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Abstract 

 In this study, highly toxic and persistent in nature organochlorine and organophosphorus 

pesticides (Endosulfan and Dimethoate respectively) were used as the agrochemical 

pollutant, and CeO2-ZnO, CdS, Cu2-xS and NixZn1-xS doped with CeO2-ZnO 

nanocomposites were individually used to degrade these pesticides. Organophosphorus and 

organochlorine pesticides are the most commonly used pesticides in agriculture. These 

pesticides are most persistent in nature and remain in soil and food for a long time. CeO2-

ZnO nanocomposite has the advantage of having a low band gap as compared to only 

cerium oxide and the doping of metal sulfide further lower the band gap, thus resulting in 

better optical and photocatalytic properties of nanocomposites. The redox coupling of 

Ce4+/Ce3+ and formation of oxygen vacancies in cerium oxide play a key role in its 

photocatalytic activity. In this study, metal sulfide doped CeO2-ZnO nanocomposite show 

high photocatalytic activity for the degradation of pesticides.  

CeO2-ZnO nanocomposites are synthesized with the magnetic stirring method and 

hydrothermal method. The varying pH of CeO2-ZnO nanocomposites during synthesis 

reaction helped to evaluate the appropriate reaction parameters for synthesis. It was 

observed that the crystallite size of nanocomposites slightly changes with an increase in 

pH of the reaction, but the hydrodynamic particle size of nanocomposites was smallest for 

the nanocomposite prepared at pH 9.  FTIR results showed fewer impurities in samples 

prepared at higher pH. CeO2-ZnO nanocomposites prepared with the hydrothermal method 

at pH 9 have nano-polyhedral CeO2 structures deposited on spear shape ZnO structures. 

These CeO2-ZnO nanocomposites were further used for the synthesis of metal sulfide 

(CdS, Cu2-xS, NixZn1-xS) doped CeO2-ZnO nanocomposites. The doping of CdS, Cu2-xS, 

NixZn1-xS on CeO2-ZnO nanocomposites was done by using surfactant assisted 

hydrothermal method. All the metal sulfide doped nanocomposites were prepared by using 

the same reaction conditions, i.e., time, temperature, dopant concentration and zwitterionic 

surfactant (SB3-12). 
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The properties of all these nanocomposites (CdS, Cu2-x S and NixZn1-xS doped with CeO2-

ZnO nanocomposite) were evaluated by using different characterization techniques 

including FTIR, XRD, PL, SEM, TEM, DRS-UV/Vis, and a nanoparticle size analyser. It 

was found that the concentration of dopant has affected the crystal structure of CeO2-ZnO 

nanocomposite. The powder XRD results were elaborately studied with the help of 

Rietveld refinement using software EXPGUI and GSAS to determine the crystal structure 

and phase analysis of prepared nanocomposites. The further crystal structure studies were 

done by using VESTA 3 and Diamond 4 software.  

The powder XRD results show the change in peak position and intensity after the doping 

of metal sulfides. In CdS doped CeO2-ZnO nanocomposites, the XRD peaks shifted to 

higher 2θ angle due to changes in lattice structure. A characteristic peak of Cu1.97S was 

observed at  2θ = 37°, in XRD pattern of Cu2-xS doped CeO2-ZnO nanocomposites and a 

gradual change in intensity at 2θ = 36.2° (101) was observed with change in dopant 

concentration. Similar change in intensity with variation of dopant concentration was 

observed in powder XRD patterns of NixZn1-xS doped CeO2-ZnO nanocomposites at 2θ =

 31.8o (100). The peak intensity was unusually high and increased as the concentration of 

dopant precursor was decreased. The incomplete phase detection of dopants was the result 

of weakly crystallized and highly dispersive nanoparticles deposited on the surface of the 

base material.  

The photocatalytic activity results showed that all metal sulfide doped CeO2-ZnO 

nanocomposites efficiently degraded Endosulfan as compared to Dimethoate. CdS doped 

CeO2-ZnO nanocomposites showed highest rate 164.9 x 10-3 min-1 for the 

photodegradation of Endosulfan. Whereas, NixZn1-xS doped CeO2-ZnO nanocomposites 

showed highest rate 25.5 x 10-3 min-1 for the photocatalytic degradation of Dimethoate 

pesticide. The number of oxygen vacancies increased in metal sulfide doped 

nanocomposites which may have been resulted from lattice expansion of CeO2-ZnO 

nanocomposites, the particle size decreases and catalytic activity increased. The presence 

of oxygen vacancies was observed in photoluminescence spectra of nanocomposites. The 

number of oxygen vacancies were calculated from lattice constant of nanocomposites.  
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The further work will be done on the metal sulfide doped CeO2-ZnO nanocomposites with 

different atomic ratios (CexZn1-xO2y) and with different reaction conditions. The 

hydrothermal synthesis method can be replaced with microwave assisted method to save 

time. These nanocomposites are unique in their chemical composition and structure. More 

advanced techniques than conventional powder XRD such as neutron diffraction can be 

used to evaluate the structural properties of nanocomposites and submit in ICDD database. 

These nanocomposites can be used for degradation of other pesticides.



Acknowledgments  

iv | P a g e  

 

ACKNOWLEDGEMENTS 

 

Alhamdulillah, all praises to Almighty Allah for the strength, patience and his 

blessing in completing this thesis after all challenges and difficulties. My deepest 

gratefulness to the The Holy Prophet Hazrat Muhammad (Peace Be Upon Him), for 

enlightening our conscious with the essence of faith in Almighty Allah and for 

prophesying the code of life (The Holy Quran). He is the pioneer of education and taught 

us the first word “IQRA”.  

I take this opportunity to express my sincere gratitude to the teachers, colleagues, and 

friends. Without them, this PhD could not have been accomplished. 

First and foremost, I want to thank my advisor Dr. Muhammad Akhyar Farrukh. It has 

been an honor to be his Ph.D. student. I appreciate all his contributions of time, ideas, and 

funding to make my Ph.D. experience productive and stimulating. The enthusiasm he has 

for his research is contagious and motivational for me, even during tough times in the Ph.D. 

pursuit. He is my best role model for a scientist, mentor, and teacher. My PhD has been an 

amazing experience and I thank him wholeheartedly, not only for his tremendous academic 

support, but also for giving me so many wonderful opportunities.  

I would like to acknowledge the valuable guidance and cooperation of Prof. Dr. Ahmad 

Adnan, Chairperson, Department of Chemistry regarding official and research matters. 

I also wish to express my gratitude to Prof. Dr. Islam Ullah Khan, Dean Faculty of 

Science and Technology GC University Lahore, for the valuable inspiration and moral 

support throughout the course of my studies. 



Acknowledgments  

v | P a g e  

I am very grateful to Prof. Dr. Syed Amir Hussain Shah, Vice Chancellor GC University 

Lahore for his efforts for the betterment of students, especially in research. 

I also thank the wonderful staff in the Chemistry Department as well as in other 

departments for always being so helpful and friendly. I praise the enormous amount of help 

and teaching by them throughout these years.   

I will forever be thankful to my research advisor at University of Glasgow, Scotland, 

Professor Duncan H. Gregory. He has been helpful in providing advice many times 

regarding my research work. I am grateful for his patient teaching especially about Reitveld 

refinement and crystal structure. A special word of thanks goes to Dr. Davide Cappelluti 

who spared a lot of time out of his busy duties to help me especially with the XRD, Raman 

and SEM instrumentation to characterize the nanoparticles. Although that work has not 

been included in this thesis, but I have learned so much.   

I gratefully acknowledge Higher Education Commission Pakistan (HEC) as funding 

source that made my Ph.D. work possible in Pakistan and Scotland.  

The members of the Nanochemistry group have contributed immensely to my personal and 

professional time at Nanochemistry Lab, GC University Lahore. The group has been a 

source of friendships as well as good advice and collaboration. I am especially grateful for 

the Phd Students of Nanochemistry group members who stuck it out with me: Fizza 

Naseem, Iqra Muneer and Shaista Ali. I truly thank Fizza Naseem for sticking by my 

side, even when I was irritable and depressed. Best wishes to all them as they finish up. I 

thank all the former and current group members that I have had the pleasure to work with 

or alongside especially Muhammad Shahid. I also thank people who were not part of this 

group but helped me out. I am thankful to the Dr. Hamid Latif and Dr. Sadia Zaheer for 

their endless support and encouragement during good and rough times.  

Lastly, I would like to thank my family for all their love and encouragement, especially my 

father, Imtiaz Ahmad Butt and mother, Fouzia Imtiaz. My hard-working parents have 



Acknowledgments  

vi | P a g e  

sacrificed their lives for my siblings and myself and provided us unconditional love and 

care. I would not have made it this far without them. My sister, Sadia Imtiaz, has been my 

best friend all my life and I love her dearly and thank her for all her advice and support. 

My brothers, Hamad Butt and Hanan Butt have been very supportive through all these 

years. I always have my family to count on when times are rough. Special thanks to the 

newest addition to my family, Muhammad Waqas, my loving, supportive, encouraging, 

and patient husband, whose unconditional support and cooperation during the final stages 

of this Ph.D. is so appreciated. Thank you. 

Ayesha Imtiaz 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

I dedicate this thesis to my parents for 

their constant support and 

unconditional love. 

 



CHAPTER 1   INTRODUCTION 

1 | P a g e  

Introduction 

1.1 Research Background  

Pollution and energy crisis are significant issues in a developing country like Pakistan 

where the economy is largely associated with agriculture. Out of all the various dangers 

that our agricultural economy face, pollution poses a serious threat to its soil and water. 

Nearly sixty-two percent of the population of Pakistan resides in rural areas, and their 

livelihood is directly or indirectly associated with agriculture. The agriculture sector is the 

prime supplier of raw materials to downstream industries and contributes significantly to 

the country’s exports. While on the other hand, it is also a substantial market for industrial 

products like pesticides, fertilizers, agricultural machinery, and implements. The 

enormously growing population of our country has been putting a strain on agriculture. 

The superfluous consumption of pesticides and fertilizers to drive better yield of crops has 

caused issues like agrochemical pollution. 

Although these agrochemicals have been proved to help increase the crop yield, they pose 

a serious threat to the environment as increasing the toxicity level in soil and water. The 

effluent water from farmlands, overloaded with the agrochemicals, is contaminating the 

soil and water reservoirs. It is important to remove pollutants for a safe and healthy 

environment. A lot of scientific work has already been done to curb this issue such as biotic 

and abiotic filtration and chemical sorption. Recently, nanomaterials have been proved 

very expedient as compared to the typical technologies due to their high efficiency and 

small quantity requirement.   

1.2 Metal Oxide Nanocomposites 

Before continuing further, it is important to understand the difference between the terms 

“doping” and “nanocomposites.” Doping is the introduction of the foreign cation (dopant) 

in the lattice structure of host lattice. Either the dopant will become part of the host lattice 

while replacing its cation or it will incorporate into the lattice structure without replacing 

any atom. 
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Nanocomposites are the solid materials with well dispersed multiple phase domains, and 

one of these domains nonetheless has a nanoscale structure.  

Apart from the conventional ball milling or attrition methods, various other synthesis 

methods have been reported for the synthesis of nanocomposites such as sol-gel, citrate 

combustion, vapor-chemical deposition, deposition-precipitation, and hydrothermal 

autoclave methods. The nanocomposites of mixed metal oxides are of great interest due to 

their unique physical and chemical properties and conducive in a wide range of applications 

specifically heterogeneous catalysis in the modern chemical industry.  

The combination of transition metal and rare-earth metal oxides give arise to unique 

structural and chemical properties. They are of significant importance for a number of 

applications such as heterogeneous catalysis, anti-corrosive coatings and photovoltaic 

devices [1-4]. These metal oxides have structural point defects in the form of vacancies 

and interstitials which account for their ionic solid properties. Moreover, these defects in 

bulk numbers can alter the electronic and chemical properties of metal oxide. This 

phenomenon is more pronounced in the metal atoms with the ability to assume multiple 

oxidation states in ionic form.  

1.3 Cerium Oxide Nanoparticles 

Cerium oxide, also known as ceria, is the oxide form of most abundant rare earth metal. 

Due to the Ce4+ and Ce3+ oxidation states of cerium, ceria is found in the form of white or 

pale yellow CeO2 and Ce2O3. It has been the focus of extensive research work in both 

academia and industry due to its wide range of applications, especially in catalysis. 

However, recently new application of ceria in area of biology and medicine has been 

reported such as support for intracellular drug delivery, in-vitro stem cell culture and 

reduction of ischemic brain damage [5-7]. 
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1.3.1 Lattice Structure of Ceria 

Ceria has fluorite structure with F m -3 m space group.  It's unit cell is face-centered (F) 

cubic with eight oxygen anions coordinated around four cerium cations forming a 

tetrahedron (Figure 1.1). 

 

Figure 1.1 Cerium oxide cubic (F m -3 m) unit cell with tetrahedrons formed by oxygen 

anions and cerium cations. 

 Non-Stoichiometric Ceria and Oxygen Vacancies 

The displacement of atoms from their positions in crystal lattice leads to the symmetry 

imperfections in lattice structures. Cerium oxide has both intrinsic and extrinsic defects in 

its crystal structure. The intrinsic defect or point defects may be caused by the redox 

reaction and oxygen removal while the extrinsic defects are formed when a foreign atom 

(dopant) or impurities are introduced into a ceria lattice structure. However, defects created 

by oxygen vacancies are the most stable and prominent defects in ceria.  

Non-stoichiometric ceria (CeO2–y) is formed by reduction of Ce4+ to Ce3+ and consequent 

release of oxygen. This change in the oxidation state of cerium ions accompanies the 

oxygen deficiency in ceria structure which is concomitant with the formation of oxygen 
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vacancies in its lattice structure [8]. Kröger-Vink notation expresses the formation of 

oxygen vacancies as following eq 1.1 

Oo
x  + 2CeCe

x = VO
••  + 2CeCe

′ +
1

2
O2                                       (1.1) 

The low scattering power of oxygen makes the detection of stoichiometric compounds of 

ceria difficult. For this purpose, the neutron diffraction technique has been used and various 

phases of CeO2–y has been identified [9]. 

 Factors Affecting Ceria Morphology 

The selective morphology of nanoparticles can be achieved by using capping agents or 

surfactants assisted synthesis reaction. Studies on the morphology of ceria nanoparticles 

have been done by changing the precursors or addition of capping agents. These variations 

resulted in the desired tailoring of dimensions and morphologies like nanospheres, 

nanocubes, nanorods, and nanodisks emerged [10-12].   

In some cases, the ions associated with surfactants or capping agents interact distinctively 

with a specific crystallographic plane. Such kind of interactions results in the alteration of 

facet surface energies and the nanoparticles grow along that preferred orientation.  

It was observed that the presence of nitrate ions during synthesis reaction bring about the 

cube like morphology while the halide and sulfate ions favor the formation of ceria 

nanorods. It can be deduced that the nitrate ions preferably interact with [100] plane and 

support the growth of cubic morphology while the halide and sulfate ions do the same with 

[110] plane. Apart from this, base and pH also played a major role in the morphology and 

size of nanoparticles. It was reported that ceria form nanocubes and nanorods at high 

concentration of base (NaOH) and form nanopolyhedral structures at low concentration 

[13, 14]. Nevertheless, capping agents and surfactants play an important role in shaping 

the morphology of nanoparticles, but the concentration of reactants in the synthesis reaction 

is key to control morphology.  
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1.3.2 Application of Ceria in Photocatalysis 

Ceria-based photocatalysts are becoming incipient research interest for photocatalytic 

applications. In the past few years, scientists are trying to replace conventional titania-

based (TiO2) photocatalysts with ceria for wastewater treatment due to its promising 

photocatalytic results [15-18]. Ji et al. [18] and Feng et al. [17] studied the photocatalytic 

properties of ceria on the azo dye, acid orange 7,  under solar light irradiation. It was noticed 

that adsorption capacity for dye was greater in ceria as compared to the TiO2 

photocatalysts. The higher adsorption capacity of ceria accounts for the higher 

photocatalytic activity. In another study, Acidic Black 10B dye was degraded and 

decolorized using nanocrystalline ceria as photocatalyst [19]. Methylene blue, an important 

industrial dye, and organic pollutant were degraded more efficiently with ceria 

nanoparticles as compared to the commercial TiO2 (P25) [16].  

Ceria has a wide band gap in the range of 3.2 – 6 eV, and consequently, its charge carriers 

are photogenerated under UV irradiation. Koelling et al. [20] calculated the self-consistent-

field band for ceria and proposed that the band-gap energy between the O 2p valence band 

and the Ce 5d conduction band is about 6 eV, whereas  Ce 4f narrow band lies within these 

bands. The Ce 4f plays a crucial part in the photocatalytic degradation reactions of ceria 

catalysts. With the reduction of Ce4+ into Ce3+, Ce 4f splits into full Ce 4f1 and empty Ce 

4f0 bands. These new sub-energy levels play a vital role in eliminating the recombination 

of the electron-hole pairs and enhancing the photocatalysis under UV/visible irradiation 

[21].  

Khan et al. [22] induced the defects in the pristine ceria nanoparticles via electron beam 

irradiation and narrowed the band gap energy to obtain more efficient ceria photocatalyst. 

The most common defects found in ceria are oxygen vacancies which work as an inhibitor 

of electron-hole pairs recombination. The electron traps or F centers are produced as a 

result of oxygen removal in ceria act as the binding and degradation sites for adsorbed 

organic pollutants [23].  

Another important merit of ceria is the fuel generation by the thermochemical splitting of 

water and carbon dioxide in solar reactors [24-26]. 
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1.3.3 Ceria-Based Metal Oxide Nanocomposites 

Apart from doping, another strategy to enhance the photocatalytic of ceria is the formation 

of ceria-based transition metal oxide nanocomposites. CeO2-TiO2 nanocomposites were 

synthesized by surfactant assisting method and used for photocatalytic removal of toluene 

and benzene [27, 28]. The interface contact between ceria and TiO2 nanoparticles played a 

crucial part in the photocatalytic activity of nanocomposites.  CeO2–Bi2O3 nanocomposites 

synthesized by hydrothermal method showed superior photocatalytic activity for the 

degradation of Rhodamine B dye in comparison with Bi2O3 or CeO2. The results were 

because of the better electron-hole separation in CeO2–Bi2O3 nanocomposites [29]. Ji et al. 

[30] prepared reduced graphene oxide nanosheets loaded with well-dispersed ceria 

nanoparticles and tested its photocatalytic activity against the methylene blue. The 

photocatalytic activity results of nanocomposites outperformed the pure ceria 

nanoparticles. Eosin yellow was photo-catalytically degraded with 

CeO2/Fe2O3 nanospindles under visible light. The nanocomposite was prepared by 

coprecipitation method, and its photocatalytic activity was due to the intercrossing of 

photogenerated electrons and holes between the valence band and conduction band of both 

oxides [31].  

In another report, the photocatalytic degradation of methylene was done by using 

CeO2/SnO2 nanocomposites prepared by wet chemical method. The nanocomposites also 

possessed ferromagnetic nature which made them a potential candidate for the 

optoelectronic and spintronic devices [32]. CeO2-CdO nanocomposites were prepared by 

hydrothermal method, and its photocatalytic activity was evaluated against Rhodamine-B 

under UV irradiation [33]. CeO2-ZrO2 nanocomposites also attracted the attention due to 

their wider application in three-way catalysis (TWC), photocatalysis and optoelectronic 

properties. The photocatalytic activity of nanocomposites tested against the methylene blue 

and Rhodamine B outperformed the pure ceria and zirconia [34-36]. CeO2@Cu2O 

nanocomposites were prepared by a template-assisted method where Cu2O acted as a 

sacrificial template, and their catalytic activity was evaluated in CO oxidation reaction 

[37]. ZnO has been reported as an excellent choice for ceria-based transition metal oxide 

nanocomposites due to its semiconductor nature and importance in photocatalytic 
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wastewater treatment. However, it was supposed that the photocatalytic of CeO2-ZnO 

nanocomposites might become limited due to their large band gaps. Rajendran et al. [38] 

studied the photocatalytic activity of CeO2-ZnO nanocomposites against the mixture of 

methyl orange, methylene blue, and phenol. It was observed that the presence of Ce3+ ion 

due to the surface defects played an important role in the photocatalysis. ZnO/CeO2 

nanocomposites prepared by the flame spray pyrolysis, photo-catalytically reduced CO2 

under UV/Vis irradiation [39]. Sharma et al. [40] reported the photodegradation of 

Rhodamine B with CeO2-ZnO nanocomposites synthesized by reverse micelle assisted co-

precipitation method. ZnO/CeO2 nanocomposite was synthesized by the thermal 

decomposition method, and their photocatalytic activity was tested against the most 

common organic dye pollutant Methylene blue [41].   

Zinc oxide is the metal oxide semiconductor and a potential photocatalyst. Wurtzite is the 

most common and most stable crystal lattice form of zinc oxide [42].   

 

Figure 1.2 Hexagonal wurtzite crystal structure (P 63 m c space group) for ZnO.  

Zinc oxide with the band gap of 3.2 eV, is an efficient photocatalyst for the treatment of 

wastewater via photocatalysis. The photocatalytic property of zinc oxide does not solely 

depend on the particle size, but other factors like the synthesis method and morphology 

also play a crucial part in the photocatalytic efficiency [43]. In comparison with the TiO2, 
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the ZnO absorbs in a broad range of the solar spectrum, making it more suitable 

photocatalyst in visible light [44, 45].  

1.4 Metal Sulfide (Chalcogenides) Based Photocatalysts 

Keeping in view the large band gap energies of both ZnO and ceria, the introduction of 

another element or compound in the metal oxide nanocomposite could lower the band gap 

and enhance photocatalytic ability. The larger bandgap energies restrict the photocatalytic 

activity only in UV irradiation. Recently, chalcogenide-based metal oxides are gaining 

interest in the area of photocatalysis [46, 47]. 

1.4.1 Cadmium Sulfide (CdS) 

A plethora of research has been conducted on the cadmium sulfide (CdS) [46, 48-50]. The 

smaller bandgap energy of CdS (2.4 eV) makes it more suitable photocatalyst as compared 

to the metal oxide photocatalysts. Despite having the thermodynamically favorable 

positions of valence and conduction band for photocatalysis, the problem lies within the 

inefficient electron-hole separation. This inefficiency results in strong photo-corrosion 

effects and decreased photocatalytic activity [48, 51].  

Ceria is reported as the suitable coupler used for the improvement of photocatalytic 

efficiency of CdS. The redox coupling behavior of ceria act as electron-hole recombination 

inhibitor boosting the photocatalytic activity of nanocomposites [52, 53]. Zhang et al. 

reported that the CdS@CeO2 nanowires photodegraded nitroaromatics twice as compared 

to pure  CdS nanowires under visible light [53]. Similarly, Yuan et al. degraded Rhodamine 

B with CdS@CeO2 nanorods which showed approximately 50% more efficient than pure 

CeO2 and CdS [54]. The visible light harvesting properties of CdS/CeO2 nanocomposites 

enable them to produce H2 with simultaneous removal of heavy metal ion and phenol from 

water. Also, the CdS/CeO2 nanocomposites prepared with equal ratios of CdS and CeO2 

exhibited superior activity as compared to pure components [55]. CdS quantum dots doped 

on ZnO nanorods were prepared by wet-chemical synthesis method and successfully tested 

for solar cell application [56]. Jana et al. prepared CdS doped ZnO nanoparticles in the 

two-step synthesis process and their photocatalytic activity were evaluated against organic 
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dye Rhodamine B in aqueous solution under UV irradiation [57]. The concentration of CdS 

in metal oxide is crucial for controlling the particle size and tailoring photoluminescence, 

optical and photochemical properties [58].  

1.4.2 Nickel and Zinc Sulfides  

 Nickel Sulfide (NixSy)  

A verity of compositional phases of nickel sulfide (α − NiS, β − NiS, Ni3S4, Ni3S2, Ni3S4,

Ni3+xS2, Ni4S3+x, Ni6S5, Ni7S6, and  Ni9S8) have been obtained by tuning the synthesis 

procedures [59-63]. Roffey et al. [64] controlled the phase formation of nickel sulfide 

nanoparticles during thermolysis synthesis from nickel dithiocarbamate precursors. The 

temperature of precursor decomposition also played a vital role as α − NiS  is formed at 

low temperature and β − NiS is formed at a higher temperature. The addition of thiuram 

disulfide produced Ni3S4 as well and its higher concentration produced metastable NiS2.  

Nickel sulfide nanoparticles were also synthesized by homogeneous precipitation with a 

variation of reaction condition such as reaction time and temperature [65]. Other synthesis 

methods include high-temperature solid-state reaction vapor phase [66], hydrothermal 

[67], and solvothermal [68] and microwave-assisted synthesis [69].  

 Zinc Sulfide (ZnS) 

ZnS is inert to the photo-corrosive effects as compared to the CdS; however, it has a wide 

band gap of 3.6 eV [70]. It is found in cubic and wurtzite crystal phases, wurtzite phase of 

ZnS has excellent photoluminescence properties but is unstable at ambient conditions. 

Apart from these properties, ZnS is an excellent host for the doping transition metal ions 

to support ferromagnetism at room temperature [71]. There is not much difference in the 

ionic radius of Ni ions (0.69 Å) and Zn ions (0.74 Å) due to this reason the formation of 

ZnxNi1-xS becomes easier [72].  

 Nickel Zinc Sulfide (ZnxNi1-xS)  

Studies have been done on the luminescence, ferromagnetic and photocatalytic properties 

of ZnxNi1-xS nanoparticles [73-75]. Pouretedal et al. synthesized Zn1−XNiXS nanoparticles 
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via co-precipitation synthesis route and used them for the photodegradation of Congo red 

dye [75].  In another study, ZnxNi1-xS nanoparticles were prepared by the solvothermal 

route and used for degradation of methyl orange in aqueous solution under UV irradiation 

[76]. The other methods of synthesis include solid-state reaction and hydrothermal method 

[72, 74].  

1.4.3 Copper Sulfide (Cu2−xS) 

Like nickel sulfide, Cu2−xS also shows a variety of compositional phases such as Cu2S 

(chalcocite), Cu1.97S (djurleite), Cu1.8S (digenite), Cu1.4S (anilite) and CuS (covellite). This 

change in composition is achieved by adjustments in synthesis procedures such as changing 

the reduction potential and pH in sono-electrochemical and hydrothermal method 

respectively. Different precursors and their pre-treatment in thermolysis methods can also 

vary the composition of Cu2−xS. It was observed that the most stable phase of copper sulfide 

is copper deficient Cu1.97S (djurleite) [77]. The compositional phase regulation is another 

way to adjust the optoelectronic properties of copper sulfide. It was observed that the band 

gap energy of Cu2−xS increases with the increase in x value and copper deficiency, thus 

showing the stoichiometry dependence.  The band gap energies for Cu2S (chalcocite), 

Cu1.8S (digenite), and CuS (covellite) are 1.2 eV, 1.5 eV and 2.0 eV respectively. It was 

observed that the Cu2S phase is thermodynamically unstable phase of copper sulfide under 

ambient conditions [78-80]. 

Copper sulfide-based metal oxide nanocomposites have been synthesized and used for in 

the photocatalytic applications. Lee et al. [81] fabricated of CuS/ZnO heterostructures in a 

two-step solution method and implied to photocatalysis the organic dye Acid Orange 7, 

demonstrating the remarkable photocatalytic activity of nanocomposites. Gomathisankar 

et al. [82] reported hydrogen production from highly efficient CuS/ZnO photocatalyst in 

the aqueous solution of Na2S and Na2SO4. Effect of CuS doping on ZnO was studied in 

CuS-ZnO nanocomposites. The results showed that CuS addition in a certain amount could 

tune the grain size of ZnO as CuS play the crystal seed role in the synthesis reaction [83]. 

ZnO/CuS heterostructures forming the p-n heterojunction also proved to be efficient 

photocatalyst for the photodegradation of methylene blue in the visible light. The 
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mechanism of photodegradation relies on the efficient separation of photoinduced carriers 

by the formation of p-n heterojunction in nanocomposites [84].  

1.5 Surfactant-Assisted Synthesis Process 

The use of surfactant in the synthesis process of mixed metal oxide nanocomposites 

complicates the reaction kinetics. Although the presence of surfactant influences the 

synthesis of single metal oxide nanocomposites, the situation becomes more complicated 

in mixed metal oxide nanocomposites as surfactant react differently with different 

precursors. This situation can lead to multiphase mixed metal oxide nanocomposites [23]. 

The surfactants are nonionic, anionic, cationic and zwitterionic. 

1.5.1 Zwitterionic Surfactants  

Zwitterionic surfactants are rather overlooked as compared to the ionic and nonionic 

surfactants. Although some of their properties resemble the ionic and nonionic surfactant, 

they have their unique properties like the chameleon effect. The zwitterionic micelles in an 

aqueous solution specifically interact with the anions and form anionoid micelles which 

eventually interact with cations by surrounding them. Hence, both anions and cations 

adhere to the zwitterionic micelle interface. This property of zwitterionic surfactant brings 

cations and anions of reactants closer and facilitate the reaction process. The common types 

of zwitterionic surfactants are the N-alkyl derivatives of simple amino acids such as 

glycine, betaine, and amino propionic acid. 

 

                    
Glycine                                                                    Betaine  
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Amino propionic acid 

The nature of surfactant is of prime importance in determining the size, morphology and 

other properties of nanoparticles during the surfactant-assisted synthesis route [85]. 

1.5.2 Sulfobetaine Zwitterionic Surfactant 

Sulfobetaines are one of the most researched groups of zwitterionic surfactants. These 

surfactants are comprised of hydrophobic alkyl chain and the hydrophilic head group which 

has both negative and positive charged species liked with a linker alkyl group of variant 

size.  

                                

(a)                                                   (b-i)                           (b-ii) 

Figure 1.3 Sulfobetaine surfactant (a) general structural formula where n = number of 

carbons (b-i) structure of SB3-12 and (b-ii) single zwitterionic micelle structure.  

 Micellization and Interfacial Properties of Sb3-12 

Apart from the chameleon effect, other properties of a surfactant such as the critical micelle 

concentration, surface properties in solution, nature of solvent and head group orientation 

have a huge influence on the functioning of surfactant. Some of the properties of SB3-12 



CHAPTER 1   INTRODUCTION 

13 | P a g e  

(N-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate) surfactant are discussed 

below.  

 Critical Micelle Concentration (CMC) 

The critical micelle concentration has a vital role during the surfactant-assisted synthesis 

process. The smaller sized micelle turned out to be the best for the nanoparticle size [86]. 

Studies showed that the zwitterionic surfactants with longer alkyl chains have small CMC 

value. The CMC value of SB3-12 measured from the surface tension of surfactant in water 

is 2.7 mM. It is surface pressure at CMC is 30.0 m Nm-1 while the minimum surface area 

per molecule is 54.2 x 1020 m2mol-1 [87].  

 Effect of Structure on Micellization  

The zwitterionic surfactants have three important structural features: hydrophilic head 

group, linker chain, and a hydrophobic tail.  

It has already been discussed above that the hydrophobic tail affects the CMC value of 

zwitterionic surfactant. Longer the alkyl chain of hydrophobic tail smaller is the CMC 

value of surfactant. The other two key features are a hydrophilic head and a linker chain 

[87]. 

Linker chain is the alkyl chain joining the negative and positive head of zwitterionic 

surfactant. Like the hydrophobic tail, its effect is also associated with its length and CMC 

value of surfactant. More than three number of the methyl group in the linker chain 

decreases the CMC value of surfactant. Further increase in the length of the linker chain 

results in the smaller number of aggregations of micelle as it causes the looping of linker 

chain making head group bulkier. The number of methyl groups in SB3-12 surfactant is 

three which does not affect the CMC value and head group orientation of micelle [88, 89].  

Hydrophilic head group of zwitterionic surfactant is of utmost importance because this part 

of surfactant interacts with the anions and cations in the polar solution and responsible for 

the chameleon effect. Although the zwitterionic surfactants are termed as neutral, the 

prescience both negative and positive charge leads to large dipole moment making its 
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resemblance with ionic surfactants. Varying the salt concentrations in the solution can alter 

the properties of zwitterionic surfactant to some extent. It was observed that like ionic 

surfactants the zwitterionic surfactants have a large affinity for anions regardless of the 

order of charges in headgroup [90]. The anion binding of surfactant follows the 

Hoffmeister series and strongly binds with low charge density anions, i.e., ClO4
−. These 

strongly bounded anions reverse the micelle charge and attract the cations resulting in the 

chameleon effect [91].  

1.6 Agrochemical Pollutants 

Agrochemicals include a variety of chemicals including fertilizers, herbicides, insecticides, 

plant hormones, etc. (Table 1.1). Our general concern is the agrochemicals which are 

causing serious environmental issues. The pesticides are important as the pest destroy one-

third of the agriculture production every year.  The large agriculture yield comes at the cost 

of high consumption of fertilizers and pesticides. In developing countries, the lack of 

proper preliminary cautions has made pesticides a primary occupational hazard for farmers 

[92]. Long-Term Exposure to pesticides has led to serious health and environmental 

problems. 

Another problem is the overuse of pesticides, according to a study only a small amount of 

pesticides (0.3%) goes to the targeted pest, and the remaining 99.7% goes to the 

environment [93]. The results are adverse because most of the pesticides are stable and 

have a tendency of bioaccumulation. Aquatic life is at more risk among indirectly exposed 

organisms due to the water solubility and sustainability of pesticides.    

For example, organochlorines are the most persistent form of insecticides; 

organophosphorus pesticides are neurotoxic agents and pyrethroids are the least persistent 

but are considerably lethal chemicals [94-98]. The persistence of these pesticides in the 

food chain, water reservoirs, and development of resistance for pesticides in pests is the 

alarming situation. The persistence of these pesticides in the food chain, water reservoirs, 

and development of resistance for pesticides in pests is the alarming situation.  
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Figure 1.4 Classification of Agrochemicals Pollutants based on chemical nature and 

application [99]. 

In this study, two major classes of pesticides organochlorine and organophosphorus are 

discussed.  

1.6.1 Organochlorine Pesticides  

Organochlorine pesticides are the synthetic organic compounds which are most persistent 

among other synthetic pesticides in the environment.  Their use is gradually declining due 

to their persistence in nature, and some insects developed resistance against some 

pesticides. These pesticides are fat-soluble and bioaccumulate in the environment. Despite 

the ban and restriction on its usage for several decades, it is still found in food from 

contaminated soil as a primary source of exposure [99]. In Pakistan, the studies conducted 
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on the presence of organochlorine pesticides in soil, water, and air. The cotton belt regions 

of Pakistan were severely contaminated with the pesticides, even the elevated level of 

Endosulfan was detected in groundwater of these areas. The situation took an alarming turn 

when a study revealed the presence of these pesticides in waters of Tibetan Plateau (world’s 

highest plateau) transported by the monsoon system.  [47, 100].  

 Toxicological Studies 

All the chemically synthesized insecticides are neurotoxins as they attack the central 

nervous system of living beings. The central nervous system of insects is less complex and 

developed than that of mammals. On top of that, all insecticides are not species selective 

in regards to toxicity as they have the same neurotoxic effects on mammals [101]. Although 

their mechanism of action is not fully understood it is proposed that they disturb the 

sodium-potassium ion balance across the cell membrane of nerve axons. However, this 

process is reversible, so there are no or little effects in case of a small amount of exposure. 

Another toxic effect is the bioaccumulation as these pesticides and their degradation 

products [102]. The effect of organochlorines pesticides on pregnancy was also discovered. 

Although the exposure is not the indication of big risk like pregnancy termination, a small 

probability of risk cannot be excluded. In case of exposure to the pregnant woman, extra 

prenatal care and detailed fetal ultrasound required to ensure the well-being of mother and 

child [103]. Some of the other substantial risks of organochlorine pesticide exposure such 

as methoxychlor are the endocrine disruptions in both male and female. The exposure 

induces polycystic ovaries, hormonal imbalance, ovulation failure, and uterine hypertrophy 

in females.  While in males, the catastrophic damage occurs to reproductive organs leading 

to infertility [104]. 

  Endosulfan 

Endosulfan is the pesticide, belonging to the organochlorine class of pesticides. It has been 

widely used as agricultural pesticides despite its fatal toxic nature. Due to its persistence 

nature and long-term presence in the environment, the International Persistent Organic 

Pollutant Elimination Network (IPOPEN) has declared it as POP across the world. It is a 
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known water pollutant, toxic for aquatic life, but also teratogen, carcinogen and male 

infertility agent in humans [105, 106]. 

 

Endosulfan 

Its major metabolite is Endosulfan sulfate, which is more recalcitrant, has been found in 

the air and even remote uncultivated sediments [106]. Pakistan’s agriculture is also 

consuming Endosulfan despite its highly toxic nature. It was detected in the soil of the 

tobacco-producing area of Mardan [107], cotton producing areas of Multan [47], 

Muzafargarh, Bahawalnagar, Rajan Pur and D. G. Khan districts [108]. Perveen et al. [109] 

reported the presence of Endosulfan in apples and citrus fruit cultivated in Pakistan. 

According to the inventory provided by the government of Punjab published in scientific 

work, a large number of pesticides are stored for agricultural purposes [96]. Despite the 

safe disposal of outdated pesticides project initiated in Pakistan, it is difficult to dispose of 

obsolete pesticides in large quantity. A chemical manufacturing factory near Lahore was 

closed down in 1994 after the worldwide ban on ecologically persistent pesticides. In 2011, 

a study revealed the presence of high levels of persistent pesticides even after more than a 

decade [110].     

1.6.2 Organophosphorus Pesticides 

Organophosphorus pesticide is another dangerous and most lethal form of pesticides 

having thiophosphoryl or phosphoryl bonds. Chemically, these compounds are amides, 

esters or thiolic derivatives of phosphonic, phosphoric and phosphinic acids. The pesticides 

derived from phosphonic, phosphoric acids have anticholinesterase activity. [111, 112]. 
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Cholinesterase is a key enzyme of the central nervous system of all vertebrae including 

insects and humans. It catalyzes the hydrolysis of acetylcholine into acetic acid and 

choline; a reaction essential for the resting state of cholinergic neurons after activation 

[113]. Organophosphorus pesticides exposure result in long term inhibition of 

cholinesterase enzyme in organisms. These pesticides are originated from the neurotoxic 

chemical warfare agents; lethally toxic for humans. The chemical warfare agents are 

usually phosphonofluoridates and phosphonothioates chemicals; most Organophosphorus 

pesticides are phosphonothioates but less toxic than nerve agents. Several of them have 

now been banned and removed from the market [114].  

 Toxicological Effects 

There is a limited amount of data available on the prenatal exposure of organophosphorus 

pesticides. Some earlier reports resolute them as the cause of human birth defects but later 

there was no solid evidence. The studies on malathion and chlorpyrifos exposure on urban 

and rural pregnant women ruled out any chances of acute toxicity or neural birth defects. 

However, it is advised to avoid any organophosphorus pesticide exposure in pregnancy for 

the safety of mother and fetus [115]. A worrisome amount of these pesticides was detected 

in plant oils, grains, and nuts. The ethyl and methyl derivatives of malathion were detected 

in a variety of lemon oil in Italy. Wheat and wheat-based products were found in 

contaminated organophosphorus pesticides. Although, theoretically these pesticides are 

considered non-persistent, yet the banned pesticides can exist in food even after a long time  

[116, 117]. The general act of mechanism is the same for all organophosphorus pesticides; 

inhibition of cholinesterase enzyme. These pesticides induce IMS syndrome in humans 

who are exposed to a higher amount of pesticides accidentally or in a suicide attempt. Acute 

cholinergic poisoning symptoms were observed in humans exposed to dimethoate, 

monocrotophos, fenthion, and methamidophos across the world at a different period. The 

affected persons show symptoms like weakness in muscles, ptosis, paralysis, and diplopia 

for several days depending on the type of organophosphorus pesticide [118].  
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 Dimethoate 

Dimethoate belongs to the organophosphorus class of pesticides. It is used against the wide 

range of pesticides including the housefly. It is moderately soluble in water and highly 

soluble in an organic solvent. It can be absorbed by ingestion, inhalation and skin contact.  
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Jamil et al. found Dimethoate less toxic as compared to the Endosulfan, but these pesticides 

were found to be genotoxic [119]. Khan et al. conducted supervised trials in guava orchards 

of Kohat, NWFP, Pakistan. The study was done on the dissipation rate of dimethoate and 

trichlorofon during 2001 and 2002. The HPLC analysis of guava showed the presence of 

pesticides. Based on this study, the withholding period for the use of pesticides was 

suggested to minimize the residual amount of pesticide in fruit [120]. The use of pesticide 

in higher in cotton producing area of Pakistan as compared to the arable area. More toxic 

pesticides were used to control the outbreak of whitefly. However, this pest has developed 

resistance against commonly used pesticides over the years, and the use of dimethoate 

against whitefly has been increased 104 to 725 folds [121, 122]. Due to its high 

consumption, 0.0-0.15 µg/L dimethoate was found in the ground waters of tobacco 

growing field of Mardan Division, NWFP, Pakistan [123]. Another study in 2000, revealed 
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the presence of dimethoate in ground waters of a cotton growing area of Multan, Punjab, 

Pakistan [47]. 

1.7 Characterization Techniques 

The characterization techniques used in this study are FTIR, Powder XRD, 

Photoluminescence, SEM, TEM, Particle size analyzer, Diffuse Reflectance UV/Vis 

spectroscopy, and UV/Vis spectrophotometer. 

1.7.1 Fourier Transform Infrared-Attenuated Total Reflectance 

Spectroscopy 

The FTIR-ATR spectroscopy enables to perform the high-precision analysis of samples 

even in lesser amounts, fast and easily without any further sample preparations. The 

transmission method is effective for film samples up to 100μm thick. Attenuated Total 

Reflectance (ATR) is recommended for the thicker films and cast resins as the ATR take 

spectrum within little depth of the sample. Diamond prism and Ge prism are used for hard 

samples and high refractive index samples respectively. The diamond prism of the FTIR-

ATR sampler is supported by two types of lenses, a ZnSe lens measure up to 600 cm-1 

(standard) and KRS-5 lens measure up to 400 cm-1 without noise. The software is available 

within the FTIR-ATR system covert the ATR spectra into transmittance spectra.   
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Figure 1.5 Schematic diagram of basic components of FTIR-ATR system  

The FTIR-ATR system gives the best resolution and dynamic alignment with easy 

operational controls. The moving mirror is controlled with high precision along with 

dynamic alignment system (DAS) to stabilize and optimize the interferogram. The DAS 

keeps interferometer condition of He-Ne laser in-check and compares it with optimized 

conditions. Piezo actuators are present at the fixed mirror to correct any incongruities 

detected by the system [124, 125]. 

1.7.2 Powder X-Ray Diffraction 

The powder XRD used in this study is the multi-purpose diffractometer (MPD) which is 

mainly used to study the powder samples. The vertical goniometer of the system has two 

circles θ-θ geometry and is equipped with an automatic sample charger. X-rays tube is 

comprised of copper (Cu) or cobalt (Co) for x-rays source. The copper (Cu) is used usually 

for the normal sample analysis while cobalt (Co) is used for the samples giving 
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fluorescence when irradiated with Cu Kα radiation. The MPD PXRD usually uses Bragg-

Brentano geometry, where the incident angle (ω), is between the X-ray tube and sample, 

the diffraction angle (2θ), is between the incident X-ray beam and detector. The incident 

angle (ω) is always half of the diffraction angle (2θ). The diffraction vector bisects the 

angle between the incident beam and scattered beam and is always normal to the sample 

surface [126].   

 

Figure 1.6 Schematic diagram of basic components and their working in powder X-ray 

diffractometer 

The goniometer circle presented as the dotted circle centered on the sample position 

presents the divergent X-rays diffracted from the flat-plate sample (Figure 1.5). In this 

study the samples are analyzed by using continuous scan; scan was taken at a constant 

speed from start to end, and detector observes photons with a specified step size to integrate 

it into a single data point. The steps size is the interval in which observed photons are 

integrated into a single data point. The step size can be varied, as the small step size slows 
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down the scan speed with improved angular resolution and less data points are generated., vice 

versa for the large step size. The system can specify the time per step for the detector to 

observe data point for a specified time and set the required scan speed at which the 

diffractometer moves during data collection [127].  

1.7.3 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is the nondestructive optical method for the probing of 

electronic structures of compounds. The basic principle of this technique is to irradiate the 

sample with the light of specified wavelength, which initiates the photoexcitation process 

and the electrons release excessive energy during their return to the ground state which is 

called photoluminescence. These radiations are analyzed to measure the electronic 

structure of the sample. During the photoexcitation process, the electrons are moved 

between the permissible electronic states. The photoluminescence is produced during their 

transition from an excited state to ground state. In semiconducting materials especially, 

nanomaterials the usual electronic transition occurs between conduction and valance band 

also known as bandgap.  

The luminescence spectrometer has a computer control system for with the control of pulse 

rate, gate, and delays time variations. It is equipped with Xenon flash lamp, pulsing at 50 

or 60 Hz line frequency which can generate excitation light 200-800 nm wavelength with 

zero order selectable. The excitation energy provided by the light source is much larger 

than the band gap energy of the subjected material.  The photoexcitation process produces 

electrons and holes, which upon relaxation move toward their respective bands and release 

energy during recombination. The radiative transitions can also happen due to the localized 

defects or impurities present in nanomaterials. Photoluminescence can identify these 

defects and calculate their concentration based on signal magnitude. Photoluminescence 

spectra are completely different from the absorbance spectra as it gives the information of 

excited to ground state transitions while absorbance spectra deal with the ground to excited 

state transitions. An excitation spectrum represents the emission intensity against 

excitation wavelength. The wavelength at which material absorbs energy is used as an 
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excitation wavelength. It provides high-intensity emission at red-shifted wavelength, with 

twice the value of the excitation wavelength.  

The luminescence spectrometer provides synchronous scanning with constant wavelength 

and can automatically correct the excitation spectra. It allows the fixation of scanning speed 

from 10 nm/minute to 1500 nm/minute and data collection with respect to time. The 

luminescence spectrometer is comprised of excitation and emission polarizers each having 

two filter wheels with vertical and horizontal polarizer elements. When the excitation 

spectra are scanned through the 410 nm wavelength, the excitation filter wheel 

incorporated in optical unit inserts cut-off filter of 390 nm. Cut-off filters of 290, 350, 390, 

430 and 515 nm wavelengths can be selected by the computer system. The variable 

excitation slits (2.5-15 nm) and emission slits (2.5-20 nm) controls the resolution. FL 

WinLab software is used to control the spectrometer functioning of the data evaluation 

[128].  

1.7.4 Scanning Electron Microscopy  

In scanning electron microscopy (SEM), a high energy electron beam is fixated on the 

sample material layered on the conducting surface (Figure 1.6). The analysis generates a 

two-dimensional image giving the topographical information of material.   

When the accelerated electron beam (primary electrons) is swept across the under-

examination area of the sample, the electron-matter interaction produces various signals 

comprised of electronic radiations. The dislodge electrons from the sample material, also 

known as secondary electrons, are collected by a detector and after series of events gives 

the topographical image of the sample. The primary electrons can activate the electrons 

present in the depth of the sample as their energy rises up to a certain limit while decreasing 

the number of secondary electrons in the process. Aside from these dislodged electrons, 

other types of electronic radiation are also emitted, i.e., Auger and backscattered electrons. 

Auger electrons are ejected from the inner shell when a charged atom is returned to ground 

state and gives the information about the surface composition of the sample. Backscattered 
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electrons have a definite direction and more energy (typically above 50 eV) than secondary 

electrons and cannot be collected by detector due to its different path. The image obtained 

from these electrons can distinguish two different materials due to the increasing number 

of backscattered electrons with an increasing atomic number of sample. The 

cathodoluminescence is observed usually in semiconducting materials due to the 

generation of electrons and holes and their subsequent recombination. The X-rays 

produced during SEM are collected by integrated energy dispersive spectrometer which 

gives the qualitative and quantitative information of atomic composition.  

The scanning electron microscope has higher magnification power than the visible light 

microscope. It can magnify the object from 20x to 30,000x and enables the viewing of the 

image from microns to nanometers.  The spatial resolution of a scanning electron 

microscope depends on the electron beam energy and its source. It is limited by the large 

size of spot and interaction volume than the distance between atoms. That is why its 

resolution is limited and cannot image the individual atoms [129].  

1.7.5 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) is a microscopy technique which can determine 

the particle size, morphology, crystallographic structure and defects in the sample material. 

The electron beam is transmitted through the ultrathin sample and image is formed by 

detecting the transmitted electrons.  

Two kinds of results are obtained by TEM analysis; image and diffraction pattern. The 

image result is obtained by the control of electron beam by the condenser lenses and 

aperture which is enlarged by the objective and projector lenses after transmitting. The 

imaging is further divided into dark field imaging and bright field imaging. In dark field 

imaging, the image is formed by the diffracted beam through the sample. The bright field 

imaging is a highly sensitive technique for the detection of defects and dislocations in the 

crystal structure. It is produced by the transmitted electrons from the sample. Electron 

diffraction pattern (spot, powder or ring pattern) is produced from the diffraction mode of 
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TEM which is entirely coincident with XRD diffraction pattern. Thus, both results obtained 

from TEM can determine particle size and lattice structure with localized defects [130]. 

1.7.6 Energy Dispersive X-ray Spectroscopy  

Most of SEM and TEM microscopes are equipped with the Energy Dispersive X-ray 

spectroscopy (EDS). It uses the x-rays produced during the interaction of the electron beam 

with sample material in SEM or TEM analysis. Each element has its own characteristic 

atomic structure which produces the X−rays of particular energy for that element which help 

in their detection. When the high energy beam of electrons is focused on the sample, it excites 

the electrons of the inner shell and ejects them, leaving a hole behind. The vacancy is filled 

by high energy electrons from outer shell and difference in energy is compensated by the 

release of energy in the form of X-rays. The number and amount of energy of the X-rays 

emitted from a specimen are measured by energy dispersive X-ray spectrometer allowing 

to configure the elemental composition of the sample. The results give both qualitative and 

quantitative information [131].  

 
Figure 1.7 Interaction of electron beam with sample material during SEM, TEM and 

EDX analysis 
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1.7.7 Nanoparticle Size Analysis 

The nanoparticle size analyzer functions on the principle of dynamic light scattering. The 

particles and molecules present suspension or solution follow the Brownian motion. When 

these solutions or suspensions are illuminated with the laser light, the molecules absorb 

energy and move fast while scattering the incident light. The fluctuation in the intensity of 

scattered light depends on the size of particles as small particles move faster than the 

heavier ones. The collected data of these fluctuations yield the velocity of particles which 

is further applied in the Stokes-Einstein equation to calculate the particle size.  

D =  
kT

6πηR
                  (𝑆𝑡𝑜𝑘𝑒𝑠 − 𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛) 

Where,  

D, translational diffusion coefficient; k, Boltzmann’s constant; T, temperature; R, 

hydrodynamic radius of particle and η, the viscosity of the solution. 

The calculated hydrodynamic size is assumed as the size of hard, spherical particles but the 

actual particle size differs from the particle size determined by Dynamic Light Scattering 

(DLS). However, hypothetically, the particle is assumed to have a hydration layer 

surrounding it and making it like a sphere with the same diffusion coefficient as an actual 

particle. The particle size analyzer uses photon count per second for determining the quality 

of the sample and its stability with respect to time. It allows the instrument to set the 

attenuator settings and analysis duration. The counts must be above than minimum value 

to have enough signals for detectors. 

The particle size analyzer can be measured with intensity distribution or volume 

distribution. The intensity distribution is biased of the intensity of scattered light from a 

faction of particles. This distribution mode can be misleading as the small number of large 

particles or agglomerates can dominate the ultimate results. However, it also a sensitive 

detection tool for large particles [132]. 
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1.7.8 Ultraviolet/Visible-Diffused Reflectance Spectroscopy 

The working of the principle of UV/Vis spectrometer is simple as the solid sample or a 

quartz cell containing liquid is placed in the path of the light beam (Io). The intensity of 

this beam is measured after it passes through the sample (It). The transmittance (T) is 

obtained by equation (1.2), but absorbance is most commonly used for liquid samples, 

equation (1.3). 

T =
It

Io
                                                                           (1.2) 

A = log10

1

T
                                                                    (1.3) 

Beer-Lambert law explains the relationship between absorbance and sample concentration 

as in equation (1.4) 

A = εCL                                                                        (1.4) 

Where A is absorbance, ε is the absorption coefficient of the sample, L is optical path 

length of the cell and C is the concentration of the sample. The incident light beam is 

usually monochromatic light consisting of single wavelength come from deuterium or 

halogen lamp in the spectrometer.  The spectrophotometers can be of a single beam or 

double beam configuration. The single beam spectrophotometers take a reference or blank 

to standardize before taking measurements. Whereas, the double beam spectrophotometers 

have a split the light beam and pass from each reference and sample. The light beam finally 

passes through the detector. In a UV/Vis spectrophotometer, silicon photodiodes and 

photomultipliers are typical detectors for the visible and ultraviolet regions. For, PbS 

photoconductors and recently InGaAs photodiodes are being used for detection of the near-

IR region [128].   



CHAPTER 1   INTRODUCTION 

29 | P a g e  

 Diffuse Reflectance Method 

The diffuse reflectance accessory is fitted within UV-Vis spectrophotometer for the solid 

samples. When the light beam strikes the sample, it is reflected in all directions. Some of the 

light is refracted while entering the solid sample, where it scatters due to internal reflection, 

whereas, a little of this scattered light is emitted back into the air. Diffuse reflectance 

spectroscopy closely works with UV/Vis spectroscopy, but it measures the relative change 

in intensity of reflected light from a solid surface. The reflected beam of light is termed 

as Kubelka-Munk radiation. The diffuse reflectance spectroscopy is based on the Kubelka-

Munk theory. The remittance of diffusely reflecting sample is equal to the ratio of reflected 

light intensity to the intensity of incident light (equation 1.5) 

𝑅∞ =
Ir

Io
                                                                (1.5) 

Here, 𝑅∞ is the absolute remittance which can only be achieved if sthe ample is infinitely 

thick and light does not penetrate in depth of sample which is impossible. To correct this, 

relative remittance is measured by equation 1.6 which is analogous to the transmittance 

(equation 1.3), 

R∞
` =

R∞ sample

R∞ standard
                                                                (1.6) 

A perfect diffuse reflectance from a sample would be 𝑅∞ = 1, which is practically 

impossible. Like Beer-Lamberts law, Kubelka-Munk function is derived to linearly relate 

the analyte concentration with sample reflectance.  

𝐹(𝑅∞) =  
(1 − 𝑅∞)2

2𝑅∞
=

𝐾

𝑆
=

2.303𝜀𝐶

𝑆
                                (1.7) 

Where K is the absorption coefficient, S is the sample’s scattering coefficient, 𝜀 is 

absorptivity, and C is concentration. Kubelka-Munk theory is a two-constant theory as the 
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reflectance of sample is the ratio of two constants; absorption coefficient and scattering 

coefficient. 

The monochromatic light enters the sample compartment and strikes highly reflective 

reference material, and intensity of reflected light is measured by detectors. The reference 

is then replaced with the sample material and its intensity of reflected light is also 

measured. The relative reflectance values obtained from these measurements give the 

reflectance spectra [133].  
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2. Literature Survey 

Zhang et al. (2004) synthesized ceria nanoparticles by using the sol-gel method with the 

smallest particle size of ~2 nm. The TEM studies of nanoparticles revealed that the shape 

nanoparticles are octahedral or truncated octahedral shape with (111) and (200) surfaces. 

In-situ UV/Vis light absorption was another method employed to measure the growth of 

nanoparticles other than TEM. The results from both methods were correlated an used for 

measurement of particle size [134].  

Mai et al. (2005) [13] selectively prepared nanopolyhedral, nanorods and nanocubical ceria 

by hydrothermal treatment. Shape evolution of nano-ceria from hexagonal intermediates 

was investigated by controlling the reaction temperature and base concentration. The 

oxygen storage capacity measurements showed a unique phenomenon as the polyhedral 

nanostructures were least active and high activity was observed for the nanorods and 

nanocubes. The dominant surfaces of nanostructures are the main reason for this behavior 

as (111) dominant surface is least reactive than (100) and (110) surfaces.  

Zhang et al. (2002) [135] prepared single-crystal ceria nanoparticles by mixing the 

solutions cerium nitrate and ammonia solutions. Photon absorption and TEM were used to 

observes the reaction intermediates and particle size. The powder XRD and Raman 

spectroscopy techniques suggested the lattice expansion with a decrease in particle size and 

increase in defect concentrations.     

Zhou et al. (2016) [136] studied the direct and indirect band gap energies of ceria 

nanostructures synthesized by hydrothermal treatment. Three kinds of ceria were prepared; 

white nanosheets, yellow nano-islands, and purple nanorods. The difference between the 

spin-orbit coupling of Ce 3d and O 2p was the key factor in establishing band gap energies. 

Smallest direct and indirect band gap energies were observed for the white ceria 

nanosheets.  
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Lin et al. (2005) [137] successfully synthesized ZnO quantum dots via a sol-gel route. The 

size of ZnO quantum dots was tailored by controlling the precursor concentration.  The 

photoluminescence and UV absorption spectra showed size dependent blue shift caused by 

the quantum confinement effect. Size-dependent Stoke’s shift was observed in 

photoluminescent results relative to the UV absorption spectra. Theoretical calculation of 

bandgap energies by using effective mass model was in agreement with experimentally 

determined band gap energies.  

Zhong et al. (2012) [138] prepared the solid solution of (Ce-Znx) in a series with changing 

the value of x by using the co-precipitation method. The doping of zinc in the ceria 

increased the number of structural defects and consequently the catalytic activity of 

nanoparticles. The synthesis method was surfactant free, and acid was used to mediate the 

reaction as the pH play an important part in the synthesis process. Other reaction 

parameters, i.e., temperature, reaction time, the concentration of precursors was also 

changed to study their effect on nanoparticle synthesis. Furthermore, Au nanoparticles 

were doped on the Ce1-xZnxO2-y nanodisks, and their activity for the CO oxidation was 

measured. The results showed excellent 100% conversion of CO in CO2 at low temperature 

(85 °C) promising the best material for environmental remediations.  

Tighe et al. (2013) [139] used the pilot plant of supercritical water for the synthesis of 

nano-Zn-Ce oxide system at large scale. The aqueous solutions of metal precursors were 

mixed at room temperature and injected in a confined jar with simultaneous mixing of 

supercritical water (450 °C, 24.1 MPa) resulting in the uniform formation of nanoparticles. 

Results showed that ~20 mol% zinc could have doped in ceria fluorite lattic after that two-

phase composite Ce-Zn oxide system is obtained.  The nanoparticles prepared at the pilot 

plant were compared with as-prepared in the laboratory and found quite similar in physical 

and chemical properties.  

Kamaraj M. et al. (2014) [140] used a co-precipitation method to incorporate cerium in 

ZnO lattice structure successfully and prepared CexZn1-xO composites. The as-prepared 

composites showed higher photocatalytic activity against Bisphenol-A as compared to the 
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pure ZnO under sunlight. The particle size, morphology, doping concentration, catalyst 

concentration and irradiation time are key factors controlling the mineralization of 

Bisphenol-A.  

Santos et al. (2013) [141] studied the magnetic properties of Ce1−2xZnxO2−δ prepared via 

sol-gel method. The oxygen vacancies induced in the composite structure due to the doping 

strongly contribute to the ferromagnetic behavior of Ce1−2xZnxO2−δ. Raman spectroscopy 

results predicted the presence of oxygen vacancies due to the detection of vibrational 

modes of oxygen. It was also observed that a sample with a higher amount of doping has 

higher magnetic saturation. 

Xie et al. (2014) [142] synthesized hollow microspheres of CeO2-ZnO composite 

synthesized by dispersing zinc citrate hollow spheres in an aqueous solution of cerium 

nitrate. Furthermore, these composites were doped 1.0 wt. % Au and tested for the CO 

oxidation. The results show that Au doped CeO2-ZnO composite has more activity than 

bare CeO2-ZnO composites.  

Drinkel et al. (2013) [88] proved that zwitterionic surfactants although they do not have 

any formal charge their ion binding property is ion specific. The ion binding follows the 

Hofmeister series, where small high-density ions bind weakly with the micelles as 

compared to the low-density ions. Different analytical methods, i.e., NMR, capillary 

electrophoresis and reaction kinetics were employed to determine the ion binding behavior 

of zwitterionic micelles.  

Zhou et al. (2017) [143] prepared the series of sulfobetaine surfactants and evaluated their 

chemical structure with FTIR, elemental analysis and HNMR techniques. Critical micelle 

concentration (CMC) and other interfacial properties were determined by surface tension 

studies. It was observed that CMC and surface tension of sulfobetaine surfactant is 

associated with the length of the hydrophobic tail of surfactant.  
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Singh et al. (2011) discovered the micellization and interfacial properties of sulfobetaine 

surfactant with linker chain m=3 (SB3-10, SB3-12, and SB3-16) by using surface tension 

and conductometry. It was observed that hydrophobic alkyl chain length influences the 

surface properties and micellization of sulfobetaine surfactant. Effect of organic solvent, 

formamide and ethylene glycol, was studied and the results showed that micellization 

becomes slow in an organic solvent. The solvent composition impacts greatly on 

micellization as it is higher in water-ethylene glycol mixture as compared to the water-

formamide mixture. The change in polarity of solvent brings about an increase in critical 

micelle concentration, Gibbs free energy of micellization and transfer [87]. 

Casu et al. (2012) synthesized gold nanoparticles via seed growth synthesis by replacing 

the CTAB surfactant with sulfobetaine surfactant.  The resultant product was in the form 

of monocrystalline and pentatwinned asymmetric nanostars instead of nanorods. A growth 

mechanism was proposed involving the direct contact of metal with sulfate moiety of 

sulfobetaine surfactant which promotes the growth of gold nanorods in (111) faces. The 

sulfobetaine surfactant was completely replaced by simply adding the thiols to form more 

stable gold nanostars [144].  

Afzaal et al. (2017) prepared Fe doped SnO2-SiO2 nanocomposites via sol-gel and 

hydrothermal route. Zwitterionic surfactant SB3-12 was used in synthesis as a structural 

modifier. The optical and thermokinetic properties were studied using UV/Vis 

spectroscopy and TGA. The band gap energy of Fe doped SnO2-SiO2 nanocomposites was 

less than undoped SnO2-SiO2 nanocomposites and proved to be a good photocatalyst 

against methylene blue under solar irradiation [145].  

Imtiaz et al. (2017) reported the photocatalytic degradation of Endosulfan with the CdS 

doped CeO2-ZnO nanocomposites. These nanocomposites were prepared via hydrothermal 

treatment with the assistance of zwitterionic surfactants SB3-12. The studies revealed the 

effect of Cd2+ doping concentration on CeO2-ZnO nanocomposites. The small doping 

concentration leads to lattice contraction supporting the formation of oxygen vacancies 

with smaller particle size and band gap energy [23].  
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Ditta et al. (2017) investigated the catalytic properties of CdS doped ZnO-NiO 

nanocomposites. The structural and crystal properties of nanocomposites were determined 

y using XRD peak profiling. The optical properties such as refractive index, band gap and 

extinction coefficient were studied by using solid phase spectroscopy. These 

nanocomposites were used to photocatalytic degradation of 2-nitrophenols [146].   

Younas et al. (2017) studied the structural, optical and catalytic properties of CuO–ZnO 

and CdS doped CuO–ZnO nanoparticles. It was observed that when nanoparticles are 

doped with CdS, their bandgap is red shifted. Various crystal parameters of CuO–ZnO and 

CdS doped CuO–ZnO nanoparticles were determined by using XRD. The TEM analysis 

of nanoparticles gives the insight of ed shifting band gap. The size of CdS/CuO–ZnO 

nanoparticles was almost half of the size of CuO–ZnO, which enhanced the catalytic 

efficiency of CdS/CuO–ZnO nanoparticles [147]. 

Perveen et al. (2018) prepared Ti0.85Sn0.15O2 semiconductor photocatalyst with surfactant-

controlled synthesis method for the photocatalytic degradation of organophosphorus 

pesticide (Chlorpyrifos). The XRD andRietveld refinement method was used for 

quantitative phase analysis and confirm the formation of Ti0.85Sn0.15O2 nanocomposites. 

Based on the crystallinity index value of Ti0.85Sn0.15O2 nanocomposites it was proposed 

that these nanocomposites are polycrystalline in nature [148].  

Lee et al. (2009) [149] used the thermolysis method for the synthesis of CdS nanocrystals. 

Cadmium chloride pentahydrate with thiourea was used a single organometallic source. 

XRD results revealed that higher mass of cadmium chloride pentahydrate transforms the 

crystalline phase from cubic to hexagonal. Quantum confinement effect was observed in 

UV-Visible analysis when compared to bulk CdS. Red- light emission was observed during 

photoluminescence experiments in all samples. XPS suggested that there were sulfur 

vacancies. 

Li et al. (2013) [150] synthesized heterostructured nanowires of CdS/CeOx using a two-

step electrochemical process. Synthesized nanowires were found good in photocatalytic 
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hydrogen production with 1290.5 µmolg-1h-1 hydrogen evolution rate under white light and 

visible light the rate decrease to 473.6 µmolg-1h-1. 

Tso et al. (2018) synthesized CdS-ZnO nanowires for hydrogen production as next-

generation fuel. The ZnO shell prevented the CdS core not only from the corrosion but also 

helped in the prevention of electron-hole recombination. The thickness of the ZnO shell 

was 10-30 nm, but the thin layered shell supported more hydrogen production. As 

compared to the bared CdS nanowires, core-shell CdS-ZnO nanowires have shown more 

effective results. The thin layer of ZnO shell supported the electron-hole separation and 

high absorption of light, thus generating a higher amount of hydrogen [151].  

Li et al. (2018) prepared CuS nanoparticles supported on the Co-doped ZnO nanowires by 

using SILAR reaction. The Co-doped ZnO nanowires were prepared from the 

hydrothermal method. The photocatalytic activity of nanowires was investigated against 

methyl orange and found three times more than bare ZnO nanowires. The doping of Co2+ 

formed a p-n junction to stop e-h recombination and promote visible light absorbance. The 

further deposition of CuS nanoparticles covered the active, reactive sites and served as 

recombination center efficiently working against methyl orange. The CuS deposited 

nanoparticles showed the highest photocatalytic activity against methyl orange. The 

deposition concentration of CuS also played an important role in this regard. The 

photocatalytic efficiency was becoming great until 10 SILAR cycles; after that as the cycle 

increase; it started to decrease [152].  

Shao et al. (2016) [153] ZnO nanorods are used as a precursor for the synthesis of ZnS/CuS 

nanotubes by using sulfuration and cation exchange reaction. EDS, UV- visible diffuse 

reflectance and EDS analysis were used to confirm the deposition of CuS on nanotubes of 

ZnS. Hetero-junction between CuS and ZnS displayed in HRTEM images. It was observed 

that copper-free ZnS tubes H2 generation rate was 85 times lower than the ZnS/CuS 

nanotubes and this are because of the formation of heterojunction between ZnS and CuS 

nanoparticles. 
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Linganiso et al. (2013) [154] synthesized hexadecylamine capped nano-NiS2 (nickel 

disulfide). XRD analysis showed the cubic phase structure with an average crystallite size 

of 35 nm and 9 nm for pure and capped NiS2. Unusual luminescence was observed near-

infrared region due to intra band energy transitions, further supported by band gap energy 

and local density states. It was observed that the luminescence in the red and infrared region 

is caused by the energy transition from S 3d to Ni 3d levels. 

Roffey et al. (2016) [64] controlled the phase formation of nickel sulfide nanoparticles 

during thermolysis synthesis from nickel dithiocarbamate precursors. The phases of nickel 

sulfide depend on the synthesis temperature, such as α-NiS is formed at low temperature 

(150 °C) while β-NiS is formed at a higher temperature (280 °C). The particle size also 

varied with the formation of different phases. The concentration of precursor is another 

factor affecting the formation of nickel sulfide phases. The increase in the precursor gave 

rise to a new phase Ni3S4 and further to metastable NiS2 along with β-NiS phase.  

Kunapalli et al. (2018) [74] reported the synthesis of Zn1−xNi x S nanoparticles via solid-

state ball-mill attrition method with varying x from 0.00 to 0.10. The structural, optical and 

magnetic properties were evaluated by using various characterization techniques, i.e., 

XRD, Diffuse reflectance UV/Vis spectroscopy, Photoluminescence and VS 

magnetometer.  It was observed that the doping of nickel in ZnS had not affected the crystal 

lattice as it remained cubic and the band gap decreased. The ferromagnetic behavior also 

increased with the increase doping concentration of nickel.  

Zhou et al. (2018) studied the effect of Ni2+ concentration in Ni/ZnS nanoparticles 

synthesized with the hydrothermal method and annealed in vacuum. The structural and 

morphological studies showed zinc blende structure of ZnS nanoparticles with an 

approximate size of 20 nm. The zinc blended phase transformed into wurtzite after 

annealing at >600 °C. The photoluminescence studies revealed the striking optical 

properties of Ni-doped ZnS nanoparticles. With increasing the concentration of Ni2+ 

doping from 0.2-1 mol%, the emission peaks showed a distinct blue shift from ~520 nm to 

~470 nm whereas the high annealing temperature brought about a red shift in emission 
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peaks from ~490 nm to ~580 nm. It was inferred that the optical properties of Ni-doped 

ZnS could be tuned for potential applications in LED by optimizing dopant concentration 

and annealing temperature [155].    

Ahad et al. (2001) collected the groundwater samples from cotton cultivation areas of 

Multan district. The samples were analyzed by Capillary chromatography for the 

determination of pesticides residues. The results revealed the alarming elevated amount of 

Endosulfan and HCHs (0.0-0.13 μg L− 1 and 0.1- 0.11 μg L-1 respectively), exceeding by 

the maximum residue limit. This study revealed the horrific results of excessive 

organochlorine pesticides usage and its penetration in deep down soil and water in Pakistan 

[47]. 

Gong et al. (2010) conducted a study on the presence of organochlorine pesticides in the 

Tibet. The monsoon system is an important part of south Asian ecosystem and its agriculture. 

It was found that higher concentrations of organochlorines (i.e., DDT and Endosulfan) 

were present in the monsoon system, especially in August. The researchers suggested that 

the northwest farmlands of India and cotton belt areas of Pakistan were the major source 

of this high-level pollution. Other Asian regions closer to the Himalayan region such as 

China, also contribute to this tragic situation [100].  

Menezes et al. (2017) reviewed the Endosulfan; toxicity, agricultural usage, and water 

pollution. The histopathological, pharmacokinetic and toxicological studies of Endosulfan 

proved it a very dangerous insecticide with dire need of agricultural management and 

regulation. There was no antidote present in case of accidental or intentional digestion as 

it proved immediately fatal and caused death. Due to its persistence in agricultural products 

and current mortality rate it needs to be strictly regulated and banned worldwide. The 

additional biological monitoring results showed its presence in breast milk as well. It was 

suggested to device a method to completely remove this pesticide from the environment 

[106].     
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Rani et al. (2017) reviewed the photocatalytic degradation of Endosulfan with 

nanoparticles.  The half-lives of organochlorine pesticides are still persistent even after 

their ban. A few studies have been conducted on the nanoparticles, and it was observed 

that zero-valent Fe and TiO2 nanoparticles are most effective adsorbent against Endosulfan 

and its toxic metabolites as compared to biological treatment which is effective but 

excessively time-consuming, nanoparticle treatment was found more effective and time-

saving [156].  

Hernandez et al. (1998) tested the enzyme chloroperoxidase extracted from Caldariomyces 

fumago against organophosphorus pesticides (dimethoate, chlorpyrifos, parathion, 

dichlorofenthion, azinphos-methyl, terbufos, and phosmet). The pesticides were degraded 

in the presence of H2O2 and chloride ions in chloroperoxidase solution. The enzyme 

activity results showed that the products are only oxon derivatives sue to oxidation. There 

was no evidence of halogenation or hydrolysis of pesticides and their products. The similar 

results were obtained with another enzyme cytochrome P450 in vivo but with further 

mineralization of oxon derivatives. This type of cleavage was not observed in the case of 

chloroperoxidase. The enzyme activity was monitored by UV/Vis spectrophotometer and 

products were identified by HPLC and GC-MS [157]. 

Martin et al. (2008) demonstrated the biodegradability experiments on organophosphorus 

pesticides (dimethoate, carbaryl, methidathion, and oxydemeton-methyl). The commercial 

pesticides were purchased for this purpose. The photo Fenton treatment was established, 

and the critical point was concluded based on biomass and dissolved organic carbon (DOC) 

measurements. Different kinetic behaviors were observed due to the photosensitive nature 

of P. Putida. The efficiency of biodegradation of photo fenton reaction intermediate was 

~60%. On the basis reaction results in 50 mL cultures and 12 L bioreactor, it was concluded 

that experiments in flasks are not recommendable for quantitative results [158].  

Evegenidou et al. (2006) investigated the photocatalytic oxidation of dimethoate and 

dichlorvos pesticide and identified resultant intermediates. For this purpose, solid phase 

extraction coupled with GC-MS was used, and a proposed degradation pathway was 
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deduced for both dimethoate and dichlorvos. There were nine oxidation intermediate by-

products of dimethoate and three by-products for dichlorvos. The study showed that some 

intermediate species were more toxic and lethal as compared to the parent compound [159].  

Jamil et al. (2005) investigated the toxicological profile of Dimethoate, Endosulfan, 

Monochrotophos and Chlorpyriphos pesticides on human lymphocyte from healthy donors. 

The exposure to all pesticides was done in-vitro blood samples. The trypan blue dye 

exclusion technique was used to calculate cytotoxicity of all pesticides on lymphocytes. 

The dose-response relationship in each case was calculated by applying log tables as LC50 

values. Based on LC50 value, the dose response of all pesticides on lymphocyte culture was 

found highly toxic. Among all four pesticides, Endosulfan and monocrotophos were found 

to be most toxic whereas, dimethoate was found least toxic. Comet assay method; sensitive 

and active method for the study of genotoxicity, show DNA damage by pesticides as the 

tail length increased. This study suggested that all these pesticides are not only lethally 

toxic but can alternate the genetic make-up of mammalians [119].  

Previously, our research group at Nano-chemistry lab, GC University Lahore has worked 

on the synthesis of nanoparticles and nanocomposites via deposition-precipitation [160], 

anodization [161], conventional and hydrothermal method [86, 162]. Muneer et al. (2015) 

synthesized Gd2O3/Sm2O3 nanocomposite by hydrothermal and ultrasonication methods 

[163]. Further, these nanomaterials were used for the degradation of a variety of organic 

pollutants.   

In recent years, the research work has been done on the synthesis of ternary and quaternary 

heterogenous metal nanocomposites, which are further applied to degrade dyes, 

nitrophenols, and pesticides. Farrukh et al. (2015) synthesized Gd/SnO2–TiO2 

nanoparticles via ultrasonic and hydrothermal methods and photocatalytic activity was 

tested against methylene blue [164]. Javaid et al. (2015) prepared Sm/SnO2–TiO2 

nanoparticles by using sol-gel, hydrothermal and ultrasonic synthesis methods for the 

photocatalytic degradation of methylene blue [165]. Farrukh et al. (2016) synthesized La 

supported SnO2‐TiO2 nanoparticles via a two-step method. The SnO2‐TiO2 nanoparticles 
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were prepared by sol-gel method followed by Lanthanum doping via hydrothermal method 

[166].  Afzaal et al. (2017) prepared Fe doped SnO2-SiO2 nanocomposites with the 

assistance of zwitterionic surfactant via sol-gel and hydrothermal route [145].  

Ditta et al. (2017) prepared the CdS doped ZnO-NiO nanocomposites via deposition-

precipitation method and investigated the catalytic properties against 2-nitrophenol [146]. 

Younas et al. (2017) synthesized CuO–ZnO and CdS doped CuO–ZnO nanoparticles and 

studied its structural and photocatalytic properties [147]. Imtiaz et al. (2017) synthesized 

CdS doped CeO2-ZnO nanocomposites by deposition precipitation and hydrothermal 

method and investigated the relation of lattice defects in terms of oxygen vacancies and 

photocatalytic properties against Endosulfan [23]. Perveen et al. (2018) prepared 

Ti0.85Sn0.15O2 semiconductor photocatalyst with surfactant-controlled synthesis method for 

the photocatalytic degradation of organophosphorus pesticide (Chlorpyrifos).  
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2.1 Hypothesis Statement  

Metal nanoparticles have attracted great interest in scientific research and industrial 

applications, owing to their unique large surface-to-volume ratios and quantum-size 

effects. The crystal lattice (arrangement of atoms) of a metal oxide can be modified by the 

addition of foreign atoms. The catalytic activity of one metal is usually improved through 

the addition of another metal. The limited photocatalytic capability of metal oxides under 

UV light can be improved by extending its optical absorbance to the visible-light region, 

and this goal will be achieved by doping metal sulfides. Thus, the catalytic activity of 

bimetallic or trimetallic nanoparticles changes with their composition. Metal sulfide (CuS, 

CdS, NiS) doped CeO2-ZnO nanocomposites will be synthesized to study their kinetic 

properties against agrochemical pollutants. Organophosphorus and organochlorine 

pesticides are the most toxic agrochemical pollutants.   
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2.2 Objectives of Research 

The objectives of this study are: 

1. Reduction of agriculture pollution with the help of nanotechnology 

2. Synthesis of novel heterogenous nanocomposites and their photocatalytic 

properties  

3. Preparation of novel CeO2-ZnO nanocomposite and doping of metal sulfides (CdS, 

Cu2-x S and NixZn1-xS) on it. 

4. Characterization of nanocomposites with including FTIR, XRD, PL, SEM, TEM, 

DRS-UV/Vis, and a nanoparticle size analyser 

5. Photocatalytic degradation of agriculture pollutants (pesticides) 
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3. Materials and Methods 

3.1 Chemicals and Methods Used in Synthesis of 

Nanocomposites 

CeO2-ZnO nanocomposites were prepared via the hydrothermal method, and SB3-12 (3-

(Dodecyldimethylammonio)propanesulfonate) was used as a templating agent. The as-

synthesized CeO2-ZnO nanocomposites were used as a base material for the doping of 

metal sulfides. All nanocomposites were used to photodegrade Endosulfan (pesticide). The 

details of all chemicals and equipment used for the experimental work are discussed in this 

chapter.  

3.1.1 Chemicals 

The chemicals used during the Ph.D. research work are purchased from Sigma Aldrich and 

used without further purification. 

• Ammonium cerium(IV) nitrate hexahydrate (99.99%) 

• Zinc nitrate hexahydrate (98%, reagent grade) 

• 3-(Dodecyldimethylammonio)propanesulfonate (SB3-12) 

• Cadmium chloride (99.99%) 

• Copper acetate (99.99%) 

• Nickel chloride hexahydrate (99.99%) 

• Sodium hydroxide (ACS reagent, 97%) 

• Thiourea (ACS reagent, 99%) 

• Methanol (HPLC grade, 99.9%) 

All the solutions were prepared in distilled water.  

3.1.2  Analytical Instruments 

• Weighing Balance (Uni Bioc Shimadzu) 
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• Furnace (Ney Vulcan FP-40)  

• Teflon lined stainless steel autoclaves (15mL and 45 mL) 

• Drying oven (Memmert)  

• Centrifuge machine (Sigma 1-14) max. speed: 13500 rpm 

• Hotplates with a magnetic stirrer 

• pH meter (AD1020, Adwa) 

3.2 Synthesis of CeO2-ZnO nanocomposites 

3.2.1 Synthesis with Co-precipitation Method 

Equimolar concentration (0.05M:0.05M) of Ce(NH4)2(NO3)6 and Zn(NO3)2.6H2O taken 

and dissolved in distilled water for co-precipitation. 2mM (CMC) of SB3-12 surfactant was 

added in this solution. The reaction mixture was sonicated for 30 min to make a uniform 

colloidal solution. 0.4 M NaOH was added with a feed rate of 40µL/5min in this solution. 

To optimize the synthesis method, nanocomposites were prepared on pH 6, pH 7, pH 8 and 

pH 9 by adjusting the amount of NaOH.  

3.2.2 Synthesis with Hydrothermal Treatment 

The reaction mixture was then transferred to the Teflon lined hydrothermal autoclave and 

heated at 180 °C for 4hr in the oven. After 4 hrs, autoclaves were removed from the oven 

and cooled at room temperature. The precipitates were then collected and washed several 

times with water and methanol by centrifugation at 12,500 rpm. These precipitates were 

dried overnight at 80 °C and calcined at 600 °C for 3hr. 
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Table 3.1  Reaction condition for the synthesis of CeO2-ZnO nanocomposites. 

Sr. No. Samples Reaction Method pH 

1.  CeO2-ZnO nanocomposites Co-precipitation 6 

2.  CeO2-ZnO nanocomposites Co-precipitation 7 

3.  CeO2-ZnO nanocomposites Co-precipitation 8 

4.  CeO2-ZnO nanocomposites Co-precipitation 9 

5.  CeO2-ZnO nanocomposites Hydrothermal 9 

3.3 Preparation of Metal Sulfide Doped CeO2-ZnO 

Nanocomposites 

Metal Sulfide doped CeO2-ZnO nanocomposites were synthesized with three different 

metal sulfides as follows 

• CdS doped CeO2-ZnO nanostructures 

• Cu2-x S doped CeO2-ZnO nanostructures 

• NixZn1-xS doped CeO2-ZnO nanostructures 

Thiourea was used as a source of sulfur and taken three times more than the molar 

concentration of metal precursors.  

3.3.1 CdS Doped CeO2-ZnO Nanocomposites 

In CdCl2 solution, 230 mg of CeO2-ZnO nanocomposites and 2mM of SB3-12 were added 

and magnetically stirred for 30 min. The respective molar concentration of thiourea (Table 

2) was added in the mixture. 10 mg of NaOH was also added in the reaction mixture as the 

synthesis of CdS takes place in basic medium.  This 9mL reaction mixture was then 

transferred to the Teflon lined hydrothermal autoclave and heated at 180 °C for 4hr. The 

precipitates were then collected and washed several times with water and methanol by 

centrifugation at 12,500 rpm.  
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Table 3.2 CdS doped CeO2-ZnO nanocomposites samples prepared with various 

molar concentration of precursors. 

Sr. 

No. 
Sample 

CeO2-ZnO 

nanocomposites (mg) 

CdCl2 

(mmol%) 

Thiourea 

(mmol) 

1. AZ1 230 1 0.135 

2. AZ2 230 2 0.27 

3. AZ3 230 4 0.54 

3.3.2 Cu2-xS Doped CeO2-ZnO Nanocomposites 

In Cu(CH3COO)2.H2O solution, 230 mg of CeO2-ZnO nanocomposites and 2mM of SB3-

12 were added and magnetically stirred for 30 min. The respective molar concentration of 

thiourea was added in the mixture. This 9mL reaction mixture was then transferred to the 

Teflon lined hydrothermal autoclave and heated at 180 °C for 4hr. The precipitates were 

then collected and washed several times with water and methanol by centrifugation at 

12,500 rpm. CSCZ1, CSCZ2 and CSCZ3 samples (Table 2) were synthesized by using this 

method.  

Table 3.3 Cu2-x S doped CeO2-ZnO nanocomposites samples prepared with a various 

molar concentration of precursors. 

Sr. 

No. 
Sample 

CeO2-ZnO 

nanocomposites (mg) 

Cu(CH3COO)2.H2O 

(mmol%) 

Thiourea 

(mmol%) 

1. CSCZ1 230 1 3 

2. CSCZ2 230 2 6 

3. CSCZ3 230 4 12 

3.3.3 NixZn1-xS Doped CeO2-ZnO Nanocomposites 

In NiCl2.6H2O solution, 230 mg of CeO2-ZnO nanocomposites and 2mM of SB3-12 were 

added and magnetically stirred for 30 min. The respective molar concentration of thiourea 

was added in the mixture. This 9mL reaction mixture was then transferred to the Teflon 

lined hydrothermal autoclave and heated at 180 °C for 4hr. The precipitates were then 
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collected and washed several times with water and methanol by centrifugation at 12,500 

rpm.  

Table 3.4  NixZn1-xS doped CeO2-ZnO nanocomposites samples prepared with a 

various molar concentration of precursors. 

Sr. 

No. 

Sample CeO2-ZnO 

nanocomposites (mg) 

NiCl2.6H2O 

(mmol%) 

Thiourea 

(mmol%) 

1. NCZ1 230 1 3 

2. NCZ 2 230 2 6 

3. NCZ 3 230 4 12 

3.4 Characterization Techniques  

3.4.1 Fourier Transform Infrared Spectroscopy 

The FTIR spectroscopy technique was used to determine the structural specifics of 

nanocomposites. For this purpose, dried solid samples were analyzed with to Digilab 

FTS20 and Shimadzu 8400S spectrometer. The samples were placed on a sample holder 

equipped with diamond crystal MIRacle (PIKE) and pressed. The measurement was done 

by attenuated total reflectance (ATR) in the scanning range of ca. 350-4000 cm-1 with a 

resolution of 8 cm-1.  

3.4.2 Powder X-Ray Diffraction 

All samples were characterized by powder XRD (Panalytical X’Pert PRO MPD (A3-26)) to 

investigate the composition and crystal structure of nanocomposites. The X-ray diffraction 

with CuKα radiation was done over the range of 2𝜃 = 20° − 90° with sa tep size of 0.033° 

and 0.0167°.  

Rietveld Refinement 

For Rietveld refinement, EXPGUI and GSAS software packages were used, and reference 

files were obtained from the ICSD database. The crystal structures were constructed using 

VESTA 3 and Diamond 4 software using the data obtained after refinement.  
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3.4.3 Ultraviolet/Visible-Diffused Reflectance Spectroscopy 

For the measurement of other optical properties like band gap, Diffuse Reflectance UV/Vis 

spectrophotometer (Shimadzu, UV-2600) was used. Reflection measurements of solid 

samples were taken in the range of 200-900 nm wavelength.  

3.4.4 Photoluminescence 

The photoluminescence properties of nanocomposites were probed by using Perkin Elmer 

LS55 spectrometer equipped with FL WINLAB software. The samples were excited with 

excitation wavelengths of 325 nm, 347 nm, 405 nm, and 520 nm.  

3.4.5 Scanning Electron Microscopy and Transmission Electron 

Microscope  

The morphology and size of nanocomposites were probed by Scanning electron 

microscopy (SEM, JEOL, JSM-6480) and Transmission electron microscopy (JEM-

ARM200F(UHR)) respectively. An accelerating potential of 15 kV was used for electron 

microscopy while an accelerating potential of 200 kV was used for acquisition of transmission 

electron microscopy. Energy dispersive X-ray spectroscopy analysis was performed 

simultaneously with TEM. 

3.4.6 Nanoparticle Size Analysis 

The size of nanocomposites was also investigated by using Nanoparticle size analyzer 

(Bettersize, BT-90). All the measurements were taken of well-dispersed nanocomposites 

in water or methanol.  

3.4.7 Measurement for Photocatalytic Degradation of Endosulfan  

The photocatalytic degradation of all nanocomposites was measured by using Uv/Vis 

spectrophotometer (Cary-60, Agilent) with scanning kinetics mode. A 50 ppm solution of 

Endosulfan in water-methanol (1:1) was prepared, and 5 mg of nanocomposite was added 
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in 20 mL of 50 ppm Endosulfan solution. The mixture was magnetically stirred on a 

hotplate under UV radiation at room temperature. The sample for scanning kinetics was 

taken out after every 5 or 10 min (depending on the nanocomposites) and scans were taken 

in a range of 200 nm to 300 nm as the 𝜆𝑚𝑎𝑥 for Endosulfan is 213 nm [23].  

3.4.8 Measurement for Photocatalytic Degradation of Dimethoate 

The photocatalytic degradation of all nanocomposites was measured by using Uv/Vis 

spectrophotometer (Cary-60, Agilent) with scanning kinetics mode. A 250 ppm solution of 

dimethoate in deionized water was prepared, and 10 mg of nanocomposite was added in 

10 mL of 250 ppm Endosulfan solution. The mixture was magnetically stirred on a hotplate 

under UV radiation at room temperature. The sample for scanning kinetics was taken out 

after every 5 to 15 min (depending on the nanocomposites), and scans were taken in a range 

of 200 nm to 300 nm. The reported 𝜆𝑚𝑎𝑥 for dimethoate is 203 nm and 210 nm [158, 159, 

167], hence the data was collected at both wavelengths.  
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4. Result and Discussion 

4.1 CeO2-ZnO Nanocomposites 

4.1.1 Fourier Transform Infrared Spectroscopy of CeO2-ZnO 

Nanocomposites 

The structural characterization of samples was performed by Fourier transform infrared 

spectroscopy (Digilab FTS20) scanning over a range of ca. 400-4000 cm-1 in solid form. 

FTIR spectra (Figure 4.1) for these samples were measured after several washings of the 

samples and calcination at 600 °C. These spectra provide a brief insight into the formation 

process of CeO2-ZnO nanocomposite with increasing basicity during the reaction. It is 

observed that various type of hydroxyl, carbonate, and sulfate species are present on the 

surface of CeO2-ZnO nanocomposite. 

 

(a) 
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(b) 

  

(c) 
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(d) 

Figure 4.1 FTIR of CeO2-ZnO nanocomposites synthesized at (a) pH 6 (b) pH 7 (c) pH 

8 and (d) pH 9. 

As shown in Figure 4.1a, at pH 6, the peak at 1116 cm-1 is representing the presence of 

SO4
−2 ion. While a broad peak at 3469 cm-1 represents the OH− ions. Ce − O bond formation 

confirmed with rather a sharp peak at 451 cm-1 but the formation of Zn − O bond is still in 

progress as a weak band at 514 cm-1 is observed. At pH 7, the SO4
−2  ion peak (1120 cm-1) 

is still evident, and a small peak appears at 1052 cm-1, while the intensity of peak at 3338 

cm-1 increases. While 499 cm-1 (v Zn − O) and 433 cm-1 (v Ce − O) are same as at pH6. At 

pH 8, a distinct change in FTIR spectra is observed. The peak representing SO4
−2 at 1120 

cm-1 disappear completely, and the small peak at1068 cm-1 is observed. The peak present 

at 499 cm-1 in the sample prepared at pH 7 broadened and appear at 522 cm-1 at pH 8. The 

peak is representing the Ce − O bond shift to 447 cm-1. 

Hydroxyl species 

In hydroxyl stretching region ν(OH), the broad bands are present in each sample in the 

range of 3500-3300 cm-1 corresponding to the hydroxyl species (Ce − OH  and Zn − OH) 

[23] and broaden with increasing basicity during the reaction.  
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Carbonates, hydrogen carbonate, and formates species 

Carbonates, hydrogen carbonate and formates species are the surface species which are 

bound on the surface of metal oxides with various coordination modes. Here, different 

carbonate species are observed in IR spectra of CeO2-ZnO nanocomposite.  A low-intensity 

band positioned at 2339 cm-1, 2345 cm-1, 2341 cm-1, and 2330 cm-1 in samples prepared at 

pH 6, 7, 8, and 9 respectively proposed the adsorption of CO2 on the surface of CeO2-ZnO 

nanocomposite [168]. In Figure 4.1(a, b), a band appears at 1635 cm-1 due to chemisorbed 

water along with two other small and at 1506 cm-1 and 1382 cm-1 [169]. At pH 8 (Figure 

4.1c), the band at 1635 cm-1 disappears, and the bands positioned at 1508, and 1369 cm-1 

become broad and intense. The bands at 1504 cm-1, 1390 cm-1 and 725 cm-1 correspond to 

ν(CO) of tridentate carbonates (𝐶𝑂3
2−),  ν(CO) of hydrogen carbonates and δ(OCO) of 

formates respectively [170]. Ceria nanoparticles have the property to adsorb CO2 on the 

surface due to the presence of Ce3+ and oxygen vacancies in its crystal structure. The 

carbonates species present in the vicinity of Ce3+ and oxygen vacancy are not 

distinguishable from those in stoichiometric ceria except they are more stable. 

Sulfate species 

IR bands for sulfate species were identified because a zwitterionic surfactant of 

sulfobetaine group was used as surface modifier during the synthesis. At pH 6 (Figure 

4.1a), a single wide band appear at 1116 cm-1 corresponding to the V3 degenerate band for 

the 𝑆𝑂4
2−  forming an outer sphere complex. At pH 7 (Figure 4.1b), a split V3 band at 1120 

and 1052 cm-1 and active V1 band at 968 cm-1 was observed. These bands show the formation 

of monodentate inner sphere complex of sulfate 𝑆𝑂4
2− with metal. The further increase in pH 

(Figure 4.1c, d) lead to the appearance of low intensity band at 1069 cm-1 and 1072 cm-1 

corresponding to the asymmetric stretching vibrational mode of free 𝑆𝑂4
2−anion with Td 

symmetry [171]. It was inferred that the increase in pH can break the inner sphere 

complexation of sulfate ion with metal forming the free sulfate ions which can be removed 

completely with more washings.  
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Metal oxide (𝑴 − 𝑶) bonds 

The 𝑀 − 𝑂 bands for metal oxides are usually positioned in range of 600-400 cm-1. The IR 

peaks for zinc oxide show morphological dependence. For spherical particles, a distinct 

single band for 𝑍𝑛 − 𝑂 appear at 499 cm-1 but when morphology change from spherical to 

the needle like rod shaped structures, the band is split and new a peak arises at 525 cm-1 

[172]. The bands for 𝐶𝑒 − 𝑂appear at 441 cm-1, 451 cm-1, 447 cm-1 and 441 cm-1 in Figure 

4.1(a-d) respectively [23]. It was observed that these bands become broad with increasing 

basicity during the reaction and vibrational bond for 𝑍𝑛 − 𝑂 shifted to lower wavenumber. 

The shifting of IR peak is observed during the morphology change as the peak position is 

dependent on the axial ratio (c/a) of ZnO crystals [173, 174]. The vibrational modes for 

𝑍𝑛 − 𝑂 and 𝐶𝑒 − 𝑂 lie in same range, so it might be possible that overlapping of 

frequencies caused the broadening the bands. Nonetheless, both metal oxides are formed 

and present in the sample.  

 
Figure 4.2  FTIR of CeO2-ZnO nanocomposites synthesized at pH 9 with hydrothermal 

treatment  
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The FTIR of the sample prepared at pH 9 with hydrothermal treatment is presented in 

Figure 4.2. It was observed that the peak presenting surface adsorbed hydroxyl group is 

still present at 3348 cm-1. The inset graph shows the FTIR region from 1700 cm-1 to 350 

cm-1 with graph break from 590 cm-1 to 520 cm-1. The peaks present in the range of 1600 

cm to 600 cm-1 presents oxo-carbonate species. The peaks present at 1504 cm-1 and 1373 

cm-1 suggest the presence of monodentate carbonate and formate species on the surface of 

nanocomposites. The low-intensity peak at 1049 cm-1 along with a peak at 833 cm-1 can be 

assigned to the tridentate carbonates, whereas the peak at 702 cm-1 represents 

polycarbonate species [170].   

4.1.2 Powder X-ray Diffraction of CeO2-ZnO Nanocomposites 

 

Figure 4.3  PXRD patterns of CeO2-ZnO nanocomposites prepared at pH 6, pH 7, pH 

8 with the co-precipitation method and pH 9 with both magnetic stirring and hydrothermal 

method. 
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Phase and structural identification of samples were conducted by using Panalytical X’Pert 

PRO MPD with CuKα radiation over a 2θ range of 20°-90° with a step size of 0.0334°. 

Powder XRD results are an agreement with the formation of CeO2-ZnO nanocomposites, 

where both oxides are formed simultaneously, but their structural properties change with 

the increase of pH (NaOH concentration). The CeO2 is more crystalline than ZnO, as it has 

the most prominent peaks with high intensity in the XRD pattern. The 2theta positions and 

hkl values of both CeO2 and ZnO were confirmed with PDF No. 03-065-5923 and 01-089-

0510 respectively.  

4.1.2.1 Crystallite Size 

Crystallite size calculated from XRD pattern by using Debye Scherrer Equation and 

Williamson-Hall equation gives the insight into the effect of doping on the crystallite size 

of CeO2-ZnO nanocomposite. 

Scherrer equation 

Following is the Scherrer equation was used to calculate the crystallite size of individual 

peaks and average crystallite size  

   𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                (4.1) 

Where D is crystallite size, k is constant, λ is the wavelength used to measure the XRD 

pattern, θ is the incident angle and β is the instrument corrected full width half maximum 

(FWHM). 

The β obtained from the instrument was corrected by following  

𝛽2 =  [𝛽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2 − 𝛽𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡

2 ]                                        (4.2) 
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The crystallite size is measured for the peak with the highest intensity at 2θ=28.6° in all 

samples. It is important that this peak only present in ceria with hkl (111).  

 
Figure 4.4  Peak at 2θ=28.6° present in all PXRD patterns of CeO2-ZnO 

nanocomposites prepared at (a) pH 9, (b) pH 8, (c) pH 7 and (d) pH 6 with the magnetic 

stirring method. 

The crystallite size for the sample prepared at pH 6 is difficult to determine because of its 

underdevelopment peak. The crystallite size for rest of the samples prepared at pH 9, pH 8 

and pH 7 is 10.1 nm, 10.4 nm and 10.2 respectively. It is observed that the crystallite size 

of nanoparticles slightly changes with an increase in the pH of the reaction. There is another 

peak at 2θ=36.3°, changing prominently with a change in pH.  
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Figure 4.5  Peak at 2θ=36.3° present in all PXRD patterns of CeO2-ZnO 

nanocomposites prepared at (a) pH 9, (b) pH 8, (c) pH 7 and (d) pH 6 with co-precipitation 

method. 

This peak is absent in the sample prepared at pH 6 and very prominent in the sample 

prepared at pH 9. The crystallite size for rest of the samples prepared at pH 9, pH 8 and pH 

7 is 42.8 nm, 36.9 nm, and 39.9 nm respectively. This increase in the crystallite size is due 

to the formation of needle or spears like structures of ZnO. During the wet synthesis 

method, needle shape is the preferred morphology as particles grow along c-axis [172, 

175]. In later studies, this phenomenon will become more prominent.   
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4.1.2.2 Rietveld Refinement and Lattice Parameters 

 

Figure 4.6  Rietveld refinement profile generated by GSAS of CeO2-ZnO 

nanocomposites prepared withthe hydrothermal method. 

The structural information and phase identification of CeO2-ZnO nanocomposites prepared 

with the hydrothermal method has been studied by powder X-ray diffraction. The Rietveld 

refinement of XRD pattern CeO2-ZnO nanocomposites is shown in Figure 4.6, which 

shows that co-precipitation of CeO2 and ZnO lead to the appearance of all peaks of CeO2 

and ZnO. The magenta and blue vertical ticks below the pattern are designated to the peak 

positions for CeO2 and ZnO respectively. All XRD peaks have been indexed using the 

standard ICDD PDF files No. 03-065-5923 and 01-089-0511 for CeO2 and ZnO 

respectively. The Rietveld refinement analysis makes possible the correct identification 

and differentiation of overlapping peaks of CeO2-ZnO. For example, the ZnO peak present 

at 2θ value 47.533° is very close to the CeO2 peak at 47.549° and appear as an overlapped 

peak in the XRD pattern. These are two other identification peaks for CeO2 and ZnO but 
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are overlapped witha very minor difference. Table 4.1 shows the 2θ values observed for 

CeO2 and ZnO with their respective hkl and interplanar spacing (d-spacing). 

Table 4.1 2θ values with respective hkl values found in Powder XRD pattern of CeO2-

ZnO nanocomposites (Figure 4.6) 

Sr. No. 2θ (degrees) hkl d-spacing CeO2-ZnO 

1.  28.585 111 3.120 CeO2 

2.  31.767 100 2.815 ZnO 

3.  33.126 200 2.702 CeO2 

4.  34.414 002 2.604 ZnO 

5.  36.251 101 2.476 ZnO 

6.  47.533 102 1.911 ZnO 

7.  47.549 220 1.911 CeO2 

8.  56.423 311 1.63 CeO2 

9.  56.592 110 1.625 ZnO 

10.  59.174 222 1.56 CeO2 

11.  62.846 103 1.478 ZnO 

12.  66.373 200 1.407 ZnO 

13.  67.941 112 1.379 ZnO 

14.  69.082 201 1.359 ZnO 

15.  69.519 400 1.351 CeO2 

16.  72.55 004 1.302 ZnO 

17.  76.821 331 1.240 CeO2 

18.  76.953 202 1.238 ZnO 

19.  79.201 420 1.209 CeO2 

20.  81.362 104 1.182 ZnO 

The Rietveld refinement result confirms that the sample preserves the face-centered cubic 

structure of space group Fm-3m and hexagonal wurtzite structure of P63mc space group 

for CeO2 and ZnO respectively.  In Figure 4.6, the solid line of profile fit calculated with 
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Rietveld analysis is passed through the experimental data points, while the line in the 

bottom shows the difference plot of experimental data and fitted profile. The Rietveld 

refinement result of powder XRD pattern of CeO2-ZnO nanocomposites prepared with the 

hydrothermal method is summarized in Table 4.2.  The quality of the Rietveld model fit is 

of greater importance for the chemically reasonable solution of the model. It can be 

determined from the weighted and expected profile R factors (Rwp and Rp) and the square 

of their ratio  χ2 = (
𝑅𝑤𝑝

𝑅𝑝
⁄ )

2

 [176]. 

Here the values of Rwp, Rp, and χ2 are 0.0847, 0.0627 and 1.283 respectively. These values 

show a good profile fit model by Rietveld refinement. The value of χ2 should be less than 

4, but even when χ2 is close to 1, there is no assurance that the model is suggesting the 

correct solution [176]. The most important way to determine the quality of a Rietveld 

refinement fit is by viewing the observed and calculated patterns graphically to ensure that 

the model solution is chemically acceptable. 

Table 4.2  Summary of Rietveld refinement results for CeO2-ZnO nanocomposites 

prepared with the hydrothermal method as compared to standard powder diffraction files. 

Lattice 

Parameters 

Hydrothermal Method Reference PDF 

CeO2 ZnO  CeO2  

PDF # 03-065-

5923 

ZnO 

PDF # 01-089-

0510 

Space Group F m -3 m P 63 m c F m -3 m P 63 m c 

a/Å 5.40435 3.24999 5.40370 3.24880 

b/Å 5.40435 3.24999 5.40370 3.24880 

c/Å 5.40435 5.20770 5.40370 5.20540 

𝛼/°  90.0 90.0 90.0 90.0 

𝛽/°  90.0 90.0 90.0 90.0 

𝛾/°  90.0 120.0 90.0 120.0 

V/Å3 157.85 47.64 157.79 47.58 

ρ/gm cm-3 7.18 5.67 7.24 5.68 
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Observations 1944 

𝑅𝑤𝑝  0.085 

𝑅𝑝  0.063 

χ2 1.283 

The structure and the chemical solution obtained from the Rietveld refinement fit are 

modeled by using VESTA and Diamond 4 software as shown in Figure 4.7 and 4.8. 

Figure 4.7 shows the model of structure solution obtained for CeO2 phase shows all face-

centered (F) Bravais type lattice belonging to the cubic crystal system structure. The space 

group is F m -3 m (Hermann-Mauguin symbol) with m3m Laue symmetry. The symmetry 

of the point 0,0,0 contains 1bar and multiplicity of a general site is 192. Lattice constants 

are a=b=c=5.40435 Å with 0.00020 standard deviation. The bond length of all Ce ─ Ce 

and Ce ─ O bonds is 3.82145 Å and 2.34015 Å respectively (Figure 4.7 b). The volume of 

the cell is 157.85 Å3 moreover, density is 7.18 gm cm-3.  

 

 

(a) 
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(b) 

Figure 4.7 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Rietveld refinement solution structure (a) polyhedral model (b) ball and stick model viewed 

along a-axis. 

 

(a) 
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(b) 

Figure 4.8 Hexagonal crystal structure (P 63 m c space group) for the ZnO phase 

obtained by Rietveld refinement solution structure (a) polyhedral model (b) ball and stick 

model viewed along a-axis. 

The lattice structure for ZnO is acentric primitive hexagonal belonging to the P 63 m c 

(Hermann-Mauguin symbol) space group with 6/mmm Laue symmetry is shown in Figure 

4.8. The location of the lattice cell origin is arbitrary in z and multiplicity of a general site 

is 12. Lattice constants are a=b=3.24999 Å, c=5.20770Å with standard deviation of 

0.00011 and 0.00027. The bond lengths of Zn ─ O bonds are 1.98413Å and 1.97616 Å. 

The volume of the cell is 47.6365 Å3 moreover, density is 5.674 gm cm-3. The lattice 

parameters are concurring with those reported in ICDD PDF No. 01-089-0510. This shows 

that co-synthesis of ZnO with CeO2 did not exert any notable change in their lattice 

parameters and crystal systems.   



CHAPTER 4                Results and Discussion   

 

66 | P a g e  

4.1.2.3 Oxygen Vacancies 

Ceria nanoparticles have the unique property of oxygen vacancy which becomes more 

pronounced in doped ceria nanoparticles. The oxygen vacancies arise from the disruption 

of the crystal structure. It was reported that the lattice contraction or expansion could 

predict the nature of doping on the nanoparticles. If the lattice of base nanoparticles 

expands, it is supposed that the dopant atom has substituted the base atom. In the case of 

lattice expansion, it is proposed that the dopant atom fill the interstice between the base 

atoms in the lattice structure. 

Another property associated with lattice structure and lattice constant is the defect in a 

lattice structure. These defects are more pronounce in ceria nanoparticles due to the 

presence of Ce3+ and Ce4+ ions and oxygen vacancies. Equation 1.1, Kroger–Vink notation 

represents the oxygen vacancies and Ce3+ in ceria nanostructures.  

Zhou and Huebner further modified it for the calculation of a total number of oxygen 

vacancies present in ceria nanostructure as following in eq.  

√3
4

⁄ (𝑎′ − 𝑎𝑜) = 𝐶[𝑟𝐶𝑒3+ − 𝑟𝐶𝑒4+ + 1
4⁄ (𝑟𝑉𝑂

•• − 𝑟𝑂2−)]                      (4.3) 

In the above equation,  𝑎′ =  calculated lattice constant of ceria, 𝑎𝑜 = lattice constant 

undoped ceria,  𝑟𝐶𝑒3+  = radius of Ce3+ (12.83 x 10-2 nm), 𝑟𝐶𝑒4+= radius of are Ce4+ (10.98 

x 10-2 nm), 𝑟𝑉𝑂
•• = oxygen vacancy (0.138 nm) and 𝑟𝑂2−= oxygen ion (0.124 nm) [23].  

Oxygen vacancies in ceria calculated by putting the value of lattice constant of doped ceria 

derived from the Rietveld refinement were 1.64 x 1019 cm-1. 

4.1.3 Ultraviolet/Visible-Diffused Reflectance Spectroscopy of CeO2-

ZnO Nanocomposites 

UV/Vis diffused reflectance spectroscopy (DRS) was used to investigate the optical 

properties of CeO2-ZnO nanocomposites. The band gap energy follows a different trend 
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with increasing the number of atoms or elements in the composition. When the particle size 

decreases, the variation in band gap energy with a change in composition becomes more 

pronounced. The band gap energies for CeO2-ZnO nanocomposites is calculated by using 

the following equation, 

(ℎ𝜈𝐹𝐾𝑀)1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                           (4.4) 

Where, hv is photon energy, A is proportionality constant, Eg is band gap, and n is the 

nature of the transition of the sample (1/2, 3/2, 2, and 3 are for direct allowed, direct 

forbidden, indirect allowed and indirect forbidden transition respectively). FKM  is 

Kubelka–Munk function which is presented as in terms of Kramers-Kronig transformation 

in eq 6.2 

𝐹𝐾𝑀 =  
(1 − 𝑅2)

2𝑅
                                                            (4.5) 

Where, R is the reflectance measured by diffuse reflectance UV/Vis spectrophotometer 

[136, 177]. 
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Figure 4.9  Kuelka-Munk Tauc plot of (hνFKM)2 versus (hν) for determination of direct 

band gap of CeO2-ZnO nanocomposites. 

 

Figure 4.10  Kuelka-Munk Tauc plot of (hνFKM)1/2 versus (hν) for determination of 

direct band gap of CeO2-ZnO nanocomposites. 

Nano-CeO2 tend to release more oxygen than the bulk-CeO2 due to the increased surface-

to-volume ratio. Reduction Ce4+ ions subsequently follow the formation of oxygen 

vacancies to Ce3+ ions and partial filling of the vacant Ce 4f band as presented in Eq. (4.6) 

2𝐶𝑒4+ + 𝑂2−  →  2𝐶𝑒3+ +
1

2
𝑂2                                                 (4.6) 

This change in valance state leads to the splitting of partially filled Ce 4f band into full 

Ce4f1 and empty Ce 4f0 bands. The full Ce 4f1 lies close to the O2p valence band and ≥ 

4.0eV below Ce 4f0 band. The oxygen vacancy and Ce3+ ion act as an electron-hole trap 

for the electrons left behind after removal of oxygen. These oxygen vacancies trap the 

excited electron and form F+, F++ and Fo centers with one, two and no trapped electrons 

respectively, thus giving rise to more energy levels [23, 136, 178]. The direct band gap in 

Figure 4.9 has two slopes; 𝐸𝑔1 = 3.94 𝑒𝑉 and 𝐸𝑔2 = 3.28 𝑒𝑉. Interestingly, these two are 
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well matched with the transition energy of 𝑂2𝑝 → 𝐶𝑒3+4𝑓0 and 𝑂2𝑝 → 𝐶𝑒4+4𝑓0 

respectively.  

 

Figure 4.11  Schematic diagram for the band gap energy levels of CeO2, CeO2-x, and 

Ce2O3 

4.1.4 Nano-Particle Size Analysis of CeO2-ZnO Nanocomposites 

Sample Particles Stock solutions were prepared by taking an appropriate amount (2 mg) of 

the sample in 10 mL water and ultrasonicated for 15 min to make a homogenous solution 

(for the device to acquire enough counts per second). Then 40 µL sample stock solution 

was transferred to a 1 mL cuvette and filled the rest with methanol and subjected for 

analysis in particle size analyzer. 
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4.1.4.1 Particle Size Analysis of CeO2-ZnO Nanocomposites Prepared at 

pH 6 

 

Figure 4.12 Particle size analyzer graph presenting the differential and cumulative 

distribution of CeO2-ZnO nanocomposites prepared at pH 6. 

Table 4.3  Particle size distribution of CeO2-ZnO nanocomposites prepared at pH 6. 

D50 808 nm D10 155 nm D97 
15.6 x 10-2 

nm  

D[4,3] 179 nm D16 186 nm D100 
39.7 x 10-2 

nm 

D[3,2] 119 nm D25 408 nm Cumulative Size 457 nm 

D[1,0] 45.8 nm D75 10.4 x 10-2 nm Specific Surface Area 16.78 m2/g 

D3 118 nm  D84 11.6 x 10-2 nm Polydispersity 0.44 

D6 1043 nm  D90 12.6 x 10-2 nm  Polydispersity Index 0.39 

The median particles size (D50) of CeO2-ZnO nanocomposites prepared at pH 6 is 808 

nm. The average particle size measured from volume average on particle size distribution 

(D[4, 3]) is 179 nm. The specific surface area is 16.78 m2/g. 
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4.1.4.2 Particle Size Analysis of CeO2-ZnO Nanocomposites Prepared at 

pH 7 

 

Figure 4.13 Particle size analyzer graph presenting the differential and cumulative 

distribution of CeO2-ZnO nanocomposites prepared at pH 7. 

Table 4.4  Particle size distribution of CeO2-ZnO nanocomposites prepared at pH 7. 

D50 21.6 x 10-2 nm D10 174 nm D97 39.3 x 10-2 nm  

D[4,3] 174 nm D16 201 nm D100 88.9 x 10-2 nm 

D[3,2] 134 nm D25 301 nm Cumulative Size 755 nm 

D[1,0] 53.1 nm D75 39.3x 10-2 nm Specific Surface Area 14.9 m2/g 

D3 138 nm  D84 29.6 x 10-2 nm Polydispersity 0.4 

D6 157 nm  D90 32.2x 10-2 nm  Polydispersity Index 0.3 

The median particles size (D50) of CeO2-ZnO nanocomposites prepared at pH 6 is 2159 

nm. The average particle size measured from volume average on particle size distribution 

(D[4, 3]) is 174 nm. The specific surface area is 14.9 m2/g. 
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4.1.4.3 Particle Size Analysis of CeO2-ZnO Nanocomposites Prepared at 

pH 8 

 

Figure 4.14 Particle size analyzer graph presenting the differential and cumulative 

distribution of CeO2-ZnO nanocomposites prepared at pH 8. 

Table 4.5  Particle size distribution of CeO2-ZnO nanocomposites prepared at pH 8. 

D50 12.2 x 10-2 nm D10 160 nm D97  22.1 x 10-2 nm  

D[4,3] 163 nm D16 185 nm D100  56.1 x 10-2 nm 

D[3,2] 121 nm D25 560 nm Cumulative Size    557 nm 

D[1,0] 49.3 nm D75 15.2 x 10-2 nm Specific Surface Area 16.4 m2/g 

D3 126 nm  D84 16.7 x 10-2 nm Polydispersity 0.317 

D6 142 nm  D90 18.1 x 10-2 nm  Polydispersity Index 0.307 

The median particles size (D50) of CeO2-ZnO nanocomposites prepared at pH 8 is 12.2 x 

10-2 nm. The average particle size measured from volume average on particle size 

distribution (D[4, 3]) is 163 nm. The specific surface area is 16.4 m2/g. 
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4.1.4.4 Particle Size Analysis of CeO2-ZnO Nanocomposites Prepared at 

pH 9 

 

Figure 4.15 Particle size analyzer graph presenting the differential and cumulative 

distribution of CeO2-ZnO nanocomposites prepared at pH 9. 

Table 4.6  Particle size distribution of CeO2-ZnO nanocomposites prepared at pH 9. 

D50 14.6 x 10-2 nm D10 825 nm D97 37.9 x 10-2 nm  

D[4,3] 136 nm D16 941 nm D100 56.1 x 10-2 nm 

D[3,2] 112 nm D25 10.8 x 10-2 nm Cumulative Size 898 nm 

D[1,0] 107 nm D75 20.1 x 10-2 nm Specific Surface Area 17.6 m2/g 

D3 116 nm  D84 24.6 x 10-2 nm Polydispersity 0.34 

D6 655 nm  D90 28.8 x 10-2 nm  Polydispersity Index 0.26 

The median particles size (D50) of CeO2-ZnO nanocomposites prepared at pH 9 is 14.6 x 

10-2 nm. The average particle size measured from volume average on particle size 

distribution (D[4, 3]) is 136 nm. The specific surface area is 17.6 m2/g. 
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4.1.5 High Resolution Transmission Electron Microscope and Energy 

Dispersive X-ray Spectroscopy  

However, the High-Resolution Transmission Electron Microscope (HRTEM) results show 

that the size of CeO2 is significantly decreased to an average size of 8 nm. On the other 

hand, the needle-like rods of ZnO grows to the length of 6.46 µm and a maximum width 

of 0.345 µm. These ZnO needles/spears are supporting CeO2 nanoparticles as shown in 

Figure 4.16. This assumption is further strengthened by EDS (Energy dispersive X-ray 

spectroscopy) analysis simultaneous with TEM.  

 

Figure 4.16  TEM micrographs of (a) CeO2 nanoparticles supported on ZnO spears at 

the scale of 1 µm (b) areas selected for EDS analysis. 
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    (c) 

Figure 4.17 EDS analysis of selected areas in TEM micrograph (a) 011, (b) 012 and (c) 

013. 

The EDS analysis of selected areas 011, 012 and 013 in Figure 4.16b are shown in Figure 

4.17(a-c) respectively. The result of the EDS analysis of 012 (area selected on the rod 

structure) is presented in Figure 4.17b. It has all four minimum emission voltage peaks 

Kα1, Kβ1, Lα1 and Lβ1 at 8.637 KeV, 9.570 KeV, 1.012 KeV and 1.035 KeV respectively. 

There is only one peak presenting Kα1 emission voltage at 0.525 KeV. These results 

suggest that ZnO is present in the form of rods. The presence of cerium is evident in Figure 

4.10 a and c, which belongs to selected areas 011 and 013 respectively. It has distinct 

electron transmissions of Lα1 and Lβ1 with minimum emission voltage of 4.839 KeV and 

5.262 KeV respectively. Another low-intensity emission voltage peak is at 0.833 KeV is 

for Mz electron transmission in cerium. These weak peaks also appear in Figure 3.10 b. 

Based on these results; it can be concluded that CeO2 nanoparticles are supported on ZnO 

rods with uneven distribution.  
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Figure 4.18 HRTEM image of CeO2-ZnO nanocomposites prepared at pH 9. 

                 

 

 
(c) 

Figure 4.19 HRTEM image of CeO2-ZnO nanocomposites at 2 nm scale with their 

corresponding (b) FFT analysis of face-centered cubic CeO2 and (c) their structures with 

respective lattice planes 311, 111, and 411.  

(a) (b) 

311
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111 400 
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In the Figure above, the lattice fringes are 3.12 Å apart which is also considered to be the 

d-spacing of cubic CeO2 with corresponding hkl (111). The FFT image shows three other 

lattice planes (311), (200) and (400).  

                          

   

(c) 

Figure 4.20 HRTEM image of CeO2-ZnO nanocomposites at 2 nm scale with their 

corresponding (b) FFT analysis of face-centered cubic CeO2 and (c) their structures with 

respective lattice planes 331, 311, 220, 111.  

In the Figure above, the lattice fringes are 1.91 Å apart which is also considered to be the 

d-spacing of cubic CeO2 with corresponding hkl (111). The FFT image shows three other 

lattice planes (311), (200) and (400). The comparison of experimental HRTEM 

micrographs with computer generated simulated images is the basic technique in 

crystallography and material science to verify the crystal structure models. The high quality 

of HRTEM results provides the opportunity to compare them with the crystal parameters 

derived from Rietveld refinement analysis. Rietveld refinement is used to decipher crystal 

structures from powder X-ray diffraction data. It is important that Rietveld refinement 

converges with low R factor values and a smooth difference plot to give a solution with 

331 

220 

311 111 

(a) (b) 

220 
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chemically sensible structure. This refinement solution is comparable with correct with the 

correct crystal structure.  

4.1.6 Photocatalytic Degradation of Endosulfan Using CeO2-ZnO 

Nanocomposites 

 

Figure 4.21 UV/Vis absorption spectra for the Endosulfan pesticide. 

 

Figure 4.22  UV/Vis spectra for the photocatalytic degradation of Endosulfan using 

CeO2-ZnO nanocomposites. 
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The photocatalytic degradation of Endosulfan by using CeO2-ZnO nanocomposites as a 

catalyst is measured by scanning kinetic mode in UV/Vis spectrophotometer. The 

Endosulfan gives λmax at 213 nm, and all scans observed in Figure 4.22 are taken after the 

addition of photocatalysts. The photodegradation process is completed in 130 min. The 

data from these scans was further used to calculate the rate and %degradation of 

Endosulfan. 

Table 4.7  Degradation data for Endosulfan using CeO2-ZnO nanocomposites under 

UV irradiation. 

Time 

(min) Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 0.77 -0.27 0.42 -0.87 1 0 0 

10 0.76 -0.27 0.41 -0.88 0.99 -0.01 0.49 

20 0.68 -0.38 0.33 -1.10 0.89 -0.12 11.05 

30 0.63 -0.47 0.28 -1.28 0.82 -0.20 18.22 

40 0.59 -0.54 0.24 -1.44 0.76 -0.27 23.59 

50 0.51 -0.67 0.17 -1.80 0.67 -0.40 32.96 

60 0.44 -0.81 0.10 -2.35 0.58 -0.55 42.09 

70 0.4 -0.93 0.05 -3.05 0.52 -0.66 48.34 

90 0.39 -0.93 0.05 -3.10 0.51 -0.67 48.62 

100 0.38 -0.96 0.04 -3.36 0.5 -0.69 50.00 

110 0.37 -0.99 0.02 -3.86 0.48 -0.73 51.79 

120 0.36 -1.02 0.01 -4.28 0.47 -0.75 52.73 

130 0.35 -1.06 0 0 0.46 -0.79 54.54 
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Figure 4.23  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using CeO2-ZnO nanocomposites. 

 

Figure 4.24  %Degradation plot of photocatalytic degradation of Endosulfan using 

CeO2-ZnO nanocomposites. 

The degradation process is completed in approximately 130 min. The data obtained from 

the scanning kinetics measurement is tabulated in Table 4.7. The rate is determined by the 

slope of plot drawn between ln(A-A∞) and time assuming the reaction as pseudo-first order 

(Figure 4.23). The rate and percent degradation of Endosulfan is 29.7 x 10-3 min-1 and 54% 

respectively.  
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4.1.7 Photocatalytic Degradation of Dimethoate Using CeO2-ZnO 

Nanocomposites 

 

Figure 4.25 UV/Vis absorption spectra for the Dimethoate (organophosphorus 

pesticide). 

 

Figure 4.26  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

CeO2-ZnO nanocomposites. 
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The photocatalytic degradation of Dimethoate by using CeO2-ZnO nanocomposites as a 

catalyst is measured by scanning kinetic mode in UV/Vis spectrophotometer. All scans 

observed in Figure 4.26 are taken after the addition of photocatalysts. The 

photodegradation process is completed in 440 min. The data from these scans is further 

used to calculate the rate and %degradation of Dimethoate. 

Table 4.8  Degradation data for Dimethoate using CeO2-ZnO nanocomposites under 

UV irradiation at λmax = 210 nm.  

Time Absorbance  lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100 ln(At/Ao) 

0 3.04 1.16 1.88 0.63   1 0 0 

27.5 3 1.12 1.78 0.58 0.98 1.32 -0.01 

55 2.81 1.12 1.77 0.57 0.92 7.585 -0.08 

82.5 2.68 1.12 1.76 0.56 0.88 11.8 -0.13 

110 2.43 1.11 1.76 0.56 0.79 20.13 -0.23 

137.5 2.37 1.08 1.64 0.49 0.77 22.12 -0.25 

165 2.14 1.02 1.47 0.38 0.70 29.43 -0.35 

192.5 1.99 0.98 1.36 0.31 0.65 34.47 -0.42 

220 1.86 0.92 1.22 0.19 0.61 38.69 -0.49 

247.5 1.74 0.86 1.08 0.08 0.57 42.77 -0.56 

275 1.62 0.81 0.95 -0.05 0.53 46.75 -0.63 

302.5 1.52 0.77 0.86 -0.15 0.50 50.01 -0.69 

330 1.46 0.76 0.85 -0.17 0.47 52.1 -0.74 

357.5 1.45 0.71 0.74 -0.29 0.48 52.17 -0.74 

385 1.37 0.68 0.69 -0.37 0.45 54.86 -0.79 

412.5 1.32 0.66 0.68 -0.45 0.43 56.55 -0.83 

440 1.29 - -1.29 - 0.43 57.47 -0.85 
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Figure 4.27  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using CeO2-ZnO nanocomposites. 

 
Figure 4.28  %Degradation plot of photocatalytic degradation of Dimethoate using 

CeO2-ZnO nanocomposites. 

The degradation process is completed in almost 440 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.8. The rate is determined by the 

slope of plot drawn between ln(A-A∞) and time assuming the reaction as pseudo-first order 

(Figure 4.27). The rate and percent degradation of Dimethoate at λmax = 210 nm is 0.0032 

min-1 and 57.5%. 
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4.2 CdS Doped CeO2-ZnO Nanocomposites 

4.2.1 Fourier Transform Infrared Spectroscopy of CdS Doped CeO2-

ZnO Nanocomposites 

 

Figure 4.29 FTIR of CdS/CeO2-ZnO nanocomposites prepared with different CdS 

concentrations a) 1 mmol%, b) 2 mmol%, c) 4 mmol%. 

The characteristic peaks exhibited by the FTIR spectrum of CeO2-ZnO nanocomposites 

and CdS/CeO2-ZnO hetero-nanostructures between the wave numbers 400 cm-1 and 4000 

cm-1 are shown in Figure 4.29. It is observed that the broad peaks positioned at 3472–3305 

cm-1 are due to the O–H stretching vibrations of water (H2O) molecules.[163, 179] There 

are small bands present at around 1512 cm-1, and 1517 cm-1 are due to the bending vibration 

of (H─O─H) bond of water molecules. The peaks present at 1406 cm-1 and 1388 cm-1 

suggesting the C = O  symmetric vibrations adsorbed on the surface of nanocomposites 

[180]. 

The peaks present at 430 cm-1, 439 cm-1, and 447 cm-1  corresponds to the  Ce − O 

symmetric vibrations,[181] while peaks at 520 cm-1, 530 cm-1, and 526 cm-1 correspond to 

the Zn − O bond of pure wurtzite hexagonal phase of ZnO.[182] The vibration absorption 
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peaks observed at 860-877 cm-1  and 715-736 cm-1   are assigned to Cd–S stretching [179]. 

The IR peaks assigned to the vibrational assignment of these nanocomposites are listed in 

Table 4.9. 

Table 4.9  FTIR peaks in CeO2-ZnO and CdS/CeO2-ZnO samples assigned to 

functional groups. 

Bond Assignment Wavenumbers (cm-1) 

AZ1 AZ2 AZ3 

O-H stretching vibration 3319 3427 3304 

S-H stretching vibration 2418 2424 2426 

Bending vibration H-O-H  1517 1512 1517 

C=O symmetric vibrations  1388 1388 1406 

C-O stretching vibration 1022 1031 1029 

Cd-S bending vibration  877, 729 860, 715 875, 736 

Zn-O (wurtzite  hexagonal  phase ZnO) 520 530 526 

Zn-O, Ce-O bonds of CeO2-ZnO 

nanocomposites 

430 439 447 

4.2.2 Nano-Particle Size Analysis of CdS Doped CeO2-ZnO 

Nanocomposites 

DLS analyzes the velocity distribution of particle movement by measuring dynamic 

fluctuations of light scattering intensity caused by the Brownian motion of the particle. 

This technique measures the particle perpendicular to the light source at that instant and 

uses the Stokes-Einstein equation to calculate its hydrodynamic diameter.[183] 

Sample Particles Stock solutions were prepared by taking an appropriate amount (2 mg) of 

the sample in 5 mL methanol and ultrasonicated for 15 min to make a homogenous solution 

(for the device to acquire enough counts per second). Then 10 µL sample stock solution 

was transferred to a 1 mL cuvette and filled the rest with methanol and subjected for 

analyses in particle size analyzer.  
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4.2.2.1 Particle Size Analysis of CdS DopedCeO2-ZnO Nanocomposites 

(AZ1) 

 

Figure 4.30 Particle size analyzer graph presenting the differential and cumulative 

distribution of CdS doped CeO2-ZnO nanocomposites (AZ1). 

Table 4.10  Particle size distribution of CdS/CeO2-ZnO nanocomposites prepared with 

1 mmol% CdS measured from DLS.  

D50 14.4nm D10 9.1nm D97 23.6nm  

D[4,3] 14.9nm D16 10.2nm D100 397nm 

D[3,2] 13.3nm D25 11.5nm Cumulative Size 76.4nm 

D[1,0] 10.7nm D75 17.3nm Specific Surface Area 150.0 m2/g 

D3 7.17nm  D84 18.9nm Polydispersity 0.6 

D6 8.12nm  D90 20.2nm  Polydispersity Index 0.4 

The median particles size (D50) of CdS/CeO2-ZnO nanocomposites prepared with 1 

mmol% CdS is 14.4 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 14.9 nm. The specific surface area is 150 m2/g. 
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4.2.2.2 Particle Size Analysis of CdS DopedCeO2-ZnO Nanocomposites 

(AZ2) 

 

Figure 4.31 Particle size analyzer graph presenting the differential and cumulative 

distribution of CdS doped CeO2-ZnO nanocomposites (AZ2). 

Table 4.11  Particle size distribution of CdS/CeO2-ZnO nanocomposites (AZ2) 

measured from DLS.  

D50 17.5 nm D10 10.6 nm D97 74.9 nm  

D[4,3] 20.7 nm D16 12.2 nm D100 250 nm 

D[3,2] 16.1 nm D25 14.0 nm Cumulative Size 100 nm 

D[1,0] 12.0 nm D75 21.1 nm Specific Surface Area 123.8 m2/g 

D3 8.02 nm  D84 23.0 nm Polydispersity 0.34 

D6 9.38 nm  D90 24.8 nm  Polydispersity Index 0.7 

The median particles size (D50) of CdS/CeO2-ZnO nanocomposites prepared with 2 

mmol% CdS is 17.5 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 20.7 nm. The specific surface area is 123.8 m2/g. 
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4.2.2.3 Particle Size Analysis of CdS DopedCeO2-ZnO Nanocomposites 

(AZ3) 

 

Figure 4.32 Particle size analyzer graph presenting the differential and cumulative 

distribution of CdS doped CeO2-ZnO nanocomposites (AZ3). 

Table 4.12  Particle size distribution of CdS doped CeO2-ZnO nanocomposites 

prepared with 4 mmol% CdS measured from DLS.  

D50 22.1 nm D10 13.0 nm D97 36.9 nm  

D[4,3] 22.7 nm D16 15.1 nm D100 629 nm 

D[3,2] 19.7 nm D25 17.5 nm Cumulative Size 87.8 nm 

D[1,0] 13.8 nm D75 26.8 nm Specific Surface Area 101.3 m2/g 

D3 9.4 nm  D84 29.2 nm Polydispersity 0.5 

D6 11.2 nm  D90 31.3 nm  Polydispersity Index 0.6 

The median particles size (D50) of CdS doped CeO2-ZnO nanocomposites prepared with 

4 mmol% CdS is 22.1 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 22.7 nm. The specific surface area is 101.3 m2/g. 
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4.2.3 Optical Properties of CdS Doped CeO2-ZnO Nanocomposites  

4.2.3.1 Ultraviolet/Visible Spectroscopy 

 

Figure 4.33  Plot of (αhυ)2 versus photon energy (hυ) of CdS doped CeO2-ZnO 

nanocomposite prepared with different CdS concentrations b) 1 mmol%, c) 2 mmol%, d) 

4 mmol%. 

The energy gap (Eg) of the nanoparticles can be obtained from UV-Vis absorption 

spectrum, which corresponds to electron excitation from the valance band to conduction 

band. Band-gap values are obtained by extrapolating the straight-line plot of (αhυ)2 versus 

(hυ) to the energy axis (Figure 4.33). The absorption coefficient α and the incident photon 

energy hυ are related by the following Wood and Tauc equation [184] 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)𝑛                                                      (4.7)  

where B is a constant, Eg is the band gap of the material, and the exponent n has values 1/2, 

2, 3/2 and 3 for direct, indirect, forbidden direct and forbidden indirect transitions 

respectively. The Eg values of nanoparticles with different CdS concentrations were 

obtained by extrapolating the linear portion of the plots of (αhυ)2 versus hυ to α=0 as shown 
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in Figure 4.33. The intersection of the extrapolation gives the value of 3.29 eV, 3.46 eV 

and 4.59 eV for AZ1, AZ2, and AZ3 respectively. The bang gap of nanocomposites is 

increasing with the increase in CdS concentration and much higher than the band gap of 

CdS in bulk (2.4 eV)  

4.2.3.2 Photoluminescence  

For the study of photoluminescent properties of NixZn1-xS doped CeO2-ZnO 

nanocomposites, three excitation wavelengths (325 nm, 347 nm, 405nm, and 520 nm) were 

used. All these excitations energy have different penetration depths on the sample. This 

could be useful in analyzing the photoluminescent properties of materials with multiple 

structural defects.  

 

Figure 4.34 Photoluminescence spectra of CdS doped CeO2-ZnO nanocomposites 

prepared with 1 mmol% CdS by using different excitation wavelength 
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Figure 4.35  Photoluminescence spectra of CdS doped CeO2-ZnO nanocomposites 

prepared with 0.009 mmol CdS by using different excitation wavelength 

 

Figure 4.36 Photoluminescence spectra of CdS doped CeO2-ZnO nanocomposites 

prepared with 4 mmol% CdS by using different excitation wavelength. 
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The broad visible band ranging from 410 to 500 nm in all samples (Figure 4.34-4.34) is 

associated with the transition of deeply trapped electrons or F centers created by the lattice 

defects. [140, 185-191] The emission peaks in the visible region are generated from the 

electronic transitions in shallow energy levels corresponding to the various defect centers 

in ceria. The interstitial cerium and oxygen vacancy act as a donor during interstitial 

oxygen and cerium vacancy act as a hole. In as-grown ZnO nanospears, the cerium dopant 

may be contributing a large number of electrons on excitation to occupy the energy levels 

located in conduction band edge. The recombination transition of these excitons will 

eventually lead to a blue shift and broadening of emission peak. 

In CdS doped CeO2-ZnO nanocomposites, some photoluminescence emission peaks arise 

due to the presence of Cd/S2- interstitials and vacancies which work as electron donor and 

acceptor. Different transitions originate from the electron-hole pair recombination. Some 

of them are band-band transitions, free excitonic recombination, and exciton bound to 

neutral donor and acceptor[192].  

The green emission peaks at 545 and 557 nm resulting from the electronic excitations from 

interstitial sulfur to the conduction band. The peak at 545 nm persist with increasing 

concentration of CdS dopant, but the peak at 557 nm disappeared. The yellow emission 

peaks due to interstitial Cd are observed at 606 nm, 607 nm and 611 nm in AZ1, AZ2, and 

AZ3 samples. A red shift was observed in emission peaks with increasing concentration of 

CdS dopant [193]. In Figure 4.34, red emission peaks at 623 nm and 657 nm with an 

excitation wavelength of 520 nm, which originate from the sulfur vacancies [194, 195].  

4.2.4 Powder X-Ray Diffraction of CdS Doped CeO2-ZnO 

Nanocomposites 

The obtained powder X-ray diffraction patterns of CdS doped CeO2-ZnO nanocomposites 

prepared at different concentrations of CdS precursor are presented in Figure 4.37  



CHAPTER 4                Results and Discussion   

 

93 | P a g e  

 

Figure 4.37 XRD of CdS doped CeO2-ZnO nanocomposites prepared with different 

CdS concentrations a) 1 mmol%, b) 2 mmol%, c) 4 mmol%. 

The peaks located at angles (2θ) of 28.24°, 32.95°, 56.38°, 59.07°, 69.25°, 76.70°, and 

78.91° are attributed to (111), (200), (311), (222), (400), (331) and (420) planes cubic 

fluorite structure of CeO2.  Hexagonal crystalline nature of ZnO is observed at diffraction 

angles 31.58°, 34.42°, 36.01°, 47.23°, 62.52°, and 67.89° corresponding to the (100), (002), 

(101), (102), (103), and (112) planes. The indexed peaks of Figure 4.37, showing the cubic 

fluorite structure of CeO2 and hexagonal structure of ZnO, are well matched with PDF# 

03-065-5923 and 01-075-0576 respectively. However, 2θ peaks for CdS are not observed 

in all XRD patterns. The 2θ peaks are shifted to the higher 2θ angle size indicating that Cd 

atoms have successfully incorporated in CeO2 and ZnO lattices.[196, 197] Crystallite Size, 

Lattice Parameters, and Oxygen Vacancies 

Ce4+ is surrounded by eight equivalent O2− ions forming the corner of a cube, with each 

O2− coordinated to four Ce4+ ions [198]. Crystallite size and strain control the XRD peak 

broadening and is calculate by Williamson-Hall equation given as following. 
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𝛽𝑐𝑜𝑠𝜃

𝜆
=

1

𝐷
+ 𝜂

𝑠𝑖𝑛𝜃

𝜆
         (4.8) 

Where β is the FWHM in radians, λ is the wavelength of x-ray radiation (0.154nm), θ is 

the Braggs angle of the corresponding peak, D is crystallite size, and η is the crystallite 

strain (Figure 4.38). It presents a uniform deformation model where the nature of the 

sample is assumed isotropic and strain is distributed uniformly in all planes of the crystal 

[23, 199]. 

 

Figure 4.38  W-H plot of CdS doped CeO2-ZnO nanocomposites prepared with different 

CdS concentrations b) 1 mmol%, c) 2 mmol%, d) 4 mmol%. 

The lattice constant values of the samples are determined in the Rietveld Refinement 

method. The lattice constant values for the samples AZ1, AZ2, and AZ3, are 5.424 Å, 

5.412 Å, and 5.418 Å respectively. The lattice constants of these samples are higher than 

that of bulk ceria, which is 5.403 Å (JCPDS 65-5923). These results show that CdS doped 

CeO2-ZnO nanocomposites have a crystallite size-dependent variation of lattice constant, 

while the lattice strain also follows the same trend (Table 4.13). 
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In general, doped samples exhibit lattice expansion compared to pure ceria. After the 

doping, an increase in the lattice constant is observed. It was proposed that Cd2+ (97 pm) 

can be incorporated into CeO2-ZnO nanocomposites via two routes: a) Cd2+ occupying 

interstitial lattice sites, which causes the lattice to expand, or b)substitution of Cd2+  leading 

to lattice contraction and the formation of charge compensating oxygen vacancies.[196] 

However, further evidence is needed to verify this statement. 

The broadening of diffraction peaks is related to crystallite size and lattice strain. Ceria has 

a fluorite crystal structure (Fm-3m), having both Ce3+ and Ce4+ surrounded by oxygen ions. 

Oxygen vacancies are created to maintain the charge balance due to the difference in ionic 

charges of Ce3+ and Ce4+.  Both oxygen vacancies and Ce3+ ion contribute to the lattice 

expansion of nanocrystallite and development of lattice strain.[198, 200] The oxygen 

vacancies and Ce3+ in ceria nanocrystallites is represented by Kroger–Vink notation eq. 

(1.1) and (4.3) [201]. 

After placing the values in Eq. (4.3), oxygen vacancy concentration for each sample was 

calculated (Table 4.13). Since it was established that lattice strain is the reason of the lattice 

expansion of crystallite, so the crystallite size value obtained from Williamson-Hall is 

considered. 

Table 4.13  Particle Size, Lattice parameters, Crystallite Size and Concentration of 

oxygen vacancies in CdS doped CeO2-ZnO nanocomposites 

Sr. 

No. 

Sample 

CdS doped 

CeO2-ZnO 

nanocomposites 

Average 

Diameter 

(DLS) 

(nm) 

W-H 

C 

Size 

(nm) 

Strain 

(%) 

 

Lattice 

Constant[a] 

(Å) 

Oxygen 

Vaccancy 

𝐕𝐎
•• 

(cm-1) x 

1020 

Bandgap 

Energy  

(eV) 

1. 1 mmol% 14.4 4.7 54.8 5.42441 5.12 3.29 

2. 2 mmol% 17.5 5.4 19.9 5.41792 3.52 3.46 

3. 4 mmol% 22.1 6.9 0.8 5.41173 1.99 4.59 
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4.2.5 Scanning Electron Microscopy of CdS Doped CeO2-ZnO 

Nanocomposites 

         

(a)                                                                  (b) 

 

(c) 

Figure 4.39  SEM of CdS doped CeO2-ZnO nanocomposites prepared at different 

concentrations a) 1 mmol%, b) 2 mmol%, c) 4 mmol% . 

Figure 4.39 a, b and c showed the heterostructure of CdS doped CeO2-ZnO nanocomposites 

at different concentration of CdS. Needle-like crystals and aggregated spherical shaped 

structures were observed. 
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4.2.6 Photocatalytic Activity of CdS Doped CeO2-ZnO 

Nanocomposites against Endosulfan 

 

Figure 4.40  Plot of ln(A-A∞) versus time of CdS doped CeO2-ZnO nanocomposites 

prepared with different CdS concentrations a) 1 mmol%, b) 2 mmol%, c) 4 mmol%. 

A mixture of 5 mg of nanocomposite and 20 mL solution of Endosulfan (50 ppm) was 

placed under UV irradiation with constant stirring for 15 minutes at ambient temperature. 

Based on Beer-Lambert law, calibration was done for Endosulfan at a wavelength of 

maximum absorptivity, λmax, 213 nm. The catalytic activity was determined using UV 

Spectrophotometer (UV-1700 Shimadzu) by measuring the change in absorbance at 213 

nm every 60 seconds interval. Figure 4.40 shows the first order reaction kinetics of CeO2-

ZnO and CdS doped CeO2-ZnO nanocomposites.  The k value determined from a plot of 

ln(A-A∞) versus time [165], which increases with the doping concentration of CdS as 

0.1649 min-1 but with further increase in concentration it decreases to 0.1448 min-1 and 

0.0946 min-1.Various parameters like, size, band gap, the lattice constant, and oxygen 

vacancies are affecting the catalytic activity of nanocomposites. The rate constant k (min-
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1) for Endosulfan degradation increase as the particle size decrease which can be attributed 

to the increase in surface area and oxygen vacancies of nanocomposites.  

4.2.7 Photocatalytic Activity of CdS Doped CeO2-ZnO 

Nanocomposites against Dimethoate 

4.2.7.1 Photocatalytic Activity of CdS Doped CeO2-ZnO Nanocomposites 

(AZ1) against Dimethoate 

 
Figure 4.41  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

CdS doped CeO2-ZnO nanocomposites (AZ1). 

The photocatalytic degradation of Dimethoate by using CdS doped CeO2-ZnO 

nanocomposites prepared with 1 mmol% CdS as a catalyst is measured by scanning kinetic 

mode in UV/Vis spectrophotometer. All scans observed in Figure 4.41 are taken after the 

addition of photocatalysts. The photodegradation process is completed in 265 min. The 

data from these scans was further used to calculate the rate and %degradation of 

Dimethoate. 
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Table 4.14  Degradation data for Dimethoate using CdS doped CeO2-ZnO 

nanocomposites (AZ1) under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100 ln(At/Ao) 

0 3.28 1.19 0.27 -1.31 0.86 13.81 -0.15 

40 3.81 1.34 0.79 -0.23 1 0 0 

120 3.43 1.23 0.42 -0.86 0.90 9.82 -0.10 

160 3.31 1.20 0.29 -1.21 0.87 13.11 -0.14 

200 3.22 1.17 0.21 -1.54 0.85 15.32 -0.17 

215 3.20 1.16 0.18 -1.67 0.84 16.00 -0.17 

230 3.15 1.15 0.14 -1.98 0.83 17.29 -0.19 

245 3.13 1.14 0.12 -2.15 0.82 17.87 -0.20 

260 3.06 1.12 0.05 -3.03 0.80 19.67 -0.22 

265 3.01 1.10 0 -- 0.79 20.94 -0.24 

 

 
Figure 4.42  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using CdS doped CeO2-ZnO nanocomposites prepared with 1 mmol% CdS. 
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Figure 4.43  %Degradation plot of photocatalytic degradation of Dimethoate using CdS 

doped CeO2-ZnO nanocomposites (AZ1). 

The degradation process is completed in almost 265 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.14. Figure 4.42 shows the rate 

determined by the slope of the plot drawn between ln(A-A∞) and time for 210 nm 

wavelengths (λmax). The reaction is assumed as the pseudo first order, and the rates for 

(λmax) 210 nm is 9.1 x 10-3 min-1. The degradation% of Dimethoate at λmax = 210 nm is 

20.9%. 
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4.2.7.2 Photocatalytic Activity of CdS doped CeO2-ZnO Nanocomposites 

(AZ2) against Dimethoate 

 

Figure 4.44  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

CdS doped CeO2-ZnO nanocomposites (AZ1). 

The photocatalytic degradation of Dimethoate by using CdS doped CeO2-ZnO 

nanocomposites prepared with 2 mmol% CdS as a catalyst is measured by scanning kinetic 

mode in UV/Vis spectrophotometer. All scans observed in Figure 4.44 are taken after the 

addition of photocatalysts. The photodegradation process is completed in 390 min. The 

data from these scans was further used to calculate the rate and %degradation of 

Dimethoate. 

 

Table 4.15  Degradation data for Dimethoate using CdS doped CeO2-ZnO 

nanocomposites (AZ2) under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100 ln(At/Ao) 

24.1 3.43 1.23 1.38 0.33 1 0 0 

24.3 3.4 1.22 1.36 0.3 0.99 0.87 -0.01 
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24.5 3.32 1.2 1.28 0.25 0.97 3.01 -0.03 

35.2 3.28 1.19 1.24 0.21 0.96 4.3 -0.04 

54.7 3.24 1.18 1.2 0.18 0.95 5.34 -0.06 

79.5 3.17 1.15 1.13 0.12 0.93 7.51 -0.08 

96.5 3.16 1.15 1.12 0.11 0.92 7.85 -0.08 

115.4 3.14 1.14 1.09 0.09 0.92 8.5 -0.09 

125 2.85 1.05 0.81 -0.22 0.83 16.9 -0.19 

140.4 2.38 0.87 0.33 -1.1 0.69 30.7 -0.37 

155.4 2.36 0.86 0.32 -1.15 0.69 31.2 -0.37 

171.2 2.49 0.91 0.44 -0.81 0.73 27.5 -0.32 

180.4 2.41 0.88 0.37 -1 0.7 29.7 -0.35 

206.4 2.54 0.93 0.49 -0.71 0.74 26 -0.3 

235.3 2.35 0.86 0.31 -1.17 0.69 31.3 -0.38 

250 2.38 0.87 0.34 -1.08 0.7 30.5 -0.36 

258.4 2.29 0.83 0.25 -1.39 0.67 33.1 -0.4 

269.1 2.3 0.83 0.25 -1.37 0.67 33 -0.4 

282.6 2.36 0.86 0.32 -1.15 0.69 31.1 -0.37 

282.8 2.37 0.86 0.33 -1.13 0.69 30.9 -0.37 

313.4 2.19 0.78 0.15 -1.91 0.64 36.1 -0.45 

323.6 2.34 0.85 0.3 -1.21 0.68 31.7 -0.38 

350 2.11 0.75 0.07 -2.7 0.62 38.4 -0.49 

362.7 2.28 0.82 0.24 -1.44 0.67 33.5 -0.41 

390.9 2.04 0.71 0 -- 0.6 40.4 -0.52 
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Figure 4.45  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using CdS doped CeO2-ZnO nanocomposites (AZ2). 

 

Figure 4.46  %Degradation plot of photocatalytic degradation of Dimethoate using CdS 

doped CeO2-ZnO nanocomposites (AZ2). 

The degradation process is completed in almost 390 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.15. Figure 4.45 shows the rate 
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determined by the slope of plot drawn between ln(A-A∞) and time for 210 nm wavelengths 

(λmax). The reaction is assumed as pseudo-first order, and the rates for (λmax) 210 nm is 8.1 

x 10-3min-1. The degradation% of Dimethoate at λmax = 210 nm is 40.4%.  

4.2.7.3 Photocatalytic Activity of CdS doped CeO2-ZnO Nanocomposites 

(AZ3) against Dimethoate 

 

Figure 4.47  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

CdS doped CeO2-ZnO nanocomposites (AZ3). 

The photocatalytic degradation of Dimethoate by using CdS doped CeO2-ZnO 

nanocomposites prepared with 4 mmol% CdS as a catalyst is measured by scanning kinetic 

mode in UV/Vis spectrophotometer. All scans observed in Figure 4.47 are taken after the 

addition of photocatalysts. The photodegradation process is completed in 265 min. The 

data from these scans was further used to calculate the rate and % degradation of 

Dimethoate. 
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Table 4.16  Degradation data for Dimethoate using CdS doped CeO2-ZnO 

nanocomposites (AZ3) under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100 ln(At/Ao) 

24.1 3.43 1.23 1.38 0.33 1 0 0 

24.3 3.4 1.22 1.36 0.3 0.99 0.866 -0.01 

24.5 3.32 1.2 1.28 0.25 0.97 3.014 -0.03 

35.2 3.28 1.19 1.24 0.21 0.96 4.3 -0.04 

54.7 3.24 1.18 1.2 0.18 0.95 5.344 -0.06 

79.5 3.17 1.15 1.13 0.12 0.93 7.513 -0.08 

96.5 3.16 1.15 1.12 0.11 0.92 7.847 -0.08 

115.4 3.14 1.14 1.09 0.09 0.92 8.502 -0.09 

125.0 2.85 1.05 0.81 -0.2 0.83 16.91 -0.19 

140.4 2.38 0.87 0.33 -1.1 0.69 30.66 -0.37 

155.4 2.36 0.86 0.32 -1.2 0.69 31.2 -0.37 

171.2 2.49 0.91 0.44 -0.8 0.73 27.45 -0.32 

180.4 2.41 0.88 0.37 -1 0.7 29.68 -0.35 

206.4 2.54 0.93 0.49 -0.7 0.74 26.02 -0.3 

235.3 2.35 0.86 0.31 -1.2 0.69 31.34 -0.38 

250.0 2.38 0.87 0.34 -1.1 0.7 30.48 -0.36 

258.4 2.29 0.83 0.25 -1.4 0.67 33.12 -0.4 

269.1 2.3 0.83 0.25 -1.4 0.67 33.01 -0.4 

282.6 2.36 0.86 0.32 -1.1 0.69 31.13 -0.37 

282.8 2.37 0.86 0.33 -1.1 0.69 30.93 -0.37 

313.4 2.19 0.78 0.15 -1.9 0.64 36.08 -0.45 

323.6 2.34 0.85 0.3 -1.2 0.68 31.74 -0.38 

350.0 2.11 0.75 0.07 -2.7 0.62 38.44 -0.49 

362.7 2.28 0.82 0.24 -1.4 0.67 33.48 -0.41 

390.9 2.04 0.71 0 -- 0.6 40.41 -0.52 
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Figure 4.48  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using CdS doped CeO2-ZnO nanocomposites (AZ3). 

 

Figure 4.49  %Degradation plot of photocatalytic degradation of Dimethoate using CdS 

doped CeO2-ZnO nanocomposites (AZ3) 

The degradation process is completed in almost 265 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.16. Figure 4.48 shows the rate 

determined by the slope of plot drawn between ln(A-A∞) and time for 210 nm wavelengths 

(λmax). The reaction is assumed as pseudo-first order, and the rates for (λmax) 210 nm is 4.9 

x 10-3 min-1. The degradation% of Dimethoate at λmax = 210 nm is 54.3%.  
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4.3 Cu2-xS Doped CeO2-ZnO Nanocomposites 

4.3.1 Fourier Transform Infrared Spectroscopy of Cu2-xS Doped 

CeO2-ZnO Nanocomposites 

 

Figure 4.50 FTIR of Cu2-xS doped CeO2-ZnO nanocomposites (a) 1 mmol% (b) 2 

mmol% and (c) 4 mmol% concentration of Cu+2. 

It was observed that the peaks of all FTIR spectra had not been changed with the increase 

of dopant concentration in CeO2-ZnO nanocomposite. Figure 4.50 shows the FTIR spectra 

in ranges of 4000-350 cm-1 of all samples. All three samples have a less intense but broad 

peak at 3348 cm-1, which represents the O-H stretching vibrations of absorbed water on the 

surface of nanoparticles [23]. The peak present on 1126 cm-1 and 964 cm-1 are assigned to 

asymmetric and symmetric vibrations of the 𝑆 − 𝑂 bond. The peaks present at 602 cm-1 

belongs to symmetric deformation vibrations of 𝑆 − 𝑂 − 𝑆 bond [202].  A single peak is 

observed at 424 cm-1 in the IR region associated with metal oxide bonding vibrations. In 

literature, this peak is reported for both ZnO and CeO2 nanoparticles [203, 204].  
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4.3.2 Powder X-Ray Diffraction Cu2-xS Doped CeO2-ZnO 

Nanocomposites 

 

Figure 4.51  Powder XRD of Cu2-xS doped CeO2-ZnO nanocomposites doped with (a) 

1 mmol% (b) 2 mmol% and (c) 4 mmol% concentration of Cu+2. 

Figure 4.51 presents the powder diffraction patterns of Cu2-xS doped CeO2-ZnO 

nanocomposites synthesized with hydrothermal autoclave method. These patterns were 

measured in the range of 2θ from 80 to 90 degrees and compared with ICDD database files 

No. 82028, 61595 and 42710 for ZnO, CeO2 and Cu2-xS respectively. All XRD patterns 

show cubic and hexagonal peaks of CeO2 and ZnO, but Cu2-xS phase is not fully detected 

by XRD albeit the high molar concentration of Cu precursor used in doping. Zhang, J., et 

al., [205] explained it as a result of weakly crystallized and highly dispersive nanoparticles 

deposited on the surface of the base material. The area bordered with green dots shows that 

with an increase in doping concentration some peaks are diminished. It is also noted that 

the Cu2-xS doped CeO2-ZnO nanocomposites doped with 4 mmol% concentration of Cu+2 

have a small peak at 37°, which is the characteristic peak of Cu1.97S, thus confirming its 

presence as well  [77].  The peaks in these patterns are indexed to different reflections of 
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cubic and hexagonal structures with X’pert highscore software and further with the 

Rietveld refinement.  

4.3.3 Rietveld Refinement and Lattice Parameters 

Rietveld refinement method was used to investigate the space groups, lattice constants, 

phase fractions and crystal structure parameters of nanocomposites. All PXRD patterns of 

Cu2-xS doped CeO2-ZnO nanocomposites were refined by using EXPGUI and GSAS.  

4.3.3.1 Rietveld Refinement of Cu2-xS Doped CeO2-ZnO Nanocomposites 

(CSCZ1) 

 

Figure 4.52 Rietveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of CSCZ1 with background and difference. 
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Figure 4.53 Powplot graphics of Rietveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of CSCZ1 with background and difference. 

The PXRD pattern of CSCZ1 was refined by using EXPGUI. The refinement was done 

with preferred orientation directions (100) and (110) with the help of the March-Dollase 

Model. At the end of refinement, no serial correlation in fit at 90% confidence for 1.886 < 

DWd < 2.114. The refinement was done with 9900 cycles, and there were 2123 

observations. The 𝑅𝑤𝑝 and  𝑅𝑝  values are 0.0717 and 0.0531 respectively. The total before-

cycle χ2 (offset/sig) = 2.8569E+03 (1.1679E+01), which was reduced to χ2 = 1.360 after 

refinement for 23 variables. Quantitative phase analysis was done using Rietveld 

refinement method to investigate the phase fractions of nanocthe omposite. The values of 

lattice constants, phase fractions and crystal structure parameters calculated from Rietveld 

refinement are tabulated in Table 4.17. 
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Table 4.17 Lattice constants, phase fractions and crystal structure parameters 

calculated from Rietveld refinement of sample CSCZ1. 

Lattice Parameters ZnO CeO2 Cu1.8S 

Space Group P 63 m c F m -3 m F -4 3 m   

Lattice Acentric, 

primitive 

hexagonal 

Centric, F-

centered cubic 

Acentric, F-

centered 

cubic 

Laue symmetry 6/mmm m3m m3m 

Site Multiplicity 12 192 96 

a/Å 3.24944 5.40743 5.41428 

b/Å 3.24944 5.40743 5.41428 

c/Å 5.206801 5.40743 5.41428 

𝛼/°  90.0 90.0 90.0 

𝛽/°  90.000 90.0 90.0 

𝛾/°  120.0 90.0 90.0 

V/Å3 47.61 158.11 158.71 

Calculated unit cell formula weight 162.75 688.47 585.77 

ρ/gm cm-3 5.68 7.23 6.13 

Wt. Fraction 4.00 x 10-02 2.19 x 10-01 7.41 x 10-01 

Wt.% Fraction 4% 21.9% 74.1% 

Table 4.18 . hkl planes for respective 2θ peaks representing CeO2, Cu1.8S and ZnO 

phases in CSCZ1 PXRD pattern 

CeO2 Phase Cu1.8S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.57655 111 28.53966 111 31.78041 100 

33.1141 200 33.07103 200 34.42876 002 

47.52898 220 47.46519 220 36.2649 101 

56.39607 311 56.31841 311 47.54963 102 

59.14548 222 59.06328 222 56.61098 110 
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69.48158 400 69.38113 400 62.86655 103 

76.77664 331 76.66188 331 66.39339 200 

79.15449 420 79.03477 420 67.96236 112 

88.52055 422 88.37943 422 69.10361 201 

  
  

72.57251 004 

  
  

76.9763 202 

  
  

81.39398 104 

 
   

89.62844 203 

CeO2 Phase 

 

(a) 
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(b) 

Figure 4.54 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Rietveld refinement solution structure (a) unit cell (b) viewed toward (111) plane. 

Cu1.8S Phase  

 

(a) 
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(b) 

Figure 4.55 Cubic crystal structure (F -4 3 m space group) for Cu1.8S phase obtained 

by Rietveld refinement solution structure (a) unit cell viewed along a-axis and (b) 

polyhedral model viewed toward (111) plane. 

ZnO Phase 

 

(a) 
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(b) 

Figure 4.56 Hexagonal crystal structure (P 63 m c space group) for the ZnO phase 

obtained by Rietveld refinement solution structure (a) ball and stick model (b) polyhedral 

model viewed along the y-axis. 

4.3.3.2 Rietveld Refinement of Cu2-xS Doped CeO2-ZnO Nanocomposites 

(CSCZ2) 

 
Figure 4.57 Rietveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of CSCZ2 with background and difference 
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Figure 4.58 Powplot graphics of Rietveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of CSCZ2 with background and difference 

The PXRD pattern of CSCZ2 was refined by using EXPGUI. The refinement was done 

with preferred orientation directions (100) and (110) for ZnO with the help of the March-

Dollase Model. At the end of refinement, no serial correlation in fit at 90% confidence for 

1.884 < DWd < 2.116. The refinement was done with 9484 cycles, and there were 2123 

observations. The 𝑅𝑤𝑝 and  𝑅𝑝  values are 0.0531 and 0.0391 respectively. The total before-

cycle χ2 (offset/sig) = 3.2025E+03 (1.6973E+01), which was reduced to χ2 = 1.524 after 

refinement for 21 variables. Quantitative phase analysis was done using Rietvthe eld 

refinement method to investigate the all phase fractions present in nanocthe omposite. The 

values of hkl, lattice constants, phase fractions and crystal structure parameters of all 

phases calculated from Rietveld refinement are tabulated as following. 

Table 4.19 Lattice constants, phase fractions and crystal structure parameters 

calculated from Rietveld refinement of sample CSCZ2. 

Lattice Parameters ZnO CeO2 Cu1.8S 

Space Group P 63 m c F m -3 m F -4 3 m   

Lattice Acentric, primitive 

hexagonal 

Centric, F-centered 

cubic 

Acentric, F-

centered cubic 
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Laue symmetry 6/mmm m3m m3m 

Site Multiplicity 12 192 96 

a/Å 3.24881 5.403697 5.421065 

b/Å 3.24881 5.403697 5.421065 

c/Å 5.2065 5.403697 5.421065 

𝛼/°  90.0 90.0 90.0 

𝛽/°  90.000 90.0 90.0 

𝛾/°  120.0 90.0 90.0 

V/Å3 47.6 157.8 159.3 

Calculated unit cell 

formula weight 
162.7 688.5 585.7 

ρ/gm cm-3 5.7 7.2 6.1 

Wt. Fraction 0.03 0.42 0.55 

Wt.% Fraction 2.7% 42.3% 55% 

Table 4.20 hkl planes for respective 2θ peaks representing CeO2, Cu1.8S and ZnO 

phases in CSCZ2 PXRD pattern 

CeO2 Phase Cu1.8S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.61848 111 28.52494 111 31.80855 100 

33.1594 200 33.05022 200 34.45269 002 

47.5856 220 47.4239 220 36.29287 101 

56.46029 311 56.2634 311 47.57762 102 

59.21219 222 59.00381 222 56.64481 110 

69.55827 400 69.30365 400 62.8952 103 

76.86115 331 76.5703 331 66.42982 200 

79.24173 420 78.93827 420 67.99632 112 

88.61951 422 88.26186 422 69.14009 201 

    72.59943 004 

    77.01313 202 
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    81.42413 104 

    89.66641 203 

 

CeO2 Phase 

 

(a) 

 

(b) 

Figure 4.59 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Rietveld refinement solution of CSCZ2 PXRD pattern (a) unit cell viewed along a-axis (b) 

unit cell viewed toward (111) plane.  

Cu1.8S Phase 
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(a) 

 

(b) 

Figure 4.60 Cubic crystal structure (F -4 3 m space group) for Cu1.8S phase obtained 

by Rietveld refinement solution structure (a) unit cell viewed along a-axis and (b) 

polyhedral model viewed toward (111) plane. 

ZnO phase  
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(a) 

 
(b) 

Figure 4.61 Ball and stick model of Hexagonal crystal structure (P 63 m c space group) 

for ZnO phase obtained by Rietveld refinement solution (a) unit cell and (b) polyhedral 

model viewed towards (100) plane.  
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4.3.3.3 Rietveld Refinement of Cu2-xS Doped CeO2-ZnO Nanocomposites 

(CSCZ3) 

 

Figure 4.62 Rietveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of CSCZ3 with background and difference. 
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Figure 4.63 Powplot graphics of Rietveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of CSCZ2 with background and difference. 

The PXRD pattern of CSCZ3 was refined by using EXPGUI. The refinement was done 

with preferred orientation directions (100) and (110) with the help of the March-Dollase 

Model. At the end of refinement, no serial correlation in fit at 90% confidence for 1.908 < 

DWd < 2.092. The refinement was done with 1640 cycles, and there were 3848 

observations. The 𝑅𝑤𝑝 and  𝑅𝑝  values are 0.1128 and 0.0841 respectively. The total before-

cycle χ2 (offset/sig) = 6.5 x 10-03 (30.5), which was reduced to χ2 = 1.696 after refinement 

for 17 variables and convergence was achieved. Quantitative phase analysis was done using 

Rietveld refinement method to investigate the phase fractions of nanocomposite. The 

values of lattice constants, phase fractions and crystal structure parameters calculated from 

Rietveld refinement are tabulated in Table 4.21 

Table 4.21 Lattice constants, phase fractions and crystal structure parameters 

calculated from Rietveld refinement of sample CSCZ3 

Lattice Parameters ZnO CeO2 Cu1.8S 

Space Group P 63 m c F m -3 m F -4 3 m   

Lattice Acentric, primitive 

hexagonal 

Centric, F-centered 

cubic 

Acentric, F-

centered cubic 

Laue symmetry 6/mmm m3m m3m 

Site Multiplicity 12 192 96 

a/Å 3.248569 5.408109 5.414102 

b/Å 3.248569 5.408109 5.414102 

c/Å 5.206015 5.408109 5.414102 

𝛼/°  90.0 90.0 90.0 

𝛽/°  90.0 90.0 90.0 

𝛾/°  120.0 90.0 90.0 

V/Å3 47.6 157.8 159.3 

Calculated unit cell 

formula weight 
162.8 688.5 585.8 

ρ/gm cm-3 5.7 7.2 6.1 



CHAPTER 4                Results and Discussion   

 

123 | P a g e  

Wt. Fraction 2.8 x 10-2 0.94 2.9 x 10-2 

Wt.% Fraction 2.8% 94.3% 2.9% 

Table 4.22 hkl planes for respective 2θ peaks representing CeO2, Cu1.8S and ZnO 

phases in CSCZ3 PXRD pattern 

CeO2 Phase Cu1.8S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.58631 111 28.55399 111 31.80257 100 

33.12325 200 33.08551 200 34.44754 002 

47.53607 220 47.48018 220 36.28739 101 

56.40179 311 56.33374 311 47.57342 102 

59.15076 222 59.07874 222 56.64096 110 

69.48505 400 69.39703 400 62.89282 103 

76.77867 331 76.67815 331 66.42693 200 

79.15605 420 79.05115 420 67.99397 112 

88.51999 422 88.39635 422 69.13757 201 

  
  

72.59864 004 

  
  

77.01174 202 

  
  

81.42435 104 

 
   

89.66712 203 
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CeO2 Phase  

 

(a) 

 

(b) 

 

Figure 4.64  Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Rietveld refinement solution of CSCZ2 PXRD pattern (a) unit cell viewed along a-axis and 

(b) polyhedral model viewed toward (111) plane. 
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Cu1.8S Phase 

 

(a)  

 

(b) 

Figure 4.65  Cubic crystal structure (F -4 3 m space group) for Cu1.8S phase obtained 

by Rietveld refinement solution structure (a) unit cell viewed along a-axis and (b) 

polyhedral model viewed toward (111) plane. 
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ZnO Phase 

 

(a)  

 

(b) 

Figure 4.66  Ball and stick model of Hexagonal crystal structure (P 63 m c space group) 

for ZnO phase obtained by Rietveld refinement solution (a) unit cell and (b) polyhedral 

model viewed towards (100) plane.  
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Figure 4.67  Wt. % fractions of CeO2, Cu1.8S, and ZnO phase determined with 

quantitative phase analysis of XRD patterns of CSCZ1, CSCZ2 and CSCZ3. 

Figure 4.67 shows the graph wt. % fractions of all phases present in Cu2-xS doped CeO2-

ZnO nanocomposites in relation with the concentration of dopant precursor. The 

concentration of dopant precursor tends to affect the wt.% fraction of dopant as well as 

CeO2 and ZnO. It was observed that with a steady increase in dopant precursor 

concentration, the wt. % fraction of ZnO decrease with a minor change. Wt. % fraction of 

Cu1.8S follows the same trend as ZnO but wt. % fraction of CeO2 increase significantly. 

A comparison of lattice parameters of all phases gives the insight of this peculiar behavior. 

The increase and decrease in lattice parameters ‘a’ and ‘c’ with respect to the steady 

increase in dopant concentration is strange but understandable when compared with 

photoluminescence and catalysis results. This peculiar behavior is may be due to the 

extrinsic and intrinsic doping on ZnO. The lattice constant of Cu1.8S is following exactly 

inverse behavior of ZnO.  
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4.3.4 Crystallite Size  

Crystallite size calculated from XRD pattern by using Debye Scherrer Equation and 

Williamson-Hall equation gives the insight into the effect of doping on the crystallite size 

of CeO2-ZnO nanocomposite. 

Scherrer equation (4.1) is used to calculate the crystallite size of individual peaks and 

average crystallite size  

Table 4.23 Crystallite size calculated by Scherrer equation at different peaks of XRD 

pattern.  

Sample Code 

 

doping 

mmol% 

CeO2  

2θ=28.5° 

(111) 

ZnO 

2θ=31.8° 

(100) 

ZnO  

2θ=36.3° 

(101) 

CSCZ1 1  10.54 100.05 84.06 

CSCZ2 2  10.87 136.5 95.5 

CSCZ3 4  10.49 92.6 129.8 

The β obtained from the instrument is corrected by eq. (4.2) and crystallite size and strain 

are calculated by Williamson-Hall equation (4.8). 

 

(a)                                                                          (b) 
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(c) 

Figure 4.68  W-H plot of Cu2-xS doped CeO2-ZnO nanocomposites prepared with (a) 1 

mmol% (b) 2 mmol% and (c) 4 mmol% concentration of Cu. 

The Williamson-Hall plots drawn between versus βcosθ/λ and sin 𝜃/𝜆 give crystallite size 

value 33.9 nm, 16.2 nm and 10.08 nm for CSCZ1, CSCZ2 and CSCZ3 respectively. 

According to the values obtained from Williamson-Hall plots drawn between versus 

βcosθ/λ and sin 𝜃/𝜆, the crystallite size is increasing with the increasing concentration of 

Cu doping. Although these nanocomposites do not have significant lattice strain because 

of large crystallite size but, it is not following the same order as crystallite size and is 

highest in CSCZ2 sample.  

4.3.5 Texture Coefficient 

The reflection intensities of all powder XRD patterns indicate a preferential or random 

growth of ZnO nanospears. To determine the extent of preferred orientation of crystalline 

planes, the texture coefficient was calculated as per equation 6.4 and results are tabulated 

in Table 4.24 

𝑇𝑐(ℎ𝑖𝑘𝑖𝑙𝑖) =

𝐼(ℎ𝑖𝑘𝑖𝑙𝑖)

𝐼𝑜(ℎ𝑖𝑘𝑖𝑙𝑖)

1/𝑛
⁄

[∑
𝐼(ℎ𝑖𝑘𝑖𝑙𝑖)

𝐼𝑜(ℎ𝑖𝑘𝑖𝑙𝑖)

𝑛

𝑖=1

]                                   (4.9) 
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Where, 𝑇𝑐(ℎ𝑖𝑘𝑖𝑙𝑖) is the texture coefficient of the crystalline plane specified by the hkl 

(Miller Indices); 𝐼(ℎ𝑖𝑘𝑖𝑙𝑖) and 𝐼𝑜(ℎ𝑖𝑘𝑖𝑙𝑖) are the intensity of peaks measured from the XRD 

pattern of sample and reference diffraction pattern respectively; n is the number of peaks 

considered.  

Table 4.24  Texture coefficient of all samples of Cu2-xS doped CeO2-ZnO 

nanocomposites. 

Phase 
2θ° 

 

Miller 

Indices 

(hkl) 

Texture Coefficient (𝑻𝒄(𝒉𝒊𝒌𝒊𝒍𝒊))  

CSCZ1 CSCZ2 CSCZ3 

ZnO 
31.8° (100) 0.69 0.55 0.59 

36.3° (101) 0.68 0.41 1.56 

CeO2 28.5 (111) 1.14 1.49 1.39 

The value of texture coefficient greater than unity (>1) indicates the increase in the degree 

of preferred orientation along with a specific crystalline plane and vice versa. Powder 

diffraction pattern of Cu2-xS doped CeO2-ZnO nanocomposites show high intensity peaks 

at 2θ = 28.5°,31.8° and 36.3° with Miller indices (111), (100) and (101). As shown in Table 

4.24, the texture coefficient is higher for the hkl (111) peak which represents CeO2, but the 

highest value is for CSCZ3 sample which represents ZnO. This indicates that the ZnO 

nanospears preferred growth along (101) diffraction plane. It is observed that the doping 

concentration is affecting both CeO2 and ZnO crystal structures.  

4.3.6 Oxygen Vacancy 

Ceria nanoparticles have the unique property of oxygen vacancy which becomes more 

pronounced in doped ceria nanoparticles. The oxygen vacancies arise from the disruption 

of the crystal structure. It was reported that the lattice contraction or expansion could 

predict the nature of doping on the nanoparticles. If the lattice of base nanoparticles 

expands, it is supposed that the dopant atom has substituted the base atom. In the case of 

lattice expansion, it is proposed that the dopant atom fill the interstice between the base 

atoms in the lattice structure.  
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Figure 4.69  Lattice constants of CeO2 and ZnO present in Cu2-xS doped CeO2-ZnO 

nanocomposites. 

The lattice constant for Cu2-xS doped CeO2-ZnO nanocomposites presented in Figure 4.69 

has been calculated from Rietveld refinement of the respective XRD patterns. It is observed 

that in Cu2-xS doped CeO2-ZnO nanocomposites shows lattice contraction as compared to 

the undoped CeO2-ZnO nanocomposites. In CSCZ1 with 1 mmol% Cu doping the value 

of lattice constant of ceria increased but the lattice contraction is evident in CSCZ2 with 2 

mmol% Cu doping. At 4 mmol % Cu doping (CSCZ3), the lattice constant for CeO2 again 

increased. As compared to ceria, the lattice constant of ZnO continues to contract with an 

increase in dopant concentration. This information about the lattice constants of Cu2-xS 

doped CeO2-ZnO nanocomposites can clarify the crystallite size and strain of Cu2-xS doped 

CeO2-ZnO nanocomposites in further analysis and applications.  

Another property associated with lattice structure and lattice constant is the lattice defect. 

These defects are more pronounce in ceria nanoparticles due to the presence of Ce3+ and 

Ce4+ ions and oxygen vacancies.  
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Oxygen vacancies in ceria of all samples was calculated by putting the value of lattice 

constant of doped ceria derived from the Rietveld refinement in eq. (4.3). These values are 

presented in Table 4.25 

Table 4.25  Crystallite size, lattice constants and oxygen vacancies in Cu2-xS doped 

CeO2-ZnO nanocomposites. 

Sr. 

No. 

Sample 

Code 

 

Cu doping W-H 

Size 

(D/nm) 

CeO2 Lattice 

Constant  

(a/Å) 

ZnO Lattice 

Constant  

(a/Å) 

Oxygen 

Vacancies in 

CeO2 

(VO
•• /cm-1) x 

1019 

1. CSCZ1 1 mmol% 33.9 5.40992 3.25029 7.78 

2. CSCZ2 2 mmol% 16.2 5.40946 3.24987 - 

3. CSCZ3 4 mmol% 10.08 5.40753 3.2505 9.48 

4.3.7 Optical Properties and Structural Defects of Cu2-xS Doped CeO-

2-ZnO Nanocomposites 

4.3.7.1 Photoluminescence  

For the study of photoluminescent properties of Cu2-xS doped CeO2-ZnO nanocomposites, 

three excitation wavelengths (325 nm, 347 nm, 405nm, and 520 nm) were used. All these 

excitations energy have different penetration depths on the sample. This could be useful in 

analyzing the photoluminescent properties of materials with multiple structural defects.  

The diameter of 123 is in the range 99 nm-500 nm consisting of very sharp edges on both 

side and a wider in the middle. With this size range, no quantum size effect is expected in 

ZnO nanospears. However, the difference in  surface to volume ratios and diameters of 

these  nanostructures can  influence the peak intensities of defect emissions, but the shifting 

of peak positions is not very significant. [206] 

Up till now, a variety of visible emissions (i.e., violet, blue, green, yellow, orange, and red 

emissions) in CeO2, ZnO and Cu2-xS nanostructures s have been reported. Although, these 
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emissions are universally associated with the extrinsic and intrinsic defects, but still there 

is no clear information of emissions from these defect centers.  

The distribution of electrons excited from valance band in defect sites will not be uniform, 

and so the emission peak intensities from these defect centers will be different. Also, the 

different excitation wavelength has different penetration depth leading to the variable 

intensities in the same sample on changing the excitation wavelengths. [207] This is the 

reason for non-linear dependence emission peak intensity on using excitation wavelength.  

The 325 nm (3.82eV) excitation wavelength absorbs only in the surface due to its high 

absorbance in the UV region. Thus, the photoluminescence is limited to emission peaks 

coming only from the surface and sub-surface layers.  

The excitation wavelengths 405 nm and 520 can penetrate in more depths of the sample 

ensuing the deep-level emissions related to native or deep structural defects in 

nanostructures. Ji, J. et al. proposed that the broad emission peak at 520 nm (2.44 eV) in 

ZnO is from the Zn vacancies made inert by hydrogen, and the red emission peak at 580 

nm (2.14 eV) is somehow suppressed. [208] The origin of green emission peak in ZnO 

was controversial in the past as Zn vacancies, oxygen vacancies and other impurities were 

claimed to be its origin. [209]  

The highest photoluminescence intensity is observed for the CSCZ2 sample (Figure 4.71) 

with an excitation wavelength of 405 nm. It was observed that doping of Cu2-xS affected 

the photoluminescence intensity and shifted the wavelength, which may be the result of 

new defects created in the lattice structure. There is also speculation of decrease in 

photoluminescence intensity due to the changes in particle size and decreased surface to 

volume ratio. [177]  

The broad visible band ranging from 410 to 500 nm in all samples is associated with the 

transition of deeply trapped electrons or F centers created by the lattice defects. [140, 185-

191] The emission peaks in the visible region are generated from the electronic transitions 
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in shallow energy levels corresponding to the various defect centers in ceria. The interstitial 

cerium and oxygen vacancy act as a donor while interstitial oxygen and cerium vacancy 

act as a hole. In as-grown ZnO nanospears, the cerium dopant may be contributing a large 

number of electrons on excitation to occupy the energy levels located in conduction band 

edge. The recombination transition of these excitons will eventually lead to a blue shift and 

broadening of emission peak.  

In photoluminescence spectra of CSCZ1, CSCZ2 and CSCZ3 samples, some of the peaks 

are blue shifted and some of them red shifted.  The peak shift is usually correlated with the 

lattice defect in the metal oxide structure. The defect centers between 4f and 2p levels 

increase with the increase in doping and suppress the 4f → 2p transition leading to a 

significant red shift. This clearly indicates that defects are created by successful doping of 

copper sulfide [190, 210].  

 

Figure 4.70  Photoluminescence spectra of CSCZ1 sample by using different excitation 

wavelength  
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Figure 4.71  Photoluminescence spectra of CSCZ2 sample by using different excitation 

wavelength  

 

Figure 4.72 Photoluminescence spectra of CSCZ3 sample by using different excitation 

wavelength  
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The photoluminescence spectra of all samples presented in Figures 6.21, 6.22 and 6.23 the 

majority of peaks reside in 425 nm to 500 nm range. The peaks present defect levels in the 

crystal structure of nanocomposites. 

 Wu, M. et al. [211], reported that the violet emission peak  at 424 nm is originated by the 

transition of electrons from sulfur vacancy to the valance band, which is only present in 

CSCZ3 sample. A small green emission peak is observed in all samples at 530 nm (2.34 

eV), 533 nm (2.33 eV) and 531 nm (2.34 eV) for CSCZ1, CSCZ2, and CSCZ3 respectively. 

Kim, M.S., et al. [212] observed emission peak at 532 nm (2.33 eV) attributed to the 

decreased migration length of ionized oxygen atoms and zinc atoms in ZnO thin films. 

However, this peak was also reported in photoluminescence spectra of CeO2 as emission 

wavelength from defect level present between Ce 4f and O 2p band.[185, 213] 

In PL, the samples excited with 405 nm (3.06 eV) wavelength gave emissions in the range 

of 520-630 nm. A broad emission peak is observed at 546 and 547 nm (2.27 eV) in CSCZ1, 

CSCZ3 and CSCZ2 samples (latter is more sharp and high intensity peak). These peaks 

originate from the transition of an electron from 1T2(1D) to 3A2(3F) [155]. A second peak 

is observed at 560 nm (2.21 eV) and 556 (2.23 eV) along with 546 nm emission peak in 

samples CSCZ1 and CSCZ3 respectively. The peak at 560 nm in CSCZ1 resulted from the 

emission from the 5D4–Fj defect level in ceria, while the peak at 556 nm in CSCZ3 arise 

from the sulfur vacancies [177, 214]. 

Another yellow emission peak is observed in CSCZ1 and CSCZ2 at 605 nm (2.05 eV) but 

it is slightly red shifted in CSCZ2 and present at 607.5 nm (2.04 eV). The origin of yellow 

emission peak at 607 nm is controversial since some researchers assumed interstitial 

oxygen as its origin [215, 216]. On the other hand, it was also reported that yellow 

emissions are observed due to the presence of hydroxyl due to the presence of hydroxyl 

group or Zn(OH)2. Djurišić, A.B., et al. [217] reported that the yellow emission peaks are 

only observed as grown nanorods of ZnO but disappear after annealing of samples. Another 

emission peak at 603 nm (2.06 eV), commonly attributed to the interstitial oxygen is 

reported in undoped ZnO samples [177]. 
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The red emission peak at 659 nm (1.88 eV) is observed in photoluminescence spectra of 

Sample CSCZ1, excited with 520 nm excitation wavelength. Studenikin et al. [218] 

attributed this emission to the amount of interstitial oxygen in their oxygen rich ZnO 

samples. Later, Koao, L.F., et al. [177] proposed this peak as the result of emission 

associated transition within Zinc interstitials present in lattice defects. Morales, A.E., et al. 

[216] also related it to the interstitial zinc (Zni) which cause lattice disorder along c-axis in 

ZnO.  

4.3.7.2 Diffuse Reflectance UV/Vis Spectroscopy 

 

Figure 4.73 Diffused reflectance UV/Vis spectra of Cu2-xS doped CeO2-ZnO 

nanocomposites 

UV/Vis diffused reflectance spectroscopy (DRS) was used to investigate the effect of Cu2-

xS has doping on CeO2-ZnO nanocomposites, whether it has shifted due to the quantum 

size effect. Figure 4.73 shows the diffused reflectance spectra shows the reflectance 

UV/Vis spectra of Cu2-xS doped CeO2-ZnO nanocomposites.  
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The band gap energy follows a different trend with increasing the number of atoms or 

elements in the composition. When the particle size decreases, the variation in band gap 

energy with a change in composition becomes more pronounced.  

With the increase in Cu/S2- ions concentration in the CeO2-ZnO nanocomposites, the band 

gap shifted to higher energy. The band gap energies for Cu2-xS doped CeO2-ZnO 

nanocomposites are calculated by using eq. (4.4). 

 

Figure 4.74  Kubelka-Munk Tauc plot of (hvFKM)2 versus (hv) for determination of 

direct band gap of Cu2-xS doped CeO2-ZnO nanocomposites. 

The Kuelka-Munk Tauc plot presented in Figure 4.74 shows the direct band gap curve for 

Cu2-xS doped CeO2-ZnO nanocomposites. As discussed earlier in chapter 4, CeO2-ZnO 

nanocomposites give two the band gap at 3.94 eV and 3.28 eV. All doped samples are 

giving two band gaps. CSCZ3 gives two bandgaps at 2.83 eV and 3.43 eV. In comparison 

to this, CSCZ2 has band gaps higher than CSCZ3 and CSCZ1 at 3.11 eV and 3.41 eV 

respectively. The sample CSCZ2 shows significant blue shifted band gap energy among 

all doped sample. CSCZ1 has bandgaps at 2.79 and 3.32 eV. 
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Figure 4.75  Kuelka-Munk Tauc plot of (hvFKM)1/2 versus (hv) for determination of 

indirect band gap of Cu2-xS doped CeO2-ZnO nanocomposites. 

The indirect bandgap of Cu2-xS doped CeO2-ZnO nanocomposites calculated from Kuelka-

Munk Tauc plot (Figure 4.75). The indirect band gap energies are not much lower than 

direct bandgap energies, and all samples have one bandgap. The CSCZ1, CSCZ2 eV and 

CSCZ3 have 3.09, 3.00 and 3.05 eV bandgap energies respectively. Stokes shift originates 

from the complex electronic structure of excitons and their respective transition 

probabilities in energy levels. In the case of sample CSCZ2, the photoluminescence 

emission peaks are dominated by larger nanoparticles due to inhomogeneity of 

nanocomposites, thus leading to the red shift of emission peaks. The stokes shift originated 

from this type of transition is called non-resonant Stoke shift. The nature of the anisotropy 

of nanocomposites shape can vary the Stoke shift [219]. The larger anisotropy gives rise to 

the large Stoke shift and an ultimately larger difference between energy calculated from 

photoluminescence and UV/Vis spectra. Aside from the discussion of exciton and Stoke 

shift, lattice defects can also act as surface or deep level traps, giving peaks in the withinthe 

bandgap of the material. These traps are usually called F centers, can broaden 

photoluminescence energy peaks and shift them away from the defect free ideal bandgap 

energy. 
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4.3.8 Scanning Electron Microscopy of Cu2-xS Doped CeO2-ZnO 

Nanocomposites 

         
(a)                                                                   (b) 

         
(c)                                                                    (d) 

         
(e)                                                                    (f) 

Figure 4.76  SEM images of Cu2-xS doped CeO2-ZnO nanocomposites with (a, b)1 

mmol% Cu, (c, d) 2 mmol% Cu and (e, f) 4 mmol% Cu doping. 
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In Figure 4.76 (a-f), it is observed that ceria and ZnO have retained their physical 

appearance from CeO2-ZnO nanocomposite. Ceria has spherulitic structures while ZnO is 

in the shape of nanospears or tapered nanorods. It is observed that as the doping 

concentration of Cu is increased, the ZnO nanospear appear larger.  

4.3.9 Photocatalytic Degradation of Endosulfan Using Cu2-xS Doped 

CeO2-ZnO Nanocomposites 

The photocatalytic degradation of Endosulfan by using Cu2-xS doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. The Endosulfan gives λmax at 213 nm and all scans are taken after the 

addition of photocatalysts. The data from these scans was further used to calculate the rate 

and %degradation of Endosulfan. 

4.3.9.1 Photocatalytic Activity of Cu2-xS Doped CeO2-ZnO 

Nanocomposites (CSCZ1) against Endosulfan 

 

Figure 4.77 UV/Vis spectra for the photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ1). 
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Table 4.26 Degradation data for Endosulfan using Cu2-xS doped CeO2-ZnO 

nanocomposites (CSCZ1) under UV irradiation. 

Time 

(min) Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 0.96 -0.04 0.42 -0.88 1.00 0.00 0.00 

10 0.96 -0.04 0.42 -0.88 1.00 0.00 0.00 

20 0.93 -0.07 0.39 -0.93 0.98 -0.02 2.41 

30 0.93 -0.07 0.39 -0.94 0.97 -0.03 2.59 

40 0.92 -0.08 0.38 -0.97 0.96 -0.04 3.93 

50 0.91 -0.09 0.37 -0.99 0.95 -0.05 4.69 

60 0.91 -0.10 0.37 -1.00 0.95 -0.05 5.08 

70 0.90 -0.11 0.36 -1.02 0.94 -0.06 5.94 

80 0.88 -0.12 0.34 -1.07 0.92 -0.08 7.69 

90 0.88 -0.13 0.34 -1.09 0.92 -0.09 8.46 

100 0.88 -0.13 0.33 -1.10 0.92 -0.09 8.54 

110 0.86 -0.15 0.32 -1.14 0.90 -0.11 10.00 

120 0.86 -0.15 0.32 -1.15 0.90 -0.11 10.36 

130 0.85 -0.17 0.31 -1.18 0.89 -0.12 11.45 

140 0.84 -0.17 0.30 -1.20 0.88 -0.13 11.85 

150 0.82 -0.20 0.28 -1.28 0.86 -0.16 14.51 

160 0.79 -0.24 0.24 -1.41 0.82 -0.20 17.99 

170 0.78 -0.24 0.24 -1.41 0.82 -0.20 18.01 

180 0.78 -0.25 0.24 -1.44 0.81 -0.21 18.59 

190 0.78 -0.25 0.24 -1.45 0.81 -0.21 18.94 

200 0.77 -0.26 0.23 -1.45 0.81 -0.21 19.05 

210 0.77 -0.26 0.23 -1.46 0.81 -0.21 19.09 

220 0.77 -0.26 0.23 -1.47 0.81 -0.22 19.34 

230 0.76 -0.27 0.22 -1.52 0.80 -0.23 20.55 

240 0.76 -0.28 0.22 -1.53 0.79 -0.23 20.77 

250 0.75 -0.29 0.21 -1.56 0.79 -0.24 21.43 
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260 0.75 -0.29 0.21 -1.56 0.79 -0.24 21.43 

270 0.73 -0.31 0.19 -1.66 0.77 -0.27 23.50 

280 0.73 -0.31 0.19 -1.66 0.76 -0.27 23.56 

290 0.72 -0.33 0.18 -1.73 0.75 -0.29 24.92 

 

Figure 4.78  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation of 

Endosulfan using Cu2-xS doped CeO2-ZnO nanocomposites (CSCZ1). 

 

Figure 4.79 %Degradation plot of photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ1). 
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The degradation process is completed in almost 290 min. The data obtained from the 

scanning kinetics measurement in Figure 4.78. The rate is determined by the slope of plot 

drawn between ln(A-A∞) and time assuming the reaction as pseudo-first order (Figure 

4.79). The rate of Endosulfan degradation with 1 mmol% Cu doped nanocomposites 

(CSCZ1) is 3.0 x 10-3 min-1. 

4.3.9.2 Photocatalytic Activity of Cu2-xS doped CeO2-ZnO 

Nanocomposites (CSCZ2) against Endosulfan 

  

Figure 4.80 UV/Vis spectra for the photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ2). 

Table 4.27 Degradation data for Endosulfan using Cu2-xS doped CeO2-ZnO 

nanocomposites doped (CSCZ2) under UV irradiation. 

Time Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 0.87 -0.14 0.49 -0.71 1.00 0.00 0.00 

10 0.87 -0.14 0.49 -0.72 1.00 0.00 0.31 

20 0.85 -0.16 0.48 -0.74 0.98 -0.02 1.60 

30 0.85 -0.16 0.48 -0.74 0.98 -0.02 1.67 

40 0.85 -0.16 0.47 -0.75 0.98 -0.02 2.17 
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50 0.83 -0.19 0.45 -0.80 0.95 -0.05 4.67 

60 0.82 -0.20 0.45 -0.81 0.95 -0.06 5.31 

70 0.82 -0.20 0.44 -0.82 0.94 -0.06 5.82 

80 0.80 -0.22 0.42 -0.86 0.92 -0.08 7.93 

90 0.80 -0.23 0.42 -0.86 0.92 -0.08 8.00 

100 0.80 -0.23 0.42 -0.87 0.92 -0.09 8.15 

110 0.80 -0.23 0.42 -0.87 0.92 -0.09 8.35 

120 0.79 -0.24 0.41 -0.89 0.91 -0.10 9.43 

130 0.78 -0.25 0.41 -0.91 0.90 -0.11 10.01 

140 0.78 -0.25 0.40 -0.91 0.90 -0.11 10.45 

150 0.77 -0.26 0.40 -0.92 0.89 -0.12 10.84 

160 0.77 -0.26 0.40 -0.93 0.89 -0.12 11.14 

170 0.76 -0.27 0.39 -0.95 0.88 -0.13 12.09 

180 0.76 -0.28 0.38 -0.96 0.87 -0.13 12.57 

190 0.76 -0.28 0.38 -0.97 0.87 -0.14 13.01 

200 0.74 -0.31 0.36 -1.02 0.85 -0.17 15.19 

210 0.70 -0.36 0.32 -1.13 0.81 -0.22 19.49 

220 0.67 -0.40 0.29 -1.23 0.77 -0.26 23.04 

230 0.62 -0.47 0.25 -1.40 0.72 -0.33 28.22 

240 0.62 -0.47 0.25 -1.40 0.72 -0.33 28.30 

250 0.60 -0.51 0.23 -1.49 0.69 -0.37 30.67 

260 0.59 -0.54 0.21 -1.57 0.67 -0.40 32.67 

270 0.56 -0.58 0.18 -1.70 0.64 -0.44 35.56 

280 0.51 -0.67 0.13 -2.01 0.59 -0.53 41.18 

290 0.47 -0.76 0.09 -2.40 0.54 -0.62 46.21 

300 0.43 -0.84 0.06 -2.89 0.50 -0.70 50.20 

310 0.41 -0.89 0.03 -3.39 0.47 -0.75 52.74 

320 0.38 -0.96 0.01 -4.89 0.44 -0.82 55.75 

330 0.38 -0.98 0.00   0.43 -0.84 56.61 
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Figure 4.81  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using Cu2-xS doped CeO2-ZnO nanocomposites (CSCZ2). 

 

Figure 4.82  %Degradation plot of photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ2). 

The degradation process is completed in almost 330 min. The data obtained from the 

scanning kinetics measurement in Figure 4.80. The rate is determined by the slope of plot 

drawn between ln(A-A∞) and time assuming the reaction as pseudo-first order (Figure 

4.81). The rate of Endosulfan degradation with 1 mmol% Cu doped nanocomposites 

(CSCZ1) is 0.00144 min-1 (Figure 4.82). 
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4.3.9.3 Photocatalytic Activity of Cu2-xS doped CeO2-ZnO 

Nanocomposites (CSCZ3) against Endosulfan 

 

Figure 4.83 UV/Vis spectra for the photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ3). 

Table 4.28 Degradation data for Endosulfan using Cu2-xS doped CeO2-ZnO 

nanocomposites (CSCZ3) under UV irradiation. 

Time 

(min) 
Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 0.78 -0.25 0.52 -0.66 1.00 0.00 0.00 

10 0.77 -0.26 0.51 -0.68 0.99 -0.01 1.01 

20 0.76 -0.27 0.50 -0.70 0.98 -0.02 2.26 

30 0.75 -0.28 0.49 -0.71 0.97 -0.03 3.01 

40 0.74 -0.31 0.47 -0.75 0.95 -0.05 5.26 

50 0.72 -0.32 0.46 -0.77 0.93 -0.07 6.88 

60 0.70 -0.35 0.44 -0.82 0.90 -0.10 9.71 

70 0.69 -0.37 0.43 -0.86 0.89 -0.12 11.55 

80 0.68 -0.39 0.42 -0.87 0.88 -0.13 12.51 
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90 0.68 -0.39 0.41 -0.88 0.87 -0.14 13.07 

100 0.67 -0.40 0.41 -0.90 0.86 -0.15 13.92 

110 0.67 -0.40 0.41 -0.90 0.86 -0.15 14.10 

120 0.63 -0.47 0.36 -1.01 0.81 -0.22 19.32 

130 0.56 -0.58 0.30 -1.21 0.72 -0.33 27.76 

140 0.47 -0.76 0.21 -1.58 0.60 -0.51 39.64 

150 0.42 -0.88 0.15 -1.88 0.53 -0.63 46.56 

160 0.37 -0.99 0.11 -2.23 0.48 -0.74 52.36 

170 0.32 -1.14 0.06 -2.85 0.41 -0.89 58.74 

180 0.29 -1.25 0.02 -3.71 0.37 -1.00 63.05 

190 0.28 -1.26 0.02 -3.93 0.36 -1.01 63.67 

200 0.28 -1.28 0.02 -4.23 0.36 -1.03 64.32 

210 0.28 -1.29 0.01 -4.39 0.35 -1.04 64.59 

220 0.27 -1.31 0.01 -4.96 0.35 -1.06 65.28 

230 0.26 -1.34 0.00   0.34 -1.08 66.19 

 

Figure 4.84  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using Cu2-xS doped CeO2-ZnO nanocomposites (CSCZ3). 
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Figure 4.85 %Degradation plot of photocatalytic degradation of Endosulfan using Cu2-

xS doped CeO2-ZnO nanocomposites (CSCZ3). 

The degradation process is completed in almost 290 min and 65.3% of Endosulfan 

degraded as shown in Figure 4.83. The data obtained from the scanning kinetics 

measurement in tabulated in Table 4.28. The rate is determined by the slope of plot drawn 

between ln(A-A∞) and time assuming the reaction as pseudo-first order (Figure 4.84). The 

rate of Endosulfan degradation with 1 mmol% Cu doped nanocomposites (CSCZ1) is 

0.0418 min-1. 
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4.3.10 Photocatalytic Degradation of Dimethoate Using Cu2-xS Doped 

CeO2-ZnO Nanocomposites 

4.3.10.1 Photocatalytic Activity of Cu2-xS Doped CeO2-ZnO 

Nanocomposites (CSCZ1) against Dimethoate 

 

Figure 4.86  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 1 

mmol% Cu doped CeO2-ZnO nanocomposites. 

The photocatalytic degradation of Dimethoate by using 1 mmol% Cu doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. All scans observed in Figure 4.86 are taken after the addition of 

photocatalysts. The photodegradation process is completed in 400 min. The data from these 

scans was further used to calculate the rate and %degradation of Dimethoate. 

Table 4.29  Degradation data for Dimethoate using 1 mmol% Cu doped CeO2-ZnO 

nanocomposites under UV irradiation at λmax = 210 nm.  
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Time 

(min) 
Absorbance lnA A-A∞ ln(A-A∞) At/Ao  [1-(At/Ao)]x100  ln(At/Ao) 

25.6 3.62 1.29 2.02 0.71 1.00 0.00 0.00 

40 3.55 1.27 1.96 0.67 0.98 1.89 -0.02 

55.3 3.44 1.24 1.85 0.61 0.95 4.92 -0.05 

60 3.41 1.23 1.81 0.60 0.94 5.83 -0.06 

68.6 3.38 1.22 1.79 0.58 0.93 6.58 -0.07 

75 3.34 1.21 1.75 0.56 0.92 7.65 -0.08 

85 3.33 1.20 1.73 0.55 0.92 7.99 -0.08 

100 3.30 1.19 1.70 0.53 0.91 8.84 -0.09 

120 3.23 1.17 1.63 0.49 0.89 10.78 -0.11 

125 3.03 0.90 1.43 0.36 0.84 16.31 -0.18 

140 2.99 0.80 1.40 0.34 0.83 17.29 -0.19 

150 2.47 0.78 0.87 -0.14 0.68 31.77 -0.38 

165 2.22 0.72 0.63 -0.46 0.62 38.54 -0.49 

180 2.19 0.71 0.59 -0.52 0.61 39.54 -0.50 

195 2.06 0.68 0.46 -0.77 0.57 43.10 -0.56 

212 2.04 0.67 0.44 -0.82 0.56 43.73 -0.58 

241 1.98 0.66 0.38 -0.97 0.55 45.39 -0.61 

256 1.96 0.65 0.37 -1.01 0.54 45.83 -0.61 

264 1.94 0.65 0.34 -1.07 0.54 46.45 -0.63 

264 1.92 0.65 0.32 -1.14 0.53 47.04 -0.64 

273 1.91 0.61 0.32 -1.15 0.53 47.16 -0.64 

295 1.91 0.64 0.31 -1.16 0.53 47.28 -0.64 

319 1.89 0.56 0.24 -1.42 0.52 47.73 -0.65 

329 1.84 0.52 0.16 -1.84 0.51 49.22 -0.68 

355 1.76 0.47 0.08 -2.55 0.49 51.51 -0.72 

368 1.67 0.47 0.00 - 0.46 53.76 -0.77 
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Figure 4.87  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using 1 mmol% Cu doped CeO2-ZnO nanocomposites. 

 

Figure 4.88  %Degradation plot of photocatalytic degradation of Dimethoate using 1 

mmol% Cu doped CeO2-ZnO nanocomposites 

The degradation process is completed in almost 400 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.29. The Figure 4.87 shows the rate 
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determined by the slope of plot drawn between ln(A-A∞) and time for 210 nm wavelength 

(λmax). The reaction is assumed as pseudo-first order, and the rates for (λmax) 210 nm is 

0.0082 min-. Figure 4.88 shows 55.8%. degradation of Dimethoate with the relevance of 

time at λmax = 210 nm.  

4.3.10.2 Photocatalytic Activity of Cu2-xS doped CeO2-ZnO Nanocomposites 

(CSCZ2) against Dimethoate 

 

Figure 4.89  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 2 

mmol% Cu doped CeO2-ZnO nanocomposites. 

The photocatalytic degradation of Dimethoate by using 2 mmol% Cu doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. All scans observed in Figure 4.89 are taken after the addition of 

photocatalysts. The photodegradation process is completed in 440 min. The data from these 

scans was further used to calculate the rate and %degradation of Dimethoate. 
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Table 4.30  Degradation data for Dimethoate using Cu2-xS doped CeO2-ZnO 

nanocomposites prepared (CSCZ2) under UV irradiation at λmax = 210 nm.  

Time (min) Absorbance lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100  ln(At/Ao) 

0 3.04 1.11 1.90 0.64 1.00 0.00 0.00 

27.5 3.00 1.10 1.86 0.62 0.99 1.32 -0.01 

55 2.88 1.06 1.74 0.56 0.95 5.15 -0.05 

82.5 2.58 0.95 1.44 0.37 0.85 15.10 -0.16 

110 2.36 0.86 1.22 0.20 0.78 22.24 -0.25 

137.5 2.17 0.77 1.03 0.03 0.71 28.67 -0.34 

165 2.02 0.70 0.88 -0.13 0.67 33.53 -0.41 

192.5 1.68 0.52 0.54 -0.61 0.55 44.68 -0.59 

220 1.62 0.48 0.48 -0.74 0.53 46.81 -0.63 

247.5 1.49 0.40 0.36 -1.04 0.49 50.85 -0.71 

275 1.45 0.37 0.32 -1.16 0.48 52.16 -0.74 

302.5 1.36 0.31 0.22 -1.52 0.45 55.33 -0.81 

330 1.30 0.26 0.16 -1.85 0.43 57.34 -0.85 

357.5 1.26 0.23 0.12 -2.13 0.41 58.59 -0.88 

385 1.24 0.22 0.10 -2.29 0.41 59.20 -0.90 

412.5 1.21 0.19 0.07 -2.69 0.40 60.30 -0.92 

440 1.14 0.13 0.00 -- 0.38 62.53 -0.98 
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Figure 4.90  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using 2 mmol% Cu doped CeO2-ZnO nanocomposites. 

 

Figure 4.91  %Degradation plot of photocatalytic degradation of Dimethoate using 2 

mmol% Cu doped CeO2-ZnO nanocomposites 

The degradation process is completed in almost 400 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.30. The Figure 4.90 shows the rate 
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determined by the slope of plot drawn between ln(A-A∞) and time for 210 nm wavelength 

(λmax). The reaction is assumed as pseudo-first order and the rate for (λmax) 210 nm is 0.0088 

min-1. Figure 4.91 shows the 62.5% degradation of Dimethoate with the relevance of time 

at λmax = 210 nm. 

4.3.10.3 Photocatalytic Activity of Cu2-xS doped CeO2-ZnO Nanocomposites 

(CSCZ3) against Dimethoate 

 

Figure 4.92  UV/Vis spectra for the photocatalytic degradation of Dimethoate using 4 

mmol% Cu doped CeO2-ZnO nanocomposites. 

The photocatalytic degradation of Dimethoate by using 4 mmol% Cu doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. All scans observed in Figure 4.92 are taken after the addition of 

photocatalysts. The photodegradation process is completed in 330 min. The data from these 

scans was further used to calculate the rate and %degradation of Dimethoate. 
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Table 4.31  Degradation data for Dimethoate using Cu2-xS doped CeO2-ZnO 

nanocomposites prepared (CSCZ3) under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA A-A∞ ln(A-A∞) At/Ao [1-(At/Ao)]x100 ln(At/Ao) 

0 3.04 1.11 1.48 0.39 1.00 0.00 0.00 

30 2.96 1.09 1.40 0.34 0.98 2.50 -0.03 

66 2.86 1.05 1.30 0.26 0.94 5.94 -0.06 

84 2.77 1.02 1.21 0.19 0.91 8.83 -0.09 

92 2.71 1.00 1.15 0.14 0.89 10.69 -0.11 

103 2.68 0.99 1.12 0.12 0.88 11.71 -0.13 

134 2.45 0.90 0.89 -0.12 0.81 19.45 -0.22 

154 2.27 0.82 0.71 -0.35 0.75 25.43 -0.29 

172 2.07 0.73 0.51 -0.68 0.68 31.98 -0.39 

196 1.91 0.65 0.35 -1.05 0.63 37.13 -0.46 

218 1.86 0.62 0.30 -1.20 0.61 38.73 -0.49 

244 1.70 0.53 0.14 -1.98 0.56 44.11 -0.58 

275 1.67 0.51 0.11 -2.20 0.55 45.01 -0.60 

307 1.64 0.49 0.08 -2.53 0.54 46.02 -0.62 

330 1.56 0.44 0.00 -- 0.51 48.65 -0.67 
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Figure 4.93  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using 4 mmol% Cu doped CeO2-ZnO nanocomposites. 

 

Figure 4.94  %Degradation plot of photocatalytic degradation of Dimethoate using 4 

mmol% Cu doped CeO2-ZnO nanocomposites 

The degradation process is completed in almost 330 min. The data obtained from the 

scanning kinetics measurement is tabulated in Table 4.31. Figure 4.93 shows the rate 

determined by the slope of plot drawn between ln(A-A∞) and time for 210 nm wavelength 

(λmax). The reaction is assumed as pseudo-first order and the rate for λmax210 nm is 12.5 x 

10-3  min-1. Figure 4.94 shows the percentage of degradation of Dimethoate with the 

relevance of time at 210 nm is 48.7%. 

4.3.11 Nanoparticle Size Analysis Cu2-xS Doped CeO2-ZnO 

Nanocomposites 

Sample Particles Stock solutions were prepared by taking an appropriate amount (2 mg) of 

the sample in 10 mL water and ultrasonicated for 15 min to make a homogenous solution 

(for the device to acquire enough counts per second). Then 40 µL sample stock solution 

was transferred to a 1 mL cuvette and filled the rest with methanol and subjected for 

analysis in particle size analyzer. 
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4.3.11.1 Particle Size Analysis of Cu2-xS Doped CeO2-ZnO Nanocomposites 

(CSCZ1) 

 

Figure 4.95 Particle size analyzer graph presenting the differential and cumulative 

distribution of Cu2-xS doped CeO2-ZnO nanocomposites doped with 1 mmol% Cu 

(CSCZ1). 

Table 4.32  Particle size distribution Cu2-xS doped CeO2-ZnO nanocomposites 

(CSCZ1) measured from DLS.  

D50 4.8 x 103 nm D10 4.0 x 103 nm D97 6.0 x 103 nm  

D[4,3] 39.1 nm D16 4.2 x 103 nm D100 6.3 x 103  m 

D[3,2] 38.7 nm D25 4.5 x 103 nm Cumulative Size 2.8 x 103 nm 

D[1,0] 38.0 nm D75 5.3 x 103 nm Specific Surface Area 51.6 m2/g 

D3 38.7 nm  D84 5.4 x 103 nm Polydispersity 0.3 

D6 43.2 nm  D90 5.6 x 103 nm Polydispersity Index 0.03 

The median particles size (D50) of Cu2-xS doped CeO2-ZnO nanocomposites doped with 1 

mmol% Cu is 4830 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 39.1 nm. The specific surface area is 51.63 m2/g. 
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4.3.11.2 Particle Size Analysis of Cu2-xS doped CeO2-ZnO Nanocomposites 

(CSCZ2) 

 

Figure 4.96 Particle size analyzer graph presenting the differential and cumulative 

distribution of Cu2-xS doped CeO2-ZnO nanocomposites doped (CSCZ2). 

Table 4.33  Particle size distribution Cu2-xS doped CeO2-ZnO nanocomposites doped 

(CSCZ2)measured from DLS.  

D50 2.1 x 103 nm D10 1.4 x 103 nm  D97 2.8 x 103 nm  

D[4,3] 351 nm D16 1.6 x 103 nm  D100 3.6 x 103 nm 

D[3,2] 274 nm D25 1.8 x 103 nm  Cumulative Size 1.4 x 103 nm 

D[1,0] 255 nm D75 2.3 x 103 nm  Specific Surface Area 7.3 m2/g 

D3 260 nm  D84 2.4 x 103 nm  Polydispersity 0.4 

D6 290 nm  D90 2.6 x 103 nm  Polydispersity Index 0.37 

The median particles size (D50) of Cu2-xS doped CeO2-ZnO nanocomposites doped with 2 

mmol% Cu is 2045 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 351 nm. The specific surface area is 7.29 m2/g. 
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4.3.11.3 Particle Size Analysis of Cu2-xS doped CeO2-ZnO Nanocomposites 

(CSCZ3) 

 

Figure 4.97 Particle size analyzer graph presenting the differential and cumulative 

distribution of Cu2-xS doped CeO2-ZnO nanocomposites (CSCZ3). 

Table 4.34  Particle size distribution Cu2-xS doped CeO2-ZnO nanocomposites 

(CSCZ3) measured from DLS.  

D50 4.2 x 103 nm D10 158 nm D97 5.4 x 103  nm  

D[4,3] 162 nm D16 168 nm D100 5.6 x 103  nm 

D[3,2] 159 nm D25 189 nm Cumulative Size 2.2 x 103  nm 

D[1,0] 154 nm D75 4.7 x 103  nm Specific Surface Area 12.6 m2/g 

D3 142 nm  D84 4.9 x 103  nm Polydispersity 0.3 

D6 149 nm  D90 5.0 x 103  nm  Polydispersity Index 0.046 

The median particles size (D50) of Cu2-xS doped CeO2-ZnO nanocomposites doped with 4 

mmol% Cu is 4204 nm. The average particle size measured from volume average on 

particle size distribution (D[4, 3]) is 162 nm. The specific surface area is 12.57 m2/g. 
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4.4 NixZn1-xS Doped CeO2-ZnO Nanocomposites 

4.4.1 Fourier Transform Infrared Spectroscopy of NixZn1-xS Doped 

CeO2-ZnO Nanocomposites 

 

Figure 4.98 FTIR-ATR spectra of NixZn1-xS doped CeO2-ZnO nanocomposites. 

Some differences such as increasing or decreasing of bands intensity as well as the shift of 

peak position to the slightly lower wave numbers can be observed in all spectra. It was 

observed that the peaks of all FTIR spectra shift to lower wavenumber with the increase of 

dopant concentration in CeO2-ZnO nanocomposite.  

Figure 4.98 shows the detailed FTIR spectra in ranges of 4000-2500, 1630-400 and 600-

400 cm-1 of all samples. All three samples have a less intense but broad peak at 3302 cm-

1, which represents the O-H stretching vibrations of absorbed water on the surface of 

nanoparticles [23]. 
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Figure 4.99  FTIR spectra in ranges of 4000-2500, 1630-400 and 600-400 cm-1 of 

NixZn1-xS doped CeO2-ZnO nanocomposites. 

The peak present on 1512 cm-1 together with peaks at 1119, 1049 and 833 cm-1 are assigned 

to monodentate, polydentate and polymeric carbonates, which are attached to the surface 

of ceria. The peaks present at 1396–1389 cm-1 and 1290 cm–1 suggested belonging also to 

the surface hydrogen or tridentate carbonate species. The oxygen vacancies enhance the 

restructuring of the local surface of ceria thus forming the more stable carbonate species 

on its surface [23, 170].  

The FTIR spectra of sample NCZ31 and NCZ1 show peaks of residual thiourea at 409 and 

402 cm-1. The peaks present at 709, 694 and 640 cm-1 are attributed to Ni-S-Ni bending 

mode of vibrations [220]. In sample NCZ2, the spectra in the range of 600-400 cm-1 show 

a different trend. This range is usually associated with metal-oxygen bond vibrations. Inthe 

case of CeO2, symmetric vibrations of Ce-O bond are observed at 432 and 447 cm-1. Some 

literature studies also reported that the peaks below 450 cm-1 belong to peaks vibrational 

modes of Ni-S bond. The peak shifts to higher wavenumber and becomes broader as 

compared to others. The observed peaks in FTIR spectra were in good agreement with the 

literature. The spherical ZnO particles show a distinct band around 464 cm-1 wavenumbers. 

Studies show that the position and number of these absorption bands are greatly affected 
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by factors like chemical composition, crystal structure and particle morphology. When the 

morphology changes from spherical to needle shape structures, it gets broad and split in 

two bands around 512 cm−1 and 406 cm−1. During the wet synthesis method, needle shape 

is the preferred morphology as particles grow along c-axis [172, 175]. In Fig 4.1b, the 600-

400 cm-1 region shows broad bands in all spectra ranging from 550-400 cm-1. The peak 

present at 409 cm-1 can be attributed to the needle shape ZnO.  

4.4.2 Powder X-Ray Diffraction of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites 

 

Figure 4.100 Powder XRD of NixZn1-xS doped CeO2-ZnO nanocomposites representing 

the high intensity Miller indices (hkl) for preferred orientation. 

Figure 4.100 presents the powder diffraction patterns of NiS doped CeO2-ZnO 

nanocomposites synthesized with hydrothermal autoclave method. These patterns were 

measured in the range of 2θ from 80 to 90 degrees and compared with ICDD database files 

No. 82028, 61595 and 57436 for ZnO, CeO2 and NixZn1-xS respectively. The peaks in these 

patterns are indexed to different reflections of cubic and hexagonal structures with X’pert 

highscore software and further with the Reitveld refinement.  
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Atomic radii to be used in bonding and for the contact list are: 

Type Bond Radius Contact Radius/Angle 

 Zn+2 1.59 1.39 

 O-2 1.09 0.89 

 Ce+4 2.02 1.82 

 Ni+2 1.45 1.25 

 S-2 1.47 1.27 

4.4.3 Reitveld Refinement and Lattice Parameters 

Rietveld refinement method was used to investigate the space groups, lattice constants, 

phase fractions and crystal structure parameters of nanocomposites. All PXRD patterns of 

NixZn1-xS doped CeO2-ZnO nanocomposites were refined by using EXPGUI and GSAS.  

4.4.3.1 Rietveld Refinement of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ1) 

 

Figure 4.101 Reitveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of NCZ1 with background and difference 
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Figure 4.102 Powplot graphics of Reitveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of NCZ1 with background and difference. 

The PXRD pattern of NCZ1 was refined by using EXPGUI. The refinement was done with 

preferred orientation directions (100) and (110) with the help of the March-Dollase Model. 

At the end of refinement, no serial correlation in fit at 90% confidence for 1.896 < DWd < 

2.104. The refinement was done with 7642 cycles, and there were 2123 observations. The 

𝑅𝑤𝑝 and  𝑅𝑝  values are 0.05 and 0.04 respectively. The total before-cycle χ2 (offset/sig) = 

2.8 x 103 (11.6), which was reduced to χ2 = 1.360 after refinement for 33 variables. 

Quantitative phase analysis was done using Rietveld refinement method to investigate the 

phase fractions of nanocomposite. The vzalues of lattice constants, phase fractions and 

crystal structure parameters calculated from Reitveld refinement are tabulated in Table 

4.35 

Table 4.35 Lattice constants, phase fractions and crystal structure parameters 

calculated from Reitveld refinement of sample NCZ1. 

Lattice Parameters ZnO CeO2 Ni0.03Zn0.97S 

Space Group P 63 m c F m -3 m F -4 3 m   

a/Å 3.250291 5.409917 5.408013 
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b/Å 3.250291 5.409917 5.408013 

c/Å 5.209703 5.409917 5.408013 

𝛼/°  90.0 90.0 90.0 

𝛽/°  90.0 90.0 90.0 

𝛾/°  120.0 90.0 90.0 

V/Å3 47.7 158.3 158.2 

Calculated unit cell formula weight 162.8 688.5 389.0 

ρ/gm cm-3 5.7 7.2 4.1 

Wt. Frac 0.2 0.4 0.4 

Wt.% Fraction 21.62% 41.86% 36.51% 

Table 4.36 hkl planes for respective 2θ peaks representing CeO2, Ni0.03Zn0.97S and ZnO 

phases in NCZ1 PXRD pattern. 

CeO2 Phase Ni0.03Zn0.97S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.66367 111 28.67394 111 31.87241 100 

33.19899 200 33.21097 200 34.50951 200 

47.60634 220 47.62408 220 36.35311 101 

56.46838 311 56.49001 311 47.62893 102 

59.21615 222 59.23903 222 56.69537 110 

69.54562 400 69.57358 400 62.93377 103 

76.83548 331 76.86742 331 66.47433 200 

79.21153 420 79.24485 420 68.0363 112 

88.5698 422 88.60911 422 69.18193 201 

    72.62617 400 

    77.04693 202 

    81.44477 104 

    89.68588 203 

The crystal structure and lattice constants of CeO2, Ni0.03Zn0.97S and ZnO obtained from 

Reitveld refinement of PXRD pattern of NCZ1 are discussed in detail as below.  
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CeO2 Phase 

 

(a) 

 

(b) 

Figure 4.103 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Reitveld refinement solution structure (a) unit cell (b) viewed toward (111) plane. 

The space group of CeO2 is F m -3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and centric lattice of F-centered cubic type. The multiplicity of a general site is 

192, and the symmetry of the point 0,0,0 contains 1bar. The Lattice constants are a =b = c 

= 5.40992 Å with standard deviation 0.00032. The bond length of all Ce ─ Ce and Ce ─ O 

bonds is 3.82539 Å and 2.34256 Å respectively.  
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Ni0.03Zn0.97S Phase  

 

(a) 

 

(b) 

Figure 4.104 Cubic crystal structure (F -4 3 m space group) for Ni0.03Zn0.97S phase 

obtained by Reitveld refinement solution structure (a) unit cell and (b) unit cell with 

polyhedrons viewed toward the (311) plane. 
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The space group of Ni0.03Zn0.97S is F -4 3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and acentric lattice of F-centered cubic type with the multiplicity of a general 

site is 96. The Lattice constants are a =b = c = 5.40801 Å with standard deviation 0.00073. 

The bond length of all Ni/Zn ─ S is 2.34174 Å and bond angles are 109.471°.  

ZnO Phase 

     

(a)                                                                                (b) 

Figure 4.105 Hexagonal crystal structure (P 63 m c space group) for ZnO phase obtained 

by Reitveld refinement solution structure (a) polyhedral model (b) ball and stick model 

viewed along y-axis. 

The space group of ZnO is P 63 m c (Hermann-Mauguin symbol) with 6/mmm Laue 

symmetry.  It has acentric type lattice belonging to primitive hexagonal structure. The 

multiplicity of a general site is 12 and the location of the origin is arbitrary in z. The Lattice 

constants are a =b = 3.250291 Å, c = 5.20970 Å with standard deviations 0.00002 and 

0.00013 respectively. The bond lengths of Zn ─ O bonds are 1.98490 Å, 1.97613 Å and 

1.97640 Å. The volume of the cell is 47.664 Å3 and density is 5.670 gm cm-3.  
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4.4.3.2 Rietveld Refinement of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ2) 

 

Figure 4.106 Reitveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of NCZ2 with background and difference. 

 

Figure 4.107 Powplot graphics of Reitveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of NCZ2 with background and difference. 
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The PXRD pattern of NCZ2 was refined by using EXPGUI. The refinement was done with 

preferred orientation directions (100) and (110) for ZnO and (200) for CeO2 with the help 

of the March-Dollase Model. At the end of refinement, no serial correlation was found in 

fit at 90% confidence interval for 1.884 < DWd < 2.116. The refinement was done with 

1329 cycle, and there were 2123 observations. The 𝑅𝑤𝑝 and  𝑅𝑝  values are 0.0531 and 

0.0391 respectively. The total before-cycle χ2 (offset/sig) = 3.03 x 103 (14.3), which was 

reduced to χ2 = 1.442 after refinement for 21 variables. Quantitative phase analysis was 

done using the Rietveld refinement method to investigate the all phase fractions present in 

nanocomposite. The values of hkl, lattice constants, phase fractions and crystal structure 

parameters of all phases calculated from Reitveld refinement are tabulated as following 

Table 4.37 Lattice constants, phase fractions and crystal structure parameters 

calculated from Reitveld refinement of sample NCZ2. 

Lattice Parameters ZnO CeO2 Ni0.03Zn0.97S 

Space Group P 63 m c F m -3 m F -4 3 m   

a/Å 3.249866 5.409458 5.419411 

b/Å 3.249866 5.409458 5.419411 

c/Å 5.207503 5.409458 5.419411 

𝛼/°  90.000 90.000 90.000 

𝛽/°  90.000 90.000 90.000 

𝛾/°  120.000 90.000 90.000 

V/Å3 47.631 158.293 159.168 

Calculated unit cell formula 

weight 

162.758 688.472 388.958 

ρ/gm cm-3 5.674 7.222 4.058 

Wt. Frac 0.21274 0.55130 0.23596 

Wt.% Fraction 21.3% 55.1% 23.6% 
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Table 4.38 hkl planes for respective 2θ peaks representing CeO2, Ni0.03Zn0.97S and ZnO 

phases in NCZ2 PXRD pattern 

CeO2 Phase Ni0.03Zn0.97S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.57893 
111 

28.5254 
111 

31.78947 
100 

33.11464 
200 

33.05215 
200 

34.4373 
200 

47.52337 
220 

47.43082 
220 

36.27329 
101 

56.38634 
311 

56.27367 
311 

47.55626 
102 

59.13441 
222 

59.01516 
222 

56.61625 
110 

69.46509 
400 

69.31938 
400 

62.8705 
103 

76.75591 
331 

76.58948 
331 

66.39693 
200 

79.13228 
420 

78.95866 
420 

67.96552 
112 

88.49198 
422 

88.28735 
422 

69.10662 
201 

 
   

72.57449 
400 

 
   

76.97765 
202 

 
 

  

81.3941 
104 

 
 

  

89.62671 
203 

CeO2 Phase 

 

(a) 



CHAPTER 4                Results and Discussion   

 

174 | P a g e  

 

(b) 

 

(c) 

Figure 4.108 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Reitveld refinement solution of NCZ2 PXRD pattern (a) unit cell viewed along a-axis (b) 

unit cell viewed toward (111) plane and (c) polyhedral model viewed toward (311) plane. 
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The space group of CeO2 is F m -3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and centric lattice of F-centered cubic type. The multiplicity of a general site is 

192 and the symmetry of the point 0,0,0 contains 1bar. The Lattice constants are a =b = c 

= 5.40946 Å with standard deviation 0.00013. The bond length of all Ce ─ Ce and Ce ─ O 

bonds is 3.82506 Å and 2.34236 Å respectively. The volume of the cell is 158.136 Å3 and 

density is 7.229 gm cm-3. 

Ni0.03Zn0.97S Phase 

 

(a)                                                                     (b) 

Figure 4.109 Cubic crystal structure (F -4 3 m space group) for Ni0.03Zn0.97S phase 

obtained by Reitveld refinement solution structure (a) unit cell viewed toward (111) plane 

(b) unit cell with polyhedrons viewed toward the (311) plane. 

The space group of Ni0.03Zn0.97S is F -4 3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and acentric lattice of F-centered cubic type with the multiplicity of a general 

site is 96. The Lattice constants are a =b = c = 5.41941 Å with standard deviation 0.00013. 

The bond length of all Ni/Zn ─ S is 2.34667 Å, and bond angles are 109.471°.  
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ZnO phase  

  

(a)                                                               (b) 

Figure 4.110 Ball and stick model of Hexagonal crystal structure (P 63 m c space group) 

for ZnO phase obtained by Reitveld refinement solution (a) unit cell and (b) polyhedral 

model viewed towards (100) plane.  

The space group of ZnO is P 63 m c (Hermann-Mauguin symbol) with 6/mmm Laue 

symmetry.  It has acentric type lattice belonging to primitive hexagonal structure. The 

multiplicity of a general site is 12 and the location of the origin is arbitrary in z. The Lattice 

constants are a =b = 3.24987Å, c = 5.20750 Å with standard deviations 0.00002 and 

0.00014 respectively. The bond lengths of Zn ─ O bonds are 1.98392 Å and 1.97597 Å, 

which are slightly larger than the CeO2-ZnO nanocomposite. The volume of the cell is 

47.622 Å3 and density is 5.675 gm cm-3.  
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4.4.3.3 Rietveld Refinement of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ3) 

 

Figure 4.111 Reitveld refinement histogram representing the observed and fitted profile 

of PXRD pattern of NCZ3 with background and difference 

 

Figure 4.112 Powplot graphics of Reitveld refinement histogram representing the 

observed and fitted profile of PXRD pattern of NCZ2 with background and difference. 
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The PXRD pattern of NCZ3 was refined by using EXPGUI. The refinement was done with 

preferred orientation directions (100) and (110) with the help of the March-Dollase Model. 

At the end of refinement, no serial correlation in fit at 90% confidence for 1.885 < DWd < 

2.115. The refinement was done with 6151 cycles, and there were 2123 observations. The 

𝑅𝑤𝑝 and  𝑅𝑝  values are 0.0520 and 0.0388 respectively. The total before-cycle χ2 

(offset/sig) = 2.8102E+03 (1.0940E+01), which was reduced to χ2 = 1.338 after refinement 

for 22 variables and convergence was achieved. Quantitative phase analysis was done using 

Rietveld refinement method to investigate the phase fractions of nanocomposite. The 

values of lattice constants, phase fractions and crystal structure parameters calculated from 

Reitveld refinement are tabulated in Table 4.39 

Table 4.39 Lattice constants, phase fractions and crystal structure parameters 

calculated from Reitveld refinement of sample NCZ3 

Lattice Parameters ZnO CeO2 Ni0.03Zn0.97S 

Space Group P 63 m c F m -3 m F -4 3 m   

a/Å 3.250499 5.407526 5.410873 

b/Å 3.250499 5.407526 5.410873 

c/Å 5.208368 5.407526 5.410873 

𝛼/°  90.0 90.0 90.0 

𝛽/°  90.0 90.0 90.0 

𝛾/°  120.0 90.0 90.0 

V/Å3 47.7 158.1 158.4 

Calculated unit cell formula weight 162.8 688.5 389.0 

ρ/gm cm-3 5.7 7.2 4.1 

Wt. Frac 7.1 x 10-2 
79.4 x 

10-2 
13.4 x 10-2 

Wt.% Fraction 7.1% 79.4% 13.5% 
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Table 4.40 hkl planes for respective 2θ peaks representing CeO2, Ni0.03Zn0.97S and ZnO 

phases in NCZ3 PXRD pattern 

CeO2 Phase Ni0.03Zn0.97S Phase ZnO Phase 

2θ/° hkl 2θ/° hkl 2θ/° hkl 

28.58758 
111 

28.56961 
111 

31.78132 
100 

33.12504 
200 

33.10407 
200 

34.42961 
200 

47.53963 
220 

47.50857 
220 

36.26442 
101 

56.40654 
311 

56.36872 
311 

47.54541 
102 

59.15589 
222 

59.11586 
222 

56.60242 
110 

69.49174 
400 

69.44283 
400 

62.85653 
103 

76.78659 
331 

76.73072 
331 

66.38052 
200 

79.1644 
420 

79.10609 
420 

67.94929 
112 

88.53016 
422 

88.46143 
422 

69.08959 
201 

 
   

72.55873 
400 

 
   

76.95868 
202 

 
 

  

81.37546 
104 

 
 

  

89.60403 
203 

The crystal structure and lattice constants of CeO2, Ni0.03Zn0.97S and ZnO obtained from 

Reitveld refinement of PXRD pattern of NCZ1 are discussed in detail as below.  
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CeO2 Phase 

 

(a) 

 

(b) 

Figure 4.113 Cubic crystal structure (F m -3 m space group) for CeO2 phase obtained by 

Reitveld refinement solution of NCZ2 PXRD pattern (a) unit cell viewed along a-axis and 

(b) polyhedral model viewed toward (111) plane. 
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The space group of CeO2 is F m -3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and centric lattice of F-centered cubic type. The multiplicity of a general site is 

192, and the symmetry of the point 0,0,0 contains 1bar. The Lattice constants are a =b = c 

= 5.407526 Å with standard deviation 1.3 x 10-4. The bond length of all Ce ─ Ce and Ce ─ 

O bonds is 3.82380 Å and 2.34159 Å respectively. The volume of the cell is 158.1 Å3 and 

density is 7.2 gm cm-3.  

Ni0.03Zn0.97S Phase 

 

(a)                                                                     (b) 

Figure 4.114 Cubic crystal structure (F -4 3 m space group) for Ni0.03Zn0.97S phase 

obtained by Reitveld refinement solution structure (a) unit cell viewed toward (311) plane 

(b) unit cell with polyhedrons viewed toward the (311) plane. 

The space group of Ni0.03Zn0.97S is F -4 3 m (Hermann-Mauguin symbol) with m3m Laue 

symmetry and acentric lattice of F-centered cubic type with the multiplicity of a general 

site is 96. The Lattice constants are a =b = c = 5.410857 Å with standard deviation 3.8 x 

10-3. The bond length of all Ni/Zn ─ S is 2.3430 Å, and bond angles are 109.471°. The 

volume of the cell is 158.416 Å3 and density is 4.1 gm cm-3 
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ZnO Phase 

 

(a)                                                      (b) 

Figure 4.115 Ball and stick model of Hexagonal crystal structure (P 63 m c space group) 

for ZnO phase obtained by Reitveld refinement solution (a) unit cell and (b) polyhedral 

model viewed towards (100) plane.  

The space group of ZnO is P 63 m c (Hermann-Mauguin symbol) with 6/mmm Laue 

symmetry.  It has acentric type lattice belonging to primitive hexagonal structure. The 

multiplicity of a general site is 12, and the location of the origin is arbitrary in z. The Lattice 

constants are a =b = 3.2505 Å, c = 5.208368 Å with standard deviations 0.00006 and 

0.00021 respectively. The bond lengths of Zn ─ O bonds are 1.98439 Å, 1.97620 Å and 

1.97646 Å. The volume of the cell is 47.7 Å3 and density is 5.7 gm cm-3. 
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Figure 4.116 Wt. % fractions of CeO2, Ni0.03Zn0.97S, and ZnO phase determined with 

quantitative phase analysis of XRD patterns of NCZ1, NCZ2, and NCZ3. 

Figure 4.116 shows the graph wt. % fractions of all phases present in NixZn1-xS doped 

CeO2-ZnO nanocomposites in relation to the concentration of dopant precursor. The 

concentration of dopant precursor tends to affect the wt.% fraction of dopant as well as 

CeO2 and ZnO. It was observed that with a steady increase in dopant precursor 

concentration, the wt. % fraction of ZnO decrease with a minor change. Wt. % fraction of 

Ni0.03Zn0.97S follows the same trend as ZnO but wt. % fraction of CeO2 increase 

significantly. A comparison of lattice parameters of all phases gives the insight of this 

peculiar behavior. The increase and decrease in lattice parameters ‘a’ and ‘c’ with respect 

to the steady increase in dopant concentration is strange but understandable when 

compared with photoluminescence and catalysis results. This peculiar behavior is due to the 

extrinsic and intrinsic doping on ZnO. The lattice constant of Ni0.03Zn0.97S follows exactly the 

inverse behavior of ZnO. 



CHAPTER 4                Results and Discussion   

 

184 | P a g e  

4.4.4 Crystallite Size 

Crystallite size calculated from XRD pattern by using Debye Scherrer Equation and 

Williamson-Hall equation also show the effect of doping on the crystallite size of CeO2-

ZnO nanocomposite.  

Scherrer equation 

Scherrer equation (4.1) is used to calculate the crystallite size of individual peaks and 

average crystallite size. The average crystallite size for NCZ1, NCZ2 and NCZ3 is 40.3, 

42.3 nm and 45.9 nm respectively.  

It is observed that NCZ3 has the largest grain size among all samples while NCZ1 and 

NCZ2 have the smallest grain size for ZnO and CeO2 respectively.  

Williamson-Hall equation 

The β obtained from the instrument is corrected by eq. (4.2) and crystallite size and strain 

are calculated by Williamson-Hall equation (4.8). 

 

(a)                                                                          (b) 
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(c) 

Figure 4.117 W-H plot of NixZn1-xS doped CeO2-ZnO nanocomposites prepared with (a) 

1 mmol% (b) 2 mmol% and (c) 4 mmol% concentration of Ni+2. 

The Williamson-Hall plots drawn between versus βcosθ/λ and sin 𝜃/𝜆 give crystallite size 

value 17.2 nm, 272 nm and 66.7 nm for NCZ1, NCZ2 and NCZ3 respectively. According 

to the values obtained from Williamson-Hall plots drawn between versus βcosθ/λ and 

sin 𝜃/𝜆, the crystallite size is increasing with the increasing concentration of Ni+2 doping. 

The nanocomposites with 1 mmol% Ni+2 (NCZ1), 2 mmol% Ni+2 (NCZ2) and 4 mmol% 

Ni+2 (NCZ3) doping have crystallite sizes of 17.2 nm, 20.5 nm and 66.7 nm respectively. 

These nanocomposites do not have significant lattice strain because of large crystallite size. 

Also, the lattice strain is following different trend as compared to crystallite size and is 

highest in NCZ2 sample. 

4.4.5 Oxygen Vacancy 

Ceria nanoparticles have the unique property of oxygen vacancy which becomes more 

pronounced in doped ceria nanoparticles. The oxygen vacancies arise from the disruption 

of the crystal structure. It was reported that the lattice contraction or expansion could 

propose the nature of doping on the nanoparticles. If the lattice of base nanoparticles 

expands it is supposed that the dopant atom has substituted the base atom. In the case of 
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lattice expansion, it is proposed that the dopant atom fill the interstice between the base 

atoms in the lattice structure.  

 

Figure 4.118 Lattice constants of CeO2 and ZnO present in NixZn1-xS doped CeO2-ZnO 

nanocomposites. 

The lattice constant for NixZn1-xS doped CeO2-ZnO nanocomposites presented in Figure 

4.118 has been calculated from Reitveld refinement of the respective XRD patterns. It is 

observed that in NixZn1-xS doped CeO2-ZnO nanocomposites shows lattice expansion as 

compared to the undoped CeO2-ZnO nanocomposites. In NCZ1 with 1 mmol% Ni2+ doping 

the value of lattice constant increased but the lattice contraction is evident in NCZ2 with 2 

mmol% Ni2+ doping. At 4 mmol % Ni2+ doping (NCZ3), the lattice constant for CeO2 

continues to contract but expands for ZnO. This information about the lattice constants of 

NixZn1-xS doped CeO2-ZnO nanocomposites can clarify its crystallite size and strain in 

further analysis and applications.  

Lattice defects are usually present in the lattice structure of transition metals. These defects 

are more pronounce in ceria nanoparticles due to the presence of Ce3+ and Ce4+ ions and 

oxygen vacancies.  
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Oxygen vacancies in ceria of all samples were calculated by using the value of lattice 

constant of doped ceria derived from the Reitveld refinement in eq. (4.3). These values are 

presented in Table 4.41 

 

Table 4.41  Crystallite size, lattice constants and oxygen vacancies in NixZn1-xS doped 

CeO2-ZnO nanocomposites. 

Sr. 

No. 

Sample 

Code 

 

Ni2+ 

doping 

W-H 

Size 

(D/nm) 

CeO2 Lattice 

Constant  

(a/Å) 

ZnO Lattice 

Constant  

(a/Å) 

Oxygen 

Vacancies in 

CeO2 

(VO
•• /cm-1) x 

1019 

1. NCZ1 1 mmol% 17.2 5.40992 3.25029 14 

2. NCZ2 2 mmol% 20.5 5.40946 3.24987 12.9 

3. NCZ3 4 mmol% 66.7 5.40753 3.2505 8.03 

4.4.6 Texture Coefficient 

Previously, it was observed that some peaks of ZnO and CeO2 overlap resulting in the wide 

and high intensity peaks. It is observed in Figure 4.100 that the intensity of peak present 

around 31.8o (100) is unusually high. It increases as the concentration of the dopant 

precursor is decreased. This general observation suggests that the concentration of the 

dopant precursor has affected the crystal structure of CeO2-ZnO nanocomposite. The 

texture coefficient of higher than unity suggests that the planer density is higher at (100) 

plane.  

The intensity of (100) at 31.78o in NCZ1 is highest among all samples and decrease with 

increasing concentration of NiS dopant. This can be interpreted as the NCZ1 has highly 

ordered hexagonal wurtzite structure which becomes less ordered due to doping. Also, the 

higher amount of dopant leads to the peaks featuring cubic structure which are more 

distinguishable with higher intensities than hexagonal peaks.  

In general, the XRD pattern shift to the region of lower angle and value of d-spacing 

decrease. This phenomenon is caused by desorption of water and loss of structure 
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uniformity. However, the lattice contraction and peak broadening in the sample synthesized 

were negligible or did not occur.  

The reflection intensities of all powder XRD patterns indicate a preferential or random 

growth of ZnO nanospears. To determine the extent of preferred orientation of crystalline 

planes, the texture coefficient was calculated as per eq. (4.9).  

Table 4.42  Texture coefficient of all samples of NixZn1-xS doped CeO2-ZnO 

nanocomposites 

Phase 
2θ° 

 

Miller 

Indices 

(hkl) 

Texture Coefficient (𝑻𝒄(𝒉𝒊𝒌𝒊𝒍𝒊))  

NCZ1 NCZ2 NCZ3 

CeO2 28.5° (111) 0.80 1.25 1.47 

ZnO 

31.8° (100) 2.61 1.78 0.79 

36.2° (101) 0.91 0.68 1.45 

47.5° (110) 0.78 1.09 1.19 

56.6° (102) 1.58 1.31 1.34 

The value of texture coefficient greater than unity (>1) indicates the increase in the degree 

of preferred orientation along with a specific crystalline plane and vice versa. The powder 

diffraction patterns of all samples have four major peaks for ZnO with Miller indices (100), 

(101), (102) and (110) and a single peak for CeO2 with Miller indices (111) along with 

other small peaks at higher diffraction angle.  

The highest value of texture coefficient is observed in of ZnO nanospears of NCZ1 sample, 

which indicate the preferred growth of nanospears along (100) diffraction plane. In sample 

NCZ1 and NCZ2, the texture coefficient is highest for the (102) diffraction plane (Miller 

Indices). It is observed that the effect of the increase in the concentration of dopant on ZnO 

is more pronounced than CeO2.  
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Figure 4.119 Texture coefficients of (100) plane (𝑇𝑐(100)𝑍𝑛𝑂) and (111) plane 

(𝑇𝑐(111)𝐶𝑒𝑂2
) as function of Ni0.03Zn0.97S doping in CeO2-ZnO nanocomposites. 

The relationship of texture coefficient with respect to the wt. % fraction of dopant 

Ni0.03Zn0.97S also solidify the concept of intrinsic and extrinsic doping in CeO2-ZnO 

nanocomposites.  Figure 4.119 shows the graph of the texture coefficient of Miller indices 

(100) and (111) in relation to wt. % fraction of Ni0.03Zn0.97S phase. It is observed that with 

increasing wt.% fraction the 𝑇𝑐(100)𝑍𝑛𝑂 decrease while  𝑇𝑐(111)𝐶𝑒𝑂2
 increases.  

It is important to note that the determination of amount and type of atoms on each site in 

doped metal oxide is impossible to refine with Rietveld refinement of powder x-ray 

diffraction.  
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4.4.7 Optical Properties and Structural Defects of NixZn1-xS Doped 

CeO2-ZnO Nanocomposites 

4.4.7.1 Photoluminescence  

To evaluate the photoluminescent properties of NixZn1-xS doped CeO2-ZnO 

nanocomposites, three excitation wavelengths (325 nm, 347 nm, 405nm and 520 nm) were 

used. All these excitations energy have different penetration depths on the sample. This 

could be useful in analyzing the photoluminescent properties of materials with multiple 

structural defects.  

The diameter of ZnO nanospears is in the range 99 nm-500 nm consisting of very sharp 

edges on both side and a wider in the middle. With this size range, no quantum size effect 

is expected in ZnO nanospears. However, the difference in  surface to volume ratios and 

diameters of these  nanostructures can  influence the peak intensities of defect emissions, 

but the shifting of peak positions is not very significant. [206] 

 

Figure 4.120 Photoluminescence spectra of NCZ1 sample by using different excitation 

wavelength  
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A variety of visible emissions (i.e. violet, blue, green, yellow, orange, and red emissions) 

in CeO2, ZnO and NixZn1-xS nanostructures have been reported.  Although, these emissions 

are universally associated with the extrinsic and intrinsic defects, still there is no clear 

information of emissions from these defect centers.  

The distribution of electrons excited from valance band in defect sites will not be uniform 

and so the emission peak intensities from these defect centers will be different. Also the 

different excitation wavelengthhas different penetration depth leading to the variable 

intensities in the same sample on changing the excitation wavelengths. [207] This is the 

reasonfor non-linear dependence emission peak intensity on using excitation wavelength.  

The 325 nm (3.82eV) excitation wavelength absorbs only in the surface due to its high 

absorbance in the UV region. Thus, the photoluminescence is limited to emission peaks 

coming only from the surface and sub-surface layers.  

The excitation wavelengths 405 nm and 520 can penetrate in more depths of the sample 

ensuing the deep-level emissions related to native or deep structural defects in 

nanostructures. Ji, J., et al. proposed that the broad emission peak at 520 nm (2.44 eV) in 

ZnO is from the Zn vacancies made inert by hydrogen and the red emission peak at 580 

nm (2.14 eV) is somehow suppressed. [208] The origin of green emission peak in ZnO 

was controversial in the past as Zn vacancies, oxygen vacancies and other impurities were 

claimed to be its origin. [209]  
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Figure 4.121 Photoluminescence spectra of NCZ2 sample by using different excitation 

wavelength  

The highest photoluminescence intensity is observed for the NCZ2 sample (Figure 4.121) 

with an excitation wavelength of 405 nm. It was observed that doping of NixZn1-xS  affected 

the photoluminescence intensity and shifted the wavelength, which may be the result of 

new defects created in lattice structure There is also speculation of decrease in 

photoluminescence intensity due to the changes in particle size and decreased surface to 

volume ratio. [177]  

The broad visible band ranging from 410 to 500 nm in all samples (Figure 4.120-4.122) is 

associated with the transition of deeply trapped electrons or F centers created by the lattice 

defects. [140, 185-191] The emission peaks in the visible region are generated from the 

electronic transitions in shallow energy levels corresponding to the various defect centers 

in ceria. The interstitial cerium and oxygen vacancy act as a donor during interstitial 

oxygen and cerium vacancy act as a hole. In as-grown ZnO nanospears, the cerium dopant 

may be contributing a large number of electrons on excitation to occupy the energy levels 
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located in conduction band edge. The recombination transition of these excitons will 

eventually lead to a blue shift and broadening of emission peak. In photoluminescence 

spectra of NCZ1, NCZ2 and NCZ3 samples, some of the peaks are blue shifted and some 

of them red shifted.  The peak shift is usually correlated with the lattice defect in the metal 

oxide structure. The defect centers between 4f and 2p levels increase with the increase in 

doping and suppress the 4f → 2p transition leading to a significant red shift. This clearly 

indicates that defects are created by successful doping of nickel [190, 210]. Wu, M., et al. 

[211], reported that the violet emission peak  at 424 nm is originated by the transition of 

electrons from sulfur vacancy to the valance band. This peak is observed in both NCZ1 

and NCZ3 samples (Figure 4.120 and 4.122).  

 

Figure 4.122 Photoluminescence spectra of NCZ3 sample by using different excitation 

wavelength  
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A small green emission peak is observed in all samples at 530 nm (2.34 eV), 533 nm (2.33 

eV) and 531 nm (2.34 eV) for NCZ1, NCZ2 and NCZ3 respectively. Kim, M.S., et al. [212] 

observed emission peak at 532 nm (2.33 eV) attributed to the decreased migration length 

of ionized oxygen atoms and zinc atoms in ZnO thin films. However, this peak was also 

reported in photoluminescence spectra of CeO2 as emission wavelength from defect level 

present between Ce 4f and O 2p band.[185, 213] 

In PL, the samples excited with 405 nm (3.06 eV) wavelength gave emissions in the range 

of 520-630 nm. A broad emission peak is observed at 546 and 547 nm (2.27 eV) in NCZ1, 

NCZ3 and NCZ2 samples (latter is sharper and high intensity peak). These peaks are 

originated from the transition of an electron from 1T2(1D) to 3A2(3F) of Ni2+ [155]. A 

second peak is observed at 560 nm (2.21 eV) and 556 (2.23 eV) along with 546 nm 

emission peak in samples NCZ1 and NCZ3 respectively. The peak at 560 nm in NCZ1 

resulted from the emission from the 5D4–Fj defect level in ceria, while the peak at 556 nm 

in NCZ3 arise from the sulfur vacancies. [177, 214]   

Another yellow emission peak is observed in NCZ1 and NCZ2 at 605 nm (2.05 eV) but it 

is slightly red shifted in NCZ2 and present at 607.5 nm (2.04 eV). The origin of yellow 

emission peak at 607 nm is controversial since some researchers assumed interstitial 

oxygen as its origin [215, 216]. On the other hand it was also reported that yellow emissions 

originate due to the presence of hydroxyl group or Zn(OH)2. Djurišić, A.B., et al. [217] 

reported that the yellow emission peaks are only observed as grown nanorods of ZnO but 

disappear after annealing of samples. Another emission peak at 603 nm (2.06 eV), 

commonly attributed to the interstitial oxygen is reported in undoped ZnO samples. [177]  

The red emission peak at 659 nm (1.88 eV) is observed in photoluminescence spectra of 

Sample NCZ1, excited with 520 nm excitation wavelength. Studenikin et al. [218] 

attributed this emission to the amount of interstitial oxygen in their oxygen rich ZnO 

samples. Later, Koao, L.F., et al. [177] proposed this peak as the result of emission 

associated transition within Zinc interstitials present in lattice defects. Morales, A.E., et al. 
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[216] also related it to the interstitial zinc (Zni) which cause lattice disorder along c-axis in 

ZnO.  

4.4.7.2 Ultraviolet/Visible-Diffused Reflectance Spectroscopy of NixZn1-

xS Doped CeO2-ZnO Nanocomposites 

 

Figure 4.123 Diffused reflectance UV/Vis spectra of NixZn1-xS doped CeO2-ZnO 

nanocomposites. 

UV/Vis diffused reflectance spectroscopy (DRS) was used to investigate the effect of 

NixZn1-xS has doping on CeO2-ZnO nanocomposites, whether it has shifted due to the 

quantum size effect. Figure 4.123 shows the diffused reflectance spectra shows the 

reflectance UV/Vis spectra of NixZn1-xS doped CeO2-ZnO nanocomposites.  

The band gap energy follows a different trend with increasing the number of atoms or 

elements in the composition. When the particle size decreases, the variation in band gap 

energy with a change in composition becomes more pronounced.  
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With the increase in Ni2+/S2- ions concentration in the CeO2-ZnO nanocomposites, the band 

gap shifted to higher energy. The band gap energies for NixZn1-xS doped CeO2-ZnO 

nanocomposites is calculated by using eq. (4.4). 

 

Figure 4.124 Kuelka-Munk Tauc plot of (hvFKM)2 versus (hv) for determination of direct 

band gap of NixZn1-xS doped CeO2-ZnO nanocomposites. 

The Kuelka-Munk Tauc plot presented in Figure 4.124 shows the direct band gap curve for 

NixZn1-xS doped CeO2-ZnO nanocomposites. As discussed earlier in section 4.1.3, CeO2-

ZnO nanocomposites give two the band gap at 3.94 eV and 3.28 eV. In doped samples, 

only NCZ3 sample gives two bandgaps at 2.86 eV and 3.43 eV. In comparison to this, 

NCZ1 and NCZ2 have only one curve and band gap energy at 3.34 eV and 3.49 eV 

respectively. The sample NCZ2 shows significant blue shifted band gap energy among all 

doped sample. 
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Figure 4.125 Kuelka-Munk Tauc plot of (hvFKM)1/2 versus (hv) for determination of 

indirect band gap of NixZn1-xS doped CeO2-ZnO nanocomposites. 

The indirect bandgap of NixZn1-xS doped CeO2-ZnO nanocomposites calculated from 

Kuelka-Munk Tauc plot (Figure 4.125). The indirect band gap energies are not much lower 

than direct bandgap energies and only NCZ1 have two band gap energies at 2.88 eV and 

3.10 eV. The NCZ2 eV and NCZ3 have 3.06 and 3.10 eV bandgap energies respectively. 

The band gap is steadily blue shifting with a decrease of dopant concentration. 

Stokes shiftoriginates from the complex electronic structure of excitons and their respective 

transition probabilities in energy levels. In the case of sample NCZ2, the emission peaks 

are dominated by larger nanoparticles due to inhomogeneity of nanocomposites, thus 

leading to the red shift of emission peaks. The stokes shift originated from this type of 

transition is called non-resonant Stoke shift. The nature of the anisotropy of 

nanocomposites shape can vary the Stoke shift [219]. The larger anisotropy gives rise to 

the large Stoke shift and an ultimately larger difference between energy calculated from 

photoluminescence and UV/Vis spectra. Aside from the discussion of exciton and Stoke 

shift, lattice defects can also act as surface or deep level traps, giving peaks in the within 

the bandgap of the material. These traps are usually called F centers, can broaden 
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photoluminescence energy peaks and shift them away from the defect free ideal bandgap 

energy. 

4.4.8 Scanning Electron Microscopy of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites 

        
(a)                                                                       (b) 

         
(c)                                                                    (d) 

         
(e)                                                                  (f) 
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Figure 4.126 SEM images of NixZn1-xS doped CeO2-ZnO nanocomposites with (a, b)1 

mmol% Ni+2, (c, d) 2 mmol% Ni+2 and (e, f) 4 mmol% Ni+2 doping. 

In Figure 4.126 (a-f), it is observed that ceria and ZnO have retained their physical 

appearance from CeO2-ZnO nanocomposite. Ceria has spherulitic structures while ZnO is 

in the shape of nanospears or tapered nanorods. It is observed that as the doping 

concentration of Ni+2 is increased, the ZnO nanospears appear larger.  

4.4.9 Photocatalytic Degradation of Endosulfan Using of NixZn1-xS 

Doped CeO2-ZnO Nanocomposites 

The photocatalytic degradation of Endosulfan by using NixZn1-xS doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. The Endosulfan gives λmax at 213 nm and all scans are taken after the 

addition of photocatalysts. The data from these scans was further used to calculate the rate 

and %degradation of Endosulfan. 
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4.4.9.1 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ1) against Endosulfan 

 

Figure 4.127 UV/Vis spectra for the photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 

The degradation process is completed in 40 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.43 

Table 4.43 Degradation data for Endosulfan using NixZn1-xS doped CeO2-ZnO 

nanocomposites doped with 1 mmol% Ni2+ (NCZ1) under UV irradiation. 

Time 

(min) 
Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 1.36 0.31 1.21 0.19 1.00 0.00 0.00 

2 1.35 0.30 1.21 0.19 1.00 0.00 0.35 

4 1.30 0.26 1.15 0.14 0.96 -0.05 4.45 

6 1.19 0.17 1.05 0.05 0.88 -0.13 12.30 

8 1.04 0.04 0.89 -0.11 0.76 -0.27 23.67 

10 1.02 0.02 0.88 -0.13 0.75 -0.29 24.85 
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12 0.85 -0.17 0.70 -0.35 0.62 -0.47 37.69 

14 0.87 -0.14 0.72 -0.32 0.64 -0.45 36.07 

16 0.93 -0.08 0.79 -0.24 0.68 -0.38 31.60 

18 0.82 -0.20 0.67 -0.40 0.60 -0.51 39.89 

20 0.69 -0.38 0.54 -0.61 0.51 -0.68 49.39 

22 0.67 -0.40 0.53 -0.64 0.50 -0.70 50.46 

24 0.55 -0.60 0.41 -0.90 0.41 -0.90 59.36 

26 0.50 -0.69 0.36 -1.03 0.37 -0.99 62.97 

28 0.50 -0.70 0.36 -1.04 0.37 -1.00 63.28 

30 0.52 -0.66 0.37 -0.99 0.38 -0.97 61.94 

32 0.61 -0.50 0.47 -0.77 0.45 -0.80 55.13 

34 0.48 -0.73 0.34 -1.09 0.36 -1.04 64.51 

36 0.42 -0.88 0.27 -1.30 0.31 -1.19 69.41 

38 0.38 -0.96 0.24 -1.42 0.28 -1.26 71.68 

40 0.34 -1.07 0.20 -1.62 0.25 -1.38 74.83 

 

Figure 4.128 Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 
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Figure 4.129 %Degradation plot of photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 

Figure 4.128 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for λmax 213. The reaction is assumed as pseudo-first order and the rate was 44.9 x 10-

3 min-1. Figure 4.129 shows the percentage of degradation of Endosulfan with the relevance 

of time at λmax 213 nm is 74.8% respectively. 
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4.4.9.2 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ2) against Endosulfan 

 

Figure 4.130 UV/Vis spectra for the photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2. 

The degradation process is completed in 40 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.44. 

Table 4.44 Degradation data for Endosulfan using NixZn1-xS doped CeO2-ZnO 

nanocomposites doped with 2 mmol% Ni2+ (NCZ2) under UV irradiation. 

Time 

(min) Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 1.72 0.54 1.62 0.48 1.00 0.00 0.00 

2 1.69 0.52 1.59 0.46 0.98 -0.02 1.76 

4 1.63 0.49 1.53 0.43 0.95 -0.05 4.93 

6 1.52 0.42 1.42 0.35 0.89 -0.12 11.40 

8 1.51 0.41 1.41 0.34 0.88 -0.13 12.16 

10 1.42 0.35 1.32 0.28 0.83 -0.19 17.54 
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12 1.29 0.25 1.19 0.17 0.75 -0.29 25.00 

14 1.28 0.25 1.18 0.17 0.75 -0.29 25.28 

16 1.21 0.19 1.11 0.11 0.71 -0.35 29.48 

18 1.13 0.13 1.04 0.03 0.66 -0.42 33.94 

20 1.10 0.09 1.00 0.00 0.64 -0.45 36.00 

22 1.02 0.02 0.92 -0.09 0.59 -0.52 40.81 

24 0.98 -0.02 0.88 -0.13 0.57 -0.56 42.94 

26 0.84 -0.17 0.75 -0.29 0.49 -0.71 50.84 

28 0.76 -0.27 0.67 -0.41 0.45 -0.81 55.53 

30 0.79 -0.23 0.69 -0.37 0.46 -0.77 53.86 

32 0.70 -0.36 0.60 -0.51 0.41 -0.90 59.31 

34 0.62 -0.48 0.52 -0.66 0.36 -1.02 64.04 

36 0.55 -0.60 0.45 -0.80 0.32 -1.14 68.11 

38 0.49 -0.72 0.39 -0.94 0.29 -1.26 71.49 

40 0.48 -0.73 0.38 -0.96 0.28 -1.27 71.90 
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Figure 4.131 Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2. 

 

Figure 4.132 %Degradation plot of photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2. 
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Figure 4.131 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for λmax 213. The reaction is assumed as pseudo-first order and the rate was 39.7 x 10-

3 min-1. Figure 4.132 shows the percentage of degradation of Endosulfan with the relevance 

of time at λmax 213 nm is 71.89% respectively. 

4.4.9.3 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ3) against Endosulfan 

 

Figure 4.133 UV/Vis spectra for the photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 

The degradation process is completed in 40 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.45. 

Table 4.45 Degradation data for Endosulfan using NixZn1-xS doped CeO2-ZnO 

nanocomposites doped with 4 mmol% Ni2+ (NCZ3) under UV irradiation. 

Time 

(min) 
Absorbance lnA A-A∞ ln(A-A∞) At/Ao ln(At/Ao) [1-(At/Ao)]x100 

0 1.64 0.49 1.63 0.49 1.00 0.00 0.00 
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2 1.63 0.49 1.63 0.49 1.00 0.00 0.21 

4 1.49 0.40 1.48 0.39 0.91 -0.10 9.30 

6 1.44 0.36 1.43 0.36 0.88 -0.13 12.18 

8 1.33 0.28 1.32 0.28 0.81 -0.21 19.08 

10 1.31 0.27 1.30 0.26 0.80 -0.23 20.16 

12 1.22 0.20 1.22 0.20 0.75 -0.30 25.53 

14 1.14 0.13 1.13 0.12 0.69 -0.37 30.66 

16 1.11 0.10 1.10 0.10 0.68 -0.39 32.52 

18 1.02 0.02 1.01 0.01 0.62 -0.48 37.90 

20 0.97 -0.03 0.96 -0.04 0.59 -0.53 40.97 

22 0.93 -0.07 0.93 -0.07 0.57 -0.56 43.00 

24 0.90 -0.11 0.89 -0.11 0.55 -0.60 45.26 

26 0.83 -0.19 0.83 -0.19 0.51 -0.68 49.26 

28 0.76 -0.27 0.76 -0.28 0.47 -0.77 53.47 

30 0.85 -0.17 0.84 -0.17 0.52 -0.66 48.30 

32 0.75 -0.28 0.75 -0.29 0.46 -0.78 53.91 

34 0.72 -0.34 0.71 -0.34 0.44 -0.83 56.35 

36 0.64 -0.45 0.63 -0.46 0.39 -0.94 61.10 

38 0.55 -0.60 0.55 -0.61 0.34 -1.09 66.49 

40 0.47 -0.76 0.47 -0.77 0.29 -1.25 71.34 
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Figure 4.134 Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Endosulfan using NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 

 

Figure 4.135 %Degradation plot of photocatalytic degradation of Endosulfan using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 

Figure 4.134 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for λmax 213. The reaction is assumed as pseudo-first order and the rate was 2.8 x 10-
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2 min-1. Figure 4.135 shows the percentage of degradation of Endosulfan with the relevance 

of time at λmax 213 nm is 71% respectively. 

4.4.10 Photocatalytic Degradation of Dimethoate of NixZn1-xS Doped 

CeO2-ZnO Nanocomposites 

The photocatalytic degradation of Dimethoate by using NixZn1-xS doped CeO2-ZnO 

nanocomposites as a catalyst is measured by scanning kinetic mode in UV/Vis 

spectrophotometer. In literature, two λmax are reported for Dimethoate at 210 nm and 203 

nm. In this study, λmax 210 nm is used to evaluate the catalytic activity of NixZn1-xS doped 

CeO2-ZnO and degradation of Dimethoate. All absorbance scans were taken after the 

addition of photocatalysts. The data from these scans was further used to calculate the rate 

and %degradation of Dimethoate. 

4.4.10.1 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ1) against Dimethoate 

 

Figure 4.136 UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 
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The degradation process is completed in 135 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.46 

Table 4.46  Degradation data for Dimethoate using NixZn1-xS doped CeO2-ZnO 

nanocomposites with 1 mmol% Ni+2 under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA  A-A∞  ln(A-A∞)  At/Ao [1-(At/Ao)]x100  ln(At/Ao) 

6.8 3.58 1.28 0.52 -0.65 1.00 0.00 0.00 

10 3.57 1.27 0.51 -0.68 1.00 0.40 0.00 

20 3.38 1.22 0.32 -1.13 0.94 5.59 -0.06 

25 3.36 1.21 0.30 -1.19 0.94 6.14 -0.06 

30 3.29 1.19 0.23 -1.47 0.92 8.16 -0.09 

35 3.24 1.18 0.18 -1.71 0.90 9.57 -0.10 

45 3.26 1.18 0.20 -1.59 0.91 8.91 -0.09 

55 3.23 1.17 0.17 -1.78 0.90 9.91 -0.10 

60 3.21 1.17 0.15 -1.87 0.90 10.29 -0.11 

65 3.18 1.16 0.12 -2.13 0.89 11.28 -0.12 

70 3.15 1.15 0.09 -2.41 0.88 12.09 -0.13 

75 3.13 1.14 0.07 -2.61 0.87 12.56 -0.13 

85 3.13 1.14 0.07 -2.65 0.87 12.63 -0.14 

90 3.12 1.14 0.06 -2.80 0.87 12.90 -0.14 

100 3.11 1.14 0.06 -2.91 0.87 13.08 -0.14 

110 3.09 1.13 0.03 -3.38 0.86 13.65 -0.15 

125 3.08 1.13 0.02 -3.77 0.86 13.96 -0.15 

130 3.08 1.13 0.02 -3.93 0.86 14.06 -0.15 

135 3.06 1.12 0.00 0.00 0.85 14.61 -0.16 
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.  

Figure 4.137  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 

 

Figure 4.138  %Degradation plot of photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 1 mmol% Ni+2. 

Figure 4.137 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for 210 nm λmax. The reaction is assumed as pseudo-first order and the rates for λmax 
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210 nm is 25.5 x 10-3 min-1. Figure 4.138 shows the percentage of degradation of 

Dimethoate with the relevance of time at λmax = 210 nm is 14%.  

4.4.10.2 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ2) against Dimethoate 

 

Figure 4.139 UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2
. 

The degradation process is completed in 276 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.47 

Table 4.47 Degradation data for Dimethoate using NixZn1-xS doped CeO2-ZnO 

nanocomposites with 2 mmol% Ni+2 under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA  A-A∞  ln(A-A∞)  At/Ao [1-(At/Ao)]x100  ln(At/Ao) 

0 2.68 0.99 0.97 -0.04 0.82 18.45 -0.20 

66.7 3.29 1.19 1.57 0.45 1.00 0.00 0.00 

84.9 2.97 1.09 1.25 0.22 0.90 9.81 -0.10 
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92.7 3.13 1.14 1.41 0.34 0.95 4.96 -0.05 

104 2.91 1.07 1.19 0.17 0.88 11.66 -0.12 

135 2.60 0.96 0.89 -0.12 0.79 20.91 -0.23 

154 2.42 0.89 0.71 -0.35 0.74 26.33 -0.31 

173 2.26 0.81 0.54 -0.62 0.69 31.46 -0.38 

197 2.11 0.75 0.39 -0.94 0.64 35.90 -0.44 

218 1.93 0.66 0.21 -1.54 0.59 41.31 -0.53 

245 1.84 0.61 0.12 -2.11 0.56 44.14 -0.58 

276 1.72 0.54 0.00  0 0.52 47.81 -0.65 

 

Figure 4.140  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2. 
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Figure 4.141  %Degradation plot of photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 2 mmol% Ni+2. 

Figure 4.140 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for 210 nm λmax. The reaction is assumed as pseudo-first order and the rates for λmax 

210 nm is 13.8 x 10-3 min-1. Figure 4.140 shows the percentage of degradation of 

Dimethoate with the relevance of time at λmax = 210 nm is 47.8%.  
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4.4.10.3 Photocatalytic Activity of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites (NCZ3) against Dimethoate 

 

Figure 4.142 UV/Vis spectra for the photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 

The degradation process is completed in 235 min and the data obtained from the scanning 

kinetics measurement is tabulated in Table 4.48 

Table 4.48 Degradation data for Dimethoate using NixZn1-xS doped CeO2-ZnO 

nanocomposites with 4 mmol% Ni+2 under UV irradiation at λmax = 210 nm.  

Time 

(min) 
Absorbance  lnA  A-A∞  ln(A-A∞)  At/Ao [1-(At/Ao)]x100  ln(At/Ao) 

10 3.30 1.19 1.71 0.54 1.00 0.00 0.00 

20.8 2.38 0.93 0.79 -0.23 0.76 23.61 -0.27 

35 2.52 0.87 0.94 -0.07 0.72 27.89 -0.33 

56.6 2.41 0.88 0.83 -0.19 0.73 26.91 -0.31 

70 2.35 0.81 0.77 -0.27 0.68 31.97 -0.39 

91.8 2.25 0.86 0.66 -0.42 0.71 28.73 -0.34 
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120 2.16 0.77 0.57 -0.56 0.65 34.69 -0.43 

136 2.14 0.76 0.55 -0.59 0.65 35.20 -0.43 

144 2.08 0.73 0.50 -0.70 0.63 36.87 -0.46 

155 2.04 0.71 0.45 -0.79 0.62 38.22 -0.48 

171 1.92 0.73 0.34 -1.09 0.63 37.45 -0.47 

198 2.07 0.60 0.48 -0.74 0.55 44.77 -0.59 

209 1.82 0.65 0.24 -1.44 0.58 41.71 -0.54 

235 1.75 0.53 0.17 -1.79 0.52 48.42 -0.66 

 

Figure 4.143  Plot of ln(A-A∞) versus time for the rate of the photocatalytic degradation 

of Dimethoate using NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 
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Figure 4.144  %Degradation plot of photocatalytic degradation of Dimethoate using 

NixZn1-xS doped CeO2-ZnO nanocomposites with 4 mmol% Ni+2. 

Figure 4.143 shows the rate determined by the slope of plot drawn between ln(A-A∞) and 

time for 210 nm λmax. The reaction is assumed as pseudo-first order and the rates for λmax 

210 nm is 9.6 x 10-3 min-1. Figure 4.144 shows the percentage of degradation of Dimethoate 

withthe relevance of time at λmax = 210 nm is 48%.  

4.4.11 Nanoparticle Size Analysis of NixZn1-xS Doped CeO2-ZnO 

Nanocomposites 

Sample Particles Stock solutions were prepared by taking an appropriate amount (2 mg) of 

the sample in 10 mL water and ultrasonicated for 15 min to make a homogenous solution 

(for the device to acquire enough counts per second). Then 40 µL sample stock solution 

was transferred to a 1 mL cuvette and filled the rest with methanol and subjected for 

analysis in particle size analyzer. 
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4.4.11.1 Particle Size Analysis of NixZn1-xS Doped CeO2-ZnO Nanocomposites 

(NCZ1) 

 

Figure 4.145 Particle size analyzer graph presenting the differential and cumulative 

distribution of 1 mmol% Ni2+ doped CeO2-ZnO nanocomposites (NCZ1). 

Table 4.49  Particle size distribution 1 mmol% Ni2+ doped CeO2-ZnO nanocomposites 

(NCZ1) measured from DLS.  

D50 60.1 nm D10 27.5 nm D97 97.0 nm  

D[4,3] 69.4 nm D16 34.4 nm D100 177 nm 

D[3,2] 58.3 nm D25 42.7 nm Cumulative Size 2.02 x 103 nm 

D[1,0] 29.5 nm D75 74.0 nm Specific Surface Area 34.27 m2/g 

D3 15.8 nm  D84 79.3 nm Polydispersity 0.35 

D6 21.6 nm  D90 85.2 nm  Polydispersity Index 0.35 

The median particles size (D50) of 1 mmol% Ni2+ doped CeO2-ZnO nanocomposites is 

4830 nm. The average particle size measured from volume average on particle size 

distribution (D[4, 3]) is 39.1 nm. The specific surface area is 51.63 m2/g. 
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4.4.11.2 Particle Size Analysis of NixZn1-xS Doped CeO2-ZnO Nanocomposites 

(NCZ2) 

 

Figure 4.146 Particle size analyzer graph presenting the differential and cumulative 

distribution of 2 mmol% Ni2+ doped CeO2-ZnO nanocomposites (NCZ2). 

Table 4.50  Particle size distribution 2 mmol% Ni2+ doped CeO2-ZnO nanocomposites 

(NCZ2) measured from DLS.  

D50 4.8 x 103 nm D10 4.1 x 103 nm D97 5.8 x 103 nm  

D[4,3] 155 nm D16 4.2 x 103 nm D100 6.3 x 103 nm 

D[3,2] 145 nm D25 4.4 x 103 nm CumulativeSize 2.5 x 103 nm 

D[1,0] 143 nm D75 5.1 x 103 nm Specific Surface Area 13.7 m2/g 

D3 3.7 x 103 nm  D84 5.3 x 103 nm Polydispersity 0.2 

D6 4.02 x 103 nm  D90 5.5 x 103 nm  Polydispersity Index 0.08 

The median particles size (D50) of 2 mmol% Ni2+ doped CeO2-ZnO nanocomposites is  

4765 nm. The average particle size measured from volume average on particle size 

distribution (D[4, 3]) is 155 nm. The specific surface area is 13.74 m2/g. 
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4.4.11.3 Particle Size Analysis of NixZn1-xS Doped CeO2-ZnO Nanocomposites 

(NCZ3) 

 

Figure 4.147 Particle size analyzer graph presenting the differential and cumulative 

distribution of 4 mmol% Ni2+ doped CeO2-ZnO nanocomposites (NCZ3). 

Table 4.51  Particle size distribution 4 mmol% Ni2+ doped CeO2-ZnO nanocomposites 

(NCZ3) measured from DLS.  

D50 998 nm D10 216 nm D97 1.5 x 103 nm  

D[4,3] 241 nm D16 680 nm D100 1.9 x 103 nm 

D[3,2] 188 nm D25 811 nm Cumulative Size 2.8 x 103 nm 

D[1,0] 168 nm D75 1.2 x 103 nm Specific Surface Area 51.6 m2/g 

D3 168 nm  D84 1.3 x 103 nm Polydispersity 0.41 

D6 189 nm  D90 1.4 x 103 nm  Polydispersity Index 0.04 

The median particles size (D50) of 4 mmol% Ni2+ doped CeO2-ZnO nanocomposites is 

60.1 nm. The average particle size measured from volume average on particle size 

distribution (D[4, 3]) is 69.4 nm. The specific surface area is 34.27 m2/g. The reason for 

this vast difference in median and average particles size is the inhomogeneity in particle 

size distribution.  
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Conclusion 

CeO2-ZnO nanocomposites are synthesized with the magnetic stirring method and 

hydrothermal method. In the former method, the samples are prepared at four different pH 

(6, 7, 8 and 9), while in the hydrothermal method only pH 9 was used. The increasing 

basicity of reaction results in nanocomposites free from impurities like sulfates but the 

particle size increased. However, the crystallite size and nanoparticle size decreased with 

increasing pH. The CeO2-ZnO nanocomposites prepared at hydrothermal conditions has 

the least amount of impurities detected in FTIR analysis and that is why the 

nanocomposites prepared from this method were subsequently used as a base material for 

doping of metal sulfides.  

Three different metal oxides CdS, Cu1.8S and Ni0.03Zn0.97S are doped on CeO2-ZnO 

nanocomposites via hydrothermal method. Effect of dopants and its concentration (Table 

3.2-3.4) on the structural and optical and catalytic properties of CeO2-ZnO nanocomposites 

are evaluated by using various characterization techniques. X-ray diffraction technique and 

Reitveld refinement evaluated the structural and crystal lattice properties of 

nanocomposites. The texture coefficient calculation showed that doping of Cu1.8S and 

Ni0.03Zn0.97S on CeO2-ZnO nanocomposites increase the degree of preferred orientation 

along with (101) and (100) crystalline plane respectively. Further, the crystallite size 

calculated from the Williamson-Hall equation is also showing dependence on doping 

concentration of CdS, Cu1.8S and Ni0.03Zn0.97S. The crystallite size is increasing with a high 

doping concentration of CdS and Ni0.03Zn0.97S but starts decreasing with increasing 

concentration of Cu1.8S dopant.  

In TEM analysis, the distortion in CeO2 lattice is evident which is later confirmed by 

oxygen vacancies determined by lattice constant of CeO2. The lattice constants of CeO2 

and ZnO in CdS, Cu1.8S and Ni0.03Zn0.97S doped CeO2-ZnO nanocomposites are relatively 

larger than the undoped CeO2-ZnO nanocomposites. The oxygen vacancy calculation 

shows that an increase in doping concentration is decreasing the number of oxygen 

vacancies in doped samples. The lattice expansion of CeO2-ZnO nanocomposites could 
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have resulted from the dopant ions occupying interstitial lattice sites, leading to lattice 

defect.  Further increase in dopant concentration can cause lattice contraction due to the 

substitution of dopant ions on CeO2-ZnO nanocomposites lattice, which results in large 

particle size, wide band gap and reduced catalytic activity.  

The photoluminescence results show the peaks due to the surface disruptions and lattice 

defects in nanocomposites. These peaks are observed due to various factors present in 

nanocomposites like oxygen vacancies produced by Ce3+, intrinsic zinc and sulfur. The 

excitation wavelength of different energies gives the peaks from the surface as well from 

depth. The near-band edge emissions (390-398 nm) are quenched by the inhibition of 

electron-hole recombination from the conduction band to the valence band. The 

photoluminescence quenching and red shifting of peaks occur with the increasing dopant 

(CdS, Cu1.8S and Ni0.03Zn0.97S) concentration. The bandgap energy is highest (3.94 eV) for 

undoped CeO2-ZnO nanocomposite. It gradually decreases with the doping, but large 

dopant concentration also results in high band gap energy. The smallest bandgap energy is 

observed for CdS doped CeO2-ZnO nanocomposite.  

The photocatalytic activity of CeO2-ZnO nanocomposite and metal sulfide (CdS, Cu1.8S 

and Ni0.03Zn0.97S) doped CeO2-ZnO nanocomposite is measured against organochlorine 

(Endosulfan, λmax = 213 nm) and organophosphorus (Dimethoate, λmax = 210 nm) 

pesticides. These nanocomposites have shown high catalytic efficiency against Endosulfan 

as compared to Dimethoate. Dopant concentration, the crystallite size of the 

nanocomposites, band gap and number of oxygen vacancies present in nanocomposites are 

the contributing factors in the enhancement of photocatalytic efficiency. The 

nanocomposites with least dopant concentration (1 mmol% CdS and Ni0.03Zn0.97S) degrade 

Endosulfan and Dimethoate with the highest rate constant of 164.9 x 10-3 min-1 and 25.5 x 

10-3 min-1 respectively. The Cu1.8S doped CeO2-ZnO nanocomposites show different 

catalytic behavior as compared to CdS and Ni0.03Zn0.97S doped CeO2-ZnO nanocomposites. 

In these samples, the number of oxygen vacancies increase with the increase in dopant 

concentration and so the photocatalytic activity. Metal sulfide doped CeO2-ZnO 
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nanocomposite have shown overall high catalytic activity against Endosulfan and 

Dimethoate pesticides as compared to the undoped CeO2-ZnO nanocomposites. 

This work has various prospects with respect to the modification in structural, optical and 

photocatalytic properties of nanocomposites. The nanocomposites can be further used to 

degraded other pesticides used in agriculture (Chlorpyrifos, Malathion, Cypermethrin, 

Deltamethrin, Dieldrin etc.) 
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