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Abstract 

 In this work, titanium dioxide (TiO2) and X% Au/TiO2 with different 

percentages (0.5, 1.0, 1.5, 2.0, and 2.5) were prepared by the sol-gel method and 

annealed at 450 °C. 

The crystal structure, the ratio of rutile phase and anatase, and the 

crystallite size of the prepared nanoparticles were determined using XRD 

analysis. XPS analysis was used to determine the elemental composition and 

percentage in the samples accurately. The morphology of the samples was 

identified through TEM and FESEM analysis. EDX analysis confirmed the 

presence of Au NPs in the doped samples and revealed the percentage 

composition of other elements. Mapping analysis showed a uniform distribution 

of nanoparticles within all samples. Specific surface area and porosity were 

evaluated using Brunauer-Emmett-Teller (BET) analysis. UV-Vis and FTIR 

analytical methods investigated optical absorbance in the ultraviolet and 

infrared regions, respectively. 

The optimal dosage of catalysts in the photocatalytic degradation process 

was determined. Different quantities of TiO2 catalysts (05, 10, 15, 20, and 25 

mg) were tested, using an initial concentration of 10 ppm of Methylene blue. 

The degradation efficiency was evaluated under UV light irradiation, ultimately 

selecting 15 mg as the most effective catalytic dose, resulting in a percentage 

degradation efficiency of 68.62%. Subsequently, the degradation of MB was 

assessed for various catalysts, including 0.5% Au/TiO2, 1% Au/TiO2, 1.5% 

Au/TiO2, 2% Au/TiO2, and 2.5% Au/TiO2. Under identical conditions (initial 

concentration of MB = 10 ppm, catalyst dose = 15 mg, and 120 min UV light 

irradiation). The 2% Au/TiO2 catalyst demonstrated the highest degradation 

percentage of MB, measuring 79.88%. 
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1.1 Introduction 

Industrial improvements have increased the pace of water use during the 

last several decades. Due to a scarcity of clean water resources, water recycling 

through the removal of highly colored wastewater has become critical. Organic 

components on the one hand, such as phenols generate an unpleasant taste and 

odor in water and can also hurt natural biological processes. Organic pollutants 

such as methylene blue (MB), benzene, carbon tetrachloride, vinyl chloride, and 

trichloroethylene, on the other hand, might pose health risks in significant 

concentrations. If dirty water to be used for human consumption in the house, 

these toxins must be eliminated [1]. Different methods in this field, such as 

oxidation, adsorption, anaerobic, and reduction treatments, have been developed 

for the elimination of contaminated dyes from the effluents. Unfortunately, 

these processes have many disadvantages, such as expensive operating 

conditions, the creation of sludge, and inefficiency in situations where complex 

aromatic compounds are produced [2] 

  Therefore, scientists and researchers are trying to discover and develop 

new methods for the water treatment of organic compounds, such as dyes, via 

photocatalytic procedure using a semiconductor degradation process. This 

process is cheaper, simpler, and cleaner. Hence, the process of photocatalytic is 

confessed as being a “greener” technology for toxic inorganic and organic 

pollutants elimination from wastewater at normal pressure and ambient 

temperature. The main feature of the photocatalytic process is that it breaks 

complex organic molecules into simple molecules such as carbon dioxide and 

water, this process has been used for a variety of applications such as the 

decomposition of organic pollutants [3,4]. Photocatalysis based on titanium 

dioxide (TiO2) nanoparticles (NPs) as a perpetual photocatalyst has received 

much attention in water purification technologies during the past years, due to 

its wide band energy, low cost, stable material, high activity, and nontoxic [5]. 
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TiO2 applicability is restricted due to its poor photoactivity under visible 

light. As a result, attempts have been made to expand its photoactivity to the 

visible range by substituting Ti
4+

 on the crystalline structure by metallic ions 

such as Fe, Ni, Co, Ag, Au, Pt, and so on [6–13]. 

Modification of the photocatalyst's electronic structure is required to 

design and create TiO2-based photocatalysts that can work under visible-light 

irradiation. To control the electronic structure of TiO2, two approaches are being 

considered: (1) modification of the electronic structure of TiO2 via metal doping 

and (2) formation of a new valence band via nonmetal doping or the formation 

of new binary oxides [14]. 

Many researchers have reported the preparation of TiO2 NPs using 

several ways such as sol-gel, hydrothermal, microwave-assisted methods, etc. 

However, most of these preparation processes require multiple steps, long 

synthesis times, and expensive thermal equipment. Thus, there is a request to 

find a faster and easier method for preparation [15]. 

In recent years, the sol-gel preparation process has been widely employed 

in the production of catalysts such as TiO2 nanopowders. The sol-gel process, in 

general, includes the transformation of a system from a liquid sol to a solid gel 

phase. Precursors are often organometallic compounds that result in materials 

with varying physicochemical characteristics [16]. It has several advantages 

over traditional approaches. In supported metals catalysis, for example, the 

active metal and support can be produced in a single process. This enables cost 

savings in catalyst preparation [17].  
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1.2 Problem Statement 

One of the main classes of organic chemicals that pose an increasing 

environmental risk is textile dyes and other industrial dyestuffs. As a result, the 

degradation of dyes in industrial wastewater has drawn more attention, and 

various remediation strategies have been suggested. Unfortunately, with the 

growth of the dyeing industry, synthetic textile dyes have taken over as the 

primary dying substance. Because of the chemical stability of synthetic dye 

effluent, conventional wastewater treatment methods are notably ineffective 

[18]. The removal of dyes from wastewater using photocatalysis has been the 

subject of numerous investigations that have been published in the literature 

[19, 20]. The majority of researchers in these studies have only been interested 

in the photocatalytic degradation of the model dyes, which has limited the 

usefulness of the provided data in practical situations. Each study used a 

different set of operation conditions and photocatalysts, therefore a systematic 

investigation that concentrated on dyes with industrial applications would be 

very significant and pertinent to the subject. 

Despite the benefits of the TiO2 photocatalytic system modification 

techniques, their applicability in actual wastewater technology is currently 

limited and required development. This is due to TiO2's poor absorption profile 

and high excitation recombination rate, two of its many flaws. Numerous 

literary attempts have been made to address these issues. Sol-gel is one of the 

simplest ways to produce TiO2 and ultimately enhance TiO2 photocatalytic 

activity because used low-temperature processing.  According to the literature, 

noble metal cluster impregnation or deposition on TiO2 can increase the 

photocatalytic activity of the material by changing the band gap. Due to their 

surface plasmon resonance effects, gold nanoparticles in particular have been 

found to exhibit remarkable visible-light absorption. Therefore, it is crucial to 



 

Introduction     

 

4 
 

create TiO2 that has enhanced photocatalytic activity compared to what is 

already available. 

1.3 Thesis Objectives 

As previously stated, significant research efforts are being made to 

produce effective photocatalysts for the breakdown of MB dye in water. The 

purpose of this thesis is to fabricate and optimize X% Au/TiO2 photocatalysts 

using ethanol and water mixtures. This study was undertaken to reach the 

following goals:  

1. Preparation of titanium dioxide (TiO2) and TiO2 doped with gold 

nanoparticles (Au NPs) in various ratios (0.5, 1, 1.5, 2, and 2.5) % Au 

were prepared using the sol-gel method. 

2. Studying the effects of doping TiO2 with different ratios of Au NPs on 

the structural, morphological, and optical properties using various 

techniques (including XRD, XPS, FTIR, FESEM, TEM, BET, and UV-

Vis). 

3. Studying the photocatalyst performance of the prepared samples. Under 

the irradiation of ultraviolet light, the rate has been calculated MB dye 

degradation the of TiO2 photocatalysts of varied doses (5, 10, 15, 20, and 

25) mg and (0.5, 1, 1.5, 2, and 2.5) % Au/TiO2. 

 

1.4 Thesis Layout 

This thesis consists of four chapters. Chapter 1 is a general introduction, 

the problem statement, and the objectives. Chapter 2 covers the basic ideas and 

literature review that provide an overview of nanotechnology and 

nanostructured materials. Additionally, the preparation of nanostructured 

materials is covered, along with a brief history of TiO2 and Au, its crystal 

structure, and the process for producing TiO2 NPs. An explanation of the 

fundamentals of photocatalysis is provided in this chapter. The photocatalytic 
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mechanism of the TiO2 semiconductor with Au is demonstrated at the chapter's 

conclusion. Chapter 3 is the methodology that describes in details the selected 

precursor materials and the process to produce TiO2 and X% Au/TiO2 

nanoparticles. The fundamental principles of techniques, that were utilized to 

characterize the preparation samples, are briefly clarified. Finally, the 

experimental setup for the pure TiO2 and X% Au/TiO2 photocatalytic activity 

test will be elaborated on at the termination of this chapter. Chapter 4 describes 

the findings on characterizations of pure TiO2 and X% Au/TiO2. In addition, the 

photocatalytic activity of the prepared TiO2 and X% Au/TiO2 NPs was 

estimated using the organic MB degradation experienced under UV irradiation. 

Finally, the chapter gives the conclusions and recommendations for future 

works.
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2.1  Introduction 

This chapter presents a comprehensive introduction to nanostructured 

materials and methods for preparation and classifying them. In particular, the 

study of titanium dioxide, including its preparation techniques and various 

applications. And also, the metal of gold (Au) and the process by which it was 

doped with titanium. At the end of this chapter, there is an overview of pertinent 

literature. 

2.2  Nanotechnology and Nanomaterials 

"Nano" is a Greek word which means "dwarf." It is one billionth of a 

meter long. It has something to do with nanotechnology and nanoscience. This 

branch of science and technology is concerned with materials with at least one 

dimension ranging from 1 to 100 nm. The word "nanotechnology" was invented 

in 1974 by Norio Taniguchi. This was the name of an ion sputtering machine, 

and it referred to its extremely high accuracy and ultrafine structure in 

nanometers [21]. 

Nanotechnology is described as the design, configuration, 

characterization, and manufacture of materials as well as equipment and 

systems in a nanoscale. Nanotechnology has the potential to create new 

compounds with diverse chemical, physical, and biological characteristics, such 

as nanomaterials. As a result, nanotechnology has been applied in a variety of 

disciplines, including microprocessor technology and medical and scientific 

research. The science of nanotechnology and nanomaterials has shown obvious 

exponential growth in recent years. Scientists and researchers are attempting to 

enhance approaches for fabricating structures and devices with nanoscale 

compositions in a wide range of sizes and at a reasonable cost [22]. 
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It may be employed in a variety of applications, including cosmetics, 

electrical devices, medical devices, automotive, food, and certain other 

consumer goods [23–26]. Despite recent advances in the synthesis and 

characterization of novel nanostructured materials, numerous hurdles remain, 

such as controlling size and shape [27]. Nanomaterials feature size and shape-

dependent characteristics that result in unrivaled behavior as compared to bulk 

materials. Furthermore, as materials reach the nanoscale (about 100 nm), their 

physicochemical and chemical characteristics can change dramatically. Many 

unrivaled qualities have been attained at the nanoscale, including improved 

hardness [28], catalytic improvement [29], selective absorption [30], magnetic 

conjugation [31], and nonlinear optical attitude [32]. Improved characteristics 

are frequently the result of their small size, the vast surface area of atoms, 

interfacial constraints, and shape effects. Surface atoms are more energetic than 

inside atoms due to their profuse unsaturated bonds and high surface energy 

[33]. As particle size reduces, the ratio of (surface/volume) of a material 

increases and then it increases the percentage of total atoms visible as surface 

atoms. Nano-crystals come in a variety of forms, including rods, spheres, tubes, 

threads, and an assortment of irregular shapes. The physical properties of the 

materials are altered by the particle shapes.  
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2.3  Synthesis of Nanoparticles 

Two methods for creating nanoparticles are shown in Fig. 2.1: top-down and 

bottom-up [34]. 

1- Top-down approach: The basic idea behind this method is to shrink the 

bulk material into the appropriate nanostructure size. Cutting, grinding, 

and etching are examples of nanoscale fabrication procedures. Top-down 

approaches may build nanostructures ranging in size from 1 to 100 nm 

[35]. 

2- Bottom-up approach: Bottom-up self-assembly refers to the building of 

a structure atom by atom, molecule by molecule, or cluster by cluster. 

Colloidal dispersion, which is utilized in the production of nanoparticles, 

is an excellent example of a bottom-up technique. The bottom-up 

technique has the benefit of producing nanostructures with fewer flaws 

and more homogenous chemical compositions [36]. 

These two procedures include sub-methods for creating nanoparticles. 



 

Fundamental Concepts and Literature Review  

 

10 
 

 

Figure 2.1: Schematic representation of the top-down and bottom-up techniques 

for metal nanoparticle production [36]. 

2.4  Classification of Nanomaterials 

Nanostructures are classified into four types based on their degree of 

freedom as shown in Fig. 2.2. Zero-dimensional (nanostructures, such as 

nanoparticles, quantum dots, and nanospheres, imply that all three dimensions 

are on the nanoscale). One-dimensional (two-dimensional nanoscale structures 

such as nanorods, nanotubes, and nanofibers) [37]. Two-dimensional (the 

crystalline structure that is restricted to one-dimension nanometer scales such as 

nanosheets, nanoplatelets, and nanofilms) and three-dimensional (the 

dimensions surpass the nanometer scale (more than 100 nm such as bulk 

materials) structures are separated. These particle morphologies alter the 

physical properties of the materials [38]. 
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Figure 2.2: Dimensional classification of nanomaterials [38]. 

 

 

2.5  Titanium Dioxide (TiO2) 

TiO2 is a chemical compound which belongs to the transition metal oxide 

family. TiO2 crystal formations include rutile, anatase, and brookite. The three 

crystal shapes formed as a result of varying pressures and heat exerted by rock 

formations on Earth. The anatase and brookite phases are more stable at lower 

temperatures, but both will return to the rutile phase at high temperatures (450-

850) °C. The energy gap for the three crystalline: rutile, anatase, and brookite 

phases are approximately equal to 3 eV, 3.2 eV, and ~3.2 eV, respectively, as a 

result, UV light (λ = 387 nm) is necessary [39], and the refractive index of TiO2 

is n = 2.488 for anatase, n = 2.609 for rutile, and n = 2.583 for brookite [40]. 
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The general properties and the crystal structure of the three TiO2 phases are 

summarized in Table 2.1. 

Table (2.1): General properties of the TiO2 phases. 

Properties Anatase Rutile Brookite 

Crystal system Tetragonal Tetragonal Orthorhombic 

Molecule cell 4 2 8 

Ti-O bond length (Å) 1.934 1.934 1.87- 2.04 

Molecular weight 

(g/mol) 

79.865 79.865 79.865 

Energy gap (eV) 3.2 3.0 ~3.2 

Melting point (ºC) Transformation 

to rutile phase 

at high 

temperature 

1843 Transformation 

to rutile phase 

at high 

temperature 

 

       In Fig.  2.3, the tetragonal symmetry is present in all three phases, with 

each Ti atom octahedrally coordinated with six oxygen atoms. The majority of 

anatase is made up of point-sharing octahedra. On the other hand, rutile's edge-

sharing of octahedra results in the formation of lengthy chains, making it the 

most thermodynamically stable of the three polymorphs; brookite, on the other 

hand, combines edge- and point-sharing. The phases that have been researched 

the most for photocatalytic applications are rutile and anatase. The 

characteristics of brookite are seldom discussed because it is generally photo-

catalytically inactive and can be challenging to synthesize [41]. 
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Figure 2.3: Crystal structures of TiO2 (a) Anatase, (b) Rutile, and (c) Brookite 

[42]. 

 

2.6  Preparation Methods of TiO2 

         There are several methods for producing TiO2 nanoparticles, as shown 

here: the Solvothermal method, the Direct Oxidation method, the Hydrothermal 

method, the Microwave method, the Chemical Vapor Deposition (CVD), the 

Physical Vapor Deposition (PVD), the Electro-deposition, the Sonochemical 

method, and the Sol-Gel method [43–46]. The latter approach was chosen 

because of its unique advantages, such as considerably lower cost, precise 

composition control, excellent homogeneity, obtaining multiple phases from a 

metal oxide, ease of handling, low temperature, readily obtained, and wide-scale 

area. 

The preferred technique for preparing titanium dioxide in laboratories is 

the sol-gel process.  Tetra Isopropoxide (TTIP), one of the main precursors of 

titanium, is used to prepare TiO2 by interacting with ethanol, as given by the 

following equation: 

                                                       (2.1) 

(a) 

(b)  
(c) 

O 

Ti 
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Water is often added to an alkoxide solution in alcohol. The presence of 

additives (e.g., acetic acid), the amount of water, and the pace of mixing all 

influence the type of inorganic results. Fig.  2.4 depicts the chemical structure of 

TTIP: 

 

Figure 2.4: TTIP's chemical structure [47]. 

 

2.7  Sol-Gel Method 

Sol-gel processing is well recognized as a wet chemical approach for the 

synthesis and processing of inorganic and organic hybrid materials. The Sol is 

described as a colloidal suspension in liquid or solid particles with diameters in 

the range of 1-100 nm, tiny enough to disregard gravitational pull. The Gel 

word may be described as a continuous solid structure containing a continuous 

liquid phase [48]. 

The sol-gel approach may be used to build solid hosts and has numerous 

advantages, including low-temperature processing, excellent product 

homogeneity, and the ability to mold materials into complicated shapes in a gel 



 

Fundamental Concepts and Literature Review  

 

15 
 

state. The ability to combine diverse chemicals at the molecular level allows 

sol-gel to build a wide range of host materials; for example, multiple studies 

used the sol-gel technique to synthesize a wide range of optical materials [49–

51]. 

Metal alkoxide is a well-known sol-gel precursor; its basic equation is: M 

(OR)n (where n is the number of alkoxide groups (OR)), M is a central atom, 

and R is an alkyl group). The alkyl group is a ligand generated by removing one 

hydrogen from an alkane molecule, yielding the standard equations of alkyl and 

alkane CxH2x+2 and CxH2x+1 are some instances of alkyl groups [52]: 

- Ethyl (C2H5), Methyl (CH3), Butyl (C4H9), and Propyl (C3H7). 

       The sol-gel process has various advantages, including the fact that the 

temperatures required for all phases are near room temperature. Because 

grinding and pressing are not used, the goods produced by this process are of 

great purity. It is simple to produce high uniform-controlled doping. Highly 

porous and nanocrystalline materials are simple to create. On the other hand, the 

most significant drawbacks are the significant shrinkage in the final product and 

the lengthy processing time [53,54]. The sol-gel process chemistry includes the 

creation of a sol (a colloidal suspension) following a succession of hydrolysis 

and condensation reactions of the precursors. Metal alkoxides react quickly but 

are insoluble in water, thus a solvent such as ethanol (C2H5OH) is typically 

employed to create the precursor solution [55]. The alkoxysilanes, such as 

Titanium Tetra Isopropoxide (TTIP), are the most often utilized metal 

alkoxides. The first stage of the sol-gel process is the hydrolysis of precursors; 

the hydrolysis reaction includes the substitution of alkoxide groups (OR) with 

hydroxyl groups (OH). The general formula for the hydrolysis process
 
[56] :

 
 

                                                                      (2.2) 
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Where (n) denotes the number of alkoxide groups that vary with the central 

atom (M) [57]. In the case of (Ti) metal, the hydrolysis process is carried out 

using the equation [58]. 

                         –                                                  (2.3)  

Because of the weak reaction rate of the hydrolysis process, a catalyst is 

sometimes required. 

Depending on the amount of water and catalyst present in the solution, 

condensation occurs in response to the presence of any hydrolyzed precursor 

molecules in the solution at the same time as hydrolysis and follows a similar 

chemical pathway. Alcohol (alcohol condensation) and water (water 

condensation) are the two possible byproducts of the condensation process, 

which creates a Metal-Oxygen-Metal Bridge.  

       Eqs. (2.4) and (2.5), illustrate that the condensation reaction forms a 

titanium link (Ti-O-Ti) with a byproduct of water or alcohol [58]. 

                                                                        (2.4) 

                                                                        (2.5) 

       The reaction conditions control the size and properties of the oligomers and 

later macromolecules produced by this process [59]. Gel aging is an extension 

of the gelation process that entails a steady change in the properties and 

composition of a fully immersed gel in a liquid after the gel point. The major 

way of removing the liquid from the microscopic pores is drying since the gel 

comprises a substantial proportion of liquid and three-dimensionally linked 

holes inside the structure [60]. 
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The liquid inside the pores experiences pressure gradients as a result of 

evaporation, which causes the network to be squeezed more tightly towards the 

surface than it is underneath, further decreasing the gel network. Additionally, 

the liquid flows from the bulk of the gel to cover a tiny area of the surface 

because the evaporation of the liquid cannot cover the entire surface without the 

creation of a meniscus on the pore surface [61]. 

       Densification is the Gel's last treatment phase. Heat treatment of the porous 

gel at high temperatures is required to obtain powder from the gel. The pores 

are removed after the high-temperature treatment, and the densification 

temperature is highly dependent on the degree of connection of the pores, the 

dimension of the pores, and the surface area in the stature [62]. The steps of the 

sol-gel synthesis process are depicted in Fig.  2.5 [63]. 

 

Figure 2.5: Summary of the Sol-Gel method
 
[63]. 

       The conversion of a liquid (colloidal or solution) into a solid (or multiphase 

gel) is known as the sol-gel process. The structural and textural characteristics 

of the produced materials are influenced by different sol-gel process settings. 
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The initial reaction parameters of precursor material, molar ratio (R) of 

reactants, pH, solvent composition, temperature, aging, and drying conditions 

are primarily influenced by the sol-gel process [64]. 

2.8  Applications of TiO2   

      TiO2 NPs have sparked widespread interest due to their numerous 

advantages, including optical and electrical characteristics, strong photocatalytic 

activity, low cost, non-toxicity, and chemical stability [65]. Fig.  2.6 depicts the 

application of TiO2. These applications include self-cleaning, water treatment, 

air cleansing, anti-fogging, and anti-bacterial effects [66].   

 

Figure 2.6: Application of TiO2 NPs. 

2.9  Gold (Au) Nanoparticles 

  The epitome of a noble element is gold. Gold nanoparticles can display 

characteristics that are very different from those of bulk gold [67]. Contrary to 

Deodorization 

Water purification 

Photocatalysis 
Anti-bacterial 

Self-cleaning 

Sensor 

Solar cells 
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bulk gold, nanoscale gold, for instance, displays a variety of vibrant colors that 

depend on particle size and shape [68].  

  The absorption of visible light at wavelengths of around 550 nm (or 

greater) is due to surface plasmon resonance, which is caused by the coupled 

oscillations of electrons at the surface of the nanoparticles [68–71]. In 1857, 

Michael Faraday found that stabilizing the tiny particles created by the aqueous 

reduction of gold chloride by phosphorus by adding carbon disulfide resulted in 

the production of a "beautiful ruby fluid" [72]. Noble metal nanoparticles, in 

particular gold nanoparticles, have been the subject of extensive investigation 

over the past few decades because of their unique electrical, optical, and 

catalytic characteristics [73–75]. Careful control of the size, shape, interparticle 

distance, and surface nature of gold nanoparticles increases these intriguing 

properties, which leads to intriguing applications in the fields of controlled drug 

release, thermal therapy, surface-enhanced spectroscopy, and catalysis, among 

others [76–79]. By changing the metal nanostructures' composition, size, shape, 

and structure (hollow versus solid), it is possible to tailor their properties.  

   Noble metal nanoparticles, such as Au, are appealing due to their optical 

characteristics. Au is an appropriate candidate since it is more stable and does 

not oxidize [80]. Another key technique is to tailor the TiO2 band gap to 

improve photocatalytic activity [81]. Several methods for attaching metal NPs 

to nanostructured semiconductors have been used, including deposition 

precipitation, photo deposition, chemical deposition, and impregnation. Au NPs 

can be produced in a variety of shapes, such as nanospheres, nanorods, 

nanoshells, and nano prisms. Some of the morphologies displayed by Au NPs 

are depicted in Fig. 2.7 [82]. 
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Figure 2.7: Shows the most common Au NPs shapes and assemblages [82]. 

       TiO2's broadband gap (3.2 eV) severely limits its performance solely in the 

UV area (approximately 3% of solar light). Several attempts have been made to 

expand the photo responsibility of TiO2 from UV to visible areas. Using noble 

metal nanoparticles to decorate TiO2 nanostructures [83, 84]. Noble metal 

nanoparticles were used as active sites to collect photogenerated electrons and 

lower the rate of recombination. Furthermore, due to their surface plasmon 

resonance (SPR) capabilities in the visible region, metal nanoparticles can 

improve light usage [85, 86]. 

2.10  Principles of Photocatalysis 

       Photocatalysis is a mix of photochemistry and catalysis, which implies that 

both light and catalyst are required to promote a chemical process [87]. The 

photocatalytic reaction differs from standard catalyst reactions in that the 

catalyst material is activated by light rather than heat. Photocatalyst is a 

substance that increases the rate (time and speed) of a chemical process. Under 
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visible light and UV irradiation, it does not alter or is consumed in the process 

[88]. 

Photocatalysts can be divided into two groups: homogeneous 

photocatalysts and heterogeneous photocatalysts, depending on the 

photocatalyst phase with the reaction components. Homogeneous photocatalysts 

commonly dissolve in the reaction mixture when they are in the same phase as 

the chemical reaction's constituents. Metal salts, bases or acids, solvents, radical 

initiators, and enzymes are a few examples. Heterogeneous photocatalysts, on 

the other hand, frequently disintegrate in solvents and change in phase with the 

reactants. Examples of this class include supported metals, sulfides, solid acids 

and bases, and immobilized enzymes. Heterogeneous photocatalysts are hence 

opaque substances unless they have a porous structure [89]. 

A strong ultraviolet (UV) light is employed in the homogeneous 

photocatalyst to illuminate the contaminated water in the presence of O3, Fe
+3

, 

or H2O2. The presence of these components acts as a catalyst, and the reaction 

takes place in the bulk solution. The heterogeneous photocatalysis, on the other 

hand, involves one or more interaction processes that result in the formation of 

electron-hole pairs on the surface of semiconductor solid materials using an 

appropriate light. Because of the presence of solid catalyst material in a gaseous 

or liquid combination, the distribution and use of incoming light energy is 

substantially more difficult than in homogeneous operations [90]. 

        Shape, specific surface area, crystalline structure, hydroxyl group surface 

density, and particle aggregate size are physical characteristics that have a 

significant impact on semiconductor photocatalyst efficiency [91]. Recent 

decades have seen concerns regarding the oxidation process, in particular the 
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removal of organic and inorganic impurities using semiconductor metal oxides 

[92]. 

       The heterogeneous photocatalytic oxidation method utilizing TiO2 has 

received increased interest as an alternative technique for both water and air 

cleaning [93]. The key characteristic of the heterogeneous photocatalyst is that 

no original material remains. That is, no sludge residue is required for disposal 

since the process converts contaminants into innocuous byproducts such as CO2 

and H2O [94]. In heterogeneous photocatalyst materials, the initial step is the 

creation of electron-hole pairs. An electron (e
-
) is raised from the valence band 

to the conduction band when a semiconductor material is exposed to a photon 

with energy (hv) equal to or greater than the bandgap value, leaving a positive 

hole (h
+
) in the valence band. 

 

2.11  Photodegradation Mechanism  

        This mechanism proposes a realistic reaction mechanism for the 

photodegradation of dyes on Au/TiO2 NPs under UV irradiation. Because TiO2's 

band gap is in the UV region, electrons in the valance band (VB) are promoted 

to the conduction band (CB) when exposed to UV light [95]. The electrons in 

the CB can then be transported to the adsorbed O2 on the surface of TiO2 to 

generate superoxide radical anions (O2
•-
) [96]. Furthermore, in the case of metal 

nanoparticle doped TiO2, the metal nanoparticles may be thought of as an 

electron sink, where electrons in the conduction band can migrate to the noble 

metal surface, avoiding electron-hole (e
- 

- h
+
) pair recombination [97– 99]. 

Thus, the transfer of electrons from the photocatalyst's core to the metal surface 

leads to improved photo quantum efficiency, which might explain the current 

nanogold-doped systems' high photoactivity even when exposed to low-
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intensity UV from sunshine. The transferred electrons at the metal surface aid in 

the production of the oxygen superoxide radical anion. The holes in the VB 

interact with the water molecules, causing the creation of hydroxyl radical 

(
•
OH) and proton. Protonation of the superoxide anion (O2

•-
), generates 

•
OOH 

radicals, which then react with H2O to form the 
•
OH radical [100]. 

        These 
•
OH radicals are what break down the color molecules. Previous 

research has demonstrated that photoactivity requires the presence of 
•
OH 

radicals [100–103]. Therefore, the insertion of Au NPs and an increase in the 

quantity of nanogold particles can significantly increase TiO2's photoactivity. If 

there are more Au NPs on the support, the TiO2 CB's electron migration to the 

Au surfaces will move more quickly, facilitating the transmission of electrons to 

the adsorbed O2 molecules [104, 105]. This encourages the synthesis of more 

O2
•-
, which in turn encourages the formation of more 

•
OH, which is in charge of 

fading the color. This explains why dye degradation has been seen to increase in 

comparison to existing photocatalysts when Au doping increases. Fig. 2.8 

shows a schematic representation of the photodegradation route [106]. 

 

TiO2 
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Figure 2.8: Possible dye photodegradation process over Au NPs doped TiO2 

[106]. 

2.12 Literature Review 

  Wen et al. [107] in 2013 synthesized and investigated Au/TiO2 nanotubes 

with Au NPs precipitated by deposition-precipitation method (DP) on visible 

photocatalysis properties. The optimal visible photocatalytic activity was 

observed in the sample Au/TiO2 with 3 wt. % loading of Au NPs and calcining 

after 350 °C. Transmission electron microscopy revealed Au NPs with a 

diameter of 4.16 nm at the interface between the anatase and rutile phases in the 

optimal sample. The presence of these joint active sites at the interface 

facilitated charge separation, leading to enhanced photocatalytic efficiency. This 

enhancement was attributed to the combined effect of enhanced visible 

absorption and the anatase/rutile mixed-phase composition.    

In the work of Chen et al. [108] in 2015 two-dimensional TiO2 nanosheet 

films with visible light trapping nanostructures were fabricated using an alkali 

hydrothermal reaction. Metallic Au nanoparticles (NPs) were deposited on the 

TiO2 film surface through a microwave-assisted reduction process. The 

localized surface plasmon resonance (LSPR) of Au NPs is enhanced by the 

overlapped light harvesting nanostructures, resulting in LSPR absorption with 

peaks at 389 nm and 540 nm. The photocatalytic performance of TiO2 is 

promoted by the synergetic effect between the overlapped light harvesting 

nanostructures and improved charge carrier separation processes. The optimal 

sample (0.6 Au/TiO2 film) shows faster MB degradation compared to pure TiO2 

film under UV and UV-visible light irradiation. This study presents a simple 

strategy for developing efficient film-shaped plasmonic photocatalysts. 
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Salgado et al. [109] in 2016 synthesized Au nanoparticles deposited onto 

commercial TiO2 (P25, nonporous, 70% anatase, and 30% rutile) by deposition-

precipitation using urea. In brief, urea and HAuCl4.3H2O were dissolved in 

distilled water. Titania was, then, added to this solution, which was held at 80
 

°C with steady stirring for 16 hours. Following deposition, the sample was 

recovered by centrifugation, cleaned four times in water at 50 °C, dried for two 

hours at 80 
o
C, and then thermally treated under air using a heating ramp at 300 

°C. The resulting Au/TiO2 photocatalyst displayed non-porous morphology, a 

bandgap energy of 2.68 eV, a BET surface area of 56 m
2
 g

-1
, and an actual Au 

content of 0.5 wt.%. 

Campos et al. [110] in 2017 synthesized Au–TiO2 photocatalysts using a 

microwave-assisted sol-gel method. They used X-ray diffraction (XRD) and 

UV-Vis diffuse reflectance spectroscopy (DRS) to determine characterization. 

The particle sizes were determined using the Scherrer equation. Changes in the 

band gap energy were observed based on the weight percentage of the dopant. 

X-ray diffraction patterns indicated the presence of the crystalline anatase phase 

and no rutile phase in both samples. UV-Vis DRS revealed that the band gap 

decreased with increased metal load, indicating a band gap energy variation 

from 3.2 eV (pure TiO2) to 2.98 eV for the sample loaded with gold. Which can 

be related to the metal load in the photocatalyst. 

Mehta et al. [111] in 2017 described the synthesis of gold-titania 

(Au/TiO2), which increased photocatalytic performance for the destruction of 

alizarin dye, and is generated by the homogeneous deposition–precipitation 

(HDP) method through mesoporous nanostructure. The optical properties of 

Au/TiO2 exhibit a distinctive surface plasmonic absorption band at 520 nm, 

while the X-ray diffraction (XRD) pattern displays the tetragonal geometry and 

FCC unit cell structure of the anatase phase of TiO2. Gold's elemental state 
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(Au
0
) is shown via X-ray photon spectroscopy (Au 4f7/2 at 84.0 and Au 4f5/2 at 

87.7 eV). With a rise in Au content, it was observed that specific surface area 

decreased (169, 141, 130, and 119 m
2
/g for 1, 2, 3, and 4 wt. %, respectively). 

Better charge delocalization is the reason why the mesoporous Au/TiO2 

nanocomposite outperformed the commercial nano-TiO2 (P25) in terms of 

catalytic activity. 

Weng and Yu [112] in 2018 fabricated anatase TiO2 NPs attached to 

larger anisotropic Au morphologies by a two-step microwave-assisted method. 

Polyvinylpyrrolidone (PVP) is used as a reducing, capping, and stabilizing 

agent throughout the polyol method to create the TiO2/Au NPs. The PVP was 

eliminated by calcination at low temperatures to maximize the contact between 

the titania and the gold and enhance electron transmission. The system operates 

at 450 °C, which is the ideal calcination temperature. The outcome showed high 

photocatalytic activity for TiO2-based photocatalysts with big Au NPs (particle 

size 50 nm) and high Au loading.  

Aswathy et al. [113] in 2019 successfully manufactured pure and Au-

doped TiO2 nanofibers (Au wt. % = 0.5, 1, 2, and 3) by electrospinning 

followed by annealing at 550 °C. The photocatalytic activity of pure and Au-

doped TiO2 nanofibers in water was investigated using ultraviolet (UV) and 

visible light irradiation independently. The photocatalytic activity of pure TiO2 

nanofibers is found to be greater when exposed to visible light than when 

exposed to UV light. However, the rate of MB breakdown in Au-doped TiO2 

nanofibers is faster under UV light than under visible light. Under UV 

irradiation, the efficiency of photodegradation is found to be somewhat higher 

for 1 wt. % Au doped TiO2 nanofibers than pure TiO2 nanofibers.  
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The study of Truppi et al. [114] in 2019 investigates the photocatalytic 

degradation of water pollutants using TiO2/Au NPs nanocomposites prepared 

using a co-precipitation method. The material was calcined at varying 

temperatures, obtaining up to 20 g of catalysts. The photocatalytic performance 

was tested under UV and UV-Vis irradiation, with TiO2/Au NPs, calcined at 

450 °C showing faster degradation rates for Methylene Blue and Nalidixic Acid 

under UV and visible light. The results suggest that the high photoactivity of 

TiO2/Au NPs in the visible range can be profitably exploited in photocatalytic 

applications, offering potential environmental remediation solutions. 

Kholikov et al. [115] in 2021 reported that the gold nanoparticles (Au 

NPs) had been loaded on the surface of TiO2 nanoparticles by a deposition-

precipitation (DP) method. Using HAuCl4.4H2O as preparation material, 

different mass percentages of Au (1.0, 2.0, 3.0, and 4.0%) were deposited on the 

surface of TiO2 nanoparticles. The outcomes demonstrated that the produced 

Au/TiO2 nanocomposite exhibited outstanding visible light photo-activity 

employed for the breakdown of hazardous contaminants and showed a 36-fold 

increase in photoactivity over pure TiO2.  

Liu and He [116] in 2022 investigated the efficacy of nanoparticles with 

an Au@TiO2 core-shell for the photolysis of MB under solar light radiation. 

They successfully produced nanoparticles using a hydrothermal approach. They 

note that the optical bandgap value of Au@TiO2 is reduced due to Au 

integration and defects. In Au@TiO2 as well as reducing the charge transfer 

resistance and recombination kinetics. Au@TiO2 removed 90% of MB solution 

in 60 minutes under solar light radiation. The rapid decomposition rate of Au 

nanoparticles was related to their SPR absorption properties. The proposed 

photocatalyst was effective in degrading methyl bromide in an actual sample of 

industrial effluents for paint and dye. 
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Yu et al. [117] in 2023 prepared rutile/anatase TiO2 homojunction using 

sol-gel synthesis with nitric acid as a peptizing agent. The photocatalytic 

performance of 1% Au/TiO2- HNO3 was evaluated, showing good results in 

hydrogen evolution rate and methylene blue degradation under visible light 

irradiation. The composition ratio of rutile and anatase phases in TiO2- HNO3 

was contributed to the enhanced charge transfer and decreased electron-hole 

recombination, favorable for photocatalytic performance. Additionally, the 

strong metal-support interaction and localized surface plasmon resonance of Au 

species accounted for the better performance of Au/TiO2- HNO3. 
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3.1  Introduction 

This chapter presents the methodology employed in producing 

nanoparticles comprising pure TiO2 and X% Au/TiO2, employing the sol-gel 

approach. The methods used in this study to characterize the results will be 

elucidated. The photocatalytic activity of the materials for degrading 

methylene blue's (MB) aqueous solution will also be described.  A schematic 

diagram of the distinct stages undertaken in this investigation is presented in 

Fig. 3.1 to provide a comprehensive understanding of the experimental 

process. 

 

Figure 3.1: A schematic diagram of the practical steps in the present work. 
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3.2  Samples Preparation 

3.2.1 Chemical materials 

The precursor, solvent, and other chemical materials that were used in this work 

are summarized in Table (3.1). 

Table (3.1): Specification of chemical materials utilized in this work. 

Chemical material  Molecular 

formula 

Molecular 

weight (g/mol) 

Purity Company 

Titanium Tetra 

Isopropoxide (TTIP) 

C12H28O4Ti, or 

Ti [OCH(CH3)2]4 

284.26 97% Sigma-Aldrich 

company 

Hydrogen 

Tetrachloroaurate 

Trihydrate 

HAuCl4.3H2O, 393.83 99.9% Glentham 

Deionized Water H2O 18 The high degree 

of purity/ free of 

additional ions 

Chemical lab. 

Ethanol (EtOH)  C2H6O or C2H5OH 46.07 99.9% J. T. Baker 

Hydrochloric Acid 

(HCl) 

HCI 36.46 36.5- 38.0% J. T. Baker 

Methylene Blue 

(MB) 

C16H18ClN3S, 5..113 99% Merck 

Organics 
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3.2.2 Preparation of TiO2 nanoparticles 

First, 10 ml of TTIP was added dropwise to the beaker containing 50 ml 

of ethanol (EtOH) under vigorously stirred at 600 rpm for 10 min. After the 

titration process was completed, the solution's color changed from clear to 

milky white, suggesting the production of TiO2 NPs, which was marked as 

solution A. Next, a mixture of 50 ml ethanol, 10 ml water, and 1 ml 

concentrated hydrochloric acid (HCl), which is marked as solution B, was 

added dropwise to solution A under continued stirring for 30 min. The final 

solution (A+B) will keep immobile for two nights until the formation of the gel 

as shown in Fig. 3.2. 

 

Figure 3.2: Images of gel composition before drying. 
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Then, the drying process takes place, where the samples are placed in the 

oven for about 60 hours (h) at a temperature of 75 °C to get rid of unwanted 

materials. After this step, the powder was obtained by manually grinding the 

sample in a mortar and pestle. Then the sample was annealed using an oven 

under an ambient atmosphere at 450 °C for 2 h to improve the crystallinity, as 

shown in Fig. 3.3.  

 

      Figure 3.3: Stapes of preparing pure TiO2 NPs. 

 

3.2.3 Doped TiO2 samples preparation 

3.2.3.1  Preparation of the gold solution: Hydrogen tetrachloroaurate 

trihydrate (HAuCl4.3H2O, 1 g) was dissolved in dilute hydrochloric acid (HCl, 1 

M) under vigorous stirring at room temperature, and kept in the dark which 

remark as solution A1.   

3.2.3.2 Preparation of the Au/TiO2 NPs: For the preparation of X% Au/TiO2 

NPs, two solutions were prepared. Solution A2 which consisted of 10 mL of 

TTIP dissolved in 50 mL of absolute ethanol and stirred for 10 min until the 

solution turned from transparent to milky color. Then, solution A1 was added 

dropwise in different ratios (0.5%, 1%, 1.5%, 2%, and 2.5%) Au under stirring 
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at 600 rpm to solution A2. The value of 0.5% Au is approximately equivalent 

to 50 µm of the TTIP percentage used, and so on for other percentages. 

        Solution B: consisted of 50 ml ethanol, 10 ml water, and 1 ml concentrated 

HCl, respectively. After 30 minutes of continuous stirring of solution A1, 

solution A2 was added. Afterward, the mixture was transferred to a glass flask 

and left undisturbed for 48 h to allow the gel to form.  

       Next, the samples were dried to evaporate unwanted materials. This 

involved placing the samples in an oven set at 75 °C for approximately 60 h. 

Finally, the obtained powder was manually ground using a mortar and pestle, as 

shown in Fig. 3.4 (a, b, and c). Subsequently, the powder was annealed in an 

ambient atmosphere at 450 °C for 2 h. The calcination process improved the 

crystallinity of the nanoparticles, leading to enhanced photocatalytic activity 

and optical properties. All the processes are summarized in Fig. 3.5. 

 

           

 

 

 

 

 

 

 

 

 

  

a b 
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Figure 3.4: Image of the samples at drying and calcination process a) samples 

after drying, b) grinding tool, and c) annealing stage. 

 

 

Figure 3.5: Stapes of preparing X% Au/TiO2 NPs. 

 

3.3  Techniques of Characterization  

       Many types of equipment have been used to examine the physicochemical 

and photocatalytic characteristics of pure TiO2 and X% Au/TiO2 NPs. The 

section summarizes the characterizations and analytic approaches used in this 

work. 

3.3.1 X-ray diffraction (XRD) analysis 

The technique XRD is used to determine the crystal structure and crystallite 

size of nanomaterials. XRD is based on the diffraction of X-ray beams as a 

function of incident beam angle. These X-rays are created by bombarding a 

specific metal with high-energy electrons (typically Cu or Mo), which are then 

filtered and focused into monochromatic radiation that is aimed at the sample. 

When the criteria of Bragg's law are met, the interaction of the X-ray beam with 
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the surface of the sample produces reflected photons from constructive 

interference: 

                                                                                                    (3.1) 

Where d denotes the planar spacing, θ is the angle between the incidences and 

normal to the lattice plane, n denotes the order of reflection, and λ corresponds 

to the X-ray wavelength. 

       Furthermore, the crystallite size (D) of the material can be calculated from 

the diffraction data using Scherrer's equation: 

   
  

     
                                                                                                  (3.2) 

Where k is a dimensionless shape factor, λ is the X-ray wavelength, B is full 

width at half maximum, and θ is the angle. 

  Analysis-related data: XRD Philips type PW1730 with Cu Kα radiation 

source at a wavelength of 1.54056 Å with current (30 mA) and voltage (40 kV) 

was used. Diffraction data were characterized at 2θ in the scanning range of 

10°-80° and step width of 0.02° and step time of 0.01 seconds. The X'pert High 

score software was used to analyze the atomic structure. The prepared samples 

were analyzed at the University of Tehran's School of Chemical Engineering - 

Iran. 

 

3.3.2 X-ray photoelectron spectroscopy (XPS) analysis 

The elemental makeup of a material's surface (between depths of 1 and 

10 nm) can be ascertained using XPS, also known as electron spectroscopy for 

chemical analysis (ESCA). Further applications include determining these 

elements' chemical or electrical states. 
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The incident X-rays from the monochromatic X-ray source cause the 

core-level electrons in the sample atoms to be ejected. A photoemitted core 

electron's energy depends on its binding energy and is unique to the element it 

was released from. An outer electron fills the core hole after the incident X-ray 

expels the core electron. The emission of an Auger electron or a distinctive X-

ray balances the energy of this transition. The spectrum of the surface 

composition is produced by measuring the quantity of photoelectrons and Auger 

electrons as a function of their energy. The relative amount of the element that 

that peak represents is expressed as the area under the peak in the spectrum. The 

element's chemical state is indicated by the peak's precise location and form. 

Analysis-related data: XPS BESTEC EA10 spectrometer with a 

monochromatized Al-Kα radiation, a concentric hemispherical electron energy 

analyzer under vacuum (2*10
-10

 mbar), and a pass energy of 23.5 eV was used 

to characterize the chemical species at the Interfaces of the materials. C 1s (285 

eV) was used as a reference peak to correct for charging effects during 

acquisition. After accounting for the removal of a non-linear (Shirley) 

background, the core level spectra were used in calculating the quantitative 

surface chemical composition. The prepared samples were analyzed at the 

University of Tehran's School of Chemical Engineering - Iran. 

 

3.3.3 Fourier transform infrared (FTIR) analysis 

       Infrared radiation (IR radiation) is an electromagnetic radiation that is 

invisible and has a wavelength range of 0.74 µm to 100 µm. It was first 

discovered by Sir William Herschel in 1800. Based on its various sections, such 

as near-infrared (12820 to 4000 cm
-1

), mid-infrared (4000 to 400 cm
-1

), and far 

infrared (400 to 33 cm
-1

), IR spectroscopy is a technique that is employed in 
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numerous experiments. Studying overtones, combinations, or harmonic 

vibrations uses the near-infrared area. Far infrared is used to analyze inorganic 

substances, while mid-infrared is utilized to determine the structure of organic 

molecules[118]. In this thesis, the mid-infrared band (4000 to 400 cm
-1

) of IR 

spectroscopy is employed to identify the functional group of X% Au /TiO2 

samples.   

    Analysis-related data: The samples were examined by combining KBr, 

TiO2, and Au/TiO2 NPs in the form of a pellet. The prepared samples were 

examined (FTIR-8400S, SHIMADZU) device at the University of Kerbala, 

College of Science, Department of Chemistry. 

 

3.3.4 Field emission scanning electron microscopy (FESEM) and energy 

dispersive x-ray spectroscopy (EDX) analysis 

       FESEM, a type of electron microscopy capable of providing higher-

resolution and less electrostatically distorted pictures, is mostly useful for 

assessing the surface structure of the subject. FESEM can provide information 

on the elemental composition of materials photographed with EDX and sample 

images. As a form of spectroscopy, EDX investigates a sample through 

interactions between light and matter, examining X-rays in this example. The 

fundamental idea that each periodic table element has a unique electronic 

structure and consequently a unique reaction to electromagnetic waves 

underpins its characterization capabilities [119,120].  

Analysis-related data: FESEM model TESCAN - (MIRA3, LMU) was 

used to characterize the surface morphology of pure TiO2 and X% Au/TiO2 NPs 

samples. The prepared samples were analyzed at the University of Tehran's 

School of Chemical Engineering- Iran. 
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3.3.5 Transmission electron microscopy (TEM) analysis 

TEM is an imaging technology that works in the same way as a light 

microscope but uses electrons instead of light. High-energy electrons, similar to 

SEM, flow through a series of lenses under a vacuum to produce the 

appropriately focused beam of electrons that hit the surface of the sample [121]. 

The interaction of electrons with the sample produces X-rays, which are 

recorded on a high-resolution fluorescence screen to learn about the 

morphology, crystallization, and composition of the examined substance. A 

TEM sample should be thin enough to allow enough electrons to flow through 

to provide an image with little loss of energy. As a result, sample preparation is 

critical for TEM analysis.  

Analysis-related data: TEM model Philips EM 208S. The size of the 

metal particle can be measured using the Image J program. The prepared 

samples were analyzed at the University of Tehran's School of Chemical 

Engineering - Iran. 

 

3.3.6 Specific surface area (BET) analysis 

        Brunauer Emmett Teller (BET) is a critical approach for determining the 

specific surface area and pore size distribution of various nanomaterials. The 

defined surface area of nanostructured materials is typically assigned by the 

BET process's physical absorption of inert gas molecules on the surface of the 

solid substance. The specific surface area of the produced materials in this work 

was examined by micropolitics (Tristar II series). The average pore diameter 

and pore volume of the sample were determined using the Barrett-Joyner-
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Halenda (BJH) formula from the N2 adsorption-desorption isotherm (purity 

99.999%). 

Analysis-related data: BET BELSORP Mini II, the porous properties were 

examined by N2 adsorption and desorption isotherms at 77 K. The prepared 

samples were analyzed at the University of Tehran's School of Chemical 

Engineering- Iran. 

 

3.3.7 Ultraviolet-visible spectroscopy (UV-Vis) analysis 

      UV-Vis spectroscopy can be used to analyze the optical features of 

nanostructures such as absorption coefficient, absorption and reflectance 

spectra, and energy bandgap [122]. Absorption is a type of spectroscopy that is 

utilized in the ultraviolet-visible region. UV-Vis absorption spectroscopy 

provides information on light absorption as a function of wavelength, 

characterizing the electronic transitions in the samples under investigation. The 

UV-Vis spectrophotometer compares the intensity of light passing through a 

sample and the intensity of light before passing through the sample [123]. Beer's 

law can be used to calculate absorbance (A): 

       
 

    
                                                                                            (3.3) 

Where (I) is the intensity of light passing through the sample and (Io) is the 

intensity of light before passing through the sample. 

        The UV-Vis spectrophotometer was used in this investigation to monitor 

the degradation of MB concentration during photocatalytic activity evaluation 

using the generated pure TiO2 and  X% Au/TiO2 NPs samples. The ultraviolet 

spectrum was captured between 200 and 800 nm. To determine the rate of 
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deterioration as a function of irradiation time, the maximum absorption 

wavelength of MB (664 nm) was used.  

       Analysis-related data: All measurements were performed using a 

Shimadzu-UV-VIS Spectrophotometer (UV-1900i) at the University of Kerbala, 

College of Science, Department of Physics. 

 

 

3.3.7.1 Band gap energy and Tauc plot 

       Direct band gap energy (Eg) was calculated in (eV) by utilizing from UV-

visible spectrophotometer by using the Tauc equation [124]as mentioned in 

equation (3.4): 

                 (3.4) 

 Where α is the absorbance coefficient for all samples, h is Plank constant 

(6.63*10
-34

 J s), ʋ is the frequency of light equal to (C/λ), here C is light speed, 

A is optical constant, and m is 2 for direct transition. 

 

3.4   Photocatalytic Activity of TiO2 

3.4.1  Preparation of methylene blue solution and its calibration curve 

To construct the calibration curve, solutions with varying concentrations of 

MB (5 ppm, 10 ppm, 15 ppm, 20 ppm, and 25 ppm) were prepared. These 

solutions were exposed to UV light within the wavelength range of 450-800 nm 

and their absorption values were recorded. The concentration of MB was 

determined using a UV-visible Spectrophotometer. Highest absorbance of MB 

at λ max = 664 nm was observed across all solutions. The calibration curve for 
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MB dye was used at a wavelength of 664 nm to ascertain the concentration of 

the dye. As shown in Fig. 3.6. 

 

 

 

3.4.2  Photodegradation setup 

The photoreaction was carried out using a handmade photoreactor as shown 

in Fig. 3.7. This photoreactor includes UV light (Xenon lamp, 250 W, 365 nm 

wavelength). The reactor's body is constructed from a wooden box to prevent 

hazardous light, which contains a magnetic stirrer, a Pyrex glass beaker (250 

mL), and a fan. The University of Karbala has a College of Science, Department 

of Physics. 

Figure 3.6: Absorption spectra of MB at different concentrations, 5, 10, 

15, 20, and 25 ppm. 
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Figure 3.7: A photograph of the photocatalytic setup. 

 

3.4.3 Photocatalytic studies 

The influence of six different catalysts (TiO2, X% Au /TiO2) on the 

photocatalytic degradation of MB was investigated and studied. The 

examinations were carried out under similar conditions to compare the obtained 

results. The photodegradation properties of the prepared samples were evaluated 

in the presence of UV-Vis light to assess their ability to degrade MB dye. The 

degradation of MB dye was tracked by observing the gradual decline in the 

absorption peak at 664 nm in the UV-Vis absorption spectra as the reaction time 

increased. This particular absorption peak corresponds to MB and is indicative 

of its presence in the solution. 

Initially, the addition of 15 mg of TiO2 or X% Au /TiO2 NPs as catalysts to 

a 100 mL MB with a concentration of 10 ppm and disperse the solid catalyst 

particles, the suspension was subjected to sonication for 10 min before using 

Wooden box 
UV-lamp 

Fan 

A magnetic 

stirrer 
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UV light. To achieve adsorption-desorption equilibrium of the dye MB on the 

TiO2 or X% Au /TiO2 catalysts surface, and to minimize any errors arising from 

elementary adsorption, the solution was, then, placed in a dark room for at least 

30 min. A preliminary sample, consisting of approximately 4 mL, was extracted 

from the solution after the dark adsorption phase to determine the concentration 

of the MB dye remaining in the solution, denoted as the primary concentration 

(Co). The illumination process was then started and the samples were collected 

every 20 min for a total of 120 min. Finally, the solution was subjected to 

centrifugation at (4500 rpm for 10 min) to eliminate any suspended particulates, 

and the absorbance was determined using a Shimadzu-UV-Vis 

Spectrophotometer (UV-1900i). 

       Each sample's photodegradation efficiency (PDE) rate was determined 

using the equation [125]: 

         
        

   
                                                                           (3.5) 

Where Co and Ct are the MB concentrations before and after UV irradiation 

exposure respectively. Ct was calculated by drawing the calibration curve.
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4.1 Introduction 

       The results and discussion of the characteristics of pure TiO2 and X% 

Au/TiO2 NPs prepared using the Sol-Gel process are included in this chapter. 

Characterization investigations including XRD, XPS, FTIR, FESEM, EDX, 

TEM, BET, and UV-Vis spectroscopy are used to display and discuss the 

results. In addition, UV-Vis irradiation was used to investigate the 

photocatalytic activity of TiO2 and X% Au/TiO2 NPs.  

 

4.2  XRD Results  

       XRD pattern exhibits distinct diffraction peaks corresponding to the 

crystallographic planes of polycrystalline Au and TiO2 in both anatase and 

rutile phases. The XRD spectrum of the prepared samples is shown in Fig. 4.1. 

Peaks at 2θ = 25.5°, 48.2°, 54.5°, 63.2° and 69.2° which assigned to (101), 

(200), (105), (204) and (116) crystal lattice planes correspond to TiO2 in 

anatase phase, (JCPDS Card no. 002–0406), while the peaks at 2θ = 27.8°, 

36.3°, 39.4°, 41.4°, 44.4°, 56.9°, 64.3°, and 70.0° which were assigned to 

(110), (101), (200), (111), (210), (220), (310) and (112) revealed the rutile 

phase of TiO2 (JCPDS Card no. 01-088–1173).  

A peak at 2θ value of around 38.2° was observed revealing the existence of 

metallic Au which is assigned to (111) and this peak matches well with the 

face-centered cubic (FCC) Au NPs (JCPDS Card no. 004–0784). According to 

the standard, the Au metal has other peaks in the higher range of 2θ that may 

overlap with the peaks of TiO2 or they may not have an obvious intensity due 

to its small amount [126].  

  



Results and discussion     

 

46 
 

15 20 25 30 35 40 45 50 55 60 65 70 75

(2
0

0
)


 (2

0
0

)

(1
1

1
)

(3
1

0
)

(2
2

0
)




(2
1

0
)

(1
1

1
)

(1
0

1
)

(1
1

0
)






(1
1

2
)

(1
1

6
)

(2
0

4
)

(1
0

5
)

(2
0

0
)








2.5% Au/TiO2

2% Au/TiO2

1.5%Au/TiO2

1% Au/TiO2

In
te

n
si

ty
 (

a.
u

.)

2 Theta (Degree)

Anatase

Rutile

Au

TiO2

0.5% Au/TiO2



(1
0
1

)


 

Figure 4.1: XRD patterns of TiO2 NPs and X% Au/TiO2 NPs. 

       Only this peak was observed for gold at 2θ = 38.14°, and the rest of the 

peaks may be overlapped with titanium peaks in other areas. Therefore, it was 

observed that the average crystal dimensions of the gold-plated samples were 

relatively reduced compared to the pure sample. It is worth noting that this 

phenomenon may be ascribed to the imposition of lattice strain, thereby 

offering a plausible explanation for the observed reduction in crystallite size 

among the Au-doped specimens [127]. 

       The stronger peak resulting in the XRD test agrees with the (110) plane 

appearing at 27.76° of the diffraction patterns, indicating the formation of the 

TiO2 tetragonal Rutile phase. The Debye-Scherrer formula was used to 

determine the samples' average crystallite size [128,129].  
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       The determination of the ratio of the anatase to rutile phases can be 

achieved through the application of Spur’s-Myers equation [130]. The equation 

(4.1), derived from analyzing areas under the highest normalized peak 

intensities of a diffraction pattern, enables the calculation of the anatase and 

rutile phases.  

          
 

      
  
  
 
 

(4.1) 

Where IR areas are under the highest normalized peak intensities of the rutile 

phase, and IA is areas under the highest normalized peak intensities of the 

anatase phase. The results of the ratio of anatase to rutile as well as the 

crystallite size for all samples are presented in Table (4.1). The highest anatase 

to rutile phase transformation occurred when 2.5% Au/TiO2 was used as the 

dopant (ca. 39.36% anatase and 60.63% rutile). Thus, it can be concluded that 

doping Au into the TiO2 structure promotes the transition from the anatase to 

the rutile phase. 

Table (4.1): The ratio of rutile phase and anatase and crystallite size of the pure 

TiO2 and X% Au/TiO2 NPs samples 

 

Sample 

Phase ratio 

 (%) 

Crystallite size of TiO2  

(nm) 

Anatase  Rutile  Anatase Rutile 

TiO2 
 

46.34 

 

53.66 

 

32.38  

 

37.37 

0.5% Au/TiO2 
 

44.85 

 

55.15 

 

32.39 

 

35.5 

1% Au/TiO2 
 

44.30 

 

55.70 

 

33.24 

 

35.49 

1.5% Au/TiO2 
 

41.49 

 

58.51 

 

28.96 

 

28.65 

2% Au/TiO2 
 

40.66 

 

59.34 

 

31.63 

 

31.38 

2.5% Au/TiO2 
 

39.36 

 

60.64 

 

33.97 

 

26.37 
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       Kim et al. [131] have indicated that factors such as synthesis method, 

calcination temperature, and metal-doped can influence the crystal phase 

formation of TiO2.  It has been recently reported that the mixed phases of TiO2 

are useful for reducing the recombination of photogeneration electrons and 

holes that would raise the photocatalytic activity [132]. However, the rutile 

phase is also preferred for a synthesized TiO2 structure because it could be 

used to improve the photocatalysis activity of TiO2 [133]. 

4.3  XPS Results 

       The XPS characterizations of representative pure TiO2 and X% Au/TiO2 

NPs were performed. Usually, since carbon is typically present as adsorbed 

material on any sample, it serves as a convenient reference. Carbon element 

with a binding energy of C 1s = 284.8 eV is used as an internal standard. 

Shifted the binding energies of samples based on this value [134]. In Table 

(4.2), the peak position deviations from the standards for all samples of C 1s 

are listed.  

Table (4.2): Peak position deviation from the standard for the samples. 

Sample Peak C1s BE (eV) Energy shift (eV) 

TiO2 284.50 -0.30 

0.5% Au/TiO2 284.90 +0.10 

1% Au/TiO2 284.85 +0.05 

1.5% Au/TiO2 284.30 -0.50 

2% Au/TiO2 284.55 -0.25 

2.5% Au/TiO2 284.40 -0.40 

       Charge correction involves adjusting the binding energies along the axis 

by referencing the C1s peak at 284.8 eV, which, when corrected, also rectifies 

all other peaks within the same spectrum. In a separate spectrum, one simply 

needs to recall the C1s shift and apply it to other peaks [134].  
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       Fig. 4.2 shows the surface survey XPS spectra of pure TiO2 and X% 

Au/TiO2 NPs. The C 1s binding energy is caused by a thin coating of 

carbonaceous material produced on the surface of most samples exposed to air. 

The survey spectra reveal two further peaks for Au/TiO2 NPs in the region of 

80- 90 eV.  

 

Figure 4.2: The surface survey XPS spectra of pure TiO2 and X% Au /TiO2 

NPs. 

      Fig. 4.3 displays the Ti 2p region spectra of pure TiO2 and X% Au/TiO2 

NPs. The two major photoelectron peaks of pure TiO2 NPs at binding energies 

of 458.0 and 463.8 eV correspond to Ti 2p3/2 and 2p1/2, respectively. The Ti 

2p3/2 and 2p1/2 peaks are found to be shifted to lower binding energy for X% 

Au/TiO2 NPs in compassion with pure TiO2.   
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Figure 4.3: Ti 2p, XPS region spectra of pure TiO2 and X% Au/TiO2 NPs.  

 

       The shift in binding energies can be attributed to the change in the surface 

chemistry of TiO2 in the X% Au/TiO2 NPs. This is because the Fermi Energy 

(EF) of Au is known to be lower (-5.5 eV) than that of TiO2 (-4.4 eV) [135, 

136]. The change in electronic properties is due to the intimate contact between 

TiO2 and Au NPs [137]. Therefore, electrons drift from TiO2 to Au in the case 

of X% Au/TiO2, and this makes TiO2 slightly positively charged, and thus Ti 

2p peaks are at lower binding energy values for the X% Au/TiO2 NPs. A 

marked shift in the binding energy is also observed for the O 1s of Au/TiO2 

NPs as compared with that of pure TiO2 NPs, as shown in Fig. 4.4. 
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Figure 4.4: O 1s, XPS region spectra of TiO2 and X% Au/TiO2 NPs. 
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       The O 1s feature of pure TiO2 (Fig. 4.4 TiO2) can be deconvoluted into 

two peaks, a peak at 529.15 eV and a peak at 530.19 eV, which are due to the 

lattice oxygen (LO) and surface-adsorbed oxygenated species (SO) 

respectively. These two O 1s peaks are found to be shifted to higher binding 

energy as shown in Fig. 4.4 for X% Au/TiO2 [138]. The presence of LO and 

SO suggests the possibility of oxygen vacancies in the TiO2 NPs. Oxygen 

vacancies can result in charge redistribution within the material, leading to a 

shift in the binding energy of the O 1s peaks towards higher energy. 

       The photoelectron peaks corresponding to the Au 4f7/2 and 4f5/2 orbitals 

were observed within the energy range of 82.02 to 89.35 eV for X% Au/TiO2 

NPs samples. This observation suggests the presence of metallic Au NPs in the 

X% Au/TiO2 samples, as depicted in Fig. 4.5. 

 

           Figure 4.5: Au 4f, XPS regions spectra of X% Au/TiO2 NPs. 
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        The binding energy was slightly lower than that of the pure TiO2 caused 

by an electron transfer from TiO2 to Au NPs. The Au 4f signal showed a 

negative shift in binding energy for X% Au/TiO2 and a continuous shift to 

lower binding energy with increasing Au content up to 2% Au/TiO2, because 

Au NPs are dispersed on the TiO2 surface, the electrons from the TiO2 can 

transfer to the Au NPs, resulting in a change in the electronic structure of the 

around the Au NPs, leading to a negatively shifted binding energy in the Au 4f 

signal.  

       The shift of the Au 4f7/2 peak toward lower binding energy can be better 

explained by an initial state effect associated with electron transfer from Ti
3+

 

surface defect sites to Au [139]. Table (4.3) summarizes the atomic percentage 

of the NPs samples as determined by XPS spectra. 

Table (4.3): Atomic percentage of the nanoparticles. 

Sample C 1s (%) Ti 2p3/2 (%) O 1s (%) Au 4f7/2 (%) 

TiO2 9.3 24.64 66.06 -- 

0.5% Au/TiO2 9.0 26.6 64.1 0.3 

1% Au/TiO2 8.2 29.84 61.16 0.8 

1.5% Au/TiO2 7.24 25.70 65.81 1.25 

2% Au/TiO2 7.71 24.42 65.52 1.45 

2.5% Au/TiO2 6.72 24.20 67.07 2.01 

 

4.4  FTIR Results 

       The FTIR spectrum recorded for the TiO2 and X% Au/TiO2 samples, is 

shown in Fig. 4.6. The absorption band observed at (3600 - 3750) cm
-1

 

corresponds to the stretching vibration of the hydroxyl O-H group at (3735.21-

3420.10 cm
-1

). This result indicates the physical absorption of water, 

suggesting the presence of moisture in the samples [140].  
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       The band at 2355.12 cm
-1

 indicates the stretching vibration of bonded and 

non-bonded -O-H groups, resulting from the interaction of hydroxyl groups, 

and modes of the water molecules [141].  

       The enhanced intensity of the band at 2108.89 cm
-1

 suggests that most of 

the Au sites are covered by adsorbed oxygen. This could be attributed to the 

presence of very small-sized Au NPs in the X% Au/TiO2 samples, as previous 

research has shown that Au particles smaller than 2 nm remain oxidized 

[142,143], The existence of this peak was not detected in the pure TiO2 

sample. 

Figure 4.6: FTIR spectrum of the pure TiO2 and X% Au/TiO2 NPs. 

       Furthermore, a weak band is observed at 1628.80 cm
-1

, corresponding to 

O-H bending groups resulting from chemically absorbed water in the solution 
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[144]. Another peak is detected at around 1512.32 cm
-1

, characterized as the 

bending of CH2 groups [145]. 

       The peak at 468.94 cm
-1

 is observed which is attributed to Ti-O-Ti 

stretching vibrations in the anatase and rutile phase. This indicates the broad 

absorbance of TiO2 due to the bending vibration of Ti-O stretching, resulting in 

the formation of Ti-O-Ti bridge stretching [146]. 

 

4.5  FESEM Results  

 Morphology of pure TiO2 and X% Au/TiO2 NPs was investigated using 

FESEM, EDX, and mapping techniques. The FESEM analysis results are 

shown in Fig. 4.7, with a scale of 200 nm.  

 

 

 

 

 

Continued… 
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…Continued 

 

 

Figure 4.7: The FESEM images of TiO2 and X% Au/TiO2 NPs. 

       FESEM was used to examine the morphology of the prepared samples, as 

Fig. 4.7 illustrates. The structure of the prepared TiO2 had agglomerated non-

uniform spherical NPs, according to the results. The reason for the 

agglomeration was that TiO2 was unstable in nanoparticle form and would tend 

to clump together until it reached a more stable state. The findings were in Au 

agreement with previously published research [147]. Nevertheless, it was not 

evident that Au NPs were of separate entities on the surface of X% Au/TiO2 
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[148]. There were no discernible changes in the morphology of the TiO2 and 

X% Au/TiO2 samples. 

The EDX mapping technique provided a comprehensive visualization of 

the elemental composition and spatial distribution of both TiO2 and X% 

Au/TiO2 NPs, as shown in Fig. 4.8. Notably, the Au NPs exhibit a significantly 

uniform dispersion across the surface of the TiO2 material as shown in Fig. 4.8 

(X% Au/TiO2). 
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Figure 4.8: The EDX mapping of TiO2 and X% Au/TiO2 NPs. 
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on the surface of the catalyst as determined in Table 4.4. Weight percent (wt. 

1
.5

%
 A

u
/T

iO
2
 

2
%

 A
u

/T
iO

2
 

2
.5

%
 A

u
/T

iO
2
 



Results and discussion     

 

59 
 

%) and Atomic (or molar) ratios (at. %) were determined and recorded for all 

six samples. Notably, the remaining samples exhibited slight contradictions 

between the observed percentage of Au within the sample structure and the 

expected value, as mentioned in Table (4.4). 

Table (4.4): EDX analysis of the TiO2 and X% Au/TiO2 NPs. 

Samples 
       wt. % at. % 

Au Ti O Au Ti O 

TiO2 0 66.31 33.69 0 39.63 60.37 

0.5% Au/TiO2 0.32 59.66 40.02 0.21 33.37 66.42 

1% Au/TiO2 0.73 54.12 45.15 0.46 28.31 71.23 

1.5% Au/TiO2 1.11 60.02 38.87 0.9 34.04 65.06 

2% Au/TiO2 1.46 58.37 40.17 1.02 31.89 67.09 

2.5% Au/TiO2 2.01 63.17 34.82 1.12 36.42 62.46 

  

4.6  TEM Results  

TEM images were utilized to demonstrate the shape, particle size, and 

particle size distribution of pure TiO2 and X% Au/TiO2 NPs. Fig. 4.9 depicts 

the agglomerate of particles consisting of either single particles or clusters of 

particles, the TiO2 and X% Au/TiO2 NPs had an uneven form of produced NPs 

in a TEM image. 

       The morphology of TiO2 remained same-like with the addition of Au, as 

illustrated in Fig. 4.9 where the Au NPs are evenly distributed over the surface 

of TiO2. 
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Figure 4.9: The TEM images of TiO2 and X% Au/TiO2 NPs. 
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distribution histogram (Fig. 4.10). The particle sizes observed were 31 nm for 

TiO2, 29 nm for 0.5% Au/TiO2, 28 nm for 1% Au/TiO2, 30 nm for 1.5% 

Au/TiO2, 28 nm for 2% Au/TiO2, and 29 nm for 2.5% Au/TiO2, which is 

somewhat convergent with the anticipated crystallite size determined by the 

Scherrer equation.  
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Figure 4.10: The size distribution histogram of TiO2, and X% Au/TiO2 NPs. 
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4.7  BET Results  

       The BET surface area and pours structure of TiO2 and X% Au/TiO2 NPs 

are investigated based on the N2 adsorption-desorption isotherms measurement 

as shown in Fig. 4.11. TiO2 and X% Au/TiO2 give sorption isotherm with an 

H1 type Mesoporous materials composed of aggregated spheroidal particles 

commonly exhibit a type IV isotherm [149]. A type H1 hysteresis loop is often 

linked to uniform spheres arranged in a regular pattern, indicating a narrow 

pore size distribution [150]. 

       The occurrence of monolayer adsorption on the inner surface becomes 

evident during the initial section of the isotherms at low relative pressure (low 

P/Po). This is attributed to the transition from a fluid to a crystalline phase of 

the adsorbed N2 [151].  
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...Continued 

 

 

Figure 4.11: N2 adsorption-desorption isotherm of TiO2, and X% Au/TiO2 NPs.  

 

       Capillary condensation becomes noticeable at elevated relative pressure 

(P/Po), as indicated by the pronounced increase in adsorption volume observed 
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in the upper segment of isotherms once the pores have become saturated with 

N2-liquid [152]. 

       Table 4.5 provides a summary of the surface area, pore volume, and mean 

pore diameter of the samples examined. The BET surface area of TiO2 (33.36 

m
2
/g) was found to be close to that of X% Au/TiO2 NPs at lower Au 

concentrations but it showed a slight increase with higher Au percentage. This 

suggests that the addition of Au had a limited impact on the BET surface area 

of TiO2, which is fairly acceptable when compared to other publications [153]. 

In contrast, the introduction of Au into TiO2 NPs resulted in a greater 

mesoporous surface area and mesoporous volume compared to pure TiO2. This 

increase can be attributed to the enhanced mesoporous caused by the Au 

doping which prevents TiO2 NPs from clumping together [154]. Additionally, 

the BJH pore diameter gradually decreased with the addition of Au, indicating 

controlled crystal growth in the X% Au/TiO2 NPs samples, this has been 

confirmed by the results of Tahir et al. [153]. 

Table (4.5): Summary of physiochemical characteristics of samples. 

Sample 
Surface area 

(SBET) 

(m
2
/g) 

Total Pore 

Volume 

(cm
3
/g) 

Mean Pore 

Diameter 

(nm) 

TiO2 33.36 0.1481 17.75 

0.5% Au/TiO2 37.08 0.1625 17.52 

1% Au/TiO2 37.13 0.1602 17.25 

1.5% Au/TiO2 38.74 0.1772 16.29 

2% Au/TiO2 47.21 0.1846 15.63 

2.5% Au/TiO2 51.62 0.1816 14.07 

 

4.8  UV-Vis Results 

       The UV–Vis absorption spectra of the TiO2 and X% Au/TiO2 NPs were 

recorded and are shown in Fig. 4.12. The TiO2 shows trivial absorbance in the 

visible region because of the wide band gap (~3.2 eV). 
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       TiO2 effectively absorbs light in the range of 275 to 405 nm and efficiently 

reflects light due to its high refractive index [155]. These dual effects, 

absorption, and reflection, significantly enhance TiO2 protective capabilities 

against ultraviolet rays [156]. 

 

Figure 4.12: UV-Vis absorption spectrum of TiO2 and X% Au/TiO2 NPs. 

        Conspicuous absorption within the wavelength range of 300- 330 nm was 

discernible in all examined samples. Previous studies have substantiated the 

existence of a distinct peak at approximately 325 nm in pure TiO2 [157]. 

Consequently, by introducing varying quantities of Au into the TiO2 catalyst, 

the predictable modulation of the absorption has been demonstrated. 

       Following the doping of Au NPs, an increase in absorption for X% 

Au/TiO2 NPs was observed (as seen in Fig. 4.12). As a result, it can be 
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concluded that Au loading can effectively extend TiO2 absorption edge from 

UV to visible range via surface plasmon resonance and band gap reduction. 

Additionally, a distinct absorption wide peak emerged within the 490 nm to 

590 nm range, aligning with the inherent absorption peak of Au the light-

capturing effect created by the surface plasmon resonance of the Au NPs [95]. 

Increasing the Au content in the catalyst led to a proportional increase in light 

absorption,  

 

4.8.1 Band gap energy and Tauc plot 

The Tauc plot analysis used to calculate the band gap energy (Eg), is 

shown in Fig. 4.13, specifically for a direct band gap semiconductor. By 

closely examining the Tauc plot, one can observe the change in the band-gap 

energy from the ultraviolet (UV) region for pure TiO2 to the visible region for 

X% Au/TiO2. 
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Figure 4.13: Tauc plots of the pure TiO2 and X% Au/TiO2 NPs. 

       The calculated band gap energy of pure TiO2 is 3.24 eV, which aligns well 

with the theoretical value. However, as the amount of Au doping increases, 

there appears a decreasing trend in the band gap energy, as shows in Table 

(4.6). 

       The decrease in Eg value is a result of the properties of free electrons in 

the conduction band (CB), indicating structural changes in the TiO2 matrix 

upon loading of Au NPs onto TiO2. This leads to the creation of a metal-

semiconductor Schottky junction between Au and TiO2 [158]. 

Previous reports have shown that when metal contacts a semiconductor, 

there is a shift in the fermi level of the metal to higher energy. This shift in 

fermi level, closer to the CB of the semiconductor, increases the lifetime of 
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photo-generated electrons and reduces the recombination of charge carriers, 

thereby enhancing the photocatalysis process on the surface [159]. 

Table (4.6): Band gaps of pure TiO2 and X% Au/TiO2 NPs. 

Samples Band gaps 
 (eV) 

TiO2 3.24 

0.5% Au/TiO2 3.14 

1% Au/TiO2 3.02 

1.5% Au/TiO2 2.98 

2% Au/TiO2 2.90 

2.5% Au/TiO2 2.94 

 

4.9  Photocatalytic Performance 

4.9.1  Photocatalytic degradation of methylene blue 

This section focuses on the investigation and study conducted to 

examine the impact of six distinct catalysts (TiO2, 0.5% Au/TiO2, 1% Au/TiO2, 

1.5% Au/TiO2, 2% Au/TiO2, and 2.5% Au/TiO2) on the photocatalytic 

degradation of MB. The experiments were conducted under identical 

conditions to compare their respective performances. 

4.9.2 Effect of catalyst dose of TiO2 NPs on the MB dye removal efficiency  

       This study aimed to examine the impact of varying adsorbent quantities on 

the photocatalytic degradation of MB dye, utilizing a TiO2 catalyst. The dosage 

of the catalyst exhibited a significant impact on the degradation rate. However, 

the quantity of catalyst demonstrated both positive and negative effects on the 

photodecomposition rate. The initial reaction rates were observed to be directly 

proportional to the concentration of the catalyst, thus implying a heterogeneous 

regime [160]. 

       To determine the optimal dosage of the catalyst, various quantities of the 

TiO2 catalyst were measured and subsequently evaluated for their 
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photocatalytic efficacy under the same experimental conditions. Thus, varying 

amounts of 5, 10, 15, 20, and 25 mg of adsorbent were employed as shown in 

Figs. 4.14- 4.18. Subsequently, each of these catalyst doses underwent 

photocatalytic testing using identical operating conditions, including a 

concentration of MB dye at 10 ppm, a solution volume of 100 mL, and 

exposure to UV light irradiation for 120 min. The remaining concentration of 

MB dye in the supernatant was quantified by measuring its absorbance using 

UV-visible spectroscopy. 
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Figure 4.14: UV–Vis spectra of MB degradation, catalysts dose = 5 mg of TiO2, 

versus irradiation time for MB degradation. 
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Figure 4.15: UV–Vis spectra of MB degradation, catalysts dose = 10 mg of 

TiO2, versus irradiation time for MB degradation. 

 

Figure 4.16: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 

TiO2, versus irradiation time for MB degradation. 
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Figure 4.17: UV–Vis spectra of MB degradation, catalysts dose = 20 mg of 

TiO2, versus irradiation time for MB degradation. 
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Figure 4.18: UV–Vis spectra of MB degradation, catalysts dose = 25 mg of 

TiO2, versus irradiation time for MB degradation. 

       The degradation efficiency using eq. (3.5) of MB exhibits a gradual 

increase as the concentration of the catalyst is raised from 5 to 10 mg, with 

corresponding values of 36.22% and 57.41%, for 120 min of irradiation 

respectively [161], as shown in Fig 4.19. This trend can be attributed to the 

completed adsorption of organic molecules and the greater availability of 

active sites for photon absorption resulting from a higher catalyst dose. 

Furthermore, the degradation efficiency of MB is further enhanced from 

57.41% to 68.62% with an increase in catalyst dose from 10 mg to 15 mg, 

respectively. However, it is important to note that employing a catalyst dose 

exceeding 15 mg does not lead to an improvement in photo-degradation 

efficiency. This may be attributed to the occurrence of elevated solution 

turbidity as a consequence of the higher catalyst dosage, subsequently reducing 

light penetration due to the scattering effect [162]. Additionally, the 

aggregation of particles at higher catalyst doses [163] can result in a reduction 

in the available active surface for MB adsorption and light radiation. 
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Figure 4.19: Effect of dose of TiO2 on the degradation of MB dye, as a 

function of UV light irradiation time.  

 

       Thus, the catalytic dose of 15 mg is considered as the best catalytic dose 

and other catalysts were investigated with different doses. Table (4.7) shows 

the percent of degradation obtained after the photocatalytic reaction with 

different TiO2 NPs dosages used in this study. 

 

Table (4.6): Degradation percent of MB dye solutions with different TiO2 

dosages after 120 min under UV irradiation. 
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10 57.41 

15 68.62 

20 48.78 

25 47.27 

 

4.9.3 Effect of catalyst dose of 15 mg of (TiO2 and X% Au/TiO2) NPs on 

the MB dye removal efficiency  

       The time-dependent UV–Vis spectra of MB in the presence of the 

synthesized pure TiO2, 0.5% Au/TiO2, 1% Au/TiO2, 1.5% Au/TiO2, 2% 

Au/TiO2, and 2.5% Au/TiO2 nanocomposites under UV-light irradiation were 

shown in Figs. 4.20- 4.25, respectively. The results showed that as the time 

increased, the absorption decreased for all samples. The nanoparticle with 2% 

Au/TiO2 had the highest reduction in absorption, while pure TiO2 had the 

lowest reduction after 120 min of UV light exposure. Because the interaction 

of the dye molecule increased with the surface of the photocatalyst. Therefore, 

the photodegradation efficiency of the photocatalyst was increased. 
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Figure 4.21: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 

0.5% Au/TiO2, versus irradiation time for MB degradation. 
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Figure 4.20: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of pure 

TiO2, versus irradiation time for MB degradation. 
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Figure 4.22: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 1% 

Au/TiO2, versus irradiation time for MB degradation. 

Figure 4.23: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 

1.5% Au/TiO2, versus irradiation time for MB degradation. 
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Figure 4.24: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 2% 

Au/TiO2, versus irradiation time for MB degradation. 

 
Figure 4.25: UV–Vis spectra of MB degradation, catalysts dose = 15 mg of 2.5% 

Au/TiO2, versus irradiation time for MB degradation. 
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       Fig. 4.26 illustrates the calculated degradation rates of MB under 

various concentrations of X% Au/TiO2 catalysts. Among the tested 

catalysts, the 2% Au/TiO2 exhibited the highest degradation rate, reaching 

79.88% after 120 minutes under UV-light irradiation. The photocatalytic 

degradation efficiency of TiO2, 0.5% Au/TiO2, 1% Au/TiO2, 1.5% 

Au/TiO2, 2% Au/TiO2, and 2.5% Au/TiO2 catalysts is shown in Table 

(4.8). 

 

Figure 4.26: The degradation of MB dye, catalysts dose = 15 mg of (TiO2 and 

X% Au/TiO2) NPs, as a function of UV light irradiation time. 
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Table (4.8): Degradation percent of MB dye solutions with catalyst at a dose of 

15 mg after 120 min under UV irradiation. 

Type of Catalyst  PDE (%) 

TiO2 68.62 

0.5% Au/TiO2 70.60 

1.0% Au/TiO2 74.23 

1.5% Au/TiO2 75.40 

2.0% Au/TiO2 79.88 

2.5% Au/TiO2 73.23 

 

       The enhanced activity observed in all X% Au/TiO2 catalysts in 

comparison to pure TiO2 can be attributed to several factors: 

  1: The samples of X% Au/TiO2 exhibit a wide range of absorption owing to 

the localized plasmon resonance (SPR) of Au [164,165]. The amplitude of the 

SPR signals of Au demonstrates a growth with higher Au loading, the location 

and magnitude of the Au SPR are influenced by factors like Au particle size, 

shape, and dielectric constant of the support materials [164,166]. 

2: The Au content in the TiO2 plays a vital role in the photocatalytic 

performance. The incorporation of Au NPs within the TiO2 structure led to a 

decrease in the energy gap within the semiconductor structure. The enhanced 

UV-Vis light-driven activity could be attributed to the presence of Au NPs, 

effectively serving as electron sinks that mitigate electron-hole recombination 

[167]. 

3: The specific surface areas of all the metal-containing photocatalysts were 

comparable (ranging from 37.08 to 51.62 m
2
/g) and slightly higher than that of 

the TiO2 support (33.36 m
2
/g). Previous investigations have demonstrated that 
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catalytic reactions transpire at an accelerated pace with catalysts possessing 

elevated specific surface areas [168].  

        Further increase of Au level from 2 to 2.5% gave a slight decrease in the 

performance of photocatalytic degradation which can be related to the 

following reasons: 

1: The reason for the reduced activity at high levels of Au can be explained by 

the fact that there is a limited number of sites on which both the metal and 

support are necessary for the reaction to take place [169].  

2: When the Au content is increased to 2.5%, the absorbance decreases. This is 

likely because having Au loading higher than 2% causes the NPs to aggregate, 

resulting in a reduced SPR for the Au NPs catalytic reaction to occur 

[168,170]. 

 A summary list of studies on the photodegradation of MB by different 

photocatalytic nano catalysts prepared by different physical and chemical 

methods is listed in Table (4.9). 
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Table (4.9): List of recently investigated photocatalytic activity of TiO2 and 

Au/TiO2 for MB degradation under UV-Vis irradiation studied by many 

researchers.  

 Catalyst Rate of 

degradati

on (%) 

Preparation 

method 

Irradiation 

time(min) 

Catalyst 

dose 

(mg) 

MB 

Con. 

(ppm)  

 Ref. 

TiO
2
 68.62  Sol-gel  120  15  10 Present 

work 
2% Au/TiO

2
 79.88 

TiO
2
 45  Sol-gel  80  25  10  [171] 

Au/TiO
2
 73 

TiO
2
 50  Hydrothermal  120 -  10  [108] 

Au/TiO
2
 66 

TiO
2
 40  Magnetron cos 

puttering 

 200  -  2  [172] 

Au/TiO
2
 50 

TiO
2
 50 Flame spray 

pyrolysis (FSP) 

 200  6  20 [173] 

Au/TiO
2
 60 

 Au/TiO
2
  53 Deposition-

precipitation 

 30  100  6.4 [174] 

TiO
2
 26.7   Electrospinning  60  -  10  [175] 

Au/TiO
2
 30.5 

TiO
2
 92  Sol-gel  240  50  3 [176] 

Au/TiO
2
 96.48 

 Au/TiO
2
  93.9  Sol-gel  240  100  15 [177] 
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Conclusions   

In the present work, pure TiO2 and TiO2 doped with Au nanoparticles as 

photocatalysts were successfully synthesized following the sol-gel method and 

annealed at 450 °C at selected doses for the photodegradation of organic 

pollutants methylene blue (MB). According to the previous dissection and 

analysis, the following conclusions can be summarized: 

1- During XRD analysis, incorporating Au into the TiO2 structure did not 

significantly change the lattice structure, but for X% Au/TiO2 NPs samples, 

a polycrystalline plane (111) was observed at 2θ = 38.2°, confirming the 

presence of Au. The crystallite size decreased in X% Au/TiO2 samples 

compared to pure TiO2. 

2- XPS analysis confirmed the presence of Ti and O elements in the pure TiO2 

sample, along with Au in the X% Au/TiO2 samples. Carbon was also present 

in the structure. A shift in peak energy of other elements was compared to 

carbon. An additional peak at 80-90 eV confirmed the presence of Au in 

samples with Au doping. After Au doping, a negative shift occurred in the 

peaks related to Ti in all Au/TiO2 samples. 

3- The FTIR spectrum in the range of 4000- 400 nm showed the presence of 

OH, CH2, and Ti-O-Ti groups in pure TiO2 and X% Au/TiO2 NPs samples. 

While in the X% Au/TiO2 samples, a relatively weak additional peak at 

2108.89 cm
-1

 indicated the presence of Au. 

4- Using FESEM, Mapping, and EDX analysis. The samples exhibited a 

spherical shape, indicating that the loading of gold nanoparticles in TiO2 did 

not significantly affect the structural shape. Mapping analysis revealed a 

uniform distribution of elements in all samples. 

5- TEM analysis showed that the samples had a sphere-like morphology. The 

average particle size in X% Au/TiO2 samples was smaller (28 nm) compared 

with pure TiO2 (31 nm). 
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6- BET analysis recorded the specific surface area increased after Au loading 

in the pure TiO2 structure, from 33.38 m
2
/g for pure TiO2 to 51.62 m

2
/g for 

2.5% Au/TiO2. 

7- Ultraviolet–visible (UV–Vis) spectroscopy of the samples was evaluated 

from 200 to 800 nm, revealing an absorption peak for TiO2 in the range of 

300-330 nm for all samples. In X% Au/TiO2 samples, a wide peak in the 

range of 490-590 nm indicated the presence of Au NPs. The observed band 

gap energy of pure TiO2 is 3.24 eV. However, as the amount of Au loading 

increases in X% Au/TiO2 samples, there is a decreasing trend in the band 

gap energy. 

8- The best catalytic dose was investigated by testing the photocatalytic 

degradation process for different amounts of TiO2 catalyst (05, 10, 15, 20, 

and 25) mg, with an initial concentration of 10 ppm. It was assessed that 

under UV light irradiation, an amount of 15 mg of TiO2 is the best catalytic 

dose with a degradation efficiency of 68.62%. After that the degradation of 

MB, for all catalysts, including 0.5% Au/TiO2, 1% Au/TiO2, 1.5% Au/TiO2, 

2% Au/TiO2, and 2.5% Au/TiO2 were measured under the same conditions 

(initial concentration of MB =10 ppm, catalysts dose = 15 mg, at 120 min 

UV light irradiation). The highest MB degradation percentage of 79.88% 

was observed with the 2% Au/TiO2 catalyst.  
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Suggestions for Further Studies 

The investigation revealed that the parameters that impact photocatalytic 

reactions are recommended for forthcoming research endeavors. On this basis, 

further research should examine these parameters, including: 

1- The effect of other experimental parameters such as the concentration of 

precursor, the temperature of calcination, pH solution, light intensity, and 

selected wavelength, may be extensively studied.  

2- The methylene blue (MB) degradation using the prepared nano-crystal 

structures was studied and a very promising finding was obtained under 

ultraviolet (UV) irradiation. Therefore, it is important to examine various 

kinds of dyes such as Rhodamine B dye, carmine dye, methyl red dye, and 

methyl orange, to study the photocatalytic activity of the prepared nano-

catalysts. 

3-  Furthermore, the efficacy of the existing catalysts under visible light can be 

assessed. 
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 انخلاصة

 

 بُسب Au /TiO2 ٔ (TiO2) انخٛخبَٕٛو كسٛذٔأ ٙئبُث ححضٛش , حىانعًم ْزا فٙ

 .يئٕٚت دسجت 435 عُذ حهذُّٚٔ جم سٕل بطشٚمت( 213 ٔ ,215 ,13. ,15. ,513) يخخهفت

 نهجسًٛبث انبهٕس٘ ٔانحجى ٔالأَبحبص, انشٔحٛم طٕس َٔسبت انبهٕس٘, انخشكٛب ححذٚذ حى       

يطٛبفٛت  ححهٛم اسخخذاو حى XRD1)حٕٛد الاشعت انسُٛٛت ) ححهٛم ببسخخذاو انًشكبت انُبَٕٚت

 انعُٛبث فٙ انًئٕٚت ٔانُسبت انعُصش٘ انخشكٛب نخحذٚذ (XPS) الانكخشٌٔ الاشعت انسُٛٛت

 انًجٓش الانهكخشٌٔ انُبفز  ححهٛم خلال يٍ انعُٛبث يٕسفٕنٕجٛت عهٗ انخعشف حى1 بذلت

(TEM) ٔانًجٓش الانكخشٌٔ انًبسح بأَبعبد انًجبل .(FESEM) الاشعت  ححهٛم أكذ

 ٔكشف طعًتانً انعُٛبث فٙ جسًٛبث انزْب انُبَٕٚت ٔجٕد (EDX) انًخشخختانسُٛٛت نطبلت 

 نهجسًٛبث يٕحذًا حٕصٚعًب انخشائظ ححهٛم أظٓش1 الأخشٖ انعُبصش نخكٍٕٚ انًئٕٚت انُسبت عٍ

 مححهٛ ببسخخذاو انًحذدة ٔانًسبيٛت انسطح يسبحت حمٛٛى حى1 انعُٛبث جًٛع داخم انُبَٕٚت

 انبُفسجٛت فٕق نلأشعت انخحهٛهٛت كائانطش يٍ خلال (BET).  انًسبحت انسطحٛت انًحذدة

 الأشعت يُبطك فٙ انبصش٘ الايخصبص بذساستلًُب  (FTIR) انحًشاءححهٛم الاشعت ححج ٔ

 .انخٕانٙ عهٗ انحًشاء, ححج ٔالأشعت انبُفسجٛت فٕق

 كًٛبث اخخببس حى1 انضٕئٙ انخحهم عًهٛت فٙ انًحفضاث يٍ انًثهٗ انجشعت ححذٚذ حى          

 لذسِ أٔنٙ حشكٛض ببسخخذاو ,(غشاويه 53, .5, .3, 25, ٔ23) TiO2 يحفضاث يٍ يخخهفت

 فٕق انضٕء إشعبع ححج انخحهم كفبءة حمٛٛى حى1 الاصسق انًٛثٛم يٍ انًهٌٕٛ فٙ جضء 5.

 إنٗ أدٖ يًب فعبنٛت, أكثش ححفٛضٚت كجشعت هغشاوي 3. اخخٛبس حى انُٓبٚت ٔفٙ انبُفسجٙ,

 بًب انًحفضاث, نًخخهف انًٛثٛم الاصسق ححهم حمٛٛى حى رنك, بعذ%1 81182 لذسْب ححهم كفبءة

 ,Au/TiO2, ٔ. %Au/TiO2, ٔ.13 %Au/TiO2, ٔ2 %Au/TiO2% 513 رنك فٙ

ٔ213 %Au/TiO2 1ٙنـ الأٔنٙ انخشكٛض) يًبثهت ظشٔف ظم ف MB = 10 ppm , جشعت 

% 2 انًحفض أظٓش ,(انبُفسجٛت فٕق الأشعت يٍ دلٛمت 25. ,هغشاوي 3.=  انًحفض

Au/TiO2 ٗنـ ححهم َسبت أعه MB, 8.1111 بمٛبط%
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