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Abstract

The adsorption of water on rutile TiO, (110) surface controls many chemical processes
encountered in nature and industry. The key features of liquid-solid interfaces are the high
mobility and often reactivity of the H,O molecules and the structural control provided by the
solid species.

There are several theoretical and experimental techniques of interest to elucidate the
dynamics of water on surfaces. However, in this dissertation, we apply mathematical
modelling methods to study these interactions: First, we investigated the behaviour of H,O
molecules attached on the surface in case of stopping the incoming H,O flux before
equilibrium, and we show how H,O behave under various temperature values and the initial
coverage of H,O affected. Another point was to study the impact of oxygen vacancies and the
amount of H,O flux in the dynamics of water on the rutile (110) surface, in the case of steady
state, to control and enhance the production of OH. Our results clearly indicate that
temperature, oxygen vacancies, the coverage of H,O adsorbed on surface and H,O flux have a
marked effect on the dynamics of water, and it must be taken into account and controlled to
achieve the desired applications.

Besides, we are comparing the simple H,O molecules behaviour and complex
adsorption of bio-molecules like bovine serum albumin (BSA) proteins on TiO, surface,
where the results demonstrated that the sticking of proteins on surface is accompanied by the
expulsion of the adsorbed water and this overbalance to the hydrophobic core inside of the
proteins particles which can affect its structure.

Controlling the production of OH is very important in technology applications such as
self-cleaning, especially in the purification and decomposition of water besides the splitting of

water as well as in biotechnology.

Keywords: Surface, Adsorption, Water-rutile TiO, (110) interface, Dissociation,
Mathematical modeling, Proteins adsorption, OH hydroxyls and FTIR-ATR
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Résumé

L'adsorption d'eau sur la surface du rutile TiO, (110) contrdle de nombreux
processus chimiques rencontrés dans la nature et 1'industrie. Les principales caractéristiques
des interfaces liquide-solide sont la grande mobilité et souvent la réactivité des molécules
H,O et le controle structurel assuré par les especes solides.

Il existe plusieurs techniques théoriques et expérimentales d'intérét pour élucider la
dynamique de l'eau sur les surfaces. Cependant, dans cette these, nous appliquons des
méthodes de modélisation mathématique pour étudier ces interactions: Tout d'abord, nous
avons étudié le comportement des molécules H,O attachées a la surface en cas d'arrét du flux
de H,O avant 1'équilibre, et nous montrons comment H>O se comporte sous différentes
valeurs de température et la couverture initiale de H,O affectée. Un autre point était d'étudier
I'impact des lacunes d'oxygene et de la quantité de flux de H,O dans la dynamique de 1'eau sur
la surface de rutile (110), dans le cas de régime stationnaire, pour controler et améliorer la
production de (OH). Nos résultats indiquent clairement que la température, les lacunes
d’oxygene, la couverture de H,O adsorbée en surface et le flux de H,O ont un effet marqué
sur la dynamique de l'eau, et cela doit €tre pris en compte et contr6lé pour atteindre les
applications souhaitées.

En outre, nous comparons le comportement de simples molécules H,O et
l'adsorption complexe de biomolécules telles que la protéine d'albumine sérique bovine (BSA)
sur la surface de TiO,, ou les résultats ont démontré que le collage des protéines sur la surface
s'accompagne de l'expulsion de 1'eau adsorbée et ce déséquilibre du noyau hydrophobe en
particule de protéines pouvant affecter sa structure.

Le contr6le de la production de (OH) est trés important dans les applications
technologiques telles que l'auto-nettoyage, en particulier dans la purification et la

décomposition de I'eau en plus de la séparation de I'eau ainsi qu'en biotechnologie.

Mots clés: Surface, Adsorption, Eau-rutile TiO, (110) interface, Dissociation, Modélisation

mathématique, Adsorption de protéines, OH hydroxyles et FTIR-ATR.




udls

LilasSl illeall o 28]l & (110) TiO, s p silicl) 23Sl 36 mhans e elall Galiadl oSaiy
DS A Al il 5 Alall AS jal) o dliall AL Cilgal sl A jl) cilend) delial) 5 daglall b Ligal 5o a3 )
Adall ) gall 5353 (53 A oS3 5 (H,0) slall iy sal gla¥) (e

sda gl 5 =l o el cilSualinn i il e <l Ay yall 5 4 ki) L e el Sllia
Caldy) Ala 55 Jiadll HyO <l da &l sl andy Liad oY gl sedle Ll o3 A jal dpaly )l A daill (Gulai ca 5 ylaY)
Ol 138 daliaall 5 51 el s 50wl st HyO Caealy G a5 a3 o ) sl U mhandl e o1 5l H)O é
e slall ClSaaliny 3 HLO (3835 4aS 5 (S el 0 5l A o <l (g a ¥ dkaill  H,0 J 4 5Y) Akl
A0 O G s Unili 5ol OH gl 4peS (& (ol oSl 3 el Al (& ¢ (110) diis ) b
S cslall laalinn e maal s il Wl H)O 3835 ehanad) e 5 Jiaall H)O Asbast cpmnSY) 521 5 6 )yl
At all il 3l Lo oSl 5 jliie ) (s 3255 Of oy

G5 Jie Ay sead) Dby jall deall (abias 31 5 ddasadl HyO iy o & sl 45 )lias 68 ey il )
e Gl ) e clis ) Gl o @il @ elal Gus (Ti0, s Sle (BSA) sl deaall (a5l
G S ol (e G 5 ool Glsa dals 0S5 Gl elall da S ol 31 ) aad ) 1385 Sied) eldl ok

a8 dald o A Cadaiil)l Jie dan oS il b Aall Uga 1001 OH gl 8 pSaill any
A sl s o Sl il ) Ll i

) el « Aém\i)ﬂ aadall ¢ slka) (110) TiO, d,}’i})j\ — clall Agalg ¢ BB C.LMJ\ R.PIJLA\ Silalsl)
FTIR-ATR 5 JsuS 5 538 OH ¢ ciligi syl

-jv-



Acknowledgements

First and foremost, praises and thanks to ALLAH the Almighty for the blessings
throughout my life and being to complete this research with success.

While bringing out this thesis to its final form, many people have bestowed upon me their
helps and supports in various ways, and they deserve special thanks, it is a pleasure to express
my deep gratitude to all of them.

I would like to express my sincere thanks and deepest gratitude to my two supervisors,
Prof. A. BOUHEKKA and Dr. A. BERBRI. I am deeply grateful to Prof. A. BOUHEKKA for
the long insightful discussions and scientific advice about my research, I would thank him for
his constant guidance, and for his patience and support helped me overcome many crisis
situations and finish this work, besides he gave me the independence to explore my research,
and at the same time guided me when I lost my way. I will never forget that you have
reviewed my thesis several times till version X, you were always quietly listening to me and
showing me the right direction which helped me in long time to come.

I am also thankful to Dr. A. BERBRI for encouraging the use of correct and consistent
notation in my writings and for carefully reading and commenting on countless revisions.
More importantly, I am deeply grateful for the understanding, support and encouragement
during the whole periods of time. I feel very fortunate for this opportunity to work under two
incredible mentors.

I am also thankful to the members of my committee for their time, for their valuable
scientific critics and notes that surely will improve our thesis. I would like to thank Prof. H.
RACHED from the physics department for giving me the honor of chairing the jury. I
respectfully thank Dr. A. NEBBATI ECH-CHERGUI from university of Ain Témouchent
who honored me to take part of the defense jury, is an honor for me and I thank him warmly.
My sincere thanks go to Dr. R. TRAICHE and Dr. O. ZEGGALI for accepting to examine my
work.

I am thankful to all my teachers for guiding and shaping me, especially Prof. M.
BELABBAS and Prof. H. KHALFOUN. I have been fortunate to learn from many inspiring
teachers over my school career. I also thank all the administration staff of our faculty and
university for their help.

I am grateful to my group members each one in his own name for a number of discussions

and all the fun times. It was a great experience to work with you all. Many friends have




helped me stay happy and sane through these difficult years. It is difficult to imagine these
wonderful years without them. I greatly value their friendship and I deeply appreciate them
being there for me.

Most importantly, none of this would have been possible without the love and patience of
my parents, brother and sisters. They have been my constant source of love, strength, support
and motivation all these years. My parents are my heroes and have sacrificed a lot to bring us

up. I can’t forget my aunt who welcomed me into her home all this time.

-Vi-



List of figures

Figure I.1: The electronic bands structure of materials.

Figure 1.2: The forbidden band diagram of the electronic structure of insulator, semiconductor
and conductor (metal). The position of the Fermi level is when the sample is at absolute zero
temperature.

Figure 1.3: The difference between direct and indirect gap in semiconductors.

Figure 1.4: The TiO¢ polyhedra for TiO, phases: a) rutile, b) anatase and c¢) brookite.

Figure I.5: Molecular-orbital bonding structure of TiO».

Figure 1.6: The different possible transitions of electrons, (a) excitation, (b) excite electron and
decade at low level in conduction band, (c) and (d) are the intraband transition in the presence of
impurities, (e) the interaband transition in conduction band.

Figure 1.7: Schematic presentation of the deferent ways to modify the band structure of TiO,.
Figure L.8: Schematic illustrate the various processes occurring after photo excitation of TiO;
with UV light.

Figure 1.9: Dye-sensitized solar cell devises the recombination and electronic transfer processes
are indicated with violet arrows and red arrows; the double blue arrow represents the maximum
voltage due to the difference between the quasi-Fermi level of the electrons in the conduction band
of TiO; and the redox energy of electrolytic mediator.

Figure 1.10: Photoinduced wettability, (a, b) a hydrophobic TiO, surface convert to a
superhydrophilic surface upon irradiation (c, d) Exposure of a hydrophobic TiO,-coated glass to
water vapour results antifogging effect induced by UV-illumination.

Figure 1.11: Schematic of photocatalysis splitting of water onto TiO, surface.

Figure I1.1: Schematic representative of different reactions occurring on surface.

Figure I1.2: Simplified schematic of gas —solid adsorption system.

-vii-



Figure IL.3: The Lennard-Jones 6-12 potential, which represents the relationship between the
distance of two atoms and the energy of system, the equilibrium distance between the interacting
atoms are at R = Ry.

Figure I1.4: The IUPAC classification of the adsorption isotherms

Figure IL.5: The faces of rutile: (a) (110); (b) (100); (¢) (001).

Figure I1.6: The structure of rutile (110) (1x1), red (grey) balls are oxygen (titanium) atoms.
Figure I1.7: The water molecule structure, red (grey) balls are oxygen and hydrogen atoms.
Figure I1.8: The modification charge of rutile (110) surface depended on the pH factor.

Figure I1.9: The vibrational modes of isolated water molecule, dashed lines are the bonds of O-H
and the arrows represent the relative and displacement direction of the nuclei

Figure I1.10: Schematic illustrating the interactions of H,O molecules on rutile (110) surface.
Figure II.11: FTIR-ATR spectrum of water adsorption on TiO, surface (dark line), pink line
correspond to background. The spectra are kindly provided by Ahmed Bouhekka

Figure III.1: The adsorption of molecular water on defect- free (Tis.) sites, dark (light) blue balls
hydrogen (oxygen of water) atoms, K;, K, are the rates constant of adsorption and desorption
respectively.

Figure II1.2: The dissociative adsorption of water on defect-free (Tisc) sites, where K3 and K, are
the rates constant of dissociation and recombination reaction, respectively.

Figure II1.3: The dissociative adsorption of water on Tisc sites, where K3 and Ky are the rates
constant of dissociation and recombination reaction, respectively.

Figure IV.1: The coverage of Ti, OH, Oy, Oy, H,O as a function of time, at different values of
Hy0, a) Oy,0 = 0.25, b) 6,0 = 0.2. The time starts from the moment where the H,O flux is
stopped.

Figure IV.2: Represent the variation of the surface rate coverage as a function of temperature (K),

a) for OH and Oy, and b) for H,O.

-viii-



Figure IV.3: The effect of: a) oxygen vacancies, b) H>O flux on the behaviour of water on rutile
(110) surface.

Figure IV.4: Kinetic curves for the OH hydroxyls at rutile T iO, (110) surface for various H,O
flux and concentration of O, on the surface.

Figure IV.5: The effects of: a) oxygen vacancies and b) H,O flux of the variation of oxygen
bridging (Op).

Figure IV.6: The coverage of O, as a function of H,O flux and O, defects on rutile TiO; (110)
surface.

Figure IV.7: The coverage of H,O on surface versus H,O flux and the coverage of oxygen
vacancies O.

Figure IV.8: The ratio of (6o, / 8y,0) on rutile T 10, (110) surface versus H,O flux.

Figure IV.9: The coverage of Tis. on rutile TiO, (110) surface as a function of the concentration
of oxygen vacancies (Oy).

Figure IV.10: Adsorption spectra of BSA on TiO; close to equilibrium situation. Spectra were
recorded during flowing BSA solution drop by drop and rinsing with water in between two

successive drops.

-ix-



List of tables

Table I.1: The electronic properties of materials

Table 1.2: The different properties of TiO; structure

Table II.1: The difference between physisorption and chemisorption

Table IIL.1: Kinetic parameters used in the mathematical models of H,O reactions on rutile TiO;
(110) surface.

Table II1.2: Nomenclature of the surface coverage




Table of contents

Abstract
Acknowledgements
List of figures
List of tables
Table of contents
General introduction
References
I. Properties, characterizations and applications of Titanium dioxide
I.1. Introduction
[.2. Crystalline solids
[.2.1. Electronic band structure
[.2.1.1. Insulators
[.2.1.2. Conductors
[.2.1.3. Semiconductors
[.2.1.3.1. Electronic properties
[.2.1.3.2. Intrinsic and extrinsic semi-conductors
1.3. Properties and applications of titanium dioxide
1.3.1. Titanium dioxide (TiO,)
1.3.2. Structure of TiO,
1.3.2.1. Electronic properties of TiO,
1.3.2.2. Optical properties
I.4. Experimental techniques and TiO; surface

1.4.1. Electrochemical infrared spectroscopy (EC-IR)

i

vii
X
xi
14
17
18
19
19
19
20
20
20
21
21
24
24
24
25
26
28
28

1.4.2. Fourier transform infrared attenuated total reflection spectroscopy (FTIR-ATR) 29

1.4.3. Scanning tunnelling microscopy (STM)
L.5. Applications of TiO,
I.5.1 Photocatalysis
[.5.2 Dey sensitive solar cell
I.5.3 Self-cleaning
[.5.4 Water splitting
1.6. Conclusion

References

29
29
29
30
31
32
33
35

-Xi-



I1. Theoretical background of adsorption and dynamics of water on rutile (110)
surface
IL.1. Introduction
I1.2. Surface phenomenon
I1.3. Adsorption phenomenon
I1.3.1. Physical and chemical adsorption
I1.3.2. Van der Waals forces
I1.3.2.1. Intermolecular potential
I1.4. Kinetics and specificity of adsorption
I1.4.1. Nature of adsorbent
I1.4.2. Nature of adsorbate
I1.4.3. Temperature and pressure
IL.5. Classification of adsorption isotherms
I1.6. Rutile TiO, (110) surface
I1.7. Water properties
I1.8. Water adsorption onto rutile TiO, (110) surface
I1.9. Conclusion

References

I1I. Mathematical modeling to investigate the dynamics of water adsorption on
rutile TiO, (110) surface
III.1. Introduction
III.2. Langmuir model theory
I11.2.1. Limitation of Langmuir model
II1.3. Dynamic of water on rutile TiO; (110) surface
III.3.1. Water adsorption on stoichiometric rutile TiO, (110) surface
II1.3.2. Water adsorption on defective rutile TiO, (110) surface
II1.4. Proposed theoretical model
II1.5. Numerical methods
II1.5.1. Euler’s method
IIL.5.2. Runge-Kutta-Fehlberg (RKF 45)
II1.6. Conclusion

References

39
40
40
40
41
42
43
44
44
45
45
45
48
50
50
54
55

60
61
61
63
63
63
64
67
69
69
70
71
72

-Xii-



IV. Results and discussion 76

IV.1. Introduction 77

IV.2. Water molecules behaviour on rutile (110) surface: Stopping the flux

before equilibrium (¢ = 0) 77

IV.3. Temperature effect 80

IV.4. Effect of oxygen vacancies and H,O flux: Steady state case 82
IV.5. Water- proteins interactions on TiO, surface 91
IV.6. Conclusion 93
References 95
General conclusion and recommendations 99
Nomenclature 101
List of publications and conferences 103

-Xiii-



General introduction

General introduction

Energy and health are the most worldwide requirements in life. According to the
report from the International Energy Outlook (IEO) published in 2011 by the U.S. Energy
information administration expected global energy consumption to increase exponentially,
which is estimated to be 53 percent from 2008 to 2035 [1]. Where it’s on the rise in light a
rapid expansion in industrial activities, there are three types of source for energy generation:
nuclear energy, renewable energy and fossil fuels. The main ones being coal, oil and natural
gas, supply 78.2 % of energy consumed globally [2, 3] unfortunately, these fuels are non-
renewable resulting a pernicious damage including high greenhouse gas emissions, besides
the poor infrastructure has led to heavily polluted the ecologic systems with both organic and
inorganic materials and these have negative effects on the lives of all beings, but there are
wider implications on nature, aquatic organisms, wildlife and farming [4, 5]. This means that
relying on fossil fuels for energy generation is unsustainable. Therefore, the development of
new materials in order to build low-cost renewable energy technologies is a key challenge for
the humanity.

In 1870, according to Jules Verne [6] who said: “I believe that water will one day be
employed as fuel, that hydrogen and oxygen which constitute it, used singly or together, will
furnish an inexhaustible source of heat and light, of an intensity of which coal is not capable”.
Energy production and environmental remediation are of great importance in current physical-
chemistry sciences due to the increasing demand for new energy alternatives to conventional
fossil fuels and to meet stringent regulation in environmental protection.

Different chemical and physical procedures are currently used to achieve and reduce
these problems, among them adsorption process is the most important that can be carried out
for photocatalysis and gas sensor especially in aqueous solutions. The most important are
the materials used for the desired performance, which are semiconductors, including
germanium (Ge), silicon (Si) and titanium dioxide (TiO).

TiO; has been one of the most studied photocatalysis not only for water splitting [7]
but also for other reactions such as solar hydrogen production and decomposition of harmful
organic and no organic substrates in solution and air [8] as well as particularly promising as
some of the most stable, nontoxic and readily available functional materials known today. The
heterogeneous photocatalysis based on TiO; has increased exponentially especially after the

discovery of photoinduced of water splitting reported by Fujishima and Honda [9].

- 14 -



General introduction

Undoubtedly, the water-TiO, interface became partially covered with molecular H,O
and hydroxyl groups (OH) [10] moderate with different conditions such as the temperature,
the coverage of H>O molecules and the amount of oxygen vacancies... Unfortunately, this
reaction is not yet clear, therefore to enhance the performance of these systems relies on a
detailed theoretical understanding of the fundamental reaction mechanisms, understanding of:
water chemistry, reactive intermediates and chemical reactions occurring in complex solutions
to facilitate the design of more efficient systems [11]. However, there have been many
theoretical and experimental means to investigate it.

Thus, the aim of this research has been to contribute in the fundamental understanding
of this phenomenon by studying the dynamics of H,O molecules adsorption on rutile TiO,
(110) surface, using a theoretical model of a system of differential coupled equations based on
the Langmuir model; the mathematical modeling approaches provide illustrative insight into
adsorption processes, which are often difficult to be described experimentally taking into
account all ways, different available adsorption sites, of the H,O behaviour on the surface.

The overall structure of this thesis takes the form of four chapters, including this
general introduction and conclusion. It leads us from brief introduction to the subject and
addresses the motivation behind this dissertation.

Chapter I reports an overview of the properties, characterisation and applications of
the materials, especially the electronic, optical properties of TiO,. Besides this, it contains the
techniques that were carried out to study the surface characterisation including STM and
FTIR-ATR. At the end, it focused on the most important applications of TiO, in modern
technology.

Chapter II contains the background information about the surface phenomena
including the adsorption process and most factors controlling it and the calcification of
isotherms, and it focussed on the detailed description of rutile TiO, (110) surface and its
interaction with water molecules.

Chapter III describes the theoretical Langmuir model and the proposed mathematical
approach, which accumulates all the possibilities way of the dynamics of water on the surface,
resulting in a system of nonlinear differential equations, and gives the important numerical
methods used to solve this type of equations.

Chapter IV covers the most important results of the factors that affect the adsorption
and dynamics of H,O molecules on the rutile (110) surface and the formation of OH groups as

well as a comparison between the behaviour of the simple water molecule and complex
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General introduction

species such as protein adsorption. The corresponding references are listed at the end of each
chapter where the reader may turn for further details.

Finally, the present dissertation is concluded by a general conclusion and
recommendations, which contains the most important findings of our research, and then

identifies the ideas that merit further investigation in this field.
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Chapter I

Properties, characterizations and
applications of titanium dioxide

The temperature and impurities alter the conductivity of semiconductors. This characteristic
gives them a great importance in the fields of electronics and physics. These materials are used in
electronic devices and integrated circuits which clearly improved the daily life of human being. In
this chapter, we present an overview about the properties and characterization of titanium dioxide
and its applications used in our work to study the adsorption of water molecules and their behaviour

under varying conditions.
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Properties, characterizations and applications of titanium dioxide

I.1. Introduction

In nature, there are three types of materials conductors, semiconductors and insulators classified
according to their band gap or conductivity. Among them semiconductors are technologically the
most important class. Therefore, the optical, electronic and chemical properties are unique.
However, the surface and interfaces levels play a pivotal role in the most of reactions such as
adsorption, absorption, corrosion and catalytic reactions. It is important to understand the different
properties of the surface, but it is difficult to analyse and investigate results because the small
numbers of atoms at surface are buried on the bulk features. Huge efforts dedicated to develop the
analysis techniques which allow extracting precise and sensitive information from the surface. This
section covers the different type of materials and their properties plus the most popular and

sensitive techniques that can be used for surface and interface analysis [1].
I.2. Crystalline solids

Solids are physical objects constitute of atoms, which firstly postulated by the ancient Greek
philosopher Demokritos [2], nevertheless, they are considered one of the greatest bride on the
human intellect. These atoms are basically arranged essentially in a perfect periodic array is quite
extraordinary in regular 3D periodic pattern regardless of the difference in the elements and their
combination. Real solids do not extent to infinity they terminate with surfaces, which represent 2D
defects resulting in a small perturbation in physical solid [3]. Indeed, the presence of such defects
that makes solids useful, because the defects alter the properties of the ideal crystal, which is in
perfect forms would have a limited range of properties [4], according to the space arrangement we

can have various types of materials.
I.2.1. Electronic band structure

The electrons in isolated atom filled the atomic orbital’s in discrete level, however, when a
large number of atoms are brought together around 10> atoms (crystal) the distances between the
discrete levels are very small thus forming a band [S]. The highest occupied band (valence band E,)
and the lowest unoccupied band (conduction band E.) with the forbidden band (gap band E;) in
between as illustrated by the following Figure I.1 [6]. The forbidden band energy ranges where no
electronic states are present and it’s given by (E, = E. - E,) and represents the minimal energy that is
required to excite electron to participate in conduction and it makes the difference between

insulators, conductors and semi-conductors.
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A A, Solids

Energy

Figure I.1: The electronic bands structure of materials [6].
1.2.1.1. Insulators

In an insulator the valence band is separated from the conduction band by a large gap, where
the first is full and the second is empty, only the electrons accept energy more or equal the band gap

can be excited to the conduction band including wood. This is the converse of the conductors.

1.2.1.2. Conductors

The conductors (metals) are solids whose the conduction band overlaps with the valence band
(no band gap), thus, they allow the electricity flow through them such as copper, steel and

aluminum.
1.2.1.3. Semiconductors

Semi-conductors are solids with a smaller band gap situated between that of conductors and
insulators, where at low temperature the electrons have insufficient energy for moving to the
conduction band (insulator). When increasing the temperature, it renders more electrons to have
more energy to move to the conduction band leading to increase the conductivity of a semi-

conductor, the overall illustration is shown in Figure L1.2.
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Figure 1.2: The forbidden band diagram of the electronic structure of insulator, semiconductor and
conductor (metal). The position of the Fermi level is when the sample is at absolute zero

temperature [7].

1.2.1.3.1. Electronic properties

Semi-conductors are materials characterized by a forbidden band (Eg) 0 < Eg < 6 eV which is

greater than the insulator and less than the conductor gap. Different properties are classified in

following Table I.1.
Conductivity Resistivity Band gap
6 (Q.m)" p (Q. m) (eV)
Conductors <10° 10 ~0
Semi-conductors 10" <6< 10° 10210’ 0<Eg<6
Insulators <10 > 10" >6

Table I.1: The electronic properties of materials [5, 6, 8].
Generally, semi-conductors materials exist in two types; simple and composed; the first one is

compound from one element as (Ge, Si...) whereas the second consists of at least two types of

elements as (Z, S, TiO, [,G, P ...).
1.2.1.3.2. Intrinsic and extrinsic semi-conductors

At temperature equals to 0 K semiconductors behave as insulator, but in thermal agitation at
high temperature, randomly they promote transition of electrons to heal the conduction band,

however the probability of occupied an energy level is given by Fermi function (f(E)) as shown

below:
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1

f(E) = —GEp (L. D

1+e XBT

Where:

E, E; Kp and T are the energy of reference state, Fermi energy, Boltzmann constant and temperature
in Kelvin.

The life time recombination (e-hole) pair generally depends on the direct and indirect gap
controlled by the position of the minimal of conduction band and the maximal of valence plus the
difference between them as illustrated in the Figure 1.3, the recombination occurs rabidly in direct

gap compared to indirect gap which is due to the variety of optical and electronic properties [8].

Direct Gap Indirect Gap

Enc

\\ / =]
/ \\[umentum o g / \"b[umenmm
25
; P - =] J
=

Energy

Figure 1.3: The difference between direct and indirect gap in semiconductors [8].

The semiconductors with no impurities are called intrinsic or pure, however, the number of excited
electrons (n) (conduction band) and the holes (p) in valence band are the same (n = p), thus the
intrinsic carrier concentration of electrons or holes (n;) is given by the multiplication of probability

that a state at energy E is filled f (E') and the density of state at that energy g(E) is given by:
ni = [ f(E)g(E)dE 1L2)
n; = Noe~(Fc=Ep)/KgT (1.3)
Where:
Ecand Ef are conduction band energy and Fermi energy respectively.

The N, is the effective density of state at conduction band is given by
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N = 2(F0e )3/ (L 4)
The effective density of state at valence band (N,,) is:

n; = N,e~Er—Ev)/KpgT 1.5)
N _ 2(27rmeKﬁT)3/2 (I. 6)

Where:

E, is the valence band energy, m, is noted the mass of electron.

From the equations (I. 3) and (I. 5), it is clear that the forbidden band has an important role in the
applications of SCs. At a wide (E,) the material has a fewer mobile carrier. In contrast, the narrow
band gap allows the mobility of the charge carriers from the VB to CB, which deals to increase

density of charges.
n; = /Ny Nge Fa/2KpT (L.7)

When doping has been introduced in intrinsic semi-conductor, thus changing the relative number
and the type of free charge carriers, this is called doping semiconductor. There are two types, in n-
type, the electrons of atoms doped are the majority charge carriers and this increases the conduction
charge carriers, whereas, in p-type, the holes are the majority charge carriers. This procedure
strongly depends on the atoms used in doping; the number of impurities should be less than the host
material to keep on its properties. Therefore, the probability of finding carrier of state is via Fermi

function [9],
For electrons donors are:
n = Npe~(Ec—Ep)/KgT 1. 8)
For holes acceptors are:
p = Nye~Ea=BEv)/KgT 1.9

Where: E4, Ep are the acceptors and donor energy, N4, Np are the concentration of charge acceptors

and donors.

Technologically, semi-conductors become one of the most important materials used in
manufacturing the electronic devices including Ge, Si and TiO,. Among these, we focus in our

work on TiO, for several considerations that will be mentioned in next sections.
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I.3. Properties and applications of titanium dioxide
1.3.1. Titanium dioxide (TiO;)

Titanium dioxide was discovered in 1791 by the clergyman and William Gregor [10], it has a
molecular weight 79.87 g/mole with a chemical formula TiO,, titanium dioxide is extracted from
the ores in the world which is contained ilmenite and rutile and anatase [11]. Despite, it can be
elaborated with variety of methods as spin coating, dip coating... Due to its characteristics
abundant, inexpensive, high specific surface area [12] and stable chemically [13] it takes more
attention in wide world researchers especially in Asia (china is the leading country), which
considered as basic element in deferent technology applications like solar cells, pharmaceutical and
medicals, treatment of water...[14-16]. In the following section we will talk in more details about

TiO, structure.
1.3.2. Structure of TiO,

TiO; is a semiconductor composed of two elements Titanium (T1) and oxygen (O), in nature it
exists in three different forms: rutile, anatase and brookite, where the two first have a tetragonal
primitive unite cell and brookite has orthorhombic unit cell as shown in the following Figure 1.4.
Both (rutile and anatase bulk) structures can be described regarding the chains of TiOg octahedron;
means each Ti** ions surrounding with six of O™ ions, the difference between them includes in the
distortion and the assemble pattern of octahedral chains [17]. Along of this, in rutile each
octahedron connecting with ten other octahedron (two sharing edge oxygen pairs and eight sharing
corner oxygen atoms), whereas, in anatase the octahedron connecting with eight neighbours
octahedrons (four sharing an edge and four sharing a corner) therefore. These distinctions of one to
other in lattice structures resulting different mass densities and electronic band structures between
the two forms [18] rutile thermodynamically is the most stable whereas anatase is metastable [19-
21], anatase and brookite transform irreversibly to rutile under high temperature around (900 K)
[22]. Generally, rutile (110) and anatase (101) are the most stable surfaces in TiO,. Besides, others
properties are surmised in the Table L.2. In this works we are focused to study rutile TiO, (110)

surface.
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Figure I.4: The TiO¢ polyhedra for TiO, phases: a) rutile, b) anatase and c¢) brookite [23].
Structure Rutile Anatase brookite
Unit cell Tetragonal Tetragonal orthorombic
Space group D4h 19 — P42/mnm | D4h 19 — 141/amd Pbca
Surface 0 24.75 18.53
energy(kj/mol)
Polyhedron type Octahedron Octahedron octahedron
Band gap (eV) 3 3.2 3.32

Table 1.2: The different properties of TiO, structure ([24] and references therein).
1.3.2.1. Electronic properties of TiO;

Several techniques are used to improve the electronic structure such as X-ray absorption,
where it’s the recombination between the Ti 3d, decomposed onto (Ti eg, Ti tye (dy,, dsx and dyy),
O, also decomposed onto (O po and O prn orbitals). Therefore, the valence band is subtracting in
three regions, first, the ¢ bonding characterized with low energy contributes to Ti d, the second is
bonding with a middle energy, the higher energy for the O prt bonding due to no contribution with
Tid. The conduction band is decomposed onto d y located at the bottom of CB whereas; Ti e ;, and
tr, are anti-bonding with p as the following Figure L5 shows the relation between them. The
electronic properties are strongly depending on the defects; crystals structure... for example the
oxygen vacancy and titanium interstitial play important roles in creating levels in band gap which

can enhance the electronic conductivity of the material [25, 26].
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Figure 1.5: Molecular-orbital bonding structure of TiO, [26].
1.3.2.2. Optical properties

The optical properties of any materials are improved via the absorbance and emission due to
excitation of electrons, when the absorbed photons have energy equal or more than band gap, this
leads to excite electrons from the valence band to conduction band and leaving behind them holes
where dissipate energy and decade to lower levels and also the intraband transition in the small
photon energy [27-29]. In addition, in the presence of impurities creates band states in forbidden
gap near valence or conduction bands which promotes the intraband transition. TiO, has indirect
band gag and indirect transitions lead to a lower absorption coefficient compared to direct gap. The
indirect transitions are allowed due to a large dipole matrix element and a large density of states for
the electron in the valence band. The shortcoming of TiO; is high band gap up to 3 eV, which reacts
only in UV light (380 nm) meanwhile available around 5 % in solar light [30]. Therefore, many of
researchers treated this problem by creating defects and doping TiO, with other elements. The
defects reduce the band gap and create intraband gap states [31, 32], this enhances the optical and
electronic properties, additionally, increases the performance of storage and convert of energy,
more details in [29-31], which used in many fields [23, 25, 26]. These states with possible

transitions are shown the Figure 1.6.
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Figure 1.6. The different possible transitions of electrons, (a) excitation, (b) excite electron and

decade at low level in conduction band, (c) and (d) are the intraband transition in the presence of

impurities, (e) the interaband transition in conduction band [26].

There are various ways to achieve this purpose either by using intrinsic or extrinsic defects,
thus, we attempted to identify the impact of defects on the structural, optical and electronic
properties. First, in intrinsic defects by inducing localised like O vacancy or interstitial, Ti vacancy
or interstitial, 2D (surface) and 3D (bulk) which perturbs locally the crystal periodicity of
semiconductor and leads to create a band state energy in the gap, while, non-localised defects are
like (photon and phonon). Second, in extrinsic defects is doping with metals elements such as
platinum (Pt). Third, sensitizing TiO,, with other color full inorganic or organic elements can
enhance its optical properties in the visible light region [33-35]. Forth, coupling the metal oxide
(Ti0,) with others semiconductors can facilitate transfer and exchange of electrons, thus alter its
properties, Figure 1.7, in overall, inducing defects on the surface not only decrease the band gap of
semiconductors to enhance the absorption in visible light and near infrared (NIR) regions but also
enhance the performance of photocatalytic, In addition, favoured the recombination of majority

with minority carriers.
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Figure 1.7: Schematic presentation of the deferent ways to modify the band structure of TiO».

I.4. Experimental techniques and TiO; surface
1.4.1. Electrochemical infrared spectroscopy (EC-IR)

Electrochemical infrared spectroscopy (EC-IR) and infrared reflection absorption spectroscopy
(IRAS) are widely adopted as chemical structure identification techniques on the electrode and
solution interface by many groups. This technique is based on the reflection of the infrared beam
light from the surface [36], where the s-polarized (electric field perpendicular to the incident plane)
radiation becomes active only when the distance from the electrode surface becomes larger and p-
polarization (electric field parallel to the incident plane) depends on the incident angle to the surface
that means infrared radiation with p-polarization has a strong reaction with the surface molecules.
One of the shortcomings of this technique is the infrared attenuated by the electrolyte solution,
various researches developed by using surface enhanced infrared absorption (SEIRA) based on an
electromagnetic mechanism; however the electric field enters the surface and decreases with the
depth of the sample. Therefore, this leads to a higher selectivity of infrared absorption on the
surface of the metal nanoparticles. Recently, various groups of researchers are using attenuated total

reflection (ATR) where samples are deposited on Si prism [37, 38].
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1.4.2. Fourier transform infrared attenuated total reflection spectroscopy (FTIR-ATR)

Fourier transform infrared attenuated total reflection spectroscopy is based on total reflection
of the incident IR radiations at the surface of an internal reflection element (IRE), which is sensitive
and popular tool employed for systematic studies of metal / liquid interfaces, especially at very thin
films by in situ measurements under different conditions: pH, temperature, concentration and light
shining [39-41]. Besides, it can be used for thick films and opaque solution. The goal of this
technique is to study of basic issues, such as surface structure; among special features of this

technique is the ability to follow the corrosion processes under humid air and liquid conditions [42-

44].
1.4.3. Scanning tunnelling microscopy (STM)

Scanning tunnelling microscopy (STM) was developed by Binnig and Rohrer [45]. For their
efforts, they shared the Nobel Prize in physics (1986). Today, STM is a mainstay of modern surface
science investigations of atomic manipulation and real-space imaging of surfaces [45-47]. In
principle, STM works by allowing electrons to flow from an atomically sharp conductive tip to a
conducting sample (or vice versa) through a small gap (potential barrier). This phenomenon is
known as the tunnelling effect. Which is helpful tool to obtain detail information on atomic level,
local structure of the surface and they are extremely sensitive to height or composition variations on

the surface [48, 49], STM is considered as surface science tool.
L.5. Applications of TiO»

Since the discovery of photocatalytic splitting of water by fujishima and Honda in 1972 [50]
and the first report nanocrystaline TiO, dye sensitized solar cell (DSSC) by O’Regan and Gratzel in
1991[51], these are a milestone in the history of research of TiO,. Afterward, TiO;, has sparked
extensive interest in medical, environment and industry fields including photocatalysis, self-

cleaning, solar cell and splitting of water.
1.5.1. Photocatalysis

The photocatalysis is a process that utilizes light to decompose the dirt and other impurities in
the presence of catalyst, when exhibits light on surface with energy equal or greater than the band
gap, leading to create (electron — holes) pairs see (I. 10) [52] as illustrated in Figure L.8. In one

hand, the (e") excited to conduction band and left behind (h™) in VB which can oxidize the adsorbed
water or hydroxyl ions to form hydroxyl radicals OH (I. 12), where these radical groups lead to

decompose the organic and non-organic pollutions to CO; and H,O resulting in the used in several

-29 -



Properties, characterizations and applications of titanium dioxide

field as self- cleaning and anti- fogging. In the other hand, the excited electron (e’) reacts with
adsorbed compounds and changes oxygen to the superoxide radicals (O;) and hydroperoxide
radicals (HO,) see (I. 11) and (I. 13) [52], the overall reactions can be summarised below. These
reactions are playing a pivotal role in photocatalysis. The pair (e-hole) can get a recombination in

the volume or the surface of semiconductor.

(7:05) + hv— h*yp+ € cp (I1.10)
ecp+ O, — 0 (Reduction) (1.11)
Btvs+ HrO—"OH + H* (Oxidation) (1. 12)
0r+ H — HO (L. 13)

Reduction

O, +ecp ™~ .O'z

Band GapE

) Excitation

Oxidation

H,0+h*yg= OH+H*

Figure 1.8: Schematic illustrate the various processes occurring after photo excitation of TiO, with

UV light.

1.5.2. Dey sensitive solar cell

Unlike the previous generations of solar cell (first based on the silicon panels and second based
on the reduction of the first-generation cells through the use of “thin-film technologies), the third
generation (photovoltaic solar cell) theoretically have desirable goals using polymer cells, organic
photovoltaic and nanocrystaline cells [S3]. When exposing photoanode (TiO,/dye) to light
irradiation, charges separated at the interfaces and oxidizing the dye D*.

The electron reaches to the counter electrode (CE) made from the (FTO/ITO) through electrolyte
(placed to ensure the connection) as represented by the reactions equations (I. 14) and (I. 15) below.
To permit continuous flow (no stop of reaction), the electron is released to the electrolyte, which

contains a redox pair. A reduction reaction then takes place through which the previously oxidized
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dye is reduced [54], at the same time, I, regenerates the oxidized dye making it ready to receive
other photons and place other electrons in the photoelectrochemical circuit of the cell as reactions

equations (I. 16) and (I. 17).

(TiO/D) + hv = TiO/D* (1. 14)
TiO2/D* + TiO5 cg 2 TiO/D* + € ¢z (1. 15)
¢cs + TiOy/D* > TiOy/D (L. 16)
ecg+ P 23T + TiO»/CB (L. 17)

To improve the proper functioning of devices, they must be in harmony between them, the dye
should not exhibit radiative decay of the excited state and the speed of injection of the electrons
toward TiO,/CB should be greater, as well as, must ensure the rapid regeneration of the redox pair

to reduce the oxidized dye achieve the continue of the reaction as indicating in Figure L.9.

’ TiO,
’ TiO,+ Dye

Figure 1.9: Dye-sensitized solar cell devises the recombination and electronic transfer processes are
indicated with violet arrows and red arrows; the double blue arrow represents the maximum voltage
due to the difference between the quasi-Fermi level of the electrons in the conduction band of TiO,

and the redox energy of electrolytic mediator [S5].
1.5.3. Self-cleaning

Ti0; is widespread metal oxides used to remove and cleaning antimicrobial in aqueous and wet
environmental even in industrials applications [56], along this way, photocatalytic self—cleaning is

divided onto two categories: 1) hydrophobic surfaces and ii) hydrophilic surfaces depending on the

-31 -



Properties, characterizations and applications of titanium dioxide

surface properties[57, 58]. These types depend to the contact angle between the water droplet and
the surface (0° < © < 90° hydrophilic) and (6 > 90° hydrophobic) [S9] upon the irradiation TiO,
surface by UV light the contact angle decreases and approaches to © = 0° giving rise to spread the
water molecules rapidly on surface and the stain can be effectively taken away, meanwhile in
hydrophobic surface the droplet of water split quickly due to water low adhesion on surface thereby

remove the pollutants from the surface [60] as illustrated in Figure 1.10.

uv
<
Dark
d
TiO: TiO2 ,
uv TiO: TiO: : T

> Ti02 TiOz TiO2F
Dark TiO: TiO: TiO: T
TiOz TiO: TiO: T

Figure 1.10: Photoinduced wettability, (a, b) a hydrophobic TiO, surface convert to a
superhydrophilic surface upon irradiation (c, d) Exposure of a hydrophobic TiO;-coated glass to

water vapour results antifogging effect induced by UV -illumination [32].

1.5.4. Water splitting

In light of development and increasing the concern about the global warming, extensive
researchers are developed technological strategies to trait these environmental urgent problems of
affording renewable energy [61]. Hydrogen can be formed on TiO, — based photocatalysis of water
splitting or reforming organics compound through the direct exploitation of sunlight and that
considered as environmentally friendly, thus, H, envisaged as an excellent energy to reduce this
problem, therefore, worldwide researchers carried out on photocatalysis splitting of water to form
H; and O on TiO; photocatalyst, which intimated by the absorption of photons with energy equal to
or greater than the gap form (e- hole) pair as equation (I. 18), the reaction is initiated by electron-

transfer-type oxidation of either Ti-H>O or Ti-OH at the surface by photogenerated holes as

reaction equation (I. 19)[62] as shown in Figure L.11.
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Tl02 + hv 98_6‘3 + I’l+ VB (I 18)
(Ti-H>0) + h* > (OH + H*) (L 19)
Ti-OH + h* = (Ti - OH) *, (I 20)

These radicals ‘OH and (Ti-OH)" have been considered as a key intermediate factors for
photocatalytic degradation of organic, non-organic contaminations and for the production of H, fuel
generation see (I. 21) and (I. 21), in addition to that the recombination of these hydroxyls producing
H,O, which may get molecular oxygen and hydrogen via oxidation [63]. To this way, the

adsorption of water on TiO; surface is instrumental in furthering the production of OH hydroxyls.

H20+2]’Z+VB > 1/202+2H+ (121)
2H+ + 26_(;3 9H2 (I 22)
/\ 2 H+
&«
7y H2

TiO-
Bandgap

H20

VB h* KA
~_ 1,02+2 H*

Figure I.11: Schematic of photocatalysis splitting of water onto TiO; surface [63].

I.6. Conclusion

In this chapter, we presented a general idea about the defferent properties able to classify the
materials and their types. However, a lot of techniques are used to identify the optical, thikness and
the atomic level of the structure properties such as Fourier transform infrared attenuated total
reflaction spectroscopy (FTIR-ATR), electrochemical infrared spectroscopy (EC-IR) and scanning
tunneling microscopy (STM) which are fairly usefull methods and powerful tools to probe
interfaces especially using in situ measurments. We focused in these sections depthly on titanium
dioxide, this metal oxides has a potential interest in recent years in light of its optical and electrical

properties which is considered as a basic devices in deferent disciplines like photocatalysis, solar
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cell and splitting of water as aformentioned, adsorption is considered as an effective method to
increase the production of OH hydroxyls under certain conditions.
In the following chapter, more details about the surface phenomena especially the adsorption

process besides the dynamics of H,O molecules on rutile TiO, (110) surface will be discussed.
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Chapter 11

Theoretical background of adsorption
and dynamics of water on rutile (110)

surface

In this part, we will discuss in more details in general the adsorption phenomenon taking into
account the different types and the forces that can take place at the interface adsorbent-adsorbate.
Then water molecules-TiO; interactions will be presented where the rutile (110) surface is
discussed plus the properties of H,O. This section is very important because it will be helpful when

modeling water adsorption in the third chapter of this manuscript.
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I1.1. Introduction

The objective of this chapter is describing separately the structure of rutile (110) surface and
isolated water molecule (H>,O) moving to their mutual interactions. We will start off by presenting
in general the adsorption process as a special case from the surface phenomena with basic notation
about the types of adsorption and interactions, also we will describe the most important factors
affecting the adsorption and the isotherms used to quantify it. To this end, we used this information

to investigate the behaviour of H>O on the rutile (110) surface.
I1.2. Surface phenomenon

The surface of any material is a special case from the bulk because the discontinuity of the
periodicity creates dangling bonds on the surface, which are promoted to external species
(molecules, atoms and ions) that react with it [1, 2]. The physical boundary resulting from this
contact is called interface; according to the nature of phases, there exist five types of interfaces: gas-
liquid, gas -solid, liquid -liquid, liquid -solid, solid -solid. Many phenomena and processes occur at
these interfaces, such as sorption (adsorption, absorption), desorption, diffusion and dissociation as

illustrated schematically in Figure IL.1 [3-5].
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Figure II.1: Schematic representative of different reactions occurring on surface [6].

I1.3. Adsorption phenomenon

Adsorption is considered a complementary technique to conventional purification water and
waste water processes in particular to remove dissolved impurity substances due to its advantages
such as simplicity, low price, easy maintenance and high efficiency [7]. To explain the adsorption
phenomenon in the simplest way using the simplified system, this reaction was held under fixed

temperature and pressure [8]. The adsorption is the sticking of molecules, ions or atoms from
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liquids, gases or solids called (adsorbate) onto the surface called (adsorbent) [9] as summarised in
the following Figure I1.2. Adsorption is distinguished from absorption which refers to molecules
penetrated in bulk. The molecules adsorbed onto the surface in one of two ways elastically or
inelastically depending on the exchange of energy between the adsorbate and the adsorbent. In
elastics, the molecules booming on a surface remain in space with no interaction, or its dearth
energy the desertion from the surface, its outcome adsorbed in a short time and desorbed.
Desorption is the inverse process of sorption (adsorption, absorption). In inelastic, the molecules
adsorbed on the surface in shallow and deep potential. The shallow potential wells, a weak energy
corresponding to this reaction summarised in van der Waals forces is called (physical adsorption) or
strong interactions with covalent, ionic bonds under name of (chemical adsorption) [10-12], the

adsorption and desorption rates investigate the equilibrium on the surface.

Solid - Gas
Gas Gas Gas” Gas’
o0 09
(<]
000 00 © o o0 © 0,02 0,020
N R i R i [ i
Physisorption Chemisorption Reaction

Figure I1.2: Simplified schematic of gas —solid adsorption system.

I1.3.1. Physical and chemical adsorption

The interaction bonds between the adsorbate and adsorbent are physical adsorption
(physisorption) rather than chemical adsorption (chemisorption) [13-14]. The first, characterised
with: low adsorption energy ranging from 10 to 40 Kj/mole, the molecules heal the adsorbent
surface by a weak bond called van der Walls forces, subsequently, the molecules still relatively free
on surface and diffuse with no electron transfer from surface and molecules (aqueous) or the inverse
at low temperature, to relatively at high temperature, the molecules approaches on the surface
linked by strong bonds (covalent, ionic and metallic) with high adsorption energy ranging from 100
to 400 Kj/mole, which lead to exchange of electrons between adsorbate and adsorbent [15].
Generally, the most important in these types of reactions is the amount of molecules adsorbed on

surface; it is often expressed with a graph as function of pressure at constant temperature and is
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expressed by adsorption isotherm. The adsorption isotherm is the curve describing the relationship
between the mobility of adsorbate in aqueous space to surface (adsorbent) at constant temperature
and pH [16]; different scientists have developed different kinds of adsorption isotherms. The

following Table II.1 summarised the difference between physical and chemical adsorption.

Properties Chemisorption Physisorption

Specifity High- specific Non- specific

Activation energy Does not require high activation | Require ~ high  activation
enerey energy.

Heat of adsorption 100 to 400 Kj/mole 10 to 40 Kj/mole

Nature de liaison Chimique Strong (covalent or ionic bond ) | Weak (Van der Waals)

Desorption Difficult More or less perfect

Adsorption kinetic Slow Fast

State of surface Maximum monolayer Formation of multilayer

Table II.1: The difference between physisorption and chemisorption [17] and references therein.

In the presence of physisorption several forces bring in including dispersion forces, repulsive
forces, electrostatic (columbic) which are responsible for the adsorption of polar molecules or by
surfaces with a permanent dipole where both interactions. There are under van der Waals forces

(named so for their Dutch physicist Johannes Diderik van der Waals).

I1.3.2. Van der Waals forces

The ideal law description is extracted from myriad approaches. In 1834; Emile Claperon is
combined between the Boyle’s and Charles laws to express the elegant linear relationship between

volume and temperature as the equation below indicates for ideal gas (17):

P.V=nR.T L 1)

Where:

P, V, n, R and T are the pressure of gas (Pa), volume (m3 ), amount of substance (mole), ideal gas
constant ( J K' mol™) (which is the link between microscopic energy and macroscopic temperature)
and temperature (K), respectively [18].

For more accurately in the real gasses the van der Waals equation is given bellow:
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nRT n?

al (IL 2)

b= (v-nb) %y

Where:

a and b are constants corresponds to the attractive forces and extended volume, respectively.
I1.3.2.1. Intermolecular Potential

The van der Waals’ forces interaction were predicted to be of molecular scale but the form
of the intermolecular potential between the two atoms or molecules as a function of distance U(R),
was unknown, with the long efforts to determine this potential, a noteworthy advance after the
description of the potential energy between two interacting molecules used # = 6 and item 12

correspond to repulsive force [19, 20] as indicating in equation (IL. 3)

URR) = 4¢ [(%)12 - (%)6] (I1. 3)
Where:

€ and o are the depth of the potential well (dispersion energy) and the distance at which the

particle —particle potential energy is zero (the size of the particle).
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Figure I1.3: The Lennard-Jones 6-12 potential, which represents the relationship between the
distance of two atoms and the energy of system, the equilibrium distance between the interacting

atoms are at R = Ry [21].
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The favourable species become spontaneously closer together (R = Ry). Corresponds to the
random collision), contrary is unfavourable for the distance is very short (long) from R( because at
R~ infinity the potential energy go to zero deal to weak attraction force, whereas at R =~ 0 the
potential energy go to infinity this correspond to strong repulsive force, a representative plot of this

potential is shown in Figure I1.3.
I1.4. Kinetics and specificity of adsorption

Adsorption kinetics is a curve that allow to describe the rate of adsorption at gas or aqueous
species, this kinetics is governed by many factors including the residence time of molecules on
surface and the speed of reaction, the nature of adsorbate and adsorbent, rough and porous medium

[22, 23] and this appears clearly in some solids that have a good adsorbent properties unlike others.

I1.4.1. Nature of adsorbent

The potential of a wide range of solid materials as adsorbents have been investigated so far,
therefore, these adsorbents are either natural or engineered materials. Various researchers are
classified its by many groups including a) naturally occurring materials (e.g. diatomaceous earth,
clay), (b) activated natural materials for intended applications (e.g. activated carbon), (c) synthetic
materials (e.g. polymers, zeolites), (d) agricultural solids and industrial (e.g. rice husk, wheat bran,
orange peels) and (e) biosorbents (e.g. chitosan bacterial biomasses) [24-26], however, the
adsorption depends strongly on the nature of the adsorbent, where different solids adsorb different
amounts of the same liquid (gas) even under similar conditions, because each adsorbent has unique
characteristics, thus, it moderates the adsorption capacity and dynamics of the adsorbate including
the particles size, surface area, wettability, pore size distribution, pore structure, bulk density
including the hydrophobic and hydrophilic behaviour and defects [27]. Therefore, the rough, finely
divided and porous surface of the adsorbent leads to large adsorption, whereas a smooth or fine
surface reaches the equilibrium shortly. In addition, increases in surface area result in greater
adsorption. Besides, when a liquid approaching the solid surface, many processes may happen: this
liquid can spread onto all the surface corresponding to 0° contact angle, in inverse the surface can
repel the liquid to the droplet form corresponding to 180° contact angle and this is the other
possibility, the molecules are moving on surface at certain contact angle its stopped, however, the
determination of wettability is very important in many disciplines including adhesion, lubrication,
friction, coating operations, catalysis and in chemical, mechanical, mineral, microelectronics,

biomedical and biological industries [28].
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I1.4.2. Nature of adsorbate

The determination properties of the adsorbate are not less interest compared with the
adsorbent, because it plays a pivotal role in the adsorption. For example: the particle size of the
adsorbate should be comparable with the pore and rough size of the adsorbent and the molecules
that make up the surface. In spite of this, a general rule, the neutral surface adsorbs only neutral
solution and the polarisation surface adsorbs the polarisation of molecules [29, 30]. In addition, the
saturate molecules are low adsorbed on surface. The most molecules adsorbed on the surfaces are
classified from fort to low adsorption: acids and bases > alcohols and thiols > aldehydes and ketone

> derives halogens and esters > hydrocarbons no saturates > hydrocarbons saturates.
I1.4.3. Temperature and pressure

Temperature and pressure are considered as key parameters in the adsorption dynamics,
where initially the adsorption increases by increasing pressure till the equilibrium has no effects on
it, as well as the adsorption extended decreases with increasing the temperature.

The reaction kinetics includes how the conditions influence the speed of reaction and resulting

information about the reaction mechanism.
IL.5. Classification of adsorption isotherms

The adsorption isotherms describe the interaction pathway between the adsorbate and the
adsorbent by some equations that can quantify the amount adsorbed on the surface at fixed
temperature. According to the shapes of isotherms, the international union of pure and advanced
chemistry IUPAC) [31] convention have been divided the adsorption isotherms into eight main

types, as illustrated in Figure 11.4.
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Figure I1.4: The IUPAC classification of the adsorption isotherms [30]

Type A (Linear): The amount of adsorbed molecules increase linearly as function of pressure or
concentration at constant T, this type described as the henry adsorption isotherm [30-32], the linear

isotherm is not obvious for presenting reaction mechanism [33].
© = Ky P (IL. 4)
Where:

Ky, P and O are a constant (mole m > Pafl) for gases and (L/mz) for solutions, pressure and the
amount of adsorbed molecules on surface, respectively.

Type B (Freundlich): Is the most popular isotherm because unrestricted monolayer- multilayer
adsorption, thereby, is often taken to indicate at which the monolayer is complete and the multilayer

about to begin. Which is described by the equation of Freundlich (where ¢ < 1) [34]:

0 = Kp P4 (IL. 5)
Where:

Kr and g are constants.
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Type C (Langmuir): Is called Langmuir adsorption isotherm according to Langmuir adsorption
equation:

_ K P
(1+K.P)

(1. 6)

Where:
O and K are the coverage of surface and the constant of Langmuir.

This type is considered as useful isotherm by several researchers for not substantially large porous
size of solids and for reversible reactions, especially when interest to study only the reaction in

monolayer [35], thus it characterized the microporous adsorbents [36].

Type D (sigmoid): This model used to indicate the lateral interaction between adsorbed molecules;
that means before the monolayer is saturated the molecules accumulate to create multilayer and this

balance the changes in the direction.

Type E and F (BET): These isotherms models are most used widely to describe multilayers

(physical adsorption), which encountered to the steps in the Figure II. (4E and 4F).

Type G (high affinity): This type is an extended case of Langmuir curve where the adsorbate has
extremely high affinity for the adsorbent especially at low temperature; the adsorbate is almost

completely adsorbed [37].

Type H (step isotherm): This isotherm encountered a porous medium, which leads to a small
interactions between adsorbate and adsorbent, thus, the knees indicate the completion of monolayer

[38-40].

We extend our description to study the behaviour of water molecules on rutile TiO, (110)
surface, as consequence rutile (110) has become the most exciting model system owing to its
outstanding in  wide disciplines like catalysis, electric devices and earth sciences due its
photostability, chemical inertness, nontoxicity, low cost oxide [41] and high stability under (UHV)
conditions and strong photocatalytic activity [42] besides, in the laboratory is a very useful sample
because it can be elaborated by no expensive techniques like spin coating and physical vapor
deposition (PVD), along with this, we can change its properties easily by annealing and spurting to
enhance region of absorption therefore it is a premium system to test new ideas and approaches, in
addition, it exists so much known about this system. In the following section we will discuss the

most important features and characteristics of water onto rutile (110).
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I1.6. Rutile TiO; (110) surface

Among the three different crystallographic surfaces, rutile has attracted increasing interest
from researchers compared with brookite and anatase [43]. In rutile the octahedron shows a slight
orthorhombic distortion and has three different index faces (110), (001) and (100) as presented in
the Figure IL.S. Rutile (110) is a face resulting from the slab cut of the optimised bulk structure
along the (110) plane and terminated on an atomic layer to ensure the electrostatic stability of the
slab. It was chosen because it is the most stable under atmospheric pressure and room temperature
conditions and has excellent optical, mechanical and chemical properties [44, 45]. In addition, the
surface energy of rutile (110) is 1.78 j/m2[46]. The stoichiometric surface of rutile TiO, (110) (1x1)
contains an alternative rows of oxygen (Os.) and five coordinate titanium (Tis.) with one dangling
bond along the [001] direction, whereas the oxygen bridging (O,.) located above the six fold
coordinate titanium (Tie), due to their under saturation, bridging oxygen atoms can be easily
released from TiO, surface giving rise to oxygen vacancies (Oy) which act as the reactive site on
TiO, (110) [47, 48]. The Ovy’s can be created with various experimental techniques including UV
irradiation, electron bombardment and thermal annealing, detected by scanning tunnelling
microscopy (STM) images that evidence Ov’s as bright spots, which can be statistically counted, as
represented in Figure I1.6 [49]. In addition, TiO; surface constitutes a major part of the bulk TiO,
and is considered to be an essential model metal oxide system for the study of water chemistry; the
rutile (110) surface was reconstructed for charge auto-compensation; the (110) oxygen terminated

surface is non-polar and hence a dipole free surface was ensured [S0].
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Figure I1.5: The faces of rutile: (a) (110); (b) (100); (c¢) (001), taken from [S1].

Each O released from the surface leaves behind two valence electrons occupying the Ti 3d
orbitals and creating an energy state at 0.8 eV below the Fermi level. Along of this, these defects
electrons play an essential role at the surface chemistry of TiO,, which reduces the Ti** to Ti**
[52]; besides, this finding is improved with many methods such as ultraviolet photoelectron

spectroscopy [S3].
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Figure I1.6: The structure of rutile (110) (1x1), red (grey) balls are oxygen (titanium) atoms, taken
from [54].
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I1.7. Water properties

Water is an inorganic item and the ultimate renewable resource because it is constantly
replenished in a cycle of evaporation and precipitation. The water molecules compound is
discovered by the experience of Cavendish and Lavoisier in 1780 [S5], which is constructed from
one atom of oxygen is linked with tow hydrogen atoms with bond distance around doy = 0.964 A°
[56] by covalent bond and the corner angle HOH is 104° as in Figure IL.7, in addition, the
difference between the charges create a strong polarity of water. H,O is considered by wide
researchers as complicated substance in view of its physical and chemical properties, which exists
in three different cases gas, ice and liquid, it’s has high dielectric constant, H,O has well known
temperature of fusion (0° C) and boiling (100° C) and the high capacity for heat storage is necessary
in nature as well as in humans daily life and the water has a low density and others properties like
viscosity, thermal conductivity and surface tension is well defined in [S7, 58]. Therefore, water
plays an active role especially at the interfaces, but if the readers wish to obtain more information

about its description is referenced in [59].

Figure I1.7: The water molecule structure, red (grey) balls are oxygen and hydrogen atoms.
I1.8. Water adsorption onto rutile TiO, (110) surface

The interactions of H,O —TiO; interfaces has been an extensive subject in the last decades
owing to their photocatalytic activity [60], especially in splitting of water resulting in green
hydrogen, which is used as an alternative fuel to reduce greenhouse and pollutants [61, 62]. One of
the most important influencing factors on adsorption itself is the pH of the surface. This latter
effects the adsorption of water on the rutile (110) surface, thus at pH > (pHpzc = 6.6) this surface
has a neutral charge. But at pH > pHpzc the surface is negatively charged whereas at pH < pHpzc
the surface is positively charged [63] as presented in Figure IL.8. In this way, an alternative

resolution of the adsorption of water on rutile (110) surface was developed in 1998 using first
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principal molecular dynamic simulation to calculate the hydrogen vibrations for water (H-O-H) and
hydroxyl (O-H) bonding bond; the purpose of this simulation is to determine whether water is
adsorbed molecularly or dissociative on the surfaces [64]. Since then, the microscopic behaviour of
H,O molecules on the rutile (110) surface is a matter of debate, to understand well these
interactions between H,O molecules and the rutile (110) surface; we indicate that the most

important vibrations that occur at the interfaces, as drawn in the following Figure IL1.9.
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Figure I1.8: The modification charge of rutile (110) surface depended on the pH factor [63].
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Figure I1.9: The vibrational modes of isolated water molecule, dashed lines are the bonds of O-H

and the arrows represent the relative and displacement direction of the nuclei [65].

We distinct two phases within the adsorption of water molecules on the rutile (110) surface:
monolayer and multilayer. In multilayer H,O molecules diffuse rapidly and bind weakly on the
surface. However, only the monolayer is strongly affected by the electric field of the surface
because the dipole moment of water decays away from the surface [66], resulting in a hydrogen
bond considered as an essential part of the interaction H,O-rutile (110) surface. Therefore, the
relation between hydrogen bond strength and its vibration frequencies with stretching modes of
water was mentioned in Figure I1.9, these vibrational properties of H,O molecules have been used

to identify and characterize the modes of water adsorption on surface [67]. H,O molecules adsorbed
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on surface often accompanied by one or more preferential orientations mode of the molecule,
usually its can be the oxygen-end down and one or both O-H away from the surface [68]. Indeed the
most reliable term in the presence of the molecular adsorption is the vibrational bending (H-O-H)
between [1590-1640] cm™ corresponds to molecular form whereas symmetry and asymmetry
stressing vibrations correspond to the hydroxyl groups (O-H) bending on surface in region 3200 -
3700 cm’™ [68, 69]. H,O molecules stacked with cautions Ti with a covalent bond, whereas linked
with second layer through hydrogen bond, several reviewers indicate that this interaction heavily
depends to the orientation of water molecules on monolayer or with other way, the water dipole
moment vectors in this surface rutile (110) between the first and second monolayer and the solidity
of the first monolayer [70], thus, H,O diffuses slowly and bonded strongly on surface, which
competes with rutile (110) active sites. Overall, monolayer has the best limited applicability to
understand the H,O-TiO, interface in aqueous and wet environments. Many theoretical and
experimental measurements such as Monte Carlo, DFT, STM and FTIR-ATR have been carried out
to study this type of interactions [71]; it is worth noting that in one hand, oxygen of water is linked
with a chemical bond on under-coordinate Tis. atoms and as an H-bonding species on under-
coordinated O, atoms. On the other hand, water molecules dissociate on the surface by two
deferent types: thermal dissociation or light absorption and particle bombardment for creating two

hydroxyl groups (As shown in Figure I1.10).
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Figure I1.10: Schematic illustrating the interactions of H,O molecules on rutile (110) surface.

Taken and modified from [72].
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H,O dissociates at Tis. sites on a perfect surface; indeed, the surface structure known to
significantly effects on the surface chemistry which giving rise favour the dissociation of water on
defects, it’s considered as direct active sites leads to the formation of OH hydroxyls group species
[73], usually the dissociation on oxide surfaces is reversible and irreversible at metals and
semiconductors but these results are controversy between them. Recently, Henderson et al., has
shown and demonstrated that water dissociation on the rutile (110) face is much less facile than
(100) face, to this way, Hugenshmidt et al. reported that 25 % of H,O in the monolayer is
dissociates. However, this phenomenon is not well understood and it’s still under debate till now,
because despite their correct explanation, these interactions are not well simulated by typical
computational methods, such as density-functional theory which cannot accurately treat long-range
interactions in weakly bound systems [74] and one of limitation of in situ FTIR-ATR spectroscopy
cannot provide full three-dimensional information about water, in addition, didn’t show the
absolute the sites occupied but sufficient to improve the presence on molecules according its
vibrational as indicating in Figure II.11. However, they could not unambiguously determine the
atomic coordinates of this hydration layer, so the definitive way of the water behaviour on surface

was not determined and understood till now.

030 | —— H.O Absorbance

—— Background

1
H) 3200-3600 cm
025 | u(O-H)

020 |- )
i u(H-0-H) 1640 cm

015 F

0,10

Absorbance

0,05

0,00

_005 M 1 M 1 M 1 M 1 M 1 M
4000 3500 3000 2500 2000 1500 1000

-1
Wavenumber cm

Figure I1.11: FTIR-ATR spectrum of water adsorption on TiO; surface (dark line), pink line
correspond to background. The spectra are kindly provided by Ahmed Bouhekka [75].
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Therefore, in this study we address a number of issues not covered in the previous
investigations. By using a theoretical system supported by Langmuir model, with tacking an

account all available sites on rutile (110) stable surface cases and water behaviour with them.

I1.9. Conclusion

In this chapter, we present the surface phenomena especially the adsorption process and its
importance in the modern technology as prevent in photocatalysis with the most important factors
influencing it and the corresponding equations used to quantify the adsorption isotherms, along of
this way, we show also both of water and rutile (110) composition and their interactions and
dynamics at the interface. In view of the inconclusive debate between the finding results in recent
studies, we propose in next chapter a theoretical model based on the previous literatures taking into

account all the possible mechanisms of H,O - rutile (110) interactions over the surface.
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Chapter 111

Mathematical modeling to
investigate the dynamics of water

adsorption on rutile TiO, (110) surface

According to the theoretical background of adsorption concerning water and rutile (110)
surface interactions reported in the previous chapter; The most important motivation is to
understand the behaviour of water at surface with others methods, therefore, a theoretical model,
based on the Langmuir equation, taking into account all the ways and mechanisms of water
adsorption at the surface yielding to a system of nonlinear differential equations, its analytical
solution is difficult even impossible in some cases. At the end, we describe the most important
numerical methods used to solve this modeling to estimate the key factors that influence its

behaviour.

-60 -



Mathematical modeling to investigate the dynamics of water adsorption on rutile TiO, (110) surface

II1.1. Introduction

Sorption phenomena and their mathematical description have a great importance to achieve
effective operation of the chemical industry; therefore, numerous adsorption processes have been
studied during the past years. The diffusion control, mass transfer, chemical reactions, and particle
diffusion are different kinds of mechanisms related to adsorption processes [1]. Various theoretical
methods including Langmuir, Freundlich and Langmuir-Hinshelwood... models were used for
testing the dynamics of these types of interactions under different conditions. We will discuss an
adaption of the Langmuir adsorption theory relevant for catalytic research [2], and focus on the
behaviour of H,O molecules on rutile (110) surface taking into account all cases of adsorption using

Langmuir equation to describe our model.
I11.2. Langmuir model theory

Generally the attractive strength between the surface and the first layer of adsorbed substance
is much greater than the strength between the first and second layer. However, the ability to
characterize the behaviour of wet or aqueous species on the surface is very important, particularly,
we speak on the H,O- rutile (110) interface interactions using Langmuir equation. This latter was
developed by Irving Langmuir in 1916 [3], it is the simplest and the most widely used expression for
chemisorption (or even physisorption), generally for a monolayer adsorption from either gas-solid or
liquid-solid interfaces [4], this expression is derived through rate expressions of both adsorption and

desorption process. Langmuir assumptions used for deriving reversible reactions is as follows:

K,

A+* P A* (1L 1)

K4
A, * and A" are the solutions close the surface, empty (active) surface sites and the molecules
adsorbed on the surface, respectively.
From the basic reaction, using the mathematical formulation of the Langmuir equation one
can describe the adsorption and desorption rates.

The variation of the adsorbed molecules on surface as a function of time is given by:

Adsorption rate:

ao* .
i cy.K,. 0 (III. 2)
Where:

¢, and K, are the concentration of adsorbate molecules and the rate constant of adsorption.
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The number of molecules desorbed from the surface is independent to the number of sites
occupied per unit of surface but it’s related to the coverage of molecules adsorbed on the surface as
indicated in Eq. (IIL 3).

Desorption rate:

do

d—;‘ =K,;.0, (I11. 3)
Where:
0%, 0, and K, are the coverage of unoccupied surface, the coverage of adsorbent molecules, the rate
constant of desorption, respectively.
Where, the fractional coverage of the surface is defined by the occupied number of sites and the total

ones available of considered species at the surface as shown by Eq. (IIl. 4), where the total coverage

(0) on all surface is ranging from (0 to 1)[5].
0=— (I1L. 4)

Where:
N;is the number of occupied sites while N is the total number of available adsorption sites.
The association of the half reaction equation, we get elegant equation (III.5) describing the coverage

of occupied sites (produced) on the whole surface [6, 7]:

K.Ca

= TikCa (I1L. 5)

A

Where:
K, . e

K = K—“ is the equilibrium constant.
d

Inherent within this model, the following assumptions used specifically for the adsorption of single
adsorbate on equivalent sites onto the surface are [8, 9]:

1. The adsorbate molecule takes place at well-defined localized states.

2. All the adsorption sites are identical (energetically)

3. Each site accommodates by maximum one adsorbate molecule.

4. There are no interactions (i.e., between neighbouring sites, occupied or otherwise).
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I11.2.1. Limitation of Langmuir model

Langmuir adsorption model fails to study many cases at the interface, and this overbalance to
the limitation of the model in which fail to calculate the rough of adsorbent, also the model ignores
the interaction between adsorbate and adsorbent but in reality there are direct or indirect interactions

between them especially at high concentration [9].
II1.3. Dynamic of water on rutile TiO; (110) surface

Over last decades, especially from the discovery of splitting of water by Fujishima in 1972
[10], a lot of research has been focused on the study of H,O molecules interactions with rutile (110)
surface using different theoretical and experimental methods to understand the behaviour of this

complex phenomenon.
I11.3.1. Water adsorption on stoichiometric rutile TiO, (110) surface

Concerning the H,O interactions with stoichiometric rutile TiO, (110) surface, in one hand, at
low temperature (160 K) and low coverage the water molecules adsorb in molecular form on defect-
free sites (Tisc) with its O ending at the top of a surface Tis. atom in forward direction. as reported in
many literatures [11-14], with adsorption energy around (0.5 to 0.7 eV) [15-17], which creates a
covalent bond length ranges between (2.16 to 2.29) A° [18] as illustrated bellow in the Figure III.1.

K,
Tisc + O — Ti-H,0 (I11. 6)
K,

Figure III.1: The adsorption of molecular water on defect- free (Tis.) sites, dark (light) blue balls
hydrogen (oxygen of water) atoms, K;, K> are the rates constant of adsorption and desorption

respectively.
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The experimental studies indicate that water molecules release from the surface only in
molecular form, when annealing the surface somewhat below room temperature with desorption
energy ranges between 0.7 eV to 0.8 eV [19]. In other hand, despite the overwhelming wealth of
literature, the dissociation of water on defect-free titanium (Tis.) sites has been disputed for decades.
In recent studies, with variety of modern techniques including scanning tunnelling microscopy
(STM) and infrared reflection absorption improved that The H,O has the possibility to dissociate on
(Tis.) sites, and create two hydroxyl groups OH; and OH, on Tis. and Oy sites, respectively, with
dissociation energy 0.36 eV and 0.41 eV under low temperature [20].

The association of the hydroxyls occur at temperature (>110 K) [21] Eq. (III. 7), which indicates that
molecular adsorption is preferred over the surface-bound hydroxyls by 0.035 eV relative to

dissociative adsorption [22] as shown in Figure II1.2.

Dissociation
K
(Tise- H20) + 0y, — OH+ OH, (111. 7)
K,

Figure II1.2: The dissociative adsorption of water on defect-free (Tisc) sites, where K3 and K, are

the rates constant of dissociation and recombination reaction, respectively.
I11.3.2. Water adsorption on defective rutile TiO, (110) surface

The oxygen vacancies are considered as direct active sites on rutile TiO, (110) surface for
many adsorbate [21, 23, 24], the reduction reaction can occur as follow 205~ = 0, + 2V, + 4e”
yielding scavenger of charge filled Ti 3d orbitals [25, 26]. When the water molecules close the
surface, they diffuse along it until they find bridging oxygen vacancies on which the adsorption takes
place, afterward the H proton hopping to near bridging oxygen and create the second OH;, and left

behind OHy with activation barrier >1eV [27, 28] as indicated in (III. 8) under room temperature,

this reaction is described as shown in the Figure II1.3. Annealing the surface at temperature above
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450 K leads to the recombination of two OH groups which forming H20O molecules and Ov’s [20,
29].

Ks
HzO + OV + Ob <—_ OHb + OHV (IH 8)
Ks
Figure II1.3: The dissociative adsorption of water on Tisc sites, where K3 and Ky are the rates

constant of dissociation and recombination reaction, respectively.

In other case, the H>,O can also diffuse on the surface but in case the molecule close the
surface and across with Ti-OH yielding to weak hydrogen bond which breaks it and diffuses on

surface as illustrated by the following reaction.

K
Ti-OH... HO = Ti—- OH + H,O (I1I. 9)
Ks

The variation of the adsorption rate by time is denoted by d6/dt which shows the amount of
adsorbate that can be adsorbed from bulk liquid onto the adsorbent within a unit time. This can be

presented as given by the following Eq. (III. 10):

2 o QPus K6 (IIL. 10)

Where:
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?,0, P,;; and K are the flux, the surface sites coverage, the probability of the molecule to find

adsorption site and desorption rate constant, respectively. The probability of adsorption p,,, is given

by the following Eq. (III. 11) [30]

nga(1-6,)
Pads = k(%) (ITI. 11)
S
Where:
K, n, ny, 6, the adsorption rate constant (s'l), the concentration of adsorption sites, the concentration
of all atoms at the surface and the coverage of the adsorption sites respectively.

The rate constant of each stage K; can be expressed with an Arrhenius equation (I1I. 12) [31]

_Ea

K, = K, exp®&r)’ (I1L. 12)

Where:
Ky, E,; R and T are the attempt frequency (s‘l), the activation energy (Kj/mole, 1 eV = 96.482 Kj),
universal gas constant (8.314 j/mole. K) and the temeperature (K).

Ky can be calculated from the kinetic theory of gases by using the following relationship (III. 13) [32]
Ky =S; 2nm;Kg Tgas)‘l/2 (N1 (II. 13)

Where:
Si, m; [kg], Kp [J/ K] and T, [K] are the sticking coefficient, the molecular mass, Boltzmann
constant and the gas phase temperature.

From the Langmuir adsorption process, we can determine if the adsorption is favourable or
not using dimensionless separatin factor, R; (also called equilibrium parameter) given by the

following equation (III. 14) [33, 34]

1
R, = m (III. 14)

Where:

K; and C, are denote the Langmuir constant and initial concetration of solution.
if:

R; > 1, the isotherm is unfavourable

0 < Ry <1, the isotherm is favourable

R; =1, the isotherm is linear
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R; =0, the isotherm is irreversible
According to the Eq. (III. 12), we calculate the rate constant K; which corresponds to each reaction as

classified in following Table III.1.

Step, (i) Kols'] E, [eV] T [K] K [s"] References
1. H,O adsorption 10" 0.5-0.7 150-160 0.0018 [15,22]
2. H,0 desorption 10" 0.73-0.8 200-275 4.107 [21]
3. H,Odissociation on 10" 0.36,0.44,0.97 80-140 0.0015 [11,35]
defect free
4. OH association 10" 0.355 110-130 543.10° [36-38]
5. H,0 dissociation 10" 0.93-1.5 300,187 0.0024 [35, 39, 40]
on Oy
6. OH recombination 10 0.12-0.18 450-500 10 [41, 42]

Table IIL.1: Kinetic parameters used in the mathematical models of H,O reactions on rutile TiO,

(110) surface
I11.4. Proposed theoretical model

A mathematical description of the equations (III. 6) - (IIL. 9) for the adsorption of H,O molecules at
different cases onto rutile (110) surface can be derived using an adaptation of the Langmuir

adsorption model above [43]. Therefore, we obtain:

Tis. + HO L Tis.-(H,0) r: PK,0r; —K20y,0 {11. 15)
K;
K
Oy + (Tis. —H,0) = OH, + OH,; (20H) 1 K30y,00) — K08y {I1. 16)
Ky
O, + O, + H,O OH, + OH,; (20H) 13: OKs0y 0, —Ks 03 dI1. 17)
Ks

The relation (III. 9) is ignored from the system, because it does not affect the interactions at
the surface. The physisorption of water molecules on the OH stucked at Ti will lead quickly
desorption thus the final statistics sites remain the same. The rate coverage of each species that can

be found at the surface is defined as indicated in Table III. 2 bellow.
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Surface site Surface coverage
Titanium five coordinate (Tis.) Orig,
H,O linked on Tis. (H,O- Tisc) 01,0
Oxygen bridging (Ox) Oy or Oy,
Hydroxyl group (OH) Bon
Oxygen vacancy (Ov) By or 6o,

Table II1.2: Nomenclature of the surface coverage

In this proposed model, all the impurities that can be found at the surface like CO, CO,, N, C
and O; are totally ignored to avoid the complexity of the phenomenon and make the solution of the
system of equations possible. These exterior elements (impurities) can directly be adsorbed on O,
sites, besides it’s a reason of the surface oxidation surface [44], O, can be easily dissociated on the
surface yielding to access of electrons which changes the reaction pathway [45] and acts as electron
trapped on CB of TiO; leading to increase the electric resistance on the surface [46], besides to the
roughness of the surface and the pressure. We considered also that water molecules approaching at
Ti-OH sites can only be physisorbed and then they can diffuse randomly to one of the adjacent sites
without changing the coverage of the surface at its final result.

Generally, the coverage of Ti atoms and the bridging oxygen atoms is the same at the perfect
rutile (110) surface nt; = nop, = 5, 2 X 10" ¢m™? and assumed the amount of H>0O flux arrived on
surface is @ = 7, 2 x 10" H,O molecules cm™ which is an important initial condition [30]. The basic
system conditions, the sum of all the different rates coverage at the rutile (110) surface and the

variation are equal:

ZBi =1
ao; _
T=0 (I1L. 18)

The adsorption rate of each component on the surface (reactants or products) is expressed by
o o L dao; o .
the variation of coverage at unit time (d—tl), a combination between the equations (III. 14) - (III. 16)

and the relation (III. 10) leads to an elegant of the following equations set that describes the physics

of water at our considered surface.

doy

— =13 =—0Ks0y 0, + K¢ 02y (III. 19)
o
d—tb =—13 =1, = —0Ks0y 0, + K, 05y — K364,00), + KeO5n (IIL. 20)
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dZ(ZH =134+ 1, = +0Ks0y 0 — Ky 65y + K304,00p — KsO5n (I1L. 21)
dor;
d_tT = -1 = —0K,07; + K36n,0 (I11. 22)
aé

(Z;ZO =r —1r =Q0K, 05 — K29H20 — K36H209b + K4902H (1. 23)

This final system of nonlinear coupled differential equations is used extensively to describe
how the compounds change on surface over time, at the atomic, level to analysing the chemical
reactions [47]. The traditional methods (pencil and paper) is excellent means but they have limited
practical value, according that this system is not easy to be solved analytically due to its complexity,
for this reason they must be dealt with by computational methods (numerical methods and software
tools) that deliver approximation solution [48] including Euler’ method, Taylor method, linear
multistep methods, Runge—Kutta order 2 and 4 and Runge-Kutta-Fehlberg 4-5. Within this section
we have included a wealth of most popular theoretical methods that motivate and illustrate the ideas

considered to solve these types of equations.
I1L.5. Numerical methods

In physics, there are many well-known and useful numerical methods like which play a crucial role
in solving some complex systems of equations where the accuracy of the determined values strongly

depends on the technique itself and other parameters:
II1.5.1. Euler’s method

This method is considered as one of appreciate means to solve linear, scalar equation as well as
system of ordinary differential equations (ODE) [49]. When a given derivative function of x(7)

equation with initial condition x(y) at #p donated as:

x(ty) = f(t,x(t)) (1I1. 24)
From (II1. 24) the definition of derivative, we get:

w ~ x°(t) (II1. 25)

Since A (step size) takes a small value, we reformulate (III. 25) we obtain [S0]

f(xo + h) = f(x0) +hf’(xo) (III. 26)

To improve the accuracy of the approximation by adding a second order term of the form R, (t) is

called the local truncation errors (LTR) according (Taylor series) so we get:
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flxo + B) = f(x0) +hf (x0) + R1(0) (IIL. 27)
Where:

R.(t) = %f ”(x0)

According Euler’s approximation, the R;(t) can be ignored by taking the step size (h)

sufficiently small, The general solution from ¢, to t,; is [S1]:

Xns1 = Xp + R f (tpxy), n=1,2,3... (III. 28)

To get the approximation solution, we should initially use a small step size noted (h) is equal
to the interval [a, b] over M (subinterval). To seek approximation solution at particular time t, in
which ¢t = 1y, (to + h), (to + 2h)... (to + nh) we can put t,,; = t, + h, and approximations to the

sequence of numbers x (1), x (to + h), x (to + 2h)... x (tp + nh) [52].
b-a
h = - (I11. 29)

To get more accurate results, they induce some modification on Euler’s equation noted Euler’s

modified or Heuns’ method as:

i+1 h , (i
e S )+ f oM (I1L. 30)

X
I11.5.2. Runge-Kutta-Fehlberg (RKF 45)

Runge-Kutta-Fehlberg denoted (RKF4-5) is one of the most important methods used in
solving differential equations. It’s one -step methods composed with multiple stages, the starting
state of system is usually known for initial time value, which a complement of Runge-Kutta order 4.

The mains difference between them is the order of errors value [53, 54]

Each step requires the use of the following six values:

ki = hy(ti, yi)

ky=he(tx+ (1/4)h, ye+ (1/4) k)

ks=he(tx+ (3/8) h, yr+ (3/32) k; + (9/32) k»)

ki = hy (t+ (12/13) by yi + (1932 /2197) k; — (72007 2197) ks + (7296 / 2197) k3)

ks=he(tx + h, ye + (439/216) k1 — 8 ky + (3680 /513) ks — (845 /4104) k4)
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ke =he(tx + (1/2) h, yir— (8/27) k1 + 2 ko — (3544 /2565) k3 + (1859 /4104) ky— (11 /40) ks)

(1. 32)
The approximation to the solution by using a Runge-Kutta method of order 4 is:
Yerl =Yi + (25/216) ki + (1408 /2565) ks + (2197/4101) ks — 1/5 ks (III. 33)
Where the best solution for 5 order is given by:
Vis1 =Yk + (16 /135) ki + (6656 / 12825) k3 + (28,561 / 56,430) ks — (97 50) ks + (2 /55) ks)
(I1I. 34)

II1.6. Conclusion

In this chapter, we discussed the mathematical description of Langmuir model used to derive
our proposed one used to study the dynamics of water molecules on rutile (110) surface. At the end
of this chapter, we also gave an idea about the most useful numerical methods that can be used in
solving complex systems of nonlinear equations.

In the next chapter, we will present the results of the behaviour of water molecules onto rutile
(110) surface under different conditions (the coverage of oxygen vacancies, temperature and H,O
flux) and in different cases such as steady state to see effect on the adsorption molecular and
dissociative adsorption. The variation regime under stopping the arriving flux of water will be also
taken into account. The interactions between the H,O molecules and the rutile (110) surface need to
be well understood because of the important applications of this kind of adsorption in a lot of
disciplines. A simple comparison between the adsorption of simple water molecules and

biomolecules like protein will be mention at the end of the chapter.
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Chapter IV

Results and discussion

Understanding the kinetics behaviour of water on rutile TiO, (110) surface is very
important. Therefore, we are going to discuss the environmental factors that affect this
dynamics, we will present the most important results taking into account temperature, oxygen
vacancies and the amount of H,O flux arrived on surface under different cases. At the end of
this chapter, we show the behaviour of proteins adsorption, complex phenomenon, in the

presence of water.

-76-



Results and discussion

IV.1. Introduction

This chapter contains an extensive study on how the water molecules take place at a
perfect and defective rutile (110) surface of monolayer (ML) coverage. The purpose is to
develop a better understanding of the behaviour of H>O on the surface, firstly in section (IV.
2) we show how adsorbed H>O molecules behave with time when supposing that after some
water molecules arrived at the surface and then the flux is stopped, and in the next section
(IV. 3) the effect of temperature on the dissociation and the association of H,O molecules and
OH, in section (IV. 4) we investigate the influence of H,O flux and the coverage of oxygen
vacancies on the dynamics of water at rutile TiO, (110) surface in the steady state case. In the
last section, a simple illustration for comparison between the adsorption of water and proteins,

complex structure, will be indicated.

IV.2. Water molecules behaviour on rutile (110) surface: Stopping the flux before

equilibrium (¢ = 0)

A theoretical method was carried out to determine whether the H,O flux has an
influence on the behaviour of water on rutile (110) face and how the H,O attached on surface
behave. Before presenting these results, we describe theoretically the sample of TiO; over
germanium that could be prepared and used experimentally. A thin film of the rutile (110) can
be fabricated on germanium substrate with dimensions (5 cm length, 2 cm width, 0.1 cm
height), where many techniques can be used to prepare these kinds of films including spin
coating [1]. In the first part, to fulfill the behaviour of H,O adsorbed on the surface when the
H,O flux is stopped, we let an amount of H,O molecules equal to (4 =7. 2 x 10" cm™) at a
time (tp) equivalent to (0. 07ML) close to the rutile (110) surface, generally, after monuments
the system dynamics reach to the equilibrium (z = 7). We assume before the system close to
this point, we considered ¢ = 0 at (f, < ¢ < £.). Overall, in a perfect structure, the number of
Tis. atoms and the number of bridging oxygen on surface are the same and equal (n7; = nop =
5.2x10" cm™), and in the near perfect surface the concentration of oxygen vacancies range
from (5- 10) % which is created from the bridging oxygen [2]. By injecting this simplification
assumption into the theoretical model (III. 18) presented in the previous chapter; the equations
that control the evolution of compounds at the surface as function of time can be summarized

in the following set:

Assume: ¢=0
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% = K 05n aIv. 1)
Do — K, 02y — K3044,00, + K562 V.2
ac ‘4 YoH 3UH,0Yp 6Von Iv.2)
de
2 = KaOou + K30h,00 — KeOoy V. 3)
= Kobiyo (IV. 4)
ae
ot = K200 = K304,000 + KiOy V. 5)

The Runge- Kutta - Fehlberg 45 numerical method, as described at the end of the previous
chapter, was used to solve this system of nonlinear differential equations. In this simulation
we considered only a monolayer (ML) coverage, because in the first layer it makes strong
bonds with surface unlike in the presence of additional layers they create a physical bonds,
therefore, since we are interested to study these processes at high temperature because it is
released from the surface at modest temperature [4]. The initial conditions, the coverage of
each compound at ¢ = ¢y (fy is the time where the water flux is stopped), where, 87;= 0.2, 8, =
0.15, 6,=0.05, 8oy = 0.35, 9H20 = 0.2, we take (tp = ¢ the beginning time of the new system
without flux). In this work, we examine the behaviour of water kinetics at temperature around
300 K, because the dissociation energy of water on Tisc sites is 0.35 eV which is much
smaller than the dissociation energy of H,O on O, sites, so when we calculate the rate

constant at high temperature; it will be so high and the calculations are impossible.
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Figure IV.1: The coverage of Ti, OH, Oy, Oy, H,O as a function of time, at different values
of Hy0, a) 8,9 = 0.25,b) 0,0 = 0.2. The time starts from the moment where the H>O flux is

stopped.
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The previous procedures were repeated two times to investigate the effect of the initial
concentration on the behaviour of H,O molecules at the surface. The resuts shown in Figure
IV.1 (a)-(b) clearly illustrate the variation of the surface coverage (Tis., Oy, OH, Oy and H,0)
in time ranging from O to 300 s, it obviously shows that the curve of OH decreases with time
corresponding to the association of OH pairs, where correspond to the proton H ripe from the
neighbouring bridging oxygen Oxc and convert back to molecular H,O (4) which is also
released from Tis. sites [S, 6], whereas, The surprising is the oxygen vacancies that has no
strong influence on the dissociation of H,O on surface as the equation (IV. 1) and Figure I'V.
1, overbalance to the increases of the coverage of O, this means that the coverage of O,
healing and covered only by the H,O flux arrived on surface [7], meanwhile, the coverage of
oxygen vacancies increases but gradually with slow manner, and this reflects to the rate
constant of desorption which is very slow because association of the OH groups should have
high temperature [8]. On other hand, the coverage of H,O decreases with the coverage of Ti
increases because the water molecules desorbed from the surface only in molecular form [9],
and also due to the dissociation of H,O molecules on free- defect sites Tis.. For comparison,
the amount of association is strongly depending on the coverage of H,O attached at the
surface where the association of OH decreases with the coverage of H,O adsorbed on surface
and take long time to reach the equilibrium around 270 s at high concentration (6y,o = 0.25)

compared with concentration at (6, = 0.2) reaches the equilibrium around 300 s, see Figure

IV.1. (a)-(b). These results indicate that water dissociates on free-defect surface and they are

in good agreement with literature [10].
IV.3. Temperature effect

Temperature has significant effects on various chemical and environmental processes and
for this reason; we want to highlight its importance in understanding and managing this
system. Therefore, we study the influence of temperature on the behaviour of water molecules
on the surface and enhance OH production; we calculate the rate constant of reaction for each
value of temperature from (80 K to 360 K) when solving the system. From following Figure
IV.2 (a)-(b), we can identify fourth region. In Figure IV.2 (a), below 100 K no reactions
(dissociation, association even diffusion) exists because the mobility of molecules is very
slow, thus the competitive ability of water molecules reacts with surface is small and does not
change at this region, by increasing slightly the temperature of surface from (100 K to 150 K)
as shown in the following Figure IV.2 (a)-(b), the coverage of H,O and Oy increase with a

sharp drop in the coverage of OH groups due to the OH pairs associated and converted back
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to H,O molecules but remained onto under coordinate Tis. sites [11] as indicated in Figure
IV.2 (b) at the same region because also under < 150 K the H,O molecules cannot diffuse
onto Tis. and this features hindered the adsorption of defects sites as well as on defect—free
sites meanwhile promote the recombination of OH hydroxyls. These results are in good
agreement with the adsorption of water at the surface [12]. In the third region, from [150 K to
250 K] illustrate that the dissociation of H,O molecules on defective sites are the
predominant because the dissociation on O,’s occurs at temperature > 160 K [13], this is due
to the mobility of H,O molecules on surface where the dissociation of H,O increases from
[0.05 to 0.1] by increasing the temperature [14], such these OH that play important role in the
photocatalytic reactions treatment of water of rutile TiO, (110) surface under sun light shining
[15, 16] as well as effects on the electronic properties of surface and this reflects to the sharp
decreases in the coverage of H,O molecules on surface in two ways, first from the

dissociation as mention before and the second, the H,O molecules released from the surface

[17].
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Figure I'V.2: Represent the variation of the surface rate coverage as a function of temperature
(K), a) for OH and Oy and b) for H,O.

In the fourth region from 250 K and more, we show the predominant reaction in these
temperatures is the association of OH groups from the defect sites and desorption of water
molecules from the surface and remained constant up to 320 K ( [4] and references therein).
These results strongly agree with experimental results reported in [18] that the desorption
move to high temperature at low coverage due to increasing the binding energy with
coverage. To complete the discussion the coverage of vacancies depends only with the

association of OH groups in addition to that this reaction occurs at high temperature.
IV.4. Effect of oxygen vacancies and H,O flux: Steady state case

We suppose the variation of the system on the surface remains constant or stable over
time of the reaction, setting these rates to zero in the steady state gives the system of
equations (IV. 6) - (IV. 9) as indicated below. The stability of the set of equations is very
important because any bifurcation parameter can dramatically change it and to avoid such

behaviour we took the rates constants K; with similar thermal stability.
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—@Ks0y 6, + K¢ 02 = 0 (IV. 6)
—@KsOy 6, + Ky 03 - K301200) + K62, = 0 V. 7)
—0K10r; + K20p,0 = 0 (IV. 8)
OK<0y 6, — K, 0%y + K36p200, — Kc83, = 0 (IV.9)
BK167; — K20,0 — K364,00p + Ki5y =0 (IV. 10)

We use a Mathematica software tool to solve this system of equations above, and the
corresponding solution of surface rate coverage for each species is given by the following set

of equations:

O = 0.16 (—750 065, + 2.24\/1875 005, — 22370 62 + 9621o.¢295V) av. 11)

Or; = 0.26,, V. 12)

91.120 = 8.7® 90V (IV 13)

5.107%(103¢ GOV—2.103.(2)65V+2.105.(z)295V—670.8®90VJ®90V(1.8.103—2.2.10360V+9.6.104.® 80y))

6, = (IV. 14)

b 900,

These solutions of surface compounds rates coverage depend on the H,O flux and
oxygen vacancies (Oy). As indicated in Figure IV. 3 (a), OH hydroxyls increases and reaches
a maximum at 0.7 for O, = 0.04 then it decreases sharply to the minimum for a higher value
of Oy’s, this finding is strongly in accordance with the work reported in [19]. The same
behaviour for OH hydroxyls is illustrated in Figure IV. 3 (b) when this H,O flux varied from
0 to 1 ML. This graph illustrates that the coverage of OH (hydroxyls) increases at low H,O
flux values and reaches a maximum around 0.7 (for a flux value around 0.4) afterward it

decreases which means that OH hydroxyls production is slightly reduced.
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Figure I1V.3: The effect of: a) oxygen vacancies, b) H,O flux on the behaviour of water on

rutile (110) surface.
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6o

Vv

Figure IV.4: Kinetic curves for the OH hydroxyls at rutile T 1O, (110) surface for various

H,O0 flux and concentration of O, on the surface.

To illustrate theses variations of OH on the surface versus H,O flux and O,, a three
dimension (3D) curve is shown in Figure I1V.4, the coverage of hydroxyls grows with
increasing the Ov because the excess electrons due to OH adsorption [20] and reaches to a
maximum around 0.7 ML at O, equal 0.04 ML. At high coverage of O, up to 10 % the
production of OH decays and gets a small value almost zero. In other hand, the coverage of
OH depends on the arriving H,O molecules; when the H>O flux arrived at surface increases,
the production of OH increases and reaches a maximum at 0.7 ML for H,O flux around 0.4
ML, despite, for H,O flux takes value more than 0.4 ML and filling all the surface leading to
no production of OH hydroxyls more on the surface which is occupied only with H,O

molecules with creating a chain of H>O and multilayer of water.

Using the equation (IV. 14), the variation curve of the coverage of O, for different

concentrations of Oy, and H,O flux is shown in Figure I'V. 5.

Figure IV.5 (a) illustrates the variation of 6y, as a function of 6y, for the H,O flux taken

0.4 ML.
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The graph clearly shows that 6y, decreases when the concentration of O, grows
(increases) because the oxygen vacancies are created from the bridging oxygen, meanwhile
the coverage of Oy, decays exponential-like with increasing the H,O flux at the concentration

of 6o, on surface constant and equals 0.05 ML as shown in Figure IV.5 (b).
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Figure I'V.5: The effects of: a) oxygen vacancies and b) H,O flux of the variation of oxygen

bridging (Oy).

Figure IV.6 is plotted using equation (IV. 14), it is interesting to note some common
relations; the coverage of Oy, decreases exponential-like with increasing the coverage of O,
and tends to a small value for large value of O,, also at high value for the H,O flux, the
coverage of O, decreases. This figure demonstrates that the Oy is a key factor in the

dissociation and the adsorption of H,O molecules.
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Figure IV.6: The coverage of Oy, as a function of H,O flux and O, defects on rutile TiO,
(110) surface.

Figure IV.7: The coverage of H,O on surface versus H,O flux and the coverage of oxygen

vacancies O,.

- 88 -



Results and discussion

The equation (IV. 13), variation of H,O uptake on surface versus the and the H,O flux,
indicating, the coverage of H,O takes small values almost plateau when the H>O flux and the
concentration of O, on surface is very small, afterward, the coverage of H,O increases

steadily with H>O flux and the concentration of Oy, as illustrated in Figure IV.7.
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Figure IV.8: The ratio of (6o, / 8y,0) on rutile T 1O (110) surface versus H>O flux.

Figure IV. 8 illustrates the ratio of (6o, / 0y,0), from equation. (IV. 13), versus the H,O
flux; indicating that the fraction of (6o, / 6y,¢) decreases with increasing the H,O flux. This

can be explained that increasing the coverage of H,O at the surface is caused by the filling of

oxygen vacancies sites.

From these results, we can clearly indicate that the interactions of H,O with rutile TiO,
(110) surface were heavily affected by the O, and H,O flux. As expected, since the H,O flux
arrived on rutile TiO, (110) surface, they can firstly adsorb up to Tis. sites because the
adsorption energy increased when the coverage decreases (which is positively charged) in this
case the binding of H,O increased on surface [21, 22]. Therefore, we carried out to study the
effect of H,O flux and the coverage of O, on the behaviour of H,O molecules on rutile TiO,
(110) surface. We conclude that at low values of H>O flux, the mobility of H,O molecules to
be high which is helpful for the H,O molecules adsorbed and diffuse on the surface in
direction (001) which is adsorbed in oxygen vacancies and promote the H proton hopping at

the bridging oxygen and create OH pairs, deal to heal the vacancies and secondly adsorbed on
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defect-free sites as well as to form two OH, because dissociation at bridging oxygen vacancies
is more favourable than H,O adsorption on the defect-free T is. sites in term of dissociation
energy [23], resulting the OH increases till reach the maximum at 0.7ML for 0.4 of H,O flux.
This is in good accordance with the prediction by Lindan and Zhang [24]. At a high H,O flux,
water may adsorbed molecularly by make chains of water molecules linked together a
hydrogen bonds, with a small fraction of dissociative on O, because at least one or two H,O
molecules uptake on Tis. sites and form multilayers of H,O molecules also at large amount of
H>O molecules exist on surface hinders the diffusion of H,O molecules and remains in

molecular forms, therefore, HO molecular adsorption is more favourable at high coverage as

see in Figure IV.7 [25].
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90!'
Figure IV.9: The coverage of Tis. on rutile TiO, (110) surface as a function of the

concentration of oxygen vacancies (Oy).

As observed, Oy is a key factor in water dissociation process, where the coverage of O,
affects on the adsorption and dissociation of water, however, the amount of OH formed on
rutile TiO, (110) surface increases at low coverage on O, this process occurs extremely fast
because the H,O favourites the dissociation at oxygen vacancies [22] reach to the maximum
around 0.7 ML because the repulsive interaction between the functional groups, afterward,
when the coverage of O, increases beyond to 0.05 ML, the OH groups coverage decreases,
because at high concentration of Ov it affects on the structure properties, which leads to (2x1)

reconstruction surface [2], additionally, we know that the O,’s created from the bridging
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oxygen, this implies that the coverage of O, increases due to decrease the bridging oxygen as
illustrated in Figure IV.6. In noting, when (N, < No,) deficient the dissociation in Ov and
the defect-free sites, this is in a good agreement with previous works reported in [26]. The
production of hydroxyls leads to growth the electron scavengers which promote the charge
separation in photocatalysis process as well as the oxidation of organic substances and several
applications (self-cleaning, pharmaceutical and green H, production...) [27-29]. OH
hydroxyls create by dissociation of water is more stable than the OH produced by UV light
irradiation [30]. The dissociation of H,O molecules in either terminal hydroxyl or OH in
vacancy need a neighbouring oxygen atoms for the H proton creates the second OH on Oy,
besides, the coverage of bridging oxygen decreases with H,O increases as Figure IV.3 (a)
improved that clearly. This inhibit the production of OH, meanwhile the molecular adsorption
will be the predominant as Figure IV.7 illustrates that; where the vacancies increasing the
asymmetry for titanium atoms near vacancies that leads to enhance the water adsorption
further the H>O adsorbed molecular at high and low coverage [31, 32]. Figure IV.9 shows a
plot of the linearized form of the reaction in equation (IV. 11) it is clearly shown that the
coverage of Tis. is independent to the flux; it depends only on the concentration of the surface
Ov. Many authors overbalanced the increase to transfer the Tig. coordinate underneath the O,
to Tisc [21, 33]. In other hand, H,O adsorbed molecular on Tis. meanwhile diffuses toward the
vacancy site where the dissociation takes place, thus, H,O let behind a Tis. site. These results
accordance with the Linden and co-workers predict that mixed molecular/dissociate is the
most stable configuration on rutile TiO, (110) surface [34, 36], it is worth noting that the
behaviour of the water (molecular or dissociative) moderate by environmental factors which
lead to change dramatically its dynamics under the structure and termination of the surface

changes.
VLS. Water- proteins interactions on TiO; surface

The water molecules have curious behaviour during the interactions with proteins that
are going to be adsorbed. Water still considered as the best solvent to keep proteins in their
native structure properties unlike deuterium D,O that changes somehow their properties [37].
The H,O molecules have invaluable role for dynamics and stability of proteins on surface; in
the following section we give simple idea that clearly demonstrates the difference between the
adsorption of simple and complex bio-molecules like BSA proteins. From the experimental
work reported by A. Bouhekka [38] using FTIR-ATR spectroscopy, where the system (Ge,

TiO, + water) was taken, the H,O on surface is very important in the background which is our
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study interest to highlight on it, to this way we show that when the proteins solved in water
arrive on the surface, they start to be adsorbed and at the same time some water molecules
should be released from the surface as indicated by the negative peaks in the region 3000-

3600 cm™ [37] as illustrated in the following Figure IV.10.
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Figure I'V.10: Adsorption spectra of BSA on TiO; close to equilibrium situation. Spectra

were recorded during flowing BSA solution drop by drop and rinsing with water in between

two successive drops. The graph is kindly given by A. Bouhekka [38].

This figure clearly shows that the sensitive spectral region of proteins adsorption on
surface is the amide I band range between (1600 to 1700 cm™) overlapping to the H-O-H
bending as illustrated in chapter II, it strongly agrees with the findings in [40]. Surprising, the
adsorption of proteins lead to expelled the water molecules from the surface as the two
negative peak located near 3200 cm™ and 3500 cm™ associated with strong bonds of water (ice
—like) [41] and liquid water molecules [42], respectively, meanwhile it could appear and
increase a positive peak located around 3700 cm™ which may correspond to free OH appears
on surface (in the cell) during warming or visible light shining, that means the adsorption of
proteins changes the morphology of the surface as well as the water structure resulting change
the proteins structure. The protein can be adsorbed in both native (6y) and unfolded state
(8y). The full surface coverage @ is naturally determined by the sum of 8y and 6 [43], as:

0=0y+0y (IV. 15)
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The kinetic equations for the time evolution for both 8y and 6; forms, without

desorption, are as follows:

%= Ky Co(1 =6y —0y) — KyOy(1— 6y — 6y) (IV. 16)
L= Ky 0y(1 = Oy — 0y) (Iv. 17)

Where:

Ky, Ky, Cy and t are the adsorption, spreading rates constant, the concentration of proteins on
surface and the time.

Considering equations (IV. 15), (IV. 16) and (IV. 17), the expression for the variation of & can

be obtained and given by:

dae ae ae

Which is solved by the well-known kinetic equation is able to describe the adsorption of

proteins particles on surface is Langmuir equation, as demonstrated in [43].
0(t) =1 — e *KnCo) (IV. 19)

This behaviour overbalances to the hydrophobic core buried inside on the native structure, so
when it’s close the surface its initial structure collapse and followed by expelled the water
from the surface which achieves the adsorption, resulting in a dry and packed protein, which
the water considered as a lubricant for packing the hydrophobic core after the transition state
[44, 45]. The water cannot be released completely from the surface but it creates hydrogen
bonds with the protein backbone. Therefore, many research groups carried out to clearly

explain this complex phenomenon.
IV.6. Conclusion

The issue of the interaction water-rutile TiO, (110) interface is often intriguing and
amazing complicated. The present results show that this interaction water- rutile TiO, (110)
interface has distinct effects on the behaviour of H,O molecules controlled with relative
parameters. These results allow us choosing good conditions for clearly indicate the water
behaviour at the surface besides the production of OH, H,O molecules closed on surface
firstly adsorbed in molecular form after then it dissociate at oxygen vacancies and defect-free
species because O, is more favourable than Tisc sites, at low coverage oxygen vacancies on

surface because a high amount of O, destroy the structure of surface and hindered the

-93-



Results and discussion

dissociation, and the H,O flux play a key factor in the dynamics of water which adsorption
increases with increasing H>O flux. These radicals are likely to play the major role for
producing green H» as well as the purification of wastewater.

As indicated at the end of this chapter, adsorption of proteins at a considered surface as
that of TiO, will lead to release water molecules from the surface. The kinetic of adsorption is
different because water is a simple molecule however bio-molecules, like BSA protein, have

complex structures where the parameters that control the adsorption still not well understood.
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General conclusion and recommandations

General conclusion and recommendations

Liquid — solid interfaces are very interesting subjects in the physical-chemistry surface
sciences, especially in recent decades with the increase of environmental crisis (waste water,
pollution, CO; in industry ...), and because these interfaces are special case from the bulk of
each residue (liquid and solid). Therefore, many chemical reactions that occur on the
surface/at the interfaces that play a significant role in modern technology, photocatalysis,
biosensor, biocompatibility and green H, production that may solve the energy crisis in the
world. To this end, we focused in this research on studying the interactions of water
molecules (H,O) on rutile (110) face taking into account all the available surfaces adsorption
sites. There are several theoretical and experimental techniques that have been carried out to
study and investigate these interfaces, including DFT, STM and FTIR-ATR under different
conditions such as temperature, pH and concentration. Both methods (theory and experiment)
have advantages and disadvantages because in most cases we cannot get all the information
and knowledge needed. For this reason a complementary research using both would be the
best to get accurate information about this complex phenomenon occurring at the 2D defect
(surface). Among different adsorption theoretical models, the Langmuir one is able to
describe the water molecule adsorption dynamics on rutile (110) surface taking into account
only one monolayer of surface coverage, implying that chemisorption may be the
predominant adsorption mechanism on its.

The H,O molecules have intriguing dynamics on surfaces, therefore, in this thesis, we
studied the adsorption and the behaviour of water on the rutile TiO, (110) surface and
explored the factors affecting on its dynamics using theoretical methods. We formulated the
dynamics of water at the surface in a system of coupled differential equations that was solved
in non-equilibrium and in the steady state cases.

In the findings of chapter IV, we investigated the behaviour of water attached on
surface after cutting off (stopping) the H,O flux incoming to the surface (before reaching an
equilibrium) under different temperature and various H,O coverages. The results indicated
that the dissociation of water molecules passed through many stages depending on the
temperature where its remains stable at low temperature, and when warming the surface it has

a positive effect on the formation of OH in temperature varied from 150-250 K. More
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addition to this, it leads to the association and desorption of water from the surface at
temperature greater than 250 K.

The oxygen vacancies coverage and the amount of H,O flux arrived on the surface
play a pivotal role in the dynamics of water on surface. We demonstrate the correlation
between the extent of OH production and the surface properties, where the coverage of OH
increases at low coverage of Ov’s and H,O flux as discussed in second part of the last chapter,
the mixed molecular and dissociative adsorption configurations presented for various
conditions agree with previous theoretical and experiment studies.

Finally, we describe a simple comparison between the dynamics of water considered
as simple molecule and complex species like bio-molecules, hence, In situ FTIR-ATR
spectroscopy allowed monitoring the interaction between proteins adsorbed on TiO, surface
and the formation of hydroxyls, as well as providing evidence for OH expulsion from the
surface meanwhile the proteins particles take place. A detailed mechanistic understanding of
the water adsorption on the rutile (110) process is still missing.

The findings described here allow designing a high-performance of OH on the surface
by controlling the distribution of oxygen vacancies on surface, temperature, properties of

surface ...
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Nomenclature

IEO
TiO,

EC-IR
IRAS
SEIRA
ATR
DSSC
CE
IRE
DFT
STM
FTIR-ATR
P

\Y%

€

(¢

IUPAC

International Energy Outlook

Titanium dioxide

Germanium

Silicon

Water

Fermi energy

lowest unoccupied band (Conduction band )
highest occupied band (Valence band)

Band gap energy

Boltzmann constant (J/ K)

Effective density of state at conduction band
Effective density of state at valence band
Acceptors energy

Donors energy

Concentration of charge acceptors
Concentration of charge donors
Electrochemical Infrared Spectroscopy
Infrared Reflection Absorption Spectroscopy
Surface Enhanced Infrared Absorption
Attenuated Total Reflection

Dye Sensitized Solar Cell

Counter Electrode

Internal Reflection Element

Density Functional Theory

Scanning tunnelling microscopy

Fourier transform infrared attenuated total reflection spectroscopy
Pressure of gas (Pa)

Volume (m?)

Depth of the potential well (dispersion energy)
The finite distance at which the inter-particle potential is zero

International Union of Pure and Advanced Chemistry
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pzc
S
mj
Tisc
Tiec

Point Zero Charge

Sticking coefficient

Molecular mass (kg)

Titanium fivefold coordinate

Titanium sixfold coordinate

Oxygen twofold coordinate (bridging)
Oxygen threefold coordinate

Oxygen Vacancy

Hydroxyl groups

Water flux

Coverage

Coverage of fivefold coordinate of titanium
Coverage of oxygen bridging

Coverage of oxygen vacancies

Coverage of water molecules adsorbed on surface
Coverage of hydroxyls groups on surface
Rate constant (s ')

Attempt frequency (s ')

Activation energy (Kj/mole)

Temperature (K)

Universel gas constant (K j/mole. K)

Mono layer

The concentration of the adsorption sites
The concentration of all the atomes in the surface

Serum Albumin Bovine
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The aim purpose of the present work is highlighting the impact of surface oxygen vacancies and H2O flux on the behavior of water adsorption
at the rutile titanium dioxide (110). Therefore, a theoretical model, based on molecular and dissociation mechanisms at different surface

atomic sites, was formulated in a system of partial differential coupled equations. The proposed model used to study, in an atomic scale,

this complex phenomenon of adsorption governed by several factors including surface vacancies defects and water flux. The findings of the

solution of the system of equations in the steady state case, presented in this paper, strongly indicated that the rate coverage of surface oxygen
vacancies has an important role in the dissociation of H2O as well as the flux which is a key factor in the behavior of water adsorption on the

rutile TiO2 (110) and the rate coverage of OH groups.
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1. Introduction

Among a lot of important materials, titanium dioxide (TiO3)
takes a particular attention in the recent years in several in-
dustrial applications especially in the elimination of organic
contamination, sensor, splitting of water, self-cleaning and
photocatalytic [1-5]. Furthermore, TiO5 is abundance [3],
inexpensive, nontoxic [4], inert and chemical stability [5, 6].
Rutile TiO, (110) surface is the lowest surface energy, thus is
very important in studying, especially in catalysis [7]. Fur-
thermore, TiO» has a high refractive indexranges between
2.4-2.6.Unfortunately, one of the drawbacks of TiOs is the
wide band gap of 3-3.2 eV, reacts only in the (UV) light un-
der (380 nm), that is available only around 5% in solar en-
ergy [8—11]. Many researchers treated this deficiency by gen-
erating electronic states inside the forbidden gap via inducing
defects (oxygen vacancy, Ti interstitial, dislocation,...) and
doping with impurities (metal transition, noble metal,..) in
the structures of TiO. This leads to extend its response in the
visible light and near infrared (NIR) region [12—17]. One of
the most important applications of TiO9 surface is water split-
ting. The H>O can be adsorbed in two different mechanisms
either molecular or dissociative onto rutile TiO5 (110) surface
[18, 19]. But this is an intriguing phenomenon, because the
adsorption process is affected by many factors (phase compo-
nents, temperature, vacancies, water coverage...) [20]. Sev-
eral theoretical methods (Langmuir, Freundlich, Langmuir-

Hinshelwood...) are widely used to study the kinetics of
adsorptions [21-25]. These phenomena have been studied
by using various ab inition quantum mechanical approxima-
tions highlighting on the important factors that affect on the
adsorption and the dissociation of HoO such as (DFT and
DFT-PW and HEF...) calculations and molecular dynamics(
[21] and references therein) which have provide numerous
groundbreaking insight into the water -TiO; interface. How-
ever, it is not possible to get adsorption information taking in
consideration all the surface sites at the same time. Experi-
mentally, the infrared spectroscopy, especially in Situ ATR-
FTIR, is one of the most important and powerful technique
used to investigate the water molecules adsorption at solid
surfaces [26]. But in experimental, it is not clear and easy to
get details at the atomic scale level of adsorption therefore;
the theory becomes a useful tool. In light of the above infor-
mation, we are interested in this context, to study the effect of
oxygen vacancies concentration at rutile TiOy (110) surface
and water flux on the behavior of H,O molecules adsorption
using a system of nonlinear differential equations, carried out
taking into account the different cases of adsorption and all
surface available sites. This indicates a better understanding
of structural and dynamical properties changes of the behav-
ior of H,O on rutile TiO5 (110) surface. Thereby, these fac-
tors greatly enhancing chemical/catalytic reactivity (among
other properties) as well as the splitting of water and self-
cleaning. At the end, a summary will be given together with
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FIGURE 1. Structure of rutile TiO2 (110) surface in the z-direction,
black balls represent O atoms of the bridge-bonded O species (O2.)
and three coordinated (Os.), red balls are fivefold coordinated sur-
face Ti (Tisc) and six fold coordinated Ti atoms (Tig.), white ball
is single oxygen vacancies (Ov).

a brief outlook towards challenges and prospects for future
theoretical studies [27,28].

2. The surface structure of rutile TiO, (110)

Naturally, TiOs exists in three different crystallography
forms rutile, anatase and brookite. The structure of each form
is described as a chain of octahedron (one atom of Ti sur-
rounded by six oxygen atoms) as shown in Fig. 1. Among
the three structures anatase (101) and rutile (110) are the most
stable faces and more reactive especially in photocatalytic ap-
plications [7].

The different surface sites illustrated in this figure play
a crucial role in the adsorption and the behavior of water
molecules. It is still not clear to distinguish which kind of
site is primordial in controlling the adsorption phenomenon.
In the following part, we give the possible mechanisms of
adsorption used to formulate the proposed theoretical model.

3. Kinetics model description of H,O - rutile
TiO, (110) surface interactions

A kinetics model of HyO on rutile TiO5 (110) surface, in
bellow figures, was developed to describe the behavior of
H5O adsorption, assumed to adsorb in reversible states; dif-
ferent forms model, two types of features found on rutile
TiO4 (1x1) (110) surface as indicated in Fig. 2 and reaction
(1). H,0O molecules adsorb in molecular form on defect-free
sites (Tis.) at low temperature around 160 K [29] is due a
Ti -H50O bond length (2.16 - 2.29) A [30], with adsorption
energy around (0.5 - 0.7 eV) [1,28,33-35]. When annealing
the surface below room temperature, only the HoO molecules
are desorbed from surface with energy ranges between 0.7
eV to 0.8 eV depending on the water rate coverage [36].
In the other hand, The H5O has the possibility to dissoci-
ate on (Tis,.) sites, however, the second proton H* transfer to
the neighbouring bridging oxygen (O2.) and forms two OH

H,0

FIGURE 2. The adsorption of molecular water on free defect sur-
face, dark (light) blue balls hydrogen (oxygen of water) atoms, K1,
K> are the rates constants of adsorption and desorption respec-
tively.

FIGURE 3. The dissociative adsorption of water on Tis. sites,
where K3 and K4 are the rates constants of dissociation and re-
combination reaction, respectively.

hydroxyl groups OH; and OHj, respectively, which was dis-
cussed in details in Ref. [3] with dissociation energy toward
0.36 eV and 0.41 eV, when annealing the surface to room
temperature under reaction (2) [31-33] as shown in Fig. 3.
This competition between molecular and dissociated adsorp-
tion is mostly governed by the basic strength of the bridging
O atom receiving the H.

K
Tis. + HyO — Tis, — (H,0). )

Ko

A missing of an oxygen atom, by removing the oxygen
bridging (O2.) from the surface using electron bombardment
or other methods, leads to the creation of a surface oxygen
vacancy (Oy ) (none thermally). This was discussed in more
details in Ref. [2].

K
Tis. — (H20) + O, — OH, + OHj. )

Ky

With its concentration around 15% ML (Mono Layer) (1
ML is defined with respect to the coverage of Tis. sites of
5.2. 10'* cm~2) from the surface of TiO (110) [34,35]. The
water favoured dissociate in the oxygen defect at below tem-
perature (130-200 K ) and forms two OH hydroxyl groups in
the Oy and the HT proton of water transfer nearby bridging
oxygen and creates the other hydroxyl for every vacancy as
given in Fig. 4 [36-39], the recombination of the two OH oc-
curs at temperature above 490 K [3, 18]. This reaction can be
written as Eq. (3) indicates.

Kt
H,0 + O, + 0, OH, + OH,. 3)

Kg
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FIGURE 4. The dissociative adsorption of water on the surface
oxygen vacancy, where the K5 and K are the dissociation and
recombination rates constants, respectively

4. Model and method

A mathematical description of these equations (1)-(3) for the
adsorption of water in different cases onto rutile TiO2 (110)
surface can be derived using an adaptation of the Langmuir
adsorption model. This model is the most commonly applied
of single component liquid-solid adsorption. Based on the
kinetics principle, Langmuir isotherm model assuming that
only monolayer adsorption exists; no impurities (COz, Os...)
are considered at the surface and to avoid interactions be-
tween water molecules the incident HoO flux density can be
supposed very weak and more addition the adsorbent sur-
face is uniform with the same adsorption probability [22,24].
Therefore, the adsorption rate of each chemical reaction can
be presented as following Eq. (4):

dé

p7ie PPys — K0, “
where @,0, Pys, K are the flux, the surface sites coverage,
the probability of the molecule will find adsorption sites and
the desorption rate constant, respectively. The probability of
adsorption is given by the following Eq. (5).

Pus =K (”“‘“) : )

n,

where K, n,,n, 0, the adsorption rate constant (s~!), the
concentration of adsorption sites, the concentration of all
atoms in the surface and the coverage of the adsorption sites

respectively. The rate constant K; can be expressed with an
Arrhenius Eq. (6),

—E,
Ki = Koexp ( 7 ) , (6)
where Kg, E,, R and T are the attempt frequency (s~ '), the
activation energy (Kj/mole, 1eV = 96.482 Kj), universal gas
constant (8.314 J/mole.K) and the temperature K.

The different reactions (1) to (3) using Eq. (4) are orga-
nized below,

K
Tis, + H,O — Tise — (H,0)
Ko
ry 2 K05 — Kobu,0, (7N
K.
Oy + Tis. — (H,0) —~ 20H
Ky
ro + K30u,000 — K103y, 3
Ks
0, + 0y + (H,O) — 20H
Kg
T3 <I>K591,05 — K69%H; (9)

where 07, Oou, 0,0, 0y and 0, are the coverage of titanium,
hydroxyl groups, water, bridging oxygen and oxygen vacan-
cies on the surface respectively. The adsorption rate is pro-
portional to the HoO flux arrived on surface and the coverage
of active sites (Tis., Oy and Os.), desorption rate is propor-
tional to the number of association and desorption adsorbed
molecules, under such assumptions; in the adsorption process
we have [39].

dthv = —r3 = —PK50,0, + Keb2y,

% = 3 — 1y = —PK:0,0, + K49%H
— K30u,005 + K603y,

dfl(ZH = +r3+ 712 = K500 — K1y

+ K30u,00p — Kooy,

TABLE I. Kinetic parameters used in the mathematical models of H>O reactions on rutile TiO2 (110), the rate constant (K;) extracted from

the Arrhenius Eq. (6).

Step, (2) Ko[s™1] E, [eV] TIK] Ko[s™Y Reference
1.H20 adsorption 10*3 0.5—-0.7 150 — 160 0.0018 [1,3]
2.H>0 desorption 10'2 0.73-0.8 200 — 275 4.1077
3.H»O dissociation on free defect 1012 0.36,0.44,0.97 80 — 140 0.0015 [29,30]
4.0H Association 10*2 0.355 110 — 130 5.43.107°
5.H,0 dissociation on Oy 10%® 0.93-1.5 300, 187 0.0024 [41-47], [51,54]
6.0H recombination 108 0.12 —0.18 450 — 500 107
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dor; _ 2
dl;F =-—r =—0K0n+ KQGHZO PK50,0, + KGGOH =0
— DK 50,0, + K403y — K30u,000 + K603y = 0
B0 _ L~ SR — Koo
dt e 1T R2VH20 DK50,0, — K403 + K30u,00, — Keboy =0
— K30u,00 + K40(2)H (10) —PK 101 + Kabi,0 =0
The sum of all the different coverage at the rutile (110) sur- PK; i — Kobu,0 — Ksbu,00 + K49(2)H =0 (12

face are Y §; = 1 and the variation equal
S. Results and discussion

do;
=0 11
dt an We use a numerical method to solve this system Eq. (12)

and the corresponding solution of coverages is given by the

We suppose the variation of the coverage’s remains the same . S
following equations:

in duration of the reaction, setting these rates to zero in the

steady state gives the system (12) as indicated bellow. The fon = 0.16( — 75096, + 2.24
stability of the set of equations is very important because any
bifurcation parameter can dramatically change it and to avoid x /18750, — 2237 P62 + 96210 $262),  (13)

such behavior we took the rates constants K; have similar

thermal stability. Ori = 0.26,, (14)

| Ou,0 = 8.700,, (15)

5.107%(10% @0p, —2.10% 802, +2.10° #2602, —670.8900, V@00, (1.8.103-2.2.10300,+9.6.101 96, ))

0y = 00, (16)

It is clear that the solutions of each surface site strongly depends on the flux of water and the surface oxygen vacancies (Oy/).
As indicated in Fig. 5 (a), OH hydroxyls increases and reaches a maximum for Oy = 0.04 then it decreases to the minimum
for a higher value of Oy . The same behavior for OH hydroxyls is illustrated in Fig. 5 (b) when this flux changes from O to 1.
This graph indicates that the coverage of OH hydroxyls increases at low flux values and reaches a maximum around 0.7 (for a
flux value around 0.4) afterward it decreases which means that OH hydroxyls production is slightly reduced.

To illustrate theses variations of OH hydroxyls on the surface versus H,O flux and Oy, a three dimension (3D) is shown in
Fig. 6. The coverage of OH hydroxyls grows with increasing the Oy and reaches to a maximum around 0.7 ML at Oy equal
0.05 ML. At high coverage of Oy up to 10 % the production of OH hydroxyls decays and gets a small value almost zero. In

gt N\ 2 | i

BOH
A —

/
OH

N

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.1 02 04 0 0.8 1

6o @
a) v b)

FIGURE 5. a) The effect of oxygen vacancies on the production OH hydroxyls at H2O flux equal 0.4. b) The effect of H>O flux on the
production OH hydroxyls at O, around 0.05 in the steady state solution.
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FIGURE 6. Kinetic curves for the OH hydroxyls at rutile TiO2
(110) surface for various H2O flux and concentration of Oy on the
surface.
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FIGURE 7. The coverage of bridging oxygen change versus: a) the
coverage of O, with the H>O flux remains 0.4 ML, b) H2O flux at
the coverage of O, around 0.05 ML on rutile TiO (110) surface.

other hand, also the coverage of OH hydroxyls depends on
the arriving HoO molecules; when the HyO flux arrived at
surface increases, the production of OH hydroxyls increases
and reaches a maximum at 0.7 ML for H>O flux around 0.4
ML, despite, for H,O flux takes value more than 0.4 ML
and filling all the surface leading to no production of OH
hydroxyls on the surface which is occupied only with HyO
molecules.

From Eq. (16), the curve of the coverage of Oy, for defer-
ent concentrations of Oy and H,O flux arrived on surface is
shown in Fig. 7.

Figure 7 (a) illustrates the variation of 6, as a function of
0o, for the HoO flux taken 0.4 ML. The graph clearly shows
that 6o, decreases when the concentration of Oy, grows. Be-
sides, in Fig. 7(b) the coverage of O, decays exponential-
like with increasing the HoO flux for the concentration of 6o,
equals 0.05 ML.

Figure 8 is plotted using Eq. (16); it is interesting to
note some common relations; the coverage of O, decreases
exponential-like with increasing the coverage of Oy and

06

[} i

FIGURE 8. The coverage of Oy as a function of H2O flux and O,
defects on rutile TiO2 (110) surface.
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FIGURE 9. The coverage of H2O on surface versus H2O flux and
the coverage of oxygen vacancies O,.
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FIGURE 11. The coverage of Tis. on rutile TiO2 (110) surface as
a function of the concentration of oxygen vacancies (O,).

tends to a small value for large value of Oy, also at high value
for the H,O flux, the coverage of O, decreases.

This figure demonstrates that the Oy, is a key factor in the
dissociation and the adsorption of H,O molecules.

The Eq. (15), variation of water coverage versus the rate
of oxygen vacancies and the H»O flux, indicating, the cover-
age of H,O takes small values almost plateau when the H,O
flux and the concentration of Oy on surface is very small,
afterward, the coverage of HyO increases steadily with HoO
flux and the concentration of Oy, as illustrated in Fig. 9.

Figure 10 shows the ratio of (Ao, / 0u,0), from Eq. (15),
versus the HoO flux; indicating that the fraction of (o, /
011,0) decreases with increasing the HoO flux. This can be
explained that increasing the coverage of HyO at the surface
is caused by the filling of oxygen vacancies sites.

From these results, the interactions of HoO with rutile
TiOy (110) surface were heavily affected by the Oy and
H5O flux. This was expected, since the HyO flux arrived
on rutile TiOy (110) surface, HoO molecules take up to Tis,
sites (which is positively charged) rendering its able to bind
H>0 molecules via electrostatic interactions. Many authors

[52, 54] have studied the effect of HoO flux and the cover-
age of Oy on the behavior of H,O molecules on rutile TiO,
(110) surface. First, at low values of HoO flux, is expected
the mobility of HoO molecules to be high which is helpful
for the H,O molecules to diffuse on the surface on direction
[001] which dissociate at oxygen vacancies firstly to heal the
vacancies and defect-free sites as well as a strong attractive
of H proton to near bridging oxygen due to transfer the H
proton and formed another OH hydroxyls, because dissoci-
ation at bridging oxygen vacancies is more favourable than
H>O adsorption on the Tis. sites [55], as the HyO flux in-
creases the OH hydroxyls continue to increase till reach the
maximum at 0.7ML for 0.4 of H,O flux, this is in good ac-
cordance with the prediction by Lindan and Zhang [56]. At
a high HyO flux, water may be adsorbed molecularly with
a small fraction adsorbed dissociative on Oy, because (i) at
least one or two HyO molecules uptake on Tis. sites and
form a chains of H,O molecules (ii) when the amount of HoO
molecules are large, hinders the diffusion of H,O molecules
and remains in molecular forms, therefore, HoO molecular
adsorption is more favourable at high coverage [30] . As it
is seen, the coverage of Oy, affects on the adsorption of wa-
ter, however, the amount of OH hydroxyls formed on rutile
TiO, (110) surface increases at low concentration of vacan-
cies because the HoO favourites the dissociation at oxygen
vacancies [54] reach to the maximum around 0.7 ML because
the repulsive interaction between the functional groups, af-
terward, when the coverage of Oy increases beyond to 0.05
ML, the OH groups coverage decreases, because at high con-
centration of Oy, affects on the structure properties, which
lead to (2x1) reconstruction surface [40], additionally, and
we know the Oy ’s created from the bridging oxygen, this
implies that the coverage of Oy, increases due to decrease the
bridging oxygen as illustrated in Fig. 8. In noting, when
(No, < Nop, ) deficient the dissociation in Oy and the
defect-free sites, this is in a good agreement with previous
works reported in [57]. Exists due to the fact, the dissocia-
tion of HoO molecules in either terminal hydroxyl or OH in
vacancy need a neighbouring oxygen atoms for the H proton
creates the second OH hydroxyls on Oy , besides, the cov-
erage of bridging oxygen decreases with H,O increases as
Fig. 7(a) improved that clearly. The formation of these radi-
cal groups is active to promote the charge separation process
as well as the oxidation of organic substances and several
applications (self-cleaning, pharmaceutical...) [49] and refer-
ences therein]. This inhibit the production of OH hydroxyls,
meanwhile the molecular adsorption will be the predominant
as Fig. 9 illustrates that; where the vacancies increasing the
asymmetry for titanium atoms near vacancies that leads to en-
hance the water adsorption further the H,O adsorbed molec-
ular at high and low coverage [38,53]. From the Eq. (14) it
is clearly shown that the coverage of Tis, is independent to
the flux, it depends only on the concentration of the surface
Oy . Many authors overbalanced the increase to transfer the
Tig. coordinate underneath the Oy to Tis. [52,58]. In other
hand, H,O adsorbed molecular on Tis. meanwhile diffuses
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toward the vacancy site where the dissociation takes place,
thus, H2O let behind a Tis, site, however, the coverage of Ti
increases as illustrated by Fig. 11. Several literature papers
conclude that mixed molecular/dissociate is the most stable
configuration on rutile TiO5 (110) surface [59], besides, the
behavior of the water (molecular or dissociative) can change
dramatically even for the same materials as the structure and
termination of the surface changes.

6. Conclusion

The interactions HyO / rutile TiO2 (110) are intriguing sub-
jects; therefore, several experimental and theoretical meth-
ods were used to understanding the reaction mechanisms. In
terms of theoretical studies, the proposed model presented in
this research, a system of coupled differential equations, de-
scribed and solved in the steady state case taking into account
the different reactions of HyO / rutile TiO5 (110). The find-
ings strongly indicate that the interactions HyO- rutile TiO2
(110) have a crucial impact on the production of OH groups
at the surface. As one might expect, the coverage of OH hy-
droxyls increases in the presence of Oy which can be applied
to enhance the performance of the purification of waste wa-
ter from organic and inorganic materials plus others applica-
tions, but when the concentration of Oy, increases up to 0.05
leads to reduce the production of OH hydroxyls. This be-
havior is believed to be a good reason of a modification on
surface structure, as well as the HoO flux. By way of outlook
for future challenge given a presence of chemically adsorbed
water at rutile TiOy (110) interface and intriguing behavior,
this shows the importance of understanding both the structure
of rutile TiO5 (110) surface and dynamics of HoO molecules
on them. Indeed, knowing the mechanism behavior of water
molecules on metal oxides under deferent conditions is very
important due to its applications in catalysis.

Nomenclature

variables

H>O Water

Tis. Titanium five coordinate

Tig, Titanium six coordinate

Oq, Oxygen two coordinate (bridging)
O3, Oxygen three coordinate

Oy Oxygen Vacancy

OH Hydroxyl group

7 Water flux density per surface site
0 Coverage

O Coverage of undercoordinated titanium

0y Coverage of oxygen bridging
0, Coverage of oxygen vacancies
Ou,0  Coverage of water molecules on surface
Oon Coverage of hydroxyls groups

K; The rate constant (s~ 1)

Ky Attempt frequency (s~ 1)

E, Activation energy (Kj/mole) or (eV)

T Temperature (K)

R Universal gas constant (K j/mole. K)

ML Monolayer

Ng The concentration of the adsorption sites

N The concentration of all the atoms in the surface
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