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ABSTRACT 

 

5871016063:   Petrochemical Technology Program 

   Ratchawan Jarumanee: Study on Energy Storage Ability of  

ZnO/TiO2 for Photocatalytic Degradation of Isopropanol.  

   Thesis Advisors: Prof. Pramoch Rangsunvigit, and Asst. Prof. Pailin 

Ngaotrakanwiwat 84 pp. 

Keywords:    Photocatalytic degradation/ Photocatalyst/ TiO2/ Isopropanol/ 

Energy storage 

 

The photocatalytic degradation of isopropanol under UV irradiation was 

studied by using p-n junction of ZnO/TiO2 photocatalysts prepared by sol-gel 

technique. Their energy storage ability was tested with their photocatalytic activity 

where there was no UV illumination. That was investigated by illumination the system 

with UV light for 2 h and off for 2 h until 8 h. The composition and surface structure 

of the catalyst were characterized by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), surface area analysis, and particle size analysis. The change in the 

isopropanol concentration was observed by using gas chromatography. The result 

showed that the degradation efficiency of the ZnO doped on TiO2 layer films was 

higher than the single-TiO2 thin film, about 74.0% and 48.0%, respectively. Moreover, 

acetone was found during the photocatalytic degradation process of isopropanol. The 

effects of isopropanol solution pH, ZnO loading, and ZnO calcination temperature 

were studied. ZnO calcined at 600ºC and 15 mol% at unadjusted pH was suitable for 

both photocatalytic activity and energy storage. The photocatalytic degradation rates 

of isopropanol for the first and second illumination were about 21.0% and 20.8%, 

respectively. With no illumination, the highest degradation of isopropanol was about 

14.8%. 
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เพื่อท าศกึษาการสลายตวัเชงิแสงของไอโซโพรพานอลภายใตแ้สงอลัตราไวโอเลต โดย

ใชต้วัเร่งปฎกิริยิาเชงิแสงชนิดพ-ีเอน็ ของซงิคอ์อกไซดบ์นไททาเนียมไดออกไซด ์โดยใชว้ธิกีาร
สงัเคราะห์ด้วยเทคนิคโซลเจล และศึกษาความสามารถในการเก็บสะสมพลงังานของตัวเร่ง
ปฏิกิริยาเชิงแสงซึ่งทดสอบโดยวัดความว่องไวของการสลายตัวในสภาวะที่ไม่มีแสง
อลัตราไวโอเลต ในการศกึษาจะเปิดแสงอลัตราไวโอเลตเป็นเวลา 2 ชัว่โมง และไม่มแีสงเป็น
เวลา 2 ชัว่โมง จนครบ 8 ชัว่โมง โดยที่ความเข้มข้นของไอโซโพรพานอลตรวจวดัด้วยโคร
มาโทกราฟีแบบแก๊ส อกีทัง้ท าการวเิคราะหล์กัษณะโครงสรา้ง และพืน้ที่ผวิของตวัเร่งปฏกิริยิา
เชงิแสงโดยใช้กล้องจุลทรรศน์อเิล็กตรอนแบบส่องกราด เครื่องเอกซ์เรย์ดฟิแฟรกชนั เครื่อง
วเิคราะหค์ุณลกัษณะพืน้ทีผ่วิ และเครื่องวดัขนาดอนุภาค จากผลการศกึษาพบว่าการสลายไอโซ
โพรพานอลโดยใชซ้งิคอ์อกไซดบ์นไททาเนียมไดออกไซด์มปีระสทิธภิาพมากกว่าไททาเนียมได
ออกไซด ์ซึง่มคีา่รอ้ยละการสลายเทา่กบั 74.0 และ 48.0 ตามล าดบั และยงัตรวจพบสารอะซโิตน
ในระหว่างปฏกิริยิาการสลายไอโซโพรนอล นอกจากน้ีไดศ้กึษาผลของการเปลี่ยนแปลงของค่า
แสดงความเป็นกรด-เบสของสารละลายไอโซโพรพานอล ปรมิาณของซงิคอ์อกไซด ์และอุณหภูมิ
แคลไซน์ ต่อความความสามารถในการกกัเก็บพลงังานของตวัเร่งปฏิกิรยิาเชงิแสง สภาวะที่
เหมาะสมในการศกึษา ความความสามารถในการกกัเกบ็พลงังานของตวัเรง่ปฏกิริยิาเชงิแสงคอื 
ซงิค์ออกไซด์แคลไซน์ทีอุ่ณหภูม ิ600 องศาเซลเซยีส และปรมิาณซงิค์ออกไซด ์15 รอ้ยละโดย
โมล ในสภาวะทีไ่ม่ม ีการปรบัค่าพเีอช อตัราการสลายตวัเชงิแสงของไอโซโรพานอล ในการให้
แสงครัง้แรกและครัง้ทีส่องมคี่าประมาณ 21.0% และ 20.8% ตามล าดบั ในสภาวะไมม่แีสง อตัรา
การยอ่ยสลายสงูสุดของไอโซโพรพานอล มคีา่ประมาณ 14.8% 
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CHAPTER I 

INTRODUCTION 

 

In recent years, development of industries especially semiconductor 

manufacturing and other high-tech electronic industries are enlarged, and these 

industries are connected with discarding of a vast number of organic pollutants, which 

are harmful to microbes, aquatic system, and human health (Tian et al., 2009). 

Isopropanol is a commonly used in solvent semiconductor industry and present at high 

concentrations in wastewater. Wastewater containing organic solvent that is not 

decomposed deteriorates the quality of water in the environment, while its volatile 

nature results in air pollution that affects the health of factory workers and residents in 

the neighborhood. Moreover, isopropanol and its metabolite, acetone, act as central 

nervous system depressants (Burkhart and Kulig, 1990).  

Many methodologies have been applied in the treatment of organic compounds 

such as biological treatment, reverse osmosis, ozonation, filtration, adsorption on solid 

phases, incineration, and coagulation (Garcia et al., 2008). However, each of them has 

its own limitations; deadly toxic volatiles products (Vinita et al., 2010), ghastly smell, 

quite expensive, and do not eliminate the organic compounds utterly but just transform 

one phase to another (Zelmanov and Semiat, 2008). In recent era, photocatalytic 

oxidation/degradation process has been found as an effective and alternative way for 

treatment of the organic compounds (Huang et al., 2008). Several studies have used this 

technique to chemically convert isopropanol into nontoxic compounds such as water 

(H2O) and carbon dioxide (CO2) (Zhao and Yang, 2003).  

Among the photocatalysts, titanium dioxide (TiO2) has been attracted for the 

degradation of environmental contaminants because of remarkable photocatalytic 

activity, non-toxicity, low cost, and good chemical stability (Pelaez et al., 2012). 

However, the uses of TiO2 as a photocatalyst have some limitations, which are the 

recombination of photo-generated charged carriers; therefore, some researchers have 

attempted to modify TiO2 by doping it with metals/metal oxide loading (Adriana, 2008). 

Furthermore, TiO2 functions only under light irradiation that cannot be applied for 

indoor air and water purification. To overcome these limitations, researchers have 

developed photocatalysts with energy storage abilities. The oxidation energy storage has 
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been reported by p-n junction concept, which utilizes the contact between a p-type 

semiconductor such as Ni(OH)2, Cu2O, V2O5 with TiO2 as a redox-active n-type 

semiconductor. The oxidative energy of photocatalysts is stored in a p-type 

semiconductor, and it is possible to retain the removal of some toxic compounds without 

illumination. Takahashi and Tatsuma (2005) revealed that the stored oxidative energy 

can be discharged electrochemically or used for chemical oxidation of various species. 

Xiong et al. (2009) and similar work carried out by Yamasonee and Bandara (2008) 

reported that the system may be potentially applied to portable devices charged at 

daytime and used at night without extra storage cells.  A photocatalyst with reductive 

energy storage ability has been developed by doping TiO2 as an n-type semiconductor 

with a redox active n-type such as WO3, MoO3 or H3PW12O40 (phosphotungstic acid; 

PWA). The reductive energy of photocatalysts is stored in an n-type semiconductor, and 

it utilizes to keep anti-corrosion and bactericidal effects in the dark. Tatsuma et al. 

(2002) revealed that the reductive energy can be stored by WO3, and the reductive 

energy can be retained for a certain period even after the light was turned off. Takahashi 

et al. (2003) suggested that MoO3 exhibited larger charging and discharging capacities 

and greater ability for oxygen reduction than did WO3, and it might be used as 

bactericidal materials under humid conditions. However, TiO2 is an n-type 

semiconductor, in which the electrons in its conduction band are mobile, whereas the 

holes in its valence band are much less mobile, so that the storage of the oxidative energy 

of TiO2 should be more difficult than that of the reductive energy. Hence, the oxidative 

energy storage has been challenging in recent years. 

Chavadej et al. (2008) studied photocatalytic degradation of isopropanol by 

using Pt/TiO2 as a photocatalyst. They reported that the photodegradation activity of 

TiO2 doped with platinum was better than using titania or platinum alone. Apart from 

that, the photocatalytic activity of TiO2 was improved by a metal dopant such as V, Fe, 

Cr, and Pt. Moreover, they found that acetone was detected as an intermediate product. 

Yamashita et al. (2001) also suggested that the contact between the n-type TiO2 and the 

p-type doped TiO2 introduced the p-n junction that drove electron and hole. Shifu et al. 

(2008) studied photocatalytic activity of p-ZnO/n-TiO2 that is similar to other works by 

Giuseppe et al. (2001) and Ming et al. (2009). These studies revealed that, when the p-

type ZnO and n-type TiO2 were integrated, a p-n junction was formed. At equilibrium, 
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inner electric field made the p-type semiconductor ZnO region to have negative charge, 

while the TiO2 region had positive charge. Under near UV illumination, electron-hole 

pairs may be created, and the photogenerated electron-hole pairs are separated. The 

holes flowed into the ZnO region, while the electrons moved to the TiO2 region. As a 

result, the separation of electron-hole pairs was efficiently generated leading to the 

enhancement of photocatalytic activity.  

As mentioned previously, it is important to understand how this p-n junction 

concept can reserve energy. Therefore, the main goal of this research is to prepare a p-

n junction of TiO2 as an n-type semiconductor with ZnO as a p-type semiconductor by 

sol-gel method. Moreover, the photodegradation of isopropanol by using ZnO/TiO2 as 

the oxidative energy storage photocatalyst with and without UV illumination, and 

intermediate product of isopropanol photodegradation will be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

CHAPTER II 

THEORETICAL BACKGROUD AND LITERATURE REVIEW 

 

2.1  Principle of Photocatalysis 

 

Photocatalysis is a technical term conventionally defined as “the acceleration 

of the rate of a chemical reaction, induced by the absorption of light by a catalyst or co-

existing molecule” (Serpone and Salinaro, 1999; Braslavsky, 2007). Basic 

photochemical principles of heterogeneous photocatalysis have been reported in many 

literatures and found that organic molecules came into contact with a catalyst surface 

under irradiation, inducing a series of oxidation and reduction (redox) reactions and 

degrading pollutant molecules (Ohtani, 2014). The heterogeneous photocatalysis is a 

discipline, which includes a large variety of reactions: organic synthesis, water splitting, 

photoreduction, hydrogen transfer, O218-O216 and deuterium-alkane isotopic exchange, 

metal deposition, etc. (Gaya and Abdullah, 2008). These different reactions are related 

with many applications, air and water treatment, active surfaces, green chemistry, and 

energy conversion (Coronado et al., 2008). Normally, it is accepted that the degradation 

of pollutants consists of many kinds of reaction after illumination of semiconductor 

particles (Kisch, 2013).  

Semiconductor heterogeneous photocatalysis has enormous potential to treat 

organic contaminants in water and air. This process is known as advanced oxidation 

process (AOP) and is suitable for the oxidation of a wide range of organic compounds. 

Basically, when light is absorbed by a semiconductor photocatalyst, electronic 

excitations take place, which can be exploited in chemical or electrical work. The 

material absorbs light when the energy of incident photons is equal or larger than band 

gap energy of the semiconductor. Thus, an electron is excited from valence band (VB) 

into its conduction band (CB) and leaving hole behind (Roland, 2014). The schematic 

representation of semiconductor energy band is shown in Figure 2.1.  
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Figure 2.1  Schematic representation of semiconductor energy band (Angelo et al., 

2013). 

 

The semiconductor energy band consists of valence band (EVB) and 

conduction band (ECB). The energy difference between the conduction and valence 

edges is called the band gap energy of the semiconductor (EBG). 

 

 
 

Figure 2.2  Basic processes of charge carrier generation upon the light irradiation of a 

semiconductor particle; Eph: energy of irradiated photon, A: electron acceptor, D: 

electron donor. (Roland, 2014). 

 

The basic three steps of photocatalytic reactions are 1) photoexcitation of 

charge carriers; 2) charge carrier separation and diffusion to the photocatalyst surface; 

and 3) oxidation and reduction reaction on the catalyst surface. During step (2), 

recombination can occur via different mechanism. The major pathway is already 
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mentioned relaxation of photoexcited electrons back to the valence band, which can 

directly happen from the conduction band. For example, if the photogenerated charge 

carriers are not used in photocatalytic reactions, they will recombine. The basic 

principles of these processes are depicted in Figure 2.2 (Roland, 2014). 

In the photocatalyst reaction, redox potential of photogenerated valence band hole 

must be sufficiently positive to generate OH• radicals, which can subsequently oxidize 

the organic pollutant followed by Eq. (2.1) 

 

  H2O   +   h+vb     OH•   +   H+   (2.1) 

 

Photocatalytic degradation (PCD) process is gaining importance in the area 

of wastewater treatment; especially for wastewater containing small amounts of 

refractory organic substances. The process has several advantages over competing 

processes. There are: (1) complete mineralization, (2) no waste disposal problem, (3) 

low cost, and (4) only mild temperature and pressure conditions are necessary (Mills 

et al., 1993). 

 

 
 

Figure 2.3  Schematic diagram of photocatalytic degradation of organic effluent 

(Gnanaprakasam et al., 2015). 
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As mentioned previously, the photocatalytic degradation involves several steps such 

as adsorption-desorption, electron-hole pair production, recombination of electron 

pair, and chemical reaction. The general mechanism of photocatalytic degradation of 

organic molecules is explained in Figure 2.3.  

When the photocatalyst is irradiated with photon of energy equal to or more than its 

band gap energy, generation of excited high-energy states of electron and hole pairs 

occurs. It results in the promotion of an electron in the conduction band (e-cb) and 

formation of a positive hole in the valence band (hvb+), as shown in Eq. (2.2). 

 

  Photocatalyst   +  hv    e-cb  + h+vb   (2.2) 

 

where hv is the energy essential to transfer the electron from valence band to 

conduction band. The e-cb and h+vb are powerful oxidizing and reducing agents, 

respectively. Both of them can migrate to catalyst surface, where they can enter in a 

redox reaction with other species present on the surface. The electrons generated 

through irradiation could be readily trapped by O2 absorbed on the photocatalyst 

surface or dissolved O2 to give superoxide radicals (O2
-•), as shown in Eq. (2.3). 

 

     e-cb     +   O2   O2
-•    (2.3) 

 

 Consequently, O2
-• could react with H2O to produce hydroperoxy radical 

(HO2•) and hydroxyl radical (OH•), which are strong oxidizing agents to decompose 

the organic molecule, as shown in Eq. (2.4). 

 

  O2
-•  +   H2O   HO2•  +  OH•   (2.4) 

 

Simultaneously, the photoinduced hole could be trapped by surface hydroxyl 

group (or H2O) on the photocatalyst surface to give hydroxyl radicals (OH•), as shown 

in Eq. (2.5). 

 

     h+vb    +  OH-   •OHad              
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     h+vb    +  H2O   •OH   +  H+   (2.5) 

 Finally, the organic molecules will be oxidized to yield carbon dioxide and 

water by reacting with hydroxyl radical (OH•) due to its electrophilic nature (electron 

preferring), the OH• can non-selectively oxidize almost all electron rich organic 

molecules as follows: 

 

  OH•  +  organic molecules  +  O2       CO2  +  H2O (2.6) 

 

 Meanwhile, recombination of positive hole and electron could take place 

which could reduce the photocatalytic activity as follows: (Gnanaprakasam et al., 

2015) 

 

  e-cb   +   h+vb     photocatalyst   (2.7) 

 

 Bhatkhande et al. (2001) reviewed the chemical effects of various variables 

on the rate of degradation of different pollutants. They discussed that effect of 

operation parameters, which could influence the photocatalytic degradation of organic 

pollutants, such as adsorption, intensity of light, pH, temperature, and presence of 

anions, cations. Effects of adsorption also were analyzed, and it was concluded that 

the substances, which were readily adsorbed, were degraded at a faster rate, indicating 

that the reaction was a surface phenomenon. And the effects of pH was negligible so 

pH adjustment was not required. They suggested that a light source and catalyst also 

affected the cost of the operation. Solar radiation was obviously an attractive 

proposition. 

 Zhao et al. (2005) reviewed progress in the TiO2 photocatalytic degradation 

of organic pollutants by visible light. They focused on metal semiconductor, which 

operates at ambient conditions. Under such conditions, the dyes not only are decolored, 

but also mineralized. As the TiO2 semiconductor is relatively large band gap and can 

be excited only by high energy UV radiation, extending the response of TiO2-based 

material to the visible region can be achieved in many ways such as dye sensitization, 
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non-metal or transition metal ions doping, and surface modification. However, the 

removal efficiency of organic pollutants from water or air in visible region is low.  

 Akpan and Hameed (2009) reviewed the effect of operating parameters 

including pH, oxidizing agents, and catalyst loading on the photocatalytic degradation 

of textile dyes, dopant content, and calcination temperature by using TiO2-based 

photocatalysts. The finding revealed the various operational parameters affected the 

effectiveness or activities of TiO2-based photocatalysts. The reaction should be 

undertaken at the proper pH. Oxidizing agents, calcination temperature, and catalyst 

loadings were found to exert their individual influence on the photocatalytic 

degradation of any dyes. And it was also discovered that the sol-gel method was widely 

used. 

 Umar and Aziz (2013) reviewed the degradation of organic pollutants in 

water by using semiconducting oxide photocatalysts. The process is capable of 

removing a wide range of organic pollutants such as pesticides, herbicides, and 

micropollutant such as endocrine disrupting compounds. Especially, the TiO2 has been 

most commonly because of its ability to break down organic pollutants and even 

complete mineralization. However, this application is constrained such as wide band 

gap (3.2 eV), lack and inability for high proton efficiency to utilize wider solar spectra. 

And they suggested that the use of solar radiation has to be improved by virtue of the 

design of the photoreactor in order to reduce the cost of treatment. 

 

2.2  Titanium Dioxide (TiO2) 

 

 Titanium dioxide (TiO2) is a material with a huge technological relevance 

because of its numerous applications (e.g. pigments, sensors, catalyst). Strong 

oxidation and reduction power of photoexcited TiO2 was realized from the discovery 

of Honda-Fujishima effect in 1972, who reported photoinduced decomposition of 

water by solar light on TiO2 electrodes. Thus, this solid has been attracting the interest 

of the scientific community mainly and remaining as the most widely used 

photocatalyst. In fact, this oxide has been considered as a synonym of photocatalyst, 

because more than 67% of the articles about photocatalysis are still based on the use 

of TiO2. The reasons for this prominent position of TiO2 as a photoactive material rely 
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mainly on its particular physicochemical characteristics, thermally stable, non-toxic, 

optical and electrical properties, and capable of promoting oxidation of organic 

compounds, although other aspects, like its biocompatibility and its availability at a 

relatively low cost, have also facilitated the extensive use of this semiconductor 

(Coronado et al, 2008).  

 Photocatalytic reactions at the surface of TiO2 have been attracting much 

attention in view of their practical applications to environmental cleaning such as self-

cleaning of tiles, glasses, and windows. The TiO2 represents an effective photocatalyst 

for water and air purification and for self-cleaning surfaces. Additionally, it can be 

used as antibacterial agent because of strong activity and superhydrophilicity 

(Fujishima and Zhang, 2006).  

 

 2.2.1  Structure of Titanium Dioxide 

 

 
 

Figure 2.4  Schematic conventional cells for anatase (a), rutile (b) and brookite (c). 

The big green spheres represent Ti atoms and the small red spheres represent O atoms 

(Zhang et al., 2007). 

 



11 
 

  Titanium dioxide (TiO2) or titania exists in four mineral forms, viz: 

anatase, rutile, brookite, and metastable TiO2 or TiO2 (B) that can be prepared without 

using special synthesis conditions (Gianluca et al., 2008). Anatase type TiO2 has a 

crystalline structure that corresponds to the tetragonal system (with dipyramidal habit) 

and is used mainly as a photocatalyst under UV irradiation. Rutile type TiO2 also has 

a tetragonal crystal structure (with prismatic habit). This type of titania is mainly used 

as white pigment in paint. As the different arrangements, rutile is denser (4.250 cm3.g-

1) than anatase (3.894 cm3.g-1). In case of brookite type, TiO2 has an orthorhombic 

crystalline structure. It consists of chains of edge-sharing octahedra connected to each 

other by vertices. This type of TiO2 is closely related to that of anatase, but it presents 

a different array of octahedral chains, which results in less dense crystals, so it is not 

often used for experimental investigations (Chen and Mao, 2007). These three crystal 

structures are represented in Figure 2.4. And TiO2 (B) is a monoclinic mineral and is a 

versatile material that has applications in various products such as paint pigment, 

sunscreen lotions, electrochemical electrodes, capacitors, solar cells, and even food 

coloring agent, and in toothpastes (Meacock et al., 1997). Only rutile and anatase will 

be focused because both of them are inexpensive, chemically stable, harmless and 

photocatalytic application (Lan et al., 2013).  

 

 2.2.2  Photocatalytic Degradation Mechanism of Titanium Dioxide 

  Due to TiO2 shows relatively high reactivity and chemical stability 

under ultraviolet light (λ<387 nm), whose energy exceeds the band gap of 3.2 eV in 

the crystalline phase, so it has been the most studied semiconductor for photocatalytic 

applications (Adriana, 2008).  

  In the basic mechanism, photocatalysis reaction is activated by 

absorption of a photon with sufficient energy by equal to or higher than 3.2 eV 

resulting in initiating excitation related to charge separation event (gap band). It results 

in the promotion of an electron from the valence band to the conduction band, thus 

generating hole in the valence band. The ultimate goal of the process is to have a 

reaction between the activated electrons with an oxidant to produce an oxidized 

product. The photogenerated electrons could reduce the dye or react with electron 

acceptors such as O2 adsorbed on the Ti(III)-surface or dissolved in water, reducing it 
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to superoxide radical anion (O2
-•). The photogenerated holes can oxidize the organic 

molecule (R) to form R+, or react with OH- or H2O oxidizing them into OH• radicals. 

Together with other highly oxidant species (peroxide radicals), they are reported to be 

responsible for the heterogeneous TiO2 photodecomposition of organic substrates as 

dyes. The resulting OH• radicals, being a very strong oxidizing agent (standard redox 

potential +2.8 eV) can oxidize most azo dyes, electron poor aromatics, or quinones to 

the mineral end-products. According to this, the relevant reactions at the 

semiconductor surface causing the degradation of organic molecules can be expressed 

as follows (Konstantinou and Albanis, 2004): 

 

TiO2 +     hν (UV)   TiO2 (e-cb  + h+vb)  (2.8) 

TiO2 (h+vb)   +     H2O   TiO2   +   H+   +   OH•  (2.9) 

TiO2 (h+vb)   +     OH-    TiO2   +    OH•   (2.10) 

TiO2 (e-cb)    +     O2   TiO2   +    O2
-•   (2.11) 

O2
-• +     H+    HO2•    (2.12) 

R +     OH•   degradation products  (2.13) 

R +     h+vb   oxidation products  (2.14) 

R +     e-cb   reduction products  (2.15) 

 

  The presence of dissolved oxygen is extremely important during 

photocatalytic degradation as it can make the recombination process on TiO2 (e-cb 

/h+vb) difficult, which results in maintaining the electroneutrality of the TiO2 particles 

(Boroski et al., 2009). In other words, it is important for effective photocatalytic 

degradation of organic pollutants that the reduction process of oxygen and the 

oxidation of pollutant proceed simultaneously to avoid the accumulation of electron in 

the conduction band and thus reduce the rate of recombination of e-cb and h+vb 

(Hoffmann et al., 1995). 
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 2.2.3  Doping of Titanium Dioxide 

 

 
 

Figure 2.5  Modification of titania photocatalyst by using metal doping (Gaya and 

Abdullah, 2008). 

 

  Doping of photocatalyst could improve the photocatalyst efficiency in 

the following ways: (1) band gap energy narrowing (Sathishkumar et al., 2013); (2) 

formation impurity energy levels (Cao et al., 2013); (3) oxygen vacancies; (4) unique 

surface are for the adsorption of organic molecules (Wu et al., 2010); and (5) electron 

trapping (Barakat et al., 2013). In general, catalyst with smaller band gap energy is 

preferred to be an effective photocatalyst to generate more electron hole pairs. Band 

gap narrowing, introduction of impurity energy level, and oxygen-deficient sites can 

result in a catalyst with higher photocatalytic activity even under visible light. Thus, 

doping prevents recombination of electrons and holes and gets better the photocatalytic 

activity by trapping the photoinduced electrons. 
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Figure 2.6  Mechanism of TiO2 photocatalysis: hv1: pure TiO2; hv2: metal-doped TiO2 

and hv3: nonmetal-doped TiO2 (Adriana, 2008). 

  

  The mechanism of photoactivity of pure TiO2 and TiO2 doped with 

metal and nonmetal species are represented in Figure 2.6. In the case of pure TiO2, the 

photocatalytic mechanism is initiated by the absorption of the photon hv1 with energy 

equal to or greater than the band gap of TiO2 producing an electron-hole pair on the 

surface of TiO2 nanoparticle. An electron is promoted to the conduction band (CB) 

while a positive hole is formed in the valence band (VB). Excited-state electrons and 

holes can recombine and dissipate the input energy as heat, get trapped in metastable 

surface states, or react with electron donors and electron acceptors adsorbed on the 

semiconductor surface or within the surrounding electrical double layer of the charged 

particles. The photoactivity of metal-doped TiO2 can be explained by a new energy 

level produced in the band gap of TiO2 by the dispersion of metal nanoparticles in the 

TiO2 matrix. An electron can be excited from the defect state to the TiO2 conduction 

band by photon with energy equals hv2. Additional benefit of transition metal doping 

is the improved trapping of electrons to inhibit electron-hole recombination during 

irradiation. Decrease of charge carriers recombination results in enhanced 

photoactivity (Hoffmann et al., 1995). 

  Zhao and Yang, (2003) reviewed using of photocatalytic oxidation 

(PCO) to destruct volatile organic compounds in indoor air. They discussed that TiO2 

is widely used as a photocatalyst in various reactors due to its superior characteristics. 

For the PCO application, TiO2 anatase is superior to rutile because the conduction band 
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location for anatase is more favorable for driving conjugate reactions involving 

electrons, and very stable surface peroxide group can be formed at the anatase but not 

on the rutile surface. And they also suggested that, intermediates produced during the 

PCO process can occupy the active site of the catalyst surface and result in deactivation 

of catalyst, so activity of the catalyst dropped. 

  Gaya and Abdullah (2008) reviewed an overview of the dramatic trend 

in the use of the TiO2 photocatalyst for remediation and decontamination of 

wastewater. They mentioned that titania has played a much larger role than another 

semiconductor photocatalysts. Extensive literature analysis has shown many 

possibilities in improving the efficiency of photodecomposition over titania by 

combining the photoprocess with either physical or chemical operations. The resulting 

combined processes revealed a flexible line of action for wastewater treatment 

technologies. The choice of treatment method usually depends upon the composition 

of the wastewater. 

  Sun et al. (2008) studied the degradation of orange G (OG) on nitrogen-

doped TiO2 photocatalysis under visible light and sunlight irradiation. The result 

showed that not only the N-doped TiO2 caused the new absorption band but also the 

photosensitized oxidation mechanism originated from the azo dyes themselves and 

contributed to the higher visible light activity. Therefore, the N-doped TiO2 catalyst 

had higher the degradation OG than undoped TiO2 catalyst under visible light. In 

contrast, the undoped TiO2 catalyst exhibited high photocatalytic activity under 

sunlight irradiation. 

  Amini and Ashrafi (2016) studied photocatalytic degradation of 

rhodamine B (RB), methylene blue (MB), and acridine orange (AO) under solar light 

irradiation using TiO2 and ZnO nanoparticles. The results showed that the degradation 

of RB in the absence of photocatalyst was very slow. When the TiO2 catalyst was 

added, the degradation was complete faster. But the activity decreased when using the 

ZnO as catalyst. They suggested that the TiO2 is chemically inert and stable with 

respect to photocorrosion and chemical corrosion, while the ZnO is unstable. The 

degradation of MB for two catalysts was complete in the same time but in absence 

light, the removal is not obvious. For pH effect, they found that the TiO2 followed 

order pH 5 > 7 > 9 and 9 > 7 > 5 for the ZnO. And the degradation of AO by using 



16 
 

these catalysts, degradation percentage of AO increased almost linearly with time. 

They concluded that the TiO2 and ZnO were found to be an effective catalyst for the 

destruction of industrial dyes. 

 

2.3  Photocatalytic Degradation Mechanism of Zinc Oxide 

 

 Although TiO2 currently represents to be a benchmark photocatalyst for the 

degradation of organic dyes and pollutants mainly due to its excellent performance; 

however, the photocatalytic activity of TiO2 is limited because of the easily 

recombination of photogenerated electrons and holes. Moreover, TiO2 shows lower 

absorbance value. Composite of semiconductor to promote the separation efficiency 

of photogenerated charge and extend the range of excite spectrum have been 

investigated.  

 One of the most popular metal oxides is zinc oxide (ZnO), which is a wide 

band-gap n-type semiconductor with unique properties such as good transparency, 

high electron mobility, and high electrochemical stability. It has been widely used in 

chemical sensor, surface acoustic wave device, and photoanode films of solar cell. 

Very highly reducing electrons and oxidizing holes are photogenerated on ZnO under 

UV light irradiation. Besides holes, h+, the main oxidizing species in water are 

hydroxyl radicals, OH•. Other oxidizing species such as singlet oxygen, hydroperoxyl 

radicals and superoxide ions play a minor role in photocatalytic transformations in 

liquid-liquid reactions (Coronado et al., 2008). In addition, Zn2+ is a very important 

oxidation state. The presence of Zn2+ can act as the following mechanism (Rauf et al., 

2011). 

 

  Zn2+  +   e-  
 Zn+    (2.16) 

  Zn+   +  O2 (abs)  Zn2+   +   O2
-•   (2.17) 

  Zn+   + h+  
 Zn2+    (2.18) 

  Zn2+   +  h+  
 Zn3+       (2.19) 

  Zn2+    +  OH•   Zn2+   +   OH•   (2.20) 

  Zn3+   +  e-   Zn2+       (2.21) 



17 
 

 Although ZnO presents higher electron mobility than TiO2, which should 

favor electron transport, its chemical stability is poor, giving rise to filter effect, that 

is, a layer of inactive organic-Zn2+ insoluble complexes. 

 ZnO is sometimes preferred over TiO2 for degradation of organic pollutants 

due to its high quantum efficiency, especially for the production of peroxides. The 

photodegradation mechanism of organic pollutants in ZnO has been claimed to be 

similar to that of TiO2. Furthermore, according to the band edge position, as the 

conduction band of TiO2 is lower than that of ZnO, the former can act as a sink for the 

photogenerated electrons. The photogenerated electrons of the ZnO conduction band 

will be transferred to the conduction band of TiO2, while the photogenerated electrons 

of TiO2 will remain in the conduction band of TiO2. Since the holes move in the 

opposite direction from the electrons, the photogenerated holes of the TiO2 valence 

band will be transferred to the valence band of ZnO, which makes charge separation 

more efficient as shown in Figure 2.7 (Shifu et al., 2008). 

 

 
 

Figure 2.7  Schematic diagram of electron-hole separation process (Shifu et al., 2008). 

 

 Perez-Gonzalez et al. (2015) studied photocatalytic activity and properties of 

TiO2-ZnO thin film to degrade methylene blue. The results are explained in terms of 

the (TiO2)1-x-(ZnO)x, with x value in range 0.00 to 1.00. From the experiment, they 

discussed that the degradation activity of film increased with the TiO2 content. The 

BET surface and the crytallinity showed opposite behaviors as a function of x value. 
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Therefore, x = 0.00 showed the lowest BET surface area and the highest crystallinity, 

resulting in the best photocatalytic performance. However, ZnO has been reported to 

show greater degradation activity than TiO2 for specific organic dyes. They concluded 

that the high crystallinity seemed to be the most relevant factor for the degradation 

activity because it indicated low surface defects, low amorphous content and reduces 

the recombination rate. 

 Sakthivel et al. (2003) studied solar photocatalytic degradation of acid brown 

14 by using ZnO and TiO2 as photocatalysts. The results showed that the rate of 

degradation of two catalysts increased with increasing initial dye concentration then 

drastically decreased due to maximum concentration value exceeded. The rate of 

degradation of these catalysts increased linearly with catalyst loading, but the higher 

amount of catalysts can result in decreasing the efficiency. For both ZnO and TiO2, 

the adsorption of dye was high at low pH range. The degradation rate of TiO2 was high 

at low pH, in contrast to ZnO. The acid brown 14 was converted completely into 

colourless and degraded by using ZnO was faster than TiO2. They concluded that ZnO 

was the most active photocatalyst in the degradation of acid brown 14 using sunlight 

as an energy source because it absorbed large fraction of solar spectrum. 

 Liao et al. (2004) studied photocatalytic activity of ZnO doped TiO2 by sol-

gel method and SO42-/TiO2/ZnO modified by sulfating the dry gels ZnO/TiO2 with 

H2SO4 solution. In this study, they used zinc sulfate as precursor of zinc. The results 

showed that the addition of zinc could enhance the activity of catalyst, and if the 

catalyst was a mixture of anatase and rutile TiO2, the activity was also improved. They 

found that the stronger the acidity, the catalytic activity was higher. The photocatalytic 

activity decreased with the increase in the calcination temperature. And they also 

compared the activities of several catalysts before and after sulfating, the result showed 

that the activity of SO42-/TiO2/ZnO was higher than that of TiO2 doped by single ZnO 

or TiO2 treated with single H2SO4. They concluded that the sulfating ZnO/TiO2 with 

sulfuric acid resulted to dramatic enhancement. 

 Zhang et al. (2007) studied preparation of photocatalytic nano-ZnO/TiO2 film 

with vacuum vaporized and sol-gel methods. The oxidation efficiency of the ZnO/TiO2 

was higher than the pure TiO2 film and ZnO film. Therefore, the ZnO/TiO2 film can 

largely enhance the photocatalytic degradation efficiency of organic compounds. 
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Moreover, ZnO increased concentration of free electrons in TiO2. Effect of pH showed 

that the photocatalytic oxidation of organic compounds increased with the pH value.  

 Konyar et al. (2012) studied effect of sintering on photocatalytic efficiencies 

of self-supporting ZnO/TiO2 composite plates, which was fabricated at a molar ratio 

of ZnO:TiO2 = 1:1. Then, the plates were sintered in air at range 600-700°C to retain 

ZnO and TiO2. The results showed that the surface area was decreased with increasing 

the sintering temperature. Moreover, when the sintering temperature increases, the 

amount of pure ZnO and TiO2 decreased while the amount of photocatalytically 

inactive phases, such as Zn2TiO4 or Zn2Ti3O8, increased. The decrease in the surface 

area values resulted in low degradation efficiency. They concluded that heat treatment 

at temperature as low as 600°C reduced the interdiffusion between ZnO and TiO2.  

 

2.4  Isopropanol 

 

 Isopropanol, isopropyl alcohol, or 2-propanol is a compound with chemical 

formula C3H8O and has a molecular structure as shown in Figure 2.8. 

 It is a sharp, colorless, and flammable liquid with a characteristic alcoholic 

odor and completely miscible (mixes completely) with most solvents, including water. 

It is also commonly used in cosmetics, skin and hair products, perfumes, 

pharmaceuticals, lacquers, dyes, cleaners, antifreezes, and other chemicals 

(www.dow.com/webapps/msds/msdssearch.aspx). Moreover, it is a common organic 

reagent present at high concentrations in the wastewater and volatile in nature. This 

organic compound poses direct or indirect harm to irritate and burn the skin and eyes, 

prolonged contact can cause a skin rash, itching, dryness, and redness and may be toxic 

to kidneys, liver, skin, central nervous system. Repeated high exposure can cause 

headache, dizziness, loss of coordination, unconsciousness, and even death. And it is 

a dangerous fire hazard (nj.gov/health/eoh/rtkweb/documents/fs/1076.pdf). 
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Figure 2.8  Molecular structure of isopropanol (www.chemicalbook.com /Chemical 

ProductProperty_EN_CB8854102.htm). 

 

 In addition, isopropanol is the major organic ingredient in wastewater of 

semiconductor manufacturing industry. The efficiency of traditional wastewater 

treatment processes using physical-chemical or microorganism decomposition 

approaches is limited. Wastewater containing organic solvents that are not 

decomposed deteriorates the quality of water in the environment, while its volatile 

nature results in air pollution that affects the health of factory workers and residents in 

the neighborhood (Chen and Mao, 2007). Isopropanol and its metabolite, acetone, act 

as central nervous system depressants (Burkhart and Kulig, 1990). Besides, isopropyl 

alcohol wastewater contains many other refractory and complex organic compounds, 

e.g., fluoride and suspended solids, which not only introduce direct or indirect 

contamination to environment but also are harmful to human health (Lin and Kiang, 

2003). 

 Furthermore, it was found that acetone was solely detected as an intermediate 

product from the photocatalytic degradation of isopropanol. The isopropanol is 

degraded to form acetone, and acetone is further oxidized into carbon dioxide and 

water as shown in Eqs. (2.22) and (2.23), respectively (Chavadej et al., 2008). 

 

 CH3CHOHCH3 + 2OH•      (CH3)2CO + 2H2O    (2.22) 

 (CH3)2CO + OH•/•O2
-      other intermediates     CO2 + H2O (2.23) 

 

 Bickley et al. (1973) used rutile TiO2 and studied the photocatalyzed 

oxidation (PCO) in isopropanol vapor. The isopropanol quickly reacted to form 

acetone and H2O. Acetone was then displaced by H2O and appeared in the gas stream. 
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Adsorbed acetone was photocatalytically oxidized at a distinctly slower than 

isopropanol oxidized to acetone. Instead, acetone oxidized to strongly adsorbed 

intermediate, and the continuation of PCO was observed by O2 uptake. The authors 

concluded that CO2 decreased in O2 uptake rate on samples pretreated at higher 

temperatures was due to lower concentrations of surface OH groups, which played a 

role in the PCO process by increasing O2 photoadsorption. Moreover, no reaction 

occurred in the absence of UV light and only a small amount of acetone was formed 

in the absence of O2 in the gas stream. 

 Chavadej et al. (2008) studied the photocatalytic degradation of 2-propanol 

by using platinum, titania, and platinum loaded on titania as photocatalysts. The result 

showed that the activity of either platinum or titania alone was greatly low in the 

photocatalytic degradation but increased for platinum loaded on titania. Increasing of 

the catalyst dosage and initial concentration of 2-propanol resulted in increasing the 

rate of degradation. The degradation rate increased with decreasing pH solution 

because of better adsorption of 2-propanol on the surface of catalyst. However, it 

increased again in the pH of solution was around 12 because the hydroxyl radical 

formation rate increased. Moreover, a high dissolved oxygen level gave a much higher 

degradation rate, since it can act as electron scavenger. And in this work, acetone was 

detected as an intermediate product. 

 Chen et al. (2009) studied photocatalytic properties of nanostructured 

PbSnO3 photocatalysts with particulate and tubular morphologies for isopropyl alcohol 

(IPA) degradation under visible light irradiation. The gaseous IPA was gradually 

oxidized through an acetone intermediate to CO2. The results revealed that the 

photocatalytic activities for IPA degradation over these catalysts were in the order of 

nanoparticle > nanotube > bulk material, which was consistent with that of BET 

surface areas. And they found that the degradation of IPA over these catalysts was 

only driven by light irradiation. They concluded that the larger surface area means 

much more active sites and better crystallinity which resulted in the increase of 

photocatalytic activity since it could reduce electron-hole recombination rate. 

 Salazar and Nanny (2010) investigated the aqueous photocatalytic 

degradation of small polar organic compounds (SPOCs) that bear hydrogen-bonding 

capabilities but do not readily adsorb on the TiO2 catalyst like isopropanol and acetone. 
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This study suggested that small aliphatic alcohols and ketones may adsorb to the TiO2 

catalyst in contact with their aqueous solution through the formation of hydrogen 

bonds with the surface hydroxyl groups. The result showed that the fastest degradation 

rates of acetone and isopropanol occurred at conditions where the rate of hydroxyl 

radical production was more favorable such as in alkaline pH. 

 Wang and Egerton (2013) compared the effect of chromium on photo-

oxidation of propan-2-ol, for which hydroxyl radicals were the catalytically active 

intermediates and stearic acid oxidation, which proceeds via direct hole transfer. For 

the photo-oxidation of propan-2-ol, the amount of acetone product increased linearly 

with time, and the effect of increasing amount of chromium dopant was less than 

0.01% that was little affected but decreased significantly for more than 0.1% of 

chromium. By contrast, photocatalytic oxidation of stearic acid decreased with 

increasing concentration of chromium. They suggested that the initial increase in the 

propan-2-ol oxidation activity was associated with the oxidation state of Cr greater 

than 3 but that at higher chromium concentrations the activity for both stearic acid and 

propan-2-ol are decreased because of increased recombination induced by Cr3+ ions 

that substitute for Ti4+ in the rutile lattice. 

 Lu et al. (2016a) studied photodegradation of gaseous isopropyl alcohol 

(IPA) at ppb level in internal-illuminated monolith photoreactor (IMR) by using TiO2 

and Ag/TiO2 as photocatalysts. The experimental results showed that, increasing the 

contents of Ag on TiO2, the removal efficiency was increased because of the higher 

surface barrier. As a result, the electron-hole pair separation enhanced due to their 

space charge layer became narrower than TiO2. However, if the presence of Ag was 

too much, it can be resulted in a decrease in the photocatalytic ability. Possible reasons 

were the electrostatic interaction between negatively charged Ag sites, and the 

excessive coverage of Ag can mask the incident light on TiO2 surface.  
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2.5  Oxidative Energy Storage Model of TiO2 

  

 TiO2 has been widely used in our every daylife as a pollution abatement 

catalyst for various applications based on its oxidative and reductive energy converted 

from light energy. However, the uses of TiO2 as a photocatalyst still have some 

limitation to activate the formation of photo-excited electrons and holes. Some 

researchers attempted to modify TiO2 by doping it with both metallic and non-metallic 

substances in order to reduce band gap energy of the metal oxide, so its photocatalytic 

activity under the visible light can be obtained (Luo et al., 2011). Additionally, the use 

of TiO2 as a catalyst for pollution abatement in the absence of both UV and visible 

light, which can be applied for indoor air quality, is still challenging. In this regard, 

the concept of using TiO2 in combination with other lower band gap metal oxides, 

capable of functioning as a kind of energy storage substance, has been developed 

(Tatsuma et al., 2001).  

 Working mechanism of the mixed metal oxides can be described as following. 

In the presence of light, TiO2 will be photo-excited and electrons/holes are generated. 

Some of electron can be transferred to the lower band gap metal oxide and stored in 

intermediate compound form. Then, in the dark, electron from the intermediate 

compound will be released and transferred back to the system. In other words, stored 

electron in the lower band gap metal oxide compound will serve as a source of electron 

for catalytic activity of the system in the dark. Moreover, the electron can also interact 

with oxygen in ambient, leading to the mixed metal oxides also work under versatile 

illumination condition including UV irradiation, visible light illumination and, in the 

dark (Ngaotrakarnwiwat, 2013). 

 Recently, the energy storage of photocatalyst has been attracting and 

investigated by doping an active semiconductor or p-n junction semiconductor. When 

an n-type semiconductor (TiO2) is joined with a p-type semiconductor, a p-n junction 

is formed. The region, where the p-type and n-type semiconductors, are joined is called 

p-n junction, as shown in Figure 2.9. At equilibrium, the inner electric field makes the 

p-type semiconductor region have the negative charge, while the TiO2 region have the 

positive charge (Dai et al., 2013).  
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Figure 2.9  p-n junction of semiconductor (www.physics-and-radio-electronics .com). 

 

 Each free electron that is crossing the junction from the n-side to fill the hole 

in the p-side atom creates a negative ion at p-side. Similarly, each free electron that 

left the parent atom at the n-side to fill the hole in the p-side atom creates a positive 

ion at the n-side. Negative ion has more number of electrons than protons. Hence, it is 

negatively charged. Thus, a net negative charge is built at the p-side of p-n junction. 

Likewise, positive ion has more number of protons than electrons. Hence, it is 

positively charged. So, a net positive charge is built at n-side of the p-n junction.  

 

 
 

Figure 2.10  Negative and positive barrier of semiconductor (www.physics-and-radio-

electronics.com). 

 

 The net negative charge at the p-side of the p-n junction prevents further flow 

of free electrons crossing from the n-side to the p-side because the negative charge 
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present at the p-side of the p-n junction repels the free electrons. Comparably, the net 

positive charge at the n-side of the p-n junction prevents further flow of holes from the 

p-side to n-side. 

 Thus, immobile positive charge at the n-side and immobile negative charge 

at the p-side near the junction acts like a barrier or wall and prevents further flow of 

free electrons and holes, as shown in Figure 2.10. The region near the junction where 

flow of charges carriers are decreased over a given time and finally results in empty 

charge carriers or full of immobile charge carriers is called depletion region. The 

depletion region is also called as depletion zone, depletion layer, space charge region, 

or space charge layer. The depletion region acts like a wall between p-type and n-type 

semiconductor and prevents further flow of free electrons and holes, as shown in 

Figure 2.11 (www.physics-and-radio-electronics.com). 

 

 
 

Figure 2.11 Depletion region of semiconductor (www.physics-and-radio 

electronics.com). 

 

 Two kinds of models for storing the oxidative energy of TiO2 were proposed, 

p-n junction model and mediation model.  
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 2.5.1  p-n Junction Model 

  In the former, a redox-active p-type semiconductor is combined with 

TiO2 to form a p-n junction, as shown in Figure 2.12.  

 

 
 

Figure 2. 12 p- n junction model for the oxidative energy storage photocatalysts 

(Takahashi and Tatsuma, 2005). 

 

  Semiconductors consist of a p-type and an n-type, where the n-type has 

a high electron concentration, and the p-type has a high hole concentration. The 

connection of the two types resulting in the move of excess electrons in the n-type 

material to the p-type side and the excess holes from the p-type material to the n-type 

side. An n-type semiconductor like TiO2 adsorbs photon having energy equal to or 

higher than its band gap energy. With each photon of the required energy (i.e. 

wavelength), electrons rise to the unoccupied conduction band, leading to excited state 

conduction band electron and leaving the positive valence band holes (h+) at the 

valence band. Later, the electrons then transfer from the p-type (electron donor) to the 

valence band of the n-type (electron acceptor) semiconductor at the junction between 

the p- and n-type semiconductors. The holes at the p-type are not stable and need 

intercalation (x-) from an electrolyte for stabilization, as shown in Figure 2.12. The 

energy storage of TiO2 with the p-type semiconductor takes place with the below 

model. The p-n heterojunction photocatalyst accelerates the separation of electron-

hole pairs. Therefore, the p-n heterojunction photocatalyst has attracted much attention 

in recent years (Takahashi and Tatsuma, 2005). 
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Figure 2.13  Band gaps and band positions of a) n-type semiconductors and b) p-type 

semiconductors used for composite photocatalyst heterojunction and values taken 

from references given in the article (Roland, 2014). 

 

 2.5.2  Mediation Model 

  In the mediation model, an oxidant likes O2, which is photocatalytically 

produced by the oxidation of water adsorbed on TiO2, diffuses and oxidizes a redox-

active material. 

  The first step of the mediation model resembles the p-n junction model. 

That is a TiO2 photocatalyst absorbs photon having energy equal to or higher than its 

band gap energy. With each photon of the required energy (i.e. wavelength), electrons 

(a) 

(b) 
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rise to the conduction band, leading to excited state conduction band electrons and 

leaving the positive valence band holes (h+) at the valence band. On the other hand, 

unlike the p-n junction model, the electrons from the mediation (H2O2) then transfer 

to the valence band of TiO2 for electrical neutrality, and the electrons of redox active 

material are transferred to mediation. As the result of the redox active material is wided 

in stability, intercalation (x-) from an electrolyte for stabilization, as shown in Figure 

2.14. The energy storage of TiO2 with a redox active metal takes place with the below 

mechanism (Takahashi and Tatsuma, 2005). 

   

 
 

Figure 2. 14  Mediation model for the oxidative energy storage photocatalysts 

(Takahashi and Tatsuma, 2005). 

 

  Takahashi and Tatsuma (2005) studied oxidative energy storage ability 

of a TiO2-Ni(OH)2 bilayer photocatalyst. The TiO2 and Ni(OH)2 are reported to be an 

n- type and p- type semiconductor, respectively, hence, a p- n junction forms at the 

interface.  They found that under UV light, electrons in the TiO2 valence band are 

excited to the conduction band, and holes generate in the valence band. The oxidative 

energy storage, Ni( OH) 2 is oxidized to NiOx( OH) 2- x by the holes, and it could be 

turned from colorless to brown.  After that, the brown- colored film could be turned 

back to colorless by electrochemical reduction.  They suggested that the efficiency 

would be improved by increasing the junction area.  And the stored oxidative energy 

can be discharged electrochemically or used for the chemical oxidation of various 

species. 
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  Shifu et al. (2008) studied photocatalytic activity of p-n junction 

photocatalyst p-ZnO/n-TiO2, which was evaluated by photocatalytic reduction of 

Cr2O72- and photocatalytic oxidation of methyl orange (MO). The experiment results 

showed that the photoreduction activity of p-ZnO/TiO2 increased with the increase in 

the amount of doped p-ZnO up to 2.0 wt%. When the amount of doped was higher 

than the optimal amount, the activity decreased as the amount of doped p-ZnO 

increased. On the other hand, the photocatalytic oxidation activity of p-ZnO/TiO2 

decreases rapidly with the increased in the amount of doped p-ZnO. They concluded 

that the p-n junction photocatalyst p-ZnO/TiO2 had higher photocatalytic reduction 

activity, but lower photocatalytic oxidation activity. As the p-ZnO species can trap the 

hole, the photocatalytic reduction activity was enhanced greatly. 

  Yang et al.  ( 2010)  investigated oxidation and mineralization of 

methanol and formaldehyde by the stored oxidative energy and used TiO2-Ni(OH)2 as 

a photocatalyst.  The results showed that the bilayer film turned brown after 

electrochemical oxidation to NiOx( OH) 2- x and bleaching of the film due to reduction 

of NiOx( OH) 2- x.  Then, the methanol can be oxidized to CO2 by the stored oxidative 

energy.  When the initial methanol concentration was increased, the mass conversion 

efficiency decreased because stored charges were consumed during the methanol 

oxidation.  For the oxidation of formaldehyde, since it was easier to oxidize than 

methanol, hence, it was also oxidized to CO2 by photoelectrochemically stored 

oxidative energy like methanol. 

  Lian et al.  ( 2011)  studied oxidative energy behavior of a porous 

nanostructured TiO2-Ni(OH)2 bilayer photocatalyst under UV light. They reported that 

the oxidative energy storage performance could be enhanced, resulting from its porous 

structure and nanostructured Ni(OH)2 particles that may provide high specific surface 

area, fast redox reactions, and shortened diffusion path in solid phase.  And the 

electrolytes with relatively high OH-  concentration facilitated the oxidative energy 

storage because it led to high crystal nucleation rate of Ni( OH) 2, thus the 

nanostructured particles were obtained.  But, if the nucleation rate was too high, the 

particle sizes increased. 

  Dai et al.  ( 2013)  studied photoelectrocatalytic ( PEC)  activity of p- n 

junction Co3O4/ TiO2 nanotube arrays ( NTs)  that was evaluated by degradation of 
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methyl orange (MO). The results showed that the decrease in the MO concentration in 

the presence of unmodified TiO2 NTs was small.  On the contrary, 92% of MO was 

degraded by Co3O4/ TiO2 thus it exhibited significantly enhanced PEC activity.  The 

degradation rate of Co3O4/ TiO2 was also faster than that over TiO2 NTs.  They 

discussed that Co3O4 is a p- type semiconductor, while TiO2 is an n- type 

semiconductor.  Therefore, the p- n junction is formed, which can improve separated 

efficiency of photogenerated carriers and inhibit their recombination.  

 

2.6  Sol-gel Method for Thin Film Preparation 

 

 A number of methods, films such as sol-gel, sputtering, chemical vapor 

deposition, have been employed for the fabrication of TiO2 thin. Each of these methods 

has its own advantages and disadvantages (Oshani et al., 2014).  

 For large area films preparation, the sol-gel method is apparently superior to 

vapor deposition methods. This scheme not only provides simplicity, low cost, and 

feasibility, but also proving as a precise approach to control doping concentrations (Lu 

et al., 2016b). This method is particularly attractive because of the following reasons: 

good homogeneity, ease of composition control, low processing temperature, large 

area coatings, low equipment cost and good optical properties and it allows the tuning 

of the refractive index and thickness of the film by varying synthesis parameters 

(Znaidi et al., 2012). Particularly, the sol-gel processes are efficient in producing thin 

film with high purity, transparent, multi-component oxide layers of many 

compositions on various substrates, including silica/glass plate, stainless steel plates, 

and aluminaplates (Oshani et al., 2014).  

 Sol-gel is a process, in which dispersions of a colloidal suspension, known as 

the sol, is formed in a liquid by the hydrolysis of inorganic or metal organic precursors, 

which is then followed by gel formation (Gaya, 2014). Normally, precursors such as 

titanium alkoxide, titanium tetrachloride, and titanium halogenide are heated under 

very high calcination temperature to obtain the desired crystal properties and a good 

adherence on the support. During heating, OH groups from the catalyst surface and the 

support can react and evaporate a molecule of water, creating an oxygen bridge, thus 

increasing the adherence of the catalyst to the support.  
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 To immobilize uniform catalyst film on a substrate by sol-gel method, dip-

coating or spin-coating technique is employed. Automated coaters are commercially 

available, to keep operator error minimal and accurately maintain dipping speed of 

substrate and duration. In general, a dip coating apparatus equipped with an adjustable 

motor is used to immerse the support into a solution (gel form) and then withdrawn it 

at a certain speed. Therefore, this route is suitable for the production of a thin film 

photocatalyst. However, some drawbacks of the sol-gel method include the wide 

variation in the particle size distribution and the necessity of a calcination step for 

crystallization, which may result in the melting of the substrate. To improve the 

drawbacks of substrate, there are many researches that studied sol-gel with dip-coating 

over fiberglass, woven fiberglass, aluminum plate, and glass slide as a substrate of thin 

film catalyst (Shan et al., 2010). 

 

 
 

Figure 2.15  Schematic simplify diagram of sol-gel method associate with dip-coating 

(Angelo et al., 2013). 

 

 In regarding to spin-coating, it is a very convenient technique widely applied 

to uniform thin film deposition. As it is shown in Figure 2.16, an amount of solution 

is dropped on the substrate, which is fixed on the spin-coater, and then it is rotated at 

high speed in order to spread the fluid by centrifugal force. It can be considered as a 

special case of solution crystal growth, which allows the formation of highly oriented 

layered perovskites on a substrate, while the solvent is evaporating off. On the other 

hand, spin-coating enables deposition of hybrid perovskites on various substrates, 

including glass, plastic, quartz, silicon and sapphire. Selection of the substrate, the 
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solvent, the concentration of the hybrid in the solvent, the substrate temperature, and 

the spin speed are relevant parameters for this technique. In addition, post deposition 

low-temperature annealing (T < 250°C) of the hybrid films are sometimes employed 

to improve crystallinity and phase purity. David (2001) compared the traditional 

deposition technique for inorganic semiconductors with the spin-coating method and 

reported that the latter, spin-coating method does not require cumbersome equipment 

and gives high-quality films in quite short time (several minutes) in room environment. 

 

 
 

Figure 2.16  Schematic of the spin coating process (Sohrab et al., 2016). 

 

 Actually, in order to realize a layer with the desired thickness, the 

concentration of perovskites solution can be adjusted and keep the other spin-coating 

parameters (spin speed, acceleration, and spin duration) fixed. Generally, 

homogeneous 2D layered perovskite films with a thickness from 10 nm to 100 nm can 

be obtained by carefully selecting the parameters: less concentrated solutions give 

thinner layers. Therefore, the choice of the solvent is important because the solubility 

for both organic and inorganic must be considered (Sohrab et al., 2016). 

 Bahadur et al. (2006) studied morphologies of spin process derived thin films 

of ZnO using zinc nitrate and zinc acetate as precursor materials. The experiment 

showed that the films of ZnO prepared by using zinc acetate were smoother and more 

uniform than the zinc nitrate. Both of films were found to be crystalline in nature. The 

crystallite size of the nanograins in the zinc nitrate derived films was found to be 

smaller than the films grown by zinc acetate. They concluded that zinc acetate was the 

precursor material, which was suitable for preparation of ZnO films using sol-gel 

process or spray pyrolysis. 
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 Lewkowicz et al. (2014) studied surface morphology and optical properties 

of TiO2 thin films deposited on glass with the sol-gel spin coating technique. In the 

experiment, they used different annealing temperatures (380-900°C). The results 

showed that the TiO2 thin films without annealing were amorphous but their structure 

shifted through the anatase to rutile phases. The amorphous nature of TiO2 was 

obtained using the sol-gel methods, and the step of heat-treatment was required. The 

increasing of the annealing temperature, the porosity of the TiO2 thin films decreased 

because of shrinkage and densification of the films. The TiO2 films crystallize was the 

anatase phase between 380-700°C, while the rutile phase existed above 800°C. 

 Leonard et al. (2016) studied photocatalytic performance of SiO2 and Ag-

SiO2 doped TiO2 films by dip-coating process and powders to degrade methylene blue 

under UV light. The result showed that in the case of powders, crystallization was 

hindered by SiO2 and Ag particles incorporation into the TiO2 matrix, resulting to a 

decrease of the photocatalytic activity. In the case of thin film, crystallization was not 

influenced by the presence of SiO2 and Ag particles. And the result also showed that 

films were slowly degraded due to surface contamination with carbon but both of SiO2 

and Ag can improve this problem. They concluded that the thin film can fully play 

their role of electron traps leading to an enhanced photocatalytic activity. 
 
 



 
 

CHAPTER III 

EXPERIMENTAL 

 

3.1 Chemicals and Equipment 

 

3.1.1 Chemicals 

1. Bis(2,4-pentanedionato)-titanium (IV) oxide (reagent grade, 

TiO(C5H7O2)2, TCI Co., Ltd, Japan)  

2. Zinc oxide (99%, ZnO, analytical grade, Ajax, Australia) 

3. Isopropanol (99.7%, analytical grade, Carlo Erba Reagents, 

Italy) 

4. Polyethylene glycol (100%, MW = 1000, (H(OCH2CH2)nOH, 

Wako, Japan)  

5. Sodium hydroxide (analytical grade, NaOH, Merck, Germany)  

6. Hydrochloric acid (37%, HCl, analytical grade, Labscan, 

Thailand) 

7. Ethanol (99.8%, C2H5OH, analytical grade, Merck, Germany) 

8. Nitric acid (65%, HNO3, Merck, Germany) 

9. Cleaning solution (MICRO-90, Cole-Parmer, USA) 

10. Deionized water 

 

3.1.2 Equipments 

1. Photocatalytic reactor 

2. Spin coater (WS-650Mz-23NPPB) 

3. pH meter 

4. Vacuum pump (GAST0523-101Q-SG588DX) 
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3.2 Experimental Procedures 

  

3.2.1 ZnO doped on TiO2 Bilayer Films 

A glass slide plate as the substrate was ultrasonically cleaned with the 

cleaning solution (MICRO-90) before coating. The TiO2 film was coated on the glass 

plate with the solution containing 3 g of bis(2,4-pentanedionato)-titanium(IV) oxide 

and 3 ml ethanol by spin coating technique at 1,500 rpm for 20 s and calcined at 400ºC 

for 1 h. For the second layer, the ZnO layer was prepared by spin coating technique at 

the same conditions as above. TiO2-sol was systhesized by sol-gel technique using 

titanium isopropoxide (TIPP) as a precursor. Firstly, 1.4 ml of 70% HNO3 was diluted 

with 200 ml deionized water then added to 16.7 ml of TIPP under vigorous stir for a 

couple of days until clear solution was obtained. The resulting solution was dialyzed 

by a membrane to obtain TiO2 sol at a pH condition of 3.5 ± 0.1. The solution 

containing TiO2-sol with ZnO and polyethylene glycol was prepared. ZnO particles 

were obtained from the calcination temperatures at 400, 500 and 600ºC for 1 h, and 

denoted as 400ZnO, 500ZnO and 600ZnO, respectively. Then, the ZnO layer was 

coated on the TiO2 layer and was calcined at 350ºC (heating rate 10ºC min-1) for 1 h 

to obtain a ZnO/TiO2 bilayer film. 

 

3.2.2 Photocatalytic Activity  

A 200 ml of a 100 ppm isopropanol solution was for the photocatalytic 

activity experiments. Adsorption of isopropanol on the bilayer films was allowed 

before the start of each experiment. An experiment started by turning on the uv-light 

source. The solution was subject to 2 h illumination before the light source is turned 

off for 2 h. The uv-light was then turned on for another 2 h before off for 2 h. The 

experiment setup was blocked from any interference from other light sources by using 

black box throughout the experiment. The solution samples were taken every hour for 

quantitative analysis by using gas chromatography (Agilent, 6890N). 

 

3.2.3 Physical Characterization 

         The morphology of ZnO/TiO2 bilayer films was examined by scanning 

electron microscope (SEM, Hitashi, S-4800). The crystalline structure and crystal size 



36 
 

was determined by X-ray diffraction measurement (XRD, Rigaku, Smartlab). The 

surface area, pore size, and pore volume are measured by Brunauer–Emmett–Teller 

surface area analysis (Quantachrome, Autosorb-1) and particle size diameter is 

analyzed by particle size analyzer (Malvern, Mastersizer X). 

 

3.3 Analytical Technique 

 

3.3.1 Gas Chromatography with Flame Ionization Detection (GC-FID) 

            The solution was tested every hour for quantitative analysis by using 

gas chromatography with flame ionization detection, (Agilent 6890N, DB-WAX 

column, 30 m × 0.32 mm, ID of 0.53 μm) which operated at 80°C and was connected 

to a flame ionization detector with H2 as the carried gas, that use to determine the 

amount of product, the degradation of isopropanol was calculated by Eq 3.1. 

 

      %100% 2 


 

n

nn

C
CCnDegradatio    (3.1) 

 

Where Cn was a concentration at time (2,4,6,8 hr) 

 

3.3.2 XRD Spectrometer 

        TiO2 film, ZnO powder, and ZnO/TiO2 bilayer films were detected X-

ray diffractometer (XRD, Rigaku, Smartlab), with Cu-𝑘𝛼 radiation (λ = 1.5406 Å), 40 

Kv, 30 mA) in the 2 range of 20-80° with 3º/min scanning rate and step interval was 

0.02º, to analyze crystal structure, chemical composition, and physical properties of 

thin films. 

 The Crystallite size (L) of selected sample were estimated using 

Scherrer’s equation (Eq. 3.2). 

  

                      



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9.0

B
L      (3.2) 

 

 Where k = constant (k = 0.9) 
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   λ = wavelength of the X-ray 

   B = FWHM (Full Width at Half Maximum) width of the  

          diffraction peak 

    = diffraction angle 

 

3.3.3 SEM Spectrometer 

        Surface characterization of TiO2 film, ZnO powder, and ZnO/TiO2 

bilayer films were carried out by scanning electron microscopy (SEM, Hitashi, S-

4800). 

 

3.3.4 Brunauer–Emmett–Teller Surface Area Analysis 

        ZnO particles at different calcination temperature were characterized by 

BET surface area analyzer with N2 adsorption at liquid nitrogen temperature 

(Quantachrome, Autosorb-1) to measure surface area, pore size, and pore volume of 

ZnO particles. 

 

3.3.5 Particle Size Analyzer 

        The particle sizes of the ZnO powder at different calcination 

temperature were measured by Malvern’s mastersize-2000 particle size analyzer 

(Malvern, Mastersizer X). 

 



 
 

CHAPTER IV 

RESULT AND DISCUSSION 

 

4.1  Catalyst Characterization 

  

 The activity of ZnO/TiO2 bilayer films for the photocatalytic degradation of 

isopropanol with and without UV illumination was investigated. In order to explain 

the properties of bilayer films, the photocatalyst films were characterized by scanning 

electron microscopy, Brunauer-Emmett-Teller surface area analysis, particle size 

analyzer, and X-ray diffractometer. 

 

4.1.1  Scanning Electron Microscopy 

  The surfaces ZnO/TiO2 photocatalyst bilayer films were studied from 

the SEM micrographs by using scanning electron microscopy (SEM, Hitashi, S-4800). 

The results are shown in Figures 4.1-4.2. Figure 4.1 shows the SEM micrographs of 

first TiO2 layer, which shows the uniform surface. TiO2 solution seems to cover well 

over the glass plate substrate. Figure 4.2 shows the SEM micrographs of ZnO/TiO2 

bilayer films, ZnO calcined at 600°C, which are denoted as 600ZnO/TiO2. From 

Figure 4.2a, it can be seen that the ZnO particles disperse on the TiO2 layer. Figure 

4.2b shows the porous structure of ZnO particles resulted from the removal of PEG in 

the preparation step. However, using PEG as a template, the well-ordered network 

pattern with a large specific surface area can be obtained as reported by Liu et al. 

(2005). It is the porosity of the second layer that allows isopropanol to adsorb on the 

first layer. 
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Figure 4.1  SEM micrographs of TiO2 film at (a) 400X and (b) 10,000X magnification, 

respectively. 

 

      
 

Figure 4. 2  SEM micrographs of ZnO/ TiO2 film at ( a)  400X and ( b)  10,000X 

magnification, respectively. 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(a) (b) 
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4.1.2  Particle Size Analysis 

  The particle size of ZnO was studied by the particle size analyzer 

(Malvern, Mastersizer X). The effect of the calcination temperature on the particle size 

diameter of ZnO is shown in Figure 4.3. It can be seen that by increasing the 

temperature, the particle size increases, which can be ascribed by the agglomerated 

particles. The results are consistent with those from the SEM micrographs, as shown 

in Figure 4.4. The ZnO particles are in the shape of hexagonal, which can be classified 

as wurtzite ZnO.  

 

 
 

Figure 4.3  ZnO particle size diameters with different calcination temperature. 
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Figure 4.4  SEM micrographs of (a) 400ZnO, (b) 500ZnO, and (c) 600ZnO at 

70,000X magnification. 

 
 
 
 
 

(a) 

(b) 

(c) 
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4.1.3  Brunauer–Emmett–Teller Surface Area Analysis 

 The specific area, pore volume, and pore size of ZnO powder at various 

calcination temperature were measured (Table 4.1). The decrease in the surface area, 

pore volume, and pore size of ZnO can be observed when the calcination temperature 

is increased. That may be due to the collapse of the porous framework. However, the 

specific area, pore volume and pore size of 500ZnO, 600ZnO and 700ZnO are not 

significantly different. 

 

Table 4.1  Effect of calcination temperatures on the physical properties of ZnO 

 

Temperature  

(°C) 

SBET 

(m2g-1) 

Pore volume  

(cm3g-1) 

Pore size  

(Å) 

400 10.59 ± 0.95 2.31x10-2 ± 0.12 81.35 ± 0.61 

500 5.66 ± 0.38 0.99x10-2 ± 0.03 69.79 ± 1.11 

600 

700 

5.14 ± 0.36 

4.32 ± 0.35 

0.92x10-2 ± 0.02 

0.81x10-2 ± 0.02 

71.82 ± 0.35 

69.13 ± 0.41 

 
 

4.1.4  X-ray Diffraction 

The photocatalysts were studied by XRD technique. Figure 4.5 shows  

the XRD patterns of ZnO/TiO2 bilayer films compared with TiO2 and ZnO. TiO2 in 

the thin films is of anatase form (with main peak at (101)). In addition, it is clear from 

the XRD pattern that ZnO is well crystallized and can be classified as hexagonal 

wurtzite modification, with dominating (101) peak. The XRD pattern of the ZnO/TiO2 

bilayer films is composed of TiO2 and ZnO structures. The intensity of the main peaks 

of TiO2 and ZnO in the bilayer films are more or less the same with those of TiO2 and 

ZnO films. And it can be seen that, there is no indication for formation of any mixed 

compound. 
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Figure 4.5  XRD patterns of TiO2, ZnO and ZnO/TiO2 bilayer films. 

 

  When the calcination temperature of ZnO/TiO2 increases, the 

crystallinity of catalyst increases as indicated by the increase of the diffraction peak 

sharpness, Figure 4.6. The diffraction peak sharpness and narrowness improve with 

respect to the calcination temperature, and the full-width at half-maximum (FWHM) 

values are decreased with the increase in the calcination temperature (Rohani et al., 

2010).  

  The XRD patterns of ZnO/TiO2 with different ZnO loadings are shown 

in Figure 4.7 indicating that the peak patterns of all ZnO loadings are similar. 
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Figure 4.6  XRD patterns of 400, 500 and 600ZnO/TiO2 bilayer films. 

 

The average crystallite size of ZnO was calculated according to 

Scherrer’s equation. The three highest peaks ((100), (002), and (101) planes) of ZnO 

were selected for this calculation. The results are given in Table 4.2. It is clear that 

there is an improvement in the crystallinity of ZnO by increasing the calcination 

temperature (Zulkiflee et al., 2016).  

 

Table 4.2  Crystallite size of ZnO/TiO2 bilayer films estimated using the XRD 

technique and Scherrer’s equation 

 

Temperature (°C) 400 500 600 

Crystallite size  

(nm) 

25.29 25.95 26.22 
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Figure 4.7  XRD patterns of ZnO/TiO2 bilayer films with different ZnO loading. 

 

4.2  Photocatalytic Activity 

 

 ZnO/TiO2 was used as a bilayer film catalyst for the photocatalytic 

degradation of isopropanol (IPA). The first layer was coated by TiO2 and then covered 

by the mixture of ZnO/TiO2 as the second layer. The effect of adsorption was 

eliminated by immersing the film in the isopropanol solution for 12 h. The reactor was 

blocked from any disturbance from other light sources by using a black box. The 

conditions for the photocatalytic reaction were 30°C, 150 rpm of stirred speed, 5 lamps 

of UV light, 200 ml of 100 ppm isopropanol solution, and reaction time for 8 h. The 

amounts of either TiO2 on the first layer or TiO2 alone are 0.004±0.001 g, and the 

amount of ZnO alone on the glass plate is 0.003±0.001 g.  
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4.2.1  Photocatalytic Activity of TiO2, ZnO, 400ZnO/TiO2, 500ZnO/TiO2, 

and 600ZnO/TiO2 Films 

 

 
 

Figure 4.8  Photocatalytic degradation of isopropanol in unadjusted pH as a function 

of operating time by the TiO2, ZnO, 400ZnO/TiO2, 500ZnO/TiO2, and 600ZnO/TiO2 

films with the UV illumination for 8 h. 

 

100 ppm of isopropanol solution with the unadjusted pH of 6.3 are 

subject to UV light alone and with the presence of photocatalysts (Figure 4.8). The 

illumination in the absence of photocatalysts results in very little degradation of 

isopropanol at 8 h, whereas, in the presence of photocatalysts, higher degradation of 

isopropanol can be observed at 8 h up to 47.8-74.0%. 

Figure 4.8 shows that the degradation of isopropanol increases with the 

increase in the operating time. At 8 h, TiO2 shows the lowest activity, 47.8% 

degradation of isopropanol. In addition, the ZnO film shows higher degradation than 

TiO2, up to 61.9%. The reason for the higher activity of ZnO is due to the absorption 

of more light quanta because the band gap of ZnO is 3.3 eV, and the quantum 
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efficiency is significantly larger than TiO2 (3.2 eV). Other than that, the lower activity 

of TiO2 results from recombination occurred at the interface due to fewer electron and 

hole scavengers present in the photocatalyst (Amalina et al., 2017). And 600ZnO/TiO2 

shows the highest photodegradation activity, 74.0%. The activity of 500ZnO/TiO2 and 

400ZnO/TiO2 activity is about the same, 52.3% and 51.5%, respectively. At the 

beginning, the activity of 400, 500, and 600ZnO/TiO2 are the same, but the activity of 

400ZnO/TiO2 and 500ZnO/TiO2 becomes lower than 600ZnO/TiO2 after 4 h. This 

might be ascribed to the photocorrosion phenomenon in the ZnO particles that results 

in the reduction the availability of surface active sites for the reaction to take place 

(Kodihalli and Timmappa, 2012). The activity of 600ZnO/TiO2 works more 

effectively corresponding to the maximum formation of hydroxyl radicals on the 

ZnO/TiO2 surface resulted from low recombination of electron-hole pairs, resulting in 

the destruction of the target organic pollutant (Yu et al., 2006). When the bilayer film 

is contacted with the UV-irradiation, the photogenerated electrons of the ZnO 

conduction band will be transferred to the conduction band of TiO2, while the 

photogenerated electrons of TiO2 will remain in the conduction band of TiO2. Since 

the holes move in the opposite direction from the electrons, the photogenerated holes 

of the TiO2 valence band will be transferred to the valence band of ZnO, which makes 

charge separation more efficient. Furthermore, according to the band edge position, as 

the conduction band of TiO2 is lower than that of ZnO, the former can act as a source 

for the photogenerated electrons (Shifu et al., 2008). On the other hand, ZnO can 

increase concentration of free electrons in the conduction band of TiO2, which implies 

that the charge recombination is reduced in the process of electron transport (Zhang et 

al., 2007).  
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Figure 4.9  Photocatalytic degradation of isopropanol per catalyst loading weight in 

unadjusted pH as a function of operating time by the TiO2, ZnO, 400ZnO/TiO2, 

500ZnO/TiO2, and 600ZnO/TiO2 films with the UV illumination for 8 h. 

 

Figure 4.9 shows the photocatalytic degradation of isopropanol per 

weight of loading of TiO2, ZnO, 400ZnO/TiO2, 500ZnO/TiO2, and 600ZnO/TiO2 

films. It can be seen that the degradation per weight of loading of 400ZnO/TiO2, 

500ZnO/TiO2, and 600ZnO/TiO2 bilayer films are lower than TiO2 and ZnO alone, 

which is possible that the bilayer films have more thickness and weight of catalyst than 

TiO2 and ZnO alone that resulted in cannot allow light to go through and activate 

radicals from the first TiO2 layer; thus, the lower degradation efficiency. 
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Under light irradiation, isopropanol is gradually oxidized through an 

acetone intermediate, and the concentration of isopropanol and acetone changes as 

shown in Figure 4.10. It is clear that the concentration of acetone increases continually, 

while the concentration of isopropanol decreases with the long-term irradiation. 

Isopropanol photocatalytic degradation mechanisms are shown in Figure 4.11. 

 

   
 

     
 

Figure 4.10  Changes of isopropanol concentration and acetone from isopropanol 

degradation as a function of operating time over the (a) TiO2, (b) 400ZnO/TiO2, (c) 

500ZnO/TiO2 and (d) 600ZnO/TiO2 films with the UV illumination for 8 h. 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.11 Isopropanol photocatalytic degradation mechanism (Kimball and 

Dowden, 1978). 

 

4.3  Energy Storage  

 

4.3.1  Energy Storage of TiO2 Films 

To set a baseline for energy storage of photocatalyst films, the TiO2 

film was first used. TiO2 used for the film preparation was calcined at 400°C. The 

conditions for the photocatalytic reaction were 30°C, 150 rpm of stirred speed, 5 lamps 

of UV light, 200 ml of 100 ppm isopropanol solution at unadjusted pH. The UV light 

was turned on for 2 h and turned off for 2 h until 8 h operating time. From Figure 4.12, 

the result indicates that the degradation of isopropanol is about 16.5% after the first 

illumination and 14.1% after the second illumination. The reduction in the degradation 

of isopropanol is possibly caused by the low activity of TiO2 alone. Furthermore, TiO2 

activity is limited by two main factors: the inability to absorb light and the fast 

recombination of photogenerated electron and hole (Adriana, 2008). Furthermore, 

intermediate products might be there, which are not desorbed from the catalyst surface; 

therefore, isopropanol cannot adsorb on the surface that causes low degradation 

efficiency. Thus, TiO2 shows low photocatalytic activity even the photocatalytic 

system is under illumination. Without illumination, the highest degradation rate is 

about 2.6%. It possible that the amount of isopropanol may adsorb on the catalyst 
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surface. Moreover, the n-type TiO2 first layer cannot form the p-n catalyst; thus, the 

degradation is very low.  

 

 
 

Figure 4.12  Photocatalytic degradation of isopropanol in unadjusted pH as a function 

of operating time by the TiO2 film with and without UV illumination. 

 

4.3.2  Energy Storage of ZnO Films 

 From Figure 4.13, the result shows that the degradation of isopropanol 

is about 17.0% after the first illumination and 16.5% after the second illumination. 

This indicates that ZnO has higher activity than TiO2 under UV illumination. However, 

without illumination, the highest degradation rate is about 1.9%. Like the TiO2 films, 

it possible that the amount of isopropanol may adsorb on the catalyst surface. 

Moreover, the p-type ZnO first layer cannot form the p-n catalyst; thus, the degradation 

is very low.  
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Figure 4.13  Photocatalytic degradation of isopropanol at unadjusted pH as a function 

of operating time by the ZnO film with and without UV illumination. 

 

4.3.3  Effects of UV Exposure Time of the 600ZnO/TiO2 Bilayer Film on the 

Oxidation Energy Storage  

Exposure time of the 600ZnO/TiO2 bilayer film to UV irradiation was  

also studied. The UV light was turned on 1 h and turned off 1 h until 8 h, turned on 2 

h and turned off 2 h until 8 h, and turned on 3 h and turned off 3 h until 12 h. 

  The results show that the reaction by exposure time of 2 h has higher 

energy storage efficiency than the reaction by exposure time of 3 h. For the UV 

exposure for 1 h, the degradation without illumination is lower than zero. It may be 

possible that having too short of the exposure time does not have enough electrons and 

holes resulting in a lower extent of isopropanol degradation, and the adsorbed 

isopropanol could desorb from the catalyst. Thus, the UV exposure time for 1 h is not 

suitable for energy storage.  
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Figure 4.14  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, UV irradiation for 1 h and turn off 1 h until 8 h. 

 

 
 

Figure 4. 15  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, UV irradiation for 2 h and turn off 2 h until 8 h. 
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Figure 4. 16  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, UV irradiation for 3 h and turn off 3 h until 12 h. 

 

4.3.4  pH Effects on the ZnO/TiO2 Bilayer Film Activity on the Photocatalytic 

Reaction 

In this study, the effect of pH of isopropanol solution on the 

photodegradation was examined at pH 3.0, which was adjusted by HCl, and the 

unadjusted pH (pH 6.3). 
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Figure 4.17  pH effect of 600ZnO/TiO2 film on the photocatalytic degradation of 

isopropanol at various pH with the UV illumination for 8 h. 

 

 It was observed that the degradation efficiency with ZnO/TiO2 

decreases with the decrease in the pH exhibiting maximum of degradation at 

unadjusted pH, 74.0% (Figure 4.17). pH simply influences the surface charge of the 

photocatalyst, affecting the adsorption of the substrate onto the surface charge of the 

photocatalysts known as reaction site as well as the hydroxyl radical (OH•) formation 

(Chavadej et al., 2009). The pH effect on the photodegradation of isopropanol in the 

presence of ZnO/TiO2 can be explained by using zero point charge (pHpzc). The pHpzc 

of ZnO is approximately 8.5 and that for TiO2 is about 5.3; therefore, about 7.0 could 

be the resultant pHpzc of bilayer films. Thus, the surface of the photocatalyst becomes 

positively charged at lower pH, but at higher pH, it becomes negatively charged (Habib 

et al., 2013). Although isopropanol can adsorb preferentially on the positively charged 

surface in the acidic condition, the degradation at pH 3.0 is less than at the unadjusted 

pH as the photocorrosion of ZnO may take place at lower pH. Bahnemann et al. (1987) 
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mentioned that ZnO is unstable due to incongruous dissolution to yield Zn(OH)2 on 

the ZnO particle surfaces and thus leading to catalyst inactivation. 

 

4.3.5  pH Effects on the ZnO/TiO2 Bilayer Film Activity on the Oxidation 

Energy Storage  

   ZnO/TiO2 bilayer films were used as a photocatalyst to study the effect 

of oxidation energy storage on the photocatalytic activity with and without UV 

illumination. Isopropanol solution was adjusted to pH 3.0 by HCl. Figure 4.18 

indicates the concentration of isopropanol at various times compared with isopropanol 

initial concentration by different pH, which shows the degradation rate of the 

isopropanol solution at unadjusted pH is higher than at pH 3.0 for both with and 

without light illumination. 

   

 
 
Figure 4.18  Concentration of isopropanol at various time compared with isopropanol 

initial concentration by the ZnO/TiO2 bilayer films with different pH. 
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From Table 4.3, with UV illumination, the degradation rate of 

isopropanol solution at unadjusted pH by using ZnO/TiO2 bilayer films shows the 

highest rate. As described before, unadjusted pH can improve the reaction site more 

than at pH 3.0. Other than that, at pH 3.0, might be occurred the presence of inhibition 

on the surface of catalyst could occur. However, the result without UV illumination 

shows that the degradation rate of isopropanol at unadjusted pH by ZnO/TiO2 is also 

higher than at pH 3.0. Therefore, we will focus on the degradation of isopropanol at 

unadjusted pH by ZnO/TiO2 to find the other optimum factors. 

 

Table 4.3  Reaction rates of isopropanol by the ZnO/TiO2 bilayer films with different 

pH 

 

 

Reaction rate (x105 s-1) 

Operating time (h)* 

2 4 6 8 

Unadjusted pH 2.90 1.53 1.97 1.11 

pH 3.0 2.50 0.79 1.85 0.51 

* The UV illumination was on for two hours ( 2 h operating time) .  Then, the 

illumination was off for two hours ( 4 h operating time) .  After that, turning it on for 

two more hours (6 h operating time) and off for the last two hours (8 h operating time). 

 

4.3.6 Effects of ZnO Loading of the 600ZnO/TiO2 Bilayer Film on the 

Oxidation Energy Storage 

 Figures 4.19-4.22 show the degradation of isopropanol from ZnO/TiO2 

at various ZnO loadings. The results show that the isopropanol solution can be 

degraded with every ZnO loading with and without UV illumination. That be due to 

the p-n junction of ZnO/TiO2, with ZnO and TiO2 as a p-type semiconductor (p-ZnO) 

and n-type semiconductor (n-TiO2), respectively. When doping p-ZnO into n-TiO2, a 

number of micro p-n junction are formed. At equilibrium, the p-ZnO region is 

negatively charged, while the n-TiO2 is positively charged. Under UV irradiation, 

electron-hole pairs are generated, then the holes flow into the negative field p-ZnO, 
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and the electrons flow into the positive field n-TiO2. Thus, the electron-hole pairs are 

separated effectively by the p-n junction. Moreover, the p-ZnO can act as a source for 

photogenerated electrons that are transferred to the conduction band of n-TiO2, while 

the photogenerated electrons of n-TiO2 remain in the conduction band of n-TiO2. In 

addition, the holes move in the opposite direction from the electrons, the valence band 

of p-ZnO (Shifu et al., 2008). It was reported that the holes could be trapped by p-ZnO 

into the Zn2+ form (Jing and Lu, 2003). Takahashi and Tatsuma (2005) reported that 

the photogenerated holes are transported into the p-semiconductor for the oxidative 

energy storage. From this reason, the p-n junction of ZnO/TiO2 contributes to energy 

storage. 

 In order to examine the effect of ZnO loading on the 600ZnO/TiO2 

bilayer films, ZnO/TiO2 was prepared at 4, 8, 15, and 19 mol% ZnO loadings (per total 

film). Figures 4.19-4.22 show the photocatalytic degradation of isopropanol with 

various ZnO loadings at unadjusted pH. When the ZnO loading is increased from 4 

mol% to 15 mol%, the degradation activity with and without UV illumination 

increases until the loading hits 15 mol% and then decreases when the loading is 

increased to 19 mol%. Moreover, the ZnO has higher activity than TiO2 because it has 

wide energy band gap; thus, it can harvest wide UV region. Chavadet et al. (2008) 

mentioned that increasing the catalyst loading resulted in increasing the generation of 

active species to react with organic molecules, consequently increasing the reaction 

rate, as shown in Table 4.4. And, with higher loading, the dispersion of ZnO particle 

on TiO2 surface may decrease, resulting in larger ZnO particle. Bansal et al. (2009) 

mentioned that, with the high dose of catalyst, there was a decrease in the UV light 

penetration; hence, the photoactivated electron-hole pairs decrease. Therefore, the 

light masking effect by ZnO particles on the TiO2 surface also has a negative factor on 

the photocatalytic activity.  
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Figure 4.19  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, 4 mol% ZnO, with and without UV illumination. 

 

 
 

Figure 4.20  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, 8 mol% ZnO, with and without UV illumination. 
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Figure 4.21  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, 15 mol% ZnO, with and without UV illumination. 

 

 
 

Figure 4.22  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, 19 mol% ZnO, with and without UV illumination. 
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Figure 4.23  Concentration of isopropanol at various time compared with isopropanol 

initial concentration by the ZnO/ TiO2 bilayer films with different ZnO loading with 

and without UV illumination. 

 

Figure 4.23 shows the concentration of isopropanol at various time 

compared with isopropanol initial concentration and the reaction rate of isopropanol 

by ZnO/TiO2 bilayer films with different ZnO loadings, also shown in Table 4.4. 
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Table 4.4  Reaction rates of isopropanol by the ZnO/TiO2 bilayer films with different 

ZnO loading 

 

 

Reaction rate (x105 s-1) 

Operating time (h)* 

2 4 6 8 

4 mol% ZnO 2.47 0.87 1.91 0.61 

8 mol% ZnO 2.70 1.26 1.83 0.80 

15 mol% ZnO 2.90 1.53 1.97 1.11 

19 mol% ZnO 2.57 1.09 1.81 0.67 

*The UV illumination was on for two hours (2 h operating time). Then, the 

illumination was off for two hours (4 h operating time). After that, turning it on for 

two more hours (6 h operating time) and off for the last two hours (8 h operating time). 

 

 The rate of photocatalytic degradation can be expressed by Eq (4.1). 

 

                                                      𝑟 =
𝑑(

𝐶

𝐶0
)

𝑑𝑡
      (4.1) 

 

where r is the rate of reaction (s-1), C is the isopropanol concentration at various times 

( ppm) , C0 is the isopropanol initial concentration ( ppm) , and t is the operating time 

(s). Table 4.4 shows the rate of photocatalytic degradation of isopropanol by using the 

ZnO/ TiO2 bilayer films with different ZnO loading.  It can be clearly seen that the 

reaction rate with using 15 mol%  ZnO is the highest followed by 8, 19, and 4 mol% , 

respectively. 
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4.3.7  Effects of ZnO Calcination Temperature of the ZnO/TiO2 Bilayer Film 

on the Oxidation Energy Storage  

 To investigate the optimum oxidation energy storage, ZnO particles 

were calcined at 400, 500, and 600°C, denoted as 400ZnO/TiO2, 500ZnO/TiO2, and 

600ZnO/TiO2, respectively. And the bilayer films were prepared at 15 mol% ZnO 

loading. Figures 4.24-4.26 show the photocatalytic degradation of isopropanol with 

the tested catalysts. These experimental results indicate that higher photocatalytic 

degradation activity is observed in the early stage of reaction, and become lower until 

at 8 h. This can be ascribed to the photocorrosion phenomenon on the surface of 

catalyst during the photocatalytic reaction contributed to low degradation efficiency 

(Feng et al., 2014). Moreover, the lower efficiency of photocatalytic degradation can 

be explained by the low photo-generated electrons and holes precipitated in the 

reaction (Wang et al., 2005). 

The results also show that 600ZnO/TiO2 has the highest 

photodegradation efficiency. This may be corresponding to the maximum formation 

of hydroxyl radicals on the ZnO/TiO2 surface resulted from low recombination of 

electron-hole pairs, resulting in the destruction of the target pollutant. The hydroxyl 

radicals are known to be powerful and non-selective oxidizing agent, which are 

responsible for partial or complete mineralization of several organic chemicals 

(Pardeshi and Patil, 2009). The 600ZnO/TiO2 photocatalyst shows the highest 

crystallite size and high particle size, but low BET surface area. Generally, the BET 

surface area is considered as a key parameter but, in this research, although the 

400ZnO/TiO2 has the highest surface area, it has the lowest photocatalytic degradation 

of isopropanol. Di and Haneda (2003) reported that the photocatalytic activity rises 

with the increase in the crystallinity, but decrease with the BET surface area indicating 

that crystallinity, rather than BET surface area, played a more important role on the 

photocatalytic activity. Kodihalli and Timmappa (2012) indicated that the increase in 

the calcination temperature resulted in the increase in the particle size and in 

crystallinity, which was helpful to enhance the photocatalytic activity. Muhammad et 

al. (2015) also reported that the nanomaterials, which had higher crystallinity, may 

provide direct path for the transfer of electron and decrease the charge recombination, 

thus increasing the efficiency. Furthermore, the higher crystallinity had more 
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conductive zone in contact with the degrading organic compound to produce a better 

photocatalytic activity.  

 Moreover, the photocatalytic degradation from the bilayer films is also 

higher than TiO2 and ZnO films. Without illumination, the optimum condition is 

600°C, and the highest photocatalytic degradation of isopropanol can be as high as 

14.8%. The photocatalytic activity of ZnO/TiO2 prepared in any other preparation 

condition is lower than that of 600°C heat treatment. 

 

 
 

Figure 4.24  Photocatalytic degradation of isopropanol at unadjusted pH by the 

400ZnO/TiO2 film, 15 mol% ZnO, with and without UV illumination. 
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Figure 4.25  Photocatalytic degradation of isopropanol at unadjusted pH by the 

500ZnO/TiO2 film, 15 mol% ZnO, with and without UV illumination. 

 

 
 
Figure 4.26  Photocatalytic degradation of isopropanol at unadjusted pH by the 

600ZnO/TiO2 film, 15 mol% ZnO, with and without UV illumination. 
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Figure 4.27  Photocatalytic degradation of isopropanol at unadjusted pH by the 

700ZnO/TiO2 film, 15 mol% ZnO, with and without UV illumination. 

 

Figure 4.27 shows the photocatalytic degradation of isopropanol with 

700ZnO/TiO2, it can be seen that when the calcination temperature increases up to 

700°C, the degradation becomes lower, which is possibly due to the decrease in 

specific surface area, pore size and pore volume, and the increase of particle size; 

hence, the reduction of active sites for the reaction. 
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Figure 4.28  Concentration of isopropanol at various time compared with isopropanol 

initial concentration by the ZnO/TiO2 bilayer films with different ZnO calcination 

temperature with and without UV illumination. 

 

Furthermore, Figure 4.28 shows the concentration of isopropanol at 

various times compared with its initial concentration and the reaction rate of 

isopropanol by ZnO/TiO2 bilayer films with different ZnO calcination, also shown in 

Table 4.5. 
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Table 4.5  Reaction rates of isopropanol by the ZnO/TiO2 bilayer films with different 

ZnO calcination temperatures 

 

 

Reaction rate (x105 s-1) 

Operating time (h)* 

2 4 6 8 

400ZnO/TiO2 2.13 0.92 1.82 0.80 

500ZnO/TiO2 2.29 1.19 1.82 0.96 

600ZnO/TiO2 2.90 1.53 1.97 1.11 

700ZnO/TiO2 2.40 1.02 1.77 0.61 

*The UV illumination was on for two hours (2 h operating time). Then, the 

illumination was off for two hours (4 h operating time). After that, turning it on for 

two more hours (6 h operating time) and off for the last two hours (8 h operating time). 

 

4.3.8. Photocatalytic degradation of TiO2, 400ZnO/TiO2, 500ZnO/TiO2, 

600ZnO/TiO2, and ZnO Films on the Oxidation Energy Storage 

   Figure 4.29 shows the photocatalytic degradation on the oxidative 

energy storage ability of TiO2, 400ZnO/TiO2, 500ZnO/TiO2, 600ZnO/TiO2, and ZnO 

films. It can be seen that when the lights are off, the degradation per weight of catalyst 

loading of 400ZnO/TiO2, 500ZnO/TiO2, and 600ZnO/TiO2 are higher than TiO2 and 

ZnO alone. Therefore, the bilayers films contribute to energy storage ability. And, the 

degradation per weight of loading of 600ZnO/TiO2 is higher than 500ZnO/TiO2 and 

400ZnO/TiO2, respectively. 
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Figure 4.29  Photocatalytic degradation of isopropanol per catalyst loading weight on 

the oxidation energy storage in unadjusted pH as a function of operating time by the 

TiO2, 400ZnO/TiO2, 500ZnO/TiO2, 600ZnO/TiO2, and ZnO films with the UV 

irradiation for 2 h and turn off 2 h until 8 h. 

 



 
 

CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1  Conclusions 

 

 ZnO/TiO2 bilayer photocatalyst films were prepared by spin coating method to 

test the photocatalytic degradation of isopropanol and their energy storage. From the 

photocatalytic activity study, ZnO/TiO2 showed the highest isopropanol degradation 

about 74.0%. However, that was not the case when the weight of the film was taken 

into consideration. Furthermore, the degradation of ZnO/TiO2 in the unadjusted pH 

solution was higher than at pH 3.0. From the investigation on the energy storage, 2-

hour exposure time showed the best time to store energy to degrade isopropanol 

without illumination. 15 mol% of 600ZnO/TiO2 was found to be optimum and 

exhibited the best activity in isopropanol degradation at unadjusted pH when there was 

no illumination. The highest degradation of isopropanol without illumination was 

about 14.8%. Moreover, when the weight of the films was included, the bilayer films 

still had the highest activity when there was no illumination. 

 

5.2  Recommendations 

 From this study, the following recommendations are suggested: 

1. Find other p-type semiconductors that could improve the efficiency of 

photocatalyst to degrade organic compounds during the reaction without 

illumination. 

2. Use ZnO/TiO2 bilayer films to degrade other organic compounds. 

3. Use mixed of TiO2 and ZnO in one layer to degrade organic compound 
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Appendix A   Standard X-ray Diffraction Powder Patterns of TiO2 

 

 



Appendix B   Standard X-ray Diffraction Powder Patterns of ZnO 
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Appendix C   Calculation sample of ZnO loadings on TiO2 layer 

 

 The calculation of ZnO on TiO2 layer can be calculated by 

 

 

 

For example; 

 

 Weight of the second layer = 0.00125 g  

 TiO2 sol (on the second layer) = 0.0015 g 

  ∴ ZnO on the second layer = 0.0015 – 0.00125 = 0.00025 g 

 

 TiO2 (on the first layer) = 0.004 g 

  ∴ The amount of TiO2 total film = 0.0015 + 0.004 = 0.0055 g 

 

 From the mol ratio equation;  

  Mw of TiO2 = 79.866 

  Mw of ZnO = 81.408 

 

Mol ratio    =   
0.00025

81.408
0.00025

81.408
+

0.0055

79.866

    =   0.0427  = 4 mol% of ZnO per total film 

 

And the other mol% of ZnO per total film can be calculated by the same with 

this equation.  

% 𝑚𝑜𝑙 𝑟𝑎𝑡𝑖𝑜 =  
𝑚𝑜𝑙 𝑍𝑛𝑂

𝑚𝑜𝑙 𝑍𝑛𝑂 + 𝑚𝑜𝑙 𝑇𝑖𝑂2
 



 84 

CURRICULUM VITAE 

 

Name:   Ms. Ratchawan Jarumanee 

Date of Birth:  November 25, 1992 

Nationality:  Thai 

University Education: 

 2011-2014 Bachelor Degree of Industrial Chemistry, Faculty of Science, 

Chiang Mai University, Chiang Mai, Thailand 

Work Experience: 

 2013-2013 Position:  Internship Student  

         (Quality Assurance) 

Company name: Thai Parkerizing Company Limited, 

Rayong, Thailand 

Proceedings: 

1. Jarumanee, R., Rangsunvigit, P., and Ngaotrakanwiwat, P. (2017, May 23) 

Study on energy storage ability of ZnO/TiO2 for photocatalytic degradation of 

isopropanol. Proceedings of The 8th Research Symposium on Petrochemical and 

Material Technology and The 23rd PPC Symposium on Petroleum, 

Petrochemicals, and Polymers, Bangkok, Thailand. 

Presentation: 

1. Jarumanee, R., Rangsunvigit, P., and Ngaotrakanwiwat, P. (2017, June 12-15) 

Synthesis of bilayer films for photocatalytic degradation of isopropanol in the 

absence of light. Poster Presented at 2nd International Conference on Applied 

Surface Science (ICASS), Dalian, China. 

 


	Cover (English)
	Accepted
	ABSTRACT (English)
	ABSTRACT (Thai)
	ACKNOWLEDGEMENTS
	CONTENTS
	CHAPTER I INTRODUCTION
	CHAPTER II THEORETICAL BACKGROUD AND LITERATURE REVIEW
	2.1 Principle of Photocatalysis
	2.2 Titanium Dioxide (TiO2)
	2.3 Photocatalytic Degradation Mechanism of Zinc Oxide
	2.4 Isopropanol
	2.5 Oxidative Energy Storage Model of TiO2
	2.6 Sol-gel Method for Thin Film Preparation

	CHAPTER III EXPERIMENTAL
	3.1 Chemicals and Equipment
	3.2 Experimental Procedures
	3.3 Analytical Technique

	CHAPTER IV RESULT AND DISCUSSION
	4.1 Catalyst Characterization
	4.2 Photocatalytic Activity
	4.3 Energy Storage

	CHAPTER V CONCLUSIONS AND RECOMMENDATIONS
	5.1 Conclusions
	5.2 Recommendations

	REFERENCES
	APPEDICES
	VITAE



