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ABSTRACT 

 

This study explores the impact of defects on the structural, photoluminescent, and 

photocatalytic behaviors of ZnS nanoparticles synthesized by two methods: 

hydrothermal and microwave-assisted co-precipitation method. The defects are 

induced by varying stoichiometric ratio and by doping rare earth elements. 

In the hydrothermal synthesis method, point defects were introduced by varying the 

S/Zn molar ratio and doping with Ce, La, and Y. These modifications led to the 

formation of sulphur vacancies and sulphur dangling bonds, which play a crucial 

role in enhancing photocatalytic activity under visible light. The sulphur defect 

states and dangling bonds act as trapping sites for charge carriers, facilitating their 

separation and prolonging their lifetimes, thereby significantly improving 

photocatalytic efficiency. Photoluminescence (PL) measurements revealed an 

emission peak around 470 nm, attributed to these sulphur-related defects, further 

confirming their presence. However, the PL transitions corresponding to La, Ce, and 

Y dopants were absent in the hydrothermal samples, likely due to the overlapping of 

emission from the host material, masking the dopant-related emissions but the 

luminescence intensity tuning is possible by doping. Additionally, the doping 

process induced a phase transition from cubic to hexagonal structure, which also 

contributed to the observed changes in material properties. 

In contrast, ZnS nanoparticles synthesized using the microwave-assisted method did 

not exhibit photocatalytic activity despite their smaller crystallite size. The absence 

of sulphur-related PL emission peaks in these samples indicates lack of active 

sulphur defects, which explains their inactivity in photocatalysis. However, the PL 

spectra showed transitions corresponding to the dopants Er and Pr, reflecting the 

influence of the synthesis method on the nature and distribution of defects. 

This study highlights the importance of synthesis methods and conditions in defect 

engineering, which enhance the photocatalytic and photoluminescence activity. 

These findings provide a foundation for optimizing ZnS nanoparticles for targeted 

applications in photocatalysis and optoelectronics. 



 

  



Ó¡ŢÔ¡ 

 

ÞÔÝǋÖÜÀòÉó ËØÀ×Ê×̰¡ ÞÉÝĪÖÝÐÐâ £Ó×Є½â Ý±Ö-ʛÓ×ʔ×ÝфÒñ 
ËØÀ×Ê×̰¡ Ó¡ÝΈÒ¿¡ Ü¶ ̗ ZnS ÄÖÝÄÖ±¿×±±КÜ» ´»ÄÖÅË͚¡  , 
ÝÆÖÝƶÖÍþÉ×ÜÄÜÓʂâ, ÝÆÖÝƶÖ±ÖфÍ×ф×±â  £ɒÇɪÉÖÊ  ÓÿÈÖÐŸÜÎ̊¡   Ī×Єó  
½×Æŀ±ô  «ŸÜÄ ÇÖÃ×čɲ «ɱÀÖ¿â ¦  ³ÝÐÒ¿¡ ʛÃÖÄÉÖ̊¡ 
Å¼ÄÐ×ÝÃÊÉÖčɱÀâ. ÝЄÖÊ×Č×ÝÊÖÜÉƹ×±â £ɒÅÖÀ¡ ÐüÀüÖÓÜʔƲǲ×̊¡ ÜÌÊò 
«òǲâ «ÜÍÜÉʂâÓâ Ý½Öʔ×¡³â Ü¶̘ÉÖ¿â  ZnS  ÄÖÝÄÖ±Ö¿×±±Î×ó Ī×Єó  
½×Æŀ±ô σÒâ»×ŽÀâ. 

ÞÔÝǋÖÜÀòÉó Ó¡ÝΈÒ¿ ËØÀ×Ê×ó, S/Zn ÝÉÖÎÖò £ɒÅÖÀ¡ 
ÐüÀüÖÓÜʔƲǲ×̊¡ Ce, La, Y «ɱ×Ð §ÅÝÊÖ³×Žâ Ý½Öʔ×¡³â Ü¶̘ÉÖ¿â ÝÅÖÊ×ʂâ 
½×ÜÆĔ±ô Ä×ÝÐÑ×ʔ×ŽÀâ . ¦  ÉÖфŸô ÓôÆò ÝÐČñÓ×±ôč¡   ÓôÆò 
½Öñť×µâ  ÝÇÖǗ±КÜ»̊¡ ̮ÅØ±Ë¿ǲ×Äâ ¥»ÊÖČ×, ¥Àâ ȫÑü ʛ±ÖÑǲ×ó 
ÝÆÖÝƶÖ±ÖфÍ×ф×±â ʛÐòǲÄ¡ ÐòȲ×ʔ×čɱÀ×ó Ä×ò¿ÖÊ± ÅŵÐÔ×čɲ. 
ÓôÆò ½×ÜÆĔ±К¡   ½Öñť×µâ  ÝÇÖǗ±К¡ ¶Öò¸â ÐÖÔ±ÖòČâ  ƹÖʔ×¡³â 
ÞÓх±ÎÖÊ× ʛÐòǲ×čɲ, £Ð̊Ü» ÝÐòÀ×Ë×Ðâ ρ³ÉÉÖč±̊¡ £Ð̊Ü» 
¤̊òÞÂò´ü¡ ÐòȲ×ʔ×č±̊¡ Ü¶̫ɲ, ¥Àâ ÝÆÖÝƶÖ±ÖфÍ×ф×±â İÉÀ 
³¿üÉÖÊ× ÜÉŽÜʔƲǳɲ. Ó¡ÝΈÒ¿¡ Ü¶ ̗ ZnS ÄÖÝÄÖ±¿×±ÜÎ 
ÝÆÖÝƶÖÍþÉ×ÜÄÜÓñÓâ (PL) ѪÜÅĖ¡ §ÅÝÊÖ³×Žâ £ÅŢÁÄ¡ Ä»ǲ×ÊÝʔÖô,   
ÓôÆò Ó¡ÇɪÉÖÊ ½×ÜÆĔ±ôČâ  ±ÖË¿ÉÖÊ  470 nm Żх˲М ®  ̭§љ³ÉÄ 
Ñ×²Ë¡ ÍÈüÉÖÊÀâ, ¦  ½×ÜÆĔ±КÜ»  ÓÖɱ×Ãü¡ ĈƲÀó Ϣ×ËØ±Ë×ž. 
«ɱ×̭ɱÖ̰¡, La, Ce, Y Ý½Öʔʃ±ôČâ £ɒÝÊÖ¸üÉÖÊ PL ÅË×ÐòǲÄŸô 
ÞÔÝǋÖÜÀòÉó ÓÖ˹×К±Î×ó ÍÈüÉÖÊ×͗ , ÝÔÖЄâ ÜÉфØË×ÊÍ×ó Ä×ɲМ 
§љ³ÉÄǲ×Üʂ £À×ÐüÖÅÄ¡  ±ÖË¿¡, Ý½Öʔʂâ Ó¡ÇɪÉÖÊ §љ³ÉÄŸô 
ȫÑüÉÖ͚ɱ×͗, «ɱÖó Ý½Öʔ×¡³â Ü¶̫ɱÀ×̱Ü» ÍþÉ×ÜÄÜÓñÓâ ÀØ͝À  
ĪÉØ±Ë×čÐÖñ  ±Ï×̊¡. Ĉ»ÖÜÀ, Ý½Öʔ×¡³â ʛĪ×Ê ±þÇ×Č×ó Ä×ɲ¡  
ÜÔĻ³¿ó ´»ÄÊ×ÝÍčМ ´»ÄÖÅËÉÖÊ ÅË×ÐòǲÄǲ×Äâ ±ÖË¿ÉÖÊ×, ¥Àâ 
ÜÉфØË×Êó Ņ¿ŸÎ×ÜÍ ÉÖфŸôč¡ ±ÖË¿ÉÖÀÖÊ× Ä×ËØİ×ČÜÅƷ. 

ÉтÐÑǲâ, ÞÉÝĪÖÝÐÐâ £Ó×Є½â ËØÀ× §ÅÝÊÖ³×Žâ Ó¡ÝΈÒ¿¡ Ü¶ ̗ ZnS 
ÄÖÝÄÖ±¿×±ŸôČâ £Ð̊Ü» Ü¶Ì×Ê Ī×ЄÞÍфâ ÐÍ×ʔ¡ §ǖÖÊ×Ʒ¡ 
ÝÆÖÝƶÖ±ÖфÍ×ф×±â ʛÐòǲÄ¡ ±Ö¿×Ž×͗. ¦  ÓÖ˹×К±Î×ó ÓôÆò 
Ó¡ÇɪÉÖÊ PL §љ³ÉÄ Ñ×²ËŸКÜ» £ÈÖÐ¡ Ó¸ØÐÉÖÊ ÓôÆò ½×Æŀ±КÜ» 
£ÈÖÐÜǲ ς¶×ʔ×čɲ, ¥Àâ ÝÆÖÝƶÖ±ÖфÍ×Ó×Ó×ó £Ð̭Ü» Ä×Ο×ÊÀ 
Ð×ÑÂØ±Ë×čɲ. «ɱ×̭ɱÖ̰¡, PL ѪÜÅĖ¡  Er, Pr Ý½Öʔʃ±ôČâ   



£ɒÝÊÖ¸üÉÖÊ ÅË×ÐòǲÄŸô ±Ö¿×ŽÀâ  ½×Æŀ±КÜ» ÓÿÈÖÐǲ×̰¡ 
Ð×ÀË¿ǲ×̰¡ Ó¡ÝΈÒ¿ ËØÀ×̊Ü» ÓÿÖÃØÄÜǲ ʛÀ×ÆÍ×ʔ×čɲ. 

¦  Å¼Ä¡ ½×ÜÆĿâ «Ƥ×ÄØÊÌ×¡³×ó Ó¡ÝΈÒ¿ ËØÀ×±КÜ»̊¡ £Ð̊Ü» 
ÓÖÔ¶ËüŸКÜ»̊¡  ʛÖÃÖÄü¡ £»×ÐËÊ×Ʋɲ.  ¥Àâ ÝÆÖÝƶÖ±ÖфÍ×ф×±â, 
ÝÆÖÝƶÖÍþÉ×ÜÄÜÓñÓâ ʛÐòǲÄ¡ ÐòȲ×ʔ×čɲ. ¦  ±Üǖǲ̰±ô,   
ÝÆÖÝƶÖ±ÖфÍ×Ó×Óâ, ®ќÝфÖ¥ÍÝĖÖ¿×Ļâ «ɱØ ÝÉ²Í±Î×ó ZnS 
ÄÖÝÄÖ±¿×±Ÿô ¯ќф×ÞÉÓâ Ü¶Ý̪ǖÀ×Üʂ ʛÖÃÖÄü¡ ÜÐÎ×ÐÖčɲ.  

 

 

 

 

  



PREFACE 

 

Zinc sulphide (ZnS) nanoparticles have attracted a lot of attention in 

nanotechnology due to their distinctive features and prospective uses in a variety of 

industries. The research of ZnS nanoparticles and their photoluminescence 

behaviour has yielded useful information on their optical characteristics and possible 

applications in optoelectronic devices. ZnS nanoparticles have also demonstrated 

significant possibilities in the breakdown of organic contaminants through their 

photocatalytic activity, which makes them a viable option for water and 

environmental clean-up. 

Water shortage is a significant global concern that affects millions of people. 

Water purification technologies need to be sustainable and efficient in order to meet 

the growing demand for safe and clean drinking water. In the area of water 

purification, semiconductors have shown great promise, especially when used as 

photocatalysts. These materials, such as zinc sulphide (ZnS) nanoparticles, have the 

potential to transform solar energy into chemical energy, which is then used to 

degrade organic contaminants and purify water. The photocatalytic characteristics of 

semiconductors may be used to effectively remove hazardous impurities from water, 

providing a cost-effective and ecologically friendly solution to water scarcity.  

 Photoluminescence is important in optoelectronic applications because it 

generates and manipulates light. It is a phenomenon in which a substance generates 

longer-wavelength light after absorbing photons. This characteristic is extremely 

useful in a variety of optoelectronic devices, including light-emitting diodes (LEDs), 

lasers, solar cells and sensors. LEDs emit light efficiently and brightly by using 

photoluminescence to transform electrical energy into light. In lasers, it permits light 

amplification via stimulated emission, resulting in a coherent and powerful beam. 

Photoluminescence helps solar cells by facilitating the effective conversion of 

sunlight into electrical energy. Furthermore, photoluminescence is important in 

sensors because it allows for the detection and measurement of light, which 

facilitates applications in imaging, spectroscopy and optical communication. 



The present work focuses on the introduction of defects into ZnS 

nanoparticles and the resulting modifications in optical, structural and photocatalytic 

properties. To introduce point defects, vary the stoichiometric ratio of ZnS and use 

rare earth elements as external dopants. Two distinct synthesising techniques were 

employed in this method 1) Hydrothermal technique and 2) microwave-assisted co-

precipitation method. The first work of this thesis uses a low-temperature 

hydrothermal method to synthesise ZnS nanoparticles with various S/Zn molar 

ratios. Zn and S defects are introduced into the ZnS crystal using defect engineering, 

which modifies the band structure of the material. Size strain graphs, Raman 

analysis and XRD are used to investigate how crystal defects affect the structural 

properties of the nanoparticles. The S/Zn molar concentration is shown to have an 

impact on the band gap of the nanoparticles. The fourth chapter focuses on the easy 

and efficient way to synthesise quantum dots-like ZnS nanoparticles using the 

microwave-assisted synthesis method at various CTAB concentrations. FT-Raman 

spectroscopy and X-ray diffraction confirm the formation of ultra-low-dimensional 

monophasic ZnS nanoparticles. The synthesised ZnS nanoparticles are appropriate 

for optoelectronic devices because of their tiny dimension, high energy gap, high 

dielectric constant and low loss values. 

 In Chapter 5, point defects created by Er doping on ZnS nanoparticles are 

discussed using a cost-effective microwave-assisted co-precipitation method. The 

structural, morphological, optical, dielectric and photoluminescent properties of the 

produced samples were investigated using a variety of characterisation techniques. 

In contrast to ZnS NP synthesised by hydrothermal technique, ZnS NP with point 

defects created by Er doping does not exhibit photocatalytic activity. 

 The main topic of Chapter 6 is the doping of ZnS nanoparticles with Pr to 

introduce point defects. The XRD pattern, the FESEM, Raman spectrum and the 

HRTEM investigation all support the development of the nanoparticles in the cubic 

phase. Photoluminescent emission peaks corresponding to Pr
3+

 transitions are 

studied using PL spectra. The energy gap values were measured by the Kubelka-

Munk technique for the samples. Due to their low dimension, high energy gap, high 

dielectric constant and low loss values, the synthesised NPs are suitable for 

optoelectronic devices. Pr doped ZnS nanoparticles also not showing photocatalytic 

activity either in visible or in UV region. 



 Chapter 7 focuses on the synthesis using the hydrothermal method and 

introduction of point defects by La doping. XRD and Raman spectroscopy studied 

the phase transition during doping. Morphological studies were done using SEM and 

TEM, whereas the presence of necessary elements is verified by EDAX. The visible 

light photocatalytic studies of samples were also studied. The amount of point 

defects introduced has modified the PC activities of ZnS samples. While there are no 

dopant-specific transitions in the PL spectra, the host material can still affect the 

overall luminescence of nanoparticles. The results provide insight into potential uses 

of La-doped ZnS nanoparticles in optoelectronics and other fields, including water 

purification. 

 In Chapter 8, point defects are introduced by Ce doping and the synthesis is 

carried out by the hydrothermal method. The phase change during doping was 

investigated using XRD and Raman spectroscopy. Both TEM and SEM techniques 

were used for morphological investigations and EDAX confirms the existence of 

required elements. The photocatalytic investigations of samples under visible light 

were also examined. The PC activities of ZnS samples are modified by the amount 

of point defects added. The total luminescence of nanoparticles can be influenced by 

the host material even when the PL spectra do not show any dopant-specific 

transitions. The results give insight into the possible application of Ce doped ZnS 

nanoparticles in optoelectronics and other domains, including water purification. 

 In Chapter 9, Y-doped ZnS nanoparticles were synthesised utilising the 

hydrothermal technique. XRD and Raman spectroscopy were utilised to evaluate the 

phase shift caused by Y doping. The existence of the necessary elements was 

verified by EDAX and morphological investigations were carried out using TEM 

and SEM. The quantity of additional point defects altered the photocatalytic activity 

of the ZnS samples doped with Y. Even in the absence of dopant-specific transitions 

in the PL spectra, the host material can affect the overall luminescence of the 

nanoparticles. The possible uses of Y-doped ZnS nanoparticles in optoelectronics 

and water purification are affected by these discoveries. 
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This chapter covers the fundamentals of nanoscience, the properties of nanomaterials, their 

various types, the factors that influence their properties, the uses of nanoparticles, defect 

engineering and a brief overview of the research literature on Zinc sulphide and rare earth 

elements. The chapter also covers the significance and primary goals of the thesis. 
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1.1 Introduction  

1.1.1 Nanomaterials 

Nanotechnology or nanoscience is the branches of research in which the 

researchers manipulating matter at the molecular or atomic level to achieve material 

with significantly improved physical and chemical properties. Now a days 

nanomaterial has great interest, because at the nano regime surface effects and 

quantization begin to make remarkable change in the measured properties of semi -

conductor nanomaterials. Semiconducting nanomaterials have a number of 

applications in daily life. Materials with dimension 1-100 nm at least in one 

dimension are normally considered as nanoparticles 
[1]

 
[2] [3]

. These nanomaterials 

have applications in the development of devices and macroscopic research
[4]

. Based 

on the shape, Nanostructures can be classified into Two-Dimensional, One-

Dimensional, Zero Dimensional. There is large number applications which could be 

realised reducing the existing size of the structures in to nanometer size
[5]

. 

This study intends to shed light on the fundamental mechanisms that govern 

the behaviour of ZnS nanomaterials, enabling a better knowledge and opening the 

way to exploiting their full potential in a variety of applications. 

1.1.1.1 Properties of Nanomaterials 

Nanomaterials have exceptional characteristics that set them apart from their 

bulk counterparts. The increasing surface-to-volume ratio at the nanoscale causes 

dramatic quantum confinement effects, resulting in unique electrical, optical and 

magnetic characteristics. These size-dependent features have attracted enormous 

attention and resulted in ground-breaking nanotechnology research. 

(i)  Optical Properties: When compared with bulk materials, the optical 

characteristics of nanoparticles may differ significantly 
[6]

. The optical 

properties of nanomaterials can be modified by changing size, shape and 

surface behaviour and those materials can be make use for various 

applications 
[7]

. There are different techniques for achieving this modification 

depending on the arrangement, sizes and orientation. The optical properties 

of nanomaterials are mainly governed by their electronic structure
[8]

. Due to 

their unique optical characteristics, nanomaterials are vital components in 

sensors, imaging systems and photovoltaic systems.
[9]

. 
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(ii)   Electronic Properties: The electronic properties of nanomaterials are unique 

due to their small size and high surface to volume ratio. Nanomaterials with 

desired conductivity and band gap can be developed by changing the size
[10]

, 

shape
[11]

 and composition of nanoparticles
[12]

. Highly-conductive 

nanomaterials are employed in electronics 
[13]

 and energy storage devices 
[14]

 

due to their high charge carrier mobility and surface area 
[15]

. The behaviour 

and arrangement of electrons within an atom or molecule describes the 

electronic properties of that material.
[16]

. Quantum confinement causes 

distinct energy levels in nanomaterials, altering their electronic structure. 

This impact has resulted in the creation of nano electrical devices with 

unrivalled performance
[17]

. 

(iii)  Mechanical Properties: Nanomaterials have high mechanical strength and 

flexibility, making them suitable for reinforcing applications in composites 

and lightweight materials
[18]

. Materials have better mechanical properties as 

their size decreases. From a thermodynamic perspective, crystal defects are 

extremely energetic and should be removed from ideal crystal structures. 

Such reduction of defects is made possible by small size. Furthermore, 

temperature gradients and other inhomogeneities during the synthesis and 

processing of bulk materials can lead to stresses that result in imperfections 

like dislocations
[18]

. In nanomaterials, these stresses and imperfections are 

unlikely to arise. 

(iv)  Chemical Reactivity: Owing to their large surface area and unsaturated 

surface bonding, nanomaterials are good catalysts for a variety of chemical 

processes
[19]

. Smaller nanocrystals with larger surface areas have larger 

reaction regions, whereas smaller ones have smaller diffusion barriers
[20]

. 

These unique nanoscale phenomena permit numerous chemical reactions to 

occur at mild conditions, which is not conceivable for bulk materials and are 

beneficial to chemical change in kinetics. 

(v)  Electrical Properties: Electrical properties include characteristics like 

resistance and conductivity. Similar to optical or magnetic characteristics, 

these properties have been seen to change at the nanoscale
[21]

. The electrical 

properties of nanoparticles are mainly associated with the mobility of charge 

carriers. Both the quantum-size effect and the quantum confinement effect 
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are inevitable when a material's dimensions are lowered to the nanoscale 

range. Certain voltage can lead some conductive metal nanoparticles to 

become nonconductive due to the quantization of electron energy
[11]

. In 

many applications, such as electronics, energy storage and sensing, the 

electrical characteristics of nanoparticles are essential. 

(vi)  Magnetic Properties: Large surface area to volume ratios in magnetic 

materials result in a wide range of magnetic properties. Non-magnetic 

materials can become magnetic at the nanoscale. Magnetic materials are 

classified based on how they respond to an external magnetic field. Materials 

are categorised as diamagnetic, paramagnetic, ferromagnetic, 

antiferromagnetic, or ferrimagnetic based on the direction of the magnetic 

moments. At the nanoscale, a single particle may be considered as a single 

magnetic domain. In nanoscale, the magnetic behaviour is demonstrated by a 

nanoparticle that has a high concentration of atoms of a certain element 

[22][23]
. This domain structure has size-dependent magnetic properties. The 

size of magnetic domains inside magnetic nanoparticles can also be 

influenced by other variables, including super exchange forces and particle 

shape. Researchers have shown that coercivity increases to a maximum when 

particle size lowers and then drops again, leading to zero
[24]

. 

1.1.1.2 Different Types of Nanomaterials 

The chemical composition, size and shape of nanomaterials all have a 

significant effect on their characteristics. This thesis concentrates on nanoparticles 

and Quantum dots. 

(i)  Nanoparticles: Nano-sized particles composed of metals, metal oxides, or 

organic compounds
[25]

. They are used in medicine delivery, catalysis and 

environmental cleanup. The SEM image of nanowires is shown Figure 1.1a. 

(ii)  Nanowires and Nanotubes: One-dimensional nanomaterials having distinct 

electrical and mechanical characteristics that are useful in nanoelectronics 

and nanocomposites
[26]

. Figure 1.1b shows the 3-D illustration of carbon 

nanotube.  
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a)     b)  

Figure 1.1- a) Nano wires 
[27]

 b) Nano tubes 
[28]

 

(iii)  Nanocomposites: Nanomaterials combined with bulk materials to form 

hybrid structures with customised characteristics
[29]

. 

(iv)  Quantum Dots: Quantum dots are zero-dimensional advanced materials
[30]

. 

Quantum dots are promising due to their nanoscale size and ability to be 

customised for specific applications such as computers
[31]

, electro-optical 

devices
[32]

 and nonlinear optical devices
[33]

 . Semiconductor nano crystals 

with programmable bandgaps used in displays and biological imaging
[34]

. 

(v)  Nanostructured Thin Films: Thin films having nano-scale shapes that 

provide improved mechanical and electrical qualities for advanced coatings 

and electronic devices
[35]

. The AFM image of thin film is shown in Figure 

1.2. 

 

Figure 1.2 AFM image of thin Film 
[36]
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1.1.1.3 Factors Affecting Properties of Nanomaterials 

Understanding as well as controlling the characteristics of nanomaterials is 

critical for their use in real-world applications. Several factors have an impact on 

their behaviour: 

(i)  Dimensionality and Size: The size of nanomaterials has a direct impact on 

their characteristics due to quantum confinement effects. Furthermore, their 

behaviour is dictated by their dimensionality 0D, 1D, 2D, or 3D (as shown in 

the Figure 1.3) , with distinct applications originating from each kind
[37]

. 

 

Figure 1.3 Dimensionality of nanoparticles 

(ii)  Surface Chemistry: The surface of nanomaterials influences their reactivity, 

stability and interactions with their surroundings
[38]

. 

(iii)  Crystal Structure:  The arrangements of the atoms in the crystal lattice of 

nanomaterials has great influence on their optical, electrical and mechanical 

properties 
[39]

. 

(iv)  Surface Area: Higher surface area in nanomaterials gives more active 

interactions which cause for the greater reactivity and performance which 

make them suitable for various applications
[40]

. 

(v)  Synthesis Methods: The method used for the synthesis of nanomaterials has 

important effect on the shape, size and composition of nanomaterials, which 

modify the characteristics of nanomaterials 
[41]

. 
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(vi)  Physical parameters: The properties of nanomaterials are influenced by 

external variables such as humidity, temperature and the exposure to various 

radiations 
[42]

. 

The development of nanotechnology and research in nanomaterials offer 

advancements in technology and solutions for various global issues like energy 

crisis and water shortage. Analysis of different properties of nanomaterials, studies 

on various types of nanomaterials and identifying the factors affecting the properties 

of materials are the essential steps towards reaching their full potential. This study 

has immense possibilities to contribute to the arena of nanoscience which provides 

innovations that have the potentials to change our world. 

1.2 Applications of Nanoparticles: 

Owing to the enhanced physical and chemical properties nanomaterials are 

used in many industries like electronics, batteries, fuel cells, medicine and food 

processing. Few applications are listed  

1.2.1 Fuel Cell 

A fuel cell is a device that convert chemical energy to electricity from fuel 

and oxidant 
[43]

. A fuel cell consists of two electrodes and electrolyte which enables 

the movement of hydrogen ions but not the electron 
[44]

. The nanomaterials can be 

used in the fabrication of electrodes with high electrochemical properties and for 

developing electrolyte which has enhanced hydrogen ion mobility. 

1.2.2 Catalysis 

Nanoparticles have applications in many chemical reactions as a catalyst. 

Owing to their large surface area, nanomaterials have large number of active centres 

compared to bulk materials
[45]

. Nanoparticles such as ZnO 
[46]

 and TiO2 
[47]

 have 

application as photocatalyst, in which the catalyst drive chemical process by 

absorbing solar energy. Noble metal nanoparticles, such as those of platinum (Pt)
[48]

 

and palladium (Pd) 
[49]

, have outstanding catalytic activity in the field of 

electrocatalysis for fuel cell processes. In pharmaceutical synthesis, nanoparticles 
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have been utilised as catalysts for a range of organic reactions and materials like iron 

nanoparticles are used to breakdown pollutants in water and soil 
[50][51]

. It is possible 

to modify the size, shape, compositionand surface characteristics of nanoparticles to 

alter their catalytic ability  

1.2.3 Electronics and Optoelectronics: 

Nanoparticles have various applications in electronics 
[52]

 and 

optoelectronics
[53]

, making them a suitable topic to develop new products and 

technology. Nanoparticles have been used in electronics for many different 

applications due to their high conductivity 
[54]

 and adjustable band gaps, which 

enable the fabrication of high-performance transistors 
[55]

, sensors
[56]

 and memory 

devices
[57]

, Nanoparticles have shown great potential for application in 

optoelectronics 
[53]

, including light-emitting diodes (LEDs)
[58]

, solar cells 
[59]

 and 

photodetectors
[60]

, because of their tunable optical properties and effective light-

absorbing and emitting characteristics.  

1.2.4 Medical and Healthcare: 

Nanoparticles have great interest in various medical and health care 

applications. It shows the importance of research in this field for improving 

diagnostics and treatment solutions. Magnetic resonance imaging and fluorescence 

imaging. Magnetic resonance imaging (MRI) 
[61]

 and fluorescence imaging 
[62]

 are 

two diagnostic technologies that use nanoparticles to imaging for diagnosing 

diseases such as cancer. The use of nanoparticles for the drug delivery system are 

also studied 
[63]

, because it offers precise and regulated delivery of medicines to the 

infected body parts, which minimise the side effects and enhance the treatment 

effectiveness. Additionally, nanoparticles have shown possibilities in the field of 

regenerative medicine
[64]

, where tissue regeneration and repair may be enhanced by 

their unique properties and interactions with biological systems. 

1.2.5 Environmental Pollution Management 

Nanoparticles have shown important advantages in the area of environmental 

cleaning due to their distinctive characteristics and high reactivity 
[65]

. Nanoparticles 
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have been used to remove a variety of pollutants from soil and water such as 

pathogens
[66]

, heavy metals
[67]

 and organic and inorganic contaminants. The small 

size and high surface area of nanoparticles increase the interaction with pollutants, 

which improves the degradation of pollutants
[68]

. Nanoparticles can be modified 

with specific coatings or chemicals to target certain pollutant and to increase their 

effectiveness and selectivity
[69]

. The use of nanoparticles for the purpose of 

environmental remediation in the polluted areas helps the preservation and 

protection of human health and ecosystems. 

1.2.6 Surface modifications and Surface Coatings 

Nanomaterials are widely used for surface modifications
[70]

 and coatings
[71]

. 

The use of nanomaterials improvs the hardness
[72]

, corrosion resistance
[73]

 and 

scratch resistance
[74]

 of coatings. They can enhance the coating adherence, 

durability
[75]

 and strength
[76]

 of surfaces. Nanomaterial coatings provide self-

cleaning, anti-fouling
[77]

 and anti-microbial qualities 
[78]

. Modifying surfaces with 

nanoparticles can also produce superhydrophobic
[79]

 or super hydrophilic
[80]

 surfaces 

with enhanced optical properties. In general, there are several ways of using 

nanoparticles in coatings and surface modifications to enhance the efficiency and 

effectiveness of various materials and surfaces. 

1.2.7. Sensing and Detection 

The applications of nanomaterials for sensing
[81]

 and detection purpose
[82]

 

strengthen the biosensing and analytical chemistry sectors. They are ideal for the 

design of highly sensitive and selective sensing systems due to their unique 

characteristics, which include adjustable optical and electrical properties
[83]

. In 

Chemical sensing, the integration of nanoparticles with specific receptors
[84]

 or 

ligands
[85]

 helps to detect the minute amounts of poisons
[86]

, pollutants
[87]

 and 

chemicals
[82]

. Nanoparticles have been used widely in the biosensing sector to 

identify infections
[88]

, illnesses
[89]

 and biomarkers
[90]

.  

1.2.8. Food and Agriculture  

Nanoparticles have several uses in agriculture and food science 
[91]

, including 

food safety, packaging and productivity in agriculture 
[92][93][94]

. Nanoparticles can be 
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used in food safety to detect and remove pollutants like pesticides and hence 

diseases
[95]

, ensuring the safety and quality of food items
[96]

. Nanoparticles also be 

used to improve the quality of food packaging materials 
[97]

 to increase the shelf life 

of perishable foods. Conventional fertilisers can enhance plant nutrition more 

efficiently and lessen the negative impacts on the environment by using 

nanoparticles as nano fertilizers
[98]

. Nanoparticles can also be used to regulate the 

distribution of pesticides and herbicides, reducing their use and decreasing the 

probability contaminating the environment.
[99]

. 

1.3 Defect Engineering 

Defect engineering has developed as a powerful tool in materials science and 

engineering for altering material properties for specific applications 
[100]

. Defects, 

which are imperfections in the crystal lattice of materials, can have a significant 

effect on the electrical characteristics and structural characteristics 
[101]

. Researchers 

can improve numerous material qualities such as mechanical strength
[102]

, optical 

activity
[103]

 and catalytic activity
[104]

 by purposefully introducing and manipulating 

defects, leading to the development of new materials with customised 

characteristics. This introduction covers defect engineering, different types of 

defects techniques for creating defects and the influence of defects on various 

material characteristics. Table 1.1 contains a few reported literatures on defect 

engineering and improved applications for comparison. 

1.3.1 Defects in Materials: 

Crystalline materials have a periodic arrangement of atoms in their lattice, 

however pure crystals are rare in practice due to the existence of imperfections. 

Point defects, line defects (also known as dislocations), planar defects (such as grain 

boundaries and interfaces) and Volume defects are the four primary types of defects 

depending on their dimensions. 

a) Point Defects 

Point defects develop by the displacement of one or more atoms from their 

ideal lattice locations. Vacancies (missing atoms), interstitials (additional atoms) and 
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impurities (substitutional or interstitial atoms of other elements) are common forms 

of point defects
[105]

. Point defects have a significant impact on material qualities 

such as mechanical strength
[102]

, thermal conductivity
[106]

 and electrical 

conductivity
[107]

. Figure 1.4 shows the point defects in a 2D hexagonal lattice. 

   

Figure 1.4- Image of an interstitial and vacancy in a two-dimensional hexagonal lattice 

b) Line Defects 

Line defects are one-dimensional defects in the crystal lattice caused by atom 

misalignment in certain crystallographic orientations
[108]

. They are classed as either 

edge dislocations or screw dislocations
[109]

. Edge dislocations form when an 

additional half-plane of atoms is added into the crystal lattice, resulting in a step-like 

structure. Screw dislocations, on the other hand, feature a spiral-like lattice structural 

deformation
[110]

. Dislocations have a major impact on material mechanical 

characteristics, impacting metrics like as hardness, ductility and yield strength. 

c) Planar Defects 

Planar defects are two-dimensional atom arrangement irregularities such as 

grain boundaries in polycrystalline materials or interfaces in heterostructures. These 

boundaries can happen during crystal growth, as a result of deformation, or as a 

result of recrystallization
[111]

. Tilt boundaries, twist boundaries and grain boundary 

junctions are all examples of planar defects with different structures. Electrical 



Chapter 1 

 

 11 

conductivity
[112]

, corrosion resistance
[113]

 and thermal stability
[114]

 are all affected by 

planar defects. 

d) Volume Defects 

Three-dimensional atom-or vacancy-based aggregates are known as volume 

defects in crystals. Voids are the most prevalent kind of volume defect. The origin of 

voids (also known as pores) can be attributed to either vacancy condensation in the 

solid state or gases trapped during solidification
[115]

. These are often undesirable 

defects. Their main impact is to reduce mechanical strength and increase fracture 

risk under low loads. The various defects in the crystals are depicted in the Figure 

1.5 

 

Figure 1.5 Diagrammatic representation of various defects
[116] 
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1.3.2 Methods to Create Defects: 

Defects in materials can be created and managed using a variety of methods. 

(i) Ion Implantation : Ion implantation is a commonly employed technique for 

introducing controlled defects in materials
[117]

. Accelerated high energy ions are 

used for the introduction of point defects and displacements
[118]

. The depth and 

concentration of the defect may be precisely controlled by ion implantation. 

(ii)   Radiation: The high energy radiation exposure, such as X-rays or gamma rays, 

can result in defects in materials 
[119]

. This approach is helpful for researching 

how radiation-induced defects affect materials used in nuclear and space 

applications. 

(iii) Mechanical Deformation: The dislocations and other defects in the materials 

can be introduced by applying mechanical stress, which affect the hardness and 

ductility
[120]

 of the material. Methods like plastic deformation
[121]

 and cold 

working
[122]

 can be used for this. 

(iv) Annealing and Quenching: Creation and annihilation of defects can be 

achieved by controlled heating and cooling processes, which regulate the 

concentration and distribution of defects. Two widely used techniques for 

controlling defects in metals and alloys are annealing
[123]

 and quenching
[124]

. 

(v) Changing the Concentration of Precursors: By changing the concentration of 

precursors and using various stochiometric ratio during material synthesis, one 

can effectively customise the population of defects
[125]

. This method is especially 

relevant to the synthesis of nanomaterials, as defect generation is greatly 

influenced by high surface-to-volume ratios and quantum confinement effects.  

(vi)  Doping: Doping is the process of adding impurity atoms to a material during   

synthesis in order to modify its characteristics and produce point defects
[126]

. 

One common and adaptable technique for defect engineering is doping, which is 

the intentional incorporation of impurity atoms into a crystal structure of 

material. The introduction of energy levels into the bandgap of host materials by 

the dopant atoms alters the properties of the materials. 
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(vii)  Substitutional Doping: It involves the replacement of host atoms by a 

foreign element, which produce point defects and affect the thermal stability, 

optical absorption
[127]

 and electrical conductivity of the material
[128]

. This 

method is commonly used in semiconductors to alter their electronic behaviour. 

[129]
. 

Table 1.1 Delineation of several synthesis techniques for defect creation and applications 

Material  
Synthesis 

Method 

Defect 

Created 

Enhanced 

Properties 
Applications References 

ZnS Chemical 

Method 

S Vacancy, 

Zn 

Vacancy 

Green and 

Orange 

Luminescence 

Photoelectrical 

applications 

[130]
 

ZnS Hydrothermal 

Method 

Zn 

Vacancy 

charge 

separation and 

the electrons 

transfer are 

more efficient 

Visible 

Photocatalytic 

hydrogen 

evolution 

[131]
 

ZnS Modified 

Hydrothermal 

Method 

S Vacancy photosensitizati

on 

Visible light 

photocatalysis 

[132]
 

ZnS One Pot 

Hydrothermal 

method 

S Vacancy, 

Zn 

Vacancy 

charge 

separation 

efficiency 

Visible light 

photocatalysis 

[133]
 

BiOBr Hydrothermal 

method 

O Vacancy Enhanced 

Charge 

Separation 

Photocatalytic 

N Fixation 

[134]
 

TiO2 Hydrothermal 

& photo-

assisted 

reduction 

Doped 

With 

Transition 

Metals 

electron-hole 

recombination 

time 

Photocatalytic 

activity 

[135]
 

FeOOH/rGO 

composites 

 

Hummer's 

method 

O Vacancy photogenerated 

electron-hole 

separation 

photo-Fenton-

like catalysts 

[136]
 

MoS2 Hydrothermal S Vacancy Increasing the 

active sites 

Electro 

Catalytic 

[137]
 

BaSO4 Precipitation 

method 

Ba 

Vacancy 

Improved 

Adsorption 

Photocatalytic 

removal of 

NO 

[138][139]
 

ZnCdS/ZnS Solvothermal 

Method 

Zn 

Vacancy 

Visible light 

Absorption 

Visible 

Photocatalytic 

hydrogen 

evolution 

[140]
 

g-C3N4 Hydrothermal N Vacancy Visible light 

Absorption 

Visible light 

photocatalysis 

[141]
 

ZrO2 Chemical 

Method 

O Vacancy alteration of 

electronic 

structure 

photocatalytic 

activity 

[142]
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(viii)  Interstitial Doping : This process adds dopant atoms to lattice interstitial 

locations, producing more point defects and changing the characteristics of the 

material. Materials with better mechanical
[143]

 or catalytic activity
[144]

 can be 

engineered through the application of interstitial doping. 

(ix)  Heterostructure Formation: Heterostructures are formed by combining 

several materials with unique characteristics by doping. Defects in the interfaces 

allow heterostructures to show improved electronic features, such adjustable 

bandgaps and greater carrier mobility. 

(x) Defect Passivation: Doping can be used to neutralise or passivate certain 

imperfections, lessening the detrimental effects they have on the performance of 

the material
[145]

. This method is frequently applied to increase material stability 

and boost semiconductor device efficiency. 

1.4 Zinc Sulphide 

Owing to the distinct properties of II-VI nanostructures they are the potential 

candidates for the optoelectronic and electronic applications
[146]

.Zinc Sulphide 

(ZnS)is very old semiconductor having wide varieties of physical and chemical 

properties. Commonly ZnS has two different allotropes Zinc blend and Wurtzite 

structure
[5]

 
[147]

 as shown in the Figure 1.6 with a band gap of 3.72eV-3.77eV
[148]

.  

 

Figure 1.6- Crystalline structure of ZnS a) Cubic b) Hexagonal
[149]

 

Nano ZnS possess enhanced surface volume ratio ,good optical absorption 

,high chemical activity, more thermal resistance and low melting point
[150]

 . 

Different methods have been developed for the synthesis of ZnS nanoparticles. Few 
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research groups successfully synthesized ZnS nanoparticles by chemical co-

precipitation method
[151]

. Hydrothermal method is another way of formation of ZnS 

nanoparticles 
[2]

. ZnS nanoparticles can also be synthesized using microwave 

assisted method which takes less time for synthesis. The kinetic enhancement, low 

reaction temperature and  control of aggregation process and hence the control on 

overall particle size are the advantages of this method
[152]

. ZnS have applications in 

optoelectronics
[153][154]

, Field emitters
[155]

, photoluminescence, electroluminance
[156]

. 

ZnS nanomaterials can be used as electrocatalyst
[157]

, owing to the high 

luminescence property of ZnS nanomaterials, they have applications as 

biosensors
[158]

. ZnS has application in the construction of photodetectors
[159]

. ZnS 

NMs have potential application as photocatalyst
[160][161][162][163]

. 

1.5 Rare earth Elements 

Rare Earth Elements (REEs) are a group of 17 chemical elements found in the 

crust of the Earth. They are widely used in a variety of industries and have become 

known for their unique characteristics
[164]

. Cerium (Ce), dysprosium (Dy), Erbium 

(Er), Lanthanum (La), Praseodymium (Pr) and Yttrium (Y) are a few of the common 

Rare Earth Elements. Because of their electron configurations, they have 

comparable chemical characteristics that make them difficult to separate and 

purify
[165]

. They are very reactive and have high melting points, particularly when 

divided finely. Strong magnetic properties make rare earth elements valuable in 

manufacture of magnets for various kinds of applications
[166]

. They have outstanding 

luminous properties and are used in the manufacturing of phosphors for lighting and 

display applications
[167]

. Rare Earth Elements are additionally noted for their 

catalytic characteristics, making them useful in a variety of chemical processes
[168]

. 

Their great light absorption and emission capabilities and high refractive indices 

make them stand out in the optical world. 

1.5.1 Effect of Rare Earth Elements Doping on Nanoparticles: 

Doping Rare Earth Elements in nanoparticles have the ability to modify their 

characteristics and enhance their performance in a range of applications
[169]

. Doping 

can modify structural
[170][171]

, optical
[172]

, magnetic
[173]

 and catalytic properties of 
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nanoparticles
[169]

, making it useful for a specific purpose. Improved luminescence is 

a property of Rare Earth Elements -doped nanoparticles that makes them suitable for 

use in optoelectronic devices
[174]

 and sensors
[175][176][177][178]

. Additionally, doping 

can strengthen magnetic properties of nanoparticles, which makes them appropriate 

for use in biomedical
[173]

 and magnetic storage applications
[179]

. The distinct 

electrical and surface characteristics of Rare Earth Elements -doped nanoparticles 

make them effective catalysts for a range of chemical processes. 

Erbium (Er) is a rare earth element that finds application in laser and fibre 

optic communications due to its strong luminescence
[180]

. Due to its dual 

ferromagnetic and paramagnetic characteristics, the rare earth element 

praseodymium (Pr) is crucial for magnetic alloys and materials
[181]

. Cerium (Ce) is a 

versatile rare earth element utilised as a dopant in phosphors
[182]

, in catalytic 

converters
[183]

 and in glass polishing. The rare earth element yttrium (Y) is 

employed in the synthesis of magnetic
[184]

, sensors
[185]

, phosphors and ceramic 

stabilisers. The rare earth element lanthanum (La) is utilised as a catalyst in the 

refining of petroleum
[186]

 as well as in the manufacture of camera lenses
[187]

 and 

batteries for hybrid vehicles
[188]

. The band gap energy, PL spectra, crystallite size, 

already reported for pure ZnS and rare earth metals doped ZnS from literature are 

listed in the Table 1.2, Table 1.3 and Table 1.4 respectively. 

Table 1.2 The band gap energy already reported for rare earth metals doped ZnS from 

literature  

Doped 

ZnS Nano 

particles 

Zn
2+

 S
2-
 

Preparation 

methods 

Band 

Gap(eV) 
References 

ZnS ZnCl2 CH4N2S Hydrothermal 3.25 
[189] 

ZnS Zn(CH3COO)2 CH4N2S Solid-state 3.66 
[190]

 

ZnS Zn(CH3COO)2 Na2S Hydrothermal 3.99 
[191]

 

ZnS:Er Zn(NO3)2 Na2S Co-Precipitation  3.56  
[192]

 

ZnS:Er Zn(CH3COO)2 Na2S Co-Precipitation 3.45 
[193]

 

ZnS:La Zn(CH3COO)2 CH4N2S Co-Precipitation 4.2(0.5% 

La) 

[194]
 

ZnS:La ZnSO4 Na2S Co-Precipitation 3.4 (5% 

La) 

[195]
 

ZnS:Y Zn(NO3)2 Na2S Co-Precipitation 4.09  
[196]
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Table 1.3 The PL spectra reported for different rare earth elements doped ZnS 

Doped 

ZnS 

Nano 

particles 

Excitation 

wave length 

(nm) 

Emission 

Wave length 

(nm) 

Transitions 
Nature of 

the Peak 
References 

ZnS 255 445 
Zinc related 

defects 
Broad 

[191] 

ZnS 410 

486 
Emission from Zn 

vacancy 
Narrow 

[197]
 

530 
Emission from S 

vacancy 
Broad 

ZnS 325 407 
Emission from S 

vacancy 
Hump like 

[190] 

ZnS:Pr 325 

430 
Emission from S 

vacancy 
Broad 

[198]
 

460,480& 

495 

Pr-related 

complexes 
Narrow 

ZnS:Eu 325 518 

shallow defect 

state to t2 state of 

Cu 

Broad (Blue-

Yellow) 
[199]

 

ZnS:Eu 397 

591 
5
D0Ÿ

7
F1 of Eu 

Narrow 
[200]

 616 
5
D0Ÿ

7
F2 of Eu 

700 
5
D0Ÿ

7
F4 of Eu 

ZnS:Er 305 400 
Emission from S 

vaccancy 
Broad 

[201]
 

ZnS:La 335 

414 
Trapping of holes 

at S Vaccancy 
Narrow 

[195]
 

440 S Defects Narrow 

506 

Elemental sulphur 

species on the 

surface of host Broad 

570 
localized d levels 

of La2+ ions 

ZnS:Y 325 

363 
5dŸ4f transitions 

in Y 
3+

 
8.1(4.09 eV) 

[196]
 469 

601 
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Table 1.4 The crystallite size for rare earth metals doped ZnS from literature 

Doped 

ZnS 

Nano 

particles 

Zn
2+

 S
2-
 

Preparation 

methods 
Size(nm) References 

ZnS ZnCl2 CH4N2S Hydrothermal 12.4 
[189]

 

ZnS Zn(CH3COO)2 CH4N2S Solid-state 3.7 
[190] 

ZnS Zn(CH3COO)2 Na2S Hydrothermal 7 
[191]

 

ZnS:Pr ZnSO4.6H2O S Hydrothermal 20 
[202]

 

ZnS:Pr Zn(NO3)2 Na2S Wet Chemical 4 
[198]

 

ZnS:Eu Zn(CH3COO)2 Na2S9H2O Precipitation 5 
[203]

 

ZnS:Eu Zn(CH3COO)2 TAA Solid-state 4 
[200]

 

ZnS:Eu ZnCl2 Na2S Precipitation 40 
[204]

 

ZnS:Er Zn(NO3)2 Na2S Co-Precipitation 4.8 
[192]

 

ZnS:Er ZnCl2 Na2S 
Chemical 

Capping 
3 

[205]
 

ZnS:Er Zn(CH3COO)2 Na2S Hydrothermal 10 
[201]

 

ZnS:La Zn(CH3COO)2 CH4N2S Co-Precipitation 4 
[194]

 

ZnS:La ZnSO4 Na2S Co-Precipitation 7.6 
[195]

 

ZnS:Y Zn(NO3)2 Na2S Co-Precipitation 8.1 
[196]

 

ZnS:Tb Zn(CH3COO)2 TAA Co-Precipitation 2.4 
[206]

 

 

1.6 Thesis outline 

This work illustrates role of defects in structural, photoluminescent and 

photocatalytic behaviours of ZnS nanoparticles. ZnS NP are synthesised using two 

distinct synthesis methods which are hydrothermal method and microwave-assisted 

co-precipitation method. The defects are incorporated in to the ZnS crystal lattice by 

varying stochiometric ratio and by doping rare earth elements which are Er, Pr, La, 

Ce and Y. This thesis consists of 10 chapters. First chapter gives a general 

introduction and thesis outline. Synthesis methods and characterisation techniques 

are discussed in chapter 2.  

The Chapter 3 of the thesis uses a low-temperature hydrothermal method to 

synthesise ZnS nanoparticles and S/Zn molar ratios vary to introduce defects, which 
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modifies the band structure of the material. Size strain graphs, Raman analysis and 

XRD are used to analyse the modification of crystal defects in the structural 

properties of the nanoparticles. The morphological studies conducted by TEM and 

SEM. The S/Zn molar ratios are experimentally verified by ICP-OES and the 

surface area measurements are done using BET analysis. The impact of defects on 

Photocatalytic and luminescent properties are also discussed.   

The fourth chapter focuses on synthesise of the quantum dots-like ZnS 

nanoparticles using the microwave-assisted synthesis method at various CTAB 

concentrations. FT-Raman spectroscopy and X-ray diffraction confirm the formation 

of low-dimensional monophasic ZnS nanoparticles. The morphological studies are 

done using SEM analysis. The Optical and Dielectric properties are also studied. 

In Chapter 5, point defects created by Er doping on ZnS nanoparticles are 

discussed using a cost-effective microwave-assisted co-precipitation method. The 

structural, morphological, optical, dielectric and photoluminescent properties of the 

samples were investigated. In contrast to ZnS NP synthesised by hydrothermal 

technique, ZnS NP with point defects created by Er doping does not exhibit 

photocatalytic activity. 

ZnS nanoparticles are synthesised using microwave-assisted co-precipitation 

method and the defects are introduced by Pr doping in Chapter 6. The XRD pattern, 

the SEM, Raman spectrum and the TEM investigation all support the development 

of the nanoparticles in the cubic phase. Photoluminescent emission peaks 

corresponding to Pr
3+

 transitions are studied using PL spectra. The energy gap 

values are measured by the Kubelka-Munk technique for the samples. Pr doped ZnS 

nanoparticles also not showing photocatalytic activity either in visible or in UV 

region. 

Though ZnS NP synthesised using microwave-assisted co-precipitation 

method doped with Er and Pr are low in dimension, they are not photocatalytically 

active. In next three chapters we have used hydrothermal method for the synthesis. 

  Chapter 7 focuses on the synthesis of La doped ZnS using the hydrothermal 

method. XRD and Raman spectroscopy studied the phase transition during doping. 

Morphological studies were done using SEM and TEM, whereas EDAX verifies the 
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presence of necessary elements. The visible light photocatalytic behaviour of 

samples is also studied. The PL spectra, of the samples also analysed.  

In Chapter 8, point defects are introduced by Ce doping and the synthesis is 

carried out by the hydrothermal method. The phase change during doping was 

investigated using XRD and Raman spectroscopy. Both TEM and SEM techniques 

were used for morphological investigations and EDAX confirms the existence of 

required elements. The photocatalytic investigations of samples under visible light 

were also examined. The Photoluminescence spectra of nanoparticles are analysed. 

In Chapter 9, Y-doped ZnS nanoparticles were synthesised utilising the 

hydrothermal technique. XRD and Raman spectroscopy were utilised to evaluate the 

phase shift caused by Y doping. The existence of the necessary elements was 

verified by EDAX and morphological investigations were carried out using TEM 

and SEM. Point defects altered the photocatalytic activity and photoluminescence of 

the ZnS samples doped with Y are studied. 

The ZnS nanoparticles synthesised using microwave assisted method is 

suitable for optoelectronic applications, while the ZnS nanoparticles synthesised 

using hydrothermal method is prominent for making Optoelectronic devices and for 

water purification 

The findings of the thesis and recommendations are presented in chapter 10.  



 

 

Chapter 2 

Synthesis Methods and Characterization 
Techniques 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The chapter covers various synthesis methods that researchers commonly used for 

achieving doping. The chapter also addresses the advantages of using the hydrothermal 

route and the microwave-assisted approach over other common techniques. This chapter 

provides extensive details on several characterization methods and photocatalytic activity 

measurement. 
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2.1 Synthesis Methods 

The interdisciplinary area of nanomaterials research focuses on developing 

materials with nanoscale dimensions, which generally span from 1 to 100 

nanometres. When compared to their bulk counterparts, these materials display 

different characteristics and behaviours that make them extremely desirable for a 

variety of applications
[207]

. Nanomaterial production is a challenging procedure that 

demands careful control over a number of factors in order to attain the necessary 

properties. 

There are several methods for the synthesis of nanomaterials. The bottom-up 

method
[208]

, in which nanoparticles are formed by the assembly of atomic building 

blocks known as molecules, these methods are common for synthesising 

nanoparticles. Chemical or biological processes are regulating the development of 

nanomaterials in this method. Sol-gel synthesis
[209]

, chemical vapour deposition
[210]

 

and self-assembly procedures are a few examples of bottom-up synthesis techniques. 

Through bottom-up synthesis, the characteristics of nanomaterials, such as size, 

shape, composition and surface chemistry, may be precisely controlled
[208]

, hence 

bottom-up synthesis are commonly used for the synthesis of complex nanostructures 

such as nanoparticles, nanowires and nanocomposites with specific features. 

The top-down method is an alternative strategy for synthesising 

nanomaterials
[211]

. It involves applying physical or mechanical methods to reduce 

bulk materials to nanoscale dimensions, including milling
[212]

, lithography
[213]

 and 

etching
[214]

. This method can be used for the designing and structuring of  

nanomaterials, making it appropriate for manufacturing nanodevices
[215]

 and 

nanostructures with specified morphologies. The semiconductor industry frequently 

uses this method to fabricate integrated circuits and nanoscale electronic 

components
[216]

. Top-down and Bottom-up synthesis of nanoparticles is shown 

schematically in Figure 2.1. 
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Figure 2.1 Schematic representation of Top-down and Bottom-Up synthesis of Nano 

particles
[217]

 

The choice of bottom-up or top-down techniques is depending on the 

specific requirements of the desired nanomaterial and its intended application. 

Bottom-up synthesis is commonly utilised for applications demanding high purity 

and well-defined structures, whereas top-down synthesis is best suited for large-

scale manufacturing and nanodevice fabrication.  

2.1.1 Liquid -Phase Synthesis 

This method uses several kinds of chemical or physical processes that result 

in the formation of nanoparticles in liquid media. To synthesise nanoparticles, 

precursor materials are dissolved or dispersed in a liquid solvent and then exposed to 

particular parameters including pH, pressure and temperature
[218]

. This process is 

known as liquid-phase synthesis. 

2.1.1.1 Hydrothermal Method 

The hydrothermal method is a common method for synthesising 

nanomaterials
[219]

. In this method, the reaction takes place at very high pressure and 

temperature by keeping aqueous solution of precursor materials inside a sealed 

autoclave
[220]

. We can control the size, shape and composition of the nanomaterials 

by the hydrothermal conditions
[219]

. High crystallinity 
[221]

with narrow size 

distributions
[222]

 of nanomaterials are the few advantages of this method. This 

method is low cost
[223]

 with high quality of product
[224]

, eco-friendly 
[225]

. 

Hydrothermal method has the capacity for large-scale manufacturing
[226]

. Figure 2.2 

shows photographs of the various stages of the hydrothermal synthesis method. 
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Figure 2.2 Photographs of phases of hydrothermal synthesis method  

2.1.1.2 Microemulsion Method 

In microemulsion methods the reactants are dissolved or dispersed in a stable 

emulsion system composed of oil, water and surfactant 
[227]

. The microemulsion has 

small droplet size and large interfacial area, which helps for the nucleation and 

development of nanoparticles. We can synthesis the narrow sized nanoparticles with 

good control over shape and crystallite size 
[228]

. More Over the nanoparticles 

synthesised using  this method show  enhanced performance, which enable the 

product for the applications including catalysis
[229]

, electronics
[230]

 and medicine
[230]

. 

2.1.1.3 Microwave Synthesis: 

Microwave synthesis is a fast-developing approach for synthesising 

nanomaterials in a wide range of scientific fields
[231]

. In this method the reaction 

mixture is heated by microwave irradiation for the rapid and uniform heating of the 

precursors 
[232]

. This method  speed up reaction rates and reduce time for the 

synthesis  due to the effective transfer of heat energy to the reaction system by the 
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microwave source 
[232]

. The synthesis of nanomaterials using this technique ensures 

the excellent purity and crystallinity and the method also has exact control over 

particle size, shape and composition. Several distinct kinds of nanomaterials, such as 

metal nanoparticles, metal oxides
[233]

, carbon-based materials
[234]

 and semiconductor 

nanocrystals
[235]

, have been successfully synthesised via microwave synthesis. 

2.1.1.4 Sonochemical Synthesis 

The sonochemical synthesis is the process in which the powerful ultrasound 

radiations are used for the synthesis of nanomaterials.  The high intensity ultrasonic 

waves create transitory microbubbles in liquid medium
[236]

. The collapse of these 

microbubbles generates localised hotspots with high temperatures and pressures, 

providing a perfect environment for nanomaterial manufacturing. Sonochemical 

synthesis has a number of benefits, such as homogenous particle size 

distribution
[237]

, rapid response kinetics
[238]

 and controllable particle shape
[239]

. Many 

other types of nanomaterials, such as metal nanoparticles
[239]

, metal oxides
[240]

, 

polymers
[241]

 and hybrid materials
[242]

, have been successfully synthesised using this 

method. 

2.1.1.5 Sol-gel Process 

The sol-gel technique is a popular method for synthesising nanomaterials 

with precise control over their size
[243]

 ,composition
[244]

, structure
[245]

 and 

morphology
[246]

. It includes the use of hydrolysis
[247]

 and condensation
[248]

 processes 

to transform a liquid precursor solution (sol) into a solid gel network. High 

purity
[249]

, homogeneity
[250]

 and customised characteristics may be achieved in 

nanomaterials made using the sol-gel technique, which has various benefits. We can 

easily enhance the properties of synthesised nanomaterials using various dopants 

and additives. Many different types of nanomaterials, such as metal oxides
[251]

, 

ceramics
[252]

, glasses
[253]

 and hybrid materials
[254]

, have been successfully 

synthesised using the sol-gel method. 

2.1.1.6 Chemical Co- Precipitation Method 

Co-precipitation method is a common technique to synthesise nanomaterials 

with specific composition and characteristics 
[255]

. It is the simultaneous 
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precipitation of more than one precursor ions from a solution, which results in the 

production of nanoscale particles. Easiness, cost-effectiveness
[256]

, scalability
[257]

 

and suitability  for large-scale nanomaterial manufacturing
[258]

 are making this 

method unique. The properties of the nanomaterials may be tuned by including 

various dopants and modifiers using this method
[259]

. Its versatility enables the 

synthesis of numerous materials, including oxides
[260]

, sulphides
[151]

 and metals, 

which has applications in various domains like  chemical kinetics, electronics and 

biomedicine. 

2.2 Characterization Techniques: 

2.2.1 Structural Analysis 

The crystalline and molecular structure of a materials is the most important 

property to study after synthesis. This is significant because the periodic 

arrangement of atoms and molecules in a substance determines its electrical and 

optical characteristics. 

2.2.1.1 X-ray Diffraction  Analysis 

Powder X-ray diffraction (XRD) method has importance for the structural 

analysing of materials, which is a non-destructive method that gives valuable 

information on atomic arrangement, phase composition and crystal structure of 

materials
[261]

. In this work we have used Rigaku Miniflex 600 X-ray diffractometer 

with Cu KŬ (ɚ= 1.542 Å) radiation which include an X-ray source, sample holder, 

detector and data analysis system. Generally electromagnetic radiations ranging 

from 0.02 Å to 100 Å in wavelength are known as X-rays. Which are helpful to 

study the crystal structures since their wavelength is comparable to atomic size and 

interatomic distance. The powdered sample is held in a precise orientation by the 

sample holder to receive the X-ray beam emitted by the X-ray source and to assure 

optimal X-ray scattering. The detector detects the intensity of the X-rays scattered 

by the sample at various angles. This information is then used to identify the crystal 

structure and phase composition of the material. Figure 2.3 displays the schematic 

diagram of X-ray Diffraction (XRD) Technique. 
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Figure 2.3-Schematic diagram of XRD
[262]

 

The basic principle of XRD is Bragg's Law, which states when the path 

difference between the X-rays scattered by neighbouring planes of atoms is an 

integer multiple of the X-ray wavelength is the condition for constructive 

interference. The Bragg's x-ray reflection from the atomic planes is shown in Figure 

2.4. 

 

Figure 2.4 Bragg's x-ray reflection from the atomic planes
[263]

. 
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The mathematical expression of Bragg's law that provides a relationship 

between the wavelength, interatomic spacing (d) and the angle of diffraction
[264]

 is 

given as: 

 ςÄ ÓÉÎʃ  nɚ                                     (2.1) 

These data are used to plot the intensity of diffracted X-rays Vs scattering 

angle, the plot is composed of a series of peaks, each representing a distinct set of 

crystal planes in the material. The position and intensity of these peaks reveal the 

phase composition and crystal structure
[264]

. The Scherrer equation is commonly 

employed in XRD investigation to calculate the average crystallite size of a 

material
[264]

.  

D =
▓ⱦ

♫ ╬▫▼Ᵽ
                                                 (2.2) 

where k is a constant 0.9, ɚ is wave length of X-ray used, ɓ is FWHM of peak in 

radians and ɗ is Braggôs angle in radian. 

Equation 2.2 is the relation which connects the size of the crystallites to the 

peak broadening observed in the diffraction plot. In order to identify the structure of 

the materials the obtained data can be compared with the reference materials that are 

kept in data bases. It also provides details about the arrangements of atoms in the 

crystal lattice, the presence of defects, strain and orientation
[265]

. XRD is a common 

technique that can be used for bulk materials, thin films and nanoparticles. The 

characterization of coatings and their impact on the underlying substrates is another 

use of XRD. XRD may also measure minute shifts in diffraction lines to infer 

residual stresses in a crystal lattice
[266]

. XRD is not only used for crystalline 

materials, but also provide details about amorphous materials. Figure 2.5 displays 

photos of the Rigaku Miniflex 600 X-ray diffractometer. 
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Figure 2.5- Rigaku Miniflex 600 X-ray diffractometer 

2.2.2 Morphological Analysis 

2.2.2.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a powerful characterisation method 

used to study the morphology of materials. SEM works by scanning a concentrated 

electron beam across the surface of a sample and detecting the signals produced by 

the interaction of the electrons and the material. SEM theory is based on the 

interaction of the primary electron beam with the atoms in the sample
[267]

, which 

results in the emission of different signals like as secondary electrons, backscattered 

electrons and characteristic X-rays
[268]

. The electrons emitted by thermionic 

emission or field emission from a tungsten cathode flow to the anode through 

electromagnetic fields and lenses. Consequently, the electron beams are directed 

downward in a vacuum chamber to target a particular sample. When electrons and x-

rays hit with the sample, they are ejected from it and collected by detectors. The 

signals are reconstructed as a final image
[269][270]

. An image of the surface 

topography and composition of the sample is produced by collecting the signals 

produced when the primary electron beam scans the material in a raster pattern. 

High-resolution imaging capabilities of SEM enable the visualisation of surface 

features and structures at the nanoscale
[271]

. SEM is used in many different fields, 

such as material surface analysis
[272]

, biological sample analysis
[273]

, nanomaterial 

[274]
 and thin film research

[275]
. The schematic depiction of the different components 

of SEM and the image of ZEISS Gemini SEM 300 are shown in Figure 2.6 and 2.7 

respectively. 
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Figure 2.6- Schematic illustration displaying the different SEM components
[276]
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Figure 2.7 Image of ZEISS Gemini SEM 300 

2.2.2.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is an effective technique for 

obtaining detailed information on the morphology, composition and structure of 

materials. A TEM system consists of an electron source, a detector, a specimen 

container and a set of electromagnetic lenses
[277]

. A heated filament or a field 

emission gun, which generates a stream of high-energy electrons, is commonly used 

as the electron source in TEM
[278]

. The electron beam is focused and controlled by 

the electromagnetic lenses, which enable the beam to pass through the specimen 

generating an image
[278]

. The sample is held in place and may be moved inside the 

microscope by using the specimen holder. The transmitted electrons are collected up 

by the TEM detector and transformed into a picture that can be examined and 

studied. Electron-material interaction is the basis of TEM theory
[279]

. As the electron 

beam travels through the sample, it scatters and diffractions, yielding information on 

the atomic structure and crystallographic features of materials. It may be applied to 
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high-resolution imaging of biological samples
[280]

, defect and interface analysis
[281]

, 

nanoparticle composition 
[279]

 and material microstructure testing. Figure 2.8 is 

schematic depiction of the various TEM components and Figure 2.9 shows image of 

Tecnai G2 F20. 

 

Figure 2.8- Schematic illustration displaying the different TEM components 
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Figure 2.9 Image of Tecnai G2 F20  

2.2.3 Spectroscopic Analysis 

2.2.3.1 Raman Spectroscopy 

Raman spectroscopy is a method that measures how light scatters from molecules to 

investigate their vibrational modes
[282]

. The relationship between light and molecular 

vibrational modes forms the foundation of the basic theory of Raman 

spectroscopy
[283]

. The interaction of monochromatic light with the molecular 

vibrations of a molecule causes a small percentage of the dispersed light to shift in 

frequency. This shift in frequency, referred to as the Raman shift, reveals details 

about the molecular composition and structure. A Raman spectrometer generally 

consists of a laser source, a sample holder, a monochromator, a detector and a data 

analysis system. The schematic representation of Raman spectrometer is shown in 

Figure 2.10. The excitation light is directed onto the sample by the laser source. 

When a sample is exposed to a monochromatic laser beam in Raman spectroscopy, 

the molecules in the sample react and generate scattered light. A Raman spectrum is 
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formed by using scattered light with a frequency that differs from the incident light 

(inelastic scattering). The inelastic collision of incoming monochromatic light with 

sample molecules produces Raman spectra. The data analysis system processes and 

interprets the information gathered, while the detector measures the intensity of the 

dispersed light at each wavelength
[284]

. There are several uses for Raman 

spectroscopy in the study of nanomaterials. It may be applied to describe the 

composition and structure of various nanostructures such as nanotubes and 

nanoparticles
[285][286]

. Raman spectroscopy may provide details on the size, shape 

and surface features of these materials. 

 

Figure 2.10- Schematic illustration Of Raman Spectrometer 
[287]

 

2.2.3.2 Diffused Reflectance Spectroscopy (UV-ViS) 

Diffused Reflectance Spectroscopy (UV-Vis) is a commonly used method in 

materials science and nanotechnology. In diffused reflectance spectroscopy, the 

reflectance of light from a powder sample for a wide range of wavelengths is 

measured, since it is extremely challenging to collect transmitted light in solids and 

powders
[288]

. Using this method, a broad range wavelengths of light is used to 

illuminate the sample and the intensity of the reflected light is then measured
[289]

. 

The reflectance spectrum gives useful information about the material's absorption 
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and scattering capabilities
[290]

. There are several parts to a diffused reflectance 

spectrometer. A tungsten-halogen or UV-Vis lamp is used as the source to excite the 

atoms of the sample materials. The light from the source is collimated and directed 

to the sample using lenses and mirrors. The scattered light from the sample is passed 

through a number of filters and a monochromator to select the required wavelength 

range and is collected by a detector, like a CCD camera or photomultiplier tube, 

which is used to measure the intensity of the dispersed light. The diffused 

reflectance spectroscopy is also used to study the optical characteristics of 

nanoparticles, nanocomposites and nanostructured materials. This reflectance 

spectrum analysis provides important insights into the bandgap energy
[291]

, 

absorption coefficients
[292]

 and electronic transitions of the nanomaterials
[293]

. The 

results of this characterisation technique are highly relevant to use the nanomaterials 

in various applications such as sensors, optoelectronic devices and catalysis. The 

photograph of the Cary 5000 UV-Vis-NIR spectrophotometer is shown in Figure 

2.11.  

 

Figure 2.11 Cary 5000 UV-Vis-NIR spectrophotometer 

2.2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Electron Spectroscopy for Chemical Analysis (ESCA), commonly 

referred to as Photoelectron Spectroscopy (XPS), is a surface-sensitive method for 

determining the elemental composition and chemical state of materials. The basis of 

XPS is the photoelectric effect, which uses X-ray photons from the dual anode X ray 

source to excite electrons from the inner shells of atom in the samples 
[294]

. The 

photoelectrons directed to the detector with the help of electron lens system. 

Electron energy analyser separate electrons with specific energies and then the count 
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of photoelectrons will be measured by the detectors. The kinetic energy of the 

ejected electrons is then measured, which allows the determination of their binding 

energy and consequently, the chemical composition of the atoms within the material. 

XPS can offer useful information regarding the elemental composition, chemical 

bonding, relative concentration of elements and oxidation states of the surface of a 

material
[295]

. XPS can also offer information on electrical structure of materials and 

band alignment at the surface, which is essential in understanding its electronic and 

optical characteristics
[296]

. XPS can be used to study the surface chemistry and 

composition of materials like thin films, nanoparticles and bulk materials. XPS is 

used in the semiconductor industry to research the interface characteristics of thin 

film structures and to characterise and ensure the quality of semiconductor 

devices
[297]

. Environmental science
[298]

 and forensic analysis 
[299]

also employ XPS to 

examine the pollutants, contaminants and trace elements present in different 

samples. 

2.2.3.4 Energy Dispersive Spectroscopy (EDAX) 

Energy Dispersive Spectroscopy (EDS), also known as Energy Dispersive X-

Ray Analysis (EDX), is a method for determining the chemical composition of 

materials
[294]

. The basis of EDS is X-ray fluorescence, which is the process of using 

a focused electron beam from an electron source to excite atoms in a material to 

produce distinctive X-rays. The emitted X-rays are then detected by the lithium-

based silicon X-ray detector. When the x-rays are incident on the surface of the 

detector, it will generate charge pulses which are proportional to their energy. This 

energy yielding information on the elements present in the material as well as their 

relative concentration. EDS is frequently used together with scanning electron 

microscopy (SEM)
[300]

. EDS may provide important details about the elemental 

composition of a variety of materials, including metals
[301]

, minerals
[302]

, 

ceramics
[303]

, polymers
[304]

 and biological samples. EDS has extensive applications 

in many industries. In  materials science EDS used to study the material composition 

,in geology to analyse the chemical composition of rocks and minerals 
[305]

, 

metallurgy
[306]

, forensics
[307]

 and in semiconductor manufacture to characterise and 
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ensure the quality of semiconductor devices 
[308]

. Figure 2.12 depicts an image of the 

OXFORD X-Max EDAX.  

 

Figure 2.12 OXFORD X- Max EDAX  

2.2.3.5 Photoluminescence Studies 

Photoluminescence spectroscopy is a strong technique used for investigating 

the optical properties of materials by detecting emission spectrum after excitation 

with photon of suitable wavelength. The basic principle of photoluminescence 

spectroscopy is the re-emission of light with higher wavelength compared to the 

wavelength absorbed by the substances for the excitation
[309]

. When photons 

incident on the material, the electrons in the material get excited to higher energy 

levels. These electrons emit photons when they return to their ground state, which 

gives rise to a distinctive emission spectrum
[310]

. Photoluminescence spectroscopy is 

a useful tool for learning electronic structure
[311]

, energy band gaps
[312]

 and defect 

states
[313]

 of organic compounds
[314]

, semiconductors
[315]

, quantum dots
[316]

 and 

nanomaterials
[317]

. In the field of optoelectronics, it is also employed in the 

development and characterization of light-emitting devices, including lasers and 
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LEDs
[318]

. The performance and efficiency of the solar cell  can be analysed using 

photoluminescence spectroscopy by studying recombination processes and defect 

levels
[319]

. In biological
[320]

 and medical research
[321]

, photoluminescence 

spectroscopy is also used for imaging methods like fluorescence microscopy
[322]

 as 

well as for analysing the fluorescence characteristics of biomolecules like proteins 

and DNA
[323]

. The  photograph of Agilent Cary fluorescence spectrophotometer is 

shown in Figure 2.13. 

 

Figure 2.13 Agilent Cary fluorescent spectrophotometer 

2. 2.4 Photocatalytic Studies 

Photocatalysis (PC) is an exceptional phenomenon that uses light energy to 

activate chemical reactions on the surface of a catalyst
[324]

. Visible light 

photocatalysis has drawn a lot of interest recently because of its potential uses in a 

variety of industries. The photocatalysis mechanism is based on the excitation of 

electrons in the catalyst material by photons, which results in the formation of 

electronïhole pairs
[325]

. These charge carriers may subsequently participate in redox 

processes, which allow for the breakdown of organic contaminants
[326]

, the 

generation of clean energy
[327]

 and the synthesis of useful compounds. Visible light 

photocatalysis is important because of its capacity to use plentiful and ecologically 

favourable solar energy for long-term and efficient chemical reactions. 
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In this thesis the one of the main focuses is the application of visible light 

photocatalytic activity for water purification, since the global scarcity of freshwater 

supplies has long been ingrained in the public's eyes. The world is expected to be 

water-stressed by 2025 
[328]

. Water pollution harms the ecosystem balance, so 

humans will be affected by clean water scarcity shortly. Water-related diseases 

include communicable diseases (waterborne, water-washed, water-based and water-

related vector-borne diseases) and noncommunicable diseases caused by chemically 

polluted water
[329]

. According to Hermabessiere et al., many plastics in the water are 

hazardous to a broad spectrum of organisms 
[330]

. Several diseases are caused by 

chemical waste, including anemia, low blood platelets, headaches, cancer risk and 

various skin problems 
[331]

. Semiconductor photocatalysis is the most promising and 

successful approach for competing with water contaminants. ZnS is an important 

semiconductor photocatalyst in the II-VI group. ZnS is only sensitive to UV light 

absorption because of its broad bandgap energy. The development of visible-light-

active photocatalysts capable of utilizing the greatest amount of solar light is an 

intriguing research area 
[332]

. It is still challenging to improve visible photocatalytic 

activity by improving charge transfer and efficient charge separation 
[333]

. The other 

hurdles in this field are low photocatalytic efficiency for visible-light photocatalysts, 

low mobility of charge carriers, inferior stability of photocatalyst 
[334]

, high 

recombination rate of electron-hole pairs 
[335]

 and cost-effectiveness at the 

commercial level 
[336][337]

. The primary disadvantage of ZnS catalysts is their 

irreversible agglomeration during the photocatalytic processes and limited 

recyclability, which reduces the photocatalytic degradation efficiency 
[338]

.  

Defect engineering is promising method for improving light harvesting in PC 

materials 
[339][340][341][342]

. Semiconductor photocatalyst defects can function as 

adsorption sites for charge transfer that prevent the recombination of photoinduced 

charge and add new energy levels to narrow the band gap that creates visible-light 

activity. By creating additional energy levels to photoexcited charge carriers' 

electronic structure and characteristics, vacancy defects can significantly alter the 

PC activity of a photocatalyst 
[343]

. Doping is also an effective strategy for inducing 

these defects. The visible light photocatalysis of ZnS has been reported to be 

improved by the addition of extrinsic metal elements such as Copper 
[344]

, Nickel 

[345]
, Cadmium 

[346]
, or nonmetal elements Carbon and Nitrogen 

[347][348]
. The 
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inherent characteristics of materials, such as crystalline phases, defect states, 

exposed facets, etc., of semiconductor photocatalysts are crucial for superior 

photocatalytic (PC) activities 
[132]

 
[343]

. In this thesis sun light and Xenon short arc 

lamp of 300W working with 20V, 15A power supply served as visible light sources. 

Figure 2.14 and Figure 2.15 show the PC activities performed in sunlight and Xenon 

lamp. 

+   

Figure 2.14- PC Experiments performed in Sun light 

  

Figure 2.15- PC Experiments performed using Xenon lamp 

 



 

 



 

 

 

Chapter-3 

ZnS Nanoparticles by Hydrothermal Synthesis: 
Point Defects through Stoichiometric Ratio 

Variation 

 

 

 

 

 

 

 

The photoluminescent and photocatalytic properties of materials like Zinc sulphide (ZnS) 

can be improved by Defect engineering. Zn and S defects are successfully integrated into the 

ZnS crystal by altering the S/Zn molar ratio during hydrothermal processes. The addition of 

defects to the ZnS crystal can modify the band structure of ZnS samples. Defects are formed 

on the surfaces during the treatment process. XRD and Raman are used for the confirmation 

of the crystallinity and phase formation of the samples. Using an X-ray peak pattern 

assessment based on the Debye Scherer model, the Williamson-Hall model and the size 

strain plot, it is possible to study the influence of crystal defect on the structural 

characteristics of ZnS nanoparticles. UV-vis diffused reflectance spectroscopy (UV-vis 

DRS) is used to estimate the band gap (Eg) values and found that the Eg is reduced from 

3.49 eV to 3.28 eV by altering the S/Zn molar ratio. Photoluminescence study (PL) shows 

these ZnS nanoparticles emit violet and blue radiations. In keeping with the results of XRD, 

TEM demonstrated the nanoscale of the prepared samples and exhibited a small 

agglomeration of homogenous nanoparticles. Scanning electron microscopy (SEM) was 

used to examine the surface morphology of the ZnS particles. Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES) and X-ray photoelectron spectroscopy (XPS) 

were used to evaluate and validate the elemental composition. XPS results indicate the 

presence of defects on the prepared ZnS nanoparticles. For the investigation of vacancy-

dependent catalytic activity under exposure to visible light, defective ZnS with different 

quantities of Zn and S voids are used as catalysts. The lowest S/Zn sample, ZnS0.67 and the 

highest S/Zn sample, ZnS3, show superior photocatalytic activity. 
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3.1 Introduction  

Zinc sulphide (ZnS) is n-type compound semiconductor with wide direct 

band gap. ZnS has applications in light-emitting diodes, electroluminescent devices, 

flat panel displays, infrared windows, sensors, lasers and solar cells 
[349][350][351]

. 

Various methods are reported for the synthesis of ZnS nanomaterials, including 

electrochemical deposition, microemulsion 
[352]

, solvothermal 
[353]

, sol-gel 
[354]

, co-

precipitation 
[355]

, combustion synthesis 
[356]

, pyrolysis, hydrothermal, laser ablation 

and vapor deposition 
[357]

, have been used to fabricate ZnS nanostructures. The 

hydrothermal method does not require any calcination or milling and the method is 

adaptable, productive and able to be adjusted. Low contamination, cost-effectiveness 

and ability to regulate the nucleation process 
[3][353]

 are the other advantages of 

hydrothermal method. 

Customizing the chromatic discharge of nanomaterials is crucial for their use 

in light-emitting screens, field emitters, lasers, sensors and optoelectronic devices 

[358][359]
. ZnS nanocrystals exhibit blue, green and orange emissions 

[360][361]
. The 

luminescence characteristics of ZnS particles have been altered by doping with 

various transition elements and rare-earth metals 
[362][363]

. The optical characteristics 

are affected by defects, crystal structure, size and shape. These studies show the 

ability to adjust several emission characteristics from pure ZnS nanocrystals with 

various defect features. Despite significant efforts to investigate the optical features, 

the sources of various photoluminescence (PL) bands from ZnS are infrequently 

addressed. The ZnS luminescence properties are typically attributed to surface states 

[364]
, Sulphur vacancies 

[365]
, Zn vacancies 

[366]
, elemental Sulphur species, or 

impurities in ZnS 
[130]

. There are many hanging bands and imperfections in the 

surface of ZnS due to its diverse interface topologies and larger specific surface 

areas 
[367]

. 

The light harvesting properties of photocatalytic materials can be improved 

by defect engineering 
[339][340][341][342]

. The new energy levels added during the 

introduction of defects narrows the band gap that induces visible-light activity and in 

semiconductor photocatalyst defects can function as adsorption sites for charge 
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transfer that prevent the recombination of photoinduced charge. Vacancy defects can 

significantly alter the PC activity by creating additional energy levels to the 

electronic structure of photoexcited charge carriers 
[343]

. Doping is also an effective 

strategy for inducing these defects. The addition of extrinsic metal elements such as 

Copper 
[344]

, Nickel 
[345]

, Cadmium 
[346]

, or nonmetal elements Carbon and Nitrogen 

[347][348]
 improves the visible light photocatalysis of ZnS. The inherent characteristics 

of materials, such as crystalline phases, defect states, exposed facets, etc., of 

semiconductor photocatalysts are crucial for superior photocatalytic (PC) activities 

[132]
 
[343]

.  

This study presents simple hydrothermal method for introducing S and Zn 

vacancies into the ZnS structure by changing the S/Zn molar ratios. Investigations 

are made into how vacancy-related features affect the photoluminescence and PC 

activity of ZnS in visible light. 

The results presented in this chapter have already been published as E.M. 

Jubeer, M. A Manthrammel, P. A Subha, M. Shkir, K.P. Biju and S.A. alFaify,ò 

Defect engineering for enhanced optical and photocatalytic properties of ZnS 

nanoparticles synthesized by hydrothermal method,òSci.Rep.,vol.13,no.1,p.16820, 

Oct.2023, doi: 10.1038/s41598-023-43735-1
[125]

. 

3.2 Experimental 

3.2.1 Synthesis 

The nanoparticles (NP) of ZnS were prepared by the hydrothermal method 

and the brief synthesis procedure followed. The required amount of ZnCl2 and 

SC(NH2)2 powder were dissolved in de-ionized water separately and five drops of 

HCl were added to the ZnCl2 solution and stirred at room temperature for 1 hour. 

Thiourea solution is then dripped into ZnCl2 solution and the mixture is stirred at 

room temperature for another 1 hour. 50 ml of the clear mixture was then charged to 

a Teflon-coated SS autoclave of 100 ml volume. The closed autoclave was placed in 

a furnace at a temperature of 220 
°
C for 12 hours and then allowed to cool to room 

temperature. The nanoparticles in the solution were filtered and washed several 

times using de-ionized water to remove impurities in the sample. The final whitish 
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product was dried at 60 
°
C for 1 hour. Five samples were prepared by varying 

[S]/[Zn] molar ratios using the same procedure. Samples with [S]/[Zn] molar ratios 

of 0.67, 1, 1.5, 2 and 3 were prepared and named ZnS0.67, ZnS1, ZnS1.5, ZnS2 and 

ZnS3 for further characterization.  

3.2.2 Measurements 

The structural studies of prepared samples were carried out by the X-ray 

diffractometer (XRD) using Rigaku Miniflex 600 X-ray diffractometer with Cu KŬ 

(ɚ= 1.542 Å) radiation, operating at 15 mA and 40 kV. Cu target and graphite 

monochromator were used and data was recorded in continuous scan mode from 10° 

to 80°, with a step size of 0.02° at scan speed of 10° per minute. The vibrational 

study was carried out for all present samples using the Horiba Lab Ram HR 

Evolution Confocal Raman Spectrometer. The Raman spectrometer was operated 

using 532nm (Diode Pumped Solid State Laser) at room temperature and recorded in 

a scan range of 150 to 450 cm
-1

. X-ray photoelectron spectroscopy (XPS) of the ZnS 

nanoparticles was characterized by a Thermo-scientific NEXA Surface analyzer. 

The determination of the element content was carried out using a Thermo-scientific 

Icap 6300 ICP-OES. The Photoluminescence study was also carried out using 

Agilent Cary fluorescent spectrophotometer with an excitation wavelength 280 nm. 

Optical studies of all ZnS nanostructures were analyzed using The Cary 5000 UV-

Vis-NIR spectrophotometer, in the wavelength range of 200ï1200 nm at room 

temperature. The morphological studies of all the synthesized ZnS nanostructures 

were done using a ZEISS Gemini SEM 300. TEM and EDAX studies by using 

Tecnai G2 F20, FEI Company operating at 200kV and OXFORD X- Max, 

respectively. To conduct a PC study, 0.03 g of ZnS photocatalyst is added to 25 ml 

of Methylene Blue (MB) solution. To prepare the MB dye solution, 10mg of MB 

was added to 1L of distilled water, resulting in photocatalysts. The mixture was 

magnetically stirred for 1 hour in darkness to attain adsorptionïdesorption 

equilibrium between the MB dye and catalyst. The PC studies were conducted from 

11 a.m. to 2 p.m. on sunny days 
[345]

. The solar intensity was measured in each hour 

during the experiment using a VAR TECH V6610 Digital Lux meter and the 
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intensity values were 56k(lux), 79k(lux), 62k(lux) and 48k (lux), respectively. The 

specific surface area of the samples is estimated through the Brunauer-Emmett-

Teller (BET) method using BELCAT-M. 

3.2.2.1 X-Ray Diffraction analysis  

The XRD spectra of the ZnS samples are depicted in Figure 3.1a. Every one 

of the recognizable peaks could be ordered as the cubic ZnS in the standard 

reference information (ICDD 01-077-2100). Different lattice parameters such as 

interplanar spacing, unit cell volume and lattice constant were determined from the 

Bragg condition and the Lattice Geometry conditions 
[151]

 of the form : 

▀▐▓■▼░▪ Ᵽ =   ⱦ                                    (3.1) 

ἤ Ἡ                                      (3.2) 

▀
Ἡ

ἰ ἳ ἴ

                           (3.3) 

Where' ɚ 'is the wavelength of the X-ray used, which is 1.54056Å, (hkl) is the miller 

index of the crystal plane and ɗ is Bragg's angle 
[368]

. The lattice parameters of these 

ZnS powders synthesized using the hydrothermal method were determined utilizing 

the crystallographic planes relating to the Miller index (111), (220) and (311), which 

are consistent and in remarkable concurrence with the standard lattice constant value 

5.39 nm. A similar finding was reported by T. T. Quynh Hoa et al., well. 
[369]

. The 

ZnS nanoparticle crystallite size, D, was determined utilizing the standard Scherrer's 

equation 

Ἆ
Ἒ

ἫἷἻ
                           (3.4) 

where ɓ is full-width half maxima and N is the crystallite shape factor 
[370]

. A 

gaussian fitting with a Chi-square value of more than 0.98 was used in our analysis 

to determine the peak width. The current analysis used the line broadening of Si 

single crystal as a reference material to rule out the impact of the instrument. The 

crystallite size measured by substituting relevant information from the XRD is 2.8 
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nm, 2.9 nm, 27.2 nm, 36.7 nm and 28.6 nm for the samples ZnS0.67, ZnS1, ZnS1.5, 

ZnS2 and ZnS3 respectively, from the peak corresponding to (111) plane. For lower 

S/Zn samples ZnS0.67 and ZnS1, the XRD spectrum shows broad peaks, which 

indicate the formation of quantum dots like ZnS particles. The crystallite size is 

more significant when the S/Zn molar ratio exceeds 1. Still, the high intensity of the 

peaks shows a higher crystallinity nature of the samples with a high S/Zn Molar 

ratio, M. Thambidurai et al., also reported the same observation 
[371]

. The formation 

of a little amount of ZnS in the wurtzite structure might also be the cause of the 

exceptionally weak diffraction signal at 26.93
° 

for S rich sample (#01-075-1547) 

[130]
. The peak positions and intensities are listed in Table 3.1. 

3.2.2.1.1 Williamson-Hall (W -H) method 

W-H models, for example, a Uniform Deformation Model (UDM) could 

gauge the lattice strain, which was assessed in the ZnS NP due to the deformation of 

the grid. Different models, such as the Uniform Deformation Stress Model (UDSM), 

recognize the stress-strain connection. In contrast, the Uniform Deformation Energy 

Density Model (UDEDM) assesses the strain and is widely used for finding energy 

density 
[372][373]

. We have focused on the three prominent peaks in the Williamson-

Hall analysis and the other models, which correspond to the (111), (220) and (311) 

crystallographic planes. 

3.2.2.1.2 Unified Deformation Model (UDM) 

 According to W-H method, the peak widening is owing to the crystal size 

and the impact of the strain. The influence of the strain is represented by the 

equation (3.5) 

   ἻἼἺἩἱἶ ἼἩἶ                    (3.5) 

where, ‐ is the internal strain. 

Hence, the total peak width is shown in eqn. (3.6) represent UDM 
[374]

;  

  ἰἳἴ  ἼἩἶ
Ἒ

ἎἫἷἻ
          (3.6)  
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The UDM plot has drawn 4 sin ɗ along the X-axis and ɓhkl cos ɗ along the Y-axis of 

the prepared samples are shown in Figure 3.1b. 

The strain was assessed from the slop of linearly fitted diagrams and normal 

crystallite size from the Y-intercept 
[375]

. The strain of ZnS nanoparticles is viewed 

as 2.7 ×10
-3

, - 3.9 ×10
-3

, 0.01 ×10
-3

, -0.25 ×10
-3

, 0.35 ×10
-3 

for ZnS0.67, ZnS1, 

ZnS1.5, ZnS2 and ZnS3 samples respectively. The negative slope of Williamson and 

Hall plots for the unit S/Zn molar proportion demonstrates the presence of 

compressive strain, which could initiate the negative strain mutilation. Nonetheless, 

the positive slope could be ascribed to the tensile strain or inside stress in the crystal 

owing to the thermal expansion during the crystal development 
[195]

. In this manner, 

grid strain differs from a positive to a negative value, explicitly relying upon the 

S/Zn molar proportion. The crystallite size is obtained as 2.9 nm, 2.7 nm, 26.2 nm, 

32.6 nm and 29.7 nm for the ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3 respectively. 

The parameters measured are listed in Table3.2  

3.2.2.1.3 Uniform Deformation Stress Model (UDSM) 

The postulation of homogeneity and isotropy is not satisfied in all cases. To 

consolidate more sensible circumstances, an anisotropic methodology is taken on; 

consequently, the W-H condition is altered by an anisotropic strain צ. In USDM, the 

lattice deformation stress is considered uniform in all crystallographic orientations, 

expecting a little micro strain in the particles. According to Hook's Law   

ἧἰἳἴ
                                                      (3.7) 

where צ is the anisotropic strain and ὣ  is Young's modulus in the plane (h k l) and 

ů is the stress of the crystal. 

In this approach, eqn. (3.6) is modified as follows 
[376]

 

♫▐▓■╒▫▼ Ᵽ▐▓■
▓ⱦ

╓

 ἻἱἶⱣ▐▓■

╨▐▓■
                             (3.8) 

Equation (8) is called the Uniform Deformation Stress Model (UDSM). Figure 3.1c 

shows the UDSM plot of the prepared samples with different S/Zn molar ratios. The 
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slope of the fitted plot will give uniform stress and the particle size can be evaluated 

from the Y-intercept 
[377]

. The particle sizes are obtained as 2.9 nm, 2.8 nm, 36.7 nm, 

51.4 nm and 42.7 nm for ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3, respectively. The 

micro strain values of different crystal planes of prepared samples are shown in 

Table 3.2. 

3.2.2.1.4 Uniform Deformation Energy Density Model (UDEDM) 

Equation (3.6) is changed to the structure where energy per unit volume 

(energy density), 'u' is considered. As per Hooke's law, the 'u' as a strain component 

is u = Ů
2
Yhkl/2. In the strain-stress connection, all the proportionality constants 

become, at this point, not independent when the strain energy density is considered 

[378]
. Thus, the above equation can be written as  

♫▐▓■╒▫▼ Ᵽ▐▓■
▓ⱦ

╓

ἻἱἶⱣ▐▓■ ◊

╨▐▓■

     (3.9) 

The plot, ‍ ὅέί —   Vs    is the UDEDM plot 
[379]

 of the prepared 

samples with different S/Zn Molar ratios, shown in Figure 3.1d. The Y-intercept 

gives the average crystallite size and the values are 2.9 nm, 2.8 nm, 38.9 nm, 55.2 

nm and 46.2 nm for ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3 respectively. The 

energy density values evaluated from the slopes are listed in Table 3.2. 

3.2.2.1.5 Size-Strain Plot (SSP): 

 

The Williamson-Hall plots reveal that the line widening is fundamentally 

isotropic. This underscores that the diffracting areas are isotropic because of the 

strain. In instances of isotropic line expansion, a superior assessment of the size-

strain boundaries can be obtained by taking into account a SSP. This technique has 

the advantage that less significance is given to information from reflections at high 

angles with lower accuracy. In this technique, it is accepted that the 'strain profile' is 

explained by a Gaussian function and the 'crystallite size' profile by a Lorentzian 

function 
[380]

, which is given by,                        

▀▐▓■▐▓■ἫἷἻ 
╚

╓
 ▀▐▓■▐▓■ἫἷἻ  

Ⱡ
         (3.10) 
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Where k is the shape factor and D is the crystallite size. The plot Ὠ ɼ ÃÏÓʃ 

along the X-axis and Ὠ ɼ ÃÏÓʃ  along the Y-axis, is shown in Figure 3.1 e 

which is the Size-Strain Plot
[381]

. The slope of the fitted plot gives the crystallite size 

and the Y-intercept helps to determine the strain. The calculated strain values for 

samples ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3 were 51.2, 36.6, 14.4, 10.5 and 

13.8, respectively. The values are listed in Table 3.2. 

The crystallite size of these samples was measured using the Scherrer 

formula and other methods such as UDM, UDSM, UDEDM and Size-Strain Plot 

(SSP). When different methodologies for estimating crystallite size were evaluated, 

it was noticed that the SSP model produced more accurate findings than the UDM, 

UDSM and UDEDM methods. The assessment of the plots revealed that the data 

were more precisely matched using the SSP model. These results indicate that the 

SSP technique is a valid method for assessing crystallite size in ZnS samples with 

varying S/Zn ratios. The accuracy of the SSP model can be ascribed to its capacity 

to account for lattice strain and give a more thorough understanding of the crystal 

structure. Overall, this research highlights the need to employ appropriate 

methodologies for assessing crystallite size in nanocrystals 
[382][383]

. The various 

models used to estimate strain in nanoparticles generated vary strain values, 

indicating that strain is not direction-dependent. This finding is crucial because it 

sheds light on the structural properties of nanoparticles as well as their behaviour 

under various conditions 
[376]

. 

Table 3.1 Structural parameters for ZnS NPs 

Samples 2ɗ (Á) 
Intensity 

(a.u) 

Crystallite 

Size (nm.) 

Interplanar 

Spacing d111(Å) 

Lattice 

Parameter 

a (Å) 

ZnS0.67 28.68 3945 2.8 3.11 Standard 

d111=3.12  

5.39 Standard 

Value= 

5.41 
ZnS1 28.60 3543 2.9 3.12 5.40 

ZnS1.5 28.69 32265 27.2 3.11 5.38 

ZnS2 28.64 21354 36.7 3.11 5.39 

ZnS3 28.51 18084 28.6 3.12 5.42 

 



Chapter 3 

 

 49 

 

Figure 3. 1. a) XRD pattern of present samples b) UDM, c) UDSM, d) UDEDM, e) Size-

Strain Plot of ZnS1.5, ZnS2 and ZnS3 (inset-SSP for ZnS0.67 and ZnS1) 
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Table 3.2 Structural parameters for ZnS NPs determined using different approaches 

Samples Parameter Scherrer UDM UDSM UDEDM SSP 

ZnS 0.67 

 

 

 

D(nm) 2.8 2.9 2.9 2.9 2.8 

Ů (10
-3
) 50.4 2.7 

(111) =2.92 

(220) =3.15 

(311) =3.42 

(111) =3.66 

(220) =3.80 

(311) =3.96 

51.2 

ů (G Pa) 
  

0.25 0.3 
 

U(kJm
-3
) 

   
582.34 

 

ZnS 1 

 

 

 

D(nm) 2.9 2.7 2.8 2.8 2.9 

Ů (10
-3
) 48.4 -3.97 

(111) =-1.63 

(220) =-1.76 

(311) =-1.91 

(111) =1.96 

(220) =2.04 

(311) =2.12 

36.6 

ů (G Pa) 
  

-0.15 0.16 
 

U(kJm
-3
) 

   
167.513 

 

ZnS 1.5 

 

 

 

D(nm) 27.2 26.3 36.8 38.9 32.7 

Ů (10
-3
) 5.15 0.01 

(111) =1.29 

(220) =1.40 

(311) =1.52 

(111) =1.49 

(220) =1.55 

(311) =1.62 

14.4 

ů (G Pa) 
  

0.11 0.13 
 

U(kJm
-3
) 

   
974.52 

 

ZnS 2 

 

 

 

D(nm) 36.7 32.6 51.4 55.2 46.0 

Ů (10
-3
) 3.8 -0. 25 

(111) =1.09 

(220) =1.17 

(311) =1.27 

(111) =1.26 

(220) =1.31 

(311) =1.36 
10.5 

ů (G Pa) 
  

0.09 0.11 
 

U(kJm
-3
) 

   
693.5 

 
 

 

ZnS 3 

 

 

 

D(nm) 28.6 29.7 42.7 46.2 36.6 

Ů (10
-3
) 4.9 0.35 

(111) =1.55 

(220) =1.68 

(311) =1.82 

(111) =1.78 

(220) =1.86 

(311) =1.93 

13.8 

ů (G Pa) 
  

0.01 0.15 
 

U(kJm
-3
) 

   
138.997 

 
 

3.2.2.2 Raman Spectra Analysis 

Through phonon interactions, changes in surface features can be inferred 

using the Raman vibrational investigation. The Raman Vibration Modes of the 

present samples are shown in Figure 3. 2. As Cheng et al., reported, the only 

permitted modes at the zone centre for the cubic ZnS phase are the longitudinal 

optical (LO) modes and transverse optical (TO) modes
[147]

. All samples showed a 

TO peak mode at around 270 cm
ī1

 and LO peak at around 340 cm
ī1

, supporting the 
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cubic phase of ZnS. Notably, for both fundamental modes, there is a peak shift 

towards the shorter wavelength as the Zn vacancy (VZn) increases to a certain level 

and then shifts to a higher wavelength. However, due to surface modulation, it is 

feasible to observe some other Raman modes at the nanoscale. The overtones of 

transverse acoustic phonons
[384]

 for all samples except ZnS2 were identified as the 

sources of the peaks around 235 cm
ī1

. The Raman modes around 427 cm
-1

 for all 

samples except ZnS3 are due to TO+LA (Longitudinal Acoustic). The identical 

Raman modes were detected by Nilsen 
[385]

, or due to the LO+TA (Transverse 

Acoustic) vibrational modes as well as, which is in line with reports by S. Dhara et 

al. and Zhiyuan Ye et al.,
 [386][387]

. The slight shift in the peaks may be due to the 

nanoconfinement effect. The other Raman vibration mode that appeared common 

for all samples is TO+TA mode at 390 cm
ī1

 
[388]

. Raman spectra revealed further 

information about the lattice defects. Along with the above-mentioned Raman 

vibration modes, some samples also exhibit defect-induced Raman modes. The 

samples ZnS0.67, ZnS1, ZnS1.5 and ZnS3 centred at 320 cm
-1

 have a lattice defect-

induced phonon mode at X-W-L, as reported by Jun Zhou et al.
[384]

. The cubic 

crystalline phases are confirmed by Raman analysis, which is in good agreement 

with the XRD results. 

 

Figure 3.2. Vibrational Raman Spectra of ZnS 
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3.2.2.3 Scanning Electron Microscopy (SEM) 

The morphological study of the ZnS sample synthesized by the hydrothermal 

method uses SEM images shown in Figure 3.3(a-e). It is obvious that the 

combination of grains is visible with uniform polygonal-shaped particles. The 

particles are shaped with a compact morphology and thickly stuffed. Normal grain 

sizes of the particles were found to be greater than the crystallite size determined 

from XRD and the values are 25.8 nm, 57.7 nm,93.9 nm,158 nm and 85.4 nm for 

ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3 respectively. It is to be noted that the grain 

sizes assessed by XRD and SEM were exceptionally interesting. In SEM, the grain 

size was assessed by the differentiation between the clear grain boundaries, while in 

XRD, the estimation extended to the crystalline region that diffracted X-ray beams 

coherently. As needed, the XRD assessments provoked a smaller size 
[389]

.  

 

Figure 3.3. SEM image of a) ZnS0.67, b) ZnS1 c) ZnS1.5 d) ZnS2 e) ZnS3 

3.2.2.4 Transmission Electron Microscopy (TEM) and  Energy-Dispersive X-

Ray analysis (EDAX) 

The example with ZnS1 was additionally described by TEM (Figure 3.4a) 

procedure joined by. TEM picture shows that, not every one of the particles is 

spherical. At the same time, any additional different shapes are scarcely noticed. The 

normal size of the particles assessed from the TEM images is 46.5 nm in the range 

of size 15.7-87.3 nm. The size distribution curve of ZnS1 is shown in Figure 3.4b. 

The particle sizes derived by TEM images are obviously bigger than those from 



Chapter 3 

 

 53 

XRD. This indicates that the synthesis route produces ZnS agglomerate 

nanoparticles or can also be interpreted as XRD expecting normal atomic 

distribution in the examples. However, TEM gives the standard size of the particles, 

including the non-crystalline part 
[4]

. From the selected area electronic diffraction 

(SAED) in Figure 3. 4c of samples, it was seen that ZnS nanoparticles were 

polycrystalline and the (111), (220) and (311) planes from the inside ring to the 

beyond SAED investigation affirm the Zinc blende structure of items, which is 

consistent with XRD and RAMAN results. A delegate HRTEM picture enlarging a 

round part of the structure is given in Figure 3.4d. The interplanar distances of the 

crystal fringes are around 0.209 nm.  

 

Figure 3.4. a) TEM image of ZnS1 b) Size Distribution Curve of ZnS1 c) SAED Pattern of 

ZnS1 d) HRTEM image of ZnS1 e) EDAX Spectrum of ZnS1 
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Typical EDAX analysis was performed to assess the constituents of the 

synthesized products and the results are presented in Figure 3.4e. Zn and S have 

produced four distinct signals demonstrating that the product was pure ZnS. 

3.2.2.5 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Determining the lighter elements or volatile components in semiconducting 

materials can be difficult regardless of the analytical approach. High-energy 

photons, electrons, or ions impact the material during the measurement and may 

expel lighter or volatile components, damage the surface, or modify the oxidation 

state and crystal structures. ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectroscopy) is a technology used for elemental analysis. Environmental analysis, 

geology, pharmaceuticals and materials research are just a few sectors that use it 

extensively. 

The ICP-OES data reveal that all samples follow the predicted S/Zn ratio 

trend (Table 3.3). The changes in S/Zn ratios observed by ICP-OES followed the 

predicted pattern of partial loss of volatile S species during ICP-OES sample 

preparation 
[390]

. When exposed to acid, semiconductors that generate volatile 

hydrides, such as H2S, are vulnerable to elemental loss during digestion 
[390]

. ICP-

OES has different detection limits for each element and may be less sensitive than 

other methods for some elements or at low concentrations. If the concentration of Zn 

and S in the ZnS nanoparticles is less than the ICP-OES instrument's detection limit, 

this might explain the lower observed percentage. Moreover, X. Yang et al., 

reported that the ICP-based overall analysis is not accurate for the S analysis 
[133]

. 

3.2.2.6 X-RAY Photoelectron Spectroscopy (XPS): 

X-ray photoelectron spectroscopy (XPS) is used to investigate the surface 

composition and chemical state. All binding energy (B.E) values in the XPS spectra 

were calibrated using the C 1s line at 284.8 eV. Measurements were made of the 

XPS spectra of ZnS0.67, ZnS1 and ZnS3. The high-resolution XPS spectra (Figure 

3.5a) of Zn 2p for ZnS0.67 show two peaks at 1044.48 eV and 1021.26 eV, 

separated by around 23 eV. Goudarzi et al. and Z. Ye et al., stated that these are 
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ascribed to Zn 2p1/2 and Zn 2p3/2  
[391]

 
[386]

. Zn 2p1/2 and Zn 2p3/2 peaks of ZnS1 are 

detected at B.E values of 1021.69 eV and 1044.64 eV, respectively, while the same 

for ZnS3 is observed at 1022.68 eV and 1045.7 eV. As the S concentration rises, 

these peaks move slightly to higher B.E. Excess S atoms in S-rich ZnS can create 

extra chemical bonds or defects in the crystal. These modifications may result in 

greater binding energy for the Zn 2p electrons in XPS. 

  

Figure 3.5.  XPS spectra of ZnS0.67, ZnS1 and ZnS3 a) Zn2P region XPS Spectra b) S2P 

region XPS Spectra. 

 The S 2p3/2 and S 2p1/2 peaks for ZnS0.67 are positioned at around 161.23 eV 

and 162.43 eV, X. Yang et al., also reported the same finding 
[392]

, respectively, 

which are typical ZnS features, however when the S content rises, the of the 

asymmetric core level XPS spectra of S 2p may be resolved into four peaks (Figure 

3.5b). For ZnS1, deconvoluted peaks of core level XPS spectra of S 2p are detected 

at 161.25 eV, 162.44 eV, 162.23 eV and 163.42 eV. The B.E 161.25 eV and 162.44 
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eV are derived from S 2p3/2 and S 2p 1/2 of S atoms bound in ZnS, whereas 162.23 

eV and 163.42 eV are derived from the defect state in ZnS 
[343]

. The defect 

percentage calculated from the area under the respective peaks in XPS is 18% for 

ZnS1. 

Deconvoluted peaks belonging to core level XPS spectra of S 2p of bonded S 

are seen at 162.31 eV and 163.42 eV, 163.16 eV and 164.26 eV for sample ZnS3 

(Figure 3.5b). The B.E 162.31 eV and 163.42 eV are derived from S 2p3/2 and S 2p 

1/2 of S atoms bound in ZnS, while peaks relating to defects are observed at 163.16 

eV and 164.26 eV. The area of the peaks corresponding to the defects is greater in 

ZnS3, with 34% of the defects computed for the same. The XPS examination result 

shows that the defects are in the prepared samples. This implies that the 

concentration of defects may be regulated to some extent by adjusting the molar 

ratio of precursors utilized. X. Hao et al., used the same method in their study 
[343]

. 

3.2.2.7 Diffused Reflectance Spectra Analysis  

The prepared ZnS0.67, ZnS1, ZnS1.5, ZnS2, ZnS2.5 and ZnS3 samples' UV-

vis DRS are examined to determine the impact of the defects on the electronic and 

optical properties of ZnS NPs. The DR (Figure 3.6a) shows a sharp hike in the 

reflection in the UV region, between 330 nm and 350 nm for different samples, 

corresponding to the transition from the valence to the conduction bands (CB) of the 

ZnS NPs. It should be also noted that reflection is very high in the wavelength 

region of 400 and 1200 nm for all samples.  

The Kubelka - Munk function was utilized on the diffused reflectance (R) 

information to appraise the absorption of the sample 
[393][394]

  

F(R) =
 ἠ

╡
     (3.11) 

The band gap (Eg) values can be assessed from Tauc relations (Figure 3.6b) for 

direct band gap materials in the structure 
[395][396]

,  

(F(R) h ɜ )
2
 = A (h ɜ ī Eg)    (3.12) 

where 'A' is a constant and 'ɜ' is the frequency. The band gap values are determined 

from the extrapolation of the Kubelka-Munk function. The determined Eg for 



Chapter 3 

 

 57 

various examples are displayed in Table 3.3. The Eg varies from 3.28 eV to 3.49 eV 

for different ZnS samples. The Eg value is minimum for the ZnS2 sample and 

maximum for the ZnS3 sample. The absorbance plot in Figure 3.6c demonstrates 

that all prepared samples absorb sunlight, showing that all ZnS NPs have visible-

light-induced PC activity resulting from the vacancy states in their band structures. 

Zn deficiency samples show high absorption intensity compared to other samples. 

 

Figure 3. 6. a) Reflectance Spectra of ZnS Samples b) (F(R)h ɜ )
2
 Vs h ɜ plot c) Absorption 

Spectra 
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3.2.2.8 Photoluminescence Studies 

Figure 3.7a shows the Photoluminescence spectra of ZnS nanoparticles with 

different S/Zn stoichiometric proportions for an exciting wavelength 280 nm. The 

S/Zn ratio fluctuated from 0.67 to 3 in the precursor medium. According to the 

report by J. Zhou et al., the point defects that act as luminous centres during 

photoluminescence processes are linked to defect emission 
[384]

. In pure ZnS, 

different forms of point defects are commonly found as Sulphur vacancies (Vs), 

Zinc vacancies (VZn), interstitial Sulphur atoms (IS) and interstitial Zinc atoms (IZn) 

[343]
. According to reports, the point defects that act as luminous sites during 

photoluminescence processes are linked to defect emission. The PL spectra show the 

emissions are at 365 nm, 383 nm and 473 nm. The emission wavelengths around 

365 nm and 383 nm have arisen due to the transition from interstitial Zn. Transitions 

corresponding to 365 nm are from IZn in the samples. The transition at 383 nm 

corresponds to the transition from IZn to IS interstitial states. The same transition is 

observed by B. L. Devi et al., in their work 
[397]

. The intensity of broad blue 

emission (473 nm) from the prepared ZnS NPs differed with changes in proportion. 

According to B. Lalitha Devi et al., the strong emission at 473 nm was caused by the 

recombination of holes at the surface state (SS) and electrons trapped by Vs sites. 

ZnS0.67 sample shows a solid blue discharge with the peak extreme at 473 nm. 

Notwithstanding, as the sulphide fixation is expanded, the intensity of the blue band 

diminishes impressively and nearly vanishes at an abundance S level for ZnS3. In a 

pure ZnS, the possible emission sites are related to surface or lattice deformities or 

local impurities with a low concentration of sulphide particles, during synthesis, the 

ZnS formed will have a bigger number of Vs, which can serve as doubly ionized 

donor places. K. Manzoor et al. and H. Y. Lu et al., observed that similar variety in 

the intensities of all emission bands in undoped ZnS with change in stoichiometry 

suggests their relationship with Vs centres 
[398][399][5]

. The energy level diagram 

(Figure 3.7b) depicts possible emission processes in ZnS nanoparticles. The crystal 

defect is responsible for these defect-induced emission peaks and the variations in 

PL intensity. 
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Figure 3.7 a) PL Spectra of ZnS nanostructures, b) Energy band gap diagram 

3.2.2.9 Photocatalytic Studies 

Defect engineering is a low-cost and effective modification technique for 

designing and developing single-phase catalysts for atomic-scale regulation and the 

formation of active sites on photocatalyst surfaces 
[400][401][402]

. Of the various 

defects, surface vacancies can control the surface atomic architecture and local 

coordination structure of the catalyst, exposing and activating the surface atom to 

make a single-phase catalyst possess high activity. Furthermore, other than creating 

defect levels and increasing the photocatalyst's photo absorption capability, the 

anion and cation vacancy defects have unique impacts 
[403]

. Anion vacancies (S) 

have been shown to attract photogenerated electrons and limit carrier recombination 

[404][405]
, whereas cation (Zn) vacancies can boost surface charge transfer and 

increase the valence band (VB) position to reduce h
+
 oxidation capacity 

[406][131][407]
. 
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As a result, the vacancies enhance the photocatalytic activity and stability of the 

catalyst.  

 

Figure 3.8. a)-e) Time-dependent absorption spectra of photocatalytic degradation of MB 

dye solution with ZnS photocatalyst f) Photodegradation of MB Dye solution with ZnS 

photocatalyst g) Percentage Photodegradation Efficiency of ZnS photocatalyst. 
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The presence of defective states in the synthesized samples are confirmed by 

Raman spectra, XPS and PL investigations and hence, visible-light PC activities are 

critical to our investigations. The Figure 3.8 (a-e) shows the time-dependent 

absorption spectra of PC degradation of MB dye under sunlight irradiation for all 

samples.  Figure 3.8f depicts the MB solution's photodegradation at set intervals of 

sunshine exposures. The photodegradation efficiency percentage of samples are 

shown in Figure 3.8g. The crystallinity, surface area and shape are known to affect 

how the PC process. The PC activity may be enhanced by lowering the 

recombination of photogenerated electron-hole (e
-
 -h

+
) pairs, stretching out the 

excitation wavelength to a smaller energy range and expanding surface-adsorbed 

reactant species 
[408][132][409]

. In general, the system for photocatalysis starts when 

supra-band hole photons are explicitly absorbed in this manner, creating (e
-
 -h

+
) 

pairs in the semiconductor particles. Following this, the charge carriers are dispersed 

across the molecules' surfaces, where they mix with water molecules to produce 

highly reactive forms of peroxide (O
2-

) and hydroxyl radical (OH), which cause the 

degradation of adsorbed molecules. The following diagram demonstrates how 

methylene blue is photo-catalytically degraded over a ZnS photocatalyst. Adsorption 

of the dye onto the outer layer of the ZnS nanostructure is the first step 
[386]

. When 

dye-adsorbed ZnS nanostructures are exposed to sunlight, (e
-
 -h

+
) pairs are formed.  

ὤὲὛὬ’O Ὡ ὅὄ Ὤ ὠὄ 

The light-induced electrons in the CB of ZnS associate with the oxygen 

atoms adsorbed on ZnS to shape superoxide anion extremists (ὕɆ ). 
The holes 

created in the valence band (VB) of ZnS react with surface hydroxyl groups to 

deliver extremely reactive (ÅOH) radicals 
[332]

. 

ὕ Ὡ ᴼὕɆ  

Ὤ ὕὌ ɆOὕὌ 

 These holes Ὤ  can prompt the separation of water atoms in the fluid 

arrangement, creating radicals. The exceptionally reactive (ÅOH)  radicals and 

superoxide radicals (O
2Åī

) can react with methylene blue dye adsorbed on ZnS 

nanostructures and lead to its decomposition 
[345]

. 
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Ὤ ὌὕᴼὌ ɆὕὌ 

The schematic illustration of the dye degradation process using ZnS is shown Figure 

3.9 

 

Figure 3.9- Schematic illustration of the dye degradation process using ZnS 

The photodegradation efficiency is more for the samples having S/Zn=0.67 and 3. J. 

Zhou  et al., X. Hao et al. and F. Chen et al., also used the same strategy to improve 

the light-harvesting properties of photocatalyst 
[384][410][343]

. The reason for the high 

PC degradation of the sample with S/Zn=0.67 is S vacancies in the crystal. For ZnS, 

each S
2-

 ion forms a SZn4 tetrahedron with four Zn
2+

 ions around it, while each Zn
2+

 

ion forms a ZnS4 tetrahedron with four S
2-

 ions surrounding it. All four Zn atoms 

around a S vacancy in a SZn4 tetrahedron transform into a ZnS4 pyramid with one 

sp
3
 dangling bond when one S atom is removed from the structure. When the 

composition surrounding the vacancy site is loosened, the symmetry is lowered, 

which causes the 1t level to split and a huge increase in the energy difference 

between the 1t and 1a levels. The result is that the three empty levels approach the 

CB minimum, while the 1a level approaches the VB maximum and becomes doubly 

filled. Around an S vacancy in the relaxed structure, one ZnS3 pyramid that becomes 

powerfully pyramidal in the loosened structure surrounding an S vacancy has its 

dangling bond double-filled to become a lone pair.  



Chapter 3 

 

 63 

The optical excitations connected to the filled defect level are then close to 

the VB maximum, while the unfilled defect levels below the CB minimum cause the 

ZnS samples with S vacancies to absorb visible light 
[133]

. Additionally, these defect 

states capture photogenerated electrons and holes, which delay their recombination 

and improve the PC performance of ZnS samples with S vacancies 
[411][332]

. 

Additionally, S and Zn vacancies could cause a little deviation of the perfect ZnS 

and lower its volume 
[412]

. After geometric relaxations, the cell volume loss caused 

by S-vacancy is more noticeable than that caused by Zn-vacancy since it occupies a 

larger volume. S vacancies in ZnS crystals are more difficult to introduce than VZn. 

The energy required to produce S vacancies (7.05 eV) is larger than that required to 

form VZn (5.99 eV). Therefore, more VZn is expected in ZnS crystals than in S 

vacancies. The VZn is the reason for the high degradation of sample with S/Zn=3. 

VZn in the ZnS photocatalysts is responsible for the higher visible-light absorption 

and excellent charge separation efficiencies of ZnS catalysts, which result in better 

visible-light PC activities. The similar observations were reported by X. Hao et al. 

[343]
. H. Zhang et al., also conducted Visible light PC activity by varying the molar 

ratios. They reported maximum PC activity for ZnS with S/Zn=2 prepared by solid-

state reaction 
[408]

. Z. Fang et al., adjusted the number of VS and phase junctions to 

achieve optimal visible light activity on ZnS synthesized by hydrothermal and 

solvothermal methods 
[132]

. X. Hao et al., reported high visible light PC activity for 

ZnS synthesized by hydrothermal technique with Zn/S =2.5 
[131]

. The luminescence 

emission spectra (Figure 3.7a) shows the peak around 473 nm corresponding to the 

transition from sulphur vacancies to dangling sulphur bonds. These sulphur defect 

states act as trapping sites for charge carriers generated by visible light exposure 

contributing to their photocatalytic activity. 

Under identical settings, the recycling experiments were repeated three times 

to study the stability of the catalyst using the Xenon lamp 
[141]

. The ZnS1 catalyst 

was extracted at the end of each cycle for recycling purposes using a centrifuge. 

Figure 3.10 depicts the results that were obtained after three cycles of testing. The 

dye degrades with no substantial changes in the rate of degradation up to the third 

cycle, which is a very important observation. However, a nominal decrease in decay 
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percentage was observed, attributed to partial surface passivation by the 

decomposed MB dye 
[410]

.  

 

Figure 3.10 Recyclability tests of samples (Three runs) involved with MB degradation. 

3.2.2.10 Brunauer-Emmett-Teller Analysis 

BET techniques were used to determine the specific surface area of each 

sample. According to the experimental findings (Table 3.3), the Photodegradation 

Efficiency of the samples follows the order: ZnS0.67 > ZnS3 > ZnS2 > ZnS1 > 

ZnS1.5. However, the surface area follows a different trend: ZnS0.67 > ZnS1.5 > 

ZnS2 > ZnS3 > ZnS1. This disparity shows that defects within the materials have a 

greater impact on the visible-light photocatalysis of the defective ZnS systems 
[413]

 

than their surface area. The defects like vacancies or defects created by the dopants 

can provide energy levels in the band gap making it easier to separate charges and 

absorb visible light enhancing photocatalytic activity. These findings demonstrate 

how the defects can be used to tune the photocatalytic activity of ZnS materials 

under visible-light irradiation. 

In the present, work we investigated the effect of parameters including size, 

band gap energy, strain, surface area and defects on the photocatalytic activity of 

samples with varied S/Zn ratios. Interestingly, after analyzing the data, we observed 

that several parameters such as size, band gap energy, strain and surface area are 
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known to affect the photocatalytic activity of the samples. However, the existence of 

defects in the samples appeared to play an important role in determining their 

photocatalytic activity. Increased defect densities resulted in increased 

photocatalytic activity. It suggests defects, rather than size, band gap energy, strain 

or surface area may be the most important parameter impacting this photocatalytic 

efficiency of samples. These findings emphasize the relevance of defect engineering 

into photocatalytic material design and development. It may be feasible to increase 

the photocatalytic activity and overall performance of materials by deliberately 

introducing and controlling defects. In order to optimize the design of effective 

photocatalysts, further research is needed to understand the unique function of 

defects and their impact on photocatalytic mechanisms. 

Table 3.3 Band Gap energy from DRS, Compositional for ZnS NPs from ICP-OES and 

BET analysis result 

Samples 

 
Eg(eV) 

ICP-OES 

(Atomic %)  
BET Photodegradation 

Efficiency (%) 
Sulphur Zinc S/Zn S.A(m

2
g

-1
) 

ZnS0.67 3.46 17.78 82.21 0.22 16.77 83.78 

ZnS1 3.32 27.66 72.34 0.38 5.57 64 

ZnS1.5 3.30 28.77 71.22 0.40 14.233 61.5 

ZnS2 3.28 42.19 57.8 0.73 10.652 72 

ZnS3 3.49 65.48 34.52 1.89 10.534 82 

  

3.4 Conclusion 

ZnS NPs with different S/Zn molar ratio have been synthesized using a low-

temperature hydrothermal route for photocatalysis applications. Through defect 

engineering, the Zn and S defects are successfully introduced into the ZnS crystal, 

which also alters the band structure of ZnS. The defects are generated on the surface 

during the synthesis, which is evident from RAMAN, XPS and PL. The crystallinity 

and phase formation of the samples have been confirmed through XRD and Raman 

analysis. Through Scherrer, W-H model and size strain plot, the impact of crystal 

defect on the structural characteristics of ZnS nanoparticles was studied. There is a 

strong effect of S/Zn molar concentration on the energy gap and the band gap has 

been reduced from 3.49 eV to 3.28 eV (ȹȺ = 0.21 eV). The ICP-OES data reveal 
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that all samples follow the predicted S/Zn ratio trend. The PL spectra show that the 

ZnS nanoparticles emit dual colors which are violet and blue. The NPs 

agglomeration can be seen in TEM images; however, the size of synthesized NPs is 

in the quantum dots range. SEM study reveals the different morphology of the 

synthesized ZnS NPs. The vacancy-dependent visible light photocatalytic activity 

has been studied. The photocatalysis degradation activity was very high for Sulphur 

defect-rich sample ZnS0.67 and Zn defect-rich ZnS3 samples. Our study reveals that 

the developed NPs of ZnS with rich defects are stable photocatalysts and highly 

applicable for waste-water treatment. 

 

  

 



 

 

 

Chapter-4 

Microwave assisted synthesis of quantum dots 
like ZnS nanoparticles  

 

 

 

 

 

 

 

 

 

Nanoparticles of ZnS with different weights of CTAB (cetyltrimethylammonium bromide) 

have been successfully synthesized by Microwave assisted co-precipitation method. The x-

ray diffraction pattern exhibits a cubic phase crystal structure with a crystal size of ~3 nm. 

The morphological properties of prepared samples were investigated using Scanning 

electron microscopy (SEM). Ultra-violet-visible absorbance spectra were recorded and 

calculated energy gap for the samples are in the range of 3.56 to 3.6 eV. Raman spectra 

confirm the synthesis of ZnS nanoparticles at all CTAB contents and it contains two major 

Raman modes at ~ 264 and 346 cm
-1
 related to TO and LO modes which are shifted to lower 

wavenumbers indicates phonon confinement in the final products. The variation of the 

dielectric constant and dielectric loss was studied. The dielectric constant Ů' is higher in the 

lower frequency region almost stable between 1MHz and 5 MHz and is increasing at higher 

frequencies. The dielectric study reveals that the samples possess high values of dielectric 

constant which are between 27 to 35 and lower loss values. The electrical conductivity is 

noticed to be increased with increasing the frequency and also noticed to be varied with 

varying the CTAB content in ZnS. The synthesized low dimension NPs, with high energy 

gap, high dielectric constant and lower loss values signify that the prepared NPs are 

suitable for optoelectronics.  
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4.1 Introduction  

The ZnS nanoparticles are very important II-VI semiconducting materials 

with anomalous physical and chemical properties such as: chemical activity, the 

quantum size effect, enhanced surface to volume ratio, more optical absorption, 

thermal resistance, surface and volume effect, macroscopic quantum tunnelling 

effect, catalysis and the low melting point compared to its bulk
[150]

. ZnS has great 

importance due to the elegance in chemical and physical properties, which is useful  

for wide range of applications 
[5]

. The doping with different elements alter  physical , 

chemical and optical properties , which can be used in applications like biosensing, 

imaging
[150]

, solar cell
[414]

 and  UV-visible-NIR light photo detection
[415]

. We can 

tune different properties like structural and 
[4]

photovoltaic properties of ZnS
[332]

, 

using different modification technique and adding different chemical additives. 

The preparation added with surfactants modifies the morphology and hence 

the different physical properties such as, photovoltaic 
[416]

 and magnetic properties 

of various nanomaterials 
[417]

. Surfactants control the size and the uniformity of 

nanomaterials
[418]

. For the preparation of nanoparticles with uniform spherical and 

mesostructured morphology 
[418]

 suitable surfactants were added during synthesis. 

Surfactants can change the morphology of the hydroxyapatite and we can alter other 

properties  such as surface area, Ca/P ratio, acid sites distribution and strength which 

consequently affects the catalyst activity of the hydroxyapatite sample in oxidation 

reactions
[419]

. 

Cetyl trimethyl ammonium (CTAB) bromide is a cationic surfactant which 

gets ionised when it dissolves in water.  It contains a lipophilic radical at one end 

and a positively charged hydrophilic radical at the other end. CTAB is in high 

coordination with non-ionic amphoteric surfactants. CTAB has high resistivity 

against pressure, heat, light, static electricity and strong acidic/alkaline nature and 

has high chemical stability, therefore CTAB based nanohybrids widen its 

application range 
[420]

. The concentration of CTAB can control the size of 

synthesised ZnS nanoparticle, which has great influence in the study of 

photocatalysis and luminescent properties
[421]

. CTAB can be used for reconstruction 

of microstructure and morphology of transition metal oxide nanomaterials to 

enhance the electrochemical performance for energy storage
[422]

. 
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 Microwave assisted method is a simple, uniform, quick and efficient 

synthesis technique for synthesis of nanomaterials. Since the reaction rate of the 

microwave assisted method is high, the synthesis time is comparatively less. This 

method is very simple and requires only minimum equipment 
[423]

. In this chapter, 

we aim to study the effects of CTAB on the structural, optical and dielectric 

properties of ZnS nanoparticles prepared by microwave assisted co-precipitation 

route.  

The results presented in this chapter have already been published as E. M. 

Jubeer, M. A. Manthrammel, M. Shkir, P. A. Subha, I. S. Yahia and A. Alfaify, 

ñOptik Microwave assisted synthesis of quantum dots like ZnS nanoparticles for 

optoelectronic applications: An effect of CTAB concentrations,ò Optik (Stuttg)., 

vol. 240, no. March, p. 166812, 2021, doi: 10.1016/j.ijleo.2021.166812
[368]

 

4.2 Experimental  

4.2.1 Synthesis 

The nanoparticles of ZnS were prepared by microwave assisted co-

precipitation synthesis method. The brief procedure of synthesis is as follows. 0.5M 

Zinc Acetate and 0.5M Na2S precursors were prepared separately in double distilled 

water (DDW) under continuous magnetic stirring at 60
o
C for ~30 minutes. Then 

separately prepared CTAB solutions were added to the 0.5M Zinc Acetate 

precursors by weighing 0.0, 0.025g, 0.1g, 0.5g, 1g, 2.5g and 5gm, respectively 

CTAB in 100 mL each deionized water and continued the stirring for uniform 

mixing. They were mixed with 0.5M Na2S precursors and the reactions were 

continued for 1 hour at 60
o
C. The obtained solutions were microwave treated at 700 

W microwave power for15 minute and the solutions were allowed to cool to room 

temperature naturally. The white products were systematically washed with 

DDW
[424]

. All chemicals used in the experiment were of analytic grade. Thus, pure 

ZnS and 6 different samples with different weights of CTAB were prepared. 

4.2.2. Measurements 

 For Structural confirmation of prepared sample of pure ZnS and ZnS with 

different weights of CTAB the powder X-ray diffraction (PXRD) patterns were 

recorded using a Shimadzu X-600 Japan powder X-ray diffractometer (PXRD) 

having CuKŬ radiation and wavelength ɚ = 0.1543 nm and operated at 40 kV, 30 
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mA, at the scan rate of 0.02°/m over the angular range of 10°to 70° at 300 K. The 

morphological analyses for all the prepared nanostructures were done by using a 

scanning electron microscope (SEM). The dielectric measurement on pure ZnS and 

CTAB added ZnS nanostructures synthesized by microwave assisted technique have 

been carried out in the frequency range 3 kHz to 10 MHz at room temperature. The 

measurements were done using SCS 4200 semiconductor characterization system. 

Studies are made on pellet samples. The vibrational study was carried out at room 

temperature for all the nanostructures using a RAMAN spectrometer. The Raman 

system was operated at 0.2 mW laser power (532 nm laser). The room-temperature 

optical absorption spectra of the ýlms were determined using a double beam UV-

VIS spectrophotometer in the wavelength range of 200ï1200 nm. 

4.3 Results and discussion  

4.3.1 X-Ray Diffraction analysis  

The information about the crystal structure and the grain size of the 

nanoparticles will give by the X-ray diffraction pattern. Figure 4.1 shows the XRD 

patterns of pure ZnS, ZnS with 0.025g CTAB, ZnS with 0.1g CTAB, ZnS with 0.5g 

CTAB, ZnS with 1g CTAB, ZnS with 2.5g CTAB and ZnS with 5g CTAB. From 

the figure it is clear that there are three different diffraction peaks at 2ɗ values 

29.08
0
, 48.480 and 57.07

0
. The diffraction peaks are due to reflection from (111), 

(220), (311) planes of cubic phase of ZnS. The XRD patterns of prepared samples 

are matched with standard ICDD (# 00-005-0566). It is clear that the ZnS grown 

with cubic phase, since no other phases have been observed. The significantly 

broadened diffraction peaks show the very small size of nanoparticles. The XRD 

pattern of all samples no show extra peaks due to impurity. No significant shifts in 

peaks and broadening have been observed with addition of CTAB. The lattice 

parameter (a) is observed using following equation 

a =   
ⱦ

▼░▪Ᵽ
 (h

2
+k

2
+l

2
)
1/2

   (4.1) 

 where ɚ is wavelength of X-ray used which is 1.54056Å, ɗ is Braggôs angle and 

(hkl) is miller index of crystal plane. ôaô was found to be very close to the reported 
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value of cubic blend ZnS with standard ICDD (Reference code-00-005-0566). The 

average particle size was estimated using Debye-Scherrer equation. 

D=
▓ⱦ

♫ ╬▫▼Ᵽ
     (4.2) 

where k is a constant 0.9, ɚ is X-ray wavelength, ɓ is full width at half maxima of 

peak in radians and ɗ is Braggôs angle in radian. The various parameters measured 

from the XRD data are listed in the Table 4.1 

 

Figure 4.1 XRD patterns of ZnS:CTAB nanoparticles 

Table 4.1: grain size, dislocation density and micro-strain values of ZnS: CTAB samples 

estimated from the XRD data. 

CTAB 

quantity  
D (nm) ŭ (10

-3
) nm

-2
 Ů (10

-3
) a (nm) V (nm

3
) 

0 g 1.92 286.010 51.039 0.5339 0.1522 

0.025 g 2.16 217.319 45.265 0.5326 0.1512 

0.1 g 2.04 257.372 48.949 0.5331 0.1515 

0.5 g 1.81 330.304 54.332 0.5328 0.1513 

1 g 2.09 234.770 46.562 0.5327 0.1511 

2.5 g 1.965 269.547 49.374 0.5324 0.1509 

5 g 2.039 248.980 47.502 0.5324 0.1509 
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4.3.2 Scanning Electron Microscopy (SEM) 

The SEM image of pure ZnS, ZnS with 0.025g CTAB, ZnS with 0.1g 

CTAB, ZnS with 0.5g CTAB, ZnS with 1g CTAB, ZnS with 2.5g CTAB and ZnS 

with 5g CTAB is shown in Figure 4.2. The SEM analysis shows that the synthesized 

samples contain mainly the grains of ZnS particles (crystallite) with regular shape 

and uniform size. One can see that nearly spherical nanoparticles have an almost 

homogenous size distribution with a mean size of 100nm. SEM image shows 

general view of ZnS nanoparticles in large area. The ZnS products are aggregation 

of these small nanospheres which shows small dimensions and high surface energy.  

 

Figure 4.2 SEM images of ZnS:CTAB nanoparticles 
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4.3.3 Raman Spectra Analysis 

The vibrational analysis has been performed through recording the FT-

Raman spectra of the prepared different CTAB content assisted ZnS NPs as 

displayed in Figure 4.3. It is visible from figure that there are two major Raman 

modes in all prepared NPs of ZnS, however the intensity variation can be seen. The 

intensity variation indicates the variation in FWHM of the peaks, however it 

depends on the used excitation source and its power. The two major Raman bands 

are noticed at ~ 264 and 346 cm
-1

 which are related to fundamental Raman modes 

and are assigned to transverse optic (TO) and longitudinal optic (LO) phonon modes 

of ZnS
[425]

. In previous study these modes are reported at 260 and 341 cm
-1

 by 

Lalithadevi et al. 
[426]

. The currently observed modes are noticed to be shifted 

towards lower wavenumber compared to bulk values reported at 274 and 351 cm
-

1[425]
. Such shift in Raman modes is linked with the phono confinement effect owing 

to nano size.  

 

Figure 4.3 Raman spectra of the ZnS: CTAB nanoparticles 

4.3.4 Optical Properties 

Figure 4.4a show the diffuse reþection spectrum of sample pure ZnS, ZnS 

with 0.025g CTAB, ZnS with 0.1g CTAB, ZnS with 0.5g CTAB, ZnS with 1g 
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CTAB, ZnS with 2.5g CTAB and ZnS with 5g CTAB. It shows a sharp increase in 

reþection in the UV range approximately up to 400 nm., corresponding to the 

valence to-conduction band transitions of the ZnS nanostructure 
[369]

. In order to 

verify absorption of the sample, the Kubelka - Munk function was used 

F(R) =
╡

╡
      (4.3) 

  

  

Figure 4.4 a) Reflectance Spectra (inset-magnified plot of reflectance for the wavelength 

range 325 nm to 425 nm) b) (F(R)h ɜ )
2
 Vs h ɜ plot of the ZnS: CTAB nanoparticles 
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The value of the optical band gap can be calculated by extrapolating the 

Kubelka - Munk function (Figure 4.4b). The calculated band gaps for different 

samples are shown in the Table 4.2. 

Table 4.2 Band Gap energy from DRS 

S. No. Sample Bandgap(eV) 

1. Pure ZnS 3.56 

2. ZnS +0.025g CTAB 3.59 

3. ZnS +0.1g CTAB 3.61 

4. ZnS+0.5g CTAB 3.59 

5. ZnS+1g CTAB 3.58 

6. ZnS+2.5g CTAB 3.59 

7. ZnS+5g 3.57 

 

4.3.5 Dielectric Property Analysis  

The dielectric constant (Ůǋ) and loss (Ůǋǋ) parameters were estimated from the 

measured capacitance (C) and loss tangent (tan (ŭ)) data using the relations 

 Ůǋ = 
╒▀

Ⱡ═
       (4.4) 

Ůǋ ǋ = tan(ŭ)Ĭ Ůǋ     (4.5) 

where d and A are the thickness and cross-sectional area of the pellet samples
[427]

. 

The Figure 4.5a shows the variation of dielectric constant Ůô with frequency. From 

the graph, it is observed that the dielectric constant Ůô has higher values at the low 

frequency regime, which becomes nearly stable between 1 MHz and 5 MHz and is 

then increasing at higher frequency range. This observed behaviour of Ůô at the low 

frequencies is due to the contributions from all four frequency dependent charges 

such as space charge polarization, ionic, electronic and dipolar 
[428]

. The reason for 

the observed initial decreasing of Ůô with frequency for the pure and CTAB added 

ZnS NPs followed by the nearly stable state within ~ 1ï6 MHz could be attributed to 
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the special characteristics of the electric field dipoles, that cannot follow the 

alternating field beyond certain frequencies. 

 

Figure 4.5 Variations of a) dielectric constant and b) dielectric loss vs. frequency. 

The values of Ůǋ are found within the range 26ï39 in the frequency range 1 

kHz to 10 MHz. These values express slight enhancement in Ůǋ compared to the most 

of the previous works on ZnS based nanoparticles and thin films, in the range 103ï

107 Hz 
[429][430]

. This could be due to the fact that most of the atoms in NPs reside on 

the grain boundaries where the charge trapping makes them electrically active sites. 

Also, contributions from space charge and rotation polarizations are also prominent 
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at the interfaces. Thus, nanostructured particles exhibit comparatively larger Ůǋ 

values. The Ůǋ values of 30ï40 has been reported by Suresh et al. in wide range of 

frequencies 10
4
- 10

7
 Hz, at 40ï150 

Ǔ
C 

[146]
. Figure 4.5b represents the variations of 

the dielectric loss with respect frequency. From the figure, the dielectric loss values 

showed a clear decreasing tendency with frequency for all the samples and observed 

their minimum at 4 MHz However, the dielectric loss values are increasing sharply 

above 4 MHz. The maximum value of dielectric constant was observed for 0.5 g 

CTAB: ZnS sample and the same sample displayed the maximum dielectric loss 

below 4 MHz frequency whilst it exhibited the minimum dielectric loss beyond 4 

MHz. The changes in dielectric loss properties are related to various factors like 

grain sizes, lattice vibration mode and contributions from various polarization 

mechanisms 
[429]

. 

4.3.6 Electrical Conductivity  Analysis 

The following relations were employed to extract the useful information 

regarding the total ac conductivity (ůac.tot). 

 ů ac.tot =
╩╧═

      (4.6) 

ůac=ůdc+Bɤ
s
      (4.7) 

where the latter is the Jonscher law that connects the ac conductivity, ůac with dc 

conductivity, ůdc and angular frequency ɤ. Here B and exponent s are constants 
[431]

, 

(l is the thickness = 1.35 mm and A is the area = 7.85 × 10
-5

 m
2
). The plot of ac 

conductivity vs. frequency for all the prepared NPs is shown in Figure 4.6. The figure 

clearly shows that the results obey the frequency power law and increasing of the ůac 

with frequency. The maximum ac conductivity was observed for the 0.5 g CTAB 

content added ZnS NPs. The exponent values were also computed for all the 

samples from the slope of above plots in Figure 4.6 and are obtained to be 

0.986,0.988,0.992,0.984,0.992,0.988,0.989 for pure ZnS, ZnS with 0.025 g CTAB, 
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ZnS with 0.1 g CTAB, ZnS with 0.5 g CTAB, ZnS with 1 g CTAB, ZnS with 2.5 g 

CTAB and ZnS with 5 g CTAB. 

  

Figure 4.6 Variation of ac conductivity with angular frequency, (the inset shows two 

magnified plots for frequency between 13to19 and 15.0 to 15.1)  

The 0.5 g CTAB concentration in ZnS nanoparticles has been identified as the 

optimum, as it results in the highest dielectric constant and maximum ac 

conductivity. This optimized concentration leads to enhanced dielectric properties, 

making it particularly suitable for applications in capacitors and other high-

frequency electronic devices. Additionally, the high ac conductivity suggests 

potential use in energy storage systems and advanced electronic materials. 

4.3.7 Photocatalytic Studies 

The photocatalytic tests were conducted for the ZnS sample with optimum 

CTAB concentration. The effective use of ZnS with 0.5g of CTAB as photocatalysts 

for the breakdown of Methylene Blue (MB) dye was investigated by photocatalytic 

(PC) examinations. For the experiment, 10 mg of MB was dissolved in 1 L of 

distilled water to prepare the MB dye solution. Then, 0.03 g of photocatalyst was 

added to 25 ml of this solution. The mixture was magnetically agitated in the dark 
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for an hour to attain an adsorption-desorption equilibrium between the dye 

molecules and the catalyst surface. Photocatalytic activity was tested on sunny days 

between 11 a.m. and 2 p.m. However, no significant degradation of the MB dye was 

found in the presence of ZnS, indicating that these materials do not exhibit effective 

photocatalytic activities as shown in the Figure 4.7. 

 

Figure 4.7 Photodegradation of MB dye with ZnS as photocatalyst 

4.4 Conclusion 

In previous chapter we discussed the synthesis of ZnS nanoparticles using 

hydrothermal method. Point Defects are introduced using stochiometric ratio 

variation. In this chapter a facile and successful preparation of quantum dots like 

ZnS nanoparticles has been synthesized at different CTAB concentrations. X-ray 

diffraction and FT-Raman spectroscopy approves the synthesis of monophasic ZnS 

with very low dimension. FT-Raman spectra contain two major Raman modes at ~ 

264 and 346 cm
-1

 related to TO and LO modes which are shifted to lower 

wavenumbers compared to bulk values indicates phonon confinement in the final 

products. SEM study reveals that the prepared nanostructures are nanoparticles of 

very low dimension and the size is also varying slightly with CTAB content in ZnS. 

Kubelka-Munk method was used to determine energy gap and noticed between 3.56 
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to 3.6 eV at different CTAB contents in ZnS. The ZnS nanoparticle synthesized 

were not showing photocatalytic activity. The dielectric study reveals that the 

samples possess high values of dielectric constant which are between 27 to 35 and 

los loss values. The electrical conductivity is noticed to be increased with increasing 

the frequency and also noticed to be varied with varying the CTAB content in ZnS. 

The 0.5 g CTAB concentration in ZnS nanoparticles has been identified as the 

optimum suitable for the formation low dimension NPs with higher energy gap, 

higher dielectric constant and lower loss values. These properties make ZnS NPs 

suitable for optoelectronics devices.   
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The rare earth element Er is doped into the CTAB optimised zinc sulphide nanoparticles 

prepared by microwave-assisted co-precipitation route. XRD and Raman studies confirm 

the crystalline nano growth of the prepared nanostructures. The stress-strain analysis of the 

samples was made using Williamsons-Hall (UDM, USDM and UDEDM) plots. The Raman 

bands at 257 and 340 cm
-1
 are associated to transverse optic (TO) and longitudinal optic 

(LO) phonon modes of ZnS. SEM/EDX/SEM e-mapping micrographs and compositional 

analyses approve the formation of nano-scale materials with proper elemental composition 

and homogeneity. Band gap values of the prepared samples were estimated in the range of 

3.61-3.64 eV using the Kubelka-Munk Plots derived from the experimental diffused 

reflectance data. The photoluminescence spectra of Er doped ZnS nanoparticles were 

studied at 320nm and 400 nm excitation wavelengths. The emission peaks of 320 nm 

excitation were observed at 364nm, 380nm, 423nm, 438 nm and 520 nm. The dielectric 

values are found within the range 15ï23 in the frequency range 1 kHz to 10 MHz which are 

slightly lower compared to pure ZnS nanoparticles in the same range and the reason is 

attributed to the effects of Er doping. 
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5.1 Introduction  

Rare earth elements (REEs) are a collection of seventeen chemically related 

metallic elements that are essential for many modern technologies
[432]

. These 

elements, which have unique magnetic, luminous and catalytic characteristics that 

are useful in numerous applications
[433]

, hence the rare earth element  

doping improves the electrical conductivity
[434]

, Optical
[435]

, 

electrochemical
[436]

,thermoelectric
[437]

 and magnetic properties of nanomaterials
[438]

. 

Zinc sulphide (ZnS) nanoparticles have attracted a lot of attention recently because 

of their unique properties and their uses in a variety of industries
[439]

. These 

nanoparticles are extremely attractive for a variety of applications, including 

optoelectronics
[440]

, photonics
[441]

, sensors
[442]

 and catalysis
[443]

, because to their 

exceptional optical, electrical and mechanical capabilities. The electrical and optical 

characteristics of nanoparticles can be greatly impacted by point defects like 

vacancies or interstitials
[444]

. Doping with rare earth elements and adding point 

defects to ZnS nanoparticles have been investigated as ways to improve their 

characteristics more significantly
[445]

. The electrical and optical characteristics of 

nanoparticles can be greatly impacted by point defects like vacancies or 

interstitials
[444]

. In this thesis we introduced point defects by doping with rare earth 

elements. ZnS nanoparticles may be doped with rare earth elements, such Erbium 

(Er), to change their photocatalytic, luminous characteristics and add other energy 

levels
[446]

. This allows ZnS nanoparticles to be used in lasers, 

telecommunications
[205]

  and displays
[447]

. Synthesis of ZnS nanoparticles with 

regulated size, shape and composition is critical for customising their characteristics. 

Microwave-assisted co-precipitation has become a promising method among many 

synthesis techniques. This method has a number of benefits, such as the capacity to 

produce nanoparticles with narrow size distributions, accurate control over reaction 

conditions and quick and uniform heating
[231]

. 

5.2 Experimental 

5.2.1 Synthesis 

The nanoparticles of Erbium (Er) doped ZnS were prepared by microwave 

assisted co-precipitation method. Prior to reaction 0.5M Zinc Acetate solution was 

prepared under magnetic stirring followed by addition of 0.5g/100 ml CTAB and the 

stirring continued for 30 min at 60
o
C. Separately prepared 0.5M Na2S precursor 
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solution in double distilled water (DDW) was added to the above solution at 60
o
C to 

form the ZnS. Er doping has been achieved by mixing the required amount of 

Erbium nitrate hexahydrate to the Zinc acetate and CTAB mixture before reacting 

with the Na2S precursor to synthesize 0.25%, 0.5%, 1%, 2.5% and 5% Er doped ZnS 

Nanoparticles. The reaction was allowed to continue for 1 hr and then cooled to 

room temperature naturally and treated with 700 W microwave power for 15 min. 

The obtained ZnS nanoparticles were then meticulously cleaned using standard 

procedures to remove the undesirable constituents present.  

5.2.2 Measurements 

The structural and compositional studies of Er doped ZnS nanoparticles were 

done using the powder XRD (PXRD), The diffraction patterns of prepared samples 

of Er doped ZnS nanoparticles were recorded using a Shimadzu X-600 Japan 

powder X-ray diffractometer (PXRD) having Cu-KŬ radiation and wavelength ɚ = 

0.1543 nm and operated at 40 kV,30 mA, at the scan rate of 0.02°/m over the 

angular range of 10°to 70° at 300 K. The morphological analyses for all the 

synthesised Er doped ZnS nanostructures were done by JSM 6360 LA, Japan 

scanning electron microscope (SEM). The dielectric measurements on all 

nanostructures synthesized by microwave assisted technique have been carried out 

in the frequency range 3 kHz to 10 MHz at room temperature. The measurements 

were done using SCS 4200 semiconductor characterization system. Studies are made 

on pellet samples. The vibrational study was carried out at room temperature for all 

the nanostructures using a THERMO SCIENTIFIC, DXRFT-Raman spectrometer. 

The Raman system was operated at 0.2 mW laser power (532 nm laser). The room-

temperature optical absorption spectra of the nanostructures were determined using a 

double beam UV-VIS spectrophotometer a Shimadzu UV-3600 spectrophotometer 

in the wavelength range of 200ï1200 nm.  

5.3. Results and discussion  

5.3.1 X-Ray Diffraction Analysis 

5.3.1.1 Scherrer method 

 

The PXRD patterns of 0.25%, 0.5%,1%,2.5%,5% by weight of Er doped ZnS 

nanoparticles are shown in Figure 5.1. The PXRD pattern of undoped ZnS is already 

depicted in Figure 4.1 and discussed in the section 4.3.1. From the figure it is clear 
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that all the XRD peaks of the prepared sample could be indexed as the cubic Zinc 

blend structure of ZnS. It could be seen that the broadened three peaks are 

correspond to (111), (220), (311) planes of cubic phase of Er doped ZnS 

nanoparticles (ICDD (# 01-080-0020). The peaks are observed at 2ɗ values 28.97
0
, 

48.32
0
 and 56.98

0 
respectively. The absence of other peaks shows that no other Er 

compounds are observed and it is evidence for the successful dispersion of Er in the 

ZnS matrix. However, no systematic peak shifts is observed towards lower 2ɗ 

values, the reason might be that the amount of Er
3+

 is so little that it could not be 

detected by XRD
[448]

. The average crystallite size of pure and Er doped ZnS were 

calculated by Scherrer equation and it is found to be 2.84n.m. The lattice parameter 

óaô is measured using following equation 

a =   
ⱦ

▼░▪Ᵽ
 (h

2
+k

2
+l

2
)
1/2

   (5.1)
  

 where ɚ is wavelength of X-ray used which is 1.54056Å, (hkl) is miller index of 

crystal plane and ɗ is Braggôs angle. The measured values of lattice parameter are 

5.34 Å which is very close to the reference (ICDD # 01-080-0020) values. No 

significant changes observed in the value of óaô with increasing Er doping ratio, 

Which might be due to the replacement of the Zn
2+

 ions with Er
3+

 ions
[389]

.  

5.3.1.2 Williamsons-Hall plot  

The strain and dislocation density of the samples are computed by Williamson and 

Hall plots and are shown in Figure 5.2. 

5.3.1.2.1 Uniform Deformation Model (UDM) 

UDM (Uniform deformation model) is based on the homogeneity and isotropic 

nature of the crystals. The observed broadening ɓhkl is the sum of the size 

broadening and strain broadening. 

ie.  ɓhkl   = 
▓ⱦ

╓ ╬▫▼Ᵽ
 tanɗ   (5.2) צ4+   

By rearranging the above equation   

  ɓhkl cosɗ = 
▓ⱦ

╓ 
 sinɗ   (5.3) צ4+   
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Figure 5.1: XRD patterns of Er doped ZnS nanoparticles 

This is modified Williamsons-Hall equation, which is also called UDM. The 

plot drawn 4 sinɗ along X-axis and ɓhkl cosɗ along Y-axis of prepared samples are 

shown in the Figure 5.2a. The strain was estimated from the slopes of linearly fitted 

graphs and average crystallite size from the Y- intercepts. The strain values of 

prepared ZnS:Er nanoparticles are listed in Table 5.1 and is found to be positive for 

all  Er concentrations. The positive slopes of Williamsons Hall plot indicate the 

presence of tensile strain appeared due to the thermal expansion which is associated 

with the crystal growth
[195]

. The crystallite size determined from the Y-intercept of 

the UDM plot is well matched with that obtained from Scherrer method. 

5.3.1.2.2 Uniform Deformation  Stress Model 

In reality the Youngs modulus is anisotropic in nature. In UDSM (Uniform 

Stress Deformation Model) the anisotropic strain is considered instead of isotropic 

strain and uniform stress is considered in all crystallographic directions
[449]

. By 

Hookôs law anisotropic strain is related to uniform stress by the relation. 

ἧἰἳἴ
                               (5.4) 
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Where ů is uniform Stress and ὣ   is Youngôs modulus of the given (hkl)plane. 

Hence equation (5.3) will modify as  

   ɓhkl cosɗ = 
▓ⱦ

╓ 
   +

 Ɑ▼░▪ Ᵽ

╨▐▓■
     (5.5) 

The calculated values of Youngôs modulus of ZnS for different orientation 

planes are Y(111)=86.8GPa, Y(220)=80.3GPa and Y(311)= 74 GPa 
[373]

.The UDSM 

plots are drawn with 
  

 along X-axis and ɓhkl cosɗ along Y-axis are shown in 

Figure 5.2b . The stress and average crystallite size of samples were estimated 

(Table 5.1) from the slop and Y-intercepts values of linearly fitted plots. 

5.3.1.2.3 Uniform Deformation Energy Density Model  

UDM is based on the isotropic nature of the crystal and the UDSM assumes 

linear relationship between stress and strain, but in reality, due to the various 

defects, dislocation and agglomeration creates imperfections in almost all crystals. 

Here UDEDM (Uniform deformation energy density model) model can be used to 

determine the deformation energy density, average crystallite size, stress and strain 

parameters. When the strain energy density óuô is considered all the proportionality 

constants associated with stress-strain relation is now dependent
[450]

. Energy density 

u is related to strain by the relation  

  u =
ꜗ

╨▐▓■
      (5.6) 

Then equation (5.3) become 

  ɓhkl cosɗ = 
▓ⱦ

╓ 
   + 4 sinɗ  

◊

╨▐▓■
    (5.7) 

The plots are drawn with 
  

   along X-axis and ɓhkl cosɗ along Y axis 

as shown Figure 5.2c. The intercept of linearly fitted plot provides average 

crystallite size and the deformation energy density (Table 5.1) calculated from the 

slope.   

5.3.1.2.4 Size -Strain Plot  

Size-strain plot (SSP) can be used to measure the average size -strain 

parameters. It needs to check the values obtained from Williamsons-Hall plot though 
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it has low precision 
[451]

. Average size and strain parameters can be evaluated using 

the equation 

                      ▀▐▓■▐▓■ἫἷἻ 
╚

╓
 ▀▐▓■▐▓■ἫἷἻ

ᶰ
  (5.8)  

Figure 5.2d shows the size -strain plot drawn with Ὠ ɼ ÃÏÓʃ along the X-axis 

and Ὠ ɼ ÃÏÓʃ along Y-axis. The D and צ extracted (Table 5.1) from the Y-

intercept and Slop of the fitted plot respectively. The crystallite size obtained is well 

matched with that obtained from W-H plot. 

Figure-5.2: a) UDM b) UDSM c) UDEDM d) Size-strain plot 0.25 %, 0.5 %, 1 %, 2.5 %, 5 % Er 

doped ZnS  
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Table 5.1 The calculated value from UDM, UDSM, UDEDM and Size -Strain plot is listed 

Samples Parameter Scherrer UDM UDSM UDEDM SSP 

ZnS+0.25% 

Er 

  

  

  

D(nm) 2.78 2.51 2.31 2.73 2.44 

Ů(10
-3

) 

 

9.98 

6.01(Ů111) 

6.59(Ů220) 

7.15(Ů311) 

0.723(Ů111) 

0.753(Ů220) 

0.784(Ů311) 1.28E-08 

ů(GPa) 

  

0.053 0.06  

U(KJ/m
3
) 

   

22.74  

ZnS+0.5% 

Er 

  

  

  

D(nm) 2.78 2.58 2.31 2.73 2.46 

Ů(10
-3

) 

 

10.83 

6.97(Ů111) 

7.53(Ů220) 

8.18(Ů311) 

2.76(Ů111) 

2.87(Ů220) 

2.99(Ů311) 

1.273E-08 

ů(GPa) 

  

0.061 0.23  

U(KJ/m
3
) 

   

332.51  

ZnS+1% Er 

  

  

  

D(nm) 2.67 2.39 2.19 2.73 2.34 

Ů(10
-3

) 

 

9.87 

5.83(Ů111) 

6.30(Ů220) 

6.84(Ů311) 

2.67(Ů111) 

2.77(Ů220) 

2.89(Ů311) 1.463E-8 

ů(GPa) 

  

0.05 0.22  

U(KJ/m
3
) 

   

309.6  

ZnS+2.5% 

Er 

  

  

  

D(nm) 2.7 2.66 2.36 1.95 2.46 

Ů(10
-3

) 

 

12.18 

7.87(Ů111) 

8.51(Ů220) 

9.23(Ů311) 

16.44(Ů111) 

17.10(Ů220) 

17.81(Ů311) 1.365E-8 

ů(GPa) 

  

0.07 1.37  

U(KJ/m
3
) 

   

11743.90  

ZnS+5% Er 

  

  

  

D(nm) 2.66 2.54 2.16 2.34 2.31 

Ů(10
-3

) 

 

15.61 

8.31(Ů111) 

8.98(Ů220) 

9.74(Ů311) 

11.91(Ů111) 

12.38(Ů220) 

12.91Ů311) 1.612E-8 

ů(GPa) 

  

0.07 0.99  

U(KJ/m
3
) 

   

6162.44  
 

5.3.2 Scanning Electron Microscopy  

The SEM images of the synthesized products are displayed in Figure 5.3 

A(a-e) which reveals that the synthesized materials of are of very low dimension i.e. 

below 10 nm. Moreover, slight increment in size was seen or cluster formation was 

observed with doping of Er in ZnS. The compositional and e-mapping analysis has 
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been performed by EDX/SEM. The compositional analysis confirms the 

composition of Zn and S along with the presence of Er in the final products in the 

Figure 5.3B (a-b), moreover the mapping analysis (Figure 5.3C(a-d)) confirms the 

homogeneous presence of Zn, S and Er in the final product. 

 

Figure 5.3 A (a-e) SEM images of Er doped ZnS nanoparticles, B(a-b) EDX for pure and 

1.0 wt.% Er doped ZnS and C(a-d) e-mapping image for Zn, S, Er and overlay 



Chapter 5 

 

 89 

5.3.3 Transmission Electron Microscopy (TEM) 

 TEM pictures of the ZnS and 5% Er doped ZnS nanoparticles are shown in 

Figure 5.4a and 5.4b respectively. According to the TEM images, the synthesised 

particles have a uniform distribution and a spherical shape. The TEM images of ZnS 

and Er doped ZnS particles show clear grain boundaries with an average crystallite 

size of 11.7 nm and 28.4 nm, respectively. Figures 5.4c and 5.4d show delegate 

HRTEM images of ZnS and 5% Er doped ZnS. The interplanar spacing calculated 

from the HRTEM image of ZnS is 2.87 Å which corresponds to planes of miller 

index 200. The d-spacing calculated for the plane illustrated in the picture is 1.62Å 

for the 5% Er doped ZnS sample, which correlates to 311 plane of ZnS grown in 

cubic phase that enlarges a portion of the structure.  

 

Figure 5.4 a), b) TEM image of ZnS & 5% Er-doped ZnS c), d) HRTEM image of 

ZnS & 5% Er-doped ZnS 
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5.3.4 Optical Properties 

The reflectance spectra of present samples are shown in Figure 5.5a. The 

optical properties of Er doped ZnS nanoparticles were measured using U.V-Visible 

spectroscopy in a diffuse reflectance mode. The Kubelka-Munk relation shown 

below is used to calculate the optical bandgap of prepared samples, 

♪▐ Ἅ ▐ⱨ ╔▌▪           (5.9) 

 

 

Figure 5.5 a) Reflectance Spectra b) (F(R)h ɜ )
2
 Vs h ɜ plot of Er doped ZnS 
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where Ŭ is the linear absorption coefficient of the material, hɜ is the photon energy, 

C1 is a proportionality constant, Eg is the optical band gap and n is a constant 

associated with different kinds of electronic transitions (n = 1/2, 2, 3/2 or 3 for direct 

allowed, indirect allowed, direct forbidden and indirect forbidden transitions, 

respectively)
[152]

. The value of the optical band gap can be calculated by 

extrapolating the Kubelka - Munk function shown in Figure 5.5b. The measured 

band gap values are varying between 3.61-3.64eV.  

The introduction of dopant related energy levels between the host related 

energy levels are the reason for the change in band gap energies. This can be 

explained using Urbach energy
[452]

. 

♪ ♪ ▄
╔▌

╔◊                                                           (5.10) 

The Urbach energy is determined using the hɜ Vs ln Ŭ plot and is shown in 

Figure 5.6. The Urbach energy is the reciprocal of the slope of the linear portion of 

the curve below the bandgap. The change in Urbach energy with the band gap 

energy is due to the formation of sub band states between the valance and 

conduction band
[453],[454]

.The values are tabulated in Table 5.2.  

Table 5.2 Band gap energy and Urbach energy values of Er doped ZnS 

S. No. Samples Band gap in eV Urbach Energy in eV 

1 0.25 wt% Er 3.62 0.9998 

2 0.5 wt % Er 3.61 0.8889 

3 1 wt % Er 3.64 1.6704 

4 2.5 wt % Er 3.62 1.2252 

5 5 wt % Er 3.62 1.30841 

 

The relationship of the band gap with Urbach energy for different samples are 

shown in Figure 5.7.
[453]
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Figure-5.6 Urbach energy plots of Er doped ZnS 
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Figure 5.7 -Variation of band gap and Urbach energy for different concentrations of Er. 

5.3.5 Raman Spectra Analysis 

 The FT Raman spectroscopy was used to the Vibrational analysis of Er 

doped ZnS nanoparticles. FT Raman recordings are displayed in Figure 5.8. From 

the figure it is clear that two major Raman peaks are noticed in all prepared Er 

doped ZnS NPs samples. The peaks are observed at    ֓257 cm
-1

 and  ֓  340 cm
-1
 

,These peaks  are related to fundamental Raman modes and are attributed to 

transverse optic (TO) and longitudinal optic (LO) phonon modes of 

ZnS
[393][368]

.Variation of FWHM of peaks is the reason for the variation of  the 

intensity indicating that the interaction between Er ions and the ZnS lattice affects 

the vibrational modes however, it depends on the used excitation source and its 

power. We have not detected any secondary peaks related to Er or its oxide phase. 

Phonon confinement effect in the nano regime is the reason for the shift of the 
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Raman peaks to the lower wave number side in comparison to the bulk values which 

are reported at 274 and 351 cm
ī 1[425]

. 

 

Figure 5.8-Raman Spectra of Er doped ZnS nanoparticles 

5.3.6 Photoluminescence Studies 

The photoluminescence spectrum of Er doped ZnS nanoparticles 

corresponding to the 320 nm excitation wavelength are shown in the Figure 5.9a. 

The asymmetric and broad spectra shows that more contributors are there to the 

intensity of PL spectra. The deconvoluted PL curve using Gaussian fitting of 5% Er 

doped sample is shown in the figure as a test sample. The emission peaks are located 

at 364nm, 380nm, 423n.m, 438 nm and 520 nm. The emission band centred around 

364 nm is attributed due to the transition from the interstitial Zn
[397]

.  The peak 

around 380 nm arises due to Zinc vacancies and peak around 423 nm is due to 

sulphur vacancies. The emission band centred on 438 nm corresponds to a self-

activated centre assumably formed between a shallow donor associated with a 

sulphur vacancy and a Zn vacancy. The green emission around 520nm is due to the 
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deep level emissions which are potentially induced and may have been arise due to 

the point defects
[455][399][456]

.The deconvoluted PL plot of 5% Er doped ZnS shows 

that it is 3 level laser active material. 

 

 

Figure-5.9. The photoluminescence spectrum of Er doped ZnS nanoparticles (a) excited at 

320nm and (b) excited at 400 nm. 

The PL emission spectra of Er doped ZnS nanoparticles corresponding to 

400 nm excitation wavelength are shown in Figure 5.9b. The luminescence 

transition corresponding to Er is more dominant for excitation wavelength 400 nm. 
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The peaks are located at 444nm, 462nm, 489nm, 531nm, 546nm and 635nm. The PL 

peak around 444nm ascribed to interstitial void defects due to sulphur vacancies.
[457]

 

The hanging sulphur bonds in the interface of crystal grains might be the reason for 

peak centred around the 464 nm
[399]

. The PL peaks around 489 nm,531 nm,546 nm 

and 635 nm might be corresponding to Er
3+

 transitions Ὂᴼ Ὅ, Ὄᴼ Ὅ, 

3O ), &O )  [458][459][460][461]
. The intensity of PL peaks corresponding to 

Ὄᴼ Ὅ, 3O )   transitions are decrease as the doping percentage of Er 

increases till 2.5%, up on doping with Er there is a significant PL quenching by 

40%, but for the 5% Er doping ZnS Sample there is slight increase in the intensity. 

The PL quenching attributed to some non-radiative recombination in the Er-ZnS 

interface after the electron transfer from excited ZnS to Er. 

5.3.7 Dielectric Property Analysis 

Wider band gap semiconductors can be used in capacitors like Barrier layer 

capacitors. The electrical and Optical properties of nanoparticles can be control by 

varying the amount and type of dopant
[462]

. The dielectric measurement on Er doped 

ZnS nanostructures synthesized by microwave assisted method has been carried out 

in the frequency range, 1kHz to 10MHz at room temperature. The dielectric constant 

(Ůǋ) and loss (Ůǋǋ) parameters were calculated from the measured capacitance value 

(C) and loss tangent (tan (ŭ)) data using the relations  

Ůǋ = 
╒▀

ἷἋ
           (5.11)  

and      Ůǋǋ = tan(ŭ) Ĭ Ůǋ    (5.12) 

where A and ódô are the cross sectional area and thickness of the pellet 

samples
[463]

. The Figure 5.10a shows the variation of dielectric constant Ů' with 

frequency. From the graph it is clear that the dielectric constant Ů' is higher value in 

the lower frequency region almost stable between 1MHz and 5 MHz and Ů' is 

increasing at higher frequencies. The all four frequency dependent charges such as 

space charge polarization, electronic, dipolar and ionic are the reason for  observed 

behaviour of Ůô at the low frequencies 
[368]

. The electric field dipoles cannot follow 
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the alternating field beyond certain frequencies, this special characteristic is the 

reason for the observed initial decreasing of Ůô with frequency for the Er doped ZnS 

NPs followed by the nearly stable state within ~ 1ï5 MHz 
[431]
. The values of Ůǋ are 

found within the range 15ï23 in the frequency range 1 kHz to 10 MHz. These values 

express slight diminution in Ůǋ compared to pure ZnS nanoparticles in our previous 

work 
[368]

on ZnS in the range 10
3
 ï10

7 
Hz, The doping with Er is the reason for the 

diminution of dielectric constant
[464]

.  

 

 

Figure 5.10- Variations of a) dielectric constants b) dielectric loss with frequency  

Figure 5.10b presents the variations of the dielectric loss with respect 

frequency of Er doped ZnS nanoparticles. From the figure, for all samples the 

dielectric loss values showed a clear decreasing tendency with frequency and 
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observed their minimum loss between 4 MHz-5MHz for various samples. However, 

the dielectric loss values are increasing after the minimum value. The maximum 

value of dielectric constant was observed for 5% Er doped ZnS sample. 0.25% Er 

doped ZnS displayed the maximum dielectric loss below 5 MHz frequency. 1% Er 

doped ZnS sample along with 0.25% Er doped ZnS sample exhibited the minimum 

dielectric loss beyond 4 MHz-5MHz. Various factors like lattice vibration mode, 

contributions from various polarisation mechanisms and grain sizes are the reason 

for the changes in dielectric loss properties
[429]

.  

5.3.8 Electrical conductivity Analysis 

 

Figure 5.11: -Variation of ac conductivity with angular frequency, (inset 

shows the magnified plots for the value of ln(ɤ) from 13 to 17) 

The information regarding the total ac conductivity (ůac.tot) were extracted by 

employing the following relations. 

ůac.tot =  
■

╧═╩
     (5.13) 

 ůac = ůdc + Bɤ
s
    (5.14) 

where the latter is the Jonscher law which connects the ac conductivity, ůac 

with dc conductivity, ůdc and angular frequency, ɤ, here B and exponent s are 

constants. Figure 5.11 shows the variation of ůactot with frequency for all the 
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prepared Er doped ZnS NPs. The plot itself is an evident that all samples obeying 

the frequency power law and increasing of the ůac with frequency. The maximum ac 

conductivity was observed for the 0.25 Er doped ZnS NPs. The exponent values 

were also computed for all the samples from the slope of above plots in Fig. 9 and 

are obtained to be 0.988, 0.993, 0.988, 0.991, 0.997 for 0.25%, 0.5%, 1% ,2 .5%, 5% 

Er doped ZnS NPs respectively. 

5.3.9 Photocatalytic Studies 

Photocatalytic (PC) experiments were carried out to determine the 

effectiveness of pure ZnS and 5% Er-doped ZnS as photocatalysts for the 

degradation of Methylene Blue (MB) dye. MB dye solution was prepared by 

dissolving 10 mg of MB in 1 L of distilled water and 0.03 g of each photocatalyst 

was added in 25 ml of it for the experiment. The mixture was magnetically stirred 

for an hour in the dark to ensure an adsorptionïdesorption equilibrium between the 

dye molecules and the catalyst surface. However, no substantial degradation of the 

MB dye was seen in the presence of pure or Er-doped ZnS, suggesting that these 

materials do not have efficient photocatalytic capabilities under the tested conditions 

as shown in Figure 5.12a and 5.12b. This finding indicates that neither pure ZnS nor 

Er-doped ZnS are appropriate for photocatalytic degradation of MB dye under 

visible light irradiation. 

 

Figure 5.12 Photodegradation of MB dye a) with ZnS b) with 5% Er doped ZnS 

photocatalyst 
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The PL spectra of pure ZnS and Er-doped ZnS nanoparticles synthesized via 

the microwave assisted method do not exhibit transitions from sulphur vacancy to 

dangling sulphur bonds were as the samples synthasised using hydrothermal method 

exhibit these transitions. These sulphur defect states in the hydrothermal samples act 

as trapping sites for charge carriers generated by visible light, contributing to their 

photocatalytic activity. In contrast, the lack of these trapping sites in the microwave-

assisted samples explains their absence of photocatalytic activity. 

5.4. Conclusion 

In this chapter low-cost microwave-assisted co-precipitation route has been 

successfully used for the production of Er doped ZnS nanoparticle samples with 

optimum CTAB concentration. Various characterization methods were applied to 

study their structural, morphological, optical, dielectric and photo luminous 

characteristics of the prepared samples. Band gap values were obtained in the range 

3.61-3.64eV from the Kubelka-Munk Plots. The samples were found to be highly 

luminescent when excited at 320nm and 400 nm excitation wavelengths. The 

emission peaks of 320nm excitation were observed at 364nm, 380nm, 423nm, 438 

nm and 520 nm. The dielectric values are found to be tunable with Er doping 

concentrations, which are varying between 15 and 23 in the frequency range 1 kHz 

to 10 MHz which are slightly lower compared to pure ZnS nanoparticles in the same 

range and the reason is attributed to the effects of Er doping. The pure and Er doped 

ZnS nanoparticles were not photocatalytically active either in Visible region or in 

UV region. 
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In this chapter we are discussing about the introduction of point defects by doping 

with Pr. Pr-doped ZnS nanoparticles were synthesized using a low-cost microwave 

assisted technique and investigations on their structure, morphology, optical 

properties, Raman resonance, dielectric properties and luminescence were 

conducted. Broad XRD peaks suggested the formation of low-dimensional Pr-doped 

ZnS nanoparticles with a cubic structure which was validated by TEM/HRTEM 

analysis. The energy gaps were identified using diffuse reflectance spectroscopy and 

it was found that the values varied between 3.54 and 3.61 for different samples. 

Vibrational experiments on Pr doped ZnS nanoparticles revealed significant Raman 

modes at ~ 270 and ~350 cm -1 associated to TO and LO modes that are shifted to 

lower wavenumbers, indicating phonon confinement in the synthesised products. 

The PL spectra of all samples demonstrate that the pure and Pr doped ZnS 

nanoparticles are three level laser active materials. EDX and mapping study 

confirms the homogeneous presence of Pr in ZnS. TEM study shows that the 

particles are of very small size and cubic phase. The samples have high dielectric 

constant values between 13 and 24 and low loss values, according to the dielectric 

analysis. With an increase in frequency and a change in the Pr content of ZnS, an 

intense peak can be seen in the PL spectra at a wavelength of 360 nm and some 

other peaks observed correspond to the transition of Pr
3+

. The produced NPs are 

appropriate for optoelectronic applications due to their short dimension, high 

energy gap, high dielectric constant and low loss values. 
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6.1 Introduction  

There are several synthesis methods developed for the synthesis of 

nanomaterials. The physical and chemical properties of the nanomaterials can be 

altered by changing the experimental conditions used for the synthesis of 

nanomaterials
[465]

.  

ZnS is II-VI semiconductor and have wide applications in photonics, 

optoelectronics such as Laser diode, LED, photodetectors 
[389][466]

. Recently ZnS 

nanostructures are also used in  nanogenerators, biosensors, chemical sensors, UV-

light sensors, nanostructure-based field emitters, field emitter transistors and as 

catalyst in chemical kinetics due to its rich morphologies at the nanoscale 
[5]

. Post 

annealing procedure with sufficient temperature can be used to improve the 

crystallinity and the conductance of ZnS heterostructure films , which has 

applications in the fabrication of optoelectronic structures
[467][429]

. Rare earth 

elements doped Zn based nanomaterials  systems have prospective uses in 

spintronics and fabrication of magnetic nanostructures
[438]

. Zinc blend structure and 

wurtzite structure with wide band gap energy (Eg.) of 3.68 eV and 3.72 eV 

respectively
[151][429]

 are the two possible phases of ZnS. Hydrothermal method
[190]

, 

Microwave assisted method, Precipitation method, Solgel method, Wet chemical 

method, Spin coating method and Spray pyrolysis method 
[197]

 etc are the various 

methods reported for the synthesis of ZnS nanomaterials. Doping with cationic 

elements modify the physical and chemical properties of nanomaterials 
[468]

. La 

doping enhance the photocatalytic activity of ZnS thin films 
[469]

 whereas the Mn 

doping improves optical, luminescence, chemical properties and it also modify the 

band gap 
[150]

. It is also reported that, Cu doping increases the  visible light emission 

of ZnS 
[470]

, whereas the dielectric properties can be increased by doping with 

Pb
[462]

. The doping with Pr enhance the photocatalytic property of ZnS 
[202]

. Pr 

doping can be used to create lattice distortion in certain materials which will 

enhance the gas sensing performance, electroluminescence and optoelectronic 

properties
[471][472][473][474]

. In our previous study
[368]

 we successfully synthesised pure 

ZnS with very small crystallite size, high dielectric constant low dielectric loss using 

https://www.collinsdictionary.com/dictionary/english-thesaurus/auspicious
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CTAB as a surfactant which is suitable for optoelectronic devices. The Pr dopant 

shows various energy level transitions corresponding to blue, green, orange, red and 

deep red spectral regions 
[474]

. In this work we study the effect of Pr doping on 

Optical, Luminescent and dielectric properties of ZnS nanoparticles.     

The results presented in this chapter have already been published as E.M. 

Jubeer, M. A Manthrammel, P. A Subha, M. Shkir and S.A. alFaify,ò MicrowaveȤ

assisted synthesis of praseodymium (Pr)Ȥdoped ZnS QDs such as nanoparticles for 

optoelectronic applications,ò Luminescence, Sep. 2023, doi: 10.1002/bio.4577
[475]

 

6.2. Experimental 

6.2.1 Synthesis 

For the preparation of Praseodymium (Pr) doped nano-powders of ZnS, the 

microwave assisted co-precipitation method is used. The three precursors 0.5 M 

Zinc Acetate, 0.5 M Na2S and 0.5 M Praseodymium (III) Nitrate (NO3), which were 

prepared separately in double distilled water (DDW) with continuous magnetic 

stirring at 60 
o
C for 30 minutes. The CTAB solutions were prepared by weighing 0.5 

g CTAB in 100 mL of DDW and stirring for uniform mixing, The CTAB solutions 

were added to the 0.5 M Zinc Acetate precursors. Pure ZnS, 0.5, 1, 2.5 and 5 weight 

percent Pr doped ZnS are also synthesised. The resulting solutions were microwaved 

for 15 minutes at 700 W microwave power and allowed to cool to room temperature 

naturally. The white products were systematically washed with DDW. All the 

chemicals used in the experiment were of analytical quality. 

6.2.2 Measurements 

Optical studies of present samples were carried out by using Shimadzu 

double beam UV-3600 spectrophotometer in the wavelength range of 200ï1200 n.m 

at Room Temperature (RT). The Photoluminescence study was carried out using 

Agilant Cary fluorescent spectrophotometer. The structural, compositional and 

crystallographic orientational studies of prepared nanoparticles were done using the 

Shimadzu X-600 Japan powder XRD (PXRD), having Cu-KŬ radiation of 
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Wavelength equal to 0.1543 nm, at the sweep pace of 0.02°/m over the angular 

scope of 10°to 70° at 300 K worked at 40 kV, 30 mA. The morphological studies of 

all the synthesised Pr doped ZnS nanostructures were done by JSM 6360 LA, SEM 

and Tecnai G2 F20, FEI company operating at 200 kV used for the TEM images. 

óSCS-4200ô semiconductor measurement system is used for the dielectric 

measurement of all nanostructures in the frequency interval 3 kHz-10 MHz at RT. 

The Studies are made on the pellet samples. The vibrational study was carried out 

for all the Pr doped ZnS nanostructures as done in the article 
[368]

 at RT 

6.3. Result and discussions 

6.3.1 Structural and Particle size distribution 

6.3.1.1 Scherrer Method 

The XRD patterns of pure and Pr doped ZnS nanoparticles are shown in the 

Figure-6.1a. All the diffraction peaks could be indexed to Cubic ZnS structure 

(ICDD (# 01-080-0020). The absence of other phases in the diffraction pattern 

confirms the purity of prepared samples. The observed three broad peaks correspond 

to lattice planes of (110), (220), (311) at 2ɗ values 29Á,48.5Áand 57.7Árespectively. 

The absence of other peaks indicates that the doping using Pr does not alter the 

structure of ZnS and it also indicates that Zn ions in the crystals are getting replaced 

the by the Pr ions. The significant broadness (breadth) of the recorded peaks 

indicates the nanometric crystallite size. The crystallite size of the synthesised 

particle is determined by using Debye- Scherrer formula
[476]

. 

D=
▓ⱦ

♫ ╬▫▼Ᵽ
      (6.1) 

where k is a constant with a value equal to 0.9, ɚ is the wavelength of X-ray used, ɓ 

is FWHM (full width at half maxima) of peak in radians and ɗ is Braggôs angle in 

radian. The average particle size measured using the above equation is 2. 13nm.  

The following equation is used for the estimation of lattice constant  

a =   
ⱦ

▼░▪Ᵽ
 (h

2
+k

2
+l

2
)
1/2    

(6.2) 
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The calculated lattice constant value a=5.32 nm is in well agreement with 

ICDD (# 01-080-0020). The current samples have the lowest crystallite size and as a 

result, the highest surface-to-volume ratio among the cited literatures.  

6.3.1.2 Williamsons-Hall plot  

6.3.1.2.1 Unified Deformation Model  

Williamsons Hall (W.H) plot is one of the mostly dependable and steady 

techniques for stress-strain estimation. According to WH method, the micro strain 

and size of the crystallite contribute to the line broadening and the contributions are  

 ♫Ⱡ Ⱡ ◄╪▪Ᵽ    (6.3) 

and  

 ♫╓
▓ⱦ

╓ ╬▫▼ Ᵽ
      (6.4) 

respectively. 

Hence the total peak broadening  

♫▐▓■ ♫╓ ♫Ⱡ    (6.5) 

0ÕÔ (6.3) and (6.4) in (6.5) 

♫▐▓■
▓ⱦ

╓ ╬▫▼ Ᵽ
Ⱡ ◄╪▪Ᵽ   (6.6) 

2Å ÁÒÒÁÎÇÉÎÇ ÁÂÏÖÅ ÅÑÕÁÔÉÏÎ  

♫▐▓■╬▫▼ Ᵽ
▓ⱦ

╓ 
Ⱡ ▼░▪Ᵽ                         (6.7) 

ÅÑÕÁÔÉÏÎÓ φȢφ ÁÎÄ φȢχ ÁÒÅ 7ÉÌÌÉÁÍÓÏÎÓ(ÁÌÌ ÅÑÕÁÔÉÏÎÓ. 

The above condition that ensures uniform strain in all Crystallographic 

Directions (CDs), demonstrates the isotropic behaviour of crystals. Hence this model 

is known as UDM. The UDM plot by taking 4sinɗ and ɓcosɗ along X and Y-axes 

respectively is shown in Figure 6.1b. The Y-intercept of the UDM plot gives the 

crystalline size and the slope
[477][375]

 yields the micro strain. All the Pr doped ZnS 
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nanoparticles have positive slopes which indicate tensile strain(s). The tensile stress  

is due to the thermal expansion associated with the crystal growth
[195]

. 

6.3.1.2.2 Uniform Deformation Stress Model  

In reality, the assumption of isotropy and homogeneity is not always true. 

Therefore, the UDM equations are altered by considering anisotropic strain צ, 

whereas in UDSM, uniform deformation stress is considered in all CDs.  

By Hooke's Law, the direct proportionality connection between the stress 

and strain can be composed as: 

  = צ   
Ɑ

╨▐▓■
     (6.8)  

Where ů is uniform stress of the crystal and Yhkl is Youngôs modulus. In this 

approach   eq (7) can be modified by using (8) as 

   ♫▐▓■╬▫▼ Ᵽ▐▓■
▓ⱦ

╓ 

Ɑ▼░▪Ᵽ▐▓■

╨▐▓■
                   (6.9) 

The reported value of Yhkl for ZnS nanoparticles are 86.8 GPa, 80.3 GPa and 

74 GPa for (111), (220) and (311) crystallographic directions respectively
[373]

. The 

plot drawn with (4sinɗ /Yhkl) and ɓhkl Cosɗ along the X & Y axes respectively is the 

UDSM plot. The UDSM plots of Pr doped nanoparticles are shown in Figure 6.1c. 

The stress and crystallite size were  determined from the slope and the intercept of 

the fitted  line respectively
[372][374]

. 

6.3.1.2.3 Uniform Deformation Energy Density Model  

The assumptions of isotropy and homogeneity considered in UDM and 

UDSM are not fulfilled in many cases. In UDEDM, the deformation energy density 

óuô is considered to be uniform in all CDs. In accordance with Hookôs law, the 

deformation energy per unit volume (u) is given by 

    u = 
Ⱡ╨▐▓■                            (6.10) 

so eq (7) can be modified as  
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    ♫▐▓■╬▫▼ Ᵽ
▓ⱦ

╓ 
 ▼░▪Ᵽ

◊

╨▐▓■

Ȣ                   (6.11) 

The ‍  ὅέί —  V/s τ ίὭὲ— Ȣ plot shown in Figure 6.1d is fitted linearly to 

find the crystallite size and anisotropic deformation energy 
[381]

. 

6.3.1.2.4 Size-strain Plot 

Size-strain plot (SSP) can also be used for obtaining the size and strain 

parameters. Size-strain analysis gives less importance to the values from the high 

inclination reflections at which have lower precision. In this plot the strain portrait is 

illustrated by Gaussian Function and size of the crystallite by Lorentz function as 

shown in equation (12) 
[[378][379]

. 

▀▐▓■♫▐▓■╬▫▼Ᵽ 
▓

╓
 ▀▐▓■♫▐▓■╬▫▼Ᵽ

Ⱡ
                 (6.12) 

4ÈÅ Slope of the plot (Figure 6.1e) provides information regarding the size of the 

crystallite whereas Y-intercept gives the strain values. The parameters obtained 

using different models are listed in Table 6.1      

The Scherrer's equation, SSP and modified W-H models including UDM, 

UDSM and UDEDM were used to analyse the peak broadening. The crystallite size 

D obtained from different W-H methods and SSP methods are almost similar and 

are in good agreement with the values obtained from TEM, which indicates that the 

average crystallite size D obtained using various W-H and SSP methods is 

essentially identical to the values obtained using TEM, indicating that the 

incorporation of strain in these methods has very little impact on the average 

crystallite. The lattice strain computed using the various W-H approaches was 

discovered to be equivalent and congruent of strain in various forms of W-H 

methods has a very small effect on the average crystallite. The lattice strain 

calculated from the different W-H methods was found to be comparable and in 

agreement with each other. All three models are proven to be effective in this study 

for estimating crystallite size and strain. 
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Figure 6.1: a) XRD patterns of Pr doped ZnS nanoparticles b) UDM, c) UDSM, d) 

UDEDM   e) Size-strain plot of Pr doped ZnS 
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Table 6.1 Structural parameters for Pr doped ZnS NPs determined using different 

approaches 

Samples Parameter Scherrer UDM UDSM UDEDM SSP 

ZnS 

  

  

  

D(nm) 2.12 2.46 2.28 2.37 2.32 

Ů(10^-3) 

 

11 

(110) =7.312 

(220) =7.904 

(311) =8.577 

(110) =9.14 

(220) =9.505 

(311) =9.902 

 ů(10^9) 

  

6.35E-01 0.763 

 U(10^3) 

   

3627.556 

 

ZnS+0.5% 

Pr 

  

  

  

D(nm) 2.15 2.33 2.13 2.23 2.32 

Ů(10^-3)   8.97 

(110) =4.821 

(220) =5.211 

(311) =5.655 

(110) =6.871 

(220) =7.144 

(311) =7.442 

  

ů(10^9)     4.18E-01 0.573   

U(10^3)       2049.345   

ZnS+1% Pr 

  

  

  

D(nm) 2.14 2.79 2.55 2.67 2.43 

Ů(10^-3)   15.59 

(110) 

=11.324 

(220) =12.24 

(311) 

=13.282 

(110) 

=13.4207 

(220) =13.953 

(311) =14.535   

ů(10^9)     9.83E-01 1.12   

U(10^3)       7817.025   

ZnS+2.5% 

Pr 

  

  

  

D(nm) 2.13 2.35 2.17 2.26 2.3 

Ů(10^-3)   8.9 

(110) =5.245 

(220) =5.67 

(311) =6.153 

(110) =7.004 

(220) =7.327 

(311) =7.633   

ů(10^9)     4.55E-01 0.588   

U(10^3)       2155.699   

ZnS+5% Pr 

  

  

  

D(nm) 2.12 2.46 2.29 2.37 2.32 

Ů(10^-3)   10.64 

(110) =7.114 

(220) =7.69 

(311) =8.345 

(110) =8.8485 

(220) =9.2 

(311) =9.583   

ů(10^9)     6.18E-01 0.739   

U(10^3)       3398.069 

  

 

 

6.3.2 EDX mapping Analysis 

The elemental composition and doping homogeneity in the final product 

were studied on JEOL6360 SEM/EDX system as displayed in Figure 6.2 (a-aô) and 

(b-bô). Figure 6.2 (a) and (b) reveal that the Zn, S and Pr elements are present in 

pure and doped samples. The composition of Zn, S and Pr elements are provided in 
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tables. Furthermore, the Figure 6.2(aô) and (bô) show the mapping of elements in 

pure and doped samples which indicate that all these elements are homogeneously 

distributed throughout the samples. Hence, it is confirmed that the Pr doping has 

been taken place successfully homogeneously in ZnS.  

 

Figure 6.2 EDX spectra, elemental composition and e-mapping plots for (a.aô) pure and 

(b,bô) 1.0% Pr doped ZnS NPs 

6.3.3 Transmission Electron Microscopy Analysis 

The HRTEM image of pure ZnS samples prepared by microwave assisted 

method is shown in Figure 6.3. The TEM images (Figure 6.3a) indicate the 

nanocrystalline structure of samples with distinct well defined grain boundaries. 
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Figure 6.3: a) TEM, b) HRTEM (inset shows magnified image of (200) plane), c) SAED 

pattern and d) size distribution curve of pure ZnS 

 The average size of the particle calculated from the TEM image is 

4.54 nm, which exactly matches with the XRD data. The d-spacing evaluated for the 

plane shown in the Figure 6.3b is 2.64Å for the pure sample which corresponds to 

(200) Plane. From the TEM image, it is clear that the pure ZnS nanoparticles are 

formed in almost spherical shape. The Selected Area Electron Diffraction (SAED) 

pattern of the same sample is also shown in Figure 6.3c. It can be seen that, the pure 

ZnS particles are polycrystalline and the rings from inside to outside correspond to 
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200, 220, 400 lattice planes of cubic. The size distribution plot of ZnS is shown in 

Figure 6.3d.  

 

Figure 6.4. a) TEM, b) HRTEM (inset shows magnified image of (200) plane), c) 

SAED pattern and d) size distribution curve of 5% Pr doped ZnS sample. 

        The TEM image of 5% Pr doped ZnS sample is displayed in Figure 6.4. The 

measured average size of the spherically shaped particles from the Figure 6.4a is 

6.31nm which is in well agreement with XRD values. The interplanar spacing is 

evaluated from the HRTEM image (Figure 6.4b) and the value obtained is 2.58Å 

which corresponds to 200 plane. The prepared samples are polycrystalline and the 

rings of SAED (Figure 6.4c) patterns from inside to outside correspond to 200, 220, 
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400 lattice planes of cubic. The size distribution plot of 5% Pr doped ZnS is shown 

in Figure 6.4d.  

6.3.4. Diffused Reflectance Spectra Analysis 

The diffused reflectance spectra of Pr doped ZnS nanoparticles are portrayed 

in Figure 6.5a. The plot shows that the reflectance values are less in the band gap 

region >350 nm and there is a rapid increase appeared in the range (350-420 nm.). 

The reflectance is maximum in the visible region and less in the U.V region. The 5% 

Pr doped ZnS sample has minimum reflectance value among the prepared samples, 

(and) the pure ZnS has maximum reflectance value and hence having minimum light 

harvesting ability. The band gap (Eg) of the samples from diffused reflectance 

evaluated using and Tauc relation. Kubelka-Munk relation is utilized to evaluate 

absorption coefficient. The F(R) (Kubelka-Munk function) is 
[354]

  

    F(R)=♪
╡

╡
    (6.13) 

Where óŬô is absorption coefficient and óRô the reflectance. 

The Optical band-gap can be evaluated using Taucôs equation is of the form:  

    Ŭhɜ = L (hɜ-Eg)
s
    (6.14) 

Where hɜ is the incident photon energy, L is a constant 
[389]

. The value of s is ½ for 

direct band gap energy semiconductors and 2 for indirect band semiconductors. The 

Taucôs plot ((Ŭhɜ)
2
 - hɜ) of Pr-doped ZnS is portrayed in in Figure 6.5b. The value 

of Eg is assessed by extrapolating the linear part of (Ŭhɜ)
2
 to zero Ŭ value. The 

measured Eg values are tabulated in Table 6.2. 

The Figure 6.5c shows the extinction coefficient dispersion of prepared 

samples. From the figure it is clear that the extinction coefficient reaches maximum 

value at UV region and then decreases as wavelength increases. The 5% Pr doped 

ZnS nanoparticles has minimum extinction coefficient and 2.5% Pr doped ZnS has 

maximum values among the synthesized samples. The Function F(R) is proportional 

to the absorbance. The absorbance plot of Pr doped ZnS are shown in the Figure 

6.5d. The 5%Pr doped ZnS has minimum absorption coefficient and 2.5%Pr doped 

ZnS nanoparticles has maximum absorption coefficient.  
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Table 6.2 Band gap and band edge of Pr doped ZnS 

S. No. Sample Band Gap in (eV) Band Edge (nm) 

1 ZnS +0.5% Pr 3.6 322.93 

2 ZnS +1% Pr 3.59 322.09 

3 ZnS +2.5% Pr 3.61 321.97 

4 ZnS +5% Pr 3.54 321.42 

 

 

Figure 6.5: - Diffused Reflectance, a) Reflectance b) Taucôs Plot c) extinction coefficient 

dispersion d) Absorbance of present samples 

6.3.5 Raman Spectra Analysis 

The Raman spectra of Pr doped ZnS samples prepared by microwave 

assisted method measured in the range of 200-500 cm
-1

 is shown in the Figure-6.6. 

Raman Spectra of samples have two prominent peaks around 255 cm
-1

 and 341 cm
-1

 

which corresponds to the fundamental transverse Optic (TO) and longitudinal Optic 

(LO) phonon modes of ZnS respectively. The Raman Spectra of pure ZnS displayed 

in Figure 4.3 and discussed in section 4.3.3. The Raman spectra of bulk cubic ZnS 
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had reported by Nelson et al 
[385]

.The TO phonon mode and LO phonon mode of 

bulk cubic ZnS have been observed at 270 cm
-1

and 350 cm
-1

 respectively. The 

shifting of Raman peaks towards lower energy compared to the reported values of 

bulk ZnS indicates the quantum confinement effect in Pr doped ZnS 

nanoparticles
[466]

.The formation of Pr doped cubic ZnS nanostructures were 

confirmed by both XRD and Raman Spectra.  

 

Figure-6.6: Raman Spectra of Pr doped Samples 

6.3.6 Dielectric and Electrical Conductivity  Studies 

The dependence of frequency on the real part of dielectric constant צӸ and 

imaginary part of dielectric constant צӹ (dielectric loss) are shown in Figure 6.7a and 

7b respectively. It has been observed that the value of צӸ is very high at very low 

frequencies, after that the dielectric value is almost constant for a frequency range of 

1MHz~5MHz as shown in Figure 6.7a. At high frequencies above 6MHz the value 

increasing with frequency. The value of dielectric constant is more than that of bulk. 

This can be explained by the Maxwell-Wagner model. As per this model high value 

of dielectric might be due to the induced interfacial polarization caused by larger 

grain boundary among the modest grain boundaries
[397][478]

. The 5% Pr doped ZnS 
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sample has least צӸ value and 0.5% Pr doped ZnS has maximum dielectric values 

among the prepared samples. 

 

 

 

Figure 6.7: Variations of (a) dielectric constant vs frequency (b) dielectric loss vs. 

frequency c) Variation of ac conductivity vs angular frequency 
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The values of צӹ (dielectric loss) are very high at low frequencies and 

gradually decreasing to a minimum value. All the samples reach the minimum value 

around 5MHz, but 5% Pr doped ZnS attain the minimum at 4MHz itself. The 

dielectric loss also pursued the almost identical path to that of the dielectric constant 

as seen in Figure 6.7b
[479]

. 

The variation of ac conductivity (ůac) with frequency for all the  prepared 

NPs are displayed in Figure 6.7c. Jonscherôs law is used to study the relation 

between the ac conductivity, d.c conductivity and angular frequencies
[480]

. The 

figure clearly indicates that the increasing of the ůac with frequency is in accordance 

with the frequency power law. The least value noticed for the 5% Pr doped ZnS and 

greatest for 0.5% Pr doped ZnS NPs. Using the slopes of the above plots, the 

exponent values evaluated for all the samples within ln(ɤ) range 14 to 17 are 

0.9865, 0.9738, 0.9815, 0.9818, 0.9855 for pure ZnS, 0.5%Pr, 1% Pr, 2.5% Pr, 5% 

Pr doped ZnS NPs respectively. 

6.3.7 Photoluminescence Studies 

The photoluminescence emission spectrum of Pure and Pr doped ZnS 

samples synthesised by microwave assisted method for an excitation wavelength 

320 nm is shown in the Figure 6.8. The de convoluted plots of the PL spectra using 

Gaussian fitting shows peaks common to all samples which are centred at ~ 362nm, 

380 nm,394 nm, 425 nm and 437 nm. It is also noted that, the peaks at 394 nm, 425 

nm and 437 nm are very weak or absent for the sample 2.5%Pr ZnS samples. The 

reason for emissions around 360 nm and 380nm are the transitions from the 

interstitial Zn
[397]

.The emission peak at 394 nm and 425 nm arise due to the optical 

activation of sulphur vacancies
[455]

. The photoluminescence emission peak 

corresponding to the peak around 437 nm is attributed to transition between shallow 

donor associated with sulphur vacancies and Zn vacancies
[481]

. There are some peaks 

corresponding to the transitions of Pr
3+

 for all samples doped with Pr. The 

photoluminescence emission peaks correspond to Pr
3+

 transitions are seen at 497 

nm,505 nm, 520nm, 540 nm and 558nm for different Pr doped samples. These peaks 

are corresponding to 0O (, 0ᴼ (, )O (, 0O ( and 0ᴼ ( 

respectively
[482][483][484][485][486]

.The de convoluted PL spectra of all samples shows 
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that the Pure and Pr doped ZnS nanoparticles are three level laser active materials. 

The deconvoluted PL spectrum of 5 % Pr doped ZnS is shown in the inset.  

 

Figure 6.8 PL spectra of pure and Pr doped ZnS corresponding to ‗Ὡὼὧ= 320 nm, 

deconvoluted PL plot of 5% Pr doped ZnS using Gaussian Fitting(inset) 

6.3.8 Photocatalytic Studies 

Photocatalytic (PC) experiments were conducted to assess the effectiveness 

of pure ZnS and 5% Pr-doped ZnS as photocatalysts for degrading Methylene Blue 

(MB) dye. The MB dye solution was prepared by dissolving 10 mg of MB in 1 L of 

distilled water and 0.03 g of each photocatalyst was added to 25 ml of this solution. 

The mixture was stirred magnetically in the dark for one hour to achieve adsorptionï

desorption equilibrium between the dye molecules and the catalyst surface. 

However, no significant degradation of the MB dye was observed in the presence of 

either pure ZnS or Pr-doped ZnS, indicating that these materials do not exhibit 

effective photocatalytic properties under the tested conditions, as illustrated in 

Figures 6.9a and 6.9b. This observation implies that neither pure ZnS nor Pr-doped 
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ZnS are appropriate for photocatalytic degradation of MB dye when exposed to 

visible light. 

Figure 6.9 Photodegradation of MB dye a) with ZnS b) with 5% Pr doped ZnS 

photocatalyst 

The PL spectra of pure ZnS and Pr-doped ZnS nanoparticles synthesized via 

the microwave assisted method do not exhibit transitions from sulphur vacancies to 

dangling sulphur bonds. These sulphur defect states in the hydrothermal samples act 

as trapping sites for charge carriers generated by visible light, contributing to their 

photocatalytic activity.  

6.4 Conclusion 

In this chapter we discussed the introduction of point defects on ZnS 

nanoparticles by doping with Pr. The growth of the nanoparticles in the cubic phase 

is indicated by the XRD pattern, FESEM and HRTEM. The Scherrer's equation, SSP 

and modified W-H models including UDM, UDSM and UDEDM were used to 

analyse the peak broadening. Raman spectrum of the samples reveals the two 

fundamental modes of Zinc blend structure, TO at 255 cm
-1

 and LO at 341 cm
-1

. 

These values are in good agreement with the values previously obtained using 

Raman measurements. The nanocrystalline size was found to be ֓ 2 nm. The PL 

spectrum shows the photoluminescent emission peaks that correspond to Pr
3+

 

transitions. The Kubelka-Munk method was used to compute the energy gap. The 


