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ENGLISH ABSTRACT 

# # 5771438021 : MAJOR CHEMICAL ENGINEERING 
KEYWORDS: TITANIUM DIOXIDE / NITROGEN / SILICON / CARBON / VISIBLE LIGHT / PHOTOCATALYSIS 

RACHAN KLAYSRI: MODIFICATION OF TITANIUM DIOXIDE WITH NITROGEN, SILICON, AND 
CARBON FOR VISIBLE LIGHT PHOTOCATALYSIS. ADVISOR: PROF. PIYASAN PRASERTHDAM, 
Dr.Ing., CO-ADVISOR: PROF. PETER J. KELLY, Ph.D.{, 148 pp. 

Titanium dioxide and nitrogen-silicon-codoped titanium dioxide were prepared by two 
different ways. The first method was prepared by using nitrogen as a nitrogen source and silicon-
containing chemical as a silicon source via solvothermal- and sol-gel-made photocatalysts. The 
nitrogen-silicon-codoped titanium dioxide showed the highest photocatalytic activity under both 
UV and visible light irradiation. The addition of silicon resulted in the formation of partial monolayer 
of silicon on titanium dioxide and an increase of the anatase phase stability. The annealing 
atmosphere affected the distribution concentration of surface and interface species such as surface 
oxygen and Ti3+ sites, thus improving photocatalytic activity. Moreover, the other method was 
prepared by using aminopropyltriethoxysilane (APTES) via hydrothermal method. As results, the 
monolayer and/or multilayer amino-silane coverage on titanium dioxide surface substantially 
decreased the indirect band gap, leading to the formation of silicon-nitrogen intermediate level 
within band gap and suppressing the electron-hole recombination. It subsequently enhanced the 
photoactivity. With increasing APTES contents, the hydrophilic property was decreased whereas the 
formation of amine group and the oxygen chemisorption were apparently increased. However, the 
difference in APTES concentration significantly affected the hydrophobicity. The reduction in 
protonated amine played an essential role in the retarding of photoactivity. In addition, the present 
work also describes the use of pulsed direct current magnetron sputtering for the deposition of 
carbon-doped titanium dioxide thin films, using carbon dioxide as the carbon source. It was found 
that, though carbon-doping resulted in improved dye degradation compared to undoped titanium 
dioxide, the UV-induced photoactivity of carbon-doped photocatalysts was lower for model 
pollutants used. Finally, the grafting of titanium dioxide on PMMA film via atom transfer 
radical polymerization (ATRP) was also studied. As a result, a method of grafting process was 
successfully completed and confirmed by various techniques. The photocatalytic activity was 
evaluated under UV light irradiation. The TiO2-g-PMMA films was reused at least 5 times.    
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CHAPTER I 
INTRODUCTION 

1.1 Rationale 

Since the discovery of water photocatalysis by Fujishima and Honda in 1972 
[1], photocatalysis has been paid much attention and widely used in various processes. 
During the past few decades, photocatalysis has been identified as an environmentally 
friendly process for not only the degradation of organic pollutions [2-4], (air and water 
remediation, self-cleaning and bactericidal coating), but also the energy production [5-
7], (dye sensitised solar cell and hydrogen production). These processes can operate 
at room temperature. The process needs only atmospheric oxygen to mineralize 
organic pollutants and light source. Semiconductor nanostructures have attracted 
considerable interest, such as titanium dioxide, zinc oxide, tin oxide, and cerium oxide, 
because of their great potential in photocatalysis [8-11]. Among these semiconductors, 
titanium dioxide (TiO2) becomes the most promising semiconductor photocatalyst that 
has been proven by literatures [12-14], due to its nontoxicity [15], low cost [16], high 
chemical stability [17], strong oxidative ability [18], intriguing electronic structure [19], 
and commercial availability. The morphology and the structure of titanium dioxide can 
affect the photocatalytic activity differently [20-23]. Generally, titanium dioxide has a 
wide band gap (3.2 eV) which is only excited by ultraviolet light, it is inactive under 
visible light irradiation. The limitations of using titanium dioxide under visible light is 
poor light adsorption ability and low charge separation efficiency. Therefore, in recent 
years, studies have begun to modify titanium dioxide to improve the light adsorption 
of titanium dioxide for efficient utilization of visible light. Various strategies have been 
developed to enhance the photocatalytic activity of titanium dioxide towards higher 
wavelength. Some significant advances have been reported to enhance the 
photocatalytic activity of titanium dioxide based materials; e.g. surface modification 
[24, 25], structure optimization [26, 27], elemental doping [28, 29], grafting on solid 
substrates [30, 31], and mixed with other materials [32, 33]. 
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Extensive work in modification of titanium dioxide for visible light 
photocatalysis started with the pioneering work of researchers who showed that the 
visible light response of titanium dioxide can be significantly enhanced through 
nitrogen doping [34]. Doping titanium dioxide with transition metals enhances the 
photocatalytic activity by inserting a new band gap into the original band gap which 
modify the conduction band or valence band. Precious metal are widely used to 
deposit on titanium dioxide surface such as silver, gold, and copper, that is exploited 
as a light harvester [35-37]. The major drawbacks of the precise metal deposition are 
the high cost and the efficacy of the method and some of them are toxic and quite 
expensive. Therefore, replacing precious metal or metal deposition with non-metal 
deposition, such as nitrogen deposition, is becoming feasible and appears to enhance 
the visible light photocatalysis [38, 39]. Nitrogen doping is quite encouraging due to its 
stability, low ionization energy and comparable atomic size. Moreover, nitrogen doping 
not only suppresses the recombination process but also modifies the titanium dioxide 
structure. Many studies confirmed that the nitrogen doping titanium dioxide easily 
increases the visible light photocatalytic activity for environmental remediation 
applications but further research will be needed to improve alternative pathways for 
preparing nitrogen doped titanium dioxide. Most of publications of nitrogen-doped 
titanium dioxide have confirmed its visible light photocatalytic activity. However, the 
loss of nitrogen-doped titanium dioxide due to annealing may also be one of the most 
important concern and that resulted in decreased in photocatalytic activity. Therefore, 
in order to prepare nitrogen-doped titanium dioxide with high photocatalytic efficiency, 
the annealing in nitrogen atmosphere in synthesis method should be studied in such 
a way that avoid the loss of nitrogen. 

Additionally, the morphology and structure of titanium dioxide are important 
factors affecting light adsorption, reactant adsorption, and recombination rate resulting 
in photocatalytic activity. Large number of studies have focused on the titanium 
dioxide preparation methods. Several methods including solvothermal method [32, 
40-44], sol-gel method [45-49], precipitation [50-52], flame spray pyrolysis [53-55], 
thermal decomposition of alkoxide [56], electrospinning [57, 58], chemical vapour 
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deposition [59-61], and sputtering [62, 63] have been investigated for the preparation 
of titanium dioxide photocatalyst.  

Focusing on the titanium dioxide preparation, the flame spray pyrolysis method 
is flexible to produce commodity nanoparticles at the industrial scale and allows the 
use of a wide range of precursors, solvents and process conditions, thus providing 
control over particle size and composition but generally the products are composed 
of morphologically simple particles with large particle sizes [64-66]. The solvothermal 
is a one-step route that can control over the size, shape distribution, and crystallinity. 
These properties can be adjusted by changing experimental parameters, such as 
amount of precursor, reaction temperature, and reaction holding time into well-
defined crystal growing to the controllable alcoholysis rate [67]. On the other hand, 
the sol-gel method is widely used to prepare amorphous titanium dioxide and required 
an annealing for its crystalline, but this method is a very cost effective and simple 
technique suitable for large area scaling [68]. Moreover, the sol–gel process has many 
advantages such as good homogeneity, highly crystalline anatase titanium dioxide 
photocatalyst and endowed with sophisticated architecture, which easily conducted 
and especially attractive, but the precipitated powders obtained are amorphous in 
nature and further heat treatment is required for crystallization [66, 69-71]. The sol-gel 
method can be used to control morphology and structure. In several cases, the 
hydrolysis rate of titanium ions is very fast under the aqueous medium. Hydrothermal 
method has also attract much attention due to its very simple and low cost.  

In order to improve the photocatalytic activity of titanium dioxide, the 
preparation method, the post annealing treatment and the addition of second metal 
or organic molecules were frequently studied. The addition of a second metalloid such 
as silicon [72], and metal such as zirconium [73], tungsten [74], cerium [75] and 
aluminium [76] that increased both of the thermal stability for phase transformation 
and the surface area of titanium dioxide. For example, silicon-doped titanium dioxide 
prepared showed high photocatalytic activity due to the suppression of the phase 
transformation of titanium dioxide from anatase to rutile and the formation of oxygen 
vacancies [77]. Preparation of titanium dioxide and silicon-doped mesoporous titanium 
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dioxide continuous fibres via the sol–gel method combined with centrifugal spinning, 
the addition of proper silica content into titanium dioxide could enhance the thermal 
stability, crystal stability and photocatalytic activity [78]. Other report has also found 
that the interaction between titanium dioxide and silica in TiO2/SiO2 occurred on 
supported Ti4+ sites and the prepared catalysts had sufficient Lewis acid sites [7]. In 
this dissertation, titanium dioxide and nitrogen-silicon-codoped titanium dioxide 
photocatalyst were prepared using the solvothermal and sol-gel methods. The 
obtained powders were then treated at 723 K under different gas flows, namely, 
oxygen, air zero, and nitrogen. 

Surface modification is an alternative way to improve the performance of 
titanium dioxide for photocatalyst. Among the covalent surface modification strategies 
of metal oxide has been widely reported [79, 80]. For example, 3-
aminopropyltriethoxysilane (APTES) is one of the most commonly used as organic 
silane coupling agents for modifying titanium dioxide surface. Many researchers have 
proposed the possible mechanism of the formation of a covalent linkage between 
oxide metal surface and the anchoring group of amino-silane coupling agent. The 
ethoxy groups (CH3CH2O-R) of APTES reacted with hydroxyl groups on titanium dioxide 
surface (Ti-OH) to form the primary Ti-O-Si, therefore, the projection of  free NH2 
termination [81, 82] and NH3

+ protonation [81, 83] can attach on Ti-O-Si surface. The 
electrostatic interaction or hydrogen bonding between reactive dyes and amine groups 
can substantially increase the ability of attapulgite adsorptive for reactive dyes from 
aqueous solution [84].  

Generally,  APTES modified titanium dioxide surface liked as nitrogen-silicon-
codoped titanium dioxide [85]. The partial monolayer of silicon- and nitrogen-doped 
titanium dioxide can also enhance the adsorption and degradation of methylene blue 
for photocatalytsis [86, 87]. Moreover, the presence of Ti-O-Si in titanium dioxide 
surface not only  promote the formation of active oxygen species but also increase 
the mobility of lattice oxygen (O2-), thus changing the electronic band structure of 
titanium dioxide [88]. Therefore the nitrogen atoms incorporation into titanium dioxide 
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can significantly create intermediate level within band gap, thus reducing in band edge 
positions and leading to enhancement of photocatalytic activity in visible region [87].  

So far, however, there has been little discussion about an effect of the amine-
functional on titanium dioxide on surface properties. Recently, researchers studied the 
coating of paper with APTES-modified titanium dioxide for photocatalytic degradation 
of organic material under UV light irradiation [89]. They found that the modification of 
titanium dioxide by APTES plays a crucial role of the stability in UV-bleaching.  
Therefore, this dissertation will be focused on the APTES modification titanium dioxide 
surface in photocatalytic reaction under visible light irradiation.  

Additionally, the doping of titanium dioxide with p-block elements still remains 
a popular method for the synthesis of visible light photocatalysts, along with other 
techniques, such as transition metal doping [90] or photosensitization. Various p-block 
elements have been studied as dopants for the enhancement of photocatalytic 
properties, including nitrogen [91-96], carbon [97], sulphur [98, 99], boron [100], fluorine 
[101], and combinations of several elements [102, 103]. The exact mechanism of the 
photocatalytic activity enhancement is still under question, however it is generally 
accepted that band gap narrowing takes place due to mixing of the 2p states of the 
dopant with the 2p states of oxygen [104]. Alternatively, it has been suggested that 
the red shift observed as a result of p-element doping is due to the formation of colour 
centres, and that the doped materials may have completely different band gap 
electronic structures, as compared to undoped titanium dioxide [105].  

Compared to nitrogen-doping, carbon-doping is a considerably less studied 
field, mainly due to fact that synthesis routes for carbon-doped titanium dioxide 
photocatalysts often involve multiple stages and/or unstable and costly reagents [104]. 
Nevertheless, a number of studies that are available indicate that carbon doping is a 
promising method for the enhancement of titanium dioxide photocatalytic activity  
due to band gap narrowing and the extended lifetime of photogenerated electrons 
and holes [106, 107]. The well-known fact that carbon-doped titanium dioxide 
photocatalysts can have very different characteristics, with carbon found in interstitial, 
as well as in substitutional positions in the titanium dioxide lattice, depending on the 
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synthesis route, means that the choice of production technique is of particular 
importance in this case. 

Titanium dioxide thin films, as opposed to powdered or particulate 
photocatalysts, offer multiple advantages from the point of practical applicability, such 
as high recycle rates, ease of recovery, and separation from the media [108]. A number 
of deposition techniques are typically used for the deposition of titanium dioxide and 
doped titanium dioxide coatings, including chemical vapour deposition (CVD), sol gel, 
atomic layer deposition (ALD), hydrothermal synthesis, magnetron sputtering, etc. Of 
the methods given, magnetron sputtering is a process of particular industrial 
importance, as it is widely used for the production of high quality coatings for various 
commercial applications, including glazing products, thin film photovoltaics, data 
storage media, etc. [109, 110]. It offers such advantages as excellent scalability, 
versatility, and high uniformity of the produced thin films. A number of techniques can 
be used for the deposition of carbon-doped titanium dioxide via magnetron sputtering, 
including using carbon dioxide gas [111] or solid carbon targets as the source of carbon 
[112]. However, due to a limited number of studies available to date, it is still unclear 
how the choice of the dopant affects structural and photocatalytic properties of the 
carbon-doped titanium dioxide coatings. Also, this work describes the deposition of 
carbon-doped titanium dioxide using a mixture of carbon dioxide/oxygen as the 
reactive gas at different ratios. 

Furthermore, many researchers have completed important work with titanium 
dioxide in other particle supports i.e. clay, zeolite and activated carbon [113-115]. The 
one disadvantage of using titanium dioxide particles in the liquid phase of 
photocatalysis is their difficulty in being reused. Various techniques have been widely 
reported for attaching the titanium dioxide nanoparticles to different polymers using 
different methods such as liquid phase deposition, dip coating technique, 
phosphonate coupling, chemical reduction, emulsion polymerization and spreading 
[116-121]. Atom transfer radical polymerization (ATRP) was the most attractive 
modification method. ATRP covalently grafts monomer chains formed from various 
monomers effectively to nanoparticles, in order that the chain distribution of 
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monomers can graft polymers onto nanoparticle surfaces [122]. Moreover, ATRP is a 
more versatile method because it does not require complex experimental conditions 
and allows for the polymerization of a large number of functional monomers [123]. 
ATRP has been widely used to graft polymers onto metal oxides including silicon 
dioxide, aluminium oxide, ferric oxide and zinc oxide [124-127]. 

The use of PMMA as a substrate material has several advantages. The PMMA 
film is a non-porous solid and inexpensive, is stable at high temperatures and has high 
pH-values. In addition, PMMA is inert in neutral aqueous solutions and no hydrolysis 
occurs during its application [128, 129]. This work presents and emphasizes a method 
of grafting titanium dioxide nanoparticles onto PMMA film, using a monomer chain 
between the titanium dioxide particles and the film substrate in order to protect the 
PMMA film from degradation caused by the deposited titanium dioxide. The reusability 
was also studied. 

Recently, various characterization techniques have been used to provide the 
scientific information of titanium dioxide. For example, X-ray diffraction (XRD) X-ray 
diffraction (XRD) has become a fundamental technique in investigating the crystal 
phase that can relate to the photocatalytic performance of titanium dioxide. 
Photoluminescence (PL) provide the photocatalytic reaction mechanism and provide 
multiscale information of photocatalysis process. X-ray photoelectron spectroscopy 
(XPS) is possible to probe the electronic state by the shift of the characteristic peaks 
of the elements in titanium dioxide after modification. This work performs various 
means of techniques to evaluate the properties of modified titanium dioxide in each 
sections. 
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1.2 Research objectives  

To investigate the characteristics and catalytic properties of nitrogen and/or 
silicon doped titanium dioxide nanoparticles prepared by solvothermal and sol-gel 
methods in the photocatalytic degradation of methylene blue dye under UV and 
visible light irradiation in comparison to those prepared by other common preparation 
techniques and commercial titanium dioxide. 

To study the hydrothermal surface modification of commercial titanium dioxide 
by 3-aminopropyltriethoxysilane (APTES) on the photocatalytic degradation of 
methylene blue dye under UV and visible light irradiation. 

To study the carbon-doped titanium dioxide thin film by using carbon dioxide 
as a carbon source on sputtering process in photocatalytic degradation of methylene 
blue dye and the photodegradation of stearic acid under both UV light and visible light 
irradiation in comparison with using carbon target and carbon powder as carbon 
sources. 

To emphasize the grafting process of titanium dioxide on polymethyl 
methacrylate (PMMA) film by using atomic transfer radical polymerization (ATRP) that 
was previously studied by other student.  

 

1.3 Scope of research 

 Preparation of titanium dioxide support, silicon-doped titanium dioxide by 
solvothermal and sol-gel methods with 1 wt. % silicon and post-annealing in 
three different atmospheric gas i.e. oxygen, air, and nitrogen.  

 Preparation of APTES modified commercial titanium dioxide with three different 
APTES concentration i.e. 0.1, 1.0, and 10 mM with using hydrothermal method. 

 Preparation of carbon-doped titanium dioxide thin films with three different 
flow rate of carbon dioxide i.e. 2.5, 5, and 7 mL/min. 

 Characterization of the titanium dioxide photocatalysts using X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 
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with energy dispersive X-ray spectroscopy (SEM-EDX), electron spin resonance 
(ESR), nitrogen gas physisorption, stylus profilometer, transmission electron 
microscope (TEM), UV-vis spectroscopy (UV-vis), thermo gravimetric analysis 
(TGA), differential scanning calorimetry (DSC), Fourier-transform infrared 
spectroscopy (FTIR), water contact angle measurement, and nuclear magnetic 
resonance spectroscopy (NMR). 

 Reaction study of the photocatalysts in the photocatalytic degradation of 
methylene blue dye and/or the photocatalytic degradation of stearic acid 
under UV and visible light irradiation.  
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1.4 Research methodology 
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CHAPTER II 
THEORY AND LITERATURE REVIEWS 

2.1 Titanium dioxide crystal structure and properties  

Titanium dioxide exhibits mainly three important polymorphs namely anatase, 
rutile and brookite. Each polymorph gives different physical properties. In all three 
polymorphs, titanium (IV) cations are surrounded by six oxygen (II) anions, forming the 
TiO6 octahedron, as shown in Figure 2.1. The anatase phase shows obvious tetragonal 
distortion resulting in lower symmetry than the tetragonal crystal structure, whereas 
the rutile phase shows slightly tetragonal distortion, and brookite phase shows the 
orthorhombic structure. Generally, anatase and rutile phases are widely used in 
photocatalytic reactions whilst brookite phase receives limited research interest. 
Among the different polymorphs, rutile is generally considered to be the most stable 
phase, while anatase and brookite are considered to be more stable because of their 
lower surface energy that will transform to rutile when the temperature raised. The 
transformation of anatse to rutile is an irreversible process because the bond breaks 
and reforms to a new structure [130]. It was reported that the transformation occurs 
at between 673 and 873 K depending on the titanium precursor, preparation methods, 
and annealing atmospheres [131-134]. Most commercial titanium dioxide are a mixture 
of rutile and anatase, e.g. as known as Degussa P25 which contains 80-90% anatase 
and the balance is rutile. The properties of titanium dioxide phases are summarized in 
Table 2.1. As known, the optical band gap of anatase is reported about 3.2 eV and 3.0 
eV in rutile and fast recombination of electron-hole pairs limit their wide photocatalytic 
applications. This properties can be improved by modifying with various elements to 
narrowing the band the optical band gad energy and/or to suppress electron-hole pair 
recombination. 
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Figure 2.1 Bulk structure of titanium dioxide phases [135]. (The grey and the red atoms 
represent titanium and oxygen, respectively.) 
 
Table 2.1 Physical and structural properties of three titanium dioxide phases. 

 

 
 
 
 
 
 

 

Property Anatase Rutile Brookite 

Crystal system Tetragonal Tetragonal Orthorhombic 

Crystal size (nm) < 11 > 35 11 - 35 

Packing density 
(g/cm3) 

3.83 4.24 4.17 

Lattice constants 
(nm) 

a = b = 0.3785, c = 
0.9514 

a = b = 0.4594, c = 
0.2959 

a = c = 0.5436, b = 
0.9166 

Band gap (eV) 3.2 3.0 NA 

Light adsorption 
(nm) 

< 390 < 415 NA 
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2.2 The heterogeneous photocatalysis mechanism 

 In titanium dioxide photocatalysis studies, so far, the reactions between the 
pollutant molecules and the hydroxyl radical has been used for the reaction 
mechanism. The rate determining step of the whole reaction has been accepted as 
the transfer of conduction band electrons to the adsorbed oxygen. The general 
scheme of the photocatalysis, as shown if Figure 2.2, is based on the generation of 
electron (e-) and hole (h+) pairs upon irradiation with light by band-gap excitation that 
can initiate redox reactions on the titanium dioxide surface. In parallel, the electron 
migrates from the valence band to the conduction band, leaving behind a hole in the 
valence band. Surface defect sites (Ti3+) trap electrons and its will be removed by 
reactions with adsorbed molecular oxygen to produce superoxide anion radical (O2•-). 
On the other hand, holes react with absorbed water molecules or hydroxide ions (OH-

) to produce hydroxyl radicals (•OH), which is considered as the principal reactive 
species and the most important chemical process for the reactions.  The hydroxyl 
radicals diffuse either in solution or on the titanium dioxide surface. Besides, electrons 
and holes can recombine and called as recombination process that is too fast, because 
of short charge separation distances in titanium dioxide. Organic pollutant molecules 
are generally composed of aromatic rings. It has been experimentally proven that 
hydroxyl radicals react with the aromatic ring in the molecules which then form 
intermediates. The final step in the photocatalysis process gives stable molecules such 
as carbon dioxide and water. The heterogeneous photocatalytic mechanism is a 
complex sequence of reactions that was widely postulated by the following simplified 
equations: 

Photoexcition TiO2 + hν ---> e-
 CB

 + h+
VB

 (2.1) 

Charge carrier trapping of e- e-
CB ---> e-

TR (2.2) 

Charge carrier trapping of h+ h+
VB ---> h+

TR (2.3) 

Electron-hole recombination e-
TR + h+

VB / h+
TR ---> e-

CB + heat (2.4) 

Oxygen ionosorption  O2, ads + e-
TR ---> O2•- (2.5) 
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Water Dissociation  H2O ---> H+ + OH− (2.6) 

Neutralization of OH−  OH−
, ads + h+

TR  ---> OH• (2.7) 

Neutralization of O2•-  O2•- + H+    ---> HO2• (2.8) 

Protonation of O2•- O2•- + OH• ---> HO2• (2.9) 

Co-scavenger of e- HO2• + e- ---> HO2
- (2.10) 

Formation of H2O2 HO2
- + H+  ---> H2O2 (2.11) 

H2O2 Dissociation H2O2 + e- ---> OH• + OH− (2.12) 

Photodagradation by OH• R-H + OH•  ---> R’• + H2O (2.13) 

Photodagradation by h+
TR R-COO- + h+

TR  ---> R’ + CO2 (2.14) 

Direct photoholes R + h+
TR ---> R+• + prod. (2.15) 

 

 
 
Figure 2.2 Photo-induced formation mechanism of electron-hole pair in a titanium 
dioxide particle with the presence of water pollutant (P) [136]. 
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 The photodegradation reactions is known as one of the advanced oxidation 
processes. The main industrial application of titanium dioxide based photocatalysts is 
the degradation of dyes from the textile industry [137]. The photodegradation of 
organic compounds can occur not only on the surface of titanium dioxide but also in 
the liquid near the titanium dioxide surface. The factors that influence the 
photodegradation range from the choice of crystalline structure, the synthesis 
methods, the amount of photocatalyst, the pollutant concentration, and the 
experimental conditions, etc. Moreover, the surface property plays an important role 
in the photocatalytic process. Many reports realize the importance of surface 
hydroxylation, particularly, in titanium dioxide.  

  

2.3 Titanium dioxide preparation methods   

2.3.1 Solvothermal 

The solvothermal method is a common method used to fabricate titanium 
dioxide and has been developed rapidly. This method is usually conducted in a 
stainless steel reactor with high temperature and pressure. This method generally uses 
titanium (IV) n-butoxide (TNB), and titanium (IV) chloride (TTC) as a titanium source and 
is conducted in an organic solvent. Various alcohols are used as both the solvents and 
the oxygen donors as well as the structural templates during the solvothermal 
synthesis of titanium dioxide-based nanomaterials such as methanol, ethanol, and 
butanediol [138]. The general mechanism could be expressed in the following 
reactions. 

TiX4 + 4R-OH  →  Ti(OR)4 + 4HX;  

Ti(OR)4 + TiX4 →  2TiO2 + 4RX 

2R-OH   →  R-O-R + H2O 

TiX4 + 2H2O  →  TiO2 + 4HX 

Both titanium dioxide precursors and alcohol solvents affect the morphological 
and structural properties as well as the crystallinity of titanium dioxide. The amount 
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of titanium precursor, reaction temperature, and holding time effects were reported. 
The findings showed that increasing reaction temperature and holding time resulted in 
an increase in the titanium dioxide crystallite size [51]. The main advantage of this 
method is the ability to grow high quality crystals while maintaining good control of 
their chemical structure. On the other hand, the disadvantages of using the 
solvothermal method were its need of expensive autoclaves due to the increase of 
the reaction pressure during the process and the impossibility of observing the crystal 
growth.  

2.3.2 Sol-gel 

The sol-gel method is used to prepare titanium dioxide in many forms, particles 
and thin film. Hydrolysis, condensation, polymerization, gelation, aging, drying and 
densification are involved in the sol-gel method [137]. Usually, the titanium precursor 
is used in the alkoxide form. This technique presents several advantages like 
homogeneity, low cost, reliability, reproducibility, and controllability. Negatively, this 
method requires a long period of deposition, high cost for fabrication, and high 
temperature to form anatase phase. 

2.3.3 Hydrothermal 

The hydrothermal method is one of the most used method for the fabrication 
of titanium dioxide. It is usually conducted in a Teflon or stainless steel reactor with 
additional temperature and high pressure inside the reactor. This method was first 
reported to treat titanium dioxide nanotubes at 383 K in a concentrated sodium 
hydroxide solution [139]. Since then, many studies have been carried out with different 
types of titanium dioxide. The hydrothermal method is a well-established technique 
and can synthesize titanium dioxide in just one single process. The effect of alkali 
concentration and temperature on Degussa P25 was investigated through an alkali 
hydrothermal treatment, the results showed that the morphological and structural 
properties of titanium dioxide can be transferred to each other by changing the 
hydrothermal conditions [140]. After that, the solution concentration, reaction 
temperature, reaction time effects were reported [141]. One of the disadvantages of 
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the hydrothermal method is the low reaction kinetics resulting in needing a long 
reaction time.  

2.3.4 Sputtering 

The sputtering process is a suitable technique for preparation of titanium 
dioxide thin films because it is cheap and provides good film adhesion. It allows 
uniformity in large area applications, high mechanical durability, and easy to control 
the physical, chemical and structural properties. Although metal titanium targets are 
used in the sputtering process is generally kept in the transition or oxide mode of 
sputtering in order to assure the stoichiometric content of oxygen atoms, which also 
induces significant decrease in the deposition rate [142]. Generally, argon was used as 
a noble gas in the sputtering chamber. The argon bombardment with the proper energy 
is reported to increase the growth and crystallization of the films [143]. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 

2.4 Titanium dioxide modification 

 Titanium dioxide is an n-type semiconductor with a large band gap, 3.2 eV, and 
adsorption in only the UV wavelength, <400 nm. Also, electrons and holes from 
photogeneration are recombined easily. Numerous methods have been made to 
improve these weak points of titanium dioxide. Doping with metal and/or non-metal 
elements to enlarge light adsorption and to suppress the electron-hole recombination 
have been reported frequently. This dissertation will focused on only three main 
elements to modify titanium dioxide i.e. silicon, nitrogen, and carbon.  

2.4.1 Nitrogen modification  

Recently, research showed that doping causes narrowing of the titanium 
dioxide band gap and results in carrier recombination [105, 144]. Doping titanium 
dioxide with elements such as nitrogen, carbon, and sulphur results in red-shift of the 
absorption edge, and are effective in enhancing the photocatalytic activity. The study 
of visible light activity for photocatalytic activity of nitrogen-doped titanium dioxide 
through first-principles calculations was reported [105]. They concluded that nitrogen 
doping improves the optical properties, and photocatalytic activity in both liquid and 
gas phase mediums. The predicted effects of doping on the band gap structure of 
titanium dioxide was reported by creating localized states and narrowing the band gap 
[105]. Moreover, the influence on photocatalytic activity of titanium dioxide by nitrogen 
substitution through DFT calculations was investigated [145]. They reported that the N 
2p localized states just above the O 2p valence band caused red shift and blue shift 
in anatase and rutile, respectively.  

Many researchers have studied the defect structure by theoretical analysis. 
According to the DOS calculations, nitrogen acts as the best dopant because of mixing 
its p states with O 2p, states which causes band-gap narrowing [34]. The decrease of 
the band gap of titanium dioxide by the incorporation of nitrogen in the titanium 
dioxide lattice due to the formation of a new N 2p band above the O 2p valence band 
which was proposed in energy level diagrams in Figure 2.3.  
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Figure 2.3 Energy level diagrams of nitrogen-doped titanium dioxide compared to 
undoped titanium dioxide 
 

The possible reaction mechanism for the photocatalytic degradation of organic 
pollutants by nitrogen-doped titanium dioxide under visible light irradiation was shown 
in Figure 2.4, which showed the generation of electrons and holes in the conduction 
band and valence band, respectively, under visible light irradiation.  Nitrogen doped 
titanium dioxide induces significant improvements in the optical adsorption and 
photocatalytic properties in the visible light region.  
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Figure 2.4 The possible reaction mechanism for the photocatalytic degradation of 
organic pollutants by nitrogen-doped titanium dioxide under visible light irradiation. 

 

Despite, the literatures of the mode of nitrogen doping in titanium dioxide 
structure proposed either substitution or interstitial, which both play an essential role 
for its visible light photocatalytic activity. Substitution doping nitrogen leads to surface 
modification by the interactive forces, while interstitution doping nitrogen affects the 
titanium dioxide lattice structure [146]. The incorporation of nitrogen doped titanium 
dioxide was first reported by using a first principle calculation method [147]. The 
possible incorporation included both substitution and interstitial nitrogen [148]. 
Substitution doping nitrogen reduces the band gap but less that that achieve by 
interstitial doping nitrogen as proposed in Figure 2.5. Many studies have shown that 
an incorporation of both substitution and interstitial doping nitrogen generally occurs, 
and both play a crucial role in visible light photocatalysis. 
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Figure 2.5 Schematic diagram showing the valence and conduction bands of undoped 
and nitrogen-doped titanium dioxide 

 

Recently, the doping of nitrogen into titanium dioxide lattices have used both 
physical and chemical methods, which include solvothermal method, sol-gel method, 
flame spray pyrolysis, sputtering and ball milling. The most commonly used and 
efficient method is the synthesis of nitrogen doped titanium dioxide in a nitrogen 
environment. Table 2.2 lists the various synthesis methods for preparing nitrogen-
doped titanium dioxide and the sources of nitrogen for photocatalysis applications.  

The different types of the titanium dioxide precursor and the nitrogen sources 
might also result in the different of physical and chemical properties. Most of 
publications of nitrogen-doped titanium dioxide have confirmed its visible light 
photocatalytic activity. However, the loss of nitrogen-doped titanium dioxide due to 
annealing may also be one of the most important concern and that results in 
decreased photocatalytic activity. Therefore, in order to prepare nitrogen-doped 
titanium dioxide with high photocatalytic efficiency, the annealing in nitrogen 
atmosphere in synthesis method should be studied in such a way that avoids the loss 
of nitrogen. The various titanium dioxide methods for producing nitrogen-doped 
titanium dioxide by annealing under nitrogen atmosphere have been published such 
as, atmospheric pressure plasma [149], electrospinning [150], polymeric precursor 
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method [151], radio frequency magnetron sputtering [152], and sol-gel [153]. After the 
author searched the literatures, the annealing of titanium dioxide under nitrogen 
atmosphere that prepared by solvothermal method has not been done yet. 

 

Table 2.2 The various synthesis methods for preparing nitrogen-doped titanium 
dioxide and the sources of nitrogen for photocatalysis applications. 
 
Preparation method Nitrogen source Ref. 

Anodic oxidation TiN alloy [154] 
Atomic layer deposition Ammonia (NH3) [155] 
Ball milling Ammonia (NH3) [156] 
Chemical vapour deposition Ammonia (NH3) [157] 
Electrospinning Ammonium acetate (C2H7NO2) [158] 
Hydrothermal Urea (CH4N2O) [159] 
Microemulsion Triethylamine (C6H15N) [160] 
Microwave Ammonia (NH3) [161] 
Sol-gel Ammonia (NH3) [162] 
Solvothermal Ethylenediamine (C2H8N2) [163] 
Sputtering Nitrogen gas [164] 

 
 
2.4.2 Nitrogen-Silicon modification  

In recent years, some groups have made an attempt to improve the 
photocatalytic activity of titanium dioxide and extend its optical absorption to visible-
light region by preparing silicon-doped titanium dioxide [165-168]. It has been reported 
that silicon-doped titanium dioxide photocatalysts were an effective way to improve 
the photocatalytic capability, thermal stability, quantum-sized effect, good surface 
wettability and mechanic strength [169]. For example, the publication reported that a 
small amount of silicon-dopant could improve the photocatalytic activity of titanium 
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dioxide [165]. It has been suggested that the substitution of silicon may favour  
photocatalytic activity and the optical absorption is broadening to longer wavelength 
by UV–vis diffuse reflectance spectra measurement [166]. Modification with silicon 
showed large surface areas and superior thermal stabilities by insertion of the distorted 
octahedral vacant sites of the titanium dioxide structure [170, 171]. Silicon-doping has 
an effect on the photocatalytic activity by increasing the surface area and crystallinity 
through embedding amorphous silica into titanium dioxide [172]. The silicon doping 
effects on the electronic structures and optical properties of titanium dioxide have 
been studied by spin-polarized density functional theory calculation based on the 
plane-wave method [173]. The results indicate that the substitution by silicon has a 
band gap narrowing of about 0.25 and the decrease of electron transition energy from 
the valence band to conduction band may be responsible for the visible-light optical 
absorption properties. 

However, it is generally believed that doping with two anion acceptors would 
repel each other. In particular, the effects of nitrogen-silicon-codoped titanium dioxide 
found that hybridization between the codoped states and O 2p orbitals leads to 
broadening of the valence band and improvement in mobility of holes by first 
principles calculation [174].  Figure 2.6 showed the plausible locations of nitrogen and 
silicon atoms in titanium dioxide structure after codoping process [175].  
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Figure 2.6 Plausible locations of nitrogen and silicon atoms in titanium dioxide 
structure. The N ions’ doping sites are marked by N1, N2 and N3 while Si ions’ doping 
sites are denoted by Si1 and Si2. The grey, red, blue and yellow spheres represent Ti, 
O, N and Si atoms, respectively [175].  

 

2.4.3 Modification by amino-silane 

Surface modification with alkylsilanes is one of the most commonly used 
methods to prepare monolayers on oxides. Reactions of organosilanes with OH-bearing 
surfaces have found use in widely diverse areas. The main advantage of using silanes 
for monolayer formation on oxidic surfaces is the rapid formation of a covalent linkage 
between the substrate and the anchoring group [176, 177]. This covalent bond 
stabilizes the monolayer, and also allows for easy further chemical modification 
without compromising the integrity of the monolayer.  

The initial hydrolysis of Si-Cl or Si-OR bonds thus generates the hydroxysilane 
that makes self-assembly monolayer (SAM) possible. This step is probably the most 
critical and controls the final quality and morphology of the SAM. The frequently 
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experienced difficulties in reproducibly making high-quality monolayers relate to this 
step, as incomplete hydrolysis or excessive hydrolysis result in incomplete monolayers 
or formation of polysiloxanes on the surface, respectively. This also means that 
surfaces that do not contain adsorbed water molecules react poorly, like metal oxides 
without –OH groups, or silicon, carbon, and organic polymers, which explains their 
position on the silane reactivity scale indicated in Figure 2.7. If an insufficient density 
of surface -OH groups is a problem, then plasma activation will form sufficient hydroxy 
moieties for the formation of highly stable high-quality monolayers, even on plastics 
such as poly(methylmethacrylate (PMMA) and polystyrene. 

 

 
Figure 2.7 Three-step mechanism for monolayer formation by silanes on OH 
terminated surfaces [178]. 
 

The different ways in which silanes can be bound to the surface can be 
distinguished by a variety of techniques. Residual chloride or methoxide moieties 
would typically be recognizable by for example, IR or X-ray photoelectron 
spectroscopy (XPS). For the direct observation of the interfacial Si-O bond formation, 
IR spectroscopy has been shown to be especially useful. Self-assembled monolayer 
(SAM) formation on SiOx can be monitored by the longitudinal optical (LO) absorption 
band that arises from the vibrations perpendicular to the surface of Si-O bonds at the 
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SAM/SiO2 interface. In particular, this analysis of the 950 to 1255 cm-1 range that 
includes surface bound and internally cross-linked Si-O-Si vibrational modes, can 
distinguish between silanes that form a strong chemisorbed bond to the surface and 
weakly adsorbed polysilanols [179]. 

 

2.4.4 Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization (ATRP) is an example of a reversible-
deactivation radical polymerization. Like its counterpart, ATRA or atom transfer radical 
addition, it is a means of forming a carbon-carbon bond through a transition metal 
catalyst. As the name implies, the atom transfer step is the key step in the reaction 
responsible for uniform polymer chain growth. ATRP was independently discovered in 
1995 [180]. 

ATRP usually employs a transition metal complex as the catalyst with an alkyl 
halide as the initiator (R-X). Various transition metal complexes, namely those of Cu, 
Fe, Ru, Ni, Os, etc., have been employed as catalysts for ATRP. In an ATRP process, the 
dormant species is activated by the transition metal complex to generate radicals via 
one electron transfer process. Simultaneously the transition metal is oxidized to higher 
oxidation state. This reversible process rapidly establishes an equilibrium that is 
predominately shifted to the side with very low radical concentrations. The number 
of polymer chains is determined by the number of initiators. Each growing chain has 
the same probability to propagate with monomers to form living/dormant polymer 
chains. As a result, polymers with similar molecular weights and narrow molecular 
weight distribution can be prepared.  

ATRP reactions are very robust in that they are tolerant of many functional 
groups like allyl, amino, epoxy, hydroxy and vinyl groups present in either the 
monomer or the initiator. ATRP methods are also advantageous due to the ease of 
preparation, commercially available and inexpensive catalysts (copper complexes), 
pyridine based ligands and initiators (alkyl halides). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
EXPERIMENTAL 

3.1 Catalyst Preparation 

3.1.1 Nitrogen-Silicon-codoped titanium dioxide via solvothermal method 

Synthesis of titanium dioxide and nitrogen-silicon-codoped titanium dioxide 
was carried out by a solvothermal method using titanium (IV) n-butoxide (TNB, Aldrich) 
as a titanium source. The silicon-doped titanium dioxide was prepared by adding an 
appropriate amount of tetraethylorthosilicate (TEOS, Aldrich) into the starting solution 
of 15 g TNB as a silicon precursor. The precursor solution was dissolved in 100 ml of 
1,4-butanediol (Aldrich) in a test tube and then placed in 300 ml autoclave. The gap 
between the test tube and the autoclave wall was filled with 30 ml of the 1,4-
butanediol. The autoclave was purged completely using nitrogen before being heated 
up to 573 K at a rate of 2.5 K/min. The autoclave was held at that temperature for 2 
hours. After the autoclave was cooled to room temperature, the product powders 
obtained in the test tube were washed repeatedly with methanol and dried in air. The 
powder was annealed in different atmospheric gas flows including oxygen, air, and 
nitrogen at 723 K for 2 hours to obtain nitrogen-silicon-codoped titanium dioxide in 
this experiment. 

 

3.1.2 Nitrogen-Silicon-codoped titanium dioxide via sol-gel method 

Titanium dioxide and nitrogen-silicon-codoped titanium dioxide were prepared 
using the sol-gel method. Titanium isopropoxide (Aldrich Chemical, Milwaukee, WI) was 
employed as a titanium precursor. First 14.4 ml of concentrated nitric acid was added 
to 2,000 ml of de-ionized (DI) water. While the acidic solution was stirred, 166.8 ml of 
titanium isopropoxide was added slowly. The suspensions were stirred continuously at 
room temperature for 3 days until clear sol was obtained. After that, the sol was 
dialyzed in a cellulose membrane with a molecular weight cut-off 3,500 Daltons 
(spectrum Companies, Gardena, CA). The dialysis tubing was washed in DI water, which 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28 

was changed daily for 3-4 days until the pH of the water reached 3.5. In order to 
prepare the silicon-doped titanium dioxide, the sol of titanium dioxide and tetraethyl 
orthosilicate (TEOS) was mixed and the mixture was stirred continuously at room 
temperature for 2 hours. The dialyzed sol was dried at 383 K to remove the solvent. 
The resulting gel was then grounded. Finally, the obtained samples were annealed in 
different gas flows including oxygen, air, and nitrogen at 723 K for 2 hours to obtain 
nitrogen-silicon-codoped titanium dioxide in this experiment. 

 

3.1.3 Modification of titanium dioxide by APTES 

In this experiment, the concentrations of 3-aminopropyltriethoxysilane (APTES, 
>98% purity from Fluka) in anhydrous toluene (>99.5% purity from Fisher Chemical) 
were investigated at 0.1, 1.0, and 10 mM. Typically, 7.0 g of titanium dioxide powder 
(Commercial Degussa P25 catalyst from AEROXIDE®) was dispersed in 75 mL of APTES 
solution using Teflon reactor and stirred at room temperature for an hour. After that, 
the Teflon reactor was heated at 373 K for 12 h, and then the powder was washed 
with toluene once and dichloromethane (from Carlo Erba) twice for removing any 
residual chemicals. Finally, powder was dried in oven at 383 K for 12 hr. The powder 
nomenclatures were represented as 0.1 mM APTES-TiO2, 1.0 mM APTES-TiO2 and 100 
mM APTES-TiO2 respectively. 

 

3.1.4 Carbon-doped titanium dioxide thin films via sputtering method 

In this part the carbon-doped titanium dioxide thin films were prepared using 
a Teer Coatings UDP350 reactive pDC magnetron sputtering system (Teer Coatings Ltd., 
Droitwich, UK), without additional heating applied to the substrate. A schematic 
diagram of the rig is shown in Figure 3.1. In brief, the sputtering rig was fitted with a 
300 mm x 100 mm directly cooled titanium metal target (99.5% purity) mounted onto 
a type II unbalanced planar magnetron, installed through the chamber wall. The 
titanium metal target was driven in pulsed DC mode using a dual channel power supply 
(Advanced Energy Pinnacle Plus, Fort Collins, CO, USA), at 100 kHz pulse frequency, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

29 

and a duty cycle of 50%. The base pressure of the vacuum chamber before sputtering 

was 2.0 x 10-5 mbar or lower. All titanium dioxide films were deposited onto soda lime 
glass substrate materials. The substrates were ultrasonically pre-cleaned in propanol 
prior to deposition (all reagents used in this work were purchased from Sigma Aldrich, 
unless stated otherwise) and mounted on the rotatable substrate holder at 10 cm 
separation from the titanium target. During the sputtering process, the substrate holder 
was rotated at a speed of 10 rpm. The titanium metal target power was fixed at 1000 
W for each run; the target was pre-sputtered in an argon plasma for 10 min prior to 
the deposition process to remove any oxide layer on the target surface (with the 
substrates shielded from the target), and the reactive sputtering time for each run was 
2 h. The deposition runs were carried out in an argon/oxygen and argon/oxygen/carbon 
dioxide plasma for undoped and carbon-doped titanium dioxide films, respectively. 
The argon flow was controlled by a mass flow controller and set at 15 sccm. The 
oxygen flow was controlled by optical emission monitoring (OEM) at three different set 
points of 25%, 30%, and 35% of the full metal signal (FMS). To vary the carbon 
concentration, the carbon dioxide flow rate was varied by the mass flow controller at 
different flows of 2.5, 5, and 7 sccm. The coatings were post-deposition isothermally 
annealed for 30 min at 873 K in air for crystal structure development and then allowed 
to cool gradually in air for 10–12 h to avoid the formation of thermal stresses in the 
coatings.  

 
Figure 3.1 Schematic representation of the Teer UDP350 sputtering rig. 
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3.1.5 Grafting of titanium dioxide onto PMMA film via ATRP 

3.1.5.1 Materials 

  Tetrahydrofuran (THF, Unilab) was refluxed over sodium (Na, Sigma-
Aldrich) in a column under an inert gas. Triethylamine (TEA, Sigma-Aldrich) was distilled 
over calcium hydride (CaH2, Fluka) in a column under an inert gas. Methyl methacrylate 
(MMA, Sigma-Aldrich) was purified with sodium hydroxide (NaOH, Merck) three times 
and sodium sulphate (Na2SO4, LobaChemie) before use. Polymethyl methacrylate films 
(PMMA, KTV), commercial titanium dioxide (AEROXIDE), 3-(trimethoxysilyl)propyl 
methacrylate (MEMO, stabilized with butylated hydroxytoluene, TCI-Tokyo), 4-
hydroxybenzenethiol (4HBT, TCI-Tokyo), 4-dimethylaminopyridine (DMAP, Sigma-
Aldrich), 2-bromoisobutyryl bromide (BIBB, TCI-America), dichloromethane (CH2Cl2, 
Sigma-Aldrich), sodium hydrogen carbonate (NaHCO3, Sigma-Aldrich), magnesium 
sulphate (MgSO4, Panreac), copper (I) bromide (CuBr, Sigma-Aldrich), 2,2’-bipyridyl (BPY, 
Sigma-Aldrich), methanol (CH3OH, Qrec), sulfuric acid (H2SO4, Qrec), ethanol (C2H5OH, 
Merck), ammonium hydroxide (NH4OH, Sigma-Aldrich), dimethyl sulfoxide (DMSO-d6, 
CIL) and methylene blue (Unilab) were used without further purification. 

 

3.1.5.2 Preparation of hydroxyl-end group by thiol-ene click Michael 
addition  

The hydroxyl-end group on MEMO was prepared by thiol-ene click 
Michael addition as shown in Figure 3.2. 4HBT (8.6 g), MEMO (15 mL), dry THF (15mL) 
and purified TEA (4.5 mL) were stirred under an inert gas for 48 hours until a crude, 
slightly yellow product was obtained [181]. The product solution was named MEMO-
OH. 
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Figure 3.2 Hydroxyl-end group by thiol-ene click Michael addition 
 

3.1.5.3 Preparation of bromide-end group by macroinitiator formation  

  The bromide-end group on MEMO was prepared by macroinitiator 
formation, as shown in Figure 3.3. The preparation of MEMO-Br was then performed 
after MEMO-OH was obtained. First, DMAP (0.13 g) and MEMO-OH were stirred in a two-
necked, round bottom flask under an inert gas and equipped with a condenser until 
the DMAP was dissolved. Next, purified TEA (0.5 mL) was injected into the solution and 
the temperature was cooled to 273 K in an ice bath. Then, BIBB (8.1 mL) was slowly 
dropped into the flask by a gas tight syringe, stirred overnight and evaporated using 
THF until a crude, slightly white product was obtained. Next, CH2Cl2 (100 mL) was 
mixed into the crude product and dissolved until a homogeneous solution was 
obtained. The solution was washed with NaHCO3 five times and with deionized water 
once. Then, the solution was dried overnight with MgSO4 until the CH2Cl2 was 
evaporated and filtered [182]. The final solution was named MEMO-Br.  
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Figure 3.3 Bromide-end group by macroinitiator formation 
 

3.1.5.4 Preparation of polymer surface initiated by ATRP  

  The polymer surface initiation was prepared by ATRP, as shown in 
Figure 3.4. The MEMO-Br solution was stirred with CuBr (0.24 g), BPY (0.34 g) and 
methanol (18 mL) under an inert gas. Then, the purified MMA was injected into the 
solution for 8 hours [183]. The final product was named MEMO-PMMA-Br.  

 
Figure 3.4 Polymer surface initiated by ATRP 
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3.1.5.5 Preparation of monomer grafted onto polymer film by ATRP 

  The MMA monomer was grafted onto the PMMA films by ATRP, as 
shown in Figure 3.5. MEMO-PMMA-Br solution (1 mL) was mixed with THF (2 mL) before 
being sprayed on PMMA film. Next, the PMMA film was hydrolyzed in deionized water 
with an adjusted pH of 2-3 with H2SO4 for 30 minutes before it was dried at room 
temperature. The PMMA film was named PMMA-g-MEMO-PMMA-OH.    

 

 
Figure 3.5 Monomer grafted onto polymer film by ATRP   
 

3.1.5.6 Preparation of titanium dioxide particles grafted onto Polymer 
Film  

  Commercial titanium dioxide catalyst was sourced as a powder to graft 
onto the PMMA film, as shown in Figure 3.6. Titanium dioxide (1 g) was mixed in 
ethanol (100 mL) with an adjusted pH of 10-11 with NH4OH [184]. Then, the PMMA-g-
MEMO-PMMA-OH film (10 x 20 cm) was placed in the solution and sonicated one and 
a half hour. The film was washed with ethanol. Finally, the film was dried overnight at 
room temperature and named TiO2-g-PMMA. 
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Figure 3.6 Titanium dioxide particles grafted onto Polymer Film 
 

3.2 Characterisations 

3.2.1 Characterisations for Section 4.1  

The XRD measurements were performed with a Siemens D5000 X-ray 

diffractometer using Ni filtered CuKα radiation. The crystallite size (dXRD) was calculated 
using the Scherrer equation. The XPS analysis was performed using an AMICUS 

photoelectron spectrometer equipped with a Mg K X-ray as a primary excitation and 
KRATOS VISION2 software. XPS elemental spectra were acquired using 0.1 eV energy 
step at a pass energy of 75 eV.  The C 1s line was taken as an internal standard at 
285.0 eV. The morphology of the titanium dioxide particles samples were obtained 
using the JEOL JEM-2010 transmission electron microscope operated at 200 kV with an 
optical point to point resolution of 0.23 nm. EDX observation with a JSM-5410LV 
Scanning Microscope was employed to investigate the chemical composition of 
titanium dioxide. The UV-VIS was examined with VARIAN CARY 5000 instrument. The 
unpair electron in titanium dioxide photocatalyst was investigated by electron spin 
resonance (ESR) JEOL model JES-RE2X with using of DPPH for g value calibration.  

 

3.2.2 Characterisations for Section 4.2 

All powder characterizations were investigated at room temperature. The X-ray 
diffraction (XRD) was evaluated by D8 Advance Bruker AXS X-ray diffractometer and 
CuKα radiation with Ni filter. The BET surface area, pore volume, and average pore size 
diameter was measured through nitrogen gas adsorption using Micromeritics ASAP 2020 
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instrument. The ultraviolet–visible spectroscopy (UV-vis) was performed by using 
VARIAN CARY 5000 spectrophotometer. The X-ray photoelectron spectroscopy (XPS) 
was performed by using an AMICUS photoelectron spectrometer equipped with MgKα 
X-ray as a primary excitation and with using C 1s as a calibration peak at 285.0 eV. The 
thermal gravimetric analysis (TGA) was investigated by the SDT Q600 instrument under 
air flow of 400 mL/min with the heating rate of 283 K/min. Photoluminescence (PL) 
was examined using the Perkin Elmer LS 55 and using Xenon lamp source excitation 

at 325 nm. Scanning electron microscopy with energy dispersive X-ray spectroscopy 
(SEM-EDX, model JSM-5410LV scanning microscope) was employed to investigate the 
elemental composition of APTES-modified titanium dioxide. Total organic carbon (TOC) 
of reaction was determined by using TOC-VCSH Shimadzu. 

 

3.2.3 Characterisations for Section 4.3 

The film thickness was measured via a Dektak™ stylus profilometer (Bruker, 
Billerica, MA, USA). The surface images of the coatings were obtained with scanning 
electron microscopy (SEM) (JEOL JSM-5410LV scanning microscope) (JEOL, Peabody, 
MA, USA). The micro structure and crystallinity of the thin films were investigated with 
a Panalytical Xpert powder X-ray diffractometer (XRD) (PANalytical Ltd., Cambridge, UK) 
operating with Cu Kα1 radiation at 0.154 nm in grazing incidence mode at a 3° angle 
of incidence, over a scan range from 20° to 70° 2θ and the accelerating voltage and 
applied current were 40 kV and 30 mA, respectively. The bulk composition of the thin 
films was characterized by energy dispersive X-ray spectroscopy (EDX, JEOL model 
JSM-5410LV scanning microscope) (JEOL, Peabody, MA, USA). The Ti 2p, O 1s, and C 1s 
core levels on the surface were measured by X-ray photoelectron spectroscopy (XPS) 
to examine the surface composition, electron binding energy, and bonding sites on the 
thin films. The XPS analysis was performed using an AMICUS photoelectron 
spectrometer (Kratos Analytical Ltd., Manchester, UK) equipped with an Mg Kα X-ray 
as the primary excitation source. The binding energy was referenced to the Ag 3d line 
at 368.2 eV for calibration. Curve fitting was performed using a Gaussian function with 
a Shirley background. The surface topography of the films was studied using atomic 
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force microscopy (AFM) (Veeco, Plainview, NY, USA), specifically a Veeco NanoScope 
IV MultiMode AFM. The transmission data of the coatings were obtained using an Ocean 
Optics USB4000 UV-Visible spectrometer (Ocean Optics Inc., Oxford, UK), which was 
used in turn to evaluate the band gap energy according to the Tauc plot method. The 
photoinduced wettability was evaluated at ambient temperature by analyzing the 
change in the water contact angles using a Theta Lite optical tensiometer (Biolin 
Scientific, Manchester, UK), while irradiating with UV light or visible light (identical to 
the light sources used for the methylene blue degradation described in the latter 
section). Prior to the experiments of contact angle measurements, the thin films were 
kept in the dark for 24 h. 

 

3.2.4 Characterisations for Section 4.4 

Fourier transform infrared spectroscopy (FT-IR) was used to measure the 
functional formation on a Nicolet in the range of 500-4000 cm-1. The X-ray 
photoelectron spectroscopy (XPS) analysis was performed using an AMICUS 
photoelectron spectrometer equipped with an MgKα X-ray as a primary excitation 
source and KRATOS VISION2 software to measure the composition of elements on the 
polymer surface. 1H NMR and 13C NMR spectra using nuclear magnetic resonance 
spectroscopy (NMR) were recorded with a Bruker 400 Ultra Shield. The samples were 
dissolved in DMSO-d6 and ran under room temperature. The differential scanning 
calorimetry (DSC) (SDT Q600 instruments) was used under a nitrogen flow of 400 
mL/min and a heating rate of 283 K/min. Transmission electron microscopy (TEM) was 
obtained to investigate the morphology of particles grafted onto the polymer using 
the JEOL JEM-2100 electron microscope. Scanning electron microscopy with energy 
dispersive X-ray spectroscopy (SEM-EDX, model JSM-5410LV scanning microscope) was 
employed to investigate the morphology and the composition of particles grafted onto 
the polymer. The UV–Vis spectroscopy (VARIAN CARY 5000 instrument) was used to 
determine the residual colour of the methylene blue solution after the photocatalytic 
reaction. 
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3.3 Photocatalysis degradation studies 

3.3.1 Photodegradation of methylene blue for nitrogen-silicon-codoped titanium 
dioxide 

 The photocatalytic degradation reaction was conducted at room temperature 
under UV light (Mercury Lamp 500W, Philips) and visible light (Metal halide Lamp 250W 
which consist of 90% visible light, Philips) with the average light intensity on the 
reaction beaker (pyrex). The reaction was carried out with 30 mg of catalyst dispersed 
in 200 ml of 20 ppm methylene blue aqueous solution. The reaction was operated 
with a high stirring rate (500 rpm) to avoid the mass transfer effect. Prior to irradiation, 
the suspensions were magnetically stirred in the dark for 15 min and 1.5 ml samples 
were withdrawn every 15 min. Before analysis, the aqueous samples were centrifuged 
to remove any suspended solid catalyst particles. The residual concentration of 
methylene blue was measured at 665 nm using the UV–vis spectrophotometer in liquid 
cuvette configuration, using DI water as reference. 

 

3.3.2 Photodegradation of methylene blue for APTES surface modification  

 The 400 ml of methylene blue aqueous solution 20 ppm was carried out in 
reactor with 0.06 g of titanium dioxide catalyst. The suspensions were magnetically 
stirred in the dark for 15 minute before visible light radiation (MASTER TL-D Eco 
16W/840 1SL, which consist of 97% visible light). The methylene blue decolourisation 
was evaluated based on the adsorption of UV-Vis spectra at 665 nm. 

 

3.3.3 Photodegradation of methylene blue for carbon-doped titanium dioxide thin 
films 

 The photocatalytic properties of the series of thin films deposited with different 
carbon concentrations were evaluated under UV and visible light illumination. For 
photocatalytic oxidation of methylene blue, samples of the same geometrical size (1.5 
× 2.5 cm2) were immersed in 40 mL conditioning solution of methylene blue 
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(concentration 1.5 μmol/L) in the dark at room temperature for 30 min to reach the 
adsorption-desorption equilibrium. The samples were then withdrawn from the 
conditioning solution and immersed into 40 mL of testing solution (concentration 1.5 
μmol/L—pre-defined experimentally to detect the photocatalytic responses of all 
samples in a 1-hour experiment) with continuous magnetic stirring, while being 
irradiated with either UV or visible light for a total time of 1 h. During irradiation, the 
absorbance of methylene blue at 664 nm was monitored continuously with an Ocean 
Optics USB4000 spectrometer for one hour. Each coating was tested both under UV 
and visible light; 2 × 15 W 352 nm Sankyo Denki BLB lamps were used as the UV light 
source, while visible light was simulated by combining a fluorescent light source (2 × 
15 W Ushio fluorescent lamps) with a Knight Optical 395 nm long pass UV filter. A 
series of reference tests was performed prior to the photocatalytic activity 
measurements, which included tests with blank samples (soda-lime glass of the same 
geometrical size) under each light source, as well as tests of each sample in dark 
conditions, to prove that solution decolourization was caused by a photocatalytic 
reaction. As none of the reference tests showed more than 1% peak height decay in a 
1 h experiment, their effect was neglected in further calculations. 

 

3.3.4 Photodegradation of stearic acid for carbon-doped titanium dioxide thin films 

 The stearic acid decomposition test was used for verification of the dye 
degradation results in this work. It is generally accepted that the stearic acid 
photocatalytic decomposition reaction pathway has no major intermediates, therefore 
it can be easily monitored through IR-observable species (SA disappearance or CO2 
generation). A 0.1 M stearic acid solution in acetone was used for the test. The same 
sample size of the thin films, 1.5 cm × 2.5 cm, were spin-coated with 0.5 mL of stearic 
acid using an Osilla spin coater at 1000 rpm speed for 30 s. After spin coating the 
samples were kept in the dark for 1 h to ensure that the acetone had evaporated from 
the surfaces. Each sample was tested under both UV and visible light irradiation. The 
light sources used for irradiation of these samples were identical to the light sources 
used for the methylene blue decomposition tests.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
RESULTS AND DISCUSSIONS 

4.1 Nitrogen-Silicon-codoped titanium dioxide 

In this part, the nitrogen and silicon codoped on titanium dioxide powder were 
synthesized by two different methods, solvothermal and sol-gel. The effect of nitrogen 
addition by using nitrogen-containing gas at post-annealing process was the main 
purpose of the study. The physiochemical properties were measured by XRD, UV–vis, 
ESR, TEM, EDX, XPS. Moreover, a photocatalytic activity test was performed in the 
liquid phase photodecolourisation of methylene blue.  

An overview of doping conditions for the undoped and nitrogen-silicon-
codoped titanium dioxide powder are summarized in Table 4.1. The crystalline 
structure of commercial titanium dioxide P25, titanium dioxide and nitrogen-silicon-
codoped titanium dioxide prepared by the solvothermal and sol-gel methods, which 
were annealed at different atmospheres, are given in Figure 4.1. All titanium dioxide 
synthesized samples exhibited primarily an anatase phase crystalline structure 

corresponding to JCPDF No. 21-1272 which appeared 2 about 25(major), 37, 48, 

55, 56, 62, 71, and 75. Moreover, a small peak of 2 ca. 28(major), 36, 42, 

and 57 were observed in P25 and titanium dioxide which was synthesized via the sol-
gel process, indicating the rutile phase structure formation which referring to JCPDF 
No. 34-0180. As a result, a small shift of the XRD peaks to higher angles was only 
observed from nitrogen-annealed titanium dioxide. It is implied that the nitrogen atoms 
probably substituted into titanium dioxide crystalline leading to the distortion of TiO6 
octahedron. This result rather agreed in the EDX result (see in Table 4.2).  Addition of 
a small amount of silicon did not affect the shift of 2 in XRD pattern, but the EDX 
analysis indicated the element of Si atom in titanium dioxide. It can be indicated that 
this materials are more-likely to be a composite of titanium dioxide and silica, rather 
than silicon atoms distributed in titanium dioxide backbone. As a result, the partial 
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monolayer of silica may be coated on titanium dioxide surface, inhibiting the crystal 
growth since the restrict ion migration in the limited spacing [185, 186].  

 

Table 4.1 Summary of the doping conditions of the titanium dioxide powder 

Catalyst  Preparation method Annealing atmosphere Si 

TiO2_SVT_O  Solvothermal Oxygen - 

TiO2_SVT_A  Solvothermal Air - 

TiO2_SVT_N  Solvothermal Nitrogen - 

1%Si/TiO2_SVT_O  Solvothermal Oxygen 1%wt  

1%Si/TiO2_SVT_A  Solvothermal Air 1%wt 

1%Si/TiO2_SVT_N  Solvothermal Nitrogen 1%wt 

TiO2_SG_O  Sol-gel Oxygen - 

TiO2_SG_A  Sol-gel Air - 

TiO2_SG_N  Sol-gel Nitrogen - 

1%Si/TiO2_SG_O  Sol-gel Oxygen 1%wt 

1%Si/TiO2_SG_A  Sol-gel Air 1%wt 

1%Si/TiO2_SG_N  Sol-gel Nitrogen 1%wt 
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Figure 4.1 XRD patterns of all powder samples which were prepared by (a) the 
solvothermal method and (b) the sol-gel method 
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Table 4.2 EDX characterisation results 

Catalyst  %Atomic composition 

  O Ti C Si N 

P25  49.01 41.88 9.10 - - 

TiO2_SVT_O  44.85 44.68 10.47 - - 

TiO2_SVT_A  53.71 40.02 6.26 - - 

TiO2_SVT_N  51.47 33.77 5.66 - 9.10 

TiO2_SG_O  54.92 39.32 5.76 - - 

TiO2_SG_A  55.14 39.35 5.51 - - 

TiO2_SG_N  41.27 47.12 4.86 - 6.75 

1%Si/TiO2_SVT_O  54.35 37.49 7.18 0.98 - 

1%Si/TiO2_SVT_A  56.02 36.06 6.70 1.22 - 

1%Si/TiO2_SVT_N  52.32 32.04 5.46 1.06 9.12 

1%Si/TiO2_SG_O  39.25 53.54 5.84 1.37 - 

1%Si/TiO2_SG_A  52.73 41.21 5.00 1.06 - 

1%Si/TiO2_SG_N  47.00 40.04 4.51 0.81 7.64 

 

Table 4.3 summarize the crystallite size and phase contents of the all samples 
were calculated by their XRD patterns according to the methods of the Debye–Scherrer 
equation [187] and Spurr [188], respectively. The addition of small amounts of silicon 
resulted in a decrease of the crystallite size of the solvothermal and sol-gel derived 
titanium dioxide from 11 to 8 nm and 7 to 5 nm, respectively. Moreover, the partial 
monolayer of silicon also reduced the percentage of rutile content in sol-gel made 
catalysts that decreased from around 15% to 10%. The result is well confirmed that 
the addition of silica could effectively retard the growth of particles [186]. The silicon-
titanium linkage had high thermal stability, which resulted in the suppression both of 
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the phase transformation from anatase to rutile and the growth of the titanium dioxide 
particles. On the other hand, the annealing gas did not alter the phase structure and 
the crystallite size of the samples.  

 

Table 4.3 XRD characterization results  
Catalyst Anatase crystallite size (nm) Phase Content (%) 

  Anatase Rutile 

P25 20.4 83.6 16.4 

TiO2_SVT_O 10.2 100.0 0 

TiO2_SVT_A 11.7 100.0 0 

TiO2_SVT_N 10.3 100.0 0 

TiO2_SG_O 6.7 85.8 14.2 

TiO2_SG_A 6.2 90.5 9.5 

TiO2_SG_N 8.1 86.3 13.7 

1%Si/TiO2_SVT_O 7.6 100.0 0 

1%Si/TiO2_SVT_A 7.6 100.0 0 

1%Si/TiO2_SVT_N 8.0 100.0 0 

1%Si/TiO2_SG_O 5.6 89.0 11.0 

1%Si/TiO2_SG_A 6.0 91.1 8.9 

1%Si/TiO2_SG_N 5.9 91.3 8.7 
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Figure 4.2 shows the TEM micrographs of all the titanium dioxide and nitrogen-
silicon-codoped titanium dioxide catalysts prepared by the solvothermal and sol-gel 
methods. The catalyst particles were found to be spherical with an average size of 
around 5 to 15 nm. The particle sizes of titanium dioxide were gradually decreased 
due to the prevention of crystal growth by the silicon additives. These particle sizes, 
observed from TEM images, were consistent with the titanium dioxide crystallite size 
calculated from the XRD line broadening, indicating that the titanium dioxide obtained 
via both methods was single crystalline. 

 

 

Figure 4.2 TEM micrographs of selected powder samples 

TiO2_SVT_O 1%Si/TiO2_SVT_O 

1%Si/TiO2_SVT_A TiO2_SG_O 

1%Si/TiO2_SG_O 1%Si/TiO2_SG_A 
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The UV-Vis absorbance spectra of the commercial P25, titanium dioxide and 
nitrogen-silicon-codoped titanium dioxide prepared by using the solvothermal and sol-
gel methods after annealing at various atmospheres are demonstrated in Figure 4.3. 
As a result in UV spectra, all titanium dioxide samples produced by the sol-gel and 
solvothermal methods exhibited absorption intensity lower than P25, but in visible 
spectra, these samples evidenced more intense absorption than P25. Especially, the 
annealing in nitrogen atmosphere showed higher absorption than ones. Moreover, the 
titanium dioxide continuously decreased the band edge absorption about 380 nm, 
thus resulting insignificant the band gap energy. A slightly red-shift appeared in the all 
titanium dioxide which annealed in nitrogen atmosphere. The larger red-shift can be 
attributed to the electron-hole pair transferring between the conduction band (CB) 
and/or the valance band (VB) of titanium dioxide photocatalyst. 

XPS is a useful technique to determine the composition of the sample on its 
surface and electronic states. The elemental scans for Ti 2p of the all titanium dioxide 
and nitrogen-silicon-codoped titanium dioxide catalysts are illustrated in Figure 4.4. 
The peaks located at 457.5 and 463.2 eV assigned to Ti3+ 2p3/2 and Ti3+ 2p1/2, 
respectively, while the other peaks at 458.6 and 464.3 eV referred to Ti4+ 2p3/2 and Ti4+ 
2p1/2, respectively (as depicted in Figure 4.4e and Table 4.4). In general the oxygen 
species can be investigated by XPS analysis. Figure 4.4f illustrates the deconvolution 
of O 1s of titanium dioxide photocatalyst. Three peaks in the XPS spectrum were 
observed around 530.3, 532.1, and 533.1 eV that related to the lattice oxygen, the 
chemisorption oxygen and the hydroxyl oxygen species [189], respectively. As a result, 
not only the different annealing atmospheres but also the partial monolayer of silicon 
coated on titanium dioxide affected the shifting of binding energy, thus partially 
reducing of Ti4+ to Ti3+. The reduction of Ti4+ to Ti3+ of titanium dioxide leading to the 
formation of oxygen deficiencies. It should be noted that the existence of Ti3+ is 
essentially a defective state and acts as the electron-hole trapping to promote charge 
separation, and suppresses the recombination of electron–hole pairs, which promotes 
the photocatalytic activity. Moreover, these samples also exhibited the XPS shifting to 
the higher binding energy of O 1s (demonstrated in Figure 4.4b and d).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

46 

 

 

Figure 4.3 UV–Vis absorbance spectra of all powder samples which were prepared by 
(a) the solvothermal method and (b) the sol-gel method 
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Figure 4.4 XPS results of (a) Ti 2p (b) O 1s for solvothermal powder samples, (c) Ti 2p 
(d) O 1s for sol-gel powder samples, and (e) Ti 2p and (f) O 1s are the deconvolution  
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Table 4.4 XPS binding energies (eV) and FWHM of all powder samples 

Catalyst XPS results (eV) 

 Ti 2p peak O 1s peak 

 B.E. (eV) FWHM B.E. (eV) FWHM 

P25 - - - - 

TiO2_SVT_O 458.9 1.4 530.2 1.4 

TiO2_SVT_A 458.8 1.2 530.2 1.5 

TiO2_SVT_N 458.6 1.3 530.0 1.5 

TiO2_SG_O 458.8 1.4 530.1 1.6 

TiO2_SG_A 458.9 1.4 530.2 1.6 

TiO2_SG_N 458.6 1.3 530.4 1.6 

1%Si/TiO2_SVT_O 459.0 1.3 530.3 1.5 

1%Si/TiO2_SVT_A 458.4 1.4 529.7 1.5 

1%Si/TiO2_SVT_N 458.9 1.3 530.2 1.6 

1%Si/TiO2_SG_O 458.9 1.4 530.3 1.6 

1%Si/TiO2_SG_A 459.0 1.4 530.2 1.7 

1%Si/TiO2_SG_N 459.0 1.3 530.4 1.6 

 

The ESR spectra of the P25, titanium dioxide and nitrogen-silicon-codoped 
titanium dioxide catalysts, prepared by using the solvothermal and sol-gel methods 
after annealing at various atmospheres detected at room temperature, are shown in 
Figure 4.5. The ESR spectrum exhibited a sharp signal at g = 1.989 and a broadening 
signal at about g = 2.001. These signals correspond to the Ti3+ cations formed on the 
titanium dioxide surface [190, 191], and the resonance of oxygen centred surface hole 
trapping sites (O2- species) [192], respectively. As the result, the sharp signal at g around 
1.989 became stronger as the result of the lower oxygen concentration. In contrast, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

49 

the intensity of a big broad signal at g = 2.001 became lower and disappeared on the 
sample annealed with the nitrogen flow. The more intense sharp signal indicates that 
the amounts of Ti3+ on the surface of titanium dioxide increased after annealing with 
the nitrogen flow. This result was in good agreement with the XPS spectra. 

 

 

 
Figure 4.5 ESR spectra results of all powder samples which were prepared by (a) the 
solvothermal method and (b) the sol-gel method 
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The catalytic performances in liquid phase were investigated using the 
photodecolourisation of methylene blue under UV and visible light irradiation as 
illustrated in Figure 4.6. Figure 4.6 demonstrates the catalytic activity of titanium 
dioxide and the partial monolayer of silicon on titanium dioxide photocatalyst that 
produced by solvothermal and sol-gel methods, respectively, under UV-light 
irradiation. The photodecolourisation rate of methylene blue improved in the following 
order nitrogen > air > oxygen.  This could be attributed to the increase of Ti3+ after 
annealing under depletion of oxygen flows as reported in the ESR spectra and XPS 
results. Moreover, the partial monolayer of silicon can improve the anatase phase 
stability. Since, the photocatalytic activity of the anatase phase was higher than the 
rutile form due to the higher adsorption affinity of the organic dye molecules and 
lower rates of electron-hole recombination [78, 193, 194].  

The photocatalytic performances of all photocatalysts under visible light 
irradiation are shown Figure 4.7. The photocatalytic activity of P25 and all pure 
titanium dioxide annealed by air and oxygen decreased as the changing of the light 
source but the sol-gel catalyst still maintained high photocatalytic activity due to the 
red shift of the band-gap energy, as seen in the UV-Vis result. In the case of the 
solvothermal catalyst, a similar trend is obtained when this is compared to the reaction 
under UV irradiation. The nitrogen-silicon-codoped titanium dioxide prepared by 
solvothermal still exhibited the highest activity. As a result, the higher anatase stability, 
increasing of the Ti3+ surface sites and the red shift of the band-gap energy to visible 
regions promotes the photocatalytic activity. 
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Figure 4.6 Catalytic performances for methylene blue photodecolourisation under UV 
light irradiation of all samples powder which were prepared by (a) solvothermal (b) 
sol-gel method 
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Figure 4.7 Catalytic performances for methylene blue photodecolourisation under 
visible light irradiation of all prepared powder samples prepared by (c) solvothermal 
(d) sol-gel method 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

53 

However, a different trend was found after tests using visible light irradiation. 
The catalytic activity of undoped titanium dioxide increased in the order of 
solvothermal > sol-gel methods. This result was probably due to the higher red shift 
of the solvothermal-catalyst when compared with the P25 and sol-gel-catalyst. After 
the addition of silicon, the catalytic performance of the catalysts was improved but 
the changing of the calcination environment did not improve the photocatalytic 
activity of the sol-gel-catalyst, except for 1%Si/TiO2_SG_N. This result could be due to 
the small change in band gap energy after treatment with different gases, as can be 
seen in UV-Vis result.  
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4.2 Modification of titanium dioxide by aminopropyltriethoxysilane (APTES) 

This part aims to investigate the effect of APTES concentration on the 
commercial titanium dioxide P25 catalysts modified by hydrothermal method. The 
characteristics and catalytic properties of photocatalysts were investigated by various 
techniques such as XRD, N2 physisorption, UV-vis, XPS, TGA, PL, and SEM-EDX. 
Moreover, the catalytic performance of catalysts was evaluated in liquid-phase 
photodecolourisation of methylene blue and TOC.      

The specific surface area was calculated by employing the Brunauer–Emmett–
Teller (BET) adsorption model. Adsorption isotherms of pristine titanium dioxide and 
APTES-modified titanium dioxide are presented in Figure 4.8. All samples exhibited 
typical Type IV adsorption behaviour and Type H1 hysteresis loop in accordance with 
the IUPAC classification. The pore volume and pore diameter, calculated by the BJH 
method, are summarized in Table 4.5. All APTES- modified titanium dioxide were an 
insignificant changes in BET surface area compared to pristine titanium dioxide. 
However, APTES-modified titanium dioxide were noteworthy in both pore volume and 
pore diameter. It is implied that rate of photocatalytic reaction can be increased due 
to the enhancing adsorption of reaction and rapid diffusion of products [195]. Typically, 
a high c-value indicated a strong interaction of the nitrogen molecules on the titanium 
dioxide surface due to the presence of hydrophilic molecules on the titanium dioxide 
surface. In another word, a low c-value represented the hydrophobic surface [196-199]. 
As a result, it can be demonstrated that the APTES-modified titanium dioxide surfaces 
are performing an essential role in surface properties such as changing from hydrophilic 
to hydrophobic. It can be observed that the hydrophobic surface increased with 
increasing the APTES concentrations.  
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Figure 4.8 N2 adsorption-desorption isotherms of pristine titanium dioxide and APTES-
modified titanium dioxide 
 
Table 4.5 Summarisation of the properties of pristine titanium dioxide and modified 
titanium dioxide 

Sample 
Surface area  

(m²/g) 

Pore  

volumeb (cm²/g) 

Pore  

sizeb (nm) 
c-valueb 

Pristine TiO2 57 0.17 11.6 97 

0.1 mM APTES-TiO2 53 0.23 17.1 94 

1.0 mM APTES-TiO2 60 0.24 16.2 93 

100 mM APTES-TiO2 54 0.23 17.2 51 

aCalculation based on Bragg’s law using XRD peaks 

bCalculation based on N2 physisorption isotherm 
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Moreover, the hydrophobic property of titanium dioxide surfaces may be 
evaluated by the thermal gravimetric analysis (TGA). Figure 4.9 reveals the weight loss 
of pristine titanium dioxide and APTES-modified titanium dioxide. There are three 
stages of weight loss, the first stage weight loss below at 393 K that attributed to the 
physical adsorption of hydroxyl groups. The second stage weight loss around 393 K to 
573 K assigned to the weak chemisorbed of hydroxyl group [200]. The last one, weight 
loss in range of 573 K to 873 K indicated to the strong chemisorption of hydroxyl group 
[201, 202]. The APTES modification on titanium dioxide surface can reduce weight loss 
as an effect of hydrophobic surface property [203, 204].  

 

 
Figure 4.9 TGA of pristine titanium dioxide and APTES-modified titanium dioxide  
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In order to corroborate that the modification of titanium dioxide with APTES 
can improve hydrophobic properties, the surface analysis needs to be investigated by 
X-ray photoelectron (XPS) analysis. Three species of oxygen disclosed in titanium 
dioxide surface, for instance, the lattice oxygen (OL), the oxygen chemisorption (OC), 
and the oxygen physisorption in hydroxyl groups (OH), which are located around 529.6, 
531.8 and 533.4 eV, respectively [205-207] (as displayed in Figure 4.10). As a result in 
Table 4.6, the lattice oxygen of pristine titanium dioxide showed higher than APTES-
modified titanium dioxide. Moreover, the oxygen chemisorption and the oxygen 
physisorption of APTES-modified titanium dioxide decreased with increasing the APTES 
contents.  

 

 

Figure 4.10 O 1s XPS spectra of pristine titanium dioxide and APTES-modified titanium 
dioxide  
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Table 4.6 The percentage of oxygen and nitrogen atomic species on titanium dioxide 
surface from XPS analysis  

Sample 
O 1s N 1s 

OL OC OH NH2 NH3
+ 

Pristine TiO2 79 17 4 - - 

0.1 mM APTES-TiO2 65 27 8 62 38 

1.0 mM APTES-TiO2 71 22 7 66 34 

100 mM APTES-TiO2 69 24 7 69 31 

 

Furthermore, the amine functional groups are projecting away from the oxide 
surface can describe the hydrophobic property. Figure 4.11 illustrates the 
deconvolution of N 1s. The amine group of APTES-modified titanium dioxide exhibited 
two functional species, i.e. free terminal amine (NH2) and protonated amine (NH3

+) that 
is observed at about 399.9 and 401.8 eV [208-210], respectively. This result is rather 
evidenced that the free terminal amine (NH2) acting as a hydrophobic property 
increased with increasing the concentration of APTES [89, 211-214]. There is somewhat 
agreed that APTES-modified titanium dioxide surface can improve hydrophobic 
property of the oxide surface. The existence of hydrogen bonding between amine 
groups and residual silanols can form the protonated amine (NH3

+) tails, thus promoting 
proton transfer on the titanium dioxide surface [215].  
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Figure 4.11 N 1s XPS spectra of pristine titanium dioxide and APTES-modified titanium 
dioxide 
 

In addition, the linkage of Ti-O-Si can demonstrate the amount of APTES 
contents coverage on the titanium dioxide surface. The result given in Figure 4.12, the 

presence of Ti-O-Si linkage appeared about 101.1 eV [216], while the Si-O(4-δ) (1≤δ≤3) 
located around 102.5 eV [217]. Amount of Ti-O-Si linkages increased corresponding to 
the higher APTES concentrations, as reported in Table 4.7. However, APTES-modified 
titanium dioxide surface insignificantly affected titanium species. The Ti4+ appeared at 
458.4 and 464.2 eV, while Ti3+

 evidenced about 457.2 and 462.9 eV [218, 219] (as 
depicted in Figure 4.13). 
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Figure 4.12 Si 2p XPS spectra of pristine titanium dioxide and APTES-modified titanium 
dioxide 
 
Table 4.7 The percentage of silicon and titanium atomic species on titanium dioxide 
surface from XPS analysis 

Sample 
Si 2p Ti 2p 

Ti-O-Si Si-O(4-δ)  Ti3+ Ti4+ 

Pristine TiO2 - - 11 89 

0.1 mM APTES-TiO2 41 59 12 88 

1.0 mM APTES-TiO2 44 56 10 90 

100 mM APTES-TiO2 48 52 12 88 
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Figure 4.13 Ti 2p XPS spectra of pristine titanium dioxide and APTES-modified titanium 
dioxide 

 

The coverage of Si-O covalent bonding on titanium dioxide surface can be 
confirmed by X-ray diffraction (XRD). The normalized X-ray diffraction patterns of 
pristine titanium dioxide and APTES-modified titanium dioxide are shown in Figure 
4.14. All samples were obtained primarily in the anatase phase, which referred to Joint 
Committee on Powder Diffraction Standard (JCPDS) card No. 21-1272. Moreover, a 
small peak of 2θ at 27° (major), 36°, 41°, and 57° were associated with the rutile phase, 
according to JCPDS card No. 21-1276. As a result, the XRD patterns of all APTES-
modified titanium dioxide appeared a slightly shifted to lower 2θ angles, thus slightly 
changing the lattice parameter. However, the lattice parameter and the c/a ratio are 
insignificant differences in APTES modification (see in Table 4.8). The slight change of 
lattice parameter confirms the functionalization of the APTES covalently attached on 
Ti-O surface formed part of monolayer and/or multilayer coverage on metal oxide 
surface [220], leading to the slight distortion of TiO6 octahedral [221]. On the other 
hand, the surface modification by APTES did not alter the phase structure and the 
crystallite size of the titanium dioxide which were around 17-19 nm. 
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Figure 4.14 XRD patterns of pristine titanium dioxide and APTES-modified titanium 
dioxide 

 

Table 4.8 Summarization the crystal properties of pristine titanium dioxide and 
modified titanium dioxide 

Sample Crystallite size  (nm) 
Lattice Parameter 

a (nm) c (nm) c/a 

Pristine TiO2 19 0.3786 0.9507 2.511 

0.1 mM APTES-TiO2 18 0.3788 0.8525 2.515 

1.0 mM APTES-TiO2 17 0.3790 0.9539 2.517 

100 mM APTES-TiO2 18 0.3788 0.9550 2.521 

*Calculation based on Bragg’s law using XRD peaks 
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The indirect band gap is demonstrated in Figure 4.15 and Table 4.8. It can be 
seen that APTES-modified titanium dioxide exhibited significantly lower indirect band 
gap energy than pristine titanium dioxide. Therefore Si-N can be raised to intermediate 
states within the band gap, thus decreasing band gap energy [222]. Moreover, this result 
corresponded to the red-shift of titanium dioxide surface modification with APTES in 
UV-vis absorption spectra. It implies that the nearer indirect band gap can simplify 
excitation of an electron from the maximum valence band up to the minimum 
conduction band under visible light irradiation, resulting in increasing the 
photocatalytic activity [223, 224]. Moreover, the optical absorptions can directly 
determine the electronic structure of material. The coordinated vibration of atoms in 
TiO6 octahedral due to the distortion of the crystalline structure can generate the 
phonon emission and rapidly decay by thermalisation (as seen in Table 4.9). The 
increasing of phonon energy of APTES-modified titanium dioxide can introduce the 
localized state in titanium dioxide.  

 
Figure 4.15 Indirect band gap and UV-vis absorption spectra of pristine titanium 
dioxide and APTES-modified titanium dioxide 
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Table 4.9 Summarization the properties values of pristine titanium dioxide and 
modified titanium dioxide 

Sample Band gapa (eV) Phonon energyb (eV) 

Pristine TiO2 3.22 0.66 

0.1 mM APTES-TiO2 3.10 0.78 

1.0 mM APTES-TiO2 3.10 0.78 

100 mM APTES-TiO2 3.14 0.74 

aCalculation based on UV-vis spectrum  

bCalculation based on the different binding energy of UV-vis highest peak and PL 
spectra 

 

 
Figure 4.16  PL spectra of pristine titanium dioxide and APTES-modified titanium 
dioxide 
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Figure 4.16 demonstrates the photoluminescence (PL) spectra. As a result, the 
APTES modified-titanium dioxide revealed lower intensity of PL spectra than pristine 
titanium dioxide. It indicated that  the monolayer and/or multilayer of Si-O on surface 
of titanium dioxide can reduce the recombination process [225]. Moreover, six peaks 
appeared in PL spectra at about 3.10, 2.92, 2.76, 2.55, 2.34, and 1.57 eV that described 
to the optical band gap due to the light-induced relaxation of hydrophilic particles 
[226, 227], the self-trapped excitons (STE) of TiO6 octahedral [228], the neutral oxygen 
vacancies (VO

x) [229], the singly ionized oxygen vacancies (VO
) [229], the doubly 

ionized oxygen vacancies (VO
) [229], and the interstitial of Ti3+, respectively.  

Both lighting and catalyst are especially for photoreactions. The electron-hole 
pairs are generated by light from catalytically active species. The partial electrons-
holes can be recombined, causing defect chemistry in structure i.e. [VO

Z] and [VTi
X]. 

After theirs creation these electrons-holes can transfer charge carriers to reach the 
surface. The electron can be absorbed and react with oxygen molecules by the 
reduction process in conduction band, while the hole can be oxidized with water and 
other products via the oxidation process in the valence band. The bulk composition 
and morphology on APTES-modified titanium dioxide and pristine titanium dioxide was 
also characterized by SEM-EDX, shown in Figure 4.17 and Table 4.10. The SEM reveals 
the spherical of all APTES-modified titanium dioxide particles. The EDX result 
corresponds to the different concentration of APTES.  
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 Figure 4.17  SEM images of pristine titanium dioxide and APTES-modified titanium 
dioxide 
 
 
Table 4.10 Summarization of each atomic surface from SEM-EDX analysis of pristine 
titanium dioxide and modified titanium dioxide 

Sample C N O Si Ti 

Pristine TiO2 1.6 nd 28.4 nd 70.0 

0.1 mM APTES-TiO2 3.2 3.8 28.8 0.2 64.0 

1.0 mM APTES-TiO2 3.3 4.5 31.3 0.5 60.4 

100 mM APTES-TiO2 3.8 5.0 36.1 0.9 54.2 
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The methylene blue decolourisation activity under visible light irradiation is 
illustrated in Figure 4.18. The results showed that the photocatalytic activity of 
photolysis (blank test) was similar to result of pristine titanium dioxide; however, the 
methylene blue photobleaching of the APTES-modified titanium dioxide were higher 
than pristine titanium dioxide.  

 

 
Figure 4.18  Photocatalytic decolourisation of methylene blue of pristine titanium 
dioxide and APTES-modified titanium dioxide 
 

The decolourisation percentage of methylene blue is shown in Figure 4.19. It 
can be seen that 0.1 mM APTES-modified titanium dioxide shows the highest 
percentage of decolourisation (52%) > 1.0 mM APTES-modified titanium dioxide (36%) 
≈ 100 mM APTES-modified titanium dioxide (35%) > pristine titanium dioxide (24%) > 
photolysis (19%). The stability of APTES-modified titanium dioxide have been 
discussing in many works. This experimental conditions indicates that the monolayer 
or multilayer is formed after 8 h that remains stable on the surface of titanium dioxide 
[230]. Moreover, during surface modification, the attachment is a competing reaction 
with primary bonding to render stable Ti–O–Si bonds [231]. In water, there is no 
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decrease of the amount of grafted APTES-modified titanium dioxide. It can be implied 
that the grafted layer is hydrolytically and reproducible which stable in water [232].  

 
Figure 4.19  Percentage of photodecolourisation of methylene blue of pristine 
titanium dioxide and APTES-modified titanium dioxide 
 

The degradation mechanism of methylene blue was reported by many 
researchers. The photocatalytic degradation of methylene blue is tested by GC-MS 
analysis. GC-MS analysis shows the several molecules and several single ring structures 
are formed [233].  It is believed that the final products of this reaction consists of CO2, 
and H2O [234]. The residual of total organic carbon (TOC) in methylene blue solutions 
during an illumination period was presented in Figure 4.20. In the case of reaction 
under pristine titanium dioxide after 180 mins of irradiation, the removal of TOC only 
reached 3.34%. However, the removal of TOC of APTES-modified titanium dioxide was 
almost 22.80% for 0.1 mM APTES. It can be seen that the decolourisation of methylene 
blue by photocatalysis also produced TOC disappearance. 
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Figure 4.20  TOC residual of photodecolourisation of methylene blue of pristine 
titanium dioxide and APTES modified titanium dioxide 
 

As above results, the APTES behaves as nitrogen-silicon-codoped in titanium 
dioxide that can generate intermediate level between valence band and conduction 
band, thus not only reducing in the band gap but also restraining the electron-hole 
recombination. Moreover, the monolayer and/or multilayer of amino-silane can 
increase the oxygen chemisorption on titanium dioxide surface, leading to 
improvements in the photocatalytic activity. Additional, more hydrophobicity of 
titanium dioxide photocatalyst can retard the photocatalytic reaction as a result less 
protonated amine (NH3

+). Therefore, the suitable of APTES concentration for 
methylene blue photobleaching under visible light irradiation was 0.1 mM APTES-
titanium dioxide which exhibited the highest photocatalytic activity. 
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4.3 Modification of thin film by carbon via magnetron sputtering  

In this part, the carbon deposited on titanium dioxide thin film catalysts were 
synthesized by magnetron sputtering using carbon dioxide as a carbon source and 
tested in the liquid phase photodecolourisation of methylene blue. Typically, carbon 
modified titanium dioxide based catalysts have attracted much attention for 
photocatalysis applications. This part reveals the morphological, physical, chemical, 
and photocatalytic properties by using various means of characterization.  

An overview of deposition conditions, thickness information, and compositional 
results for the undoped and carbon-doped titanium dioxide thin film coatings are 
summarized in Table 4.11. In terms of visual appearance, all coatings were uniform 
and optically transparent, with no visual signs of stresses. The colour of the coatings 
varied from colourless (for undoped titanium dioxide samples) to pale yellow (for 
coatings deposited at low flow rates of carbon dioxide) and pale brown (for coatings 
deposited at high carbon dioxide flow rates). It was observed that the thickness of the 
carbon-doped films was considerably greater than that of the undoped titanium 
dioxide thin films; also, a gradual increase of coating thickness was observed with 
increasing carbon dioxide flow rate. The thickness difference between the 
corresponding coatings of the arrays deposited at 25% and 30% optical emission 
monitoring (OEM) set points was minimal, while array coatings at 35% OEM signal were 
considerably thicker, both in the case of undoped and carbon-doped samples. As 
established from earlier work, using a 25% OEM set point resulted in a titanium-to-
oxygen ratio close to the stoichiometric 2:1. For undoped coatings deposited at higher 
OEM set points, the ratio of Ti:O was slightly higher. Carbon content in the doped 
coatings varied from 4 to 6.4 wt %. Unsurprisingly, coatings deposited at higher OEM 
set points (i.e., lower O2 content) were characterized with higher carbon content, as 
titanium preferentially reacts with oxygen, and creating oxygen deficiencies promotes 
carbon incorporation. Similar trends were seen as the carbon dioxide flow was 
increased. 
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Table 4.11 Summary of the deposition conditions, thickness, and compositional 
properties of undoped and carbon-doped titanium dioxide thin films on glass 
substrate 

Sample ID 
OEM Setpoint,  

% FMS 
CO2 Flow,  

sccm 
Thickness,  

nma 
Ti,  

at. %b 
O,  

at. %b 
C,  

at. %b 

T25 25 - 490 34.9 65.1 - 

T25C2.5 25 2.5 820 32.9 62.5 4.5 

T25C5 25 5 860 32.9 61.6 5.0 

T25C7 25 7 870 35.2 59.4 5.5 

T30 30 - 510 40.9 59.1 - 

T30C2.5 30 2.5 820 33.9 62.0 4.1 

T30C5 30 5 870 33.5 60.8 5.3 

T30C7 30 7 910 35.8 58.6 5.6 

T35 35 - 600 40.2 59.8 - 

T35C2.5 35 2.5 840 33.6 60.7 4.7 

T35C5 35 5 1300 34.1 59.8 6.1 

T35C7 35 7 1500 36.7 56.9 6.4 

a Stylus profilometry results 

b energy dispersive X-ray spectroscopy (EDX) results 
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Examples of SEM images for carbon-doped titanium dioxide and undoped 
titanium dioxide thin films deposited at 35% OEM set point are shown in Figure 4.21. 
It is evident that all films were characterized with relatively smooth surfaces consisting 
of small densely packed grains, as typically observed for titanium dioxide and doped 
titanium dioxide films deposited by reactive magnetron sputtering [109, 235]; no 
obvious defects could be seen on the film surfaces. 

 

 

 
Figure 4.21  Scanning electron microscopy (SEM) images of selected titanium dioxide 
and carbon-doped titanium dioxide coatings deposited on glass substrate (a) T35; (b) 
T35C2.5; (c) T35C5; (d) T35C7. 
 
 
 
 

(a) T35 (b) T35C2.5 

(c) T35C5 (d) T35C7 
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Morphological properties of the coatings (surface area and surface roughness) 
were studied with atomic force microscopy (AFM); the data on surface area and surface 
roughness values are presented in Table 4.12. The surface area of all deposited films 
was around 900 µm2; the variations of surface area between different samples was 
<1% for undoped and carbon-doped coatings. The roughness of the films obtained by 
AFM showed that coatings deposited at higher carbon dioxide flow rates were 
characterized with higher roughness values.  

 
Table 4.12 Summary of the surface properties by AFM characterisation of undoped 
and carbon-doped titanium dioxide films on glass substrate 

Sample ID Surface Roughness, nm Surface Area, µm2  

T25 5.7 902 

T25C2.5 6.0 901 

T25C5 4.2 901 

T25C7 13.0 902 

T30 6.0 901 

T30C2.5 5.8 901 

T30C5 5.8 901 

T30C7 10.0 902 

T35 6.2 911 

T35C2.5 12.8 902 

T35C5 11.0 902 

T35C7 12.4 902 
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Examples of AFM images for carbon-doped titanium dioxide and undoped 
titanium dioxide thin films deposited at 35% OEM set point are shown in Figure 4.22. 
The differences in the surface topography of the films, from relatively smooth to the 
dense domains as a result of increasing carbon dioxide flow. Despite the considerable 
difference in film thicknesses, similar values of surface area mean that the 
photocatalytic performance of the samples could be compared directly, rather than 
being normalized per unit of surface area, as is typically done when comparing the 
photocatalytic activity of samples with largely different surface areas [236]. 

 

 
 

 
Figure 4.22  AFM images of selected carbon-doped coatings deposited on glass 
substrate (a) T35C2.5; (b) T35C5; (c) T35C7. 
 

(a) T35C2.5 (b) T35C5 

(c) T35C7 
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X-ray diffraction (XRD) analysis was employed to characterize the crystal 
structure of the undoped and carbon-doped thin films fabricated in this study. The 
XRD patterns of all samples before annealing were indicative of amorphous or weakly 
crystalline structures. After annealing, all samples were crystalline; sharp peaks 
observed at 2θ ca. 25.3°, 37.7°, 48.0°, 55.0°, and 68.8°on the diffraction patterns of all 
the analysed samples can be identified as titanium dioxide anatase phase peaks 
(crystallographic card number 96-900-8215). Figure 4.23 shows the XRD patterns of 
undoped and carbon-doped titanium dioxide thin films deposited at 25% OEM set 
point after isothermal annealing in air at 873 K. 

 

 
Figure 4.23  X-ray diffraction (XRD) patterns of selected carbon-doped and undoped 
titanium dioxide coatings (25% optical emission monitoring (OEM) set point) deposited 
on glass substrates and annealed at 873 K. 
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No peaks that could be attributed to the other titanium dioxide crystal phases 
(rutile and brookite) were seen on the diffraction patterns. It can be seen that for the 
films produced at higher flows of carbon dioxide, the peaks were shifted to slightly 
lower values; this can be indicative of crystal lattice deformation as the result of carbon 
introduction. This shift is typically explained by the lattice distortion of titanium dioxide 
due to internal stress (carbon inclusion in this case), which caused the expansion of 
the unit cell volume [237]. Overall, the carbon incorporation in titanium dioxide does 
not cause any crystal phase transformations of titanium dioxide, as all deposited films 
were in the anatase phase with a (101) preferred orientation, regardless of the OEM set 
point and carbon dioxide flow variations.  

To examine the species and the bonding states of all elements in the deposited 
undoped and carbon-doped titanium dioxide thin films, XPS spectra were recorded 
and deconvoluted. The XPS survey scans of all samples showed the presence of 
titanium and oxygen; a carbon peak was also seen for all carbon-doped titanium 
dioxide thin films (Figure 4.24). Gaussian functions were used to deconvolute the Ti 
2p, O 1s, and C 1s spectra. Ratios of titanium/oxygen on the surface calculated based 
on the XPS data were in good correlation with the bulk composition of the coatings 
estimated based on the EDX data (given in Table 4.11). 

 
Figure 4.24  X-ray photoelectron spectroscopy (XPS) results of selected C-doped 
samples: (a) Survey spectrum (sample T25C2.5) 
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Figure 4.25  X-ray photoelectron spectroscopy (XPS) results of selected C-doped 
samples: Ti 2p spectrum (sample T25C7) 

 

Figure 4.25 shows an example of a high resolution XPS spectra for Ti 2p 
(sample T25C7). The two strong peaks at binding energies of 458.8 and 456.4 eV were 
observed for all titanium dioxide thin films and can be assigned to Ti4+ 2p3/2 and Ti4+ 
2p1/2, respectively [238]. Interestingly, for the films deposited at higher carbon dioxide 
flows (5 and 7 sccm) the presence of Ti3+ can be seen on the XPS spectra—Ti3+ 2p3/2 
and Ti3+ 2p1/2 at 457.3 and 462.3 eV, respectively. At the same time, no evidence of 
the presence of Ti3+ could be seen on the XPS spectra of the undoped and carbon-
doped titanium dioxide thin films deposited at a low (2.5 sccm) flow of carbon dioxide. 
To quantify the observed effect, the ratio of Ti3+/Ti4+ was calculated for each sample 
(given in Table 4.13). Apparently, the ratio of the Ti3+ to Ti4+ states increased with 
increasing the carbon dioxide flow rate. Ti3+ is typically reported as a surface defect of 
titanium dioxide that plays an important role for photocatalysis and the photoinduced 
hydrophilicity phenomenon. It can also act as an active site for oxygen desorption, 
prevent the electron-hole recombination process, and enhance visible light activity 
[239, 240]. The Ti 3d peak at 455 eV that is typically assigned to Ti–C bonds could not 
be detected, but the existence of Ti-C bonds was confirmed on the high resolution C 
1s spectrum [241].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

78 

Table 4.13 Summary of the surface properties by XPS characterisation of undoped 
and carbon-doped titanium dioxide films on glass substrate. 

Sample ID Ti3+/Ti4+  Ti–C, at. % C–O, at. % Ti–C–O, at. % 

T25 - - - - 

T25C2.5 - 0.06 0.28 0.28 

T25C5 0.02 0.09 0.72 0.39 

T25C7 0.03 0.18 0.34 0.48 

T30 - - - - 

T30C2.5 - 0.08 0.39 0.16 

T30C5 0.02 0.13 0.55 0.42 

T30C7 0.04 0.27 0.49 0.34 

T35 - - - - 

T35C2.5 - 0.11 0.37 0.51 

T35C5 0.02 0.18 0.74 0.32 

T35C7 0.06 0.31 0.49 0.46 

 

Figure 4.26 shows an example of the high resolution O 1s spectrum (sample 
T25C7) and its deconvolution into three peaks. The peak at 530.2 eV is assigned to the 
lattice oxygen of titanium dioxide [242], while two other peaks at 532.1 and 534.6 eV 
correspond to C–O and C=O bonds, respectively [243]. For all carbon-doped titanium 
dioxide thin films, the binding energies exhibited a slight positive shift, which can be 
explained by carbon incorporation into the titanium dioxide lattice [244].  
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Figure 4.26  X-ray photoelectron spectroscopy (XPS) results of selected C-doped 
samples: c) O 1s spectrum (sample T25C7) 
 

 
Figure 4.27  X-ray photoelectron spectroscopy (XPS) results of selected C-doped 
samples: (d) C 1s spectrum (sample T25C7). 
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Figure 4.27 shows an example of the high resolution C 1s XPS profile of the 
carbon-doped titanium dioxide thin film (sample T25C7) deconvoluted into four peaks. 
The major broad peak at 285 eV is typically assigned to contaminant hydrocarbons (C–
C) [245]. It is often reported that this peak disappears with increasing Ar+ etching time 
during the XPS measurement [246]. Contaminant carbon species are typically believed 
to not contribute to the visible light photocatalytic activity, however several works 
suggest that carbon may exist in the grain boundaries of titanium dioxide and therefore 
acts as a photosensitizer [247, 248]. The peak at 283.4 eV corresponding to the 
titanium-carbon bond (Ti–C) [249] was observed for all carbon-doped titanium dioxide 
thin films. The presence of this peak indicates the substitution of oxygen atoms by 
carbon atoms as the result of carbon-doping (substitutional doping). The Ti–C bonding 
percentage was estimated using the relative areas of the peak at 283.4 eV and is shown 
in Table 4.13. This confirms the presence of carbon bonded in the titanium dioxide 
matrix. It can be concluded that the carbon atoms were substituted in some lattice 
oxygen sites not only at the surface but also in the bulk region, and the carbon 
concentration was increased with increasing carbon dioxide flow rate. Two peaks at 
286.6 eV and 288.3 eV can be attributed to the oxygen bound species, C–O and Ti–C–
O, respectively, confirming the fact that some carbon was incorporated into the 
titanium dioxide lattice in place of Ti atoms (interstitial doping) [107]. The atomic 
percentage of C doping in place of Ti atoms was estimated using the relative areas of 
the peaks at 288.3 eV and is given in Table 4.13. Reportedly, carbon substitution of 
both oxygen and titanium atoms, as well as the presence of the carbonate species (C–
O) can contribute to enhanced visible light photocatalytic activity through band gap 
narrowing [104]. 

Optical band gaps of undoped and carbon-doped titanium dioxide thin films 
were calculated using the Tauc plot method, by plotting (αhν)1/2 as a function of hν 
and extrapolating the linear region to the abscissa (where α is the absorbance 
coefficient, h is Plank’s constant, ν is the frequency of vibration) [250]. Graphical 
examples of the band gap calculation of selected samples are given in Figure 4.28 
(films deposited at 35% OEM set point). Calculated band gap values of all the coatings 
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studied are given in Table 4.14, along with the other analytical results. According to 
the calculation results, band gap values of undoped titanium dioxide thin films 
deposited at 25%, 30%, and 35% OEM set point values were 3.22, 3.20, and 3.18 eV, 
respectively. These numbers are in good agreement with the data typically reported 
for anatase titanium dioxide (ca. 3.2 eV). It is obvious from the data presented that 
increasing the carbon dioxide flow rate, along with increasing the OEM set point 
resulted in remarkable red shifts of the absorbance edge. The large shift in band gap 
towards the visible light region (up to 1.2 eV—for sample T35C5, compared to 
undoped titanium dioxide) is due to the inclusion of carbon into the titanium dioxide 
crystal lattice and subsequent band gap narrowing. Despite the different positions of 
the carbon atoms that may occur as a result of carbon-doping (incorporation in the 
titanium dioxide structure as Ti–C, Ti–C–O, and carbonate species), it is generally 
accepted that band gap narrowing is a result of the existence of mid-gap state(s) 
caused by mixing of the C 2p and O 2p states [104]. 

 

 
Figure 4.28  Examples of band gap calculations for selected carbon-doped and 
undoped titanium dioxide samples (deposited at 35% OEM set point). 
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Table 4.14 Summary of the band gap values by transmittance calculation of 
undoped and carbon-doped titanium dioxide films on glass substrate. 

Sample ID Band Gap, eV  

T25 3.22 
T25C2.5 3.13 
T25C5 3.15 
T25C7 3.08 
T30 3.20 

T30C2.5 3.04 
T30C5 3.05 
T30C7 2.63 
T35 3.18 

T35C2.5 3.00 
T35C5 2.02 
T35C7 3.22 
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Titanium dioxide-based surfaces are known for their ability to exhibit reversible 
wettability behaviour, becoming superhydrophilic upon sub-band gap photoexcitation 
and returning to their original wettability as the irradiation stops [251, 252]. Water 
droplet contact angle (CA) measurements were performed here to study the 
wettability of the thin films upon UV and visible light irradiation; the results are given 
in Table 4.15.  

 
Table 4.15 Results of wettability measurements of carbon-doped and undoped 
titanium dioxide coatings annealed at 873 K. 

Sample ID Initial CA, deg. CA after 1 h UV, deg. CA after 1 h vis, deg. 

T25 92 18 55 

T25C2.5 60 10 15 

T25C5 11 ~0 ~0 

T25C7 11 ~0 ~0 

T30 53 13 20 

T30C2.5 58 13 16 

T30C5 11 ~0 ~0 

T30C7 10 ~0 ~0 

T35 54 10 22 

T35C2.5 63 12 14 

T35C5 10 ~0 ~0 

T35C7 10 ~0 ~0 
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It can be seen that the undoped titanium dioxide coatings and coatings 
produced at 2.5 sccm carbon dioxide flow rate showed the highest values of contact 
angle both before and after irradiation. Thus, the contact angle values of sample T25 
change from 92° to 18° and 55° after 60 min of UV and visible irradiation, respectively. 
While the initial contact angles of the undoped samples T30 and T35 were lower 
compared to T25 (53°), neither of these samples reached a superhydrophilic state after 
1 h of irradiation. Whilst the initial values of the carbon-doped thin films produced at 
2.5 sccm carbon dioxide flow rate were comparable to those of undoped titanium 
dioxide, the contact angle reduction under both UV and visible light irradiation was 
greater in this case. At the same time, wettability properties of the carbon-doped 
coatings produced at higher flow rates of carbon dioxide (5 and 7 sccm) were 
remarkably different. These coatings exhibited superhydrophilicity (contact angle ca. 
10°) prior to the light irradiation, with perfect wettability (a zero contact angle) after 
irradiation with either UV or visible light. However, this phenomenon was unsurprising, 
considering the presence of Ti3+ states observed with XPS for these samples. It is a 
frequently reported fact that an increased number of Ti3+ states on the surface results 
in considerably higher hydrophilicity [253]. Therefore, the lowest contact angle values 
both prior to and after irradiation in this study were observed for the samples that 
earlier showed the presence of Ti3+ states on their surfaces. 
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To investigate the effect of carbon-doping on the photocatalytic activity of 
titanium dioxide thin films, two types of photocatalytic tests were used in this work; 
namely the decomposition of methylene blue and stearic acid. The methylene blue 
decomposition reaction was approximated to pseudo first order kinetics and the 
reaction constants for the samples studied are given in Table 4.16.  

 
Table 4.16 Results of photodecolourisation of methylene blue tests of carbon-doped 
and undoped titanium dioxide  

Sample ID Kinetic constant, k × 105, s−1 

 under UV light under visible light 

T25 1.8 0.5 

T25C2.5 1.8 1.5 

T25C5 1.3 1.0 

T25C7 1.4 0.8 

T30 1.4 0.9 

T30C2.5 0.8 0.9 

T30C5 0.7 1.5 

T30C7 0.8 1.4 

T35 1.4 0.9 

T35C2.5 0.9 1.0 

T35C5 1.0 2.1 

T35C7 1.4 2.0 
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Examples of methylene blue decay rates for the selected samples under UV 
and visible light irradiation are shown in Figure 4.29. The results under UV light 
irradiation are shown in Figure 4.29a. According to the Lambert—Beer law, the 
concentration of the dye is proportional to the absorbance decay. The apparent first 
order rate constant, ka, was used as a quantitative characterization of the 
photocatalytic degradation rate of MB. Values for ka were found from the gradient of 
the graph of At/At=0 versus experiment time (At=0 and At are the peak absorbance values 
of the methylene blue solution at 664 nm at time 0 and time of experiment, 
respectively). The methylene blue degradation rate constants for undoped titanium 
dioxide thin films were around 1.4–1.8 × 10 −5 s−1. As can be seen from the data 
presented in Table 4.16, carbon doping did not help to improve UV light 
photocatalytic activity in this case; the rate constants of all carbon-doped samples 
were equal to or lower than those of the undoped titanium dioxide samples.  

Figure 4.29b shows the selected methylene blue photocatalytic degradation 
under visible light irradiation. All undoped titanium dioxide thin films showed low rates 
of methylene blue decay under visible light irradiation with kinetic constants below 1 
× 10−5 s−1, and no significant variation of the kinetic constant values was seen for 
undoped titanium dioxide coatings produced at different OEM set points. However, the 
carbon-doped samples showed higher photocatalytic activity under visible light 
irradiation. Generally, the ability to photodegrade methylene blue under visible light 
irradiation increased with increasing OEM set point along with increasing carbon dioxide 
flow rate. Of the samples studied, the highest methylene blue decay rates under 
visible light irradiation were seen for samples T35C5 and T35C7. Given that the band 
gap value is indicative of light absorbance, it is no surprise that samples T35C5 and 
T35C7 with the lowest band gap values (and consequently the highest visible light 
absorbance) proved the most active under visible light conditions. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

87 

 

 
Figure 4.29  Kinetics plot of selected thin films of methylene blue decolourisation 
under (a) UV and (b) visible light irradiation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

88 

Photocatalytic degradation of stearic acid, a common model pollutant for 
assessing self-cleaning properties of photocatalytic coatings, was monitored with FTIR 
through the disappearance of stearic acid absorbance peaks. Reaction rate constants 
were calculated for the quantitative characterisation of the degradation process under 
UV and visible light (presented in Table 4.17). 

 

Table 4.17 Results of photodegradation of stearic acid tests of carbon-doped and 
undoped titanium dioxide  

Sample ID Kinetic constant, k × 102, A cm−1 h−1 

 under UV light under visible light 

T25 4.0 0.4 

T25C2.5 0.8 0.6 

T25C5 1.1 0.3 

T25C7 1.0 0.2 

T30 1.6 0.7 

T30C2.5 1.2 0.1 

T30C5 1.3 0.2 

T30C7 0.7 0.2 

T35 2.3 0.9 

T35C2.5 0.4 0.1 

T35C5 0.9 0.3 

T35C7 1.3 0.6 
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As the stearic acid has three strong absorption peaks at 2958, 2923, and 2853 
cm-1, the model pollutant decomposition was monitored here by Fourier transform 
infrared spectroscopy (FTIR), using a Perkin Elmer Spectrum Two IR spectrometer 
(Perkin Elmer, Waltham, MA, USA), in the range 2700–3000 cm-1 every 24 h. FTIR spectra 
were collected in absorbance mode and the amount of stearic acid on the surface of 
each sample was evaluated through the integrated area under the corresponding FTIR 
absorbance spectrum. Prior to the experiments with photocatalytic surfaces, the test 
was carried out on pieces of uncoated glass. As no significant stearic acid peak 
reduction was detected on plain glass under either of the two light sources used, it 
can be concluded that stearic acid films were stable under both UV and visible light. 
Examples of the decay of the integrated area under the stearic acid absorbance 
spectrum for selected samples are given in Figure 4.30. From the data presented in 
Table 4.17, it is obvious that the highest degradation rates under UV light were 
recorded for undoped titanium dioxide thin films, and in particular for T25. It is obvious 
that carbon doping had a detrimental effect on the coatings’ ability to degrade stearic 
acid. No improvement of photocatalytic activity for carbon-doped coatings could be 
seen under visible light either. While selected carbon-doped coatings outperformed 
sample T25, the overall rates of stearic acid degradation under visible light remained 
rather low. 
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Figure 4.30  Plots of the integrated area changes of the FTIR spectra of the stearic 
acid peaks (3000–2700 cm−1) for selected carbon-doped and undoped titanium 
dioxide samples under: (a) UV light irradiation; (b) visible light irradiation. 
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Two types of photocatalytic tests were used in this work to cross-verify whether 
the incorporation of carbon into the titanium dioxide lattice had a positive effect on 
photocatalytic activity. The stearic acid test was also used because the suitability of 
the dye degradation test is often questioned as a method for the determination of 
visible light activity [254]. Though no direct correlation between quantitative results of 
these two testing methods was found here, both sets of results were indicative of the 
fact that carbon-doping had a rather detrimental effect on the UV light photocatalytic 
activity of the samples, while improvement of the visible light activity was found only 
for two samples of the array (T35C5 and T35C7). As for visible light induced stearic acid 
degradation, the overall low levels of photocatalytic activity seen under visible light 
makes it difficult to quantify the activity precisely. Despite the fact that authors often 
report the correlation between the results of different photocatalytic tests [255, 256], 
the examples of non-correlative results are also often reported [99]. This is evidence 
of the fact that some model pollutants can be decomposed much more easily than 
others. 

Despite the widely published information that carbon doping is an efficient 
method of enhancement of UV and introduction of visible light photocatalytic activity, 
the present work confirms the fact that the properties of a photocatalytic material 
depend greatly on the production method, phase composition of titanium dioxide, 
position of carbon in titanium dioxide lattice, etc. It is frequently stressed in the 
literature that the exact mechanism of the enhancement of titanium dioxide 
photocatalytic properties via carbon-doping is not yet fully understood [104]. The 
majority of the work reporting significant improvements of photocatalytic activity for 
carbon-doped titanium dioxide thin films report carbon found either in the interstitial 
[257, 258] or in substitutional [111, 259] position, while all of the carbon-doped films 
deposited in the present work reveal carbon in both positions in the same film. Similar 
results observed for nitrogen-doped samples may suggest that the presence of 
dopants in both positions may cancel out the effect, as compared to the samples 
where the dopant is found only in one of the positions [260]. It is also frequently 
mentioned in the literature that, for doped titanium dioxide, excessive dopant may act 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

92 

as recombination sites, therefore lowering the photocatalytic activity. We assume that 
this hypothesis was the reason for the lower overall photocatalytic activity of the 
carbon-doped coatings produced here, as compared to undoped titanium dioxide. This 
suggestion is supported by the fact that the UV-induced activity of carbon-doped 
photocatalysts for all samples was lower than that for undoped titanium dioxide. 
Consequently, it may be concluded that the use of carbon-doped photocatalysts 
produced via magnetron sputtering with carbon dioxide gas as the source of carbon is 
practical, only when the extension of the absorption spectrum into the visible range is 
more important than the efficient use of UV photons, and when the pollutants are 
relatively easy degradable [99]. 
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4.4 Grafting of titanium dioxide on PMMA film via ATRP 

In this part, the grafting of titanium dioxide on PMMA film via ATRP in order to 
increase the reusability process has been investigated and catalytic performances of 
for photodecolourisation of methylene blue under UV light irradiation was studied. 

The completion of hydroxyl-end group by thiol-ene click Michael addition was 
monitored by the transmittance of FT-IR. Figure 4.31 shows the transmittance spectra 
of all chemicals in the Figure 3.2. After the thiol-ene click Michael addition between 
MEMO and 4HBT, the peak at 2841 cm-1 which referred to the methoxy group (R-O-
CH3) in MEMO was found in MEMO-OH [261]. The broaden peak at 2560 cm-1, referring 
to the thiol group (R-SH) stretch vibrational peak, was found in 4HBT but disappears 
completely in MEMO-OH [262]. The peak at 1637 cm-1, which referred to carbon-carbon 
double bonds (-C=C-) in MEMO, disappeared completely in MEMO-OH [262]. The 
hydroxyl group (-OH) stretch between 3100-3500 cm-1 was present in the product [263].  

 

 
Figure 4.31  The FT-IR spectra of reactants and product in Figure 3.2 
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The structure of MEMO-OH was confirmed in Figure 4.32 by 1H NMR spectrum. 
The solvent DMSO-d6 was used as the reference spectrum at 2.50 ppm [264]. The 
characteristic signal at around 2.9 ppm and 6.6-7.3 ppm is assigned to the newly 
formed proton carbon-sulphur (-C-S-) linkage and aromatic ring [265, 266], respectively. 
The proton in hydroxyl-end group showed a broad signal peak at 4.1 ppm which 
showed the presence of hydroxyl on MEMO-OH [267]. 

 

 
Figure 4.32  1H NMR signal spectra of MEMO-OH 
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The macroinitiator formation was used at the second step to form the bromide 
end group of MEMO-OH with a BIBB. The structure of MEMO-Br was identified by 1H 
NMR signal spectra, which dissolved in DMSO-d6 and was used as the reference 
spectrum at 2.5 ppm, is displayed in Figure 4.33. The 1H NMR spectra of MEMO-Br 
shows the absence of peak of hydroxyl-end group at 4.1 ppm and the peak at 1.9 ppm 
is assigned to methyl terminal group (-CH3) in the MEMO-Br was detected [267, 268]. It 
indicates that the hydroxyl-end group in the MEMO-OH was linked with the BIBB at this 
position where Br occurred.  

 

 
Figure 4.33  1H NMR signal spectra of MEMO-Br 
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The structure of MEMO-Br was also identified by the 13C NMR signal spectra 
which dissolved in DMSO-d6. The solvent DMSO-d6 was used as the reference spectrum 
at 39.52 ppm [269], as displayed in Figure 4.34. The 13C NMR spectra of MEMO-Br 
shows the carbon signal of carbon-silica linkage (-C-Si-), methyl terminal group 
occupied with oxygen (-O-CH3), carbon-carbon linkage (-C-C-), carbon on different 
position in the aromatic ring and carbon doubled bond oxygen (-C=O-) at 8, 57, 66, 
110-160 and 170 ppm [270-274], respectively. The methyl terminal group of BIBB 
appeared at the 31 ppm signal in MEMO-Br [275]. 

 

 
Figure 4.34  13C NMR signal spectra of MEMO-Br 
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For the next step, the polymer surface initiated was prepared by ATRP with 
MMA monomer. The MEMO-PMMA-Br was characterized by 13C NMR signal spectra and 
is shown in Figure 4.35. The new signal was found at 52 ppm which indicated the 
three carbons linkage (-C-C-C-) from the MMA monomers to PMMA chains [276]. Then, 
the MEMO-PMMA-Br was sprayed on PMMA films and hydrolysed to change the methyl 
terminal groups to hydroxyl-end groups.  

 

 
Figure 4.35  13C NMR signal spectra of MEMO-PMMA-Br 
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The function on the surface of hydrolysed PMMA-g-MEMO-PMMA-Br was 
compared with blank PMMA film by FT-IR spectra in Figure 4.36. The hydrolysed PMMA 
films showed the presence of the reflectance of silicon hydroxyl group (-Si-OH), carbon 
double bonded with oxygen (-C=O-) and carbon-oxygen linkage (-C-O-) from ester at 
wavenumber 3360, 1713 and 1240 cm-1 [277-279], respectively. It implied that BIBB and 
MEMO were successfully linked and hydrolysed on the PMMA film.  

 

 
Figure 4.36  FT-IR spectra of blank PMMA and hydrolysed of PMMA-g-MEMO-PMMA-Br 
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The glass transition temperature of blank PMMA and PMMA-g-MEMO-PMMA-Br 
before hydrolysation was investigated by DSC signal. Figure 4.37 shows the results of 
the glass transition temperature of blank PMMA at 563 K and PMMA-g-MEMO-PMMA-Br 
at 569 K. There is no significant change in glass transition temperature. It seems that 
the prepared liquid solution that was sprayed on the blank PMMA film did not change 
the properties of the PMMA film. 

 

 
Figure 4.37 DSC signals of blank PMMA and PMMA-g-MEMO-PMMA-Br before 
hydrolysed 
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The surface composition of TiO2-g-PMMA was identified by XPS spectra, as 
displayed in Figure 4.38. As a result, the XPS spectra of hydrolysed PMMA found the 
signal of Si 2p, C 1s and O 1s at about 101, 285 and 530 eV [280-282], respectively. 
After the titanium dioxide catalyst powder was grafted onto the PMMA film, not only 
Si 2p but also Ti 2p were found at about 459 eV [283].  

 

 
Figure 4.38 XPS survey spectra of TiO2-g-PMMA and hydrolysed PMMA-g-MEMO-PMMA-
Br  
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Figure 4.39 is the fine scan of Ti 2p core level in XPS characterization. The 
peaks located at 457.5, 458.5, 463.0 and 464.3 eV are assigned to Ti3+ 2p3/2, Ti4+ 2p3/2, 
Ti3+ 2p1/2 and Ti4+ 2p1/2 [284-287], respectively, which are in excellent agreement with 
the XPS survey spectra.  

 

 
Figure 4.39 Fine scan of Ti 2p core level in XPS characterization 

 

The attachment of titanium dioxide with MEMO caused the formation of the 
silica network via an ATRP route which uniformly distributed on the PMMA film [288, 
289]. It is believed that the formation of the silica network mainly happens on the 
surface of titanium dioxide photocatalyst, because MEMO has already been grafted to 
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the surface of titanium dioxide photocatalyst. This process provide a porous structure 
on the surface through grafting [184].  

Moreover, the successful grafting of titanium dioxide onto PMMA was also 
confirmed by the cross-sectional TEM observation. Figure 4.40 is a representative 
image of TiO2-g-PMMA that shows uniform spherical shaped morphology of titanium 
dioxide. This result will be correlated with the possible interaction between silicon and 
titanium dioxide on the PMMA film surface which was proposed in the Figure 3.6.  

 

 
Figure 4.40 Cross-sectional TEM observation of TiO2-g-PMMA 
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The bulk composition and morphology on TiO2-g-PMMA was also characterised 
by SEM-EDX, shown in Figure 4.41(a. and b.) and Table 4.18. The SEM reveals the 
spherical titanium dioxide particles attached onto the PMMA film compared with blank 
PMMA. This result corresponds to the EDX composition, which found an absence of 
titanium atoms in the blank PMMA and did find the element on the TiO2-g-PMMA. 

Figure 4.41 SEM micrograph (a) blank PMMA (b) fresh TiO2-g-PMMA and (c) used TiO2-
g-PMMA 
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Table 4.18 The atomic composition of film by EDX analysis 

Elements Blank PMMA TiO2-g-PMMA Fresh TiO2-g-PMMA Used 

C 85.46 7.20 8.30 

O 13.02 57.06 59.57 

Si 0.87 1.78 1.99 

Ti 0.65 33.96 30.14 

 

The photocatalytic performance and reusability of TiO2-g-PMMA was 
investigated using the photodecolourisation of the methylene blue under UV light 
irradiation, as illustrated in Figure 4.42. Before the photocatalytic reaction, the film 
was immersed in methylene blue solution in the dark for 1 hour in order to remove 
the effect of the adsorption phenomena. The decolourisation of methylene blue of 
photolysis (no film) and blank PMMA is more likely not activated by UV light irradiation. 
For the reusability of TiO2-g-PMMA film, the film was used in 5 cycles which showed 
nearly constant conversion.  

 
Figure 4.42 Photocatalytic activity of methylene blue decolourisation under UV light 
irradiation after 90 min 
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It can be concluded that titanium dioxide grafted onto the PMMA film is still 
active during photodecolourisation. Figure 4.41(c.) also shows the SEM micrograph of 
TiO2-g-PMMA after the reaction test. It can be seen that the titanium dioxide particles 
were successfully grafted onto the PMMA film with this solution. Moreover, after the 
photocatalytic reaction the titanium dioxide particles did not leach from the PMMA 
film surface. Table 4.18 shows the elemental components onto the PMMA film by 
EDX analysis. The EDX showed that the silicon and titanium elements were found in 
TiO2-g-PMMA. The results revealed that there was no significant change in the titanium 
content deposited on the PMMA film. This was in good agreement with the reaction 
test. This indicates the high stability of titanium dioxide deposited onto the PMMA film.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The modification of titanium dioxide with nitrogen, silicon, and carbon were 
studied for visible light photocatalysis. It was found that, by reporting methods, the 
surface defect density (Ti3+) on the catalyst surface could be increased by changing 
the calcination atmosphere from oxygen to air and to nitrogen, thus trapping photo-
electrons and preventing the electron-hole recombination process. Moreover, the 
generation of the intermediate state within band gap resulted in the red shift of band 
gap moving to a visible region, which promoted the photocatalytic activity by 
decreasing in the indirect band gap. The doping with these elements increased the 
stability of the anatase phase which promoted the adsorption and degradation of 
methylene blue. All doping samples showed higher photoinduced wettability. The 
phenomenon was found to correlate with the presence of Ti3+ species.  

 

5.2 Recommendations 

1. The loss of nitrogen during the photocatalysis should be further studied 
in the future work. 

2. The stability of APTES-modified titanium dioxide should be further 
studied. 

3. The reusability of carbon-doped titanium dioxide film should be tested. 

4. The leaching of titanium dioxide powder on polymer film should be 
further investigated. 
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APPENDIX A 
CALCULATION FOR CATALYST PREPARATION 

 
1. Preparation of 1 wt.% Si-doped titanium dioxide catalysts by solvothermal 

method  
 

Preparation of 1 wt.% Si-doped titanium dioxide catalysts by solvothermal method  is 
presented as follows: 
Precursor 

- Titanium (IV) butoxide (TNB), MW = 340.32, 97% purity 

- Titanium dioxide (TiO2), MW = 79.866 

- Tetraethyl orthosilicate (TEOS), MW = 208.33, 98% purity 

- Silicon (Si), MW = 28.0855 

Calculation 
How many grams of TiO2 from 15 g of TNB? 

15 g TNB
×

79.866 g TiO2

340.32 g TNB
 ×

97

100
 = 

3.41 g TiO2
 

How many grams of TEOS required? 
3.41 g TiO2

×
1 g Si

99 g TiO2
 ×

208.33 g TEOS

28.0855 g Si
 ×

100

98
 = 

0.2607 g TEOS
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2. Preparation of 1 wt.% Si-doped titanium dioxide catalysts by sol-gel 
method  

 
Preparation of 1 wt.% Si-doped titanium dioxide catalysts by sol-gel method is 
presented as follows: 
Precursor 

- Titanium (IV) isopropoxide (TTIP), MW = 284.22, 97% purity 

- Titanium dioxide (TiO2), MW = 79.866 

- Tetraethyl orthosilicate (TEOS), MW = 208.33, 98% purity 

- Silicon (Si), MW = 28.0855 

Calculation 
How many grams of TiO2 from 166.8 mL of TTIP? 

166.8 mL TTIP
×

0.96 g TTIP

1 mL TTIP
×

79.866 g TiO2

284.221 mL TTIP g TTIP
 ×

97

100
 = 

43.65 g TiO2
 

How many grams of TiO2 from 100 mL of solution? 
100 mL Solution

×
43.65 g TiO2

2181.2 mL Solution
 = 

2.00 g TiO2
 

How many grams of TEOS required? 
2.00 g TiO2

×
1 g Si

99 g TiO2
 ×

208.33 g TEOS

28.0855 g Si
 ×

100

98
 = 

0.1529 g TEOS
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3. Preparation of 1 mM of APTES modified titanium dioxide catalysts by 
hydrothermal method  
 

Preparation of 1 mM of APTES modified titanium dioxide catalysts by hydrothermal 
method is presented as follows: 
Precursor 

- APTES, MW = 221.37, 99% purity 

Calculation 
How many grams of APTES required? 

100 mL Toluene
×

0.001 mol APTES

1000 mL Toluene
 ×

221.37 g APTES

1 mol APTES
 ×

100

99
 = 

0.0223 g APTES
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APPENDIX B 
CALCULATION OF CRYSTALLITE SIZE 

Calculation of the crystallite size by using the Debye-Scherrer equation 
The crystallite size was calculated from the width at half of height (or full-

width-half-max) of diffraction peak of the XRD pattern by using the Debye-Scherrer 
equation. 

D =  
Kλ

β cosθ
 

where  D = Crystallite size, A° 
K = Crystallite-shape factor or Scherrer constant depending on shape 
of crystal (= 0.9 for FWHM of spherical crystals with cubic symmetry)  

  λ = X-ray wavelength, (=1.5418 A° for CuKα) 
  θ = Observed peak angle, degree 
  β = X-ray diffraction broadening, radian 

The X-ray diffraction broadening (β) is the pure full-width-half-max of powder 
diffraction peak free from all broadening because of the experimental equipment or 
diffractometer. For a standard sample, α-Alumina is used as a standard sample to 
observe the instrumental broadening due to its crystallite size larger than 2000 A°. The 
X-ray diffraction broadening (β) can be determined by using the Warren’s formula. 
According to Warren’s formula: 

β =  √BM
2 −  BS

2 

Where BM = Measured peak width at half of peak height, radian  
BS = Corresponding full-width-half-max of the standard material (i.e., 
α-Alumina), radian 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

144 

Example: Calculation of the crystallite size of anatase TiO2 
The major peak of anatase TiO2 was observed at 25.48° 2θ. 

Full-width-half-max of diffraction peak at 25.48°   = 0.526°  

            = 
(2π × 0.526°)

360
 

       = 0.00918 radian 
Corresponding full-width-half-max of α-alumina of diffraction peak at 25.48°  

=  0.00383 radian 

β =  √BM
2 −  BS

2 

= √(0.00918)2- (0.00383)2  

= 0.00834 radian 
Thus,  

β = 0.00834 radian 
2θ = 25.48°    θ = 12.74°   
λ = 1.5418 A° for CuKα 

Crystallite size,   D =  Kλ
β cosθ 

     = 
0.9 ×1.5418

0.00834 × cos12.74°  
 

     = 168.52 A° 
    = 16.852 nm 
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Figure B.1 The measured XRD peak of anatase TiO2 for calculation of crystallite size 
of anatase TiO2 
 

 

Figure B.2 The plot indicating the value of line broadening because of the equipment 
(data were obtained by using α-alumina as standard material) 
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APPENDIX C 
PHASE CONTENT CALCULATION 

 

The relative intensities of anatase and rutile diffraction peaks are different for 
the TiO2 samples obtained at different preparation methods. The phase compositions 
of the TiO2 samples were obtained from the equation suggested by Spurr and Myers:  

 
where f is the weight fraction of anatase in the mixture and IA and IR are the XRD 
intensities of the strongest diffraction peaks of anatase (101) and rutile (110), 
respectively. 
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