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Abstract

Advanced oxidation processes (AOPs), namely photocatalytic reactions can be suc-
cessfully used in the field of wastewater treatment to reduce toxicity and reach the
complete mineralization of the organic pollutants. AOPs are the multistep photo-
chemical processes that start with electron-hole excitation by absorbing light on the
surface of photocatalyst. This process subsequents water splitting in HT and OH~
active radicals. These radicals interact with organic pollutants presented in water
which in turn result in mineralization of pollutants.

Titanium dioxide (TiOs) is considered one of the most effective photocatalysts.
It is a semiconductor that has a wide energy gap and three crystalline forms.
These are anatase which considered as the most active photocatalyst, rutile and
brookite.

Great efforts have been done during the last decades to improve photocatalytic
properties of TiOy which was prepared by different synthetic procedures in different
morphological forms, like pure nanopowders, thin films and doped powders.

Many efforts were done in attempts to increase photocatalytic efficiency in the visible
light region.

In this work, we perform systematic studies for the spectral dependence of pho-
tocatalytic constant of TiO, fabricated by different methods.

P25 Degussa nanopowder was used as a reference photocatalyst. On the other hand,
other samples were prepared by the sol-gel process followed by instead of with dif-
ferent annealing procedures.

In addition, P25 Degussa powders were doped with different concentrations of cobalt.
Furthermore, the thin films were prepared by Chemical Vapor Deposition (CVD)
method.

It was shown that for all wavelengths used in this study (365, 405, 436, 546,

and 690 nm) the photocatalytic constant is not zero but instead it increased in the
shorter wavelengths for all TiO, nanopowders (the energy gap is about 3.2 eV that
corresponds to 387 nm).
Our findings are that nanopowders have some electronic states inside the energy
gap between valence and conduction bands. These states can be excited by light
and the electrons and holes resulting from this excitation play a significant role in
photocatalysis.

Another approach for increasing the photocatalytic efficiency is by increasing

the lifetime of electron-hole pairs before recombination. This can be achieved by
introducing local impurities or likewise local perturbation caused by the electric field
inside the photocatalysts crystal matrix or by applying an external electrical field.
Different commercial dyes were used to verify their purification efficiency from wa-
ter. It was shown that two simultaneous effects occur in water.
One is the electrochemical removing of the pollutant and the other is the photo-
catalytic degradation of the pollutant. Furthermore, the existence of the synergetic
effect is confirmed. This effect can be interpreted in the framework of e-h pairs
separation in the electric field which results in lifetime increase, even when this field
was relatively small.

X



Chapter 1

Introduction



1.1 Objectives

The worldwide growth of industry is accompanied by serious issues that affect the
environment. Among the top of these issues comes the problem of the contami-
nated water. Hence, it is not surprising that many scientists work on producing
research that may help in solving this problem. For instance, the discovery of water
splitting effect by Fujishima and Honda paved the way for developing advanced ox-
idation processes, in particular the photo-induced processes of water purification [1].

TiOs is considered as one of the most attractive transition metal oxide material
in the photocatalytic application due to its unique properties such as high photo-
stability, strong oxidation activity, highly photoactive and transparency to visible
light. The commercially available for TiO, is P25 Degussa powder. This powder
consists of two phases 80% anatase and 20% rutile [2].

Despite the intensive studies dedicated to photocatalysis [3], the mechanisms of
such processes are not completely understood.

Probably, it should be taken into account that a photocatalytic transformation is
essentially dynamic and multi-steps process in which typical time intervals lie in the
nanoscale level.

As it is supposed, initially absorbed photons result in e-h pairs formation.
These pairs can be recombined or can migrate to the semiconductor surface where
they interact with water molecules creating H and OH™ species. These species can
in turn destroy organic contaminants adsorbed on the catalyst surface.

Defects of various types can play a very important role in enhancing the photocat-
alytic activity by creating additional electron levels that take positions between the
valence and conduction bands.

Oxygen vacancies and various dopants (metallic and nonmetallic) inclusions are ex-
amples of such defects. Existence of additional electron levels can manifest itself
in spectral dependencies of photocatalytic constant or in presence of the photocat-
alytic activity, when the wavelength of excitation light is higher than the energy gap
nearly which corresponds to 387 nm for TiOs,.

To the best of our knowledge, the spectral dependence of photocatalytic activity
has not been studied yet.

Therefore, two main strategies are chosen to be investigated throughout this work.

The first one is used to understand the spectral dependence of photocatalytic
constant for different TiO4 systems. This helps to understand the influence of elec-
tronic states inside the energy gap of the electronic structure.

The second one is used to separate e-h pairs in order to increase life time before
recombination. Additionally, applying electrical field simultaneously with photo-
excitation also provokes photoelectrochemical processes of water splitting[4].
Several methods have been used to prepare TiOy nanoparticles.

In this thesis, our focus is mainly on sol-gel method due to its advantages such
as cost efficiency, relatively low temperature synthesis, stability and production of
nanoparticles which have high photocatalytic activity.



Consequently, the main overall objective of this work is to prepare pure TiOq
nanoparticles with different surface areas.

Other samples used here employed the commercially available P25 Degussa pow-
der with different concentrations of cobalt dopant.
The thin film samples used for photoelectrochemical studies were prepared by Chem-
ical Vapor Deposition(CVD)|5| using titanium isopropoxide on Si:B p-type wafer as
a substrate.



1.2 Literature review

A rather simplistic description of heterogeneous photocatalysis is based on the ini-
tial absorption of light by semiconductor materials.

Sunlight is a clean and natural source of light that can be utilized in the photocat-
alytic processes. Its wavelengths window ranges from 10% to 10° nm.

A wide of these wavelengths arrive at earth in the form of 5% UV, 50% visible light
and 45% infrared.

The UV wavelength window ranges between 280 nm to 400 nm. Its wavelengths
can pass through atmospheric layers and it has the possibility for a photochemical
process.

TiO, photocatalyst has an indirect energy gap equal to 3.23 eV and 3.0 eV for
anatase and rutile crystal modifications, respectively[l, 6].
Depending on these energy gap structures, the absorption thresholds for anatase
and rutile are 383 and 413 nm, respectively.
This means that pure TiO; is only active in the UV region which is 5% of the solar
spectrum whereas the visible region consists of 40% of the spectrum as referred in
figure 1.1.
Several studies have employed light waves with A longer than 400 nm or solar light
without filtering [7, 8, 9, 10].
However, to our knowledge, the spectral dependence of photocatalysis constant has
not been investigated yet.

This part is devoted to studying the photocatalytic constant by using a high-
pressure mercury lamp as UV illumination and also visible lines. Different optical
filters are also used to separate the lamp spectrum into different wavelengths as
displayed in figure 1.2.
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Figure 1.1: Solar radiation spectrum of the sun at sea level at zenith. TiO4 is capable of
receiving excitation in the ultraviolet region of the solar spectrum which is smaller than 5
% of the total solar intensity[11].
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lengths are shown here, 365, 405,436, 546 and 690 nm obtained by UV-visible spectrometer.



1.2.1 Principle of photocatalysis

Photocatalysis is considered as the most effective process for water and air purifica-
tion from organic pollutants. This process is known as advanced oxidation process
(AOPs). This process depends on the in-situ generation of highly reactive radical
species, mainly hydroxyl radicals and superoxides ions which is created by photogen-
erated holes (h*) and electrons (e™) and consequent chemical reaction by adsorbing
on the surface of photocatalyst for organic compounds|12].

This process has the ability to oxidize the organic material and mineralize the in-
termediates to a non-hazardous form such as carbon dioxide, nitrates and water.
Moreover, it has several advantages compared to other processes. The most impor-
tant advantages are:

1. The AOP chemical reactions can be placed at relatively mild conditions, re-
quire less chemical input and the reaction time may be smaller including the
temperature and pressure at ambient conditions.

2. Low cost and formation of harmless products.
3. High potential to destroy toxic compounds in various wastewater streams.

4. Complete mineralization|[13].



It should be noted that the catalysis, as well as, photocatalysis is widely re-
ferred to the process that accelerates chemical reaction without consuming the
photocatalyst|14].

TiO, is the most preferred material used in photocatalysis due to its numer-
ous advantages, such as chemical stability, low cost, easy availability and high
photoactivity[14, 15].

Due to its aforementioned properties, TiO, is considered an excellent photocatalyst.
As depicted in figure 1.3, the mechanism of the photocatalytic reaction goes through
three steps:

1. The incident photon that has the energy greater than or equal to energy gap
(hv > E,) of the metal oxide can excite an electron from valence to conduction
bands and can form photoexcited e~ /h™ in the bulk (equationl.1).

A common chain reaction describing this process is

Photocatalyst + hv — hip + ecp (1.1)

2. The photoexcited carriers can recombine and dissipate energy (equationl.2)
or these charge carriers can be trapped by Ti*T and O~ defect sites in TiO,
lattice [16, 17, 18].

hip + €cp — energy (1.2)
3. The charge carriers can migrate to the catalyst surface and initiate redox re-

action with adsorbates [19, 20].

The photoexcited electron in the conduction band can interact with oxygen to
form superoxide radicals (Equationl.3) and produce reactive form of oxygen
may interact with hydrogen ion to form hydroxyl radicals (Equation 1.4).

ecs + 0y — 05 (1.3)
03 + H* — HOO' (1.4)

These hydroxyl radicals react with electron to form hydroperoxide ions (equation
1.5)
HOO +e~ — HOO™ (1.5)

Furthermore, these ions react with hydrogen ions to form hydrogen peroxide (equa-
tion 1.6 ).

Hydroxyl radicals and hydroxide ions are formed from the hydrogen peroxide react-
ing with the electron in the conduction band equationl.7

HOO™ + H* — H,0, (1.6)

H,0, + ¢~ — OH™ + OH (1.7)



In the valence band, the adsorbed water on the surface reacts with the positively
charged hole to form hydroxyl radicals and hydrogen ions equation 1.8.

h* + H,O — H + OH (1.8)

Lastly, those holes are directly oxidized on the catalyst surface to form hydrogen
ions and hydroxyl radicals.

These radicals play an important role to oxidize the organic compounds and decom-
pose pollutants in equations( 1.9 and 1.10).

h* + organics — COy + H,0O (1.9)

OH' + organics — COy + H,O (1.10)

Conduction band(CB)

0,
Reduction
0z
S 2
= n,
5 g
[my
5 B
@ (3)
H,O
Oxidation
HO:

\alence band (VB)

Figure 1.3: Schematic diagram illustrating the mechanism of TiOy photocatalysis. This
mechanism consists of two processes. The oxidation in the valence band and a reduction
in the conduction band when photons have energies greater than energy gap (E,).



1.2.2 Titanium dioxide (TiO;) as a photocatalyst

TiOy which also known as a Titania was used as a white pigment as it has high
brightness and high refractive index|21]|. It is also classified as a transition metal
oxide[22].

In 1972, Fujishima and Honda discovered the water splitting in the photoelectro-
chemical cell using TiO, rutile single crystal as one of the potential electrode[1].
Recently, TiO, has attracted immense interest as an ideal photocatalyst compared
to its counterpart metal oxides. It is insoluble in water, thermal stability, being
cheap, inert biological and chemical nature, nontoxic and non-flammable.

Besides its photostability, it is not exposed to photoanodic corrosion, TiO, is highly
photoactive and transparent to visible light|23, 24, 25].

Furthermore, TiO, is applicable in many fields at large industrial scale such as self
cleaning, catalyst support, dye-sensitized photoelectrochemical solar cell and in con-
sumer goods.

It is also used in the pharmaceuticals sector for example, in antibacterial agent be-
cause it has strong oxidation activity and superhydrophilicity|26].

Naturally, TiO, exists in three crystalline forms; anatase, rutile and brookite.
Figurel.4 demonstrates the units cell of these three forms of TiOs,.
These structures consist of titanium Ti*" ions surrounded by six oxygen O~? ions
to form TiOg octahedral configurations. These three crystal structures are different
in the arrangement of the distortion with each octahedral units and in the assembly
patterns of the octahedral chains [27, 28|.
Although both anatase and rutile have tetrahedral structures, there are some fea-
tures that differentiate them from each other. Namely, in the anatase form the
octahedrals are shared with their vertices while in the rutile structure the edges are
shared.
Moreover, the arrangement of TiOg octahedron is slightly larger in the anatase phase
compared to the rutile phase. In anatase the Ti-Ti distances are larger whereas the
Ti-O distances are shorter than in rutile.
On the other hand, the structure of brookite is different as it is orthorhombic where
the vertices and edges are shared [29].
Thermodynamically, the rutile phase is the most stable. The anatase and brookite
phases are metastable and they can be transformed to rutile phase under heating to
(600 — 700°C)[30, 31].

It is very important to bear in mind that TiOs is n-type semiconductor because
the valence band is composed of 2p orbitals of O hybridized with the 3d orbitals
of titanium, whereas the 3d orbitals of titanium are responsible for the conduction
band [28].

Tablel.1 shows the parameters of the crystal structure of different phases of TiOs.
The anatase phase reveals the best photocatalytic activity because it has the larger
surface area and porosity which produces higher number of hydroxyl groups and the
catalytic sites increase.

In addition, the optimum energy gap and recombination of the e-h pair at lower rates.



Furthermore, the electron transfer from the conduction band to O, is easier at
the surface because the conduction band in the anatase phase has higher energy
than that of rutile phase[32, 33].

The brookite form is not used in the experiments because it is difficult to prepare
it as a pure form. Furthermore, it is unstable and it can barely be produced|34].

The photocatalytic properties of TiO5 occur when photogenerated charge carriers
(holes and electrons) formed upon the absorption of the light[35, 36, 37].
In the valence band, photogenerated holes react with the molecules of adsorbed
water to form the hydroxyl radicals (equation 1.8) [36].
These holes and hydroxyl radicals oxidize the organic molecules on the TiO, surface.
Superoxide radical anions are formed when the electrons in the conduction band
react with the molecules of Oy (equation1.3).
In addition, TiOy surface under the UV light becomes superhydrophilic|38, 39].

Table 1.1: The crystal structure of anatase, rutile and brookite phases. a, b and c
represent the cell parameters in the x, y, and z directions, respectively. [29].

Properties Anatase Rutile Brookite
Crystal structure | Tetragonal Tetragonal Orthorhombic
Space group D})-4; /amd Di?-Pbca Pbca
Lattice constant |a =b = 3.784 | a = b = 4.593 a =9.184 , b =5.447
A ¢ =9.515 ¢ = 2.959 ¢ =5.145
Energy gap (eV) 3.23 3.02 3.13
Wavelength (nm) < 390 < 415
Applications Photocatalyst | White paint | Dye-sensitized solar cell
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Figure 1.4: Crystal structures of TiOy crystalline forms: (a) rutile, (b) anatase and (c)
brookite; red spheres are shown in Ti%**t, blue spheres are shown in O?~ and the unit are
shown in yellow lines|28].

1.2.3 Doped TiO,

As mentioned above, TiOs has energy gap of 3.23 eV and 3.0 eV for anatase and
rutile, respectively.

Several methods can be used to modify the band structure such as creation of com-
posite semiconductors and doping.

The goal of this modification is necessary to reduce the e-h recombination and
increase wavelength of the absorbed light in order to allow the occurrence of photo-
catalytic processes utilizing the natural sunlight[40, 41].

TiO5 can be doped with transition and rare earth metals such as Fe, Ni, Co, V,
and Lanthanides at Ti sites and non metals (like N and F) at Oy sites.
These will create trapping sites which reduce e-h pair recombination.
This facilitate the absorption in the visible region and improves the photocatalytic
performance compared to the undoped photocatalyst|42, 43, 44].
Previous studies showed that doping TiOs with transition metals (V, Fe, and Co)
improved the spectral response in the visible light.
This is due to the substitution of Ti** by metallic ions in the TiO, lattice is allowing
energy states inside the energy gap structure.
Therefore, the photoactive transition is attained due to the promotion of an electron
from mid-energy gap into the conduction band or excitation of an electron from the
valence band of TiO, to the mid-level of energy gap.
The dopant ions also play role on the trapping sites creation in order to reduce the
recombination rate[45, 46, 47, 48, 49|.
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1.2.4 Electrolysis

The electrolysis of water is a process that is used to decompose water (H2O) into
oxygen (O2) and hydrogen (H,) components.

In this process, all the products are safe or non-polluting compared to the process
of steam reforming which produces carbon dioxide|50].

Electrolysis occurs when a sufficient energy is applied to drive the process.

In the case of the electrolytic water splitting, this energy is provided by an electric
current passing through the water between anode and cathode during the electro-
chemical reaction[50].

The water electrolysis was first studied by using an electrostatic generator between
gold electrodes to produce an electrostatic discharge[51].

Afterwards, the electrolytes of aqueous alkaline solutions were used technology still
used until now([52, 53].

Later, Fujishima and Honda for the first time demonstrated photocatalytic water
splitting by a photoelectrochemical cell (PEC) using TiO,[1].

The PEC water splitting has attracted a lot of attention mostly with the aim to
improve the production of efficient Hy[54, 55].

Other studies were dedicated to investigate the photoelectrochemical reactions
on the surface of electrodes[4].

The photocatalytic water splitting by PEC has unique advantages compared to the
other processes. These include the low costs and reasonable solar to Hy efficiency.
One more advantage is that it requires a relatively small reactor. Additionally, PEC
allows Hy and O; to be easily separated during the reaction|56].

PEC is classified into two types depending on the type of photocatalyst used
in the reaction. One type is used as a photochemical cell with the powder as sus-
pended particles in solution. Another type is the photoelectrochemical cell in which
the thin film is deposited and used as photocatalyst materials to form a photoanode
for performing the water splitting reaction in the solution [56].

In figure 2.6, the anode consists of Si:B p-type semiconductor substrate with TiO,
photocatalyst thin film deposited on the surface by CVD.

This TiO, photocatalyst is used as an anode which absorbs the light and a gold wire
is used as a cathode.

As known, the mechanistic model of PEC involves four steps that are performed
consequently:

e Photo energy absorption, e-h pairs are generated during the process of the
excitation an electron from the valence band to conduction band.

e At the photoanode, water is splitted to generate HT and OH™ species by
interaction with the e-h pairs.

e Photogenerated species are passed through an internal circuit solution to the
cathode.

e At the cathode, HT ions are reduced to Hy on the TiOq surface[57, 58].
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Surprisingly, according to our knowledge, this process was not to be used for
water purification for some industrial dyes instead of photocatalytic process or in
parallel with the photocatalytic process.

In this thesis, electrolysis and photocatalysis processes were studied where both
processes simultaneously occur. The electric field was applied and the photocatalytic
constant (K) was investigated in dark and under illumination with UV light for the
different dyes.
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1.3 Overview of the thesis

This thesis is organized into five chapters as follows:

Chapter 1 elaborates the objectives of this thesis. The photocatalysis phe-
nomenon and its mechanism is illustrated.
Then, the basic features of TiOs are discussed. The importance of doping on TiO,
and its influence on the properties and TiO, structure is also explained.
Finally, a brief introduction of the photoelectrochemical is addressed.

Chapter 2 describes the techniques used to characterize the physical properties
of prepared pure and doped TiO, photocatalyst powders and TiO thin film.
Also, this chapter focuses on the preparation of pure TiOs powders from titanium
tetraisopropoxide as a precursor (TTIP) by the sol-gel method and doped TiO,
powders using the tris(diethylditiocarbamato)Co(III) (CoDtc- Co[CoHj5)2NCS,)3).
Details regarding the preparation method of TiOs thin film by the Chemical Vapor
Deposition(CVD) process are presented.
Finally, this chapter addresses the basic concepts of different dyes. These include
Methanol Blue(MB), Gentian Violet(GV), Brilliant Green(BG), Methyl orange(MO)
and Eosin(OS) which are used as electrolytes in the photochemical cell(PEC).

Chapter 3 presents the main results obtained for pure and doped TiOy powder
materials and TiOy thin film.

Chapter 4 includes the discussion and the analysis of the results obtained in this
work presented in the previous chapter.
The influence of dopant ions on TiO4 particle size, specific surface area, phase trans-
formation and energy gap are investigated.
In addition, there are discussions on the results of photocatalytic activity of TiO,
thin films deposited on Si:B substrate (that represent p-type semiconductor) by us-
ing electrochemical cell and different types of dyes under different effects.
These effects are UV illumination(UV), electric field(E) applied between TiO, thin
film and gold electrode and both UV illumination and electric field(UV+E).
The influence of these effects on different dyes by TiO thin film was investigated.

Chapter 5 provides the general conclusions of this thesis.
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Chapter 2

Methods and experimental setup
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2.1 Characterization

2.1.1 X-Ray Diffraction

X-ray diffraction technique (XRD) was used to analyze and identify TiO, phase
formation and investigate crystallographic information of the samples.

XRD patterns of TiO, sol- gel powder were obtained by Bruker D8 Discover model
diffractometer using Cu-Ka-radiation ( A =0.154 nm) at room temperature, oper-
ated at 40 kV and 40 mA from (17-63)°C in the lab of Rostock university.

The crystal structures of the cobalt-doped P25 Degussa have been analyzed by XRD
technique at the Faculdade de Ciencias Technologia of Algarve university in Faro,
Portugal.

Also, the crystalline phases of the thin film investigated by a high resolution PANan-
alytical XRD using Cu-Ka radiation(A = 0.154 nm).

The accelerating voltage and the applied current were 45 kV and 30 mA, respectively.
The high resolution PANanalytical XRD setup is used in © - 20 configuration.

All experimental data obtained from XRD experiments were collected using
MAUD program and refined by Rietveld refinement method[59, 60].
All parameters such as crystal structures, phases, lattice parameters, crystal sizes
and percentage of crystallinity of all samples were refined.
It is usually difficult to obtain detailed information about the structure of a poly-
crystalline sample because this information is lost due to the overlap of independent
diffraction peaks for powders which prevents extracting any structure information.
Also, the random orientation of the crystalline makes it more difficult to get struc-
ture information|61, 62, 63].
This method has worked together with Fourier analysis for broader peaks.
Other parameters such as Caglioti Paoletti and Ricci formula are replaced by crystal-
lite size, shape and root mean square considering them as fitting parameters|63, 64].
These parameters can be refined and minimized to the residual function by using
the non-linear squares algorithm which is described in this equation 2.1 :

y= 3w -1y (21)
i=1

with w;
1

= Texp
Ii

(2.2)

Wi

Where ¥ and I are measured XRD experiment and theoretical calculated
diffraction intensities from the powder, respectively. The calculated diffraction in-
tensity of the powders can be expressed as:

n nLk
fi

I =Sp ) WA D Fkl*Si(20; — 20,5)Py jA; + bkg(20)) (2.3)

j=1 I/ k=1

Where S is the beam intensity, f; is the phase volume fraction, Vj is the phase
cell volume andS; is the phase scale factor, respectively.
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Ly is Lorentz polarization factor which depends on experimental parameters such as
detector, geometry, position and the sample angle.

Fx ; is the structure factor and it depends on the number of atoms, atomic scattering
factor and the atom coordinates.

A; is the absorption coefficient of the sample. It depends on the sample thickness.
And the phase have k = 1 to n and j correlates peaks for the factors.

Pk is the texture which depends on the angle between the crystallographic plane
hkl and the preferred orientation vector.

bkgse, is the background of the polynomial function in 20.

Finally, the quality of refinement can be checked by two factors: Ry and Rexp.
GofF is obtained from the best fit and is must be <1.
This is described in the equation below:

Ry
GofF = —F (2.4)
exp
The parameters Ry, and Reyp, can be described by the following equations:
(2.5)
N
[wi (17 — T2
Rup = | = (2.6)
> [l

i=1

Where N and P are the number of points and parameters, respectively|63].

2.1.2 Surface area and porosity

Surface area and porosity are two important physical properties that depend on
morphology of the nanostructure powders. They play a important role in photo-
catalysis are studied by N, adsorption.

The gas adsorption can be classified into physisorption and chemisorption which are
depending upon the bonding type.

The physisorption is the phenomenon that is used to study the morphology because
it has a characteristics which makes it the most suitable for surface area determina-
tions.

Both adsorption and desorption processes are reversible. However, it may lead to
coverage the surface by multilayer adsorbate and it occurs at low temperature.
Moreover, these processes do not require activation energy and they can achieve
equilibrium rapidly. As result, it is easy to calculate the surface area since the
molecules are not restricted to specific sites and they are free to cover the entire
surface[65, 66].
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Since the late 1940s, N, adsorption is used to determine the surface area and
characteristics of porous texture for catalyst at Ny liquid temperature 77 K at 1 atm

pressure[67, 68].
The adsorbed volume of Ny gas versus the relative pressure (p%) is used to obtain

isotherm shape.
This isotherm is classified in six types according to the IUPAC classification.

Mainly four of these types are used in the catalyst characterization [69, 70].
The main type of isotherm is II isotherm 2.1 with a Hj hysteresis characteristic as

shown in 2.2.
This type belongs to the transition-metal oxide powders such as TiOs.

Furthermore, IUPAC has classified the pore to three types depend on their size
[70, 71].

e Micropores: Size<2 nm.
e Ultramicropores: Size<(0.7 nm.
e Mesopores: 2<Size< 50 nm.

e Macropores: Size >50 nm.

o @
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3t 3
S type Il g
3 3
81 8
S o
g 2
< <

0 0.25 Q..‘) 0.75 1 0 0.25 0.5 0.75 1

P/Po P/Po
(a) Mesoporous. (b) Mesoporous.

Figure 2.1: The types of isotherm for a mesoporous catalysts material, adapted from

reference|70].
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Figure 2.2: The hysteresis shapes of isotherm for mesoporous catalysts material, adapted
from reference|70].

Typical isotherms for mesoporous materials are shown in figures 2.1and 2.2.

They are characterized by a steady slope of adsorbed gas, especially between

0.05 < p% < 0.8. The presence of a hysteresis means the presence of open pores
or different between adsorption-desorption isotherm. Inside open pores, capillary
effects lead to locally higher pressure compared to the outside and capillary conden-
sation. Therefore, the amount of gas molecules layers on the surface is not uniform
and the desorption branch is not equal to the adsorption branch. The shape of
the hysteresis defines the shape of the open pores, whether they are cylindrical, ink
bottled or slit shaped|70].

2.1.2.1 Qualitative analysis

Brunauer-Emmett-Teller (BET) is the most common process used to obtain surface
area and the pore size distribution. It is based on gas adsorption on the surface.
The amount of gas adsorbed at a given pressure allows determining the surface area
of the material|71]. This method is a cheap, fast and reliable. Also, it is very well
understood and applicable in many fields. The simple form of this equation that
forms the basis of the BET method for the determination of the surface area for
solids can be written:

1 1
P P (2.7)

na(po - p) Npax-C nmax-c‘po

Where np,.. is the amount of adsorbed at the relative pressure ;% which can be

calculated by the law of ideal gas[68]. This is shown below in the equation 2.8
RT

(pinlet — Pequi) 'Vtube

(2.8)

n, =
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Where Viype is the volume of the sample tube. piner and pequi are the pressure
when the Ny adsorbs on the materials and the pressure inside the tube which is
controlled until it reaches a constant value, respectively.

Nnax 1S the monolayer capacity of the adsorbate. p and p, are the saturated vapor
and the output pressure for the adsorbate, respectively, at Ny liquid temperature.
¢ is a constant value which depends on the isotherm shape|68, 72].

According to the equation 2.7, a linear relation is obtained When(na(;)o_p) is plotted
against p%, from fit the line slope s and the intercept i can be determined.

The equations 2.9 and 2.10 describe n,,,, and ¢ constant.

1
s+1

c=-41. (2.10)
1

Nmax =

(2.9)

Now, it is easy to calculate the surface area (SA) of the materials by the following
equation:

n
A=(=2)N 2.11

Where N, is Avogadro number (6.023x10* molecules mol 1) and o is the area of
one molecule of Ny which is occupied on the monolayer. This value o = 0.0162 nm?

and 22414 cm3gm~! is the volume under standard conditions of one N, molecule
which is adsorbed|73, 70].

2.1.2.2 Experimental details

Micromeritics ASAP-Physisorption Analyzer 2020 is used to obtain the surface area
and the pore size distribution for pure P25 Degussa, doped P25 Degussa with dif-
ferent concentrations of cobalt. The samples were prepared by the sol-gel method.
The weights of sample powders were determined before and after the measurement.
Before the measurement, the samples were degassed at 300°C for 2 hours at 10
mmHg pressure. Then, the samples were placed at 77K temperature using No gas
to get the isotherm shape.

Finally, the BET equation is used to calculate the specific surface area in the range
of 0.05 < £ < 0.25.

The pore size distributions and pore areas are derived by the Barret-Joyner-Halenda
(BJH) analysis with Halsey corrections in the range of 0.42 < 2 <1 of the adsorp-
tion branches for Ny on the powders surface.
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2.1.3 Photocatalytic activity setup

The photocatalytic process is described in section 1.2.1.

The experimental setup used to study the photocatalytic activity of the powder
samples is shown in figure2.3.

It consists of a circular reactor shown in figure2.3 (a) which consists of magnetic
stirring, Aluminum plate and three holes.

One of these holes is used to inject and collect the samples from reactor while the
other holes are used to pump air inside, as shown in figure2.3 (d).

The second part of the setup, shown in figure 2.3 (b), is the tube used to focus the
radiation vertically onto the samples being studied. Also, it has a holder to fix the
filters that are used in the experiments.

The third part is where the high-pressure mercury lamp (400 W, Germany) was used
as a UV source shown in the figure 2.3 (c¢). This lamp has 5 wavelengths according
to USB 4000 UV-Visible spectrometer that was used to analyze it. The wavelengths
are 365 nm, 405 nm, 436 nm, 546 nm and 690 nm, respectively.

The mercury lamp was kept at approximately 14 cm away from the sample to per-
form the photocatalytic reaction.

Finally, syringes are used to inject the sample in the reactor and collect it for anal-
ysis. Small tubes used to collect the samples during the experiment.

This setup was built in Rostock university and all experiments were performed in
chemistry department of Algarve university.

The photocatalytic degradation of Fenarimol follows the first order kinetic in
equation2.12[74, 75, 76].
C = Coe ™. (2.12)

Where C is initial HPLC (High-performance liquid chromatography) chromato-
graphic integrated peak intensities at 220 nm after adsorption-desorption equilib-
rium. Cj is current HPLC chromatographic integrated peak during the radiation
time. t is the time in hours and K(h™!) is the kinetic rate constant of the degrada-
tion. The total kinetic rate constant of photocatalytic degradation can be calculated
by the sum of the degradation at catalyser K. and a photolysis under the UV light
K.

K=K.+K, (2.13)

The kinetic rate constant of the chemical reaction K. is determined for the different
TiO, systems|75, 76].

2.1.3.1 Experimental setup

The photocatalytic activity experiments were prepared as follows:

Firstly, Fenarimol powder (C17H;5ClsN2O) as a reference was mixed with MilliQ
H,O.

The ratio and the amount of photocatalyst are:

Fenarimal:H,O=5 mg : 1 Litre.

Then, this solution was heated at 40°C with ultrasonic about 15 minutes for several
times and kept in a dark place for one day.
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After that, 20 mg of TiOy powder was mixed with 100 ml of Fenarimal solution and
kept in darkness for one day. Finally, 50 ml of the solution was injected into the
reactor.

The reactor was bubbled continuously with external air under constant magnetic
stirring throughout the experiment and the solution was left for 1 hour and 30 min-
utes in the darkness to allow saturation of the powder to establish an adsorption-
desorption equilibrium.

After adsorption-desorption equilibrium, the first sample(Ty) is taken. A light source
focuses vertically at the center inside the reactor to begin the experiment. Samples
treated were withdrawn from the reactor at regular interval of (10, 15 and 30) min-
utes.

Before analysis the sample were filtered by 0.45um filters to remove the photocat-
alyst particles. Photolytic and photocatalytic kinetics were followed using a HPLC
chromatographer ( Agilent, 1220 LC System) equipped with a C18 reverse phase
column (lichrocart 125-4, Lichrose Rp-18e (51 m), an arheodyne manual injector
with the loop of 50ul and a variable UV detector.

Mobile phase composition consists of 65% Acetonitrile and 35% H,O and it has a
flow of approximately 1 ml/min.

The wavelength at maximum absorption peak, of each indicator compound is used
to monitor degradation is 220 nm.
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Figure 2.3: The experimental setup for studying the photocatalytic activity of TiOs
powders. It consists of a circular reactor (a). A cylindrical tube to focus the radiation and
hold the filters (b). The mercury lamp is used as a light source (c). Air pump is used to
insert air to the reactor (d) and syringes to inject and collect sample (e). Plastic tubes are
used to collect samples for analysis (f).
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2.1.4 UV-Visible Spectroscopy

Ultraviolet-visible(UV-Vis) technique refers to absorbance and reflectance in the
ultraviolet-visible spectral region.
UV-Vis absorption spectroscopy is used to measure the absorption spectra of organic
dyes or powders at each wavelength.
UV-Vis technique is based on the principle of Beer-Lambert law which has the
linear relationship between the absorbance and the solution concentration. It can
be expressed as follows:

A =¢le. (2.14)

A is the absorption which depends on log(Ip/I). Iy is the incident light intensity and
I is the transmitted light intensity, € is the molar absorptivity, 1 is the path length
through the sample and c is the sample concentration in the solution.

This technique is usually done by scanning the wavelength for 2 seconds by record-
ing the absorbance spectra.

In this thesis, UV-Vis spectrophotometer was used to measure the absorption
spectra for the TiO, powders to study the degradation of different organic dyes by
TiO, thin film photocatalyst.

For example, the absorption at maximum A of methylene blue equals to 664nm and
methyl orange equals to 466nm. The photocatalytic degradation and photocatalytic
constant for the different dyes are calculated by using the equation2.15.
I
In— = —K¢t (2.15)
Iy

I, is the initial absorbance in the darkness at the beginning t=0 minute and I is
the absorbance after time t.

The plot ln% as a function of irradiation time exhibits a straight line, whose the
slope is equal to photocataltyic constant K.

Additionally, UV-Vis technique is used to calculate the optical energy gap of the
samples|77].
By using the relationship between the photon energy and wavelength:

E = he/A (2.16)

where h is the Planck constant (6.626 x 3! Js), c is the speed light (2.998 x® m/s
and A is the wavelength.
The optical energy gap of studied samples can be defined by equation2.17

E(eV) = 1239.8/) (2.17)
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2.2 TiO, nanoparticles synthesis

In this thesis, The focus is on TiO, nanopowders and the nanostructured thin film.
Thin films were prepared by the Chemical Vapor Deposition(CVD) method.

Three different powders were chosen: The first one is the commercial P25 Degussa
powder which was used as a reference. The second samples are based on P25 De-
gussa doped with different concentrations of Co. The third samples series are these
prepared by sol-gel method.

2.2.1 TiO, powders
2.2.1.1 TiO, prepared by Sol-gel method

Several techniques such as sol-gel, hydrothermal, chemical vapor, solvothermall and
microwave are used for the TiOy materials synthesis of photocatalytic applications|29].
Among all these techniques, sol-gel method has generated a large scope of interest
in the preparation of inorganic ceramic and it was classified as one of the most im-
portant chemical technique for TiO5 nanoparticles synthesis|78|.

This method has a lot of advantages such as cost effectivty, requires relatively low
temperature for synthesis, it has versatility in processing, high stability and it is
used in large scale application in catalyst preparation.

Due to these advantages, it has the potential to fabricate catalysts with high purity,
homogeneity, fine scale and controllable morphology[79, 80].

Furthermore, this method can be classified into two different routes that are de-
pending on the type of titanium precursor used.

There are non-alkoxide and alkoxide route. The non-alkoxide route uses inorganic
salts such as (nitrates, chlorides, sulfates, carbonates, etc.) while the alkoxide route
uses metal alkoxides which is starting from materials such as (titanium isopropoxide,
titanium terra isopropoxide, titanium butoxide, titanium ethoxide, etc.)[81].

The sol-gel method depends on the reactions of inorganic polymerization|82].
Generally, the sol-gel method involves these steps:

Firstly, the homogenous solution was prepared by metal alkoxide precursor dissolved
in an organic solvent like alcohols.

Then, a stable sol was formed by treating the homogenous solution with a suitable
reagent by adding water with the acid.

After that, the sol was converted into gel which was calcinated to get the powder[83].
A lot of parameters play a role in the sol-gel method such as the solvent type, PH
of acid, the amount of water and treatment temperature.

Therefore, these parameters are very important since they have direct affect on the
physical properties of the final material.
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Certainly, the final material is amorphous after the drying step, but heat treat-
ment step is very necessary to convert this material into a crystalline material|84,
85, 86, 87].

In this thesis, alkoxide route is used for TiO, synthesis. Sol-gel process of metal
alkoxide can be started with hydrolysis and condensation reactions and followed by
aging and then by heat treatment to convert amorphous to crystalline nanoparticles.
During hydrolysis, when water is added to TiO,, a proton from the attacking nucle-
ophile (water) is transferred to the alkoxide group so metal hydroxide and a small
amount of alcohol are released, as illustrated in the equation2.18

M — OR + H,0 — M — OH + R — OH (2.18)

Also, a small amount of alcohol is released and acid play a role in Ti-alkoxide
formation during the hydrolysis and condensation steps.

of powde And, adding the acid to the solvent enhances the reaction and splitting of
Ti-OR bonds is accelerated, as shown in the equation 2.19.

M — OR + H' — M* — OHR + HOH (2.19)

In this acidic medium state, the rate of condensation reaction becomes very slow
due to which this reaction occurs at the end of the chain rather than in the middle.
During the condensation reaction the water and alcohol molecules are released, as
shown monomers under the release of an alcohol molecule|80, 83].

M — OH+HO —M — M — O — M + H,0 (2.20)

M — OH + RO —M — M — O — M + ROH (2.21)

where M is the titanium and R is the alkyl group - C,Ho, ;.

Additionally, a mutual solvent such as an alcohol is used because water and alkox-
ides are immiscible[88, 89).

When the gel is formed, it contains a lot of solvents that further being removed by
drying.

The period between the gel formation and its drying is known as ageing.

In this period, the gel may keep undergoing hydrolysis or condensation. The aging
step is crucial to obtain strength gel without changing the pore structure and an
increase of the pore size reduces the surface area through dissolution and precipita-
tion of the particles. A scheme of the detailed synthesis is given in figure 2.4.

In this thesis, three different series of sol-gel powders were prepared by varying

temperature and in dependance on the addition of H,O and HCI during the initial
preparation, this is shown in table 2.1.
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Table 2.1: The parameters of preparation sample series for sol-gel powders. The sample
of series 1 added the HoO firstly, then addition HCl. While series 2 and 4 started with
acid firstly and changed temperature for series 4.

Sample | H,O HCI Temperature
S1 First Second 21°C
S2 Second First 21°C
S4 Second First 40°C

Firstly, a precursor titanium terra isopropoxide( TTIP )(C13HosO4Ti) was added
to the solvent (Ethanol) and the solution was mixed under vigorous stirring.
After that, the deionized water by burette was added to the solution and stirred for
approximately half an hour.
Then, acid HCl was mixed to the previous mixture and the solution product was
stirred for 5 hours at room temperature.
The reagent ratios in mole are displayed in the equation:

TTIP : Ethanol : HCl: H,O =10:10:0.3:10

Finally, drying the formed gel by spray drying process with a maximum temper-
ature (inlet) of Tpa.x= 180°C.
These sol-gel powders are placed in ceramic crucibles and heated in vacuum furnace.
The pressure of this furnace is 2.5 xx 10~ mbar and annealed temperature at 400°C
for 3 h.

Ethanol 1 me Distilled water
Stirring 5 min Insert dropwise Insert a dropwise
and and
stirring 30 min stirring 30 min
Tio,Powder
Anatase and Rutile

Figure 2.4: Scheme of sol-gel synthesis of titanium dioxide powder.
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2.2.1.2 TiO, doped with Cobalt(Co)

TiO, doped by transition metals attracts a major interest due to its potential use
in the spintronic and other electronic devices. Moreover, it is considered as one of
the reducible oxides on which photocatalytic processes are based [90, 91, 92, 93].
P25 Deguass is doped with Co by using a simple approach based on the sintering
of P25 Degussa nanopowder with Co. P25 Degussa powder usually contents 80%
anatase and 20% rutile and it is used as a reference material.

On the other side, this powder was chosen due to its high photocatalytic perfor-
mance, considered sometimes as a gold standard.

Synthesis of Co-doped TiO, nanoparticles is achieved following the preparation
of the mixture of the P25 Degussa nanopowders with Co precipitate.
Four different series of P25 Degussa doped with Co were prepared which are labeled
as P25:1% Co, P25:2% CO, P25:5 % Co and P25:10%Co.
These series were prepared in the following steps:
Firstly, Co precipitate was obtained by dissolving of Tris(diethylditiocarbamato)Co(III)
(CoDte- Co|CaHj5)2NCS,]3) in the chloroform (CHCIl3) and consequent mixture with
P25. They are drying by evaporation of chloroform under heating in air at approx-
imately 50°C.
Then, amounts of P25 and CoDtc were chosen to prepare four different Co contents
in Ti;_,Co,0y (z= 0.01, 0.02, 0.05 and 0.10).
After that, powders were annealed in the furnace at 400°C for 30 min in the air in
order to make decomposition of CoDtc and then they were milled after being cooled.
Finally, samples were annealed in air at 550°C for 100 hours in order to make the
diffusion of the Co precipitate to the inside of TiO, particles.

2.3 TiOy thin film samples

TiO, has been a topic of significant interest since the beginning of the current cen-
tury.

TiO, is a wide energy gap semiconductor and one of its remarkable properties is
the ability for water splitting and, as consequence, the ability to be used as efficient
photocatalyst for removing an organic waste from water and air.

This treatment is very important for reducing the toxic organic compounds to non-
toxic compounds such as carbon dioxide, water, ammonium or nitrates and chloride
ions|94.

Essentially, in an organic degradation, the use of thin films for water purification
has some advantages in comparison to the use of nanopowders.

One of such advantages is that it excludes the stage of powder removal after organic
compound degradation. It is also supposed that an application of external electric
field can result in lowering the recombination rate between e-h pairs produced by
absorbed photons and, thereby, improving the catalyst effciency|[95].

To prepare uniform thin films, CVD process is widely used. This technique is one
of the most modern processes to prepare thin films.
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This technique is flexible and applicable to produce multilayer thin film or doped
thin film structures.
Additionally, the CVD deposition technique has advantages to produce thin films
such as a good quality, high growth rates and it can control the properties|96, 97|.
The CVD technique is based on chemical reactions. This technique uses liquids,
different gaseous and the chemical solids as a precursor. The deposition process
depends on many conditions such as vapour pressure and temperature.
The CVD deposition used to prepare a wide range variety of amorphous, single
crystalline and polycrystalline thin film including semiconductors of I1I-V and II-VI
groups.
The CVD process is considered as a chemical reaction that consists of two precursors.
One of them is a metal ( precursor A) and the other is the precursor of Oxygen and
Sulphur which is called precursor (B). This reaction is shown in equation 2.22.

Precursor(A) + Precursor(B) — AB. (2.22)

This reaction needs more than two precursors and the interfering secondary products
are presented during the reaction. This normally leads in polluting the metaloxide
thin film.
This problem can be overcome by using the complex compound in chemical vapour
deposition (CC-CVD). An idea is that in every molecule of complex compound
precursor is present already bonded metal and oxygen (or sulphur).
In this case, the chemical reaction of precursor decomposition has different kinetics
when compare to classic CVD, that leads to more perfect crystallization during thin
films growing|[98|.

Precursor(AB) — AB(4+OR) (2.23)

here AB is the complex compound of the precursor and OR is the possible organic.
The CC-CVD method has the advantage to prepare the metal oxide inside the or-
ganic precursor. The precursor is evaporated which leads to the removal of organic
rests and a pure metal oxide molecule is deposited on the substrate in Si:B. Due to
this advantage, TiO, thin films are prepared by CC-CVD method|98].

2.3.1 TiO; thin film deposition

To prepare the TiOq thin film, titaniumlisopropoxide| Ti(OPri)4 (TTIP) is used
as a precursor while a silicon wafer of p-type which has the resistivity of (0.002-
0.005)Q2cm is used as a substrate.

The experimental setup of the CVD method, as shown in figure 2.5 consists of the
following parts:

Firstly, a quartz tube with inner diameter of 35 mm, 40 mm the external diameter
and the length about 300 mm is used|99].

This tube was fixed (a) inside standard vacuum apparatus with a turbo-molecular
pump (ALCATEL TMP 5400 CP) creating vacuum down to 5 x10~" mbar.

Then, the tube heater was placed inside a titanium foil screen.
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This heater consists of two halogen lamps (A Philips 1IKW) used to heat the
substrate. Also, four halogen lamps (500 W) used as a heater.
Before loading, the tube was cleaned in water by detergent and rinsed in distilled
water. Whereas, the substrate was immersed in sulfuric acid (95%) for about 1 hour,
rinsed by distilled water and washed with acetone.
Finally, it was dried by a flux of filtered air[94, 99].
TiO4 thin film deposition is done by the following steps:
Firstly, the precursor is filled inside the circles of the evaporator which are at the
bottom of the chamber while at the top of the chamber the substrate is fixed above
the evaporator.
The cooling system was connected directly to the evaporator. The vapor source has
a temperature in the range (90-210)°C.
Before the thermal treatment of the precursor, the chamber is pumped out to the
pressure 1x107° mbar and the temperature of the substrate at 450°C to confirm the
crystallization of theTiO, phase on the quartz glass substrate.
Secondly, during the deposition, when the temperature of the substrate has reached,
the chamber is submerged by mixture Ar\Osgas = 100\50 fluxes rates of gas 20
ml/min. As well, the pressure of deposition was changed from 1xx10~! mbar to
1.7x107! mbar. The mixture of argon-oxygen atmosphere should supply enough
oxygen to guarantee the formation of TiOs molecules and the burning of organic
rests to avoid contamination of the thin film.
Thirdly, the evaporator is heated up to 50°C and the shutter substrate is opened to
begin the chemical deposition process.
During this process the pressure inside the chamber increases until the pressure of
deposition is restored and at this pressure the precursor is completely evaporated
and the deposition process is finished.
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Figure 2.5: CC-CVD setup of TiOy thin film preparation. (a) Quartz is placed inside
the chamber, (b) Evaporator and (c¢) Schematic diagram for preparing the TiO9 thin film
by CC-CVD process|99].
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2.3.2 Photocatalytic activity of TiO, thin film

Recently, the dyes and commercial colorants have become the focus of environmen-
tal remediation because of their natural biodegradability [100, 101].

These dyes are ineffective in the traditional wastewater treatment methods because
the dyes are highly soluble in water[102].

Many researchers studied the effect of visible and UV irradiation on photocat-
alytic degradation of these dyes on the semiconductor nanoparticles surface.
They found that photocatalytic reaction can take place due to electron and hole
transfer that occur between dyes and semiconductors directly or through interme-
diate water splitting.
Consequently, these dyes can degrade to a smaller material and also mineralize it
to water completely or other inorganic ions. Employing these methods to degrade
colored organic pollutants such as dyes has important implications because of high
efficiency use of visible light or UV radiation|[103, 104].

2.3.3 Dye materials

In this work, five dyes were used as electrolytes to study the photocatalytic activity
of TiOs thin film under UV irradiation of mercury lamp and applied electric field
at potential difference of 15 Volts.

These dyes are Methanol Blue (MB), Gentian Violet (GV), Brilliant Green (BG),
Methyl orange (MO ) and Eosin (EO). The chemical structures of these dyes are
shown in figure2.7.

Methylene blue is a cationic dye and medication. Commonly, it is used for dyeing
cotton wools and coloring paper and colorant hair. The molecular formula of MB is
C16H1sN3SCl. It has a green dark crystalline powder and easily soluble in water at
room temperature.

Moreover, it has a strong adsorption characteristics on many surfaces and good re-
sistance to light degradation|[105, 106].

Methyl Orange is an azo dye which is used in textiles, pulp and papers, and
leather industry. It has the molecular formula Ci4H4N3NaO3S. It is vastly used as
an acid-base indicator in the textiles dyeing industry and experiments[107].

Gentian Violet is a dye used to distinguish and classify bacterial species, a his-
tologial strain and also it was used as an antiseptic. The chemical formula of GV
is CosH39CIN3. This dye has different colors depending on the acidity degree of the
solution. For example, this dye is green if the acidic solution is strong[108].

Furthermore, Brilliant Green is used as an antiseptic and it is very effective

against gram-positive bacteria. The chemical formula of the dye is Co;H33NoHO4S
and it is not resistant to light[108, 109].
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Eosin is a fluorescent dye which connects salts with eosinophilic compounds con-

taining positive charges. It is yellow in color and Cy9Hg BryNasOy is the chemical
formula|110].
Commercially, it has several types but the most important is Eosin Y because it is
easily soluble in water and alcohol. Eosin can be used to examine under the micro-
scope because it has the ability to distinguish between the cytoplasm of different
types of cell[111].

In this thesis, the setup contains the PEC cell. This cell consists of an anode
and a cathode immersed in the solution (electrolyte) and connected to an external
circuit shown in figure2.6.

The photo-electrochemical reactor (PEC) is made up from of quartz glass which
has 75x25 mm dimensions. The capacity of this reactor is 42 ml but the total volume
of the solution is used in the experiments is about 40 ml. At the bottom side of this
reactor, there are inlets for air pump.

The reactor consists of an anode and a cathode. The anode is TiO, thin film
prepared by CVD process which is connected with silver electrode glued on the top
of Si:B substrate on which TiO, thin film is deposited.

The back side of the substrate as well as other sides were isolated from electrolyte
by epoxide glue in order to provide electrical connection only through TiO, thin
film. A gold metal is used as a cathode.

All these dyes were obtained through pharmacy market and are used as received.
While solutions were prepared using water from a Millipore water purification unit.
The concentrations of the dyes were determined in the range of validity domain of the
Beer-Lambert law as mentioned in section 2.1.4 according to the sensing capability
of the spectrophotometer.

Table 2.2: Molar concentrations of different dyes (x107°) mol and HyO. The concentra-
tion of dyes and water is different according to the sensing capability of the spectropho-
tometer.

Name of dye Dyes (mol) | H,O (mol)
Methanol Blue | 312 5.6
Methyl orange | 1.5 28
Gentian Violet | 29 28
Brilliant Green | 12 28
Eosin 15 39
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Figure 2.6: Schematic diagram of a photoelectrochemical cell(PEC) used within this
work. This cell consists of an anode and a cathode. The photoanode is Si-B p-type
semiconductor as a substrate with TiO2 thin film photocatalyst deposited on its surface
by CVD, where HyO is oxidized. The photocathode is a gold metal where HT ion is
reduced to Hy. Both are immersed in an electrolyte which consists of dye and connected
to an external circuit.

34



J . KI D\ "
T
'\N \N’/ CH CI CH

Gentian Violet Methylene Blue

]
CH, .0
\ N S
i \
N N O " Nat
cua/

Methyl orange

Br
Eosin Brilliant Green

Figure 2.7: Molecular structures of different dyes which are used to study the photocat-
alytic decomposition within this work[108, 105, 107, 111, 109].
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Chapter 3

Results
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This chapter includes the results of sample characterization and photocatalytic
activity studies for nanopowders prepared by sol-gel process and TiO, thin film ma-
terials.

These studies include: XRD results obtained for pure P25 Degussa and sol-gel pow-
ders. Also, P25:2%Co ( P25 Degussa nanopowders doped with different concentra-
tions of cobalt Co,(z= 1, 2, 5, and 10).

Furthermore, the results of surface area which based on TiOy nanopowder structure
and the photocatalytic activity for TiO, different powders and different dyes by
TiO, thin film is presented in details.

The samples were prepared as a powder by the sol-gel method and P25 Degussa
doped with cobalt. These samples were used to study the photocatalytic activity by
two methods. The first method uses a mercury lamp as a source at room tempera-
ture. The second method uses different optical filters to study spectral dependence
of the photocatalytic constant for various wavelengths in the range from 365 nm to
690 nm.

On the other side, several kinds of organic pollutants were degraded by TiOs p-
type thin film. The photocatalytic effect on the water includes the photocatalytic
degradation of different dyes and electrochemical decomposing.

3.1 Powder samples

3.1.1 X-ray diffraction

XRD method is explained in chapter 2.1.1. The XRD patterns of pure P25 Degussa
nanopowders, P25 doped with Cobalt(Co) and different samples of TiOy powders
prepared by the sol-gel method. As well as, series of sol-gel powders calcined at
400°C in vacuum chamber are shown in table 3.1.

The XRD patterns for all synthesized powders via sol-gel method show broadening
of peaks due to small crystallite size. This can be also be clearly seen when com-
paring diffraction patterns from TiO, sol-gel and P25 Degussa powders.

All the peaks shown in figure 3.1 confirm the presence of Ti0O, anatase and rutile
phases (JCPDS: No 21 — 1272) and (JCDS No(21 — 1276)), respectively[112].
Furthermore, the crystallite size of synthesized TiO, powders were found to be 24.4
nm, 10.75 nm and 33.98 nm for S1, S2 and 54, respectively.

In comparison to P25 Degussa which was 25.6 nm, this is much smaller, except for
series S4. This sample has the largest crystallite size in compared to other samples
for TiO, anatase phase.

Additionally, the crystallite size of P25 has 43.3 nm for rutile which was the largest
of TiOy powders. The crystallite size for S1, 52 and 54 were 34.5 nm, 40.6 nm and
50.09 nm, respectively.

This significant changes in anatase and rutile phases can be taken place for the
sample S4. It is higher than the other samples as shown in table 3.1.

Some peaks of diffraction patterns obtained for the samples P25:2%Co (wherex =
0.01, 0.02, 0.05 and 0.10) are shown in figure 3.2.

The patterns in figure 3.2 showed (101) (004) and (110) peaks.

Their peaks can be indexed as anatase and rutile phases of TiOs.
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Moreover, It was shown that there are no extra peaks present or additional Co-
Ti-O phases were not detected conforming that the anatase phase isn’t disturbed
upon doping by cobalt ions in TiO, structure which confirms high purity of TiO,
for Co doping and phase stability of the system.

By increasing Co concentration, the peaks of XRD pattern become slightly broader
indicating lattice disordering.

The results shown by[113] confirm that Co ions substitute the Ti sites and have well
been incorporated in host TiO,; matrix. No signs of Co cluster phases through the
whole range of Co contents were observed within the sensitivity of XRD.

The results are illustrated in table3.1, when Co content is increased, the rutile phase
is decreased.

Whereas at concentration 10% of Co the relation between anatase and rutile phases
is almost the same as for P25 Degussa powder.

Therefore, it seems that Co acts as inhibitor for anatase and rutile phases transfor-
mation. This result is in contradiction with the statement presented in[114] where
Co is considered as promoter for such transformation.

However, it should be noted that Co position in the diagram of elements is close to
the line that divides elements as promoters and inhibitors|114].

Table 3.1: XRD results of pure P25, sol-gel powders and P25:2%Co nanopowders that
were annealed at 550° for 100 h

Samples Anatase % | Rutile %

P25 Degussa | 83.31+0.5 | 16.7440.5
S1 52.984+0.3 | 47.03£0.4
S2 58.82 0.5 | 41.23£0.5
S4 74.82+0.4 | 25.23£0.5
P25:1%Co 75.61+0.6 | 24.40£0.5
P25:2%Co 78.02+0.5 | 22.02£0.5
P25:5 % Co | 80.13 0.5 | 19.92 +0.5
P25:10 % Co | 83.02+0.4 | 17.01 £0.4
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Figure 3.1: XRD patterns of sample powders (a) P25 Degussa as a reference and TiOq
sol-gel powders (b-d).
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Figure 3.2: XRD patterns of P25 Degussa and Degussa P25:2%Co. The peaks can be
indicated as TiOy anatase phase, there are 101, 110 and 004, respectively.
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3.1.2 Surface Area

Figure 3.3 represents the typical isotherms of Ny adsorption-desorption measured at
77 K of studied powders. There are P25 Degussa, sol- gel samples and P25:2%Co
(x=1, 2, 5 and 10) with different concentrations of Co.

All powders show a type II isotherm which characterises the transition metal oxide
with a H3 hysteresis.

All isotherms have a small slope from the B-point at p—‘: which is referring to a unique
characteristic of mesoporous material family.

For the adsorption branch, the slope of the powder increases from the p%, where a
monomolecular coverage is reached unital adsorbed quantity reaches to the maxi-
mum value at > = 0.98 [70, 71].

It can be noted that the adsorbed quantity of Ny on powders directly decreases with
decreasing of Ny pressure during the desorption branch which formed a narrow hys-
teresis that is closed atp—i. This indicates mesoporous structures inside the powder
samples.

The H3 hysteresis indicates that all studied powers are involving aggregates or ag-
glomerates of particles forming a slit-shaped pores like cubes with nonuniform sizes
and shapes|71].

According to figure 3.3, all powder samples show the same isotherm II with type H3
hysteresis which is typical for P25 Degussa nanopowder|76].

The surface areas can be calculated for all samples by using equation 2.11.

In accordance with these calculations all the samples have surface area lower than
that of P25 Degussa.

Furthermore, surface area increased and pore size decreased which indicates as ag-
gregation of the particles being weaker.

According to these calculations, the sample S2 and P25:2%Co show a higher amount
of Ny adsorbed compared to the others samples which displays that these samples
has the largest surface area as referred in the table 3.2.

In contrary, these samples have a larger pore volume and the slimmest hysteresis
compared to the other.

On the other hand, the smaller surface area and lower pore volume of the samples
indicate that aggregation of the particles is stronger.

Whereas, in figure3.4, it is shown that the pore size distribution was a broad for
P25 doped similar to that of the mesoporous family and it was observed for all the
powders being studied.

This organized porous structure might be significant in the photocatalytic process
because they possess efficient transport pathways for reactant and product species.
The surface area parameters shown in table 3.2 indicate that surface area of P25
Degussa is higher than P25 Degussa doped .

Whereas, the surface area is increased when increasing the concentration of Co at
lower concentrations.

In addition, the surface area of powders P25:5%Co and P25:10%Co is decreased
compared to lower concentrations of Co.

From our results, the analysis of BE'T for doped powders showed that a specific area
is not changed drastically.
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Table 3.2: Results calculated of specific surface area, pore size and the pore volume for
P25 Degussa, sol-gel samples and P25:2%Co doped powders. The errors are numerical
errors from BET and BJH calculations

Sample SA (m*g™1) Pore size (nm) | Pore volume(cm?g™!)
P25Degussa | 57+0.34 2.2+0.008 0.179 4+0.008
S1 6.4 +0.096 10.8+0.009 0.01£0.006
S2 73.5 £ 1.06 2.374+0.001 0.08 £0.011
S4 8.6 £0.12 3.0440.007 0.00740.005
P25:1%Co 31.4 £0.13 46.940.008 0.07£0.007
P25:2%Co 38.3 £0.084 45.440.005 0.10+0.005
P25:5%Co 35.5 +0.077 45.5+0.003 0.0940.009
P25:10%Co | 31.5 £0.086 45.310.002 0.07+0.007
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Figure 3.3: Typically Ny adsorption-desorption isotherms of P25 Degussa (a). TiOq

powders prepared via sol-gel method (b) and (d). P25 doped with different concentrations
of Co (d) and (f). All these isotherms belong to the mesopores materials family.
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Powder, sol-gel powders and P25 doped with different concentrations of Co.
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3.1.3 UV-Visible absorption spectra

The UV-Visible absorption spectra of the studied samples were investigated.
Figure 3.5 shows UV-Vis absorption spectra of P25 Degussa as a reference material
and different concentrations of Co doped P25 Degussa as well as different samples
prepared by sol-gel method.

The UV-Vis spectra of studied samples are recorded in the range of 250-700 nm at
room temperature as shown in figure 3.5.

This absorption spectra is shifted for doped P25 Degussa samples with increasing
the concentrations of Co. However, the absorption spectra of sol-gel powders also
shift dependence on crystallite size.

The energy gap and wavelengths of absorption edge are summarized in table3.3.
The optical energy gap is calculated by extrapolation of the baseline and the ab-
sorption edge[77].

These energies gap were analyzed by using the relationship between photon energy
and wavelength from equation 2.20 which are referred in figure 3.6

Figure 3.5 displays the spectrum absorption of P25 Degussa, P25:2%Co doped and
sol-gel powder, respectively.

P25 Degussa has a sharp absorption edge at 387 nm, however, the absorption edge
at( 385 nm, 381 nm and 402 nm) for the series sol-gel powder were shifted towards
the visible region. This shifting in absorption spectra may be enhanced the photo-
catalytic activity of sol-gel powder under visible light radiation.

Whilst, for the TiOy doped powders have the absorption thresholds at 399.39 nm,
401.12 nm, 397.57 nm and 380 nm for the concentrations 1%, 2%, 5% and 10% of
cobalt, respectively.

The slight shift in absorption edge of doped samples at the concentration of Co
increased.

Table 3.3 illustrates the decreasing in energy gap values when increasing in dopant
concentrations. Whereas, the energy gap of S1 and S2 powders is slightly increased
with comparing to P25 Degussa powder. While the energy gap for S4 is decreased.
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Figure 3.5: UV-Visible absorption spectra of P25 Degussa, P25 Degussa doped with Co

and pure sol-gel powders, respectively.

Table 3.3: Wavelengths and the optical energy gap of P25 Degussa, P25 doped with
different concentrations of Co and different of sol-gel powders.

Sample Wavelengths | E,(eV)
(nm)
P25 Degussa | 387.0 3.20
S1 385.2 3.22
52 381.0 3.25
54 402.3 3.08
P25:1%Co 399.5 3.10
P25:2%Co 401.1 3.09
P25:5%Co 397.7 3.21
P25:10%Co | 380.0 3.26
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prepared by the sol-gel method in (b) and (c), respectively.
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3.1.4 Photocatalytic activity of TiO, nanopowders

3.1.4.1 Using mercury lamp

The photocatalytic activities of P25 Degussa, P25:2%Co doped and sol-gel samples
were studied by observation the degradation of the Fenarimol powder (as a reference
materials) dissolved in water (H,O) as mentioned in section 2.1.3.

In this work, the photocatalytic activity experiments for all samples catalysts were
repeated three times.

The photocatalytic degradation is shown in figure 3.7 for P25:2%Co doped and
sol-gel powders when compared to commercially P25 Degussa.
All curves of studied samples can be described as the pseudo first-order kinetic re-
action which follows Langmuir Hinshelowd model[115, 74].
The good linear relationship between 1n% against time (t) was observed and the
photocatalytic constant K extracted from the slope of the curve. That obtained the
photocalalytic constant of the samples.
The results are shown in table 3.4. Under darkness, all catalyst samples have a little
adsorption which can be neglected in the degradation.
However, it was shown that all catalyst samples exhibited significantly lower degra-
dation photoactivity than P25 Degussa catalyst under the UV illumination.
Furthermore, the photocatalytic constant of P25 Degussa was found approximately
7.21 times higher than the direct photo degradation of Fenarimol powder under UV
light illumination without P25 powder.
The results of the photocatalytic constant K for samples synthesized by the sol-gel
method with the different surface area is given in table 3.4.
These results show that K constant decreases with decreasing the surface area of
these samples.
On the other hand, the photocatalytic constant of P25 > P25:5%Co > P25:1%Co
> P25:2%Co> P25:10%Co, respectively.

Table 3.4: Results calculated of the photocatalytic constant K(h™!) of pure P25 Degussa
and sol-gel powders. Also, P25:2%Co doped at different concentrations of Co (z= 1, 2,
5 and 10). All these samples are studied under mercury lamp as UV illumination and
dankness in the same conditions.

Sample KDarkness KUV
Fenarimal 0.0412+0.001 0.21240.02
P25Degussa | 0.044+0.004 1.53+£0.017
P25:1%Co 0.034£0.004 0.21+0.012
P25:2%Co 0.032£0.003 0.15 £0.01
P25:5%Co 0.039£0.005 0.25+0.027
P25:10%Co | 0.03540.003 0.11£0.013
S1 0.039£0.01 0.39+0.03
S2 0.029+0.002 0.1540.01
S4 0.037£0.004 0.19+0.01
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Figure 3.7: Degradation of pure P25 Degussa and sol-gel nanopowders. P25:2%Co doped
with ddifferent concentrations of Co, respectively under UV illumination.
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3.1.4.2 Using different wavelengths

There is no study available in the literature to highlight the photocatalytic activity
of different TiO, samples by using different wavelengths in the range of 365 nm to
690 nm.

The photocatalytic activities of pure P25 Degussa, P25::%Co doped with dif-
ferent concentrations of Co and different sol-gel powders are illustrated in figure 3.8
and figure 3.9 at different wavelengths, respectively.

These results indicate the photocatalyic degradation trends of P25 Degussa.

It was faster than the other samples and it has the best photocatalytic performance
at low wavelengths specially 336 nm and 405 nm, respectively.

Furthermore, the degradation of P25 is faster than the other samples under 405 nm
wavelength.

It is noticed that the photocatalytic degradation is not affected by applying the high
wavelength as shown in figure 3.9.

The constant K of tested samples are calculated from the slopes of curves and they
are illustrated in table 4.3.

The photocatalytic constant values under short wavelength 365 nm and 405 nm of
P25 Degussa attain nearly 0.17 h™! and 0.13 h™!, respectively.

It illustrates P25 has higher K value than doped P25 samples, as well as, 5 times, 8
times, 5 times and 2 times for P25:1%Co, P25:2%Co, P25:5%Co and P25:10% Co,
respectively. Furthermore, P25 has higher K than the value of sol-gel powders, there
are 12 times, 18 times and 5 times for S1, S2 and S4 powders, respectively.
Moreover, the photocatalytic degradation of P25 and the tested samples are very
small and nearly constant. Therefore, the K constant is not equal to zero under the
high wavelengths.

Moreover, figure 4.3 characterizes the relationship between the constant K and dif-
ferent wavelengths of pure P25, sol-gel samples powders and P25:2%Co doped.

At shorter wavelengths, the K decreases with increasing wavelengths while it was
more constant at the high wavelengths for P25 Degussa. This is the same behavior
found for sample S4 powder and also similar to that of the P25:10%Co.

In our results, the photocatalytic constant increases at short wavelengths and
becomes constant at high wavelengths, as shown in figure 4.3.
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Table 3.5: Results calculated of the photocatalytic constant K(h™!) for different TiO
nanopowders. There are P25:2%Co doped with different concentrations of Co (x= 1,2, 5
and 10) and sol- gel powders under different wavelengths.

Wavelengths | 365 nm 405 nm 436 nm 546 nm 690 nm
Fenarimal 0.030£0.001
P25 Degussa | 0.17+0.014 | 0.13+0.02 0.059£0.002 | 0.05140.001 | 0.048+0.01
P25:1%Co 0.03540.015 | 0.040+0.002 | 0.05740.004 | 0.034+0.002 | 0.02840.002
P25:2%Co 0.021£0.02 | 0.017+0.001 | 0.03940.002 | 0.0144+0.001 | 0.031£0.003
P25:5%Co 0.03+0.02 0.036£0.004 | 0.049+0.004 | 0.06910.008 | 0.02840.004
P25:10%Co | 0.09 +0.02 | 0.03340.002 | 0.04320.002 | 0.043+0.002 | 0.01940.002
S1 0.01440.01 | 0.022+0.003 | 0.036+0.001 | 0.04£0.004 | 0.019£0.003
S2 0.00940.001 | 0.011£0.001 | 0.059£0.01 | 0.04940.004 | 0.024=+0.004
S4 0.03640.001 | 0.028+0.002 | 0.03340.003 | 0.033+0.001 | 0.01840.002
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Figure 3.8:

Photocatalytic degradation curves of P25 Degussa, P25:2%Co doped with

different concentrations of Co (z= 1, 2, 5 and 10) and different sol-gel powders under
different wavelengths at same conditions. There are 365 nm (a-b), 405 nm (c-d) and 463

nm (e-f).
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Figure 3.9: Photocatalytic degradation curves of P25 Degussa, P25 doped with different
concentrations of Co and sol-gel powders under wavelengths 546nm (a-b) and 690 nm (c-d),

respectively.
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3.2 TiO; thin film

Many kinds of organic pollutants used to be degraded by TiO, materials.

The pure dyes are one of the important classes of pollutants for application of TiO,

photocatalysts for wastewater purification.

To the best of our knowledge, there is no study in the literature dedicated to study

the photocatalytic and electrochemical activity of a wide energy gap TiO, thin film

in presence of applied electric field in order to remove different industrial dyes from

water.

Methanol Blue(MB), Gentian violet (GV), Brilliant Green (BG), Methyl Orange(MO)
and Eosin(EO) were used to verify the efficiencies of their removal from water.

There are two simultaneous effects that occur in water. One is the photocatalytic
degradation of the dyes and the other is the electrochemical removing.
The photocatalytic and electrochemical performance of the synthetic TiO, thin film
was studied by comparing the activities of TiOs p-type semiconductor thin films
under three effects: UV illumination(UV), applied electric field(E) and UV illu-
mination with electric field(UV+E) simultaneously under the same experimental
conditions.

3.2.1 X-ray diffraction

Figure 3.10 shows the XRD pattern of deposited TiOs thin film on P-Si(100) as a
substrate. The silicon wafer is a p-type semiconductor.

This XRD pattern displays characteristic peaks of TiOy anatase at 20 = 25.27°,
54.48°, 48.0° and 55.0°. These are attributed to TiO, anatase diffraction in planes
(101), (200), (105) and (211), respectively|116].

In addition to these peaks, some peaks of 20 = 38.5° and 61.68° are also observed
in this pattern which are attributed to TiO, anatase (004) and (213).
Furthermore, one peak appeared at 20 = 56.36°. This can be indexed to plane(220)
of TiO4 rutile phase.

The XRD pattern is consistent with the standard XRD data for tetragonal TiO,
anatase phase, (JCPDS, no 21-1272) and tetragonal TiO; rutile (JCPDS, no 21-
1276)[112].

Moreover, the small peak at 20 = 32.97° is attributed to Si (200). This peak is
agreement with the results presented in reference[117].
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3.2.2 Photocatalytic activity of TiO, thin film

Figures 3.11 shows absorption spectra obtained by the UV-Vis spectroscopy in the
range from 200 nm to 800 nm of different dyes without thin film in darkness.

The optical spectra of these dyes shows absorption in both UV and visible region
with maximum peaks positions located at 664.5 nm, 465.07 nm, 622.04 nm, 581.51
nm and 516.68 nm for MB, MO, BG, GV and OS, respectively.

Furthermore, it is noted that there is no changes in the absorption with time of the
dyes in the absence of TiO, thin film [118§].

Figure 3.12 illustrates absorption spectra of studied dyes without thin film under UV
illumination (direct photolysis). As shown in figure 3.12, plots a and e, Methanol
Blue and Eosin show no interaction with UV radiation.

On the other hand, the absorption spectra of the Gentian Violet, Brilliant Green
and Methyl Orange slightly decreases in UV radiation as shown in figures 3.12 b, c,
and d respectively.

Another set of absorption spectra experiments were performed on the same way
employing a few additional conditions. Namely, mercury lamp was used as a UV
source, electric field created by voltage of 15 V (Electric field applied was 15 V/0.025
m = 600 V/m) and both UV+E were applied simultaneously.
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These studies are shown in figures 3.13 and 3.14. All figures, (except figure 3.13)
a which belongs to the methanol blue) show a bigger reduction for the absorption
in the case of E4+UV than when using only E. More details can be found in the
appendix A.1.1.

More clarification for the photocatalytic degradation for the different dyes can
be obtained. The absorption value is attributed to the area of the main peak which
is calculated by fitting the curves to a Lorentz-Gauss shape.

In our experiments, the photocatalytic degradation efficiency of the studied dyes in
the case photocatalysis and electrolysis simultaneously is higher than the case when
using the photocatalysis or electrolysis alone.

It can be also sublined that the simultaneous application of photocatalysis and elec-
trolysis is more effective than the pure sum of photocatalytic and electrolytic effect.
So, some kind of synergetic effect can be confirmed in our studies.

In the following, there are results of dyes degradation after irradiation for 1 hour
for different conditions of experiment. The dyes absorbtion is degraded from I = 1
or from 100 % at the beginning to 0.77%, 0.38%, 0.85%, 0.91% and 0.91% of MB,
BG, MO, GV and EQO, respectively in the case of the photocatalysis process .

In the same time, however, the degradation shows reduction in absorbtion to 0.29%,
0.38%, 0.54%, 0.83% and 0.84% in the case of the electrolysis process.

On the other hand, under two processes simultaneously, absorbtion decreases of
studied dyes from 100 % to the 0.13%, 0.20%, 0.36%, 0.54% and 0.48% of MB, BG,
MO, GV and EO, respectively.

Figures 3.15 a, b, ¢ and d show the photocatalytic constants K of different dyes are
obtained from equation 2.15 section 2.1.4.

As it follows from the results presented in table 3.6, the highest K constant was
obtained from case of UV+E in comparison to case when only UV lamp or E field
were used separately.

As shown, in the case of electrolysis and photocatalysis (UV+E), the K for MB is
4 times and 8 times higher than in the case of electrolysis (E) and photocatalysis
(UV) processes used separately. However, K constant for GV is 2 times and 5 times
higher than the E and UV, respectively.

Moreover, K of BG is increased to 3 times and 15 times of (UV+ E) processes in
compare to processes UV and E. And for the MO, the K is 2 times and 7 times
higher, respectively. Furthermore, K for OS is 6 times and 5 times higher.

Our results clearly show that the values of K constant for the UV+E case are

much higher than for the E and UV cases, separately. It should be mentioned that
this increase for different dyes. More details can be found in appendixA.1.2.
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Table 3.6: Results calculated of the photocatalytic constant K(h~
There are Methanol Blue, Gentian Violet ,
respectively with TiO thin film under different effects.

Brilliant Green ,

1y of different dyes.
Methyl Orange and Eosin,

There are:KnoTio,+uv is photocatalytic constant of dyed without thin film, Kyy is pho-
tocatalytic constant under UV illumination, Ky is photocatalytic constant in the presence
of electric field E and Kyvyyg is photocatalytic constant with using UV illumination with
electric field simultaneously, respectively in the same conditions.
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Figure 3.11: UV-Vis absorption spectra of diffident dyes under darkness without thin
film at room temperature during 1 h in the range of 200 nm to 800 nm.
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Chapter 4

Discussion
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As it was already shown, the photocatalytic process is a many steps process.
That includes light absorption, e-h excitation and recombination and adsorption of
organic molecules on the photocatalyst surface. These molecules interact with ex-
cited electrons and holes which leads to further reactions steps of decomposition of
these organic fragments.

In this part we study the influence of the surface area and porosity of nanopowders
prepared using different chemical procedures on photocatalytic activity. The spec-
tral dependence of photocatalytic constant and the influence of electrical field on
photocatalytic activity of TiO, thin films are also investigated.

The photocatalytic activity studied here for different TiO, systems and analyzed
in order to clarify the influence of different material parameters such as effective
surface area, porosity, presence of dopants and external factors like electric field.

According to our knowledge, there is no study so far in literature highlighting the
photocatalytic activity of TiOy p-type with applied electric field for a decomposition
of different industrial dyes. These dyes covered by this chapter include Methanol
Blue (MB), Gentian violet (GV), Brilliant Green (BG), Methyl Orange (MO) and
Eosin (EO).

Our discussion here will include investigating the surface area and porosity for
different powders and the photocatalytic activity of different dyes with different
effects.

4.1 Surface area and porosity

The results of surface area and pore volume of TiOs nanopowder are listed in table
3.2. The structures studied here include the pure P25 Degussa and sol-gel nanopow-
ders, as well as, P25 nanopowders doped with different cobalt.

The surface area of TiOs doped increases with increasing cobalt concentrations.
However, this increase experiences an excess dopant amount deposited on the TiO,
surface which in turn minimize the surface area [119].

The large surface area and wide pore size distribution may be enhanced the photo-
catalytic activity. The wide pores lead to ease diffusion of pollutant molecules on
the catalyst powders [7].

In contrast, sol-gel powders have the smallest surface area and pores volume which
results in a stronger particles aggregation.

Our analysis of the surface area of Co-doped TiOy powders shows that, the
surface area does not change significantly with the concentrations.
Moreover, the TiOy phases show a clear independence on the Co concentrations
within the temperature regimes used for the samples fabrication.
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4.2 Analysis of energy gap

The energy gap values of different powders are investigated and listed in table 3.3.
These values are plotted in figure 4.1. As shown there, the energy gap decreases
with increasing the Co concentration compared to pure P25 Degussa |8, 113].
Basically, the addition of dopant creates an impurity level or most probably the
formation of dopant electronic states within the TiOs energy gap structure.

In the current situation, the intermediate electronic states are mainly originated
from Co™? 3d states because of oxidation states in Co™ contain no electrons in 3d
orbitals. This means Co 3d states can overlap with the oxygen (O) 2p Ti near the
valence band.

From our results, we can expect a decrease in energy gap with increasing the
dopant concentration. This demonstrates that the addition of dopants introduces
impurity levels which in turn changes the energy gap structure of the pure TiO,.
The optical absorption in the UV (A = 387 nm) is attributed to the transitions from
the valence band of O 2p to Ti 3d conduction band, while the impurity states of Co
3d can be overlapped with the O 2p state near the valence band.

Therefore, the low concentration of Co creates a slight variation in the energy gap
[120, §].

Our results are very well consistent with the last study presented in|113].

It proves that an observable change was introduced in TiO5 band edges upon doping
with different concentrations of Co.

Therefore, we can conclude that Co doping in TiO, may produce intermediate elec-
tron states which are originated from Co 3d and states in the energy gap.

These energy gap states result in the visible light photocatalytic activity of Co doped
TiOy powders. This is due to electronic state density in the energy gap which in-
creases with Co concentration.

In addition, this can be attributed to the overlap of impurities energy levels with O
2p Ti levels near valence band [8].

By using UV illumination electrons can be excited from valence band of TiO, to
level states of Co near the valence band or from excited states of Co to conduction
band of TiOs.

Our results agree very well with those of reference [8], the density functional theory
is used to calculate Co 3d state that is partially overlapped with O 2p states near the
valence band. At lower concentrations of Co a slight variation of energy gap due to
exchange interactions between s-d and p-d states causes an upward shift of valence
band edge. This indicates that Co impurities have been successfully incorporated
into TiO, crystal lattice [121].

On other hand, the results of the energy gap for sol-gel samples are shown in fig-
ure 4.1 (b). As shown here, the energy gaps of S1 and S2 powders slightly increases
comparing to P25 Degussa nanopowders.

On the other hand, the energy gap of S4 has an opposite behavior. This can be
attributed to a higher anatase (58%) existing in S2 causing a shift of absorption
spectrum towards shorter wavelengths.
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On the other side, an increase in the rutile percentage will shift the absorption
spectrum towards longer wavelengths [7].
The crystallite size plays a role in the energy gap variation of the powder.
Our results showed that energy gap of the S1 and S2 increases with decreasing crys-
tallite size in these powders [122, 2, 123, 124].
However, the energy gap decreases with increasing crystallite size for S4 indicating
red of the absorption spectrum [125]. This phenomenon in semiconductor nanoma-
terials is known as quantum size effect|10].
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Figure 4.1: (a) The optical energy gap(E, with different Co concentrations of (z= 1, 2,
5 and 10). (b) E; of the pure P25 powderand also samples S1, S2 and S4 fabricated the
sol-gel method
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4.3 The photocatalytic activity of TiO, nanopow-
ders with using mercury lamp

The results of the photocatalytic activity for studied samples are listed in table 3.4
and illustrated in figure 4.2. It is clear that P25 Degussa has the highest photocat-
alytic constant K compared to the other powder samples.

In spite of several studies of photocatalytic activities for different materials, includ-
ing P25 Degussa nanopowders, it is not clear yet why this P25 powder has one of the
highest photocatalytic activity constant. There are some hypotheses about this fact,
for example it can be due to positive interaction between anatase and rutile particles
in this powder. Another reason is the special contact between anatase and rutile
phases. This maybe enough to enhance the separation of electron and holes carries
and result in increasing photocatalytic efficiency of P25 Degussa|126, 127, 128].

On the other hand, the samples of P25:2%Co doped with different concentra-
tions of Co(x= 1, 2, 5 and 10) exhibited significantly lower photocatalytic activity
than the commercially P25 Degussa.

More specifically, the photocatalytic activity for P 25 doped catalysts decreases with
increasing Co concentrations (1%, 2%, 5% and 10%).

This demonstrates that a high concentrations of Co ions act as e-h recombination
centers leading to decrease in the photocatalytic efficiency|8].

This means the optimal concentration of doping ions should make the thickness
of the space charger layer substantially equal to the light penetration depth is as
demonstrated in reference[9].

The extremely high concentration of doping ions leads to narrowing the space charge
layer and the light penetration depth exceeds the space charge layer thickness.
Therefore, e-h pairs recombination become easier and hence further addition of
cobalt lead to a progressive photocatalytic activity reduction.

In addition, the photocatalytic constant of P25 doped catalysts decrease with in-
creased doping concentration because the excess doping ions occupy the grain bound-
aries as well as a deposit on the TiO, surface of the catalyst preventing the particles.
This causes an increase in the recombination rate since the distance between the
trapping sites decrease[7].

However, P25:5%Co has the highest K compared to other doped samples. That is
maybe attributed to the slight improvement of the electron structure which is asso-
ciated with an improvement in the visible absorption.

In addition, figure 4.2 shows the results of photocatalytic activity studies for the
sol-gel powders presented in section 3.1.4.1 with different surface areas.
This results illustrate K constant decreases with increasing surface area. The large
surface area is usually associated with large crystal defects which consequently fa-
vors e-h recombination and leads to reduce photocatalytic activity|27, 10].
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Furthermore, the crystallite size plays a role in the photocatalytic efficiency.
This K constant is lower for the powder that has the small crystallite size than the
other powders. This is due to quantum size which influences the photocatalytic
degradation|10].

9 P25 Degussa

B L)

P25:5%Co

P25:1%Co

P25:2%Co

P25:10%Co

Studied samples

Figure 4.2: The photocatalytic constants K of the studied samples under UV illumination.

4.3.1 Spectral properties of the photocatalytic constant

The results of the photocatalytic degradation of studied samples are illustrated in
figures 3.8 and 3.9. The photocatalytic degradation is low and nearly constant for
all samples.

Furthermore, the photocatalytic degradation of P25 Degussa is faster than the other
samples under the low wavelengths. This indicated that P25 powder has the best
photocatalytic performance. However, the photocatalytic degradation is low and
nearly constant at high wavelengths. Moreover, the K constant as a function of
different wavelengths is shown in figure 4.3.

At different wavelengths, K constant of sol-gel samples especially S1 and S2 increases
with 365 nm and 405 nm, while K is constant at higher wavelengths. However, S4
possesses the same behavior of P25 Degussa.
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This can be attributed to the short wavelengths have enough energy to excite an
electron from the valence band to the conduction band of TiO,.
So, the K constant is very strong in TiO, powders at short wavelengths 365 nm and
405 nm. However, this K constant is steady at high wavelength due to the fact the
energy is not sufficient in this case.
In contrast, the photocatalytic constant increases at low wavelengths and it becomes
more steady in P25:2%Co doped with different concentrations of Co (xz= 1, 2, 5 and
10) at higher wavelengths. An exception, P25:10% Co shows the same behavior as
pure P25. This can be explained by the electron has a sufficient energy to transport
from the TiO, valence band to the mid-level near the valence band at low wavelength.

All wavelengths have the energy in the range of the TiO, energy gap.
For all calculations and analysis, the K constant is normalized by the real incident
light intensity.
The normalization is done by using the equations 4.1 and 4.2, respectively.
K

IReal
where K is photocatalytic constant for studied samples under different wavelengths
and Ige, is the absorption of the wavelength. It is calculated from the following
equation:

KNormalized -

(4.1)

IReal =1x TFilter (42)

where I is the integrated area of the wavelength peak and Ty, transition per-
centage of the filters.

The normalized values are listed in table 4.1. This table shows the photocat-
alytic for the studied samples.
P25 Degussa has a higher K constant at low wavelengths near the valence band,
however, the K is decreased at higher wavelengths. This is due to the excited elec-
tron can easily move from the valence band to mid-level near the valence band.
The normalized values of K constant listed in table 4.1 correspond to the energy
levels inside the energy gap. It should be noted that, these levels are not native
energy levels created by defects of crystal structure because of impurities or crystal
distortions on TiO, surface nanopowders. These levels are only corresponding to
spectral energies emitted by high-pressure mercury lamp. These visible lines are cut
out by the optical filter.
Photocatalytic constants K may not be in exact correspondence to resonance con-
stant, when photons energy exactly equal to the difference between impurity energy
level and energy of the conduction band.
However, this experiment clearly shows the presence of electronic levels inside the
energy gap and the possibility to use visible part of the light spectrum for photo-
catalytic decomposition of pollutants by TiO, nanopowders in water.

More detailed analysis of the data in table 4.1 shows that similar behavior is
observed for all pure powders. There are P25 Degussa, S1, S2 and S3, respectively.
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For P25:2%Co with concentrations 2 and 5, a higher value of Knormatizea 1 at 405
nm in compare to 365 nm. It can be concluded also that P25:5% Co is very similar

to P25 Degussa.

Moreover, the Kyommalizea Values decrease at 436 nm and 546 nm for all samples.
However, all samples have a higher Kyommalizea @t 690 nm than the others 436 nm

and 546 nm.

For all samples the lowest Knormalizea Was observed at 546 nm. It should be also
emphasized that for the TiOy thin films the experiment with incident light (created
by laser with adjustable wavelength) of energy a little bit lower than energy gap
shows k = 0. This fact can be attributed to absence the additional energy levels
inside the energy energy gap due to more perfect crystal structure of thin films.
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Figure 4.3: Photocatalytic constant K as a function of different wavelengths of (a) P25
Degussa, (b) sol-gel powders and P25:2%Co doped with different concentrations of cobalt
(x=1, 2, 5 and 10), respectively at room temperature in the same conditions.
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Table 4.1: The results normalization of the photocatalytic constant Kx107 for studied

samples at different wavelengths.

Wavelength | 365 nm | 405 nm | 436 nm | 546 nm | 690 nm
P25 Degussa | 885 250 12.1 2.97 420
P25:1%Co 117 76.8 12.1 1.99 245
P25:2%Co 110 327 8.31 0.83 271
P25:5%Co 175 683 104 4.05 245
P25:10%Co | 462 65 9.1 1.2 17

S1 72.9 42.3 7.67 2.35 16.6

52 45.8 21.1 12.6 2.87 21.01
S4 188 53.8 7.03 0.88 15.7

4.4 Photocatalytic decomposition of different dyes

Dyestuffs represent a class of organic pollutants that absorb visible light.

Electron transfer processes take place between dyes and semiconductors, especially
TiOs have been studied[129, 130]. When incident light have energy higher than or
equal to the energy gap. The electron excites from the VB to CB bands.

As it was already described, this transport occurs in three steps as follows:

First, TiO, photocatalyst absorbs energy and generates photoexcited e-h pairs in
the bulk. Then, the photoexcited carries are separated and migrate to the surface
without recombination.

Finally, the adsorbed species are reduced and oxidized by photogenerated electrons
and holes to produce Hy or Os.

In the system of the photoelectrochemical cell (PEC) (section 2.3.3 and figure 2.6.
The dyes are exposed to UV illumination excitation as well as the TiO, surface
thin film. The dye injects electrons to the TiO, surface and it converts to cationic
radicals dye*.

In this case, the photoinduced electrons react with the dioxygen adsorbed on the
TiO, surface and generate a series of active species such as O5 ", HyOy and OH, as
depicted in figure 4.4 a and b.
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Figure 4.4: Schematic diagram illustrating the photocatalytic of dyes (a) and TiOy p-type
semiconductor thin film with dyes using UV illumination(b).

The electron transfers very fast from the TiO, surface to the oxidized dyes.
This is due to the reduction in the oxidized dye by Ti [131].
The PEC cell includes TiOg p-type thin film which is employed as a photo-anode
or (photoelectrode). Gold metal wire was used as a cathode. Both the cathode
and anode were connected to the external circuit to create e-h pairs in the dyes
electrolyte.
This configuration is illustrated in figure 2.6. This configuration of PEC cell permits
different kind of experiments in order to emphasize the main processes that occur
in PEC cell during dyes decomposition.
Firstly, in the absence of thin film and without any electrical field the direct photoly-
sis under UV irradiation can be studied and respective K constants of decomposition
can be established.
Secondly, in presence of thin film without electrical field photocatalytic, decompo-
sition can be studied under UV irradiation.
Thirdly, in absence of UV light but presence of electric field, direct electrolysis is
the main process.
Finally, all processes can be studied at the same time in the presence of all factors,
namely, in presence of thin film, electric field and UV irradiation.
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When a positive bias is applied between electrodes, it causes electrolysis in par-
allel with photocatalysis in water.

As it can be seen from table 3.6 in section 3.2.2 and figure 4.5, dyes degrada-
tion processes occur at significantly higher speed that reflects in higher degradation
constants.

In this case, a positive bias causes migration of the electron(e) to catalysis sur-
face while the holes(h™) go through the bulk solution.

In this process, the dye accepts an electron from the TiO, surface. Then, the elec-
tron excites dyes molecule and converts it into a cationic dye.

After that, the electrons are transferred from the excited dye to TiOy conduction
band.

All the results of UV-Visible absorption of studied dyes under UV illumination
without thin film are shown in figure 3.12.
In the system of MB and EO no degradation was observed. However, the absorption
spectra of the other dyes GV, BG and MO slightly decreased.
This indicates that, the oxygen pump into the solution causes dye excitation and
enhances their photodegradation. This degradation increases in presence of the H™
and OH™ radicals.
Besides, an excited molecule dye is considered as an electron donor (for example

O,) to form dye cations which are decomposed subsequently by a superoxide radical
anion O 5 or by dissolved (O)[132].

In the system of TiO, thin film /dyes (in the presence of TiO, thin film photo-
catalyst), the photo degradation is detected.
This is indicating that dyes interact with active radicals which is created on the
TiO, surface in the result of e-h interaction with HoO and consequent interaction
between these dyes and active radicals.

Upon UV illumination, the intensity of absorption spectra slightly decreases with
increasing radiation time without wavelength shift of the band.
This is because photo-degradation processes take place in these experiments, as it
illustrated in figures 3.13 and 3.14.

All the results of the photocatalytic K constant of studied dyes are listed in table
3.6. All the results show that TiOs mediated dyes photodegradation process play
an important role when compared to direct photolysis because the K constant in
the system of TiO, thin film/dyes is much higher than the K constant without thin
film.

For example, the photocatalytic constant of the TiOs/MB»MB, TiOy/GV> GV,
TiO2/BG> BG, TiOy/MO> MO and TiO,/EO> EO.

This is due to the e-h transfer and interaction with HyO at the photocatalyst surface
and consequent dyes interaction with these active species.

This transmission plays an important role in the dyes photo degradation.

It can be also indicated by the oxidation potentials of excited dyes varies from -0.33
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V for Methanol Blue and 1.15 V for Eosin, respectively|133].

Moreover, Brilliant Green and Methyl Orange have 0.3 V and -1.16 V for excited
singlet states of vs NHE and PH=7, respectively[134, 135] and that of the TiO,
conduction band is -0.52 V[136].

From our results, the electron transfer that occurs from the GB and thin film is
more effective than the electron transfer from other dyes. That is consistent with
the results on degradation constant of GB which is higher than the other dyes [137]
except that of MB which has a higher photocatalytic constant.

Furthermore, upon the applied electric field, the degradation processes of all
dyes are very effective because the concentration of the dyes decreasing rapidly.
This degradation is higher than the degradation when using UV illumination alone.
The photocatalytic results indicated that all dyes with catalysis thin film by ap-
plying the electric field showed higher photocatalytic constant than that with UV
illumination alone. The highest photocatalytic activity is obtained when the UV
illumination and electrical field are applied simultaneously.

Compared to the other dyes, the BG is the highest K constant which is attributed
to BG has the highest oxidation state.

All the results of the photocatalytic constants of all dyes with thin film are listed
in table 3.6.
From this table, it is clearly seen that the K constant depends on the UV illumina-
tion and electric field.
As found here, K constant increases with applied UV illumination and electric field
simultaneously.
This is attributed to the increase in e-h carriers which participate in the photocat-
alytic reaction.
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Figure 4.5: This curve summarizes the relationship between the photocatalytic constant
of TiOg thin film using different dyes as electrolytes under darkness, UV illumination (UV),
applied electric field (E) and UV illumination with electric field (UV+E) simultaneously,
respectively in the same conditions.

This study illustrates the significant dependence of the photocatalytic activity
and photocatalytic constant on the electric field.
The electric field separates the e-h pairs, as a consequence, the lifetime of the single
carriers increases. However, the photocatalytic constant is lower when using UV
illumination because of the e-h pairs recombination becomes very often.
This is shown in figure 4.5 which indicates a higher Kyy,g than Kyy and Kg.
As a consequence, the better performance found when the UV illumination and elec-
tric field are applied simultaneously. This can be attributed to produce e-h pairs
and then separate them during applied two effects simultaneously.
Furthermore, the electric field has a stronger photo absorption than UV illumina-
tion. As a result, more photogenerated carriers will lead to higher photocatalytic
activity.

The recent study shows that the photocatalytic constant dependent not only on
the characteristics of dyes, but also it can be significantly influenced by the TiO,
features and also the applied electrical field.

It should be also noted that in according with our findings some kind of syn-
ergetic effect can be revealed. Namely, photocatalytic constant in presence of UV
irradiation and electric field( E) simultaneously is greater than the sum of the pho-
tocatalytic constants for UV and applied electric field separately, according to this
relation KUV+E >Kyv+Kg.
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We assume that, the electric potential across the TiO, surface and HoO attached
to the oxide surface result in e-h pairs separation.
In this case lifetime of e-h pairs can be significantly increased and recombination
will be suppressed.
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Chapter 5

Summary and Conclusion
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The main aim of this work was to investigate the spectral dependence of the
photocatalytic constant of several titanium dioxide systems.

Series of TiOy powders were synthesized by sol-gel method by varying process
parameters. These parameters represent changes in the process of adding of Hy,O
and HCI acid during the sample preparation experiments.

The process of the powder sample preparation also includes an increase in the fab-
rication temperature from room temperature for the samples S1 and S2 to 40°C for
the sample S4.

This process changed particle size, surface area and polymorph structure which has
been demonstrated by direct determination of these parameters affecting the pho-
tocatalytic activity of TiOs.

On the other hand, the effects of dopants on the electronic states and the pho-
tocatalytic constant were studied by employing P25 Degussa, doped with different
concentrations of Co.

The XRD patterns of P25:2%Co revealed the formation of the anatase and rutile
phases without any impurity phases of Co within the sensitivity of XRD.

The content of the anatase phase increases when th doping concentration of Co in-
creased.

Moreover, the surface area of P25 Degussa doped with different concentrations of
Co showed no specific changes.

On the other hand, the energy gap reduction for doped samples indicates that
Co has been successfully incorporated into the TiO, crystal lattice.
From the results shown above, we can conclude that Co doping in P25 Degussa
causes no significant change in the band edge. However, it may introduce electronic
states near the valence band edge in the electronic structure of TiO,.

The results showed that P25 Degussa has the highest photocatalytic constant
compared to 25 doped with cobalt (Co) and pure sol-gel TiOy powders.
This is attributed to the special interaction between the anatase and rutile phases
under UV illumination.

As it follows from Figure4.2 for P25 Degussa powders, the photocatalytic con-
stant is 1.53 h™'. However, it is 0.21 h=%, 0.15 h™%, 0.25 h=! and 0.11 h~! for
P25:2%Co with different concentrations of Co (z= 1, 2, 5 and 10), respectively.
The obtained values of the photocatalytic constant of the sol-gel powders were 0.39
h=!, 0.15 h=! and 0.19 h~! for the samples S1, S2 and S4, respectively.

These samples have different surface areas which are 6.4m?g~!, 73.5 m?g~! and 8.6
m2g~! for S1, S2 and S4 compared to the one of P25 Degussa which is 57 m?g~!.
Also, these samples have different crystallite sizes which were 24.4 nm, 10.75 nm
and 33.98 nm for S1, S2 and S4 compared to the one of 25.6 nm of P25 Degussa.
The efficiency of the photocatalytic activity is mainly dependent on the crystalline
quality, the surface area and crystallite size of the powdered samples prepared by
the sol-gel method.
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The photocatalytic constant decreases in these powders compared to P25 Degussa,
probably due to minor crystalline quality (P25 Degussa powders were prepared at
significantly higher temperatures) and coexisting anatase and rutile crystal modifi-
cations.

This conclusion can be made because both surface area and crystallite size of sol-gel
powders and P25 Degussa are of the same order.

Furthermore, the sample S1 powder showed the highest photocatalytic constant
compared to the series S2 and S4 powders, respectively.

On the other hand, the spectral dependence of the photocatalytic constant was
studied for TiO, nanopowders including P25 Degussa, sol-gel samples and P25 De-
gussa doped with different concentrations of Cobalt.

As it follows from Table 4.1 for all spectral lines presented in the light of mercury
lamp some photocatalytic activity in nanopowders was observed.
Detailed analysis shows the presence of electronic states inside the main energy gap
between valence and conduction bands of TiOs. These states can produce electron-
hole pairs under radiation with wave lengths higher than that of the corresponding
energy gap.
It can be seen from Table 4.1 that for the wavelength A=365 nm the normalized
photocatalytic constant K is higher for P25 Degussa (K=885) powder, but with
increase of Co concentration K increased from about K= 117 to K= 462 when Co
concentration changed from 1% to 10%. For A =405 nm, for the sample P25:5%Co
K is higher (K= 683) than for the P25 Degussa (K — 250). The same was observed
for A=436 nm.
For A=546 nm all values of K are relatively low. Finally, for A=690 nm relatively
high values of K for all Co doped samples, as well as, for P25 Degussa sample are
observed. This behavior of K can be interpreted in terms of the existence of ad-
ditional energy levels inside the main energy gap of TiOy and these levels can be
changed by changing the Co concentration.

Additionally, the decomposition of different dyes by TiO, p-type semiconductor
thin film prepared by the Chemical Vapor Deposition was investigated at differ-
ent experimental conditions. Different dyes were used to study the photocatalytic
constant of the degradation process that occurs on the surface of TiO; thin films
deposited on a Si p-type substrate.

These dyes are Methanol Blue(MB), Gentian Violet(GV), Brilliant Green(BG),
MethylOrange (MO) and Eosin(OS).

In the absence of the TiOs thin film, no change in the absorption spectrum of the
dyes was observed. This indicates that the TiO, thin film plays an important role
in the dye decomposition process via the H,O splitting on the TiO, surface under
UV illumination.

These dyes were successfully degraded by TiO, thin film. The decrease of the ab-
sorption amplitude at each time can be explained by breaking down molecule bonds
of the dyes.
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This process is associated with an adsorption of the dye molecules on the thin

film surface and, consequently, with its decomposition which causes notable changes
of the solution color.
It was observed that the dye decomposition process also takes place without any
UV illumination, but in the presence of an electrical field and in the presence of an
electrical current provoked by this field. It means that the electrochemical process
of the dye decomposition has a significant role which is comparable or even higher
than photocatalysis. Respective degradation constants are listed in Table3.6.

It should be noted that simultaneous application of UV irradiation and electri-
cal field results in an additional increase of the degradation constant K leading to
Kuvie >Kyv+Kg.

This acceleration is attributed to the interaction between the dyes and the TiO,
surface.

This study sheds light on the role of the electric field that it plays on the photocat-
alytic activity and, consequently, on the photocatalytic constant.

This role results from its effect on the e-h pairs separation and by increasing their
lifetimes. These lifetimes become even higher when using UV associated with E.

Throughout this study, the existence of the synergetic effect was confirmed. This
effect can be interpreted in the framework of e-h pair separation in the electric field
and, as a result, in an increase of their lifetime, even when this field was relatively
small.

This synergetic effect of the electrical field and UV illumination may explain the

high photocatalytic constant obtained for the Brilliant Green compared to the other
dyes.
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Figure A.1.1: UV-Vis absorption spectra of Eosin with TiOs thin film under UV illu-
mination, the electrical field at 15V and UV illumination with electrical field illumination
simultaneously, respectively at same conditions during 1h.
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