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Nowadays, researchers are interested in the production of willemite (Zn2SiO4) since it 

has good phosphor properties in optoelectronic applications. However, still lack of study 

in the fabrication of cobalt oxide (Co3O4) doped willemite based glass-ceramics 

(Zn2SiO4: Co2+) derive from white rice husk ash (WRHA). The Zn2SiO4: Co2+ were 

fabricated based empirical formula of (Co3O4)y[(ZnO)0.55(WRHA)0.45]1-y where y = 0.0, 

0.1, 0.5, 1.0 wt.% heat-treated at 700-950 °C using melt-quenching technique. This 

research focuses on the effect of heat treatment and effect of Co3O4 doping on the 

physical, structural, optical, and dielectric properties of Zn2SiO4: Co2+. The densities of 

undoped-Zn2SiO4 and Zn2SiO4: Co2+ increased from 3.4138 to 3.4659 g/cm3 as dopant 

increases, also the linear shrinkage increased from 6.23 to 6.92% when dopant increased. 

X-ray Diffraction (XRD) shows the formation of β−Zn2SiO4 at 750 ℃, then achieve 

stable state of α-Zn2SiO4 at 950 ℃. Meanwhile, the crystallite size was increased from 

74.47 to 74.68 nm then decreased to 73.18 nm as dopant increased. Field Emission 

Scanning Electron Microscopy (FESEM) shows no obvious changes as the dopant 

increased. However, at 950 ℃, Zn2SiO4: 0.5 wt.% Co2+ and Zn2SiO4: 1.0 wt.% Co2+ 

showed a larger grain and less porosity compared to other samples. Fourier Transform 

Infrared (FTIR) spectroscopy showed eight significant vibrational bands of Zn2SiO4 at 

750- 950 ℃ for both undoped and doped samples. The presence of SiO4 and ZnO4 bands 

in the FTIR absorption spectrum prove the formation of Zn2SiO4. The absorption spectra 

of UV-Visible were recorded in the range of 220-800 nm and the absorption band of 

undoped- Zn2SiO4 shifted to lower wavelengths (370 and 349 nm) at 900 and 950 ℃ 

respectively. When Co3O4 was introduced to Zn2SiO4 two absorption spectra occurred 

which is at 450 -700 nm and ~325 nm attributed to 4A2 → 4T1 (4P) transitions. The optical 

band gap was increased as dopants were introduced to Zn2SiO4 from ~4.09 eV to 4.57 

eV then decreased to 4.29 eV. Photoluminescence spectroscopy (PL) showed blue 

emissions at ~420, ~444, ~464 and ~485 nm and green emission at ~525 nm under 325 

nm excitation which attributed to the transition of Co2+ from 4A2 → 4T1(4P). Besides, the 

dielectric constant increased from 4.84047 to 5.52423 when Co3O4 increase due to 
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enhancement of the crystallinity and decrement of the polarization at higher 

temperatures. The dielectric loss remained low with the increase of dopant and AC 

conductivity showed each sample has different range of frequency cut-off which is at 

~1.2, ~1.7, ~1.3 and ~1.4 GHz for undoped-Zn2SiO4, Zn2SiO4: Co2+ at 0.1, 0.5 and 1.0 

wt.% respectively. The differences of frequency cut-off might occur due to the difference 

in ability of each sample to transport the electron when electric field is applied. In 

conclusion, the ability of the Zn2SiO4: Co2+ to exhibit blue emission and able to operate 

at higher frequency, also low loss makes it suitable to be used as a phosphor material in 

optoelectronic applications.  
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Pada masa kini, para penyelidik sangat berminat dalam penghasilan willemit (Zn2SiO4) 

memandangkan ia mempunya sifat fosfor yang baik di dalam aplikasi optoelektronik. 

Walau bagaimanapun, kajian dalam penghasilan kobalt oksida (Co3O4) dop willemit 

berasaskan kaca seramik (Zn2SiO4: Co2+) dihasilkan daripada abu putih sekam padi 

(WRHA) masih kurang. Zn2SiO4: Co2+ telah dihasilkan berdasarkan formula emperik 

(Co3O4)y[(ZnO)0.55(WRHA)0.45]1-y yang mana y = 0.0, 0.1, 0.5, 1.0 wt.% dan dipanaskan 

pada 700-950 ℃ menggunakan teknik peleburan-pelindapan. Kajian ini menumpukan 

kesan rawatan haba dan kesan pendopan Co3O4 terhadap ciri-ciri fizikal, struktur, optik 

dan dielektrik Zn2SiO4: Co2+. Ketumpatan Zn2SiO4-tidak didop dan Zn2SiO4: Co2+ 

meningkat daripada 3.4138 kepada 3.4659 g/cm3 apabila dopan meningkat manakala 

pengecutan linear juga meningkat daripada 6.23 kepada 6.92% apabila dopan meningkat. 

Pembelaun sinar-X (XRD) menunjukkan pembentukan β−Zn2SiO4 pada suhu 750 ℃, 

kemudian mencapai keadaan stabil (α−Zn2SiO4) pada 950 ℃. Manakala, saiz kristalit 

meningkat daripada 74.47 kepada 74.68 nm kemudian menurun kepada 73.18 apabila 

dopan meningkat. Mikroskopi pancaran medan elektron penskanan (FESEM) 

menunjukkan tiada perubahan ketara apabila dopan meningkat. Walau bagaimanapun, 

pada 950 ℃, Zn2SiO4: 0.5 wt.% Co2+ dan Zn2SiO4: 1.0 wt.% Co2+ menunjukkan butiran 

yang lebih besar dan keronggaan yang kurang berbanding sampel lain. Spektroskopi 

transformasi fourier inframerah (FTIR) menunjukkan bahawa terdapat lapan jalur 

getaran Zn2SiO4 yang ketara pada suhu 750-950 ℃ bagi sample yang tidak didop dan 

didop. Kehadiran jalur SiO4 dan ZnO4 di dalam spektum penyerapan FTIR membuktikan 

penghasilan Zn2SiO4. Penyerapan spectra UV cahaya nampak (UV-Vis) dirakam dalam 

julat 220-800 nm dan jalur penyerapan untuk Zn2SiO4-tidak didop berganjak kepada julat 

gelombang yang lebih rendah (370 dan 349 nm) pada suhu 900 dan 950 ℃. Apabila 

Co3O4 diperkenalkan kepada Zn2SiO4, berlaku dua penyerapan spektra iaitu pada 450 -

700 nm dan pada ~325 nm disebabkan peralihan 4A2 → 4T1 (4P). Jurang jalur optik 
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meningkat apabila dopan diperkenalkan kepada Zn2SiO4 daripada ~4.09 eV kepada 4.57 

eV kemudian menurun kepada 4.29 eV. Spektroskopi kefotopendarcahayaan (PL) 

menunjukkan pancaran biru pada ~420, ~444, ~464 dan ~485 nm, dan pancaran hijau 

pada ~525 nm di bawah pengujaan 325 nm yang mana pancaran tersebut disebabkan oleh 

peralihan Co2+ daripada 4A2 → 4T1(4P). Selain itu, pemalar dielektrik meningkat daripada 

4.84047 kepada 5.52423 apabila Co3O4 meningkat disebabkan oleh peningkatan 

penghabluran dan pengurangan polarisasi pada suhu yang tinggi. Kehilangan dielektik 

kekal rendah apabila dopan meningkat dan kekonduksian AC menunjukkan setiap 

sampel mempunyai julat frekuensi penggal yang berbeza iaitu masing-masing pada ~1.2, 

~1.7, ~1.3 and ~1.4 GHz. Perbezaan frekuensi penggal mungkin berlaku kena perbezaan 

kemampuan setiap sampel untuk membawa elektron apabila medan elektrik dibekalkan. 

Kesimpulannya, kemampuan Zn2SiO4: Co2+ untuk memancarkan pancaran biru dan 

boleh beroperasi pada frekuensi yang tinggi, serta kehilangan dielektik yang rendah 

menjadikan ia sesuai untuk digunakan sebagai bahan fosfor di dalam aplikasi 

optoelektronik.  

 

  



© C
OPYRIG

HT U
PM

 

v 

 

ACKNOWLEDGEMENTS 

 

 

In the name of Allah, the most gracious and the most merciful, on whom we ultimately 

depend for sustenance and guidance. I am very grateful to Allah the Almighty for the 

strength and His blessing we were able to complete this research together.  

 

 

My sincere appreciation and gratitude towards my supervisor Associate Professor Dr. 

Khamirul Amin Matori for his time, patience, advice, countless time of help, and 

encouragement throughout my entire research. Also, his valuable support and guidance 

towards the end of the research until the thesis is completed. I am grateful to have such 

an incredible supervisor who always is there when he is needed; to solve our problems, 

answer our confusions, and provide us with great opportunities to gain more knowledge 

in the research field. Not to forget, I would like to give my special thanks to my co-

supervisors, Dr. Mohd Hafiz Mohd Zaid and Assoc. Prof. Dr. Mohd Mustafa Awang 

Kechik who always being supportive and encouraging. They are great researchers that I 

can rely on whenever any problems can’t be solved. Thanks to their incredible ideas and 

guidance that improved my research skills. Besides, I also would like to express my 

unspoken thanks to Dr. Idza Riati Ibrahim for her great help and contributions throughout 

my research journey. She is like a sister to me, who is very helpful, and I can have an 

open discussion whenever I am unsure with my research.  

 

 

My greatest appreciation and gratitude towards my family member, especially my 

mother Asiah Mat Salleh and my father Abdul Wahab Mohd Tahar who have always 

been supportive from the beginning of the research until the end of the journey. Their 

endless trust in me gives me the strength to complete my study. Thank you to my 6 

brothers, 2 sisters, and my little brother who always be there, supporting me, and helping 

me whenever I need it. I love all of you very much till the end of my life. Without their 

care and support, I will not be here. A special word to my best friend Hajar Atiqah Mohd 

Azmy for her endless support and for keeping accompanying me whenever I need her. 

Advice me all along so that I can keep on track. She is one of my best friends ever whom 

I can count on.  

 

 

I would like to extend my gratitude, to my best friend Rahayu Emilia, Izyan Nadhirah, 

Fatehah Nadhrah, Husna Azdiyah, and Wan Ebtisyam who always be there for me. Also, 

friends to keep, Adlina, Shazreen, Shafiqa Haris, Nisah, and Farhatun who always be 

with me and keep updating me about my research. My food mates’ curls Nuraidayani, 

Nadia Asyiqin, Siti Nabilah, Zulhasif, and all who always help me, having a great 

discussion together regarding our research. Our great moments discussing, changing 

ideas, and chilling together will be kept in my memories. Finally, thanks to RMC UPM 

for the Graduate Research Fellowship (GRF) scholarship and Geran Putra IPS (IPS-

927500) as the financial support in my study. Last but not least, I want to thank me for 

believing in myself.  



© C
OPYRIG

HT U
PM

 

vii 

 

This thesis was submitted to the Senate of the Universiti Putra Malaysia and has been 

accepted as fulfillment of the requirement for the degree of Doctor of Philosophy. The 

members of the Supervisory Committee were as follows: 

 

 

Khamirul Amin bin Matori, PhD 

Associate Professor 

Faculty of Science  

Universiti Putra Malaysia 

(Chairman) 

 

Mohd Hafiz bin Mohd Zaid, PhD 

Senior Lecturer 

Faculty of Science 

Universiti Putra Malaysia 

(Member) 

 

Mohd Mustafa bin Awang Kechik, PhD 

Associate Professor 

Faculty of Science 

Universiti Putra Malaysia 

(Member) 

 

 

 

 

 

 

 

 ______________________________ 

ZALILAH MOHD SHARIFF, PhD 

Professor and Dean 

School of Graduate Studies 

Universiti Putra Malaysia 

 

Date: 10 February 2022 

 

 

 

 

 

  



© C
OPYRIG

HT U
PM

viii 

Declaration by graduate student 

I hereby confirm that: 

• this thesis is my original work;

• quotations, illustrations and citations have been duly referenced;

• this thesis has not been submitted previously or concurrently for any other degree at

any institutions;

• intellectual property from the thesis and copyright of thesis are fully-owned by

Universiti Putra Malaysia, as according to the Universiti Putra Malaysia (Research)

Rules 2012;

• written permission must be obtained from supervisor and the office of Deputy Vice-

Chancellor (Research and innovation) before thesis is published (in the form of

written, printed or in electronic form) including books, journals, modules,

proceedings, popular writings, seminar papers, manuscripts, posters, reports, lecture

notes, learning modules or any other materials as stated in the Universiti Putra

Malaysia (Research) Rules 2012;

• there is no plagiarism or data falsification/fabrication in the thesis, and scholarly

integrity is upheld as according to the Universiti Putra Malaysia (Graduate Studies)

Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia (Research)

Rules 2012. The thesis has undergone plagiarism detection software

Signature: Date: 

Name and Matric No: Siti Aisyah binti Abdul Wahab,  



© C
OPYRIG

HT U
PM

 

ix 

 

Declaration by Members of Supervisory Committee 

 

 

This is to confirm that: 

• the research conducted and the writing of this thesis was under our supervision; 

• supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013) were adhered to. 

 

 

 

 

Signature: _________________ 

Name of 

Chairman of 

Supervisory  

Committee: Khamirul Amin bin Matori 

 

 

 

 

Signature: _________________ 

Name of 

Member of 

Supervisory  

Committee: Mohd Hafiz bin Mohd Zaid 

 

 

 

 

Signature: _________________ 

Name of 

Member of 

Supervisory  

Committee: Mohd Mustafa bin Awang Kechik 

 

  



© C
OPYRIG

HT U
PM

x 

TABLE OF CONTENTS 

Page 

ABSTRACT i 

ABSTRAK iii 

ACKNOWLEDGEMENTS v 

APPROVAL vi 

DECLARATION viii 

LIST OF TABLES xiii 

LIST OF FIGURES xiv 

LIST OF ABBREVIATIONS xviii 

CHAPTER 

1 INTRODUCTION 1 

1.1 Research background 1 

1.2 Problem statement 2 

1.3 Objectives  4 

1.4 Scope of the study 5 

1.5 Outline of the thesis 5 

2 LITERATURE REVIEW 6 

2.1 Introduction Rice Husk (RH) 6 

2.1.1 Glasses from RH 7 

2.2 Glass 8 

2.2.1 ZnO-SiO2 glass binary system 9 

2.3 Glass-ceramics 11 

2.3.1 Glass-ceramics formations 12 

2.4 Willemite 14 

2.4.1 Phases of willemite 15 

2.4.2 Methods of producing willemite 17 

2.4.3 Physical studies of willemite 21 

2.4.4 Structural studies of willemite 23 

2.4.5 Optical Studies of willemite 30 

2.4.6 Dielectric Studies of willemite 37 

3 METHODOLOGY 38 

3.1 Introduction 38 

3.2 Glass and glass-ceramics preparation 38 

3.2.1 White rice husk ash preparation 38 

3.2.2 Zinc silicate glass preparation 40 

3.2.3 Doping process 41 

3.2.4 Weighing, mixing, and milling process 42 

3.2.5 Melt and quenching technique 43 

3.2.6 Pelleting process 44 

3.2.7 Heat treatment process 45 

3.3 Characterization 46 

3.3.1 X-ray fluorescence measurement 46 

3.3.2 Differential Scanning Calorimetry 46 

3.3.3 Density measurement  47 



© C
OPYRIG

HT U
PM

 

xi 

 

3.3.4 Linear shrinkage measurement 48 

3.3.5 X-Ray diffraction measurement 49 

3.3.6 Field emission scanning electron microscopy  50 

3.3.7 Fourier transforms infrared spectroscopy 51 

3.3.8 UV-Visible spectroscopy 51 

3.3.9 Photoluminescence spectrometer 53 

3.3.10 Impedance analyzer 53 

  

4 RESULTS AND DISCUSSION 55 

 4.1 Introduction 55 

 4.2 Precursor glass analysis 55 

  4.2.1 Chemical composition of WRHA 55 

   4.2.1.1 XRF analysis 55 

  4.2.2 Thermal properties of glasses 56 

   4.2.2.1 DSC analysis 56 

  4.2.3 Physical properties of glasses 58 

   4.2.3.1 Physical appearance of glasses 58 

  4.2.4 Structural properties of glasses 59 

   4.2.4.1 XRD analysis 59 

   4.2.4.2 FTIR analysis 60 

  4.2.5 Optical properties of glasses 62 

   4.2.5.1 UV-Visible analysis 62 

   4.2.5.2 

4.2.5.3 

Optical band gap analysis 

Photoluminescence analysis   

63 

65 

 4.3 Glass-ceramics analysis 67 

  4.3.1 Physical properties of glass-ceramics 67 

   4.3.1.1 Density analysis and linear shrinkage 

analysis 

67 

  4.3.2 Structural properties of glass-ceramics 69 

   4.3.2.1 XRD analysis 69 

   4.3.2.2 FESEM analysis 71 

   4.3.2.3 FTIR analysis 73 

  4.3.3 Optical properties of glass-ceramics 75 

   4.3.3.1 UV-Visible analysis 75 

   4.3.3.2 Optical band gap analysis 77 

   4.3.3.3 Photoluminescence analysis 80 

  4.3.4 Dielectric properties of glass-ceramics 82 

   4.3.4.1 Dielectric constant 82 

   4.3.4.2 Dielectric loss  84 

   4.3.4.3 AC Conductivity 85 

 4.4 Co2+-doped willemite analysis 86 

  4.4.1 Physical properties of Co2+-doped willemite 86 

   4.4.1.1 Density analysis  86 

   4.4.1.2 Linear shrinkage analysis 88 

  4.4.2 Structural properties of Co2+-doped willemite 89 

   4.4.2.1 XRD analysis 89 

   4.4.2.2 FESEM analysis 93 

   4.4.2.3 FTIR analysis 98 

  4.4.3 Optical properties of Co2+-doped willemite 101 

   4.4.3.1 UV-Visible analysis 101 

   4.4.3.2 Optical band gap analysis 104 



© C
OPYRIG

HT U
PM

 

xii 

 

   4.4.3.3 Photoluminescent analysis 109 

  4.4.4 Dielectric properties of Co2+-doped willemite 114 

   4.4.4.1 Dielectric constant 114 

   4.4.4.2 Dielectric loss 118 

   4.4.4.3 AC Conductivity 121 

   

5 CONCLUSION AND RECOMMENDATIONS 124 

 5.2 Conclusion   124 

 5.3 Recommendations for future research 126 

  

REFERENCES 127 

APPENDICES 143 

BIODATA OF STUDENT 147 

LIST OF PUBLICATIONS 148 

 

  



© C
OPYRIG

HT U
PM

 

xiii 

 

LIST OF TABLES 

 

Table  Page 

   

2.1 The advantages and disadvantages of producing Zn2SiO4 by various 

methods. 

20 

   

2.2 Summary on densities and linear shrinkage of Zn2SiO4 due to effect of 

heat treatment and doping percentage. 

22 

   

2.3 Summary on structural properties of zinc silicate glasses and Zn2SiO4. 27 

   

2.4 Summary on effect of heat treatment process to the structural properties 

of Zn2SiO4. 

28 

   

2.5 Summary on effect of dopant concentration to the structural properties 

of Zn2SiO4. 

29 

   

2.6 Summary on effect of different ZnO content and effect of heat treatment 

process to the optical properties of Zn2SiO4. 

35 

   

2.7 Summary on effect of dopant concentration to the optical properties of 

Zn2SiO4. 

36 

   

3.1 Chemical compositions of zinc-silicate glass. 40 

   

4.1 The chemical composition of WRHA. 56 

   

4.2 DSC values of zinc silicate glasses with different ratios. 58 

   

4.3 FTIR band assignations of zinc silicate glasses with different ratio. 61 

   

4.4 Variation optical band gap values of zinc silicate glasses with different 

ratio. 

64 

   

4.5 Comparison of bulk and true density of willemite. 68 

   

4.6 Average crystallite size of (ZnO)0.55(WRHA)0.45 glass-ceramics at 

various heat treatment temperatures. 

71 

   

4.7 The FTIR band assignation of of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics. 

74 

   

4.8 Absorption edge of (ZnO)0.55(WRHA)0.45 glass and glass-ceramics at 

various heat treatment temperatures. 

76 

   

4.9 Variation of optical band gap zinc silicate glass and glass-ceramics heat 

treated at various heat treatment temperature. 

79 

   

4.10 Values for densities of undoped-Zn2SiO4 and Zn2SiO4: Co2+ with 

different dopant and heat treated at various heat treatment temperatures. 

87 



© C
OPYRIG

HT U
PM

 

xiv 

 

4.11 Percentage of linear shrinkage Zn2SiO4: Co2+ heat treated at various heat 

treatment temperatures. 

89 

   

4.12 Average crystallite size and FWHM values of undoped-Zn2SiO4 and 

Zn2SiO4: Co2+ at various heat treatment temperatures. 

93 

   

4.13 Band assignation of Zn2SiO4: Co2+ heat treated at various temperatures. 101 

   

4.14 Extinction coefficient of Zn2SiO4: Co2+ heat treated at various 

temperatures. 

108 

   

4.15 Variation of optical band gap Zn2SiO4: Co2+ for n = ½ heat treated at 

various temperatures. 

108 

   

4.16 Variation of optical band gap Zn2SiO4: Co2+ for n = 3/2 heat treated at 

various temperatures. 

108 

   

4.17 Dielectric contant values of undoped-Zn2SiO4 and Zn2SiO4: Co2+ with 

different dopant and heat treated at various heat treatment temperatures. 

117 



© C
OPYRIG

HT U
PM

 

xv 

 

LIST OF FIGURES 

 

Figure  Page 

   

1.1 (a) Perspective view and b) top view of multi-LED-chip white 

LED consisting of green, red, and blue die for formation of 

white light (Cho et al., 2017). 

4 

   

2.1 Equilibrium phase diagram of ZnO SiO2 binary system 

(Bunting, 1930). 

10 

   

2.2 Figure 2.2: Schematic diagram of double-stage heat-treatment 

process (a) Rate of nucleation growth (b) Temperature against 

time (Rawlings et al., 2006). 

13 

   

2.3 Figure 2.3: Schematic diagram of single-stage heat-treatment 

process (a) Rate of nucleation growth (b) Temperature against 

time (Rawlings et al., 2006). 

13 

   

2.4 Crystalline structure of α-Zn2SiO4 (Takesue et al., 2009). 15 

   

2.5 Crystal system of triclinic and orthorhombic. 16 

   

2.6 Temperature and pressure (T-P) conditions for producing 

Zn2SiO4 according to each category (Takesue et al., 2009). 

19 

   

3.1 Washing rice husk to remove stains. 39 

   

3.2 Drying rice husk using oven at 120 ℃. 39 

   

3.3 Burning rice husk using electrical furnace at 1000 ℃. 39 

   

3.4 The obtained WRHA after burned at 1000 ℃.  39 

   

3.5 Grinding WRHA using mortar and pestle. 39 

   

3.6 Sieving the WRHA into 45 μm. 39 

   

3.7 Schematic diagram describing the process of producing zinc 

silicate glasses. 

40 

   

3.8 Schematic diagram on fabrication of Zn2SiO4: Co2+. 41 

   

3.9 The digital electronic weighing machine used to measure the 

weight of samples. 

42 

   

3.10 The dry milling process at 80 rpm for homogenous mixing.  42 

   



© C
OPYRIG

HT U
PM

 

xvi 

 

3.11 a) The quenching process of the molten glass and b) the glass 

frits collected at the bottom of the pail with stainless steel 

siever. 

43 

   

3.12 The obtained glass frits based empirical formula 

(ZnO)x(WRHA)1-x where x = 0.50, 0.52, 0.55, 0.57 and 0.60 

wt.% after melt and quenching process. 

43 

   

3.13 The obtained glass frits based empirical formula 

(Co3O4)y[(ZnO)0.55(WRHA)0.45]1-y where y = 0.1, 0.5, and 1.0 

wt.% after melt and quenching process. 

43 

   

3.14 Picture of grounded Zn2SiO4: Co2+using mortar and pestle. 44 

   

3.15 The process of pressing powder into pellet using stainless stell 

mould. 

44 

   

3.16 Picture of a) the pelleted zinc silicate glass was put into alumina 

boat b) the zinc silicate glass was ready for the heat treatment 

process. 

45 

3.17 Picture of (Co3O4)y[(ZnO)0.55(WRHA)0.45]1-y where y = 0.0, 0.1, 

0.5, and 1.0 wt.% heat treated at 27, 700, 750, 800, 850, 900 

and 950 ℃ respectively. 

45 

   

3.18 a) The electronic densimeter used to measure the bulk density 

b) the gas pycnometer machine used to measure the true 

density. 

48 

   

3.19 Schematic diagram of linear shrinkage measurement using 

vernier calliper. 

48 

   

3.20 Illustration of X-Ray diffraction phenomena which obey the 

Bragg’s Law. 

49 

   

3.21 Example of samples being coated with platinum to avoid 

charging. 

50 

   

3.22 The impedance analyser used to measure the dielectric 

properties. 

54 

   

4.1 DSC curve of zinc silicate glasses with different ratios. 57 

   

4.2 The picture of zinc silicate glasses with different ratios. 58 

   

4.3 The X-ray diffraction pattern of zinc silicate glasses with 

different ratios. 

59 

   

4.4 The FTIR spectra of zinc silicate glasses with different ratios. 61 

   

4.5 The absorption spectra of zinc silicate glasses with different 

ratios. 

62 



© C
OPYRIG

HT U
PM

 

xvii 

 

4.6 The optical band gap of zinc silicate glasses with different 

ratios against hv. 

64 

   

4.7 The emission spectra of zinc silicate glasses with different ratio 

excited at 400 nm. 

66 

   

4.8 The density and linear shrinkage of (ZnO)0.55(WRHA)0.45 glass 

and glass-ceramics at various heat treatment temperatures. 

68 

   

4.9 The X-ray diffraction patterns of (ZnO)0.55(WRHA)0.45 glass 

and glass-ceramics at various heat treatment temperatures from 

700 ℃ to 950 ℃. 

70 

   

4.10 The surface morphology of (ZnO)0.55(WRHA)0.45 glass and 

glass-ceramics heated at various heat treatment temperatures: 

(a) 27 °C, (b) 700 °C, (c) 750 °C, (d) 800 °C, (e) 850 °C, (f) 

900 °C and (g) 950°C. 

72 

   

4.11 Fourier transform infrared spectra of (ZnO)0.55(WRHA)0.45 

glass and glass-ceramics at various heat treatment 

temperatures. 

74 

   

4.12 Absorption spectra of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

76 

   

4.13 Extinction coefficient of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

78 

   

4.14 Optical band gap of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures (n=3/2). 

79 

   

4.15 Emission spectra of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

81 

   

4.16 Dielectric constant of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

83 

   

4.17 Dielectric loss of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

84 

   

4.18 AC Conductivity of (ZnO)0.55(WRHA)0.45 glass and glass-

ceramics at various heat treatment temperatures. 

85 

   

4.19 Densities of undoped-Zn2SiO4 and Zn2SiO4: Co2+ with different 

dopant and heat treated at various heat treatment temperatures. 

87 

   

4.20 Linear shrinkage of Zn2SiO4: Co2+ heat treated at various heat 

treatment temperatures. 

88 

   

4.21 X-ray diffraction pattern of undoped-Zn2SiO4 at various heat 

treatment temperatures. 

91 



© C
OPYRIG

HT U
PM

 

xviii 

 

4.22 X-ray diffraction pattern of Zn2SiO4: 0.1 wt. % Co2+ at various 

heat treatment temperatures. 

91 

   

4.23 X-ray diffraction pattern of Zn2SiO4: 0.5 wt. % Co2+at various 

heat treatment temperatures. 

92 

   

4.24 X-ray diffraction pattern of Zn2SiO4: 1.0 wt. % Co2+ at various 

heat treatment temperatures. 

92 

   

4.25 FESEM micrographs of undoped- Zn2SiO4 heat treated at (a) 

27 °C (b) 750 °C (c) 800 °C (d) 850 °C (e) 900 °C and (f) 950 

°C. 

94 

   

4.26 FESEM micrographs of Zn2SiO4: 0.1 wt. % Co2+ heat treated at 

(a) 27 °C (b) 750 °C (c) 800 °C (d) 850 °C (e) 900 °C and (f) 

950 °C. 

95 

   

4.27 FESEM micrographs of Zn2SiO4: 0.5 wt. % Co2+ heat treated at 

(a) 27 °C (b) 700 °C (c) 750 °C (d) 800 °C (e) 850 °C (f) 900 

°C and (g) 950 °C. 

96 

   

4.28 FESEM micrographs of Zn2SiO4: 1.0 wt. % Co2+ heat treated at 

(a) 27 °C (b) 700 °C (c) 750 °C (d) 800 °C (e) 850 °C (f) 900 

°C and (g) 950 °C. 

97 

4.29 Fourier transform infrared spectra of undoped-Zn2SiO4 glass-

ceramics at various heat treatment temperatures. 

99 

   

4.30 Fourier transform infrared spectra of Zn2SiO4: 0.1 wt. % Co2+ 

glass-ceramics at various heat treatment temperatures. 

99 

   

4.31 Fourier transform infrared spectra of Zn2SiO4: 0.5 wt. % Co2+at 

various heat treatment temperatures. 

100 

   

4.32 Fourier transform infrared spectra of Zn2SiO4: 1.0 wt. % Co2+at 

various heat treatment temperatures. 

100 

   

4.33 Optical absorption band of undoped-Zn2SiO4 at various heat 

treatment temperatures. 

102 

   

4.34 Optical absorption band of Zn2SiO4: 0.1 wt. % Co2+ at various 

heat treatment temperatures. 

103 

   

4.35 Optical absorption band of Zn2SiO4: 0.5 wt. % Co2+ at various 

heat treatment temperatures. 

103 

   

4.36 Optical absorption band of Zn2SiO4: 1.0 wt. % Co2+ at various 

heat treatment temperatures. 

104 

   

4.37 Optical band gap of undoped-Zn2SiO4 at various heat treatment 

temperatures. 

106 



© C
OPYRIG

HT U
PM

 

xix 

 

4.38 Optical band gap of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures. 

106 

   

4.39 Optical band gap of Zn2SiO4: 0.5 wt. % Co2+ at various heat 

treatment temperatures. 

107 

   

4.40 Optical band gap of Zn2SiO4: 1.0 wt. % Co2+at various heat 

treatment temperatures.  

107 

   

4.41 Emission spectra of undoped-Zn2SiO at various heat treatment 

temperatures excited at 375 nm. 

110 

   

4.42 Emission spectra of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures. excited at 325 nm. 

111 

   

4.43 Emission spectra of Zn2SiO4: 0.5 wt. % Co2+
 at various heat 

treatment temperatures excited at 325 nm. 

111 

   

4.44 Emission spectra of Zn2SiO4: 1.0 wt. % Co2+at various heat 

treatment temperatures excited at 325 nm. 

112 

   

4.45 Emission spectra of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures excited at 400 nm. 

112 

   

4.46 Emission spectra of Zn2SiO4: 0.5 wt. % Co2+ at various heat 

treatment temperatures excited at 400 nm. 

113 

   

4.47 Emission spectra of Zn2SiO4: 1.0 wt. % Co2+ at various heat 

treatment temperatures excited at 400 nm. 

113 

   

4.48 Dielectric constant of undoped-Zn2SiO4 at various heat 

treatment temperatures. 

115 

   

4.49 Dielectric constant of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures. 

116 

   

4.50 Dielectric constant of Zn2SiO4: 0.5 wt. % Co2+ at various heat 

treatment temperatures. 

116 

   

4.51 Dielectric constant of Zn2SiO4: 1.0 wt. % Co2+ at various heat 

treatment temperatures. 

117 

   

4.52 Dielectric loss of undoped-Zn2SiO4 at various heat treatment 

temperatures. 

118 

   

4.53 Dielectric loss of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures. 

119 

   

4.54 Dielectric loss of Zn2SiO4: 0.5 wt. % Co2+ at various heat 

treatment temperatures. 

119 



© C
OPYRIG

HT U
PM

 

xx 

 

4.55 Dielectric loss of Zn2SiO4: 1.0 wt. % Co2+ at various heat 

treatment temperatures. 

120 

   

4.56 AC Conductivity of undoped-Zn2SiO4 at various heat treatment 

temperatures. 

122 

   

4.57 AC Conductivity of Zn2SiO4: 0.1 wt. % Co2+ at various heat 

treatment temperatures. 

122 

   

4.58 AC Conductivity of Zn2SiO4: 0.5 wt. % Co2+ at various heat 

treatment temperatures. 

123 

   

4.59 AC Conductivity of Zn2SiO4: 1.0 wt. % Co2+ at various heat 

treatment temperatures. 

123 

 

  



© C
OPYRIG

HT U
PM

 

xxi 

 

LIST OF ABBREVIATIONS 

 

 

CB Conduction band 

  

DSC Differential Scanning Calorimetry 

  

FESEM Field emission scanning electron microscopy 

  

FTIR Fourier transform infrared  

  

FWHM Full width half maximum 

  

LED Light-emitting diodes 

  

NBOs Non-bridging oxygen 

  

Oi Oxygen interstitial 

  

PDPs Plasma display panels 

  

PL Photoluminescence 

  

PVA Polyvinyl alcohol 

  

RE Rare earth 

  

RH Rice husk 

  

RHA Rice husk ash 

  

SRO Short-range order 

  

Tc Crystallization peak temperature 

  

Tg Glass transition temperature 

  

Tm Melting temperature 

  

TM Transition metal 

  

UV-Vis Ultra-violet Visible  

  

VB Valance band  

  

Vo Oxygen vacancies  

  

Vzn Zinc vacancy  

  

W-LEDS White light-emitting diodes 



© C
OPYRIG

HT U
PM

 

xxii 

 

WRHA White rice husk ash 

  

XRD X-ray diffraction 

  

Zn2SiO4: Co2+ Willemite doped cobalt oxide 

  

Zn2SiO4 Willemite 

 



© C
OPYRIG

HT U
PM

 

1 

 

CHAPTER 1   

 

 

INTRODUCTION 

 

 

1.1 Research background 

 

 

Nowadays, silicate glasses that have high zinc oxide (ZnO) content are attractive due to 

their various applications, from both technical glasses and glass-ceramics to high-

performance optical glasses (Bondioli et al., 2010). In this research, the fabrication of 

zinc silicate glasses and glass-ceramics will be done and investigated. The major 

components that made up zinc silicate glass and glass-ceramics are ZnO and silicon 

dioxide, SiO2 (Khaidir et al., 2020). Rice husk (RH) is one of the agricultural by-products 

that can be used to produce SiO2. Burning of RH at a certain temperature can produce 

white rice husk ash (WRHA) with approximately 87 to 97% silica and a small amount 

of other metallic impurities (Yalcin & Sevinc, 2001; Tuscharoen et al., 2013). Lee et al., 

(2017b) reported that burning RH at 1000 °C for 2 hours produced about 95.60% of silica 

(SiO2) without any acid leaching process. This high in silica content from WRHA, 

making it the most compatible replacer of commercial silica to produce zinc silicate glass 

and glass-ceramics (Khaidir et al., 2019a). 

 

 

Zinc silicate or its mineral name willemite (Zn2SiO4) is very familiar amid researchers 

as the best and most favourable host matrix in glass phosphor for the optoelectronic 

application due to its phenakite structure (Tarafder et al., 2014). Besides, this rigid lattice 

of Zn2SiO4 also permits it to be utilized as the enhancer for generating the light inside 

the fluorescent lamp, neon discharged lamps, colour television, black-and-white 

television, waveguides, laser technology, optical fibre amplifiers, optical 

communications, oscilloscopes, and light-emitting diodes (LED) (Sarrigani et al., 2015a; 

Zaid et al., 2015; Effendy et al., 2017). Several studies had been done by previous 

researchers regarding Zn2SiO4 doped transition metal (TM) and rare earth (RE) (Tarafder 

et al., 2013; Sarrigani et al., 2015a; Effendy et al., 2016; Samsudin et al., 2016a; Babu et 

al., 2017; Mohamed et al., 2017; Rasdi et al., 2017a; Omar et al., 2017; Zaid et al., 2017a; 

Zamratul et al., 2017; Azman et al., 2018; Khaidir et al., 2019b). In this research, 

fabrication, and characterization of Zn2SiO4 based glass-ceramics derived from WRHA 

doped with cobalt oxide (Co3O4) by using conventional melt-quenching methods were 

done.   

 

 

Zn2SiO4 doped Co3O4 (Zn2SiO4: Co2+) is a promising blue ceramic pigment (Ozel et al., 

2010). The deep blue colour of the Zn2SiO4: Co2+ crystals and the characteristic three-

band systems around 2632, 1429 and 588 nm in the corresponding absorption spectra are 

typical for tetrahedral Co2+ (Brunold et al., 1996). As in the case of the well-known spinel 

pigment, deep blue colour is obtained by doping the Zn2SiO4 structure with cobalt, that 

replaces zinc ions in tetrahedral positions (Ozel et al., 2010) wherein groups of 

tetrahedral Co(II)O4, the first two spins allowed bands fall in the infrared region ~1400 

nm and 1600 nm, only the third allowed band available in the visible region and usually 

triple-band around 540 nm (green region), 590 nm (yellow-orange region) and 640 nm 

(red region) that gives rise to the blue colour (Babu & Buddhudu, 2014).  
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In terms of emission spectroscopy, Zn2SiO4: Co2+ sol-gel revealed a red emission at 631 

nm (Babu & Buddhudu, 2014) while Rasdi et al., (2017b) reported Zn2SiO4: Co2+ 

prepared by sol-gel methods exhibit blue emission (420 and 480 nm) and green emission 

(525 nm) when excited at 350 nm. Those peaks were attributed to the d-d transition of 

Co2+ from 4A2 → 4T1 (4P) (Choudhury A & Choudhury B, 2012; Rasdi et al., 2017b). 

These excellent optical properties of Zn2SiO4: Co2+ make it a good candidate to be used 

as blue and green phosphors for luminescence optical materials.  

 

 

Aside from that, dielectric properties also give good information for Zn2SiO4 to be a 

phosphor material. According to Sukriti and co-workers, the material that has a lower 

dielectric constant and dielectric loss in the higher frequency section will be much 

suitable to be used in devices that have a high-frequency application such as LED (Sukriti 

& Chand, 2019b). Therefore, to investigate more on the capability of Zn2SiO4: Co2+ to 

be used as a phosphor material, hence its optical and dielectric properties needed to be 

studied. In this study the Zn2SiO4: Co2+ will be fabricated and characterized after 

undergoing heat treatment at several temperatures starting from 750 ℃ to 950 ℃ to 

observe the formation of willemite. After that, the physical, structural, optical, and 

dielectric properties of Zn2SiO4: Co2+ based glass-ceramics will be studied. 

 

 

1.2 Problem statement 

 

 

In recent years, the abundance of rice husk waste had been a huge concern among 

environmentalists. Thus, various ways had been introduced to utilize the uses of RH such 

as admixture for cement, the source for energy in rural areas, filler, carbon capture, 

adsorbent materials, and source of SiO2 (Pode, 2016). WRHA had been talked by the 

researchers as its high amount of silica content which can be very beneficial towards the 

development of current technology (Yalcin & Sevinc, 2001; Tuschareon et al., 2013; 

Ruengsri et al., 2015; Bakar et al., 2016; Fernandes et al., 2017). According to Bondioli 

et al., (2010), using SiO2 from WRHA, the same type of industrial glass can be produced 

with the same glass characteristic made from commercial silica. SiO2 from WRHA was 

acknowledged to be the substituent of commercial silica due to its high silica content. 

The commercial silica is very expensive (Azman et al., 2018), hence, using WRHA as 

the substituent, will reduce the cost of production as well as reduce the pollution if the 

RH were burned in an open space (Bakar et al., 2016).  

 

 

Glass plays an important role in optical applications such as data transmission, sensor 

detection, sensor technology and is a good candidate for solid-state lasers (Zaid et al., 

2016). ZnO−SiO2 glasses are among the glasses that had been extensively studied by 

many researchers due to their great luminescence properties. However, the effect of zinc 

oxide (ZnO) content on the physical, structural, and optical properties of zinc silicate 

glasses derived from WRHA of ZnO−SiO2 glasses are rarely to be found. This is because 

most of the researchers are focusing on the studies of zinc silicate glass and glass-

ceramics doped transition metal or rare-earth. Therefore, in this present study, an 

extensive discussion regarding the photoluminescence studies of ZnO−SiO2 glass will 

be presented. 
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Apart from that, nowadays glass-ceramics had been great attention among researchers 

due to their attractive properties. The transformation of glass into glass-ceramics has 

progressively become an important technique to improve the quality and properties of 

the zinc silicate glass such as the physical endurance and the luminescene properties. To 

produce ZnO−SiO2 glass-ceramics, the zinc silicate glasses need to be heat treated at a 

certain temperature. Therefore, the heat treatment process needs to be conducted to form 

the glass-ceramcis. After the heat treatment process, ZnO−SiO2 glass will form zinc 

silicate glass-ceramics also known as willemite (Zn2SiO4). Zn2SiO4 is a promising 

phosphor for optoelectronic devices (Azman et al., 2018). Among oxide-based phosphor, 

Zn2SiO4 was identified as one of the most compatible host matrixes for many transitions 

metal (TM) and rare-earth (RE) ions (Rasdi et al., 2017a). The doping of Zn2SiO4 is no 

longer new (Sariggani et al., 2015; Azman et al., 2018). Among the dopant that had used 

are europium oxide (Eu2O3), manganese oxide (Mn2O3), erbium oxide (Er2O3), thulium 

oxide (Tm2O3), neodymium oxide (Nd2O3) and praseodymium oxide (Pr6O11) (Tarafder 

et al., 2013; Sarrigani et al., 2015a; Effendy et al., 2016; Samsudin et al., 2016a; Babu et 

al., 2017; Mohamed et al., 2017; Rasdi et al., 2017a; Omar et al., 2017; Zaid et al., 2017a;  

Zamratul et al., 2017; Azman et al., 2018; Khaidir et al., 2019b). These dopants had 

enhanced the luminescence properties of Zn2SiO4, allowing it to emit various visible 

colours such as green, yellow, red, and blue.  

 

 

Green emission can be acquired using Eu2O3, Mn2O3, Pr6O11 and Er2O3 as a dopant. In 

contrast, yellow emission can be obtained by doping Zn2SiO4 with Eu2O3 and Mn2O3, 

while red emission was usually acquired by doping Zn2SiO4 with Eu2O3, Mn2O3, Pr6O11 

(Samsudin et al., 2015; Omar et al., 2016d; Zaid et al., 2017a; Khaidir et al., 2019b; 

Mohamed et al., 2017; Effendy et al., 2016). From here, it can be concluded that the 

green, yellow, and red emissions of Zn2SiO4 doped TM or RE ions are widespread and 

possible to get. However, the blue emission of Zn2SiO4 is quite low in number to be 

found. Other authors reported that Co2+-doped ZnO also could give blue emission 

(Sujinnapram et al., 2009). The same result had been found by Li et al., (2010), where 

the Co2+-doped ZnO also gives arise to blue emission corresponding to the near band 

edge (NBE) transition and due to oxygen vacancies (Li et al., 2010). Another research 

that used Co3O4 as a dopant had been carried out by Manickam et al., (2016), and the 

research findings were the visible blue emission had been produced centred at 446 nm. 

The research regarding the origin of blue emission still had been continued since the blue 

emission is vital to make white light-emitting diodes (W-LEDs). According to Cho et al., 

(2017), white light formation includes three primary colours; green, red, and blue (Figure 

1.1a and 1.1b). Thus, this shows the importance of blue emission in the progression of 

current technology that mostly used white light. Zamratul et al., (2017) reported blue 

emission findings in Zn2SiO4 by doping it with Nd2O3. Still, the blue emission is not the 

primary emission, and it is just a shoulder of emission accompanied by other emissions 

such as green and yellow emission. Other than that, Rasdi et al., (2017b) also reported 

willemite doped Co3O4 able to produce blue light at 420 and 480 nm when excited at 350 

nm. However, the author is using the sol-gel method, and it is quite expensive since it 

used pure chemicals. Based on the previous research, the blue emission of any host 

materials is possible to be produced by using Co3O4 as the dopant.  Therefore, in this 

research, the author would like to introduce studies regarding the Zn2SiO4 based glass-

ceramics doped Co3O4 derived from WRHA. Since our aim is also to utilize the uses of 

WRHA, thus conventional melt and quenching methods are the best ways that can be 

used.  
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Figure 1.1: (a) Perspective view and b) top view of multi-LED-chip white LED 

consisting of green, red, and blue die for the formation of white light (Cho et al., 

2017). 

 

 

1.3 Objectives 

 

 

In this research, the study’s focus is to fabricate and enhance the optical and dielectric 

properties of Zn2SiO4 based glass-ceramics from WRHA. Thus, this project includes 

producing the glass phosphor, heat-treating the precursor glass, and doping the Zn2SiO4 

with Co3O4. 

 

 

The objectives of the research are: 

 

1. To synthesize the zinc silicate glass and Zn2SiO4 based glass-ceramics doped Co3O4 

using WRHA as silica source.  

2. To study the impact of different ZnO content on the thermal, physical, structural, 

and optical properties of zinc silicate glass. 

3. To investigate the effect of heat treatment on the physical, structural, optical, and 

dielectric properties of zinc silicate glass and glass-ceramics.  

4. To analyze the influence of Co3O4 doping on the physical, structural, optical, and 

dielectric properties of Zn2SiO4 based glass-ceramics derived from WRHA.  
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1.4 Scope of the study 

 

 

At first, five series of precursor glasses were fabricated, then the chosen precursor glass 

will be heat-treated and lastly, the chosen glasses will be doped with Co3O4. Therefore, 

the scope of the study of this research are as follows: 

 

1. A series of ZnO−WRHA glasses were fabricated based on empirical formula 

(ZnO)x(WRHA)1-x where x = 0.50, 0.52, 0.55, 0.57 and 0.60 wt.%   

2. The precursor glasses were analyzed by using DSC, XRD, FTIR, UV-Vis and PL. 

3. The precursor glass was subjected to a heat treatment process at 700 °C to 950 °C 

to produce Zn2SiO4 based glass-ceramics. 

4. Four series of Zn2SiO4 based glass-ceramics derived from WRHA doped Co3O4 

were fabricated based on the empirical formula (Co3O4)y[(ZnO)0.55(WRHA)0.45]1-y 

where y = 0.0 0.1, 0.5, and 1.0 wt.% by using conventional melt-quenching and 

control heat treatment method. 

5. The physical, structural, optical, and dielectric properties of Zn2SiO4 based glass-

ceramics doped Co3O4 were analysed by using bulk density, true density, linear 

shrinkage, XRD, FESEM, FTIR, UV-Vis, PL and impedance analyzer.  

 

 

1.5 Outline of the thesis 

 

 

In this study, Chapter 1 gave information about the element that had been used as the 

silica source which is WRHA. Then, continued with then ZnO−WRHA glasses, glass-

ceramics and Zn2SiO4 based glass-ceramics doped Co3O4. Meanwhile, in Chapter 2, the 

RH literature review, types of oxide glasses and previous studies of Zn2SiO4 doped glass-

ceramics had been referred. Besides, the common characterization of Zn2SiO4 dopes 

glass-ceramics also had been observed. In Chapter 3, the method of carrying out the 

research, calculation of the result and type of characterization had been discussed. 

Further discussion regarding the ZnO−WRHA precursor glasses, the effect of heat 

treatment on the zinc silicate glass-ceramics, and cobalt dopant influence on the Zn2SiO4 

based glass-ceramics were reported in Chapter 4. Lastly, in Chapter 5, the conclusion 

from the overall research was done. Some suggested future work is also written in this 

chapter.     
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