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Abstract

Effect of doping on the photocatalytic, electronic and mechanical properties of

sol-gel titanium dioxide films
Murat Kurtoglu

Advisor: Prof. Yury Gogotsi

Heterogeneous photocatalysis has been an active research area over the last decade as
a promising solution for energy generation and environmental problems which has led
to promising applications from air and water purification systems, self-cleaning and self-
sterilizing surfaces to solar cells and hydrogen production from water dissociation
reaction. Titanium dioxide (TiO,), an abundant material with a high photocatalytic
efficiency and chemical stability, is undoubtedly the most widely studied and used
among all photocatalytic materials. Although titanium dioxide has been used in powder
form, its immobilized form (film) is necessary from practical application standpoint.
However, there are several shortcomings of titanium dioxide films that need to be
addressed to realize a wide range of successful applications: lack of visible light activity,
poisoning of the catalytic performance by the substrate and the low surface area
compared to powder forms. In addition, mechanical properties of such films have not
been investigated thoroughly, which may be critical when abrasion and weathering
resistance are necessary. To address each of these issues, a systematic experimental
and theoretical investigation of doping titanium dioxide films with a variety of elements

were conducted. Utilizing theoretical calculations to filter elements for experimental

Xix



studies as well as interpretation of the experimental results, several dopant or dopant
combinations were found to remedy some of the issues of photocatalytic titanium

dioxide films.

Doping with 32 metals, nitrogen and 11 metal-nitrogen combinations are investigated
theoretically and the results are used as guideline for the experimental studies.
Particular attention is given to certain metal dopants such as Cr, V, Mo, Ta and Ga not
just because of their relatively modest cost but also their non-toxicity and wide
availability of their compatible compounds for sol-gel synthesis. While metal-dopants
improved the overall efficiency and mechanical properties of titanium dioxide films,
visible light activity is only achieved with nitrogen and metal-nitrogen doping where
some of the metal co-dopants significantly improved the overall photocatalytic

efficiency compared to nitrogen-only doped films.

In addition, majority of the experimental studies is accompanied by nanoindentation
technique to study the effect of doping and calcination on the key mechanical
properties of titanium dioxide films. It is shown that good mechanical properties — good
photocatalytic activity combinations can be achieved by a choice of appropriate dopant

—dopant combinations and coupled with appropriate calcination parameters.

Results of the theoretical and experimental investigations led to the development of
first commercial photocatalytic tableware glass items which can be utilized under indoor
lighting conditions by carefully selecting metal-nitrogen couples for doping of titanium

dioxide films.
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CHAPTER 1) LITERATURE REVIEW

1.1. Introduction

Heterogeneous photocatalysis has been an active research area over the last decade as
a promising solution for energy generation and environmental problems which has led
to promising applications including air and water purification systems, self-cleaning and
self-sterilizing surfaces, solar cells and hydrogen production from water dissociation
reaction. Since the discovery of photo-electrochemical splitting of water by titanium
dioxide electrode under ultraviolet light by Fujishima and Honda in 1972 (Fujishima and
Honda 1972), titanium dioxide has become the state-of-the-art material for
photocatalytic reactions due to its relatively high efficiency under UV irradiation,
abundance, low cost, photo-corrosion resistance and biocompatibility. Although
titanium dioxide can be used in powder form for some applications, its immobilized
form (film) is necessary for many applications including but not limited to self-cleaning
and bactericidal surfaces (Sunada, Kikuchi et al. 1998; Allain, Besson et al. 2007), anti-
fogging glasses (Wang, Hashimoto et al. 1997), and advanced filters (Lee, Behler et al.
2010). In particular, titanium dioxide coated self-cleaning glasses (e.g. Pilkington Activ™,
Saint-Gobain Bioclean™, PPG SunClean™) have become commercially successful.
Considering the architectural trends for larger windows and the difficulties to clean
windows in high-rise buildings, high efficiency self-cleaning glasses will become more

important. Thus, it is important to fully evaluate and optimize the photocatalytic



efficiency of titanium dioxide films on glass, since glass items will most likely form the

majority of the substrates to be used widely.

Being a wide-band gap semiconductor, titanium dioxide films can utilize only a limited
(ultraviolet) portion of the solar spectrum which limits its efficiency under solar
irradiation. It is because of this limitation that the utilization of titanium dioxide films for
indoor applications is extremely limited. Extending the absorption to the visible range
requires the modification of the underlying electronic structure (or so-called band gap
engineering) of titanium dioxide which is closely related to its chemical composition and
the corresponding atomic arrangements. Therefore, doping of titanium dioxide is an
indispensable way to produce favorable changes in the electronic structure while
keeping the integrity of the original crystal structure. Density Functional Theory (DFT), in
this respect, is an incredibly useful method to analyze and shed light on the doping
process and its effect on the electronic structure. Thanks to the dramatically increased
processing powers and more efficient software codes that can implement parallel
computation techniques, performing such calculations is significantly easier compared

to the case just a decade ago.

Several methods have been reported for the preparation of TiO, films: sol-gel (Brinker,
Hurd et al. 1992), chemical vapor deposition (Mills, Elliott et al. 2002), magnetron
sputtering (Takeda, Suzuki et al. 2001), spray pyrolysis (Abou-Helal and Seeber 2002),
direct deposition (Shimizu, Imai et al. 1999) and layer-by-layer coating (Lee, Rubner et

al. 2006). In particular, sol-gel is an attractive method because of the capability to coat



materials with various shapes and ease of control over the composition of the films with

relatively simple and inexpensive equipment (Brinker, Hurd et al. 1992).

In many cases, good mechanical integrity needs to be coupled with good photocatalytic
and optical properties in order to achieve sufficient lifetime of the coatings, since their
functionalities can be lost if the films are deteriorated due to wear or environmental

degradation.

1.2. Heterogeneous Photocatalysis
Heterogeneous photocatalysis is the catalysis of a reaction in which the catalyst is
activated by photons. Classical heterogeneous catalysis involves five steps (Herrmann

1999):

e Transfer of reactants in the fluid phase to the catalysts surface
e Adsorption of the reactant(s)

e Reaction of the reactant(s) on the catalyst surface

e Desorption of the product(s)

e Removal of products from the interface region

Overall, a photocatalytic reaction can be summarized as follows (Carp, Huisman et al.

2004):

(Ox1)ads +(R9d1)ads photocatalyst+hyv )(OXZ) +(R8d2)

ads ads



In practice, photocatalytic reactions typically take place in agueous environments and in
case of titanium dioxide (TiO,) as the photocatalyst, are composed of four steps (Kabra,

Chaudhary et al. 2004):

(i) Activation of the photocatalyst by photon energy greater than its band gap

(3.2 eV for titanium dioxide) which generates electron-hole couples:
hv>3.2eV

TiO, —=—e +h"

(ii) Adsorption of the compound (to be oxidized — R;) on the catalyst surface and

the lattice oxygen (0.%):

O +Ti" +H,0 >O H +Ti"V —OH"

Ti" +H,0 > Ti" —H,0

site+ R, = R

(iii) Recombination of some of the carriers generated in the step (i) to produce

heat:

e" +h* — heat

(iv) Trapping of the carriers on the catalyst surface:

Ti"-OH +h" > Ti"V -OH"

Ti"% -H,0+h" > Ti" —OH"+H"



+ +
Rlads + h - Rlads

TiV +e > Ti"

Ti" +0, > Ti" -0}

(v) Oxidation of the adsorbed compound (R1ags)

Ti"% —=OH* +R_,, > Ti" +R,

OH'+R_ —R

lads 2ads

Ti% -OH*+R —>Ti" +R,

OH"+R >R,

Step (i) is the first important step that the efficiency of the photocatalyst is dependent
on the wavelength and intensity of the illumination source. Activation of the
photocatalyst only takes place with photons having energies larger than the band gap of
the photocatalyst (3.2 eV for TiO,). Figure 1.1 shows the portion of the solar spectrum
that titanium dioxide can absorb. Integration of the data shows that titanium dioxide
can only absorb 2.5% of the solar spectrum whereas a relatively modest shift of 0.5 eV
can increase the absorption to 8.0%. Accordingly, successful band gap engineering is
extremely important as minor gains in the band gap shift will bring exponential gains in
performance. Similarly, lack of UV light is the biggest obstacle against use of

photocatalyst under indoor lighting conditions.



Another important parameter in the photocatalytic activity is the intensity of the
irradiation source. Three regions exist for the photocatalytic reaction rate with respect
to UV-light intensity (Ollis, Pelizzetti et al. 2002). In the low intensity region, an increase
in the light intensity brings a linear increase in the photocatalytic reaction rate (first-
order). At intermediate levels, the reaction rate increases with the square root of
illumination intensity. At significantly higher intensity levels reaction rate decreases with
the square root of intensity. The behavior can be explained by the increased
recombination rate at high intensity levels due to the decreased trapping of carriers by
adsorbed chemicals (Ollis, Pelizzetti et al. 2002; Wang, Chiang et al. 2003; Carp, Huisman

et al. 2004).
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Figure 1-1: Intensity of sunlight versus wavelength for AM 1.5 conditions (ASTM 2008).
The filled area shows the part of the spectrum that can be absorbed by titanium
dioxide.

Step (ii) is determined by the compound to be adsorbed, its concentration, pH of the
solution, and the number of available adsorption sites on the catalyst surface. An
analysis of the photocatalytic degradation of methylene blue, a model pollutant, by
titanium dioxide has shown that adsorption is of the Langmuirian type and the behavior

is given by (Houas, Lachheb et al. 2001):



where ng, nags, K and C are the number of adsorption sites, number of sites adsorbed,
adsorption constant and concentration, respectively. Since ng is a function of surface
area, small size (high surface area) catalysts adsorb more compound which results in
higher photocatalytic activities. This is one of the shortcomings of an immobilized
photocatalyst (thin film), which inherently has a smaller surface area compared to
powders. Another important parameter is the adsorption constant K of the compound,
which, other parameters being equal, is strongly dependent on the pH of the solution.
pH of the solution influences the surface state of the photocatalyst and the ionization of
the molecules to be adsorbed. Titanium dioxide, for example, has a point of zero charge
(PZC) around pH 6, above which its surface is negatively charged and positively charged

below according to the following equilibria (Lachheb, Puzenat et al. 2002):

pH <6:Ti—OH +H" < TiOH;

pH >6:Ti—-OH +OH™ < TiO™ +H,0

Thus, adsorption of cationic and anionic dyes is favored at pH values above and below

the PZC of catalyst, respectively.

Step (iii) is the dominant step that more than 95% of the charge carriers recombine
before taking a role in the chemical reaction. Electron-hole recombination can take
place in the bulk or on the surface and the kinetics of these processes determine the
efficiency of the photocatalyst. For example, anatase has shown to possess a much

higher donor state radius compared to rutile, due to its lower electron effective mass



which contributes to lower recombination rates thence to higher photocatalytic activity

(Tang, Prasad et al. 1994).

Step (iv) involves the trapping of holes and electrons on the catalyst surface. Number of
trap centers is important and strongly influences the recombination rate. It is indeed,
the competition between charge-carrier recombination and trapping (step (iii) and step
(iv)) that determines the overall quantum efficiency of a photocatalyst. Anatase phase
of titanium dioxide, for example; possess strong hole trapping sites on the surface which
results in higher lifetime of the carriers compared to rutile phase and this results in
anatase being a better photocatalytic material than rutile (Colbeau-Justin, Kunst et al.

2003).

Step (v) describes the possible cases of photocatalytic oxidation. Oxidation of the
compounds occurs directly by holes on the surface or indirectly by the attack of hydroxyl
radicals generated by photocatalysis. There are a significant number of studies claiming
either of the cases as the principle mechanism. Lawless et al. have studied the reaction
of hydroxyl radicals generated by pulse radiolysis with titanium dioxide particles and
concluded that surface trapped holes were responsible for the majority of oxidation
reactions whereas free hydroxyl radicals play only a minor role at most (Lawless,
Serpone et al. 1991). On the other hand, Daneshvar et al. have shown that addition of
ethanol, a hydroxyl radical quencher, strongly inhibits the photocatalytic oxidation of an
azo dye in aqueous solution and concluded that hydroxyl radicals, indeed play a

significant role in the photocatalytic oxidation reactions (Daneshvar, Salari et al. 2003).



Presence of an electron acceptor is also necessary to preserve the charge balance of the
photocatalyst. The most common electron acceptor for photocatalytic reactions is
dioxygen species, which is reduced by conduction band electrons of titanium dioxide
forming hydrogen peroxide according to the following mechanism (Hoffmann, Martin et

al. 1995):

TiYO;” +H,0" > Ti"YOH, + HO;

2HO; +2H" - H,0, + 0,

Hydrogen peroxide generated by the above reactions can either act as a more efficient
alternative electron acceptor to dioxygen or split into hydroxyl radicals (Cater, Stefan et

al. 2000; Daneshvar, Salari et al. 2003).

Characteristic times for some of the steps described above are summarized in Table 1-1

(Hoffmann, Martin et al. 1995).

Table 1-1: Primary processes and associated characteristic time domains of titanium
dioxide photocatalysis steps (Hoffmann, Martin et al. 1995).

Process Characteristic Times
Step (i): electron-hole generation fs
Step (iii): electron-hole recombination 10-100ns
Step (iv): electron-hole trapping 0.1-10ns
Step (v): interfacial charge transfer 100 ns - ms

10




Figure 1-2: Schematics of the bulk and surface electron-hole dynamics of a
photocatalytic particle. Electrons reaching to the surface either recombine on the
surface or reduce an adsorbed electron acceptor (e.g. dissolve oxygen). (Palmisano,
Augugliaro et al. 2007)

1.2.1. Applications

Heterogeneous photocatalysis is utilized in a variety of applications and reactions: air
and water purification, self-cleaning coatings (Paz, Luo et al. 1995), self-sterilizing
surfaces (Fu, Vary et al. 2005), dehydrogenation, hydrogen transfer, metal deposition

etc.
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1.2.1.1. Water Purification

Around 2 million people die each year due to the sicknesses acquired by ingestion of
contaminated water, lack of sanitation and bad hygiene practice (WHO). According to
The Water Project, Inc., a non-profit organization, nearly one billion people don’t have
safe water to drink. Titanium dioxide photocatalysis has been suggested as a promising
way to purify water by sunlight amid growing demand for effective, economic and
environmentally friendly water treatment technologies. Photocatalytic water

purification has the following advantages (Carp, Huisman et al. 2004):

e In contrast to chlorination/ozonation, photocatalytic water purification can
remove virtually all kinds of contaminants even at very low concentrations

e |t does not produce harmful by-products (as opposed to chlorination, which
produces potential carcinogens such as trihalomethanes)

e The use of oxygen as the only oxidant

There are still problems that need to be addressed before applications of photocatalytic
water purification can become a viable alternative to chlorination and ozonation. These

are mainly:

e Lack of a visible-light active photocatalyst
e Need for increased efficiency of the current photocatalysts

e Recovery of the photocatalyst

The first two of the problems can be solved by effectively modifying the electronic

structure of the current photocatalysts whereas the last one can be remedied by

12



immobilizing the photocatalyst, though this comes at the expense of losing some of

surface area.

1.2.1.2. Self-cleaning coatings

Although titanium dioxide performs very efficiently in its powder form, an immobilized
form is necessary for most practical applications. Being a wide band gap semiconductor,
titanium dioxide is transparent, thus allowing its use as a thin film on a variety of
surfaces without degrading the aesthetic view. Following the first demonstration of self-
cleaning concept on titanium dioxide coated ceramic tiles by Hashimoto et al. in 1992,
several commercial applications have emerged by large such as TOTO, Pilkington, PPG,

Saint-Gobain, AFG etc.

Self-cleaning effect by photocatalytic titanium dioxide coating on a glass window is
explained in Figure 1-3. When titanium dioxide is illuminated by UV light (solar
illumination), it starts decomposing contaminants to minerals and carbon dioxide. At the
same time, titanium dioxide becomes superhydrophillic and it retains this property for a
while after illumination ceases. This enables the easy washing (typically by rain) of stains
adsorbed on the titanium dioxide surface as water penetrates to the molecular-level

space between the stain and titanium dioxide surface.

13
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Figure 1-3: Schematics of the self-cleaning effect on a titanium dioxide coated window
glass. (1) Dirt particles on the titanium dioxide film is (2) decomposed to inorganic
minerals by the photocatalytic action induced by solar irradiation and (3) removed
from the surface by rain water penetrating between the dirt and superhydrophillic

film.

1.2.1.3. Antimicrobial Surfaces

Photocatalytic oxidation ability of titanium dioxide has been utilized in self-sterilizing
surfaces which can be particularly useful in public areas where sterile conditions are
important such as hospitals, hotels, restaurants etc. The passive operation of such
surfaces removes the need for continuous care with cleaning agents and disinfectants,
thus decreases the amount of environmental pollution. On the other hand, tiny fraction
of ultraviolet light available indoors significantly limits the antimicrobial activity of
titanium dioxide surfaces. In order to solve this problem, several other antimicrobial
elements such as silver, copper and zinc are typically added to titanium dioxide films to

collectively increase the antimicrobial activity. Some of the pathogenic organisms that

14



are shown to be killed by photocatalytic titanium dioxide are Escherichia coli,

Salmonella choleraesuis, Bacillus subtilis, Poliovirus 1.

1.2.1.4. Other Applications
There are several other application areas that titanium dioxide photocatalysis has been

used (Carp, Huisman et al. 2004):

e Selective synthesis of organic compounds
e Anti-fogging materials

e Dehydrogenation

1.3. Photocatalytic Materials

There are several materials known for their photocatalytic activity of which most of
them are metal oxides. Since the discovery of its photocatalytic effect by Honda and
Fujishima in 1978, titanium dioxide has become the most popular photocatalytic
material due to its abundance, low cost, chemical stability, biocompatibility and high

efficiency under UV light.

Though not as popular as titanium dioxide, zinc oxide has been getting increasing
attention as a photocatalytic material due to its similar electronic structure and catalytic
efficiency. While zinc oxide can be a more efficient photocatalyst in near UV excitations
compared to titanium dioxide, it has the problem of photo-corroding itself, limiting its

wide use (van de Krol, Liang et al. 2008).
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There are several other photocatalytic materials which have been investigated such as
Fe,03, CdS, MoS,, WOs, SrTiOs. Photocatalytic activities of some of the materials

investigated are shown in Figure 1-4.
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Figure 1-4: Relative photocatalytic activity of several oxides (Miyauchi, Nakajima et al.
2002). Total amount of dye adsorbed on the oxide vs. illumination time is given. TiO,,
ZnO and SrTiOs are highly active. SnO,, Fe,03 and In,03; showed slight photocatalytic
activity. V,05, CeO,, CuO, MoOs and Cr,0; did not show any photocatalytic activity.
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1.4. Titanium Dioxide

1.4.1. Structure
Titanium is the ninth most abundant element on earth’s crust. Most common mineral
sources of titanium are rutile (93-96% TiO,), ilmenite (44-70% TiO,) and leucoxene (60-

90% TiO;,) (Figure 1-5).

Figure 1-5: Titanium dioxide mineral sources: (a) rutile, (b) ilmenite and (c) leucoxene.

Most of the mineral concentrates are located in Australia, Canada and South Africa.
World production levels of titanium ores have seen an increase over the last decade
although a sharp decrease was observed due to the global economic recession (Figure 1-
6) (2009). Despite the fact that titanium is extremely corrosion resistant and has the
highest strength-to-weight ratio of any metal (Donachie 1988), only 1-2% of the
imported ore in the US is used for making titanium metal whereas the rest is used for
titanium dioxide production where the majority of which is utilized as white pigment

(2009).
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Figure 1-6: World and US titanium ore production amounts vs. year.

Titanium forms several oxides: TiO, Ti,03, Magneli phases (Ti3Os, Ti;O; etc.), TiO,.
Titanium dioxide (TiO;) is the most stable oxide of titanium oxides in air and has three
well-known phases: anatase, rutile and brookite. Crystal structure of all forms (Figure 1-
7) can be defined by (Ti0,%) octahedrals where individual phases differ by the distortion
of each octahedral the way they are assembled. Octahedrals are connected by their
vertices, edges and vertices and edges in anatase, rutile and brookite, respectively. The

less common phases of titanium dioxide are TiO, (B), TiO; (ll) and TiO, (H).
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Figure 1-7: Crystal structure of the most common phases of titanium dioxide: (a) rutile,
(b) anatase and (c) brookite.

Rutile is the thermodynamically most stable phase of titanium dioxide although the
differences in the Gibbs free energy of formation between the three phases are
relatively small. Because of this reason, surface energy contributions are so significant
that relative stability of titanium dioxide phases are strongly affected by the particle size
(Zhang and Banfield 1998). According to the thermodynamic calculations reported by
Zhang et al., stability of titanium dioxide phases are defined by particle size regions in
which anatase is the most stable phase below 11 nm, brookite is the most stable phase
between 11 nm and 35 nm and rutile is the most stable phase above 35 nm (Zhang and

Banfield 2000).

1.4.2. Electronic Structure
Titanium dioxide is an n-type semiconductor with a band gap of 3.0 eV, 3.1 eV and 3.2

eV for rutile, brookite and anatase, respectively. n-type behavior arises due to oxygen

19



vacancies and creation of Ti*" sites, which are also responsible for the observed
electronic conductivity. Density of states (DOS) of titanium dioxide is composed of Ti eg,
Ti tyg (dyz, dax, dyy), O ps and O py (Figure 1-8) (Asahi, Taga et al. 2000). Overall, valence
band is composed of O-related states whereas conduction band is composed of Ti-
related states. Anatase possesses a narrower 3d band compared to rutile which is due
to the localization of Ti 3d states as Ti —Ti distances are larger in anatase (Di Valentin,

Pacchioni et al. 2004).
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Figure 1-8: Density of states (DOS) plot of titanium dioxide (anatase).

Contrary to other semiconductors, quantum-size effect is rarely seen in titanium dioxide

particles since such effect can be seen only particles below 2 nm (Satoh, Nakashima et

al. 2008).

A study to investigate the carrier dynamics of anatase and rutile has shown that the

latter has a faster photoconductivity decay which is explained by the surface trapping of
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holes in anatase and high recombination rate of rutile (Colbeau-Justin, Kunst et al.

2003).

1.4.3. Production Methods

Titanium dioxide can be prepared in the powder and film forms.

1.4.3.1. Powders
Titanium dioxide powders are prepared by precipitation of titanium hydroxides followed

by calcination, hydro/solvo-thermal processes, sol-gel method and spray pyrolysis.

1.4.3.2. Films

There are various methods to produce titanium dioxide films. The methods can be
divided into two major routes: solution based and gas phase methods. Solution based
methods include hydro/solvo-thermal processing, sol-gel methods, layer-by-layer
process and electrochemical synthesis. Gas phase methods include chemical and
physical vapor deposition, spray pyrolysis deposition, sputtering and molecular beam

epitaxy.

1.4.3.2.1. Hydro/Solvo-Thermal Synthesis

These methods include the various techniques of crystallizing titanium dioxide particles
at high temperatures and vapor pressures in aqueous (hydrothermal process) or organic
(solvothermal process) solutions. These methods allow in situ formation of stable,
transparent crystalline titanium dioxide particle dispersions, which is quiet difficult to
achieve with already crystallized titanium dioxide particles. Obtained dispersions can be

used to deposit titanium dioxide films on substrates with low temperature resistance
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especially since a calcination treatment for crystallization is not necessary. On the other
hand, an efficient wetting of the substrate may require a binder such as silica followed

by a low temperature annealing step.

1.4.3.2.2. Sol-Gel

Sol-gel process is undoubtedly the most popular process for the synthesis of titanium
dioxide films owing to its simplicity, low-cost, ease of composition control. Sol-gel
process involves the generation of colloidal suspensions (“sol”) which are subsequently

converted to viscous “gels” and to solid materials (Wright and Sommerdijk 2001).

In a typical sol-gel process, a titanium dioxide precursor (usually an alkoxide, and an
inorganic salt occasionally) forms a sol by hydrolysis and polymerization reactions
followed by completer polymerization and loss of solvent to form a gel. Hydrolysis

reaction involves the replacement of alkoxide groups (OR) with hydroxyl groups (OH):

=Ti—-OR+H,0 ==Ti—-OH + ROH

Condensation process produce Ti — O — Ti bonds plus byproducts of alcohol or water:

=Ti-OR+HO-Ti===Ti-O0-Ti=+ROH

=Ti—OH +OH -Ti===Ti-0-Ti=+H,0

Prepared sol can subsequently be used for thin film deposition by dip-coating or spin-
coating. Dip coating consists of five stages: immersion, start-up, deposition, drainage,
and evaporation (Figure 1-9). There are six forces that dictate the deposited film

thickness by the dip coating (Brinker and Scherer 1990):
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e Viscous drag upward on the liquid by the moving substrate

e Gravitational force

e Force due to surface tension in the concavely curved meniscus

e Inertial force of the boundary layer liquid arriving at the deposition region

e Disjoining and conjoining pressure

Landau and Levich formulated the relationship between dip coating parameters and

thickness of the resulting film:

b b
h 20,94.(ﬂj (ﬂ)
Vv P9
Where h is the thickness of the film, n is the viscosity of the sol, U is the withdrawing
speed of the substrate, y is the liquid-vapor surface tension, p is the density of the sol

and g is the gravitational constant. It can be deduced form the formula that thicker films

can be obtained by higher withdrawing speeds of the substrate from a high viscosity sol.
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Figure 1-9: (A) Stages of dip coating process: (a-e) batch; (f) continuous. (B) Detail of
the liquid flow patterns in area 3 of the continuous process. U is the withdrawal
speed, S is the stagnation point, 8 is the boundary layer and h is the thickness of the
liquid film (Brinker and Scherer 1990).



Evaporation is the most important step following the dipping and withdrawing process
that it is relied upon to solidify the coating. The rate of evaporation depends strongly on
the rate of diffusion of the vapor away from the surface which is related to the
movement of gas within a very thin layer (= 1 mm) due to the substantial effect of

convection (Brinker and Scherer 1990).

Obtaining a solid film by dip-coating requires gelation of the deposited sol on the
substrate which is driven by the polymerization of the inorganic precursor. Figure 1-10

shows the schematics of the steady-stage deposition stage of the dip coating process.

FILM COLLAPSE AND/OR

W . AL TR

N
V5
N5
§
{\..
SN
ALCOHOUWATER i%
EVAPORATION 1§
~—r ’% GRAVITATIONAL
: § \ DHAE!ING
§ EVAPORATION
\
~ N
N
- s A= (NUg/pg)*2
§ ENTRAINED DILUTE so:.J
§ RESERVOIR
N SURFACE
\
DILUTE SOL

Figure 1-10: Schematics of the steady-state deposition stage of the dip-coating process
(Brinker and Scherer 1990).
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As-prepared titanium dioxide films are typically amorphous and contain significant
amount of organic impurities, thus they need a calcination step between 200°C and

1000°C.

1.4.4. Mechanical Properties of Titanium Dioxide Films

Despite its well investigated photochemical, electrical (Tang, Prasad et al. 1994) and
optical properties (Cao, Oskam et al. 1995; Mardare and Hones 1999), mechanical
properties of TiO; films have been much less studied. However, mechanical durability of
the thin films is one of the most important parameters that make their application
feasible, especially when coatings are exposed to the open air environment and
experience erosion wear and damage. There has been very limited amount of
nanoindentation studies to understand the key mechanical properties such as hardness

and modulus of titanium dioxide films.

1.4.5. Improving Photocatalytic Activity of Titanium Dioxide Films

After decades of search for a better photocatalyst, titanium dioxide has proved to be
difficult to beat; there is still not a better alternative to titanium dioxide owing to its
high efficiency, low-cost, abundance, chemical resistance and biocompatibility. On the
other hand, there are very important problems and shortfalls of titanium dioxide which
need to be addressed for successful applications. The most important problems are the

lack of visible-light activity and dramatic loss of surface area when prepared in film form

(which is the problem of all catalysts) and the deteriorative effect of the substrate (most

ceramic substrates).
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1.4.5.1. Visible-Light Photocatalytic Activity

Being a wide-band gap semiconductor, titanium dioxide can only absorb a tiny fraction
of solar irradiation (<5%) which significantly limits its applications, especially for indoor
applications. Several approaches have been tried to overcome this limitation. The most
prominent of them are doping with other elements (Nie, Zhuo et al. 2009), sensitizing
with other compounds or semiconductors, preparing oxygen-deficit titanium dioxide
and coupling with plasmonic noble metal nanoparticles. In particular, doping approach
has taken the majority of the attention due to its promising results and potential. A
variety of metals have been doped into titanium dioxide with some limited success.
Borgarella et al. reported visible light induced water cleavage in colloidal solutions of
chromium-doped titanium dioxide nanoparticles (Borgarello, Kiwi et al. 1982). In a
similar study, photocatalytic oxidation of water by ruthenium-doped titanium dioxide
powders under visible light (Ohno, Tanigawa et al. 1999). Other metals reported include
silver (Seery, George et al. 2007), iron (Chatterjee and Dasgupta 2005), vanadium

(Klosek and Raftery 2001) and cobalt (Iwasaki, Hara et al. 2000).

1.4.5.2. Substrate Effect

Since it is not a strong optical absorber, titanium dioxide is particularly suitable for
coating transparent materials such as glass without sacrificing the optical properties of
the substrate. However, photocatalytic activity of titanium dioxide films is strongly
dependent on the underlying substrate due to the possible chemical interaction
between titanium dioxide and the substrate material during high temperature

calcination treatment (Hattori, Shimoda et al. 1999; Nam, Amemiya et al. 2004). For
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example, sodium is known to diffuse into sol-gel prepared films during calcination and
degrade their photocatalytic activity (Paz, Luo et al. 1995; Nam, Amemiya et al. 2004;
Xie and Lin 2007). Degradation of photocatalytic activity by sodium diffusion has been
explained by the increased particle size (Nam, Amemiya et al. 2004), formation of
catalytically inactive sodium titanates (Fujishima and Rao 1997), formation of
recombination centers (Paz, Luo et al. 1995), and suppressed crystallization (Lee and Lee
2007). Yu et al. have shown that photocatalytic activity of titanium dioxide films on glass
can be improved by a surface post-treatment in sulphuric acid (Yu, Yu et al. 2002).
Although not ruling out other mechanisms, this finding clearly shows that creation of
recombination centers by sodium is a very important contributor to the deterioration of
photocatalytic activity. While the exact mechanism is still under debate, sodium is
clearly a catalytic poison. Pre-coating the glass substrate with a sodium blocking layer
such as silicon dioxide (SiO,) or post-treatment in acidic media have been shown to
improve photocatalytic activity of titanium dioxide films (Yu and Zhao 2000; Yu and Zhao
2001; Yu, Yu et al. 2002). However, these methods are still imperfect in that all of them
require additional processing steps which would be costly for many practical
applications. Therefore it is important to find a feasible solution to circumvent the need

for these additional steps.

1.4.5.3. Surface Area of Thin Films
A significant reduction in the surface area accompanies film formation which results in
the resulting low photocatalytic activity of titanium dioxide films compared to its

powder form. Since an immobilized form (films) is necessary for most practical
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applications, there is an increased need to overcome the low surface area problem.
Several solutions have been proposed: formation of porous films by phase separation
and methods like evaporation-induced self-assembly (Lu, Ganguli et al. 1997), in situ
formation of titanium dioxide nanotubes on titanium metal by electrochemical methods
(Paulose, Shankar et al. 2006) and using high surface area templates (Lakshmi, Dorhout

et al. 1997).

1.5. Conclusions

The investigation and optimization of titanium dioxide films are of significant
importance from scientific and practical points of view. While doping of titanium dioxide
powders has been investigated by several research groups in the past, a systematic
study of doping of titanium dioxide films is still lacking. In many practical applications,
immobilization of titanium dioxide, typically in the form of a thin film, is necessary and
the underlying mechanism and the aftereffects of doping process on the film structure is
different than powder forms due to strong interaction of the former with the underlying
substrate given the fact that catalytic supports have dramatic effect on the performance
and selectivity of the catalyst. Although there is a countless amount of possibilities for
the substrate, typical usage area of photocatalytic materials suggests that the substrate
is most likely a silica-based glass, especially since the majority of the already
commercialized photocatalytic coatings are either deposited on soda-lime glasses or on
ceramic tiles which are covered with silica-based glazes. Thus, investigating the effects

of doping of titanium dioxide films on glass substrates are of utmost importance.
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It is important to complement experimental studies with theoretical calculations to
understand the underlying mechanism of doping process to develop better
photocatalysts in the future. However, research on the doping of titanium dioxide for
photocatalytic applications are so far focused either on the experimental trial-and-error

methods or on purely theoretical calculations but rarely both.
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OBJECTIVES

e Study the fundamental sol-gel film synthesis parameters such as calcination
temperature and heating rate on the structural, photocatalytic and mechanical
properties of undoped titanium dioxide films to develop a guideline for future
experiments

e Model and simulate the doping process with Density Functional Theory (DFT) to
understand the thermodynamic cost of doping and its effects on the electronic
structure of the anatase structure

e Evaluate the effect of reductive calcination atmospheres at a wide range of
calcination temperatures on the photocatalytic (UV and particularly visible
light), structural and mechanical properties of titanium dioxide films

e Produce a wide range of metal doped titanium dioxide films on glass substrates
and study the effects of individual dopants on the substrate-film interaction,
optical, photocatalytic and mechanical properties on such films

e Investigate the photocatalytic (visible and UV) and mechanical properties of
nitrogen-doped titanium dioxide films with respect to nitrogen dopant
concentration

e Evaluate the efficiency of a wide-range of metal co-dopants on the
photocatalytic and mechanical properties of nitrogen-doped titanium dioxide

films
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CHAPTER 2) MATERIALS AND METHODS

2.1. Materials

2.1.1. Titanium precursors

Titanium dioxide films were produced from a variety of precursors: titanium (IV)
isopropoxide -Ti[OCH(CHs),]4-, titanium (IV) butoxide —Ti(OCH,CH,CH,CHjs),4-, titanium

(IV) chloride —TiCl4- (Figure 2-1). Precursors were used in the as-received state.

(a) (b) (c)

Figure 2-1: Titanium dioxide precursors: (a) titanium (IV) isopropoxide, (b) titanium
(IV) butoxide, (c) titanium (1V) chloride.

2.1.2. Solvents

Various solvents were used for the generation of titanium dioxide sols: ethanol (C,HsOH,
Sigma-Aldrich, 200 proof), 2-propanol ((CH3),CHOH, Sigma-Aldrich, 99.5%), 1-butanol
(CH3(CH,)30H, Sigma-Aldrich, 99.8%), N,N-dimethylformamide (HCON(CHs);, Sigma-

Aldrich, 99.8%), dichloromethane (CH,Cl,, Sigma-Aldrich, 99.8%).
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2.1.3. Catalysts, Chelating Agents and Other Additives

Ultra-pure DI water (18.2 MQ-cm) was used for the hydrolysis of the titanium precursor.
Hydrochloric acid (HCI, Sigma-Aldrich, 37%), nitric acid (HNOs, Sigma-Aldrich, 70%) are
used as reaction catalysts. Acetylacetone (CH3COCH,COCHs, Sigma-Aldrich, 98%) was

used as chelating agent to control the reaction of the titanium precursor.

2.1.4. Dopant Precursors
A variety of metal dopant precursors were used: silver nitrate (AgNO;, Sigma-Aldrich,

99.0%), cobalt (Il) chloride (CoCl,, Sigma-Aldrich, 97%), copper (llI) acetylacetonate
(Cu(CsH70,),, Sigma-Aldrich, 97%), gallium (lll) chloride (GaCls;, Sigma-Aldrich,
99.99%), molybdenum (V) chloride (MoCls, Sigma-Aldrich, 99.99%), tantalum chloride
(TaCls, Sigma-Aldrich, 99.8%), chromium (Ill) chloride (CrCls;, Sigma-Aldrich, 99%),

vanadium (IIl) chloride (VCls, Sigma-Aldrich, 97%).

2.2. Film Synthesis
Preparation of the films consisted of three steps: (i) synthesis of colloidal sol, (ii) dip-
coating and (iii) calcination. Figure 2-2 shows the general outline of the film synthesis

process.
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Figure 2-2: Schematics of the individual steps of synthesis of titanium dioxide films.

2.2.1. Synthesis of “sol”

In a typical preparation process, a titanium dioxide precursor (titanium isopropoxide,
titanium n-butoxide, titanium tetrachloride) was dissolved in an organic solvent
(typically ethanol, 2-propanol, or 1-butanol, and less commonly dimethylformamide,
dichloromethane) and hydrolyzed in the presence of a catalyst (typically hydrochloric
acid or nitric acid, but less commonly sulphuric acid and acetic acid). Several
modification agents were used to increase the lifetime and/or viscosity of the solution.
Stabilizers typically include a chelating agent with an acetyl group, most typically
acetylacetone. These chelating agents strongly bind to the hydrolyzed titanium dioxide

precursor (titanium oxyhydroxides) and prevent the uncontrolled polycondensation
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reaction that results in gelation. Viscosity of the solution was modified by solvents with
very low or high viscosities such as acetonitrile, toluene, hexane, ethylene glycol,
diethylene glycol, and ethyl-o-aceto-citrate. Detailed schematic of the process is shown

in Figure 2-3.

50 g 2-propanol 20 g titanium
+ 50 g 1-butanol iso-propoxide

Stirring (0.5 hr)
3 g Dl water +
1.3 g HNO;

Stirring (2 hr)

6g
acetylacetone
Stirring (0.5 hr)

titanium dioxide
sol

Figure 2-3: Procedure used for the undoped titanium dioxide sol synthesis.



2.2.1.1. Doping

Doping of the films was performed either in the solution preparation or in the
calcination stage. Metallic dopants were introduced to the film preparation solution by
using appropriate precursors so that titanium and the dopant co-hydrolyze in the
solution forming a mixed oxide. Dopant precursor can be an alkoxide or a salt, though
the latter is more common especially since the most metal alkoxides are either very
reactive or expensive. Typical salts include acetates, nitrates, acetylacetonates, or
chlorides. Acetylacetonates and chlorides were used in the majority of the cases in this
study. Detailed schematic of the metal doping process -with molybdenum given as

example- is shown in Figure 2-4.
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50 g 2-propanol

5 g DMF 0.2 g MoCl
+50 g 1-butanol € g VIOt

Stirring (0.5 hr) (
‘ 3 g Dl water +
L 1.3 g HNO,
( Stirring (0.5 hr)
3 g Dl water +
1.3 g HNO;,
\_
Stirring (2 hr)
-
6g
acetylacetone
\. Stirring (0.5 hr)
Mo-doped
titanium dioxide
sol

Figure 2-4: Procedure used for the metal doped titanium dioxide sols (1% at. Mo-
doped titanium dioxide is given as specific example).

Nitrogen doping is performed by annealing the films in an ammonia atmosphere.
Although there are reported cases of nitrogen doping by using urea or thiourea in the
solution phase followed by calcination in air, the amount of nitrogen that can be
incorporated into the titanium dioxide lattice was found to be low in my preliminary

studies.

38



 S—— v
| |
Outlet
Quartz P g8
Sample Tube Furnace Flovmeters || I
N2  NH;

Figure 2-5: Schematics of the setup used for post-annealing of titanium dioxide films
(for nitrogen doping, carbothermal reduction).

2.3. Simulation of Doping

Simulations of the doped systems were performed using the density functional theory
(DFT) as implemented in the CASTEP code in Materials Studio. Doping was modeled by
replacing a titanium or oxygen atom in the titanium dioxide lattice with the selected
dopant followed by full geometry optimization. Dopant concentration was varied by
using different size titanium dioxide super-cells. For example, in the conventional
anatase lattice a titanium atom was replaced by a dopant M, which resulted in TizMOg,
or 25% doping. Creation of supercells allows lower concentration such as Ti;sMOs, ina 2

x 2 x 1 supercell, albeit at a significantly increased computational cost.

2.3.1. Density Functional Theory
Density functional theory (DFT) states that all ground-state properties are functionals of

the charge density p in which total energy can be given as

Ellp]l=Tlpl+U[p]+E,.[r]
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Where T[p], U[p] and Exc[p] are the kinetic energy, classical electrostatic energy and
energy due to many-body contributions (i.e. exchange and correlation), respectively.
Charge density is constructed from the wavefunction W which is taken to be an

antisymmetrized product of molecular orbitals

¥ = A)|4 D¢, (2).4, ()]

When the molecular orbitals are orthonormal, i.e.
(414,)=5;,

the charge density is given by

p(r) = J¢(n)[

where the sum is over all occupied molecular orbitals. In practice, molecular orbitals are

expanded in terms of atomic orbitals
¢| :Zciﬂxﬂ
)7
where X, and G, are the atomic basis functions and molecular orbital expansion
coefficients, respectively.
Kinetic energy T is given by

y

2
2

T:<i¢,
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Electrostatic energy U is given by

0= zz<¢<r>

= <_p(rl)VN > + <p(l’1)%> +Vi

‘¢(r)> ZZ<¢(r)¢(r) ¢(r)¢(r)>+22

a a<ﬂ

-R

3

where Z, refers to the charge on nucleus a of an N-atom system. The first term pVy
represents the electron-nucleus attraction, second term pV./2 represents the electron-

electron repulsion and the final term Vyy represents the nucleus-nucleus repulsion.

Energy due to many-body functionals Exc requires some approximation. The most
common approximations are local density approximation (LDA) or generalized gradient

approximation (GGA), which will not be discussed here.

Optimization of the total energy with respect to variations in p leads to set of coupled

equations known as Kohn-Sham equations

{_Z -Vy +V, +ﬂxc[p]}¢% =4,

where pyc is the exchange-correlation potential. Since atomic orbitals are not orbital (in
contrast to molecular orbitals) reformulation of the Fourier transform of the Kohn-Sham

equation gives
HC =¢SC

where
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o)

and
S = (X, (L)X, (n)).

Since H is a function of C, equation x has to be solved iteratively, with so-called self-

consistent field theory, details of which will not be discussed here.

2.4. Photocatalytic Activity Tests

Determination of the photocatalytic activity was done by the so-called methylene blue
degradation test. Methylene blue is a brightly colored cationic thiazine dye with the
molecular formula C;6H1gN3SCI. It has absorption maximums around 664, 614 and 292
nm. Overall photocatalytic decomposition of methylene blue in the presence of oxygen

can be given with the reaction:
C,sH,sN,SCI +2—2502 — 1232V HC| + H,SO, +3HNO, +16CO, +6H,0

Photocatalytic decomposition of methylene blue has been studied extensively and the
intermediates and kinetics of the reaction are discusses on a number of papers (Mills

and Wang 1999; Houas, Lachheb et al. 2001).
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Figure 2-6: (a) Molecular structure and (b) optical spectrum of methylene blue.

In a typical photocatalytic activity test, a known amount (15 ml) and concentration (2

ppm in this study) of aqueous methylene blue solution was placed in a petri dish. Coated

substrate (2 cm x 2 cm) was placed in this solution and allowed to reach adsorption

equilibrium for half an hour.
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Figure 2-7: Methylene blue degradation test setup.

0.5 ml of the solution was taken from the solution and the initial concentration was

determined by UV-Vis Spectroscopy using the Beer-Lambert Law, which is given by
A=¢-1-C

where g, /, and C are the absorption coefficient of the liquid, the path length (10 mm),
and the concentration, respectively. A is the absorbance and for liquids it can be given

as

ol

where | and |y are the intensity of the transmitted and incident light, respectively. For
methylene blue, A is the absorbance value at 664 nm. Since the absorbance value is

measured, relative concentration can be calculated by simply using the formula

44



C,

A

A G

The samples then were placed in a light cabinet in which they are illuminated with a UV-
or Visible-light source at a distance of 15 cm. Representative samples were taken at
each hour from the solutions and the remaining dye concentration was analyzed by UV-

Vis spectroscopy.

In order to calculate the rate constants a first-order kinetic rate was assumed,

where C, Cq, k, and t are the methylene blue concentration, initial methylene blue

concentration, rate constant, and time, respectively.

2.5. Nanoindentation

Mechanical properties of the films were studied by nanoindentation technique. In a
typical nanoindentation experiment, a controlled load is applied to the sample with a
diamond tip where a load-displacement curve is obtained which gives key information
about the mechanical properties of the sample (Figure 2-8). In contrast to typical

indentation tests, nanoindentation involves much smaller loads and tip diameters.
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Figure 2-8: Schematics of the nanoindentation process (left) and interpretation of a
typical load-displacement curve as obtained from the nanoindentation results.

Load-displacement curves obtained by the nanoindentation technique were analyzed by

Oliver-Pharr formula (Oliver and Pharr 1992). Assuming a purely elastic deformation,
unloading curve follows a simple power law given by

P=a-(h—h,)"

where P is the indenter load, h is the elastic displacement of the indenter, hs is the final

displacement, a and m are constants. An analytical model of the contact between the

tip and the sample can be modeled by

_20A

S )
Jr
Where A is the contact area and S is the contact stiffness. Er is called the reduced

modulus and given by
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Where E is the Young’s modulus, v is the Poisson’s ratio and i and s refer to the indenter
and sample, respectively. Contact area, A, of the tip can be found by generating a tip

area function
A =f(h)
where h. is the contact depth and is given by

hc = hend _9'%

Where 6 =0.72, 0.75 and 1, for conical-, spherical- and flat-punch tips respectively.

Hardness, H can be found by the formula

For thin films, obtained hardness values represent the substrate-film system rather than
the film alone, especially when the contact depth is larger than 10-15% of the film
thickness. Although there are models to estimate the mechanical properties of the
substrate and the film separately, it is not being considered here as the mechanical

properties of the combined system is more relevant for practical applications.
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2.6. Structural Characterization

2.6.1. X-Ray Difffraction

Crystal structure of the films was analyzed by Siemens D500 X-Ray Diffractometer. Since
the films analyzed in this study were very thin (< 150 nm), getting a significant

signal/noise ratio was only possible with films deposited on silicon wafers.

2.6.2. Micro-Raman Spectroscopy

Micro-Raman spectroscopy is a very powerful technique for the analysis of thin films of
titanium dioxide on glass substrates where XRD analysis proves to be problematic due to
high noise/signal ratio. Renishaw RM1000 Vis-Raman Spectrometer with 514.5 nm laser

excitation and 100 cm™ cutoff notch filter was used to analyze films.

2.6.3. UV-Vis Spectroscopy

Optical properties of the films were analyzed with Thermo Scientific Evolution 600 UV-
Vis Spectrophotometer in the transmission mode for films on glass and in the

reflectance mode for films on silicon wafers.

2.6.4. Fourier-Transformed Infrared Spectroscopy (FT-IR)

FTIR spectra of the films were analyzed with Varian Excalibur FTS-3000 utilizing specular

reflectance accessory to study films with a variable angle.

2.6.5. Scanning/Transmission Electron Microscopy

Morphology of the films was analyzed with Zeiss Supra 50VP.
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CHAPTER 3) RESULTS AND DISCUSSION

3.1. Synthesis of Undoped Titanium Dioxide Films

3.1.1. Introduction

In order to make successful comparison with the doped titanium dioxide films, it is
necessary to investigate the effect of preparation parameters on the structural,
photocatalytic and mechanical properties. For this purpose, titanium dioxide films were
prepared on soda-lime glass substrates were subjected to various calcination
temperatures and heating rates and a comparative analysis was performed to assess the
effect of selected parameters on the structure, photocatalytic and mechanical

properties of those films.

3.1.2. Structure

In most cases titanium dioxide films prepared by sol-gel process are amorphous or
crystalize in the anatase phase. Rutile formation only occurs at high calcination
temperatures (usually above 800°C). In contrast to powders, crystallization of titanium
dioxide films is dominated by the underlying substrate and the film thickness. In most
cases, the underlying substrate significantly hinders the crystallization of titanium
dioxide, thus relatively higher calcination temperatures are necessary for films
compared to powders. The substrate effect becomes lower in thicker films and
crystallization follows a pattern similar to the ones seen in powder form with increasing

thickness. Raman spectra of the films calcined between 400°C and 550°C at a heating
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rate of 5°C/min are shown in Figure 3-1. Films calcined at 400°C and 450°C are
amorphous and the ones calcined at 500°C and 550°C are anatase. Thus, a calcination
temperature above 450°C is necessary to crystallize titanium dioxide films. While it is, in
theory, possible to increase the calcination temperature further to increase the
crystallinity of the films, it is practical to stay at moderate calcination temperatures due
to the extreme softening and deformation of glass slides above 550°C and unwanted
formation of rutile phase which is typically inferior to anatase in terms of photocatalytic

activity.

Counts (a.u.)
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Figure 3-1: Raman spectra of titanium dioxide films on glass substrates calcined at
400°C, 450°C, 500°C and 550°C. Excitation wavelength: 514 nm, 100x magnification.

A: anatase, S: silica.
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Besides the calcination temperature, heating rate also has an effect on the
crystallization behavior. Raman spectra of the films calcined at 500°C with different
heating rates are shown in Figure 3-2. It can be seen from the spectra that a moderate
heating rate is most beneficial for crystallization whereas a too low or too high heating

rate inhibits the crystallization.

10°C/min
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Figure 3-2: Raman spectra of titanium dioxide films on glass substrates calcined at
500°C with various heating rates. Excitation wavelength: 514 nm, 100x magnification.

A: anatase, S: silica.
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Surface structure of the films investigated with scanning electron microscopy is shown
in Figure 3-3. The film calcined at 500°C in the preheated furnace has very fine grains
which are barely visible even with the highest magnification. For the film calcined at
500°C with a ramp rate of 5°C/min, several pin-holes were visible on the surface. These
are likely due to the evaporation of water and organic constituents and short calcination
time. For the samples calcined at lower temperatures, no patterns were detected on the
surface, suggesting that the films were amorphous, in agreement with Raman
spectroscopy results. When carefully examined, peeling and delamination was observed
at some areas of the film calcined at 350°C. At these areas, it can be clearly seen that
the film was not able to make a strong bonding to the glass surface but the film itself
was continuous and very elastic. The low calcination temperature and short calcination
time should be reason for this observation. Organics within the film structure may be
responsible for the elastic behavior. While unlikely, a second reason for the peeling of
the film might be the insufficient cleaning of the glass surface prior to coating which
prevented the bonding in some areas. Thus, it is concluded that calcination at 350°C is

not enough for an intact, durable titanium dioxide film.
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Figure 3-3: SEM micrographs of the surface of titanium dioxide films calcined at 500°C
at a heating rate of 50°C/min (a) and 5°C/min (b), at 350°C with a heating rate of
5°C/min (b-d).

3.1.3. Mechanical Properties

In general, sol-gel titanium dioxide films are prone to cracking when deposited as a thick
film with a typical thickness over 1 micron. Although cracking is less of a problem with
sufficiently thin films (like the ones in this study) the interaction between the substrate

and film dramatically affects the stress state, thus mechanical properties of the films.

Mechanical properties of titanium dioxide films prepared by sol-gel depend on several
parameters, where the most important ones are the chemistry of the coating solution,

aging of the films before calcination, calcination temperature and heating rate.
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However, the calcination step dominates the mechanical properties at temperatures
higher than 300-350°C as organic residue starts burning off and titanium dioxide grains
start forming quickly at these temperatures. Calcination process involves the three
steps: (a) heating, (b) dwell, and (c) cooling. Of these three, heating stage is extremely
important as the film undergoes a significant volume reduction (i.e. densification) due to
polycondensation reactions, capillary pressure upon evaporation of the liquid (solvent)
and mismatch of the coefficient of thermal expansion with the substrate. During cooling
stage, no major change is expected in the chemistry and the structure of the film.
Although slow cooling rates are necessary in order to control stresses both in the film
and the substrate, the rate should be reasonably high to keep the process cost-effective

for wide range use and utilization.

Figure 3-4 shows the load-displacement curves of titanium dioxide films on glass
calcined at different temperatures (constant heating rate of 10°C/min). Films calcined
between 400°C and 500°C show minor differences in their mechanical behavior,
whereas the film calcined at 550°C possesses significantly better mechanical properties.
The improvement in such property increase can be attributed to the typical annealing
point (=550°C) of soda-lime glasses at which the film makes a strong bonding to the
substrate. However, as will be shown later, such high calcinations temperatures usually
lead to a poor photocatalytic activity owing to the poisoning of the catalytic film by

alkali (sodium mainly) diffusion from the glass substrate.
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Figure 3-4: Nanoindentation Load-Displacement curves of sol-gel titanium dioxide
films calcined at different temperatures at a heating rate of 10°C/min and dwell time
of 1 hr.

Heating rate is one of the most important parameters that has a substantial effect on
the mechanical properties of titanium dioxide films. Figure 3-5 shows the load-
displacement curves of the films calcined at 500°C with different heating rates. As can
be seen from the graph, films calcined with higher heating rates have better mechanical

properties compared to the ones calcined with low heating rates.
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Figure 3-5: Nanoindentation Load-Displacement curves of sol-gel titanium dioxide
films calcined at 500°C at different heating rates and dwell time of 1 hr.

Thus, slow heating rates are found to be detrimental to the mechanical properties of the
films which is most likely due to the tensile stresses developed in the film. This can be
explained by the thermal expansion effect. At a fast heating rate, the film heats up
faster than the substrate and tend to expand whereas substrate expands less because of
its lower temperature. This puts a compressive stress on the film thus improving the
density and the mechanical properties of the film. At a small heating rate, on the other
hand, film and substrate are at the same temperature and film experiences a tensile

stress due to the higher thermal expansion coefficient of glass compared to titanium
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dioxide, which eventually degrades the mechanical properties of the films. This is

explained in Figure 3-6.

T1>72

T1=T2

Figure 3-6: Schematics explaining the heating rate on the stress formation of titanium
dioxide films.

3.1.4. Photocatalytic Activity

Both of the calcination parameters (i.e. calcination temperature and heating rate)
significantly affect the photocatalytic activity of the films. Figure 3-7 and Table 3-1
shows the photocatalytic rates of films calcined at various temperatures and heating
rates. Increasing the calcination temperature increase the photocatalytic activity,
reaching its peak at 500°C and drops back at 550°C. This behavior can be attributed to
the increasing crystallinity of the films with increasing calcination temperatures. At very

high temperatures, however, grain size increases and alkali diffusion becomes very
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significant that it starts heavily deteriorating the photocatalytic activity. Heating rate is
also found to have a significant effect on the photocatalytic activity of films, where the
effect is stronger at low calcination temperatures. An optimum heating rate is found to

be around 5°C/min for all temperatures.
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Figure 3-7: Photocatalytic rate constants of sol-gel titanium dioxide films on glass
calcined at various temperatures and various heating rates.
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Table 3-1: Photocatalytic reaction rate constants vs. heating rate/calcination
temperature of titanium dioxide films

L. Photocatalytic Reaction Rate Constant (hr)
Calcination
Temperature / S - S - " - 5 -
Heating Rate 1°C/min 5°C/min 10°C/min 50°C/min
400°C 0.1940.02 0.2940.02 0.2540.02 0.1840.02
450°C 0.2640.02 0.3140.02 0.2740.02 0.2340.02
500°C 0.2940.02 0.3340.02 0.3140.02 0.2940.02
550°C 0.2540.02 0.2940.02 0.2840.02 0.2840.02

3.1.5. Conclusions

Calcination parameters have a significant effect on the structure and photocatalytic
activity of titanium dioxide films. Typically, a calcination temperature higher than 350°C
is necessary to ensure sufficient bonding of the film to the substrate as well as complete
burning of the organic material inside the gel film structure. Complete crystallization of
the films takes place only at calcination temperatures above 450°C with moderate
heating rates (5-10°C/min). Mechanical properties of the films are strongly dependent
on the heating rate where higher heating rates give better hardness values. Effect of
calcination temperature on the hardness of the films is minor above 400°C. Best
photocatalytic performance was obtained with films calcined 500°C at a heating rate of
5°C/min. Overall, a calcination temperature around 500°C with a heating rate between
5°C/min and 10°C/min gives the best photocatalytic rates with comparable mechanical

properties and it is used as a guideline for the rest of the studies.
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3.2. Modeling and Simulation of Doping

3.2.1. Introduction
A series of theoretical calculations were performed to understand the doping of anatase
structure. Metal-, nitrogen-, and metal-nitrogen-doped anatase structures were

simulated to answer the following questions:

e What is the energy cost of metal doping, i.e. substituting a titanium atom in the
anatase lattice?

e How does metal doping affect the electronic properties and optical spectra of
anatase?

e What is the energy cost of nitrogen doping and can it be lowered by metal co-
doping?

e How does nitrogen concentration affect the optical spectra of nitrogen-doped
anatase?

e s it possible to increase the visible light absorption of nitrogen doped films by

metal co-doping?

3.2.2. Simulations Parameters
All calculations were performed with the CASTEP code as part of Accelrys Materials

Studio software.

In order to find the best parameters (e.g. exchange and correlation functionals, kinetic
cutoff energy, k-point sampling) for best accuracy at a reasonable computational cost, a
series of computations (i.e. geometry optimizations) were performed on anatase cell
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and the results are compared to the experimental values. The results are shown in Table
3-2. In general, local density approximation (LDA) gives results in par or better than
generalized gradient approximation (GGA) for traditional exchange-correlation
functionals. However, the recent correlation functionals such as Wu-Cohen and PBEsol
are found to be more accurate at a relatively low extra computational cost. Unless
otherwise noted, all simulations were performed using PBE-exchange and WC-

correlational functionals within the GGA scheme.

Table 3-2: Accuracy and the computational cost of the selected approximations and
exchange-correlation functionals. Calculations were performed with a conventional
anatase cell on a dual-core Intel Xeon 2.8 GHz processor. Error is given as the largest
deviation from the lattice parameters.

Functional Exchange-Correlation Error Completion Time
(seconds)
LDA CA-PZ 0.51% 12511
GGA PBE 2.44% 12298
GGA RPBE 3.97% 17708
GGA PW91 2.28% 12700
GGA WC 0.07% 15325
GGA PBESol 0.11% 15122

3.2.3. Metal Doping
Gibbs free energy changes for metal doping of titanium dioxide can be calculated by

considering the reaction

TiO, +x-M < Ti, ,M, 0O, +x-Ti

Assuming that titanium is in equilibrium with the oxygen,
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Ti+0, ©TiO,

Then,

Hrio, = Hyi T Ho,
For oxygen-rich limit
Hri = Hrio, — Mo,
And for Ti-rich limit
Hri = Hrioee) -

Chemical potentials of the dopants can be defined similarly as

y
X Hy = Hy,o, _E'fuoz
For oxygen-rich limit and
/uM = 1uM (metal)

for the metal-rich limit.

Since the calculations are done assuming that the system is at absolute minimum
temperature, i.e. 0K, the chemical potentials are simply equal to the Gibbs free energy

as there is no entropy contribution at this temperature.
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Calculated Gibbs free energy changes upon substituting a Ti atom with a dopant in the
anatase lattice are given in Figure 3-8. The energy barrier for substituting titanium with
another transition metal in the anatase lattice increases almost linearly with the group
number of the dopant in the periodic table. Second group (i.e. the group titanium is in)
elements (zirconium and hafnium) have the lowest energy barrier. The energy barrier
also increases with increasing period number of the dopant elements, though the
correlation is not as clear as group-effect. After the transition block, energy barrier
tends to decrease with increasing group numbers, in contrast to what is seen in the
transition block dopants. Particularly germanium and tin have similar low energy
barriers with transition metal dopants such as chromium, molybdenum and manganese.
Metals such as silver, gold, platinum, palladium, and copper have such high-energy

barriers that they may not enter into the anatase lattice at all.
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Figure 3-8: Calculated Gibbs free energy changes of doping of various elements into
the titanium dioxide (anatase) lattice.

The general trend can be seen in Figure 3-9. Typically, the closer the group number to
the group that titanium is in (2d), the lower the energy barrier is. This trend holds for

dopants in the transition block, whereas it is reversed outside the transition block.
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Figure 3-9: Trend in the Gibbs free energy cost of doping with different elements.

Since the simulations were performed assuming a quite high dopant concentration (25
at.%), dopant-dopant interactions can play a role which may change the obtained
energy values. In order to test this, energy barrier of the three elements (Cr, Mo, Co) at
a lower concentration (6.25%) were calculated. The results show that dopant-dopant
interactions are not significant (at least for these elements) and the deviation of the

calculated energy barrier with decreased concentration is less than 5%.
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Figure 3-10: Resulting volume changes in the anatase lattice accompanying the doping
with different elements in the transition block.

Volume changes caused by doping are shown in Figure 3-10. In general, dopants from
the 4™ period result in contraction whereas others result in expansion with increasing
period number. Amount of volume change decreases from 1d to 5d then increases until
10d. After the transition block, amount of change in the volume by doping decreases

with increasing group numbers.

The effect of doping on the magnetic properties is shown in Figure 3-11. Assuming a

ferromagnetic ordering, all dopants from the 4" period except nickel and zinc and
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germanium give a net magnetic spin to the structure. The magnetization was much
weaker in other periods with only notable exception of molybdenum which gives a net
magnetic moment higher than cobalt. The highest magnetic moments were obtained

with manganese, iron, and chromium.
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Figure 3-11: Calculated net spin of metal-doped structures.

Calculated optical spectra of the doped systems from Period 4 are shown in Figure 3-12.
Scandium, zinc, gallium and germanium caused an overall blue shift of the optical

absorption edge whereas vanadium, chromium, manganese, iron, cobalt, nickel and
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copper caused red-shift of the spectra. However, it should be noted that none of the red
shifts are indicating a fundamental band gap narrowing but formation of intra-band gap
defect levels. Nickel and copper doping, in particular, cause significant absorption

around the near-infrared region.

Table 3-3: Summary of results of the doping of anatase with 4™ Period elements.

Dopant Concentration volume Change Energy of Spin (uB)
(%) Formation (eV)
Sc 0.25 +4.99 +1.59 0.68
v 0.25 -1.71 +2.40 0.92
V 0.12 -0.89 +2.42 1.00
V 0.06 -0.48 +2.43 1.00
Cr 0.25 -1.65 +3.91 2.00
Cr 0.12 -1.42 +4.00 2.00
Mn 0.25 -0.68 +5.38 3.00
Mn 0.12 -0.47 +5.33 3.00
Fe 0.25 -2.47 +6.09 2.78
Co 0.25 -1.85 +7.66 1.08
Ni 0.25 -2.01 +8.26 0.00
Cu 0.25 -1.26 +9.49 0.18
Zn 0.25 +1.47 +8.92 0.00
Ga 0.25 +1.18 +6.32 0.98
Ge 0.25 -0.73 +4.42 0.00
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Table 3-4: Summary of results of the doping of anatase with 5" Period elements.

Dopant Concentration | Volume Change Energy of Spin (uB)
(%) Formation (eV)

Y 0.25 +17.60 +3.98 0.00
Zr 0.25 +6.14 -0.78 0.00
Nb 0.25 +3.45 +1.56 0.00
Mo 0.25 +1.93 +4.33 1.32
Ru 0.25 +1.60 +7.12 0.00
Rh 0.25 +3.71 +8.58 0.92
Pd 0.25 +3.08 +9.42 0.00
Ag 0.25 +5.47 +11.55 0.19
Cd 0.25 +12.97 +10.03 0.00
In 0.25 +10.01 +6.83 0.77
Sn 0.25 +7.62 +5.25 0.00
Sb 0.25 +8.17 +6.47 0.00

Table 3-5: Summary of results of the doping of anatase with 6" Period elements.

Dopant Concentration Vqum((?%(;hange ForEr::':igOVno(feV) Spin (uB)
Hf 0.25 +9.83 +1.29 0.00
Ta 0.25 +8.37 +3.67 0.84
W 0.25 +2.28 +4.21 0.63
Re 0.25 -1.69 +5.93 0.00
Os 0.25 +2.50 +7.65 0.00
Ir 0.25 +4.57 +8.85 0.97
Pt 0.25 +4.93 +9.56 0.00
Au 0.25 +7.44 +11.81 0.20
Tl 0.25 +13.01 +9.37 0.73
Pb 0.25 +11.34 +7.83 0.00
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Figure 3-12: Calculated optical spectra of (a) Sc-, (b) V-, (c) Cr-, (d) Mn-, (e) Fe-, (f) Co-,
(g) Ni-, (h) Cu-, (i) Zn-, (j) Ga-, and (k) Ge-doped anatase. Calculated optical spectrum
of anatase is given at each figure for comparison.
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3.2.4. Nitrogen Doping

The energy cost for the reaction

4TiO, +% N, - 4TiO,N, + 20,

4 4

is calculated to be 4.8 eV for oxygen-poor conditions.

Effect of nitrogen doping on the electronic properties of titanium dioxide is shown in

Figure 3-13 and 3-14, where density of states plots and optical spectra with varying

nitrogen concentration can be seen.

12% N
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[6% N
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Figure 3-13: Density of states (DOS) plots of N-doped anatase with various nitrogen
concentrations.
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Figure 3-14: Calculated optical absorption spectra of N-doped anatase with various
nitrogen concentrations.

3.2.5. Metal-Nitrogen Doping

Nitrogen doping was modeled in the assumption that nitrogen replaces oxygen
(substitutional doping) and in the case of metal-nitrogen doping, nitrogen was placed

next to the metal dopant (Figure 3-15).
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Figure 3-15: Metal-nitrogen doped anatase cell used for calculations.

Energy required for nitrogen doping is shown in Figure 3-16. All of the metal dopants
decreased the energy cost of nitrogen doping, and the effect was substantial for

vanadium, chromium and iron co-doping.
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Figure 3-16: Calculated Gibbs free energy changes of metal co-doping into the
nitrogen-doped titanium dioxide (anatase) lattice.

Calculated optical spectra of the metal-nitrogen doped anatase with various metal co-

dopants are shown in Figure 3-17. Compared to nitrogen-doped anatase at the same

concentration; scandium, zinc, gallium and germanium co-doped systems cause an

overall blue-shift of the spectrum while the other co-dopants show mixed results. Even

though iron, cobalt, nickel, manganese and copper co-doped systems show increased

absorption in the visible region, a clear absorption edge has disappeared, forming a flat

absorption region, an indication of a series of defect centers which will likely act as

recombination centers. With chromium and vanadium, on the other hand, the

absorption edge is still clear and resembles the case with titanium dioxide and nitrogen-
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doped titanium dioxide (Figure 3-14). Thus, from theoretical point of view (considering

only the absorption spectra), chromium and vanadium co-doping may be beneficial for

photocatalytic activity.
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Figure 3-17: Calculated optical spectra of (a) Sc-N, (b) V-N, (c) Zn-N, (d) Cr-N, (e) Mn-N,
(f) Ga-N, (g) Fe-N, (h) Co-N, (i) Ge-N, (j) Ni-N, and (k) Cu-N doped anatase. Calculated
optical spectrum of nitrogen doped anatase is given at each figure for comparison.
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Magnetic behavior is observed with nitrogen-doped structures while the net magnetic

moment is suppressed with co-doping with vanadium, copper, zinc and gallium,

unchanged with chromium, nickel and germanium co-doping, increased with scandium,

manganese, iron and cobalt. Net spin of metal-nitrogen doped anatase structures with

various metal co-dopants are shown in Figure 3-18.
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Figure 3-18: Calculated net spin of metal-nitrogen doped anatase with various metals.

Metal-nitrogen bond lengths are given in Figure 3-19. Most of the elements (vanadium,

chromium, manganese, iron, cobalt, nickel, copper and germanium) possessed shorter

metal-nitrogen bond lengths compared to titanium-nitrogen bond length. Gallium and
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zinc had similar bond lengths whereas scandium-nitrogen bond length was significantly

longer. It is interesting to note that vanadium and chromium stand out having the

shortest bond lengths which may be responsible for their “different” optical spectra.
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Figure 3-19: Metal-nitrogen bond length in metal-nitrogen doped anatase structures.

3.2.6. Conclusions

Theoretica

| calculations of doping process with various metal and metal-nitrogen

combinations were conducted to gain an understanding of the thermodynamic costs

and resulti

ng changes in the electronic structure of anatase. It is found that the energy

cost of substituting titanium with a metal dopant is directly related to the position of
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that particular metal in the periodic table. The period that metal dopant is located has a
minor effect while the group number of the metal dramatically affects the energy cost
of doping. In the transition block, metals with higher group numbers are found to be the
most costly dopants to replace titanium in the anatase lattice (with a peak cost at 9d)
whereas the reverse is true for dopants outside the transition block. Interestingly, no
clear correlation is found between the energy cost and the volumetric change of the cell
caused by doping. None of the metals caused a significant change in the calculated

optical spectra.

All of the tested metal co-dopants decreased the energy cost of nitrogen doping into the
anatase structure, and improved visible light absorption was observed particularly with

chromium and vanadium co-dopants.
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3.3. Carbothermally Reduced Titanium Dioxide Films

3.3.1. Introduction

It is known that sol-gel preparation conditions and parameters such as the type and
amount of the precursor and solvent used (Tracey, Hodgson et al. 1998), concentration
of water in the solution (Hague and Mayo 1994), pH (Ahn, Kim et al. 2003) and chelating
agents (Schubert 2005) have dramatic effects on the structure and functionalities of
titanium dioxide films. On the other hand, morphology and the mechanical stability of
the films are almost entirely determined by the post-deposition thermal treatment, or
calcination (Langlet 2003). In many cases, good mechanical integrity needs to be
coupled with good photocatalytic and optical properties in order to achieve sufficient
lifetime of the coatings, since their functionalities can be lost if the films are

deteriorated due to wear or environmental degradation.

In this part of the study, a set of titanium dioxide films were carbothermally reduced at
a wide range of temperatures and the resulting oxygen-deficit films were analyzed in
terms of their crystal structure, morphology UV and visible light photocatalytic activity
and mechanical properties. The results were compared to an identical set of films

calcined with the same parameters at an oxidative atmosphere.

3.3.2. Experimental
Films were prepared by dip-coating (MTI Dip Coater HL-01); for this purpose, Si (100)
substrates were dipped into the prepared solution and withdrawn at a constant speed

of 100mm/min. Si (100) wafers were used because they provide the same SiO, surface
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as glass, but their flatness, purity and relatively small thermal expansion mismatch with
TiO,, making them ideal model substrates. The humidity was varied between 20% and
30% during coating. Following the coating procedure, samples were taken to a tube
furnace for calcination at temperatures between 400°C and 1000°C (in 100°C steps)
either in static air or under nitrogen flow (270 cc/min) for 2 hours with a heating rate of

25 °C/min.

3.3.3. Results and Discussion

The film thickness exhibited by ellipsometric measurements on samples calcined at
900°C was approximately 30-35 nm for both air and nitrogen heat-treated samples.
Figure 3-20 shows the refractive index values of the representative films as obtained
from ellipsometric analysis. Films calcined at 900°C in air had a significantly higher
refractive index compared to the one calcined under nitrogen at the same temperature,
indicating higher density for air-calcined films. For films calcined under nitrogen, an
inverse relationship was found between the refractive index and the calcination

temperature.
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Figure 3-20: Refractive index (n) vs. wavelength plots of films calcined at (a) 900°C in
air, (b) 700°C under N,, (c) 800°C under N,, and (d) 900°C under N, .
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Figure 3-21 shows the XRD pattern of films calcined in (a) air and (b) nitrogen. No peaks
were detected from the films calcined at 400°C regardless of the calcination
atmosphere, whereas only nitrogen calcined films at 500°C didn’t show any peaks. Air
calcined films are composed of anatase up to 800°C, after which rutile peaks are
detected along with anatase. At 1000°C, transformation to rutile is complete. Rutile is

the only crystal phase detected from nitrogen-calcined films at all temperatures.
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Figure 3-21: XRD patterns of the films calcined at various temperatures (a) in air and
(b) under nitrogen. e: anatase, m: rutile.
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Crystal size of the films calculated from their respective XRD patterns by Scherrer
equation is reported in Table 3-6. It is important to note that there is only a small
change in the crystal size up to 900°C with the film thickness being the most probable
limiting factor for grain growth. A significant growth is shown by a drastic increase in the
peak intensity and decrease in background noise at 1000°C, when formation of rutile
occurs. Note that the Scherrer equation is not applicable to strongly anisotropic films

with an average lateral crystal size larger than the film thickness.

Table 3-6: Summary of XRD crystal size measurements.

* = Amorphous film or Scherrer equation is not applicable.

Crystal Size
Temperature
Air N,
400°C 16 nm *
500°C 22 nm *
600°C 23 nm 18 nm
700°C 23 nm 27 nm
800°C 27 nm 27 nm
900°C * 28 nm
1000°C * *
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Raman spectra of the films are shown in Figure 3-22. Films calcined in air showed
anatase bands at 144cm™ (B1g), 198cm™ (B1g, Azg), 398cm™ (B1g) and 640cm™ (Eg) (Ocafia,
Garcia-Ramos et al. 1992) beginning from the lowest calcination temperature of 400°C.
Contrary to the Raman analysis, XRD was unable to detect crystallinity for the film
calcined at 400°C in air, which can be explained by the particular sensitivity of Raman
spectroscopy to nanocrystals in thin films (Yakovlev, Scarel et al. 2000). This shows the
necessity of using complementary techniques for characterizing such thin films. Position
of the lowest frequency anatase band (144 cm™) is an important indicator of the particle
size in TiO; films due to phonon confinement effect (Balaji, Djaoued et al. 2006). Oxygen
deficiency and stress levels can also affect the position of Raman bands, although the
contribution of the former should be negligible in our samples because they were
calcined in an oxygen-rich atmosphere (air). The lowest frequency anatase band
positions for air-calcined samples are shown in Figure 3-22d. Smaller blue shifts were
observed with increased calcination temperature due to increased particle size. At the
maximum calcination temperature (1000°C), only rutile bands 442 cm™ (Eg) and 610 cm?
(A1g) (Ocafa, Garcia-Ramos et al. 1992) were detected, in agreement with the XRD
findings. For films calcined under nitrogen, it was difficult to separate the rutile peaks at
low calcination temperatures because of the overlapping positions of the rutile bands
with the weak Si bands coming from the substrate (433 cm™ and 621 cm™). At the
maximum calcination temperature (1000°C), signals coming from rutile were stronger,

showing rutile bands at 439 cm™ and 610 cm™. Slight red-shift of the E; mode of rutile in
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nitrogen-calcined films can be explained by the disruption of the planar O-O interactions

due to oxygen vacancies (Parker and Siegel 1990).
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Figure 3-22: Raman spectra of the films calcined at various temperatures in (a) air and
(b) nitrogen. Carbon range of the Raman spectra of nitrogen-calcined films is shown in
(c). Spectra in (c) have been normalized using the peak of Si at 960 cm™. (d) The lowest

frequency anatase band positions for air-calcined samples with respect to calcination
temperature.

As evidenced by the XRD and Raman spectra, calcination environment has a dramatic

impact on the structure of TiO, films. Calcination under nitrogen hindered the

crystallization of the films, possibly due to the incomplete decomposition of organic
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titanium compounds (e.g. acetylacetonates). For samples calcined at 600°C and 700°C,
organic matter had seemingly decomposed into carbon, for which D and G bands (Tan,
Dimovski et al. 2004) were detected (Figure 3-22c). Lack of carbon above 700°C in
nitrogen-calcined films can be explained by the fast decomposition of low-carbon yield
organics before densification of the film takes place. Another possibility is a reaction
between carbon and TiO, leading to oxygen deficit films. While the exact reason is not
clear, loss of carbon at higher calcination temperatures under nitrogen for carbon
coated TiO;, has been reported (Tsumura, Kojitani et al. 2002). Preferred occurrence of
rutile in nitrogen-calcined samples can be explained by two reasons: (a) since the
anatase to rutile transformation requires shrinkage of the lattice, removal of oxygen
atoms facilitates this transformation (Shannon and Pask 1965), (b) partial hydrogenation
of the TiO, (due to the delayed decomposition of acidic precursor), which further
promotes rutile formation (Barnard and Zapol 2004). No carbon peaks have been
observed after calcination in air, suggesting complete burn off of the organic material.
Carbon formed in nitrogen-calcined films could act as a reducing agent in the presence

of nitrogen (Jha and Yoon 1999), creating oxygen-deficient TiO, films.

SEM inspection of the films (Figure 3-23) has shown differences in morphology between
air- and nitrogen-calcined samples. Air-calcined films were typically composed of closely
packed TiO, grains (ca. 20 nm) at 600°C, which began sintering at 900°C forming a mix of
small (ca. 40 nm) and large (ca. 200 nm) particles and finally forming large flat grains(ca.
0.5 um in x-y direction) at 1000°C. Formation of textured (as shown by XRD) and

separated rutile crystals with at the maximum calcination temperature can be explained

87



by the dissolution of some of TiO, in the SiO, (Emili, Incoccia et al. 1985). Films calcined
under nitrogen were porous with a smaller average grain size at all temperatures with
grain growth that was less dramatic compared to the air-calcined samples, which was an
important finding given that rutile had been shown to grow faster than anatase in many
cases (Chen and Mao 2007). On the other hand, crystal growth in thin films is
significantly affected by the underlying substrate. This effect can be clearly seen in
Figure 3-24, where crystals were significantly larger around the edge of a micro-crack
compared to the crystals in the middle of the film. At the maximum calcination
temperature (1000°C), porosity disappeared, but the crystal size remained small. TEM
analysis performed on the samples calcined at 900°C is shown in Figure 3-25. It can be
seen that the air-calcined film had well developed crystals whereas at the same
temperature nitrogen-calcined film had much smaller crystals with rough crystal faces,

possibly due to reaction with carbon.
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Figure 3-23: Morphological evolution of the films calcined at 600°C (a, d), 900°C (b, e)
and 1000°C (c, f). a, b, c belong to the films calcined under nitrogen.
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Figure 3-24: SEM image around a micro-crack showing the extensive growth of TiO,

particles on the edge.
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Figure 3-25: TEM images of the films calcined at 900°C in (a) air and (b) nitrogen.
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Total reflectance spectra of the films are shown in Figure 3-26. Overall, films calcined
under nitrogen were significantly less reflective compared to the air calcined films. This
behavior should be arising from (a) presence of optically absorbing carbon, and (b)
rougher surface, (c) entrapment of light within the porous structure. Films calcined
between 400°C and 700°C in air had similar spectra, whereas at 800°C and 900°C there
is a significant red-shift with increased reflectivity, which is expected because of the
higher refractive index and smaller band gap of rutile compared to anatase. At 1000°C,
incomplete coverage of the Si wafers due to a dramatic increase in the grain size in
lateral dimension (as evident from the SEM inspection) and the possible growth of silica
under layer caused a different pattern. Nitrogen-calcined films became more absorbing
with increased calcination temperature until 700°C due to formation of carbon in the
film. At 800°C and 900°C, the films were slightly more reflective, owing to the
disappearance of carbon from the film and the densification of the structure. At 1000°C,

the film was significantly more reflective due to disappearing porosity.
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Figure 3-26: Optical spectra of TiO; films calcined in (a) air and (b) nitrogen. Sample

photographs are shown in (c).
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Reflection maximums (absorption minimum or edge) of the films are plotted in Figure 3-
27 in order to better understand the densification behavior and electronic structure of
TiO, films. Reflection maximum of the films shifted to lower energies, i.e. longer
wavelengths, indicating a narrowing of the band gap and increase in refractive index due
to densification. At low calcination temperatures (400°C-600°C), films calcined in air had
smaller reflection maximums due to their better crystallinity. Upon crystallization,
nitrogen-calcined films had lower values compared to air-calcined samples, which can
be explained by their higher rutile content which has a higher refractive index compared
to anatase. There is almost a linear decrease in the reflection maximum of air-calcined
films between 700°C and 1000°C which can be attributed to the increased rutile
content. For nitrogen-calcined films, the decrease in the reflection maximum is probably

related to the formation of oxygen vacancies and densification of the rutile film.
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Figure 3-27: Reflection maximums of films with respect to the calcination temperature
and environment.

Photocatalytic activity of the films under UV light and visible light is shown in Figure 3-
28. Methylene blue was chosen as a model pollutant to assess the photocatalytic
activity. It should be emphasized that degradation pathways of methylene blue are
different under UV and visible light irradiation, in which the former one proceeds by
photo-oxidation whereas the latter involves photo-sensitized decomposition and photo-

oxidation depending on the nature of the catalyst (Konstantinou and Albanis 2004).
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Figure 3-28: Photocatalytic activity of the films as obtained from methylene blue
decomposition test.

Degradation of methylene blue in low concentrations (few ppm) follows a first-order

reaction rate given by (Konstantinou and Albanis 2004):

In(%j: k-t (1)

where C, Cy, k, and t are the MB concentration, initial MB concentration, rate constant,

and time, respectively. Calculated rate constants are given in Table 3-7.
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Table 3-7: Calculated first-order photocatalytic rate constants of the films.

Calcination Rate Constant (hr)
Temp. (°C)
UV-Air UV-N, Vis-Air Vis-N,

400 0.10 0.08 0.03 0.03
500 0.13 0.07 0.02 0.02
600 0.25 0.20 0.03 0.03
700 0.15 0.34 0.03 0.04
800 0.20 0.19 0.04 0.05
9200 0.17 0.20 0.02 0.09
1000 0.07 0.08 0.04 0.01

Photocatalytic activity of TiO, films depend on several factors including but not limited
to crystal structure (Bickley, Gonzalez-Carreno et al. 1991), particle size (Zhang, Wang et
al. 1998), film thickness (Yu, Zhao et al. 2000), oxygen vacancies (Nakamura, Negishi et
al. 2000), optical absorption, surface area and surface chemistry (Ohtani, Okugawa et al.
1987). At low calcination temperatures (400°C-600°C), better crystallization of air-
calcined samples ensured a higher photocatalytic response compared to the nitrogen-
calcined samples, as amorphous TiO, is known to be a poor photocatalyst (Ohtani,
Ogawa et al. 1997). At 700°C and above, nitrogen-calcined samples had slightly better
photocatalytic activity compared to air-calcined samples. Although films calcined under
nitrogen between 700°C and 900°C had similar particle size, optical absorption and the
same crystal structure, the one calcined at 700°C exhibited the most photocatalytic

activity. This behavior can possibly be attributed to the beneficial effect of carbon on
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the adsorption of methylene blue (Tsumura, Kojitani et al. 2002). Photocatalytic activity
of the films was significantly degraded when the calcination temperature reached
1000°C in both atmospheres. This can be explained by the decreased surface area and
{110} orientation of the rutile crystals as the {110} face of rutile is an active reducer
whereas oxidation reactions preferentially occur on the {011} face (Ohno, Sarukawa et

al. 2002).

Degradation of methylene blue under visible light occurs by photo-sensitization for non-
visible light active photocatalysts (i.e. air calcined films in this study) whereas it is a
combination of photo-oxidation and photo-sensitization for visible light active
photocatalyst (nitrogen-calcined films in this study). Degradation of methylene blue by

TiO, under UV light can generally be expressed as

hv
MB —MB"* (2)

hv+TiO,

MB — MB™ (3)

where reaction (2) and (3) are the photolysis of MB by UV irradiation and the photo-
oxidation driven by TiO,, respectively. Reaction (2) was ruled out by normalization of the
data with respect to a blank sample irradiated with UV light in the absence of TiO,. On
the other hand, visible light bleaching, in addition to the reaction (3), involves the
sensitization of MB to its triplet state (reaction 4) followed by electron injection to TiO,

conduction band (reaction 5) (Mrowetz, Balcerski et al. 2004):

hv
MB—>MB" (4)
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MB +TiO, —MB** +TiO, (¢") (5)

Visible light degradation of MB is driven mainly by reactions (3) and (5), where reaction
(3) is non-existent in non-visible light active catalysts. Reaction (5) strongly depends on
the absorption behavior of MB on the catalyst in order to provide an efficient electron
injection (Park and Choi 2004). Since a significant change in the conduction band
position is not expected in our films, the differences in the visible light activity of films
can be attributed to the visible light photo-oxidation (reaction 3) and/or increased

absorption of MB to the film surface.

Visible light photocatalytic activity of most of the samples was low compared to their
activity under UV-light, with the exception of the sample calcined at 900°C under
nitrogen, which produced a significant visible-light photocatalytic activity. The improved
visible-light photocatalytic activity was attributed to the oxygen-deficient structure of
TiO, (Nakamura, Negishi et al. 2000; Justicia, Ordején et al. 2002) in nitrogen-calcined
films. As explained before, the increased activity can be attributed to either reaction (2)
or (4-5). A higher content of OH groups can be attained by non-stoichiometric TiOy (0 < x
< 2) (Carp, Huisman et al. 2004), which improves the rate of reaction (5) due to
increased adsorption of a cationic dye such as MB. However, we have not detected any
difference in their adsorption behavior between films calcined at 700°C, 800°C, 900°C,
(MB concentrations were measured after films were kept in dark for 1 hr to equilibrate
adsorption before illumination) yet there are significant differences in their respective

photocatalytic activity under visible light. Therefore, the difference should be coming
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from reaction (3), i.e. photo-oxidation process by TiO,. Although rutile has been
reported to have higher visible light photocatalytic activity compared to anatase (Yin,
Hasegawa et al. 2004), we don’t think this was the reason for this behavior as other
films with rutile didn’t perform as well. On the other hand, the absorption edge of the
film calcined at 900°C under nitrogen was more red-shifted compared to others (Figures
6-7b and 8), which can explain its higher photocatalytic activity in the visible light.

However, the exact mechanism for this behavior still requires further study.

In general, all of the films have shown good adhesion to the substrate with resistance to
peeling off by a scotch tape. No film bulging or delaminating was observed after
indentation and scratch testing. Nanoindentation results (Figure 3-29) have shown that
films calcined in air had higher overall hardness and modulus compared to the ones
calcined under nitrogen. The lower hardness of nitrogen-calcined samples was possibly
as a result of the porous nature and a lower crystallinity of the films as evidenced by the
SEM images. Also, films calcined at low temperatures (<800°C) had better mechanical
properties while an almost complete elastic recovery was observed for amorphous
films. Nanoindentation results of thick anatase and rutile films prepared by magnetron
sputtering have been reported before, where hardness of anatase and rutile were found
to be 8 GPa and 17 GPa, respectively (Zywitzki, Modes et al. 2004). Mechanical
properties of the films calcined at lower temperatures are close to that of anatase.
Rutile was reported to have a significantly higher modulus (260 GPa) compared to
anatase (170 GPa) (Zywitzki, Modes et al. 2004). However, since the films in this study

were very thin (30 nm), the results reflect the substrate influence where reported
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modulus and hardness values for Si (100) are around 165-178 GPa and 12-13.3 GPa,

respectively (Li, Bhushan et al. ; Juliano, Domnich et al. 2004; Gaillard, Rico et al. 2009).
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Figure 3-29: (a) Indentation hardness and (b) modulus of the films with respect to the
calcination temperature and environment. Load-displacement curves of the films
calcined at 400°C, 600°C and 900°C under (c) air and (d) nitrogen.

Deterioration of mechanical properties in films calcined under nitrogen may also be

attributed to the tensile stresses which arose due to the oxygen vacancies (Bhatia and

Sheldon 2008), which also explains the porous nature of the films. Presence of soft



graphitic carbon in these films (Fig.2c) may provide another reason for lower mechanical
properties. Large residual inelastic deformation of the film calcined at 900°C under
nitrogen (Figure 3-29d) can be attributed to the high porosity. Partial recovery of the
film hardness after calcination at 1000°C in nitrogen can be explained by the formation
of a sintered nanocrystalline film with less porosity (Figure 3-23f). Thus, calcination at
lower temperature leads to improved mechanical properties and should be used when

abrasion resistance is of critical importance (e.g. window glass).

3.3.4. Conclusions

Titanium dioxide films were carbothermally reduced at a wide range of temperatures
and the resulting oxygen-deficit films were analyzed in terms of their crystal structure,
morphology UV and visible light photocatalytic activity and mechanical properties. It is
found that calcination of titanium dioxide films in a reducing atmosphere leads to
formation of rutile phase, while this does not result in decreased photocatalytic activity
in contrast to the fact that anatase is usually a better photocatalyst than rutile. Visible
light active titanium dioxide films are obtained at sufficiently high calcination
temperatures in reducing atmosphere. However, this resulted in significant degradation
of mechanical properties which may or may not be important depending on the
requirements of the particular practical application. It is also important to note that the
required calcination conditions for visible light activity can only be applied to a limited
number of glass types as the majority of glass substrates experiences significant

deformation at those temperatures.
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3.4. Metal Doped Titanium Dioxide Films

3.4.1. Introduction

Six different metal-doped titanium dioxide films on soda-lime glass substrates were
synthesized. The effects of individual metal dopants on the structure, photocatalytic and
mechanical properties were analyzed while particular attention was given to the
interaction of metal dopants with the poisoning effect of sodium diffusing from the

substrate.

3.4.2. Experimental

Pure and doped TiO, coatings were prepared using the following sol-gel method: 50 g
anhydrous 2-propanol (Alfa-Aesar), 50 g anhydrous 1-butanol (Alfa-Aesar), 20 g titanium
iso-propoxide (Sigma Aldrich, 98%) and the dopant source (AgNOs, CoCl,, Cu(CsH;0,),,
GaCls, MoCls,or TaCls) were mixed and subsequently stirred on a magnetic stirrer for 30
minutes. Dopant concentration in all films was fixed at 1% mol. Then a mixture of 3 g de-
ionized (DI) water (Millipore, 18MQ) and 1.3 g HNOs (Sigma-Aldrich, 70%) was added

drop-wise to the solution and stirred for 2 hours.

Films were prepared by dip coating (MTI Dip Coater HL-01). For this purpose, soda-lime
glass microscope slides (Erie Scientific, 14.25 at.% Na,0) were cleaned thoroughly by
sonication in anionic detergent (Branson OC) solution at 60°C followed by extensive
rinsing in de-ionized water, dipped into the prepared solution and withdrawn at a
constant speed of 100 mm/min. To prevent sodium diffusion from the substrate, SiO,

coated slides were prepared similarly via sol-gel process and calcined at 500°C for 1
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hour before the TiO, coating procedure. The resulting SiO, layer was approximately 100
nm. Following the coating procedure, samples were calcined in a muffle furnace for 30

min at 500°C with a heating rate of 5 °C/min.

Raman spectra were measured using a 514.5 nm Ar-ion laser as the excitation source
(Renishaw RM1000). Optical spectra were collected by a UV-Vis Spectrophotometer
(Thermo Scientific Evolution 600). SEM images of the films were collected using a Zeiss
Supra 50VP. Film thickness was measured with a spectroscopic ellipsometer (J.A.
Woolam M-2000U/EC-400) at an incident angle of 70°. Infrared spectra of the films were
recorded with Varian Excalibur FTS-300 FTIR Spectrometer with an external reflectance

accessory at an angle of 80°.

Photocatalytic activity of the films was evaluated by methylene blue degradation test.
For this, coated slides (2.5 cm x 2.5 cm) were placed in dishes containing 15 ml 2 ppm
aqueous methylene blue solution and kept in dark for 30 min, and then illuminated with
UVC light (16 W, A = 254 nm) for 3 hrs. Representative samples were taken every hour
from the solutions and dye concentration was measured using a UV-Vis

Spectrophotometer (Thermo Scientific Evolution 600).

3.4.3. Results and Discussion

Thickness of the films varied between 100 nm and 110 nm as determined by

spectroscopic ellipsometry. For this purpose, similarly prepared films on Si (100)
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substrates were used. An uncoated wafer was subjected to the same calcination
treatment to separately measure the oxide layer developed on the surface. Measured

thickness was confirmed by cross-section analysis using SEM as shown in Figure 3-30.

Fracture Surface

110 nm * . \

Figure 3-30: SEM image of a fracture surface of TiO, film on Si (100). The image was
taken at a 75° angle, so the real thickness is given as t = t, x cos(75) = 101nm, where t
and t, denotes real and observed thickness, respectively.

XRD analysis was performed on films prepared on silicon wafers as we were not able to
obtain a sufficient signal from glass or glass/SiO, substrates due to the background
signal (broad hump around the strongest TiO, peaks) from the amorphous substrate.
Figure 3-31 shows the representative diffractograms of the samples. Note that only the

range between 20 = 23 and 26 = 28 was analyzed since the strongest peaks of anatase
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and rutile are within this range. As the films were very thin, other peaks were difficult to

separate from the background.
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Figure 3-31: XRD patterns of the anatase (110) peak for un-doped and doped TiO,
films.

Crystallite size of the films was calculated by Scherrer’s equation:

KA
pcosé

where K, A, B and 0 are the shape factor (0.9 for spherical crystals), x-ray wavelength

(0.154 nm), FWHM (in radians), and Bragg angle, respectively. Stress/strain and

106



instrumental broadenings were neglected. Calculated values for the crystallite size of

the samples and the anatase (110) peak positions are reported in Table 3-8.

Table 3-8: Crystallite size, anatase (110) peak position and ionic radiuses of the
dopants

Sample | Crystallite Size (nm) | Peak Position (28) | Cation Radius (pm)
TiO, 12.1 25.40 Ti* = 60.5

Ag- TiO, 15.7 25.40 Ag' =115, Ag*" = 94

Co- TiO; 13.2 25.36 Co™ =65

Cu- TiO, 14.7 25.28 Cu*=77,Cu* =73

Ga-TiO; 12.3 25.28 Ga’* =62

Mo- TiO, 12.6 25.24 Mo>" = 61, Mo®* = 59

Ta-TiO, 12.8 25.20 Ta’* =64

Overall, undoped films had smaller crystallites compared to the doped films although
the difference between the films with the largest crystallites (Ag-TiO, or undoped TiO,=
15.7 nm) and that of smallest crystallites (undoped = 12.1 nm) was very small. The
anatase peak shifted to lower angles in doped films, indicating a slight expansion of
lattice by the dopant ions. lonic radiuses of the dopants (Table 3-8) are usually larger
than that of titanium, so depending on the amount of dopant dissolved in the anatase
lattice, an expansion can occur. Although the most significant expansion of the anatase
lattice is expected from Ag-doping because of the very large ionic radius of Ag’, the very
same reason also prevents Ag from entering the lattice, thus no peak shift was observed
in the XRD spectra. Similar behavior for noble metals with large ionic radius has been

reported before (Sakthivel, Shankar et al. 2004).
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Raman spectra of the films on SiO, coated glass are shown in Figure 3-32a. Bands at 149
cm™?, 196 cm™, and 639 cm™ are assigned to the E; modes (144, 197, 639 cm'l), 396 cm™
is assigned to the B;; mode (399 cm™) and 515 cm™ is the superposition of B1g (519 cm™)
and Ay (513 cm™) modes of anatase (Ohsaka, Izumi et al. 1978). We were not able to
detect any clear bands from the films prepared on soda-lime glass, indicating that these
films were poorly crystallized due to sodium diffusion. Detrimental effect of sodium on

the crystallization of TiO, films was reported before (Tada and Tanaka 1997).

FTIR reflection spectra of the films along with SiO, coated glass are shown in Figure 3-
32b. Bands at 570 cm™, 825 cm™, and 1274 cm™ are assigned to the transverse-optical
(TO) rocking motions of v(Si-O-Si), TO symmetric v(Si-O-Si) stretching, and TO
asymmetric v(Si-O-Si) stretching vibrations, respectively. 1110 cm™, 1185 cm™ and 1274
cm™ bands are assigned to the longitudinal-optic (LO) — TO splitting of the vibrational
modes of Si-O-Si bonds due to the Berreman effect (Berreman 1963) arising from the
oblique incidence of infrared light (Innocenzi 2003).In all films, the 1110 cm™ band
disappeared and the 1185 cm™ band became more distinct, possibly due to two broad
TiO, bands located at 1051 cm™ and 1143 cm™(Maity, Rana et al. 2001). A new band
appeared at 981 cm™ in Mo-, Co-, Ga-, and Cu-doped films which can be attributed to
the Ti-O-Si bonds(Dutoit, Schneider et al. 1995). The intensity of this band was
considerably higher in Mo-doped films which can be due to a hidden band coming from

Mo-O species which are active in the 800-1200 cm™ region (Maity, Rana et al. 2001).
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Figure 3-32: Raman spectra of un-doped, Ag-, Co-, Cu-, Ga-, Mo-, and Ta-doped films
(a) and FTIR reflection spectra near grazing angle (80°) of the films on SiO, coated glass
(b).

On soda-lime glass, most dopants caused slight blue-shift of the absorption edge of films
on glass. In particular, the calculated band gap of Ag-doped films showed a significant
increase. Such an increase in the band gap can be caused by quantum size effect,
formation of a new compound, or change in the crystal structure. Quantum size effect
has shown to be relevant to very small TiO, particles (< 3 nm) (Monticone, Tufeu et al.
2000), which is not possible in our case and formation of a new compound between Ag
and TiO, is not likely due to the differences in the ionic radius of Ag and Ti. On the other

hand, silver-sodium inter-diffusion can cause more sodium to diffuse into the film and

promote formation of sodium titanates instead of TiO,.

For all doped films prepared on SiO, pre-coated glass substrates, except Mo-TiO,, the
absorption edge showed slight red shifts. Ag- and Cu-doped films on SiO, coated glass

had the smallest calculated band gaps. Red-shift in the absorption edge of Ag-doped
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TiO, was reported before (Rengaraj and Li 2006; Zhang, Wang et al. 2008). Rengaraj et
al. (Rengaraj and Li 2006) have reported a band gap value of 3.07 eV for 1% Ag-doped
films which is in agreement with our results (3.08 eV). It has been reported that silver
tends to form oxides AgO and Ag,0 in TiO; at low concentrations (0.3% mol), whereas
surface Ag® is dominant at higher Ag concentrations (5% mol) (Xin, Jing et al. 2005). The
lack of a plasmonic band in the optical spectra suggests that Ag was not in the metallic
form but formed an oxide. Having a narrow band gap of 1.3 eV (Tjeng, Meinders et al.
1990), Ag,0 can cause a shift in the spectra of TiO, to higher wavelengths (Park and
Kang 2008). Similarly, Cu solubility in TiO, has shown to be less than 0.35 mol%, after
which Cu precipitates as CuO on the grain boundaries (Larsson, Andersson et al. 1996;
Kim, Kim et al. 1999; Shin, Paek et al. 2006). The red shift caused by Cu-doping can be
explained by the narrow band gap of CuO (1.4eV) (Ghijsen, Tjeng et al. 1988). CuO was
reported to be reduced to Cu,0 when deposited on glass substrates without pre-coating
treatment (Gartner, Scurtu et al. 2004). Since Cu,O has a wider band gap (2.1eV)
compared to CuO, the red-shift on glass substrates was weaker. Red-shifts were
reported for Co- (Brezova, Blazkova et al. 1997; Dvoranova, Brezova et al. 2002), Ga-

(Whang, Kim et al. 2005; Zhou, Zhang et al. 2006), and Ta-doped TiO, before.

Optical spectra of the films around their absorption edge and calculated optical band
gaps are shown in Figure 3-33 and Table 3-9, respectively. Optical band gaps were

calculated by finding the intercept of the plot of (Oth)l/2

against hv (Marquez and et al.
1992) in the region 3.7 — 4.0 eV, where (cxhv)l/2 is linear (Figure 3-33). Absorptance was

calculated by measuring transmittance and total reflectance and assuming a total
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thickness of 200 nm (100 nm x 2) for doped and undoped films. Plain or SiO, coated

glasses were used as baselines.

Table 3-9: Calculated band gaps of the films.

Substrate Calculated Band Gap (eV)

/Element TiO, Ag Co Cu Ga Mo Ta
Glass 3.29 3.52 3.38 3.20 3.41 3.29 3.25
SiO; 3.29 3.08 3.14 3.11 3.14 3.33 3.20

All of the films were transparent in the visible range with an apparent absorption tail
between 310 nm and 320 nm. Relatively lower wavelength position of the tails is arising
from the finite thickness of the films, which resulted in the escape of some UV light at
these wavelengths. A band gap value of 3.29 eV was calculated for un-doped TiO,, which
is in fairly good agreement with the reported anatase band gap value of 3.20 eV. There
was no difference in the calculated band gap values of undoped films on glass and SiO,
coated glass, in agreement with previously reported results (Lee and Lee 2007).
Although films on glass are previously shown to be amorphous or poorly crystallized, no
significant difference in the absorption edge of similar sized amorphous and crystalline

(anatase) TiO, is expected (Ohtani, Ogawa et al. 1997).
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Figure 3-33: Optical spectra of the undoped and doped TiO; films on (a) glass and (b)
SiO, coated glass near the absorption edge. Representative Tauc plots of (i) undoped,
(ii) Ag-and (iii) Mo-doped films on (c) glass and (d) SiO, coated glass.

Methylene Blue (MB) was chosen as model pollutant for photocatalytic degradation
tests. Photocatalytic degradation of MB is a first order reaction and the rate is

proportional to the concentration of the dye at low concentrations (Houas, Lachheb et

al. 2001) where rate constant (k) is given as
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where C and (Cy are the concentration at time t and the initial concentration,
respectively. Calculated rate constants and photocatalytic activity are reported in Table
3-10 and Figure 3-34, respectively. The lower photocatalytic rate constant of the
commercially available Pilkington Activ sample compared to several of our metal-doped
samples is primarily due to variations in thickness. Pilkingon’s coatings are
approximately 30nm thick, compared to our films with a thickness of 100-110 nm.
Commercial products generally use thinner products to help retain the mechanical

properties of the surface.
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Figure 3-34: Photocatalytic activity of TiO, films on (a) glass and (b) SiO,-coated glass.

Table 3-10: Methylene Blue photocatalytic decomposition rate constants (hr)

TiO, Ag Co Cu Ga Mo Ta Blank | PA*

Glass | 0.206 |0.184 |0.211 |0.232 |0.302 |0.404 |0.331
0.052 | 0.193

SiO, 0.319 |0.345 |0.234 |0.314 |0.331 |0.451 |0.318

*: Pilkington Activ
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Photocatalytic activity of films on plain glass was generally inferior to the films on SiO,
coated glasses, showing the deteriorative effects of sodium. However, this effect was
much less pronounced in Mo- and Ta- films where improvement obtained by SiO,
barrier was less than 10% compared to almost 70% improvement observed in un-doped
films. In all cases Mo- and Ta-doped films performed better than undoped films. In order
to understand the beneficial effects of Mo-doping on sodium poisoning of TiO; films on
glass, a new set of samples were prepared with an increased Mo-content (5%).
Increasing the Mo-content promoted the crystallization of TiO, films to a mixture of
anatase and brookite along with some sodium molybdate as seen from the Raman
spectra (Figure 3-35) while the photocatalytic activity was decreased probably due to
the formation of recombination centers and/or inactive sodium molybdate phase. It is
important to note that photocatalytic activity of this heavily Mo-doped film on plain
glass was still better than its undoped counterpart. Another interesting finding was the
observation of sodium chloride crystals on films (inset in Figure 3-35). Evidently
MoCls/Mo doping had a beneficial effect of neutralizing sodium by forming sodium
chloride and sodium molybdate. Formation of sodium chloride crystals was assumed to
follow the reaction steps described below. Water in the environment reacts with the
glass network to results in Na* leaching where some of the principal reactions can be

given as (Grambow and Miiller 2001)

(=Si-0°"Na’*)+H,0 — (=Si-OH)+OH +Na* (1)

OH +(=Si-0-Si =) —> (= Si-OH)+(=Si0") 2)
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(=Si-07)+H,0 - (=Si-OH) + OH"~ (3)
which produces the following overall reaction:
Na* (glass)+H" (env.) — Na* (env.) + H" (glass),
where ‘enV’ indicates environment. Leached Na* reacts with MoCls according to
the proposed reaction:
7-Na*"+MoCl,+8-OH™ — 5-NaCl+ Na,MoO, +4-H,0,
forming sodium molybdate and sodium chloride crystals. Required water for reactions

1-3 can be supplied by humidity in air and by the decomposition of organic material

inside the film matrix (alcohols, acetylacetone, etc.).

TiO, + MoCl; + Organics

Intensity (a.u.)

T T T T T
200 600 800 1000 1200

Raman Shift (cm™)

T
400

Figure 3-35: Raman spectrum of the 5% Mo-doped TiO, film. Surface of the film as
pictured by SEM is shown in the inset. Proposed mechanism of the process is shown
on the right. A: anatase, B: brookite, M: sodium molybdate, G: glass.
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This reaction prevents sodium-titanium interactions. Formation of sodium chloride

crystals was observed only on Mo- and to a limited extent on Ta-doped films but not on

Co- and Ga-doped films.

Photocatalytic activity of the Mo-, Ag-, Ta-, and Ag-doped films with various dopant
concentrations are shown in Figure 3-36. Overall, all dopant are beneficial in the low

dopant concentration range (< 1%) and detrimental with increasing dopant

concentrations.
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Figure 3-36: Photocatalytic activity of metal-doped films with various metal dopant
concentrations.
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Nanoindentation hardness values of metal-doped films are shown in Figure 3-37.
Gallium doped films show almost 25% increase in the hardness whereas the effect is
small cobalt and copper doped films. A slight decrease in the hardness of the
molybdenum and tantalum doped films was detected compared to undoped films. Silver
doping was found to cause a substantial decrease in the nanoindentation hardness of

the films.

Hardness (GPa)

Figure 3-37: Nanoindentation hardness values of the metal doped films. Undoped
film’s value is given for comparison.
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3.4.4. Conclusions

The effects of silver, cobalt, copper, gallium, molybdenum, and tantalum doping on the
prevention of sodium poisoning of sol-gel titanium dioxide films by comparing the
photocatalytic activities on glass and SiO, pre-coated glass. While sodium poisoning
degraded the photocatalytic activity of undoped titanium dioxide films by 70%, it was
only 10% for Mo- and Ta-doped titanium dioxide films. Molybdenum was superior to
other dopants in terms of photocatalytic activity, both in the presence of sodium and in

a sodium-free environment.

An optimum concentration was found for the majority of the metal dopants, which is
between 0.1% at. and 1.0% at. Gallium doped films showed significant improvement in

the mechanical properties compared to undoped films.
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3.5. Nitrogen Doped Titanium Dioxide Films

3.5.1. Introduction

Nitrogen-doped titanium dioxide films are known to possess some visible light activity
whereas the effects of nitrogen concentration on a variety of properties of titanium
dioxide are not clear. A set of nitrogen doped titanium dioxide films with different
nitrogen concentrations were investigated in terms of their optical absorption behavior,

photocatalytic activity (UV and visible) and mechanical properties.

3.5.2. Experimental

Nitrogen-doped films were prepared by dip-coating (MTI Dip Coater HL-01); for this
purpose, silica substrates were dipped into the prepared solution and withdrawn at a
constant speed of 100mm/min. The humidity was varied between 20% and 30% during
coating. Following the coating procedure, samples were taken to a tube furnace for
calcination at 650°C for 1 hour in air followed by calcination at the same temperature

under ammonia flow for various amounts of time.

3.5.3. Results and Discussion

Figure 3-38 shows the optical spectra of the films calcined at 650°C for 1 hour in air
followed by calcination at the same temperature under ammonia flow for various
amounts of time (30 min — 4 hr). According to the XPS measurements, nitrogen
concentration was found to be around 10% for film calcined under ammonia for 4 hours.
Nitrogen concentration has a direct effect on the optical absorption behavior of

titanium dioxide films where increasing amount of red-shift in the absorption spectra is
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observed at increasing nitrogen concentrations. It is also important to note that despite
the increased absorption of nitrogen-doped films in the visible light region, there is no
significant change in the position of absorption edge which can be explained by
formation of intra-band gap defects instead of a major band gap change. This was

predicted theoretically.
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Figure 3-38: Optical absorption spectra of N-doped films with increasing nitrogen
concentration.
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Photocatalytic activity of the films with different nitrogen concentrations under UV and
visible light irradiation are shown in Figure 3-39. It can be seen that nitrogen doping
creates some visible light activity which increases up to a certain concentration after
which it starts dropping. On the other hand, UV-light photocatalytic activity of titanium
dioxide films is degraded with increasing nitrogen concentration. Thus, visible light
photocatalytic activity comes at the expense of UV-light activity, which can be attributed
to the increasing amount of recombination centers created in the titanium dioxide films

due to nitrogen doping.

0.4 -
—a— UV
' —o— \Vis
0.3 -
'é ]
§ 0.2 -
(7))
- A
(@)
@
o 0.1-
©
oY ) /
0.0 -
| J | . | : | L | : | .
0 2 4 6 8 10

N Concentration (at. %)

Figure 3-39: Photocatalytic rate constant vs. nitrogen dopant concentration under UV
and visible light.
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Titanium nitride is one of the hardest materials with a wide range of use in several
applications. Thus, the mechanical properties of nitrogen-doped titanium dioxide films
may be superior to those of undoped ones. Figure 3-40 shows the nanoindentation
results of nitrogen-doped titanium dioxide films with various nitrogen concentrations. In
contrast to expectations, nitrogen doping did not create a harder film but a lowered
hardness was obtained till a certain amount of nitrogen concentrations and it increased
back to the original value at 10% nitrogen. It is possible that hardness may gradually
increase above this concentration to the value of pure titanium nitride whereas no
photocatalytic activity was expected within this range. Thus, in a typical nitrogen-doped
titanium dioxide film, hardness is expected to be somewhat lower than the undoped

films in which the amount is depending on the concentration of nitrogen.
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Figure 3-40: Nanoindentation hardness of titanium dioxide films vs. nitrogen dopant
concentration.

3.5.4. Conclusions

Nitrogen-doped titanium dioxide films were studied for visible-light photocatalytic
activity as these films absorb part of the visible spectrum. Although certain amount of
visible light activity was observed with nitrogen doping, this effect was not directly
proportional to the optical absorption. Visible light activity was optimum at a certain
nitrogen concentration above which this positive effect diminished. On the other hand,
visible light activity came at the cost of UV-light activity and this behavior was amplified

with increasing nitrogen concentrations. Mechanical properties of nitrogen doped films
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were, overall, inferior to undoped titanium dioxide films; which was surprising since
titanium nitride is an extremely hard material. The beneficial effect of nitrogen doping
was only seen at relatively higher nitrogen doping concentrations which was

detrimental to both visible and UV light activity.
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3.6. Metal-Nitrogen Doped Titanium Dioxide Films

3.6.1. Introduction

Metal-nitrogen co-doping is investigated with various metal-nitrogen combinations
while the concentration of the metal was kept at 5 at.% and nitrogen concentration was
estimated to be around 10 at.%. Vanadium and chromium co-dopants were investigated

in detail.

3.6.2 Experimental

Metal-nitrogen-doped films were prepared by dip-coating (MTI Dip Coater HL-01); for
this purpose, silica substrates were dipped into the prepared metal-doped titanium
dioxide solution and withdrawn at a constant speed of 100mm/min. The humidity was
varied between 20% and 30% during coating. Following the coating procedure, samples
were taken to a tube furnace for calcination at 650°C for 1 hour in air followed by

calcination at the same temperature under ammonia flow for 4 hr.

3.6.3. Results and Discussion

Figure 3-41 shows the photocatalytic activity of metal-nitrogen doped titanium dioxide
films under ultraviolet irradiation. Compared to undoped titanium dioxide, nitrogen
doping alone was detrimental to the UV-light photocatalytic activity whereas only slight
recovery of the lost activity was possible with metal co-doping except the Cr-doped film,
which was investigated in detail to understand the observed phenomenon. Overall; co-

doping with cobalt, copper, manganese and yttrium are found to be detrimental, silver,
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iron and nickel have no effect, tantalum, bismuth gallium, tungsten, molybdenum,
niobium, vanadium and chromium are beneficial for UV-light photocatalytic activity

compared to nitrogen doped films.
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Figure 3-41: Photocatalytic rate constants of metal-nitrogen doped titanium dioxide
films with different metal co-dopants under ultraviolet light.

Visible-light photocatalytic activities of the films (Figure 3-42) are significantly lower
compared to the UV-light activity, as expected. In this case, co-doping with cobalt,
copper, silver and yttrium have detrimental effects, chromium and iron have no
significant effect, niobium, bismuth, nickel, tungsten, gallium, molybdenum, vanadium

and tantalum have beneficial effects on the visible light photocatalytic activity.
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Comparing the UV- and visible-light photocatalytic activities, it can be deduced that
tantalum, vanadium, molybdenum and chromium are beneficial in the overall
performance of titanium dioxide films. In particular, chromium is very beneficial in that
it gives the very same photocatalytic activity with nitrogen-doped titanium dioxide

under visible light whereas it performs seven times better under UV light.
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Figure 3-42: Photocatalytic rate constants of metal-nitrogen doped titanium dioxide
films with different metal co-dopants under visible light.

Mechanical properties (nanoindentation hardness) of metal-nitrogen doped films with
different metal co-dopants are shown in Figure 3-43. Compared to nitrogen-doped films
(no metal co-dopants), copper, nickel, manganese and gallium are found to be

detrimental to the overall hardness of the films whereas cobalt, vanadium, iron,
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tantalum, chromium, yttrium, molybdenum, tungsten and niobium are beneficial. Silver

and bismuth co-dopants have negligible effect on the film hardness.

6.0

5.5 4 %
Mo W

; Q)
TiO, Ag Bi Lo V

9]
o
]
I
@

Hardness (GPa)
3
(&)}
|

“1

3-5 L] l L] l ] I L} l | ] L] l L} I ] ] L} l ] I L] I L} | L] l L l ] l L] l T l

Figure 3-43: Nanoindentation hardness of the metal-nitrogen doped films. Nitrogen-
doped film (no metal co-dopant) is given for comparison.

3.6.3.1. Cr-N-doped Titanium Dioxide Films

All films were determined to be anatase by x-ray diffraction (XRD) analysis. There was
no significant change in the XRD spectra of ammonia-annealed films, though some slight
decrease in the intensity of anatase peaks was observed. Film composition was
calculated from x-ray photoelectron spectroscopy (XPS) analysis, and the resulting
stoichiometry of the films was found to be Ti;xCryO,,N, (0.04 < x < 0.06, 0.25 <y < 0.30).
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Photocatalytic activity of the prepared films under visible and UV light is shown in Figure
3-44. The activity under visible light was, as expected, lower than under ultraviolet light.
Neither undoped nor Cr-doped TiO, films were active under visible light. N- and Cr-N-
doped films were active in the visible light and performed similarly under visible light. In
the UV-light range, however, Cr-N-doped films were significantly more active compared
to the N- or Cr-doped films. The UV light activity of the Cr-N-doped films was similar to

that of the undoped films.
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Figure 3-44: Photocatalytic rate constants (methylene blue decomposition) of
undoped, N-, Cr-, and Cr-N-doped films under UV and visible light. Individual rate
constants are given on top of the respective bars.
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The results of XPS analysis are shown in Figure 3-45. The positions of the Cr 2p spin-orbit
components (Figure 3-45a) are in agreement with the previously reported values for Cr-
doped anatase, which were assigned to trivalent chromium (Osterwalder, Droubay et al.
2005). There are two notable changes in the Cr-N-doped films with respect to the Cr
doped TiO;: (i) an relative increase in the intensity of the Cr 2p,/, peak and (ii) an overall
shift of the Cr 2p levels to lower binding energies. The shift to lower binding energies
has been attributed to the formation of Cr-N-O bonds (Paulauskas, Brady et al. 2006). Cr
2ps/; position (575.5 eV) is rather close to the one that corresponds to CrN (575.8) and
less likely to belong to metallic Cr (574 eV) or Cr,N (577.7 eV) (Aouadi, Schultze et al.
2001).. It is also interesting to note that the Cr 2p levels shift to lower binding energies
rather than forming a shoulder, which indicates the dramatic effect of the nitridation
process on the Cr species. The shift to lower energy can be attributed to increased
covalent character of the bond, which will be discussed later. The N 1s peaks (Figure 3-
45b) are quite similar for both N-TiO, (396.0 eV) and Cr-N-TiO;, (395.9 eV), and are
assigned to substitutional nitrogen (Di Valentin, Pacchioni et al. 2005). Ti 2ps3/,; peak
(Figure 2c) at 458.7 eV in TiO, and Cr-doped TiO, was assigned to the Ti*' state. The
peak is broader in Cr-doped TiO, than in undoped TiO,, with a relative increase in the
intensity of its shakeup satellite at 464.5 eV. There is a second level in nitrided films at
457.1 eV, which is assigned to a lower oxidation state of Ti (i.e. Ti3+). In the Cr-N-TiO;
film, this level is lower in intensity indicating a lower concentration of Ti**, which is due
to the strong coupling of Cr and N, as will be shown later. XPS valence bands (Figure 3-

45d) gave evidence of a widening valence band with Cr-doping with respect to anatase
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film. Cr-N-co-doped film has an even wider valence band indicating a further decrease in

the band gap (assuming similar conduction band positions).
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Figure 3-45: XPS spectra of the films around (a) Cr 2p, (b) N 1s, (c) Ti 2p, (d) valence
band (inset: Cr-N-TiO; closer view), and (e) O 1s.
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3.6.3.1.1. Cr-Doped TiO2: Non-compensated Case

In order to determine the global ground state, calculations were carried out with three
different initial spins of Cr: non-spin (0), low spin (+1) and high spin (+3). The
ferromagnetic low spin state with a total spin magnetic moment of 2 ub was found to be

the global minimum, in agreement with the findings of Ye et al (Ye and Freeman 2006).

Formation energy of the Cr-doping is calculated here by assuming the reaction
TiO, + xCr =Ti_,Cr,0, +xTi (1)
for which the formation energy is given as
Q= Hri cro, T X = trio, = Xy
where p, is the chemical potential of A. In the Ti-rich limit, chemical potential of Ti is
given as
Hri = Hrithep)
and for the O-rich limit
Hri = Hrio, — Mo, -
For Cr, we assumed
Her = Her(reey  (Timrich)

1

3 .
Her ZE:UCrzo3 _Zﬂoz (O-rich).

Results of calculations are given in Table 3-11.
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Table 3-11: DFT calculation summary of non-compensated Cr-doped TiO,

AHs (eV) Total Magnetic

Moment (per Cr Mulliken

Ti-rich O-rich Cr) Charge

Ti30Cr2064 4.22 -0.62 2.0 +1.05

Cr substitution was found to be energetically more favorable in the O-rich state
compared to the Ti-rich state. Although the values obtained are based on the
thermodynamic assumption of zero Kelvin, thus neglecting any entropy contribution,
the successful incorporation of dopants is determined primarily by their energies. In
order to test the accuracy of our assumption, corresponding calculations were
performed for TiO, anatase and results are given in Table 3-12. The predicted lattice
parameters and the bulk modulus values were in excellent agreement with the
experimental values, producing errors less than 1%. Formation energy was calculated to
be 9.48 eV, in close agreement with the experimental value of 9.73 eV. It is important to

point out the sensitivity to the choice of exchange functional.
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Table 3-12: Calculation results for TiO, anatase

Bulk Modulus
a=b (A) c(A) (GPa) AHs (eV)
Calculated 3.776 9.563 179.6 9.48
Experimental 3.784 9.515 178 9.73
Error + 0.21% 0.50% 0.90% 2.60%

A plot of the electronic density of states (DOS) for ferromagnetic Cr-doped TiO, is shown
in Figure 3-46a. There is a significant crystal field splitting of non-degenerate Cr t;; and
Cr eg states. The Fermi level lies just above the valence band, which is formed principally
from O 2p and Cr ty, states. Calculations utilizing hybrid functionals such as B3LYP by Di
Valentin et al. have indeed confirmed the splitting of t,; and e, states in Cr-doped TiO,

(Valentin, Pacchioni et al. 2009).
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Figure 3-46: DOS plots of Cr-doped TiO; in the (a) uncompensated and (b)
compensated state. DOS plot of undoped anatase is given as the dotted line. Partial
DOS arising from Cr d orbitals are shown as filled plots.
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According to Mulliken analysis, Ti and Cr have charges of +1.33 and +1.05, respectively.
In reality, Cr is expected to have the same nominal charge state with Ti in non-
compensated doping. Although the trivalent state is more likely to occur in TiO,, both
cr* and Cr** have previously been observed in Cr-doped anatase by XANES spectra (Pan
and Wu 2006). Cr®" is omitted in this study as an interstitial position is likely for the small
hexavalent ion, which significantly disrupts the charge balance and requires a very large

supercell with Ti vacancies for charge compensation.

3.6.3.1.2. Cr-Doped TiO2: Compensated Case

Ideally, for every two Cr** substitutions in TiO,, one compensating oxygen vacancy has
to be created to preserve the balance of valence (another possibility is the creation of
interstitial Ti, which is unlikely due to the highly charged state of the defect). Preserving
the charge balance by defects is particularly true for acceptor doped TiO, as its valence
band may not be receptive to holes to preserve the charge balance (Smyth 2000). For
the calculations, a (3 x 3 x 1) supercell with 106 atoms was utilized and two Cr atoms
and one oxygen vacancy were introduced. The Cr atoms were initially placed far from
each other. The initial position of the oxygen vacancy was varied and each constructed
starting structure was subjected to coarse geometry optimization with different initial
spins until the global ground state was found. The minimum energy structure was then
geometry optimized with a finer accuracy. The global ground state was found to be

ferromagnetic with a total magnetic moment of 3 pb per Cr atom. The predicted
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increase in the magnetic moment upon the introduction of an oxygen vacancy is in
agreement with the reported experimental observations (Xiao and et al. 2008). The
computed DOS plot is shown in Figure 3-46b. The Cr 3d states were found to be split,
similar to the uncompensated case. On the other hand, defect levels are shallower in
the compensated case and Fermi level was found to be just above the levels associated
with the valence band. Extension of the valence band with neighboring levels just above
the original valence band resembles the case of N-doped TiO,,(Asahi, Morikawa et al.
2001) whereas Cr-doped TiO, lacks the visible light photocatalytic activity present in to

N-doped TiO,.

Optical calculations were carried out on both compensated (Ti4Cr,03;1) and
uncompensated (Ti;sCrOs;) cases and the results were compared to experimental
findings. In Figure 3-47, optical absorbance spectra of the anatase and 5% chromium
doped anatase along with the calculated absorbance of compensated and
uncompensated Cr-doped anatase (6.3% and 5.6% Cr, respectively) are shown.
Experimental evidence suggests a small shift of the absorption edge with formation of a
strong tail between 350 nm and 550 nm. Although both cases predict the tail, the
uncompensated state fails to reproduce the shift in the main absorption edge while
compensated state reproduces the experimental findings. This behavior can be clearly
seen from the plot in Figure 3-47c, which shows “difference spectra” calculated by

subtracting the absorbance of undoped TiO, from that of the doped materials.
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Figure 3-47: (a) Experimental and (b) calculated optical spectra of (compensated and
uncompensated) Cr-doped TiO.. (c) Optical “difference” spectra, where undoped TiO,
spectrum was subtracted from Cr-doped TiO, spectrum. Individual spectra were
normalized to their respective peak positions before further processing.
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3.6.3.1.3. Cr-N-Doped TiO:

Modeling of Cr-N-doping is much more difficult compared to Cr-doping alone as the
former requires testing of a combination of initial geometries, especially when an
oxygen vacancy is involved. In order to minimize the computational cost, we used the
following scheme. First, the optimized geometry of uncompensated Cr-doped TiO,
(TizsCrO3;) was taken and one oxygen atom from different positions were substituted
with nitrogen. These initial positions were subjected to full geometry optimization and
the one with the minimum energy was taken to be the ground state. Oxygen vacancies
were modeled by removing an oxygen atom from a site close to and another far from
the Cr-N defect center and comparing the energies of the optimized structures. The

nitrogen positions inspected in detail are shown in Figure 3-48.
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Figure 3-48: 2 x 2 x 1 anatase supercell for calculations. Additional nitrogen positions
considered are numbered, i.e. P2, P3, and P4.

A substitutional nitrogen can occupy a position close to, or far away from, the Cr
position depending on the chemical interaction between them. According to the
calculations carried out by selecting various initial positions, nitrogen was found to
prefer a position close to the substitutional Cr. An N atom occupying an oxygen site next
to Cr was found to have an energy advantage of 1.39 eV relative to an N atom far away

from the Cr. This is quite surprising as an electrostatic repulsion is expected between
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both negatively charged defect centers Cr; andNg. A possible explanation for this

preference is when adjacent, these two dopants form a bond with covalent character.
The present calculations indeed produced a very strong Cr-N bond in the TiO, lattice
with a length of 1.601 A compared to 2.051 A for Ti-N bond. The Cr-N bond length in this
case, is comparable to the Cr-N bond length in chromium nitride (1.589 A). Long et al.
have reported a Ti-N bond length of 2.026 and compared this result to W-N bond length
of 1.851 in W/N co-doped TiO, and concluded that strong W-N bonds might be
important for the high photocatalytic activity of W/N co-doped TiO,. If this is the case,
clearly, Cr-N bonds are much stronger compared to either Ti-N or W-N bonds. Mulliken
analysis produced charges of +0.92, +1.32, -0.66, and -0.43 for Cr, Ti, O, and N,
respectively. For N-doped TiO,, N has a Mulliken charge of -0.58. Thus, Cr-N bond has a

clearly more covalent character compared to Ti-N bonds.

It is interesting to note that even the second N atom preferentially occupies a position
close to Cr with an energy advantage of 0.2 eV compared to a position far away from
the Cr position (Figure 3-48). For the incorporation of the second nitrogen, three
positions were considered: an asymmetric bonding to Cr (P2), symmetric bonding to Cr
(P3), and a position far away from the Cr (P4). P2 was found to be the most stable
position. Addition of third nitrogen to position P3 or P4 (Figure 3-48) produces similar
results in terms of energy cost. Electronic structure calculations were performed only on
the system with the third nitrogen atom substituted at position P3. A summary of the

results is presented in Table 3-13.
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DOS plots of Cr-N-doped TiO, with varying amounts of N and oxygen vacancies are
shown in Figure 3-49. It can be deduced from the DOS plots that Cr defect positions
depend strongly on the concentration of the dopants. Thus, it is possible to tailor, in

theory, the band gap of Cr-N-doped TiO, by varying the Cr/N ratio.

143



DOS (electrons/eV)

(b)

DOS (electrons/eV)

(c)

DOS (electrons/eV)

Figure 3-49: Calculated DOS plot of (a) Ti;sCrOs31N, (b) Ti;sCrO3oN,, (c) TizsCrO29Ns3, (d)
Ti15Cf03oN, (e) Ti15Cr029Nz, and (f) Ti15Cr028N3 .
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Plotted electron densities around Cr atom in Cr-doped and Cr-N-doped TiO, are shown
in Figure 3-50. A highly localized electron density around Cr is obvious in all cases and
this is particularly significant especially since DFT calculations tend to favor
delocalization. Contrary to DOS plots, electron density plots give a clearer picture to
explain the observed decrease in the photocatalytic activity of Cr-doped TiO,. First, we
have shown that Cr-doping leads to oxygen vacancies and according to the calculations
conducted, this oxygen vacancy lies next to the Cr dopant. It should be noted at this
point that a small amount of oxygen vacancies normally exist in TiO, which is
responsible for its n-type behavior. Doping with Cr increases the concentration of the
oxygen vacancies considerably, and this can be the reason for the lower photocatalytic
activity of TiO,. On the other hand, increased oxygen vacancies, in principle, should
increase the photoconductivity of TiO, whereas the opposite was observed by
Herrmann et al. (Herrmann, Disdier et al. 1984). This discrepancy can only be possible by
the existence strong electron traps. A number of Ti** are ionized at room temperature
to form excitons and the equilibrium state can be given as (Richter and Schmuttenmaer

2010)

[Ti**/e] ¢> [e-][Ti*"™],

where Ti*"* is the ionized state of Ti**. A similar equation can be given for Cr

[Cr**/e] ¢ [e-][Cr***],
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However, as seen from the electron density plot, Cr bounds electrons more strongly
compared to Ti, which will result in decreased electron mobility. It has recently been
shown by time resolved microwave conductivity (TRMC) that Cr-doping causes a very
rapid charge recombination in TiO, powders (Pichat, Enriquez et al. 2010). Cr can have
multiple oxidation states in TiO, as evidenced by XANES, thus single Cr can act as
electron trap for more than one electron. When Cr-doped TiO, is nitrided, a strong
coupling of Cr and N occurs which prevents the extensive ionization of trivalent Cr due

to the covalent-like character of the bonding between Cr and N.

Figure 3-50: Calculated electron densities around Cr atoms in Cr-doped (left) and Cr-N-
doped (right) TiO,.

Following conclusions can be drawn based on the experimental findings and theoretical

calculations: (i) N and Cr tend to couple in the TiO, lattice forming strong bonds with
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some covalent character, (ii) The tendency to coupling decreases with increasing N/Cr

ratio, though the picture is not clear at high N concentrations, (iii) Cr-N doping creates

new levels inside the band gap with a strong dependence on the Cr/N ratio, (iv) Cr-N

coupling decreases the amount of trivalent titanium in N-doped TiO, which might be

responsible for the increased photocatalytic activity. It has indeed, been shown by a

recent study that Ti*" states is responsible for exciton-like trap states which limits the

electron mobility in TiO, nanotubes (Richter and Schmuttenmaer 2010).

Table 3-13: Summary of the calculation results of the Cr-N doped systems with varying
amount of N and with/without oxygen vacancy.

Net spin of
Cr-N1 bond | Cr-N2 bond | Cr-N3 bond | Cr Mulliken
the system
length (A) length (A) length (A) charge
System (ub per Cr)
1N 1.601 - - +0.86 1.0
IN+Vg 1.819 - - +0.89 3.0
2N 1.599 1.707 - +0.69 0.0
2N+Vg 1.635 1.735 -
3N 1.624 1.714 1.822 +0.66 1.0
3N+Vg 1.642 1.744 1.818 +0.66 1.0

147




3.6.3.2. V-N-doped Titanium dioxide

Titanium dioxide supported vanadia is an important heterogeneous catalyst commonly
used for the selective oxidation of hydrocarbons, isopropanol decomposition, and
selective reduction of nitric oxide with NH; (Bond and Tahir 1991). Hence, titania -
vanadia system has been investigated by several authors. Stable polymorphs of titanium
dioxide and VO, have the same rutile structure which allows them to form a solid
solution in a wide compositional range. On the other hand, the Titanium dioxide
(anatase) — V0, system is still controversial. In a recent report, Habel at al. reported
that there was no miscibility between anatase and vanadium oxide under oxidizing or
reducing conditions (Habel, Goerke et al. 2008). Busca et al. have reported successful
preparation of a solid solution of V in anatase by a co-precipitation process followed by

calcination at 700°C (Busca, Tittarelli et al. 1987).

It is clear from the previous reports that a high calcination temperature (600°C <) is
required to dissolve V in anatase. However, it is also required to prevent formation of
rutile, and vanadium is known to accelerate this transition. This can be achieved by
preparing TiO; as a film on an inert substrate (such as silica) rather than a powder since
anatase-to-rutile transformation takes place at significantly higher temperatures in films

compared to powders due to the spatial restrictions imposed by the substrate.

XRD results of the films calcined at 650°C in air are shown in Figure 3-51. All the films
were composed of anatase and no other phase was detected. V-doping evidently

increased the crystallinity of the samples whereas this effect was not linear with the V
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concentration. The strongest peak of anatase (101) showed a shift to higher angles with
the incorporation of vanadium, which indicates a possible contraction of the lattice.
After samples were further calcined at 650°C under NHjs, crystallinity of the V-doped
samples increased in contrast to TiO, films, which became X-ray amorphous (Figure 3-
51b). Gartner et al. have reported similar results in which a TiO, sample calcined at
600°C under NH3 was amorphous although the one calcined at 500°C under same
conditions was amorphous (Gartner, Osiceanu et al. 2008). They attributed this behavior
to the ongoing re-crystallization of the sample induced by introduction of N atoms into
the structure. On the other hand, amorphisation of TiO, is severely detrimental to the
photocatalytic activity as fully amorphous TiO; has little or no photocatalytic activity. In

this respect, V-doping is beneficial to preserve the crystallinity of the films.
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Figure 3-51: XRD pattern of samples (a) calcined at 650°C in air and (b) post-treated at
650°C under NHs. A: anatase, R: rutile. Anatase (101) positions are shown above the
respective peaks.
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Optical spectra of the films are shown in Figure 3-52. Absorption edges of the V-doped
films were significantly red-shifted compared to undoped films whereas absorption in
the UV range was less. Further doping by N caused a slight blue-shift in the spectra of
both 2% and 5% V-doped films. For undoped films, there is an increased absorption to
the visible region with N-doping which is reported to be caused by formation of defect
levels just above valence band of anatase.
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Figure 3-52: Optical spectra of the films calcined in air and air + NHs.

Visible light photocatalytic activities of the films are shown in Figure 3-53. Slightly
increased activities were observed with V-doped films, with increasing vanadium

concentration. On the other hand, V-doped films were significantly more absorbing in
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the visible range, which apparently did not transform to a proportional increase in the
visible light activity. This can be explained by the formation of deep level defects within
the anatase band gap, which are possibly acting as recombination centers. On the other
hand, V-N-co-doped films showed some improvement over N-doped films which

indicates elimination of some of the recombination centers.
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Figure 3-53: Visible-light photocatalytic activity of vanadium and vanadium-nitrogen
co-doped films. Nitrogen concentration is estimated to be 10 at. % in all N-doped
films. Photocatalytic activity of undoped and nitrogen-doped titanium dioxide films
are given for comparison.

Photocatalytic activities of the films under UV light are shown in Figure 3-54. It can be
seen that undoped films were almost three times more active as compared to the V-
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doped films. Dopant concentration has a minor effect as the minimum doping amount is
probably high enough to create the deep level defects to certain saturation. V-N-co-
doped films are slightly better compared to V- and N-doped films, again most likely due

to the elimination of recombination centers.
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Figure 3-54: UV-light photocatalytic activity of vanadium and vanadium-nitrogen co-
doped films. Nitrogen concentration is estimated to be 10 at. % in all N-doped films.
Photocatalytic activity of undoped and nitrogen-doped titanium dioxide films are
given for comparison.

Low photocatalytic activity of V-doped TiO, despite its high optical absorption can be
explained as follows. Basic steps of photocatalysis are (a) creation of electron-hole pairs
by illumination, (b) efficient separation of the electron-hole pairs so that they do not

recombine to release heat, (c) transportation of the pairs to the surface, (d) collection of
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the free electron on the surface by an acceptor (usually oxygen), and (e) oxidation of the
donor on the surface by the holes. The first requirement can be achieved by formation
of defect levels within the band gap and can be easily characterized by optical analysis
of the structure. Efficient separation and successful transportation of the carriers, on
the other hand, require a small particle size, high crystallinity (with minimum defects)
and a smoother band gap with as little deep-level energy traps as possible. Thus; visible
light activity of the V-doped films should be coming with a cost of decreased efficiency
due to the decreased lifetime of the carriers. As proposed by several authors before,
thus, obtaining visible light activity requires introduction of shallow level defects into
the structure. Another problem with the band gap modification of anatase is the
position of the conduction band, which is an indication of reductive power of the
semiconductor, being slightly higher than the 0,/0, potential (E° = -0.32 V vs. NHE)
(Figure 3-55). So, any modification of the conduction band is not desired as this would
result in a semiconductor with excess electrons on the surface which cannot be
collected by O, unless there is another acceptor in the environment. This leads to
surface recombination and the loss of photocatalytic activity. Surface coupling with
noble metals such as Pt, Pd, or Au also can help to decrease the surface recombination.
In this case, however, two problems exist: (a) overall decrease in the reaction surface
area as these metals cover some of the semiconductor surface, and (b) limited capacity
of these metals to collect electrons, contrary to abundant O, which can perform this
function indefinitely. It is therefore, desirable to engineer the band gap without causing

bulk or surface recombination.
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Figure 3-55: Electronic potentials of TiO, and V-doped TiO; in aqueous solutions at pH
7 and pH 14.

Density of states (DOS) plot of the V- and V, N-doped anatase is shown in Figure 3-56.
Calculated band gap of anatase is 2.12 eV, narrower than the experimental band gap of
3.2 eV, which is the known underestimation of band gaps in LDA and GGA methods. The
valence band of anatase was roughly same in V-doped TiO,, but two new levels
appeared within the band gap, one is a shallow defect level just below conduction band

and the other one is a deep-level defect state 1.22 eV above the valence band. Based on
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the calculated DOS, thus, it seems possible to narrow the band gap of TiO; by V-doping
whereas shallow defect level below conduction band and the deep-level defect can
cause bulk and surface recombination, respectively. However, it is important to note
that the deep-level created by V-doping is not large enough to trap all carriers created
by photo-activation since oxygen vacancies are also known to create deep-level defects
inside the band gap of anatase, though they are not enough to cease the photocatalytic
activity. Modification of the conduction band is, however, a more difficult problem since

it results in surface recombination.
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Figure 3-56: Density of States (DOS) plot of TiO, (anatase), V-doped TiO,, and V,N-
doped TiO,.
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3.7. Formation of Mo0O3 Nanobelts on Titanium Dioxide Films

3.7.1. Experimental

To produce a-MoOs;, molybdenum pentachloride (MoCls) (Alfa-Aesar, 99.6%) was
dissolved in N,N-dimethyl formamide (DMF) (Sigma-Aldrich, anhydrous, 99.8%), which
yielded a green transparent solution. 150 pl of this solution was dropped onto a TiO,
coated (ca. 70 nm) glass slide (2 x 2 cm, ) using a micropipette. TiO, coating of the glass
slides was done via a sol-gel method as reported previously (Kurtoglu, Longenbach et al.
2010). Briefly, 120 g ethyl alcohol (200-proof, Electron Microscopy Sciences) and 15 g Ti-
(0-i-C3H5)4 (Alfa-Aesar, 98%) were mixed and subsequently stirred on a magnetic stirrer
for 30 minutes. Then, a mixture of 0.96 g deionized water (18 MQ), 0.52 g HCI (Fisher
Science, 38%), 1 g poly (ethylene glycol) (Sigma-Aldrich, M.W. = 2000) and 6.3 g ethyl
alcohol was added drop-wise to the main solution. The solution was stirred for 2 hours.
Then, 9.6 g acetylacetone (Sigma-Aldrich, 98%) and 5 ml of deionized water were added
to the prepared sol and stirred for an additional hour. Film was prepared by dip-coating
(MTI Dip Coater HL-01); for this purpose, a glass microscope slide (Erie Scientific) were
dipped into the prepared solution and withdrawn at a constant speed of 100 mm/min
followed by calcination at 400°C for 30 minutes. After the deposition of the MoCls-DMF
mixture on TiO, coated glass slides, the mixture turned from green to brown with
increasing wait time and humidity, which is an indication of hydrolysis. Coated samples

were placed into a pre-heated furnace to 500°C within 10 minutes after deposition of
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the MoCls-DMF mixture and calcined for 30 minutes. Same procedures were repeated
on plain glass microscope slide and TiO, coated quartz slides to evaluate the effect of
substrate. Samples were characterized by scanning electron microscopy (Zeiss Supra
50VP), transmission electron microscopy (JEOL JEM 2100), UV-Vis spectrophotometry

(Thermo Scientific Evolution 600), and x-ray diffraction analysis (Siemens D500).

3.7.2. Results and Discussion

SEM images show that the substrates were covered with belt-like anisotropic crystals
with their long end directed upwards, as shown in Figure 3-57a,b. Obtained nanobelts
were typically 6 to 8 um in length and 0.4-0.5 um in width. Typical thickness of the
nanobelts was approximately 50 nm. XRD analysis (Figure 3-57d) was in agreement with
the previously reported a-MoOQOs patterns whereas strong anisotropy was evident from
the relative intensities of the peaks, particularly the (021) peak. As seen from the TEM
image and respective SAED pattern (Figure 3-57c), nanobelts were single crystalline and

had a principal growth direction along <001> and the sideways growth along <100>.
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Figure 3-57: Low-magnification (a) and high-magnification (b) SEM images of MoO;
nanobelts. A TEM image and a single-crystal SAED pattern (inset) of a typical nanobelt
are shown in (c). XRD pattern of nanobelts is shown in (d).

Our experiments have shown that the obtained morphology strongly depended on the
type of the substrate, solvent used for dissolving MoCls, and the heating rate. When
plain soda-lime glass was used as a substrate, rod-like structures with their growth
direction parallel to the substrate were obtained (Figure 3-58a). XRD analysis (Figure 3-
58b) of the structure shows that these crystals were mainly composed of a-MoOs with
(0k0) planes aligned parallel to the surface. Some sodium molybdate formation

(Na;Mo0,4) was also evident from the diffraction pattern. Thus, this approach allows
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synthesis of adherent a-MoOs3 coatings on glass. We assume that sodium diffusion was

responsible for the change in the a-MoOs; growth habit.
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Figure 3-58: SEM images and XRD patterns of a-MoOs on TiO, coated (a,b) plain soda-
lime glass and (c,d) quartz slides; both coatings were calcined at 500°C. (2 - Na;Mo0Q,)

When TiO, coated quartz substrates were used, nanoplatelets (Figure 3-58c) with their
(0k0) planes perpendicular to the substrate were observed. The nanoplatelets were
mechanically more intact after handling (scratching, peeling off etc.) compared to
nanobelts due to smaller aspect ratio and intersecting plates forming a rigid structure.

Therefore, despite their smaller aspect ratio and lower surface area, they may be more
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suitable for practical applications as a coating, when durability and wear resistance is

required.

In order to better understand the growth process, we prepared a set of samples on glass
slides and calcined them by heating with the rate of 50°C/min to 350°C, 400°C and
450°C. Samples were taken out of the furnace at each temperature and quenched in air.
At 350°C, formation of plate-like structures was evident on the surface (Figure 3-59),

whereas nanobelts were already formed at 400°C (Figure 3-59b).

Figure 3-59: MoOs structures obtained after quenching at (a) 350°C and (b) 400°C. (c)
SEM image of the film prepared by using 2-propanol as the solvent.

Based on the observations above, it can be concluded that anisotropic growth of a-
MoOs; nanobelts with their (0kO) planes perpendicular to the substrate plane was
favored on TiO,. The low lattice mismatch between the (010) plane of a-MoQOs (a =
3.963 A, b =3.696 A, c = 13.856 A) and the (001) plane of anatase TiO, (a=b =3.7854, ¢
= 9.513 A) (Figure 3-60a) favors preferential nucleation of (010) planes of a-MoOs on

(001) planes of TiO,. However, growth along [010] occurs through the creation of van
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der Waals bonds, which limits the growth rate compared to other principal growth
directions, in which the growth occurs through the creation of ionic bonds (Figure 3-
60b). Accordingly, planar growth rates along the principal axes of a-MoO; decrease in
the following order: (001) > (100) >> (010) (Chu, Zhang et al. 2007). Since there is an
excess supply of a-MoOs precursor due to fast heating rates, growth proceeds along the
fastest direction, i.e. [001]. When the heating rate was decreased to 5°C/min,
nanoplatelets were formed instead of nanobelts. The TiO, (anatase) films deposited on
glass are polycrystalline and there is a mixture of faces exposed in random directions.
Typically, an anatase crystal has a tetragonal prism structure consisting of eight (011)
and two (001) faces (Figure 3-60c) (Oliver, Watson et al. 1997). (001) planes of TiO,
laying parallel to the surface cannot nucleate nanobelts since (a) growth will be
restricted by the compressive stress induced by the substrate due to fast heating and (b)
a-MoOs supply is provided in the direction perpendicular to the film plane. The growth
starts from the TiO; film surface and proceeds outwards since heterogeneous nucleation
is typically faster than homogeneous nucleation. Thus, those (001) planes of TiO,, which
are oriented at an angle to the substrate, act as preferred nucleation and growth sites
for the formation of a-MoOs; nanobelts. The proposed mechanism is schematically

shown in Figures 3-60d-e.
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Figure 3-60: (a) (001) Anatase plane (left) and (010) MoOs plane. (b) Principal growth
directions of Mo00O;s. (c) A typical anatase crystal. (d) nucleation of (010) MoOs on (001)
faces of polycrystalline anatase and (e) growth of nanobelts.

It is important to note that rate of nucleation and growth should be carefully controlled
to sustain the desired growth. For example, when samples were heated with a speed of
5°C/min, nanobelts were not observed. This can be explained by the high nucleation
density due to the slow evaporation of DMF (b.p. = 153°C), during which nuclei are
created, but growth is limited as the temperature is well below crystallization
temperature. The solvent used to dissolve MoCls was also one of the determining
parameters on the obtained structure as suggested by several authors (Dong and Dunn
1998; Epifani, Imperatori et al. 2004). When 2-propanol was used as solvent in place of
DMF, hydrolysis occured quickly, as evident from the dark blue color of the deposited
solution only a few minutes after coating. Dimethyl sulfoxide gave similar results to DMF
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while methanol produced results similar to 2-propanol. In the case of 2-propanol, the
resulting structure is a film composed of fine crystals of a-MoOs, indicative of a high
nucleation rate (Figure 3-59c). On the other hand, it was quite surprising to observe
nanoplatelets on TiO, coated quartz (Figure 3-58c) rather than nanobelts, similar to the
ones obtained on TiO, coated soda-lime glass. There are only two differences between
TiO, coated quartz and glass substrates. The first is the high alkali content of soda-lime
glass. In particular, sodium can diffuse easily through TiO, films (Watanabe, Fukayama
et al. 2000) and may react with MoCls to form NaCl and/or Na,MoOQ,, although this
amount should be lower compared to an uncoated surface. Second is the thermal
expansion of the substrate. Quartz has one of the lowest coefficients of thermal
expansion (CTE) (ca. 0.5 x 10°%/°C (Roy, Agrawal et al. 1989))while soda lime glass has a
very high CTE (ca. 7.6 x 10°/°C (Mi-tang and Jin-shu 2010)). Thus, coatings on a glass
substrate tend to experience a lower compressive stress than the ones on quartz.
However, we believe that the alkali content is more important, as evidenced by the
decrease of nanobelt density with increasing TiO, coating thickness (not shown).
Increasing the TiO, thickness from ca. 80 nm to 300 nm significantly decreased the
nanobelt density per unit of surface area; a thicker titania film led to a decrease in
sodium content. Although the exact mechanism is still under investigation, some sodium
diffusion through TiO, film appears to be necessary to obtain highly anisotropic a-Mo0QO3

structures.
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One-dimensional nanostructures attract great attention in solar cells and photocatalytic
applications for light trapping as well as in electrochemical applications (Brezesinski,
Wang et al. 2010) due to their high surface area and surface roughness. a-MoO;
nanobelts grown on an inexpensive glass substrate with such an easy method can be
utilized as templates to produce active structures for solar cells and photocatalytic
applications. To demonstrate the light trapping ability, obtained a-MoOs nanobelts were
sputter coated with carbon. As can be seen from its total reflection spectra (Figure 3-
61), the reflection of carbon-coated nanobelts was less than 4%, compared to 20% for
carbon-coated glass. Nanoplatelets on quartz samples also gave low reflection values

(less than 7%).
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Figure 3-61: Total reflection spectra and photographs of (a) MoO; nanobelts, (b) MoO;
nanoplatelets, (c) carbon-coated MoO; nanobelts, (d) carbon-coated MoO;
nanoplatelets, and (e) carbon-coated glass.

For photocatalytic applications, a-MoOs; nanobelts were first coated by SiO, using dip
coating and then again dip coated with TiO,. The resultant film was much more active
compared to the film coated on plain glass, possibly due to its much higher surface area
(Figure 3-62). Approximately 10 times more dye was decomposed within the first 2
hours by the TiO, coating on nanobelts compared to conventionally prepared (Kurtoglu,

Longenbach et al. 2010) TiO, film on glass. Although we prepared the coatings by a dip-
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coating process, a gas phase deposition method should be more suitable as it is difficult

to prepare a uniform coating on these structures by liquid phase deposition methods.
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Figure 3-62: SEM images of the TiO, coated MoOs nanobelts (a,b) and a plot showing
photocatalytic degradation of methylene blue by TiO, coated MoOs; nanobelts, TiO,
film and a glass substrate (c).

In order to demonstrate another application area, contact angle measurements were
performed by sessile drop method on plain, carbon-coated, and fluorosilane coated a-
MoOs nanobelts. Flurosilane coating was prepared by soaking nanobelt coated glass in
10 mM octadeyl-fluorosilane — hexane solution for 30 min followed by annealing at
200°C for 10 minutes. The plain nanobelt film was superhydrophilic with a contact angle
of zero, possibly due to the hydration of the nanobelts, which also resulted in the
nanobelt film to peel off the surface most probably due to stresses associated with the
intercalation. After coating with carbon or fluorosilane, films became stable and did not
show any sign of peeling or delamination after soaking in water for at least a day.

Carbon coated film was hydrophobic with a contact angle of 105° (Figure 3-63a),
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whereas fluorosilane coated film attained a superhydrophobic state with a contact angle

of 154° (Figure 3-63b).

(@) (b)

Figure 3-63: Contact angle of (a) carbon coated and (b) flurosilane coated MoO3
nanobelts, as determined by the sessile drop method.

3.7.3. Conclusion

In summary, a simple yet effective method is demonstrated to produce high surface
area a-MoOs; structures on TiO; coated substrates. Depending on the substrate used, it
was possible to obtain highly anisotropic structures or plate-like structures with a large
aspect ratio and high surface area which can be utilized in several applications, such as

solar cells, photo-catalysis and superhydrophobic surfaces.
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CHAPTER 4) SUMMARY AND CONCLUSIONS

A systematic approach was used to investigate the effect of doping on the
photocatalytic, electronic and mechanical properties of sol-gel titanium dioxide
films were investigated. The aim of this study is to answer the question: “How
can sol-gel titanium dioxide films on glass substrates be made better by
doping/alloying with other elements?” Particular attention was given to the key
issues of the current titanium dioxide technologies: (i) lack of visible light activity,
(ii) the negative effect of the glass substrate and (iii) low surface area of the
films. In addition, nanoindentation studies were performed on those films to find
out the cases when it is challenging to put a high photocatalytic activity film into
use where high abrasion/weathering resistance is necessary. Theoretical
calculations were utilized to understand the thermodynamics and electronic

properties of doped titanium dioxide.

Effects of calcination temperature and the heating rate on the structure,
photocatalytic and mechanical properties of undoped sol-gel titanium dioxide
films on glass substrates were investigated. It was found that an optimum
calcination temperature and heating rate range exist and that photocatalytic and
mechanical properties are degraded outside this range. A calcination
temperature above 450°C is necessary to ensure sufficient crystallization of the
films. Mechanical properties of the films are strongly influenced by the heating
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rate where higher heating rates are beneficial. In general, a calcination
temperature around 500°C with a heating rate between 5°C/min and 10°C/min
gives the optimum combination of photocatalytic activity and mechanical
properties. The selected optimum parameters were used as guideline for the

rest of studies.

Theoretical calculations utilizing Density Functional Theory (DFT) were
conducted to model doping process with various metal and metal-nitrogen
combinations. It was found that the energy cost of substituting titanium with a
metal dopant is directly related to the position of that particular metal in the
periodic table. The group number of the dopant metal on the periodic table has
a substantial effect on the energy cost of doping. The effect of period number is
minor. In general, energy cost of substituting titanium in the anatase lattice with
transition metal “X” was found to be roughly proportional to the distance
between titanium and “X” in the transition block. The reverse is true outside the
transition block, i.e. the longer the distance, the higher the energy cost is. Metal
doping alone does not cause a dramatic change in the optical spectra, however
significantly improved visible light absorption was obtained with certain metal-
nitrogen combinations such as Cr-N and V-N.

Since sodium diffusion is proved to be a major problem for titanium dioxide films
on glass substrates, metal-doping was investigated to compensate the

deleterious effect of sodium. It was found that not only the chosen metal affects
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the photocatalytic activity but the metal precursor as well. Chlorides of
molybdenum and tantalum were determined to be very effective to neutralize
the sodium diffusion by reacting with the diffused sodium to form sodium
chloride on the film surface which can easily be washed away. When mechanical
properties are important, gallium doping was found to be a perfect dopant in
that it improves the photocatalytic activity (though not as much as molybdenum
and tantalum) and mechanical properties. Unfortunately, no visible light activity
was detected by metal-doping.

Visible-light photocatalytic activity was investigated with so-called self-doped
titanium dioxide films. For this purpose, carbothermal reduction of titanium
dioxide films was performed at various calcination temperatures to produce
oxygen-deficit titanium dioxide films and results were compared with the ones
calcined in oxidizing atmosphere. While carbothermal reduction brought some
visible light activity, it typically resulted in degraded mechanical properties.
Nitrogen-doped titanium dioxide films were studied for Vvisible-light
photocatalytic activity as these films absorb part of the visible spectrum.
Although certain amount of visible light activity was observed with nitrogen
doping, this effect was not directly proportional to the optical absorption. Visible
light activity was optimum at a certain nitrogen concentration above which this
positive effect diminished. On the other hand, visible light activity came at the
cost of UV-light activity and this behavior was amplified with increasing nitrogen

concentrations. Mechanical properties of nitrogen doped films were, overall,
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inferior to undoped titanium dioxide films; which was surprising since titanium
nitride is an extremely hard material. The beneficial effect of nitrogen doping
was only seen at relatively higher nitrogen doping concentrations which was
detrimental to both visible and UV light activity.

Metal-nitrogen co-doping was investigated to address the shortcomings of
nitrogen-doped titanium dioxide films. Overall 30-35% increase in the visible
light activity as well as a non-negligible improvement in the mechanical
properties was obtained with some of the metal-nitrogen combinations (in
particular, tantalum, vanadium, and molybdenum). On the other hand, UV-light
activity was phenomenally improved with chromium co-doping (up to 7-fold) and
less dramatically with vanadium co-doping (2-fold). Cr-N and V-N co-doped films
were investigated in detail to understand the observed behavior and some
answers were given based on the extensive theoretical calculations.

Among the metal dopants, molybdenum was studied in detail due to its
interesting interaction with titanium dioxide and glass to form one- and two-
dimensional structures. By carefully controlling the sol-gel and calcination
parameters, high surface area molybdenum oxide structures were synthesized
on titanium dioxide coated glass, which was further used as high surface area
template for photocatalytic titanium dioxide film deposition. The ease of the
method, which arose while investigating metal-doped titanium dioxide films,
allows formation of high surface area glass substrates which can be used in

improving catalytic reactions.
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e Last, but not the least, results obtained during the course of this study have been
used to develop the first commercial photocatalytic-antimicrobial tableware

glass.
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