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ABSTRACT 

This work introduces the aqueous spray-coating method to address the challenges in 

the fabrication of thin films for photocatalytic applications. The aqueous spray-coating 

method has shown to be an effective method for the fabrication of undoped, aluminium 

(Al), and nickel (Ni)-doped Zinc Oxide (ZnO) thin films on quartz glass substrates 

with many advantages, such as simple instrumentation set-up, inexpensiveness, the 

ease of controlling the rate of deposition, and high yield. An aluminium (Al3+) complex 

salt was synthesised in this study as a source of Al3+ ions in the prepared precursor 

solutions for fabricating Al-doped ZnO thin films. The synthesised complex was 

characterised using Fourier transform infrared (FTIR) spectroscopy. The various thin 

films were fabricated by depositing the prepared aqueous precursor solutions 

containing Zn2+ complexes alone as well as Zn2+ with varying mole percentages (2, 4, 

8, and 16%) of Al3+ or Ni2+ complexes onto pre-heated quartz glass substrates, and the 

as-sprayed films were heat-treated at 450oC for 30 minutes. The structural, optical, 

morphological, and photocatalytic characteristics of the fabricated thin films were 

evaluated using X-ray diffractometer (XRD), ultraviolet–visible (UV–Vis) 

spectrophotometer and scanning electron microscope (SEM). The XRD results 

revealed that the fabricated thin films have a hexagonal wurtzite phase. The optical 

properties (absorbance and transmittance) of the fabricated thin films were analysed 

using the UV–Vis spectrophotometer, and all the fabricated thin films showed high 

transmittance in the visible region over 70%, even after Al and Ni doping. Experiments 

on methyl orange dye degradation in the presence of the fabricated thin films under 

visible light showed that Al-doped ZnO exhibits good photocatalytic activities that 

increase with an increase in the doping mole% of Al. On the contrary, Ni-doped ZnO 

thin films exhibited a very slight to no degradation of the methyl orange dye under the 
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same conditions. The highest degradation efficiency was obtained for 8% Al-doped 

ZnO thin films under visible light irradiation.  

 

Keywords: Aqueous spray-coating method, thin films, ZnO, precursor solutions, 

hexagonal wurtzite phase, photocatalytic activity   



iii 
 

LIST OF PUBLICATION(S)/CONFERENCE(S) PROCEEDINGS  

Conference(s): 

1. W.N. Titus, P.N. Hishimone. Investigations on the fabrication of Al and Ni-doped 

ZnO thin films by the aqueous spray-coating method and their applications as 

photoanodes for hydrogen production via photoelectrochemical water splitting. 

National Science Week Conference (6th – 10th November 2023), University of 

Namibia. Windhoek, Namibia.  

2. W.N. Titus, P.N. Hishimone. Photocatalytic activities of aluminium-doped zinc 

oxide thin films fabricated via the aqueous spray-coating method. Chem4Energy 

Annual Conference – Materials and Processes for a Sustainable Energy Future (7th –

11th April 2025), Protea Hotel Walvis Bay Pelican. Walvis Bay, Namibia. 

Publication(s): 

W.N. Titus, A. Uusiku & P.N. Hishimone. (2025). Aluminium-doped zinc oxide thin 

films fabricated by the aqueous spray method, and their photocatalytic activities. 

Published in MDPI Journals.  

 

 

 

 

 

 

 



iv 
 

Table of Contents 

ABSTRACT ................................................................................................................. i 

LIST OF PUBLICATION(S)/CONFERENCE(S) PROCEEDINGS ................... iii 

Conference(s): ........................................................................................................ iii 

LIST OF TABLES ................................................................................................... viii 

LIST OF FIGURES .................................................................................................. ix 

ACKNOWLEDGMENTS ...................................................................................... xvi 

DEDICATION ........................................................................................................ xvii 

DECLARATIONS ..................................................................................................xviii 

CHAPTER 1: INTRODUCTION ............................................................................. 1 

1.1. Background of the study ................................................................................. 1 

1.2. Statement of the problem ................................................................................ 4 

1.3. Objectives of the study .................................................................................... 5 

1.5. Delimitations of the study ............................................................................... 5 

CHAPTER 2: LITERATURE REVIEW ................................................................. 6 

2.1. Thin films ......................................................................................................... 6 

2.2. Zinc Oxide ........................................................................................................ 7 

2.3. Doping zinc oxide thin films ........................................................................... 8 

2.4. Established methods for the fabrication of thin films ................................ 11 

2.4.1. Gas phase fabrication methods ................................................................. 12 

Chemical Vapour Deposition technique ............................................................. 12 



v 
 

Atomic layer deposition technique ...................................................................... 13 

Magnetron sputtering technique ......................................................................... 14 

Pulsed laser deposition technique ....................................................................... 15 

2.4.2. Liquid phase fabrication methods ............................................................ 16 

Sol-gel method ....................................................................................................... 16 

Spray pyrolysis method ........................................................................................ 17 

The spin coating method ...................................................................................... 18 

The dip-coating method ....................................................................................... 19 

2.5. The aqueous spray-coating method ............................................................. 20 

2.6. Zinc Oxide thin films as photocatalysts ....................................................... 22 

2.7. The process of photocatalysis ....................................................................... 25 

2.8. Applications of photocatalytic processes ..................................................... 27 

2.8.1. Photocatalytic reduction of carbon dioxide.............................................. 27 

2.8.2. Degradation of organic dyes ...................................................................... 28 

2.8.3. Solar energy ................................................................................................. 29 

2.8.4. Water and wastewater treatment .............................................................. 29 

2.8.5. Water splitting............................................................................................. 30 

2.9. Characterisation of the fabricated ZnO thin films ..................................... 30 

2.9.1. Fourier-transform infrared (FTIR) spectroscopy analysis ..................... 30 

2.9.2. X-ray Diffractometer (XRD) ..................................................................... 32 



vi 
 

CHAPTER 3: RESEARCH METHODS ............................................................... 34 

3.1. Research design .............................................................................................. 34 

3.1. Procedures ...................................................................................................... 34 

3.1.1. Materials ...................................................................................................... 34 

3.1.2. The synthesis of ammonium aluminium oxalate complex [111] ............. 35 

3.1.3. Preparation of precursor solution/s involving Zn2+ complexes only ...... 36 

3.1.4. Preparation of precursor solutions involving Zn2+ and Al3+ complexes 37 

3.1.5. Preparation of precursor solutions involving Zn2+ and Ni2+ complexes 38 

3.1.6. Fabrication of undoped, Al, and Ni-doped ZnO thin films ..................... 39 

3.1.7. Characterisations ........................................................................................ 40 

CHAPTER 4: RESULTS AND DISCUSSION ...................................................... 43 

4.1. The fabricated thin films ............................................................................... 43 

4.2. Fourier transform infrared (FTIR) analysis ............................................... 44 

4.3. Characterisation of the fabricated thin films .............................................. 46 

4.3.1. Crystal structure characterisation ............................................................ 46 

4.3.2. Optical properties characterisation .......................................................... 51 

4.3.3. Surface morphology characterisation ....................................................... 60 

4.4. Photocatalytic activity experiment ............................................................... 62 

4.5. Degradation efficiency ................................................................................... 68 

CHAPTER 5: CONCLUSION ................................................................................ 76 



vii 
 

CHAPTER 6: RECOMMENDATIONS ................................................................ 78 

CHAPTER 7: REFERENCES ................................................................................ 79 

CHAPTER 8: APPENDICES.................................................................................. 97 

Appendix A: Research ethical clearance certificate from UNAM ....................... 97 

Appendix B: Research permission letter from UNAM ......................................... 98 

 

  



viii 
 

LIST OF TABLES 

Table 1. Some of the commonly used methods for the fabrication of thin films ...... 11 

Table 2. The thin films fabricated through the aqueous-spray coating method......... 44 

Table 3. Concentration values of methyl orange dye before and after irradiation with 

visible light in the presence of Al and Ni-doped ZnO thin films ............................... 69 

 

  



ix 
 

LIST OF FIGURES 

Figure 1. Images of thin films on a supporting substrate with a masking [33] ........... 7 

Figure 2. Illustration of the two types of doping, substitutional and interstitial are 

shown in the crystal lattice of TiO2  [47] .................................................................... 10 

Figure 3. Diagram showing the different component of the chemical vapour 

deposition reactor [64]. .............................................................................................. 13 

Figure 4. Pulsed laser deposition method setup [72] ................................................ 16 

Figure 5. Schematic representation of the steps involved in the spin coating method 

[25] ............................................................................................................................. 19 

Figure 6. Schematic view of the steps in the dip-coating method [72] ..................... 20 

Figure 7. Diagrams showing the effect of Al doping into ZnO during photocatalytic 

process [18] ................................................................................................................ 24 

Figure 8. A schematic representation of the photocatalytic mechanism [101] .......... 27 

Figure 9. Research design outlining the steps that were followed in this study ....... 34 

Figure 10. The synthesised salt of ammonium aluminium oxalate complex ............ 36 

Figure 11. Prepared solution containing Zn2+ complexes only ................................. 37 

Figure 12. Precursor solutions involving Zn2+ and Al3+ complexes .......................... 38 

Figure 13. Precursor solutions involving Zn2+ and Ni2+ complexes ......................... 39 

Figure 14. A diagrammatic representation of the spray-coating setup used in this study

 .................................................................................................................................... 40 

Figure 15. FT-IR spectra of oxalic acid, ammonium oxalate, and the ammonium 

aluminium oxalate in transmission mode ................................................................... 45 

Figure 16. XRD patterns of Al-doped ZnO thin films spray-coated with 3 grams of 

corresponding solutions for the desired thin film ...................................................... 46 



x 
 

Figure 17. XRD patterns of Al-doped ZnO thin films spray-coated with 6 grams of 

corresponding solutions for the desired thin film ...................................................... 47 

Figure 18. XRD patterns of Ni-doped ZnO thin films spray-coated with 3 grams of 

corresponding solutions for the desired thin film ...................................................... 49 

Figure 19. XRD patterns of Ni-doped ZnO thin films spray-coated with 6 grams of 

corresponding solutions for the desired thin film ...................................................... 50 

Figure 20. Absorbance spectra of Al-doped ZnO thin films spray-coated with 3 grams 

of the corresponding solutions for the desired thin films ........................................... 52 

Figure 21. Absorbance spectra of Al-doped ZnO thin films spray-coated with 6 grams 

of the corresponding solutions for the desired thin films ........................................... 52 

Figure 22. Transmittance spectra of Al-doped ZnO thin films spray-coated with 3 

grams of the corresponding solutions for the desired thin films ................................ 54 

Figure 23. Transmittance spectra of Al-doped ZnO thin films spray-coated with 6 

grams of the corresponding solutions for the desired thin films ................................ 55 

Figure 24. Absorbance spectra of Ni-doped ZnO thin films spray-coated with 3 grams 

of the corresponding solutions for the desired thin films ........................................... 56 

Figure 25. Absorbance spectra of Ni-doped ZnO thin films spray-coated with 6 grams 

of the corresponding solutions for the desired thin films ........................................... 57 

Figure 26. Transmittance spectra of Ni-doped ZnO thin films spray-coated with 3 

grams of the corresponding solutions for the desired thin films ................................ 58 

Figure 27. Transmittance spectra of Ni-doped ZnO thin films spray-coated with 6 

grams of the corresponding solutions for the desired thin films ................................ 59 

Figure 28. SEM images of (a) undoped ZnO thin film (b) 2% Al-doped ZnO thin film 

and (c) 8% Al-doped ZnO thin film at the magnification of x1000 ........................... 60 



xi 
 

Figure 29. SEM images of (a) undoped ZnO thin film (b) 2% Ni-doped ZnO thin film 

and (c) 8% Ni-doped ZnO thin film at the magnification of x1000........................... 61 

Figure 30. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Al doped ZnO thin 

films spray-coated with 3 g of respective solutions ................................................... 63 

Figure 31. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Al doped ZnO thin 

films spray-coated with 6 g of respective solutions ................................................... 64 

Figure 32. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Ni doped ZnO thin 

films spray-coated with 3 g of respective solutions ................................................... 66 

Figure 33. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Ni doped ZnO thin 

films spray-coated with 6 g of respective solutions ................................................... 66 

Figure 34. Degradation efficiency of methyl orange in the presence of Al-doped ZnO 

thin films spray-coated with 3 g of the corresponding solutions for the desired thin 

films ........................................................................................................................... 71 

Figure 35. Degradation efficiency of methyl orange in the presence of Al-doped ZnO 

thin films spray-coated with 6 g of the corresponding solutions for the desired thin 

films ........................................................................................................................... 72 

Figure 36. Degradation efficiency of methyl orange in the presence of Ni-doped ZnO 

thin films spray-coated with 3 g of the corresponding solutions for the desired thin 

films ........................................................................................................................... 73 



xii 
 

Figure 37. Degradation efficiency of methyl orange in the presence of Ni-doped ZnO 

thin films spray-coated with 6 g of the corresponding solutions for the desired thin 

films ........................................................................................................................... 74 

 

  



xiii 
 

LIST OF ABBREVIATIONS AND/OR ACRONYMS  

Al                                     Aluminium 

ALE                                Atomic Layer Epitaxy 

AZO                                Aluminium doped ZnO 

CB                                   Conduction Band 

CVD                                Chemical Vapour Deposition 

DC                                   Direct Current 

EDX                                Energy Dispersive X-ray  

FTO                                Fluorine doped Tin Oxide 

FCC                                Face-centered cubic 

FTIR                               Fourier transform infrared 

H2                                    Hydrogen  

LED                                Light emitting diode 

KBr                                 Potassium bromide 

MBE                               Molecular beam epitaxy 

MO                                 Methyl orange 

MOCVD                        Metal-organic chemical vapour deposition 

Ni                                    Nickel  

PLD                                Pulsed laser deposition  

PEC                                Photoelectrochemical 



xiv 
 

RF                                   Radio frequency 

SEM                               Scanning electron microscope  

STH                               Solar to hydrogen 

SnO2                                             Tin dioxide 

TiO2                                               Titanium dioxide 

TCO                               Transparent conductive oxides 

UV-Vis                            Ultraviolet-visible 

VB                                   Valence band 

XRD                              X-ray diffractometer 

ZnO                               Zinc Oxide 

 

UNITS AND MATHEMATICAL SYMBOLS 

Å                                 Armstrong  

℃                               degree Celsius 

μm                               micrometres 

g                                  grams        

E.g                              for example 

eV                               electron volts 

ɛ                                  Molar absorption coefficient 

hr/h                            hour 



xv 
 

L, L-1                          Litre, per litre  

M, M-1                        Molar, per molar 

mL                              millilitres  

mol, mmol                  mole, millimole 

mm2, mm3                 square, cubic millimetres 

cm, nm                       centimetre, nanometre 

ppm                            parts per million  

%, %D                       Percentage, percentage degradation 

θ                                   Theta  

TW, W                        Terawatts, watts  



xvi 
 

ACKNOWLEDGMENTS 

I would like to thank God for giving me the ability and perseverance to complete this 

study and for his guidance and protection.  

I would like to express my sincere gratitude to my supervisor, Dr. Philipus Hishimone, 

for his supervision, guidance, and willingness to help. It has been an honor to work 

with him, and I am forever appreciative of his insightful advice and the invaluable 

time he dedicated to reviewing my work. 

I am thankful to the Department of Physics, Chemistry, and Material Science at the 

University of Namibia for providing me with all the research materials and facilities 

and the opportunity to pursue this degree. 

My vote of thanks also goes to Hof University of Applied Sciences for hosting me to 

conduct a part of my research as a guest researcher and for providing me with all the 

necessary research materials and facilities.   

My sincere gratitude goes to the Federal Republic of Germany and the government of 

the Republic of Namibia, in partnership with the Southern African Science Service 

Centre for Climate Change and Adaptive Land Management (SASSCAL), for fully 

funding this project.  

I would like to thank my laboratory mates for their cooperation during laboratory 

work; their willingness to share valuable knowledge and engage in productive 

discussions has greatly contributed to the success of this research. 

I am truly grateful to my family for their understanding, assistance, and 

encouragement throughout my study. Their support, emotional, physical, and 

financial, has been instrumental in helping me navigate the challenges of this academic 

journey. 



xvii 
 

DEDICATION 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my parents, Helvi Mumati and Barkias Titus.  

  



xviii 
 

  DECLARATIONS 

I, Wilka Naalombole Titus, hereby declare that this study is my own work and is a 

true reflection of my research, and that this work, or any part thereof, has not been 

submitted for a degree at any other institution. No part of this thesis may be 

reproduced, stored in any retrieval system, or transmitted in any form or by means 

(e.g., electronic, mechanical, photocopying, recording, or otherwise) without the prior 

permission of the author or the University of Namibia in that behalf. I, Wilka 

Naalombole Titus, grant the University of Namibia the right to reproduce this thesis 

in whole or in part, in any manner or format, which the University of Namibia may 

deem fit.  

 

Wilka N Titus                                                                                         October 2025 

 Name of Student                                  Signature                                Date

 



1 
 

CHAPTER 1: INTRODUCTION 

1.1. Background of the study 

The prosperity of the world economy due to the rapid development of industrialisation 

has brought about severe energy and environmental issues, for instance, water 

pollution, soil contamination, and the greenhouse effect [1]. It is of no doubt that 

continuous utilisation of fossil fuels will worsen these problems [1]. Presently, humans 

are putting efforts into coming up with creative ways to produce energy that is 

affordable and is constantly replenished in order to tackle and lessen the effects of 

greenhouse gases [2]. The main obstacle to implementing a sustainable energy 

economy is the intermittent, random, and volatile nature of renewable energy sources 

like sunlight, wind, and water [3]. To close the gap between energy supply and 

demand, electricity can be stored, for example, in solar batteries or chemical bonds to 

power society when there are no renewable resources available [4].  

Harnessing sunlight to produce clean fuels like hydrogen (H2) is a desirable and 

sustainable approach toward meeting future energy demands without environmental 

impact [5]. About 100,000 terawatts (TW) of solar energy strike our globe annually, 

with an estimated 36,000 TW of that amount hitting the land, making solar energy the 

cleanest, ample, and renewable energy source on earth. [6]. However, the cost and 

efficiency of technologies that can be used have prevented solar energy from being 

developed into a practical technology for large-scale solar energy harvesting and 

reservation [7]. The use of photoelectrochemical (PEC) water splitting offers the 

potential to produce hydrogen from the sunlight with no incurring additional costs for 

the installation of a photovoltaic setup or the accompanying failure of such systems 

[8].  
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Photoelectrochemical (PEC) water splitting and water-splitting electrocatalytic 

reactions are two different concepts, with the latter being initiated and driven by 

electric current [9]. Nowadays, the primary method for producing hydrogen (H₂) is 

steam reforming of fossil fuels, but this approach gives off greenhouse gases as final 

products [10]. Therefore, using this technique to continuously produce H2 will only 

present more environmental problems [10]. The combustion of green hydrogen 

produces solely water and a large amount of energy, making it a clean fuel that does 

not pollute the environment, and this positions it as a promising alternative energy 

source with the potential to address both environmental concerns and energy shortages 

[10]. For this plan to work, PEC water-splitting devices that are affordable, stable, 

efficient, and scalable are required for economically competitive hydrogen production 

on a global energy demand scale [11].  

The outcome of a PEC water splitting system is highly influenced by the photocathode 

and photoanode materials used; hence, it is important to choose photoelectrode 

materials with optimal properties for the desired results [12]. The best photoelectrode 

materials must be made of earthly abundant semiconductors to make the process 

sustainable on a large scale, and their band gap should allow them to absorb sunlight 

and drive the water splitting reaction [12]. An approach to boost productive electron-

hole detachment and movement can be used to avoid rapid charge recombination 

leading to minor solar to hydrogen (STH) conversions. The faster the photocatalytic 

activities are taking place, the fewer charges gather on the surface of the photocatalyst, 

and this leads to less chance of electron-hole recombination [12, 13]. 

Tin dioxide (SnO2), cuprous oxide (Cu2O), iron (III) oxide (Fe2O3), titanium dioxide 

(TiO2), and zinc oxide (ZnO) have been used as semiconductor photocatalysts [14]. 
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Out of these different semiconductors, ZnO has gained a lot of focus owing to the 

harmlessness, affordability, great electrical properties, and availability of zinc metal 

[2]. Moreover, ZnO has been largely investigated as a photoanode material because of 

its outstanding electron mobility and thermal and chemical stability; however, ZnO 

has a large band, and this narrows down its uses to the UV region of the 

electromagnetic spectrum [15]. A band gap energy corresponds to the photon energy 

required to excite an electron from the conduction band to the valence band of a 

semiconductor [15]. The band gap energy of ZnO (~3.37 eV) means that it can only 

be activated by photons with a minimum energy of 3.37 eV, and this energy 

corresponds to the UV energy. The integration of metal dopants into undoped ZnO 

thin films is considered an effective method to broaden their absorption window from 

ultraviolet to visible regions [16, 17].  

The two dopants, aluminium and nickel, used in this study were chosen based on past 

literature [2, 18, 19], where they have been used as dopants for the fabrication of ZnO 

photocatalysts; however, the fabrication methods used were complicated, not 

environmentally friendly and expensive. This study will advance the fabrication 

method of ZnO thin films for application in photocatalysis. Besides that, aluminium 

and nickel are metal dopants that are said to behave as traps for the photogenerated 

charges and enhance the photocatalytic efficiency by obstructing the recombination 

rate of the charge carrier [20]. The abundance, low mass, and the ionic radius of Al3+ 

(0.54 Å), which is closer to that of Zn2+ (0.74 Å), make it a good dopant for ZnO [21]. 

On the other hand it is anticipated that Ni2+ can substitute Zn2+ without altering the 

crystal structure of ZnO, because they have similar valence electrons and their ionic 

radii are close [22].  
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Sun light gets to the earth's surface largely in the infrared and visible regions, with 

ultraviolet light accounting only for a minor five percent, and this highlights the 

requirement for studies to create materials that can also be activated by visible light 

[23]. Although huge attempts have been compiled in the last ten years to attain the 

desired characteristics in semiconductor materials that at the same time fulfil the 

affordability, high productivity, and steadiness requirements for PEC water splitting 

systems. Research is still ongoing in search of new materials and the improvement of 

existing low-cost photoelectrode materials [24]. Hence, this research explored the 

fabrication of Al and Ni-doped ZnO thin films by the aqueous spray-coating method 

and evaluation of their photocatalytic activities for various photocatalytic applications.  

 

1.2. Statement of the problem  

The process of photocatalysis utilises photocatalysts (e.g. photoanodes and 

photocathodes) to absorb light and allow the redox reactions to take place. The existing 

photocatalysts are either ineffective or fabricated through unsustainable methods. 

There have been efforts to develop various photocatalysts that can drive the 

photocatalytic reaction by direct use of sunlight. However, the fabrication of such 

materials is not simple; hence, there is a need for a simple yet effective fabrication 

method for photocatalytic materials. The aqueous spray-coating method presents a 

simple, cost-effective, and scalable approach to fabricating these materials, but its 

effectiveness in producing high-performance photocatalytic materials has not been 

explored thoroughly. 
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1.3. Objectives of the study 

The main purpose of this study was to use the aqueous spray-coating method to 

fabricate ZnO thin films doped with Al and Ni and evaluate their photocatalytic 

activities. 

The specific objectives of this study were to: 

a) prepare the precursor solutions containing Zn2+ complexes only, as well as Zn2+ 

and Al3+ / Ni2+ complexes 

b) fabricate undoped, Al, and Ni-doped ZnO thin films using the prepared precursor 

solutions  

c) characterise the structural, optical, and morphological properties of the fabricated 

thin films by XRD, UV-Vis spectrophotometer, and SEM 

d) evaluate the photocatalytic activities of the fabricated thin films. 

 

1.4. Significance of the study 

This study led to the development of a facile method for Al and Ni-doped ZnO thin 

films fabrication, which is the aqueous spray-coating method. It revealed the effects 

of various dopants on the properties of thin films, which significantly contributes to 

the fabrication of photocatalytic materials that are efficient, stable, effective, and 

scalable. 

 

1.5.  Delimitations of the study 

The delimitation of the study was that the research was limited to focus only on the 

fabrication of Al and Ni-doped ZnO thin films by the aqueous spray-coating method 

and evaluate their photocatalytic activities. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Thin films 

A thin film is a material measuring less than one micrometre (μm) in thickness, that is 

fabricated on a supporting substrate by amplifying one-by-one ionic, molecular, or 

atomic species of matter [25]. The evolution of research on thin films started about a 

hundred years ago; however, they have only been used recently at a large extent in 

feasible settings [26]. The increase in the number of studies on thin films is attributed 

to their uses in the different areas of defence, optics, electronics, space science, and 

other industries [26]. The properties of thin films can be customised, and this has led 

to their utilisation in different areas, from modern applications such as antireflective 

coatings and photovoltaic devices to coatings for corrosion and scratch protection [27].  

The common daily uses of thin films are the household or vehicle mirrors, which 

normally have a coloured coating on the back of a glass sheet to form a reflecting 

border [28] and the mobile and computer touch panel, which uses a transparent 

conductive thin film and an anti-reflection thin film on the glass [29]. When it comes 

to the uses, characteristics, and financial aspects, thin films have a lot of benefits over 

their massive equivalence [30]. Some of these benefits are that fabricating thin films 

replaces expensive and in-short-supply materials because of their low cost, and they 

have great function because of the much improved ionic and electronic conductivity, 

increased surface area, and the ease of controlling their sizes and shapes [31].  
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As a result, the electronic sectors are focusing on producing devices that are lighter, 

smaller, and have a low consumption of energy [32]. For instance, thin film lithium-

ion batteries are composed of thick materials with micrometres or nanometres 

measurements, allowing for a finished battery of just millimetres in thickness. They 

give the same power as the bigger batteries but have thinner proportions [26]. 

Materials can be easily converted into a range of devices by being fabricated as thin 

films; hence, the majority of functional materials are rather implemented in thin film 

form owing to their unique structural, optical, and electrical properties [28]. When 

designing heterojunctions with n-type oxide thin films for the fabrication of thin film 

devices, transparent metal oxide thin films of p-type semiconductors deposited 

directly on different substrates provide a number of benefits [29]. 

 

Figure 1. Images of thin films on a supporting substrate with a masking [33] 

 

2.2. Zinc Oxide  

Zinc oxide, which has the chemical formula ZnO, is an inorganic substance that is 

insoluble in water and usually appears as white powder [34]. It is found as the mineral 
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zincite in the Earth's crust; however, it is worth mentioning that most wholesale ZnO 

used is man-made [35]. Cubic sphalerite, hexagonal wurtzite, and cubic rock salt are 

the phases of ZnO, and at room temperature, the hexagonal wurtzite phase is the most 

constant one [36]. The qualities of ZnO, such as high electron mobility and thermal 

conductivity, a wide bandgap, being highly abundant, and being non-toxic, make it a 

valuable material [37]. ZnO as an additive is popularly utilised in by-products and 

substances, including cosmetics, ceramics, glass, electronics, and even 

pharmaceuticals [38].  

The use of ZnO in the present day is calamine lotion in the form of a slurry of zinc and 

iron oxide [39] and in sunscreen components as a physical barrier against UV radiation 

[40]. The wide range of applications of ZnO has led to its investigation in various 

forms, for instance, thin film and powder forms [21]. Thin films of ZnO have been 

reported to have promising uses in transparent conductive oxide (TCO) devices, UV 

photodetectors, solar cells, photocatalysts, gas sensors, or biosensors owing to their 

optical (photoluminescence), electrical (thermoelectric, piezoelectric), and biological 

(antibacterial) properties [41]. In spite of the potential uses of ZnO in different areas, 

the effectiveness of ZnO is restricted by its high resistivity, large bandgap, and 

inadequate charge transfer [42]. New approaches for adjusting ZnO's characteristics, 

that is, coupling with other semiconductors and doping with metal or nonmetal ions, 

have been made possible by the developing nanotechnology, which will extend its 

utilisation [42]. 

2.3. Doping zinc oxide thin films  

Doping can be defined as an intentional addition of materials (dopants) into another 

material during the manufacturing process with the purpose of inducing specific 

alterations in its characteristics [43]. The dopant used in the process of doping should 
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be capable of either accepting or adding electrons, which will result in changes of the 

electrical features of the starting material [44]. Doping has a high likelihood of altering 

the band gap, photo response, oxygen vacancy creation, structural, morphology, 

surface area, and energy level of materials [45]. The enhancement of the ZnO band 

gap consequently promotes its efficiency in photocatalysis [46]. Two types of metal 

doping have been reported, namely substitutional doping and interstitial doping [47, 

48]. 

Substitutional or replacement doping is the process of substituting the host atom when 

impurity atoms are positioned at regular lattice positions. For substitutional doping to 

occur, the solubility, atomic radii, crystal structure, and the electronegativity similarity 

between the dopant and main material must be fulfilled [47, 48]. Contrarily, the 

presence of impurity atoms between normal lattice sites, as shown in the figure below, 

is regarded as interstitial doping. A bigger variation amid the atomic radii of the dopant 

and the host material leads to the dopant locating in an interstitial area; this is the 

easiest way to predict the type of doping [47].  
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Figure 2. Illustration of the two types of metal doping, substitutional and interstitial 

are shown in the crystal lattice of TiO2  [47] 

When added to ZnO, elements from groups II, III, rare earth, and transition metal ions 

such as Mg, Al, Ce, La, Ni, Cr, Cu, and Co improved its optical, electrical, and 

structural characteristics [49–52]. Thin films of ZnO exhibit intriguing structural, 

morphological, and photoresponse properties upon doping with metal elements such 

as aluminium [21], chromium [15, 53], and nickel [2, 54]. The abundance, low mass, 

and the ionic radius of Al3+ (0.54 Å), which is closer to that of Zn2+ (0.74 Å), make it 

a good dopant for ZnO. The doping of ZnO thin films with aluminium was reported 

to exhibit a rise in transparency and the bandgap of thin films [21]. With the 

incorporation of nickel in ZnO, an increase in the absorbance and low resistivity were 

observed [54]. Without altering the crystal structure of ZnO, it is anticipated that Ni2+ 

can substitute Zn2+ because they have similar valence electrons and their ionic radii 

are close [22]. Even though these were some of the results for these dopants, two thin 
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films fabricated by different techniques with the same precursor materials will have 

various properties; hence, the fabrication method is of great importance [55]. 

2.4.  Established methods for the fabrication of thin films 

Apart from doping, the effective technological application of thin films requires 

considering the impact of the fabrication process on their qualities [56]. As a result, 

various methods, such as spin coating [57], dip coating [58], chemical vapour 

deposition (CVD), sol-gel [59], pulsed laser deposition (PLD), magnetron sputtering, 

spray pyrolysis [60], molecular beam epitaxy (MBE), and atomic layer deposition 

(ALD) [61], have been employed to fabricate thin films on different substrates. The 

liquid phase and the gas phase preparation methods are the two groups into which 

these techniques can be categorised.  

The materials used in the gas phase processes are in the gaseous form; plain thin films 

are produced once they are altered physically or chemically, followed by cooling 

down. Photocatalysts with desirable properties can be fabricated by gas phase 

methods, but the downside of these techniques is that they use expensive and 

complicated instruments [62]. On the other hand, the liquid state techniques prepare 

thin films by mixing metal chemical salts in a solvent, mainly water or alcohol, 

followed by their precipitation and calcination to yield thin films or nanoparticles [62]. 

Some of the commonly used approaches are shown in the table below. Moreover, these 

techniques are fully discussed below, outlining their advantages and disadvantages.  

Table 1. Some of the commonly used methods for the fabrication of thin films  

Gas phase fabrication methods Liquid phase fabrication methods 

1. Chemical vapour deposition 1. Sol-gel 

2. Magnetron sputtering 2. Spray-pyrolysis 
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3. Atomic layer deposition 3. Spin coating 

4. Pulsed laser deposition 4. Dip-coating 

 

 

2.4.1. Gas phase fabrication methods  

Chemical Vapour Deposition technique 

In the chemical vapour deposition method, the substrate to be coated and the chemical 

precursor are positioned at a pre-set distance in the reaction chamber [63]. The reaction 

chamber has a gas pipeline supply, normally argon gas, to direct the flow of the 

precursor to the substrate, and the chemical precursor utilised can be in a gas, liquid, 

or solid form. When the chemical precursors are either solid or liquid, they are first 

heated up to their evapouration point, and then they can be deposited on the substrates 

as a vapour. The CVD process can be operated in a closed or open chamber; however, 

the closed system is mostly used due to the benefits of safety, and fewer materials are 

utilised, whereas a constant supply of chemical precursors is required in an open 

system [64].  

The CVD process has the benefit of adjustable deposition rates, being able to produce 

coatings of different layers that are well adhered to the substrate and require less 

manual work [65]. CVD allows the usage of a variety of chemical precursors, 

including hydrocarbons, metal organics, and metal halides. However, using precursor 

gases that are toxic, corrosive, flammable, and explosive can present inherent safety 

and chemical risks, and it can be challenging to deposit multicomponent materials. 

Additionally, it requires very high temperatures, a constant gas supply, more precursor 
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materials are used, and the process is time consuming, making it more expensive and 

unfeasible [65].  

 

Figure 3. Diagram showing the different component of the chemical vapour deposition 

reactor [64]. 

Atomic layer deposition technique 

Atomic layer deposition (ALD), also called atomic layer epitaxy (ALE), is a popular 

method that can deposit thin films layer by layer. This method was established and 

progressed in the fabrication of thin films of semiconductor substances at the 

commercial level [66]. The advantages of ALD deposition are the ability to deposit 

multiple layers, the ability to coat materials with complicated dimensions, and the low 

growth temperature. However, with this method, it is not easy to control the thickness, 

porosities, voids, and composition of the layer materials. This method is also not 

environmentally friendly as it could give off toxic byproducts [66]. The ALD process 

takes place in an ALD reactor, and the main components are the carrier gas, which can 

either be nitrogen or argon, a heater, a vacuum pump, and a thermocouple [67]. The 
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precursor material enters the reactor with the aid of the carrier gas and reacts with the 

substrate for a specified amount of time; the extra precursor materials and the end 

products are removed with the carrier gas [67]. The opposite precursor is then blown 

in the reactor, followed by the removal of products and excess precursor materials. 

These procedures result in the formation of one layer, and by repeating these steps, 

more than one layer can be fabricated [66, 67]. 

Magnetron sputtering technique 

The magnetron sputtering method initiates by placing a thin film supporting substrate 

in a vacuum chamber filled with an unreactive gas, argon. The voltage is applied 

between the chamber and the coating material opposite the substrate, with the purpose 

of turning the coating material into a cathode, which is negatively charged. The 

existing free electrons in the chamber experience an electric field and move away from 

the negatively charged cathode [68]. When these electrons encounter high energy 

collisions with neutral atoms in the chamber, their electrons are knocked off and they 

form cations. The process proceeds until there is a plasma that is positively charged 

and the cathode attracts the plasma, and since they travel at high velocity, the negative 

ions sputter off the cathode and travel to the target substrate, and this way a coating is 

formed [68].  

The variables to consider in this process are incident angle, mass of the atom in the 

target, mass of ions, and energy of ions, and these ions are obtained from an ionised 

gas, which can be argon [69]. The advantages of this method are the control of the 

growth speed, the possibility to obtain ultrathin films, high efficiency, the ability to be 

utilised at an industry scale, as well as the potential to utilise various supporting 

substrates in this process [69]. Even though the magnetron sputtering method is well 

established and has the capacity to fabricate thin films with superior properties and of 
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similar form with the target materials, it is not straight forward, requires procedures 

with very high vacuum, and it is costly [31]. There are a variety of magnetron 

sputtering techniques classified as radio frequency (rf) and direct current (dc) 

magnetron, and they are differentiated by the energy source utilised. Although only 

electrically conductive targets like doped semiconductors or metals are applied in 

direct current magnetron sputtering, it is quite affordable in contrast to radio frequency 

magnetron sputtering [32]. 

Pulsed laser deposition technique 

High-quality thin films of materials have been fabricated through the pulsed laser 

deposition (PLD) method, and for a material to be coated on the substrate, it is hit with 

great energy laser [70]. As illustrated in the image below, the melted, evaporated, and 

ionised material on the surface of a target comes from the target in the form of plasma 

to a suitably placed substrate where it accumulates and condenses, and the thin film 

grows onto the substrate [70]. The PLD method depends on the productive 

interactivity of a liquid or solid target with the ultraviolet laser radiation, arising in the 

removal of substances from the surface of the target and successive settling on a 

supporting substrate [71].  

While optimising, this process can require more time and effort than other methods 

due to the many variables at play. The quality of thin films depends on factors like 

laser wavelength, gas pressure, pulse duration, and target distance [72]. On the other 

hand, the high deposition rate, the ability to transfer stoichiometry of the material from 

the target to the substrate, the ability to deposit multiple layers, and the flexibility in 

power density and wavelength are some of the benefits of the PLD method [71]. 

Additional merits of the PLD method are an unlimited degree of freedom in the 

ablation geometry, control of growth rate, and versatility [71]. Certain devices, such 
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as photodetectors, photovoltaic cells, superconductors, electro stimulators, and light 

emitting diodes, have been fabricated recently using the PLD method [71].  

 

Figure 4. Pulsed laser deposition method setup [72] 

 

2.4.2. Liquid phase fabrication methods  

Sol-gel method 

New materials have been fabricated in a convenient and cost-effective way utilising 

the Sol-gel method. The sol-gel method takes a straight forward approach to fabricate 

many components with the same set-up, allowing the growth of a well-linked network 

structure that is highly organised, and by mixing various precursor solutions, mixed 

oxides that are evenly distributed are made [73]. The benefits of the sol-gel technique 

are its ease of utilising, controllability, capacity to produce nano-sized particles with 

large surface areas in vast amounts and low cost [74]. Consequently, sol-gel is mostly 

applied in different sectors in contrast to other existing techniques because of these 

benefits [73]. 

 



17 
 

[74]. Despite its advantages, the sol-gel technique has drawbacks such as long 

processing times, toxic organic solutions, contraction during processing, and residual 

hydroxyl or carbon groups [75]. In this method, the starting material is disintegrated 

in a solvent, usually alcohol or water, and through heating while stirring, a gel is 

formed by the process called alcoholysis or hydrolysis, depending on the solvent used. 

The gel obtained from the alcoholysis or hydrolysis process is not free of the solvent, 

and it should be dried in the correct way based on the required features and the gel 

used [76]. Following the drying step, the resultant gels are turned into nanoparticles 

and then heat-treated [76].  

Spray pyrolysis method 

The word pyrolysis originated from two words: pyro, which means heat, and lysis, 

meaning breaking. Thus, pyrolysis is the application of high temperature to 

disintegrate molecular compounds into basic elements [77]. There are several steps 

involved in spray pyrolysis, starting with the selection of the appropriate chemical 

reagents that are soluble in the solvent to be used and can be removed by calcination 

together with the unwanted products, and the solvent used should evaporate easily. 

This should happen at temperature of deposition, once they are sprayed onto the 

preheated substrate or at the post calcination step [77]. The supporting substrate is 

warmed up prior to spraying the well dissolved precursor solution consisting of 

respective elements of the preferred complex via a spray nozzle onto the substrate 

[72].  

The sprayed-solution in a mist form should evaporate before touching the substrate or 

react with it post splashing, and the desired formation of a thin film with specific 

properties can be done at the optimum substrate temperature [72]. The spray pyrolysis 

method is applied for various applications owing to its cost-effectiveness, forging it to 
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be an economically feasible choice [78]. Additionally, the method is easy to put into 

effect, not complicated, has few steps, and effortless equipment assembly [78]. This 

technique’s shortcoming lies in monitoring the solution  flow, the gas pressure, and 

other variables like solute concentration and temperature, which can impact the final 

product [69].  

The spin coating method  

The spin coating approach is attractive for thin-film deposition because it can be scaled 

up easily, grows thin films at a reasonably low temperature, works well with flexible 

organic substrates, and is also inexpensive and less toxic. The primary drawback of 

this method is its low material efficiency, and the large substrates cannot be spun quick 

enough to enable the film to thin [79]. The four important steps in the spin coating in 

the fabrication process are spin-off, deposition, spin-up, and evaporation of solvent, 

as shown in the figure below. Firstly, the solution to spin coat is deposited in the middle 

of the substrate; when this is carried out if the substrate is rotating at a low speed, it is 

said to be a dynamic deposition or not rotating, referred to as static deposition [80].  

The solution is then spread into a uniform thin film by rotating the substrate at a high 

speed, and at last, drying is done to detach the unused solvent, and a solid thin film is 

attained [81]. The rotating time of the spin coater and the spin speed directly influence 

the thickness of the resultant layer [80]. The third step (flow controlled) and fourth 

step (evaporation controlled) are the most vital since they have the biggest impacts on 

the thickness of the final coating. Besides the fourth step occurring during the whole 

preparation procedure, the first three steps are taking place consecutively [80]. Using 

such a simple and straight-forward procedure, a well-designed thin film can be 

produced [81].  
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Figure 5. Schematic representation of the steps involved in the spin coating method 

[25] 

The dip-coating method  

The dip-coating technique is utilised in laboratories and industrial uses for thin film 

fabrication because it is facile, produces high-quality coating fast, and is of low cost. 

The method is mostly utilised for optical coatings, such as household mirror coating, 

antireflective coatings for sunglasses, vehicle rear view mirrors, and dye processing 

[82]. During the dip-coating process, the substrate is repeatedly immersed in the 

solution and taken out at a steady speed; a film of materials that do not evaporate is 

then attained on top of the drying curve. The suitable solvents used are normally 

alcohols because of their low adhesion to surfaces and their volatile nature to enhance 

rapid drying [58].  

The dip-coating technique has the capacity of coating substrates with shapes that are 

not exposed or they are curved; however, there is a great amount of the precursor 

solution wasted through the process since the solution container utilised should 

contain adequate solution to cover the substrate upon dipping [82]. In the dip-coating 

method, the thickness of thin films can be regulated by the solution resistance to flow 

and the pace at which the substrates are removed from the solution. In spite of the 

coating solution having a long deposition time, huge solution containers that can hold 

a lot of coating solutions are required, and not all of the solution can be used [82]. The 
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appearance and width of the thin film in this method are influenced by density, 

substrate area, duration of immersion, surface tension, rate of removal, dip-coating 

cycles, coating solution evaporation rate, and solution resistance to flow [82].  

 

 

Figure 6. Schematic view of the steps in the dip-coating method [72] 

 

2.5.  The aqueous spray-coating method 

Although the above-mentioned methods are well established and able to fabricate 

superior quality thin films, they are associated with many complex negative attributes. 

The spray-coating method is an emerging and ideal method for this study because of 

its many advantages, including its low cost, simple instrumentation set-up, high yield, 

reduced material losses, ability to fabricate thin films reel to reel, and ability to be 

adjusted for large-area deposition [83]. The coatings can be easily patterned by shadow 

masking, and a wide range of precursor solutions with various rheologies, including 

aqueous solutions, can be utilised to attain any type of thin film, and by changing the 

amount of solution used, the thickness of the spray-coated layer can be regulated [84]. 

In spray-coating, an in-house-assembled system is used, which consists of a spraying 

nozzle with a solution contained and linked to a carrier gas source. The pressure of the 

carrier gas pulls the precursor solution through the nozzle, creating a mist of very small 
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droplets towards the pre-heated substrate. The substrate temperature is usually 

adjusted based on the used solvent because high solvent volatility is needed for the 

formation of the film [85]. Spray-coating relies on the formation of complexes of metal 

salts within the coating solutions, where thin films are attained after heat-treating 

sprayed films resulting from coating solutions onto thermally stable substrates [25]. 

All of these steps must be absolutely comprehended and regulated precisely to get 

standard spray-coated thin films with great properties [86]. 

During spray coating, multiple steps are involved; firstly, it involves the atomisation 

of a liquid solution or mixture into fine droplets. Subsequently, these droplets undergo 

flight and evaporation as they travel towards the substrate. Upon reaching the 

substrate, the droplets impact and spread, with phenomena such as spreading, 

receding, and recoiling influencing the coating's uniformity and thickness. The drying 

process follows, crucial for the solute adhesion and bonding to both itself and the 

substrate [86]. The successful fabrication of thin films using the spray-coating method 

has been extensively documented in academic and industrial research, with numerous 

studies reporting positive outcomes [25, 31, 83–88]. Looking at the abundance of 

varnishes and paints that come in spray devices, the spray coating process has shown 

to have a great potential in research on photoelectric devices for covering surfaces due 

to its low costs, its high material efficiency, and its suitability to simplify production 

[82]. All things considered; the above methods are being used to fabricate thin films 

for various purposes. 
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2.6.  Zinc Oxide thin films as photocatalysts 

Researchers have studied the photocatalytic potential of semiconductor materials like 

zinc oxide, magnesium oxide, iron oxide, and titanium dioxide for water refining uses 

[89]. Among these semiconductors, ZnO stands out as a powerful contender because 

of its distinctive qualities and superior photocatalytic performance as a photocatalyst 

[90]. ZnO is reported to have better quantum yield, strong oxidation properties, higher 

electron mobility, and high photostability under light irradiation in comparison to its 

competitive rival TiO2 [89]. Studies reported that ZnO exhibits almost similar 

photocatalytic efficiency as TiO2 in the degradation of various organic contaminants, 

but TiO2 is more costly than ZnO, which makes ZnO effective in water treatment 

technology [91].  

ZnO, having a direct bandgap and high electron mobility, excels in optoelectronics, 

specifically in light-emitting diodes and ultraviolet photodetectors, due to its strong 

exciton binding energy [89]. However, ZnO suffers from photocorrosion and 

dissolution in aqueous environments, limiting its long-term stability [91, 92]. In 

comparison, TiO₂, despite its larger bandgap and lower electron mobility, is mainly 

preferred for photoelectrochemical water splitting and photocatalysis due to its 

excellent resistance to photocorrosion and chemical stability [91]. Even though ZnO 

allows faster charge transfer, making it promising for high-efficiency 

photoelectrochemical applications, TiO₂ remains more dependable for long-term 

hydrogen production and environmental remediation [89, 91].  

A large surface area of ZnO nanoparticles can promote higher adsorption of pollutant 

compounds on the particles surfaces, which are ultimately broken down into harmless 

products [89]. Although photocatalysts are normally utilised in powder form due to 

the associated large surface area, when they are used for environmental purposes, they 
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are preferred as thin films because this way they can be continuously used and it is 

easier to separate them from solutions in contrast to when photocatalytic nanoparticles 

are used [93]. An additional benefit of using ZnO thin films as photocatalysts, is that 

because they can be reused it makes the process fast and efficient [94].  

According to literature, a pure ZnO thin film photocatalyst can be used for effective 

photocatalytic activities; however, the photo-excited electrons are unstable and they 

can move back to the valence band, resulting in low photocatalytic activities [95]. The 

quantum yield of the photocatalytic reaction is decreased by the recombination of 

electrons and holes in the valence band [18]. Doping ZnO with a metal enhances the 

photocatalytic efficiency by retarding the recombination rate of the charge carrier 

since metal dopants behave like traps for the photogenerated charges and that 

improves their average lifetime [20]. The captured charges then move to the surface 

of the thin film, where they break down the dye molecule, resulting in increased 

photocatalytic efficiency [18, 96]. The figure below illustrates the effect of doping 

where Al was used as a dopant. 
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Figure 7. Diagrams showing the effect of Al doping into ZnO during 

photocatalytic process [18] 

 

Although ZnO thin films are largely used in different applications, they experience 

challenges when it comes to stability under diverse environmental conditions. ZnO 

photocatalysts suffer from photocorrosion; under prolonged light exposure 

degradation of the material occurs, which restricts their practical utilisation in 

photocatalysis [91]. ZnO thin films were observed to be unstable in moist and 

aqueous conditions, resulting in gradual dissolution, and this can limit their long-

term performance in water-based uses [92]. ZnO thin films also suffer from poor 

chemical stability in low pH, where lattice degradation and surface defects 

accelerate [92]. Thermal instability is another critical issue; at elevated 

temperatures ZnO undergoes structural changes, affecting its crystallinity and 

functional properties [97]. These limiting issues highlight the need for doping, the 

use of other fabrication techniques, or composite material integration to improve 

the dependability and durability of ZnO thin films for feasible utilisations [91].  
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2.7.  The process of photocatalysis 

By definition, photocatalysis is referred to as a reaction that uses light to start a 

photocatalytic material, which speeds up the chemical reaction pace without it 

being changed by the chemical reaction [95]. The effectiveness of the 

photocatalysis procedures rely on the light-absorbing ability of the photocatalysts 

[98]. The significant advantage of photocatalysis is its capacity to harness solar 

energy as an abundant, sustainable, clean, and renewable energy [98]. Recently, 

semiconductor-assisted photocatalysis is considered a good approach for cleaning 

up environmental pollution and for the creation of sustainable energy production. 

This approach aligns closely with the zero-waste discharge principle used in 

industrial effluent treatment, and it is valued for being affordable and 

environmentally friendly [48].  

The process of photocatalysis can either be heterogeneous or homogeneous 

depending on the state of the photocatalyst used to that of the reagents. 

Homogeneous photocatalysis occurs when both the reactants and the photocatalyst 

are in an identical state, generally in a liquid or a gas state [99]. An example of a 

homogeneous photocatalytic reaction is when hydrogen peroxide is energised for 

the decomposition of tartaric acid in the company of iron [99]. The benefit of 

homogeneous photocatalysis is the high selectivity in breaking down pollutants, 

resulting in outstanding photocatalytic outcomes because of the even distribution. 

The drawbacks are that after the processes are concluded, such substances are 

difficult to set apart and their performance is restricted by working temperature 

[62]. 
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On the other hand, when the photocatalyst is not in the same phase as the reactants, 

this is referred to as heterogeneous photocatalysis; for instance the application of a 

nanoparticle or solid catalysts in a liquid reaction mixture [99]. Heterogeneous 

photocatalysis has been broadly studied due to their uses in the fields of energy-

related applications, improvement of environment, and organic synthesis [48]. The 

process takes place at room temperature, materials are completely degraded into  

harmless products, the oxygen needed for the reaction can be attained from the 

atmosphere, the catalyst is inexpensive, readily available, non-toxic, and can be 

recycled, the catalyst photo-excitation energy can be harnessed from the sun, all 

these features make the process appropriate to the remediation of contaminated 

water [100].  

Photocatalytic process occurs when a semiconductor photocatalyst is irradiated 

with light and it absorbs the light energy equal to or greater than its band gap 

energy, the absorbed light excites the electrons from the valence band to the 

conduction band of the photocatalyst leaving behind holes in the valence band 

[101]. The holes in the valence band moves to the photocatalyst surface and oxidise 

the water molecule producing hydroxyl radicals. Alternatively, the electrons in the 

conduction band migrate to the photocatalyst surface and causes reduction to take 

place by reducing atmospheric oxygen producing superoxide radicals [101]. The 

hydroxyl and superoxide radicals produced from the redox reactions are strongly 

reactive and help in breaking down the pollutants or compounds into elementary 

forms including wastewater treatment [101].  
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Figure 8. A schematic representation of the photocatalytic mechanism [101] 

 

2.8. Applications of photocatalytic processes  

2.8.1. Photocatalytic reduction of carbon dioxide  

The carbon dioxide (CO2) produced as a result of burning fossil fuels, trap heat in the 

earth atmosphere warming it up and this is what is called global warming. Numerous 

strategies for instance the capturing, storing, and utilising  CO2 are being developed to 

minimise the carbon dioxide content in the earth atmosphere [102]. The transformation 

of CO2 into useful chemicals product is a great approach to overcome the availability 

of excess carbon dioxide; however, the double bond (C=O) in CO2 makes it a highly 

stable compound that is difficult to break down, consequently complicating this 

strategy. To resolve this obstacle the application of the photocatalysis process has been 

considered by a lot of investigators [102].  

Iron cobalt disulphide-cobalt disulphide (FeCoS2-CoS2) bilayer nanotubes were 

produced by Wang et al. (2020) to reduce carbon dioxide using the photocatalytic 

method. The two metal sulphides were carefully integrated into a double-shelled 
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tubular heterostructure using the synthetic approach, which involves two-step cation-

exchange processes [103]. Both shells are built from incredibly thin two-dimensional 

(2D) nanosheets, plus the power needed to activate the electron-hole pairs was 

decreased by utilising the FeCoS2-CoS2 hybrid structure, and the division was 

enhanced [103]. Moreover, the structure improved CO2 adhesion to the surface and 

the harvest of solar radiation due to its ability to display a large surface area. In 

summary, these double-shelled nanotubes demonstrated superior durability for 

photoactive depletion of CO2 under anaerobic conditions and enhanced photocatalytic 

activities [103].  

2.8.2. Degradation of organic dyes  

Among the most common types of contaminants discharged into wastewater from 

textile and other industrial operations are organic dyes and because the dye is harmful 

and can be seen in surface water it has raised concern that led to efforts of removing it 

[104]. Typical biological treatment methods are not capable of removing the dye due 

to its molecular structure for instance the azo dyes are instead easily converted to toxic 

aromatic amines under deoxygenated environments and the high salt content in the 

dye-containing water also affect the productivity of this method [99]. Practices such as 

dye adhesion and gathering are also utilised to remove the dyes from the water; 

however, this approach does not result in complete disintegration of the dye, but the 

formation of additional pollutants [99, 104].  

Lately, advanced oxidation processes have been of considerable interest for the 

complete destruction of dyes and a significant technique resulting in the absolute 

degradation of many pollutants, involving organic dyes is heterogeneous 

photocatalysis [105]. Studies have been carried out to investigate the heterogeneous 

photocatalytic degradation of reactive orange four and reactive black five dyes. The 
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various semiconductor, TiO2 and ZnO were used as photocatalysts, and the ZnO 

degradation results under ultraviolet irradiation were better in contrast to when TiO2 

was employed under the same conditions [99]. A high degradation efficiencies of the 

RO4 and RB5 dyes were attained with ZnO in a short amount of time; however, these 

were not the same results for TiO2 photocatalyst [99].  

2.8.3. Solar energy  

The sun as part of the solar system provide energy to the earth in the form of light and 

this energy is given out as particles called photons. This light energy is more than 

enough for human applications and storage for rainy days. Solar cells utilise a lot of 

photocatalytic materials to capture sunlight and produce electricity. Numerous sort of 

solar cells have been invented to exploit solar energy including hybrid, 

photoelectrochemical, chromatic, and organic cells [99]. Without the availability of 

well established and effective photocatalysts, solar energy can be utilised in different  

photovoltaic devices for a satisfactory and efficient conversion of sunlight into solar 

energy for broad utilisation in various fields [62]. Apart from the sole conversion and 

storage of sun light, it may also be harvested and used to clean up the environment 

through pollutants decomposition [62].  

2.8.4. Water and wastewater treatment 

The process of photocatalysis can be used to break down toxic compounds in water 

making use of sunlight as a source of energy [93]. The main advantage of 

photocatalysis in the degradation of harmful substances is that end products such as 

carbon dioxide (CO2), water (H2O), and inorganic salts are produced, and no additional 

toxic products are given off. This aspect is important with regard to the undesired 

potential impact of photocatalysis on the environment [94]. This is the primary 

purpose for the current study on photocatalysis utilisation in hydrogen energy 
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production and environmental remediation. Water resources have been increasingly 

contaminated by different types of pollutants in recent decades, which has led to 

research into photocatalytic techniques for the removal of the different pollutants [45, 

99]. 

2.8.5. Water splitting  

Photocatalysis or photoelectrochemical water splitting techniques can be employed in 

the splitting of water into oxygen and hydrogen using solar energy [1, 10]. This 

technique dates back to 1972 when Fujishima and Honda used TiO2 semiconductor as 

an electrode to perform the splitting of water in a PEC [45]. The procedures of 

photocatalytic water splitting involve the irradiation of the semiconductor 

photocatalyst with light to activate it. The electrons in the irradiate materials absorb 

the light and are excited from the valence band to the conduction band resulting in the 

electrons in the conduction band and holes in the valence band. Both the 

photogenerated holes and electrons moves to the photocatalyst surface and react with 

the molecules of water in solution producing oxygen and hydrogen through the 

oxidation and reduction reactions taking place on the anode and cathode, respectively 

[1]. These procedures for the photocatalytic water splitting are identical to that of the 

process of photocatalysis.  

 

2.9. Characterisation of the fabricated ZnO thin films 

2.9.1. Fourier-transform infrared (FTIR) spectroscopy analysis  

Fourier transform infrared (FTIR) spectroscopy is a widely utilised identification 

technique of the functional groups in the solid, liquid, and/or gas materials by 

employing the gleam of infrared radiations [106]. The instrument used is called an 
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FTIR spectrometer, generally composed of a sample compartment, an infrared (IR) 

light source, an amplifier, an interferometer, a detector, and a computer [106]. The 

Fourier transform infrared spectroscopy working principle is that the infrared light is 

absorbed by the molecules at specific frequencies, which correlate to the vibrational 

modes of their chemical bonds [107]. A molecular fingerprint is generated by the 

ensuing absorption spectrum, which makes it possible for the characterisation and 

identification of a range of inorganic and organic materials [107]. For analytical 

reasons the highly utilised spectral region is the mid-infrared (mid-IR), in the range 

4000 – 400 cm⁻¹, because it contains the characteristic bands for identification and is 

what is commonly regarded as IR spectroscopy [107]. 

The molecule being analysed should be able to absorb IR light (IR active) for the 

functional group determination [106]. A molecule being IR active means that it has a 

measure of the separation of positive and negative charges [107]. For instance, a single 

atom does not absorb IR radiation, as it has no chemical bond. Symmetrical molecules 

like hydrogen (H2) also do not absorb IR radiation because of a zero dipole moment; 

however, H-F (hydrogen fluoride) is an IR-active molecule [106]. The interaction 

between the IR radiation and the covalent bond of the materials with an electric dipole 

leads to absorption of energy by the molecule, and the bond begins a forth-and-back 

vibration. Hence, the vibration that produced the alteration in the net dipole moment 

of the molecule had to absorb IR radiations [106, 107]. 

The FTIR can provide information such as the identification of unknown materials, it 

can verify the consistency or quality of a sample, and it can also determine the content 

of components in a mixture [108]. Some of the major benefits of FTIR are 

measurement speed; most measurements by FTIR are made in a matter of seconds 
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rather than several minutes. Sensitivity is greatly enhanced with FTIR because the 

detectors used are very sensitive, the optical throughput is much raised, which leads 

to much reduced noise levels, and the rapid scans allow the coaddition of various scans 

in order to decrease the random measurement noise to any desired level. Finally, the 

instruments are self-calibrating and never need to be calibrated by the user [108]. 

 

2.9.2. X-ray Diffractometer (XRD)  

X-ray diffraction (XRD) is a versatile non-destructive analytical method utilised to 

analyse physical properties such as phase composition, crystal structure and 

orientation of powder, solid and liquid samples [109]. The XRD principle is that when 

the X-rays strike solid materials, they scatter due to the electrons revolving around the 

nucleus of atoms. These scattered waves, emitted in multiple directions, interfere with 

each other [110]. The interference can be destructive or constructive, based on the 

direction type of interaction of waves. There is a strong connection between diffraction 

and periodicity; shorter diffraction angles are observed with higher periodicity and 

vice versa [110]. The absence of a periodic arrangement in amorphous materials 

results in the XRD graph only indicating the highest average peak at a precise 

diffraction angle, whereas crystalline materials show diverse prominent XRD peaks 

due to the periodic arrangement of atoms [110]. 

By comparing the XRD pattern obtained from an unknown sample with patterns of a 

reference database, identification of faces is achieved. The broadest database is 

maintained by the International Centre of Diffraction Data (ICDD). On the other hand, 

it is possible to build up a reference database from experimental diffraction patterns 

of pure faces and/or patterns published in the scientific literature or derived from one’s 
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own measurements. Qualitative and quantitative phase analysis of pure substances and 

mixtures are the main uses of XRD [109]. The most common technique for phase 

analysis is often called X-ray powder diffraction, and the analysis of phase alters under 

other special conditions such as temperature, humidity and applied pressure. Analysis 

of physical features such as crystal orientation, crystallite size, and residual stress is 

called the ‘microstructure’ of polycrystalline materials. A lot of these techniques can 

also be used for polycrystalline layered materials such as coatings and thin films using 

a method called grazing incidence XRD [109]. 
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CHAPTER 3: RESEARCH METHODS 

3.1. Research design 

The research design below illustrates the steps that were followed in this study. In 

order to achieve successful results, the steps were carried out in the order that they 

appear (1-4). The preparation of precursor solutions and the fabrication of thin films 

were done as per the procedures described in [25].  

 

Figure 9. Research design outlining the steps that were followed in this study 

 

3.1.   Procedures 

3.1.1. Materials 

Ammonium aluminium oxalate ((NH4)3 Al (C2O4)3) was synthesised in this research 

according to the procedures described in [111]. Zinc acetate dihydrate (Zn 

(CH3COO)2∙2H2O), distilled water, 2-propanol, nickel acetate tetrahydrate (Ni 

(CH3COO)2∙4H2O), and ammonium hydroxide solution (25% NH3) were available in 
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the laboratory. The quartz glass substrates with proportions of 100 × 100 × 1.6 mm3 

were bought from Akishima Glass Co., Ltd. In Tokyo, Japan, they were cut into 20 × 

20 mm2 sizes and cleaned ultrasonically for half an hour with a water-detergent 

mixture. They were then rinsed multiple times with distilled water and lastly with 2-

propanol. All chemical reagents were utilised with no additional purification.  

 

3.1.2. The synthesis of ammonium aluminium oxalate complex [111]  

Aluminium hydroxide (2.0356 g, 0.0261 mol) and oxalic acid (6.0164 g, 0668 mol) 

were dissolved with 50.7216 ml of distilled water in a 250 ml beaker using a stirring 

rod. This mixture (volume A) was then refluxed for 1 hour at 90 ℃, and the residues 

were filtered off by gravity. The filtrate was left to cool, and its volume was measured 

and recorded as volume B (70 ml). 140 ml of ethanol was added to the filtrate as per 

the ratio (2:1) of ethanol to volume B while stirring with a magnetic stirring bar. 20 

ml of ammonium hydroxide was then added dropwise until the solution was basic, as 

tested with the litmus paper. The product was filtered through Buchner filtration and 

dried in a desiccator to give an actual yield of 5.7250 g. 
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Figure 10. The synthesised salt of ammonium aluminium oxalate complex 

 

3.1.3. Preparation of precursor solution/s involving Zn2+ complexes only 

The coating solution involving Zn2+ complexes only was prepared by dissolving zinc 

acetate dihydrate (0.4975 g, 2.267 mmol) in 20.00 g of distilled water, followed by 

adding 25% ammonium hydroxide solution (2.1766 g, 32 mmol NH3). The mixture 

was stirred for one hour at room temperature on a magnetic stirrer with a magnetic 

stirring bar. The total concentration of Zn2+ ions in the precursor solution was 0.10 

mmol g-1. The figure below is a representation of any of these solutions that were 

prepared.  
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Figure 11. Prepared solution containing Zn2+ complexes only 

 

3.1.4. Preparation of precursor solutions involving Zn2+ and Al3+ complexes  

The coating solutions involving Zn2+ and Al3+ complexes were prepared by mixing 

different quantities (2%, 4%, and 8%) of ammonium aluminium oxalate with zinc 

acetate dihydrate in 20.00 g of distilled water, followed by the addition of 25% 

ammonium hydroxide. The grams of zinc acetate dihydrate and ammonium aluminium 

oxalate that were used varied with each doping mole percentage of aluminium. The 

mixtures were stirred for one hour on a magnetic stirrer using a magnetic stirring bar 

at room temperature. The total concentration of Zn2+ ions in each coating solution 

prepared was 0.10 mmol g-1.  

Precursor solutions involving Zn2+ and Al3+ complexes using different doping mole 

percentages of aluminium were obtained as shown in the figure below. As the doping 

mole percentages were increased from 8% to 16%, the solutions attained were not well 

dissolved, making them unsuitable for spray-coating; hence an 8% doped solution was 

the end point for this dopant. 
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Figure 12. Precursor solutions involving Zn2+ and Al3+ complexes 

 

3.1.5. Preparation of precursor solutions involving Zn2+ and Ni2+ complexes  

The coating solutions involving Zn2+ and Ni2+ complexes were prepared by mixing 

different quantities (2%, 4%, 8%, and 16%) of nickel acetate tetrahydrate with zinc 

acetate dihydrate in 20.00 g of distilled water, followed by the addition of 25% 

ammonium hydroxide. The grams of zinc acetate dihydrate and nickel acetate 

tetrahydrate that were used varied with each doping mole percentage of nickel. For 

one hour, the mixtures were stirred on a magnetic stirrer using a magnetic stirring bar 

at room temperature to obtain well-dissolved precursor solutions, respectively. The 

total concentration of Zn2+ ions in each coating solution prepared was 0.10 mmol g-1.  

The figure below shows the precursor solutions involving Zn2+ and Ni2+ complexes 

using different doping mole percentages of nickel that were obtained. As the doping 

mole percentages were raised from 2% to 16%, the colour of the solutions became 

more concentrated in blue, indicating the presence of more nickel ions in the solutions. 

As a result of having more nickel ions in solution, the solutions from 32% had poor 

adhesion on the glass substrate, and 16% doped solution was the end point. 
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Figure 13. Precursor solutions involving Zn2+ and Ni2+ complexes 

 

3.1.6. Fabrication of undoped, Al, and Ni-doped ZnO thin films 

To fabricate undoped, Al, and Ni-doped ZnO thin films, spray-coating was performed 

individually onto pre-heated quartz glass substrates of size 20 × 20 mm2 using either 

3 or 6 grams of the above-mentioned precursor solutions for the desired thin film. The 

temperature of the hot plate was kept at 180 °C and was continuously monitored with 

a thermocouple. Every precursor solution was sprayed onto a pre-heated quartz-glass 

substrate from the airbrush, spraying for 5s at 20s intervals using compressed air as a 

carrier gas. The sprayed films were heat-treated at 450°C for 30 minutes in the air 

using a furnace to obtain thin films.  
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Figure 14. A diagrammatic representation of the spray-coating setup used in this 

study 

 

3.1.7. Characterisations  

The Fourier transform infrared (FTIR) was employed to distinguish the functional 

groups in oxalic acid and ammonium oxalate, and the product synthesised. The 

measurements were taken in the IR region of 4000 cm-1 to 400 cm-1 using the 

potassium bromide (KBr) pellet method. Prior to FTIR analysis, the samples were 

mixed with 200 mg of dry KBr powder in the ratio (1:2) of the sample to KBr and 

finely grind using a mortar and pestle. KBr is IR-transparent and acts as a matrix; the 

results attained correspond to the vibrational modes of their chemical bonds as the 

samples absorbed IR light. The fabricated thin films were characterised for their 

structural properties using the X-ray diffractometer (XRD) instrument (Rigaku 

Miniflex 600) with Cu K-alpha radiation at a scanning step of 0.01 degrees. To analyse 

the optical properties of the fabricated thin films as they interact with light in the UV-

Vis region of the electromagnetic spectrum, the UV-Vis spectrophotometer was 
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utilised (using Ocean View software). The main optical properties of interest were the 

absorbance and transmittance of light and were measured in the wavelength range 

200–800 nm. The scanning electron microscope was used to characterise the 

morphology of the fabricated thin films. The SEM results aid in comprehending the 

input of grain shape, size, and film uniformity to the overall properties and 

performance of the thin film. 

 

3.1.8. Investigations on the applicability of the fabricated thin films as 

photocatalysts  

The photocatalytic activities of the fabricated thin films were studied by measuring the 

aqueous solution of methyl orange (MO) degradation under visible light irradiation. A 

concentration of 10 mg/L in a 120 ml methyl orange solution was initially used based 

on literature [36]. However, the concentration was changed to suit the optimum 

available conditions because not all the conditions in the literature, such as the 

photocatalyst surface area, light power, and continuous stirring before and after light 

irradiation, could be implemented. A 120 ml methyl orange solution with a 

concentration of 2.5 mg/L was then prepared, and 4 ml of this solution was placed in 

nine catalyst placement sections of the self-designed reactor, respectively. The 

different thin films were then submerged in the methyl orange solution in different 

sections of the catalyst placement. The solution was left in the dark for 30 minutes to 

establish the equilibrium (adsorption-desorption) before irradiating with visible light 

[19].  

To block out any external light, the photocatalytic degradation was performed in a 

wooden box at room temperature [36]. The reactor consisted of nine light-emitting 

diodes (LEDs) with visible lights (10 W) in a parallel arrangement and were kept at a 
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distance of 7.5 cm above the reactor. The irradiated solutions of 4 ml were collected 

only after 4 hrs of irradiation, and the absorbance was measured using a UV–Vis 

spectrophotometer for calculating the concentration since absorbance is directly 

proportional to concentration according to Beer Lambert law. The 4 hours of 

irradiation were determined primarily by the operating hours of the laboratory where 

the experiment was conducted, taking into consideration the measurements before and 

after the experiment, for instance, absorbance measurements of the irradiated solution, 

allocation and removal of 4 ml solutions to and from the nine catalyst placement 

sections, housekeeping, and the protection of the used light source from overheating. 

The procedures were established with reference to the articles [19, 36, 112], adjusted 

to the available equipment, and finally refined after trials and errors.          
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 CHAPTER 4: RESULTS AND DISCUSSION  

4.1.  The fabricated thin films 

Table 1 below shows the fabricated thin films, where some were fabricated by spray-

coating with 3 grams of the corresponding precursor solution for the desired thin film 

and others with 6 grams and then heat treated. This was done to see the effect of the 

thickness on the properties of the fabricated thin films. The specific amounts used for 

spray-coating, 3 and 6 grams, were selected according to the procedures in [87, 88], 

where the thickness measurements were done on the obtained films fabricated using 3 

and 6 grams of precursor solutions, and the thickness values were less than one 

micrometre, making them thin films. The as-sprayed films were heat-treated to remove 

organic ligands from metal complexes involved in spray-coating precursor films and 

for the irreversible phase transformation which results in the formation of thin films 

of crystallized metal oxides [113]. To identify the effect of the dopant amount, 

different doping mole percentages were used, and the sequence utilised was using even 

numbers starting with 2 and then doubling to get the next digit to use, and the stopping 

point was determined by how well dissolved the solutions attained were as well as the 

adhesion of these solutions onto the supporting substrate after heat-treating. The 

doping mole percentages, for example 2% Al does not mean that there is 2 grams of 

aluminium in solution prepared. Instead it means that in a solution mixture where the 

total moles of metal ions are equal to 1 (or 100%), 0.02 moles are of aluminium ions 

and the rest 0.98 moles are of zinc ions. Two different dopants, Al and Ni, were used 

to evaluate the effects of various dopants on the characteristics of the resultant thin 

films. For comparison’s sake, the samples were fabricated in pairs for all the doping 

mole percentages.  
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      Table 2. The thin films fabricated through the aqueous-spray coating method 

Dopant Sample 

name 

Doping 

mole % 

Spray-coated 

with 3 g 

Spray-coated 

with 6 g 

 

Undoped 

W1 0 ✓   

W2 0  ✓  

 

 

 

Aluminium 

W3 2 ✓   

W4 2  ✓  

W5 4 ✓   

W6 4  ✓  

W7 8 ✓   

W8 8  ✓  

 

 

 

 

Nickel 

W9 2 ✓   

W10 2  ✓  

W11 4 ✓   

W12 4  ✓  

W13 8 ✓   

W14 8  ✓  

W15 16 ✓   

W16 16  ✓  

 

 

4.2. Fourier transform infrared (FTIR) analysis  

The FTIR results showed different functional group peaks that appear in the mid-IR 

region (4000 ~ 200 cm-1), which is in the wavelength range of 4000 – 400 cm-1. In the 

present study, the C=O, the symmetrical and asymmetrical O-H bonds, and the C-O 

bonds in the oxalic acid spectrum were identified at wavenumber 3417 cm-1, 725 cm-

1, and 1249 cm-1, respectively, with reference to literature [114, 115]. The ammonium 

oxalate spectrum gives peaks at 2987 cm-1, 1593 cm-1, 1429 cm-1 and 1311 cm-1 which 

are allocated to the N-H stretch, C=O, NH4
+, and C-O bonds, respectively. These 
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values strongly correspond with the previous reported values [116]. In the product 

spectrum, the O-H, C=O, NH4
+, and C-O bonds were identified at wavenumbers 3182 

cm-1, 1593 cm-1, 1400 cm-1 and 1292 cm-1 respectively. A new peak in the product 

spectrum at wavenumber 772 cm-1 is confirmed to be an Al-O bond, with reference to 

[117, 118]. These findings strongly indicate that the synthesised product is indeed 

ammonium aluminium oxalate. The figure below presents all the FTIR spectra 

obtained for the samples.  

 

Figure 15. FT-IR spectra of oxalic acid, ammonium oxalate, and the ammonium 

aluminium oxalate in transmission mode 
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4.3. Characterisation of the fabricated thin films 

4.3.1. Crystal structure characterisation 

The X-ray diffractometer (Rigaku Miniflex 600) instrument was used in this study to 

determine the crystal structure of the fabricated thin films based on the diffraction of 

x-rays by using Cu K-alpha radiation, with a scanning step of 0.01 degrees in the 2-

theta range of 20-80°. The figures below show the XRD patterns of the Al and Ni-

doped ZnO thin films spray-coated with 3 and 6 grams of corresponding solutions for 

the desired thin films. 

 

 

Figure 16. XRD patterns of Al-doped ZnO thin films spray-coated with 3 grams of 

corresponding solutions for the desired thin film 
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Figure 17. XRD patterns of Al-doped ZnO thin films spray-coated with 6 grams of 

corresponding solutions for the desired thin film 

The figures above illustrate the XRD pattern for the undoped and Al-doped ZnO thin 

films spray-coated with 3 and 6 grams ranged between 28° and 80°. The several 

diffraction peaks detected at 2θ = 31.7812°, 34.4295°, 36.2668°, 47.5546°, 62.87611°, 

and 68.5239° in the undoped ZnO thin films correspond to the (100), (002), (101), 

(102), (103), (112), and (004) miller indices individually, confirmed by the ICDD card 

of ZnO (ICDD card number 01-079-5604). The undoped ZnO thin film spray-coated 

with 6 grams of corresponding solution for the desired thin film has an additional peak 

at 2θ (degree) = 73.1299° assigned to the (004) plane. The diffraction peaks at 2θ = 

47.5546°, 62.87611°, 68.5239°, and 73.2094° designated to the (102), (103), (112), 

and (004) miller indices are not appearing in the Al-doped ZnO XRD patterns. The 

presence of more, high and sharp peaks was reported to be a sign of high crystallinity, 

and with these results, this means that the undoped ZnO thin films are more crystalline 
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than the Al-doped ZnO thin films [119]. The XRD peaks disappearance towards the 

higher angles with the doping of Al may be due to the lower ionic radius of Al3+ (53 

pm) in comparison to that of Zn2+ (74 pm); as it substitutes the Zn2+ in the crystal 

lattice, it leads to strain and change in the nature of the crystal lattice [120]. As shown 

in the figure above, a decrease in the peak intensity and the broadening of peaks were 

noticed with increasing the doping mole% of Al. When Al impurities are incorporated 

into the interstitial ZnO lattice site, the crystallinity of the ZnO thin films is decreased, 

and this is seen in the abrupt decrease in peak intensity and peak broadening with 

increasing Al dopants. [47, 121]. The broadening of peaks also signifies that the size 

of the particles of the Al-doped ZnO thin films were reduced compared to those of the 

undoped ZnO thin films, as stated in reference [122]. The photocatalytic reaction of 

the Al-doped ZnO thin films may be enhanced by the large surface area that comes 

from the reduction in crystal sizes [18].  
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Figure 18. XRD patterns of Ni-doped ZnO thin films spray-coated with 3 grams of 

corresponding solutions for the desired thin film 
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Figure 19. XRD patterns of Ni-doped ZnO thin films spray-coated with 6 grams of 

corresponding solutions for the desired thin film 

The XRD patterns for the undoped ZnO thin films spray-coated with 3 and 6 grams of 

corresponding solutions for the desired thin films exhibit similar diffraction peaks at 

2θ (degree) = 31.8400°, 34.4399°, 36.4100°, 47.9100°, 56.2841°, 62.9799°, and 

67.4400° indexed as (100), (002), (101), (102), (110), (103), and (112). The undoped 

ZnO thin film spray-coated with 6 grams of corresponding solution for the desired thin 

film has an additional peak at 2θ (degree) = 73.1299° assigned to the (004) plane. 

Some peaks were observed to disappear in the XRD patterns for the Ni-doped ZnO 

thin films, with the peak at 2θ (degree) = 73.1299° disappearing in all the Ni-doped 

ZnO thin films spray-coated with 6 grams of corresponding solution for the desired 

thin films. The peaks at 2θ = 47.9100° and 67.4400° were observed to disappear in all 

the Ni-doped ZnO thin films spray-coated with 3 grams of corresponding solutions for 

the desired thin films. The peaks at 2θ (degree) = 47.9100° and 67.4400° disappeared 
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only in the 16% Ni-doped ZnO thin film spray-coated with 6 grams of corresponding 

solutions for the desired thin films. It was found that the samples have a hexagonal 

wurtzite structure, confirmed by the ICDD card of ZnO (ICDD card number 01-079-

5604). The most intense peak for both undoped and Ni-doped ZnO thin films 

assignable to the (002) plane correlates to the preferred orientation of the zinc oxide 

hexagonal wurtzite phase [19]. The availability of sharp and high peaks in the 

fabricated thin films exhibits their well-crystalline nature, and the many peaks indicate 

their polycrystalline character [119, 123]. The thin films spray-coated with 6 grams of 

solutions show that they are more crystalline than the ones spray-coated with 3 grams 

of solutions. The peaks broadening was observed with an increase in nickel doping 

amount. It was reported that distinctive crystalline structures exhibit varying XRD 

patterns; this signal changes in the crystal lattice due to doping of nickel into the ZnO 

lattice [19]. The intensity of the Ni-doped ZnO thin film peaks decreased gradually 

with an increase in doping amounts of Ni, and the disappearance of peaks ((112), 

(004)) was observed. The gradual change in width, and intensity of the peaks could be 

an indicator of successful doping of ZnO structure with Ni [47]. In summary, the XRD 

results show that the undoped thin films are more crystalline than all the doped thin 

films, but the Ni-doped ZnO thin films are more crystalline than the Al-doped ZnO 

thin films.  

 

4.3.2. Optical properties characterisation 

The UV-vis spectrophotometer was used to analyse the optical properties of the 

fabricated thin films as they interact with light in the UV-Vis region (of wavelength 

200 nm–800 nm) of the electromagnetic spectrum. The primary optical properties of 

focus were the absorbance and transmittance of light, and these results are interpreted 



52 
 

below.

 

Figure 20. Absorbance spectra of Al-doped ZnO thin films spray-coated with 3 grams 

of the corresponding solutions for the desired thin films 

 

Figure 21. Absorbance spectra of Al-doped ZnO thin films spray-coated with 6 grams 

of the corresponding solutions for the desired thin films 
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The figures above portray that all the Al-doped ZnO thin films are absorbing light in 

the visible region of range 400 nm–800 nm. The thin films spray-coated with 3 grams 

exhibit low absorption intensity compared to the ones spray-coated with 6 grams, and 

this is an indication that the amount of solution used during the spray-coating process 

affects how much light the thin films absorb. In this instance, the more the solution 

used for spray-coating, the more the light is absorbed by the resultant thin film. The 

same outcomes were reported in [124, 125]; the author specifically highlighted that 

the transmittance relies on the thickness of the thin films and also on the metal ions on 

the thin films, where generally the transmittance is expected to be low for thin films 

rich in metals [125]. However, the uneven distributions of metal ions onto the 

substrates may lead to different results. Additionally, the temperature at which the thin 

film was heated affects its thickness, surface roughness and crystal sizes and overall 

affects light absorption or transmittance [124]. As the doping amount of Al was 

increased, the absorbance was observed to decrease for all Al-doped ZnO thin films; 

the same phenomenon was documented in [126]. The Al-doped ZnO thin films spray-

coated with 3 grams are observed to have a much lower absorption intensity in 

comparison to the undoped ZnO thin film; however, this was not noticed for the thin 

films spray-coated with 6 grams. This may be due to the uneven thickness of the thin 

films and the uneven distribution of the solution containing Al complexes onto the 

supporting substrate. Both Al-doped ZnO thin films spray-coated with 3 and 6 grams 

of corresponding precursor solutions have a pronounced absorption edge at 370 nm, 

and they show a shift to the lower wavelength, which is the blue shift. The shift of 

absorption spectra to shorter wavelengths with higher Al doping mole% indicates that 

the band gap levels of the Al-doped ZnO thin films have widened [21]. Reports suggest 

that aluminium impurities in the conduction band influence the blue shift as doping, 
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with aluminium introduces new electrons or electron traps, and if they occupy the 

lower level of the conduction band, the band gap size changes [21]. The trend in the 

absorption of light by the fabricated Al-doped ZnO thin films could be an indication 

of a successful doping of ZnO with Al.  

 

 

Figure 22. Transmittance spectra of Al-doped ZnO thin films spray-coated with 3 

grams of the corresponding solutions for the desired thin films 
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Figure 23. Transmittance spectra of Al-doped ZnO thin films spray-coated with 6 

grams of the corresponding solutions for the desired thin films 

As shown in the figures above, the transmittance of the Al-doped ZnO thin films spray-

coated with 3 and 6 grams of corresponding solutions shows the opposite nature of 

absorbance, as anticipated. The transmittance was observed to be low at short 

wavelengths, and it increased with the wavelength values and became steady from 700 

nm and beyond. This outcome may be caused by the interaction of the thin films with 

light at different wavelengths [127]. The 4% Al-doped ZnO thin films spray-coated 

with 3 and 6 grams of corresponding solution were observed to exhibit a higher 

transmittance than the 8% Al-doped ZnO thin films in the visible region, and this could 

be due to the uneven thickness of the thin films. All the thin films demonstrate a great 

transmittance of visible light that is beyond 80%. The even distribution of thin film 

materials results in fewer gaps in the samples, which can lead to an increase in visible 

transmission of these samples [128]. Additionally, the structural properties revealed 

that the thin films are crystalline, which may be another possible reason for less light 
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scattering arising in the high transmittance of Al-doped ZnO thin films [18]. The high 

transmittance of the samples at visible wavelengths makes them suitable for use in 

photovoltaic devices. For instance, ZnO thin films doped with aluminium are utilised 

above and/or below as transparent window layers in copper indium gallium selenide 

thin film solar cells for dirt and corrosion protection [129]. 

 

 

Figure 24. Absorbance spectra of Ni-doped ZnO thin films spray-coated with 3 grams 

of the corresponding solutions for the desired thin films 
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Figure 25. Absorbance spectra of Ni-doped ZnO thin films spray-coated with 6 grams 

of the corresponding solutions for the desired thin films 

As shown in figures 24 and 25 above, all the Ni-doped ZnO thin films are absorbing 

light in the visible region of range 400 nm–800 nm. The absorbance of light decreases 

as the Ni doping percentage is increased from 2% to 8% but rises again at 16% Ni 

content for the thin films spray-coated with 3 grams of respective solutions. On the 

other hand, the absorbance decreases as the Ni doping percentage is increased from 

2% to 4%, yet increases for higher doping levels at 8% and 16% for the thin films 

spray-coated with 6 grams of respective solutions. This hints that higher amounts of 

dopant of Ni and spray-coating solution enhance light absorption in these thin films. 

A greater dopant amount in the solution is likely to promote a more even distribution 

of dopant complexes, leading to a stronger effect on the absorption of light. The thin 

film doped with 16% Ni and spray-coated with 6 grams of corresponding solution 

exhibited the best absorption of light in this study. The absorption edge region of Ni-

doped ZnO thin films is situated between 370 nm and 380 nm; in another study it was 

found to be between 355 nm and 370 nm [54]. A blue shift was observed in the ZnO 
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thin films after doping with nickel, which conveys that the band gap of the Ni-doped 

ZnO thin films increased [130]. According to literature, if nickel ions occupy 

interstitial sites on the ZnO lattice during doping, it enhances light absorption [131]. 

 

 

Figure 26. Transmittance spectra of Ni-doped ZnO thin films spray-coated with 3 

grams of the corresponding solutions for the desired thin films 
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Figure 27. Transmittance spectra of Ni-doped ZnO thin films spray-coated with 6 

grams of the corresponding solutions for the desired thin films 

The figures 26 and 27 above show that all the thin films exhibit high transparency in 

the visible range, with transmittance exceeding 70%, even after Ni doping. However, 

it was observed that transmittance decreases at higher doping levels (8 and 16% Ni-

doped), which is the inverse of absorbance for these thin films. The decrease in 

transmittance at these doping levels might be due to the high nickel impurities in the 

crystal lattice of ZnO [131]. The highest transparency of 97% was obtained by 4% Ni-

doped thin film in the visible region. The transmittance was observed to increase 

rapidly in the shorter wavelength region and becomes nearly flat in the longer 

wavelength range, consistent with the findings reported by [132]. Vinay Gupta and 

Abhay Mansingh suggest that the transmittance depends on the surface roughness 

because surface scattering reduces the transmittance of light. The appearance of an 

almost flat transmittance spectrum indicates low surface roughness, which reduces 

surface scattering and, as a result, increases the transmittance of light [131].  
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4.3.3. Surface morphology characterisation 

The scanning electron microscope (SEM) was used to observe the morphology of the 

thin films spray-coated with 6 grams of respective solutions. Only certain thin films 

(0, 2, and 8% Al and Ni-doped ZnO) spray-coated with 6 grams of solutions were 

analysed due to economic reasons. The analysis of the thin film surfaces by the SEM 

makes it possible to confirm the homogeneity of the thin films, observe the shape and 

size of grains and aggregates, and perform a qualitative analysis of the deposited 

layers.  

 

Figure 28. SEM images of (a) undoped ZnO thin film (b) 2% Al-doped ZnO thin 

film and (c) 8% Al-doped ZnO thin film at the scale of 1 µm 

The SEM images of the undoped and Al-doped ZnO thin films at the scale of 1 µm are 

shown in the figures (a-c) above. The figures show that the undoped and Al-doped 

ZnO thin films are homogeneously distributed onto the substrates with visible particles 
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that are not evenly distributed. It is noted that the particle size on these thin film 

surfaces decreased with the increase in Al doping. This can be attributed to the change 

in the crystal structure as observed in the XRD results. The particles are also observed 

to agglomerate with Al-doping, and at 8% Al-doped, the grain boundaries are not 

visible. According to [128], the creation of stress brought on by the significant 

difference in ionic radius between zinc and aluminium may be the cause of the change 

in particle size. While there is no huge difference in the morphology between the 

undoped and 2% Al-doped ZnO thin films, the 8% Al-doped ZnO shows a noticeable 

difference in morphology from the two. It was observed that the 8% Al-doped ZnO 

thin film has a porous surface. The surface containing pores may provide a large 

surface area and improved photocatalytic activities [133]. 

 

 

Figure 29. SEM images of (a) undoped ZnO thin film (b) 2% Ni-doped ZnO thin film 

and (c) 8% Ni-doped ZnO thin film at the scale of 1 µm 
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The SEM images above show that both the undoped and Ni-doped ZnO thin films are 

continuously distributed over the entire substrate area without any defects such as 

voids or cracks, similar to the results reported by [134]. The undoped ZnO thin film 

shows well-defined particles with distinct boundaries. For the thin film doped with 2% 

Ni, the particles become smaller with emerging agglomerates. At a higher doping 

percentage (8% Ni), the thin film surface has poorly defined particles and increased 

agglomeration. The difference in the morphology of these thin films is an indication 

that doping nickel ions into the ZnO host lattice modifies the growth route. These 

results are in correspondence with previous findings [134, 135], where the 

morphological difference between undoped and Ni-doped ZnO thin films was 

explained. 

 

4.4. Photocatalytic activity experiment 

The figures below show the UV-Vis absorbance readings that were obtained for the 

different MO dye solutions degraded using various thin film photocatalysts fabricated 

in this study. The maximum absorption peak for methyl orange in UV-Vis, as shown 

on the figures below, was at 464 nm, in agreement with [136].  
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Figure 30. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Al doped ZnO thin 

films spray-coated with 3 g of respective solutions 
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Figure 31. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Al doped ZnO thin 

films spray-coated with 6 g of respective solutions 

Figures 30 and 31 above illustrate the degradation of MO dye under visible light by 

the fabricated Al-doped ZnO thin films. The decrease in the absorbance intensity and 

shift of absorbance peak position were regarded as degradation of the methyl orange 

dye [137]. The thin films spray-coated with 3 grams of corresponding solutions 

showed the best degradation in contrast with the one spray-coated with 6 grams. This 

could be due to the porosity of the thin films resulting from less spray-coating solution 

used, allowing more adsorption and contact between the thin film and the dye 

pollutant. When thin films are deposited on a substrate, there is less contact with the 

pollutant molecules, especially the most crystalline ones, and this may reduce the 

photocatalytic reaction [18]. The XRD results showed that the Al-doped ZnO thin 

films spray-coated with 3 grams of solutions are less crystalline than the ones spray-

coated with 6 grams of solution, and this may be another factor contributing to the 
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difference in their photocatalytic activities. The degradation increased with an increase 

in the doping mole% of the Al-doped ZnO thin films used. The highest degradation 

was attained for 8% Al-doped ZnO thin films for both thin films spray-coated with 3 

and 6 grams of corresponding solutions. The enhancement of the photocatalytic 

degradation of Al-doped ZnO thin films can also be linked to the many electron traps 

introduced by Al3+ ions, as doping with Al3+ ions creates electron-trapping centres in 

the thin films, where electrons can be trapped and are prevented from recombining 

with the holes in the valence band [18, 133]. This leads to the longer lifetime of 

electrons, which enhances the production of hydroxyl and superoxide radicals and 

enhances the photocatalytic reaction [18, 133]. In comparison to other studies, the MO 

degradation rates of Al-doped ZnO thin films, unlike Ni-doped ZnO thin films, are 

good, considering the reaction conditions used, such as only a power of 10 W, no 

continuous stirring during irradiation time, no adjustment to solution pH or 

temperatures, and many other parameters explored in the literature for optimum results 

[18, 19, 36].  Since a degradation of MO was successful in the presence of Al-doped 

ZnO thin films under visible light, the possibility of being degraded under UV light is 

high because UV light has high energy wavelengths in comparison to visible light. 

These results also prove that aluminium is a good dopant for doping into ZnO to 

improve the photoresponse action of ZnO thin films. 
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Figure 32. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Ni doped ZnO thin 

films spray-coated with 3 g of respective solutions 

 

Figure 33. Absorbance spectra for the decomposition of 2.5 mg/L of aqueous MO 

solution under visible light for 4 hrs in the presence of different Ni doped ZnO thin 

films spray-coated with 6 g of respective solutions 
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As shown in figures 32 and 33 above, a very slight to no degradation was observed for 

the degradation of MO in the presence of Ni-doped ZnO thin films. The only MO dye 

degradation in the presence of Ni-doped ZnO thin films was attained for the 2% Ni-

doped ZnO thin film spray-coated with 3 grams of the corresponding solution. The 

same results were attained in reference [138], where doping of over five percent Ni 

metal ions into ZnO thin films extremely narrowed the bandgap, and since the bandgap 

was narrow, the electrons moved back and forth easily between the valence and 

conduction band, which resulted in negligible photocatalytic activity. Doping ZnO 

with Ni creates a new bandgap level, where the bandgap is either increased or 

decreased [133]. With the slight degradation obtained for the 2% Ni-doped ZnO thin 

film, it may be that the bandgap narrowed with an increase in doping percentages, 

resulting in increased electron-hole recombination. This is because at 2% Ni-doped 

ZnO thin film spray-coated with 3 grams, there is less metal content in comparison to 

the 2% Ni-doped ZnO thin film spray-coated with 6 grams; thus, a slight degradation 

is obtained, but with double the metal contents deposited unevenly and being more 

crystalline, no degradation is observed. And at percentages higher than 2%, the 

bandgap may have decreased rapidly, leading to increased electron-hole 

recombination and no photocatalytic activities. Some of the photodegradation results 

depict an increase in the dye concentration in the presence of Ni-doped ZnO thin films, 

which may be because the dye was partially degraded, as the methyl orange dye was 

described to be a strongly bonded dye that is not easy to break down, and stronger 

forces are needed to induce its degradation [136]. The dye forms seven intermediates 

before its final degradation into a harmless product [136]. It was reported that the 

accumulation of intermediates on the surface of the photocatalyst blocks the active site 

and reduces light absorption, which ultimately leads to a decreased photocatalytic 
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reaction rate [23]. On the other hand, the parameters used, specifically the power, may 

not be sufficient to successfully degrade MO dye in the presence of Ni-doped ZnO 

thin films due to insufficient excitation of electrons. Stronger light intensity can excite 

more electron-hole pairs fast, and this speeds up the photodegradation [139]. The 

duration of irradiation may be short for complete degradation of intermediates. In 

another study, a lengthy irradiation time was required for absolute degradation of the 

dye with a low concentration while using a doped ZnO thin film photocatalyst [18]. 

The generation of recombination sites and the blocked surfaces of the photocatalysts 

may also be the cause of the decreased photocatalytic activity of Ni-doped ZnO thin 

films [133]. In a study where the photocatalytic activities of both Al- and Ni-doped 

ZnO thin films were studied, the same results as for this study were obtained [133]. 

The study points out that the improved photocatalytic activity of the Al-doped ZnO 

photocatalyst is due to the high surface area, the improvement of the absorption of 

light, and the increase of free charge carriers introduced by Al3+ ions. Whereas the 

decreased photocatalytic activity of the Ni-doped ZnO photocatalyst is attributed to 

the creation of recombination centres in the band gap and/or the reduction of active 

sites present on the surface [133]. All in all, it can be concluded that increased 

absorption of light does not always mean an increase in photocatalytic activity, and 

this can simply be because the light used during optical characterisation is different 

from the one used during the photocatalytic process [133, 140]. 

 

4.5. Degradation efficiency  

By using formula 4 below, the percentage degradation (% D) efficiency was 

determined. Firstly, the molar absorption coefficient (є) was calculated using equation 
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2 derived from the Beer Lambert Law. The absorbance measurements were all taken 

at a wavelength of 464 nm, which corresponds to the absorbance wavelength of methyl 

orange in UV-Vis spectroscopy as stated in [136]. 

 Beer Lambert Law: A = εcl..........................................................................................1 

 ε = A/cl..…   ………...………………………………………………………….....….2 

In the equations above, A is the absorbance of light, c is the concentration of the dye 

solution in mol L-1, l is the length of the solution the light passes through in cm, and є 

is the molar absorption coefficient having the unit L mol-1 cm-1. Prior to calculating 

the percentage degradation efficiency, the concentrations of the MO dyes were 

calculated using equation 3 derived from the Beer Lambert Law. 

C = A/εl..………………………………………………………………………......….3 

Dye degradation efficiency: % D = (Co - Ct) / Co × 100……………………………..4 

In equation 4 above, C0 denotes the initial dye concentration, and Ct represents the dye 

concentration after irradiation time (hours). Table 3 below shows the concentration 

values of the MO solution before and after 4 hours of irradiation with visible light.  

Table 3. Concentration values of methyl orange dye before and after irradiation with 

visible light in the presence of Al and Ni-doped ZnO thin films 

Type of thin film 

used 

Initial 

concentration 

(in mg/L) 

Final 

concentration 

(in mg/L) 

Final 

concentration 

(in mg/L) 

3 g thin film 6 g thin film 



70 
 

Dye irradiated w/o 

photocatalyst 

2.5 2.5 2.5 

Undoped ZnO 2.5 2.5 2.6 

2% Al-doped ZnO 2.5 2.0 2.6 

4% Al-doped ZnO 2.5 1.3 2.4 

8% Al-doped ZnO 2.5 1.2 1.6 

2% Ni-doped ZnO 2.5 2.4 2.7 

4% Ni-doped ZnO 2.5 2.5 2.6 

8% Ni-doped ZnO 2.5 2.5 2.6 

16% Ni-doped ZnO 2.5 2.5 2.6 

 

Table 3 above shows the concentration of the methyl orange solutions before and after 

irradiation with visible light. The concentration of methyl orange solution remained 

the same after 4 hours of visible light irradiation when the photocatalyst was not used. 

This is proof of the steadiness of the MO dye during photocatalysis experiments. 

Nonetheless, in the presence of the various thin film photocatalysts, a change in 

concentration of the MO dye was observed. The uncertainty encountered in the dye 

absorbance measurements was that the dye absorbance measurements were influenced 

by the noise in the laboratory, arising in slightly irregular absorbance curves and which 

led to the need to re-read the solutions multiple times. 
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Figure 34. Degradation efficiency of methyl orange in the presence of Al-doped ZnO 

thin films spray-coated with 3 g of the corresponding solutions for the desired thin 

films 
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Figure 35. Degradation efficiency of methyl orange in the presence of Al-doped ZnO 

thin films spray-coated with 6 g of the corresponding solutions for the desired thin 

films 

In the bar graphs above, the degradation efficiencies of MO in the presence of Al-

doped ZnO thin films spray-coated with 3 and 6 grams of solutions are shown. The 

highest degradation efficiency of 52% was obtained for 8% Al-doped ZnO thin film 

spray-coated with 3 grams of corresponding solution. The difference between the 

degradation efficiency in the presence of 4 and 8% Al-doped ZnO thin films spray-

coated with 3 grams of solution is quite minimal, but this was not observed for the thin 

films spray-coated with 6 grams of solution. Overall, Al-doped ZnO thin films spray-

coated with 3 grams show the best degradation efficiency in contrast to the ones spray-

coated with 6 grams. By comparison with that of undoped ZnO thin films, the 

degradation efficiency does increase by doping ZnO thin films with Al. It was 
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observed that the photocatalytic degradation efficiency follows the order AZO + MO 

> undoped ZnO + MO > MO.  

 

 

Figure 36. Degradation efficiency of methyl orange in the presence of Ni-doped ZnO 

thin films spray-coated with 3 g of the corresponding solutions for the desired thin 

films 
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Figure 37. Degradation efficiency of methyl orange in the presence of Ni-doped ZnO 

thin films spray-coated with 6 g of the corresponding solutions for the desired thin 

films 

The bar graphs above show the degradation efficiency of MO by Ni-doped ZnO thin 

films. The only degradation efficiency of 2.5% was attained when a 2% Ni-doped ZnO 

thin film spray-coated with 3 grams of solution was used. The same results were 

reported, where only the 1% Ni-doped ZnO thin films gave the best photodegradation 

efficiency [138]. In the present study, the degradation efficiency for both thin films 

spray-coated with 3 and 6 grams does not have a trend. The degradation efficiency of 

thin films spray-coated with 3 grams was shown to be around 0.26% except for 2% 

Ni-doped ZnO thin film. The degradation efficiency of thin films spray-coated with 6 

grams was observed to be null. These results indicate that the Ni-doped ZnO thin films 

do not have the best photocatalytic activity under the degradation conditions used in 
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this study. Although there are studies that have documented successful 

photodegradation in the presence of Ni-doped ZnO thin films [19, 36, 133], the 

conditions (power, pH, concentration, temperatures) were varied to attain the best 

results.  

 These results will aid in fabricating the best thin films for various industrial 

applications; for instance, the thin films fabricated with 3 grams of precursor solution 

were confirmed by XRD results to be less crystalline than the ones fabricated with 6 

grams of the precursor solutions. This means that the ones fabricated with 3 grams of 

precursor solutions may be best for photocatalytic activities, while the one spray-

coated with 6 grams of solutions may be best for protective coatings and photovoltaic 

devices fabrication. The ammonium aluminium oxalate synthesised in this study opens 

pathways for its synthesis for research and industrial applications. The results on the 

ammonium aluminium oxalate solubility allow for future studies to optimise synthesis 

conditions to enhance purity and structural stability, which is vital for precursor 

solutions preparation for thin films fabrication. The UV-Vis results having highlighted 

the various factors affecting the absorption and transmittance of light in thin films will 

help future researchers to advance factors such as thin film thickness, heat treating 

temperature and even distribution of precursor solutions when fabricating thin films 

for various uses. The photocatalytic results of this research may be useful for industrial 

applications in the production of hydrogen via water splitting. 
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CHAPTER 5: CONCLUSION 

All in all, the objectives of the study were achieved, which were to prepare the 

precursor solutions containing the respective metal ions, fabricate thin films through 

the aqueous spray-coating method, and characterise them using the XRD, UV-Vis 

spectrophotometer, and SEM, and finally, to investigate their photocatalytic activities. 

In this research, ammonium aluminium oxalate salt was successfully synthesised, 

confirmed by FTIR analysis. The XRD results showed that the thin films fabricated 

exhibit an intense peak at the (002) plane indicative of the stable hexagonal wurtzite 

phase of ZnO. The doping of ZnO with Al led to decreased peak intensity and 

broadening in the XRD patterns, indicating changes in the ZnO crystal structure. 

Similarly, Ni doping caused a reduction in peak intensities, confirming structural 

alterations. These changes altogether demonstrate the successful incorporation of Al 

and Ni dopants into the ZnO lattice. All the fabricated thin films showed an absorbance 

of light in the visible region of the electromagnetic spectrum. The photocatalytic 

activities of the fabricated thin films were evaluated by degradation of the methyl 

orange dye under visible light. It was concluded that the 8% Al-doped ZnO thin films 

fabricated in this study have good photocatalytic activity, likely due to increased 

electron-accepting centres and reduced electron-hole recombination. The good 

photocatalytic activities of 8% Al-doped ZnO thin films implicate their potential for 

improving PEC water splitting. The 8% Al-doped ZnO thin films fabricated in this 

study may be used as photoanodes for hydrogen production via PEC water splitting, 

this is because the process of photocatalysis is identical to that of water splitting. The 

successful use of Al-doped ZnO thin films contributes to the development of cost-

effective and scalable materials for the production of clean energy. The Ni-doped ZnO 

thin films fabricated in this research exhibited poor photocatalytic activities, which 
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may be due to the presence of recombination centres or insufficient light power. The 

effects of the spray-coating solutions used to fabricate thin films were observed firstly 

in the colour of the thin films fabricated, the difference in the XRD patterns, and the 

absorbance of light, as well as the photocatalytic activities of the thin films. These 

results demonstrate that various dopants result in different properties of thin films; in 

this case, the optical (absorbance and transmittance), structural, and photocatalytic 

properties. While the study objectives were achieved successfully, challenges and 

limitations such as precursor solutions insolubility and instability at higher doping 

mole percentages and poor thin film adhesion to the supporting substrate at higher 

doping mole percentages were encountered. Specifically, for the preparation of 

precursor solutions for fabricating Al-doped ZnO thin films, insoluble precipitates 

formed for percentages higher than 8%, hence the study ended at 8% Al-doped ZnO 

thin films. On the other hand, poor thin film adhesion was experienced with the 

fabrication of higher than 16 % Ni-doped ZnO thin films. Ultimately, this investigation 

contributes to the development of a simple yet effective method for the fabrication of 

Al- and Ni-doped ZnO thin films, which is the aqueous spray-coating method.  
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CHAPTER 6: RECOMMENDATIONS 

For this research, the author strongly recommends characterising the thin films after 

their fabrication using the necessary instruments available to verify the accuracy of 

the fabrication process and to facilitate the analysis and interpretation of the results 

before proceeding further. The focus on finding alternative Al3+ salts to obtain a clear 

and homogeneous coating solution even at higher doping concentrations is 

recommended, as the photocatalytic activities of Al-doped ZnO thin films were 

observed to improve with an increase in Al doping amount. The characterisation of all 

the fabricated thin films with SEM is highly recommended for better understanding 

and interpretation of results. It is also suggested to look into the long-term stability 

and durability of the thin films under prolonged visible light irradiation and in aqueous 

environments to ensure their feasibility for PEC water-splitting and other 

photocatalytic applications. The optimisation of the spray-coating method, including 

parameters such as spray time, substrate temperature, and deposition rate, may 

improve the consistency and quality of the films, especially at higher doping 

concentrations. Further studies that can be done on this research are the degradation 

of methyl orange using higher visible light power and investigating the applications 

of the fabricated thin films with good photocatalytic activities as photoanodes for 

hydrogen production via photoelectrochemical water splitting.  
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