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ABSTRACT

APPLICATION OF SEMI CONDUCTOR FILMS OVER GLASS/CERAMIC
SURFACES AND THEIR LOW TEMPERATURE PHOTOCATALYTIC ACTIVITY

Erséz, Tuggce irfan
M.S., Department of Chemical Engineering

Supervisor: Prof. Dr. Girkan Karakas

February 2009, 130 pages

Semiconductor metal oxides can be induced by light with proper wavelength
resulting in oxidation and reduction reactions for the transformation of water and
oxygen molecules into active radicals. With this method, it is possible to obtain

self-cleaning surfaces and products having antimicrobial properties.

The aim of this study is to develop semiconductor metal oxide thin films for
multifunctional glass products and the characterization of photocatalytic self
cleaning and antimicrobial properties. As semiconductor metal oxides; titanium
dioxide (TiOy), tin oxide (SnO,) and their binary mixtures (TiO,-SnO;) are
selected because of their abundancy, non toxic properties, stability and the
ability of absorbing light close to visible range. Also the effect of metal dopants
such as praseodymium (Pr), palladium (Pd), silver (Ag) and iron (Fe) was

examined with these metal oxides.

The colloidal solutions were synthesized by using sol-gel method in order to

apply the developed method to industrial usage as applying on large surfaces.



The glass substrates were coated with the colloidal solutions by dip coating and
the dried samples were calcined under air flow. The best calcination condition for
pure TiO, coated thin film was determined as 400°C for 45 minutes. Surface
characterization studies were performed by using UV-Visible Spectrophotometer
for band gap measurement, CAM for contact angle measurement, SEM for
surface morphology and tophology. The methylene blue adsorption tests were
carried out and the effective surface area of the samples were predicted by the
Langmuir adsorption isotherm of samples. The photocatalytic activities of the
coated thin films were measured with the degradation of organic materials as red
wine and methylene blue, and with the antimicrobial activity tests as counting the
number of viable E.coli cells. 61.2% deactivation of methylene blue stain was
achieved over SnO, coated thin films while this was 22.1% over TiO, coated thin
films after irradiation for 180 minutes. The superior photocatalytic activity was
observed with TiO, samples doped with Pd and Ag ions. The TiO,-SnO, coated
samples performed limited photocatalytic activity which is less than the activity of
Sn0O, coated samples which was confirmed with surface area measurements as
SnO, coated samples had higher surface area (9.81 cm?cm?) than TiO»-SnO,
coated samples. Surface area increased with increasing the amount of SnO, and
it was in the following order: SnO, > 80% SnO, + 20% TiO, > 50% SnO, +
50%TiO, > 35% SnO, + 65%TiO, > 20% SnO, + 80% TiO, > TiO,.

Keywords: Semiconductor, self-cleaning, antimicrobial, photocatalysis, thin
films, TiO,, SnO,, sol-gel, photocatalytic activity
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CAM/SERAMIK YUZEYLERE YARI ILETKEN FILM UYGULAMALARI VE BU
FILMLERIN DUSUK SICAKLIKTA FOTOKATALITIK AKTIVITES]

Ersoz, Tuggce irfan
Yiksek Lisans, Kimya Mihendisligi Bolumu

Tez Yoneticisi: Prof. Dr. Gurkan Karakas

Subat 2009, 130 sayfa

Yari iletken metal oksit maddeler uygun dalga boylarinda i1sikla uyarildiginda su
ve oksijen molekullerinin aktif radikallere donisimini saglayan yukseltgenme
ve indirgenme tepkimeleri meydana gelir. Bu yontemle anti-bakteriyel 6zellikli

kendini temizleyen yiizey ve Urlinler elde edilebilir.

Bu calismanin amaci, fotokatalitik olarak kendini temizleyen ve anti-bakteriyel
ozellige sahip, ¢ok fonksiyonlu, cam Urinler igin yari iletken metal oksit tabanli
ince filmler Uretmek ve dretim teknikleri gelistirmektir. Yariiletken metal oksit
olarak, cok bulunmalari, zehirsiz oluglari, kararlliklari ve gin 1sidina yakin
araliktaki 1siklari sogurmalari nedeniyle titanyum dioksit (TiO,) kalay oksit
(SnO,), ve bunlarin ikili karigimlari secilmistir. Saf TiO, ve SnO,'nin fotokatalitik
aktiviteleri gtines 1s1g1 altinda sinirh olup katki maddeleri olarak praseodimiyum

(Pr), paladyum (Pd), gimus (Ag) ve demirin (Fe) etkileri de incelenmisgtir.
Gelistirilen yontemlerin genis ylzeylere endistriyel boyutta uygulanabilmesini

saglamak amaciyla, kolloidal ¢ozeltiler, sol-jel teknidi ile hazirlanmistir. Cam

ylzeyler ise, daldirma yontemi kullanilarak, bu cozeltiler ile kaplanmis ve

Vi



kurutulduktan sonra kalsine edilmistir. Saf TiO, icin, en iyi kalsinasyon sekli
400°C’'de 45 dakika olarak belirlenmistir. Yiizey Ozelliklerinin belirlenmesinde,
bant genigligi 6lcimi icin UV-Vis Spektrofotometre, temas acisi dlgimi igim
CAM, yilzey morfolojisi ve topolojisi i¢cin ise SEM kullanilmistir. Kaplanan
ylzeylerin fotokatalitik 6zellikleri kirmizi sarap ve metilen mavisi gibi organik
maddelerin degredasyonu ve E.coli sayma gibi organik yontemler yardimi ile
Olctimustadr. Metilen mavisi konsantrasyonu 180 dakikalik bekleme sonrasinda
SnO, ile kaplanmis ylzeylerde %61.2 oraninda azalmis olup, TiO, kaph
ylzeylerde ise bu oran %22.1'dir. En iyi fotokatalitik 6zellik ise Pd ve Ag
eklenmis TiO, ile kaplanmis ylzeylerde gozlemlenmistir. TiO,-SnO, karisimi ile
kaplanmis yizeyler SnO, kapl yilizeylerden daha distk fotokatalitik aktivite
gostermis olup, bu durum, SnO, kapli yilizeylerde ylzey alaninin daha disik
olmasi (9.81 cm?cm?) ile aciklanbilecek bir durumdur. Yiizey alani SnO, miktari
arttikca artmakta olup siralama su sekildedir: SnO, > 80% SnO, + 20% TiO, >
50% SnO; + 50%TiO; > 35% SnO, + 65%TiO, > 20% SnO, + 80% TiO, > TiO,.

Anahtar Kelimeler: Yari iletken, kendini temizleyen Urinler, antimikrobiyal,

fotokataliz, ince filmler, TiO,, SnO,, sol-gel, fotokatalitik aktivite
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CHAPTER 1

INTRODUCTION

Ceramic and glass products are widely used because of their environmentally
friendly nature, easy cleaning, durability, easy maintenance, durability and
maintaining their shape, color and stability for a long time. Glass and ceramic
industry has special importance with current high capacity and raw materiald. On
the other hand, due to the increasing energy cost and immense competition,
these industries can not satisfy the demanded profit resulting in the low export
income. By taking this situation into consideration, products having speciality and
extraordinary properties having higher value add, might have a viable market
chance to overcome these difficulties. With their physical and chemical
properties, semiconductor metal oxides are suitable materials in order to develop
multifunctional high qualified products. Their transparency on the visible light
region, and absorption of energy in IR and UV ranges, limited electrical
conductivity, and the release of electrons as a result of UV adsorption yield many
products such as thermal and UV filters, antistatic coatings, gas sensors, touch
screen LCD panels, and photocatalytic materials where electron and hole pairs
are utilized in a designed manner. By using electron and hole pairs to activate
water and oxygen molecules, which are available in ambient, might be used to
produce surfaces with photocatalytic properties. Such multifunctional surfaces
having photocatalytic activity can be utilized as self cleaning surfaces, super
hydrophilic surfaces, super hydrophobic surfaces, antimicrobial surfaces as well
as their original structural properties such as floor tiles or window glasses,

bottles, etc.

In recent studies, due to the chemical, electrical and optical properties, titanium
dioxide (TiO,) has caught special attention because of its wide band gap

resulting in high transmittancy along the wide range of wavelength spectru,



availability, low cost and non-toxic properties. Among different conducting
materials, TiO; is used widely due to its predominant photocatalytic properties.
Besides that, it is chemically and physically stable and does not have any side
reaction during photocatalytic reactions take place. TiO, surfaces exhibit
hydrophilic surfaces where hydrophilicity allows water to split completely instead
of remaining as droplets resulting in the clear surfaces that can be easily washed
[Popielarski, 1998]. Hydrophilic TiO, films can be used for practical applications

like door mirrors for cars, coatings for buildings, etc.

Other semiconductor metal oxide used widely is tin oxide (SnO,). SnO, is an n-
type semiconductor having wide band gap where band gap energy is around 3.6
eV. Using these metal oxides for their photocatalytic properties has a
disadvantage as the surfaces should be irradiated in order to obtain
photocatalytically active surfaces since band gap energies of TiO, and SnO, are
around 3.2 eV and 3.6 eV, respectively [Trapalis et al., 2003]. For increasing the
photocatalytic activity by decreasing the band gap energy of semiconductor
metal oxides, metal ions have been widely used. The mostly used metal
catalysts for this purpose are palladium (Pd), silver (Ag), iron (Fe), gold (Au),
cobalt (Co) and copper (Cu).

In this study, semiconductor metal oxides having large band gap were applied to
the surfaces of glasses as thin films, and photocatalytic, hydrophilic and
antimicrobial surface properties were characterized. For this purpose, TiO,,
SnO, and their binary mixtures (TiO,-SnO;) were the selected semiconductor
metal oxides having large band gap because of being easily prepared, their
chemical stabilities, high photocatalytic activities, resistance to corrosion and low
cost [Yang et al., 2006]. Furthermore, photocatalytic activities of TiO, and SnO,
thin films doped with metal ions having catalytic properties was examined with
doping Pr, Pd, Ag and Fe ions having high oxygen transfer ability, charge
separation sites and their unique catalytic properties.

The coated thin films were characterized by using CAM, SEM and UV-Visible
Spectrophotometer. For surface area measurements, Langmuir isotherms of the

samples with methylene blue were used and photocatalytic activities of the films



were measured with the degradation of organic materials when subjected to
artificial solar light irradiation and with antimicrobial activity tests as counting

viable E.coli cells after irradiation.



CHAPTER 2

LITERATURE SURVEY

In health facilities, laboratories and swimming pools; hygiene of ceramic and
glass products is very important issue as sterilization of microorganisms. It is
known that, health problems, because of the microorganisms, have started to
appear due to the reproduction of microorganisms under optimum conditions of
temperature and moisture for their reproducibility. One way of disinfection is the
using chemicals including chlorinated organic compounds which is named as
manual disinfection and has been the most applied method for disinfection of
these microorganisms for several years. On the other hand, it should be noted
that chlorinated organic compounds cause contaminations on the applied
surfaces because of the following reasons:

» Toxicity
» Causing environmental pollution

» Not establishing long-time protection

The alternative way of disinfection is the photochemical method with utilizing
light source at UV-C wavelength (100 nm-280 nm). By considering the
drawbacks of using chlorine, the studies about photocatalytic reactions, for the
purpose of solving the problems of environmental interest, have been fastened
during last ten years in spite of knowing that sufficient activation energy for the
reactions can be acquired by using photocatalysis and light sources after 1970s.
However, photochemical disinfection method is hazardous for the living
organisms and causes degradation on polimeric materials and dye stuffs. So, it
can be used for technical and medical applications by satisfying the

requirements of controlled environment.



The application of photochemical disinfection with photons having energy closer
to visible region and solar spectrum with proper density of UV-A (315 nm-400
nm) is possible only with the use of photocatalysts. On the other hand, besides
the antimicrobial properties of photocatalytic materials, they have different
hydrophilicities and self-cleaning propeties that increase the usage area of

photocatalytic materials.

Hydrogen production by photocatalytic water splitting [Cunningham et al., 1981,
Nam and Han, 2007], destruction of microorganisms by oxidation of them in
water [Hoffmann et al., 1995; Sivakumar and Shanthi, 2000], self-cleaning
hydrophilic surfaces [Guan, 2005; Wang et al., 2008; Euvananont et al., 2008]
and degradation of organic pollutants [Evans and Sheel, 2007] are the most
studied fields in the literature for the purpose of searching photocatalysis and
photocatalytic reactions.

By considering the drawbacks of using chlorine, the studies about photocatalytic
reactions, for the purpose of solving the problems of environmental interest,
have been fastened during last ten years in spite of knowing that sufficient
activation energy for the reactions can be acquired by using photocatalysis and
light sources after 1970s. Hydrogen production by photocatalytic water splitting
[Cunningham et al., 1981; Nam and Han, 2007], destruction of microorganisms
by oxidation of them in water [Hoffmann et al., 1995; Sivakumar and Shanthi,
2000], self-cleaning hydrophilic surfaces [Guan, 2005; Wang et al., 2008;
Euvananont et al., 2008] and degradation of organic pollutants [Evans and
Sheel, 2007] are the most studied fields in the literature for the purpose of
searching photocatalysis and photocatalytic reactions.

Titanium dioxide (TiOy), tin oxide (SnO,) and zinc oxide (ZnO) are the most
studied photocatalysts due to their large band gap and optical absorbance
energies [Diebold, 2003; Hsiunga et al., 2006; Zhang et al., 2006]. Being non-
toxic and having resistance to environmental factors, like corrosion and moisture,
due to their chemical stability make these photocatalysts more preferable than
chlorine. In literature, these semiconductor photocatalysts have been studied
and practically used in two ways; powder, which is applied directly, and liquid for
thin film coatings.



2.1. Definition and General Properties of Semicondu  ctors

Solids have two energy bands which are conduction band and valence band.
According to the band theory of solids, at absolute zero temperature, valence
band is the lower energy band filled with electrons while conduction band is the
upper energy band being empty. The energy difference between the top of the
valence band and the bottom of the conduction band is called the band gap and
by gaining enough thermal energy, electrons are able to jump from valence band

to conduction band by creating electron and hole pairs [Grove, 1967].

At the temperatures different from absolute zero, electrical conductivity of solids
depends on the magnitude of the band gap and according to the magnitude of
the band; the type of the solid, whether it is conductor, semiconductor or
insulator, can easily be understood. As shown in Figure 2.1, insulators have a
large band gap, also called forbidden band gap, which results in difficulties for
electrons to jump from one band to another. On the other hand, metals do not
have band gap, in other words, valence band and conduction band overlaps, so,
as a conductor, it is easy for electrons to move from one band to another
[Reddya et al., 2002].
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Figure 2.1 Band gaps of metal, semiconductor and insulator



A solid having electrical conductivity between an insulator and conductor is
called a semiconductor and semiconductors have a narrow band gap when
compared with the band gap of insulators. Because of the presence of band gap,
conductivity of semiconductors is lower than the conductivity of metals and
doping the semiconductor is considered to be the way of increasing the
conductivity of the solid by increasing the number of electrons in the conduction

band.

Intrinsic semiconductors are undoped and very poor semiconductors having
certain amount of electron and holes at room temperature. In order to change
the concentration of electrons and achieve extrinsic semiconductors, impurities
which are different than the intrinsic semiconductors, are introduced to the
semiconductors. These impurities are called dopants which can be either donors
or acceptors. Donors, which is named as n-type dopants, increase electron
concentration by donating electrons to semiconductor’s conduction band while
acceptors, which is named as p-type dopants, increase hole concentration by
accepting electrons from semiconductor’s valence band or provide holes to
semiconductor’s valence band. The semiconductors doped with n-type dopants
are called n-type semiconductors and the ones doped with p-type dopants are
called p-type semiconductors as shown in Figure 2.2. The semiconductors used

in this study, titanium dioxide and tin oxide, are n-type semiconductors.
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Figure 2.2 Band gaps of extrinsic semiconductors; n-type semiconductor, p-type

semiconductor



2.1.1 Optical Band Gap of Semiconductors

Band gap and band gap energy of semiconductors can be determined by using
absorbance spectrum in the UV-Visible range as shown in Figure 2.3. Having an
idea about the photon energy corresponding to the band gap allows for an

experimental method in determining band gap of semiconductors.

s

Absorbance
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Figure 2.3 Relation between photon energy and band gap of semiconductors

The photon energy is [Diebold, 2003]:

(2.1)

Eg :h_C
/]c

where

Ey : Photon energy, J
: Planck’s constant, 6.626x10°* kg.m?/s
: Speed of light, 3x10® m/s

: Wavelength, m.
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2.1.2 Electrical Conductivity of Semiconductors

As explained in section 2.1.1, electrical conductivity depends on the magnitude
of the band gap and the mobility of electrons moving from the valence band to
the conduction band. The electrical conductivity can be expressed by equation
2.2.

g = neelue + Iﬁlhe:uh (22)
n-type p-type
where

o : Conductivity, Q*.m™

n : Carrier density of electrons (e) and holes (h), electrons/m?
e : Electron charge, 1.6x10" C
M

: Mobility of electrons (e) and holes (h), m?V.s

Mobility of electrons and holes is defined by:

» Lattice defects like self interstitial and vacancies at low temperatures,

» Lattice vibrations (phonon) at high temperatures.

The carrier density and mobility of electrons and holes change due to the
property of solids whether being metals or semiconductors. The carrier density of
metals is much greater than carrier density of semiconductors while mobility of

semiconductors is greater than the mobility of metals.

By increasing temperature, conductivity of metals decreases due to the fact that
lattice vibrations gain energy and causes more scattering of electrons with their
larger amplitudes which reduces the mobility of electrons and holes
[Mirkelamoglu, 2002]. On the other hand, increasing temperature results in
increased conductivity for semiconductors since number of electrons is
increased in the conduction band.



2.2 Photocatalysis

2.2.1 Definition and Mechanism of Photocatalysis

The word photocatalysis is the composite hame of photo and catalysis: photo
stands for light while catalysis is the process where a substance is used in order
to increase the rate of a thermodynamically possible reaction by reducing the
activation energy in which the reactant known to be catalyst is not consumed
[Chanon, 1997]. The most important feature that makes this type of reactions
advantageous is that; at room temperature and atmospheric pressure,
photocatalytic reactions can take place without any need for heat supply for
activation. The studies about photocatalytic reactions have been increasing
since sun light can be utilized as a light source [Gratzel, 1983; Tseng and
Huang, 1991].

Photocatalysis is classified as homogeneous and heterogeneous photocatalysis.
Homogeneous photocatalysis is mostly implied with organic reactions which are
accelerated by organo metallics, metal ions, etc. and is out of focus of this study.
So, only the heterogeneous photocatalysis and related literature is considered in

this is study.

For heterogeneous catalytic reaction mechanism, factors affecting rate of
catalytic reaction can be classified as factors inside and outside the catalyst
particles. Transfer steps outside the catalyst particle are shown in Figure 2.4 and

listed as follows:

1. Transfer of reactives to the external surface of the catalyst

2. Adsorption of at least one reactive
Reaction of the reactive at the surface and formation of product on the
surface
Desorption of the product from the external surface of the catalyst

Transfer of the product to the bulk medium

10
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Figure 2.4 Adsorption, reaction and desorption steps on the external surface of

heterogeneous catalyst

Adsorption step is an important step for determining the amount of reactives on
the external surface of the catalyst. Heterogeneous photocatalysts present in
solid phase, increases the formation rate of free radicals as a result of absorption
of photons existing in the reaction medium which is either liquid phase or
gaseous phase. Heterogeneous photocatalysts are metal oxide semiconductors
since they can absorb photons in the wavelength range of UV or visible light.

Photocatalytic reaction is a series of chain reactions taking place on the surface
of metal oxide semiconductors, in which an emitted photon in the appropriate
wavelength, a catalyst surface and an oxidizing-reducing agent (mostly oxygen
is utilized for this purpose) have to be present for the reactions to take place
[Lasa et al., 2005]. The chain reactions can be classified as below:

» Charge carrier formation
» Charge carrier adsorption
» Charge carrier recombination

* Photocatalytic degradation

Absorption of photon is the first step of photocatalytic reaction and the reaction
starts when a photon having energy greater than the band gap energy of the
photocatalyst reaches to the surface of the photocatalyst [Jaeger, 1979; Prairie,

11



1993; Lasa et al., 2005]. With the absorption of photon, electrons present in the
valence band are excited to the conduction band having higher energy. This
excitation results in the formation of electron and hole pairs (e/h") inside the
semiconductor photocatalyst which is metal oxide (MO) as shown in Figure 2.5

(equation 2.3).

MO + hv = MO (h+-e-) (2.3)
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Figure 2.5 Formation of electron and hole pairs

In Table 2.1, semiconductors used frequently, their band gaps and wavelengths
are given. In order to use the semiconductor metal oxide efficiently, it should give
reaction with photons having energy greater than the band gap energy of

semiconductor.
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Table 2.1 Semiconductors, their band gaps and wavelengths

Semiconductor (MO) Band Gap (eV) Wavelength (A-nm)
TiO, (anatase) 3.2 388
TiO, (rutile) 3.0 413
SnO, 3.6 338
Zn0O 3.4 363
Fe,O3 2.3 539

Most of the photocatalytic applications are aimed to take place under sun light.
UV light is classified as; UV-A for 315 nm-400 nm, UV-B for 280 nm-315 nm and
UV-C for 100 nm-280 nm, and after being filtered by atmospheric layers, small
portion of UV reaches to earth. Due to the fact that the existence of
photocatalytic reaction, the flux of sun light is almost 0.1 % of the flux of light
consisting of visible and infrared lights which is 1300 W/m?, shifting band gaps of
semiconductor metal oxides to the visible region (red shift) has great importance

for the improvement of quantum efficiency.

For metals, electrons and holes can recombine at very short time intervals since
there is continuity between valence band and conduction band. On the other
hand, semiconductor photocatalyst has broader band gap when compared with
band gap energies of conductors or metals. So, in semiconductors, formed
electrons and holes after the absorption of photons, are transferred to the
external surface of the catalyst particle with diffusion and they are adsorbed by
having interaction with absorbed water (H,O) and oxygen (O,) molecules which
are in their equilibrium concentrations with the bulk. Holes at the external surface
are adsorbed by water (H,O) and hydroxyl (-OH) group which are absorbed on
the surface resulting in hydroxyl radical (*OH) group formation (equations 2.4
and 2.5) [Legrini et al., 1993; Hoffman et al., 1995]. Hydroxyl radicals appearing
at the end of this reactions are very active and can give several reactions with

the chemicals absorbed on the surface (see Figure 2.6).
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H,O + h* = «OH + H' (2.4)

-OH +h* = +OH (2.5)
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Figure 2.6 Mechanism of photocatalysis

Molecular oxygen being free in the bulk medium (either liquid phase or gaseous
phase) acts as an acceptor for the electrons that reached to the external surface
of the catalyst by diffusion and with this reaction, super oxygen radicals («O,) are
formed as given in equation 2.6. Protons (H+) formed by adsorption of water with
holes (equation 2.4) give reaction with electrons and the products of this reaction
are peroxy radical (HO,¢) and hydrogen peroxide (H,O,) (equations 2.7 and 2.8)
[Carp, 2004].

Og +e — .02- (26)
H' + Oy — HO,e (2.7)
2 HOz' — H202+02 (28)

The products of equations 2.7 and 2.8 (HO,* and H,0,) have very high oxidation
potentials and, as given in equations from 2.9 to 2.12, several reactions take
place with these products resulting in the formation of hydroxy and peroxy

radicals [Garcia and Takashima, 2003].
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«O, + HO,» — HO, + O, (2.9)

H02_+ H+ — H202 (210)
H,O, + e — *OH + -OH (211)
HgOg + ‘Oz_ — OH + -OH + Og (212)

2.2.2 Quantum Efficiency

As explained in section 2.2.1, the chain reactions for photocatalysis to take place
are finalized with the formation of super oxygen (*O,"), hydroxy (*OH) and peroxy
(HO,¢) radicals at the end of the adsorption reactions of electrons (e) and holes
(h*) with water (H,O) and oxygen (O,) molecules on the surface. On the other
hand, little portion of photons absorbed by the crystallite can pass these steps
since some of the electrons and holes recombine and lose their activities by
transforming energy taken from photons to heat as shown in equation 2.13. This
recombination of electron and holes (charge recombination) resulting in losing
activities can occur during the adsorption on the surface of the crystallite as well
as inside the crystallite [Hoffmann et al., 1995]. Rate of the termination reaction
(equation 2.13) is high since particle size is much greater than the minority
charge carrier length. The distance effective in the transfer of electron and hole
pairs to the external surface of the catalyst particle, are closely related to the
particle size. In artificially produced semiconductor materials having porosity,
absorption of photon takes place faster and greater photocatalytic activity is
achieved since greater surface area per unit volume exists [Kamat, 2002; Bard,
1979]. Similarly, for nano structured materials, in case the distance between
charge carriers is greater than the particle size, the possibility of the termination
reaction (equation 2.13) to take place decreases and the efficiency increases.
Other studies in order to use the catalyst particle more efficiently and increases
the reaction turnover are; using photons having higher wavelength (red shift) and

preventing recombination of charge carriers.

MO (h* - e) = MO + heat (2.13)
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The adsorption of electrons and holes by the absorbed water and oxygen
molecules on the surface and very slow reactions for the formation of free
radicals are the main reasons of losing activity. The ratio of formed free radicals
to the absorbed photons is very low due to the reasons listed above as electron
and hole pair formation is very fast while free radical formation reaction is very
slow and little portion of absorbed photons can take place in free radical
formation reaction [Hoffmann et al., 1995; Grela et al., 1996; Harbour and Hair,
1986; Sun and Bolton, 1996]. This ratio is called as quantum efficiency and given

in equation 2.14.

Number of produced reactants
Number of adsorbed photons

Quantum Efficiency = (2.14)

Two parameters that affect quantum efficiency are degree of losing charge
carriers with recombination and degree of adsorption of charge carriers by
absorbed molecules on the surface. In the absence of electron acceptor or donor
(water, oxygen, etc.) on the surface, the rate of recombination of charge carriers
is the main factor affecting quantum efficiency and it is very low since the rate of
charge recombination reactions is high when compared with other reaction rates.
Considering this effect, quantum efficiency can be increased by increasing the
rate of reactions on the surface resulting in the formation of free radicals [Carp et
al., 2004]. The maximum quantum efficiency reached with this way is 12 %
[Serpone et al., 1993].

One of the method listed below can be used in order to increase the quantum

efficiency:

» Having nanoparticles which offers shorter path for diffusion into surface
» Higher porosity and higher crystallinity
* Metal doping

Light is an electromagnetic wave and is called as UV between 200 nm and 400
nm while it is called as visible light between 400 nm and 720 nm. Since
activation energy needed for the formation of electron and hole pairs in the

semiconductor is high, photons in UV region and having high energy are used.
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On the other hand, photons having higher wavelength are transformed into heat
by absorption. The minimum energy needed for the formation of electron and

hole pairs is the energy equivalent to the band gap of the semiconductor.

Studies about shifting the band gaps of semiconductors to the visible region by
decreasing the particle size are available in literature. Most of these studies are
related with synthesizing modified metal oxides having smaller particle size
[Kumar et al., 2000; Cho et al., 2005; Yu et al., 2006; Ostomel and Stucky 2004;
Erdural et al.,, 2008]; doping with metals having different crystal structures
[Sonawane and Dongare, 2006; Sharma et al., 2006; Lee et al., 2006; Erkan et
al., 2006; Sakthivel et al., 2004; Sun et al., 2003]; doping with metal oxides
[Gartner et al., 2005; Ohno et al., 2009] or with ions [Hong et al., 2005; Serpone,
20086].

2.2.3 Photocatalytic Activity

For a photocatalytic reaction to take place, it is necessary that the electron and
hole pairs reaching to the surface of the semiconductor metal oxide should not
lose their activity after recombination reactions. In other words, to increase
quantum efficiency, transferring adequate amount of water and hydrogen
molecules to the surface is expected for the adsorption of charge carriers. As
explained in section 2.2.1, adsorption of charge carriers by OH", H,O and O, and
formation of free radicals depends on the amount of water and oxygen
molecules absorbed on the surface. In literature, the density of hydroxy
molecules on the surface is estimated as 5-15 OH molecules/nm? for titanium
dioxide [Legrini et al., 1993; Hoffmann et al., 1995]. Since the density of hydroxy
and oxygen molecules is the limiting agent for the adsorption of electron and
hole pairs, in order to increase the photocatalytic activity by increasing the

surface density of these molecules, following techniques can be applied:

* Synthesizing porous catalyst particles having larger surface area.
» Having more acidic medium resulting in the increase of hydroxy molecule
density and crystallinity. For that purpose, micro porous or meso porous

semiconductors can be synthesized.
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» Creating charge separation centers by doping metallic catalysts such as
Pd, Pt, Au, Ag, Fe, etc.

Particles having larger surface area have higher quantum efficiency and highly
porous surface structure offers huge amount of catalytic sites when compared
with the dense ones which results in higher photocatalytic activity [Guo et al.,
2005]. Besides that, surface area has more effect on the photocatalytic activity
when depletion layer thickness is decreased below 10 nm and this decrease in
the crystallite size improves optical efficiency. Depletion layer is an electric
double layer formed at the surface of contact between a metal and a
semiconductor having different work functions since the mobile charge carrier
density is insufficient to neutralize the fixed charge density of donors and
acceptors [Tahiri et al., 1996; Carraway et al., 1994; Zhang et al., 1998]. With
decreasing the crystallite size, faster adsorption of charge carriers is achieved by
decreasing the minority charge carrier length and the possibility of charge

recombination reactions to take place decreases.

The percent of atoms on the surface increases with the decrease in the patrticle
size. So, semiconductor materials having high porosity, surface area and
crystallinity have higher surface area in unit volume and this causes faster
adsorption of photons resulting in improved photocatalytic activity [Negishi and
Tageuchi, 1999; Jiang et al., 2004; Sopyan, 2007].

Nano structured materials have high free surface energy since most of the atoms
are at the surface. Having high surface energy means that nano structured
material surfaces have high chemical potential and strong interaction with the
molecules around. So, on the surface of nano structured materials, the amount
of hydroxy and oxygen molecules are greater when compared with that of
molecules having increased particle size. The adsorption of charge carriers to
the surface takes place in short times and the possibility of charge recombination
decreases for this type of materials. Electron energy levels for nano and micro-

macro structured materials after photocatalytic reaction are given in Figure 2.7.
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Figure 2.7 Electron energy levels of (a) micro-macro and (b) nano structured

materials

where
Lo : The depletion layer which is also known as barrier layer; blocking layer;
space-charge layer
Lc : Characteristic length of the particle
E: : Conduction band
Ey : Valence band

Er : Fermi level

The advantage of having high surface energy for improvement of the
photocatalytic activity has a kind of drawback that high surface energy causes
instability of particles. For instance, structure of nano particles can be damaged
because of the environmental factors such as temperature, pressure, existence
of fluids, etc. It is very hard to separate nano structured materials in gas and
liquid phases. So, for practical applications, nano structured materials needed to
be adsorbed on the surface, transformed into thin films or used in order to form

materials having higher particle size by agglomeration.

As explained above, high surface area and high crystallinity are desired for good
photocatalytic activity. But a problem exists at that point as when the

temperature is increased, crystallinity also increases. On the other hand, the
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surface area decreases by increasing temperature, which causes in the limitation
of substrates. Ma and Goh studied on this issue as anatase films were deposited
at 50°C and 200°C by LPD (liquid phase deposition) to determine if the higher
crystallinity attained by the 200°C process produces greater photocatalytic
activity without the need for post deposition heat treatments [Ma et al., 2006].
From SEM micrographs of cross sections of films grown at different
temperatures, it was observed that, the film could be separated into two regions
for both of the deposition temperatures: densely packed crystallites occur in the
region which is closer to the interface of film and substrate while columnar like
crystallites occur in the region which is closer to film surface and the columnar
structures are porous as pores are formed at the junction of neighboring
crystallites [Goh et al., 2004]. So it can be concluded that, the films at 200°C are

more porous than the films at 50°C.

In order to see the effect of deposition temperature on crystallinity, the
crystallinity of the precipitated powders are determined by X-ray diffraction
(XRD) and Rietveld structure refinements. From the experiment, it was observed
that maximum crystallinity of the powder was 90% and 75% at 200°C and 50°C,
respectively. It could also be concluded that crystallinity increases with increase
in the deposition time.

As a general idea, higher growth temperatures increase the rate of hydrolysis
reaction, which results in the higher crystallinity. On the other hand, Goh and co-
workers indicated that even if the hydrolysis and dehydration reactions are
complete, the formed material couldn't be crystalline [Goh et al., 2005]. The
reason is that crystalline anatase TiO, is formed when the octahedral titanium
complexes repeatedly connect through shared edges in a periodic fashion to
form skewed chains via dehydration reactions between the OH ligands of the
octahedral complexes [Zheng et al., 2001].

Besides the effect of structural properties as crystallinity and particle size, metal
doping has also effect on improving photocatalytic activity. Metal ions such as
Au**, Ag™, Nb*, V¥, Pt*, and Pd*, etc. decreases the possibility of charge
recombination [Trapalis et al., 2003; Erkan et al., 2006; Sharma et al., 2006;
Sonawane and Dongare, 2006; Lee et al., 2006; Sakthivel et al., 2004; Sun et
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al., 2003]. By doping Au** and Pd** ions to titanium dioxide, shifting of band gap
to the visible region which results in quantum efficiency increase, has been
observed [Erkan, 2005]. On the other hand, metal doping can cause
photocatalytic activity to disappear in the case of having metal particles with
great particle size, since in this situation; metal particles become charge
adsorption centers. For this reason, it is expected for metal particles to be

dispersed on the surface excellently.

2.3 Semiconductor Photocatalysts

2.3.1 Titanium Dioxide

Titanium dioxide is one of the most studied photocatalyst because of being inert,
easily prepared, its chemical stability, high photocatalytic activity, resistance to
corrosion and its low cost [Yang et al., 2006]. As it can be seen from Table 2.1,
band gap of titanium dioxide is closer to visible light when compared with the
band gaps of other semiconductor metal oxides [Pascual, 1978]. The fields that
TiO, is used as photocatalyst, are mainly, antibacterial coatings, self-cleaning
(decomposition of organic pollutants) [Rao et al., 1980; Tanaka et al., 1997]. On
the other hand, only 5% of UV radiation reaching to the earth can be transformed

into free radicals photocatalytically by titanium dioxide.

Titanium dioxide is a powder having variable color depending on its purity. When
ilmenite is treated with sulfuric acid, titanium sulfate is obtained and if it is further
processed; the product will be in anatase form of titanium dioxide [Diebold, 2003;
Mahanty et al., 2003; Lasa et al., 2005].

Crystalline titanium dioxide exists in three phases as anatase, rutile and brookite.
Anatase and rutile phases have tetragonal structure while brookite phase has

orthorhombic structure. When these three phases are compared,;

» Anatase phase is more photocatalytically active than rutile and brookite
phases.

¢ Rutile phase is the most stable phase.
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» Brookite phase does not have any photocatalytic activity [Ma et al.,
20086].

Despite the fact that, anatase phase is the most photocatalytically active phase,
there are studies in literature that show rutile phase has also considerable

photocatalytic activity [Mahanty et al., 2003].

By calcination, amorphous phase of titanium dioxide can be transformed into
crystalline anatase phase and it can be, further, transformed into rutile phase
[Rivera et al., 1993].

Formation of phases of titanium dioxide depends on:

e Starting material
» Deposition method

* Calcination temperature

As shown in Figure 2.8, anatase and rutile phases of titanium dioxide are similar
materials in such a way that both of them are formed from TiOg octahedral basic
structures and have the same tetragonal crystalline structure. The distortion
along the octahedron structures which effects the alignment of octahedrons is
the property that results in difference between rutile and anatase phases. Each
Ti** ion in the structure is surrounded by six O® ions which exist in octahedron.
In rutile phase, octahedrons are not regular and slightly show distortion to
orthorhombic structure, while octahedrons in anatase phase show distortion at
high amount and anatase phase gives less symmetric structure when compared
with the structure of rutile phase [Linsebigler et al., 1995; Diebold, 2003]. This
difference between the crystal structures of anatase and rutile phases causes to
have differences in electron densities and band structures. Anatase phase
shows higher photocatalytic activity than rutile phase in most of the reactions in
spite of having higher band energy [Tsai and Cheng, 1997; Ohno et al., 2001;
Sun et al., 2003].
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Figure 2.8 Octahedral crystal structures of anatase and rutile phases [Diebold,
2003]

2.3.2 Tin Oxide

There are three application fields of tin oxide: transparent conducting oxide
(TCO), oxidation catalyst and solid state gas sensing material [Batzill and
Diebold, 2005]. When the literature studies about the surface structure of
titanium dioxide are taken into account, it is observed that the surface structure
of tin oxide is comparatively unexplored because of the reasons that tin oxide
does not have single crystal structure and there are no specific methods for
producing well-defined thin films like the ones established for titanium dioxide
[Diebold, 2003].

There are two main oxide forms of tin as stannic oxide (SnO;) and stannous
oxide (SnO) where stannous oxide has a band gap in the range of 2.5-3 eV
being smaller than the band gap of stannic oxide which is 3.6 eV as given in
Table 2.1. On the other hand, form the literature studies, it can be derived that
stannic oxide is more characterized than stannous oxide due to the lack of single
crystals facilitating studies about stannous oxide. Stannic oxide is the mostly
found form of tin oxide and it is important for the applications of oxidation
catalysts and gas sensing. From the structural point of view, stannic oxide

exhibits rutile structure which is the most stable phase as explained in section
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2.3.1 and at high temperatures, orthorhombic structure exists which is more
dense [Batzill and Diebold, 2005].

Tin oxide is also a semiconductor being photocatalytically active. Even if, it has
antibacterial properties, the antibacterial activity of titanium dioxide is higher than
that of tin oxide [Erkan, 2005].

2.4 Synthesis Methods of Semiconductors

Thin films have meso and micro porous structures that can enable chemical
reactions where nano structured crystallites are continuous. Since thin films have
low mechanical strength, they are applied to the surfaces of glasses, ceramic
tiles, etc. in order to use their properties efficiently. On the other hand, the
coated surfaces gain new properties as a result of the chemical and physical
properties of thin films and there are optic filters, conducting glass surfaces and

sensors that have gained new properties from the coated materials.

There are several chemical and physical methods in literature for producing thin
films. The mostly used methods are emulsion method, gas condensation,
sputtering, liquid phase deposition, spray pyrolysis, solid-state reaction method
and sol-gel. Since these methods, different than sol-gel method, need expensive
materials and conditions like high vacuum, magnetic waves, it is not feasible to
use these methods for the application of thin films on large surfaces. Sol-gel
method is a way of producing high quality glasses and ceramic tiles having large
surfaces [Kaya, 2002]. Furthermore, it is one of the most successful methods for
producing photocatalytically active nano structured metal oxide materials

[Sonawane et al., 2006].

2.4.1 Sol-Gel Process

Sol-gel method is one of the mostly used methods for the formation of thin films
and it is colloidal route used to synthesize ceramics with an intermediate stage
including a sol or/and a gel state [Pierre, 1998].
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Basic steps followed during the production of metal oxides with sol-gel method
are hydration of metal alkoxides with water; condensation of metal alkoxides;

drying and calcination after aging [Scwartz et al., 1995; Brinker et al., 1992].

The mostly used technique for the production of metal oxides with sol-gel
method is calcination of nano structured gel colloidal solutions obtained after the
hydrolysis and condensation reactions of metal alkoxides (see Figure 2.9). First
step for the sol-gel synthesis is choosing the starting material called precursor
which determines whether reaction leads towards the formation of polymeric gels
or colloidal particles. Metal alkoxides are the mostly used precursors in sol-gel
synthesis which are composed of alcohol molecules attached to metal (M) atom.
The mostly used metal alkoxides in the sol-gel synthesis are ethyl, propyl and
butyl alkoxides of metals. For instance, in the formation of TiO,, titanium

alkoxides, Ti(OR), is used to form oxopolymers [Su et al., 2004].
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Figure 2.9 Sol-gel process for dense film and aerogel formation

After choosing the precursor, the next step is hydrolysis reaction of metal
alkoxide solution with water as given in equation 2.15. During the hydrolysis
reaction, alcohol molecules in the structure of metal alkoxides are eliminated

with the replacement of water.
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M (OR), + H,0 — M (OR) .4(OH) + ROH (2.15)

Hydrolysis reactions and condensation reactions, given in equations 2.16 and
2.17, take place at the same time. So, metal alkoxide compounds are not
completely hydrolyzed and form polymeric chains. On the other hand, the
reaction rate decreases because hydrolysis of polymeric alkoxy groups formed
by condensation reactions is limited with mass transfer. In the condensation
reactions (equation 2.16), alcohol is eliminated directly while in dehydration
condensation (oxolation) reactions (equation 2.17), water is eliminated and the

product metal oxide is obtained at the end of condensation reactions.

M (OR) , + M (OR) »1(HO) — M,O (OR) 5, + ROH (2.16)
2M (OR) n2(OH) — M,0 (OR) 5, + H,O (2.17)

On the other hand, there are some kinds of side reactions occurring in addition
to the above reactions during sol-gel synthesis. The most important side

reactions are olation reactions where two hydroxyl-metal groups take place.

M-OH + M-OH - M- (OH)-M +H,0 (2.18)
M-OH + M-OH - M-(OH),-M + H,0O (2.19)

The overall reaction for sol-gel synthesis is given in equation 2.20.
n
M (OR), + 2 H,O - MO,;,; + n ROH (2.20)

Polymerization can be continued with equivalent reaction rates by increasing the
hydrolysis reaction rate catalytically. For that purpose, acidic catalysts like HCI,
H,SO,, etc. can be used instead of basic catalysts. Because of this reason, in
order to finish hydrolysis reaction, acidic catalysts and water, more than

stoichiometric amount, are used.

When the equations above are analyzed, it can be seen that amount of water
added to the mixture at the beginning, is very effective on the relative rates of

reactions. In case of low amount of water in the starting mixture, reaction system
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is governed by alkoxides and since, coordination number of titanium is four in Ti-
O-Ti chains, closely packed three dimensional crystallite structures of Ti-O-Ti
derivatives are formed at the end of condensation and oxolation reactions. On
the other hand, by increasing the amount of water to the stoichiometric amount,
reaction system is governed by hydrolysis reaction and the rate of oxolation
reaction is very low resulting in the formation of derivatives of Ti(OH),.
Furthermore, by adding more water, rate of oxolation reaction is increased which
prevents formation of Ti-O-Ti derivatives and the resultant product would be Ti-
OH derivatives having low density, being not three dimensional and not closely
packed [Su et al., 2004]. By further increasing the amount of water, formation of
Ti(OH),O'H, derivatives and Ti-O-Ti chain having high density is another
mechanism for sol-gel synthesis. As explained above, water has great
importance on the structure and photocatalytic activity of crystal during the
production of nano structured metal oxides by sol-gel method.

In the application of thin films on glasses and ceramic tiles, the physical
properties should be considered in such a way that application should not cause
any change on the color, optical properties of the substrate strong adhesion to
the surface should be achieved. On the other hand, semiconductor thin films are
not bright and have low adhesion strength because of having highly porous
surface and high surface area in order to increase photocatalytic activity. For that
reason, parameters during the production titanium dioxide and tin oxide having
different morphologies should de analyzed separately. Also, it should be noted
that, calcination step has more effect on the crystal structure, porosity and

surface area of the product [Brinker et al., 1992; Uhlmann et al., 1997].

Even if there are several methods for producing thin films, sol-gel method is the
mostly used one since it has many advantages over other methods as given
below:

* Reactions take place at low temperatures which allows saving energy,
reducing losses due to evaporation and other advantage is that, at low
processing temperatures, kinetics of the chemical reactions can be easily
controlled.

* Simple equipments are needed during sol-gel synthesis.
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* By controlling nucleation and growth of the colloidal particles, desired
particle size and shape can be achieved.

* The process occurs in liqguid medium avoiding pollution arises from the
dispersion of dust particles.

* It is possible to use different kind of substrates with different sizes and
so, sol-gel process can be used in order to produce hybrid organic-
inorganic materials which do not exist naturally.

* The final product has high homogeneity and high purity.

Besides the advantages, there are some disadvantages as given below:

» Used precursors are expensive.

* There is a possibility of residual carbon or hydroxyl existence on thin
films.

* Materials used during sol-gel synthesis are health hazardous.

 There is a lot of lost in material during process because of the long

processing time.

2.5 Coating Types for Sol-Gel Process

Coating type of the thin films is a parameter affecting the properties of the final
product. There are mainly two coating types for sol-gel process: dip coating and

spin coating.

2.5.1 Dip Coating

Dip coating is the mostly used and easy way in order to produce transparent
layers by depositing sol-gel film on the substrate which can be flat panels,
cylinders or in complex geometry [Erkan, 2005]. During dip coating, substrate is
immersed in liquid and withdrawn with a defined speed under controlled

conditions of temperature and pressure.
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Advantages of dip-coating process [Turhan, 2000]:

» Coating thickness can be easily controlled.
* Multi-layered coatings can be obtained.

» Coating having high homogeneity can be achieved.

Batch dip coating process is divided into five stages: immersion, start-up,
deposition, drainage and evaporation (Figure 2.10) [Scriven et al., 1988]. In the
existence of volatile solvents like alcohol, evaporation accompanies the start-up,
deposition and drainage steps. When the moving substrate is immersed into the
substrate, boundary layer, consisting of sol, exists on the coating layer. During
the deposition and drainage steps, boundary layer splits into two as the inner
and outer layers. The outer layer returns to the sol while the inner layer moves
upward with the substrates [Brinker and Scherer, 1990].
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Figure 2.10 Dip-coating process steps; (a): immersion, (b): start-up, (c):
deposition & drainage, (d): drainage, (e): evaporation
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The main forces that affect the thickness of the film are listed as [Scriven et al.,
1983]J:

* Moving substrate’s viscous drag upward on the liquid

* Gravitational force

» Surface tension of sol resulting in the concavely curved meniscus

* Boundary layer liquid’s inertial force arriving at the deposition region

» Surface tension gradient (It is important to have coating thickness less

than 1 um)

As indicated above, the coating thickness is determined by a defined withdrawal
speed, solid content and liquid viscosity. When the liquid viscosity and the
withdrawal speed are not high in order to keep system in the Newtonian regime,
the coating thickness can be calculated by using Landau and Levich equation
(equation 2.21) [Landau and Levich, 1942].

2/3
h=0.94— 1) (2.21)

V&v (m9)"?

where
h : Coating thickness
n : Viscosity
U : Withdrawal speed
Viv . Liquid-vapor surface tension
p : Density
g : Gravity

The applicability of Landau and Levich equation for the calculation of coating
thickness is found to be limited since the equation above assumes Newtonian
regime for the system and ignores parameters affecting the thickness like pH,

viscosity derivation, evaporation during dip coating process [Kaya, 2002].
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2.5.2 Spin Coating

Spin coating is a way of depositing thin films on hard surfaces and inclined
substrates. During spin coating, the substrate spins around an axis being
perpendicular to the coating area. Spin-coating is divided into four stages:
deposition, spin-up, spin-off and evaporation (Figure 2.11) [Bornside et al.,
1987].

The first stage is the deposition stage and excess amount of liquid is applied to
the substrate surface. During the spin-up stage, liquid tends to go outward
radially because of the centrifugal forces. At the end of spin-off stage, excess
amount of liquid leaves the surface as droplets. In case of a decrease in the film
thickness, amount of leaving liquid also decreases. The reason of this situation is
that by decreasing film thickness, resistance to flow increases [Brinker and
Scherer, 1990]. There can be differences for the coating thickness depending on
surface tension, rotational rate and liquid viscosity. On the other hand, by
keeping the system in the Newtonian regime and by keeping initial coating
thickness uniform, a uniform coating thickness can be achieved at any time
during the spin coating process and this is an advantage for spin-coating
[Scriven et al., 1988]. The last stage is the evaporation stage which is the most

important stage for thinning the coatings.
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Figure 2.11 Spin-coating process steps; (a): deposition, (b): spin-up, (c-1) and

(c-2): spin-off, (d): evaporation

The final thickness of the coating depends on several parameters like angular
velocity, viscosity and solvent evaporation rate. Meyerhofer described this
dependence by separating spin-off and evaporation stages in order to calculate
coating thickness (equations 2.22 and 2.23) [Mennig et al., 1998]. On the other
hand, the model developed by Meyerhofer is limited since it is only applicable for
the systems in the Newtonian regime.

1/3
3nm
i = Po [ P4) 7 2 (2.22)
A 20,W
A
and
tfina\l = tspin off + hspin off pg /mpA (223)

33



where
pa : Mass of volatile solvent per unit volume
pa : Initial mass of volatile solvent per unit volume
hsnai: Final thickness
n :Viscosity
w : Angular speed
m : Evaporation rate of the solvent depending on the mass transfer

coefficient

For both coating types, equations given in order to calculate coating thickness
are applicable for single component liquids and they are not applicable for
multicomponent liquids since molecules in the coating liquid evaporate and after
evaporation, liquid viscosity changes due to the condensation of resultant
coating liquid [Ozmen, 2006].

2.6 Physical and Chemical Properties of Thin Films
2.6.1 Surface Free Energy

Liquid being on the surface has two interfaces as solid-liquid and liquid-vapor.
The specific energies (J/m?) of solid-vapor interface, ysy, and solid-liquid
interface, ys., give idea about wetting of the surface in such a way that if ysy is
greater than ys., the liquid dropped will flow over the surface [Brinker and

Scherer, 1990]. Change in energy, AE, in the case of dropping liquid on the
surface is:

AE= YsL + Yiv - Ysv (224)

where
YsL - Specific surface energy of solid-liquid interface
Viv : Specific surface energy of liquid-vapor interface

Ysv : Specific surface energy of solid-vapor interface
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For the situations that AE=0, solid-liquid-vapor interface is characterized by
contact angle, 8, which is used in order to measure the wetting of the surface by
liquid. As shown in Figure 2.12, contact angle is the angle formed where three
phases have thermodynamic equilibrium and at equilibrium, the chemical
potentials of three phases are equal. Contact angle is an important parameter in
order to have an idea about the surface structures of photocatalytic metal oxides
since it is directly related with surface energy of a metal oxide. The shape of
liquid droplet on the surface is determined with thermodynamically minimum
energy of it after the interactions between the surface and the liquid having
different surface energies. The contact angle is determined by the Young's
equation and, when 8 is equal to zero, then the surface is super hydrophilic and

the liquid is said to be spreading liquid since it covers the surface.

Ysv=YsL * YLv COS 6 (2.25)

Figure 2.12 Contact angle determinations by Young’s equation

Contact angle and specific surface energy of liquid are measurable properties.
Contact angle of the surface, surface roughness, disorderness of crystals on the
surface are related with homogeneity of the surface. The Young's equation
assumes a perfectly flat surface by ignoring surface roughness and in order to
reduce deviations, correction factor is added to the equation for surfaces having
roughness and impurities. The relation between contact angle of water and

surface porosity is determined by Wenzel equation:

cos Bw =r (Ysv=Ys.)/ Yoy = A cos B (2.26)
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where
A : Surface porosity factor, actual surface area/apparent surface area
Bw : Contact angle of water on the surface

From Wetzel equation, the chemically homogeneous surface being porous has
higher contact angle of water than that of the rough surface. On the other hand,
this condition is not applicable for nano structured surfaces since surface
porosity is lower than 0.5 nm and this amount does not have any effect on
specific surface energy. According to Cassie law, chemical composition has an
important effect on the specific surface energies of thin films as metal thin films
have lower specific surface energy than metal oxides and pure metals [Mellott et
al., 2006; Tsuge et al., 2008; Wu et al.,, 2006]. Due to these facts, the
hydrophilicity or hydrophobicity of the surfaces of thin films depend on chemical
composition in addition to surface porosity. Even if there is limited information
about the relation between contact angle and chemical composition for
photocatalytic materials like titanium dioxide, contact angle of semiconductor
metal oxides having photocatalytic properties depends on many factors like
chemical composition, size, morphology of the surfaces and the amount of —-OH
in the thin films [Wu et al., 2006; Guo et al., 2005].

2.6.1.1 Hydrophilicity

Hydrophilic materials can be easily wetted by polar liquids like water. This type of
surfaces is covered with a liquid film. Similarly, surfaces that can be completely
wetted by water are called super hydrophilic materials and contact angle is 0° at
ideal conditions. Hydrophilic materials are classified as advanced materials
since they can be easily wetted by water and can be easily cleaned. They can

transiently bond with water through hydrogen bonding.

Hydrophilic materials have various advantages:

» defogging glasses,

* enabling oil spots to be swept away easily with water
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Figure 2.13 Schematic representations of contact angles for (a) hydrophilic and

(b) super hydrophilic surfaces

2.6.1.2 Hydrophobicity

Opposite to hydrophilic materials, hydrophobic materials repel water from their
surface. Water on hydrophobic surfaces exhibits a high contact angle and forms
spherical shape in order to minimize contact with the hydrophobic surface.
Hydrophobic materials can be wetted by nonpolar liquids like oil, benzene, etc.
Plastic materials like teflon are super hydrophobic materials having contact angle
180°C at ideal conditions. These types of surfaces are not easily spoilt since they

are not wetted.

(@) (b)

Figure 2.14 Schematic representations of contact angles for (a) hydrophobic and

(b) super hydrophobic surfaces

37



From the chemical compositions and functional groups forming the surface, the
material having flat surface can be determined whether it is hydrophilic or
hydrophobic. Methyl (CH3) functional groups represent hydrophobic structure
while functional groups like hydroxy (-OH) and carboxy (—COOH) represent
hydrophilic structure [Beganskiene et al., 2007].

Metal oxides exhibit different contact angles when they are coated as thin films.
In other words, wettability of the surfaces differs from each other according to the
coating properties in such a way that, surface coated with micro structured
semiconductor metal oxide can be super hydrophobic due to the air-filled pores
between the particles. This is known as Lotus effect where coating having micro
structured air-filled pores has contact angle corresponding to super hydrophobic

materials. For this type of surfaces, dimensions of air-filled pores are very
important. Similarly, super hydrophilicity can be achieved from micro or meso
porous metal oxide coatings having smaller particles and air-filled pores. So,
super hydrophobic or super hydrophilic materials can be obtained by changing
the properties of metal oxide coatings like surface morphology, coating density,

coating thickness and patrticle size.

180"

Figure 2.15 Schematic representations of contact angles for (a) super
hydrophobic surfaces, (b) Lotus effect, (¢) micro-meso porous super hydrophilic

surfaces and (d) micro-meso porous surfaces
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Furthermore, there is a relation between hydrophilicity and photocatalytic activity.
Despite of having different mechanisms, hydrophilicity and photocatalysis can
take place together, at the same time, on the same surface and this type of film
has self-cleaning property [Fujishima et al., 2000]. According to the self-cleaning
mechanism (Figure 2.16), adsorbed pollutants are removed by water since
chemisorbed layer of H,O can adsorb additional H,O layer that results in close

contact between the surface and adsorbed pollutants [Guan, 2005].
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Figure 2.16 Steps of self-cleaning mechanism for hydrophilic thin films [Guan,
2005]

In literature, there are several studies about improving hydrophilicity and
photocatalytic activity. One way is to dope tin oxide into titanium dioxide and by
doping tin oxide; hydrophilicity can be improved in such a way that the composite
thin film doped with 1-5 mol% tin oxide shows super hydrophilic properties [Liu et
al., 2002]. The hydrophilicity is improved because of the increased amount of
hydroxyl group on the surface of the composite thin film. On the other hand, in
order to improve hydrophilicity, there should be an optimum doping amount since
having higher amount of tin oxide results in increased contact angle. From the
studies, with doping 1 mol% - 5 mol% tin oxide, super hydrophilicity was
achieved while contact angle was 13.5° by increasing the amount of tin oxide to
30 mol%.

Semiconductor metal oxides are multifunctional materials and they change their
contact angles according to the conditions of medium. After the irradiation of

semiconductor metal oxide by UV light, water vapor present in the medium gives
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reaction on the outer surface and increases hydroxy (-OH) functional groups
present on the coated surface. As a result of this property, contact angle of
semiconductor metal oxide coated surfaces can be decreased with irradiation by
sun light or UV sources and super hydrophilic materials can be obtained. When
titanium dioxide is observed, it is found that contact angle of water on the surface
is almost zero during UV irradiation and it starts to increase when the material is
taken to the dark place [Guan, 2005].

2.7 Thermal Treatment

Thermal treatment is the last stage of the process in order to obtain thin films. It
is divided into two stages as drying and calcination to form the ceramic phase
[Erkan, 2005]. Thermal treatment affects the crystal structure, particle size and

film cracking of the coated substrate.

2.7.1 Drying Between Coating Layers

When the substrates are coated with the sol-gel solution, the solution is not
stable on the surface of the substrate. In order to achieve stability, substrates are
dried. Drying stage can be divided into several stages. At the first stage, the
coated substrate shrinks with respect to the evaporated liquid and liquid-vapor
interface remains at the exterior surface of the coated substrate. Then, at the
second stage, further shrinkage of the coated substrate is observed since
condensation reactions take place and the coated substrate becomes stiff
enough that prevents further shrinkage. Evaporation, also, continues and liquid
becomes isolated in the pores at the end of condensation and evaporation steps.
Furthermore, drying can continue by evaporation of the liquid within the coated

substrate and diffusion of vapor to the outside [Brinker and Scherer, 1990].
At the end of drying stage, thin film is obtained in amorphous phase with having

cracks on it. Cracks are formed because of the shrinkage caused by the

pressure gradient in the liquid phase of a gel. To avoid cracking, drying may be
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carried out at several conditions as supercritical drying, freeze-drying and drying

in the presence of various drying control chemicals [Lawn and Wilshaw, 1975].

2.7.2 Calcination After Coating

Aim of the calcination stage after coating is to transform the dried thin film to
ceramic oxide. During the calcination stage, these processes take place:
Polycondensation reactions, pyrolysis of organic compounds and groups left in
the film which is in the carbon, carbon oxidation, removal of increased amount of
—OH and -OR groups due to the slowly densified thin films [Erkan, 2005;
Ozmen, 2006].

2.7.2.1 Effect of Calcination Temperature

Amorphous phase of titanium dioxide can be transformed into crystalline anatase
phase and it can be, further, transformed into rutile phase by calcination as
indicated in section 2.3.1 [Rivera, 1993].

Kim and co-workers studied on this issue in order to observe the effect of
calcination temperature on structural and optical properties of titanium dioxide
[Kim et al., 2002]. At the end of the study, it is found that titanium dioxide thin
films are in amorphous phase when calcined at 300 °C while they are in anatase
phase after being calcined at 400°C and rutile phase formation occurs at the
calcination temperature of 1000°C. It was observed that crystallite size of
titanium dioxide thin films calcined for one hour at different temperatures
increases with the increase in calcination temperature. For 400°C calcination
temperature, only anatase phase took place with 9.6 nm crystallite size while at

1100°C, crystallite size was 43.8 nm for the rutile phase.

Furthermore, film thickness and porosity decreases by increasing calcination
temperature. As observed from SEM micrographs, decrease in porosity is
caused by the densification of thin film with increase in the calcination

temperature.
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CHAPTER 3

EXPERIMENTAL

3.1 General

In the experimental studies, pretreated glass substrates were coated with
colloidal solutions synthesized by sol-gel method followed by heat treatment.
Then, the surface properties and photocatalytic activities of the samples were
characterized. In these studies, the colloidal solutions of TiO,, SnO, and their
binary mixtures were prepared and the effect of metal dopant were also
investigated. The surface characterization of the samples were performed by
using CAM (Contact Angle Meter) for hydrophilicity, SEM for surface morphology
and UV/Visible Spectrophotometer for absorption edge energy. The
photocatalytic activity of the samples were measured by the methylene blue
degradation and antimicrobial activity tests. Also, surface area was analyzed by
using Langmuir isotherms.

3.2 Preparation of Thin Film Samples

3.2.1 Materials

The precursors and chemicals used for the synthesis of sol-gel solutions and the

preparation of thin films are listed as:

« Titanium n-butoxide [Titanium(IV) n-butoxide, C,sH360,Ti, 99%], by Acros
Organics (CAS number: 5593-70-4)
 Tin tetrachloride pentahydrate [Tin(IV) chloride pentahydrate,

SnCl,.5H,0, 98%], by Acros Organics (CAS number: 10026-06-9)
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» Ethanol [C,HsOH, 99.9%, density=0.790 kg/It], by Merck (CAS number:
64-17-5)

* Chloroform [CHCI;, 99%], by LAB-SCAN Analytical Sciences (CAS
number: 67-66-3)

» Potassium hydroxide pellets [KOH, >84%] by Merck (CAS number: 1310-
58-3)

* Palladium(ll) acetate [(CH3CO,),Pd, 98%], by Aldrich (CAS number:
3375-31-3)

» Silver nitrate[AgNO3, 99.9%] by Aldrich (CAS number: 7761-88-8)

e lIron(lll) nitrate nonahydrate [Fe(NO3)3;.9H,O, 99.0-101.0%], by Merck
(CAS number: 7782-61-8)

* Praseodymium(lll) acetylacetone hydrate [Pr(CsH;0;)3-xH,O, 99.9+%] by
Aldrich (CAS number: 28105-87-5)

3.2.2 Pretreatment of Glass Substrates

Microscope slides, having dimensions 25mm x 75 mm x 1 mm, were used as
soda-lime glass substrates. The microscope slides were supplied by Industrial
Quality. Before the application of colloidal solutions to the substrates, the
surfaces of the substrates were pretreated in order to improve wetting properties.
In literature, the use of concentrated NaOH solution had been reported for the
pretreatment process [Erkan, 2005; Lin et al., 1998]. However, KOH solution was
utilized for cleaning and etching instead of NaOH solution in order to prevent the
possible poisoning of thin film photocatalyst with residual Na* ions. The soda-
lime glass substrates were, first, washed with distilled water and, then immersed
in 1.0 N KOH solution for 6 hours in order to have enough hydroxylation and
etching. After rinsing with distilled water, glass substrates were ultrasonicated in
ethanol-chloroform solution (prepared 1:1 by volume) and in distilled water.
Duration of each ultrasonication was 10 minutes. The glass substrates were,

then, rinsed with distilled water and, finally dried over night at 120°C.
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3.2.3 Synthesis of Sol-Gel Solutions

Different sol-gel methods were applied for the preparation of TiO,, SnO, and
their binary mixed oxides. The colloidal solutions were aged for 1 day in the
desiccators before the application of the solutions to the glass substrates, so that

further hydrolysis was minimized and stable colloidal solutions were achieved.

3.2.3.1 Synthesis of Titanium Dioxide Colloidal Solutions

Titanium dioxide colloidal solution was prepared with the experimental method
illustrated in Figure 3.1. In the preparation, 8.6 ml titanium n-butoxide
((C4Hy0)4Ti) was added into 119.5 ml ethanol and stirred for 30 minutes at room
temperature by using magnetic stirrer. 65% (volume:volume) solution of HNO;
was added dropwise to the preparation adjusting the pH value to 3.5. Hydrolysis
reaction was carried out by the dropwise addition of 1.35 ml distilled water at
room temperature while stirring the solution. To complete the hydrolysis reaction,

solution was stirred for 5 hours at room temperature.
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stirring for 5 hours
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titanium dioxide sol

Figure 3.1 Flow chart for the preparation of titanium dioxide colloidal solution

3.2.3.2 Synthesis of Tin Oxide Colloidal Solutions

13.024 gr tin tetrachloride pentahydrate (SnCl;.5H,0) was dissolved in 192.4 ml
ethanol. By using magnetic stirrer, the solution was stirred for 2 hours in the
water bath at 70°C. Temperature of the water bath was adjusted according to the
boiling point of ethanol in order to prevent undesired vaporization of the solution.
The hydrolysis reaction was carried out by adding 2.7 ml distilled water to the

solution and stirring for 24 hours to achieve complete hydrolysis. The

experimental procedure is illustrated schematically in Figure 3.2.
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Figure 3.2 Flow chart for the preparation of tin oxide colloidal solution

3.2.3.3 Synthesis of Tin Oxide Doped Titanium Dioxide Colloidal Solutions

Binary mixed oxides of tin oxide and titanium dioxide with different compositions
were prepared by using sol-gel technique. For this purpose, titanium dioxide and
tin oxide colloidal solutions were prepared by following the procedures explained
in sections 3.2.3.1 and 3.2.3.2, respectively. Then, different amounts of colloidal
solutions were mixed in order to prepare binary mixed oxide colloidal solutions
having different compositions. The compositions of the prepared colloidal

solutions are shown in Table 3.1.
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Table 3.1 Compositions of TiO, and SnO, binary mixtures

Volume of SnO, Volume of TiO, Composition of TiO,-SnO,
20 ml 80 ml 20 % SnO, + 80 % TiO,
35 mi 65 ml 35 % SnO, + 65 % TiO,
50 ml 50 ml 50 % SnO; + 50 % TiO,
80 ml 20 ml 80 % SnO, + 20 % TiO,

3.2.3.4 Synthesis of Metal Doped Titanium Dioxide and Tin Oxide Colloidal

Solutions

Common metal catalysts were selected in order to improve surface properties
and examine their effects on photocatalytic reactions. Praseodymium (Pr),

palladium (Pd), silver (Ag) and iron (Fe) were selected as metal dopants. The

metals and their precursors used are shown in Table 3.2.
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Table 3.2 Metals and their precursors used for the preparation of metal doped

colloidal solutions

Metal Precursor Amount of precursor used (gr)
for TiO, for SnO,
Pr Pr(CsH70,)3-xH,0 0.01998 0.07530
Pd (CH3COy),Pd 0.03659 0.13811
Ag AgNO; 0.01998 0.07530
Fe Fe(NO3);.9H,0 0.01998 0.07530

The proper amounts of metal precursors, given in Table 3.2, were added during
hydrolysis steps of the procedures described in sections 3.2.3.1 and 3.2.3.2 for
the synthesis of TiO, and SnO, (See Appendix A for the sample calculations to
determine the amount of metal doped). 1% (weight:weight) metal doped TiO;
and SnO; colloidal solutions were obtained by the addition of corresponding
amounts tabulated in Table 3.2.

3.2.4 Coating of Thin Films

After obtaining colloidal solutions, the pretreated soda-lime glass substrates
were coated by using dip coating technique (Figure 3.3). For this purpose, glass
substrates were immersed in the solution and withdrawn with a speed of 5
cm/min. The samples were dried in an oven for 20 minutes at 120°C in order to
complete single layer. To achieve desired film thickness and continuity, the

samples were coated 5 subsequent layers.
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Figure 3.3 Experimental setup for dip coating

3.2.5 Heat Treatment of Thin Films

After the coating step, prepared thin films were calcined in a tube furnace under
air flow. The aim of calcination is to achieve the complete removal of organic and
inorganic precursor residuals and transform amorphous phase into crystalline
phase.

In order to examine the effect of calcination temperature and duration on
crystalline structure, the thin films coated with pure titanium dioxide and tin oxide
colloidal solutions were treated under different calcination temperatures and
durations. Two distinct temperatures were selected for this purpose
corresponding to low temperature (250°C) for the complete removal of residuals
and high temperature (400°C) to enhance crystallinity but lower temperature than
the rutile formation temperature (500°C-550°C). Also, the effect of calcination

duration was tested with 15, 30 and 45 minutes.

As explained in section 2.2.3, photocatalytic activity can be increased by
increasing surface area, in other words, by obtaining meso porous structure. In
literature, changing gelation-drying parameters was reported as a method for

having meso porous structure. For that purpose, different gelation-drying periods
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were applied to the coated thin films before calcination in order to see the

change in surface morphology and photocatalytic activity.

For calcination, samples were inserted in a preheated tube furnace (Protherm
1000W, PTF 12/50/250) which had been adjusted to preset temperature with

quartz cuvette.

3.3 Characterization of Thin Films

Thin films were analyzed by using different surface characterization techniques.
Surface morphology, porosity, surface area, crystalline structure, photocatalytic
activity were the analyzed properties. The surface tophology of the thin films
were examined by SEM. For this purpose, the samples were coated with carbon

and gold to achieve sufficient conductivity during analysis.

Hydrophilicity of the surface was examined by measuring contact angle of the
surface with using CAM while surface area was measured by using Langmuir

isotherms.

Absorption edge energy of the coated thin films were measured with UV-Visible
Spectrophotometer by scanning the sample in the wavelengths between 190 nm

and 800 nm with Thermo Electron Corporation, Nicolet Evolution 100.

Photocatalytic activity of the coated thin films were measured with the
degradation of organic materials when subjected to artificial solar light irradiation
and with antimicrobial activity tests as counting viable E.coli cells after

irradiation.

3.3.1 Contact Angle Measurements

Contact angle measurements were performed for the characterization of the
hydrophilicity of coated thin films relative to bare glass surface. Also, the effect of

heat treatment parameters explained in section 3.2.5 and composition was
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examined using contact angle (degree of surface free energy) measurements.
Since contact angle strongly depends on surface hydroxyl groups and their
concentrations, the coated thin film samples were conditioned at 23.5°C and
65% humidity for 24 hours before measurements. Contact angles were
measured by sessile drop method dropping UP (ultra pure) distilled water over

the different positions of coated thin films.

3.3.2 Surface Area Measurements

BET (Brunauer Emmett Teller) method is one of the techniques that can be used
for surface area measurements. On the other hand, due to the reasons that the
amount of coated sol on the glass substrate was very low and the weight of the
sample was the combination of glass substrate’s and coated sol's weights;

desired sensitivity could not be achieved with BET method.

Other method is using Langmuir isotherms for surface area measurements.
Adsorption of methylene blue is the widely used method in literature [Adamson,
1982]. This method is based on the principle of measuring the differences
between initial and equilibrium concentrations of methylene blue solution. In
order to use Langmuir isotherms, it is assumed that methylene blue is adsorbed
on the surface with kinetic and equilibrium relations appropriate to Langmuir
theory (equation 3.1) [Gregg and Sing, 1982; Inel and Tumsek, 2000; Kipling,
1965]:

= + — (3.2)

where
Ce : Equilibrium concentration of methylene blue remaining in the solution
X/m : Quantity of methylene blue adsorbed per unit weight of adsorbent
Xm : Adsorption capacity (solute monolayer capacity), Langmuir constant

k :Bonding energy constant, Langmuir Constant
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Ce

X/m

When straight line is obtained by plotting versus C., it indicates a good

fit to the Langmuir monolayer theory. The slope of this line is 1/ X, and the

intercept is 1/kX,, .

After accepting Langmuir monolayer theory for methylene blue adsorption,
specific surface area (cm?cm?) of the thin film is defined by [Inel and Tumsek,
2000]:

XmAwe L

S= (3.2)

where
Xm : Amount of methylene blue adsorbed at monolayer per gram of
adsorbent, mol/cm?
Aws : Cross-sectional area of methylene blue adsorbed on the surface, cm?
L :Avogadro’s number, 1/mol

N : Coverage factor

For calibration, absorbances of methylene blue solutions having different
concentrations varying from 0 ppm to 2 ppm were measured. With these
measurements, the corresponding equilibrium concentration of methylene blue

was related with absorbance.

In the experimental study, coated thin films having three different areas were
immersed in 10 ml methylene blue solution with 2 ppm initial concentration. At
constant temperature (5°C) and in dark medium, they were waited for 72 hours in
order to reach equilibrium. After reaching equilibrium, concentrations of
methylene blue solutions were measured with UV-Visible Spectrophotometer

and surface areas of coated thin films were measured.
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3.3.3 Measurement of Photocatalytic Activity with Organic Materials

Photocatalytic activity was analyzed with the degradation of organic materials
such as red wine and methylene blue. Qualitative measurement of photocatalytic
activity is the visual control of dried spots of known amount of dyestuff over the
substrate after specific time and quantitative measurement corresponds to the
measurement of concentration change of organic material over the thin film
sample with respect to time under controlled irradiation source. However, all
experiments must be verified with blank tests under dark conditions and over the
bare surface without any metal oxide thin film because of the possible non-
catalytic photo assisted decay of organic dyestuff under irradiation. During
qualitative measurements, 20 ul red wine (Kayra, Cumartesi) was dropped over
the samples for the formation of spots and dried in dark cabinet, at room
temperature. Dried spots of red wine were subjected to 300 W/m? artificial solar
irradiation (Atlas CPS, Xe 1000 W) for 24 hours. Color change of the dried spots
was measured qualitatively by comparing with the blank samples kept under
dark.

Photocatalytic activity was measured quantitatively with the degradation of
methylene blue. In order to have quantitative analysis, the thin films were
immersed in the methylene blue solution being 240 mg/It and waited for one hour
to adsorb methylene blue. Then, they were allowed to dry for 2 hours. Before
irradiation, absorbances of the thin films were measured and taken as the initial
states of the samples. After this application, the films were subjected to 600
W/m? artificial solar irradiation and at 654 nm, absorbances were measured with

UV-Visible Spectrophotometer after irradiating for 30 minutes.

Absorbance measured before irradiation was taken as 1 for initial concentration
and absorbances measured after irradiation was converted to concentration as
taking ratio of it with initial state. So, concentration change was analyzed during

quantitative measurements.
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3.3.4 Measurement of Photocatalytic Activity with Antimicrobial Activity Tests

Another technique used to analyze photocatalytic activity was antimicrobial
activity test. For that purpose, E. coli was used in this study. The experiments
were based on the measurement of the number of living colonies of
microorganism with known initial number of colonies under constant irradiation.
For verification of the results, the blank experiments were repeated under dark
conditions and under irradiation with bare glass samples. In antimicrobial activity
test; agar, peptone and LB (Luria-Bertani) broth were prepared for the
measurement of the number of living colonies [Erkan, 2005; Erdural et al., 2008].

Preparation of agar: In order to prepare 750 ml agar; 7.5 gr tryptone, 3.75 gr

yeast extract, 7.5 gr NaCl and 11.25 gr agar-agar hochrein were mixed. Distilled
water was added to the mixture and the final volume was 750 ml. For 30

minutes, the mixture was stirred and heated to prevent hardening.

Preparation of peptone: 0.7 gr peptone was mixed with 700 ml water in order to

prepare 700 ml peptone water with 0.1% concentration.

Preparation of LB broth: Although, it was enough to prepare 25 ml LB broth for

culturing E.coli, 50 ml LB broth was prepared by taking the situation of any
problem during culturing into consideration. In order to prepare 50 ml LB broth,
0.5 gr tryptone, 0.25 gr yeast extract and 0.5 gr NaCl were mixed. Distilled water
was added to the mixture and the final volume was 50 ml.

Prepared solutions were sterilized in autoclave and agar solution was poured
into plates where each plate had almost 20 ml agar solution. In incubator
adjusted to 35°C and 195 rpm, E.coli was cultured aerobically in 25 ml LB broth
overnight (16 hours). For each of the coated thin films, one of the eppendorfs
were filled with 2ml LB broth and centrifuged at 10.000 rpm for 5 minutes. After
centrifuging, supernatant fluid left at the top was removed and, instead of it, 1 ml
peptone water was added. The fluid obtained was poured on the coated thin
films and they were subjected to artificial solar irradiation with solar light
simulator lamp, Ultra-Vitalux light (Osram), for 1 hour. As a control group, coated
thin films having the same properties were waited in dark conditions. After 1
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hour, 1 ml fluid was taken from the coated thin film samples and added into the
peptone water which was 9 ml in the test tubes. After mixing 10 ml mixture, 1 ml
was taken and added to other peptone water, 10" dilution was achieved with this
process. 200 ul mixture was taken from the sixth test tube and maintained on the
agar plate. For control purposes, additional agar plate was prepared with
maintaining 200 ul mixture and the coated thin film sample was put on another
agar plate. The plates were incubated at 35°C overnight. Antimicrobial activity

was analyzed by counting viable E.coli cells.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

The thin films of titanium dioxide (TiO,), tin oxide (Sn0O,), binary mixtures (TiO,-
Sn0,) and their metal doped counterparts were synthesized and their surface
properties and photocatalytic activities were characterized. Different sol-gel
routes and formulations were applied in order to improve the chemical and
physical surface properties. For this purpose, the thin film samples were
examined by UV-Visible Spectrophotometer, SEM and CAM. The surface area
measurements of thin film samples were carried out with methylene blue
adsorption by using Langmuir isotherms. The photocatalytic activities of the
samples were measured by the degradation of organic materilas and

antimicrobial activity against E.coli.

Depending on their compositions, the thin films samples produced might be

classified as follows:

* Thin films coated with titanium dioxide colloidal solutions

» Thin films coated with tin oxide colloidal solutions

* Thin films coated with tin oxide doped titanium dioxide colloidal solutions
« Thin films coated with metal doped titanium dioxide colloidal solutions

» Thin films coated with metal doped tin oxide colloidal solutions

During this study, in order to improve surface morphology and photocatalytic
activity of the thin films, different parameters were applied as follows. Effect of
the following parameters on surface structure and photocatalytic activity were

examined with the characterization techniques explained above.
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» Calcination temperature and duration
* Gelation-drying conditions
» Doping the colloidal solutions with different metals

» Composition of TiO,-SnO, binary mixture

4.2 Effect of Calcination Temperature and Duration on Surface Morphology

of Titanium Dioxide Coated Thin Films

Thin films coated with colloidal solutions synthesized by sol-gel method were
subjected to different calcination temperatures and durations under air flow in
order to see the effect of these parameters on crystalline structure and wetting
properties of the surfaces. Calcination temperature is an important parameter
that effects crystalline structure of the coated surfaces and determines
transformation into anatase phase. The common consent in literature suggests
that the anatase structure is the active phase for photocatalytic reactions
[Hoffmann, 1995; Kato et al., 1994; Yu et al., 2000; Trapalis et al., 2003].
However, there are studies which report superior activity of rutile phase over
anatase phase [Bickley et al.,, 1991; Yu et al.,, 2002]. As studied in literature,
increasing calcination temperature causes transformation into rutile phase which
results in decreased photocatalytic activity [Kim et al., 2002; Rivera, 1993; Deng
et al.,, 2002; Diebold; 2003]. On the other hand, calcination temperature and
duration are effective on crystallite size, surface free energy and short range and
long range order of the thin films. It is expected that crystal defects and
diorderness on the surfaces of the coated thin films will be reduced by increasing
calcination temperature and duration because of restructuring and relaxation of
the surface during calcination. Besides that, higher calcination temperature and
longer calcination duration are important parameters effecting number of
hydroxyl (-OH) groups over the surface. The hydroxyl (-OH) sites over the
surface act as the hole (h") traps and affects the photocatalytic activity [Legrini et
al., 1993; Hoffmann et al., 1995]. On the other hand, in case of inadequate
calcination duration and low calcination temperature, crystallinity will be affected
negatively. In order to investigate the effect of calcination temperature and
duration on the hydrophilicity of the surface, thin films coated with titanium

dioxide colloidal solution are calcined under low temperature regime (250°C) for
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removal of volatiles only and high temperature (400°C) to increase crystallinity
for 15, 30 and 45 minutes.

In order to compare the samples in terms of the surface concentration of
hydroxyl (-OH) sites qualitatively, contact angle data of the surfaces are very
useful. Before measurements, in order to have surfaces being at equilibrium with
hydroxy ions at fixed conditions of temperature and moisture, coated thin films
were conditioned at 23.5°C and 65% humidity for 24 hours. Contact angle was
measured by dropping UP (ultra pure) distilled water to different positions of
coated thin films. The results of the coated thin films films calcined at 250°C and
400°C for three different calcination durations (15, 30 and 45 minutes) are
presented in Table 4.1. The results are the averages of measurements at five
different spots of the same sample surface from both right and left hand side

images of droplet.

Table 4.1 Contact angle measurements of TiO, coated thin films calcined at
250°C and 400°C

Not calcined 250°C 250°C 250°C

15 minutes 30 minutes 45 minutes
Left | Right Left | Right Left | Right @ Left i Right
81.95 | 8145 63.16 | 6433 6250 | 63.18 63.96 | 63.64
Not calcined 400°C 400°C 400°C

15 minutes 30 minutes 45 minutes
Left | Right Left | Right Left | Right Left | Right
81.95 : 81.45 56.26 : 57.24  52.96 : 54.43 @ 54.33 : 54.24

As indicated above, calcination of the thin films at 250°C causes only removal of
volatiles and calcination does not take place at this temperature. On the other

hand, calcination takes place at higher temperatures as 400°C for this study. So,
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surface structure changes with calcination at 400°C resulting in increased
crystallinity while at 250°C, surface structure remains same without any change.
From the results tabulated in Table 4.1, it is observed that contact angle
decreased with increasing calcination temperature. Since surface becomes
hydrophilic when contact angle decreases, surfaces calcined at 400°C had

hydrophilic surface properties.

As the mechanism of photocatalysis, electron and hole pairs (e/h*) are formed
with the excitation of electrons from valence band to conduction band having
higher energy (equation 2.1). Active hydroxy and super oxygen derivatives are
formed after the reaction between formed electron and hole pairs and water and
oxygen molecules. With the reactions continuing, hydroxy radicals are formed as
products of the reaction between holes and —OH ions present on the surface of
titanium dioxide crystallites (equation 4.1); holes and water molecules physically

absorbed on the surface (equation 4.2).

h* +-OH - [OHags (4.1)
h* + Hy,Opgs — OHpgs + H' (4.2)

Existence and amount of —OH ions on the surface affect the hydrophilicity of the
surface. So, the darkness of the medium is important during contact angle
measurements since light irradiation results in increased amount of —OH ions on
the surface and hydrophilicity. For this purpose, coated thin films are kept in dark
medium during contact angle measurements preventing any light irradiation.
When kept in dark medium, contact angle of thin film coated with titanium dioxide
(anatase phase) differs between 62° and 68° [Feng et al., 2005; Wu et al., 2006;
Fujishima et al., 2000].

Calcination duration has limited effect on the photocatalytic activity of the surface
for the coated thin films calcined at 250°C. When average contact angle values
are taken into consideration; contact angle is 81° for the uncalcined thin films
while it is approximately 63° for the coated thin films calcined at 250°C for 15,30
and 45 minutes. Calcination duration does not cause any change on the
hydrophilicity of the surfaces. On the other hand, contact angle decreases

considerably when the coated thin films are calcined at 400°C and it becomes

59



57° after 15 minutes of calcination. Similar with calcination at 250°C, whatever
the duration is, contact angle is almost the same for calcination at 400°C. These
results show that, calcination temperature has effect on surface energy while
calcination duration does not cause any change on surface properties. By
increasing calcination temperature, amount of —OH ions on the surface

increases and, so, hydrophilicity increases.

Characterization with X-Ray diffractometer can not be possible in order to
determine the crystalline properties of the coated thin films since the thicknesses
of the coated thin films are not enough for XRD measurements. So, crystalline
phases of the coated thin films calcined at two different temperatures and effect
of calcination duration on anatase to rutile phase transformation are not known.
On the other hand, effect of calcination temperature and duration on band gap
might be useful to estimate photocatalytic activities of the coated thin films. The
coated thin films calcined under different conditions were scanned between 190
nm and 800 nm by using UV-Visible Spectrophotometer relative to the uncoated
glass slide. UV-Visible spectra of the coated thin films calcined at 250°C and
400°C are given in Figure 4.1 and Figure 4.2, respectively. As seen from Figure
4.1, at 250°C calcination is slow and band gap changes significantly between
350 nm and 400 nm. On the other hand, at 400°C, band gap change is less than
the change observed for calcination at 250°C since calcination is almost
completed after 15 minutes. As given in Figure 4.1 and 4.2, band gaps of the
coated thin films are around 360 nm (3.45 eV) which indicates that there is 0.25
eV red shift compared with the literature value which is 3.2 eV [Popielarski,
1998]. The band gap measurements reveal that both calcination temperature
and calcination duration were sufficient for the formation of short range
semiconductor structure and the band gap corresponding to edge energy (360
nm) is in agreement with literature. However, the difference in surface free
energy especially at high temperature (400°C) indicates the crystal relaxation

and the change in long range order of the thin films.
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Figure 4.1 UV-Visible spectra of the coated thin films calcined at 250°C for 15,
30 and 45 minutes
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Figure 4.2 UV-Visible spectra of the coated thin films calcined at 400°C for 15,
30 and 45 minutes

4.2.1 Photocatalytic Activity Measurements with Organic Materials

Photocatalytic activities of the coated thin films were characterized by using
organic materials. For the coated thin films calcined at 250°C and 400°C for 15,
30 and 45 minutes; photocatalytic activity was measured qualitatively. As an

organic material, both red wine and methylene blue were used.

As explained in section 3.3.3, 20 ul red wine was applied over the coated thin
film surface and dried in dark cabinet. They were subjected to 300 W/m? artificial
solar irradiation for 24 hours. Color change of the irradiated samples were
followed visually by comparing blank stain which was kept in dark. The scanned
images of the samples subjected to 300 W/m? artificial solar irradiation for 24
hours, are given in Figure 4.3.
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Figure 4.3 Photocatalytic activity of titanium dioxide coated thin films irradiated
for 24 hours calcined at:(a) 250°C for 15 minutes, (b) 250°C for 30 minutes, (c)
250°C for 45 minutes, (d) 400°C for 15 minutes, (e) 400°C for 30 minutes, (f)
400°C for 45 minutes.

As seen from Figure 4.3, the coated thin films calcined at 400°C have better but
limited photocatalytic activity than that of the coated thin films calcined at 250°C.
For both of the calcination temperatures, calcination duration does not have any

effect on photocatalytic activity.

According to these qualitative results, titanium dioxide coated thin films have
limited photocatalytic activity which is independent from calcination conditions.
As indicated in section 2.2.3, photocatalytic activity could be increased by having
micro or meso porous semiconductors having larger surface area. On the other
hand, from SEM micrograph of titanium dioxide coated thin film calcined at
400°C for 15 minutes given in Figure 4.4, it is observed that titanium dioxide
coated thin films have non porous and dense surface structures. Due to the
restructuring and relaxation during thermal treatment of the film, micro cracks

appear on the surface of the coated thin film.
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Figure 4.4 SEM micrograph of nonporous and dense titanium dioxide coated thin

film, x1,000 magnification

After dip coating process, because of slow drying period during gelation, titanium
dioxide coated thin films are dense and they have limited surface area as seen in
Figure 4.4. The sol-gel formulations have water and solvent constitutes which
evaporates during drying step. As a result of gelation, the evaporation step is
mass transfer controlled and it is a slow step at room temperature. Therefore,
drying conditions of the coated thin films have to be selected very carefully in
order to achieve sufficient porosity and surface area. Thin films having sufficient
photocatalytic activity should have larger surface area by having meso porous
structure. In order to have meso porous structure, there are several methods in
literature as:

« Changing gelation-drying parameters (drying rate of organic residuals)

« Addition of polymeric materials that can be removed from the thin film
during calcination (PEG, PVA, etc.)

» Addition of oxides, like silica, to the colloidal solution that can form

porous structure
On the other hand, it should be noted that, while preparing thin fiims having

larger surface area, physical properties of the coated thin films like transparency
and adhesion strength should not be affected negatively. By considering three
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different methods given above, changing gelation-drying conditions is more

reasonable choice because of simplicity and purity.

4.3 Effect of Gelation-Drying Conditions on Surface Morphology of

Titanium Dioxide Coated Thin Films

While studying the effect of gelation-drying on surface morphology and
photocatalytic activity, the glass substrates coated with titanium dioxide colloidal
solution were stored at room temperature for 1, 2, 3 and 4 weeks to test prior to
the calcination. As a control group, the coated thin films were calcined on the

same day after coating. The contact angle measurements are given in Table 4.2

Table 4.2 Effect of gelation-drying period on contact angle measurements of
TiO, coated thin films calcined at 250°C and 400°C for 15 minutes

Calcined at
250°C after

Calcined at
250°C after

Calcined at
250°C after

Calcined at
250°C after

Calcined at
250°C after

coating 1 week 2 weeks 3 weeks 4 weeks
| | | | i
Left ! Right Left ! Right Left | Right = Left | Right Left | Right
i i i i |
64.79 | 64.37  63.63 | 64.03 66.19 | 67.08 | 6092 6053 68.68 | 70.06
| | | | |
Calcined at Calcined at Calcined at Calcined at Calcined at

400°C after

400°C after

400°C after

400°C after

400°C after

coating 1 week 2 weeks 3 weeks 4 weeks
| | | | i
Left ; Right = Left | Right Left ;| Right Left | Right Left | Right
i i i i i
47.30 | 48.30 | 40.11 | 39.98 34.48 | 3334 2546 26.13 19.89 | 20.52

When the measurements given in Table 4.2 for the samples calcined at 250°C

and 400°C are compared, gelation-drying rate does not have any significant

65



effect on the surface energies of the coated thin films calcined at 250°C. On the
other hand, contact angle or surface free energy altered significantly with respect
to the duration of gelation-drying period if the thin films are calcined at 400°C. In
other words, very hydrophilic surfaces were obtained by increasing the duration
of the period and the contact angle can be decreased to 20° for the coated thin

films calcined after drying samples for four weeks.

Measurements tabulated in Table 4.2 are summarized in Figure 4.5. As shown in
Figure 4.5, hydrophilicity of the surface does not change significantly with the
duration of gelation-drying period if the calcination temperature is at lower range,
250°C. On the other hand, for the coated thin films calcined at 400°C,
hydrophilicity is considerably enhanced with drying period and longer period
results in more hydrophilic surfaces. More hydrophilic surface structure
resembles the more porous or more disordered structure with higher surface
concentration of hydroxyl (-OH) ions. After calcination at 400°C at the end of 4
weeks of drying period, contact angle is measured as 20° while it is 48° for the

coated thin films calcined after coating.
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Figure 4.5 Change of contact angle with time past between coating and

calcination
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The effect of gelation-drying rate on band gap was also analyzed by using UV-
Visible Spectrophotometer. UV-Visible spectra of the coated thin films calcined
at 250°C and 400°C are given in Figure 4.6 and Figure 4.7, respectively. As seen
from the figures, differences occur for the band gap where anatase phase of
titanium dioxide occurs which has band gap around 360 nm, in literature
[Popielarski, 1998]. Band gap decreases with increasing the duration of gelation-
drying period. UV-Vis spectra of the coated thin films calcined at 250°C and
400°C are given in Figure 4.8 for the wavelengths between 300 nm and 400 nm.
As seen from the Figure 4.8 (a) and Figure 4.8 (b), when drying time is increased
to 4 weeks, band gap decreases to 330 nm.

2,5

——drying time=0
——drying time=1 week
—drying time=2 weeks
——drying time=3 weeks
——drying time=4 weeks

Absorbance (A)

500 600 700 800
Wavelength (nm)

Figure 4.6 Effect of gelation-drying period on UV-Visible spectra of the coated
thin films calcined at 250°C for 15 minutes
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Figure 4.7 Effect of gelation-drying period on UV-Visible spectra of the coated
thin films calcined at 400°C for 15 minutes
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Figure 4.8 UV-Visible spectra between 300 nm and 400 nm for the coated thin
films calcined at (a): 250°C and (b): 400°C for 15 minutes

UV-Visible spectrum for two different calcination temperatures are given in order
to show the effect of calcination temperature on the band gap of the coated thin
films that were calcined after being dried for 1 week. As shown in Figure 4.9,
high calcination temperature and duration of gelation-drying period have similar
effect on the band gap. In other words, band gap decreases with increasing
calcination temperature.
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Figure 4.9 UV-Visible spectra of TiO, coated thin films calcined at 250°C and
400°C for 15 minutes after being dried for 1 week

4.3.1 Photocatalytic Activity Measurements with Organic Materials

Effect of gelation-drying period before calcination on photocatalytic activities of
the coated thin films were also characterized by using the degradation tests for
red wine stain as mentioned in previous section. Following the same procedure
explained in section 3.3.3, the sample surface was stained by 20 ul red wine and
after drying in dark medium, they were subjected to 300 W/m? artificial solar
irradiation for 24 hours. For better comparison, another sample was tested in
dark cabinet as blank experiment. The scanned images of the samples
subjected to 300 W/m? artificial solar irradiation and kept in dark medium for 24
hours are presented in Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13 and
Figure 4.14 according to the duration of gelation-drying period as calcination
after coating, drying for 1 week, drying for 2 weeks, drying for 3 weeks and

drying for 4 weeks, respectively.
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Figure 4.10 Photocatalytic activity of TiO, coated thin films: calcined at 250°C for

15 minutes after coating (a) irradiated, (b) kept in dark; calcined at 400°C for 15

minutes after coating (c) irradiated, (d) kept in dark for 24 hours
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Figure 4.11 Photocatalytic activity of TiO, coated thin films: calcined at 250°C for
15 minutes after drying for 1 week (a) irradiated, (b) kept in dark; calcined at
400°C for 15 minutes after drying for 1 week (c) irradiated, (d) kept in dark for 24

hours
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Figure 4.12 Photocatalytic activity of TiO, coated thin films: calcined at 250°C for
15 minutes after drying for 2 weeks (a) irradiated, (b) kept in dark; calcined at
400°C for 15 minutes after drying for 2 weeks (c) irradiated, (d) kept in dark for
24 hours
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Figure 4.13 Photocatalytic activity of TiO, coated thin films: calcined at 250°C for
15 minutes after drying for 3 weeks (a) irradiated, (b) kept in dark; calcined at
400°C for 15 minutes after drying for 3 weeks (c) irradiated, (d) kept in dark for
24 hours
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Figure 4.14 Photocatalytic activity of TiO, coated thin films: calcined at 250°C for
15 minutes after drying for 4 weeks (a) irradiated, (b) kept in dark; calcined at
400°C for 15 minutes after drying for 4 weeks (c) irradiated, (d) kept in dark for
24 hours

As seen from the figures given above, better photocatalytic activities were
observed on the samples calcined at 400°C than the samples calcined at 250°C.
Furthermore, wine spots dispersed to a larger surface area as a result of more

hydrophilic structure of the samples calcined at 400°C.

The coated thin films calcined at 400°C and kept in dark medium had
photocatalytic activities resulting in the degradation of organic material. This
activity is caused by the hydrophilic surface properties as an oxidation between
protons and hydroxy radicals on the surface without any existence of photon
(equation 4.3 and equation 4.4). On the other hand, activity in dark medium can
not be sustained for a long time because of the limited amount of hydroxyl
species over the surface. By irradiating the surface, reaction given in equation
4.3 replenishes the surface species. Besides that, there is a parallel reaction
mechanism where oxidation takes place between atmospheric oxygen and

hydrogen peroxide.

-OH + H" - .OHaqs 4.3)
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.OHggs + .OHags - H20; (4.4)

As observed from Figure 4.10, Figure 4.11, Figure 4.12, Figure 4.13 and Figure
4.14, photocatalytic activity of the coated thin films calcined at 250°C, was very

limited and no dependency on gelation-drying time was observed.

4.3.2 Photocatalytic Activity Measurements with Antimicrobial Activity Tests

Another method used in order to characterize photocatalytic activity was the
characterization of antimicrobial property. For this purpose, E.coli culture was
employed. The experiments were based on the quantitative results of viable
E.coli cells count with respect to irradiation time based on the initial amount of
E.coli culture applied to the surface of samples. Since better activity was
observed with wine spot degradation tests, the antimicrobial activity of the films

calcined at 400°C for 15 minutes were measured.

During the antimicrobial activity tests, solution containing E.coli cell was spread
over the surfaces of the samples which were pretreated glass substrates as
blank and titanium dioxide coated thin films calcined after different gelation-
drying periods (calcination after coating, drying for 1 week, drying for 2 weeks,
drying for 3 weeks and drying for 4 weeks). The samples were subjected to
artificial solar irradiation with solar light simulator lamp for 1 hour. For control
experiments, same samples were prepared and kept in dark medium. After 1
hour, viable E.coli cells were counted by following the procedure given in section
3.3.4. Results of viable E.coli cell counting are tabulated in Table 4.3 for the
pretreated glass substrates as blank and titanium dioxide coated thin films
calcined after different gelation-drying periods irradiated and kept in dark

medium.
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Table 4.3 Number of viable E.coli cells for the pretreated glass subtrates and

titanium dioxide coated thin films irradiated and kept in dark medium for 1 hour

| Under | 351 | Under | 253
Pretreated : irradiation ; Calcined ; irradiation
glass | | after drying ! |
substrate | i for 2 weeks | i
i Indark ; 552 i Indark | 469
i Under | 267 i Under | 262
Calcined | irradiation ! Calcined | irradiation !
after | | after drying i i
coating | ; for 3 weeks : ;
| Indark | 460 | Indark | 487
i Under | 289 i Under | 273
Calcined ! irradiation ! Calcined | irradiation !
after drying i i after drying i i
for 1 week | : for 4 weeks ! :
| Indark | 495 | Indark | 479

When the results tabulated in Table 4.3 are compared, the number of viable
E.coli cells on the coated thin films show 15% decrease with respect to the
number of viable E.coli cells on the pretreated glass substrates. Furthermore,
when the samples irradiated and kept in dark medium are compared, for the
irradiated samples, 40% decrease in the number of viable E.coli cells is
achieved. On the other hand, duration of gelation-drying period does not have
significant effect on the antimicrobial activity. These results are in good
agreement with the results of wine spot tests. Similar to the results of
degradation tests, photocatalytic activity was observed for the samples waited in
dark medium since reactive oxygen species can be formed without the existence
of light source (photon) and these reactive oxygen species damages E.coli cells.
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4.4 Metal - Titanium Dioxide Coated Thin Films

Doping the colloidal solutions with metals having catalytic properties is a
common method to improve the photocatalytic activities of metal oxide
semiconductors [Sharma et al., 2006; Erkan, 2006; Luca et al., 2006; Chang et
al., 2008; Sawunyama et al., 1998]. 50% increase in photocatalytic activity was
achieved with palladium doped titanium dioxide coated thin films [Erkan, 2006].
In this study, effect of metals like palladium (Pd), silver (Ag), iron (Fe) and
praseodymium (Pr) on the photocatalytic activity of sol-gel synthesized TiO, was
also examined.

From the metals listed above, praseodymium is known with its fluorescent
properties in literature [Yan et al., 2006; Jouini et al., 2003]. This property is
caused by the behaviour of light in nonlinear media which can be described with
non-linear optics and fluorescence of praseodymium results in the formation of
photons at the end of serial reactions which are started with the stimulation of
orbital having different energy levels by photons. There are two possible ways as
down conversion and up conversion which are thermodynamically possible
Down conversion is leaving two photons having low energy free with the
absorption of photon having high energy while up conversion is the formation of
photon having high energy with the absorption of two photons having low
energy. When the band gaps of titanium dioxide and tin oxide are compared,
band gap energy of titanium dioxide is 3.2 eV (388 nm) and it can be stimulated
by photons having wavelength closer to visible region while tin oxide’s band gap
energy is 3.6 eV (345 nm) and it can be stimulated with photons having higher
energy in UV region. Up-conversion is a promising way to utilize solar energy
with wide band gap metal oxides as a result of harvesting more photons from
visible region. In literature, there are limited studies about the optical properties
of metal doped semiconductors and effect of praseodymium on up conversion is
newly started to be studied [Sun et al., 2006; Amlouk et al., 2008; Sua et al.,
2008].

Other metals (Ag, Fe and Pd) used in this study are well known catalytic metals

with their unique oxygen transfer properties [ Schmidt et al., 2003; Erkan, 2006].
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In this study, glass substrates were coated with metal doped titanium dioxide
(1%metal/TiO,) colloidal solutions which were prepared according to the
procedure explained in section 3.2.3.4. Metal precursors were dissolved in
ethanol and, then colloidal solution was prepared. After coating process, the

coated thin films were calcined at 500°C for 15 minutes.

Contact angle of the surfaces were measured after conditioning the coated thin
films at the same conditions as 23.5°C and 65% humidity for 24 hours before the
measurements. Contact angle measurements for the thin films coated with pure
titanium dioxide and metal doped titanium dioxide are tabulated in Table 4.4.

Table 4.4 Contact angle measurements of pure titanium dioxide and metal

doped titanium dioxide coated thin films calcined at 500°C for 15 minutes

Pure TiO, 1%Pd/TiO, 1%Pr/TiO, 1%Ag/TiO, 1%Fe/TiO,

i i i i i

Left | Right Left | Right Left | Right Left | Right Left | Right
| | | | |
i i i i i

64.19 | 64.23 29.05 | 29.10 24.64 | 25.28  10.23 | 10.30  21.53 | 20.75

When the results in Table 4.4 are compared, metal doping has an improving
effect on the hydrophilicity of the coated thin films. Especially, the sample doped

with Ag performs super-hydrophilic structure.

Band gaps of the thin films coated with metal doped titanium dioxide colloidal
solutions are given in Figure 4.15. As observed from the UV-Visible spectra,
metal doped titanium dioxide has band gap between 300 nm and 350 nm.
Almost in all metal doped samples, the band gap shift to the visible region were

observed.
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Figure 4.15 UV-Visible spectra of metal doped titanium dioxide coated thin films

calcined at 500°C for 15 minutes

Optical properties of the metal doped titanium dioxide coated thin films show
differences when compared with the films coated with pure titanium dioxide
colloidal solution. For instance, silver doped samples have gray tint while
palladium doped samples have brown tint. As seen from the UV-Visible spectra
given in Figure 4.15, light transmittance decreases for the silver doped samples.
For all samples, the effect of surface plasmons appears in the region 500 nm-
800 nm and no isolated metal particles are detected in 500 nm-600 nm range
which indicated ionic dispersion of metal sites in TiO, matrix. Band gap is
largest for praseodymium doped TiO, coated thin films and red shift occurs for
the band gap. This shows the success of doping process for improving
photocatalytic activity and it was observed that, after irradiating for 24 hours with
600 W/m? artificial solar irradiation, concentration of methylene blue became

zero for praseodymium doped samples.
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4.4.1 Photocatalytic Activity Measurements with Organic Materials

Photocatalytic activities of the coated thin films were measured quantitatively by
following the procedure explained in section 3.3.3. The coated thin films were
immersed into methylene blue solution having 240 mg/It concentration and they
were waited in this solution for 1 hour. Then, the coated thin films were allowed
to dry for 2 hours and the absorbance was measured before irradiation in order
to define the initial concentration Cy. After measuring initial absorbance values,
they were subjected to 600 W/m? artificial solar irradiation for 30 minutes of time
intervals. On the other hand, it was waited for 90 minutes after each solar light
irradiation in order to prevent formation of leuco form and reconvert reduced
methylene blue of the leuco form (LMB) into its initial state [Miyauchi et al, 2002].
By waiting in dark medium for 90 minutes, absorbance value changes would
show only the concentration of methylene blue as a result of the decomposition
from the oxidation reaction [Mills and Wang, 1999]. After waiting, photocatalytic
activity was examined quantitatively by measuring the absorbance values at 654

nm wavelength.

Concentration change of methylene blue solution is shown in Figure 4.16 (Data
of concentration change is given in Appendix B). C, is the initial concentration
corresponding to the measured absorbance value before irradiation. As
observed in Figure 4.16, effect of palladium on photocatalytic activity is very
high. On the other hand, iron doping has declining effect on photocatalytic
activity. The reason for this situation can be deformation of crystalline structure
of titanium dioxide by Fe*? ions [Sawunyama et al., 1998]. As a result of the
photocatalytic activity measurements, highest activity is achieved with palladium
and silver is in the second rank for increasing photocatalytic activity. Even if it
was not shown in Figure 4.16, concentration of methylene blue was zero for
1%Pr/TiO, coated samples after being subjected to 600 W/m? artificial solar

irradiation for 24 hours.
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Figure 4.16 Concentration change of methylene blue solution for the metal
doped titanium dioxide coated thin films subjected to 600 W/m? artificial solar

irradiation

4.4.2 SEM Analysis

Surface iamges of the coated thin films were characterized by SEM. At this
stage, titanium dioxide and metal doped titanium dioxide coated thin films were
coated with carbon and gold in order to achieve sufficient conductivity for
characterization. SEM micrographs of surfaces of the coated thin films are given
in Figure 4.17. As seen from the micrographs, nonporous and dense titanium

dioxide film structure was obtained.

80



HV d 5 m ——— HV mag det 2um
30.00 kV| 1 V N AB 0.00 kV| 50 000 x| 9.1 mm |ETD METU CENTRAL LAB

08 HV mag WD | det ————500 nm ———— E VI d ——— 500 nm ————
M |30.00 kV| 200 000 x| 9.1 mm |ETD METU CENTRAL LAB 7 ENTRAL LAB

WD | det
10:56:19 AM [30.00 kV. 5 9.2 mm | ETD METU

Figure 4.17 SEM micrographs of surfaces coated with; (a): TiO,, (b): 1%Pd/TiO,
(€): 1%Ag/TIO,, (d): 1%Pr/TiO,, (e): 1%Fe/TiO,
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4.5 Metal - Tin Oxide Coated Thin Films

Tin oxide is an n-type semiconductor having wide band gap with a band gap
energy around 3.6 eV corresponding to 345 nm [Benedix et al., 2000; Batzill et

al., 2005]. So it is the most widely used metal oxide after titanium dioxide.

In this study, glass substrates were coated with metal doped tin oxide colloidal
solutions which were prepared according to the procedure explained in section
3.2.3.4. Metal precursors were dissolved in ethanol and, then colloidal solution
was prepared. After coating process, the coated thin films were calcined at
500°C for 15 minutes.

Contact angle measurements for the thin films coated with pure tin oxide and
metal doped tin oxide colloidal solutions are given in Table 4.5

Table 4.5 Contact angle measurements of pure tin oxide and metal doped tin

oxide coated thin films calcined at 500°C for 15 minutes

Pure SnO, 1%Pd/Sn0O, 1%Pr/Sn0O, 1%Ag/Sn0O, 1%Fe/Sn0O,
! ! ! ! !

Left | Right Left | Right Left | Right Left { Right Left | Right
| | | | |
i i i i i

1747 1 17.22 7.65 ! 742 7.92 | 737 773 ! 748 1304 ! 1271
i i i i i
i i i i i

When the results in Table 4.5 are compared, metal doping has an improving
effect on the hydrophilicity of the coated thin films. Contact angle of the coated
thin film decreases down to 7° for metal doped tin oxide coated surfaces. More
hydrophilic surfaces were obtained with metal doped SnO, coated surfaces
compared to metal doped TiO, coated surfaces. Even though, hydrophilicty is
directly related with the number of hydroxyl ions on the surface, it does not only
depend on the number of hydroxyl ions for this case. It also depends on the

surface morphology thus SnO, coated surfaces are more porous than TiO,
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coated surfaces and hydrophilicity is improved with having micro or meso

porous coatings having smaller particles and air-filled pores.

Band gaps were measured by using UV-Visible spectrophotometer (Figure 4.18).
As shown in Figure 4.18, metal doped tin oxide has absorbance between 200
nm and 300 nm. For pure tin oxide, band gap is around 280 nm corresponding to
the band gap energy as 4.4 eV which represents less conductivity than the
literature value since band gap energy is 3.6 eV (345 nm) [Benedix et al., 2000;
Batzill et al., 2005].
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Figure 4.18 UV-Visible spectra of metal doped tin oxide coated thin films

calcined at 500°C for 15 minutes

4.5.1 Photocatalytic Activity Measurements with Organic Materials

For quantitative measurements of photocatalytic activity with organic materials,

procedure explained in section 3.3.3 was followed. Samples were subjected to
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600W/m? artificial solar irradiation. Concentration change of methylene blue

solution is shown in Figure 4.19.
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Figure 4.19 Concentration change of methylene blue solution for the metal

doped tin oxide coated thin films subjected to 600 W/m? artificial solar irradiation

As observed from Figure 4.19, metal doping has declining effect on
photocatalytic activity since pure SnO, coated thin films have higher
photocatalytic activity. On the other hand, for TiO, colloidal solution, metal
doping has an increasing effect on the activity. When the activities of pure TiO,
(Figure 4.16) and pure SnO, (Figure 4.19) are compared, pure SnO, has higher
activity as decreasing the concentration of methylene blue by 61.2%
(C/Cy=0.288) by irradiation for 180 minutes. On the other hand, TiO, decreases
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the concentration of methylene blue by 22.1% (C/C,=0.679) after 180 minutes of
irradiation. Despite the fact that band gap of SnO, (280 nm) was smaller than the
band gap of TiO, (360 nm), photocatalytic activity of tin oxide was greater than
the activity of titanium dioxide. Even though, photons having higher wavelength
is preferred in order to increase reaction turnover for photocatalysts, surface
morphology has considerable effect on photocatalytic activity. So, more porous
surfaces have greater photocatalytic activity and since tin oxide has more porous

structure, it has greater photocatalytic activity.

4.5.2 SEM Analysis

Figure 4.20 shows SEM micrographs of pure tin oxide coated thin films. As seen
from the figure, tin oxide particles are distributed to the surface homogeneously.
From SEM micrographs given below, characteristic dimension of the analyzed
sample is around 50 nm. Characteristic dimension is defined as particle diameter
for porous films while it is film thickness for dense and nonporous films. With
particles having diameter around 50 nm, surface area of tin oxide coated thin
films is higher than the area of titanium dioxide coated thin films because of

being porous.
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Figure 4.20 SEM micrographs of surfaces coated with pure tin oxide colloidal

solution

In section 4.5.1, it is stated that, metal doping has declining effect on
photocatalytic activity. When SEM micrographs of metal doped tin oxide coated
thin films are observed (Figure 4.21 and Figure 4.22), metal doping affects the
porosity of the surface and causes sintering of the particles on the surface
resulting in decreased porosity and, so decreased surface area. By taking this
situation into consideration, metal doping decreases the sintering temperature

resulting in the decreased photocatalytic activity.
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Figure 4.21 SEM micrographs of surfaces coated with; (a): 1%Pd/SnO, with
x25,000 magnification, (b): 1%Pd/SnO, with x100,000 magnification, (c):
1%Ag/SnO, with x25,000 magnification, (d): 1&Ag/SnO, with x100,000

magnification
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Figure 4.22 SEM micrographs of surfaces coated with; (a): 1%Pr/SnO, with
x25,000 magnification, (b): 1%Pr/SnO, with x100,000 magnification, (c):
1%Fe/SnO, with x25,000 magnification, (d): 1%Fe/SnO, with x100,000

magnification

4.6 Tin Oxide Doped Titanium Dioxide Coated Thin Fi  Ims

In literature, it is observed that tin promotes anatase to rutile phase
transformation and forms a complete solid solution with rutile phase of titanium
dioxide [Mahanty et al., 2003]. In this study, mixtures with different compositions
of tin oxide and titanium dioxide were synthesized to increase photocatalytic

activity by obtaining lattice parameter mismatch and using the advantage of
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hydroxyl radicals on the surfaces of different crystalline structures. For this
purpose, 4 different colloidal solutions with different compositions are

synthesized as:

* 20 % SnO; + 80 % TiO,
*  35% SnO; + 65 % TiO,
* 50 9% SnO, + 50 % TiO,
* 80 9% SnO; + 20 % TiO;

Titanium dioxide and tin oxide colloidal solutions were synthesized by following
the procedures given in sections 3.2.3.1 and 3.2.3.2, respectively. Then, they
were mixed with respect to the ratios given above and the glass substrates were
coated with these solutions in order to form 5 layers. The coated thin films were

calcined at 500°C for 15 minutes.

Contact angle of the surfaces were measured in order to make comment on the
amount of -OH ions on the surface. The coated thin films were conditioned at the
same conditions as 23.5°C and 65% humidity for 24 hours before the
measurements. In Table 4.6, measurements are given for the tin oxide doped

titanium dioxide coated thin films.
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Table 4.6 Contact angle measurements of tin oxide doped titanium dioxide

coated thin films calcined at 500°C for 15 minutes

TiO, 20 % SnO, + 80 % TiO, 35 % SnO, + 65 % TiO,
| | |
Left ! Right Left ! Right Left ! Right
| | |
i i i
6419 | 64.23 56.19 | 56.67 38.67 | 39.06
| | |
50 % SnO, +50 % TiO, 80 % SnO, + 20 % TiO, Sno,
| | |
Left |  Right Left |  Right Left | Right
2427 i 23.93 1957 | 2087 1717 17.22

When the measurements tabulated Table 4.6 are compared, it is observed that
by increasing the amount of tin oxide in titanium dioxide colloidal solution,
hydrophilicity of the surface, coated with the corresponding colloidal solution,
also increases. The reason of this situation is the amount of —OH ions of different
crystalline structures as tin oxide has greater amount of —OH ions. Besides that,
more hydrophilic surfaces can be achieved by having micro or meso porous
metal oxide coatings having smaller particles and air-filled pores. With the
addition of tin oxide to titanium dioxide, more porous structure was achieved
since tin oxide has smaller particles resulting in more porosity than that of

titanium dioxide (Figure 4.20).

Band gap was analyzed by using UV-Visible spectrophotometer (Figure 4.24).
As seen from the spectra, SnO; present on the surface has absorbance between
200 nm and 260 nm while absorbance of TiO, is between 300 nm and 360 nm

and the spectra show the existence of a mixture.
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Figure 4.24 UV-Visible spectra of tin oxide doped titanium dioxide coated thin

films

4.6.1 Photocatalytic Activity Measurements with Organic Materials

Concentration change of methylene blue solution is shown in Figure 4.25. As
observed from Figure 4.25, by increasing the amount of tin oxide in titanium
dioxide colloidal solution, photocatalytic activity increases. On the other hand,
pure tin oxide coated thin films have higher photocatalytic activity than the films

coated with tin oxide doped titanium dioxide.
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Figure 4.25 Concentration change of methylene blue solution for titanium

dioxide-tin oxide coated thin films subjected to 600 W/m? artificial solar irradiation

4.6.2 Surface Area Measurements

Surface areas of the coated thin films were measured with the adsorption of
methylene blue by using Langmuir isotherms. Procedure explained in section
3.3.2 was followed for the surface area measurement of thin films coated with
pure titanium dioxide, pure tin oxide and their binary mixtures. During
measurements, for each coated thin film, three samples having different areas
were immersed into 10 ml methylene blue solution having 2 ppm concentration.
After waiting for 72 hours to reach equilibrium concentration, by determining
concentrations, surface areas were measured by using Langmuir isotherms.
Straight lines were fitted to the data points (3 data points were present for each

sample) where the slope of the regression line was 1/X;, and the intercept is
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1/k.X,,. Langmuir isotherms and Langmuir constants are given in Appendix C.
During measurements, cross-sectional area of methylene blue adsorbed on the
surface (Ays) was taken as 1.2 nm? while coverage factor (N) was taken as 1
[Inel and Tumsek, 2000]. Surface area measurement results are tabulated in
Table 4.7.

Table 4.7 Surface area of the coated thin films with different colloidal solutions

Surface Area (cm?/cm?)

TiO, : 6.42
20%Sn0; + 80%TiO, i 6.52
35%Sn0, + 65%TiO, i 6.89
50%Sn0; + 50%TiO, i 7.09
80%Sn0, + 20%TiO, i 8.88

SnO; i 9.81

From Table 4.7, it is observed that; with the addition of tin oxide into titanium
dioxide, surface area increases and it is maximum for pure tin oxide coated thin
film as 9.81 cm?cm?. As indicated in previous parts, surface area has effect on
photocatalytic activity and larger surface area results in the increased
photocatalytic activity. From these measurements, tin oxide coated thin film has
the largest surface area which confirms the results of photocatalytic activity
measurements as pure tin oxide has greater photocatalytic activity when
compared with photocatalytic activities of tin oxide doped titanium dioxide coated
thin films (Figure 4.25).
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CHAPTER 5

CONCLUSIONS

Within the scope of present study; titanium dioxide, tin oxide, tin oxide doped
titanium dioxide, metal doped titanium dioxide and metal doped tin oxide
colloidal solutions are synthesized by using sol-gel method and they are applied
to the surface of the pretreated glass substrates. As metal catalysts,
praseodymium (Pr), palladium (Pd), silver (Ag) and iron (Fe) precursors are
used. Different parameters like effect of calcination temperature, calcination
duration and duration of gelation-drying period, are studied in order to see
surface morphology change with respect to these parameters. The coated thin
films are characterized withSEM, UV-Visible Spectrophotometer and CAM.
Furthermore, surface area measurements are done by using Langmuir

isotherms. The following conclusions are drawn from the data gathered:

* Increase of calcination temperature results in the increased hydrophilicity.
On the other hand, calcination duration does not have any effect on the

amount of —OH ions on the surface.

* Independent from calcination duration, the coated thin films calcined at
400°C have higher photocatalytic activity when compared with the films
calcined at 250°C.

» Duration of gelation-drying period does not have any significant effect on
the surface energies of the coated thin films calcined at 250°C. On the
other hand, for 400°C, hydrophilic surfaces are achieved by increasing

the duration of the period with contact angle decreased down to 20°.

e Increase in the duration of gelation-drying period and increase in the

calcination temperature decrease band gap.
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Photocatalytic activity does not depend on the duration of gelation-drying

period strongly which is also relevant for antimicrobial activity.

Pure titanium dioxide coated thin films have limited photocatalytic activity

since surface is nonporous, dense and it has amorphous structure.

For titanium dioxide and tin oxide colloidal solution, metal doping has an

improving effect on hydrophilicity.

Pd, Ag and Pr doped titanium dioxide coated thin films have increased
photocatalytic activity while Fe doping has declining effect on it since Fe*?
ions present in the precursor cause deformation on the crystalline

structure of titanium dioxide.

Surface area of tin oxide coated thin films is higher than the area of
titanium dioxide coated thin films with particles having diameter around

50 nm causing porosity on the surface.

Pure tin oxide coated thin films have higher photocatalytic activity, so

metal doping has declining effect on photocatalytic activity.

Since tin oxide has greater amount of —OH ions on the surface,
hydrophilicity of the surface increases by increasing the amount of tin
oxide addition to titanium dioxide colloidal solution. With tin oxide

addition, porosity of the surface increases.

Increase in the amount of tin oxide in titanium dioxide colloidal solution
results in the increased photocatalytic activity. On the other, pure tin
oxide coated thin films have higher photocatalytic activity when compared
with the photocatalytic activity of the films coated with tin oxide doped
titanium dioxide.

Surface area is increased with tin oxide addition to titanium dioxide and
pure tin oxide has the largest surface area resulting in highest

photocatalytic activity.
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CHAPTER 6

RECOMMENDATIONS

Polymeric materials like PEG with different molecular weights can be added
to the colloidal solutions in order to have meso porous structure with larger

surface area.

Surface area increasing methods should be further investigated. One way is
the addition of oxides, like silica, to the colloidal solution in order to obtain

porous structure.

Antimicrobial activity tests should be repeated for the metal doped colloidal
solutions and titanium dioxide-tin oxide binary mixtures in order to have idea
about antimicrobial properties in addition to the photocatalytic properties

depending on the degradation of organic materials.

Surfaces other than glass substrates can be the focus of future studies. For
this purpose, ceramic can be used.

A detailed study about surface area measurement techniques is

recommended in order to achieve better results for modeling and fitting the

parameters to the corresponding method of measurement.
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APPENDIX A

SAMPLE CALCULATIONS FOR THE SYNTHESIS OF METAL DOP ED
COLLOIDAL SOLUTIONS

A.1 Praseodymium Doping
- Titanium Dioxide Colloidal Solution

According to the procedure given in part 3.4.1, 8.6 ml titanium n-butoxide
((C4Hy0),4Ti) was used for sol-gel synthesis.

Density of titanium n-butoxide is:

P m,0y,1i =0.990 gr/ml
Mass of titanium n-butoxide added is:

r
Mass of (C,H0),Ti=8.6 ml x 0.990 %=8.514 ar

Since molecular weight of titanium n-butoxide is 340. 35 gr /mol,

mol

8.514 gr x g_r:0'025015 mol Ti

340.35

0.025015 mol TiO,

Since molecular weight of titanium dioxide is 79.87 gr /mol,
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r
Mass of TiO, =79.87 % x 0.025015 mol TiO, =1.998 gr TiO,

So, 0.01998 gr Pr would be added. For praseodymium doped titanium dioxide
colloidal solution, 0.01998 gr praseodymium(lll) acetyl-acetone hydrate was
added.

- Tin Oxide Colloidal Solution

According to the procedure given in part 3.4.2, 13.024 gr tin tetrachloride
pentahydrate (SnCl,.5H,0) was used for sol-gel synthesis.

Since molecular weight of tin tetrachloride is 260.502 gr /mol,

13.024 gr x ——— M _ 4049996 mol Sn
Pes O X 560502 gr

0.049996 mol SnO,
Since molecular weight of tin oxide is 150.71 gr /mol,

9

Mass of SnO, =150.71 ol X 0.04996 mol SnO, =7.523 gr SnO,

So, 0.07530 gr Pr would be added. For praseodymium doped tin oxide colloidal

solution, 0.07530 gr praseodymium(lll) acetyl-acetone hydrate was added.
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A.2 Palladium Doping
- Titanium Dioxide Colloidal Solution

According to the procedure given in part 3.4.1, 8.6 ml titanium n-butoxide

((C4H0)4Ti) was used for sol-gel synthesis.
Density of titanium n-butoxide is:

P, m,0y,7i =0.990 gr/ml
Mass of titanium n-butoxide added is:

r
Mass of (C,H,0),Ti=8.6 ml x 0.990 %:8.514 gr

Since molecular weight of titanium n-butoxide is 340. 35 gr /mol,

1 mol .
8.514 gr x 34035 g—r—0.025015 mol Ti

0.025015 mol TiO,
Since molecular weight of titanium dioxide is 79.87 gr /mol,

r
Mass of TiO, =79.87 % X 0.025015 mol TiO,=1.998 gr TiO,

So, 0.01998 gr PdO would be added and molecular weight of PdO is 122.4
gr/mol.

mol

0.01998 gr x ?:0.000163 mol Pd

122.4

112



As palladium precursor, palladium acetate is used. So, 0.000163 mol palladium

acetate is added and its molecular weight is 224.5 gr/mol.

r
0.000163 mol x 224.5 %:0,03659 gr palladium acetate

For palladium doped titanium dioxide colloidal solution, 0.03659 gr palladium(ll)
acetate was added.
- Tin Oxide Colloidal Solution

According to the procedure given in part 3.4.2, 13.024 gr tin tetrachloride
pentahydrate (SnCl;.5H,0) was used for sol-gel synthesis.

Since molecular weight of tin tetrachloride is 260.502 gr /mol,

13.024 gr x ——— M _ 5049996 mol Sn
Vet O X 560502 gr

0.049996 mol SnO,
Since molecular weight of tin oxide is 150.71 gr /mol,

r
Mass of SnO, =150.71 % X 0.04996 mol SnO, =7.523 gr SnO,

So, 0.07530 gr PdO would be added and molecular weight of PdO is 122.4

gr/mol.

1 m—0|_0000615 mol Pd
1224 gr

0.07530 gr x
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As palladium precursor, palladium acetate is used. So, 0.000615 mol palladium

acetate is added and its molecular weight is 224.5 gr/mol.

r
0.000615 mol x 224.5 %=0,13811 gr palladium acetate

For palladium doped tin oxide colloidal solution, 0.13811 gr palladium(ll) acetate
was added.

A.3 Silver Doping

- Titanium Dioxide Colloidal Solution

According to the procedure given in part 3.4.1, 8.6 ml titanium n-butoxide

((C4H0)4Ti) was used for sol-gel synthesis.
Density of titanium n-butoxide is:

Pc,h,0)m = 0.990 gr/ml
Mass of titanium n-butoxide added is:

r
Mass of (C,H,0),Ti=8.6 ml x 0.990 %=8.514 ar

Since molecular weight of titanium n-butoxide is 340. 35 gr /mol,

1 mol

8.514 —~_ M9 025015 mol i
9" X 34035 gr mot M

0.025015 mol TiO,

Since molecular weight of titanium dioxide is 79.87 gr /mol,
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r
Mass of TiO, =79.87 % x 0.025015 mol TiO, =1.998 gr TiO,

So, 0.01998 gr Ag would be added. For silver doped titanium dioxide colloidal

solution, 0.01998 gr silver nitrate was added.

- Tin Oxide Colloidal Solution

According to the procedure given in part 3.4.2, 13.024 gr tin tetrachloride
pentahydrate (SnCl,.5H,0) was used for sol-gel synthesis.

Since molecular weight of tin tetrachloride is 260.502 gr /mol,

1 mol
13.024 gr x 260502 g—r—0.049996 mol Sn

0.049996 mol SnO,
Since molecular weight of tin oxide is 150.71 gr /mol,

r
Mass of SnO, =150.71 % x 0.04996 mol SnO, =7.523 gr SnO,

So, 0.07530 gr Ag would be added. For silver doped tin oxide colloidal solution,
0.07530 gr silver nitrate was added.

115



A.4 Iron Doping
- Titanium Dioxide Colloidal Solution

According to the procedure given in part 3.4.1, 8.6 ml titanium n-butoxide

((C4H0)4Ti) was used for sol-gel synthesis.
Density of titanium n-butoxide is:

Peh,0),m = 0.990 gr/ml
Mass of titanium n-butoxide added is:

r
Mass of (C,H,0),Ti=86 ml x 0.990 %:8.514 gr

Since molecular weight of titanium n-butoxide is 340. 35 gr /mol,

1 mol .
8.514 gr X 34035 g—r—0.025015 mol Ti

0.025015 mol TiO,
Since molecular weight of titanium dioxide is 79.87 gr /mol,

r
Mass of TiO, =79.87 % X 0.025015 mol TiO,=1.998 gr TiO,

So, 0.01998 gr Fe would be added. For iron doped titanium dioxide colloidal
solution, 0.01998 gr iron(lIl) nitrate nonahydrate was added.
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- Tin Oxide Colloidal Solution

According to the procedure given in part 3.4.2, 13.024 gr tin tetrachloride
pentahydrate (SnCl,.5H,0) was used for sol-gel synthesis.

Since molecular weight of tin tetrachloride is 260.502 gr /mol,

1 mol
13.024 gr x 260502 g—r—0.049996 mol Sn

0.049996 mol SnO,
Since molecular weight of tin oxide is 150.71 gr /mol,

r
Mass of SnO, =150.71 % x 0.04996 mol SnO, =7.523 gr SnO,

So, 0.07530 gr Fe would be added. For iron doped tin oxide colloidal solution,

0.07530 gr iron(lll) nitrate nonahydrate was added.
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APPENDIX B

DATA OF PHOTOCATALYTIC ACTIVITY MEASUREMENTS

Table B.1 Data of Figure 4.16, Concentration change of methylene blue solution
for the metal doped titanium dioxide coated thin films subjected to 600 W/m?

artificial solar irradiation

Iradiation { C/C, { CIC, | CIC, | CIC, | CICo
Time | TiO, | 1%Pd/TIO, | 1%PHTIO, | 1%AGITIO, | 1%Fe/TiO;
0 | 1000 | 1000 | 1000 | 1000 |  1.000
30 | 085 | 0470 | 0852 | 0738 | 0921
60 | 0837 | 0374 | 0818 | 0655 | 0.909
90 | 0799 | 0333 | 0733 | 0536 | 0890
120 | 0737 | 0268 | 0667 | 0488 | 0817
150 | 0727 | 0121 | 0528 | 0417 | 0780
180 | 0.679 | 0114 | 0426 | 0345 | 0707
210 | 0622 | 0023 | 0392 | 0345 | 0677
240 | 0574 | 0023 | 0364 | 0357 | 0.665
270 | 0569 | 0000 | 0341 | 0310 | 0665
300 . 0000 | 0307 | 0274 | 0665

i 0.536
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Table B.2 Data of Figure 4.19, Concentration change of methylene blue solution
for the metal doped tin oxide coated thin films subjected to 600 W/m? artificial

solar irradiation

Irradiation | C/C, i CIC, i CIC, i CIC, | CICg
Time i SnO, i 1%Pd/Sn0O, il%Pr/SnOzi 1%Ag/Sn0O, i 1%Fe/Sn0O,
0 1.000 1.000 1.000 1.000 1.000
30 0.654 0.727 1.000 0.930 1.000
60 | 0500 | 0659 | 0909 | 0732 | 0886
% {0442 | 0636 | 0818 | 0676 | 0.886
120 | 0404 | 0409 | 0818 | 0634 | 0886
150 0.327 0.364 0.758 0.606 0.841
180 | 0288 | 0358 | 0697 | 0507 | 0.795
210 0.288 0.340 0.697 0.507 0.795
240 10288 | 0326 | 0697 | 0451 | 0897
270 | 0288 | 0310 | 0697 | 0437 | 0897
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Table B.3 Data of Figure 4.19, Concentration change of methylene blue solution
for the titanium dioxide-tin oxide coated thin films subjected to 600 W/m? artificial

solar irradiation

Irradiation | CIC, . C/C, . C/C,
Time Sno, 20%Sn0,+80%TiO, 35%Sn0,+65%TiO,

0 1.000 1.000 1.000

30 0.654 0.992 0.969

60 | 0.500 0.977 | 0.886

90 0.442 0.969 0.729

Time  |50%Sn0,+50%TiO, | 80%Sn0,+20%TiO, |

0 1.000 1.000
30 0.810 0.925
60 | 0.759 0.670 |
90 0.741 0.632
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APPENDIX C

CALCULATIONS FOR SURFACE AREA MEASUREMENTS

Methylene blue solution with 2 ppm concentration was prepeared for surface
area measurements. For calibration, solution having different concentrations
were prepared and their corresponding absorbance values were measured at
654 nm with UV-Visible Spectrophotometer. Calibration curve obtained at the
end of measurements are given in Figure C.1 and Table C.1 tabulates the data
points of Figure C.1.

y =2.7778x
R%=0.9907

Concentration (mg/It)

0 T T T
0 0.2 0.4 0.6 0.8

Absorbance (A)

Figure C.1 Calibration curve for methylene blue concentration between 0-2 ppm
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Table C.1 Data of Figure C.1

Concentration |
(ppm, mg/lt) i Absorbance (A)
0 0
0.2 0.083
0.4 0.155
0.6 0.277
0.8 0.297
1 0.379
1.2 0.435
1.4 0.502
1.6 0.571
1.8 0.623
2 0.704

After calibration, for TiO, coated thin films, three samples with different areas
were immersed into 10 ml methylene blue solution having initial concentration 2
ppm. Areas were multiplied by 2 in order to have the area coated since both
sides of the glass substrate were coated. Areas of the samples were: 5.32 cm?,

4.5 cm? and 3.96 cm?.

At the end of 72 hours, absorbances of methylene blue were measuredand

corresponding concentration values were calculated as:
e Cg=1.75557 mg/lt for 3.96 cm? with 0.632 A

«  Cg= 1.4528 mg/lt for 4.5 cm? with 0.523 A
e Cg=1.1528 mg/lt for 5.32 cm? with 0.415 A

Adsorbed methylene blue on the surface was measured by using concentration

of the solution and knowing the initial solute amount solved in water.
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Initial solute solved in 10 ml water was:

2 mg X 10—m|=0.02 mg methylene blue

1000 ml

Adsorbed methylene blue on the surface;

For 3.96 cm? = 0.02 - (1.75557 —9
1000m|

x 10 ml)=0.002444304 mg

With the same procedure, adsorbed methylene blue was found to be:

3.96 cm?  0.002444304 mg

4.5 cm? 0.005472106 mg

5.32 cm? 0.00847213 mg

X/m (Quantity of methylene blue adsorbed per unit volume of adsorbent) was
calculated by dividing adsorbed amount of methylene blue to the coated area of

the sample. With respect to the equation given below:

X/m KXy X =1

C . . .
X /E versus Cp was plotted and a straight line was obtained where slope of
m

the line was 1/ X, and the intercept was 1/kX, .

Then specific surface area (cm?cm?) was calculated according to equation 3.1:

XmAwus L

N (3.2)

S =
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where Ayg (cross-sectional area of methylene blue adsorbed on the surface) and

N (coverage factor) were taken as 1.2 nm? and 1, respectively.
Surface areas of the samples, amounts of adsorbed methylene blue, regression

coefficients for each sample are tabulated below and curves for fitting

parameters to Langmuir isotherms are shown in the figures belowe.

Table C.2 Surface area measurement for TiO, samples

Area of the | ! ! ! |
sample : Absorbance ; Cg (mg/lt) Xim Xm0 UK X
em) @ | (mglem?®) | |
532 | 0415 | 1152787 | 0.001592506 | |
| | | | |
i | ! | |
396 | 0.632 | 1.7555696 | 0.000617248 | 3520.5 | -3530.2
45 {1 0523 | 14527894 | 0.001216024 | f
3000
L 4
_. 2500 -
NE 2000 - y = 3520,5x - 3530,2
2 R? = 0,9082
= 1500 1
N L 2
X 1000
< s TiO2 .
O 500 | - -
—Linear (TiO2)
0 T T T
0 0,5 1 15 2
Ce (mgl/lt)

Figure C.2 Adsorption isotherm for TiO, samples
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Table C.3 Surface area measurement for 20%Sn0O, + 80%TiO, samples

Area of the | | | | |
sample : Absorbance : Ce (mg/lt) : X/m : 1/ X : 1/K. X
| | | | |
cm?) i (A) | | (mglcm?®) i |
| | | | |
5.46 | 0541 | 15027898 | 0.000910641 !
i i i i i
i i i i i
2.16 | 0.667 | 1.8527926 | 0.000681516 | 3464.9 | -3710
| | | | |
i | i | |
44 | 0548 | 15222344 | 0.001085831 | |
| | | | |
3000
® 20% Sn0O2+80%
~ 2500 Tio2
o | ==Linear (20%
£ 2000 Sn02+80% TiO2)
Ny L)
2 1500 1 A
& 1000 - y = 3464.9x - 3710
L 2 _
O 5904 R*=0.949
0 T T T
0 0.5 1 1.5 2

Ce (mg/lt)

Figure C.3 Adsorption isotherm for 20%Sn0O, + 80%TiO, samples
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Table C.4 Surface area measurement for 35%Sn0O, + 65%TiO, samples

Area of the | | | | |
sample : Absorbance : Ce (mg/lt) : X/m : 1/ X : 1/K. X
| | | | |
cm? A ! | (mglcm?®) i i
| | | | |
| | | | |
3.08 | 0614 | 17055692 | 0.000955944 !
i i i i i
i i i i i
312 | 0625 | 1.736125 | 0.000845753 | 3278.8 | -3714.1
| | | | |
i ! ! ! !
392 | 0572 | 15889016 | 0.00104872 i |
| | | | |
2500
< 2000 -
NS .
§ 1500 | y = 3278,8x - 3714,1
—~ 2 _
£ 10001 ¢ 35%Sn02+35% R"=0,898
S TiO2
dJ 500 4 =—Linear (35%
Sn02+35% Ti02)
0 T T T
1,55 1,6 1,65 1,7 1,75

Ce (mgll)

Figure C.4 Adsorption isotherm for 35%Sn0, + 65%TiO, samples
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Table C.5 Surface area measurement for 50%Sn0O, + 50%TiO, samples

Area of the | | | | |
sample : Absorbance : Ce (mg/lt) : X/m : 1/ X : 1/K. X
e @ | (mglem?d) | |
| | | | |
1.44 | 0675 | 1875015 |0.000867951 !
i i i i i
i i i i i
312 | 0535 | 1.486123 i 0.001647042 i 3185.8 | -3808.7
| | | | |
| | | | |
336 | 0557 | 15472346 | 0.001347516 | |
| | | | |
2500
= 2000 - y = 3185.8x - 3808.7
[aV)
2 _
E, 1500 | R? = 0.9985
E 1000 -
; * 50% Sn0O2+50%
< Tio2
O 500 | ——Linear (50%
Sn02+50% TiO2)
O T T T
0 0.5 1 1.5 2
Ce (mg/lt)

Figure C.5 Adsorption isotherm for 50%Sn0O, + 50%TiO, samples
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Table C.6 Surface area measurement for 80%Sn0O, + 20%TiO, samples

Area of the | | | | |
sample iAbsorbancei Ce (mg/lt) : X/m : 1/ X : 1/K. X
e 1 o@® - (mglom®) | |
| | | | |
3.6 | 0595 | 1652791 |0.000964469 !
i i i i i
i i i i i
4 | 0562 i 1.5611236 | 0.001097191 | 2542 | -2501.5
| | | | |
| | | | |
44 | 0547 | 15194566 | 0.001092144 | |
| | | | |
1800
o 1400 -
N 1200 - y = 2542x - 2501.5
e 2_
3 1000 R*=0.9518
E 800
L 600 ¢ 80% Sn02+20% TiO2
]
@) i
400 = Linear (80%
200 - Sn02+20% TiO2)
0 T T T
1.5 1.55 1.6 1.65 1.7
Ce (mgl/lt)

Figure C.6 Adsorption isotherm for 80%Sn0O, + 20%TiO, samples
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Table C.7 Surface area measurement for SnO, samples

Area of the | | | | |
sample : Absorbance : Ce (mg/lt) : X/m : 1/ X : 1/K. X
| | | | |
cm? A ! | (mglcm?®) i !
| | | | |
3.74 | 0595 | 1652791 |0.000928366 !
i i i i i
i i i i i
45 | 0554 | 1.5389012 | 0.001024664 | 2301.9 | -2014.9
| | | | |
i i i ! i
448 | 0565 | 1.569457 | 0.000961033 | |
| | | | |
2000
1800 - —
= 1600 —
e 1‘2‘88 1 y = 2301.9x - 2014.9
O h 2 _
= 1000 R® = 0.9488
S 800 1
< 600 -
du 400 A & Sn0O2
200 | =Linear (Sn0O2)
0 T T T T T T
152 154 156 158 16 162 164 1.66

Ce (mg/lt)

Figure C.7 Adsorption isotherm for SnO, samples
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Using Langmuir isotherms, surface areas were found as:

Table C.8 Surface areas of the coated thin films

Surface Area (cm?/cm?)

TiO, i 6.42
20%Sn0O; + 80%TiO, i 6.52
35%Sn0, + 65%TiO, i 6.89
50%Sn0; + 50%TiO, i 7.09
80%Sn0, + 20%TiO, i 8.88

SnO; i 9.81
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