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ENHANCED PHOTOCATALYTIC ACTIVITY OF COPPER-DOPED 

TITANIUM OXIDE USING ZINC OXIDE HETEROJUNCTION AND 

IODIDE CO-DOPING FOR WATER TREATMENT APPLICATION 

ABSTRACT 

Doping titanium dioxide (TiO2) with 3d transition metal elements is a popular 

technique that facilitates its visible-light-induced photocatalytic performance. However, 

many experimental reports indicate that these dopants in TiO2 lattice are recombination 

centers, which resulted in limited enhancement of photocatalytic activity. Thus, 

designing a photocatalyst composed of semiconductor heterojunctions and nonmetal co-

dopants are viable approaches to address this challenge. In this thesis, Cu doped TiO2 

was coupled with ZnO (Cu-TiO2/ZnO) at different molar ratios by sol-gel method and 

subsequent precipitation. The apparent rate constants are 0.0011, 0.0166, and 0.0306 

min−1 for TiO2, 3% Cu-TiO2, and 3% Cu-TiO2/30% ZnO, respectively. The

photocatalytic activity of the 3% Cu-TiO2/30% ZnO nanocomposite is approximately 2-

folds higher than that of 3% Cu-TiO2 nanoparticles and 28-folds higher than that of bare 

TiO2 during degradation of methyl orange (MO). The enhanced photocatalytic activity 

of the Cu-TiO2/ZnO nanocomposites was mainly attributed to the heterojunction 

formation, which allowed the efficient separation of photoinduced electron−hole pairs at 

the interface. Cu-I-co-doped TiO2 nanoparticle photocatalysts responsive to visible light 

were also prepared through hydrothermal treatment and calcined at different 

temperatures (350, 450 and 550 °C). The co-doped powders calcined at 350 °C showed 

the largest BET surface area and the decrease in photoluminescence intensity 

demonstrated that the electron-hole recombination was also decreased. The synthesis of 

co-doped TiO2, mono-doped TiO2 and pure TiO2 was performed at this optimized 

temperature. The presence of Cu2+ and I5+ in the XPS spectrum indicated that the Cu2+

and I5+ substituted the titanium (Ti4+) in TiO2 lattice. The degradation rate constant (k)
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of Cu-I-co-doped TiO2 (0.030 min−1) is about 1.67 and 1.5 larger as compared to the k

value of the Cu mono-doped TiO2 (0.018 min−1) and I mono-doped TiO2 (0.020 min−1)

under visible light irradiation. The enhanced photocatalytic activity is due to the strong 

visible light absorption and effective separation of the photogenerated charges caused 

by the Cu and I co-dopants. 

Keywords: Copper-doped titanium dioxide, photocatalytic activity, heterojunction, co-

doping 
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PENINGKATAN AKTIVITI FOTO-PEMANGKINAN TITANIUM OKSIDA 

DIDOP DENGAN TEMBAGA MENERUSI KAEDAH HETERO-SIMPANGAN 

ZINK OKSIDA DAN PENDOPAN BERSAMA IODIDE UNTUK PERAWATAN 

AIR 

ABSTRAK 

Titanium dioksida (TiO2) yang didopkan dengan unsur logam peralihan 3d adalah 

teknik yang terbaik dalam memperbaiki aktiviti foto-pemangkinan. Walau 

bagaimanapun, banyak laporan menunjukkan bahawa dopan-dopan yang berada dalam 

kekisi TiO2 bertindak sebagai pusat rekombinasi, yang merencatkan aktiviti foto-

pemangkinan. Oleh itu, reka bentuk foto-pemangkin yang terdiri daripada 

semikonduktor heterosimpang dan ko-dop bukan logam adalah pendekatan yang 

mampu menangani cabaran tersebut. Dalam tesis ini, TiO2 didopkan dengan Cu dan 

digabungkan dengan ZnO (Cu-TiO2 / ZnO) dengan nisbah molar yang berlainan melalui 

kaedah sol-gel dan penghabluran berturutan. Pemalar kadar yang jelas adalah 0.0011, 

0.0166, dan 0.0306 min-1 bagi TiO2, 3% Cu-TiO2, dan 3% Cu-TiO2/30% ZnO. Aktiviti

foto-pemangkinan nanokomposit Cu-TiO2/30% ZnO adalah 3% lebih tinggi daripada 

nanozarah Cu-TiO2 3% dan 28 kali ganda lebih tinggi daripada TiO2 yang tidak 

didopkan semasa penguraian metil jingga (MO). Peningkatan aktiviti foto-pemangkinan 

oleh nanokomposit Cu-TiO2/ZnO adalah disebabkan oleh pembentukan hetero-simpang, 

yang membolehkan pemisahan yang cekap pasangan elektron-lubang foto-aruhan antara 

fasa. Foto-pemangkin  nanopartikel TiO2 Cu-I-ko-dop yang responsif terhadap cahaya 

nampak disediakan melalui rawatan hidroterma dan dikalsin pada suhu yang berbeza 

(350, 450 dan 550 °C). Serbuk foto-pemangkin yang didopkan dan dikalsinkan pada 

suhu 350 °C menunjukkan kawasan permukaan BET terbesar dan penurunan keamatan 

foto-pencahayaan. Ini menunjukkan bahawa penggabungan semula elektron-lubang juga 

berkurangan. Sintesis TiO2 dop, ko-dop dan TiO2 tulen telah dilakukan pada suhu 
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optimum ini. Kehadiran Cu2 + dan I5 + dalam spektrum XPS menunjukkan bahawa Cu2 + 

dan I5 + menggantikan titanium (Ti4 +) dalam kekisi TiO2. Kekerapan kadar degradasi (k)

Cu-I-ko-dop TiO2 (0.030 min−1) adalah kira-kira 1.67 dan 1.5 lebih besar berbanding

dengan nilai k TiO2 dop Cu (0.018 min-1) dan TiO2 dop I (0.020 min-1) di bawah sinaran

cahaya nampak. Aktiviti foto-pemangkinan yang dipertingkatkan adalah disebabkan 

penyerapan cahaya yang ketara dan pemisahan yang berkesan bagi caj foto-penghasilan 

yang disebabkan oleh ko-dopan Cu dan I. 

Kata kunci: Titanium dioksida dop kuprum, aktiviti foto-pemangkinan, hetero-

simpang, ko-dop. 
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CHAPTER 1: INTRODUCTION 

1.1 Background and motivation 

Water scarcity is a serious global challenge as the available sources of drinking water 

are diminishing due to water pollution, population increase, and economic growth 

(Blomquist et al., 2012; Kesieme et al., 2013; Shahzad et al., 2017). Globally it is 

estimated that about 1.2 billion people are without access to clean drinking water, 2.6 

billion people have poor or inadequate sanitation, and millions people die each year 

from diseases as a result of unsafe drinking water (Chong at al., 2010; Gober et al., 

2018; Khalid et al., 2018). Researchers estimate that about 3.9 billion people live in 

areas faced with water stress or scarcity (Flörke et al., 2018; Jensen & Wu, 2018). 

In addition to this, poor water quality is becoming a global issue of concern in many 

parts of the world. Rapid industrial and urban development has led to sewage and waste 

disposal problems having toxic chemicals and harmful pathogens. Industrial wastewater 

is one of the major sources in water pollution in the environment (Han, & Lu, 2018). 

Industrial activities (e.g. food, textile, leather, pharmaceuticals, paper and painting) 

consume dyes and coloring materials for aesthetic and decorative purposes daily. 

Nowadays, textile industries are well-known economic benefits in developing 

countries. The textile dyeing industry uses large volume of water for various steps and 

produces large amount of wastewater. Textile dyeing is estimated to cause about 

17-20% of total industrial water pollution (Sureshkumar et al., 2018; Tahir et al., 2018). 

The effluents from textile processing industry wastewater  consist of  suspended and 

dissolved solids, dye stuff and other dyeing auxiliaries (Rajkumar & Kim, 2006). It is 

estimated that approximately 10-15% of dyes might be discharged in water streams 

during the dyeing processes (Murugesan et al., 2017). 
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Almost 72 toxic chemicals have been recognized in wastewater from textile coloring 

and treatment, 30 of which cannot be eliminated effectively (Kaur al. 2018). These 

dangers toxic chemicals contain heavy metals, dioxins, and formaldehyde have been 

classified as a known causes of cancer. In addition to their toxicity properties, dyes can 

reduce sunlight penetration into the water and hence inhibits the photosynthesis 

processes (Ananthashankar, 2013). The complex molecular structures of dyes make 

them fade resistant when exposed to light, water and many chemicals (Liu et al., 2018). 

Thus, color removal from effluents is a major environmental concern because of severe 

damage to the natural environment. 

1.2 Problem statement 

The various conventional methods for wastewater treatment include adsorption, 

oxidation using hydrogen peroxide, coagulation, aerobic and anaerobic biological 

processes adsorption treatment methods (Hsiao et al., 2006; Ncibi et al., 2007). 

However, these processes have significant disadvantages such as secondary pollution 

due to sludge generation, and high operational costs. Therefore, there is an urgent need 

for treating wastewater using modern technology to successfully address these complex 

obstacles in water treatment. 

The recent studies have attempted to discover new processes for wastewater 

treatment that enhance pollutant removal through relatively low-cost modifications 

(Zhao et al., 2017). Nanotechnology applications for waste water research have gained 

global popularity. Developments in nanotechnology associated with the wastewater 

treatment reveals that the current problems in water purification process could be 

resolved through photocatalysis. 

Photocatalytic degradation of wastewater using TiO2 is a prospective environmental 

clean-up tool for dye pollution and eliminates the drawbacks associated with the 
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aforementioned conventional methods. The biocompatibility, chemical inertness, high 

photocatalytic activity and cost-effectiveness, make TiO2 the benchmark of 

semiconductor photocatalysis  (Liu, 2017; Mahmoodi & Arami, 2009). However, due to 

its wide band gap, TiO2 is only activated by ultraviolet (UV) light (λ<387 nm). This 

limits its photocatalytic reaction in visible light. It is known that UV radiation 

constitutes only 5% of the total solar energy while visible light consists of 42.3%. Thus, 

the visible light activated photocatalysts material is necessary for utilizing the full 

potential of sun-light as a safe, inexpensive and abundant degradation process. 

Therefore, it has a great importance to adjust the band structure of photocatalyst to 

effectively improve its photocatalytic activity by efficient use of solar energy. 

1.3 Justification 

Photocatalytsis has been intensively studied since the discovery of photocatalytic 

water splitting phenomenon using a TiO2 electrode in 1972 by Fujishima-Hond  (1972). 

Photocatalysis studies showed that irradiated semiconductors particles could effectively 

catalyze a wide range of organic and inorganic pollutants in the reduction-oxidation 

reactions (Fujishima et al., 2007). Many semiconductor nanoparticles with different 

photocatalytic properties have been investigated (Fujishima et al., 2007). Photocatalytic 

degradation of organic pollutants in water by semiconductor photocatalyst materials has 

attracted wide attention due to their effectiveness has been proved by many research 

papers (Fujishima et al., 2007; Heinlaan et al., 2008). 

In contrast to other traditional remediation approaches for environmental cleaning, 

photocatalysis includes the decomposition of the pollutants from complex molecules 

into simpler and non-hazardous molecules. Therefore, no residue is produced and no 

sludge is formed in the process. Moreover, the secondary treatment is not required to 

process the sludge. In addition, the catalyst remains unchanged itself at the end of the 
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reaction and is thus reusable; consequently no consumable chemical is required. All the 

above benefits result in notable reduction of operating expenses. Thus, semiconductor 

photocatalysis provide an affordable and effective solution to wastewater treatment. 

Among the various semiconductors employed, TiO2 has known to be a promising 

photocatalyst because of its outstanding properties including chemical stability, strong 

oxidizing activity, corrosion resistance, low cost, nontoxity as well as high 

photocatalytic activity (Joshi et al., 2009). Numerous studies have found that nano-sized 

TiO2 is an effective semiconductor photocatalyst in the degradation of different kinds of 

organic pollutants such as dyes (Agorku et al., 2014; Binas et al., 2017; Lee et al., 2018; 

Zahoor et al., 2018). Nevertheless, the wide electronic band gap (e.g., 3.0 and 3.2 eV for 

rutile and anatase), limits its photocatalytic activity under visible light irradiation.  

The photon energy used for electron excitation in a semiconductor to degrade 

organic compounds in aqueous solution is the major source of expenses during 

photocatalytic purification and treatment of water (Ibhadon & Fitzpatrick, 2013). The 

most important limitations for photocatalysis application with semiconductors are their 

wide optical bandgap and ultraviolet activity (He et al., 2017; Ibhadon & Fitzpatrick, 

2013). Improvement of the photocatalytic applications has required the use of sunlight 

or visible light responsive systems, which can make the process of their application 

efficient and inexpensive.  

Tailoring the TiO2 crystal structure to improve charge separation and extend its light 

response into the visible light region is an active area of research. These modifications 

are aimed at narrowing the band gap of TiO2 or introduce impurity states within the 

band gap which can facilitate visible light absorption. Doping TiO2 with metal ions 

(transition metals, rare earth metals and noble metals), nonmetals (N, S, B, C, P and 

halogens), co-doping (metal+metal, metal+nonmetal and nonmetal+nonmetal), 
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multidoping, coupling TiO2 with other semiconductors to form heterojunction 

nanocomposites are some of the strategies investigated to improve the photocatalytic 

properties of  TiO2 under visible light irradiation. In this thesis, metallic doping, hetero-

junction formation and metal/nonmetal co-doping techniques were explored. 

Doping with metal or nonmetal ions serves as an effective method in the 

modifications of TiO2 since this method not only preserve the crystal structure or the 

integrity of the host photocatalyst, but also identify desirable changes in the electronic 

structure (Zhang et al., 2018). To date, theoretical and experimental works have been 

devoted to the study of 3d transition-metal (TM) doped TiO2 (Aljawfi et al., 2018; 

Wang et al., 2018).  According the theoretical based research, 3d TM dopants can induce 

the formation of new states close to the valence band or conduction band. This produces 

significant band gap narrowing along with higher optical absorption (Shao, 2008). 

Nevertheless, many reports in the literature specify that the 3d TM dopants loading 

levels could play a key role on the photocatlytic activity of metal-doped TiO2. Higher 

amount of dopants act as recombination centers (Dong et al., 2015), thus resulting in the 

limited enhancement of photocatalytic performance or even lower than pure TiO2 (Dong 

et al., 2015; Liu et al., 2012). But, the effect of red shift by low content of these dopants 

is not obvious. Hence, extending the light absorption spectra to the visible along with 

the inhibition of the electron–hole pair recombination has been challenging. 

Coupling two semiconductors materials to form a heterojunction has been recognized 

to be a viable approach to address the above challenges (Li et al., 2018; Liu et al., 

2018). Heterojunctions between two semiconductors significantly suppress the 

recombination of photogenerated charge carries and also extends the solar light-

response range, leading to substantial enhancement of solar photocatalytic efficiency 

(Guo et al., 2018; Yua et al.,  2014).  
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Recent efforts and research reveal that doped semiconductors with a metal and 

nonmetal could result in the improvement of a highly effective visible light-active 

photocatalyst. Doping transition metal ions with nonmetals has become a popular 

research area. For example co-doping a transition metal with N, C, S or I could enhance 

the spectral response, charge separation and the overall photocatalytic activity compared 

to the mono- and pure TiO2 through the combined effect of a metal and a nonmetal 

oxide semiconductor (Li et al., 2017; Li et al., 2011; Reisi et al., 2010; Song et al., 

2011). Hence, the improved photocatalytic performance of co-element doped 

photocatalyst could be ascribed to the synergic effect of the dopants. 

1.4 Aim and objectives 

The main goal of this research is to improve of the photocatalytic activity of copper 

doped TiO2 under visible light irradiation by either heterostructure formation with ZnO 

or nonmetal co-doping with I and evaluate their photocatalytic performance using 

methyl orang dye. Therefore, the following objectives were formulated: 

1. To synthesize, characterize and optimize a variety of Cu-doped TiO2 coupled 

with ZnO nanoparticles (Cu-TiO2/ZnO) as photocatalyst by sol-gel method 

and subsequent precipitation. 

2. To synthesize and characterize a variety of Cu-I-co-doped TiO2 nano-

particles as photocatalyst in different temperatures by the hydrothermal 

method. 

3. To utilize the prepared Cu-TiO2/ZnO photocatalyst and Cu-I-co-doped 

photocatalyst for the degradation of methyl orange under visible-light 

irradiation. 
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1.5 Thesis outline 

The following outline provides a brief overview of the contents of the thesis:  

Chapter 1 introduces the study undertaken in terms of the problem that it sought to 

address and the justification of undertaking this study. The objectives of the thesis are 

also presented in this chapter. 

Chapter 2 includes a brief overview of the fundamentals of photocatalytic processes, 

in particular TiO2, synthetic methods, and strategies for manipulating pure TiO2 in order 

to improve its visible light photocatalytic. 

     Chapter 3 gives a brief description of the synthesis method employed to prepare the 

different photocatalysts in two projects as follows; 

1. Enhanced visible light photocatalytic activity of copper-doped titanium       

oxide–zinc oxide heterojunction for methyl orange degradation. 

2. Improved visible light photocatalytic activity of TiO2 co-doped with copper and    

iodine. 

A brief description about different characterization tools utilized during this research 

is presented in this chapter. Materials and reagents utilized for the preparation of the 

photocatalysts are also listed in this chapter. The procedure for evaluation of the 

photocatalytic properties of the prepared photocatalysts is presented in this chapter. 

    Chapter 4 presents the results and discussion for each project. The first part explores 

the effect of ZnO nanoparticles coupled with Cu-doped TiO2. The effect of ZnO 

coupling with Cu-doped TiO2 on bandgap and photocatalytic performance is discussed. 

The second part describes the effect of I co-doped in Cu-doped TiO2 photocatalysts. The 

synergistic effect of I and Cu on bandgap reduction and photocatalytic activity in the 
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visible region is discussed. The photocatalytic performances of the both novel 

photocatalysts toward MO dye under visible light were determined. Finally, a possible 

photocatalytic degradation mechanism is proposed for each prepared photocatalyst in 

this chapter. 

    Chapter 5 provides some general conclusions and highlights some recommendations 

on possible future studies on different aspects of this work. 
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CHAPTER 2: LITERATURE REVIEW  

This chapter begins with a detailed discussion of TiO2 as the semiconductor 

photocatalyst. A brief discussion on the methods for modifying TiO2 for improved 

visible light photocatalytic activity, are also presented in this chapter. 

2.1 Titanium dioxide (TiO2) 

Titanium dioxide (TiO2) is known as n-type semiconductor, and is the most 

researched semiconductor photocatalyst because of its high photocatalytic activity, low 

cost, non-toxicity and good chemical and thermal stability (Wang et al., 2009). There 

have been several great-leap-forward developments with respect to TiO2 in the past few 

decades. The first significant breakthrough was by Fujishima and Honda (1972), who 

discovered the ability of TiO2 electrode to split H2O molecules into H2 and O2 under 

ultraviolet (UV) radiation (Fujishima & Honda, 1972). The TiO2 photocatalyst was first 

applied for environmental purification in 1977 when Frank and Bard (1977) examined 

the decomposition cyanide in water. Thus, these areas have received dramatic attention 

from researchers due to the great potential for water and air purifications through the 

use of “free” and “renewable” solar energy (Hoffman et al., 1995). Other major advance 

involved the work of Wang et al. (1998), reported that TiO2 surface possesses good self-

cleaning performance and excellent anti-fogging ability. In addition, efficient dye-

sensitized solar cell (DSSC) constructed with nano TiO2 was reported by O’Regan and 

Graetzel in 1991 (O’Regan & Gratzel, 1991). 

TiO2 exists mainly in three known crystalline phases: anatase, rutile and brookite 

(Nolan et al., 2009). Generally, rutile is the best thermodynamically stable and common 

natural form of TiO2 at high-temperature and high-pressure. Typically the metastable 

anatase and brookite forms of TiO2 will transform to the stable rutile form upon 

calcination at high temperature (Hu et al., 2003). Among these TiO2 phases, anatase and 
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rutile are the most studied phases for photocatalytic applications (Leung et al., 2010). 

Bookite has a major drawback in photocatalytic application because of the difficulties in 

synthesis due to its metastable character and is generally photocatalytically inactive 

(Zhao et al., 2013). The crystal structure of anatase and rutile can be described of terms 

of the TiO6 octahedral chains. However, the two crystal structures are different in 

distortion and assembly patterns of the octahedral (Figure 2.1) (Nicholls, 1974).  

 

Figure 2.1:  Crystal structures of anatase and rutile. Adapted and reproduced with 
the  permission of ref. (Pelaez et al., 2012) copyright Elsevier. 

  

 The anatase TiO2 is considered more photocatalytically active  phase compared with 

the rutile phase (Liu et al., 2009), mostly because of fast electron–hole recombination in 

rutile (Zhao et al., 2013). 

Nevertheless, mixtures of anatase–rutile such as Degussa P-25 (approximately 75% 

anatase and 25% rutile) exhibited a higher photocatalytic activity than that of each of 

the single-phase anatase or rutile (Luo et al., 2015). The enhanced photoactivity has 

been attributed to the interfacial properties between the different polymorphs. Bickley et 

al. (1991) demonstrated that the existence of an intimate contact between anatase and 
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rutile particles are essential to attain an improvement from the mixed phase. The anatase 

and rutile difference band gap values (3.2 eV and 3.0 eV, respectively), result in 

formation of a heterojunction between the two phases (Jing et al., 2008). Therefore, the 

anatase-rutile phase junction effectively facilitates the photoinduced charge separation. 

Based on  the energy band alignment between the anatase and rutile, the conduction 

band (CB)  edge position of rutile is higher than that of anatase, which provides a 

favorable condition for electron transfer from rutile to anatase (Zhao et al., 2013). 

The change between the proportions of anatase-rutile phases has shown different 

level of enhancement in the mixed-phase TiO2. According the Liu et al. (2016), an 

optimal amount of rutile TiO2 for mixed phase TiO2 can be varied over a large range 

(from < 10% up to > 70%), depending on the preparation method and reaction 

conditions. 

2.2 Basic principles of TiO2 photocatalysis 

Photocatalysis is usually defined as the acceleration of a photoreaction process when 

a semiconductor material, interacts with the sufficient light wavelength to produce 

several active species which can facilitate the reaction. 

In photocatalysis, photons with energy higher than the band gap energy of the 

semiconductor is absorbed, and excites the valence band (VB) electrons (  ) to the 

higher energy conduction band (CB) simultaneously forming holes (h+) in the VB. 

Figure 2.2 depicts the mechanism of the (       pairs formation when the TiO2 

particle is irradiated with light of adequate energy. For anatase TiO2, the UV light with 

λ ≤ 387 nm is required due to a wide band gap (3.2 eV) (Equation  2.1). 

                     (Equation 2.1)  
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Figure 2.2: Schematic of TiO2 photocatalytic mechanism. 
 

The photogenerated (       pairs can migrate to the catalyst surface and 

participate in redox reactions (Cozzoli et al., 2003). Photogenerated    can oxidize the 

absorbed substrate hydroxide ions (   ) or water (H2O) to produce hydroxyl radicals 

(•OH) (Equations. 2.2 and 2.3). The •OH radicals are the primary and powerful oxidants 

that promote the photocatalytic mineralization of organic pollutants in the aqueous 

solution (Table 2.1) (Hoffman et al., 1994). 

              (Equation 2.2)                                                          

                  (Equation 2.3)                 
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Table 2.1:  Standard electrochemical reduction potentials of common oxidants. Adapted 
and reproduced with the permission of ref. (Pelaez et al., 2012) copyright 
Elsevier. 

Oxidant Half-cell reaction             Oxidation potential (V) 

•OH (Hydroxyl radical) •OH +    +   →H2O (aq) 2.80 
 

O3 (Ozone) O3 (g) + 2   + 2  → O2 (g) + H2O (aq) 2.07 

H2O2 (Hydrogen peroxide) H2O2 (g)+ 2   + 2  → 2H2O (aq) 1.77 

Cl− (Chlorine) Cl2 (g) + 2  →2Cl− 1.49 

HClO (Hypochlorous acid) 2HClO + 2   + 2  → Cl2 + 2H2O (aq) 1.36 

 

Meanwhile, the dissolved oxygen molecules presented in the solution can be reduced 

by the excitation of    in the CB to form superoxide radicals (  
  ) (Equation 2.4). 

        
   (Equation  2.4)                   

    This   
   radicals may further protonate to generate the hydroperoxyl radical (•OOH) 

and subsequently produce hydrogen peroxide (H2O2) as shown in equations 2.5 and 2.6 

(Pelaez et al., 2012). The H2O2 produced can also absorb photons to produce even more 

•OH radicals directly (Equation 2.7). 

     
             (Equation  2.5)                         

                    (Equation  2.6)                                 

                    (Equation  2.7)                          

These activated oxygen-containing radicals (e.g. •OH,   
   and •OOH) contribute in 

the oxidization of organic species into non-harmful materials, such as CO2 and H2O 

(Equation 2.8). Furthermore, the photogenerated h+ has been widely considered as a 
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powerful oxidant used for the degradation of organic contaminates in water (Dong et al., 

2015). 

       
                                                (Equation  2.8)  

2.3 Mechanism of hydroxyl radical attack on organic pollutants  

During photocatalysis, both the superoxide and hydroxyl radicals are important and 

they complement each other (Nosaka & Nosaka, 2017). The superoxide radical can 

either oxidise the organic pollutants directly or undergo further reactions to form the 

hydroxyl radical as depicted in Equation 2.7. The degradation of organic compounds 

by the hydroxyl radical can proceed either through hydrogen abstraction, electrophilic 

attack or electron transfer. However, hydrogen abstraction has been highlighted as the 

most common route for degradation of organic compounds (Khan et al., 2017). During 

hydrogen abstraction, hydrogen is removed from the organic compound to form an 

organic radical as shown in Equation 2.9. Subsequent reaction with oxygen, transforms 

the organic radical to peroxyl radical. These peroxyl radicals undergo a series of thermal 

reactions of oxidative degradation, leading to the complete mineralisation of the organic 

compound to carbon dioxide, water and inorganic salts (Equation 2.10) (Miller et al., 

2017). Electrophilic addition is another proposed mechanism whereby the hydroxyl 

radical is added to the organic compounds π-system to form the organic radical 

(Equation 2.11). In cases where hydrogen abstraction or electrophilic addition is 

unfavourable due to multiple halogen substitution or steric hindrance, electron transfer 

is a possible route for initiating degradation of the organic compound. The hydroxyl 

radical is reduced to hydroxide ions by the organic compound while forming the organic 

radical (Equation 2.12). Thereafter, the organic radical undergoes the transformations 

depicted in Equation 2.10. In addition to radical attack on organic compounds, direct 

reduction by the conduction band electrons (Equation 2.13) and oxidation by the 
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valence band holes (Equation 2.14) have been reported as other possible routes through 

which degradation of organic pollutants such as dyes is initiated during semiconductor 

photocatalysis (Huang et al., 2017). 

                  (Equation 2.9) 

   +        
                         (Equation 2.10) 

                 (Equation 2.11) 

                 (Equation 2.12) 

          
                                           (Equation 2.13) 

        
                       (Equation 2.14) 

2.4  Drawbacks of TiO2 as a photocatalyst 

Although TiO2 has some advantages that make it an excellent photocatalyst, it has 

some serious limitations that hinder its full exploitation as an environmental clean-up 

tool for organic pollution especially dye-pollution. First, TiO2 has a wide band gap (3.2 

eV, anatase and 3.0 eV, rutile) which only allows absorption in the UV region. This 

poses a serious energy problem because UV light only accounts for about 4% of the 

solar spectrum which rules out the possibility of using sunlight as a source of energy. 

Visible light absorption would enable TiO2 to harness sunlight as a source of energy 

owing to its approximately 40% abundance in the solar spectrum (Wang et al., 2008). 

Solar energy is a clean, natural energy which could replace the artificial UV sources 

which consume large electrical energy and require eyes and skin protection during 

application which ultimately lead to escalating costs (Epling & Lin, 2002). 
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The other major shortfall of TiO2 is the fast recombination rate of the photogenerated 

electron-hole pairs. This limits the formation of the hydroxyl and superoxide radicals 

which are responsible for the photocatalytic degradation of the organic pollutants. 

Consequently, the efficiency of the photocatalytic process is remarkably lowered 

(Soutsas et al., 2010). 

2.5 Preparation of TiO2 by aqueous methods 

When TiO2 is prepared in aqueous medium, as in the case of most transition 

metal oxides, the Ti−O−Ti bond network is formed in two steps: hydrolysis and 

condensation (Cargnello et al., 2014). The hydrolysis step results in the formation of a 

metal complex with water in the form of aquo, hydroxo or oxo complexes, depending 

on the metal cation and the reaction conditions. Moreover, the condensation is the 

reaction between two (or more) of the formed complexes to give the Ti−O−Ti bonds, 

which are the precursors of the final oxide network.  

The majority of syntheses are performed using either titanium tetrachloride or a 

form of titanium alkoxide, such as titanium isopropoxide, as the titanium precursor. 

However, the hydrolysis and condensation rates of these kinds of titanium precursor are 

usually fast, due to the sensitivity of these precursors to the moisture which leads to 

undesirable consequences such as the precipitation of particles with uncontrolled shapes 

and sizes. An oxy-carboxylate precursor, titanium (IV) bis (ammonium lactato) 

dihydroxide is shown schematically in Figure 2.3. Due to its solubility and stability in 

neutral aqueous mediums, which can be considered as an ideal precursor to obtain 

crystalline and dispersible titanium dioxide (Kessler, 2017). 
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Figure 2.3:  Titanium (IV) bis (ammonium lactato) dihydroxide structure. 
 

2.5.1 Sol-gel  

The process involves the transformation of a sol into a gel, which is then usually 

thermally treated to obtain the final material. Sol is a solution of precursor compound 

(either inorganic or metal−organic). Following a series of chemical reactions and/or 

thermal treatments, the precursor reacts to form a network of bonds, resulting in a solid 

skeleton of metal−oxygen bonds within a continuous liquid phase. At this point the 

structure is called a gel. Finally, thermal treatment is generally needed to transform the 

dried gel into the final desired material. 

2.5.2 Precipitation 

Precipitation is a reaction between cations and anions in solution which combines to 

form an insoluble solid salt, known as a precipitate. Precipitation can be controlled by 

the kinetics of the precipitation. Moreover, concentration of the reactants, ions and pH are 

the essential factors which determine the precipitation process and control the particle size 

(Burda et al., 2005). 

2.5.3 Hydrothermal  

Hydrothermal synthesis is a technique to exploit the solubility of inorganic material 

in water at high temperatures and pressures, and following crystallization of the 

dissolved material. Water at elevated temperatures has an effect on the precursor 

material transformation due to the increased vapor pressure. High temperature could 
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also change the solubility and reactivity of the reactant, which can produce different 

high quality nanoparticles and nanotubes. In the hydrothermal synthesis, water pressure, 

temperature, and reaction time can be controlled to maintain a high simultaneous 

nucleation rate and narrow particle size distribution (Burda et al., 2005). 

2.6 Approaches to enhance the visible-light photocatalytic activity of TiO2 

particles 

In order to enhance the photocatalytic efficiency of TiO2, there is a need to overcome 

the drawbacks highlighted in Section 2.3. This means modifying TiO2 with some 

promising technologies to extend its photo response into the visible light region and 

improve the charge separation. Techniques include doping with metal or nonmetal 

dopants, coupling and co-doping of TiO2 with different elements. These modifications 

enable utilization of the abundant solar energy and improve the photocatalytic activity 

of TiO2 which could pave way for effective environmental clean-up and protection. 

2.6.1 Metal and nonmetal doping 

The optical properties of TiO2 can be improved through the addition of metal and 

nonmetal ion(s). The band gap properties of  TiO2 could be modified once metals or 

nonmetals dopants replace Ti in the substitutional sites, occupy in the interstitial sites or 

form nanoparticle aggregates on the surface of TiO2 (Sahu & Biswas, 2017). In this 

thesis, doping is the process of introducing some impurity atoms into the crystal lattice 

of a semiconductor material (Neamen, 2012), which changes the physicochemical 

characteristics of the semiconductor. According to Pagot and Clerjaud (2012), the local 

lattice distortions could happen in substitutional and interstitial doping due to the atomic 

radius difference between doped impurity atoms and host atoms and their ability of 

interact with the surrounding atoms. These lattice defects can change the electric 

properties of host atoms by disruption of the covalent bonds between the atoms and 
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distortion of the geometric shape of atoms (Neamen, 2012). The introduction of dopants 

has been found to alter the degree of crystallinity and crystalline phase transformations, 

thus, subsequently changing in the peak intensities (Hanaor & Sorrell, 2011). Anatase-

rutile phase transformation can be promoted or restricted by introduction of dopant ions 

into anatase lattice which cause an increase or decrease in the oxygen vacancies level. 

This results in the consequent rearrangement of atoms in the lattice structure of TiO2 

through the substitution of Ti4+ site by doping ions consequently facilitating or 

inhabiting the phase transformation to rutile.  

2.6.1.1 Metal doping TiO2 

Transition metal, noble metal and rare earth metal ions are the most extensively used 

dopants to modify the TiO2 to extend the response into the visible light region and 

improve the charge separation. It was reported that metal ion doping could influence 

interfacial the electron transfer rates, photogenerated (       recombination, light 

response, and considerably influence the photocatalytic performance of TiO2.  

Once metal ions are introduced into the TiO2 crystal lattice, the impurity energy 

levels are produced in the band gap of TiO2 ((2.9) and (2.10)) (Ola & Maroto-Valer, 

2015).  

                  
   (Equation  2.9)                            

                   
   (Equation  2.10)                   

where M is metal and     is the metal ion dopant. Moreover, transfer of charge 

(electron/hole) between TiO2 and metal ions can alter the recombination of 

electron/hole pairs rate through the following processes: 
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           as electron trap      (Equation  2.11)                            

       
                    as hole trap   (Equation  2.12)     

                                       

     Photoactivity of metal ion‐doped TiO2 is a complex function of the dopants’ nature 

and amount, and the preparation procedure etc (Soria et al., 1991). It has also been 

reported that even the method of doping such as hydrothermal, impregnation, sole-gel 

and co-precipitation methods have led to change in the morphological and crystalline 

properties of the photocatalytic activities of semiconductors (Zaleska, 2008). 

 Doped TiO2 with transition metals  (a)

    Numerous studies have been reported from transition metals doped TiO2 such as Fe 

(Ambrus et al., 2008), Co (Subramanian et al., 2008), Ni (Correa, 2006), Mn (Mohamed 

et al., 2007), V (Tsuyumoto & Nawa, 2008), Cu (Dorraj et al., 2017), Zn (Wang et al., 

1997) and etc. Transition metal ions doping of TiO2 has been found to contribute 

positively to the photocatalytic activity, due to shifting in the absorption region from 

UV to visible light caused by a change in the electronic structure (Zhang & Zeng, 

2011). The red shift of absorption edge to the visible light region can be assigned to the 

charge transfer between the d electrons of the transition metals and the TiO2 conduction 

or the valence band (Teh & Mohamed, 2011). George et al. (2011) found that Fe-doped 

TiO2 nanoparticles prepared from a versatile and reproducible flame spray pyrolysis 

technique could tune the band gap energy by introducing trap levels between the 

valence and conduction bands of TiO2 to study the oxidation of biomolecules in the 

near-visible wavelength conditions (Figure 2.4).  
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Figure 2.4: Mechanisms of Fe-doped TiO2 nanoparticles for oxidation of biomolecules 

under visible light. 
 

    Hsieh et al. (2009) reported that an obvious peak appears between 550–650 nm after 

doping TiO2 with Co , which the author theorized, were due to the creation of additional 

energy levels within the band gap. Kerkez et al. (2015) prepared cation-doped TiO2 

photocatalyst by adding various transition metals such as Fe, Cu, Ni, Co, Mn and Cr and 

found that the transition metals could increase the visible light absorption of the catalyst  

while Ola et al. (2015) also observed that the visible light absorption shifts to the longer 

wavelengths (red shift) with increasing metal (V, Cr and Co) concentration doped on the 

TiO2 photocatalyst. Both studies concluded that the enhanced absorption observed for 

the transition metal doped TiO2 in the visible region might be due to the electron 

transfer from the 3d orbitals of the metal ions to the TiO2 CB. Moreover, Ola et al. 

(2015) also reported that the optical properties of V doped TiO2 were modified to the 

visible light due to the substitution of the Ti4+ by V4+ or V5+ ions since the V4+ is 

centered at 770 nm while the absorption band of V5+ is lower than 570 nm. Both results 

showed that the band gap of TiO2 is significantly decreased after the metal doping. 

    Besides, transition metal ions into the TiO2 lattice could function as photogenerated 

holes and electrons traps, which retars the recombination rate of electrons and holes, 

VB

CB

Fe doped TiO2

O

•OH +

Biomolecule

Oxidized biomolecule
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thus enhancing the photocatalytic activity of TiO2 (Kment et al., 2010). Tieng et al. 

(2011) reported that Fe3+ ions could be trapping sites for both photogenerated electrons 

in the conduction band and holes in the valence band. Consequently, the photogenerated 

charge carriers could be separated more easily and protected for a longer time. As a 

result, adsorbed species redox reaction occurs more efficiently. 

    Cu is also an important dopant with high abundance and relatively lower cost (Cao et 

al., 2011). Cu incorporated photocatalysts have been proved to be active and widely 

applied in the reduction of NO to N2 (Aritani et al., 1997), reduction of CO2 to methanol 

(Bando et al., 1997; Yamashita et al., 1994), complete oxidation of CO (Larsson et al., 

1998), and oxidation of organic pollutants, such as, toluene, ethanol, ethyl acetate 

(Larsson et al., 1998), phenol (Colon et al., 2006; Kim et al., 2007) and cyanide (Chiang 

et al., 2002). All chemical states of Cu (Cu/Cu2O/CuO) have been studied for the 

enhancement of photodegradation of organic pollutants.  

   Lo´pez et al. (2009) reported enhanced TiO2 photocatalysis by Cu for the degradation 

of 2,4- dichlorophenoxyacetic acid. The chemical state of Cu doped TiO2 lattice in their 

study was metallic Cu and Cu+ which occurred by the reduction of Cu2+. Colo´n et al. 

(2006) revealed that Cu2O species at the TiO2 surface was able to increase the 

photocatalytic oxidation of phenol under visible light irradiation. They indicated that 

copper ions in the form of Cu+ promote good dispersion into the TiO2 matrix, stabilized 

by the presence of oxygen vacancies, which consequently gave a higher photocatalytic 

activity for degrading phenol. More common than metallic Cu and Cu+, the divalent 

Cu2+ is also reported both in substitutional sites and in CuO clusters form as well. Li et 

al. (2008) discovered the attendance of both substitutional Cu2+ sites and highly 

dispersed CuO clusters participated to the enhanced photooxidative activity of the 

coupled CuO-TiO2 nanocomposite for the methylene blue degradation under visible 
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light. They also found that the optimum CuO loading was 0.1 wt %, and at higher 

copper loadings, the bulk form of CuO produced recombination centers that decrease in 

photocatalytic activity of the composites. Xia’s group (2008) also studied the 

degradation of aqueous brilliant red X-3B solution over Cu2+ doped rutile TiO2 

photocatalyst. In their study, the copper concentration influences the photocatalytic 

activity of TiO2 as well as the structure. They reported that the photo-catalytic activity 

was remarkably enhanced by 2% Cu2+ doped TiO2 compared to the pure TiO2. Their 

results confirm that the embedding of some portion of copper into TiO2 particle inhibits 

the growth of rutile crystal of TiO2 particles. 

    Photocatalytic performance of the Cu-TiO2 is strongly related to the preparation 

method, preparation procedure, chemical property and Cu content etc. In the above 

discussions, we have mentioned the different photocatalytic activity of “loaded” and 

“doped” Cu-TiO2. Boccuzzi et al. (1997) compared the characteristics of Cu-TiO2 

prepared by wet impregnation and chemisorptions-hydrolysis, and found that the 

samples with same chemical compositions had very different properties: different 

behaviors under electron beam, different peak positions and widths in temperature 

programmed reduction (TRP) profiles, and different FTIR data. Tseng et al. (2004) 

reported three factors such as copper precursor type, adding time with sol and post-

treatment processes which heavily  affect the characteristics and activity of the Cu-TiO2 

photocatalyst prepared by modified sol-gel process. They revealed that Cu-TiO2 

prepared from CuCl2 added in the early stage of the sol-gel process was more 

photoactive than that fabricated from copper acetate since CuCl2 precursor increased the 

Cu dispersion. They also found that additional post-treatments before the photocatalytic 

reaction decreased the yield due to change in Cu dispersion and oxidation state. In 

addition, for higher photocatalyst degradation activity, both Li and Xia reported the 

presence of optimum Cu content in separate studies. 
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    Recently, a theoretical study of copper doped TiO2 shows that copper dopant at 

anatase surface is most stable in the 2+ oxidation state whereas the formation of 

secondary CuO phases is strongly unfavorable (Assadi & Hanaor, 2016). Biswajit and 

his co-workers (2013) concluded that the  Cu2+d states  and oxygen defects are 

responsible for the effective reduction of TiO2 band gap. Their study explained that the 

larger size Cu2+ (0.72 Å) replaces the Ti4+ (0.68 Å), and hence, this feature causes the 

lattice distortions. The charge difference between the Cu2+ and Ti4+ may produce 

oxygen vacancies to maintain the local charge balance in the lattice of TiO2, which 

distorts the local symmetry of the TiO6 octahedral and changes the geometrical structure 

from octahedral to tetragonal (Figure 2.5). Cu2+ has a d9 electronic configuration and the 

single electron in the d orbital undergoes Jahn-Teller geometrical distortion which could 

easily contribute to a broad absorption band in the visible region. However, this charge 

transfer cannot tack place in the Cu+ or Cu0 because of the fully–filled 3d shell.  

 

Figure 2.5:  Distortion of the TiO6 octahedral. (a) Schematic representation of the 
distortion of the    TiO6 octahedral on doping Cu2+ ion on the Ti4+ 
lattice site. Doping of Cu2+ on Ti4+ generates oxygen vacancies (white 
ball) nearby Cu2+ (shown by a dashed line). (b) Jahn-Teller (J-T) 
distortion of the octahedral symmetry of TiO6 and changes in the d-d 
transition from octahedral to tetragonal. 

 
 

Recently , Jaiswal et al. (2015) also reported that Cu2+ doped TiO2 is able to narrow the 

band gap significantly due to localization of Cu 3d levels above the valance band 

maximum (VBM) and shifting of the conduction band minimum (CBM) towards lower 

octahedral tetragonal
J-T
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energy (due to presence of oxygen vacancies) in the band-gap. In addition, Cu2+ ions 

can trap not only holes but also electrons. According the theoretical calculation study by 

Dashora et al (2014), the energy levels formed by Cu2+ species can act as hole trapping 

sites while the oxygen vacancies or defects assist in capturing electrons thus promoting 

an efficient separation of the photogenerated charges. 

 Doped TiO2 with noble metal and rare earth metal (b)

Nobel metals such as platinum (Pt), palladium (Pd), silver (Ag), and gold (Au) ions 

also facilitate visible light absorption of TiO2 semiconductor (Grabowska et al., 2010). 

Dozzi et al. (2012) investigated the effect of noble metal (Pt and Au)-doped TiO2 

photocatalyst for the formic acid degradation. Kisch et al. (1998) also studied the 

photocatalytic degradation of 4-chlorophenol by TiO2 modified with platinum (IV)-

chloride complexes under visible light. The noble metals decorated on TiO2 surface can 

facilitate the photogenerated charge carriers separation, and subsequently enhances the 

photocatalytic performances of the surface and bulk modified photocatalyst systems. 

According to Yoon (2009), the surface of noble metal functions as sensitizers to 

improve the visible light absorption and centers of charge separation. 

Rare earth metals such as yttrium (Y), scandium (Sc), and the 15 lanthanoids, are a 

group of 17 chemical elements in the Periodic Table. According to Stengl et al. TiO2 

doped with rare earth such as La3+, Ce3+, Ce4+, Eu3+, Gd3+ and Sm3+ resulted in the 

strong absorption edge shift towards longer wavelength (Štengl et al., 2009). This was 

ascribed to the electronic transitions between the rare earth ions and the conduction or 

valence band of TiO2. Moreover, visible light absorption due to the f-f electronic 

transitions was observed in the Nd3+, Pr3+ and Dy3+ doped TiO2. Drastic reduction in the 

band gap of TiO2 has been reported by Nd and Yb doped TiO2 due to the presence of 

new 4f states  present in the TiO2 band gap (Bingham & Daoud, 2011). 

 

Univ
ers

ity
 of

 M
ala

ya



 

26 

2.6.1.2 Nonmetal doping TiO2 

In recent years, increased efforts have been directed toward improving the 

photocatalytic efficiency of semiconductor under visible light via the doping of 

nonmetal ions in order to narrow the band gap. The previous research by Wang et al. 

(2011) has shown that C–N–S doped TiO2 nanoparticles extended absorbance in the 

visible-light for tetracycline degradation. Studies also showed that the band gap 

narrowing of TiO2 can be reached using C ion (Ren et al., 2007). The modified TiO2 

displayed stronger visible light absorption due to the narrow band gap result in 

enhanced photocatalytic degradation of organic pollutants in the visible region. It is 

found that the nonmetal doping TiO2 can narrow the catalyst band edges by the 

hybridization between the O 2p and nonmetal orbitals, because their energy states are 

very close. Daghrir et al. (2013) suggested that the band gap narrowing due to the N 

doping into TiO2 lattice can be attributed to the orbital overlapping between the N 2p 

and O 2p orbitals (Figure 2.6). This generates an impurity levels in the TiO2 lattice, 

which leads to enhanced performance for photocatalytic activity compared with that of 

bare TiO2 under visible light. 

 

 

Figure 2.6: Schematic energy level of nitrogen doping TiO2. 
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Several studies have indicated that iodine doping in TiO2 can shift the optical 

absorption spectra to 500−700 nm from 400 nm for the bare TiO2 and consequently 

broadening its application range.  

Iodine doped titanium dioxide have been studied from both an experimental and 

theoretical perspective (Bagwasi et al., 2012; Long et al., 2009; Shi & Weng, 2008). A 

review of the above cited literature shows that the iodine ions can exist in a number of 

different oxidation states and therefore incompatible results are found from different 

authors on how iodine exists in TiO2 structure. Some experiments confirmed that I5+ 

could substitute Ti4+ due to close ionic radius of I5+ (6.2 Å) and Ti4+ (6.4 Å). Long et al. 

(2009) applied density functional theory to analyze the electronic structure of I doped 

into TiO2 lattice structure. They found that the I 5p orbitals of iodine could mix with the 

O 2p in the valence band and Ti 3d orbitals in the conduction bands, which enhance the 

visible light absorption. In addition, Li et al. (Li et al., 2014) suggested that I5+ can be an 

electron acceptor during the reduction to the lower multi valance states close to the CB, 

resulting in an efficient separation of photo induced charge carriers. Liu et al. (2009) 

argued using theoretical computation that I5+ ions preferred to be doped close to the 

surface of TiO2, facilitating the electron transfer process to the surface of TiO2.  

Some authors pointed out that I ion can be existed on the surface of TiO2 owing to its 

large ionic radius compared to both Ti4+ and O2−. Su et al. proposed that the I7+/I− 

species are well dispersed on the anatase particle surface and not through crystal lattice 

substitution (Su et al., 2008). 

 

2.6.2 Drawbacks of metals doping of TiO2  

As discussed in the previous section, the doping of TiO2 with metallic ions has 

offered good effects on photocatalytic performance. Nevertheless, several authors have 

pointed out some drawbacks associated with metal doping (Crişan et al., 2015; Demirci 
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et al., 2016; Jiang et al., 2015; Moradi et al., 2016). Photocatalytic activity of metal-

doped TiO2 is found to be influenced by concentration of the dopant. In general, 

optimum dopant concentration could improve the photocatlytic performance. 

Nonetheless, some researchers reported that more than the optimal value of doping ions, 

the photodegradation rate decreased. It was concluded that the dopant ion concentration 

below its optimum dosage level can serve as electron−hole separation centers, and 

therefore enhance the photocatalytic efficiency, whereas the dopant ions with excessive 

dosage levels could function as electron−hole recombination centers which cause the 

detrimental effect in photocatalytic activity (Dong et al., 2015). Table 2.2 shows an 

optimum concentration of several metal dopants which enhances the photocalytic 

degradation. 
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       Table 2.2: Optimum metal dopants concentration used for improved efficiency of catalyst. 

Photocatalyst Range of doping Optimum 
doping 

Light 
source 

Pollutant References 

Transition 

Metals 

Fe-doped TiO2 0.5, 1, 2 and 5 wt% 0.5 wt% UV nitrobenzene (Crişan et al., 2015) 
Fe-doped TiO2 0.1, 1, 5 and 10 wt% 1 wt% visible light reactive red 

198 
(Moradi et al., 2016) 

Fe-doped TiO2 1,1.5 and 2 wt% 1.5 wt% UV diazinon (Tabasideh et al., 2017) 
Fe-doped TiO2 0.25, 0.5, 1, 5 and 10 mol% 0.5 mol% visible light methyl orange (Moradi et al., 2018) 
Cu-doped TiO2 0.5, 1, 3, 5 and 10 mol% 0.5 UV methyl orange (Wu et al., 2018) 
V-doped TiO2 0.1%, 0.25%, 0.5%,0.75%, 

1.0%,1.25%, 1.5%, 2.0%,and 5.0% at% 
1 at% visible light RhB (Lu et al., 2015) 

Co-doped TiO2 0.1 %–3 at.% 3 at% visible light phenol (Jiang et al., 2015) 
Mn-doped TiO2 0.02%, 0.05%, 0.2% and 0.5% wt% 0.05 wt% visible light Cr(VI) (Chen et al., 2016) 
Noble Metals 

Ag-doped TiO2 0.1%, 0.3%, 0.5%, 0.7% and 0.9% 
mol% 

0.7 mol% UV methylene 
blue 

(Demirci et al., 2016) 

Ag-doped TiO2 3.5–0.75 at.% 0.75 at % UV phthalic acid (Mogal et al., 2014) 
Rare Earth 

Metals 

Gd-doped TiO2 0–0.6 at.% 0.3–0.4 
at.% 

UV methyl orange (Cheng et al., 2016) 

Gd-doped TiO2 0.9, 1.8 and 3.6 at.% 1.8 at.% UV Methylene 
blue 

(Farbod & Kajbafvala, 2013) 
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        Besides, metal doping has shown other drawbacks such as thermal instability 

and photo-corrosion (Shayegan et al., 2017). In addition, although noble metals and rare 

earth metals could efficiently improve the photocatalytic efficiency, the cost-

effectiveness required a certain degree for industrial use is usually caused their 

replacement by more economical transition or nonmetals doping. 

2.6.3 Heterostructure photocatalysts 

Heterojunction between different semiconductors is another interesting method 

which has received considerable interest in the last year (Hernández-Alonso et al., 2009; 

Ilieva et al., 2012). Zhang et al. (2009) reported that the good matching of the valence 

band and conduction band of the two semiconductors , ensuring efficient charge carriers 

transport from one to another. 

Coupling TiO2 with other semiconductors was applied to extend the photoresponse 

into the visible region and to accelerate the electron and hole separation (Ouyang et al., 

2012). These semiconductors include CdS (Liu et al., 2012), SnO2 (Zhao et al., 2014),  

WO3 (Lee & Jo, 2016) and ZnO (Gholami et al., 2014). As illustrated in Table 2.3, 

semiconductors coupled with TiO2 gave enhanced photocatalytic degradation compared 

to the pure TiO2. Different types of metal/nonmetal dopants with semiconductor 

composites most be considered for the improvement of TiO2 photoactivity. 

Univ
ers

ity
 of

 M
ala

ya



31 

Table 2.3: Summary of the common semiconductor coupled TiO2 photocatalyst with their operated photocatalytic conditions and maximum 
 efficiencies. 

Photocatalyst Dopant Pollutant Experimental condition Efficiency 
before 
coupling 

Efficienc
y after 
coupling 

Remarks References 

CdS/TiO2/GO CdS/TiO2 
ratios : 0.18:1, 
0.39:1, and 
0.55:1 

Methylene 
blue (MB) and 
Parachlorophe
nol 
4-CP  

300 W xenon lamp (390-
770 nm); room 
temperature; MB solution 
(5 mg L−1, 80 mL) or 4-
CP solution (1 mg L−1, 25 
mL); treatment time = 
120 min; phtocatalyst 
amount = 5 mg; 
Hydrothermal method 

55.9% for MB 
and,  28.4% 
for 4-CP 
(rGO-TiO2) 

90.3%  
for MB 
dye , and 
65.3% 
for 4-CP 

 GO-TiO2-0.55CdS
exhibited high degradation
of MB and 4-CP.

 For rGO-TiO2-0.55CdS,
CdS nanoparticles with
smaller size of ∼30 nm can
uniformly cover all the
surface of TiO2 spheres.

 rGO-TiO2-0.55CdS
nanocomposite presented a
good cycling stability.

(Tian et al., 
2017) 

CdS/TiO2 CdS/TiO2 
ratios : 1:100, 
2:100:4:100, 
and 8:100 

Methyl 
Orange (MO) 

300 W xenon lamp; room 
temperature; MO solution 
(10 mg L−1, 50 mL); 
treatment time = 75 min; 
phtocatalyst amount = 50 
mg; Sol-gel method 

4% for pure 
TiO2 

100%  The photocatalytic
degradation efficiency of
the CdS/TiO2 catalysts
enhanced by increasing in
CdS loading from 0.1% to
2.0%, while, a further
increase in the CdS loading
to 8.0% resulted decreasing
in photocatalytic efficiency.

 CdS/TiO2 composites were
in a mesoporous structure
with uniformly dispersed
particles.

 2% CdS/TiO2 possessed the

(Zhou et 
al., 2017) 
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largest specific surface 
area. However, by more 
increasing from 2% to 8% 
the surface area was 
decreased. 

CdS/TiO2 CdS/TiO2 
ratios : 1:8, 
1:4, and 1:1 

Acid 
Rhodamine B 
(AB) 

300 W xenon lamp 
(λ>420) ; room 
temperature; AB solution 
(10 mg L−1, 100 mL);  
treatment time = 120 min; 
phtocatalyst amount = 
0.1g; wet chemical 
method 

14.6 % for 
pure TiO2 

100%  By increasing the mass
ratio of CdS/TiO2 to 1:4 the
photocatalytic efficiency
was enhanced. However, by
more increasing from 1:4 to
1:8 the efficiency was
decreased.

(Bai et al.,  
2011) 

SnO2/TiO2 Sn/Ti molar 
ratio of 1:1 

Methylene 
blue (MB) 

UV- lamp ; room 
temperature; MB solution 
( 1 × 10−5  mg L−1, 200 
mL); treatment time = 
120 min; phtocatalyst 
amount = 0.08 mg; Sol-
gel method 

43% for SnO2, 
56% for TiO2 

71%  Highly uniform structure
with core size of ∼22 nm
and shell thickness of 4 nm
was observed.

 The Kinetics studies
demonstrated the reaction
rate constant of TiO2/SnO2 
core-shell nanoparticles
was much higher than those
of pure TiO2 and SnO2
nanoparticles.

(Farhadi et 
al., 2017) 

WO3/ TiO2 WO3/TiO2 
molar ratio : 
0.025, 0.05, 
0.075, and 0.1 

Methylene 
blue (MB) 

UV-lamp ; room 
temperature; MB solution 
(6 mg L−1, 100 mL);  
treatment time = 100 min; 
phtocatalyst amount = 0.2 
g; spray drying 

70% for WO3 90%  The percentage of  [001]
planes of TiO2 anatase
increases up to the
maximum 21.5 % for the
hybrid WO3/TiO2  with
molar ratio of 0.075, and
afterwards it decreases by
further increasing the WO3
content.

(Khan et 
al., 2017) 

Table 2.3, continued 
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 By increasing the amount
of WO3 till 0.075 the BET
specific surface area of
WO3/TiO2 increased and
more increasing of that
resulted in decreasing of the
surface area.

 The recombination rate
charge carriers in all
WO3/TiO2 composites were
effectively decreased.

 The 0.075 molar ratio of
WO3/TiO2 was the most
active sample under UV
light and dark.

xBi2S3/TiO2 x = 1, 5, 10,  
and 15 wt.% 

orange G 
(OG) 

tungsten-halogen-lamp; 
room temperature; OG 
solution (10 mg L−1, 100 
mL); treatment time = 
240 min; phtocatalyst 
amount = 100 mg; 
precipitation method 

NA 100%  The fast degradation was
obtained on 10%
Bi2S3/TiO2 and the
degradation followed a first
order kinetic with a rate
constant of 0.32 h−1.

 The photoactivity was
enhanced under solar
irradiation because of TiO2 
activation.

 The performance increased
with raising the proportion
of Bi2S3, whereas beyond
10%, the photo-activity
decreased.

(Boumaza 
et al., 
2016) 

Table 2.3, continued 
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ZnO/TiO2 Zn/Ti : 
0.31/1, 0.62/1, 
1.03/1, and 
1.23/1 

methyl orange 
(MO) 

Xe-arc lamp (λ ≤ 420); 
room temperature; MO 
solution (5 mg L−1, 10 
mL); Treatment time = 
120 min; phtocatalyst 
amount = NA; pyrolysis 
method 

20% for TiO2 
and 30% for 
ZnO 

51%  ZnO NPs were uniformly
grafted on the surface of
TiO2-photonic crystal (PC)
to form the heterojunction
due to intimate interfacial
contact between TiO2 and
ZnO NPs.

 The ZnO/TiO2-PC hybrid
system possessed excellent
photostability.

(Zheng et 
al., 2015) 

ZnO/ N-doped 
TiO2 

50 wt% of 
ZnO and 50 
wt% of TiO2 

benzene, 
toluene, and 
xylenes 

White LED lamp (λ ≥ 
420); room temperature; 
benzene, toluene, and 
xylenes solution (100 mg 
L−1, 10 mL); Treatment 
time = 120 min; 
phtocatalyst amount = 1 
g; sol–gel method 

NA 86% for 
benzene, 
87% 
for 
toluene, 
and 86% 
for 
xylene 

 Doped photocatalysts
exhibited higher specific
surface area.

 The presence of nitrogen
led to control nucleation
and growth of crystallites,
as well as the formation of
a well-order porous
structure.

 The N-doped TiO2 had
visible light absorption due
to the interstitial doping.

 The N-TiO2-ZnO
composite caused to
photosensitize ZnO in
visible wavelength region
and reduce recombination
rate of charge carriers.

 The highest efficiency was
achieved by N-TiO2-ZnO
calcined at 500 °C.

(Ferrari-
Lima et al., 
2015) 

ZnO/ Cu doped 
TiO2 

Cu:1%, 3%, 
and 5wt%; 

MO Xe lamp (λ ≥ 420); room 
temperature; MO solution 

For TiO2 was 
negligible and 

83%  Doping percentage of 3% (Dorraj et 
al., 2017) 
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Cu-
TiO2/ZnO:10
%, 30%, 50%, 
and 70% 

(15 mg L−1, 100 mL); 
Treatment time = 60 min; 
phtocatalyst amount =0.1 
g; sol–gel method and 
subsequent precipitation 

for Cu-TiO2 
was 61% 

Cu and 30% ZnO exhibited 
the highest photocatalytic 
activity. 

 At the Ti/Zn mass ratio of
50% and 70%, the surface
area was significantly small
due to blocking the pores of
the heterostructured by
excess ZnO.

 The 3% Cu-TiO2/30% ZnO
nanocomposite sample
exhibited the lowest PL
intensity.

NA: Not Available, NP: Nanoparticles 

Table 2.3, continued 
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Coupling TiO2 with CdS is regarded as a promising technique in the field of research 

(Wang et al., 2012). CdS with a 2.4 eV band gap is the one of the most popular 

semiconductor materials (Huo et al., 2011). The valence and conduction band edges of 

CdS are both higher than their corresponding counterparts in TiO2 lattice (Huo et al., 

2011). Such suitable alternation in the energy bands of valence and conduction bands 

allows CdS to serve as photosensitizer to absorb visible light and to generate an 

electron-hole pair. Consequently, the electrons in the conduction band are excited to the 

conduction band of the inactivated TiO2 thus leaving positive holes in CdS valence 

band. The injected photoelectrons from CdS to TiO2  can effectively hinder the 

recombination of electrons and holes in CdS (Jimmy et al., 2003). Due to improved 

charge separation under visible light illumination, the couple TiO2/CdS has been 

extensively used to enhance the photocatalytic degradation  of organic pollutants (acid 

orange II; organic dye drimaren red, phenazopyridine, methyl orange, etc.) by 

photocatalytic and photo-electrocatalytic reactions (Bessekhouad et al., 2006; Jiang et 

al., 2011; Tristão et al., 2006; Zyoud et al., 2011). According to Colmenares (2009), S2−

in CdS photocatalyst can be easily oxidized by the holes with an accompanying release 

of Cd2+ into the solution and the creation of a porous layer of elemental sulfur on the

CdS surface. This phenomenon can harmfully influence the photocatalytic treatment 

(Robert, 2007). 

The couple system SnO2/TiO2, where TiO2 plays the role of photosensitizer for SnO2 

has attracted considerable attention (Khan & Kim, 2009; Zhao et al., 2014). The band 

gap of SnO2 is 3.8 eV, and the conduction band of SnO2 is more positive (0.5 V) than 

that of TiO2 and can act as efficient electron sinks to capture photogenerated electrons. 

Using SnO2 coupled to TiO2, the electrons can store on the SnO2 and the holes can store 

on the TiO2 due to the formation of a heterojunction at the SnO2/TiO2 interface (Zhao et 

al., 2014). The SnO2/TiO2 system inhabits the charge carrier recombination, confirming 
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a high apparent quantum efficiency and better photocatalytic efficiency in degradation 

of organic pollutant under UV light (El-Maghraby et al., 2016). In spite of the greater 

photocatalytic and photo-electrocatalytic performances of  the TiO2/SnO2 structure 

under UV irradiation, but the incorporation of this structure for the large scale 

environmental applications remains extremely limited owing to the Wide-band gap of 

both TiO2 and SnO2 (Pilkenton & Raftery, 2017). 

WO3/TiO2 is a structure of semiconductor-semiconductor coupled material, which 

has been extensively studied and used as a photocatalyst since several decades (Gupta & 

Tripathi, 2011). The band gap of WO3 (2.8 eV) is lower than that of TiO2, and the upper 

edge position of the valence band and the lower edge position of the conduction band of 

WO3 are both lower than that of TiO2. Therefore, WO3 can be excited by visible light 

illumination, and the photogenerated holes transfer from WO3 to TiO2 (Miyauchi et al.,  

2002), while the photogenerated electron in the conduction band of TiO2 can be 

accepted by WO3. However, the preparation technique of coupled semiconductor 

TiO2/WO3 is considered a critical factor that effects the properties of the band structure 

and, thus, the photocatalytic activity (Zhang et al., 2009). 

Zinc oxide (ZnO) is another very important oxide semiconductor photocatalyst and 

as an alternative to TiO2 because the photocatalytic mechanism is similar to TiO2 (Ji et 

al., 2017; Tejasvi et al., 2015). Furthermore, the main benefit of coupling ZnO to TiO2 

is that it can absorb a larger fraction of the UV radiation and the corresponding 

threshold value is 425 nm. According to Ferrari-Lima et al. (2015), the heterojunction of 

TiO2 and ZnO semiconductors, creates synergic effects, decreases the recombination 

rate, and increases charge carriers’ lifetime. Under illumination, the photogenerated 

electrons of TiO2 could transfer to the conduction band of ZnO, whereas the 

photogenerated holes of ZnO can be easily injected to the valence band of TiO2. This 

Univ
ers

ity
 of

 M
ala

ya



38 

effect promotes the charge carrier separation process (Figure 2.7). However both TiO2 

and ZnO require an excitation wavelength that falls in the UV region of 300–390 nm 

due to high band gap energies. Hence, in order to make ZnO/TiO2 nanocomposites 

suitable for receiving and utilizing visible light with high efficiency, numerous methods 

such as the doping of TiO2 or ZnO with metal or nonmetal have been investigated (Zha 

et al., 2015). Kwiatkowski et al. (2017) reported that the visible light response of the 

ZnO/TiO2 core/shell composites through the N-doping of TiO2 shell and its decoration 

with Au nanoparticles. By a sol-gel method, Li et al. (2015) obtained a visible light 

active Ce/F co-doped TiO2–ZnO composite films with a band gap of 1.82 eV. 

Figure 2.7:  An energy level scheme of ZnO and TiO2. The heterojunction formed 
between ZnO and TiO2 promotes charge separation. Reproduced from 
ref. (Wang et al., 2014) with permission from the Royal Society of 
Chemistry. 

2.6.4 The co-doping of TiO2 

The co-doping of TiO2 entails the simultaneous incorporation of two heteroatoms 

into the TiO2 lattice to tune its optical properties, photocatalytic properties, surface area 

and crystal structure. It is advancement from the mono-doping process where only one 

heteroatom is incorporated into the TiO2 framework. The co-doping of TiO2 may be 

achieved by introducing two different nonmetal elements (Wen et al., 2017), two metals 
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(Cai et al., 2013) or a metal and a nonmetal (Xu et al., 2008) while the mechanism of 

action is based on the synergy between the two dopants and TiO2 (Kuvarega et al., 

2011). The co-doping of TiO2 allows the tailoring of the materials with the combined 

properties of the two dopants such as good visible light absorption (bang gap 

narrowing) and efficient electron scavenging, resulting in an improved photocatalytic 

performance. 

TiO2 co-doped with nitrogen and sulfur (N,S-TiO2) has been prepared by various 

methods and its photocatalytic properties were studied. The incorporation of N and S 

improved the photocatalytic performance under visible light as compared to the N-TiO2, 

S-TiO2 and P25. This improvement was attributed to the formation of sub-band gap 

states by N and S states in the TiO2 band gap (band gap narrowing) allowing for visible 

light excitation of electrons from these new states to the TiO2 conduction band. 

Simultaneous incorporation of the two dopants provided more routes through which the 

hydroxyl and superoxide radicals can be generated leading to enhanced photocatalytic 

activity. Moreover, the co-doping of TiO2 with N and S suppressed the TiO2 grain size, 

increased the surface area, and enhanced the surface acidity of the photocatalyst (Wei et 

al., 2008; Xiao et al., 2011). Hojamberdiev et al. (2012)  prepared N-F co-doped TiO2 

by thermal decomposition of ammonium oxofluorotitanate and the co-doped TiO2 

displayed good photocatalytic activity toward the degradation of methyl orange 

compared to P25. This was described by contribution of strong absorption in the visible 

light region, good crystallinity and porous structure. Strong visible light absorption, 

band gap narrowing and enhanced photoactivity were reported as key modifications 

induced on TiO2 by the combined contribution of N and C co-doping (Wang et al., 

2011). Similarly, co-doping TiO2 with other double nonmetal combinations such as I-

F(Wen et al., 2009), B-F (Wang et al., 2013), N-P (Han et al., 2010), N-I (Zhou et al., 
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2009) and C-F (Lim et al., 2008) displayed the synergistic effect of the dopants towards 

improvement of the overall photocatalytic activity of TiO2. 

Double metal doped TiO2 such as Gd/La-TiO2 (Cai et al., 2013), Nd/Er, Nd/Eu, 

Eu/Ho-TiO2 (Reszczyńska et al., 2014), La/Eu-TiO2 (Huixian et al., 2011) and Li/Y-

TiO2 (Hamden et al., 2014) displayed enhanced photocatalytic activity for the 

degradation of various organic compounds compared to the mono-doped TiO2. This was 

attributed to the efficient visible light harnessing and charge separation. 

Many studies have revealed that co-doping TiO2 with a metal and a nonmetal can 

lead to a highly efficient visible light active photocatalyst (Sakatani et al., 2004). 

Gadolinium and nitrogen co-doped TiO2 (Gd, N-TiO2) nanotubes were synthesized by a 

hydrothermal method and ion exchange technique and investigated for degradation of 

rhodamine B under visible light. Higher photocatalytic degradation efficiency was 

observed and attributed to co-doping which inhibited the particle growth resulting in a 

larger surface area of the photocatalyst. Moreover, co-doping improved charge 

separation, visible light absorption and crystallinity of the photocatalyst (Liu et al., 

2011). Similarly, Wu et al. (2011) prepared praseodymium and nitrogen co-doped TiO2 

(Pr,N-TiO2) via the sol-gel and microwave methods for methyl blue degradation. Both 

Pr and N were incorporated into the TiO2 lattice and restrained the TiO2 grain size 

growth, extended visible light response toward the visible region and inhibited 

recombination of the charge carriers, leading to higher photocatalytic activity. The 

Eu,N-TiO2 (Xu et al., 2008), Ce,N-TiO2 (Wang et al., 2011), La,B-TiO2 (Lan et al., 

2014) and Cr,S-TiO2 (Shao-You et al., 2011) prepared by different methods showed 

improved visible light response, charge separation and photoactivity, owing to the 

cooperative effect of the co-dopants. Kuvarega et al (2011) proved that the combination 

of N/Pd into TiO2 by improved sol-gel technique shows enhanced photocatalytic 
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activity of TiO2 under visible light. The enhancement of photocatalytic activity was 

attributed to the synergistic doping effects of N and Pd. The previous study by Sakatani 

et al. (2003) also indicated that La/N co-doped TiO2 photocatalyst obtained by means of 

a  polymerization technique can lead to high efficiency for the degradation of 

acetaldehyde under visible light. Pr doping in Pr/N co-doped TiO2 system was found to 

hinder the grain growth and anatase to rutile phase transformation. The Pr/N-TiO2 

photocatalyst showed higher photocatalytic activity than those mono-doped N-TiO2 and 

pure TiO2. The N ions were effectively incorporated into the TiO2 lattice and narrowed 

the band gap energy. The Pr doping could also decrease the recombination between 

photogenerated electrons and holes in the TiO2. The improved photocatalytic activity 

was ascribed to the synergic effect of N and Pr in co-doped system (Yang et al., 2011). 

Usually co-doping involves the use of metals and nonmetals are an effective 

technique for enhancing the visible-light-induced photocatalytic performance. The 

simultaneous doping of metal and nonmetal ions creates synergic effect that improves 

the catalytic properties for enhancement of visible light response. Various studies were 

performed on metal and nonmetal co-doping, it is clear that the application of new co-

doped photocatalytic materials has been greatly focused in photodegradation reactions 

of organic pollutants in water. The major advantages of this method are: material phase 

transformation, small grain size, large specific surface area, band-gap narrowing by 

shifting the light absorption ability from the UV to the visible region, decrease the 

electron–hole recombination, dopant serves as an active site for pollutant adsorption to 

accelerate degradation reactions and they can act as photosensitizers to absorb visible 

light (Tan et al., 2011). 
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CHAPTER 3: MATERIALS AND METHODS 

     This chapter gives a detailed amount of the materials, photocatalyst synthesis 

methods and characterization tools utilized in this study. The photocatalytic reaction 

process for the prepared photocatalysts is also discussed in this chapter. 

3.1 Reagents and materials 

All reagents and materials used were of analytical reagent grade, sourced from Sigma 

Aldrich, and were used as received. The following materials and reagents were utilized 

in this study: Titanium (IV) bis (ammonium lactato) dihydroxide (TALH) (50 wt% 

suspension in water), copper (II) acetate (CuAc, 99.99%), zinc acetate dehydrate (ZnAc, 

99.99%), potassium iodide (KI, 99%) and gelatin were used as received without further 

purification. 

3.2 Preparation of the photocatalysts 

3.2.1 Preparation of Cu-TiO2/ZnO nanocomposites 

Cu-TiO2 nanoparticles were synthesized by a sol–gel method. Initially, the desired 

amounts of CuAc were dissolved in 100 mL of deionized (DI) water with stirring. 

Subsequently, a stoichiometric amount of TALH was added dropwise into the solution 

with vigorous stirring. The solution was stirred and heated at 80 °C. Finally, gelatin was 

added to the solution, which was stirred and heated at 80 °C until a white-colored gel 

was obtained. The gel was calcined at 450 °C for 2 h at a heating rate of 5 °C/min. 

Different Cu doping levels were prepared by varying the amount of CuAc 

concentration. The samples were denoted as x% Cu-TiO2, where x (1, 3, and 5) is the 

nominal weight percentage of Cu. For comparison, pure TiO2 and ZnO were also 

prepared with the same procedures, and ZnAc was used as the ZnO precursor. 
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Afterward, the zinc oxide-coupled catalysts (Cu-TiO2/ x% ZnO, where x represents 

the nominal mass ratio of ZnO to Cu-TiO2) were prepared using the precipitation 

method. The desired amount of ZnAc was dispersed in 100 mL of DI water under 

vigorous stirring, until the solution became transparent. Appropriate quantities of Cu-

TiO2 nanopowders were dispersed in aqueous solution with ultrasonication and 

continuous stirring. During precipitation, suspension was allowed to settle for 24 h. The 

precipitate was filtered and washed with DI water repeatedly. The obtained paste was 

dried at 90 °C for 15 h and calcined at 450 °C for 2 h. A simplified schematic showing 

the two-step preparation of coupled photocatalyst is illustrated in Figure 3.1. 

 

                  Figure 3.1: Schematic preparation of Cu-TiO2/ZnO. 

 

 For comparison, a series of Cu-TiO2/ x% ZnO photocatalysts with different mass 

ratios (10%, 30%, 50%, and 70%) were also prepared by changing the ZnO content. The 

weight of Ti, Cu, and Zn precursors for preparing 2 g TiO2 and 0.5 g Cu-TiO2 are 

presented in Table 3.1. 
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               Table 3.1: The weight of Ti, Cu and Zn precursors used for 
                                 preparing the nanocomposites. 

Precursors Weight (%) Weight (g) 
TALH                  - 14.729 

CuAc 
1 0.057 
3 0.171 
5 0.285 

ZnAC 

10 0.113 
30 0.338 
50 0.563 
70 0.789 

 

3.2.2 Preparation of Cu-I co-doped TiO2  

The hydrothermal method was utilized to synthesize the pure, mono-doped, and co-

doped TiO2 samples. About, 14.7 g TALH was added dropwise into 100 mL deionized 

DI water with vigorous stirring for 30 min. The metal and nonmetal doped TiO2 

solutions were prepared by dissolving stoichiometric amounts of metal and nonmetal 

precursors in the TiO2 precursor solution. For the preparation of the Cu-TiO2 and I-TiO2 

sols, appropriate amounts of CuAc and KI were dissolved in DI water before added to 

the TiO2 sol. The Cu-I co-doped TiO2 sample was formed by the incorporation of both 

Cu and I precursors in the TiO2 sol. The final mixtures were transferred into a Teflon-

lined stainless-steel autoclave and kept at 180 °C for 18 h. The resulting powders were 

subsequently centrifuged and then washed with water before drying at 80 °C for 15 h. 

Finally, the samples were calcined at different temperatures (350 °C, 450 °C, and 550 

°C) in air for 2 h. A simplified schematic showing the step preparation of co-doped 

photocatalyst is illustrated in Figure 3.2. 
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Figure 3.2: Schematic preparation of Cu-I-co-doped.  

 

The 3 wt% of Cu was used in the samples according to the “optimum” concentration 

used in our previous study (Dorraj et al., 2017). Zhang et al. (2011) reported that 10 

wt% of  I provides optimum activity under visible light for the I-doped TiO2. The 

weight of Ti, Cu, and I precursors for preparing 2g TiO2 are presented in Table 3.2. 

                  Table 3.2: The exact weight of Ti, Cu and I precursors used for  
                                    preparing the Cu-I co- doped TiO2. 

Precursors Weight (%) Weight (g) 
TALH - 14.729 

CuAc 3 0.171 

KI 10 0.340 

 

3.3 Characterization techniques 

3.3.1 X-ray diffraction (XRD) measurements  

The phase and crystallite size of all prepared samples were studied by X-ray 

diffraction (XRD, Siemens D5000; TX, USA) using monochromated high-intensity Cu 
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K (alpha) radiation (λ = 1.54060 Å) operated at 40 kV and 40 mA. Measurements were 

performed at a 2θ between 20–80° at a rate of 0.5°/min. The step time and step size of 

the scan were fixed at 2 s and 0.026°, respectively. The obtained XRD spectrum was 

then matched with a Powder Diffraction File (PDF) database maintained by the 

International Center for Diffraction Data (ICDD). 

The fractional phase content for anatase (A) and rutile (R) in the samples can be 

calculated in Equation (3.1) and Equation (3.2) (Li et al., 2015): 

 

   
    

         
                                                                              (Equation    3.1) 

 

       
    

         
                                                                              (Equation    3.2) 

        ,      

 

where IA (0 1 1) and IR (1 1 0) are the integrated intensities of the main peaks of 

anatase and rutile, respectively. 

3.3.2 Microscopy analyses 

Field emission scanning electron microscopy (FESEM, Hitachi SU 8000; Tokyo, 

Japan), operating at 15kV, attached with energy dispersive X-ray spectroscopy (EDX, 

Bruker XFlash 6∣100) was applied to study the morphology and elemental composition 

of the samples. The sample powders were mounted on glass slides or silicon wafer 

using a double-sided carbon tape and coated with gold before loaded in the FESEM for 

analysis. The transmission electron microscopy (TEM) and high-resolution TEM 
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images (HRTEM) were performed by a JOEL TEM 2010 instrument at 200 kV to 

investigate the particle size and lattice information of the samples. Gatan Digital 

Micrograph software was utilized for an accurate calculation of the lattice spacing. A 

small amount of sample was sonicated for a few minutes in ethanol and a small drop of 

the suspension was drop-casted on a copper grid. The grid was allowed to dry in air 

before being mounted on the sample holder for analyses. 

3.3.3 Raman spectroscopy 

The Raman spectra of all samples were collected using a confocal micro-Raman 

system (inVia, Renishaw) in a back-scattering configuration. The samples were excited 

by 532 nm DPSS laser at room temperature. A 50X objective (Leica) was utilized to 

focus the laser beam onto the sample and the collection efficiency of scattered photons 

from the sample was at maximum. The signal was collected by a charge-coupled linear 

array device and it was cooled to as low as −70 °C.  

3.3.4 Diffuse reflectance UV-vis spectroscopy 

Diffuse reflectance UV-vis spectroscopy of the catalysts was obtained by a Shimadzu 

2450 UV-vis spectrophotometer between 200–800 nm. Barium sulfate was used as a 

standard reference.  

The band gaps of the photocatalysts synthesized in this study were determined using 

the Tauc’s equation (Equation 3.3), where α is the absorption coefficient and (hν) is the 

incident photon energy, and Eg is the band gap (Slav, 2011). The constant n accounts for 

the type of optical transition. For a direct transition, n=1/2 while for an indirect 

transition, n=2.  

            
  (Equation 3.3) 
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TiO2 is an indirect semiconductor, while ZnO is a direct semiconductor, hence the 

band gap was measured as a plot of (αhv)1/2 or (αhv)2 against hν, respectively. The exact 

value of the band gap was determined by extrapolation of the liner region of a plot of 

(αhv)1/2 or (αhv)2 on the y-axis versus photon energy (hv) on the x-axis was taken as the 

band gap for TiO2 and ZnO, respectively. 

3.3.5 Photoluminescence (PL) spectroscopy  

The photoluminescence (PL) emission spectra were recorded at room temperature 

with an InVia Raman microscope equipped with a confocal microscope with a “He-Cd 

laser” working at 325 nm excitation wavelength at 5 mW. The resulting luminescence is 

collected with two high numerical aperture lenses and is then spectrally dispersed by a 

SPEX model 750M monochrometer. The dispersed luminescence signal is detected with 

a photomultiplier tube (PMT) that can be used for detecting the light from near-UV to 

1200 nm. The signals produced by the PMT are measured using a Stanford Research 

Systems SR830 lock-in amplifier, and data are recorded and processed by a computer. 

3.3.6 Brunauer–Emmett–Teller (BET) measurement  

The BET specific surface areas and pore size distribution of the photocatalysts were 

determined by the N2 adsorption–desorption isotherms at 77 K using a Micrometrics 

ASAP 2020 surface area and porosity analyzer. Prior to the analysis, the photocatalyst 

samples were degassed in vacuum at 150 °C for an hour to remove moisture. 

3.3.7 X-ray photoelectron spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) analyses were carried out in an 

ultrahigh vacuum chamber with a base pressure below 2.66×10-7 Pa at room 

temperature. The photoemission spectra were recorded by a PHI Quantera Versa Probe 

II instrument equipped with monochromatic focused Al Kα source. The pass energy and 

step size of high-resolution XPS scan were adjusted to 40 and 0.1 eV, respectively. The 
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curve fitting was performed using a non-linear least square Gaussian-Lorenzian function 

after subtraction of Shirley background. All binding energies (BE) were referenced to C 

1s at 284.8 eV. 

3.3.8 Inductively coupled plasma mass spectrometry (ICP-MS) 

The accurate compositions of the samples in the co-doped sample were analyzed 

with the inductively coupled plasma mass spectrometry (ICP-MS 7500 Single Turbo 

System). Prior to analysis, 0.1 g co-doped sample was mixed with 8 mL nitric acid, 8 

mL hydrochloric acid and 2 mL hydrofluoric acid. Then, the acid mixture was digested 

in a microwave oven (Milestone ETHOS) by heating at 250 °C for 15 min. The digested 

samples were diluted, and the concentrations of Cu and I were obtained by ICP-MS. 

3.3.9 Electro-chemical impedance spectroscopy (EIS) 

Electro-chemical impedance spectroscopy (EIS) measurements were performed in 

0.1 M Na2SO4 aqueous solution as the electrolyte, whereas 150 W HALOID lamp was 

the visible light source. The working electrode was prepared by drop-casting a 

homogenous dispersion of the samples in ethanol on fluorine-doped tin oxide glass 

slides. The working electrode for the EIS was obtained after calcination at 400 °C for 2 

h. A saturated calomel electrode and platinum wire were the reference and counter 

electrodes, respectively. The EIS measurements were performed over a frequency range 

between 0.1 and 100 KHz, with amplitude of 0.01 V around the open circuit potential. 

3.4 Photocatalytic activity test 

Photodegradation of 15 mg L−1 MO dye solutions was performed to investigate the 

photocatalytic activity of all samples under visible-light irradiation. Precisely 0.1 g of 

catalyst powder was dispersed into 100 mL aqueous MO solution for each experiment. 

The suspension was stirred in the dark for 1 h to reach the dye adsorption–desorption 

equilibrium on the photocatalyst surface. A 500 W Xenon lamp equipped with a UV 
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cut-off filter (λ>420 nm) was used as a visible light source. Meanwhile, the reactor 

temperature was controlled by a circulated water jacket to remove the lamp heat. 

Accordingly, 1 mL of the MO solution was filtered from the reactor with a 20 min time 

interval to analyze the reaction. The photocatalytic activity was investigated by 

measuring the intensity of the absorption peak of MO at 464 nm using a UV-vis 

spectrophotometer (Kwiatkowski et al., 2017). The degradation efficiency of MO was 

calculated using the following equation: 

                (  
  

  
⁄ )                                          (Equation    3.4) 

where C0 is the adsorption equilibrium concentration of the solution, and Ct is the 

concentration of solution at time t. In order to determine the photocatalytic degradation 

rates of MO, the first-order kinetics (Equation 3.5) were employed to fit the obtained 

data (Chen et al., 2017). 

  
  

  ⁄       (Equation   3.5) 

Where k is the apparent rate constant, C is the solution phase concentration and C0 is 

the concentration at t=0. Figure 3.3 shows the schematic experimental set up for the 

photocatalytic degradation of MO aqueous solution. Univ
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Figure 3.3:  Schematic experimental setup for photocatalytic degradation of MO  
aqueous solution. 

 

3.5 Recycling test 

After each photocatalytic experiment, recycling experiments were carried 

out via centrifuging and washing the composite with ethanol for 1 h under magnetic 

stirring. Reusability of each photocatalyst was evaluated by using the same catalyst by 

repeating the degradation experiment of the same initial MO concentration. 

3.6 Detection of Reactive Oxygen Species 

Radical scavenger studies were carried out to investigate the active species involved 

in the photodegradation of dye. Three scavengers were selected, namely, tert–butyl 

alcohol TBA (OH• radical scavenger), ammonium oxalate AO (hole scavenger) and 

benzoquinone BQ (•O2
− radical scavenger) (Li et al., 2017). All experiments were 

carried out in the photoreactor described in Section 3.4. 1 mL and 1 mM of TBA, AO 

and BQ were added into the photocatalytic system to examine the photocatalytic 

mechanism, respectively.  
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3.7 Hydroxyl radical (OH•) formation tests 

The capability of the co-doped sample to form hydroxyl radicals (OH•) under 

visible-light irradiation was determined by the fluorescence method with terephthalic 

acid (TPA) as the probe molecule (Silva et al., 2017). The reaction between 

photogenerated OH• radicals and TPA produced the 2-hydroxyterephthalic acid 

(HTPA), a fluorescence-active molecule. Hence, HTPA fluorescence intensity was 

directly proportional to the OH• quantity formed on the surface of photocatalysts. In this 

experiment, 0.1 g of co-doped photocatalyst was placed in contact with 30 mL of TPA 

solution (5x10–4 mol L–1) prepared in aqueous NaOH (2x10–3 mol L–1). All experiments 

were carried out in the photoreactor described in Section 3.4. At regular intervals, the 

HTPA concentration was monitored by fluorescence measurements using a Shimadzu 

RF-5301PC spectrofluorophotomete. The fluorescence emission spectrum in the 

scanning light wavelength of 300–550 nm (λmaximum = 425 nm) was obtained using 

excitation wavelength of 315 nm. 
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CHAPTER 4:  RESULTS AND INTERPRETATIONS 

The photocatalysts were synthesized as described in chapter 3. The synthesized 

materials were characterized by various characterization techniques and are discussed in 

this chapter. The photodegradation results of MO by the photocatalysts together with a 

possible mechanism for the enhanced photocatalytic activity and catalyst recycling 

experiment are also discussed. 

4.1 Enhanced visible light photocatalytic activity of copper-doped titanium 

dioxide–zinc oxide heterojunction for methyl orange degradation 

Photocatalysts have been attracting significant attention as effective environment-

friendly technology because of their wide spectral range for solar energy conversion 

into chemical energy. This technology is used to control and remove different types of 

organic pollutants in water. Among all the semiconductor-based photocatalysts, TiO2 

has been the ideal material because of its nontoxicity, high chemical stability, and 

oxidization feature (Jo et al. 2016). However, the high TiO2 bandgap energy restricts its 

practical application in the ultraviolet region, which corresponds to only 4%–5% of the 

entire solar spectrum (Dorraj et al., 2017). Hence, numerous studies have developed 

visible light driven TiO2-based photocatalyst by doping metal (Lee et al., 2016; Pham et 

al., 2015) and nonmetal (Khalid et al., 2012; Morikawa et al., 2001; Serpone, 2006; 

Yoshida et al., 2015) ions in the TiO2 lattice. Transition metal-doped TiO2 can be 

effectively used to improve the visible light induced photocatalytic performance. 

Incorporating 3d transition metal ions in the TiO2 crystal lattice creates impurity states 

close to the valence band (VB) and conduction band (CB), thereby resulting in a 

remarkable energy gap narrowing toward the visible region (Shao, 2008; Wang et al., 

2014). Guo and Du (2012) reported that Cu doping can broaden the adsorption edge of 

TiO2 into the visible region by forming dopant states above the VB caused by the Cu-3d 
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orbital. Khalid et al. (2013) reported that doping TiO2 with Cu could enhance the visible 

light response and photocatalytic activity during methyl orange (MO) photodegradation. 

Although an improved photocatalytic activity of the bulk-doped TiO2 particles has been 

reported, adverse side effects could not be eliminated because many of the newly 

created interband energy states can also act as recombination centers, which increase the 

recombination rate of charge carriers and degrade the photocatalytic activity (Liu et al., 

2012; Peng et al., 2009; Su et al., 2012). 

In recent year, the coupling of two semiconductors based on the matching of band 

potentials in the form of a heterojunction is identified as an effective approach to 

enhance the separation efficiency of the photoinduced electrons and holes (Guo & Du, 

2012). Gao and his coworkers (2016) reported the formation of 

BiPO4/BiOBr heterostructured photocatalysts through a facile in situ chemical 

transformation. The heterostructures exhibit excellent photocatalytic activity and 

stability during   rhodamine B degradation under visible light irradiation. Among the 

reported coupled semiconductor nanostructures, ZnO-based nanocomposites exhibit an 

efficient electron–hole pair separation in TiO2 due to the high photocatalytic 

performance and similar photodegradation mechanisms (Ferrari-Lima et al., 2015; 

Tejasvi et al., 2015). For example, Zha et al. (2015) investigated a distinct 

TiO2/ZnO heterostructure, which showed significantly improved photocatalytic 

performance compared to the pure TiO2 and ZnO due to the efficient electron–hole pair 

separation and low recombination rates of the charge carrier. Hence, the visible spectral 

response ability of a transition metal-doped TiO2 and the efficient spatial separation of 

electrons and holes by ZnO coupling may offer an alternative approach for the 

photocatalytic degradation of organic pollutants. Nevertheless, to the best of our 

knowledge, few works has been devoted to the photocatalytic behavior of a metal-doped 

semiconductor coupled with another band-edge semiconductor. Therefore, the study 
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using both two strategies to enhance the photocatalytic performance of TiO2 is limited.   

In the present work, a stepwise approach for TiO2 photocatalyst modification was 

introduced. The Cu-doped TiO2 (Cu-TiO2) was successfully coupled with ZnO at 

different mass ratios through the sol–gel method and subsequent precipitation. The 

structural, optical and morphological properties of the composite were also investigated. 

The visible light-driven photocatalytic activity of the Cu-TiO2 coupled with ZnO 

nanoparticle (Cu-TiO2/ZnO) heterojunction nanocomposite was utilized for the 

degradation of MO. The possible mechanism for the enhanced photocatalytic activity 

was also investigated. 

4.1.1 PL spectra analysis 

The PL measurement was performed to analyze the photogenerated carrier separation 

efficiency of the doped and coupled samples. Figure 4.1 shows the PL emission spectra 

of TiO2 and x% Cu-TiO2. The PL emission intensity of a semiconductor is proportional 

to the photo-induced electron–hole recombination rate. TiO2 is a semiconductor with an 

indirect band gap, and it exhibits a broad visible luminescence spectrum, which is 

related with the transition of a trapped charge carriers in the oxygen vacancy to the TiO2 

VB (Tahir & Amin, 2015). The emission intensity of TiO2 is significantly weakened in 

the x% Cu-TiO2. This result indicates that the recombination of photogenerated charge 

carriers from the oxygen defects to the TiO2 VB is effectively suppressed with Cu ion 

doping. The PL spectrum of the pure TiO2 is not discussed because it is considerably 

broad, and reliable information is difficult to extract. Therefore, the focus is towards the 

Cu-TiO2 spectra. The PL phenomenon is mainly associated with the optical 

recombination related with the defect level. Thus, this phenomenon cannot be attributed 

to the oxide band gap transitions.  
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Figure 4.1:  Room-temperature PL emission spectra of TiO2, 1% Cu-TiO2, 3% Cu- 
TiO2, and 5% Cu-TiO2 nanoparticles. 

 

Figure 4.2a shows a typical fitting of the 3% Cu-TiO2 PL spectra using the Gaussian 

distribution. These bands show a peak energy around 1.87 (E1), 2.09 (E2), and 2.29 eV 

(E3). Previous studies have revealed important modifications of the TiO2 band under 

visible light caused by the incorporation of Cu in the TiO2 lattice (Choudhury et al., 

2013). The formation of energy levels from the oxygen defects and middle-gap levels of 

Cu (3d) introduced below the Ti (3d) CB and above the O (2p) VB of TiO2 were 

reported as an acceptor level (Yan et al., 2016). An optical transition between the Cu 

(3d) and O defect levels of the Cu-TiO2 system was also observed. This optical 

transition could be correlated with the PL band around 1.9 eV (E1), which is close to the 

reported value (1.9 eV) of the optical transition attributed to the transition metal 

impurity state and O defect level (Al Saqri et al., 2017). The PL peak (E2) around 2.1 

eV is attributed to the recombination of the CB electrons and vacancies at the Cu (3d) 

levels (Jaiswal et al., 2015). Another emission at approximately 2.3 eV (E3) is also 
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observed and attributed to the transition from the oxygen vacancies with one trapped 

electron to the TiO2 VB (Tahir & Amin, 2015).  

Based on these results, a structural model we proposed (Figure 4.2b) for the optical 

recombination due to the presence of defects between the VB and CB of Cu-TiO2. The 

3% Cu-TiO2 sample shows the lowest PL intensity, which indicated the lowest 

recombination rate. Figure 4.1 displays that the charge recombination centers may also 

increase if the copper dopant amount exceeds than the optimum concentration (Liu et 

al., 2012). 

 

Figure 4.2:  Room-temperature PL emission spectra of (a) Typical Gaussian fitting 
of PL spectra of the 3% Cu-TiO2 (b) Proposed schematic diagram of 
optical recombinations in the presence of defects in the 3% Cu-TiO2. 

 

Hence, among the doped nanocomposite photocatalyst samples, the 3% Cu-TiO2 was 

selected to couple with ZnO. As shown in Figure 4.3a, the 3% Cu-TiO2/30% ZnO 

nanocomposite sample exhibits the lowest PL intensity. This observation suggests that 

the optimal loading of ZnO with 3% Cu-TiO2 could decrease the recombination of 

photoexcited electrons and holes, thereby indicating that the heterojunction formation 

can effectively suppress the irradiative recombination (Yan et al., 2014). Furthermore, 
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Figure 4.3b compares the PL emission intensity of the optimal amount of doping and 

coupling. The insignificant PL intensity of 3% Cu-TiO2/30% ZnO nanocomposite 

suggests that the 3% Cu–TiO2/30% ZnO heterojunction will facilitate the photocatalytic 

activity during the organic pollutant degradation. 

 

    Figure 4.3:   Room-temperature PL emission spectra of (a) PL emission spectra of 
TiO2, 3% Cu-TiO2 nanoparticles, 3% Cu-TiO2/10% ZnO, 3% Cu-
TiO2/30% ZnO, 3% Cu-TiO2/50% ZnO, and 3% Cu-TiO2/70% ZnO 
nanocomposite (b) PL emission spectra of TiO2, 3% Cu- TiO2 
nanoparticles, and 3% Cu-TiO2/30% ZnO nanocomposite. 

 

4.1.2 XRD analysis 

Figure 4.4a shows the XRD patterns of TiO2 and Cu (1 wt%, 3 wt%, and 5 wt%)-

doped TiO2 nanoparticles. Figure 4.4(b) illustrates the XRD profiles of the crystal 

structures of pure TiO2, ZnO nanoparticles, and 3% Cu-TiO2-x% ZnO nanocomposites. 

For the pure TiO2, doped, and coupled samples, the XRD patterns exclusively show 

peaks with high intensities corresponding to the (011), (112), (020), (015), (121), (024), 

(116), (220), and (125) crystal planes of anatase TiO2 (COD 96-900-8214). Evidently, 

the XRD patterns show no trace of any copper metal, oxide, or binary titanium copper 

phase. Therefore, the Cu atoms are doped in the crystal lattice of TiO2 in all samples 
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because of the relatively small differences of their respective ionic radius (Bensouici et 

al., 2017). 

As shown in Figure 4.4b, the coupled nanocomposites consist of both anatase TiO2 

and wurtzite ZnO. Ten characteristic peaks marked with the Miller indices ((010), 

(002), (011), (012), (110), (013), (020), (112), (012), and (022)) are well indexed to the 

standard hexagonal structure (COD 96-230-0114) of ZnO. This result reveals that the 

ZnO nanoparticle exists in the wurtzite phase (COD 96-230-0114). In addition to the 

characteristic peaks of TiO2 and ZnO, the absence of impurity peaks proves that no 

extra phases were generated during the Cu-TiO2-ZnO synthesis. Furthermore, with the 

increase of the Zn/Ti mass ratio from 1:9 to 7:3, the characteristic peaks of anatase TiO2 

gradually decreased, whereas those of wurtzite ZnO gradually increased. These XRD 

results further confirm the successful preparation of the coupled bicomponent 

nanocomposites of the TiO2 anatase and ZnO wurtzite phases.  

 

Figure 4.4: XRD patterns of (a) TiO2, 1% Cu-TiO2, 3% Cu-TiO2 and, 5% Cu-TiO2 
nanoparticles (b) TiO2, ZnO, 3% Cu-TiO2/10% ZnO,3% Cu-TiO2/30% 
ZnO, 3% Cu-TiO2/50% ZnO, 3% Cu-TiO2/70% ZnO nanocomposite. 
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The mean crystallite sizes of TiO2 and ZnO could be deduced from the full width at 

half-maximum of the most intense peaks using the Scherrer's equation 

(Prasannalakshmi & Shanmugam, 2017). The inferred mean crystallite sizes of TiO2 are 

around 14 ± 2 nm for the pure TiO2, 1% Cu-TiO2, 3% Cu-TiO2, and 5% Cu-TiO2. This 

result is in accordance with previous study (Bensouici et al., 2017), which indicated that 

the crystallite size of TiO2 is barely influenced by the variation in Cu doping 

concentration. The ZnO sizes are 42.7, 45.8, 49.4, and 52.4 nm for the 3% Cu-

TiO2/10% ZnO, 3% Cu-TiO2/30% ZnO, 3% Cu-TiO2/50% ZnO, and 3% Cu-TiO2/70% 

ZnO nanocomposites, respectively. 

4.1.3 XPS analysis 

The chemical states of each element in the 3% Cu-TiO2/ZnO nanocomposite with 

different Zn/Ti ratios were investigated by XPS and are shown in Figures 4.5A–D. The 

a, b, c, and d spectra represent the 3% Cu-TiO2/10% ZnO, 3% Cu-TiO2/30% ZnO, 3% 

Cu-TiO2/50% ZnO, and 3% Cu-TiO2/70% ZnO nanocomposites, respectively. 

Moreover, the spectra corresponding to the pure TiO2 and 3% Cu-TiO2 are included for 

comparison. 

As shown in Figure 4.5A, all ZnO coupled samples display a similar Zn 2p spectrum. 

The two major characteristic peaks at binding energies of 1021.4 and 1044.2 eV could 

be attributed to the Zn 2p3/2 and Zn 2p1/2 states, respectively. These results indicate that 

the Zn2+ ions are not incorporated in the TiO2 lattice; instead, they exist as a separate 

ZnO phase because no other Zn 2p peaks are observed in the XPS spectra (Zha et al., 

2015). Evidently, the peak intensity is the only major difference among the four spectra, 

which could be attributed to the different ZnO contents in the samples.  

The Ti 2p core-level photoelectron spectrum is shown in Figure 4.5B. In each 

spectrum, the two main peaks are attributed to the Ti 2p3/2 and Ti 2p1/2 states, which are 
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located at around 458.1 and 463.8 eV, respectively. The Ti 2p3/2 and Ti 2p1/2 spin-orbit 

splitting photoelectrons of pure TiO2 are located at 458.6 and 464.6 eV (Ullah et al., 

2014; Wang et al., 2014), respectively. After doping with Cu, the binding energy shifts 

to lower energies compared to that of the pure TiO2, as shown in Figure 4.3B. These low 

binding energy shifts showed that the structure of the local state of titanium atoms 

changed with the doping with Cu dopant because of the formation of Cu–O–Ti bonds in 

the crystal lattice of TiO2 (Zhou et al., 2016). In addition, the peak intensity of the Ti 

2p spectra remarkably decreases with increasing Zn/Ti mass ratios.  

As shown in Figure 4.5C, the Cu-TiO2 sample and four ZnO-modified samples show 

a typical Cu 2p XPS spectra with characteristic Cu 2p3/2 and Cu 2p1/2 peaks at 932.5 and 

952.5 eV, respectively. This result is consistent with the literature data on the  Cu+2 ions 

(Yan et al., 2016; Zhou et al., 2016).  

Figure 4.5D shows the XPS spectra of the O 1s region from various samples. The 

curve fittings of the O 1s spectra were also obtained using a combined Gaussian 

distribution of variable proportions (Yang et al., 2015). The spectra of all ZnO-modified 

samples could be deconvoluted into three different near-Gaussian subpeaks centered at 

529.5± 0.3, 531± 0.1, and 531.8± 0.1eV ( Figure 4.5D). The peaks located at 529.5± 0.3 

and 531.3± 0.1 eV (Kotsis & Staemmler, 2006) are assigned to the O–Ti and Zn–O 

bonds of  metal oxides. The peak at the highest energy level (531.8± 0.1 eV) can be 

attributed to the adsorbed oxygen from the oxide defects or hydroxyl groups (Zhang et 

al., 2014). Similar to the Ti 2p binding energies, the peak position of the O 1s core 

levels is also slightly shifted toward lower binding energy compared to that of  the O 1s 

binding energy in pure TiO2, which is located at 530 eV (Zhou et al., 2016). 
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Figure 4.5: (A) Zn 2p, (B) Ti 2p, (C) Cu 2p and (D) O 1s XPS spectra of the 
samples: (a) 3% Cu-TiO2/10% ZnO, (b) 3% Cu-TiO2/30% ZnO, (c) 3% 
Cu-TiO2/50% ZnO, and (d) 3% Cu-TiO2/70% ZnO  nanocomposites. 

 

4.1.4 Morphological analysis 

The morphology of the optimized 3% Cu-TiO2/30%ZnO nanocomposite was 

investigated by FESEM and the result is presented in Figure 4.6. The nanocomposites 

show agglomerated uniformly shaped particles; the agglomeration may have occurred 

due to the interaction of the small crystallites (Tahir & Amin, 2015).  
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Figure 4.6: FESEM image of 3% Cu-TiO2/30% ZnO nanocomposite. 
 

The TEM images of 3% Cu-TiO2 and 3% Cu-TiO2/30% ZnO nanostructures are 

shown in Figures 4.7a and 4.7b, respectively. The TEM image of 3% Cu-TiO2 revealed 

the presence of spherical particles with uniform sizes between 25–35 nm (Figure 4.7a). 

The nanoparticles show an interparticle mesoporous structure, possibly due to the 

growth and aggregation of small particles. When ZnO is added, the Cu-TiO2 

nanoparticles with small sizes are decorated on the surface of ZnO with particle size 

between 80–90 nm; this result indicates the formation of 3% Cu-TiO2/30% ZnO 

heterostructures during the synthesis (Figure 4.7b). The corresponding HRTEM image 

in Figure 4.7c reveals that this novel nanocomposite is polycrystalline in nature. 

Moreover, the lattice fringes with a d spacing of 0.35 and 0.24 correspond well to the 

(011) and (011) planes of the tetragonal TiO2 and hexagonal ZnO phases, respectively.  
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Figure 4.7: (a) TEM image of 3%Cu-TiO2 nanoparticle, (b) TEM, and (c) HR-TEM  
images of the 3% Cu-TiO2/30% ZnO nanocomposite. 

 

The EDX was performed to analyze the chemical constituents of the prepared 

samples. Figure 4.8a shows the EDX spectrum of the 3% Cu-TiO2 nanocrystals, which 

indicates the presence of Ti, Cu, and O in the 3% Cu-TiO2 sample. Zn is detected in the 

3% Cu-TiO2/30% ZnO sample (Figure 4.8b). The elemental compositions of the 3% 

Cu-TiO2 and 3% Cu-TiO2/30% ZnO nanocomposites are presented in Table 4.1. The 

structural integrity of the two components and the distinct structure of the binary 

composites strongly suggested that these nanocomposites could be an effective 

photocatalyst for MO photodegradation with improved photocatalytic activity and 

stability. 
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Figure 4.8: EDX spectrum images for (a) 3%Cu-TiO2, and (b) 3% Cu-
TiO2/30%ZnO samples. 

 
 

        Table 4.1:   Elemental compositions of the as-prepared 3%Cu-TiO2 and 3%Cu- 
TiO2/30%ZnO samples. 

Sample  C O Ti Cu Zn 

Cu-TiO2 Wt% 2.25 42.75 48.26 6.47 - 

Atomic% 5.27 66.96 25.24 2.55 - 
 
Cu-TiO2-ZnO 

Wt% 9.31 17.53 21.39 1.61 50.17 

Atomic% 24.92 35.23 14.36 0.81 24.68 

 

4.1.5 Diffuse Reflectance UV-vis spectroscopy 

Figure 4.9 shows the absorption spectra of the pure TiO2, ZnO, and Cu–TiO2 

nanoparticles with different Cu doping contents and 3% Cu–TiO2/30% ZnO 
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nanocomposites with different zinc oxide contents. The spectrum of pure TiO2 shows an 

absorption edge at around 350 nm. However, no apparent absorption is observed in the 

visible light region. 

After Cu doping, two strong absorption peaks are observed at around 450 and 750 

nm. The absorption at around 450 nm is due to the electronic transition from the Cu 3d 

states to the CB of TiO2 while the absorption at 750 nm is due to the electronic 

transition from the VB of TiO2 to the Cu-3d states (Jaiswal et al., 2015). The absorption 

intensity is further increased by increasing the doping amount of Cu, which is in good 

agreement with the literature (Aguilar et al., 2013; Pham et al., 2015).  

The light absorption of the TiO2 spectra shows no significant change with ZnO 

introduction. These optical properties supported the HR-TEM results (Figure 4.7c), 

which show the coupling of ZnO on the TiO2 surface; nevertheless, the TiO2 band 

structures exhibited no change, although Cu doping in the TiO2 lattice could generate 

impurity states in the TiO2 band gap (Aguilar et al., 2013). However, the high ZnO 

contents (50% and 70% ZnO) decreases the absorption in the visible region. The 

strongest optical absorption at the visible light region is obtained in the 3% Cu-

TiO2/30% ZnO nanocomposite sample, which may lead to the generation of many 

electron–hole pairs and high photocatalytic activity of the nanocomposite. 
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Figure 4.9: UV-vis absorption spectra of (a) TiO2, (b) 1% Cu-TiO2, (c) 3% Cu-TiO2 
(d) 5% Cu-TiO2 nanoparticles, (e) 3% Cu-TiO2/10% ZnO, (f) 3% Cu-
TiO2/30% ZnO, (g) 3% Cu-TiO2/50% ZnO, and (h) 3% Cu-TiO2/70% 
ZnO nanocomposite. 

 

4.1.6 BET surface area measurements 

The N2 adsorption–desorption isotherms and pore-size distributions of the pure TiO2 

and 3% Cu-TiO2 and heterostructured Cu-TiO2/ZnO photocatalyst samples with 

different Ti/Zn mass ratios are presented in Figures 4.10a-f. The corresponding specific 

surface areas, pore volumes, and average pore sizes are summarized in Table 4.2. All 

samples show a type IV isotherm according to the IUPAC classification, thereby 

implying the presence of mesoporous structures (Hussein et al., 2013; Li et al., 2014). 

Copper (3% Cu–TiO2) incorporation exerts no influence on the surface area of TiO2 

(45.19 m2/g). The ZnO (10% and 30%) incorporation slightly decreases the surface to 

42.72 and 39.45 m2/g, respectively. Furthermore, at the Ti/Zn mass ratio of 50% and 

70%, the surface area is significantly small at 15.70 and 13.17 m2/g, respectively. In 

addition, the average pore size and total pore volume decreases with increasing ZnO 

content. A ZnO excess may block the pores of the heterostructured photocatalyst 

samples.  
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Figure 4.10:  N2 adsorption/desorption isotherms and pore-size distributions of (a)  
TiO2, (b) 3%Cu-TiO2, (c) 3%Cu-TiO2/10%ZnO, (d) 3%Cu-
TiO2/30%ZnO,(e) 3%Cu-TiO2/50%ZnO, and (f) 3%Cu- 
TiO2/70%ZnO samples. 
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         Table 4.2: The surface parameters of various samples from BET measurements. 

Samples BET surface area  
           (m2/g) 

Pore size 
(nm) 

Pore volume 
(cm3/g) 

TiO2 45.19 17.00 0.072 
3% Cu-TiO2 45.97 18.40 0.0605 
3% Cu-TiO2/10%ZnO 42.72 13.50 0.0565 
3% Cu-TiO2/30%ZnO 39.45 9.20 0.0476 
3% Cu-TiO2/50%ZnO 15.70 5.20 0.0452 
3% Cu-TiO2/70%ZnO 13.17 4.00 0.041 

 

4.1.7 Photocatalytic activity 

Figure 4.11a demonstrates the photodegradation activity of all ZnO nanocomposite 

catalysts in the decomposition of MO dye in aqueous solution under visible light 

irradiation. As shown in Figure 4.11a, the MO concentration shows no significant 

changes prior to the visible light irradiation. However, during the 60-min visible light 

irradiation, the photocatalytic activity declines in the order of 3% Cu-TiO2/30% ZnO >3 

% Cu-TiO2/10% ZnO >3% Cu-TiO2/50% ZnO >3% Cu-TiO2/70% ZnO. All the 

nanocomposite samples show higher activity than that of the pure TiO2, but only the 3% 

Cu-TiO2/10% ZnO and 3% Cu-TiO2/30% ZnO nanocomposites show better activity 

than that of 3% Cu-TiO2. Comparison of the photocatalytic activity of the pure TiO2, 3% 

Cu-TiO2, and 3% Cu-TiO2/30% ZnO is shown in Figure 4.11b. This result showed that 

the 3% Cu-TiO2-30% ZnO presents higher photocatalytic activity than that of the bare 

TiO2 and 3% Cu-TiO2 from the start (20 min) until the end of irradiation (60 min). The 

bare TiO2 shows negligible visible light activity because of its wide band gap, whereas 

the introduction of ZnO into 3% Cu-TiO2 improves the photocatalytic activity of the 

coupled nanocomposite. Notably, the photocatalytic activities of TiO2 and 3% Cu-TiO2 

were also unchanged in the dark.  
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Figure 4.11: (a) Photo-degradation activity of MO by 3% Cu-TiO2/10% ZnO, 3% 
Cu-TiO2/30% ZnO, 3% Cu-TiO2/50% ZnO, and 3% Cu-TiO2/70% 
ZnO nanocomposites (b) Comparison of the photocatalytic activity of 
TiO2, 3% Cu-TiO2 nanoparticles, and 3% Cu-TiO2-30% ZnO 
nanocomposite. 

 

The degradation efficiency of MO reaches 83% and 61% in the presence of 3% Cu-

TiO2/30% ZnO nanocomposite and 3% Cu-TiO2 nanoparticles after 60 min of 

irradiation time, respectively (Figure 4.12). This result suggests that the 3% Cu-

TiO2/30% ZnO nanocomposite exhibits excellent photocatalytic performance during 

organic pollutant degradation.  
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Figure 4.12: Degradation efficiency of TiO2, 3%Cu-TiO2 nanoparticles, and 3% Cu-
TiO2/30% ZnO nanocomposites on the photodegradation of MO with 
time. 

 

The degradation kinetics of MO was also studied under visible light irradiation. 

Figure 4.13 shows a linear relationship between ln (C0/C) and reaction time, which 

indicated that the degradation kinetics of MO follows a pseudo-first-order rate law. The 

apparent rate constants are 0.0011 (± 5.037 × 10−5), 0.0166 (± 0.00121), and 0.0306 (± 

0.00121) min−1 for TiO2, 3% Cu-TiO2, and 3% Cu-TiO2/30% ZnO, respectively. The 

decreasing order of the rate constants is as follows: 3% Cu-TiO2/30% ZnO > 3% Cu-

TiO2 > TiO2. The photocatalytic activity of the 3% Cu-TiO2/30% ZnO nanocomposite is 

approximately 2-fold higher than that of 3% Cu-TiO2 nanoparticles and 28-fold higher 

than that of bare TiO2.  

0 10 20 30 40 50 60 70

0

20

40

60

80

100

 

 

D
eg

ra
da

tio
n 

Ef
fic

ie
nc

y 
(%

)

Irradation Time (min)

 TiO
2
 Maximum Efficiency 6.7%

 3% Cu-TiO
2
 Maximum Efficiency 61%

 3% Cu-TiO
2
-30% ZnO Maximum Efficiency 83%

Univ
ers

ity
 of

 M
ala

ya



 

72 

 

Figure 4.13: Plot of ln(C0/C) vs. time of MO degradation for the  TiO2, 3% Cu-TiO2 
nanoparticles, 3% Cu-TiO2/10% ZnO, 3% Cu-TiO2/30% ZnO, 3% Cu-
TiO2/50% ZnO,  and 3% Cu-TiO2/70% ZnO nanocomposites. 

 

Analyses showed that the samples with larger surface areas (3% Cu-TiO2 and 3% 

Cu-TiO2/10% ZnO) show no remarkable photocatalytic performance, which suggested 

that the total surface area of the material exerts no significant influence on the 

photocatalytic performance (Yang et al., 2016). The PL and UV–vis spectroscopic 

results demonstrated that the 3% Cu-TiO2/30% ZnO sample possesses the lowest PL 

intensity and strongest optical absorption at the visible light region compared to the 

other samples. The low PL intensity of 3% Cu-TiO2/30% ZnO nanocomposite could 

have resulted in enhanced photocatalytic activity, which can be ascribed to the effective 

charge separation of the photogenerated carriers. Thus, the 3% Cu- TiO2/30% ZnO 

sample exhibited the highest photocatalytic activity. 

To examine the stability and reusability of the 3% Cu-TiO2/30% ZnO nanocomposite 

as a photocatalyst, recycling runs for MO photodegradation under visible light 

irradiation were also performed. As shown in Figure 4.14a, the photocatalytic behavior 
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of 3% Cu-TiO2/30% ZnO nanocomposite shows a slight decrease in activity over three 

cycles. The degradation efficiency of the nanocomposites during MO photodegradation 

after the first, second, and third cycles is 79.3%, 75%, and 68.4%, respectively (Figure 

4.14b). These results indicate that the 3% Cu-TiO2-30% nanocomposite photocatalyst 

shows only a slight decrease in the photocatalytic activity during the three runs. Thus, 

the nanocomposite is stable and activated during the organic dye photodegradation 

process. These properties are remarkably important in industrial applications. 

 

Figure 4.14: (a) Recyclability of the photocatalytic decomposition of MO for 3% 
Cu-TiO2/30% ZnO  nanocomposite under visible light, and (b) Percent 
degradation efficiency of 3% Cu-TiO2/30% ZnO nanocomposite with 
increasing number of catalytic cycle. 

 

4.1.8 Detection of reactive oxidative species 

To investigate the possible photodegradation mechanisms, the different reactive 

species formed during organic pollutant degradation were confirmed by the radical and 

hole trapping experiments. The three radical scavengers, namely, tert-butyl alcohol 

(TBA,1 mM), ammonium oxalate (AO, 1 mM) and benzoquinone (BQ, 1 mM), were 
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utilized to trap the photogenerated hydroxyl radical (OH•), hole (h+) and superoxide 

anion radical (•O2
−), respectively (Tan et al., 2017; Zheng et al., 2015). As shown in 

Figure 4.15, the MO degradation efficiency of 3% Cu-TiO2/30% ZnO is slightly 

inhibited upon the BQ addition. This result implies that the presence of the •O2
− anion 

radical is insignificant during the MO decomposition under visible light irradiation. By 

contrast, the photodegradation rates of MO are distinctly suppressed in the presence of 

the TBA or AO, which indicates that the OH• and h+ are the major active species in the 

photocatalytic reaction pathways. 

 

Figure 4.15: The effect of different scavengers on the photocatalytic degradation of 
MO over 3% Cu-TiO2/30% ZnO nanocomposite under visible light 
illumination (TBA: tert-butyl alcohol; AQ: ammonium oxalate; BQ: 
benzoquinone). 

 

4.1.9 Possible photocatalytic mechanism 

To describe the mechanisms of enhanced photocatalytic activity of the Cu-TiO2/ZnO 

nanocomposites under visible light irradiation, the corresponding potentials of the CB 

and VB of TiO2 and ZnO semiconductors were estimated using the following equations 

(Jiang et al., 2016):  
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ECB = X- E0 - 0.5Eg (Equation  4.1) 

    EVB = ECB + Eg (Equation  4.2) 

where X is the electronegativity of the semiconductor obtained from the geometric 

mean of the electronegativity of its constituent atoms (X values for TiO2 and ZnO are 

5.8101 and 6.3246, respectively (Tan et al., 2017; Zheng et al., 2015), and E0 is the 

energy of free electrons on the hydrogen scale (4.5 eV). The experimental optical band 

gap energies of TiO2 and ZnO were determined from the plots of (αhν)n vs. hν (Figures 

4.16a and b) and estimated as 3.2 and 3.3 eV, respectively. The n value depends on the 

electronic transition of the semiconductor (nindirect= 1/2; ndirect= 2), where the n value is 

1/2 and 2, respectively. Therefore, the EC potentials of TiO2 and ZnO are −0.29 and 

0.17 eV, and the EV potentials are 2.91 and 3.47eV, respectively. 

 

Figure 4.16: Tauc plot obtained from UV-vis spectra for (a) TiO2 and (b) ZnO. 
 

Based on the results, the photocatalytic degradation mechanism of MO on Cu-

TiO2/ZnO nanocomposite is proposed and presented in Figure 4.18. The VB and CB of 

pure TiO2 comprise of the Ti (3d) and O (2p) states, respectively. When Cu ions are 

doped into the TiO2 lattice, the isolated levels are formed above the uppermost part of 

the VB because of the Cu-3d orbital, which shifts the VB maximum to high energy 
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values; consequently, the band gap decreases (Chang & Liu, 2014). The Cu-TiO2 band 

gap energy was obtained by extrapolating the Tauc plot of (αhν)1/2 to the hν axis (Figure 

4.17), and the value is close to the reported values (Aguilar et al., 2013; Jaiswal et al., 

2015). Thus, under visible light irradiation, Cu-TiO2 could be excited to produce 

electrons in the CB and holes in the VB simultaneously because of its visible light 

response. 

 

Figure 4.17: Tauc plot obtained from UV-vis spectra for 3%Cu-TiO2. 

 

On the contrary, ZnO hardly generates electron–hotel pairs due to the large band gap 

energy (3.3 eV). Given that the CB potential of TiO2 (−0.29 eV) is more negative than 

that of ZnO (0.17 eV), the photogenerated electrons easily migrate from the CB of TiO2 

to the CB of ZnO. The photogenerated holes tend to exist in the VB of TiO2. This 

behavior efficiently inhibits the recombination of electron and holes, thereby enhancing 

the photocatalytic activity of Cu-TiO2/ZnO heterojunction photocatalyst. The 

photoinduced electrons injected in the CB of ZnO could not combine with O2 to 

generate •O2
− because the CB potential of ZnO is more positive than that of the O2/•O2

− 

redox couple (−0.33 eV/vs. NHE) (Jiang et al., 2012), which also accounts for the minor 

reactive species of the •O2
− in the trapping experiment (Figure 4.15). Furthermore, the 

holes generated from the VB of TiO2 could oxidize OH− and H2O to produce OH• 
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because of the higher VB potential of TiO2 than those of the OH•/OH− (+2.38 eV/vs. 

NHE) and OH•/H2O (+2.72 eV/vs. NHE) (Mousavi & Habibi-Yangjeh, 2016). This 

result suggests that the holes (h+) and hydroxyl radicals (OH•) are the main reactive 

species involved in MO photodegradation. In addition, this result was confirmed by the 

former active species trapping experiments (Figure 4.15). Hence, the heterostructured 

semiconductors could effectively decrease the charge recombination and subsequently 

enhance the photocatalytic activity of the Cu-TiO2/ZnO system. 

 

Figure 4.18:  Schematic diagram of the proposed photocatalytic mechanism and the 
photogenerated charge-transfer process in Cu-TiO2/ZnO 
heterostructured nanocomposites. 
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4.2 Improved visible light photocatalytic activity of TiO2 co-doped with copper 

and iodine 

TiO2 has received considerable attention as an ideal photocatalytic material for the 

degradation of organic contaminants from wastewater or gas phase due to its high 

photoactivity, good photostability, cost effectiveness, and environmental friendliness 

(Jaiswal et al., 2015; Wang et al., 2016). Unfortunately, the poor capability of TiO2 to 

absorb visible light as the main part of solar spectrum has limited its large-scale 

industrial applications (Zheng et al., 2016). For increased utilization of sunlight, various 

modifications have been made to the crystal structure of TiO2-based materials, such as 

metal doping or nonmetal element doping (Ganesh, 2017; Hu et al., 2017), coupling 

(Low et al., 2017), and co-catalyst modification (Wang et al., 2017) for the enhanced 

absorption of sunlight. Among them, ion doping (either metal or nonmetal) is 

considered as a simple and effective modification method that has been undertaken by 

several research groups to extend the light absorption from UV to the visible region 

(Akple et al., 2015) .  

In general, the dopant ions in the TiO2 lattice introduce mid-gap energy states at the 

top of the valence band or at the bottom of the conduction band of TiO2, which extends 

its absorption band edge from the UV to the visible-light region (He et al., 2017; Kong 

et al., 2017; Yu et al., 2016; Zhang et al., 2017; Zhou et al., 2014). These as-produced 

impurity energy levels can also function as a trapping center for the effective separation 

of the photogenerated electron–hole pairs, thus leading to increased photocatalytic 

activity (Wu et al., 2013). However, these dopant ions must be utilized in small 

quantities to prevent subsequent recombination of electrons and holes. Low 

concentration doping  causes only a slight red shift of the optical absorption edge to the 

visible-light region, which is insufficient for the effective utilization of visible solar 

light (Jaiswal et al., 2015; Jaiswal et al., 2012). Considering the increased doping 
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concentration, the impurity levels act as electron–hole pair recombination sites that 

cause a negative effect on the photocatalytic activity (Bensouici et al., 2017; Dong et al., 

2015). In other words, extending the absorption edge to the visible region at the same 

time to prevent electron–hole recombination is a challenging task. 

Recently, co-doping with two different types of ions has become a highly useful 

approach to improve the visible light-driven photocatalytic activity of TiO2. In such 

system, the synergic combination of different types of dopants not only enhances the 

absorption of visible light but also decreases the photogenerated charge carrier 

recombination (Jaiswal et al., 2016; Zheng et al., 2016). The N and C nonmetal dopants 

in TiO2 have been widely utilized as co-dopants with various metals, hence forming 

combinations such as Fe–N (Su et al., 2011), W–N (Zheng et al., 2016), Cr–N (Li et al., 

2011), Cu–N (Jaiswal et al., 2015), Co–B (Jaiswal et al., 2016), Cr–C (Li et al., 2017), 

and Nd–C (Wu et al., 2013).  

Among the various nonmetals, I is the least studied co-dopant in the presence of 

metal dopants. In contrast to other nonmetal dopants, I5+ is an efficient substituent in the 

TiO2 lattice due to its similar ionic radii with Ti4+ (Wang et al., 2016). From the density 

functional theory of iodine doped TiO2, it can be concluded that substituted iodine could 

induce defects in the TiO2 lattice and subsequently improve photocatalytic activity 

under the visible-light spectrum (Long et al., 2009). In addition, Tojo et al. (2008) 

reported that the I5+ ions in the TiO2 lattice are trapping sites for electrons upon 

reduction to I− ions. This phenomenon contributes to the efficient electron–hole pair 

separation. Moreover, iodine dopant atoms have been preferred to be located close to 

the TiO2 surface, hence the surface doped I5+ functions as a trap site for the 

photogenerated electron and accelerates the electron transfer process to the catalyst 
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surface, thus increasing the photocatalytic activity (Liu et al., et al., 2009; Tojo et al., 

2008).  

Few efforts have focused on the co-doped transition metals with I e.g., I-Zr-co-doped 

TiO2 (Song et al., 2011), which have resulted in superior photocatalytic activity 

compared to the mono-doped and un-doped TiO2 for methyl orange (MO) degradation. 

Recently, Jaiswal et al. (2015) reported a significant narrowing of the TiO2 band gap 

into the visible region due to the incorporation of Cu2+ ions in the TiO2 lattice. 

Moreover, a theoretical study on the effect of Cu doping on the photocatalytic activity 

of TiO2 demonstrated that the doping of the Cu2+ ions in TiO2 lattice results in the inter-

band gap states, which are considered responsible for the improved visible-light 

photoactivity of doped TiO2 (Assadi & Hanaor, 2016). Furthermore, the energy levels 

formed by Cu2+ act as hole-trapping sites, thereby decreasing the rate of electron–hole 

pair recombination (Dorraj et al., 2017). Therefore it is possible to achieve a highly 

efficient visible light-driven photo-catalyst by the co-doping of Cu and I in the TiO2 

lattice from the synergic effects of metal and nonmetal dopants described earlier. 

To the best of our knowledge, the Cu and I co-doped TiO2 was synthesized for the 

first time via the hydrothermal method in this study. The effect of calcination 

temperature on the catalytic activity and the synergism of the Cu and I co-dopants were 

subsequently investigated in the photo-degradation of MO.  

4.2.1 XRD analysis 

Figure 4.19 shows the XRD patterns of the mono-doped Cu and I, TiO2 samples 

calcined at 350 °C, together with the Cu and I co-doped TiO2 calcined at various 

temperatures (350–550 °C). The undoped, mono-doped and co-doped TiO2 samples 

consist of mainly two different phases, namely, the anatase (main peak: 2θ (011) = 25.5°) 

and rutile (main peak: 2θ (110) = 27.5°). Evidently, the XRD patterns showed no traces of 
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the Cu or I species. This result indicates that the Cu and I ions substituted the Ti4+ and 

are incorporated into the TiO2 lattice, owing to the similar ionic radii of Cu2+ and I5+ 

with Ti4+ (Bagwasi et al., 2012; Hanaor & Sorrell, 2011).  

 
Figure 4.19:  XRD patterns of (a) pure TiO2, 3% Cu-TiO2 and 10% I-TiO2 (b) 

3%Cu-10% I-TiO2 at different calcination temperatures. 

 

The phase compositions of the samples are summarized in Table 4.3. The rutile peak 

intensity increases with the dopant incorporation in the lattice (Figure 4.19a), thus 

demonstrating the presence of the dopant ion in the TiO2 lattice that is responsible for 

the phase transformation from the anatase to the rutile phase (Hanaor & Sorrell, 2011). 

This phenomenon is so effective in I mono-doping (Figure 4.19a and Table 4.3). Unlike 

the single ion doped TiO2, the phase content of the pure TiO2 is almost preserved after 

co-doping in 3% Cu-10% I-TiO2 for the sample at 350 °C (Table 4.3). This result is in 

close agreement with other studies, which indicates that the interaction between both 

elements from co-doping may inhibit the phase transition of the anatase to the rutile 

phase through the decrease of oxygen vacancies (Jaiswal et al., 2016).  

When the calcination temperature increases, the anatase phase gradually transforms 

to the rutile phase (Figure 4.19b and Table 4.3). Then, the portion of the anatase phase 
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decreases dramatically while the rutile phase increases. This is in close agreement with 

the literature, where the increase in the calcination temperature increases the rutile 

phase but decreases the composition of the anatase phase (Kordouli et al., 2015). 

                                         Table 4.3: The characteristics of the prepared samples including phase  
                                                     content and crystallite size. 

Sample 
 

  Phase contents 
          (%) 

     Crystal size 
          (nm) 

         A      R   A011 R110 

Tio2-350 87 13    6.8 29  
3%Cu-TiO2-350 82.2 17.8    7.3 32.6  
10%I-TiO2-350 76.8 23.2    6.2 33  
3%Cu-10%I-TiO2-350 86 14    6.7 31  
3%Cu-10%I-TiO2-450 80 20    10.5 37  
3%Cu-10%I-TiO2-550 55 45    19.5 43.4  

 

The X-ray diffraction patterns of the anatase and rutile phases in the co-doped 

samples display broad peaks related to the smaller size of the nanoparticles at lower 

calcination temperature; whereas the sharp peaks indicate the large size of the 

nanoparticles at higher calcination temperatures (Figure 4.19b). The average particle 

sizes of anatase and rutile were calculated at each temperature by using the Debye–

Scherrer equation, from the main peaks of the two crystallographic forms (Table 4.3). 

These values show that the crystallite size of the anatase phase increases from 6.7 nm to 

19.5 nm, together with the increase in crystallite size of the rutile phase from 31 nm to 

43.4 nm, in the co-doped samples at temperature between 350 °C to 550 °C.  

At a calcination temperature of 350 °C (Figure 4.19a), the mono-doped TiO2 shows 

an almost unchanged crystallite size of anatase approximately 6 nm (Table 4.3). In 

contrast, the rutile crystallite size increases as narrow reflections are observed in the 

rutile phase. 
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4.2.2 Raman analysis 

Raman spectroscopy was utilized to study the crystalline structure of the 

photocatalyst samples, as shown in Figure 4.20. All samples show prominent 

fundamental bands for the anatase phase at 143 (Eg), 197 (Eg), 395 (B1g), 517 (A2g), 

and 637 (Eg) cm−1, together with a peak of approximately 442 (Eg) cm−1 corresponding 

to the rutile phase (Jaiswal et al., 2016). The Raman peak intensity of the rutile phase 

increases slightly after doping with Cu or I (Figure 4.20a). This finding indicates an 

increased formation of the rutile phase, which is in line with the results of XRD. The 

same trend was observed for the rutile phase in the co-doped samples at increased 

temperatures (Figure 4.20b). The Raman spectroscopic investigations confirm that the 

hydrothermally prepared samples of undoped TiO2, mono-doped, and co-doped TiO2 

are of high purity and crystallinity. These results are in agreement with the XRD 

measurements, and confirm the successful doping of Cu and I into the TiO2 lattice. 

 

Figure 4.20: Raman spectra of (a) pure TiO2, 3% Cu-TiO2 and 10% I-TiO2 (b) 3% 
Cu-10% I-TiO2 at different calcination temperatures. 

 

100 200 300 400 500 600 700 800

Rutile
 Anatase

 

 

In
te

ns
it

y 
(a

.u
.)

Raman shift (cm-1)

1  Pure TiO
2

2  3% Cu-TiO
2

3  10% I-TiO
2

1

3

100 200 300 400 500 600 700 800

Rutile
 Anatase

 

 

In
te

ns
it

y 
(a

.u
.)

Raman shift (cm-1)

1  Pure TiO
2

2  3% Cu-10% I-TiO
2
-350

3  3% Cu-10% I-TiO
2
-450

4  3% Cu-10% I-TiO
2
-550

1

4

a b

Univ
ers

ity
 of

 M
ala

ya



 

84 

4.2.3 Morphological analysis 

The morphologies of the co-doped samples after thermal treatment at 350 °C, 450 °C 

and 550 °C were investigated by FESEM (Figure 4.21). The anatase nanoparticles are 

quasi-spherical, whereas the rutile particles are large and elongated. The rutile 

morphology changed from rod-shaped at 350 °C to brick-shaped at 450 °C and 550 °C. 

The size of the anatase-rutile particle grows larger as the rutile fraction in the co-doped 

sample increases. Calcination inevitably causes an increase in the size of particles but a 

decrease in the surface area.  

 

Figure 4.21:  FESEM images of (a) 3% Cu-10% I-TiO2 at 350 °C, (b) 3% Cu-10% I-
TiO2-450 °C, and (c) 3% Cu-10% I-TiO2-550 °C. 

 

The composition of the co-doped sample at 350 °C was further studied by EDX. 

Figure 4.22 confirms the presence of Ti, O, Cu and I in the co-doped nanoparticles. The 

EDX elemental analysis of the co-doped sample is presented in the inset of Figure 4.22. 

To precisely assess the final concentration of the Cu and I in the co-doped sample, the 

amount of dopants were quantified by ICP-MS. The estimated weight percentages of Cu 

and I in the co-doped sample are 2.17 and 8.89, respectively. The Cu and I contents 

measured by ICP are slightly lower compared to the theoretical values, which suggest 

that the Cu and I dopants migrated to the crystalline structures of the TiO2. 
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 Figure 4.22: EDX spectrum of 3% Cu-10% I-TiO2 at 350 °C. 

 

Moreover, the elemental distribution in the co-doped TiO2 calcined at 350 °C was 

examined by EDX elemental mapping analysis (Figure 4.23). All four components, 

namely Ti, O, Cu, and I, were identified and homogeneously distributed in the samples. 

The colored points are allocated to Cu and I components which confirms that both metal 

and nonmetal dopants are well dispersed at the macroscopic scale, in the titanium 

framework. 

 

Figure 4.23: Elemental mapping of 3% Cu-10% I-codoped TiO2 powder obtained 
                    by EDS analysis at 350 °C. 
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The particle size and morphology of the co-doped samples after thermal treatment at 

350 °C were evaluated by TEM, as shown in Figure 4.24. Mixtures of spherical and 

rod-shaped nanoparticles are observed in TEM. The diameter of the spherical particles 

is between 5 and 8 nm; moreover, the nanorods are around 42 nm in width and 200 nm 

in length. The HRTEM image of the selected area (in red) in Figure 4.24a is depicted in 

Figure 4.24b. The image demonstrates that the spherical nanoparticles are the anatase 

phase [lattice spacing = 0.35 nm, corresponding to the (011) plane] while the nanorods 

are in the rutile phase [lattice spacing = 0.32 nm, corresponding to the (110) plane]. 

 
Figure 4.24: TEM image (a) and HRTEM image (b) of the 3% Cu-10% I-co-doped 

TiO2  powder at 350 °C. 
 

4.2.4 BET surface area measurements 

Figure 4.25 shows a type IV N2 adsorption–desorption isotherm for all six samples, 

which is a characteristic of a mesoporous material. The isotherms of the co-doped 

samples calcined at 450 °C and 550 °C have a similar shape and converge at a higher 

relative pressure compared with those of the mono-doped and pure TiO2 calcined at 350 

°C.  
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Figure 4.25: Nitrogen adsorption–desorption isotherms for the prepared TiO2 catalysts. 

 

Correspondingly, the calculated pore sizes of the samples with higher portion of the 

anatase phase are smaller than those of the higher portion of the rutile phase (Table 4.4) 

because the inter-particle spacing between the agglomerated anatase TiO2 nanoparticles 

is smaller than those of nanorods with a higher portion of the rutile phase. Thus, the loss 

of small pores is responsible for the decreased surface area (Song et al., 2010). 

Moreover, Table 4.4 compares the specific surface areas of various TiO2 catalysts from 

the BET measurements. The surface areas of the samples with the higher portion of 

anatase (pure TiO2, 3% Cu-TiO2, 10% I-TiO2 and 3% Cu-10% I-TiO2 calcined at 350 

°C) are similar (around 135 m2 g–1) and at least twice larger than those samples with the 

higher portion of the rutile phase (3% Cu-10% I-TiO2 calcined at 450 °C and 550 °C). 

The increase in the crystallite size and decrease in the surface area with increasing 

temperature are broadly reported in metal oxide nanoparticles, particularly TiO2 

(Amano et al., 2016). This similar trend is also observed here and proved by the XRD 

results. 
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    Table 4.4: BET specific surface area, pore size and band gap of the prepared 
samples. 

Sample 

 

BET 

(m2/g) 

Pore size 

(nm) 

Band gap 

(ev) 

Tio2-350 132.0 5.4 3.10 

3%Cu-TiO2-350 131.5 6.7 2.60 

10%I-TiO2-350 133.0 5.4 2.90 

3%Cu-10%I-TiO2-350 135.6 5.7 2.58 

3%Cu-10%I-TiO2-450 54.3 10.5 2.56 

3%Cu-10%I-TiO2-550 25.0 16.8 2.50 

 

4.2.5 Diffuse Reflectance UV-vis spectroscopy 

Figure 4.26 displays the diffuse reflectance UV-vis absorption spectra for the pure 

TiO2, I-TiO2, and Cu-TiO2 calcined at 350 °C and Cu-I-TiO2 samples at different 

temperatures (350 °C, 450 °C, and 550 °C). As can be seen, the absorption edge of pure 

TiO2 sample is extended to the visible region. On the contrary, the mixed-phase TiO2 

nanocomposite absorbs greater portion of the visible light compared to the pure anatase 

phase. This finding indicates that the existence of the rutile significantly improves the 

absorption of visible light (Liu et al., 2016). Compared to the pure TiO2, the absorption 

band edge shifts toward longer wavelengths with the incorporation of I into the TiO2 

lattice. This result is consistent with the theoretical calculation for iodine doped TiO2 

reported by Long et al. (2009), who claimed that the redshift in the absorption edge is 

due to the mixing of the I 5p with Ti 3d states, along with the movement of the O 2p 

states to high energy due to I5+ doping. 
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Figure 4.26: The UV-vis diffuse reflectance spectra of the prepared TiO2 catalysts. 

 

The Cu-doped TiO2 revealed a notable red-shift relative to the I-doped sample. The 

reason for this significant band edge shift in the Cu-doped TiO2 was described in detail 

in our previous work (Dorraj et al., 2017). Briefly, a high redshift in the optical 

absorption edges in copper doped TiO2 was caused by the formation of d sub-band 

states above the valence band (VB) of TiO2 from the incorporation of Cu2+ ions in the 

titanium lattice. 

Upon co-doping with Cu and I, the absorption curve of the (Cu, I)-co-doped TiO2 did 

not affect the optical property compared to the Cu-doped TiO2 sample. This result 

suggests that the effect of copper is predominant in the co-doped composites. Almost 

the same amount of redshift is observed in the absorption edge of the UV-vis spectra for 

the co-doped TiO2 samples at different calcination temperatures. The slight increase in 

the absorption edge of the co-doped samples can be attributed to a high rutile portion 

with increasing calcination temperatures. The rutile phase is the main reason for the 

large redshifted absorption bands in the visible-light region (Amano et al., 2016; Li et 
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al., 2009). Accordingly, the optical features of the co-doped TiO2 suggestes that such 

photocatalyst might be activated by visible light.  

The band gap values of all samples were calculated from the plot of (αhv)1/2 versus 

hv, as shown in Figure 4.27a-b, as summarized in Table 4.4. Small band gap energy 

could be achieved due to the extension of the photo-active range to the visible spectrum 

for the mono-doped and co-doped TiO2 samples. 

 

Figure 4.27: The plot of (αhv)1/2 vs. hv for the energy band gap of the prepared TiO2  

catalysts. 

 

4.2.6 PL spectra analysis 

Figure 4.28 shows the PL spectra of pure, mono-doped, and co-doped TiO2 samples, 

where the spectral emissions of the samples occur at similar wavelengths but have 

different intensities. Compared to the pure TiO2, the Cu- or I-doped TiO2 showed a 

decrease in the emission intensity. Furthermore, the intensity was further decreased in 

the Cu-I-co-doped TiO2 at 350 °C. This indicates that doping and co-doping at 350 °C 

suppresses the charge recombination via charge trapping in the doped Cu2+ and I5+ sites 

(Chang & Liu, 2014; Tojo et al., 2008). The Cu2+ doping close to the top of the VB is 
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sufficient to trap holes, whereas the I5+ ions close to the conduction band minimum can 

act as electron trapping center in the TiO2 lattice. This phenomenon decreases the 

recombination process and favors the separation of the photogenerated electron–hole 

pairs. However, the PL intensity of the co-doped sample sharply increases with the 

calcination temperature. This result is consistent with previous report that suggest that 

the increased amount of rutile phase increases the probability of a fast recombination 

rate (Cai et al., 2015). Hence, the PL result implies that co-doping at 350 °C can 

effectively separate the charge carriers, which is beneficial to the improvement of 

photocatalytic activity. 

 

Figure 4.28: Photoluminescence emission spectra of the prepared TiO2 catalysts. 

 

4.2.7 XPS analysis 

XPS was applied to investigate the chemical states of the Ti, O, Cu, and I of the 

photocatalysts. Figure 4.29a shows the high-resolution XPS spectra of the Ti 2p of the 

samples. In each spectrum, two main peaks exist in the Ti 2p energy region. The 

binding energies of Ti 2p3/2 and Ti 2p1/2 for pure TiO2 are approximately 458.7 and 

464.5 eV, respectively. These values are similar to the literature values of Ti4+ in pure 
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TiO2 (Jaiswal et al., 2015). Compared to the pure TiO2, the binding energies of Ti 2p3/2 

and Ti 2p1/2 for the mono-doped samples (3% Cu-TiO2 and 10% I-TiO2) are shifted to 

smaller values. This finding suggests that some of the Ti4+ was reduced to Ti3+ due to 

the substitution of Ti4+ by the doped Cu2+ and I5+ (Jaiswal et al., 2015; Li et al., 2014; 

Zhang et al., 2011). This phenomenon could induce defects in the TiO2 lattice, which 

could result in the reduction of Ti4+ to Ti3+ and the formation of oxygen vacancies. The 

formation of Ti3+ in the Cu and I doped TiO2 was also observed by Jaiswal et al. ( 2015) 

and Zhang et al. (2011), and they attributed it to the incorporation of Cu and I into the 

TiO2 lattice. However, the Ti 2p binding energy shifts back to 458.7eV for the co-doped 

sample. This result indicates that I doping actually inhibits the reduction of Ti4+. 

The high-resolution O 1s spectra of the samples in Figure 4.29b can be deconvoluted 

into two peaks. The main peak at around 529.8 eV is due to the lattice oxygen of TiO2, 

and the other peak at around 530.8 eV is assigned to the superficial oxygen of the 

hydroxyl species (Zhang et al., 2011). The binding energy of the O 1s peak for the 

mono-doped samples is lower than that of pure TiO2. 

The high-resolution Cu 2p XPS spectra of 3% Cu-TiO2 and 3% Cu-10% I-TiO2 

catalysts suggest that only Cu2+ is present with the corresponding peaks at around 932.4 

and 952 eV (Figure 4.29c). From the results of XRD and Raman spectra, Cu2+ ions 

could substitute the Ti4+ ions to form the Ti–O–Cu bond in the TiO2. Similar results 

were reported by other researchers (Dorraj et al., 2017; Zhou et al., 2016). In addition, I 

doping does not show a distinct influence on the chemical state of Cu. 

Figure 4.29d of the I 3d core level shows a broad peak that can be deconvoluted into 

two peaks centered at 620.6 and 622.7 eV for the I-mono-doped TiO2 and Cu-I-co-

doped TiO2, respectively. The former peak is attributed to I−, and the latter peak 

confirms the presence of I5+. Thus, the presence of I5+/I− pairs suggests that I5+ ions 
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could replace Ti4+ to form the I–O–Ti bond, which is in accordance with the XRD and 

Raman results. These results are in good agreement with previous studies on I-TiO2 

(Tojo et al., 2008; Zhang et al., 2011). Notably, the 3% Cu-10% I-TiO2 sample has a 

higher I− concentration compared to the 10% I-TiO2 sample. This finding implies that 

the Cu2+ incorporated into the TiO2 lattice may induce the reduction of I5+ ions to a low 

multi-valence I− state in the TiO2 lattice. The efficient electron scavenging by these 

multi-valence iodine ions (I5+/I−) contributed to the effective electron–hole separation of 

the (Li et al., 2014; Tojo et al., 2008), as confirmed by the PL result. Moreover, the 

chemical state of I was unaffected by the Cu doping. 

 

Figure 4.29: Ti 2p (a), O 1s (b), Cu 2p (c) and I 3d (d) XPS spectra of 3% Cu-10% I-

co-doped TiO2. 
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4.2.8 EIS analysis 

The Nyquist plots confirmed the advantage of co-doped TiO2 over mono-doped and 

pure TiO2 samples in the charge separation efficiency and photoinduced electron 

transfer. Figure 4.30 shows that the smallest arc radius of the co-doped TiO2 compared 

with those of the mono-doped and pure TiO2. This finding indicates an efficient 

photogenerated electron–hole separation and fast interfacial photogenerated electron 

transfer of the co-doped TiO2 under visible irradiation (Tojo et al., 2008). 

  

 

Figure 4.30: EIS Nyquist plots of the as-prepared samples under visible light 
   irradiation. 

 

4.2.9 Photocatalytic activity 

The photocatalytic activity of 3% Cu-10% I-TiO2 was compared with those of mono-

doped (3% Cu-TiO2 and 10% I-doped TiO2) and undoped-TiO2 under visible-light 

irradiation for the photodegradation of MO dyes. As shown in Figure 4.31, no clear 

degradation of MO occurs in the absence of visible light, which confirms that MO 

degradation is due to light absorption. Under visible-light irradiation, co-doped TiO2 

shows higher catalytic activity compared to the other samples. After 1 h, the co-doped-
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TiO2 degrades 80% of MO, which is higher than those of 3% Cu-TiO2 (62%), 10% I-

TiO2 (64%), and pure TiO2 (4.6%).  

 

Figure 4.31:   Photodegradation of MO by the as-prepared products under visible 
light irradiation. 

 

To study the degradation kinetics of the samples, the experimental data points in 

Figure 4.32a were fitted to the pseudo first-order kinetic model by a linear method 

which can be described by the following equation: 

  (
  

 ⁄ )     

where k is the rate constant of degradation, and t is the degradation time. The fitted 

curves are presented in Figure 4.32a. 

 Furthermore, Figure 4.32b displays that the k value (0.030 min−1) of the co-doped 

sample is around 1.67 and 1.5 larger than those of the Cu mono-doped TiO2 (0.018 

min−1) and I mono-doped TiO2 (0.020 min−1), respectively. Accordingly, the results 
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specified that the I and Cu co-doped TiO2 obtained higher photo-catalytic activity than 

those of the mono-doped samples.  

 

Figure 4.32: (a) The pseudo first order reaction kinetics and (b) Apparent rate 
constants of the prepared samples for MO degradation. 

 

As shown in Figure 4.33, continuous photocatalytic activity was measured and 

showed no significant loss in activity even after four runs, which indicates that the co-

doped sample possessed excellent photocatalytic stability. 
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Figure 4.33:  Cycling runs for the photocatalytic MO degradation in the presence of  
3% Cu-10% I-co-doped TiO2 photocatalyst. 

 

4.2.10 Possible photocatalytic mechanism 

The three main factors that control the photocatalytic activity are: (1) visible-light 

absorption capability, (2) recombination of photogenerated charge carriers, and (3) 
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should not be ignored. The significant band gap narrowing of Cu-doped TiO2, was due 

to the energy levels formed by Cu above the valence band maximum (VBM) and the 

shift to upper energy responsible for greater photocatalytic activity in Cu-doped TiO2 

compared to the pure TiO2. The photocatalytic efficiency was boosted by the co-doping 

of I in Cu-TiO2. No significant variation was observed in the band gap of Cu-I-TiO2 

compared to the Cu-TiO2 from the UV spectra. Therefore, the enhanced photocatalytic 

activity was due to the decreased recombination (as confirmed by the PL and EIS 

results) caused by the formation of multi-valence I5+/I− below the conduction band 

minimum that served as trapping centers for the photogenerated electrons to decrease 
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the recombination rate. Moreover, the intermediate energy levels of Cu2+ located above 

the VBM can act as hole-trapping sites. Therefore, the combined effects of both Cu2+ 

and (I5+/I−) dopants for enhanced charge separation could effectively decrease 

recombination in the co-doped sample. 

In addition, all the photocatalyst samples prepared in the current study contained an 

anatase-rutile phase. Thus, clearly distinguishing the effect of anatase-rutile dual phase 

in nano-structured TiO2 is necessary. Several researchers demonstrated that the energy 

levels of the conduction band and valence band in rutile TiO2 are higher than that of the 

anatase TiO2. This phenomenon allows the transfer of photo-induced electrons from the 

rutile phase to the anatase phase and holes in the opposite direction (Lavanya et al., 

2017; Wang et al., 2016). This phenomenon facilitates an effective electron–hole 

separation. However, only a slight variation of the crystalline structure was found in this 

study for the pure, mono-doped and co-doped samples at 350 °C. Thus, the variation of 

photocatalytic activity of different samples cannot be attributed to the crystalline 

structure. By decreasing the charge carrier recombination in the co-doped sample, e− 

and h+ pairs can diffuse to the surface of the photocatalyst, react with the hydroxyl 

groups, and adsorb oxygen and water, thereby causing the OH• radicals to be highly 

reactive. Figure 4.34 displays the schematic illustration of the proposed mechanism for 

the enhanced photocatalytic activity of the co-doped sample.  Univ
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Figure 4.34: Schematic of photoelectron transfer pathway for 3%Cu-10%I-co-doped 
TiO2  for MO degradation. 

 

The OH• radicals have been known as the primary reactive species responsible for 

organic pollutant degradation. As mentioned in Section 3.5, the reaction between the 

OH• radical and TPA generates a fluorescent-active product, HTPA, which is easily 

monitored by PL spectroscopy. The fluorescence intensity of HTPA corresponds to the 

amount of OH• radicals produced on the photocatalysts surface. The fluorescence 

spectra of HTPA for the co-doped sample under visible-light irradiation are presented in 

Figure 4.35. The fluorescence intensity increases with the irradiation time. This finding 

indicates that OH• is produced during the photocatalytic degradation under visible-light 

irradiation. However, no variation is detected in the fluorescence intensity in the 

absence of visible-light irradiation. This finding confirms that the fluorescence intensity 

is due to the reaction between the TPA and OH• generated during the photocatalytic 

process. In general, the enhanced OH• formation rate is related to effective electron–

hole separation. Therefore, a positive relationship exists between the photocatalytic 

degradation and the formation rate of OH• radicals (Nosaka & Nosaka , 2016). 

Univ
ers

ity
 of

 M
ala

ya



 

100 

 

Figure 4.35: Fluorescence spectral changes measured during illumination of 3% Cu- 
         10% I-codoped TiO2 sample in a basic solution of terephthalic acid. 
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CHAPTER 5: GENERAL CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

In general, the research study was a success. The subsequent conclusions and 

recommendations are drawn according to the research aims, and the results achieved in 

the study: 

1. Cu-TiO2/ZnO heterostructured nanocomposites were prepared by a sol–gel 

method. The nanocomposites exhibited significantly high visible-light-driven 

photocatalytic activity during the MO degradation. The photocatalytic 

activity of the nanocomposite was 2-and 28-fold higher than those of the Cu-

TiO2 and TiO2 nanoparticles during MO degradation, respectively. The 

excellent photocatalytic activity of the nanocomposites was attributed to the 

formation of heterojunction between the two coupled semiconductors. This 

results indicates that the Cu-TiO2/ZnO heterojunction photocatalyst could 

generate many electron–hole pairs under visible light irradiation and result in 

higher photocatalytic performance. The lower recombination rate of the 

photogenerated electron–hole pairs can be described by a hypothesized 

mechanism based on the heterojunction between the TiO2 and ZnO. Finally, 

the 3% Cu-TiO2/30% ZnO nanocomposites exhibited considerable 

photoactivity after three successive runs. The novel nanocomposites could 

offer prospective applications in environmental photocatalytic processes.  

2. Cu and I co-doped TiO2 photocatalysts were synthesized with different 

calcination temperatures through a hydrothermal method and tested for the 

degradation of MO under visible light. The Cu and I co-dopants inhibited the 

TiO2-phase transformation from the anatase phase to the rutile phase. XPS 

and ICP-MS analyses revealed that Cu2+ and I5+ were doped into the TiO2 
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lattice. The degradation of MO dye at 350 °C under visible-light irradiation 

shifted to Cu and I co-doped TiO2 at a faster rate compared to those of the 

mono-doped and undoped TiO2. This phenomenon was mainly attributed to 

high visible-light absorption caused by Cu2+ energy levels. Meanwhile, 

effective charge separation was obtained by multi-valence I5+/I−. The 

presence of Cu2+ species prompted the reduction of I5+ to a lower multi-

valence state I− in the TiO2 lattice. The I5+/I− caused significant separation of 

the electron–hole pairs in the co-doped sample. Furthermore, the co-doped 

TiO2 catalysts exhibited excellent stability under visible-light irradiation, and 

may thus serve as efficient photocatalysts for environmental remediation. 

5.2 Recommendation for future studies 

The findings of the present research work are directive towards several areas which 

merit further studies, some of which are listed below: 

1. In this thesis, the photocatalytic activities of the synthesized catalysts propose 

that electrons were trapped to inhibit the recombination of electrons and holes 

process. Theoretical studies such as density functional theory (DFT) can be 

performed to discover this phenomenon. 

2. The interaction between adsorbed species to the surface and mechanisms of MO 

dye adsorption on the catalysts surface should be explored. 

3. To discover the effect of various operational parameters such as catalyst amount, 

solution pH, light intensity and MO concentration in the photodegradation of 

MO. 

4. The prepared photocatalysts were successfully employed in synthetic dye 

solutions, real industrial dye effluent may be used to evaluate the performance of 

the different photocatalysts. 
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5. Evaluation of the prepared photocatalysts for reduction/oxidation of inorganic 

compounds such as NO, CO, Cr (IV), etc. and also for the degradation of other 

organic compounds apart from the dyes. 
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