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ABSTRACT

The research described in this thesis is an attempt to correlate structural and 
physicochemical properties of ZnO photocatalysts with their photocatalytic 
properties. ZnO photocatalysts were synthesized by sol-gel method from zinc acetate 
dihydrate (Zn(CH3COO)2.2H2O) in methanolic medium, either with or without the 
addition o f cetyl-trimethyl ammonium bromide (CTAB) and sodium hydroxide. The 
ZnO powders synthesized with the addition o f CTAB were calcined at 300, 400, 500, 
600 and 700°C to produce ZnO that contained carbon. ZnO was also synthesized by 
a similar method without CTAB addition and calcined at 500°C. The structural and 
electronic properties of ZnO synthesized with the addition of CTAB (C-ZnO) and 
ZnO synthesized without the addition of CTAB (ZnO-500) were analysed. X-Ray 
diffraction pattern proved that the ZnO samples were crystalline hexagonal ZnO 
wurtzite with crystallite size range of 23-34 nm. Field emission scanning electron 
microscopic morphology o f ZnO samples showed irregular-shape particles in the 
prepared C-ZnO and ZnO samples. Particle size of ZnO increased as the calcination 
temperature of ZnO was increased. The particle sizes o f ZnO samples were 
distributed from 40 to 300 nm. The presence of carbon in ZnO samples after 
calcination was confirmed by Fourier transform infrared spectroscopy, 
thermogravimetric analysis and X-ray photoelectron spectroscopy. The 
photocatalytic oxidation of styrene in H 2 O2 catalyzed by ZnO photocatalysts was 
selective towards the production o f styrene oxide. Among ZnO samples, ZnO-500 
showed the highest selectivity towards styrene oxide which is 96.8%. This was 
explained by the presence o f amorphous carbon in ZnO-500 indicated by the weight 
loss in thermogravimetric analysis which is due to the oxidation of amorphous 
carbon. The amorphous carbon caused the grey colour in ZnO-500, C-ZnO-300 and 
C-ZnO-400 due to aggregation of acetate during ZnO synthesis, and this was 
supported by C=C aromatic absorption peaks observed by Fourier transform infrared 
spectroscopy. White colour of C-ZnO-500, C-ZnO-600 and C-ZnO-700 was due to 
high content of organized carbon formed from the trapped acetate in CTAB during 
ZnO synthesis. Density functional theory (DFT) calculations were carried out to 
study the effects of carbon on the electronic properties o f C-ZnO. The results showed 
lowest band gap energy caused by carbon substituted with oxygen.
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ABSTRAK

Penyelidikan yang diterangkan dalam tesis ini adalah satu percubaan untuk 
mengaitkan sifat-sifat fisikokimia fotomangkin ZnO dengan sifat 
fotopemangkinannya. Mangkin ZnO telah disediakan daripada zink asetat dihidrat 
(Zn(CH3COO)2.2H2O) dengan kaedah sol-gel di dalam medium metanol sama ada 
dengan atau tanpa penambahan setil-trimetil ammonium bromida (CTAB) dan 
dengan kehadiran natrium hidroksida. Serbuk ZnO yang disediakan dengan 
penambahan CTAB telah dikalsin pada 300, 400, 500, 600 dan 700°C untuk 
menghasilkan ZnO yang mengandungi karbon. ZnO juga disediakan dengan kaedah 
yang serupa tanpa penambahan CTAB dan dikalsin pada 500°C. Sifat struktur dan 
elektronik ZnO yang disediakan dengan penambahan CTAB (C-ZnO) dan ZnO yang 
disediakan tanpa penambahan CTAB (ZnO-500) telah dianalisis. Corak pembelauan 
sinar-X membuktikan bahawa sampel ZnO adalah kristal ZnO wurtzite heksagon 
dengan julat saiz kristal 23-34 nm. Morfologi mikroskopi elektron pengimbas 
menunjukkan bahawa sampel C-ZnO dan ZnO yang disediakan menunjukkan zarah 
yang tidak teratur di dalam sampel C-ZnO dan ZnO. Saiz zarah ZnO meningkat 
apabila suhu pengkalsinan ZnO ditingkatkan. Taburan saiz partikel sampel ZnO 
adalah dari 40 hingga 300 nm. Kehadiran karbon di dalam sampel ZnO selepas 
pengkalsinan telah dibuktikan dengan spektroskopi inframerah transformasi Fourier, 
analisis termogravimetri dan spektroskopi fotoelektron sinar-X. Pengoksidaan 
fotopemangkinan stirena di dalam H 2O2 dimangkinkan fotomangkin ZnO 
mempunyai kepilihan terhadap penghasilan stirena oksida. Di antara sampel ZnO, 
ZnO-500 menunjukkan kepilihan tertinggi terhadap stirena oksida iaitu 96.8%. Ini 
dijelaskan dengan kehadiran karbon amorfus di dalam ZnO-500 yang dibuktikan 
dengan penurunan berat dalam analisis termogravimetri disebabkan oleh 
pengoksidaan karbon amorfus. Karbon amorfus menyebabkan ZnO-500, C-ZnO-300 
dan C-ZnO-400 berwarna kelabu disebabkan oleh pengumpalan asetat semasa 
penyediaan ZnO, dan ini disokong oleh puncak penyerapan aromatik C=C yang 
dapat diperhatikan dengan spektroskopi inframerah transformasi Fourier. Warna 
putih C-ZnO-500, C-ZnO-600 dan C-ZnO-700 adalah disebabkan oleh kandungan 
karbon tersusun yang tinggi yang terbentuk daripada asetat yang terperangkap di 
dalam CTAB semasa penyediaan ZnO. Pengiraan teori fungsi ketumpatan (DFT) 
telah dijalankan untuk mengkaji kesan karbon terhadap sifat elektronik C-ZnO. 
Hasilnya menunjukkan tenaga luang jalur terendah disebabkan oleh karbon yang 
digantikan dengan oksigen.

vii



TABLE OF CONTENTS

AUTHOR’S DECLARATION iii

DEDICATION iv

ACKNOWLEDGEMENT v

ABSTRACT vi

ABSTRAK vii

TABLE OF CONTENTS ix

LIST OF TABLES xii

LIST OF FIGURES xiii

LIST OF ABBREVIATIONS xv

LIST OF SYMBOLS xvi

LIST OF APPENDICES xvii

CHAPTER 1 INTRODUCTION 1

1.1 Background of Study 1

1.2 Statement of Problem 5

1.3 Research Objectives 6

1.4 Scopes of Study 6

1.5 Significance of Study 7

CHAPTER 2 LITERATURE REVIEW 9

2.1 Introduction 9

2.2 Zinc Oxide (ZnO) 9

2.2.1 ZnO Photocatalyst 10

2.3 Carbon Doped ZnO 11

2.4 Sol Gel method 15

TITLE PAGE

ix



15

16

17

18

21

21

21

22

22

23

24

26

26

26

27

27

27

28

28

28

29

29

Effect o f  carbon in ZnO 

Density Functional Theory (DFT) 

Photocatalysis Under Visible Light 

Photocatalytic Oxidation o f  Styrene

RESEARCH METHODOLODY

Introduction

Materials and Chemicals

Research Framework

DFT Calculation

Synthesis o f  ZnO photocatalysts

3.5.1 Synthesis o f ZnO- without CTAB 
Addition

3.5.2 Synthesis o f Carbon Doped ZnO 

Photocatalyst Characterizations

3.6.1 Fourier Transform Infrared 
Spectroscopy (FTIR)

3.6.2 Field Emission Scanning Electron 
Microscopy (FESEM)

3.6.3 X-Ray Diffraction (XRD)

3.6.4 Diffuse Reflectance UV-Visible 
(DRUV)

3.6.5 Photoluminescence

3.6.6 X-Ray Photoelectron Spectroscopy 
(XPS)

3.6.7 Thermal Gravimetric Analysis (TGA)

Photocatalytic Oxidation o f Styrene under 
Visible Light Irradiation

RESULTS AND DISCUSSION

Synthesis o f ZnO at Different Calcination 
Temperature

x



4.2 Surface Chemical Analysis of ZnO Samples 30

4.3 Electronic Properties

4.3.1 Optical Properties 32

4.3.2 Photoluminescence 36

4.4 Crystallographic Study o f ZnO Samples 37

4.5 Morphological Properties of ZnO Samples 40

4.6 Thermal Gravimetric Analysis o f ZnO Samples 42

4.7 XPS analysis of ZnO-500 and C-ZnO-500 48

4.8 Photocatalytic Activity 50

4.9 Density Functional Theory 53

4.9.1 Density o f State for ZnO 55

4.9.2 Density o f State for C-ZnO at O 
substitution

4.9.3 Density o f State for C-ZnO at Zn ^
substitution 61

4.10 Summary and the Possible Explanation for the
Higher Photocatalytic Activity o f ZnO-500

CHAPTER 5 CONCLUSIONS 67

REFERENCES 69

APPENDICES 75

xi



LIST OF TABLES

Table 2.1

Table 4.1 

Table 4.2

Table 4.3 

Table 4.4 

Table 4.5 

Table 4.6

TABLE NO.

The summary of carbon doped ZnO photocatalysts 13-14
from previous work

Band gap energy based on Tauc Plot 34

Variation of crystallite size with calcinations 39
temperature

TITLE PAGE

EDX analysis of ZnO photocatalysts calcined at 
different temperatures.

Percentage of weight loss in ZnO-based photocatalysts 
based on TGA-DTG analysis

Percentage of selectivity for benzaldehyde and styrene 
oxide

Band gap energy of ZnO and carbon-ZnO from 
B2PLYP calculation

43

47

50

54

xii



LIST OF FIGURES

Figure 1.1

Figure 2.1

Figure 2.2 

Figure 3.1 

Figure 3.2 

Figure 3.3

Figure 4.1 

Figure 4.2

Figure 4.3

Figure 4.4 

Figure 4.5 

Figure 4.6

Figure 4.7 

Figure 4.8

Figure 4.9

FIGURES NO TITLE

Photocatalysis mechanism of metal oxide for 
pollutant degradation

ZnO crystallizes in three different crystal lattices; (a) 
rocksalt ZnO, (b) Zinc blende, (c) Hexagonal 
wurtzite

Main products of styrene oxidation

Research framework

Model of wurtzite ZnO structures

The flow diagram for carbon doped ZnO synthesis 
with CTAB addition

Photograph images of ZnO-based photocatalysts

FTIR spectra of (a) ZnO-500, (b) C-ZnO-300, (c) C- 
ZnO-400, (d) C-ZnO-500, (e) C-ZnO-600, (f) C- 
ZnO-700 and (g) ZnO commercial

Proposed scheme of the formation o f ZnO samples 
(a) without addition of CTAB and (b) with the 
additions of CTAB

Photograph images of ZnO-based photocatalysts

Kubelka-Munk plot of ZnO photocatalysts

(a) Tauc plot of ZnO photocatalysts; (b) Tauc plot of 
ZnO photocatalysts from 3.05 to 3.45 eV

XRD pattern of (a) ZnO-500, (b) C-ZnO-300, (c) C- 
ZnO-400, (d) C-ZnO-500, (e) C-ZnO-600 and (f) C- 
ZnO-700

Photoluminiscence spectra of ZnO-500, C-ZnO-300, 
C-ZnO-400, C-ZnO-500, C-ZnO-700 and ZnO 
commercial

XRD patterns of (a) ZnO-500, (b) C-ZnO-300, (c) C- 
ZnO-400, (d) C-ZnO-500, (e) C-ZnO-600 and (f) C- 
ZnO-700

3

10

19

22

22

25

29

30

32

33

34

35

36

37

38

PAGE

xiii



Figure 4.10 FESEM micrographs and particle size distribution of 41-42
prepared ZnO-500 and C-ZnO calcined at various 
temperatures

Figure 4.11 EDX spectra of ZnO photocatalysts 41

Figure 4.12(a) Thermogravimetric analysis o f ZnO commercial, 45
ZnO-500 and ZnO- photocatalysts calcined at 
different temperatures of 300 oC to 700 oC.

Figure 4.12(b) Differential thermogravimetric analysis (DTG) of 46
ZnO commercial, ZnO-500 and C-ZnO 
photocatalysts calcined at different temperatures of 
300 oC to 700 oC

Figure 4.13 XPS spectra of (a) ZnO-500 and (b) C-ZnO-500 48

Figure 4.14 C1s XPS spectra of (a) ZnO-500 and (b) C-ZnO-500 49

Figure 4.15 Benzaldehyde selectivity and styrene oxide 50
selectivity for all ZnO photocatalysts

Figure 4.16 Proposed mechanisms of styrene oxidation in 30 % 52
H2 O2  with ZnO photocatalysts

Figure 4.17(a) Proposed structure of Zn9 O9 53

Figure 4.17(b) Proposed structure of Zn24 O2 4  54

Figure 4.18 Total Density o f states (TDOS) of Zn2 4 O2 4  56

Figure 4.19 DOS of each orbital in pure ZnO (Zn2 4 O2 4 ) 57

Figure 4.20 Total Density o f states (TDOS) of Zn2 4 O2 3 -C for 58
highest Eg value

Figure 4.21(a) DOS of each orbital in C-ZnO (Zn24O23-C) 59

Figure 4.21(b) DOS of each orbitals in C-ZnO (Zn24O23-C) 60

Figure 4.22 Total Density o f states (TDOS) of Zn2 4 O2 3 -C for 61
highest Eg value

Figure 4.23(a) DOS of each orbitals in C-ZnO (Zn23O24-C) 62

Figure 4.23(b) DOS of each orbitals in C-ZnO (Zn23O24-C) 63

xiv



LIST OF ABBREVIATIONS

UV-Vis - Ultraviolet-Visible

FESEM - Field Emission Scanning Electron Microscopy

FTIR - Fourier transform infrared

ZnO - Zinc oxide

DFT - Density functional theory

XPS - X-Ray Photoelectron Spectroscopy

H 2 O2 - Hydrogen peroxide

PL - Photoluminescence

CB - Conduction band

VB - Valence band

CTAB - Cetyltrimethyl ammonium bromide

TGA - Thermalgravimetric Analysis

XRD - X-Ray Diffraction

xv



LIST OF SYMBOLS

•OH - Hydroxyl radical

h+ - Positive hole

e- - Electron

ZnO - Zinc oxide

H 2 O2 - Hydrogen peroxide

xvi



LIST OF APPENDICES

Appendix A Calculated result for Zn9O9 Structure 75

Appendix B Calculated result for Zn2 4 O24  Structure 76

Appendix C FTIR Spectra of ZnO Samples 78-81

Appendix D Tauc Plot Analysis o f ZnO Samples 82-84

Appendix E TGA Analysis of ZnO Samples 85-89

APPENDIX TITLE PAGE

xvii



CHAPTER 1

INTRODUCTION

1.1 Background of Study

In the recent years, the scientific research has spent many efforts in new 

development in field of photocatalysis, especially because the importance of both 

technological and economical photocatalysis has increased over the past decades. A 

range of photocatalysis applications have been developed including anti-fogging, 

anti-microbial, self-cleaning surfaces, water and air purification, and solar induced 

hydrogen production (Pawar and Lee, 2015). Among these applications, many of 

them have been successfully commercialized. However, continuous research is done 

to further optimize photocatalysis technology and to broaden the scale of potential 

applications.

Semiconductors are widely used as photocatalysts because of a favorable 

combination of electronic structure, light absorption properties, charge transport 

characteristics and excited-state lifetimes (Khan and Adil, 2015). Among the oxide 

semiconductors, TiO2 has broad application especially in photocatalysis. Besides 

TiO2 , ZnO is also recognized as one of the excellent materials for the photocatalytic 

activity since it has almost similar band gap energy as TiO2 , which is nontoxic in 

nature and provide low cost (Haibo et al., 2013). Therefore, recent studies are more 

focus on optimization of ZnO photocatalyst to widen its application in photocatalyst. 

ZnO has direct and wide band gap energy near the UV spectral region, about 3.37 eV 

at room temperature (Janotti & Walle, 2009). This wide band gap of ZnO photocalyst 

is useful to decrease the time for the recombination of electron-hole pair in 

photocatalytic activity. However, the application of ZnO photocatalyst is limited to 

the UV light photocatalyst only, because the energy emitted from UV light is high 

enough to promote electron from valence band to conduction band. The main 

problem in the photocatalysis is to develop an economical photocatalyst, which one
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of the solutions is by using solar energy, but photocatalyst only active under UV light 

irradiation.

Photocatalysis is the field of study on the photocatalyst and its photocatalytic 

process. Photocatalytic process begins when photons o f energy higher or equal to the 

band gap energy are absorbed by a semiconductor particle resulting the transferred 

electron (e") from the valence band (VB) to the conduction band (CB) and generating 

a hole (h+) in the VB (Hernandez-Ramirez and Medina-Ramirez, 2015). Figure 1.1 

shows the general mechanism of photocatalysis. The electron of the valence band 

becomes excited when irradiated by light. The absorption o f the photons creates a 

bulk of electron-hole pairs, where free photo-electrons (e-) are located in the 

conduction band and photo-holes (h+) are located in the valence band. The 

recombination o f e" and h+ take places either on the surface or in the bulk of the 

particle releasing the energy in the form of heat. The e- and h+ can migrate to the 

surface of the particle, where they can react with adsorbed molecules if the 

recombination process is suppressed (Hernandez-Ramirez and Medina-Ramirez, 

2015). The adsorbed species could be either reduced by CB electrons or oxidized by 

positive holes in VB. If the adsorbed species is water, electrons from water molecule 

will transfer to the positive holes to produce *OH radicals which are powerful 

oxidants and react with organic and toxic compounds. *OH radicals is responsible to 

initiate the oxidation reactions, especially for substances that adsorb weakly on the 

photocatalyst surface. This oxidation pathway is known as indirect oxidation to 

differentiate it from the direct oxidation by holes (Hernandez-Ramirez and Medina- 

Ramirez, 2015).
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Adsorbed H20

Figure 1.1 Photocatalysis mechanism of metal oxide for pollutant degradation 
(Leong et al. 2016)

Sunlight or known as solar energy is a free and most abundance energy 

source in the world. In order to maximal utilization of free solar energy, research 

study is focusing on the visible-light driven photocatalyst since visible light covers 

39% of sunlight (Joesten, et al., 2006). The problem is ZnO has wide band gap 

energy which limits the absorption of visible light, this is because the energy emitted 

from visible light is not strong enough to excite electron from valence band to 

conduction band. Therefore, it is very crucial to lower the band gap of ZnO to allow 

the absorption of visible light region, and also promote maximum utilization of solar 

energy. Many studies have reported the proper methods in the development of 

visible-light driven photocatalyst, which are ion doped semiconductor, 

semiconductor coupling (Hernandez-Ramirez & Medina-Ramirez 2015), surface 

organic coating, surface hybridization with carbon and doping method either with 

metal (Benhebal et al. 2014) such as copper (Ahmad et al. 2013) or non-metal 

elements such as carbon (C), nitrogen (N) and sulphur (S) (Tan et al. 2007).

It was reported that doping with non-metal elements like carbon (C), nitrogen 

(N) and sulphur (S) had the ability to decrease the band gap o f ZnO and served as p 

type semiconductor photocatalyst (Tan et a l. 2007). Furthermore, C, N and S doped
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ZnO were proven to give higher photocatalytic activity compared to pure ZnO (Yu et 

al. 2016). However, among the non-metal dopants, C has been reported to be very 

efficient for visible light driven photocatalysis (Liu et al. 2011; Haibo et al. 2013). 

ZnO is an n-type semiconductor and change into p-type semiconductor by doping of 

carbon which promotes the changes in its electrical and optical properties, and 

creates unique properties (Haibo et al. 2013). Thus, for the last 10 years, carbon- 

doped ZnO photocatalyst has gained significant attention as one of the promising 

technique in the degradation of various organic pollutants such as organic dyes and 

phenolic compounds.

The ZnO doped with carbon has been successfully prepared by calcination of 

zinc compound with various organic agents, such as gluconic acid, ethylene glycol, 

vitamin C (Cho et al. 2010), and polystyrene opal (Lin et al. 2012). Urea which is 

synthesized from inorganic compound has been successfully used as carbon source in 

synthesis of ZnO doped with carbon (Zhang et al. 2015). Other precursors, zinc 

gluconate (Haibo et al. 2013), zinc acetate dihydrate (Bechambi et al. 2015), zinc 

carbonate hexahydrate (Liu et al. 2011) and zinc nitrate dihydrate (Lavand & Malghe 

2015) are also being used in the synthesis of ZnO doped with carbon. ZnO doped 

with carbon synthesized from urea with band gap energy ~2.37 eV has excellent 

photocatalytic activity for methylene blue photodegradation under visible light 

irradiation after 2 hours irradiation with 90.2% efficiency (Zhang et al. 2015). 

Therefore, to ensure that the ZnO doped with carbon is absorbing visible-light, the 

value of band gap energy should be around ~2.37 eV as reported by Zhang et al 

(2015). Hydrothermal reaction, thermal plasma inflight technique, pulse-laser 

deposition and pyrolysis are the common method used in preparation of ZnO doped 

with carbon. However, sol-gel method is a common method done in the preparing of 

ZnO due to its advantages. Sol gel method is known as one of the convenient method 

to synthesize nanoparticles from various precursors. It is flexible, economical and 

less complex as compared to other conventional methods for nanoparticles synthesis 

and it also uses relatively low temperatures (Kumar et al. 2015).

From the recent study, ZnO doped with carbon has been successfully used as 

visible driven photocatalysts in the photodegradation o f organic pollutant and dyes. 

In dyes degradation, ZnO doped with carbon is active for the photodegradation of
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malachite green (Lavand & Malghe 2015) , orange II (Cho et al. 2010), rhodamine B 

(Haibo et al. 2013) and methylene blue (Zhang et al. 2015). ZnO doped with carbon 

is also successfully used for solar water splitting, with polystyrene opal as the carbon 

precursor (Lin et al. 2012). In this study, the effect of carbon doped on the ZnO and 

its photocatalytic activity in styrene oxidation was evaluated by several spectroscopic 

analysis and DFT simulation.

1.2 Problem Statement

ZnO with doped carbon photocatalysts have gained significant attention as 

one of the promising technique in the photodegradation and photocatalytic oxidation 

of organic molecules. Recently, ZnO with doped carbon is widely studied as driven 

visible light photocotalyst since it is proved that carbon is able to lower the band gap 

energy of ZnO and allows the absorption o f visible light. However, less study 

successfully describe the effect of carbon in the ZnO to the photocatalytic 

performance of ZnO under visible light. The ZnO contained carbon was prepared 

from zinc acetate dihydrate via sol-gel method with the addition o f CTAB or without 

it, and further calcined at different temperatures. Zinc acetate dihydrate acts as both 

precursors of Zn and carbon in the ZnO synthesis Therefore, this method will be the 

most convenient method to synthesis ZnO with carbon content without any external 

sources of carbon. The addition o f CTAB and various calcination temperature in the 

ZnO synthesis was believed to affect the carbon formed, and deliberately affect the 

structure and properties of ZnO. Therefore, this study was conducted to determine 

the effect of carbon in ZnO, CTAB addition and calcination temperature based on the 

structure and properties. The relationship between structure-properties of ZnO 

towards the photocatalytic performance under visible light irradiation for 

photocatalytic oxidation of styrene was described in this study.
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1.3 Research Objectives

The objectives of this study were:

• To synthesize ZnO from zinc acetate dihydrate with and without CTAB by 

sol-gel method.

• To characterize the physical chemical properties of the prepared ZnO 

photocatalysts.

• To study the relationship of structure-properties of ZnO with the 

photocatalytic performance under visible light irradiation for photocatalytic 

oxidation of styrene, and to study effect of carbon to the electronic properties 

of carbon-ZnO by DFT calculation.

1.4 Scopes of the Study

The study was focused on the effect of carbon in ZnO, addition of CTAB and 

calcination temperatures in ZnO synthesis towards the visible light photocatalytic 

activity for styrene oxidation. The carbon-ZnO were synthesis from zinc acetate 

dihydrate via sol-gel method with and without CTAB addition. Zinc acetate 

dihydrate was used as the precursors of Zn and carbon. Carbon sourced from acetate 

after calcination would likely formed in different form such amorphous and 

organized carbon, which also being affected by the addition of CTAB. The dried 

ZnO samples were calcined at different temperatures from 300 to 700 oC to study the 

effect of temperature to the carbon content in ZnO, and the structures-properties of 

ZnO.

Several spectroscopic analysis such as Fourier Transform Infrared 

Spectrometer (FTIR), DR UV VIS Spectrophotometer (DR UV-vis), 

Photoluminescence Spectrometer (PL) and X-Ray Photoelectron Spectrometer (XPS) 

were used to study the electronic properties and other properties of ZnO 

photocatalysts. Other analysis such as Field emission scanning electron microscope 

(FESEM), X-Ray Diffractometer (XRD) and Thermogravimetric analyzer (TGA)
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instrumentations were also utilized to study the morphology, crystallinity and weight 

loss percentage of ZnO photocatalysts.

In general, density functional theory (DFT) calculation is one of the quantum 

theories based on Schrodinger equation. The DFT was first introduced and explained 

by Thomas-Fermi model in 1920s and later being completed by Kohn, Hohenberg 

and Sham by introducing the calculation using electron density. The electron density 

determines the number of electron, ground state wave function and all other 

electronic properties of the system. This DFT calculation is advantages for bigger 

structures where the bigger structures give more reliable result since they are more 

stable. Previous study on DFT calculation has widely studied on ZnO wurtzite, 

however, there are less DFT study focusing on effect of carbon in ZnO. Therefore, in 

this study DFT calculation was used to determine the electronic properties of carbon- 

ZnO. Gaussian 09 package was used, and a supercell model for ZnO consist of 24 Zn 

atom and 24 O atom were proposed and evaluated in the DFT simulation using 

B2PLYP/6-311G(D) method.

1.5 Significance of the Study

The study is important for the photocatalysis, especially in describing the 

effect of carbon in the metal oxide or semiconductors likes ZnO. Different forms of 

carbon like amorphous carbon will have different effect towards the structures, 

properties and photocatalytic performance of the ZnO photocatalyst. The study 

provides significant information on the relation between the structural and physical 

properties of ZnO with its photocatalytic activity. Therefore, the effect of carbon in 

ZnO structures and properties were evaluated using several instrumentation 

techniques and the effect of carbon in the photocatalytic performance of ZnO were 

described.

7



REFERENCES

Aljawfi, R. N., Alam, M. J., Rahman, F., Ahmad, S., Shahee, A. and Kumar, S. 

(2018). Impact of Annealing on the Structural and Optical Properties of ZnO 

Nanoparticles and Tracing the Formation of Clusters via DFT Calculation.

Arabian Journal o f  Chemistry, 1-12.

Anandan, S., Ohashi, N. and Miyauchi, M. (2010). Zno-Based Visible Light 

Photocatalyst: Band-Gap Engineering and Multi-Electron Reduction by Co

Catalyst. Applied Catalysis B: Environmental, 100, 502-509.

Asthana, A., Momeni, K., Prasad, A., Yap, Y. K. and Yassar R. S. (2011). On The 

Correlation of Crystal Defects and Band Gap Properties of Zno Nanobelts. 

Applied Physics A. 105, 909-914.

Bashiri, R., Mohamed, N. M. and Chong, F. K. (2016). Advancement of Sol-Gel- 

Prepared TiO2 Photocatalyst. Intechopen Open Access Peer-reviewed chapter 

8, 151-167. doi: 10.5772/intechopen.68357.

Bechambi, O., Sayadi, S. and Najjar, W. (2015). Photocatalytic Degradation of 

Bisphenol A in the Presence of C-Doped ZnO: Effect of Operational 

Parameters and Photodegradation Mechanism. Journal o f  Industrial and 

Engineering Chemistry. 32, 201-210.

Chakrabarti, S. and Dutta, B. (2004). Photocatalytic Degradation o f Model Textile 

Dyes in Wastewater Using Zno as Semiconductor Catalyst. Journal Hazard 

Material. 112, 269-278.

Cho, S. H., Jang, J. W., Lee, J. S. and Lee, K. H. (2010). Carbon-doped ZnO 

nanostructures synthesized using vitamin C for visible light photocatalysis. 

Crystallography Engineering Communication, 12, 3929-3935.

Delgado-Balderas, R., Hinojosa-Reyes, L., Guzman-Mar, J. L., Garza-Gonzalez, 

M. T., Lopez-Chuken, U. J. and Hernandez-Ram irez, A. (2012). 

Photocatalytic Reduction o f Cr (VI) From Agricultural Soil Column

69



Leachates Using Zinc Oxide under UV Light Irradiation. Environmental 

Technology, 33, 2673-2680.

Duarte, T. A. G., Estrada, A. C., Simoes, M. M. Q., Santos, I. C. M. S., Cavaleiro, A. 

M. V., Neves, M. G. P. M. S. and Cavaleiro, J. A. S. (2015). Homogeneous 

Catalytic Oxidation of Styrene and Styrene Derivatives with Hydrogen 

Peroxide in the Presence o f Transition Metal-Substituted Polyoxotungstates. 

Catalysis Science & Technology, 5, 351-363. doi: 10.1039/C4CY00702F.

Di Paola, A., Garci'a-Lopez, E., Marci', G. and Palmisano, L. (2012). A survey of 

Photocatalytic Materials for Environmental Remediation. Journal Hazard 

Material. 211-212, 3-29.

Farbod, M., and Jafarpoor, E. (2012). Fabrication of Different ZnO Nanostructures 

and Investigation of Morphology Dependence of Their Photocatalytic 

Properties. Material Letters. 85, 47-49.

Fang, Z. B., Yan, Z. J., Tan, Y. S., Liu, X. Q., and Wang, Y. Y. (2005). Influence o f 

Post-Annealing Treatment on the Structure Properties o f ZnO Films. Applied 

Surface Science, 241, 303-308. doi: 10.1016/j.apsusc.2004.07.056.

Franco, P., Sacco, O., De Marco, I. and Vaiano, V. (2019). Zinc Oxide Nanoparticles 

Obtained by Supercritical Antisolvent Precipitation for the Photocatalytic 

Degradation o f Crystal Violet Dye. Catalysts, 9(4), 346. doi:

10.3390/catal9040346.

Gibbs, B. F. and Mulligan, C. N. (1997). Styrene Toxicity: An Ecotoxicological 

Assessment. Ecotoxicological Environmental Safety, 38(3), 181.

Geetha, D., and Thilagavathi, T. (2010). Hydrothermal Synthesis o f Nano Zno 

Structures from CTAB. Digest Journal o f  Nanomaterials and Biostructure, 

5(1), 297 -  301.

Geetha, D., and Thilagavathi, T. (2014). Nano ZnO Structures Synthesized in 

Presence of Anionic and Cationic Surfactant under Hydrothermal Process. 

Applied Nanoscience, 4(2), 127-132.

70



Haibo, O., Feng, H. J., Cuiyan, L., Liyun, C. and Jie, F., (2013). Synthesis of Carbon 

Doped ZnO with a Porous Structure and Its Solar-Light Photocatalytic 

Properties, Materials Letters, 111, 217-220.

Horzum, N., Hilal, M. H. and Isik, T. (2018). Enhanced Bactericidal and 

Photocatalytic Activities o f ZnO Nanostructures Changing the Cooling 

Route. New Journal o f  Chemistry, 42(14). doi: 10.1039/C8NJ01849A.

Janotti, A., and Walle, C. (2009). Fundamentals of Zinc Oxide as a Semiconductor.

Reports on Progress in Physics, 72, 1-29.

Joesten, M. D., A Hogg, J. L. and Castellion, M. E. (2006). The World o f Chemistry: 

Essentials: Essentials. 4th edition. Cengage Learning-Science. Thomson 

Brooks/Cole. ISBN: 9780495012139, 128.

Jacobsson, T. J., and Edvinsson, T. (2012). Photoelectrochemical Determination of 

the Absolute Band Edge Positions as a Function of Particle Size for Zno 

Quantum Dots. Journal Physical Chemisistry C. 116, 15692-15701.

Kayani, Z. N., Saleemi, F., and Batool, I. (2015). Effect of Calcination Temperature 

on the Properties of ZnO Nanoparticles. Applied Physics A: Materials 

Science and Processing.

Khan, M. M., Adil, S. F. and Al-Mayouf, (2015) A. Metal oxides as photocatalysts. 

Journal o f  Saudi Chemical Society, 19(5), 462-464

Klein L.C. (1989).Sol-Gel Technology for Thin Films, Fibers, Preforms, Electronics 

and Specialty Shapes. New Jersey: Noyes Publications.

Kumar, V., Kumari, S., Kumar, P., Kar, M. and Kumar, L. (2014) Structural 

Analysisby Rietveld Method and Its Correlation with Optical properties of 

Nanocrystalline Zinc Oxide. Advanced Matterials Letters, 6(2), 139-147.

Kumar, A., Yadav, N., Bhatt, M., Mishra, N. K., Chaudhary, P. and Singh, R. (2015). 

Sol-Gel Derived Nanomaterials and It’s Applications: A Review. Research 

Journal o f  Chemical Sciences, 5(12), 98-105, ISSN 2231-606X.

71



Kumari, V., Mittal, A., Jindal, J. and Yadav, S. (2019). S-, N- and C-doped ZnO as 

semiconductor photocatalysts: A review. Frontiers o f  Materials Science 

13(9). doi: 10.1007/s11706-019-0453-4.

Lavand, A. B. and Malghe, Y. S. (2015).Synthesis, Characterization and Visible 

Light Photocatalytic Activity o f Nitrogen-Doped Zinc Oxide Nanospheres, 

Journal o f  Asian Ceramic Societies, 3, 305-310.

Lin, Y., Hsu, Y., Chen, Y., Chen, L., Chen, S. and Chen, K. (2012). Visible-Light- 

Driven Photocatalytic Carbon-Doped Porous ZnO Nanoarchitectures for 

Solar Water-Splitting. Nanoscale, 4, 6515-6519.

Li, B. (2008). Density-Functional Theory and Quantum Chemistry Studies on “dry” 

and “wet” NaCl (001). University Technology Berlin: Dissertation.

Liu, S., Li, C. and Yu, J., (2011). Improved Visible-Light Photocatalytic Activity of 

Porous Carbon Self-Doped ZnO Nanosheet-Assembled Flowers, 

Crystallography Engineering Communication, 13, 2533-2541.

Leong, K. H., Sim, L. C., Pichiah, S. and Ibrahim, S. (2016) Light Driven 

Nanomaterials for Removal o f Agricultural Toxins. Nanoscience in Food and 

Agriculture 3 (Ranjan et al.). Springer International Publishing Switzerland. 

Chapter 9, 225-242.

Lv, J., Li, C. and Chai Z. (2019) Defect luminescence and its mediated physical 

properties in ZnO defect luminescence and its mediated physical properties in 

ZnO. Journal o f  Luminescence, 208, 225-237.

Morkoc, H, and Ozgur, U. (2009). Zinc oxide. Fundamentals, materials and device 

technology. Wiley VCH Verlag GmbH & Co. KGaA, Weinheim.

Mohamad, A. A., Hassan, M. S., Yaakob, M. K., Mohamad Taib, M. F., Badrudin, F. 

W., Hassan, O. H. and Yahya, M. Z. A. (2019) First-Principles Calculation on 

Electronic Properties o f Zinc Oxide by Zinc-Air System. Journal o f  King 

Saud University - Engineering Sciences, 29 (3), 278-283.

M endoza, F. G., Ardisson, J. D., Lago R. M. and Tristao, J. C. (2015). Selective 

Oxidation o f Amorphous Carbon by CO2 to Produce Fe@C Nanoparticles

72



from Bulky Fe/C Matrices. Journal o f  the Brazilian Chemical Society, 

26(11), 1678-4790. doi:10.5935/0103-5053.20150212.

Mou, J., Gao, G., Chen, C., Liu, J. and Gao, J. (2017). Highly efficient One-Pot 

Three-Component Betti Reaction in Water Using Reverse Zinc Oxide 

Micelles as a Recoverable and Reusable Catalyst. RSC Advances, 7, 13868

13875.

Munoz-Batista, M. J., Kubacka, A., Rachwalik, R. and Bachiller-Baeza, B. (2014) 

Green photo-oxidation of styrene over W -Ti composite catalysts. Journal o f  

Catalysis 309, 428-438.

Ngo, D.-T., Thanh Cuong, L., Cuong, N., Thai Son, C., Pham, H. and Dung, N. 

(2017). Local Structure and Chemistry of C-Doped ZnO@C Core-Shell 

Nanostructures with Room-Temperature Ferromagnetism. Advanced 

Functional Materials. 28.

Ngo, G. V., Margaillan, A., Villain, S., Leroux C. and Bressy, C. (2013). Synthesis 

of ZnO Nanoparticles with Tunable Size and Surface Hydroxylation. Journal 

o f  Nanoparticle Research, 15. doi: 10.1007/s11051-012-1332-4

Panpan, S., Xiyu, S., Qinying, H., Yadong, L. and Wei, C. (2009). First-Principles 

Calculation O f The Electronic Band O f Zno Doped With C. Journal o f  

Semicnductor, 30(5), 1-4.

Panwar, R., (2009). Preparation o f Modified ZnO Nanoparticles by Sol-Gel Process 

and Their Characterization, Thapar University, Patiala, (Punjab) : Master 

thesis.

Ramimoghadam, D., Hussein, M. Z., and Taufiq-yap, Y. H. (2012). The Effect of 

Sodium Dodecyl Sulfate (SDS) and Cetyltrimethylammonium Bromide 

(CTAB) on the Properties o f ZnO Synthesized by Hydrothermal Method.

International Journal o f  Molecular Sciences, 13, 13275-13293.

Rivera-Reyna, N., Hinojosa-Reyes, L., Guzma'n-Mar, J. L., Cai, Y., O’Shea, K. and 

Hernandez-Ramirez, A. (2013). Photocatalytical Removal o f Inorganic and 

Organic Arsenic Species From Aqueous Solution Using Zinc Oxide 

Semiconductor. Photochemical Photobiolology Science. 12, 653-659.

73



Saha, R., Uppaluri, R. V. P. and Tiwari, P. (2018). Effects of Interfacial Tension, Oil 

Layer Break Time, Emulsification and Wettability Alteration on Oil 

Recovery for Carbonate Reservoirs. Colloids and Surfaces A, 559, 92-103. 

doi: 10.1016/j.colsurfa.2018.09.045

Sherrill, C. D., (2000). An Introduction to Hatree-Fock Molecular Orbital Theory. 

George Institute of Thecnology.

Suk-Ho, C., Daeyoung, L., Joon Won, P., Minchul, L. and Lim, D., (2010). The Role 

of Carbon Doping in ZnO. Journal o f  the Korean Physical Society, 57, 1482

1485.

Taffarel, S. R., Lansarin, M. A. and Moro, C. C. (2007). The styrene photocatalytic 

degradation reaction. Proceedings o f ECCE-6 European Congress of 

Chemical Engineering. September 16-20. Copenhagen, 1-15.

Thiagarajan, S., Sanmugam, A.and Vikraman, D. (2017) Facile Methodology o f Sol- 

Gel Synthesis for Metal Oxide Nanostructures. Recent Applications in Sol- 

Gel Synthesis, InTech, Rijeka, 1-16.

Tseng, L. T., Yi, J. B., Zhang, X. Y., Xing, G. Z., Fan, H. M., Herng, T. S., Luo, X., 

Ionescu, M., Ding, J. and Li, S. (2014) Green emission in carbon doped ZnO 

films AIP Advances, 4(6).

Yu, W., Zhang, J. and Peng, T. (2015). New Insight Into The Enhanced 

Photocatalytic Activity O f N-, C- And S-Doped ZnO Photocatalysts. Applied 

Catalysis B: Environmental. 181, 220-227.

Zhang, X., Qin, J., Hao, R. Wang, L., Shen, X., Yu, R., Limpanart, S., Ma, M., and 

Liu, R. (2015). Carbon-Doped ZnO Nanostructures: Facile Synthesis and 

Visible Light Photocatalytic Applications’, The Journal o f  Physical 

Chemistry C, 119, 20544-20554.

Zhi, Z. Z., Liu, Y. C., Li, B. S., Zhang, X. T., Lu, Y. M. and Shen, D. Z. (2003). 

Effects of Thermal Annealing on Zno Films Grown By Plasma Enhanced 

Chemical Vapour Deposition from Zn (C2H 5)2 and CO2 gas mixtures. Journal 

o f  Physics D: Applied Physics, 36, 719-722.

74




