes, pho mn t(iﬁ;jrature by a Perkin

Elmer LS5 p as an excitation
L
light source

performed in Lﬁa

nge of 350-550 nm using an excitation W‘i%length of 300 nm with
emission and exu‘(p&llt widths of 5.0 nm

AUENE NINYINT

The hydrophilicity df the films was eva lgated by measuring the g@pla

q mm.m TN ITNIARY

light source with average light irradiance of 0.67 mW/cm? The distance between a

aﬁholder. The scan was

light source and the Tilm surface was 15 ¢m. To measure the contact angle, the film
was placed on a state. Then the state was raised to bring the film into contact with a
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water droplet (approximately 0.3 uL). After that, the CCD video camera captured the

picture of a water droplet on the film surface. The contact angle was calculated using

study the ability to retginJhe
irradiation, the filmswweig

) —
angle at any tlmes.;__;'—,d

_ , ] ) san erature programmed
reduction (TPR)g : 5y Micr imiSorb 2750 automated
system attacht “ > 8, | ) ly 0.05 gram of the
ne temperature-controlled

rate of 25 mL/min. The

sample was put

sample was heate@to_ ith«a heating, rate o \ 0 °C/min and the temperature

was held for one hougtto rerIOVe he _ mple was cooled down to 30

il e
e

°C and 10 vol% H; in argormrwas=fed=th T-sample at a flow rate of 25 mL/min
instead of nitrogen. Thesample Was he 8C t0 800 °C with a heating rate

of 10 °C/mi “The hydrogen consumption ' arftitatively by a thermal

conductivit a¥ery one second.

-

—

|| | LT],
AUEANENINYINS
RINNIUANINEAY



CHAPTER IV

w ”D DISCUSSION

This chapter resw an n the effect of loading of
e —— 2

silver, tungsten, ¢ ‘ im Ol i;*--— ofLiO; thin film.

X-ray diffractometer ' , nt s- of Ag-TiO, powder
after calcined at 3§ °C der s »F':’ Tor ir&, THE amounts of silver loading
were 0.1, 0.5, 1.0, 3.048nd 54 5.0 -mol% ) _ ajor phase structure of TiO;
was anatase, which were Shservec at 2€ about 25.3° (101), 37.9° (004), 47.9°

(200), 54.0° (105), 62.84 04Y A ectively. Small amount of rutile

phase W&S@ “ ,,,,,, J J]e weak peak at 260

of about 3(k S Ji transitional phase

from anatase ;Jmle . 0! ). After silver loading,
the main phasesstructure of TiO, still unchanged but the ir sity of the diffraction
patterns decrease(‘rnkably, which correla@d#with crystallinity of TiO,. This was

Quﬁ TnanTneana -

detected in any samples, this may lvdue to low amouni g silver species or um@ly

ARTANTIU AN INETIRE
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A : Anatase B : Brookite R : Rutile

Intensity (a.u.)

20 # 04 fw:y:"‘ oy 80
PR , \

? ..;"-‘:‘- f(degrees

iO,%at various amount of silver
.01%, (c) 0.5 mol%, (d) 1.0 mol%,

Figure 4.1 X-ray diffraction<pattern

- e a

loading whens(a)y8:0-mal%
=0

Avera from the strongest
peak of XRD ‘l‘igtern at 2 Ing Scher@s formula. The results
were listed in Téb?4.1. The crystallite size of TiO, slightly decreased with increasing
of silier, i ipdieati i VeisSDeci t o t raiaggrowth of
RIS AEANS
théit”Ti‘1+ ‘(68 pm). So, Silvér ith unable enter into the Iatticé of TiO, to form a
stable solid solution and disperseo‘n TiO, surface. |ahe other word TiO, pules

QRSTFSIAREARY

O% ions in anatase grain boundaries (Yu et al., 2005). Therefore, the anatase growth

rate was suppressed and led to smaiier crystallite size.
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Table 4.1 Crystallite size of anatase in Ag-TiO; at various amount of silver loading.

Amount of silver Crystallite size

(nm)

4.1.2 O%idatigh stfite

Figure 489 sh pect \. f Ag-TiO, that contained 5.0
mol% Ag. It was obsérve _‘__-‘ e Ag 3 conststed of two peaks spin-orbital
splitting photoelectron, "j'" ?m 1C ds;, and Ag 3ds;,. As in previous
studied, the-ajnding ad Ageare 367.0, 367.7, and

368.2 eV raspectively (Ximetal., 2005). As seen in Figure 4.2 -af€r the Ag 3ds, peak

was deconv .' p
.

energies of 367.6/eV and 368

d & t8vealed at the binding
| —
igned to A@ and AgP. Therefore, it

was clearly mdwa?d that, Ag" and Ag® were eX|stence in form of Ag,O and metallic

HAULINYNINGINT

4 1.3 Silver content in Ag- T|Oz

A8 IR ININY

results were listed in Table 4.2. As seen in Table 4.2, the real mole percentages of

silver were found in Ag-TiO, samples was lower than that the expected values.
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2
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=
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1' :'l .J' 1{':- v '. \
Flgure42 ‘v, 19X P .\;f" of A8, TiO, that cefitained 5.0 mol% Ag.

AT AT
P SRS h (=

Table 4.2 The amount of silverieo nte nts’

rdm ICP
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4.1.4 Specific surface area of Ag-TiO;

The most common procedure for determining surface area of a solid is
based on adsorption and cond ogen at liquid nitrogen temperature using

[ jon of jni
_ I
static vacuum procedure [/ BET (Brunauer Emmett Teller)

method. Specific sur ; i ﬂgaount of silver loading were

ange of 98.6-109.0 m?/g.

The Ioadlng of fATaVE ¢ i ytglicCt*onaliie. specific surface area of

loading of silver int@ Tig } did not ha .?* A e fet on the grain size of TiO..
Analysis of AFM |m g caled that, t erage "'~., ghness of the Ag-TiO; films

surface appeared in the rangé 2.30, ee Table 4.4).

%Iver loading.

i

Specific su rfth area
M%) Qs (m?/g)

ﬂUEJ’JYIEJ‘VﬁWMﬂﬁ
ammmmummmw

107.5

;!ﬂ ount of silver loading

5.0 98.6
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"
RS -

; L]
1 §
Wz
‘ P r . "
= il o L 2 _//n 7
- 0.8 T3 0.3
Se .

- /"' 0.5 =

qug‘ll LL@AF tnl;lgjo%iyllmjﬁge@t con aig;l}.ﬁmolgj

(b) 0.1 mol%, (c) 0.5 mol%, (d) 1.0 mol%, (e) 3.0 mol%, and
(f) 5.0 mol% Ag.
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Table 4.4 Average roughness of Ag-TiO, films as determined from AFM images.

Amount of silver | 4 Average roughness (RMS)

v f F & ¥ ¥ 4 \ l'u
4.1.6 Light absorption character o AgHi@3hin films
Fl 3 i \

Figurel 4 ‘,‘1: ws UV / pti@f spectra of Ag-TiO; films
deposited on glass surface »- Wave € of 300-700 nm. All films showed
transmittance of light .ove Yo egion. The fast decreased in
transmittar@ 77777777777 _ @Was caused by the
excitation ct lec N\ J)g (Yu et al., 2002).
iﬂ‘f S ] -Tv films decreased which

alculate the band gap

When increas

was caused byathe scatting of light from silver species. T'

energy of Ag-TiC‘fnthe graph of (-2.308ha#logT)"? versus hv was plotted and

W ind thatthe band s of TiO,and*TiO, s that Contai silver of

0.1, 0.5, 1.0, 3.0, and 5.0 molwwere 3.24, 322&20 3.22, 3.44, an

ammmmummmw

extrd
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100

Transmittance (%)

) 3.0%Ag-TiO,
b (6) 5.0%Ag-TiO,

700

n filths deposited on glass surface.

Emp PD)iof probe molecules like
|
ammonia and=pYyridine is a popular method for determir the acidity of solid

catalysts as well ‘ ﬂ strength sites (Yanmal, 2005). In this investigation, the

AUHINANINUING:
TPD_prof# f=Ag-THO, aun Vi ing. AT Rer only one
as etric broad peak on the N?-TPD profiles of all the samples and the peak

Yy
a e e 150 a °ia"|ht 'dn's’
WARANT SR AR VI TN E
Analysis the total acid sites of Ag-_TiOZ from NH3-TPD profilés were listed in Table
4.5. The loading of silver reduced the total number of acid sites on Ag-TiO, surface.
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0.020
0.0% Ag-TiO, _
00151 NN Ry N
©
c
[@)]
‘@ 0.010 A
Q | | ARl TTOIR
@)
|_
0.005 1 .4
0.000
_ . 600
] "- t “"il '.I|
| X \ U
Figure 4.5 NH3-D profiles of ‘ : ariod8 amount of silver loading.
Table 4.5 'z; ——————— Of Ag-TiO, as determi _._....._-.-%‘} profiles.
ol : -l

i . e
Amgount of silver [oading Total ao@pte

LTSNS S
ARININSAUNINY 1A

5.0 19.45
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4.1.8 Photoluminescence spectra of Ag-TiO,

The photoluminescence (PL) emission spectra have been widely used

apping, immigration and transfer, and

iconductor particles (Li et al.,

) ®ombination of photo-generated
ed(_ ensity indicated that the

ire4.0 SBL spectra of Ag-TiO; at

decreasing in t

various amount Qfgs 102 Was ed. MatigRL spectra exhibited two

emission peaks at thg enot \ M., The former peak was due
to free excitatidf emijj TiO, and, the akyvaSudlie to the surface state
such as Ti**-OH et 2004 \Vith ifgreascd'siler loading, PL intensity

significantly € ':" \ ibedi 0 Rasis OR metal/semiconductor
heterojunctions t 1 ad\atiBontady region of two materials
(see Figure 4. ‘ i i0; being irradiated, Schottky

barriers facilitate Fermi level) to Ag (with

low Fermi level) (Hg a ;;-' and gt alg§2008). Therefore, the photo-
generated electron-hole p irs—Were—effe / separated rather than undergoing
recombination. This rea on- Wi asing in PL intensity after the

loading of@r
\

ﬂUEJ’JVIEJ‘mWEﬂIﬂﬁ
ammmmummmw



Photoluminescence intensity (a.u.)

Figure 4.7 Charges separation at interfacial of Ag-TiO,.

40
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4.1.9 Photo-induced hydrophilicity of Ag-TiO, films

In Figure 4.8 shows the changes in water contact angle of Ag-TiO,

films after UV irradiation fo r irradiation, all films had the initial
contact angle about 17-21-dagrees An are the effect of silver loading to
the change of water lact. angle, e ngle of the films should be
any times to thed p consider. In Figure 4.9

shows the chang IQxilms after UV irradiation

for 3 hours. As se \ oading, the decreasing of
water contact.a | iOffilms fasterithanit WO %iln. Especially for 3.0-
5.0% Ag-TiO, fi ‘ g\ (O\debreaSehthe water contact angle.

Thus, TiO; f 8l the best hydrophilic
property.
25 1
0.0% Ag-TiO,
[ 0.1% Ag-TiO,
20 0.5% Ag-TiO,
————— 10% Ag-TiO,
LR AR e 1 e [T = N 3.0% Ag-TiOy
15 Jh\-A AR : d_}.O%Ag-TiOZ

\J

ter contact angle (degrees)

eB

Figure 4.8 Change in contact angle of water droplet on the surface of various
Ag-TiO; thin films.
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0.0% Ag-TiO
0.1% Ag-TiO
0.5% Ag-TiO5
1.0% Ag-TiO
3.0% Ag-TiO
5.0% Ag-TiO

Normalized contact angle

Figure 4.9 Change nQ ?a;it«u' _",_r &, of Water droplet on the surface of

o@rophilicity can be
-

eefipns and holes were
Fil L . .

_gua ons.and holes will diffuse to
the TiO, surfa 43 ctive sites), according

to mechanism of‘h&mduced hydrophllchs seen in Equation 2.8 and 2.9 or

FUEINENIRBIANT..

ace to form Oy (Sakthlvel et al., 2004 and Yang et al., 2008) as seen in

Qﬁﬁﬁ R ey ek

generated electron-hole pairs increases the ability of holes trans errlng to T|Oz surface

described

generated as'l

: : T
to created the surface oxygen vacancies (

and created more surface oxygen vacancies, which brought about higher hydrophilic

properties of Ag-TiO, films. This result agreed with the result from PL spectra.
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TiO, —TiO,(e” +h") (2.4)
(2.8)
(2.9)
(2.5)
(4.1)

(4.2)

spectra, the slowest

recombinatio 5/ in TiOz \fi that ‘contai .0 mol% silver (see

almost identical to gﬂ m

loading, the exce ve ount @ 5 E: B@les on '\ face might be prevent the

Figure 4.6), but :/{' conte \‘r angle ofi5.0% Ag-TiO; film was
/ ‘\ | !. pd to, at 5.0 mol% of silver

spreading of water drg@fets H,:,‘;” ""’E.i'

4.1 10uThe ( i%‘;lms after removal

of UV irra
order to"as of drop
F

film, the fllm ere placed in a dark place with no expost

Flgur 4.10, the AG-#@s thin films that was Bbi€ to retain the hydro hilic properties
tion estea Ad T E ere able™ to “retain the

hydrophilicity for the longest tlmg’o\ppeared to be th iIms that possessed t

ﬂW”Iﬂ’ﬁﬂWﬁm’mmﬂﬂ

ic property of Ag-TiO,

e to light. As seen in
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0.0% Ag-TiOy
0.1% Ag-TiOy
0.5% Ag-TiO,
1.0% Ag-TiO,
3.0% Ag-TiO,
5.0% Ag-TiO,

Water contact angel (degrees)

30

y . (

Figure 4.10 Changé in ‘_;,;;-gé‘;. angle -« droplet on the surface of various
Ag- T|Oz f|| in the absen ’ irradiation.
.w“"“

-

42.1 Pthﬁse structur ﬂ

el hiflls crystalline phases @f#V-TiO, samples were investigated

ned*at  o€™finder Staghant®air f hotirs® The ounts of

tungs n loading were 0.1, 0.5, ]‘ and 1.5 mol% r ectlvely The major

q W’T& AIUARTINGINY

phase was observed at 26 of about 27.3° (110) and 33.6° (101). The weak peak at 260

of about 30° was assigned to brookite (121) phase which was a transitional phase

from anatase to rutile in the healing processes (Shen et al., 2008). After tungsten
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loading, the major phase structure of TiO, slightly changed. As seen at the diffraction

peak of rutile phase at 20 of 27.3° and 33.6°, their gradually disappeared when

increased tungsten loading. This_ indi ' hat, tungsten species hindered the phase
transformation of anatase tQst ion process. This result agrees with

the reports of Li and workers (2006). Furthermore,

no diffraction peak ‘e ’---j-_=.==.'-,'--'- 3} : ide=wEre detected in any samples,
this may be duWof tupgsten speci iformly dispersed on TiO,
surface. / N

Figure 4.10 ﬁ,‘;"‘" ). a of W-TiO; that contained 1.5
mol% W. s @ 4f d 1 ! ,ﬂ’f'ch was resulted by
the overlap f -'mm“‘““‘"’m“m"‘ ORDT\V 4fs;, and W 4f7),.
As seen in Figure |
tungsten speciﬂj/ere revealed at DINAING energy of 35.2 eV

These were a53|gr?j E& W*" and W,O, (mlxe ance of W® and W*"). Therefore, it

FE El MIWEINT ™
qmmmmummmaﬂ

two components of

36.8 eV respectively.
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Intensity (a.u.)

A : Anatase B : Brookite R : Rutile

(€)

hiO, & various amount of tungsten
L Mol%, (c) 0.5 mol%, (d) 1.0 mol%,

11 nt of tungsten loading.

RN TN INYINY

1.5

5.4
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X 10°

Intensity (CPS)

: = v "\
Figure 4.12 MV 4 XPS spectra-0f / O, that coRtained 1.5 mol% W

423Tungstencon V\

(m ﬂ mole percentages of
tungsten were #tind in W-TiO, was higher than that the expacted values only slightly.

ﬂ%mwmwmm

The most common procedure for determining surface area of a solid is

results are sh

based on adsorption and condensatgn of nitrogen at liglfith nitrogen temperatur&lluding

RIS IR NERE

were listed in Table 4.8. The loading of tungsten have a significant effect on the
specific surface area, which surface area increased with increasing the amount of

tungsten loading, this was due to decreasing of crystallite size of TiO, (see Table 4.8).
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Table 4.7 The amount of tungsten contents in W-TiO,.

Amount of tungsten |

Amount of tungsten from ICP
(mol%o)

- 0.128

Table 4.8 Specifisur WET SAMOouiko tungsten loading.

Amoundof t N loadingss Specifi ace area

4.2.5 Surface morphology of W- T|02 thln films

ﬂ um neNINEINT:

tung n loading. It was observed ?at the surface topography of the films at varlous

QRSN AL bt iatas 1t S vt ]

TiO, suppressed the grain growth of TiO,. Moreover, the average roughness of the
W-Ti0; film surface decreased with increasing the amount of tungsten loading from
about 7.8 to 2.4 nm (see Table 4.9).
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ﬂW’]Mﬂ’iﬂJ m'mmw

Figure 4.13 AFM images of W-TiO; film surface that contained (a) 0.0 mol%,
(b) 0.1 mol%, (c) 0.5 mol%, (d) 1.0 mol%, and (f) 1.5 mol% W
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Table 4.9 Average roughness of W-TiO, films as determined from AFM images.

Amount of tungsten

4 Average roughness (RMS)

4.2.6 Light a -' |on ;.qféf films
. e )

b=

& -m . . 3
Fige el {4 shg uia‘:. 3 bsorn pectra of W-TiO, films

deposited on glass sufacesia-wavelengt of '880-700 nm. All films showed
transmittance of light ove 80—% { nti ible region. The fast decreased in
transmittance below _3804F #"J‘ ie-toal ight, which was caused by the

excitation =' ectrons from the valance ﬁ@z (Yu et al., 2002).

When incre&s v i %jilms shifted toward

longer Wavele th re ﬁ in band gap energy.
To calculate t band gap energy of W-TiO; film, the graphof (-2.303hvlogT)"?

versui ho was Icgeﬂd extrapolated in a lihear iart Ieadlng to the band gap energy
e tungsten o nd' Jmoa/o ere 3. ] ,and 3.16

respectlvely

ammmmummmw
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100

Transmittance (%)

4 ¥ A

] s 700
Bty
¥ & i=~\IVavelehgthi
J MY A )
Figure 4.14 UYFVis Speatrs ‘-‘:'1-?7’-' D, thinffillns deposited on glass surface.

7777777 @be molecules like

Ay ‘J]e acidity of solid

catalysts as wek .41 this investigation, the

M Pﬂre 4.15 presents NHs-

TPD profiles of \‘u at various amount OWQsten loading. There was only one

as etic dif p€aky ol - I the's g the peak

FRHANHNINYINT

surfag! were the weak and strong iﬂ'ength (Yang et al, 2005 and Yoon et al., 2007).

| erghlysur id iby0f Wis T 1O st 0F eA,’ira ( a

A LA AR T E 88

q Furthermore, Tian and coworkers (2008) reported that WO3/TiO, catalysts would

exhibit surface acidity issued from the presence of Lewis and Bronsted acidic sites
related to W®" species.

ammonia a&

)

acidity measurement was carried out using NHs-TPD. In
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0.020
0015 7 'b ‘ 5 =N AU 70 VY -__.___
(_U ______________
c
i<
“0.010 A ; : | ,
® o . 7 . 1.5% W-TiO, |
O -
0.005 -
0.000 -
600
Figure 4.15 NH3-TPD prpfiles'of /- Ti friouS®mount of tungsten loading.
Table 4.10\guttdce acidity of W-T fomINH,-TPD profiles.

(mol%) (mmol NH3/g)

ﬂUﬂ’JYIEJVIﬁWﬂ’Iﬂ‘i
'QW’laﬁﬂ’ifUNW']?Wﬂ’]ﬂEl

25.32
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4.2.8 Photoluminescence spectra of W-TiO;

The photoluminescence (PL) emission spectra have been widely used
to investigate the efficiency oficharge jri r

apping, immigration and transfer, and
iconductor particles (Li et al.,

mbination of photo induced

e of W-TiO, at various

amount of tungstega@adige 1 yae ,".; \atRBL SpeCtra exhibited two emission

Ti*-OH (Nagavg AseC loading, PL intensity
significantly “Becregged. ‘ oh Bhpling of two kind
semiconductors_j g |gur . Schigtiy\barrier at between two
semiconductors can & ed e T’r'; I \ Fermi level and electronic

band structure (Libi‘ Er et al ,- J,*_,,:'- iqiangiét al"82006). On the basis of the
relevant band positiogffof \A r}—*f:*:—'f'; fhibe é@duction and valance band of
O,. After W-TiO; being irradiated,
_conduction band of WO3, while
d@ther transferred to
=

‘\./jlance band of WOs3
Therefore, the photo-

WOs; have larger positive .I‘":""T‘V
F L]
photo-generated electron ffn? ’E?E

the holes @

to valance of
recombination. T‘s&on caused the decrg@sing in PL intensity after loading of

ﬂﬂﬁ’)ﬂﬁlﬂ?ﬂﬂ’]ﬂﬁ
qmmmmummmaﬂ

-hole pairs were effectively separatedm

generated ele ther than undergoing
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Photoluminescence intensity (a.u.)

amount of tungsten loading.

Figure 4.17 Energy diagram at interfacial for W-TiO,.
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4.2.9 Photo-induced hydrophilicity of W-TiO; films

In figure 4.18 shows the change in water contact angle of W-TiO,

films after UV irradiation for 3¢ oge irradiation, all films had the initial
contact angle about 18 dggh S WWhen t X% ere being irradiated, the contact

angle gradually decredSedguatilytne ang —‘__—y steady state value, called

Especially for 1.0 ant O/ WiTi ilns ""w;‘_ hortest time to reach a

saturated conk ST héveere, TiO, films that

contained 1.0-1. ) roperties (or the shortest

time to reach

Figure 4.16). Ther iHe=Separatio Bphotoslenerated electron-hole pairs
' O, surface and created more surface
oxygen vacancies (defectiv :f'i?

of W-Tio@m

put higher hydrophilic properties
J:ations are charged
Jibria of the surface

hydroxyl groum @ a higher affinity for
- 11

species with uapired electrons (Tian et al., 2008). Accordingiresults from NHs-TPD

profile, the total‘a&sites increased afteungsten loading (see Table 4.10).

FUtINENINSINT
hy@droky! watér molecilefwmch is ifcr thethyidr@phitic property
of Tﬁsurface. :

ARIANTAUUNIINYIAY

~—~
o
@D
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20

— e 0.0%W-TiO,

— o — 0.1%W-TiOy

- — —w——  05% W-TiOy
-~ ——  1.0% W-TiOy

........ 1.5% W-TiO5

[S)]
1

|

Water contact angle (degrees)
(=Y
o

160 180

Figure 4.18 Chang ‘:_!:,;;,. angle ’ dr}et on the surface of various

4.2 105
of UV irradiatin -
I} i

In order to assess the sustainability of hydrophilic property of W-TiO,

, ' r to ig h S in Figure
H p peroies for the
Ionm time was the ilms .0-1.5 mol% ese observations

suggested that the W-TiO, films ‘at were able to retain the hydrophilicity Whe

Rt ) ATINHIRE

1® jlms after removal

fil
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Figure 4.19 Chang€ in €gatact*angle droplet on the surface of various

W-TiO, f|| irradiation.

s e

4.3 Effect % copper-loadingto-TiC, thind

43.1 P@se ST | ﬂ

Th?)u crystalline phase of C -TjO, samples were investigated using

A UEINONSNY AT

Ioad were 0.1, 0.5, 1.0, and 5. 0 mol% respectively. The major phase structure of

QWS e

observed at 20 of about 27.3° (110) and 33.6° (101). The weak peak at 20 of about
30° was assigned to brookite (121) phase, which was a transitional phase from anatase

to rutile in the healing processes (Shen et al., 2008). After copper loading, the major
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phase structure and crystallinity of TiO, still unchanged, indicated that loading of
copper did not affect to the crystallization of TiO,. Furthermore, no diffraction peak

corresponding to copper oxide were

d tl ted in any samples, this may be due to the
o |

amount of copper species veg ispersed on TiO, surface.

) g alculated from the strongest
peak of XRD patteiassat=28=about 25Q° (10~1+aeia—g-"ﬂfrer s formula. The results

were listed in T L1, Lpe”lpd

pot have an effect on the

WlT O, that contained 15
mol% Cu. A maj iffergnce Detvwee ' € Wis the prominent satellite
structure on the*hi idi ‘-' gy Sic e \CRPNEK, cOre line for Cu®™ species.

These satellites h ibuted-to ' etup. transition by ligand-to-metal 3d

. y. %:' . +
charge transfer. This ge transt Cal r in Cl (Colon et al., 2006). As seen
in Figure 4.21, the Cu 2shatd Cu 2p prbital’ splitting photoelectron were

053.3 eV and together with the
V and 961.9 eV

located at binding energies# l"'J’ l?
characteris -rash

pper species were

ﬂUEJ’JVIEmiWMﬂﬁ
Q»W'mmmummmw
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A : Anatase B : Brookite R : Rutile

i

Intensity (a.u.)

o —
407
W Li .
Y i \

dégrees)

W \
Figure 4.20 X-ray diffrac ,,“f}""""-"f,ﬁ  of b With various copper loading when
Bom (c) 0.5 mol%, (d) 1.0 mol%,

ARIANTUNNING I

5.0 6.0
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Figure 4.21 P1 Snettraof Cu2 /8- TiQ, thak contained 15 mol% Cu.

o
i .‘ ..d
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4.2.3 Copper €ontentindus Os

o 4
11 0] NOIQ
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4.3.4 Specific surface area of Cu-TiO,

The most common procedure for determining surface area of a solid is
based on adsorption and cond ! ' itffogen at liquid nitrogen temperature using
static vacuum procedureg is-Me ! BET (Brunauer Emmett Teller)
method. Specific surfact% ¥ . :. ount of copper loading were
listed in Table 4.13sSpeciic ) dlMA m?/g. After copper

loading, surfac

pf copper loading did not

have a significant. Mélewas appeared in the range

Table 4.13 Sp Frac G- 1 iy _ ontof copper loading.

AFM was use! to characterlze the moerology I}]l;rormity of

surface Figure 4.22 shows AFl\/ﬁmages of Cu-TiQgsfilm surface that corfigin

q WII ﬁ;ﬂ ATALIRIINHIRY

Analysis of AFM images revealed that the average roughness of the Cu-TiO, films

surface appeared in the range of 1.663-2.534 nimi (see Table 4.14).
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q W’] mngmm:mmam

(b) 0.1 mol% (c) 0.5 mol% (d) 1.0 mol% and (f) 5.0 mol% Cu.
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Table 4.14 Average roughness of Cu-TiO; films as determined from AFM images.

Amount of copper |

_; Average roughness (RMS)

4.3.6 Ligh ab p nch [erIstic 0 C o in films

b A AWM Y
Figul 485 ?r}) 1 i abso “".\- \&bectra of Cu-TiO, films
deposited on glass s [ ce infWavelengt ge of380-700 nm. All films showed
transmittance of ligh over visible he fast decreased in transmittance
below 380 nm was due tg .;j ] “;W:' WS caused by the excitation of
electrons fromy th Yyet al.,, 2002). When

increased cpm -ﬁﬁ"‘"“’mmmm’“—“‘-"‘ s yvere shifted toward

longer wavere ' q' "band gap energy. To
calculate the Bamd gap energy of Cu-TiO; film, the grapﬁbf (-2.303hvlogT)"?

versus ho was pI(‘e d extrapolated in a |IW part leading to the band gap energy

wﬁlﬂmﬂ mmmm 91y

resp vely

ammmmummmw
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100

AN

‘ a) 0.0% Cu-TiO,
ﬁl% Cu-TiO,

5% Cu-TiO,

Transmittance (%)

400 r/r \ A 700
Y | / %

U\EVis specira of Ci b thin "11 s deposited on glass surface.
; A “F

‘t.-a
e

Figure 4.

4.3 aGE "j:i -
() S \ L)

Jobe molecules like

ammonia anm rﬁ; the acidity of solid
catalysts as as acid strength sites (YYang et al, 2005) this investigation, the

acidity measuremﬁtﬁ carried out using Niidg#TPD. In Figure 4.24 presents NHs-

ﬁ:ﬂﬂ? NHNINEAN T

temp tures are ranged between aD and 600 °C, indicating that the acid sEes on

RIS I RIINTIHY

not have a significant effect on the overall surface acidity of Cu-TiO..
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' , 1.0% Cu-TiO,

0.015 1 [01%Cu-g s; ‘y "‘ -----------------
T® | —A ) 70 de=S
c
=y
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O
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0.005 A

0.000 - eV
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Figure 4.24 NH;-TPD profilgs:6i ,.:r.zyﬁg. bus amount of copper loading.

Table 4. 1 ace acidity of Cu-TiO, samples as determined froin NH:-TPD profiles.

= |—4

Total adﬂﬂhte

‘&ol%) (Y (mmol NH3/g)

|
Ampunt of copper loading

paie 57

qmmn‘smwﬁ%maﬂ

24.35
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4.3.8 Photoluminescence spectra of Cu-TiO,

The photolumlnescence (PL) emission spectra have been widely used

apping, immigration and transfer, and
to understand the fate o n {ron- i |conductor particles (Li et al.,

2001). Since PL emisstoReh ' o mblnatlon of photo induced

recombination r. ‘ _ | rious amount of copper
loading. It was- /A }_: > i1 T80, cMission peaks at the
wavelength of abe "er vas due to free excitation
emission of tate such as Ti*"-OH
(Nagaveni et al ; Plgigtensity decreased with
increased the48adin {‘" ainty duct 1 ¥ capture of Cu?*. Cu**
easily captures plto-igiiug d eIe ¢ h stable chemical state
with a full-filed oute leg y'i'” i ) Bst8n %(ligiang et al., 2006 and Xu
et al. 2008). Thig#fesulis also s 1:1: “ . , Choi et al., 2007, which
reported that CuO in Cu 'r‘ﬁ'ﬁ “ asyfibpulated to be reduced during
the methanol/water photod omposition. Dre, the photo-generated electron-hole
pairs were effectively f' € Being recombination. This reason

caused the -

ure 4.27 shows the chan es in water contact angle of Cu-TiO,

“'mmﬁ IR/ LL b2 bwl

angl radually decreased until the angle reached to a steady state value, called
saturated contact angle. For TiO; ‘m the time needﬂo reach a saturated uact

within 180 minutes. So, Cu-TiO, films possessed worse hydrophilic properties than
TIO; film did.
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f

Photoluminescence intensity (a.u.)

AN N 1.0 u-TiO,
@, \'; TiO,
; 4.: ‘I:r :'I ” % ;
350 400 é"ﬁ'.‘- e A Y 00 550
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v vid)
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i Vrer

Figure 4.25 P v‘;;{.n}.@w' 0

amiount of copper loading.

Figure 4.26 Photoreduction of Cu (1) at interfacial of Cu-TiOs.
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Figure 4.27 Changg”in gQntact.angle « droplet on the surface of various

" LLUUHIY LT abUuVve uilouu _)2+ (CUO) in a” CU'
TiO, films L S dgher stable form of
Cu® (Cuy0). Tllﬂ s, the ab photo- m%ed electrons is higher

than that to produces surface oxygen vacancies on TiO, surface according to the

10t e r p ilici refore, the lowe surf ce oxygen

@ 'ﬁw Qﬁles Cu-TiO;
fllmarurthermore CuO itself does not exhibit hydrop |I|C|ty (Miyayuchi, 2002)
Thus, with increasing content of oﬁper loading, the oph|I|C|ty of Cu- T|

ﬂﬁﬁﬁ“@ﬂ‘iﬁﬁmq'mm& i

1=
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4.3.10 The sustainability of hydrophilicity of Cu-TiO, films after removal

of UV irradiation

In order to asse i ty of hydrophilic property of Cu-TiO,

film, the films were s:n' ‘ 0 exposure to light. As seen in
Figure 4.28, the abili} ctal Li erty of Cu-TiO; films after
removal of UV wM—worsﬁan dlm. These findings agreed
p—F‘-— Pl v _‘)_ £ -

with observatio er hydrophilic property

could retain the.

% Cu-TiO,

35 -
R PERPRS H--.. ceem

30 - ===7
g
§ 25 A
Z
3 20
e
(3]
g
5 ")
o A AW , 0.0% Cu-TiO,
£ 10 _’L‘ 4 _ LE % Cu-TiO,
= e

| 0

0% Cu-TiO,

H | :jﬂl 5.0% Cu-TiO,

ﬂﬂﬂ’mﬁﬂ‘iWMﬂﬁ

428 Change in contact angle of water droplet on the surface of varlous

Qma ST et
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4.4 Effect of Molybdenum loading to TiO, thin films

4.4.1 Phase structures of Me-Ti

powder after calciggtsal 350-° un‘r stagmz hours. The amounts of
molybdenum | wer srespectively. The major
phase structure o ‘ | 6 of about 25.3° (101),
rutile phase v . 101). The weak peak
at 20 of about 3§% was agfig fed 5 brogkité 2 “"".‘q.f‘ﬁx lich was a transitional
“ i h g a\.“'-,.\‘ :\“‘;-,_ Shert et al., 2008). After

\\ “‘.\. i"i'f- stallinity of TiO, still

unchanged, indicau tha ._ F me enum did

molybdenum lg g - phase struc

3, affect to the crystallization

of TiO,. Furtherm@re, g diffraction. pea espo d g0 molybdenum oxide was
detected in any samplg€. Tk ‘PQ;,F‘QEW  due @noMt of molybdenum species very

low or uniformly dispersed ofr 10, surfac

I%:d from the strongest
rmula. The results

2 dﬁi not have the effect on

M

were listed in

Ef.
ﬂ‘ﬁﬂ‘”ﬁ NENINEINI

Figure 4.30 shows Mo 3p XPS spectra of Mo-TiO, that contained 10
mol% Mo. It was observed that, théMo 3p spectra congisied of two peaks spin{gghital

qRIALNAWANTINEIRE)

Therefore, it was clearly indicated that, Mo®" was existence in form of MoOs.

the average cr lite size of anatase.
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A : Anatase B : Brookite R : Rutile

(f)

(€)

Intensity (a.u.)

‘

).
- ‘; ‘I.l - " ﬂrﬂl - h‘h - - -
Figure 4.29 X-ray diifractiQmy m;r:, : p-TiC \ yith*various Mo loading when
() 0.0/M0l1% {):0.4-mol% ol%, (d) 0.5 mol%, (¢) 0.7 mol%,

Table 4.16:Crystalit ~ Size of anatase i - 110, at variol ;J“- nt of molybdenum

7 N
I 1

Amount‘f bedenum loading Y] Crystallite size

ARIAINTUR NN

1.0 6.1




72

X 10

32

24

16

Intensity (CPS)

384

TELLE 1OV

o M?Tiog sample was
determined Ju&; uctively coupled-plasma optica spectroscopy (ICP-
OES) and the're TaPte 4.17, the real mole

percentages of@vlybdenum were found 1 Mo-TiO, samples l' vas higher than that the
expected values OW ightly.

ﬂuﬂ’mﬂﬂﬁwmﬂﬁ
QW’Imﬂ’ifUSJW]'mEI’]ﬂEJ
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Table 4.17 The amount of molybdenum contents in Mo-TiO,.

Amount of molybdenum loadi _Amount of molybdenum from ICP

(Mol%) S ‘ v (mol%)
& ' / 0.113

0346

4.4.4 Spleifi

,‘ ma mon' "» e for déte inglsurface area of a solid is
it W'(E .U .
based on adsorptlon ¢ n*’ﬂ NIFOg8h atliquidynitrogen temperature using

static vacuum pro edur This e A;,,.' called BET%(Brunauer Emmett Teller)

method. Specific surf; ‘ r‘j‘-'rfj-‘mv [i0 us anount of molybdenum loading
were listed in Table 418 pectiic-sur area of TiO, was 103.8 m?/g. After

molybdenum_ loadingm ¢ Howe;er, the amount of

J

molybdenup-foading did not have a signi cific surface area,

which was &

445S face morphology of Mo- T|02 thin films

Fl i mm YMINYINT

varl amount of molybdenum. I Jwas observed that, that loading of molybdenum

q RS reTad

the range of 1.693-2.960 nm (see Table 4.19).
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Table 4.18 Specific surface area of Mo-TiO; at various amount of molybdenum loading.

Amount of molybdenum! Specific surface area

(m?/g)

; ; i e A
4.4.6 Light ag€ory -;r‘v’-’ acte VI8 TiQ thin films
|

Figure 432 she YUV-\ ', -u'\ spectra of Mo-TiO; films in
,r.r..w dtre

hittance below 380 nm is due to

wavelength range of 800-70 smittance of light over 80 %

in visible region. The fa i

absorption @

band to co

clectrons from the valance

fffffffffffffffffffff bedenum loading,

the absorpt\£ [ 10hder wavelength (red-
o

shifted), this irm ated that decreasingMnepand gap energy. Tbjcalculate the band gap

energy of Mo- Tl(kfﬂm the graph of (-2.30 ulogT)“2 versus ho was plotted and

ﬂummm‘m 138 i e

, 0.5, 0.7, and 1.0 Were 3.23, 3.20, 3.20, 3.18, 3.17 mol% and 3.16

qﬁﬁ'mnsmummmw
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q W’] ASMI ol UMY’

Figure 4.31 AFM images of Mo-TiO, film surface that contained (a) 0.0 mol%,
(b) 0.1 mol%, (c) 0.3 mol%, (d) 0.5 mol%, (e) 0.7 mol%, and
() 1.0 mol % Mo.
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Table 4.19 Average roughness of Mo-TiO; films as determined from AFM images.

Amount of molybden

Average roughness (RMS)

100

ﬂz : ﬂ?ﬂﬂﬂiﬂﬂ?ﬂfﬁ

QW’I AN T ARINEEY

Figure 4.32 UV-Vis spectra of Mo-TiO thin films coated on glass surface.

60 45 oy <

Transmittance (%)
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4.4.7 Surface acidity of Mo-TiO,

Temperature-programmed desorption (TPD) of probe molecules like
ammonia and pyridine is a g ‘ ”t dy for determining the acidity of solid

2005). In this investigation, the

ﬂ n Figure 4.33 presents NHs-

TPD profiles of g arlo‘ amount-menum loading. There was
only one asymmaggii KA e NHs less@if.all the samples, and the
peak temperature v v . » dicating that the acid sites of
the samples were wg ‘ efloth 0 ; 2005 and Yoon et al., 2007).
The total acid ‘ were listed,in, Ta 120, AT
total acid site decgs eV e art \‘;\ yb okg"".,: loading did not have a

olybdenum loading,

0015 { --=---------
=z
[
% 0.010 ¥ e e
S A
= =\
{
‘ A
0.005 - N
’J ' I Ejﬂ 5 I l ﬁ/ﬁqiquﬁ

' o
200 5 300

N ANNIUIMTINENAH

Figure 4.33 NH3-TPD profiles of Mo-TiO, at various amount of molybdenum

loading.
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Table 4.20 Surface acidity of Mo-TiO, samples as determined from NH3-TPD
profiles.

Amount of mol _ Total acid site
mol NH3/g)

4.4.8 Photol@migdé

The ph6tolufninescence (P ion Spectra have been widely used
to investigate the eff|C|enc / OF ;"""’-?:' @Rping, immigration and transfer, and

to understang, the 'j""’- ucz:))articles (Li et al.,
2001) Th emission mainiy resuiis vl ] Of phOtO-induced

electros ane.A the decreasing in

recombinationr e. In gt VI0-TiO, : P arious amount of Mo
loading. It was observed that, PL spectra exhibited two emission peaks at the
asdue to freg excitation
e stitd sdch & Ti**-OH

.34, the photoluminescence intensity

enisgion of
(Naqlenl et al., 2004). As seen Figure
decreased with increasing the I‘dlng of molybdggun. This was attribufedy

q RIRIAIUAATINEIRY

recombination. This reason caused the decreasing in PL intensity after loading of

molybdenum to TiO.,.
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Photoluminescence intensity (a.u.)

350 MG '. : 550

Figure 4.34 PL speCtra @

4.4f§hot induced hydrophili

V-irradiation. n, e films had the initial

ﬂut 18-21 degrees. When the films being wﬁ irradiated, the contact

angle gradually (‘cmed until the angle rgaghed to a steady state value, called
AuLananInsanT

angle te ding, the

saturaled contact angle of all Mo- T‘Dz films about 10 degrees, which higher than hat

RIS NRAINY "5

electrons is higher than that to produces surface oxygen vacancies on TiO; surface

film after U

contact angle

according to the mechanism of photo-induced hydrophilicity. Therefore, the lower

surface oxygen vacancies were created, which brought about lower hydrophilic
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properties of Mo-TiO; films. Furthermore, MoOs itself does not exhibit hydrophilicity
(Miyayuchi, 2002). Thus, with increasing content of molybdenum loading, the
hydrophilicity of Mo-TiO, films dec

comparatively to TiO, film.

— i y f ——

I ;s, he i of 1ye ilic property of Mo-TiO;

film, the films wege*Blacpd’ | ark R0 "Bx@psure to light. As seen in
Figure 4.36, the ali ; v | of Mo-TiO; films after

L hese findings agreed

with observation i Aed” e filn 1 b tter hydrophilic property

25

0.0% Mo-TiO5
0.1% Mo-TiO,
0.3% Mo-TiO,
0.5% Mo-TiO,
S 0.7% Mo-TiO,
1C_;;.OO/O Mo-TiO,

A
J

N
o

[EEN
o1
1

RN
o
1

Pﬂ’)'ﬂﬂﬂi WA

ter contact angle (degrees)

ﬁa

‘-WW’] AN IUUARIINY Y

Figure 4.35 Change in contact angle of water droplet on the surface of various
Mo-TiO; films.
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25

0.0% Mo-TiO,
0.1% Mo-TiO
0.3% Mo-TiO,
0.5% Mo-TiO,

Water contact angle (degrees)

s .7% Mo-TiO,
A 1.0% Mo-TiO,
25 30
.l\’
. iy Ao \ | :
Figure 4.36 Changedih confact=angle- jer drg@let on the surface of various
| i 9
Mo-TiO; filmsiin-the absen O/ irradiation.

45 Reduc@&

Ac n
tungsten enhar]ﬂ the

ich ‘, adding of silver or
ms but: '1 ither adding of copper

or molybdenum did not enhance the hydrophilic property. In"order to investigate the

overahl conclusi r(o al loadi e hy ilic property of the film that may be
col late reddcti b@?o ta %j Th rﬂ,ﬁnperature
pro med-reduction (TPR) was performed and the result of the TPR profiles of

Ag-, W-, Cu-, and Mo-TiO, were ﬁ)wn in Figure 4.3@ seen in the TPR prw of
efat ‘
ank

QIRAIRANIANERNY

sample, only one reduction peak was observed at the temperature around 520 °C. This
peak was due to the reduction of W® to W°" and then to W** (Engweiler et al. 1996
and Benitez et al., 2002). Moreover, the tail of the TPR profile does not reach to the
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base line at the end of experiment. This was due to further reduction to W° at the
temperature higher than 800 °C. For Cu-TiO, sample, two reduction peaks were

observed at the temperature around 60 $C and 406 °C. The former peak was due to

»
the reduction of highly dispehsdiC u’ Eci@s interacting with TiO, and the letter
peak was due to the reduCHQI O] %SJ (Xiaoyuan et al, 2004 and

Luo et al., 2005). FomMQ=T10555 twi ction were observed at the

ction peaks were due to the

reduction of Mo~ | Hedyal| 3 af inate to Mo*" (Arnoldy

et al., 1984 and«! . keo aductionspeak of Mo** to Mo will
be appeared at | G, W annot observe in this
W ' profile and photo-induced

i6e) MaSibeen correlate with the

hydrophilic properif, i ‘_, rAY o of Cu-TiO,~Mo-TiO,>

Ag-TiO~W-TiQ#H. r, sen ’ ) edlktion was in the order of

Ag-Ti0z>Cu-TiO,>o-O:; " O>-fe / Ve N the reduction behavior of
' elategifc ,:ﬁj.., ] ilic property of the film.

7777777777777777777777 MO-Ti02

:.l'}

consumption

0 200 400 600 800
Temperature (°C)

Figure 4.37 TPR profiles of metal loaded-TiO, that contained 1.0 mol% metal.



CHAPTER V

CONCLUSIO OMMENDATIONS

hydrophilicit conclusions are the
following;

511 Ti A \ 0-1.5 mol% tungsten
possessed the bes ‘ perti aCelise. ,recombination of photo-

agreed with the results

1|ybdenum (0.1-1.0 mol%) to
TiO; films did not impro Bt the thin films because the photo-
generated electrons were: ”f' re oxide instead of creating surface

oxygen vaﬁ%‘ml @ r MoO; possessed

hydrophili n increase in the content of ¢ der .u}n in TiO, worsened

i
i

the hydrophi |c;p 0
III

'
.||
5.1.3 The better the hydrophilic property of the thin fq'n the longer the ability
Ofi | ﬂg 5% E]Iﬁfw Hrﬁﬁﬁ

5.2 Ivommendatlo S

QRGN THNETINEIa Y

decomposition the hydrocarbon compound, treats the water and air pollution.

5.2.2 Other preparation for prepare TiO, thin film should be tried.
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APPENDIX A

The crystal dth at half-height of the
diffraction peak of herrer formula according to
Equation A.1 -

(A1)

The X:Fay-diffraction-broadening S the pure  ." powder diffraction,
free of all brog PStandard o-alumina is used
to observe theﬁt‘rumental broadening since its crystallite ‘--‘ is larger than 2000 A.
The X-ray diffracinroadening () can be o ed by using Warren’s formula;

ﬂummmwmm
q wmn TRIUNNANLINY

Bs is the corresponding width of a standard material
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Example: Calculation of the crystallite size of titanium dioxide

In Figure A.1, the half-height W|dth f O dlffractlon peak

= 1.80813°
= 0.03156 radian
.004 radian

The corresp

Jerys

B
g9

25 255 26

2 Theta

Figure A.1 The 101 diffraction peak of TiO; for calculation of the crystallite size
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0.007

W,

Bs (radians)

70 80

\0"the value OF line bre ng due to the equipment.
relo| J/', g o-al andard.
» _-rﬁg
!-,.;Yéf'
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APPENDIX B

DETERMINATION ATTICE PARAMETERS

(B.1)

b | e, a=b=c) (A)
(h K 1) igVillegglifdex
y e

F i S ="
P

So, at a fixed- wavel --------------- hathe XRD machine: target, filter, etc.)
o"/i, ,'{"/‘
for a certaingyvalue

spacing ofigach-plane,-a-cell-anc =f- tetragonal crystal
system (seevkidure ationB.2;

u
=

ﬂﬂ

ples). After obtaining the d-

dhkl

ﬂuﬂawﬂmﬁawns
ammnsmummmw

(B.2)
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‘ =
— |
a
Fig#fre BA Tgtraflon st e Oftita dioxide.
Example: Calcylétionghe Jttice pél f ti oXH
4 1'1': 4 v |
To calculafion the lattiggdpatame nataSekTiO,, we select the (101) and
(200) plane for determine ae e stéps for calculation as followed
below; =
- s
1. From thelds angle of anatase
TiOy in (10%)Gn0k octi€ly. So, substitute in
— | —
Equation (B.1);|§ ‘,||

] ]
ARSI sAYENA Y

(1)(L.5418)
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2. The d-spacing of (200) plane is used to determine a-cell parameter;

(2)(1.8857) = 3.7714 A

(a) \

AUINENINGINS
RIAINTUNRIINYIAY
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Table B.1 Summary of lattice parameters and crystal volume from XRD analysis.

c-cell Crystal

Sample parameter volume

(A) (A)

0.0% Ag-TiO, 3.503 :' 136.2530
0.1% Ag-TiOs 35074 138.1732
0.5% Ag-Tif ' 140.4217
1.0% Ag-Ti ' 136.5678
3.0% Ag-TiQ 137.8535
5.0% Ag-T10, L O 138.7439
0.0% W-Tig £ .20 37847 N, G221 134.9631
0.1% W-TiO, " _ Teo6) 02947  133.9767
0.5% W-TiQ 3 ' o3 18082 1953 132.5441
1.0% W-TiO | 45 8083 A W 02314 132.6467
1.5% W-TiO, 9.3099 133.8805
0.0% Cu-TiO, 9.5792 136.2530
0.1% CU-TfOz 35 ffﬁ*-":‘fﬁ 946 4 31892 9.4589 135.8094
0.5% CugTiO, 924_5‘1;1 135.4106
1.0% GU-TiOy——286999—18916 3 783" ~0-68640 138.3210
5.0% ClFO 1.7 138.3976
0.0% Mo- jz 3.5038 7788 .@Fsaz 133.6014
0.1% Mo- TIOz‘ 35147  1.8983 3.7966 9.2947 133.9767
%Mg-TiOy 2.3440
ﬁi%m A BV 3N B B
@F% Mo-TiO, 35120 1 8894 3.7788 9.5149 135.8668

10% Mo-TiO; _ 35079 ,8938 37577 @M 92000 133/




APPENDIX C

al peak area

0.0 A 30, 5.2705

01988 Tigl 5.3526

ot aggfof Jo. 7 5.1601

1.0% AB-Tig ."' 4.8433

3.0% Ag gz PR 45922

5.0% Ag* I' Mk 4.2448

0.0% W-Ti@@ 3.9456

0.1% W-TiO, 4.2178

0.5% W-TiQuad e i A Z 4.4608

SoWetiop N %7393

. "\, 34885

0.0ﬂu-ﬂ ﬂ 4.4569

0.194/Cu-TiO, 0.1021 A 49759

0.5% G- iy 0.1007 4.4983

AUHINERINYTINT
g 0%€\-Ti L B ¥ om0 ‘ )
0.0% Mo-TiO; 0.1010 4.6309 ,
i 1 igme £ ~ on: Yo
YW1 U URTIVENQ Y

g 0.5% Mo-TiO; 0.1009 3.8633

0.7% Mo-TiO, 0.1016 3.9885

1.0% Mo-TiO, 0.1011 4.1324




100

Example: Calculation of total acid sites.

1. Conversion of total peak area (se Tab
|

m igxtotal peak area
AN ' 2705

L

3. Calculation of total acui

N\ 4 | |
Toth (absorbed volum mm% 5 kPa

ofcatalyst, g)

:id

w lr

For pure ti‘rﬁmple 0.1026 g of thiis#mple was measured, therefore

AUEINENINENT

“Total acid sites = oL
(8. 3# ) x 298K .1026 g)

qmmnwﬁmmmaﬂ

= 23.79 mmol NH, /g




APPENDIX D

In the visib

scattering of ligh : o : nsparent material in this
domain, the lig erl rlinates oversiesabsol and it can be obtained

from the approxigaat® relaii®ndoée ing ) ome, Tardare et al., 2000)

(D.1)

cal b ap, the scatterin
_ @g P, the scattering
‘\’lng relation is often

used accordinﬁ
1|

logT

ﬂ o F g7 /s | (D.2)
LR NEANEN)S
: “Auegejthr hold of TUndamental absOrption near absorption” edge, the

dependence of « on incident Iight‘nergy is known t(ﬂzy the relation accorw to

RIRINTUARINGAY

ahv =a,(hv-E,;)" (D.3)

3
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ho is the photon energy

a, isa constant which not depend on photo energy

istic value for the indirect

allowed transiti (Mardare et al., 2000).

Substitute Equatiog

(D.4)

where B isgco ' The grap #2303 188 )2 versus ho will present

a linear part thap€an bgsextg@polatettto=zerdilcadingytoithe baRd gap energy (E,).

Example: Calculatlo .. ‘ d gap of thelfilms

1

2 ﬁ«sus ho of various

Fig

W-TiO, filtnss-After-the-lineai-part-were-extrapolateds-the-Hari gap energy were

obtained ande

II‘ 4|
il |

ﬂUﬂ’JVIEJVIﬁWEJ'm‘i
qmmmwmmmw
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3.0
2.5
§ 207 0.1% W-TiO,
'S 0.0% W-TiO,
o
>
=
(90]
o
™
o

av of " SANV-
Table D.1 Band gap energ f--‘.l "ﬁ;f\/ v

pies ——band ga| g eV)

Sy A
ek | i

Il 0.1% W-TIO; 3.1 Il

(W W-TiO, 3.17

AULINBNINGINT
RIAINTUNRIINYIAY




APPENDIX E

(E.1)

.
il

l.
e

ﬂNB’@s%EM?W B3
Qmmnsmum'mmaﬂ
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