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ABSTRACT

This dissertation studies the application of rutile substrate as an alternative
support for anatase films, specifically, on the growth and properties of anatase
films. The films were utilized as catalysts for the photodegradation of water
contaminants (Atrazine and Rhodamine B). Ti** precursor resin was prepared
by the polymeric precursor method and deposited by spin coating onto
polycrystalline rutile and rutile coated glass substrates. The films were calcined
at different temperatures (350 °C to 500 °C) to form anatase TiO; films. The
influence of temperature on the properties of the films has been reported in this
study. A comparative study of the films was also done using X-ray diffraction
technique (XRD), grazing incidence X-ray diffraction (GIXRD), atomic force
microscopy (AFM) and scanning electron microscopy (SEM). XRD and GIXRD
results confirmed the formation of anatase on the (101) plane depending on the
calcination temperature. Bandgap modification of the films with respect to
calcination temperature was measured by UV visible diffuse reflectance
spectroscopy. The bandgaps were in the range of 2.74 to 2.85 eV.
Photocatalytic activity of the films supported on rutile substrate was studied for
the degradation of Atrazine (ATZ) and Rhodamine B (Rhod-B) under UV light.
Further, the stability of the films was evaluated on four consecutive cycles
where the films maintained their photocatalytic properties in all cases. The
kinetics of Rhod-B and ATZ degradation followed a pseudo first order and first
order exponential decay respectively. The films calcined at 450 °C and 500 °C
showed superior photocatalytic activity for Rhod-B degradation than the films
calcined at 350 °C and 400 °C. This is attributed to the adequate crystallinity of
anatase. For ATZ degradation, the films were also efficient but no specific trend
was observed. The results can contribute towards the development of TiO; films

on rutile phase substrates.
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ESTUDO DE FILMES NANOESTRUTURADOS DE ANATASE
SUPORTADO SOBRE RUTILO COMO FOTOCATALISADORES PARA
DEGRADACAO DE CONTAMINANTES DA AGUA.

RESUMO
Esta dissertacdo estuda a aplicacdo de substratos de rutilo como suportes
alternativos para filmes de anatase, especificamente, sobre o crescimento e
propriedades de filmes de anatase sobre rutilo. Os filmes foram utilizados como
catalisadores para a fotodegradacdo de contaminantes de agua (Atrazina e
Rodamina B). A resina de Ti*" foi preparada pelo método de precursores
poliméricos e depositada por spin coating sobre rutilo policristalino e em
substratos de vidro revestido de rutilo. As amostras foram calcinadas a
diferentes temperaturas (350 a 500 °C) para formar filmes de anatase TiO,. Um
estudo comparativo dos filmes foi feito usando a técnica de difracdo de raios X
(DRX), difracdo de raios X com angulo rasante (DRXR), microscopia de forca
atdmica (AFM) e microscopia eletrdnica de varredura (MEV). Os resultados de
DRX e DRXR confirmaram a formacgao de anatase nos filmes ao longo do plano
(101) dependendo da temperatura de calcinacdo. Modificacbes do bandgap
dos filmes de acordo com a temperatura de calcinacdo foram medidas por
reflectancia difusa de UV-visivel onde os bandgaps variou de 2,74 para 2,85
eV. Atividade fotocatalitica dos filmes imobilizados sobre substrato de rutilo foi
estudada para a degradacéo de Atrazina (ATZ) e Rodamina B (Rhod-B) sob luz
UV. Além disso, a estabilidade dos filmes foi avaliada em quatro ciclos
consecutivos onde os filmes mantiveram suas propriedades fotocataliticas em
todos os ciclos. As cinéticas de degradacao de Rhod-B e de ATZ seguiram um
ajuste de pseudo-primeira ordem e decaimento exponencial de primeira ordem,
respectivamente. Os filmes que foram calcinados a 450 °C e 500 °C mostraram
atividade fotocatalitica superior para a degradacdo de Rhod-B aos filmes
calcinados a 350 °C e 400 °C. Isto foi atribuido a cristalinidade adequada da
fase anatase. Para ATZ, os filmes foram eficientes mas nenhuma tendéncia
especifica foi observada. Os resultados podem contribuir para o

desenvolvimento de filmes de TiO, imobilizados sobre substratos de rutilo.
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1 INTRODUCTION

Brazil is currently the largest consumer of pesticides in Latin America [1].
Although pesticide use in Brazil is beneficial to agriculture and the economy, it
can also cause water and soil pollution. A case study on the aquifer of Tiangua
municipality in Ceara state of Brazil from 2003 to 2006 revealed that some
underground wells that supply water to the community had levels of Atrazine
(herbicide) above the allowed concentration for human consumption [2]. Jamoni
et al. (2011) examined Ametryn levels in water and sediment samples taken
from Baixo Pardo area, northeastern part of Sdo Paulo state where sugar cane
production is predominant [3]. The study showed that Ametryn concentration in
the sediments was higher than that of the water samples from some particular
sampling areas indicating that the persistence of pesticides in sediments is very
high. Persistent pesticides are a problem due to their long term transportation
and contamination. Nogueira et al. (2012) tested water samples collected from
Campo Verde and Lucas do Rio Verde cities in Mato Grosso state, for Ametryn
[4]. The samples were extremely high in Ametryn (28 pg.L™) compared to the
allowed concentration limit (2 pg.L™). These alarming findings show that there is
indeed underground water pollution in some regions of the country and the
habitants of areas near agriculture intensive lands may be exposed to long term
health risk. Thus in areas of intense agricultural activities, there is a growing
concern about the quality of drinking water.

Fortunately, the permitted amount of certain pesticides in drinking water
is well established in Brazil [5]. Also, according to Autonomous Water and
Sewage Service (SAAE), pesticide concentration in drinking water is monitored
[6,7]. In spite of these efforts, there is no defined protocol to follow in the event
of high concentration. It is therefore worth considering in the future, the gradual
substitution of conventional water treatment for technologies such as advanced
oxidative processes which can eliminate a variety of organic substances [8].

The development of suitable catalysts for continuous flow systems is a
crucial step in water treatment on a large scale employing advanced oxidative
processes. Titanium dioxide powder (catalyst) has been well studied and has

disadvantages for flow systems [9]. However, the catalyst (TiO,) immobilized on



a substrate allows easy handling for flow systems. Furthermore, the substrate
can participate in the photocatalytic process [10].

Research attention has been paid to semiconductor photocatalysis
during the past decades because it has a bright future for providing versatile
solutions to pollution problems. It is not surprising, therefore, that quite a
number of emerging technologies for water purification, air purification,
sterilization and self cleaning surfaces are based on photocatalysis [11]. The
main semiconductors used for photocatalysis are TiO,, SnO,;, ZnO, CdS
due to their peculiar electronic structure [12-15]. TiO; is by far the most utilized
and investigated photocatalyst; in particular, it has unique properties such as
high photo-oxidization, high photostablility, low cost and non-toxicity [16].

TiO, exists in three polymorphic phases: anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic). The type of phase present in the
semiconductor is crucial for its application since it controls the properties of the
semiconductor. For instance, rutile phase is rarely utilized as a photocatalyst
due to its poor photoreactivity [17]. On the other hand, rutile has a high
refractive index and high ultraviolet absorption, key properties for pigments and
paints [18]. For photocatalysis, anatase phase is known to have superior
properties than brookite and rutile phase. But, when it comes to phase stability,
anatase and brookite phase are metastable compared to rutile [19]. This implies
that they are readily transformed to stable rutile phase at high temperatures.
Anatase phase transformation is a problem since it can compromise
photocatalytic activity for high temperature applications. Further, it imposes a
temperature limitation on anatase synthesis. Accordingly, the studies and
development of alternative methods for anatase phase stabilization are of great
importance.

Most photoreactions take place on a semiconductor’s surface as such
there is continuous effort to improve and maximize surface area [20-24]. An
easy approach for improving surface to volume ratio is utilizing nanometric
semiconductor powders. Despite being successful, the method requires
posterior separation of the powder after use, especially for slurry based

applications which mar the method as not energy and cost-effective [25]. In



order to avoid these problems, researchers are now utilizing TiO; films
immobilized on substrates. This alternative also permits the exploration of
surface properties of TiO, for application such as antibacterial coatings [26,27]
and dye sensitized photovoltaic cells [28].

There are three categories of film deposition techniques namely,
chemical vapor deposition (CVD), physical vapor deposition (PVD) and wet
chemical deposition techniques [29]. In practice, CVD and PVD techniques are
faced with problems such as high deposition temperature, expensive
precursors, toxic byproducts and a large number of process variables. Because
of these problems, wet chemical deposition methods tend to be more attractive
and practical. A typical example is sol-gel, a wet chemical method that allows
the variation of precursors and process parameters. Furthermore, high degree
of homogeneity at molecular level has been reported [30,31]. The synthesis of
TiO, film (anatase) by sol-gel requires subsequent calcination to eliminate
organic matter present in the film and induce crystallization.

Considering that anatase phase is thermodynamically unstable, the
calcination temperature chosen can affect the crystallinity and polymorphic
transformation of anatase to rutile. Studies have shown that doping and particle
size control can increase the stability of anatase phase [32,33]. However, few
studies have investigated the effect of substrates on the transformation of
anatase. This effect occurs in different materials, in which the substrate
promotes phase retention of the formed layer, thereby preventing the
transformation of the metastable phase. Furthermore, substrates with low
surface area may induce nucleation of the stable crystalline phase, favoring the
transformation of the metastable phase.

A number of substrates have been utilized for the growth of anatase films
such as glass, SrTiO3z and LaAlO3 [34-37]. Apart from glass, most of these
substrates are in the form of single crystals especially for the purpose of
oriented growth and single anatase crystal films. These films are mostly studied
for their structural and optical properties than photocatalytic properties.
However, oriented anatase films can be beneficial to photocatalytic activity due

to enhanced charge carrier [38]. From a practical and economical viewpoint, the



substrate must be easily attainable and cheap. It is in this regard that
polycrystalline rutile substrate can be considered as a potential candidate for
the oriented growth (epitaxy) of anatase because it is chemically and
structurally similar to anatase and could be cheaper than single crystal
substrates.

In the literature, the strategy of growing anatase films on polycrystalline
rutile substrate has been rarely reported even though a vast number studies
have explored anatase-rutile transformation. In addition, little attention has been
drawn to the possible role of rutile as a seed for oriented growth of anatase
particularly the tendency of rutile to induce or constrain the premature phase
transformation of anatase during calcination. Furthermore, studies on the
mutual orientation between anatase and rutile during phase transformation
(topotaxy) has not been explored either.

Rutile as a substrate would allow electronic transition between anatase
and rutile since the difference between their bandgaps is very small.
Furthermore, previous studies demonstrate that the combination of anatase and
rutile contributes to the photocatalytic property of Degussa P25 TiO;
commercial powder. It contains 80% of anatase and 20% of rutile and in
general, the mixture of the phases is the main reason for its high photoactivity
[39-40].

1.1 Objectives

With the aforementioned factors and motivation, the main objective of
this research is to develop biphasic asymmetric TiO, substrates with rutile
phase as a dense support for anatase film. The films will be tested as potential
catalysts for future water treatment. The research seeks to contribute to the
body of knowledge in biphasic substrates and anatase-rutile transformation
studies especially, the effect of rutile phase on the growth of anatase and if it
induces or constrains the oriented growth and phase transformation of anatase.

Also, to highlight the potential of the films as catalysts for water contaminants.



2 LITERATURE REVIEW

The literature review aims to establish a theoretical background on the
main concepts and the state of art underlying the project despite the limited

literature on anatase phase supported on rutile phase or similar assembly.

2.1 Advanced oxidative processes

Advanced oxidative processes are based on the production of oxidants,
mainly hydroxyl (OH) and superoxide (O,") radicals for the mineralization
(complete oxidation) of organic and inorganic pollutants [41]. Employing these
processes, organic and inorganic pollutants can be transformed into simple
compounds such as carbon dioxide and water. This transformation can be
observed through color change (dyes), reduction of chemical and biochemical
oxygen demand of a system.

The oxidizing behavior of hydroxyl radicals comes from the instability
associated with the unpaired electrons located in their valence bands. The
oxidizing power of a radical is measured by its standard oxidation potential of
which hydroxyl radical presents a value of 2.8 V, second to fluoride (3.0 V) as
the most potent oxidant. Thus, the radical is non-selective towards the
degradation of organic and inorganic compounds.

Advanced oxidative processes can be classified into photochemical and
non-photochemical processes. The criterion for this classification is based on
the role of ultraviolet light (UV) in the generation of ‘OH radicals, where the
presence of ultraviolet light (UV) is essential for the generation of radicals via
photochemical processes while for non-photochemical processes ultraviolet
light (UV) is not employed [42]. Some examples of non-photochemical
processes are O3/OH  (ozone/hydroxide radical), Os/H,O, (ozone/hydrogen
peroxide), Fenton processes, electrochemical oxidation, plasma and ultrasound
treatment.

For photochemical processes, some classic examples are subcritical and

supercritical water oxidation, vacuum and ultraviolet light mediated water



photolysis (UVV), UV/H,0,, O3/UV, H,0,/UV/O3, photo-Fenton processes and
semiconductor photocatalysis. Huang et al. (1993) introduced a different
classification of advanced oxidative processes based on the presence or
absence of a catalyst [43], where processes that employ catalysts for radical
generation are predominantly heterogeneous and those that occur without
catalysts are homogeneous.

Most homogeneous photochemical processes are applied on a large
scale for water treatment. Despite their statuses, they are faced with numerous
challenges. For instance, the UV/O3z system can generate toxic byproducts,
bromate ion (BrO3’), formed from the oxidation of bromide ions (Br’) present in
the untreated water [44]. Bromide ions are naturally present in sea water and
subsurface brines therefore UV/Og3 treatment of water from coastal regions is
susceptible to bromate ion formation. Studies on bromate ions have shown that
they are carcinogenic, as such; the maximum allowable amount of
contamination in portable water is 10 ug.L™ both in Europe and the United
States [45].

Another prominent example is the H,O,/UV system [46]. Elements such
as Fe, Ca and Mg reduce the efficiency of the system since they absorb more
UV light than hydrogen peroxide reducing the dissociation of the latter into OH
radicals. In addition, traces of carbonate ions (COs*) and bicarbonate ions
(HCO3) in saline waters scavenge hydroxyl radicals generated [47]. The above
problems have motivated the search for other alternative water treatment
methods.

Heterogeneous photocatalysis in the presence of a semiconductor has
been studied as a potential method for water treatment on a large scale and
presents future prospects for the replacement of homogeneous processes or as
a complement to these processes.

The features that highlight the viability of heterogeneous photocatalysis
are room temperature working conditions, no additional reagents needed,
complete mineralization, generation of intermediate compounds with no risk of

secondary pollution and low operation cost [9].



2.1.1 Photocatalysis TiO;

Photocatalysis refers to the acceleration of a photoinduced or light-
activated reaction in the presence of a catalyst. Semiconductors (TiO2, SnO,
ZnO, ZnS, CdS, among others) have chemical and physical properties
associated with their electronic structure that permit their use as photocatalysts
[48]. TiO, is the most widely utilized photocatalyst due to its chemical
stability, non-toxicity, low cost and high oxidizing power. It presents three
main polymorphs: anatase (tetragonal), rutile (tetragonal) and brookite

(orthorhombic). Figure 2.1 presents the electronic structure of TiO,.
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Figure 2.1 - Electronic structure and photocatalytic mechanisms of TiO, [48].

The electronic structure of TiO, consists of a filled valence band (VB) and
an empty conduction band (CB) (Figure 2.1). The energy needed to translate
electrons from the valence band to the conduction band is represented by the
bandgap or the energy barrier between the bands. The bandgap of anatase and
rutile is 3.2 eV and 3.0 eV respectively [49].

The photoactivation of TiO, occurs through the absorption of photons of
energy equal to or greater than the bandgap energy, allowing the transition of
electrons from the valence band to the conduction band (process 1 Figure 2.1).
This transition creates holes in the valence band and equivalent electrons in the
conduction band. When TiO is activated, the electrons in the conduction band
can return to their ground state (valence band) annihilating the electron/hole
pairs in a process called recombination as shown by process 2 in Figure 2.1.
The efficiency of a photocatalytic process is governed by the competitive

photogeneration of electron/hole pairs and electron/hole recombination. Faster



recombination is undesired because it reduces the lifetime of charge carriers
and oxidizing species. Studies show that surface or structural modification of
TiO, with metals (Ag, Pt, Pd) can decrease recombination [50].

Photogenerated holes are powerful oxidants (+1.5 to +3.5 V versus
normal hydrogen electrode) capable of forming hydroxyl radicals responsible for
the degradation of organic substances in solution [51]. They accept electrons
from donor adsorbed species, turning them into unstable reactive organic
radicals that undergo subsequent degradation reactions [52]. However, for the
degradation of free molecules in solution, dissociated water molecules or OH
groups attached to the surface of TiO, are oxidized by holes to form hydroxyl
radicals as shown in Figure 2.1 as process 3 [53].

The electrons promoted to the conduction band, on the other hand, are
good reducing agents (+0.5 to 1.5 V). They can reduce absorbed oxygen to
form superoxide radicals (process 4 Figure 2.1). Superoxide radicals despite
not being very potent, contribute to the degradation of organic substances since
they react with water or hydrogen peroxide to form hydroxyl radicals (process 5
Figure 2) [54].

The degradation of organic compounds in solution through TiO;
photocatalysis consists mainly of three steps: adsorption of compounds
on the photoactivated TiO, surface, mineralization of the adsorbed compounds
through oxidation and reduction reactions and desorption of the mineralized
products. In all these processes, mass transfer is required so it can be a rate
limiting factor of the photodegradation process [55].

With respect to photocatalytic activity, anatase phase has superior
photoactivity than rutile and brookite phase. There are several hypotheses
behind the appreciable photoactivity of anatase compared to rutile phase.
Among them, the differences in electronic structure of anatase and rutile phases
with regard to Fermi level and the type of bandgap are popular [56]. All things
being equal, the Fermi level of anatase is lower than rutile and as a
consequence, the barrier to electron emission and holes generation is lower for
anatase than rutile. The same Fermi energy is responsible for the degree of

oxygen affinity and formation of hydroxyl radicals which are directly related to



photoactivity. The type of bandgap is also a determining factor, being that the
lifetime of photogenerated carriers is longer in an indirect bandgap (anatase)
than in a direct bandgap (rutile).

TiO, photocatalysis has a great potential for water treatment and has
been widely studied. According to Lee et al. (2013), an ideal semiconductor
photocatalysis system for water remediation needs to function at room
temperature or pressure, present complete mineralization without secondary
pollution and incur low operation cost. Almost all of these factors are attainable
utilizing TiO, [57]. To date, TiO, water remediation plants are in the pilot project
stage. An example of a pilot plant undergoing assessment is located at INETI
(Instituto Nacional de Engenharia, Technologia Industrial e Inovacao, Portugal)
where most feasibility data of the process are analyzed.

In general, there are three types of photoreactors for water treatment
under research and development: reactors with suspended catalyst particles,
reactors with immobilized catalyst particles on a substrate and reactors with
photocatalytic membrane [55]. Suspended catalyst reactors require an
additional separation step which makes the process noncontinuous. On the
other hand, immobilized catalyst and membranes offer a continuous process.
Chin et al. (2006) reported that membranes with immobilized TiO, catalyst
particles could undergo degradation due to harsh UV and hydroxyl
environments [58]. In some cases, the pores of the membrane can be blocked
after prolonged use. Therefore, a suitable substrate for immobilized TiO,
particles is very important.

The success of a photocatalytic plant depends on several operational
factors such as TiO, loading, light intensity, pH of the reaction medium,
dissolved oxygen among others [55].

2.1.2 Immobilized anatase

To maximize the photoactivity of TiO,, the particles must have high
surface to volume ratio to offer high specific surface areas and reactivity.

Unfortunately, the use of fine particles for photocatalysis on a large scale is



10

limited due to the high cost of post filtering, aggregate formation and low
photocatalytic activity [59,60].

Titanium oxide (TiO,) films are of interest for various applications
including microelectronics, optical cells, solar energy conversion and catalysts
[61]. The trend in technology nowadays is the miniaturization of various systems
and it is evident in the increasing studies on TiO, films for photocatalysis.
Considering that catalytic processes are surface related, films offer an option for
miniaturization and at the same time enhancing surface properties.

Film technology involves obtaining desired properties through the
manipulation of microstructural parameters and film thickness [61]. Anatase
films have been immobilized on various supports such as glass, silica, quartz,
activated carbon, zeolite, fiberglass, stainless steel, ceramics, fabrics, fibers,
and polymer monolith [62-67].

Pozzo et al. (1997) studied the photoactivity of supported TiO, catalysts
and concluded that a good support should be transparent to UV radiation,
present strong physical and chemical affinity with TiO, without altering the
properties of TiO,, have a high specific area and should be chemically inert [60].
A substrate can have functions associated to photocatalysis. For example, silica
assists in the adsorption of organic compounds during photocatalytic processes
[68-70]. Kim and Yoon (2001) reported that zeolite slowed the recombination of
charges due to its charged surface [71]. Sasikala et al. (2010) demonstrated
that the optical properties of TiO, were improved when it was supported on ZrO,
[72].

A substrate also plays a key role in the nucleation and growth of fiims. A
crystalline film can be grown on a substrate such that it has a well defined
orientation with respect to the substrate’s crystal structure. In this case, the
deposited film may grow preferentially in one or more crystallographic
orientations of the substrate’s crystals [73]. This phenomenon is termed as
epitaxy. Crystal structure and/or chemical composition are known to induce
epitaxial growth. Epitaxial growth of TiO, was observed on NaCl substrates [74].
LaAlO3; (LAO) and SrTiO3 (STO) substrates with (100) and (110) orientations

respectively, were utilized for the growth of epitaxial TiO, films [75]. Epitaxial
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growth of TiO, on SrTiO3/TiN replicates has also been reported. The films were
highly oriented in the ¢ axis direction of the lattice of anatase [76].

The possibility of rutile phase inducing epitaxial growth of anatase has
not been studied. In fact, there are limited publications on the use of rutile
support for anatase film. Xie et al. (2015) prepared anatase films coated on the
surface of rutile TiO, nanowires to form a one dimensional core-shell base
structure by hydrothermal synthesis of a mixed phase powder. In this study,
epitaxy was not studied [77]. In another study, nanostructures formed of
anatase layer deposited on rutile layer were obtained through layer by layer
(LbL) assembling technique. Through this technique, nanoparticles of anatase
were deposited on the surface of rutile nanorods employing poly sodium-4-
styrenesulfonate (PSS) adhesion layer. With this method, the polyelectrolyte
was crucial for the adhesion of anatase nanoparticles to the rutile nanorods
[78]. A research study also focused on anatase thin films deposited by
sputtering coupled with sol-gel on a 165 nm thick rutile film [79]. The efficiency
of the films in degrading CH3CHO gas was linked to the nanoscale
heterojunction between the phases. Hence, the use of rutile as substrate has a
potential in the development of anatase films with interfaces that aid in
photoactivity. In addition, charge separation can be enhanced if there is
effective electronic transition between the substrate and film. For example,
epitaxial TiO,:SnO, structure has superior photoactivity as compared to pure
TiO,. The improved photoactivity reported is attributed to the migration of
generated electrons from TiO, to SnO,. Thus, the lifetime of holes in TiO; is
increased and recombination is reduced [80].

In the previously mentioned studies, anatase phase was already formed
in the raw material which is different from the experimental approach adopted in

this dissertation where the phase is developed during the synthesis process.

2.2 Sintering of dense rutile compacts

Ceramic and metal components manufactured by powder consolidation

must undergo sintering to develop adequate final properties. Sintering forms
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part of the processing of powder compacts where thermal energy is applied in
order to increase density and mechanical strength. The driving force for
sintering is the reduction of total interfacial energy [81]. Interfacial energy is
associated with the surface area of powder particles and surface defects.
Thermodynamically, the variation of a system’s energy can be represented by
Equation 2.1:

5Gsystem = 6—[ Yo dAg, + 6.f VSSdAss (2.1)

where 4G system 1S the change in the free energy of the system, ysy is the energy
per unit area of the solid-vapor interface, and yss is the energy per unit area of
the solid-solid interface.

For solid state sintering, the reduction of a system’s free energy is related
to densification (reduction of solid/vapor interface (pores)) and the increase in
the solid/solid interfaces (grain growth and coarsening). Densification and grain
growth/coarsening contribute to the decrease in the free energy of the system.
Due to this, both mechanisms are competitive. Therefore, to obtain high density
sintered bodies, it is necessary to control the sintering process such that
densification becomes dominant for the reduction of surface energy [82]. The
degree of densification is controlled by the microstructure of the green body and
sintering parameters. These factors can be categorized into two major
variables: material and process variables [83]. The variables related to raw
materials include the powder’s chemical composition, particle size, morphology,
particle size distribution and degree of agglomeration. Raw material properties
influence powder flow, compressibility during pressing and reactivity during
sintering. Because the reactivity of fine powders is high, it is desirable that the
starting powder for dense sintered compacts must be fine but with sufficient
flowability and compressibility for adequate green compact properties. In
addition, the patrticle size distribution of the powder has to be narrow so that
there is minimal variation in density and pore volume which reduces the
probability of abnormal grain growth during sintering. The total volume of pores
in a green compact is related to its particle size and distribution as well as

compacting pressure. Accordingly, a powder with small particles and narrow
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size distribution tends to have smaller pore size and pore volume. In this way,
densification by pore elimination is favored. Also, microstructural
inhomogeneities in a green compact (e.g. variations in density, pore volume,
particle size, and composition) result in low density after sintering [82].

Temperature is an important factor in sintering processes because it
provides the activation energy for various diffusion and mass transport
processes. Depending on the sintering temperature, certain densification
related processes may or may not be activated. For example, in solid state
sintering, mass transport from particle surfaces to the neck region between
particles does not cause densification while diffusion from grain boundary to the
neck region induces densification [81].

Dense rutile bodies have been reported in the literature. Real et al.
(2001) attained a density of 95 to 98% after sintering rutile compacts with 72%
green density at 1500 °C in air [84]. In this study, the powders were milled
before sintering. Li et al. (2007) prepared a sintering master curve for rutile
pellets [85]. The validity of the curve was tested with pellets isostatically
pressed and sintered at 900 °C/4h, 1000 °C/3h and 1100 °C/2h in air. The
resultant densities were 61%, 80% and 92% respectively.

Dense rutile bodies can be obtained by sintering compact anatase
powders. For example, a commercial anatase powder with average particle size
of 32 nm was uniaxially pressed and sintered in air at 1200 °C/6h. Density after
sintering was between 93 and 97% [86]. In another work, titania in the form of
spheres were compacted in an isostatic press to form green bodies with 55%
theoretical density. The green bodies were sintered at 1030 °C/2h and a density
of 99% was reported [87]. In general, the temperature range for sintering of
rutile bodies varies from 800 °C to 1500 °C depending on the characteristics of

the starting powder.

2.3 Heterostructure anatase-rutile

Anatase is widely accepted as the TiO, phase which presents superior

photoactivity. However, two major problems arise in the application of TiO, as a
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catalyst. The first is that TiO, is activated only under UV irradiation for
wavelengths lesser than 387 nm because of its bandgap (3.2 eV). Thus, the use
of solar spectrum, a cheap source of light for activation of anatase is not viable.
In order to improve the photoactivity of TiO,, several modifications have been
developed to increase its light absorption such as non-metallic doping using for
example carbon [88], nitrogen [89] and sulfur [90] to promote the excitement of
TiO, under visible light. The second problem is the recombination of
photogenerated charge carriers that reduce considerably catalytic efficiency.
The incorporation of metals into the structure of TiO, and TiO, composites have
shown to be effective for inhibiting the recombination of electrons and holes as
well as increasing their lifetime [91].

Among TiO, composites, anatase-rutile composites have attracted a lot
of attention due to the separation of photogenerated charge carriers and
improved photoactivity. Although rutile has inferior photoactivity than anatase, it
has a lower bandgap compared to anatase. The contribution of rutile to the
photoactivity of anatase-rutile composites was discovered in Degussa P25
commercial powder composed of anatase and rutile phase in the ratio of 4:1.
There are several models explaining the synergistic effect between anatase and
rutile on photocatalytic activity.

Figure 2.2 shows the traditional model for charge separation and

synergism between anatase and rutile.
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Figure 2.2 - Synergism and charge separation between anatase and rutile

under UV irradiation proposed by the traditional model [93].
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The traditional model is based on the activation of the composite under
UV light absorption, a condition where only anatase is excited. The excited
electrons from the conduction band of anatase are transitioned to electron
trapping sites located in rutile electronic structure which results in charge
separation and prolonged lifetime of the holes needed for hydroxyl radical
production [92]. Hurum et al. (2003) proposed a different theory with the
replacement of UV light with visible light [93]. Thus, only rutile can be activated
under visible. Figure 2.3 shows the excitation of rutile, the electron transfer from

rutile to anatase and consequent charge separation.

Rutile Anatase

Figure 2.3 - Synergism and charge separation between anatase and rutile in the

visible region [93].

The generated electrons are transferred from the conduction band of
rutile to electron traps on anatase, specifically to localized traps that lie just
below the conduction band of anatase. The process results in availability of
holes in rutile for oxidative reactions in the visible region.

Composites formed of semiconductors with different bandgaps are
characterized by discontinuities in the valence band and/or conduction band
(usually both). The interface where their bands align is called a heterojunction.

Figure 2.4 shows a representation of a heterojunction formed as a result

of anatase and rutile phase bandgap alignment.
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Figure 2.4 - Heterojunction formation through band alignment of anatase and

rutile.

The synergistic effect between two phases depends on the quality of the
interface formed between them [94]. Li et al. (2007) stated that the alignment of
the interfaces is one of the most important factors for effective transfer of
photogenerated charges for photocatalytic activity [94]. Synthesis methods
control interface growth in terms of imperfections in the interface and fluctuation
in the chemical composition in the latter. Compositional fluctuations generate
localized variations in the heterojunction of the semiconductors [95]. In this way,
the quality of the interface affects the efficient flow of electrons at the
heterojunction.

There are several methods for the synthesis of heterostructured titanium
dioxide such as gas phase methods, hydrothermal methods, microwave
synthesis, sol-gel among others. Kawahara et al. (2003) synthesized TiO,
particles containing anatase and rutile through dissolution and reprecipitation
[96]. The study demonstrated that the photoactivity of the particles obtained
through physical mixing without dissolution process was low due to low
crystallinity, low surface area and most importantly poor interface between
anatase and rutile. Ohno et al. (2003) studied TiO, powders prepared by the
physical mixture of rutile and anatase particles and another group of particles
obtained from the partial conversion of anatase phase to rutile phase through
heat treatment [97]. It was reported that particle size and crystallinity of the
resultant phases contributed to the synergism observed for the degradation of

naphthalene.
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Anatase-rutile heterostructure can be synthesized by sol-gel since it is a
simple method for producing high purity materials in the form of powders and
thin films [98]. Heterostructures of anatase-rutile can be obtained by calcination
of TiO, sols or resins. The ratio of anatase to rutile depends on the calcination
temperature and atmosphere [99]. These same factors also affect anatase-rutile
transformation hence their control during synthesis determines the amount of
each phase formed.

The morphology of anatase-rutile composites has been reported by
various authors. According to Knorr et al. (2007), the composite structure is
formed of individual particles with anatase core surrounded by rutile layers
[100]. Park et al. (2000) also proposed that a single particle has both anatase
and rutile phase [101]. Datyle et al. (1995) through high resolution transmission
electron microscopy and X-ray diffraction of Degussa P25 powder, observed
that nanoparticles of rutile and anatase are separated but in close contact
through anatase-rutile interface [102]. Ohno et al. (2001) noted that after the
dissolution of Degussa patrticles in hydrofluoric acid (HF) solution, rutile particles
did not form as a layer on anatase particles instead anatase and rutile particles
are separated and distinct [103].

2.4 Anatase-rutile transformation

TiO, polymorphs are built on TiOg octahedra that are connected by either
sharing oxygen atoms through edges or vertices [104]. A unit of TiOg
octahedron consists of a Ti** cation coordinated by six oxygen anions. Anatase
and rutile polymorphs can be described as homogeneous isomers as their
coordinations consist of TiOg octahedra with different structural
arrangements.

Figure 2.5 shows the crystal structure of rutile and anatase TiOg
polymorph with their respective octahedra arrangement. The parameters of
each polymorph are also indicated. Anatase and rutile belong to the tetragonal
crystal lattice system where the parameters « and » have equal dimensions that

differ from the dimension of the ¢ parameter.
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Figure 2.5 - The crystal structure of rutile and anatase with their respective

lattice parameters [104].

For anatase a = » = 0.3784 nm and ¢ = 0.9515 nm whiles for rutile a=5 =
0.4593 nm and c¢ = 0.2959 nm. The unit cell of rutile contains two TiO, atoms
with titanium ions in the (0, 0, 0) and (1/2, 1/2, 1/2) positions and the oxygen
ions in the positions * (u, u, 0), + (u + 1/2, 1/2-u, u) where u = 0.305 A [105].
Each octahedron in the rutile structure shares two edges with other octahedra
and forms a linear chain along the [001] direction. The chains are linked to
neighbouring chains through corner sharing.

Anatase unit cell contains four TiO, atoms with Ti** ions in the (0, 0, 0)
and (0, 1/2, 1/4) positions and oxygen ions at (0, 0, u), (0, 0,-u), (0, 1/2,1/4 + u)
and (0, 1/2, 1/2-u) positions where u = 0.208 A [105]. Each octahedron that
forms anatase phase shares four edges with other octahedra resulting in zig-
zag chains in the [100] and [010] directions. With regard to oxygen packing in
the polymorphs, rutile presents a compact hexagonal arrangement that is
almost distorted, and anatase presents a compact cubic configuration. The
density of polymorphs is related to the extent of edges sharing. Due to the lower
edge sharing in anatase, it presents a more open structure than rutile [106].
This configuration is responsible for the density of anatase, approximately 9%

lower than rutile, as well as greater specific area [107].
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The difference in the crystal structure of anatase and rutile phase
accounts for the distinct chemical properties and stability presented by the
phases. In general, rutile phase is stable under all conditions of temperature
and pressure. Anatase phase is metastable and transforms into rutile during
heating. The transformation temperature is affected by various factors such as:
concentration of bulk defects, surface defects, particle size, pressure,
calcination atmosphere and dopants [99].

The transformation temperature of pure anatase into rutile is a subject of
controversy and several studies report various temperatures. In general, the
transformation temperature starts around 600 °C [108-110]. Reported transition
temperatures vary in the range of 400 to 1200 °C [99]. Hydrothermal methods
enable the transformation of anatase to rutile at room temperature. Yu et al.
(2001) reported that the homogeneous precipitation with precursors of TiOCl,
facilitates the transformation of anatase to rutile at room temperature [111].

When heated, anatase nanocrystals transform into rutile phase only after
a critical specific surface area and particle size are reached. Hence, surface
energy associated with particle size influences the stability of polymorphic
phases. According to Levchenko et al. (2006) anatase is stable for particles with
specific surface area greater than 50 m?.g™ and for rutile phase, low specific
surface area nanopowders below 7 m%.g™* [112].

Zhang and Banfield (2000) studied the synthesis of anatase and
observed that anatase is stable for particle size smaller than 14 nm and for
particle size above 35 nm, rutile phase is stable [113]. Hwu et al. (1997) also
noted that for particle size greater than 50 nm, rutile phase is stable [114].

The transformation of anatase to rutile occurs by nucleation and growth
of rutile particles by coalescence. Nucleation initiates at point defects, oxygen
vacancies, secondary inclusions present in the interface and/or the surface of
anatase.

The nucleation of rutile phase proceeds with anatase being consumed by
the growth of rutile phase. For pure anatase, nucleation of rutile was observed
in twin interfaces and it grows in lathes with rutile {110} planes parallel to {112}

anatase planes [115].
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Common structural configurations have been observed for anatase and
rutile. It has been reported that the {112} oxygen planes of anatase have
structural elements similar to {100} oxygen planes of rutile [116]. Through
computer simulation, the interplanar spacing of the titanium matrix in the (101)
plane of anatase has been observed to be close to that of (101) rutile plane.
These surfaces can act as nucleating site for rutile phase provided that their
activation barriers for nucleation are low. The relationship between the lattice
orientation of crystalline anatase and rutile has been expressed as follows:
anatase (101) plane parallel to rutile (101) and anatase <201> direction parallel
to rutile <111> direction in the (101) plane of anatase [117].

Anatase-rutile transformation is also a reconstructive process, i.e. it
involves the breaking and rearrangement of TiO, lattice structure [116]. In the
process, two of the six Ti-O bonds in the structure of anatase are broken to form
rutile structure, followed by the local adjustments of the atoms to accommodate
the new structure. The rearrangement and transformation of anatase to rutile
phase are promoted by the relaxation (decreased structural rigidity) of the
oxygen lattice through oxygen vacancies [118,119]. The oxygen vacancies
promote the formation of rutile. Doping of anatase with ions of lower valence
than Ti also increases the level of oxygen vacancies which consequently
promotes anatase transformation to rutile [120]. In this case, any condition that
increases oxygen vacancies in anatase will accelerate the transformation of

anatase to rutile.

2.5 Topotaxy

Topotaxy is the phenomenon of mutual orientation of different crystals
resulting from chemical reaction or solid-state transformation. It can also be
defined as the transformation of a parent crystal into a product of different
chemical composition, without any significant change in axial direction, shape
and orientation of the product crystal [121]. So, there is a reproducible
relationship between the parent crystal and the product crystal. The degree of

topotaxy can be measured through the difference in orientation between the
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parent and product crystal. The degree of topotaxy is considered to be high
when there is only change in secondary coordination without rupture of primary
bonds as noted in displacive phase transformations.

With these transformations, there is structural similarity between the
initial and final structures and the preservation of at least one axes of symmetry.
If however the atoms arrange themselves by breaking of bonds, usually
observed in reconstructive phase transformations then topotaxy is said to
low [116].

The transformation of anatase to rutile involves the breaking of bonds
and rearrangement of atoms in a reconstructive transformation. The
transformation is affected by two factors: (1) the spatial disturbance of oxygen
ions (2) the number of bonds broken. The spatial disruption of oxygen ions and
the number of bonds broken must be minimal.

According to Shannon and Pask (1964), the mutual orientation and
preservation of some structural elements ranks the transformation as
intermediate [116]. Currently, there are limited studies on the topotaxy between
rutile and anatase since the transformation has been classified as a case of
intermediate topotaxy [116].

2.6 Epitaxy

Epitaxy is the growth of crystalline films on top of substrates where the
substrate determines the orientation and structure of the film formed [122].
Epitaxial growth has become increasingly important for the growth of crystalline
thin films with electronic, optical and magnetic properties tailored for
technological applications.

For example, the production of layers of semiconductor films in
integrated circuits, optoelectronic devices, solar cells andphotocatalytic films.
Epitaxial films are ideal systems for the study of interfaces and processes of
nucleation and growth [123].

There are two types of epitaxy: homotaxy and heterotaxy. Homotaxy

occurs when the substrate material and the film are identical in terms of
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chemical composition and crystalline parameters. The growth of Si flms on Si
substrate is a classic example. On the contrary, heterotaxy occurs when the
material of the film is different from the substrate as is presented in the growth
of AlAs on GaAs substrate. Usually, heterotaxy is employed to grow crystalline
films of materials for which individual crystals cannot be obtained easily.

For the growth of epitaxial films there must be a well-defined crystal
orientation relationship between the crystal of the film and the substrate, i.e. the
crystalline structure of the film has to be almost identical to the structure of the
substrate. Lattice planes and directions play a dominant role in the growth of
these films and orientation relationships are affected by the lattice misfit
between the substrate and film. The misfit is calculated as the difference in the
lattice parameters of the substrate and the film divided by the substrate lattice

parameter (Equation 2.2).

b—a 2.2
lattice misfit = 5 (2.2)

where a = lattice parameter of film and b = lattice parameter of substrate.

Lattice misfit further affects the structural defects in the interface between
the substrate and the film, film morphology and epitaxial orientation [124]. The
smaller the misfit between the substrate and the film, the lower the strain during
growth resulting in good interface formation.

Thermal strains arise in epitaxial films due to significant difference in
thermal coefficient between the film and substrate. For many applications,
minimal differences in thermal and structural properties are always desired to
minimize defects and increase mobility of electrons in the interface.

The calculated lattice mismatch between anatase and rutile using lattice
parameter a is about 18%. The mismatch is quite large compared to the lattice
mismatch of other substrates. For example, Si (001) and SrTiO3 have a 1.6%
and 3% misfit with anatase phase respectively [125,126].

Theoretically, the growth of epitaxial anatase requires smaller lattice
misfit between the substrate and anatase in order to stabilize the phase.
However, epitaxial growth between materials of dissimilar crystal systems and

apparently large misfit is possible. An example is rutile TiO, on hematite Fe,O3
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where rutile is tetragonal and hematite trigonal but the similar spacing between
the atoms in the (100) plane of rutile and the (001) plane of hematite induced
epitaxial growth [127]. This particular case shows that structural similarities in
terms of lattice planes and directions can serve as sites for epitaxial growth
which could be the case of anatase on rutile.

The synthesis methods of epitaxial films include molecular beam epitaxy,
liquid phase epitaxy and gaseous phase epitaxy [128,129]. Liquid phase epitaxy
is more suitable for a vast range of precursors. The substrate is immersed in the
precursor solution at an appropriate temperature followed by heat treatments for
film growth.

Liquid phase methods are advantageous in terms of simplicity, high
deposition rate, high crystallinity of the films, stoichiometry control, low defect
concentration and cost efficient. The epitaxial growth relationship between
anatase and rutile has not been reported due to the limited use of rutile

substrate.


http://en.wikipedia.org/wiki/Miller_index
http://en.wikipedia.org/wiki/Miller_index

24



25

3 MATERIALS AND METHODS

This section introduces the methodology and materials required for the
preparation of supported anatase film on dense rutile substrate. It focuses on
the synthesis of Ti*" precursor resin, powder pressing, sintering of compact
rutile (TiO,) substrates and film deposition by spin coating. Further into the

section, characterization techniques are also outlined.

3.1 Materials

Rutile titanium dioxide pigment, Dupont R-902+ was used as raw
material for the substrates. It has a purity of 93% with traces of alumina,
amorphous silica and carbon black undertone. A binder, Dextrin is also used
during pressing. The raw materials for the Ti** precursor resin are as follows:
Titanium Isopropoxide (Ti[OCH(CHs),]4) 97% purity (Aldrich), monohydrate citric
acid (CgHgO7.H20) 99.5% purity (Nuclear) and Ethylene glycol (C2HgO2) 99.5%
purity (Vetec). Rhodamine B 95% purity (Sigma) and Atrazine (Sigma-Aldrich)

were chosen as substrates for the photocatalytic tests.

3.1.1 Rhodamine B

Rhodamine B (Rhod-B) is a dye with a central xanthene chromophore
group [130]. Figure 3.1 shows the chemical structure of the xanthene group and

Rhod-B with the attached functional groups.

A H3C B CH,
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e

Figure 3.1 - The chemical structure of A) Xanthene chromophore; B) Rhod-B
[130].
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Rhod-B is one of the most utilized dyes for measuring the photocatalytic
activity of novel catalysts. In some cases, it serves as a model to test the
remediation of water contaminated with xanthenes dyes. A dye should be
employed as a model to test a catalyst in situations where the degradation of
the specific dye is the focus of the study in order to avoid generalized
assumption of the photoactivity of a catalyst [131]. The evaluation of catalysts
using dyes has been criticized by Rochkind et al. (2015) especially for catalysts
with enhanced properties in the visible region [131]. Dyes in virtue of visible light
irradiation undergo dye sensitization mechanisms which contribute to part of the
photocatalytic oxidation of the dye, a condition where true photocatalytic activity
of the catalyst cannot be properly evaluated. The use of dyes is encouraged for
the evaluation of UV photoactivity of catalyst and the study of specific dye
degradation. Accordingly, Rhod-B was employed for the evaluation of UV

photoactivity of the prepared catalyst.

3.1.2 Atrazine

Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) is a very
important herbicide recognized as efficient in exterminating weeds that emerge
during the production of crops such as corn, cotton, sorghum and sugarcane
[132]. It belongs to a subset of compounds called s-triazine. The s-triazines
have a basic structure unit consisting of three carbon atoms and three nitrogen
atoms in a close hexameric symmetric ring, in which each carbon atom is linked
to an adjacent nitrogen atom through alternating single and double bonds
(Figure 3.2).
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S-triazine Atrazine

Figure 3.2 - The chemical structure of A) S-triazine; B) Atrazine [132].



27

The carbon atoms in the ring form bonds with side chains containing
functional groups (Ri, R2 e R3). The chemical properties of s-triazines are
controlled by the substituted groups. Atrazine has Cl, CoHg and CsHg as
functional groupsin the R;, R, and R3 positions respectively (Figure 3.2B).

Atrazine (ATZ) is a common source of water pollution associated with
agricultural practices. Atrazine molecules are transported into groundwater and
water bodies either by runoff of Atrazine bound soil particles or by leaching. The
properties of ATZ (water solubility, vapor pressure, chemical structure) account
for its high persistence in water. Figure 3.3 shows the degradation pathways of
ATZ.
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Figure 3.3 - Atrazine degradation pathways through chemical modification of
the three major functional groups 1) Isopropylamino II) Chloro IIl) Ethylamino
[133].

The decomposition of ATZ occurs by three major paths dependent on

functional group: (a) Isopropylamino (b) Chloro and (c) Ethylamino. The
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degradation of ATZ is complex mainly due to the nature of the functional groups
which results in several transformations of the herbicide and formation of

numerous byproducts [133].

3.2 Uniaxial pressing

Ceramic conformation methods are selected such that they are feasible
with final product geometry, dimensional tolerance, properties and applications.
As mentioned previously, this project aims at producing dense circular
substrates to support anatase films. Powder pressing is a simple shaping
technique for obtaining the required geometry and properties of the substrates.
The rutile powder for the substrates was characterized and prepared for
pressing. A first batch of substrates was pressed for the sole purpose of
constructing a compaction curve. From the compaction curve, a compacting
pressure was chosen for the pressing of the second batch of substrates utilized

for the project.

3.2.1 Characterization and preparation of rutile powder
3.2.1.1 X-ray diffraction (XRD)

In order to certify the content of the as-received rutile powder, XRD was
utilized. With this method, the chemical composition, crystalline structure and
the phase composition of the powder can be verified. The powder was analyzed
in an X-ray diffraction equipment (ULTIMATE IV Rigaku, Institute of Physics
Séao Carlos-University of Sdo Paulo) and the spectra were collected with a Cu
(Acu-kas 0.154 nm) anode, from 26 = 20 - 80° with a step of 0.02° and speed of
2°.min™.

The properties of the powder were extracted from the resulting
diffractogram with the help of a crystallographic database (Joint Committee on
Powder Diffraction Files- JCPDF) and Match software. The crystallite size of the

powder was estimated by the Scherrer formula (Equation 3.1) [134].
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_ 09A (3.1)
~ BcosB

where d is crystallite size, A is the X-ray wavelength (0.154 nm), 0 is the Bragg
angle (degrees), and B (radian) is the full width at half maxima of the diffracted
peak.

With this formula, the full-width at half-maximum (B) of the broadening of
each diffracted peak was calculated and an average crystallite size was

determined.

3.2.1.2 Brunauer, Emmett and Teller (BET) specific surface area

To determine the BET specific surface area by N, adsorption,
Micrometrics ASAP 2000 equipment available at Embrapa Instrumentation Sao

Carlos was utilized. Figure 3.4 shows the Micrometrics ASAP equipment.

Figure 3.4 - Micrometrics equipment utilized for the measurement of BET

specific surface area.

The BET method (Brunauer-Emmett-Teller) depends on nitrogen
isotherms produced by pressure variations of a powder due to liquid nitrogen
adsorption (77K) [135]. From the isotherms and mathematical models, the
specific surface area (BET) of the rutile powder was estimated.
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Assuming that the rutile powder consists of spherical particles, its

crystallite size can be estimated by Equation 3.2:

6000 (3.2)
d=
p.S

where
d= particle diameter;
p= theoretical density of TiO, rutile (4.23 g.cm™);

S= BET specific surface area.

3.2.1.3 Scanning electron microscopy (SEM)

The morphology and particle size of the powder were verified by SEM
images taken with a JEOL SEM 6310 microscope (Embrapa Instrumentation
Sao Carlos). The particle size and distribution were estimated from the SEM
micrographs. Each particle in the micrograph was manually measured using

Image J software and a frequency count was done.

3.2.1.4 Dynamic light scattering (DLS)

The particle size and distribution of the powder are important properties
that control powder flow, packing density and reactivity during sintering.
Dynamic light scattering technique was employed to measure the particle size
of the dispersed powder in solution.

In general, particles in solution tend to undergo Brownian motion and
their velocities can be related to their size. In general, smaller particles scatter
less light in comparison to larger particles due to their faster translational
diffusion.

The fluctuation in light scattering intensity (D) is associated to size and

diffusion speed through the Einstein-Stokes equation (Equation 3.3) [136].
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kT (3.3)
D=
61Dy

where

D is hydrodynamic diameter;
k is Boltzmann constant;

T is absolute temperature;

n is the viscosity of the solvent.

The hydrodynamic diameter is the sphere that diffuses at the same
speed as the measured particle. The result is presented as a graph of intensity
distribution versus patrticles in solution. For the measurement, a solution of the
powder with 0.1 mg.L™ concentration was prepared using water as solvent. The
solution was placed in a polystyrene cuvette which was then inserted into a
Malvern Zetasizer Nano ZS equipment available at Embrapa Instrumentation
Séo Carlos (Figure 3.5).

Figure 3.5 — A sample Malvern Zetasizer Nano ZS equipment showing where
the curvette is inserted (Choboticks Chemical Robotics).

A monochromatic laser was passed through the solution and the number
or volume of particles against hydrodynamic diameter is provided as a result.
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Although the properties measured are related to the rutile powder

dispersed in water, they can provide qualitative information about the powder.

3.2.2 Uniaxial pressing of the substrates

The pressing of the powders was done in a uniaxial press with 5 ton
force capacity. Figure 3.6 shows the uniaxial press (Ceramics laboratory,
Materials science and engineering department, UFSCar) employed for the

compaction of the prepared powder for the substrates.

Figure 3.6 - Uniaxial pressing machine utilized for the compaction of the

substrates.

For the preparation of the powder for pressing, it was mixed with Dextrin
(0.5% by weight) and water (3% by weight) to improve the flow properties of the
powder for die filling. The prepared powder was passed through a 300 mm
mesh.

In order to attain dense sintered bodies, high green density must be
taken into consideration. Compacting pressure is one of the factors that control
green compact density. The effect of pressure on green compact density is
perceived through the application of various pressures and the measurement of
resultant green density.

Seven compacting pressures of 62, 78, 94, 109, 125, 140 and 156 MPa
were selected. For each compacting pressure, five substrates were assigned.
For each substrate, 2.5 g of powder was poured into a circular die with an inner
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diameter of 20 mm and was pressed unaxially at the mentioned

pressures.Thus, seven groups of five compacts were prepared in total.

3.2.2.1 Measurement of Physical properties and Selection of compacting

pressure

The densities of the green compacts were measured by the mass/volume
technique where mass, diameter and width were taken for the estimation of
density. Green density was divided by the theoretical density of rutile TiO, (4.23
g.cm™) to obtain relative density.

A compaction curve was constructed by plotting the average relative
density of the green compacts in each group versus the compacting pressure
applied.

The compacts were dried at 100 °C/24h and sintered at 1450 °C/2h at a
ramp rate of 5 °C.min™. Figure 3.7 shows the appearance and dimensions of a

sample taken from the sintered substrates.

Figure 3.7 - Sintered rutile substrate.

3.2.2.2 Measurement of physical properties of the sintered substrates and
selection of compacting pressure

Density after sintering was estimated based on the Archimedes principle.

The dry mass (My) of the sintered substrates, saturated mass after immersion in
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water for 24 hours (Msa) and the suspended mass (Msusp) Of the substrate by
Archimedes method were measured. The properties were correlated to
apparent density through Equation 3.4:

< M, ) (3.4)
p= P
Msat - Msusp 20

where p is apparent density, My is dry mass after sintering, My is the saturated
mass after immersion in water, Msysp is the suspended mass in water based on
Archimedes principle and pp,o is the density of water. To obtain relative density,
the apparent density value was divided by the theoretical density of rutile TiO,
(4.23 g.cm™).

Shrinkage was calculated according to Equation 3.5:

d, —d (3.5)
S = <M> * 100
dg

where S = shrinkage; dq = diameter of green body; ds = diameter after sintering.
To calculate water absorption, the dry mass of the substrates and mass
after immersion in water for 24 hours were utilized. The amount of water

absorbed was estimated according to Equation 3.6:

4= (Msat - M (3.6)

d
M, ) * 100
where A is water absorption; Mg is dry mass after sintering; Mgz is the saturated
mass after immersion in water.
Apparent porosity was calculated using Equation 3.7:

M, —M (3.7)
p = ( sat d ) %100
Msat - Msusp

where P is apparent porosity; My is dry mass after sintering; Msa IS the
saturated mass after immersion in water and Msysp is the suspended mass by
immersion technique based on Archimedes’ principle.

Green density and physical properties were utilized as criteria for
selecting the compacting pressure of the next set of substrates for the project.
After the definition of the compacting pressure, forty substrates were uniaxially
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pressed. Green densities of the substrates were estimated and after, the
substrates were sintered at 1450 °C/2h. The physical properties (relative
density, apparent porosity, water absorption and shrinkage) of the substrates
were measured as previously described. A number of techniques were utilized
to further characterize the substrates. For this purpose, a substrate was

selected randomly.

3.2.2.3 X-ray diffraction

Although the raw material for the substrates was rutile, during sintering,
many reactions can occur that may alter the phase composition of the sintered
body. Therefore, the phase formed after sintering was verified by XRD. The
analysis was carried out in a Shimadzu XRD 6000 equipment (Embrapa
Instrumentation S&o Carlos) and the spectra were collected with a Cu (Acuka,
0.154 nm) anode, from 28 = 20 - 80°, at 2°.min™.

3.2.2.4 Scanning electron microscopy

Microstructure of the substrate related to grain morphology, grain size
and pores was observed by scanning electron microscope (JEOL SEM 6310).
Prior to the analysis, the surface of the substrate was polished with an alumina
abrasive paper. The polished surface was thermally etched in a muffle at

1350 °C/1h to enhance microstructural features for observation.

3.2.2.5 Atomic force microscopy

The topology of a substrate to some extent controls the properties of
deposited films since it serves as a base for structural growth. Not only can the
technique provide information on the topography of a surface but also estimates
surface roughness. In order to map the surface of the substrates, an atomic

force microscope (Reevo V dimension, Embrapa Instrumentation S&o Carlos)
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was employed. The images were taken in the tapping mode where a silicon tip
was attached to a microcantilever whose spring constant is 48 N.m™ and

resonance frequency is 190 K.Hz.

3.3 Polymeric precursors method

The polymeric precursor method is one of the variations of sol-gel
synthesis method, a wet chemical route for obtaining nanometric and sub-
micrometric oxide powders. The success of the polymeric precursors method
lies in the fact that it is compatible with a wide range of oxides and presents few
process parameters. The concept underlying the polymeric precursor method is

summarized as follows:

i) the ability of hydrocarboxylic acids (citric acid, etcetera) to form
stable complexes with metal cations in solution (Figure 3.8);

i) esterification of metallic complexes (polymeric precursors) by
the addition of alcohol (Ethylene glycol) which results in a resin

containing dispersed cations (Figure 3.9);

i) finally, the thermal treatment of the resin [137].
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Figure 3.8 - Formation of metallic citrate [137].
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Figure 3.9 - Polymerization of metallic citrate [137].
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The polymeric network is particularly important as it ensures minimal
segregation of the ions during heat treatment. Some of the distinct
characteristics of powders obtained via this method are homogeneity at
molecular level and controlled stoichiometry — which are particularly important
for complex oxide powders and mixed phase powders.

3.3.1 Synthesis of Ti*" precursor resin

A solution of citric acid, a chelating agent, was prepared and maintained
at 70 °C. Titanium isopropoxide (Ti** precursor) was added to the citric acid
solution upon stirring, in a molar ratio of 1:3 respectively, forming titanium citrate
(complex). The resultant solution was polymerized by esterification. This was
done by adding ethylene glycol to the solution, where the molar ratio of ethylene
glycol to citric acid was 2:1. The polymerized solution was then transferred to a
reflux condenser, where it was kept at 120 °C for 24 hours until a resin was
formed. Excess water was eliminated to adjust the viscosity of the resin.

Figure 3.10 presents the flow chart of the synthesis process of Ti*

precursor resin.

Citric acid solution(70°C)

l

Titanium isopropoxide

!

Titanium citrate (complex) resin

l Ilzooc

Ethylene glycol — polyesterification

Figure 3.10 - Flow chart for the synthesis of the Ti** resin.
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3.3.2 Resin characterization
3.3.2.1 Loss on ignition

Loss on ignition is a simple technique which provides an approximate
estimate of the quantity of inorganic and organic content in a given material. It is
based on the measured weight loss after ignition at a temperature enough to
volatize components that are not desired. The quantification of inorganic
content of precursors is of interest especially in film catalysts because it
provides information on the cation concentration in a volume of resin. As such,
loss on ignition test was carried out on the Ti** polymeric precursor resin to
estimate the concentration of Ti** cations.

For the test, three crucibles were ignited at 1000 °C/5h in a muffle
furnace in order to remove any impurities therein. The empty crucibles (C) were
weighed and approximately 2g of resin was placed in each crucible. The
crucibles with resin were weighed (Cesin) before ignition at 850 °C for 4 hours.
After ignition, the weight of the crucibles with residue (Cresidue)
was noted. Based on the ignition temperature, the residue formed can be
assumed as TiO, and the percentage loss on ignition is calculated using
Equation 3.8:

Cresin - Cresidue (3-8)
Cresin - C

%wloss =

where w is weight; C is weight of empty crucible; Cesinis weight of crucible with
resin and Cesique IS Weight of the crucible with residue.

To find the concentration of Ti*" in the resin, the calculated percentage
loss on ignition was converted into concentration (g.L™) using the molar mass of

TiO,, density of ethylene glycol and volume of resin used for the test.

3.3.2.2 Brookfield Viscosity

In film processing, resin viscosity controls film thickness and the ease of

coating. Viscosity values up to 3.20x10° centipoises (cP) can be measured with
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a Brookfield viscometer depending on the model. Brookfield viscosity is
obtained by measuring the torque produced by a moving spindle in a fluid at
constant speed. This torque depends on the resistance of the spindle to
rotational movement a result of the fluid. Thus, the viscosity of the fluid is
calculated in function of the toque and spindle properties (speed, size and
shape). To measure the viscosity of the Ti*" precursor resin, a spindle 18, a
speed of 30 rpm and temperature of 25 °C were selected. The viscometer was

programmed to rotate the spindle at 30 rpm for 1 min.

3.3.2.3 X-ray diffraction

A volume of the resin was separated into four parts and each part was
calcined in air at a specific temperature, the same temperature at which the
posterior precursor films will be calcined. The calcinations were done in two
thermal cycles. The first cycle was heating to a ramp of 150 °C at a ramp rate of
1°C.min™* and 2 hours dwell time. After, the temperature is further raised at a
ramp rate of 1 °C.min™ to the final calcination temperature and dwell time: the
conditions were 350 °C/12h, 400 °C/2h, 450 °C/2h and 500 °C/2h. The powders
were cooled at the same ramp rate to room temperature (30 °C).

The as-prepared powders were submitted to XRD in a Shimadzu 6000
equipment (Embrapa Instrumentation Sao Carlos) with a Cu (Acyka, 0.154 nm)
anode in order to detect the major phase in the powders. It is important that the
precursor resin form pure anatase in order to eliminate the influence of

contaminant phases on the growth of the TiO; films.

3.4 Film deposition
3.4.1 Spin coating

Spin coating is a technique for depositing films whose precursors are
derived from wet chemical routes for example, sol-gel, Pechini and polymeric

precursors method. The process of producing films from wet chemical routes
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combined with spin coating is simple and the reproducibility of the process is
very good. Compared with other deposition techniques, it is cost efficient and
the process parameters can be easily controlled. Also, the number of film layers
is not a limiting factor. Due to these advantages, spin coating was opted for the
deposition of the films on rutile substrate and glass substrate. Figure 3.11

shows the main stages of the process.

(o]

deposition— rotation—— drying — multilayer

Figure 3.11 - Spin coating process [138].

In the first stage, a quantity of the precursor is deposited onto the center
of the substrate. The quantity deposited should be sufficient to ensure that in
the next stage of the process, the whole substrate will be coated. Also, the
viscosity and wettability of the solution must be such that it easily spreads over
the substrate and maintain good adhesion with the substrate [139]. For the next
stage, the substrate with the fluid is then rotated at a defined speed and time
resulting in a centripetal force that causes the film to spread homogeneously on
the substrate and at the same time remove excess material. Therefore, the
quality and thickness of the film do not only depend on the parameters of the
spin coating process (rotation speed and time) but also on the properties of the
precursor such as viscosity, quantity of precursor and superficial energy.

The numerous parameters involved at the rotation stage makes it crucial
for the properties of the film as the likelihood for defects is mainly encountered

here. The third stage is characterized by drying, where excess fluid is
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evaporated from the film and the film is further thinned. Drying is an optional
stage. For multilayered precursor film, another layer is deposited on the dried

film and the process is repeated until the desired number of layers is formed.

3.4.2 Films on glass substrate

Here, TiO, films were deposited on glass supported rutile films. In an
attempt to reproduce rutile substrate on glass, a solution was prepared from the
rutile powder. A volume of the solution was deposited onto the glass substrate
which was held in place by a substrate holder in a Model 400B-66NPP/LITE
spin coater (Embrapa Instrumentation Sdo Carlos). Figure 3.12 presents the

spin coater and substrate holder.

"""!I- WS-200E-6NPP/LITE
e
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i

Substrate holder

Figure 3.12 - Spin coater Model 400B-66NPP/LITE A) closed; B) open

exhibiting the substrate holder.

The glass substrate was spinned at 3000 rpm for 30 s followed by 6000
rpm for 30 s in order to remove excess solution and to form a uniform layer on
the substrate. Here, drying of the films was not done in between layers.
Subsequent four layers were formed in the same manner resulting in five layers
on the substrate. Four additional glass substrates with rutile films were prepared
and the resultant multilayered rutile films were calcined in air at 550 °C/2h in
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two steps: a ramp rate of 1 °C.min™* to 150 °C with 2 hours dwell time followed
by a ramp rate of 1 °C.min™* to 550 °C with 2 hours dwell time. After, the glass
substrates with rutile films served as substrates for the deposition of the TiO,
precursor film.

For the deposition of the precursor films, a quantity of the precursor resin
was deposited on the as-prepared glass supported rutile films and the substrate
was spinned at 3000 rpm for 30 s followed by 6000 rpm for 30 s. The process
was repeated to form five multilayers on each of the four substrates. Once
again, drying was not done in between layers. Each substrate with the films was
calcined at: 350 °C/12h, 400 °C/2h, 450 °C/2h and 500 °C/2h where an initial
ramp of 150 °C/ 2h and ramp speed of 1°C.min™ were respected.

The samples were designated according to calcination temperature and
G stands for glass: G350, G400, G450 and G500. The glass substrate with only
rutile film was identified as SUB.

3.4.3 Films on sintered rutile substrate

For the deposition of the multilayered Ti*" precursor films (10 layers), a
volume of the precursor resin was deposited on the substrate. Then, the
substrate was spinned at 3000 rpm for 30 s followed by 6000 rpm for 30 s, after
which the first layer was formed.

The second layer was deposited using the same procedure but this time,
the coated substrate was dried at 80°C for 5 minutes before the next layer was
deposited. In summary, at the end of every even numbered layer deposition
(layers 2, 4, 6, 8), the coated substrate was dried. The process was repeated
until 10 layers were obtained.

A total of four samples were prepared. Each sample was calcined at a
specific temperature and time condition: 350 °C/12h, 400 °C/2h, 450 °C/2h and
500 °C/2h where an initial ramp of 150 °C/2h and ramp speed of 1°C.min™* were
respected. The as-prepared films were named according to their calcination
temperature in ascending order: SAM 1, SAM 2, SAM 3 and SAM 4. The

pristine substrate was named SUB.
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3.5 Characterization of films on glass substrate and rutile substrate

3.5.1 X-ray diffraction

The phase composition and phase transformation of the TiO, layer both
on the substrate and glass were verified by XRD. The diffractions were done in
a Rigaku RU200B model equipment at the Institute of Physics Sao Carlos
(University of Sdo Paulo) with a Cu (Acyka, 0.154 nm) anode. The scan range
was 26 = 20-80° and a scan speed of 1°.min™ were respected. The crystallite

sizes of the films on rutile substrate were estimated by the Scherrer formula.

3.5.2 Grazing incidence X-ray

In order to isolate the effect of the substrate on the phase analysis of the
films, a grazing incidence angle of 2° was employed. The diffractions were
carried out in a Rigaku RU200B model equipment at the Institute of Physics
Séo Carlos (University of S&do Paulo) with a step scan mode of 0.02° at a speed
of 1 min.step™ from 26 = 15 - 30°.

The condition for the films on rutile substrate was grazing incidence
angle of 2°, step scan mode of 0.02° at 15s.step™ from 26 = 20 - 80°. Crystallite
size of the films on rutile substrate was estimated by the Scherrer formula.

3.5.3 Micro-Raman

The phase composition of the substrate and films was carried out by
micro-Raman spectroscopy.

For the analysis, a Horiba Jobin Yvon HR550 model spectrometer
(Interdisciplinary Laboratory of Ceramics and Electrochemistry (LIEC), UFSCar)
with a charge coupled detector (CCD) cooled by a Peltier system (-70°C) was
utilized. The substrates were excited at 514 nm wavelength radiation whose
beam power is 7 mW.
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3.5.4 Atomic force microscopy

The surface topography of the films formed as well as their roughness
was observed by atomic force microscopy employing a Reevo V dimension
microscope (Embrapa Instrumentation S&o Carlos). The images were taken in
the tapping mode and the readings were done with a microcantilever (Silicon
tip) whose spring constant and resonance frequency are 48 N.m™* and 190 K.Hz

respectively.

3.5.5 Scanning electron microscopy

The morphology and homogeneity of the films on both substrates (rutile
and glass) were observed by a scanning electron microscope. It provides
information on the microstructural differences associated with calcination
temperature and substrate.

The analysis of the films on glass were done in a JEOL SEM 6310
microscope (Embrapa Instrumentation S&o Carlos) while that of the films on
rutie were done in a FEI Magellan 400 L microscope (Structural
Characterization Laboratory (LCE), UFSCar). Apart from the general
microstructural imaging, SAM 1 and SAM 2, both films on rutile substrate were
fractured for cross sectional analysis by Field emission gun microscopy (FEG-
SEM) and SEM respectively for the determination of film thickness.

After, a line energy dispersive X-ray spectroscopy (EDX) was performed
in the region of the film for only SAM 2 to verify the certainty of the width
estimation with respective to chemical composition. The thickness of the films

on glass was not measured since it is not within the interest of the study.

3.5.6 UV-visible Diffuse reflectance

When a solid is illuminated with light, its optical properties determine the
fate of the incident light. The response of the material will depend on the degree

of absorption, transmission and reflection. For opaque materials, most of the
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light incident is reflected on the surface. Diffuse reflectance spectroscopy
focuses on the study of the optical and electronic properties of materials based
on the amount of reflected light in different directions [140]. Accordingly, the
optical properties of pristine rutile substrate and the films supported on rutile
substrate were evaluated. The measurements were carried in a UV-vis NIR
Cary 5G spectrometer (LIEC, UFSCar) operating in diffuse reflectance mode in
the range of 200 to 800 nm.

3.6 Preparation of anatase-rutile powder samples

The properties of the substrate such as height and hardness limit the
techniques by which it can be characterized. For example, the films were not
analyzed by transmission electron microscope because the preparation of the
films for analysis is very complex.

Since important properties of the films can be deduced from this
technique, powder samples were produced. A convenient method is to dissolve
the rutile powder in the resin. This decision was taken based on the analysis of
the crystallite size of the resin powders and rutile powder, which showed a
considerable difference in size. Thus, a mixture of the two could either result in
rutile particles surrounded by anatase particles or anatase on top of rutile
particles.

To prepare the powder samples, a quantity of rutile powder was
dissolved in a volume of resin under magnetic stirring and the mixture was
stirred for 24 hours. The mixture was divided into five parts and each part was
calcined at a specific temperature. The temperature and time conditions used
were identical to the films: 350 °C/12h, 400 °C/2h, 450 °C/2h and 500 °C/2h
where an initial ramp of 150 °C/2h and ramp speed of 1 °C.min were
respected.A part was calcined at 1000 °C/2h with the intuition that at this
temperature all anatase phase transforms into rutile phase. So, it serves as a
very good base for comparing the mixed phase powders. The powders were
named according to their calcination temperature: P350, P400, P450, P500 and
P1000.
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3.6.1 Characterization of anatase-rutile powder

3.6.1.1 Micro-Raman

Micro-Raman was employed to verify the phases present in the mixed
phase powder. The spectra were collected with a Horiba Jobin Yvon HR550
model spectrometer (LIEC, UFSCar) equipped with a charge coupled detector
(CCD) detector cooled by Peltier system at a temperature of -70°C. The
substrates were analyzed with wavelength radiation of 514 nm and 17 mW

power.

3.6.1.2 Scanning electron microscopy

SEM micrographs were taken of sample P450 powder utilizing a JEOL
SEM 6310 microscope (Embrapa Instrumentation S&o Carlos). The
microstructure of the sample powder, P450 was analyzed by SEM to certify if it
is indeed viable to correlate properties measured in the powder with that of the

film on rutile substrate.

3.6.1.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a useful tool for obtaining
detailed information on the microstructure and phase distinction of the powder
at high resolution. In fact, the identical composition of anatase and rutile makes
their phase distinction in microscopy limited. Transmission electron microscope
utilized in the dark field mode produces a contrast image where anatase
particles from rutile particles could be identified. Besides, bright field image
coupled with electron diffraction, allows the identification of the type of interface
formed between the phases and if the films present any form of oriented

nucleation and growth. It also reveals particle morphology.
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The microstructure of the TiO, powder was analyzed by TEM in a Philips
CM 120 transmission electron microscope (LCE, UFSCar) operating at 120 kV.
Electron diffractions were done at selected areas to obtain structural information

as well as orientations between crystals.

3.7 Photocatalytic test

One of the essential properties of a photocatalyst is the ability to produce
radicals responsible for the oxidation of organic or inorganic compounds when
irradiated by a light source. The direct quantification of radicals formed on a
semiconductor surface upon irradiation is not trivial as such a simple qualitative
method is to irradiate a semiconductor immersed in an aqueous solution of a
known molecule (photocatalytic test).

The reduction in the molecule’s concentration with time can be monitored
and directly associated with the semiconductors’ efficiency. UV-vis
spectroscopy is a convenient technique for identifying molecules in solution and
measuring changes in concentration through absorption spectrum.

Absorbance is measured along various wavelengths resulting in a
continuous spectrum which is specific to a molecule. Hence, the reduction in the
absorbance of a molecule at a particular wavelength over time can be related to
the reduction in concentration of the molecule in solution. Majority of
photocatalytic tests are performed in photoreactors.

Although there are several variations in photoreactors, they are designed
to provide maximum illumination and isolation from external light. All
photocatalytic tests that will be presented hereafter were performed in a
photocatalytic reactor built by Embrapa Instrumentation Sdo Carlos. The
photoreactor allows the modification of temperature, type of illumination and
intensity.

Figure 3.13 shows the photoreactor utilized for the photocatalytic tests.
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Figure 3.13 - Photoreactor A) closed B) open.

The photoreactor is composed of a wooden container whose two interior
faces are covered with aluminum panels.The lid of the container is equipped
with ballasts (exterior) and six sockets for lamps (interior). The outlets of the
reactor are connected to a thermostatic bath and a fan in order to regulate
temperature.

The photocatalytic efficiency of the films on rutile substrate in degrading
Rhodamine B (dye) and Atrazine (herbicide) under ultraviolet light was
evaluated. The test solutions were Rhodamine B solution (2.5 mg.L™) and
Atrazine solution (1 mg.L™?). The photocatalytic tests were divided into two
sessions according to test solution; Rhodamine B (UV light) and Atrazine (UV
light). For each session, four repetitions were done and the corresponding
kinetic constants were calculated. Below is a detailed description of the
experimental set up for the photocatalytic tests and the evaluation of

photocatalytic activity.

3.7.1 Rhodamine B degradation

A solution of Rhod-B (2.5 mg.L™) was prepared and six beakers were
filled with 20 mL each. In four of the beakers, a specific film was submerged:
SAM 1, SAM 2, SAM 3 and SAM 4 where an ascending order in synthesis
temperature was followed (350 °C, 400 °C, 450 °C and 500 °C). The Rhod-B
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solution with no film was designated RHOD and the solution with a submersed
pristine substrate was called SUB.

The solutions were then placed in a photoreactor equipped with six UVC
lamps (TUV Philips, 15 W, with maximum intensity at 254 nm) where they were
irradiated for 3 hours at 19 °C .During this period, aliquots of 3 mL were taken
from each solution in intervals of 30 minutes for UV-vis measurements
(Shimadzu-UV-1601 PC spectrophotometer). After the runs, the aliquots were
returned into the beakers for further irradiation. The measurements focused
mainly on monitoring the Rhod-B absorption peak at approximately
554 nm and a decrease of the latter with time was related to photodegradation.

The photocatalytic efficiency and stability of films after repeated use are
very important properties to be considered in long term applications such as
water plants. A very simple way to predict these properties is to test the films in
cycles of photocatalytic tests where cycles refer to the number of times a
catalyst has undergone photocatalytic test. Taking this into consideration, the
anatase films were subjected to four cycle tests. Before a new cycle, a
previously used film was washed thoroughly with water, ultrasonicated in water
and then dried (40 °C). Also, a new testing solution was prepared for each

cycle.

3.7.2 Atrazine degradation

An aqueous solution of Atrazine (1 mg.L™) was prepared and six beakers
were filled with 20 mL each of the solution. In four of the beakers, a specific film
was immersed: SAM 1, SAM 2, SAM 3 and SAM 4 where a descending order in
synthesis temperature (350 °C, 400 °C, 450 °C and 500 °C) was followed. The
beaker containing ATZ solution with no film was designated ATZ and the beaker
with a submersed pristine substrate was called SUB.

The solutions were then placed in a photoreactor equipped with six UVC
lamps (TUV Philips, 15 W, with maximum intensity at 254 nm), where they were
irradiated for 5 hours at 19 °C. During this period, aliquots of 3 mL were taken

from each solution in intervals of one hour for UV-vis measurements
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(Shimadzu-UV-1601 PC spectrophotometer, Embrapa Instrumentation S&o
Carlos). After the runs, the aliquots were returned into the beakers for further
irradiation. The measurement focused mainly on monitoring the Atrazine
absorption peak at 223 nm and 263 nm. The stability and efficiency of the films
were evaluated for four cycles. For every cycle, a new solution was prepared
and a previously used film was washed thoroughly in water, ultrasonicated in

water and then dried (40 °C) prior to any photocatalytic test.

3.7.3 Determination of rate order

Chemical reactions can be classified according to their order of reaction.
The order of a reaction is defined as the relationship between the concentration
of individual species (reactant) and the rate of reaction. The investigation of rate
order can be done experimentally by varying each reactant’s concentration and
measuring the rate of the reaction. If the reaction rate is independent of the
concentration of a particular reactant, it is classified as zero order. This order is
represent by a differential rate law (Equation 3.9). On the other hand, a first
order reaction is one whose reaction rate is dependent on the concentration of a
single reactant (Equation 3.10). Lastly, with a second order reaction the rate is

proportional to the square of the concentration of a reactant (Equation 3.11).

r=k (3.9

where r = rate; k = rate constant.
r = k[A] (3.10)
r = k[A]Z (3.11)

A special case of reaction order known as pseudo-order reaction is
observed when the concentration of one or more reacting species remains
constant [141]. The order of a typical pseudo reaction depends on the number
of species whose concentration is changing during the reaction. Catalytic

chemical reactions ideally fall into this category since their concentration do not



51

alter during reactions. Therefore, the order of reaction for the degradation
of Rhod-B using catalytic films can be determined applying the pseudo
reaction approach. With this approach, the TiO, photoactivated film surface
is constant during the photocatalytic test and the concentration of Rhod-B
changes with time. The first order pseudo rate differential equation can be
written as Equation 3.12:

(3.12)

d
I [Rhodamine B] = —k[Rhodamine B][TiO, |

where k = rate constant(s™) and t = time(s).

However, the rate constant k and TiO, term in the equation can be fused into a
pseudo rate constant k'. Then Equation 3.12 becomes:

d . (3.13)
7 [Rhodamine B] = —k’ [Rhodamine B]

where k'= pseudo rate constant = k [TiO,] and t = time(s). An integral of
Equation 3.13 results in Equation 3.14:

[Rhodamine B] . (3.14)
In , =kt
[Rhodamine B],

where k'= pseudo rate constant= k [TiO;]; t = time(s) and subscript 0 represents

Rhod-B concentration at time 0.

The integrated form of the rate order equation is helpful for the
experimental verification of the order of the degradation of Rhod-B because
concentration at time zero is easily measured as well as concentration at
different periods. All these data are extracted by UV-vis spectroscopy. A plot of
the change in concentration versus time should be a straight line whose slope is

k*, the rate constant.

3.8 Summary

The raw material for the substrate was characterized and prepared for

pressing of the first batch of substrates. The compacted substrates were
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characterized before and after sintering. A compacting curve was constructed
where the compacting pressure applied was plotted against average green
density. The compacting pressure for the batch of substrates for the project was
selected taking into consideration the properties measured before and after
sintering. After the selection of the compacting pressure, the new set of
substrates for the project were pressed and characterized.

The resin was prepared by the polymeric precursor method and was
characterized. Five layers of the resin were deposited on rutile coated glasses
by spin coating. The deposited films were calcined at 350 °C, 400 °C, 450 °C
and 500 °C and were named G350, G400, G450 and G500. The
as-prepared films were characterized. The resin was also deposited on rutile
sintered substrates through spin coating technigue to form ten layers. The
substrates with the films were calcined at 350 °C, 400 °C, 450 °C and 500 °C
and were named SAM 1, SAM 2, SAM 3 and SAM 4. The as-prepared films
were characterized.

A mixture of the resin and rutile powder was calcined at 350 °C, 400 °C,
450 °C, 500 °C and 1000 °C and the powders were named P350, P400, P450,
P500 and P1000.The powders were characterized by various techniques.

The photocatalytic performance of only the films on rutile sintered

substrate was evaluated.
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4 RESULTS AND DISCUSSION
4.1 Substrate raw material characterization

4.1.1 Phase analysis of the powder

X-ray diffraction technique was used to determine and identify the phase

composition of the as-received rutile powder. Figure 4.1 shows the diffraction

pattern of the powder.
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Figure 4.1 - Diffractogram of the as-received rutile commercial powder showing

only the presence of rutile.

From Figure 4.1, diffractions from the identified family of lattice planes
are at angles characteristic of rutile phase (# JCPDS 88-1175) [142].

Accordingly, the major phase in the powder is rutile as specified on the
raw material. In general, the diffracted peaks tend to be sharp and narrow with
an average crystallite size of 71 nm estimated by the Scherrer method. Thus,
the powder is very crystalline.

Further, the (110) and (211) planes have higher intensities than the rest

of the planes suggesting that the number of atoms in these planes is more

compared to the other planes.
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4.1.2 BET specific surface area

The specific surface area of the powder (pigment) was measured using
the BET method and the BET particle size was calculated. The powder
presented a surface area of 10 m%.g™. A comparison of the specific area of the
powder to other rutile pigments suggests that the specific surface area is quite
high [143]. A particle size of 142 nm was estimated from the BET surface area
and it is important to note that the degree of accuracy of the estimated particle
size depends on the morphology, distribution and particle agglomeration.
Specifically, the method is more accurate for agglomerate-free spherical
particles with narrow particle size distribution [144]. The particle size and
surface area of the powder are properties that can contribute to reactivity during

sintering [82].

4.1.3 Powder morphology and particle size distribution

The particle properties of the powder were visualized by SEM, which
permits the examination of the morphology of the particles, agglomeration state
and direct estimation of particle size and distribution. Figure 4.2 contains a SEM

micrograph of the powder and the estimated particle size distribution.

SEl 5kV WD8mm $S20 x20,000 1um O ——
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Figure 4.2 - SEM micrograph of the as-received rutile powder showing A)
powder morphology and agglomeration and B) histogram indicating broad

particle size distribution.

The powder is formed of spherical particles of different sizes as well as
few agglomerates. To be more precise, the corresponding histogram shows the
presence of particles smaller than 0.08 pum to agglomerates as large as 0.4 um
and the calculated average particle size is 0.219 + 0.057 um. The distribution
and morphology of the particles can affect properties of the powder such as
reactivity during sintering and packing density [81].

The particle size distribution of the powder was further analyzed by
dynamic light scattering technique where a sample powder was dispersed in a
solvent (water).

Figure 4.3 presents the particle size distribution of the dispersed powder
according to fluctuations in the intensity of scattered light.
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Figure 4.3 - Broad particle size distribution of rutile commercial powder by light

scattering intensity.

In the dispersed form, the powder particles ranged from 164 nm to
1105 nm indicating a broad particle size distribution. A complementary result
obtained from the DLS technique, polydispersity index of 0.6, also confirms high
variability in particle size. Both results are in agreement with the SEM histogram
(Figure 4.2B). However, the light scattering intensity average diameter (z
average) of the particles was 632 nm, a higher average particle size than that
estimated from the SEM images (219 nm). The discrepancy between the results
could be due to the difference between the measuring techniques, being that
DLS method measures hydrodynamic diameter instead of the real particle
diameter [145].

Further, DLS method is very sensitive to particle agglomeration and it is
possible that the agglomeration of fine dispersed particles resulted in larger
measured particle diameters and consequently, a shift of the average particle

size to higher values.
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4.2 Substrate characterization
4.2.1 Compacting curve

To obtain the green compacts, different compacting pressures were
applied. The relative densities of the green compacts were measured for each

compacting pressure in order to construct a compaction curve (Figure 4.4).
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Figure 4.4 - The influence of compacting pressure on the variation of green

relative density of the substrates.

The curve shows an increase in green density as pressure increases.
With the increase of pressure from 62 MPa to 109 MPa, an increase of 4% in
green density was observed. This could be a result of the breaking and
rearrangement of the granules such that there is increase in particle-particle
contact and consequently, reduction in pore volume [82]. On the contrary, for
compacting pressures above 130 MPa, the density leveled off reaching a
relative density of approximately 54% for the highest compacting pressure.

This behavior suggests that there exists an optimum pressure for which
there is a balance between the breaking and rearrangement of granules as well
as reduction of pore volume. After this pressure is exceeded, the established
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particle-particle contact creates resistance to compaction in the form of frictional
force. Usually, at this stage of powder compaction, the total frictional force tends
to play a major role in the compaction of the particles than the applied pressure
[146]. For this reason, compacting curves provide information on the maximum
green density attainable using a particular pressing equipment or method, a

useful tool for saving energy and improving density of sintered ceramics.

4.2.2 Physical properties of the substrates

The green compacts were sintered at 1450 °C/2h and their physical
properties such as relative density, porosity, water absorption and shrinkage
were measured. Figure 4.5 presents relative density prior to sintering (green)

and after sintering of the substrates compacted at different pressures.
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Figure 4.5 - The variation of green relative density and density after sintering of

the substrates for different compacting pressures.
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The effect of green compact density on relative density after sintering for
the five compacting pressures appears to be negligible. Although, there were
variations in green density, a relative density of approximately 96% was
achieved for all samples after sintering. This outcome indicates that the
reactivity of the starting powder, green density and sintering temperature
contributed to the sintering process.

The results for porosity and water absorption also followed the same
trend as relative density. Within the limitations of the characterization method
used, 0% apparent porosity and water absorption were measured for all
samples. Figure 4.6 shows the effect of green density on shrinkage of the

substrates compacted at different pressures.
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Figure 4.6 - Shrinkage after sintering of substrates compacted at different

pressures.

Unlike the other properties (apparent porosity, water absorption and
relative density), the percentage of shrinkage seems to be dependent on the
compacting pressure and consequently on green density (Figure 4.5). In fact,

an increase of compaction pressure from 62 MPa to 158 MPa produced a 4%
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drop in shrinkage from 26 to 22%, which is significant depending on the
dimensional tolerance of a project.

In general, green compacts undergo shrinkage during sintering especially
due to densification, when the pores within the compact are eliminated, making
room for intimate particle-particle contact [81]. Hence, the more pores to be
eliminated in the case of less dense compacts (lower compaction pressure), the
higher the linear shrinkage suffered. The loss of additives also accounts for
shrinkage.

The physical properties (final density, water absorption, shrinkage,
apparent porosity) and the compaction curve of the first batch of substrates
were used as selection criteria for the final compaction pressure of the second
batch of substrates.

The analysis of the results suggests that the final density is independent
of green density and since minimal shrinkage differences are acceptable within
the scope of the research, the compaction pressure was set at 109 MPa.
Although, this pressure is not the highest, there is a balance between the final
density and physical properties. The second batch of substrates (40 in number)
was pressed at 109 MPa and their physical properties were measured before
and after sintering.

A summary of the physical properties of the second batch of substrates
that will be used for posterior analysis is presented in Table 4.1. The properties
presented are identical to the first batch of substrates showing good

reproducibility,

Table 4.1 - Physical properties of the second batch of substrates.

Sample Substrate
Green Relative Density (%) 50.25+£0.12
Relative Density (%) 95.82 £0.10
Shrinkage (%) 24.39 + 0.04
Water Absorption (%) 0.01 £ 0.05
Apparent Porosity (%) 0.01 £0.00
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4.2.1 Microstructure of the substrates

A sample of the sintered substrates from the second batch of substrates
was analyzed by X-ray diffraction for phase composition verification. The

diffraction pattern of the TiO, substrate is showed in Figure 4.7.
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Figure 4.7 - X-ray diffraction pattern of the rutile TiO, sintered substrate.

The diffraction pattern (Figure 4.7) reveals rutile phase as predominant in
the substrate, with reflections from identified planes corresponding to rutile
phase. Furthermore, the intensity and width of the diffracted peaks suggest that
the substrate is polycrystalline.

Basal reflections not pertaining to rutile phase identified with the symbol
(®) can be observed in the diffractogram. These reflections were not evident in

the XRD analysis of the raw material (Figure 4.1), hence suggests that they



62

were formed during the sintering of the compacted powder at 1450 °C. At this
temperature, TiO, could react with other constituents of the powder, for
example, Alumina, resulting in Al;TiOs (Aluminum titanate). Sobhani et al.
(2014) also reported the formation of Al,TiOs through reaction sintering of
alumina and titanium oxide powder at 1450 °C [147]. Aluminum titanate has not
been reported as photoactive therefore its influence on photocatalytic activity of

the substrates can be considered negligible.

4.2.2 Microstructure of the substrates

The microstructure of the sintered substrate polished and a thermally
etched at 1350 °C is shown in Figure 4.8. It contains a SEM micrograph of

the substrate and grain size distribution.
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Figure 4.8 - A) SEM micrograph of the sintered substrate and B) distribution of

grain size.

The microstructure of the substrate is composed of various grains of
different sizes and shapes with well defined grain boundaries typical of sintered
materials. The variation in grain size observed in the micrograph and the
histogram could be linked to the particle size distribution of the starting powder
(Figure 4.2 and 4.3), a possible factor for heterogeneous growth during sintering
since larger particles grow at the expense of smaller particles. In fact, the mean
grain size estimated was 5.71 + 0.35 um, which represents significant particle
growth during sintering when compared to the mean starting particle size
measured from the SEM micrograph (0.219 pm).

Despite the significant growth and high density (96%), visible pores
between grains are present in the microstructure of the substrate. At first
glance, these pores seem to contradict the validity of null porosity in the
samples. However, null water absorption of the samples suggests that the
pores are more likely to be closed than open. Another interesting feature
observed in the micrograph (highlighted in Figure 4.8B) is localized lines on

some grains that resemble slipping terraces or macro ledges. The source of the
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lines could be related to deformation caused by the alumina polish used for
sample preparation.More insight into the surface topology of the substrate is
made possible by AFM analysis. Using the tapping mode, the surface of the
unpolished substrate was analyzed and the 2D and 3D images are shown in

Figure 4.9.
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Figure 4.9 - AFM 2D micrograph of the sintered substrate and corresponding

3D image.

The AFM images show that the substrate is formed of grains of different
sizes and the intersection of the grains are characterized by void or valleys. The
surface features are in agreement with that of the SEM image (Figure 4.8).
Apparently, the substrate is not planar and will affect the properties of the film

such as adhesion and growth. The mean surface roughness was 0.478 um.

4.3 Characterization of Ti** polymeric precursors resin

4.3.1 Resin viscosity and TiO; concentration

The Brookfield viscosity of the resin was 8.4 cP and it showed a
newtonian behavior. This behavior is important since the resin will be spin
coated onto the substrate and it is desirable that the resin’s viscosity remains
constant during the process. The concentration of Ti** ions in the resin was
estimated using loss on ignition at 850 °C. From the TiO; residue produced, the
concentration of Ti*" ions in the resin was 0.050 g.mL". The concentration can

be used to estimate the quantity of TiO, that a volume of resin produces.
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4.3.2 Phase analysis of the resin

Part of the Ti*" precursor resin was separated and calcined in air with the
following thermal conditions: 350 °C/12h, 400 °C/2h, 450 °C/2h and 500 °C/2h.
These thermal conditions are the exact conditions for the preparation of the
subsequent anatase films (SAM 1, SAM 2, SAM 3 and SAM 4 respectively).
The phase composition of the prepared powders was verified by XRD to ensure
phase purity of the posterior deposited films. Figure 4.10 presents the diffraction

patterns of the as-prepared powders.
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Figure 4.10 - X-ray diffraction pattern of the powders produced from the resin

calcined at different temperatures.

The XRD patterns of the powders shown in Figure 4.10 depict the
formation of anatase phase. The diffracted peaks are reflections from lattice
planes peculiar to anatase phase with corresponding angles at 25.67°, 38.16°,
48.44°,54.38°, 55.38°, 63.03°, 69.19°, 70.75° and 75.38° respectively [148].
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The patterns are identical to other TiO, powders prepared by the
polymeric precursors method [66,149]. Traces of rutile phase were not identified
in the powder, dismissing any possibility of rutile contamination during resin
synthesis.

For the samples calcined at lower temperatures (350 °C and 400 °C), the
broad diffuse pattern of the peaks and the poor reflections from the (211), (105),
(204), (116) and (220) planes, especially for 350 °C could be associated with
the amorphous nature of the powder as well as crystallite size. It is expected
that the thermal conditions at which the powders were calcined will be sufficient
for the elimination of organic substances from the precursor resin and also for
subsequent formation of anatase phase. However, the crystallinity of anatase
phase and the amount of carbon eliminated are more pronounced at
temperatures above 400 °C. As can be seen from the XRD patterns of 450 °C
and 500° C, the peaks from all reflection planes of anatase are well defined with
higher intensities compared to 350 °C and 400 °C. Table 4.2 presents the

average crystallite size of the synthesized powders.

Table 4.2 - Crystallite size of the powders produced from the resin.

Sample Crystallite Size (nm)
350 °C 8
400 °C 10
450 °C 10
500 °C 13

It can be inferred from the average crystallite size of the powders
estimated by the Scherrer method that the crystallite size of the powders
increased as calcination temperature increased. In general, the powders with
smaller crystallites presented broader peaks possibly related to lesser planes
for destructive interference [150]. The crystallite size of the powders indicates
that the polymeric precursor method is a practical for obtaining nanometric

powders.



67

4.4 Characterization of films on glass substrate

A replicate of the films on rutile substrate was made using a glass
substrate. For this, five layers of rutile film were deposited on a glass substrate
and were calcined. After, five layers of the precursor resin were deposited on

the as-prepared rutile film and the assembly was then calcined.

4.4.1 Phase analysis

The phase of the films on glass was analyzed by XRD to observe the
effect of the glass substrate on phase evolution. Figure 4.11 shows the XRD of

the films and the rutile coated glass substrate.

* Rutile ——SUB

— G350
— G400
—— G450
— G500

—

Intensity(u.a.)
S il A
%

A, A

20 30 40 50 60 70 80
2theta(degrees)
Figure 4.11 - X-ray diffraction pattern of rutile film on glass (SUB) and TiO, five
layer films deposited on rutile coated glass by spin coating and calcined at a
ramp rate of 1°C.min™ to final calcination temperature and time: 350 °C/12h
(SAM 1), 400 °C/2h (SAM 2), 450 °C/2h (SAM 3) and 500 °C/2h (SAM 4).

All the films presented diffraction peaks pertaining to rutile phase and no

anatase diffraction peak was present. This could mean that either anatase
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phase in the films was transformed prematurely into rutile phase or the films
contain anatase phase but the layer is too thin to have significant signal for
analysis in conventional X-ray diffraction equipment.

In order to further analyze the phase composition of the films, grazing
incidence X-ray diffraction was performed on the samples. The runs were
performed from 15° to 30° (2theta) where anatase principal (101) peak is known
to be diffracted. Figure 4.12 shows the diffraction pattern of the films for the

various temperature conditions.

= Rutile e Anatase _ "
0
. 450 °C
= 50°C -
v
3 1 14 16 18 20 22 2‘4 26 28 30 32
_.2\ 14 16 18 20 2|2 24 26 28 30
K0 * *
cC
9
= SUB | 400 °C
14 16 18 20 22} 2‘4 26 28 30 32
14 16 18 20 22 2|4 26 28 30 32 .
0
350 °C
2theta(degrees) | — 7 —
14 18 18 20 22 24 26 28 30 32

Figure 4.12 - Grazing incidence X-ray diffraction patterns of rutile film on glass
(SUB) and TiO, five layer film deposited on glass by spin coating and calcined
at a ramp rate of 1°C.min™ to final temperature and time: 350 °C/12h (G350),
400 °C/2h (G400), 450 °C/2h (G450) and 500 °C/2h (G500).

The principal rutile peak at 27.3° (identified as > ) is present in all the
samples and is in agreement with the patterns obtained from conventional X-ray

diffraction. Anatase phase diffracted at 25.5° was noted in the film calcined at
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500°C (identified with (®)) and the estimated crystallite size from this peak is

shown in Table 4.3.

Table 4.3 - Crystallite size estimated from grazing incidence X-ray diffraction
pattern of TiO, five layer film deposited on glass and calcined at 1 °C.min™ to
500 °C/2h (G500).

Sample Crystallite Size (hm)
G500 9

The crystallite size indicates that anatase phase is still maintained in the
film at this temperature but the percentage of the phase and possible
transformation of part of it into rutile cannot be confirmed with much certainty
because the rutile peak of the substrate can overlap the rutile peak from the
transformation of anatase to rutile. The absence of anatase in the films (G350,
G400 and G450) may be due to rutile since the crystallization of anatase
demands higher temperatures contrary to anatase formed from the precursor

resins or on pristine glass substrates.

4.4.2 Surface morphology and topology

Table 4.4 presents the mean square roughness of the films estimated

from AFM images of the films deposited on the glass coated substrates.

Table 4.4 - Mean surface roughness of five layer TiO, films deposited on glass
by spin coating and calcined at a ramp rate of 1 °C.min™ to the final calcination
temperature and dwell time: A) 350 °C/12h (G350); B) 400 °C/2h (G400); C)
450 °C/2h (G450) and D) 500 °C/2h (G500).

Sample Mean Square Roughness (nm)
G350 117
G400 92
G450 121
G500 194
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According to the data, calcination temperature did not have a clear effect
on surface roughness. It is plausible to consider that there was no significant
difference in surface roughness from one film to the other since surface
roughness could be very sensitive to height variation when analyzing features of
less than hundred nanometers to few hundreds of nanometers.

Figure 4.13 presents the AFM images of the as-prepared films.
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Figure 4.13 - AFM images of the five layer TiO, films deposited on glass by
spin coating and calcined at a ramp rate of 1°C.min™ to final temperature and
time: A) 350 °C/12h (G350); B) 400 °C/2h (G400); C) 450 °C/2h (G450) and D)
500 °C/ 2h (G500).

The films appear to be formed on spherical particles (rutile film) whose
morphology and size affect the structural properties of the film. The effect of
temperature on microstructural evolution is also evident in the samples, for
example, as calcination temperature increases, the film particles tend to

increase in size.



71

4.4.3 Microstructural analysis

The morphology and homogeneity of the films deposited on glass were
observed by SEM. Figure 4.14 shows the SEM micrograph of the films calcined
at various temperatures (350, 400, 450 and 500 °C).
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Figure 4.14 - SEM micrographs of five layer TiO, films deposited on rutile
coated glass by spin coating and calcined at a ramp rate of 1°C.min™ to the
final calcination temperature and time: A) 350 °C/12h (G350); B) 400 °C/2h
(G400); C) 450 °C/2h (G450) and D) 500 °C/2h (G500).

The micrographs show the evolution of the films with respect to
temperature. During thermal treatment, the precursor resin losses solvent and
organic content and gradually forms the TiO, film. Volume changes related to
the process induces stress within the film which causes cracks. Films (G350, G
400 and G450) present cracks with discontinuous layers which appear to be
residue from the Ti** polymeric resin. The nature of the layers suggests that the

temperatures at which the films were calcined were not sufficient for the total
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elimination of organic content except for G500 calcined at 500 °C. Hence for
films produced by the polymeric precursors method, calcination temperature
has to be adequate for elimination of organics and formation of a continuous
film.

Figure 4.14C draws attention to the properties of the resin especially its
viscosity. It is apparent that the loss of solvent and organic matter during heat
treatment increases the viscosity of the precursor film so it is important that the
initial viscosity is low coupled with an optimum calcination temperature for good
film properties [151]. For the higher temperature calcined films, for example
G500, the surface of the films does not have a viscous appearance perhaps

due to the complete loss of organics.

4.5 Characterization of Ti** polymeric precursors resin
4.5.1 Phase composition

Figure 4.15 shows the XRD of the films deposited on rutile substrate.
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Figure 4.15 - X-ray diffraction patterns of ten layer TiO, films deposited on
rutile sintered substrate calcined at a ramp rate of 1 °C.min™ to the final
calcination temperature and dwell time: A) rutile sintered substrate (SUB);
350 °C/12h (SAM 1); 400 °C/2h (SAM 2); 450 °C/2h (SAM 3) and 500 °C/2h

(SAM 4) B) expanded view of selected region of the diffractogram.

The diffraction pattern of the substrate is identical to the samples with
TiO; films (SAM 1, SAM 2, SAM 3 and SAM 4). The similarity in pattern could
indicate that anatase has been transformed into rutile. However, this hypothesis
is open to discussion since conventional XRD has its limitations [152]. Thus,
signals from anatase in the film might be suppressed due to the volume of the
substrate. So, a thorough analysis of the patterns was done by zooming into
known regions of anatase reflections. Figure 4.15B shows anatase (101) plane
in SAM 3 and SAM 4. A comparison among the samples indicates that anatase
phase is gradually formed as calcination temperature increases. For SAM 1 and

SAM 2, it can be deduced that at lower calcination temperatures, anatase
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phase was not fully formed perhaps due to higher organic content. On the other

hand, higher temperature calcined films, SAM 3 and SAM 4 show well defined

anatase (101) peak. Table 4.5 presents the crystallite size of the samples with

defined (101) anatase peaks.

Table 4.5 - Crystallite size estimated from the anatase (101) peak.

Sample Crystallite Size (nm)
SAM 3 11
SAM 4 11

The crystallite size of SAM 3 and SAM 4, suggests that there is gradual

crystallite growth due to constriction of the film by the substrate, a speculation

derived from the crystallite sizes of the equivalent powders (Table 4.2).

Figure 4.16 presents the XRD patterns obtained from grazing incidence

x-ray diffraction technique at angle of 2 °.
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Figure 4.16 - Grazing incidence X-ray patterns of ten layer TiO, films deposited
on rutile sintered substrate and calcined at a ramp rate of 1 °C.min™ to final
temperature and time: A) rutile sintered substrate (SUB); 350 °C/12h (SAM 1),
400 °C/2h (SAM 2); 450 °C/2h (SAM 3 ) and 500 °C/2h (SAM 4) B) expanded
view of selected region of the diffractogram.

For all samples, reflections from rutile planes are present and their
intensities and widths are almost identical. Unlike the patterns from
conventional XRD, they show a complete absence of basal reflections
associated with aluminum titanate as well as the unidentified basal reflection.

Since the basal reflections are absent, it can be assumed that the region
analyzed pertains to the multilayered film. Even with this assumption, the region
analyzed could be just above the substrate or distant from the substrate. If this
is possible, then regions closer to the substrate would have stronger substrate

signal than regions very distant from the substrate. The anatase (101) reflection
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is identified in some of the films (®). Its intensity compared to that of the
principal rutile peak suggests non-preferential growth of the anatase film or poor
anatase phase formation. An amplified view of the region between angle 23°
and 26° shows the effect of temperature on anatase formation and crystallinity.
For example, higher temperature samples presented well defined anatase
phase whereas for lower temperatures, anatase is weakly formed or not formed
at all.

It is worth mentioning that anatase phase in the films on glass was
identified in only one sample (G500) compared to three samples (SAM 2,
SAM 3 and SAM 4) for films deposited on rutile substrate.

Rutile phase on the glass substrate and sintered rutile substrate may
present different surface properties which could alter the formation of anatase in
the films. For instance, the films formed on rutile phase observed by AFM
(Figure 4.13) shows that they are formed on rutile particles while for rutile
substrate; the films are formed on grains. Another reason could be the number
of layers of TiO, films deposited on the substrates, five layers on the glass
compared to ten layers on rutile substrate could affect the dynamics of anatase
formation.

Table 4.6 presents the crystallite size of the samples estimated from the

(101) anatase peak.

Table 4.6 - Crystallite size of the films.

Sample Crystallite Size (nm)
SAM 2 11
SAM 3 15
SAM 4 17

It shows that the higher the temperature, the higher the tendency for
crystallite growth and consequently, improved crystallinity of the film. Also,
unlike the crystallite values presented by XRD, it seems the constriction of
crystallite growth in the films is lower.

The difference in the values presented by both techniques may be due to

the region analyzed, constriction is likely to be higher for film layers closer to the
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substrate than those further away from the substrate surface or within the
multilayered films.

The phase composition and structural properties of the substrate and
films deposited on sintered rutile substrate were probed by micro-Raman
spectroscopy (Figure 4.17).
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Figure 4.17 - Raman spectra of ten layer TiO; films deposited on rutile sintered
substrate by spin coating and calcined at a ramp rate of 1 °C.min™ to final
calcination temperature and time: rutile substrate (SUB); 350 °C/12h (SAM 1);
400 °C/2h (SAM 2); 450 °C/2h (SAM 3) and 500 °C/2h (SAM 4).

Rutile phase presents four Raman active vibration modes: Ay, Big, Bag
and Eg where Ayq is the Raman active mode for out of plane bending vibration,
E, is raman active in-plane stretching vibration and B4 is out of plane stretching
vibration and B,g is symmetric stretching in plane [153]. The sintered substrate
(SUB) presents Raman active modes at 142, 447, 612 cm™* for Byg, Eq and Aq
modes respectively. The bands confirm rutile phase as the major phase after

sintering and is in agreement with other analysis found in the literature. Lattice
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vibration of the substrate in the B;g mode is very weak and almost absent while
vibration in the B,y mode is totally absent. A peak at 235 cm ™ can be observed.
Although, this peak does not form part of Raman allowed bands for rutile, it has
been reported in several Raman spectroscopy analysis. It is speculated that this
peak is associated with second order scattering bands or peculiar rutile
structure disorder scattering [153]. Apparently, the bands of all the films are
identical with the substrate and no anatase active bands were exhibited.
However, the films show broader peaks and higher intensities than the pristine
substrate. In general, the intensities indicate the increase in active groups (Tii
groups) due to the presence of the films.

The complete absence of anatase active modes despite confirmed by
XRD suggests that there could be transformation of the films into rutile phase
although the quantification of the phase present cannot be calculated from the
spectra. It is important to note that micro-Raman results may depend on the

region analyzed.

4.5.2 Surface topography

Figure 4.18 shows the AFM 2D and 3D images of SAM 1. As can be
seen, the surface of the film is not planar due to the properties of the substrate

as discussed previously.
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Figure 4.18 - AFM 2D and 3D images of SAM 1 - ten layer TiO, film deposited
on rutile by spin coating and calcined at a ramp rate of 1°C.min™* to 350 °C/12h.
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As can be seen, the surface of the film is not planar due to the properties of the
substrate as discussed previously. A feature that calls attention is the step-
terrace structure at certain regions of the film.

The widths of the steps are as wide as 0.476 pm and as small as 0.694
pum. The structure bears some similarity to the localized lines observed in the
SEM micrograph (Figure 4.8) even though the sample was not polished. Due to
this, the localized lines and step terraces are intrinsic of the substrate and might
be formed at high temperature. Czerwinski and Szpunar studied the topology of
rutile oxide formed on Ti using AFM analysis and they reported the presence of
macro and micro growth ledges at some regions of the oxide associated with
diffusion of Ti cations suggesting that the lines observed on the substrate could
be macro and micro growth ledges [154].

Figure 4.19 shows the AFM 2D and 3D images of SAM 2. They also
show the influence of the substrate on the topography of the film. The variation
in substrate height is shown clearly through the difference in color associated
with height. The heterogeneous nature of the substrate might affect the growth

of the film.
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Figure 4.19 - AFM 2D and 3D images of SAM 2 - ten layer TiO, film deposited
on rutile sintered substrate by spin coating and calcined at a ramp rate of
1°C.min™" to 400 °C/2h.

Figure 4.20 shows the AFM 2D and 3D images of SAM 3. The surface of
SAM 3 appears to be different from that of the films calcined at 350 and 400 °C
(SAM 1 and SAM 2). It shows regions with what appear to be agglomerates of
particles that may be associated to the growth of TiO, particles in the resin.
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Figure 4.20 - AFM 2D and 3D images of SAM 3 -ten layer TiO film deposited
on rutile sintered substrate by spin coating and calcined at a ramp rate of
1°C.min™ to 450 °C/2h.

Figure 4.21 presents the AFM image of SAM 4. The film shows

topography associated with the substrate.
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Figure 4.21 - AFM 2D and 3D images of SAM 4- ten layer TiO, film deposited
on rutile sintered substrate by spin coating and calcined at a ramp rate of
1°C.min™ to 500 °C/ 2h.

They suggest the growth of the resin particles with increase in
temperature and crystallinity. Table 4.7 presents the mean square roughness of
pristine rutile substrate and the 10 layer films deposited on rutile substrate.
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Table 4.7- Mean square roughness of the films deposited on rutile substrate.

Sample Mean Square Roughness (nm)
SUB 478

SAM 1 171

SAM 2 182

SAM 3 592

SAM 4 392

SAM 1 and SAM 2 have low surface roughness while the contrary is
observed for SAM 3 and SAM 4. Since mean square roughness is related to
variation in surface features, vast height variations at certain parts of the film
shift the mean to higher values and so surface roughness might be different
depending on the region analyzed. Temperature effect on surface roughness
did not follow a clear trend.

4.5.3 Bandgap

The optical bandgap of the films was evaluated by diffuse reflectance
measurements. The data were transformed into Kubelka Munk spectra which
allowed bandgap extrapolation [155]. Figure 4.22 shows the normalized

Kubelka Munk spectra for the samples and the linear extrapolation of the

bandgap.
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Figure 4.22 - A) Kubelka Munk spectra of the ten layer films deposited on rutile
substrate and calcined at different temperatures at a rate of 1°C.min™:
350 °C/12h (SAM 1); 400 °C/2h (SAM 2); 450 °C/2h (SAM 3); 500 °C/2h
(SAM 4) and B) the extrapolation of rutile bandgap using the substrate as an

example.

The spectra of the substrate and the samples are almost identical. The
spectra show an absorption shoulder indicated in Figure 4.22B a characteristic
of anatase or rutile TiO; phase.

Table 4.8 presents the estimated bandgaps of the films and substrate.

Table 4.8 - Bandgap of rutile substrate and ten layer films deposited on rutile

substrate.
Sample Bandgap (eV)
SUB 2.74
SAM 1 2.83
SAM 2 2.85
SAM 3 2.84
SAM 4 2.79

The bandgap of the substrate is 2.74 eV compared to 3.0 eV in the

literature [156]. The color and bulk nature of the substrate can contribute to its
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lower bandgap. In general, there was bandgap lowering of the films compared
to theoretical bandgap of anatase (3.2 eV).However, the bandgaps of the films
are higher than the substrate which indicates bandgap modification with film
deposition. A possible reason is the deposition of anatase phase a higher
bandgap on a lower bandgap rutile substrate which may shift the bandgap of
anatase to lower values in order to form a heterojunction. Also, structural
modification due to phase transformation or disorder due to to crystallinity may
cause bandgap opening as evident in SAM 1, SAM 2 and SAM 3 [157]. SAM 4
has the lowest bandgap and is closer to that of the substrate suggesting that as
crystallinity increases, its bandgap tends to align with the substrate as a result

of better interface formation.

454 Microstructure

Figure 4.23 shows the SEM micrographs of the films formed on rutile.
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Figure 4.23 - SEM micrographs of ten layer TiO, films deposited on rutile by
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spin coating and calcined at a ramp rate of 1°C.min™ to final temperature and
dwell time: A) 350 °C/12h (SAM 1); B) 400 °C/2h (SAM 2); C) 450 °C/2h
(SAM 3) and D) 500 °C/2h (SAM 4).

The presence of the films on the substrates is evident for all the samples.
As can be seen, SAM 2 and SAM 4 presented a more homogeneous and
continuous film despite the presence of cracks. On the contrary, micrographs of
SAM 1 and SAM 3 show dispersed islands of TiO; film as well as exposed
regions of the substrate.

The total absence of TiO, film on the exposed substrate cannot be
confirmed because there can be nanometric films in these areas that were not
revealed due to the resolution limitation of scanning electron microscope The
microstructure evident in the samples can be associated with the process by
which films are formed in the polymeric precursor method. One of the crucial
stages is the elimination of organic materials and solvent evaporation which
cause minimal to severe contraction depending on the viscosity of the resin,
calcination temperature and time [151]. Contraction induces stress in films
causing cracks.

The trend for crack formation was not consistent for the samples, for
example SAM 2, a lower temperature calcined film compared to SAM 3,
presented a more homogeneous film with less cracks. It therefore draws
attention to the substrate properties as a possible contributing factor to the
quality of the films.

It is likely that the films, SAM 2 and SAM 4, were formed on a more
planar region of the substrate, reducing stress associated with the difference in
film height. Another possible cause of the cracks may be due to stress
associated with lattice mismatch between the substrate and the film.

Figure 4.24 shows a closer view of the SEM micrographs. In these
micrographs, the exposed surface of the substrate and the films in SAM 1 and
SAM 3 depicts that the films are at different heights which could be an evidence
for their detachment during calcination. Dispersed particles on the films, which

appear to be anatase particles, can be seen on all samples. Figure 4.24D
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shows a highlighted region with detached film. The depth of the region suggests

that the films are thick in nature.

Figure 4.24 - SEM micrographs of ten layer TiO, films deposited on rutile
substrate and calcined at a rate of 1°C.min™ to final temperature and dwell
time: A) 350 °C/12h (SAM 1); B) 400 °C/2h (SAM 2); C) 450 °C/2h (SAM 3) and
D) 500 °C/2h (SAM 4).

455 Film thickness

The thickness of selected films (SAM 1 and SAM 2 ) were analyzed by
SEM. Figure 4.25 shows the cross sectional SEM of SAM 2 and a line energy
EDX scan of the analyzed region. The film width estimated from the micrograph
is approximately 1.4 um from the surface of the substrate (Figure 4.25 A).
However, the analysis of the patterns of the individual elements, especially Ti,
suggests that the film could be 1.2 um from the substrate (Figure 4.25 B). If
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zero is considered as the apex of the film, the intensity of Ti increased until it

became stable at 1.2 um, indicating the onset of the surface of the substrate.
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Figure 4.25 - A) Micrograph of cross sectional SEM of SAM 2 - ten layer TiO,
films deposited on rutile substrate by spin coating and calcined at 400 °C/2h
with a rate of 1 °C.min™ and B) EDX line scan of the measured region.
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The cross sectional FEG of SAM 1 micrograph is presented in Figure 4.26.
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Figure 4.26 - Cross sectional FEG micrograph of SAM 1-ten layer TiO, film

deposited on rutile substrate and calcined at 350 °C/12h with a rate of 1°C.min™

The micrograph clearly shows anatase film on the substrate with a width of
1.4 ym identified by white line, however this value is debatable because areas
to the right of the identified region have widths up to 1 um.

The surface of the film is not uniform and depending on the region of the
fracture, variation in measured film width can be observed. As such, comparing
the width values of the two different, it can be assumed that the samples have a

width range between 1 um to 1.4 pym.

4.6 Characterization of mixed phase powders
4.6.1 Phase composition
Micro-Raman spectroscopy was utilized to study the phase composition

of the powders. Figure 4.27 presents the patterns of the mixed phase powders

and rutile powder.
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Figure 4.27 - Raman spectra of powders produced from a mixture of rutile
powder and Ti** resin and calcined at various temperatures: P350 (350°C /12h),
P400 (400°C /2h), P450 (450 °C/2h), P500 (500 °C/2h) and P1000(1000°C /2h).

The phase composition and structural properties of the powders were
probed by micro-Raman spectroscopy. The rutile raw material and the powder
calcined at 1000 °C present rutile active modes at 143, 446 and 612 cm™* for,
Big, Eg and A;q and respectively. The bands indicate rutile phase as the major
phase of P1000 and the rutile raw material. Usually, rutile presents a low
intensity band at 143 cm™ compared to the other characteristic bands of rutile,
and also anatase phase presents a much intense band at 144 cm™. Due to the
proximities of the band values there could be overlapping of the bands, however
the band at 143 cm™ is assumed to be rutile. Another peak is also observed at
235 cm™ which does not form part of Raman allowed bands, it has been
reported in several Raman spectroscopy analysis of rutile phase components. It
is speculated that this vibration mode is caused by second order scattering
bands or peculiar rutile structure disorder scattering. Apart from the peak at

235 cm™ !, a peak at 515 cm™ ' is also observed. Usually peaks in the vicinity of
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515 cm™ * are related to anatase phase and is rather surprising that the spectra
of rutile and P1000 contain such a band. It is interesting to note that the band
was absent in the sintered substrate. Then, it is highly improbable that anatase
phase is retained at 1000 °C being that the temperature is sufficiently high.
However, the raw material rutile contains this band which could indicate that the
powder may contain anatase impurities that were not detected by XRD. It calls
attention to the fact that alumina and silica could retain anatase phase if there
are anatase impurities.

As expected, the mixed phase powders present anatase and rutile active
modes. Four of the six active bands of anatase were present in P350, P400
P450 and P500: 196 cm ™ (Ezg), 396 cm ™ (Azg), 517 cm ™ (Ayg), 642 cm ™ (Eay).
Also, a rutile band at 143 cm * was identified. The number of bands present for
each phase shows that there was an intimate mixture of the phases in the
powder. For P350, the bands suggest that anatase is formed at 350 °C and

could be superimposed on rutile.

4.6.2 Microstructure

Figure 4.28 shows the SEM micrographs of P450 calcined at 450 °C.
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Figure 4.28 - SEM micrographs of mixed phase powder calcined at 450 °C
(P450).

The micrographs show a continuous film was formed over the rutile

powder particles. In some areas, rutile particles are exposed at regions with
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cracks. The microstructure of the powder permits the extrapolation of the film

properties from the powder.

Figure 4.29 presents the TEM micrographs of the mixed phase powders.

100nm 200nm

Figure 4.29 - TEM micrographs of mixed phase powders produced from a
mixture rutile powder and Ti*" resin that was calcined at various temperatures:
A) P350 (350 °C/12h), B) P450 (450 °C/2h), C) P500 (500 °C/2h) and D) P1000
(1000 °C/2h).

They contain large particles assigned to rutile phase and smaller
particles believed to be anatase. The terrace feature observed in the SEM
micrograph of the substrate (Figure 4.8) is also evident in Figure 4.29A and is in
agreement with the fact that it is intrinsic of the powder. It further confirms that
the large particles are related to rutile phase.

Anatase fine particles tend to grow and segregate at the edges and
surfaces of rutile particles suggesting that these places have lower nucleation
energy. The powder calcined at 1000 °C shows the absence of agglomerates of

fine anatase particles at the outlines of the particles or over the surface.
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Apparently, at this temperature, anatase particles have transformed into rutile
through particle growth and coalescence.

Figure 4.30 shows the bright field image of P500, corresponding dark
field image and a selected diffraction pattern.

200 nm

Figure 4.30 - TEM micrographs of mixed phase powder produced from a
mixture of rutile powder and Ti ** resin that was calcined at 500 °C/2h( P 500):
A) bright field; B ) dark field; C) selected area diffraction.

The difference in contrast of the dark field image (Figure 4.30B) indicates
bright areas with a particular orientation. The selected area diffraction of the
bright area (Figure 4.30C) reveals aligned spots indicative of reflection from

individual crystallites or single crystals. Thus, a low degree of orientation is
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shown in this region. Anatase reflections from (101) and (103) planes were
detected as well as reflections from (220) rutile, showing that there was no
topotactic effect, i.e., anatase was surface nucleated but did not convert to
rutile.

Figure 4.31 shows a dark field image of P1000 and a selected area

diffraction pattern.

Figure 4.31 - TEM micrographs of mixed phase powder produced from a
mixture of rutile powder and Ti** resin that was calcined at 1000 °C/2h (P 1000):

A) dark field; B) selected area diffraction.

The presence of diffuse rings and bright spots indicate that the diffracted
region is polycrystalline. The crystallites in the outer rings are associated with
rutile in the (111), (200) and (121) planes while a spot is indicative of anatase in

the (004) plane. Since at this temperature all anatase phase is transformed into
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rutile, the presence of anatase could indicate that the powder contains anatase
impurities which are retained at high temperatures. The presence of silica and
alumina might contribute to this behavior. It is interesting to note that anatase
vibrational mode in the powder was also detected through Raman spectroscopy
(Figure 4.27).

4.7 Photocatalytic performance

4.7.1 Rhodamine B degradation

The discoloration of Rhod-B was monitored at different time intervals
utilizing the absorbance spectra of the molecule. Figure 4.32 and Figure 4.33
present the absorbance spectra of Rhod-B in the presence of the samples after
UV irradiation for the first cycle. The rest of the cycles were not presented here
to reduce redundancy.

Rhod-B is noted to have a maximum absorption peak around 544 nm
wavelength and the reduction of the intensity of this peak with time is utilized as

the measure of the rate of discoloration
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Figure 4.32 - Absorption spectra of Rhod-B after UV irradiation in the presence
of SAM 3 and SAM 4 for a period of 180 minutes.
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Figure 4.33 - Absorption spectra of Rhod-B after UV irradiation in the presence
of Rhodamine B (RHOD), rutile substrate (SUB), SAM 1 and SAM 2 for a period
of 180 mins.

The spectra of all the samples show a reduction in the intensity of the
peak with an increase in irradiation time. The position of the absorption peak
monitored at 544 nm did not show any significant dislocation during the
irradiation period for the first cycle, an indication of the absence of
hypsochromic or bathochromic shifts.

Hypsochromic shift is a phenomenon that occurs in dyes in general,
when the energy between the ground state and excited state is increased (blue
shift) such that the maximum absorption wavelength is shifted to shorter
wavelengths [158]. The opposite occurs in bathochromic shifts. Usually,
hypsochromic or bathochromic shift indicates changes in the conjugate
structure of the dye and provide information on the degradation pathway of the
molecule during photocatalysis.
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Rhod-B presents two main degradation paths: cleavage of the
chromophore ring and N-deethylation. With cleavage, the chromophore bonds
are broken. Degradation of Rhod-B through this path does not cause the
dislocation of the maximum absorption wavelength. For the second degradation
pathway, N-deethylation, where the methyl group from the nitrogen (N)-
containing functional group is detached, the wavelength is shifted to lower or
higher wavelength depending on the byproduct formed [159]. Therefore, the
degradation path of Rhod-B in the presence of the films is believed to be bond
cleavage. However, the complete absence of N-deethylation reactions can not
be confirmed since both mechanisms can take place at different stages of
Rhod-B degradation using TiO, nanoparticles [159]. Figure 4.34 presents the
reduction of the concentration of the Rhod-B in solution with the presence of the

films for all four cycles.
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Figure 4.34 - Reduction of Rhod-B concentration with time for cycle 1, cycle 2,

cycle 3 and cycle 4.
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In general, the percentage of Rhod-B chromophore removed after 3
hours of UV irradiation was up to 43%, 43%, 54% and 39% for cycle 1, 2, 3 and
4 respectively. The values suggests that the photocatalytic properties of the
samples are stable and could be maintained after several applications

The kinetic behavior of the samples with respect to Rhod-B degradation
is very important to understanding the possible factors that affect the
process. Also, it is a very simple way to evaluate the photocatalytic efficiency of
the films

From the first rate order kinetic law and according to the experimental set
,Equation 4.1 clearly defines the rate order of the photodegradation of

Rhodamine B.

—d[Rhodamine B]
dt

(4.1)

= k[Rhodamine B |[surface area |

where surface area represents the concentration of active sites in the
photocatalyst (proportional to the surface area of the films) which is constant.

Therefore, Equation 4.1 is reduced to Equation 4.2:

—d[Rhodamine B 4.2
[ odctlmlne ]= k[Rhodamine B ] (4.2)
where k’ = K[AS];
The integration of Equation 4.2 results in Equation 4.3:
[Rhodamine B 4.3)
_ln([Rhodamine B ]O) =kt

In accordance with Equation 4.3, if In([Rhodamine B]/ [Rhodamine B])
is plotted as a function of t, a straight line should be obtained whose
slope is k" and the quality of the linear fit is verified through linear regression
(R?). Thus, a linear fit of the plots in Figure 4.38 provides the kinetic constants

of the degradation process.

Table 4.9, 4.10, 4.11 and 4.12 contain the kinetic constant k', standard
error and linear regression (R?) of the samples for the degradation of Rhod-B

for cycle 1 through to cycle 4, respectively.
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Table 4.9 - Kinetic constant (k'), standard error and linear regression of all the

samples for cycle 1.

Sample K'.10° (min™) Standard error.10® R?
RHOD 1.01 0.03 0.993
SUB 1.9 0.07 0.993
SAM 1 0.76 0.10 0.999
SAM 2 2.04 0.01 0.994
SAM 3 2.58 0.07 0.985
SAM 4 3.14 0.05 0.912

Table 4.10 - Kinetic Constant (k'), standard error and linear regression of all the

samples for cycle 2.

Sample K'.10° (min™?) Standard error.10® R?
RHOD 1.26 0.03 0.997
SUB 2.73 0.09 0.992
SAM 1 1.01 0.03 0.992
SAM 2 2.02 0.05 0.997
SAM 3 2.33 0.04 0.998
SAM 4 3.15 0.05 0.999

Table 4.11 - Kinetic constant (k'), standard error and linear regression of all the

samples for cycle 3.

Sample K'.10™ (min™) Standard error.10” R*
RHOD 0.69 0.06 0.952
SUB 2.19 0.07 0.994
SAM 1 0.88 0.05 0.917
SAM 2 2.59 0.02 0.982
SAM 3 3.81 0.04 0.887
SAM 4 4.34 0.06 0.974

Table 4.12 - Kinetic constant (k'), standard error and linear regression of all the

samples for cycle 4.

Sample K'.10™ (min™) Standard error.10” R*
RHOD 0.60 0.05 0.959
SUB 1.70 0.06 0.994
SAM 1 0.87 0.04 0.991
SAM 2 1.90 0.03 0.990
SAM 3 2.41 0.07 0.998
SAM 4 2.74 0.03 0.999
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For all the cycles, a low standard error is associated with the estimate of
the rate constants, thereby confirming the accuracy of the films in degrading
Rhod-B by pseudo first order reaction. In fact, the linear model used to fit the
data is appropriate as the R-squared values for all cycles are ranging between
0.999 and 0.877. Figure 4.35 contains a bar representation of the k’ values for

all the samples at different cycles.
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Figure 4.35 - Kinetic Constant of the samples for the four cycles.

From the cycles, Rhod-B containing no sample showed a considerable
rate constant under UV irradiation. A possible explanation to this behavior is
photolysis, where the dye can absorb UV light radiation whose energy is
sufficient to break bonds in the chromophore group [131]. However, photolysis
represents a small fraction of the degradation process and does not effectively
lead to mineralization. For all the cycles, Rhod-B solutions containing the films
and pristine substrate showed better photocatalytic activity compared to raw
Rhod-B except for SAM 1 in the second and third cycle. This shows that the
presence of the films is crucial for improved degradation of Rhod-B.

When the solutions are irradiated in the presence of the films, photons
from the UV light are absorbed by TiO, and excitation of electrons take place

with consequent formation of holes and electrons in the valence and conduction
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band respectively. The hydroxyl and superoxide radicals are responsible for the
oxidation of the dye molecules by the films.

The recombination rate of the holes and electrons in the photocatalytic
process can be reduced if the heterojunction formed between anatase and rutile
phase is such that the electrons are transferred to local traps in the rutile phase.
The optical bandgap plays a key role in the recombination rates because the
lower the bandgap formed between anatase and rutile, the lower the energy
barrier between the phases thereby faster electron transfer. In general, the
properties of the TiO, films such as quality, thickness, interface with rutile
substrate, phase composition, crystallite size of anatase phase can affect
photocatalytic activity.

It can be seen that the films calcined at higher temperatures (SAM 3 and
SAM 4) showed better photocatalytic activity than the films calcined at lower
temperatures for all the cycles. For the higher temperature calcined films,
anatase phase is present and is very crystalline. Further, the quantity of residual
carbon which may affect catalytic process is apparently lower. Results from the
grazing incidence X-ray analysis confirm the near absence of anatase in the
lower temperature calcined films. In this way, the radicals formed on the surface
of the films containing anatase may be higher compared to the lower crystalline
films.

Fan et al. (2012) degraded Rhod-B with TiO, and observed that
crystallinity affects the degradation process [159]. They reported that quicker
N-deethylation and slower cleavage of conjugated chromophore structure was
susceptible in Rhod-B degradation with less crystalline anatase while crystalline
anatase lead to slower N-deethylation and quicker cleavage of the conjugated
chromophore. Since there was no apparent blue shift in the samples, then
Rhod-B molecules in the presence of the lower calcined films might be
undergoing cleavage at a slower rate.

The bandgap measured for SAM 4 was close to the rutile substrate which
indicates that electron transfer from anatase to rutile can be facilitated. Easy
electron transfer and trapping could reduce recombination and increase charge

separation of charge carriers. The lower optical bandgap of SAM 4 could
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contribute to its superior photoctivity. In fact, SAM 1, SAM 2 and SAM 3
presented close bandgap values but the discrepancy in their photocatalytic
activities indicates that photocatalytic activity did not depend solely on the
reduction of recombination but on several factors.

The quality of the films in terms of homogeneity can be a determining
factor during photocatalysis because it reduces the surface area of the film for
active sites and adsorption of the Rhod-B molecules. In the samples, there was
no clear correlation between film homogeneity and photocatalytic activity for all
cycles. However, SAM 4 with better film quality presented improved
photoactivity than the other samples. It is believed that SAM 3 and SAM 4 with
a more crystalline anatase phase than the other samples are likely to have a
better interface which may contribute to lower recombination rate. Strikingly,
the substrate showed better photoactivity than some of the films especially for
SAM 1. This sample was calcined at 350 °C, where anatase might be in the
amorphous form and less active with the irradiation of light.

The results from grazing incidence diffraction X-ray and conventional X-
ray showed that it has very negligible anatase phase, thus the near absence of
anatase coupled with high residual carbon might hinder light absorption and
increase adsorption of the Rhod-B molecules [160]. Since dye removal rate of
SAM 1 might be lower than the rate of adsorption, the active sites might be
poisoned leading to lower photoactivity. With this hypothesis, the pristine
substrate has less barriers in absorbing light and can have more surface area
for the catalytic process. Also it has been reported that superoxide radicals
produced by rutile are very stable compared to anatase [161].

From the k’values, the trends in the cycles show that the samples can be
used repeatedly and still maintain their photocatalytic properties. In general, the
kinetic constant of the individual samples were practically identical for cycle 1, 2
and 4 despite drops in kinetic constant values. On the contrary, a significant
increase in the kinetic constant was observed in the third cycle for samples
(SAM 3 and SAM 4). Further SAM 3 and SAM 4 followed a consistent trend for
the photodegradation of Rhod-B suggesting that calcination at higher

temperature enhanced the activity of anatase films.
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4.7.2 Atrazine degradation

The photocatalytic activity of the samples was tested for the degradation
of Atrazine, a herbicide. For this purpose, ATZ solutions were irradiated with UV
light in the presence of the films and the resultant spectra were analyzed.
Figure 4.36, 4.37 and 4.38 present the spectra of ATZ in the presence of the
samples for cycle 1 after UV irradiation.
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Figure 4.36 - UV-vis spectra of Atrazine (ATZ) after UV irradiation in the
presence of rutile substrate (SUB) and raw Atrazine for a period of 300 minutes.
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Figure 4.37 - UV-vis spectra of Atrazine after UV irradiation in the presence of
film calcined at 350 °C/12h (SAM 1) and film calcined at 400 °C/2h (SAM 2) for
a period of 300 minutes.



102

0.4 SAM 3 SAM 4

04

time(min)
—0
——60
—120
—180
——240
—300

time(min)
—0
— 60
—120
—— 180
— 240
— 300

0.2+ 024

absorbance(u.a.)
absorbance(u.a.)

0.0 0.0

200 220 240 260 280 300 20 20 240 260 280 30
wavelength(nm) wavelength(nm)
Figure 4.38 - UV-vis spectra of Atrazine after UV irradiation in the presence of
film calcined at 450 °C/2h (SAM 3) and film calcined at 500 °C/2h (SAM 4) for a
period of 300 minutes.

The spectra are characterized by ATZ molecule which has a maximum
absorption wavelength of 223 nm and a second maximum absorption
wavelength at 263 nm. Absorbance at these wavelengths was monitored before
and after UV irradiation to calculate the reduction of the concentration of the
molecule in solution. After 60 minutes, a significant reduction of almost 50 % of
the concentration of ATZ at 223 nm is observed for all samples including raw
ATZ solution and the absorbance peak at 263 nm was completely reduced to
zero which is equivalent to 100% degradation of ATZ.

S-triazine dyes such as Atrazine and Ametryn have been reported to
have a rapid degradation behavior after UV irradiation [66,149]. This behavior
has been associated to adsorption and degradation of the molecule. The peak
at 263 nm can be considered as pure ATZ since the formation of byproducts at
this wavelength is low, so its complete absence suggests a transformation of
the molecules into byproducts [162]. Further, it shows that ATZ is more
susceptible to degradation but the byproducts formed in the process tend to
hinder the complete mineralization of ATZ in solution since they are more
resistant to degradation.

One of the problems associated with byproducts is that they can poison

the active sites of the films, reducing the degradation process. Thus, for
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subsequent irradiation, the efficiency of the films in the mineralization of ATZ
depends on the oxidation of the byproducts formed.

The peak at 223 nm was monitored after 60 minutes up to the end of the
experiment. The subsequent spectra after 60 minutes show the formation of
unidentified byproducts with peaks near 212 nm and 236 nm maximum
peaks.The peaks can be precisely identified by chromatograpy. However, it was
not within the scope of the study. The performance of the films in degrading
ATZ and its byproducts can be more comprehensive through plots of ATZ
concentration versus time.

Figure 4.39 shows the effect of UV irradiation in the presence of the

samples on the degradation of ATZ monitored at 223 nm.
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Figure 4.39 - The reduction of ATZ concentration with time for cycle 1, cycle 2,

cycle 3 and cycle 4.
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From the graphs, it is possible to see the degradation of ATZ after 60
minutes of irradiation for all the cycles.

In general, a greater reduction in absorbance was observed at 60
minutes in all the samples for all cycles followed by a slower degradation after
60 minutes due to factors such as formation of byproducts and poisoning of
active sites. The percentage of ATZ molecules in solution deduced from the
absorbance spectra at the end of the photocatalytic tests was not so deviant
among the cycles despite the continuous formation of byproducts. It is therefore
believed that the films to some extent were resistant to ATZ poisoning.

The role of specific properties on photocatalytic activity was not
consistent for the samples. For example, cycle 1, SAM 2 presented better
activity than the higher temperature calcined films whereas in cycles 2, 3 and 4,
the higher temperature calcined films (SAM 3 and SAM 4) presented higher
photocatalytic activity. It is important to note that the reduction in ATZ
concentration is not very deviant from one film to the other, therefore, minimal
changes in film properties during the process can enhance or reduce
photocatalytic activity. Considering that ATZ degradation is characterized by the
formation of resistant byproducts, several factors are involved contrary to Rhod-
B degradation. The type and quantity of byproduct can affect the degradation
mechanisms of the film in each cycle. From the photocatalytic trend of the
samples, SAM 3 and SAM 4 depict the contribution of anatase phase to the
degradation process. Its crystallinity seems to enhance the production of
radicals for the degradation process. The recombination rate might be lower for
SAM 4, prolonging the lifetime of photogenerated carriers.

For SAM 1 and SAM 2, as previously mentioned, carbon can assist in
adsorption and it is possible that the desorption process was slower for these
films, resulting in pronounced poising of the active sites. This hypothesis may
be the reason for low photoactivity in addition to lower crystalline phase
especially for the lower temperature calcined films. The kinetics of the
degradation process was also studied.

The plots in Figure 4.36 were fitted to a first order exponential decay

profile. The exponential model is represented by Equation 4.4:
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y =yo + Ae™kt (4.4)
where yo = offset, A = amplitude, t = time, k = kinetic constant.

Typically, a first order exponential decay model is characterized by a
rapid decrease after which the rate becomes slow and levels off approaching an
equilibrium lower limit. The degradation pattern of ATZ suggests that this model
is appropriate for understanding the kinetics behind the degradation process.

The exponential decay parameters are interpreted in real world context
utilizing the parameters of the photocatalytic process. First, Equation 4.4 is
analyzed at an infinite time (Equations 4.5 and 4.6):

lim(yo + Ae ") = yo (4.5)

Lo

y = Yo (4.6)

It can be observed that at a sufficiently long time, the system approaches
Equation 4.6. In the context of the degradation graphs, it represents the
degradation of ATZ and the reduction in ATZ concentration becoming
asymptotic to a lower limit. Thus, yo represents the byproducts in the system
after the rapid degradation of ATZ. The formation and resistance of these
byproducts control the kinetics of the process at this stage. Then, yo is accepted
as the concentration of byproducts in the system which can be represented by
Cr (Equation 4.7) and y as the reduction in concentration of ATZ with time
(CICo).

C 4.7)
—=C
c, R

where C/Co is the reduction in initial concentration C,at a certain time t.

Now, how does the model describe what happens at the initial stages of
the degradation process? The limit of Equation 4.4 at time 0 is shown in
Equations 4.8, 4.9 and 4.10:

lim(yo + Ae ™y = A+ yo (4.8)

y=A+yo (4.9)
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C Aic (4.10)
—_— +

Co R
If it is considered that at time O, there is no degradation, then C/Co = 1

and Equation 4.10 becomes:

A=1-Cq (4.12)

If all the assumptions are true, the constant A is a measure of the
efficiency of the films in degrading the byproducts.

It is apparent that the higher the Cg content, the lower the efficiency of
the films in oxidizing ATZ. With this analysis, the exponential model is modified
to satisfy the conditions of ATZ degradation and Equation 4.12 is represented

by the parameters of the degradation process and becomes Equation 4.13:

y =y0 + Ae~kt (4.12)
L. Cgp + Ae™*t @19
Co

Where C/Co is the reduction in initial concentration C, at a certain time t, Cr is

the concentration of byproducts and A is the efficiency of the process or fit
N : 1 :
constant. The kinetic constant is k = o and the parameters for the fit are

provided by the Origin software 9™ version.

Table 4.13, 4.14, 4.15 and 4.16 show the values derived from fitting the
graphs (Figure 4.39) utilizing an exponential decay of first order. The standard
errors associated with the parameters indicate that the precision of the values is
high.

A first order exponential decay model is confirmed as a good fit for the
degradation process due to the high non-linear regressions presented. It is
therefore acceptable to classify the degradation of ATZ by the films as being of
first order exponential decay.

As was previously discussed, yo values indicate the amount of residual
byproduct after the degradation process. It was observed that the residue
formed from cycle 1 through to cycle 4 ranged from 15% to 37%. The lower
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range values suggest that the films have the potential to degrade the

byproducts from ATZ degradation.

Accordingly, the A constants which is a measure of the efficiency of

degrading ATZ byproducts for all cycles showed a lower value of 63% and a

peak value of 85%.

Table 4.13 - Fit parameters of the degradation process and R? values for

cycle 1.

Sample Cr A K (min™) R?
ATZ 0.32+0.01 0.68 £ 0.02 0.023 0.997
SuUB 0.30 £ 0.00 0.70+0.01 0.032 1

SAM 1 0.33+0.00 0.67 £0.01 0.019 0.999

SAM 2 0.22 +£0.01 0.77 £ 0.03 0.031 0.994

SAM 3 0.25+0.02 0.75+0.03 0.026 0.991

SAM 4 0.25+0.02 0.75+0.03 0.032 0.992

Table 4.14 - Fit parameters of the degradation process and R? values for
cycle 2.

Sample Cr A K (min™) R?
ATZ 0.37 £0.02 0.63+0.04 0.033 0.984
SuUB 0.36 £ 0.01 0.64 £ 0.03 0.041 0.989

SAM 1 0.37+£0.01 0.63 +0.02 0.035 0.996

SAM 2 0.36 £ 0.00 0.64 +0.01 0.041 0.999

SAM 3 0.30+£0.01 0.70 £ 0.02 0.032 0.994

SAM 4 0.35+0.02 0.65 +0.04 0.034 0.979

Table 4.15 - Fit parameters of the degradation process and R? values for
cycle 3.

Sample Cr A K (min™) R?
ATZ 0.26 £ 0.01 0.74 £0.02 0.024 0.997
SuUB 0.22 £0.01 0.78 £0.02 0.029 0.996

SAM 1 0.28 £0.01 0.72 £0.02 0.034 0.996

SAM 2 0.30+0.01 0.70 £ 0.02 0.051 0.995

SAM 3 0.15+0.02 0.85+0.04 0.027 0.990

SAM 4 0.16 £ 0.02 0.84 +£0.04 0.028 0.990
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Table 4.16 - Fit parameters of the degradation process and R? values for

cycle 4.

Sample Cr A K (min™) R?
ATZ 0.26 £0.01 0.74 £0.02 0.040 0.997
SUB 0.30x0.01 0.70 £ 0.02 0.048 0.997

SAM 1 0.25+£0.01 0.75+£0.02 0.031 0.993
SAM 2 0.27 £0.01 0.73+£0.02 0.042 0.998
SAM 3 0.31+£0.00 0.69+£0.01 0.054 0.999
SAM 4 0.17 £0.02 0.83+£0.05 0.032 0.986

In general, the variation in residue concentration was not very significant
between the cycles and there was no particular trend observed. It is very
difficult to associate a particular trend to the degradation of ATZ since the
molecule is very complex compared to Rhod-B. And, due to the structure of the
ATZ, it is easier to form various byproducts However, it is observed that high
efficiency of the films results in lower byproduct concentration. For samples
calcined at higher temperatures, this is associated to adequate crystallinity.
Also, the production of byproducts may alter mechanisms during the
degradation process.

In order to clearly state the types of byproducts formed in each ATZ
sample, it is necessary to carry out chromatography studies which is not within
the scope of the project. However, it is of great importance because the
byproduct formed for each sample may not necessarily be the same which

could incur bias analysis of their degradation performance.
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5 CONCLUSION

For the experimental conditions adopted in this work, it is possible to
conclude that anatase films were successfully grown on rutile substrate by the
polymeric precursors method without the complete transformation of the
anatase films into rutile. Anatase in the (101) plane was identified for the films
calcined at 450 and 500 °C.

Rutile tends to suppress the growth of anatase for lower temperature
calcined films and anatase phase is stabilized for higher temperature calcined
films. The optical bandgaps of the films were altered due to the presence of the
substrate.

The quality of the films grown on rutile substrate depends on surface
topography compared to the films grown on glass.

Rutile has shown to be a candidate for immobilizing TiO, films as it
supports anatase growth and presents considerable photocatalytic activity.

Anatase film on rutile substrate assembly has potential as a catalyst for
the degradation of dyes and herbicides.

The kinetics of Rhod-B and ATZ degradation followed a pseudo first order
and first order exponential decay respectively. The films calcined at 450 °C and
500 °C showed superior photocatalytic activity for Rhod-B degradation than the
films calcined at 350 °C and 400 °C. This behavior was attributed to the
adequate crystallinity of anatase. Therefore, crystallinity of anatase is crucial for

photocatalytic activity.
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6 SUGGESTIONS FOR FUTURE STUDIES

- The phase evolution and photocatalytic properties of TiO, films deposited

on rutile substrates for temperatures above 500 °C.

- The effect of the number of deposited layers on the photocatalytic activity

of the films.

- The photocatalytic properties of anatase phase films deposited on rutile
phase films.

- Detailed analysis of the mixed phase powder employing Transmission
electron microscopy in search of oriented nucleation and growth of anatase on

rutile particles.

- Characterization of the interface between anatase film and rutile

substrate by transmission electron microscopy.

- Characterization of the interface between anatase film and rutile utilizing

focused ion beam.

- Surface characterization by atomic force microscopy taking into
consideration larger focus areas in order to study the general aspect of the

surface of the films and substrate.
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