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ABSTRACT

This study explores the impact of defects on the structural, photoluminescent, and
photocatalytic behaviors of ZnS nanoparticles synthesizgdtwo methods:
hydrothermal and microwavassistedco-precipitation method The defects are

induced by varyingtoichiometricratio and bydopingrare earth elements.

In the hydrothermal synthesis method, point defects were introduced by varying the
S/Zn mdar 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 bds 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, attributedthese sulphurelated defects, further
confirming their presencélowever, 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 thepahtrelated emissiondut the
luminescence nitensity tuning is possible by dopinddditionally, 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 microassisted method did

not exhibit photocatalytic activity despite their smaller crystallite size. The absence
of sulphurrelated PL emission peaks in these samples indicates lack of active
sulphur deécts, 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 # importance of synthesmethods anaonditions in defect
engineering which enhance thghotocatalyticand photoluminescence activity.
These findings provide a foundation for optimizing ZnS nanoparticles for targeted

applications in photocatalysis andtog@lectronics.
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PREFACE

Zinc sulphide (ZnS) nanoparticles have attracted a lot of attention in
nanotechnology due to their distinctifeatures 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
applicatons in optoelectronic deviceZnS nanopatrticles have also demonstrated
significant mssibilities in the breakdown of organic contaminants through their
photocatalytic activity, which makes them a viable option for water and
environmental cleanp.

Water shortage is a significant global cem 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 promigeeataly 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 photocatalytectéastics of
semiconductors may be used to effectively remove hazardous impurities from water,
providing a costffective 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
longerwavelength light after absorbing photons. This characteristic is extremely
useful in a variety of optoelectronic devices, including hghtitting diodes (LEDS),
lasers solar cellsand 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.
Photolumnescence helps solar cells by facilitating the effective conversion of
sunlight into electrical energyrurthermore, photoluminescence is important in
sensors because it allows for the detection and measurement of light, which
facilitates applications irmaging, spectroscopgndoptical communication.



The present work focuses on the introduction of defects into ZnS
nanoparticles and the resulting modifications in optical, strucamdphotocatalytic
properties. To introduce point defects, vary the &ioimetric ratio of ZnS and use
rare earth elements as external dopants. Two distinct synthesising techniques were
employed in this method 1) Hydrothermal technigue 2) microwaveassisted co
precipitation method. The first work of this thesis uses a-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 stgaaphs, Raman
analsis 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 nanoparticlése fourth chapter focuses on the easy
and efficieit way to synthesise quantum dbke ZnS nanoparticles using the
microwaveassisted synthesis method at various CTAB concentrationRaRTan
spectroscopy and-Xay diffraction confirm the formation of ultl@w-dimensional
monophasic ZnS nanoparticleBhe synthesised ZnS nanopatrticles are appropriate
for optoelectronic devices because of their tiny dimension, high energy gap, high
dielectric constarénd low loss values.

In Chapter 5, point defects created by Er doping on ZnS nanopatrticles are
discussed using a cestfective microwaveassisted c@recipitation method. The
structural, morphological, opticalijelectricand 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 XRDatern, the FESEM, Raman spectramd the
HRTEM investigation all support the development of the nanoparticles in the cubic
phase. Photoluminescent emission peaks corresponding *totr@nsitions are
studied using PL spectra. The energy gajues weremeasured by the Kubelka
Munk technique for the samples. Due to their timension, high energy gap, high
dielectric constantand low loss values, the synthesised NPs are suitable for
optoelectronic devices. Pr doped ZnS nanopatrticles also not showingagihtytoc
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 dopingRD and Raman spectroscopy studied
the phase transition during dopidorphological stuges were done using SEM and
TEM, whereaghe presence of necessary elements is verified by EDAX.visible
light photocatalytic studies of samplegere also studied. The amount of point
defects introducedasmodified the PC activities of ZnS sampl&§hile there are no
dopantspecific transitions in the PL spectra, the host material can still affect the
overall luminescence of nanopatrticl@fie results provide insight into potential uses
of La-doped ZnS nanopatrticles in optoelectronics and other figldsiding 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 t8&Miques
were used for morphological investigatioasd 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 nanopatrticles can be influenced by
the host material even when the PL spectra do not show any ekpesuific
transitions. The results give insight into the possible application of Ce doped ZnS
nanoparticlesn optoelectronics and other domains, including water purification.

In Chapter 9, Ydoped ZnS nanoparticles were synthesised utilising the
hydrothermal technique. XRD and Raman spectroscopy were utilised to evaluate the
phase shift caused by Y doping. Tbkeistence 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 absehdepantspecific transitions
in the PL spectra, the host material can affect the overall luminescence of the
nanoparticles. The possible uses otidped ZnS nanoparticles in optoelectronics
and water purification are affected by these discoveries.
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Chapten
Introductiomand Thesi®utline

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 literatur&iao suphide and rare earth
elements. The chapter also covers the significance and primary goals of the thesis.







Chapter 1

1.1 Introduction
1.1.1Nanomaterials

Nanotechnology onanoscience ishe branches of research imhich the
researchers manipulating matter at the molecular or atomic level to achiereamat
with significantly improved physical and chemical properties. Nawdays
nanomaterialhas great interest, because at the nano regime surface effects and
guantizéion 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 dimension100 nm at leasin one
dimension are normally consideres nanoparticle8 @ ¥l These nanomaterials
have applications in the development of desi and macroscopic resedfctBased
on the shapeNanostructures can be classified into F¥mnensional, One
Dimensional, Zero Dimensional. There is large number applications which could be
realised reducing the existing size of the structures in to nanometer size

This study intends to shed light on the fundamental mechanisms that govern
the behaviour oZnS nanomateris, enabling a better knowledge and opening the
way to exploiting their full potential in a variety of applications.

1.1.1.1Properties of Nananaterials

Nanomaterials have exceptional characteristics that set them apart from their
bulk counterparts. The increasisgrfaceto-volume ratio at the nanoscale causes
dramatic quantum confinement effects, resulting in unique electrical, optical and
magnetic characteristics. These silependent features have attracted enormous
attention and resulted in growhdeaking naatechnology research.

) Optical Properties: When comparedwith bulk materials, the optical
characteristics of nanoparticles may differ significarffly The optical
properties of nanomaterials can be modified by changing size, shape and
surface behaviour and those materials can be make use for various
applicationd”. There are different techniques for achieving this modification
dependingon the arrangement, sizasd orientation. The optical properties
of nanomaterials are mainly governed by their electronic strifétubee to
their unique optical characteristics, nanomaterials are vital compoiments
sensors, imaging systems and photovoltaic systéms.
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(ii)

(iii)

(iv)

(v)

Electronic Properties The electronic properties of nanomaterials are unique
due to their small size and high surface to volume ratio. Nanomaterials with
desired conductivitandband gapan bedeveloped by changirthe siz&€?,
shap8! and composition of nanopartictes Highly-conductive
nanomaterials are employed in electrofidsand energy storage devicéd

due to their high charge carrier mobility and surface &Pea’he behaviour

and arrangement of electrons within an atom or molecule describes the
electronic properties of that materf&l. 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 performanc¥’.

Mechanical Properties Nanomaterials have high mechanical strength and
flexibility, making them suitable for reinforcing applications in composites
and lightweight materiaf$. Materials have begt 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,
temperatre gradients and other inhomogeneities during the synthesis and
processing of bulk materials can lead to stresses that result in imperfections
like dislocation&®. In nanomaterials, these stressed imperfectionsare
unlikely to arise.

Chemical Reactivity. Owing to their large surface area and unsaturated
surface bonding, nanomaterials are good catalysts for a variety of chemical
processés”. Smaller nanocrystals with larger surface areas have larger
reaction regions, whereas smaller ones have smallersidiffubarrierS®.

These unique nanoscale phenomena permit numerous chemical reactions to
occur at mild conditions, which is not conceivable falkbmaterials and are
beneficial to chemical change in kinetics.

Electrical Properties: Electrical properties include characteristics like
resistance and conductivity. Similar to optical or magnetic characteristics,
these properties have been seenhange at the nanoscalé The electrical
properties of nanoparticles are mainly associated with the mobility of charge
carriers. Both the quantusize effect and the gotm confinement effect
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(vi)

are inevitable when a material's dimensions are lowered to the nanoscale
range. Certain voltage can lea®me conductive metal nanoparticles to
become nonconductive due to the quantization of electron éHérdy

many applications, such as electronics, energy storage and sensing, the
electrical characteristics of nanoparticles are essential.

Magnetic Properties: Large surface area to volume ratios in magnetic
materials result in a wide range of magnetic properties.-rNagnetic
materials can become magnetic at the nanoscale. Magnetic materials are
classified based on how they respond to arreal magnetic fieldVaterials

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 dorain. In nanoscaléhe magnetic behaviour is demonstrated by a
nanoparticle that has a high concentration of atoms of a certain element
22231 ' This domain structure has sidependent magnetic properties. The
size of magnetic domains inside magnetic nanopartici®s 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 td*Zero

1.11.2Different Types of Nanamaterials

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

significant effect on their characteristics. This thesis conceatostenanoparticles

and Quantum dots.

(i)

(ii)

Nanoparticles Nanosized particles composed of metals, metal oxides, or
organic compounds!. They are used in medicine delivery, catalysis and
environmental cleanug:he SEM image of nanowirésshown Figure 1.1a.

Nanowires and NanotubesOnedimensional nanomaterials having distinct
electrical and mehanical characteristics that are useful in nanoelectronics
and nanocomposité¥. Figure 1.b shows the @ illustration of carbon
nanotube.
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(iii)

(iv)

(v)

Figure 1.1- a) Nano wire¥” b) Nano tube&®

Nanocomposites Nanomaterials combined with bulk materials to form

hybrid structures with customised characteri§tits

Quantum Dots Quantum dots are zeimensional advanced matert&ls
Quantum dots are promising due to their nanoscale size and ability to be
customised for specific applicatiorssich as computéry, electreoptical
devieed®? and nonlinear optical devidd¥ . Semionductor nano crystals

with programmable bandgaps used in displays and biological int¥ging

Nanostructured Thin Films: Thin films having nanecale shapes that
provide improved mechanical and electrical qualities for advanced coatings
and electronic devicEs. The AFM image of thin film is shown in Figure
1.2.

Figure 1.2 AFM image of thin Filnt*®
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1.1.1.3 FactorsAffecting Properties of Nananaterials

critical

Understanding as well as controlling tblearacteristics of nanomaterials is
for their use in realorld 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 quantwanfinement effects. Furthermore, their
behaviour is dictated by their dimensionality OD, 1D, 2D, or(@®shown in
theFigure 1.3), with distinct applications originating from each kit
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(ii)

(iii)

(iv)

(v)

Figure 1.3Dimensionalityof nanopatrticles

Surface Chemistry. The surface of nanomaterials influences their reactivity,

stability and interactions with their surroundifijs

Crystal Structure: The arrangements of the atoms in thestalylattice of
nanomaterials has great influence on their optical, electrical and mechanical

propertied®,

Surface Area Higher surface area in nanomaterials gives more active
interactions whichcause for thegreater reactity and performancevhich

make thensuitable for various applicatiofid.

SynthesisMethods: The method used for the synthesis of nhanomaterials has
important effect on the shape, size anthpositionof nhanomaterials, which

modify the characteristics of nanomateriéls
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(vi)  Physical parameters The properties of nanomaterials are influenced by
external variables such as humidity, tempegratund the exposure to various

radiationgd*?.

The development ofhanotechnology and research in nanomaterwdfer
advancements in technology and solutions for various global issues like energy
crisis and water shortage. Analysis of different propedfesanomaterialsstudies
on various types of nanomaterials adentifying the factors affecting the propersie
of materials are the essential steps towards reaching their full pot@himlistudy
has immense @sibilitiesto contribute tahe arenaf nanoscience which provides

innovations that have the potentials to change our world.

1.2 Applications of Nanopaticles:

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*®). A fuel cell consists of two electrodes and electrolyte which enables
the movemenbf hydrogen ions but not the electrfi. The nanomaterials can be
used in the fabrication of electrodes with high electrochemical properties and for

developing electrolyte which has enhanced hydrogen ion mobility.
1.2.2Catalysis

Nanoparticle have applications in many chemical reactions as a catalyst.
Owing to their large surface area, nanomaterials have large nofrdetive centres
compared to bulk materidl¥. Nanoparticles such as zn®' and Ti0, " have
application as photocatalyst, in which the catalyst drive chemical process by
absorbing solar energioble metal nanopticles, such as those of platinum {#t)
and pallaibm (Pd) "¥, have outstanding catalytic tadty 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 reaatidmmaterials like iron
nanoparticles are used to breakdown pollutants in watesahd®®". It is possible
to modify the size, shape, compositionand surface characteristics of nanoparticles to

alter their catalytic ability
1.2.3Electronics andOptoelectronics:

Nanoparticles have various applications in electronitd and
optoelectronids®, 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 conductivil? and adjustable band gaps, which
enable the fabrication of higherformance transistofs”, sensor§® and memory
deviced®”, Nanoparticles have shown great potential for application in
optoelectronic€®, including lightemitting diodes (LED$)!, solar cells®® and
photodetectof®’, because of their tunable optical properties and effective- light

absorbing and emitting characteristics.
1.2.4Medical and Healthcare:

Nanoparticles have great interest in various medical and health care
applications. It shows the importance wsearch in this field foimproving
diagnostics and treatment solutions. Magnetic resonance imaging and fluorescence
imaging. Magnetic resonance imaging (MBY and fluorescence imagiriff’ are
two diagnostic technologies that use nanoparticles to imafpngdiagnosing
diseases such as cancine use of nanoparticles for the drug delivery system are
also studied®®, because ibffers 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 mediciffd, where tissue regeneration and repair may be enhanced by

their unique properties and interactions with biological systems.
1.2.5Environmental Pollution Management

Nanoparticles have shown importaalvantages in the area of environmental

cleaning due to their distinctive characteristics and high reacfiviti]Nanoparticles
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have been used to remove a variety of pollutants femih and water such as
pathogen&®, heavy metal®” and organic and inorganic contaminarfse small

size and high surface area of nanoparticles increase the interaction with pollutants,
which improves thedegradation of pollutaritg. Nanoparticles can be modified
with specfic coatings or chemicals to target certain pollutand to increase their
effectiveness and selectity. The use of nanoparticles for the purpose of
environmental remediation in the polluted areas helps preservation and

protection of human health and ecosystems.

1.2.6 Surface modificationsand Surface Coatings

Nananaterialsare widely used fosurface modificatio€” and coating®.
The use of namuaterialsimprovs the hardne$€’, corrosion resistantd and
scratch resistanfd of coatings. They can enhance thecoating adherence
durability™ and strength® of surfaces.Nanomaterial coatings provide self
cleaning, antfouling”” and antimicrobial qualities”®. Modifying surfaces with
nanoparticles can also phacesuperhydrophobl€” or super hydrophili€” surfaces
with enhanced opticaproperties In general,there are several ways of using
nanoparticles in coatings and surface modifications to enhance the efficiency and

effectiveness of variss materials and surfaces.

1.2.7. Sensing andDetection

The applications of nanomateridisr sensin§™ and detectiorpurposé&?
strengthen the biosensing and analytical chemistry sedibey, are ideal for the
design of highly sensitive and selective sensing systelue to their unique
characteristics, which include adjustable optical and electrical prof&ttiés
Chemical sensing, the integration of nanopaeticlvith specific receptdfd or
ligand$®® heps to detect the minute amounts pbison€®, pollutant€” and
chemical®?. Nanoparticles have been used widely in the biosensing sector to

identify infection€®!, ilinesse$” and biomarkef&.
1.28. Food andAgriculture

Nanoparticles have several uses in agriculture andgcietcd®, including
food safety, packaging and productivity in agricult8#&!°¥. Nanoparticles can be
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usedin food safety todetect and remove@ollutants like pesticides anberce
diseasé?”, ensuringthe safety and quality of food itelf& Nanoparticles also be
used tamprove the qualit of food packaging material¥” to increase thshelf life

of perishablefoods Conventional fertilisers can enhance plant nutrition more
efficiently and lessen the negative impacts on the environment by using
nanoparticles as nano fertilizBf§ Nanoparticles can also be used to regulate the
distribution d pesticides and herbicides, reducing their use and decreasing the

probability contaminaig the environment?.
1.3 Defect Engineering

Defect engineering has developesia powerful tool in materials science and
engineering for altering material properties for specific applicatitffis Defects,
which are imperfections in the crystal lattioé materials, can have agsificant
effecton theelectrical characteristicandstructurl characteristicS®Y, Researchers
can improve numerous material qualities such as mechanical stt&hgdptical
activity!’®! and catalytic activity®” by purposefully introducing and mipuilating
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 charaetristics. Table 11 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|#tide,
howeverpure crystals are rare in ptice 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 defect&®. Point defects have a significant impact on material qualities
such as mechanical strendtfl, thermal conductivity’® and electrical

conductivity*®”. Figure 1.4 shows the pa defects in a 2D hexagonal lattice.

vacancy

interstitialcy

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

b) Line Defects

Line defects are ondimensional defects in the crystal lattice caused by atom
misalignment in certaicrystallographic orientatioH&®. They are classed as either
edge dislocations or screw dislocatidfs Edge dislocations form when an
additional haHplane of atoms is added into the crystal lattice, resulting in dikeep
structure. Screw dislocations, on the other hand, feature alggrédttice structural
deformatori!'”. Dislocations have a major impact on material mechanical

chaacteristics, impacting metrics like as hardness, ductility and yield strength.
c) Planar Defects

Planar defects are twdimensional 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 recrystallizatidh**. Tilt boundaries, twist boundariesdgrain boundary

junctions are all examples of planar defects with different structiilestrical

1C
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conductivity**?, corrosion resistanté® and thermal stabilif§** are all affected by

planar defects.
d) Volume Defects

Threedimensional atoror vacancybased aggregates are known as volume
defects in crystals. Voids are the most prevalent kind of volume dé&fexbrigin of
voids (also known as pores) can be attributed to either vacancy condensation in the
solid state or gases trapped during solidificatféh These are often undesirable
defects. Their main impact is to reduce mechanical strength and increase fracture
risk under low loadsThe various defects in theystals are depicted in thiégure
15

Figure 1.5Diagrammatic representation of various def&és

11
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1.3.2 Methodsto Create Defects:

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

(i) lon Implantation: lon implantation is a commonly employed technique for
introducingcontrolled defects in materi&%’. Accelerated lyh energy ions are
used for the introduction ofoint defects and displaceméftd. The depth and
concentration of the defect may be precisely controlled by ion implantation.

(i) Radiation: Thehigh energy radiation exposursich asX-rays or gamma rays,
can result in defects in materidts®. This approach is helpful for researching
how radiationinduced defects affect materials used in nuclear and space
applications.

(iif) Mechanical Deformation: The dislocations and other defects in the materials
can ke introduced by @plying mechanical stresghich affectthe hardness and
ductility®®® of the material Methods like plastic defornianl*?!! and cold
working™?? can be used for this.

(iv)Annealing and Quenching Creation and annihilation of defects can be
achieved by antrolled heating and cooling processegiich regulate the
concentration and distribution of defects. Two widely used techniques for
contolling defects in metals and alloys are anneéifiigand quenchiridf®.

(v) Changing the Concentration of PrecursorsBy changing the awcentration of
precursors and using various stochiometric ratiandy material synthesigne
can effectivelycustomi® the population of defedté®. Thismethod is especially
relevant to the synthesis of nanomaterials, as defect generation is greatly
influenced by high surfae®-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 d&8cts
One common and adaptable technique for defect engineering is doping, which is
the intentional incorporation of impurity atoms int@ crystal structure of
material The introduction of energy levels into the bandgap of host materials by

the dopanatomsalters the properties of the materials.

12
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(vii)

Substitutional Doping: It involves the replaamentof host atoms by a

foreign element, whiclprodu@ point defectsand affect the thermal stability,

optical absorptiof*” and electrical conductivity of the mateh&f. This

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

[129]

Table 1.1Delineation of several synthegiechniques for defect creatiand applications

Synthesis

Defect

Enhanced

Material Method Created Properties Applications | References
ZnS Chemical S Vacancy,| Green and Photoelectrical **°
Method Zn Orange applications
Vacancy Luminescence
ZnsS Hydrothermal| Zn charge Visible =il
Method Vacancy separation an(¢ Photocatalytic
the electrong hydrogen
transfer are evolution
more efficient
ZnS Modified S Vacancy | photosensitizati| Visible light | 7
Hydrothermal on photocatalysis
Method
ZnS One Pot S Vacancy, | charge Visible light | 1%
Hydrothermal| Zn separation photocatalysis
method Vacancy efficiency
BiOBr Hydrothermal| O Vacancy | Enhanced Photocatalytic |
method Charge N Fixation
Separation
TiO, Hydrothermal| Doped electronhole Photocatalytic | "
& photo- With recombination | activity
assised Transition | time
reduction Metals
FeOOH/rGO| Hummer's | O Vacancy | photogenerated| photoFenton | *°
composites | method electronhole like catalysts
separation
MoS, Hydrothermal| S Vacancy | Increasing the | Electro 1371
active sites Catalytic
BaSQ Precipitation | Ba Improved Photocatalytic | *1*3°]
method Vacancy Adsorption removal of
NO
ZnCdS/znS | Solvothermal| Zn Visible light Visible SR
Method Vacancy Absorption Photocatalytic
hydrogen
evolution
g-CaN, Hydrothermal| N Vacancy | Visible light Visible light | ™4
Absorption photocatalysis
ZrO, Chemical O Vacancy | alteration of photocatalytic | !
Method electronic activity
structure

13
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(viii) Interstitial Doping: This process adds dopant atoms to lattice interstitial
locations, poducing more point defects and changing the characteristics of the
material. Materials with better mechanit&l or catalytic activit}**? 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 orsgeate certain
imperfections, lessening the detrimental effects they have on the performance of
the materidt*. This method is frequently applied to increase material stability
and boost semiconductor device efficiency.

1.4 Zinc Sulphide

Owing to the distinct properties ofYII nanostructures they are the potential
candidates for the optoelectronic and electronic applic&tftiginc Suphide
(ZnS)is very old semiconductor having wide varieties of physical and chemical
properties. Commonly ZnS has two different allotrog&sc blend and Wurtzite
structur® 471 as shown in th&igure 1.6with a bandyap of 3.72eV3.77e\V**8,

@ ®) .. - R
<| P |\ a ] /‘
I .......
| -
P i N /
Zn S

Figure 1.6- Crystalline structure of ZnS a) Cubic b) Hexag8f#l

Nano ZnSpossess enhanced surface volume ratio ,good optical absorption
high chemical activity, more thermal resistance and low melting 8int

Different methods have been developed for the synthesis of ZnS nanoparticles. Few
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reearch groups successfully synthesized ZnS nanoparticles by chemical co
precipitation methd®*. Hydrothermal method is another way of formation of ZnS
nanoparticles?. ZnS nanoparticles can also be synthesized using microwave
assistednethod which takekess time for synthesis. The kinetic enhancement,
reaction temperature and control of aggregation procestier the control on
overall particle size are the advantages of this métiba&nShave applications in
optoelectronid$®1*>4 Field emitters®®, photoluminescencelectroluminance®®.

ZnS nanomaterials can be used as electrocatafystowing to the high
luminescence property of ZnS nanomaterials, they have applications as
biosensor$®l. ZnS has application in the construction of photodete¢idrsznS

NMs have potentiabpplicationas photocatalysfoIt6H1e2I163]

1.5 Rare earth Elements

Rare Earth Elements (REES) are a group of 17 chemical elements found in the
crust of theEarth. They are widely used in a variety of industries and have become
known for their unique characteristf®d. Cerium (Ce), dysprosium (DyfErbium
(Er), Lanthanum (La)Praseodymium (Pr) andttrium (Y) are a few of the common
Rare Earth Elements. Because of their electron configurations, they have
comparable cheroal characteristics that make them difficult to separate and
purify™®®. 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 applicatt8tsThey have outstanding
luminous properties and are used in the manufacturing of phosphors for lighting and
display applicatiod®®”. Rare Earth Elements are additionally noted for their
catalytic characteristics, making them useful in a variety of chemical pro¢t&4ses
Their great light absorption and emissicapabilities and high refractive indices

make them stand out in the optical world.
1.5.1Effect of Rare Earth Elements Doping on Nanoparticles:

Doping Rare Earth Elements in nanoparticles have the ability to modify their
characteristics and enhance theirfprmance in a range of applicatiéfi8. Doping

can modify structurdf "°*"t optical'’?, magneti€”® and catalytic properties of

15



Chapter 1

nanoparticléd®®, making it useful for a specific purpose. Improved luminescence is
a property of Rare Earth Elementitoped nanoparticles that makes them suitable for
use in optoelectronic devidtd! and sensofs*I78IL77I178 - Aqditionally, doping

can strengthen magnetcoperties of nanoparticles, which makes them appropriate
for use in biomedic&® and magnetic storage applicatiBfi&. The distinct
electrical and surface characteristics of Rare Earth Eleméoped nanoparticles

make them effective catalysts for a range of chemical processes.

Erbium (Er) is a rare earth element that finds application in laser ared fib
optic communications due to its strong luminescBffte Due to its dual
ferromagnetic and paramagnetic characteristics, the rare earthenglem
praseodymium (Pr) is crucial for magnetic alloys and mat&fialerium (Ce) is a
versatile rare earth element utilised as a dopant in pho§fflprin catalytic
converter§®® and in glass polishing. The rare earth element yttrium (Y) is
employed in the synthesis of magnéf®, sensof$®®, phosphors and ceramic
stabilisers. The rare earth element lantim (La) is utilised as a catalyst in the
refining of petroleuri®™ as well as in the manufacture of camera Iéif§eésnd
batteries for hybrid vehicl€€®. The band gap energpL spectracrystallite size,
already reported fopure ZnS andare earth metals doped ZnS from literatare
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 I?\Iano Zn?* s Preparation Band | poferences

particles methods Gap(eV)

ZnS ZnCl, CH4N,S | Hydrothermal | 3.25 [18°]

ZnS Zn(CH;COO), | CH4N,S | Solid-state 3.66 [150]

ZnS Zn(CHsCOO), | N&S | Hydrothermal | 3.99 [1o1]

ZnS:Er Zn(NOs), NaS | Co-Precipitation | 3.56 [192]

ZnS:Er Zn(CHsCOO) | N&S | Co-Precipitation | 3.45 (193]

ZnS:La Zn(CH;COO), | CHuN,S | Co-Precipitation | 4.2(0.5%] 94
La)

ZnS:La ZnSQ NaS | Co-Precipitation | 3.4 (5%] 1%
La)

ZnS:Y Zn(NOs), NaS | Co-Precipitation | 4.09 [196]
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Table 1.3The PL spectra reported for different rare earth elements doped ZnS

Doped o .
Excitation Emission
ZnS " Nature of
wave length | Wave length Transitions References
Nano the Peak
: (nm) (nm)
particles
Zns 255 445 Zinc related Broad [101]
defects
486 Emlsvs;(():r;rl:gom Zn Narrow
ZnS 410 Emission fr)(;m S -
530 Broad
vacancy
Zns 325 407 Emission from S|y 1o like (190}
vacancy
430 Em'i;‘é’;nfxm S| Broad o
. 198
ZnS:Pr 325 460,480& Pr-related
Narrow
495 complexes
shallow defect Broad (Blue
ZnS:Eu 325 518 state to t2 state o [199]
Cu Yellow)
591 >DoY ‘F4 of Eu
ZnS:Eu 397 616 °DoY 'F; of Eu Narrow [200]
700 >DoY 'F4 of Eu
ZnS:Er 305 400 Emission from S| g g [201)
vaccancy
414 Trapping of holes Narrow
at S Vaccancy
440 S Defects Narrow
_ Elemental sulphu [195]
Znsika 335 506 species on the
surface of host Broad
localized d levels
570 of La2+ ions
363 .
Zns:y 325 469 S5dY4f trlgqao09ey)| 09
601 inY
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Table 1.4The crystallite size for rare earth metals doped ZnS from literature

Doped

I\i:r?o Zn* S Pﬁg?ﬁiggn Size(nm) | References
particles
ZnS ZnCl, CH4N,S Hydrothermal 12.4 [189]
ZnS Zn(CH;COO) | CH4N,S Solid-state 3.7 [190]
ZnS Zn(CH;COO) | NaS Hydrothermal 7 [1o1]
ZnS:Pr | ZnSQ.6H,O0 |S Hydrothermal 20 [202]
ZnS:Pr | Zn(NOs), NaS Wet Chemical 4 [198]
ZnS:Eu | Zn(CHsCOO) | N&S9H,0 | Precipitation 5 [203]
ZnS:Eu | Zn(CHCOO) | TAA Solid-state 4 [200]
ZnS:Eu | ZnCl, NaS Precipitation 40 [204]
ZnS:Er | Zn(NOy), Na,S Co-Precipitation 4.8 [192]
ZnS:Er | ZnCl, NaS gggg'ncg" 3 [205]
ZnS:Er | Zn(CHCOO) | NaS Hydrothermal 10 [201]
ZnS:La | Zn(CHsCOO) | CHuN,S Co-Precipitation 4 [1o4]
ZnS:La | ZnSQ NaS Co-Precipitation 7.6 193]
ZnS:Y Zn(NOs), NaS Co-Precipitation 8.1 [196]
ZnS:Tb | Zn(CHCOO) | TAA Co-Precipitation 2.4 [206]

1.6 Thesis outline

This work illustrates role of defects in structural, photoluminescent and

photocatalytic behaviours of ZnS nanoparticlésS NP are synthesised using two

distinct synthesis methods which drgdrothermal method and microwaassisted

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 deap 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-temperature hydrothermal method to

synthesise ZnS nanoparticles addrSmolar 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 morplgidal studies conducted by TEM and
SEM. The S/Zn molar ratios are experimentally verified by -@FS 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 synthestdethe quantum dotdike ZnS
nanoparticles using the microwasssisted synthesis method at various CTAB
concentrations. FRaman spectroscopy andray diffraction confirm the formation
of low-dimensional monophasiZnS 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 nanopatrticles are
discussed using a cesffective microwaveassistedco-precipitation method. The
structural, morphological, opticalijelectricand photoluminescent properties of the
samples were investigateth contrast to ZnS NP synthesised by hydrothermal
technique, ZnS NP with point defects created by Er doping doesexhibit
photocatalytic activity.

ZnS nanoparticles are synthesised using microvesgested crecipitation
method and the defects are introduced by Pr doping in Chapter 6. The XRD pattern,
the SEM, Raman spectrum and the TEM investigation all suppentievelopment
of the nanoparticles in the cubic phase. Photoluminescent emission peaks
corresponding to Pt transitions are studied using PL spectra. The energy gap
values areneasured by the Kubeldunk 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 microwassisted cgrecipitation
method doped with Er and Pr are low in dimension, they ar@haibcatalytically
active. In nexthree 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 doneing 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 ansytiteesis 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 elem@ts. The photocatalytic investigations of samples under visible light
were also examined. The Photoluminescence spectra of nanopatrticles are analysed.

In Chapter 9, Ydoped ZnS nanoparticles were synthesised utilising the
hydrothermal technique. XRD and iRan 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 agtand 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 proramt for making Optoelectronic devices and for
water purification

The findings of the thesis and recommendations are presented in chapter 10.
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SynthesisMethodsandCharacterization
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 microwavassisted approach over other commntechniques. This chapter

provides extensive details on several characterization methods and photocatalytic activity
measurement.







Chapter 2

2.1 SynthesisM ethods

The interdisciplinary area ofanomateria researchifocuses 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 themnealyedesirable for a
variety of applicatior’”). Nanomaterial production is a challenging procedure that
demands careful control over a number of factors in ordattéon the necessary

properties.

There are several methods for the synthesis of nanomat@iadottoraup
metho&®®, in which nanoparticles are formed by the assembly of atomic building
blocks known as moleculesthese methods are common for synthesising
nanoparticlesChemical or biologicaprocesses areeguating the development of
nanomaterials in this metho8okgel synthest§’®, chemical vapour depositiGH”
and selfassembly procedures are a few examples of betjpisynthesis techniques.
Through bottorrup synthesis, the&haracteristics of nanomaterials, such as size,
shape, composition and surface chemistry, may be precisely cortfBlidwence
bottomup synthesis are commonly used for the syntr@stemplex nanostructures

such as nanopatrticles, nanowires and nanocompasttespecific features

The topdown method is an t@rnative strategy for synthesising
nanomaterialé*. It involves applying physical or mechanical methods to reduce
bulk materials to nanoscale dimensioimeluding milling?*?, lithograph¥*® and
etching*¥. This method can be udefor the designing and structuring of
nanomaterials, making it appropriate for manufacturing nanod&/teand
nanostructures with specifiedorphologies The semiconductor industry frequently
uses this method to fabricate integrated circuits and nanoscale electronic
componenté'®. Top-down and Bottorup synthesis of nanoparticles is shown

schematically in Figure 2.1.
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Figure 2.1 Schematic representation of Fdpwn and BottorUp synthesis of Nano
particle&”!

The choice of bottorup or top-down techniquess dependingon the
specific requirements of the desired nanomaterial and itsdate application.
Bottomrup synthesis is commonly utilised for applications demanding high purity
and weltdefined structures, whereas t{dpwn synthesis is best suited for large

scale manufacturing and nanodevice fabrication.

2.1.1Liquid -Phase Synthesis

This method uses several kinds of chemical or physical processes that result
in the formation of nanoparticles in liquid medido synthesise nanoparticles,
precursor materials are dissolved or dispersed in a liquid solvent and then exposed to
particular parameters including pH, pressure and tempef&fiireThis process is
known as liquidphase synthesis.
2.1.1.1Hydrothermal Method

The hydrothermal method is aommon method for synthesising
nanomaterial8'®. In this methodthe reaction takes place at very high pressure and
temperature by keeping aqueous solutionpadcursor materials inside a sealed
autoclav€?®. We can control the size, shape and compositfothe nanomaterials
by the hydrothermal conditioR¥’. High crystallinity *?“with narrow size
distribution&?? of nanomaterialsare the few advantages of this methdthis
method is low cost?® with high quality of product®¥, ecofriendly %!
Hydrothermal method hake capacity fotarge-scale manufacturifg®. Figure 2.2

shows photographs of the various stages of the hydrothermal synthesis method.
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Figure 2.2Photographef phases ohydrothermakynthesis method
2.1.1.2Microemulsion Method

In microemulsion methodthe reactants amissolved or dispersad astable
emulsion system composed of oil, water and surfaé&@htThe microemulsion has
small droplet size and large interfacial area, which helpsHhernucleation and
development of nanoparticlés/e can synthesis the narrow sized nambples with
good control over shape and crystallite siZ&. More Over the nanoparticles
synthesised usingthis method show enhanced performancavhich enable the

product for the aplicationsincluding catalysié*, electronic¥*” and medicin&3’.

2.1.1.3 Microwave Synthesis:

Microwave synthesis is a fadeveloping approach for synthesising
nanomaterials in a wide range of scientific fiéftfs In this method he reaction
mixture is heate by microwave irradiatiofior the rapid and uniform heating tife
precursorsi?®?. This method speed up reaction rates and redticee for the
synthesis due to the effective transfer of heat enetgyhe reaction system by the
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microwave sourc€2. The synthesis of nanomaterials using this technénseires

the excellentpurity and crystallinityand the method also has exacntrol over
particle size, shape and composition. Several distinct kinds of nanomaterials, such as
metal nanoparticles, metal oxi#féd, carborbased materidf$*! and semiconductor
nanocrystalé®, have been successfully synthesised via microwave synthesis.

2.1.1.4SonochemicalSynthesis

The sonochemical synthesis is the process in which the powerful ultrasound
radiations are i for the synthesis of nanomaterial§he high intensity ultrasonic
wavescreatetransitory microbubbles in liquid medilfi#’. The collage of these
microbubbles generates localised hotspots with high temperatures and pressures,
providing a perfect environment for nanomaterial manufacturBmnochemical
synthesis has a number of benefits, such as homogenous particle size
distributiort*), rapid response kinet#é¥! and controllable particle shdp&. Many
other types of nanomaterials, such as metal nanopaftidlesnetal oxide$*?,
polymer&*Y and hybrid material&?, have been successfully synthesised using this

method.

2.1.1.5 Solgel Process

The solgel technigue is a popular method for synthesising nanomaterials
with precise control over their siZ& compositiof*, structur&*® and
morphology?*. It includes the use of hydrolySi¥! and condensatiéit® processes
to transform a liquid precursor solution (sol) into a solid gel network. High
purity®*®), homogeneity®® and customised characteristics may be achieved in
nanomaterials made using the-gel technique, which has various benefit& can
easily enhance the properties of synthesis@adomataals using various dopants
and additives. Many different types of nanomaterials, such as metal GRldes
ceramic®®?, glasséé®® and hybrid materiaf®¥, have been successfully

synthesised using the spél method.

2.1.1.6 ChemicalCo- Precipitation Method

Co-precipitation method is @@mmon technique to synthesise nanomaterials
with specific composition and characteristic€®®. It is the simultaneous
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precipitation ofmore than one precursmns from a solution, whichesults in the
production of nanoscale palfts. Easness costeffectivenesé™®, scalability?>”

and suitability for largescale nanomaterial manufactuffifj are making this
method uniqueThe properties of the nanomaterials may be tuned by including
various dopants and modifiersing this methd®®. Its versafity enables the
synthesis of numerous materials, including 0xXf38s sulphide§>” and metals,
which has applications various domains like chemical kineticselectronics and
biomedicine.

2.2 Characterization Techniques
2.2.1Structural Analysis

The crystalline and molecular structure of a matersathe most important
property to study after synthesis. This is significamecause the periodic
arrangement of atoms and molecules in a substance determimdscttical and
optical characteristics.

2.2.1.1 Xray Diffraction Analysis

Powder Xray diffraction (XRD)methodhasimportancefor the structural
analysing of materials which is a nondestructive methodhat givesvaluable
information on atomic arrangement, phase composition and crystal structure of
material€®. In this work we have used Rigaku Miniflex 600rXy diffractometer
wi t h Cu KUW®) radmtonwhichindlie an Xray source, sample had
detector and data analysis syste@enerally éctromagnetic miations ranging
from 0.02 A to 100 A in wavelength are known asays. Which are helpfulto
study thecrystal structures since their wavelength is comparable to atomic size and
interatomic distanceThe powdered sample is held in a precise orientatiothéy
sample holder toeceive theX-ray beam emitted by the-pay source ando assure
optimal X-ray scatteringThe detector detects the intensity of thea¥s scattered
by the samplat various anglesThis information is then used to identify the cayst
structure and phase composition of the matefigjure 2.3 displays thechematic
diagramof X-ray Diffraction (XRD) Technique.
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Figure 2.3-Schematic diagram of XRt5

The basic principle of XRD is Bragg's Law, which states when the path
difference between the -Kays scattered by neighbouring planes of atoms is an
integer multiple of the Xay wavelength is # condition for constructive

interference. The Bragg'smay reflection from the atomic planes is shownFigure
2.4.

Figure 2.4Bragg's xray reflection from the atomic plari&d.
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The mathematical expression d@ragg's lawthat provides a relationship
between the wavelength, interatomic spacing (d) and the angle of difffz&¢étiin

given as:
¢ OFT na (2.1)

These datare used toplot theintensity of diffracted Xrays Vs scattering
angle,the plot is composed of a series of peaks, each representing a distinct set of
crystal planes in the material. Tipesitionand intensity of these peaks reveal the
phase composition and crystal struckifé The Scherrer equation is commonly
employed in XRD investigation to calculate the average crystallite size of a

materiaf®*!,

D=

! (2.2)

N3res VP

T
A

where k is a constanta9.f@Qsed, iB wavEeEWHRENQ

radi ans andglenradean. Br aggods a

Equation2.2 is the relation whickonnects the size of the crystallites to the
peak broadening observed in thiéfraction plot In order to identify the structure of
the materials thebtained dataan be compared with tmeferencematerials that are
kept in databaseslt alsoprovides details abouthe arrangements of atoms in the
crystal lattice, the presence of defects, strain and orierffdtloXRD is a common
technique thatan be usedfor bulk materials, thin films and nanoparticles. The
characterization of coatings and their impact on the underlying substratesther
use of XRD. XRD may also measure minute shifts in diffraction lines to infer
residual stresses in arystal lattic€®®. XRD is not only usedfor crystalline
materials but also provide details about amorphous materfaigure 2.5 displgs

photos of the Rigaku Miniflex 600-¥ay diffractometer.
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Figure 2.5 Rigaku Miniflex 600 Xray diffractometer

2.22 Morphological Analysis
2.2.2.1Scanning Electron Microscopy(SEM)

Scanning Electron Microscopy (SEM) is a powerful characterisatietiod
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
interacton of the primary electron beam with the atoms in the saffifjlavhich
results in the emission of different signalselits secondary electrons, backscattered
electrons and characteristic -rdys?®®. The electrons emitted by thermionic
emissiom 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 samplehey are ejected from it and collected by detectors. The
signals are reconstructed as a final inf4d€’”. 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 apasdeFn.
High-resolution imaging capabilities of SEM enable the visualisation of surface
features and structures at the nano&‘dleSEM is used in many different fields,
such as material surface anal{$# biological sample analy$$’, nanomaterial
2741 and thin film researdf®. The schematic giéction of the different components
of SEM and the image of ZEISS Gemini SEM 300 shewn in Figure 2.@nd 2.7
respectively.
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Figure 2.6- Schematic illustration displaying the different SEM compor&fits
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Figure 2.7 Image ofZEISS Gemini SEM 300

2.2.2.2Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an effective technique for
obtaining detailed information on the morphology, compositon structure of
materials. A TEM system consists of an electron source, a detector, a specimen
cortainer and a set of electromagnetic len$&8. A heated filament or a field
emission gun, which generates a stream of-bBiggrgy electrons, is commonly used
as the electron sourde TEM?"®. The electron beam is focused and controlled by
the electromagnetic lenses, which enable the beam to pass through the specimen
generating an imafé®. The sample is held in place and may be moved inside the
microscope by using thepecimen holder. The transmitted electrons are collected up
by the TEM detector and transformed into a picture that can be examined and
studied. Electromaterial interaction is the basis of TEM thédf3). As the electron
beam travels through the sample, it scatters and diffractions, yielding information on

the atomic structure and crystallographic features of materials. lbmayplied to
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high-resolution imaging of biological sampl&&, defect and interface analyé?s),
nanoparticle compositioff’® and material microstructure testingrigure 2.8 is
schematiadepiction of the various TEM components and Figure 2.9 slmageof

Tecnai G2 F20.

Electron source
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lens T~y
=

Condenser
<« aperture
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aperture
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Figure 2.8- Schematic illustration displaying the different TEM components
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Figure 2.9 Image ofTechai G2 F20

2.2.3 Spectroscopic Analysis
2.2.3.1Raman Spectroscopy

Ramanspectroscopy is a method that measures how light scatters from molecules to
investigate their vibrational mod&&.. The relationship between light and molecular
vibrational modes forms the foundation of the basic theory of Raman
spectroscop§?®. The interaction of monochromatic light with the molecular
vibrations of a molecule causes a small percentage of the dispersetd kit in
frequency. This shift in frequency, referred to as Ramanshift, reveals details
about the molecular composition and structukeRaman spectrometer generally
consists of a laser source, a sample holder, a monochromator, a detector @d a dat
analysis system. The schematic representation of Raman spectrométarisirs

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 moleculesn 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 molecels produces Raman specffae data analysis system processes and
interprets the information gathered, while the detector measures the intensity of the
dispersed light at each waveler@fi. There are several uses for Raman
spectroscpy in the study of nanomaterials. It may be applied to describe the
composition and structure of various nanostructures such as nanotubes and
nanoparticleé®1?%%] Raman spectroscopy may provide details on the size, shape

andsurface features of these materials.

CCD detector
Laser and Spectrograph
line filter grating
Macro beam mirror
Beam

I O spliics I I Mirrors

Microscope Notch

lens filter Adjustable entrance slit

Sample

Figure 2.10- Schematic illustration Of Raman Spectromé&tét
2.2.3.2Diffused Reflectance Spectroscop{UV-ViS)

Diffused Reflectance Spectroscopy (WAS) is a commonly used method in
materials science and nanotechnology.diffused reflectance spectroscophe
reflectance of light from gowder samplefor a wide range of wavelengths
measuregdsnce it is extrenely challenging to collect transmitted light in solids and
powder§€®. Using this method, a broad rangevelengthsof light is used to
illuminate the sampl@andthe intensity of the reflected light is then measliféd

The reflectance spectrum gives useful information about the material's absorption
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and scattering capabilitié¥’. There are several parts to a diffused reflectance
spectrometerA tungstenhalogen or UWis lamp is used as the sourceeizite the
atoms of the sample materialhe light from the source is collimated and directed
to the samplesing lensesindmirrors. The scattered light from the sampleessed
througha number of filtes and a monochromator to select the required wavelength
rangeand is collected by a detectdike a CCD camera or photomultiplier tube,
which is used to measure the intensity of the dispersed lighe diffused
reflectance spectroscopis also used to wstly the optical characteristics of
nanoparticles, nanocompositend nanostructured materialsThis reflectance
spectrum analysis provides important insights into the bandgap Ef®rgy
absorption coefficients? and electronic transitions of the nanomateffafé The
results of thisharacterisatiotechniquearehighly relevant to use theanomaterials

in various applications suctas sen®rs, optoelectronicdevicesand catalysis.The
photograph of the Cary 5000 WVis-NIR spectrophotometer is shawn Figure
2.11.

Figure 2.11 Cary 5000 UWVis-NIR spectrophotometer

2.2.3.3X-ray Photoelectron SpectroscopyXPS)

X-ray Electron Spectroscopfpor Chemical Analysis (ESCA), commonly
referred to as Photoelectron Spectroscopy (XPS), is a stsémsitive method for
determining the elemental composition and chemical state of materials. The basis of
XPS is the photoelectric effect, which usesay photonsfrom the dual anode X ray
sourceto excite electrons from the inner shells of atom in samples?®¥. The
photoelectrons directed to the detector with the help of electron lens system.

Electron energy analyser separate electrons with specific energies and trmmthe ¢
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of photoelectrons willoe measurd by the detectorsThe 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 elemerdad oxidation states of the surface of a
material’®®. XPS can also offer information on electrical structfrenaterialsand

band alignment at the surface, which is essential in understandingctt®eic and
optical characteristi&S®. XPS can be used to study thsirface chemistry and
composition of materialke thin films, nanoparticlesnd bulk materias. 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
device&¥®”. Environmental scien&8® and forensic analysf&*®also employ XPS to
examine the pollutants, contamants and trace elements present in different
samples.

2.2.3.4Energy 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
material€°¥. The basis of EDS is Xay fluorescence, which is the process of using
a focused electron beafrom an electron sourc® excite atoms in a material to
produce distinctive Xays. The emitted Xays are then detectday the lithium
based silicon Xay detetor. When the xays are incident on the surface of the
detector, it will generateharge pulses which apFoportional totheir energy This
energyyielding information on the elements present in the material as well as their
relative concentration. EDSs ifrequently used together with scanning electron
microscopy (SEMJ®. EDS may provide iportant details about the elemental
composition of a variety of materials, including méetats mineral§°?,
ceramic§®, polymer§°¥ and biological samplesEDS has extensive applications
in many industriesin materials sciencEDS used to study the material composition
in geology to analyse the chemical mposition of rocks and mineral§®®,

metallurgy*®®, forensic§°”! andin semiconductor manufactute characterise and
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ensure the quality of semiconductor devié&8. Figure 2.12 dpictsan image of the
OXFORD X-Max EDAX.

Figure 212 OXFORD X- Max EDAX

2.2.3.5 Photoluminescenc8tudies

Photoluminescence spectroscopy is a strong technisgfor investigating
the optical properties of materials by detecting emisspactrumafter excitation
with photon of suitable wavelengthThe basic principle of photoluminescence
spectroscopy is the 4@mission of light with higher wavelength compared to the
wavelength absorbed by the substances for the exclfitlonVhen photons
incident on the materiathe electrons in the materiglet excitel to higherenergy
levels. These electrons emit photons when they return to their ground state, which
gives rise to a distinctive emission spectfidth Photoluminescence spectroscopy is
a useful tool for learning electronic structdtd, energy band gaf¥” and defect
state§™! of organic compound&¥, semiconductof®, quantum dot&® and
nanomateriald'’l. In the field of optoelectronics, it is also employed in the

development and characterization of ligmitting devices, including lasers and
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LEDs®!®. The performance and efficiency of the solar cell carabalysé using
photoluminescence spectroscopy $tyidying recombination processes and defect
leveld®®. In biological??® and medical researdf!, photoluminescence
spectroscopy is also used for imaging methods like fluorescence micrd&ea@sy
well as for analysing the fluorescence characteristics of biomolelikgeproteins

and DNAZ! The photograph of Agilent Cary fluorescence spectrophotometer is

shown in Figure 2.13.

Figure 2.13 Agilent Cary fluorescent spectrophotometer

2. 24 Photocatalytic Studies

PhotocatalysigPC) is an exceptional phenomenon that uses lagidrgy to
activate chemical reactions on the surface of a cdféfystVisible 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, whiesults in the formation of
electrori hole pair§?®. These charge carriers may subsequently participate in redox
processes, which allow for the breakdown of organic contamlffdhtsthe
generéion of clean enerd$?” andthe synthesis of useful compounds. Visible light
photocatalysis is important because of its capacity to use plentiful and ecologically

favourable solar energy for losigrm and efficient chemical reactions.
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In this thesis the one of the main foeass the application of visible light
photocatalytic activity for water purification, sindeetglobal scarcity of freshwater
supplies has long been ingrained in the public's eyes. The world is expected to be
waterstressed by 202528, Water pollution harms the ecosystem balance, so
humans will be affected by clean water scarcity shoktaterrelated diseases
include communicable diseases (waterborne, wasshed, watebasedandwater
related vecteborne diseases) and noncommunicable diseases caused by chemically
polluted watef?®. According toHermabessieret al, many plastics in the water are
hazardous to a broad spectrum of organisfi?s Several diseases are caused by
chemical waste, including anemia, low blood platelets, headacheser riskand
various skin problem$3!. Semiconductor photocatalysis is the most promising and
successful approach for competing with water contaminZmS. is an important
semiconductor photocatalyst in theMI group. ZnS is only sensitive to UV light
absorption because of its broad bandgap energy. The development otlighible
active photocatalysts capable of utilizing the greatest amount of gyiérid an
intriguing research aré®?. It is still challenging to improve visible photocatalytic
activity by improving charge transfer and efficient cteasgparatiot=2. The other
hurdles in this field areow photocatalytic efficiency for visibleght photocatalysts,
low mobility of charge carriers, inferior stability of photocataly&t, high
recombination rate of electehole pairs B**! and coseffectiveness at the
commercial level®3*¥¥] The primary disadvantage of ZnS catalysts is their
irreversible agglomeration during the photocatalytic processes and limited
recyclability, which reduces the photocatalytic degradation effici€fity

Defect engineering is promising method for improving light harvesting in PC
materials P390340241342] - semiconductor photocatalyst defects can function as
adsorption sites for charge transfer that prevent the recombination of photoinduced
charge and add new enerigyels to narrow the band gap that creates vidighd
activity. By creating additional energy levels to photoexcited charge carriers'
electronic structure and characteristics, vacancy defects can significantly alter the
PC activity of a photocataly§t®!. Dopingis 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 CéfleNickel
3451 cadmium B*® or nonmetal elements Carbomda Nitrogen #4134l 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) activitie$®? 43, In this thesissun light and Xenon short arc
lamp of 300W working with 20V, 15A power supply served as visible light seurce
Figure 2.14 and Figure 2.15 show the PC activitieBop®med in sunlight and Xenon

lamp.

Figure 2.15- PC Experiments performed using Xenon lamp
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Chaptes3

ZnS Nanoparticles by Hydrothermal Synthesis:
Point Defects through Stoichiometric Ratio
Variation

The photoluminescent anghotocatalyticpropertiesof materials like Zinc sulphide (ZnS)

can be improve by Defect engineeringZn and S defects are successfully integrated into the
ZnS crystal by alteringhe S/Zn molar ratio during hydrothermal processHse addition of
defects to the ZnS crystal can modify baedstructure of ZnSamplesDefects are formed

on the surfacesuting the treatment process. XRD and Raman are used for the confirmation
of the crystallinity and phase formation of the samples. Using -aay Xpeak pattern
assessment based on the Debye Scherer model, the Williktabamodel and the size

strain plot, i is possible to study the influence of crystal defect on the structural
characteristics of ZnS nanoparticleslV-vis diffuse reflectancespectroscopy (UWis

DRS) is used to estimatieet band gap (g values and found that the, 5 reduced from

349 eVto 328 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
aggloneration of homogenous nanoparticles. Scanning electron microscopy (&M)
used to examine the surface morphology of the ZnS partictigctively Coupled Plasma
Optical Emission Spectroscopy (IEPES) and Xay photoelectron spectroscopy (XPS)
were usedio 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
guantities 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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3.1Introduction

Zinc sulphide (ZnS) im-type compound semiconductor with widéect
band gapZnS has applications iight-emitting diodes, electroluminescent devices,
flat panel displays, infrared windows, sensors, lasemssolar cellsB4I3%00351,
Various methods are reported for the synthesis of ZnS nanomateniclisding
electrochemical deposition, microemulsiGrf’, solvothermaf*®®, sotgel %, co-
precipitation'®*®, combustion synthesl&®, pyrolysis, hydrothermal, laser ablation
and vapor depositiort®®”!, have been used to fabrieaZnS nanostructures. The
hydrothermal methodoes not require any calcination or milling and the method is
adaptable, productivendable to be adjusted.ow contamination, costffectiveness
and ability to regulate the nucleation procéd§°® are the other advantages of

hydrothermal method.

Customizing the chromatic discharge of hanomaterials is crucial for their use
in light-emitting screens, field emitters, lasers, sensmigoptodectronic devices
35813591 - 7nS nanocrytsls exhibit blue, greeand orange emission§°%%¢Y. The
luminescence characteristics of ZnS particles have been altered by doping with
various transition elements and raarth metal§*2¢%!, The optical chracteristics
are affected by defects, crystal structure, sind shapeThese studies show the
ability to adjust several emission characteristics from pure ZnS nanocrystals with
various defect features. Despite significant efforts to investigate theabfgatures,
the sources of various photoluminescence (PL) bands from ZnS are infrequently
addressed. The ZnS luminescence properties are typically attributed to surface states
364 sulphur vacancie$®®®, Zn vacancied®® elemental Sulphur species, or
impurities in ZnS*%. There are many hanging bands and imperfections in the
surface of ZnS due to its diverse interface topologiek larger specific surface

aread®’!,

The light harvesting properties photocatalytic materials can be imprdve

g2 The new energy levels added during the

by defect engineerin
introductionof defects narrows the band gap timalucesvisible-light activity andin

semiconductor photocatalyst defects can function as adsorption sites for charge
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transfer that prevent the recombination of photoinduced chdegancy defects can
significantly alter the PC activity yb creating additional energy levels the
electronic stucture ofphotoexcited charge carriefé®. Doping is also an effective
strategy for inducing these defects. The addition of extrinsic metal elements such as
Copper®*¥, Nickel ¥**, cadmium®®*®, or nonmetal elements Carbon and Nitrogen
3473481 improves thevisible light photocatalysis of ZnShe inherent characterics

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 vacancglated featues affect the photoluminescence and PC
activity of ZnS in visible light.

The results presented in this chapter have already been puldisHedv.
Jubeer, M. A Mant hrammel , P. A Subha, M.
Defect engineering for enhanceamptical and photocatalytic properties of ZnS
nanoparticles synthesized by hydrother mal
Oct.2023doi: 10.1038/s41598234373511%°]

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 ,Za
SC(NH,), powder were dissolved in denized water separatebndfive drops of
HCI were added to the ZngCséolution and stirred at room temperature for 1 hour.
Thiourea solution is then dripped into Za@blution and the mixture is stirred at
room temperature for another 1 hour. 50 ml of the clear mixture was theyedha
a Tefloncoated SS autoclave of 100 ml volume. The closed autoclave was placed in
a furnace at a temperature of 220for 12 hours and then allowed to cool to room
temperature. The nanoparticles in the solution were filtered and washed several

times using deonized water to remove impurities in the sample. The final whitish
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product was dried at 6(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 and3 were prepared and named ZnS0.67, ZnS1, ZnS1.5, Z&mE2

ZnS3 for further characterization.
3.2.2 Measurements

The structural studies of prepared samples were carried out by-thg X
diffractometer (XRD) using Rigaku Miniflex 600-Xay di ffract ometer
( &= 1A) Ediafion, operating at 15 mA and 40 kV. Cu target and graphite
monochromator were usesddata was recorded in continuous scan mode from 10
to 8C°, with a step size of 0.02at scan speed of 1(er minute. The vibrational
study was carried out for all present samples using the Horiba Lab Ram HR
Evolution Confocal Raman Spectrometer. The Rarspectrometer was operated
using 532nm (Diode Pumped Solid State Laser) at room tempeaaidirecorded in
a scan range of 150 to 450 ¢nX-ray photoelectron spectroscopy (XPS) of the ZnS
nanoparticles was characterized bylleermascientific NEXA Surbce analyzer.

The determination of the element content was carried out using a Tserembific

Icap 6300 ICPOES. The Photoluminescence study was also carried out using
Agilent Cary fluorescent spectrophotometdth an excitation wavelength 280 nm
Optical studies of all ZnS nanostructures were analyzed UgiegCary 5000 UV
Vis-NIR spectrophotometerin the wavelength range of 20200 nm at room
temperatureThe morphological studies of all the synthesized ZnS nanostructures
were done using ZEISS Genini SEM 300. TEM and EDAX studies by using
Tecnai G2 F20, FEI Company operating at 200kV and OXFORDMX4X,
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 ho in darkness to attain adsorpligesorption
equilibrium between the MB dye and catalyst. The PC studies were conducted from
11 a.m. to 2 p.m. on sunny ddy¥’. The solar intensity was measured in each hour
during the experiment using a VAR TECH V6610 Digital Lux meted the
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intensity values were 56k(k), 79k(lux), 62k(lux)and48k (lux), respectivelyThe
specific surface area of the samples is estimated through the BrHmaoestt
Teller (BET) method usinBELCAT-M.

3.2.2.1X-Ray Diffraction analysis

The XRD spectra of the ZnS samples are depicted in FRjlige Every one
of the recognizable peaks could be ordered as the cubic ZnS in the standard
reference information (ICDD 0Q77-2100). Different lattice parameters such as
interplanar spacing, unitett volumeand lattice constant were determined from the

Bragg condition and the Lattice Geometry conditiotiof the form :

mgY R=f (31)
n H (32)
- (33)
i
Wher e’ > ' i s t h-eyusel whithédrb4066k, (hki)fis the miker X

index of the crystal planendd i s B r &% grheslattieerpgrameters 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 withtémelardattice constant value

5.39 nm. A similar finding was reported By T. Quynh Hoaet al, well. %, The

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

eguation

7, "E

A —F (34)
wher e bwidth falf fnaximhand N is the crystallite shape facté¥®. A
gaussian fitting with a Cksquare value of more than 0.98 was used in our analysis
to determine the peak widtifhe 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 namd28.6 nm for the samples ZnS0.67, ZnS1, ZnS1.5,
ZnS2andZnS3 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 parsicl€he 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. Thambiduraiet al.,also reported the same obseraff’*. The formation

of a little amountof ZnS in the wurtzite structure might also be the cause of the
exceptionally weak diffraction signal at 26.98r S rich sample (#00751547)

1% The peak positions and intensities are listed in Tafle

3.2.2.1.1 WilliamsonHall (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 gid. Different models, such as the Uniform Deformation Stress Model (UDSM),
recognize the stresgtrain connection. In contrast, the Uniform Deformation Energy
Density Model (UDEDM) assesses the strain and is widely used for finding energy
density®"?1373 Wwe have focused on the three prominent peaks in the Williamson
Hall analysis and the other models, which correspond to the (111),428(311)

crystallographic planes.
3.2.2.1.2 Unified Deformation Model (UDM)

According to WH 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 8.5)
TUTHE T HT (35)
where,- is the internal strain.

Hence, theotal peak width is shown in eqr8.§) represent UDMF'*;

(36)
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The UDMplothasdrawdt sin d -akbpsgabeflXalawisof t he Y

the pepared samples are shown in FigBidb.

The strain was assessed from the slop of linearly fitted diagrams and normal
crystallite size from the ¥ntercept®®. The strain of ZnS nanoparticles is viewed
as 2.7 x1G, - 3.9 x10°, 0.01 x1C, -0.25 x10°, 0.35 x1C’ 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. Noesshel
the positive slope could be ascribed to the tensile strain or inside stress in the crystal
owing to the thermal expansion during the crystal developHtéhtin this manner,
grid strain differs from a positive to a negativalue 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 nmand 29.7 nm for the ZnS0.67, ZnS1, ZnS1.5, Zre®@ 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
consolida¢ more sensible circumstances, an anisotropic methodology is taken on;
consequently, the W condition is altered by an anisotropic strainn USDM, the
lattice deformation stress is considered uniform in all crystallographic orientations,
expecting a littlemicro strainin the particlesAccording to Hook's Law

e (3.7)

whereX is the anisotropic strain ardl  is Young's modulus in the plane (h kahd

o

u i s the stress of the crystal

In this approach, eqn36) is modified as follow§"®!

B/ __1if)g. (38)

gLl L] Lrr

Equation (8) is callethe Uniform Deformation Stress Model (UDSM). Figiéc
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 streasdthe particle size can be evaluated
from the Y-intercept®’”\. The particle sizes are obtained as 2.9 nm, 2.8 nm, 36.7 nm,
51.4 nmand42.7 nm forZnS0.67, ZnS1, ZnS1.5, Zn®RAdZnS3, respectively. The
micro strainvalues of different crystal planes of prepared samples are shown in
Table3.2.

3.2.2.1.4 Uniform Deformation Energy Density Model (UDEDM)

Equation 8.6) is changed to the structure whemeergy per unit volume
(energy density), 'u' is considered. As per Hooke's law, the 'u' as a strain component
i s WYni#2. IJthe strairstress connection, all the proportionality constants
become, at this point, not independent when the strain edergpity is considered
378 Thus, the above equation can be written as

i g 0
T ﬁlg. B/ l - (3.9)
T A
1 I
The plot] 6 &4 Vs —— is the UDEDM plot®™ of the prepared

samples with different S/Zn Molar ratios, shown in Fig8red. The ¥intercept
gives the average crystallite siaadthe 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 inJable

3.2.2.1.5 SizeStrain Plot (SSP):

The WilliamsonHall plots reveal that the line widening is fundamentally
isotrogc. 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 advantag 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 %, which is given by,

L
F

T e o T o E
.|§.|§Hl | -Ig.lgﬁl - (3.10)
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Wherek is the shape fact@ndD is the crystallite size. The plo 1 AT[ O
along the Xaxis and Q 1 A J O along the Yaxis, 5 shown in Figure.1 e
whichis the SizeStrain PI0fY. The slope of the fitted plot gives the crystallite size
andthe 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, 14.4nd0.5
13.8, respectively. The values aradisin Table3.2.

The crystallite size of these samples was measured using the Scherrer
formula and other methods such as UDM, UDSM, UDEBM Size Strain Plot
(SSP). When different methodologies for estimating crystallite size were evaluated,
it was notied 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 methtt 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 Hights the need to employ appropriate
methodologies for assessing crystallite size in nanocry$talé®3. The various
models used to estimate strain in nanoparticles generated vary strain values,
indicating that strain is not directiatependentThis finding is crucial because it
sheds light on the structural properties of nanopastiae well as theibehaviour

under various conditior&’®l,

Table 3.1Structural parameters for ZnS NPs

Intensity | Crystallite Interplanar Lattice

Samples| 2 d : . Parameter
(a.u) | Size (nm.) | Spacing d1(A) a (A)

ZnS0.67 | 28.68 | 3945 2.8 3.11 | Standard | 5.39 | Standard
ZnS1 28.60 | 3543 2.9 3.12 | d11:=3.12 | 5.40 | Value=
ZnS1.5 | 28.69 | 32265 27.2 3.11 5.38 | 541
ZnS2 28.64 | 21354 36.7 3.11 5.39
ZnS3 28.51 | 18084 28.6 3.12 5.42
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Figure 3. 1. a) XRD pattern of present samples b) UDM, ¢) UDSM, d) UDEDM, e} Size
Strain Plot 0ZnS1.5, Z1$2 and ZnS3insetSSPfor ZnS0.67 and ZAl)
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Table 3.2Structural parameters for ZnS NPs determined using different approaches

Samples | Parameter | Scherrer | UDM UDSM UDEDM SSP
D(nm) 2.8 2.9 2.9 2.9 2.8
ZnS 0.67 (111)=2.92 | (111) =3.66
U O1 50.4 2.7 | (220)=3.15| (220)=3.80 51.2
(311) =3.42 | (311) =3.96
8 (G 0.25 0.3
U(kJm?) 582.34
D(nm) 2.9 2.7 2.8 2.8 2.9
ZnS 1 (111) =1.63 | (111)=1.96
U 1( 484 | -3.97| (220)=1.76 | (220)=2.04 36.6
(311)=1.91 | (311)=2.12
8 (G -0.15 0.16
U(kJm?) 167.513
D(nm) 27.2 26.3 36.8 38.9 32.7
ZnS 1.5 (111) =1.29 | (111) =1.49
U P®1 5.15 0.01 | (220)=1.40 | (220)=1.55 14.4
(311)=1.52 | (311)=1.62
8 (G 0.11 0.13
U(kJm?) 974.52
D(nm) 36.7 32.6 51.4 55.2 46.0
Zns 2 (111) =1.09 | (111)=1.26
U P1 3.8 -0.25| (220)=1.17 | (220)=1.31 10.5
(311)=1.27 | (311)=1.36
8 (G 0.09 0.11
U(kJm?) 693.5
D(nm) 28.6 29.7 42.7 46.2 36.6
(111) =1.55 | (111)=1.78
ZnS 3 U O1 4.9 0.35 | (220)=1.68 | (220)=1.86 13.8
(311)=1.82 | (311)=1.93
8 (G 0.01 0.15
U(kJm?) 138.997

3.2.2.2 RamanSpectra Analysis

Through phonon interactions, changes in surface features can be inferred
using the Raman vibrational investigation. The Raman Vibration Modekeof
present samples are shown in Figdre2. As Chenget al., reported, the only
permitted modes at the zomentrefor the cubic ZnS phase are the longitudinal
optical (LO) modes and transverse optical (TO) mddésAll samples showed a

TO peak mode at around 270'¢rand LO peak at around 340 Cmsupporting the
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cubic phase of ZnS. Notably, for both fundamental modes, there is a peak shift
towards theshorter wavelength as the Zn vacancyqj\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 phomd®®* for all samples except ZnS2 were identified as the
sources of th@eaks around 235 ¢ The Raman modes around 427 cfor all
samples except ZnS3 are due to TO+{Angitudinal Acoustic).The identical
Raman modes were detected by Nil$&H, or due to the LO+TA(Transverse
Acoustic)vibrational modes as well as, which is in line with reports by S. Détara

al. and Zhiyuan Yeet al.,!®®®1%7] The slight shift in the peaks may be due to the
nanoconfinement effect. The other Raman \ibramode that appeared common

for all samples is TO+TA mode at 390 '¢n¥%¢l. Raman spectra revealed further
information about the lattice defects. Along with the abowntioned Raman
vibration modes, some samples also exhibit defeiiced Raman modes. The
samples ZnS0.67, ZnS1, ZnSkiadZnS3centredat 320 cril have a lattice defect
induced phonon mode at-W-L, as reported by Jun Zhoet all®®¥. The cubic
crystalline phases are confirmed by Raman analysis, which is in good agreement

with the XRD results.

Intensity (a.u)

%0 Eng 0 e gy
Raman Shift (cm™)

Figure 3.2. Vibrational Raman Spectra of ZnS
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3.2.2.3Scanning Electron Microscopy (SEM)
The morphological study of the Zrsample synthesized by the hydrothermal

method uses SEM images shown in Figur&(ee). It is obvious that the
combination of grains is visible with uniform polygosrsddaped particles. The
particles are shaped with a compact morphology and thickly stuf@anal grain

sizes of the particles were found to be greater than the crystallite size determined
from XRD andthe values are 25.8 nrB7.7 nm,93.9 nm,158 n@and 85.4 nm for
ZnS0.67, ZnS1, ZnS1.5, ZnS2 and ZnS3 respectively. It is to be noted thatithe gra
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 diffractealy>eams

coheaently. As needed, the XRD assessments provoked a small&f8ize

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 (Figu4a)
procedurejoined 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 15.787.3nm. 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
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XRD. This indicates that the synthesis route produces ZnS agglomerate
nanoparticles or can also be interpreted XRD expecting normal atomic
distribution in the examples. However, TEM gives the standard size of the particles,
including the norcrystalline part®l. From theselected area electronic diffraction
(SAED) in Figure 3. 4cof samples, it was seen that ZnS nanoparticles were
polycrystallineand the (111), (220)@and (311) planes from the inside ring to the
beyond SAED investigation affirm the Zinc blendeusture of items, which is
consistent with XRD and RAMAN results. A delegate HRTEM picture enlarging a
round part of the structure is given in Figdd. The interplanar distances of the
crystal fringes are around 0.209 nm.

174/ |
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Figure 34. a) TEM image o#ZnS1 b) Size Distribution Curve of ZnS1 c) SAED Pattern of
ZnS1 d) HRTEM image of Z81 e) EDAX Spectrum of ZnS1
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Typical EDAX analysis was performed to ass#es constituents of the
synthesized productandthe results are presented in Fig®de. Znand S have

produced four distinct signals demonstrating that the product was pure ZnS.
3.2.2.5Inductively Coupled Plasma Optical Emission Spectroscopy (ICES)

Determining the lighter elements or volatile components in semiconducting
materials can bdlifficult regardless of the analytical approach. Hagrergy
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. KCEES (Inductively Coupled Plasma Optical Emission
Spectroscopy) is a technology used for elemental analysis. Environmental analysis,
geology, pharmaceuticaEnd materials research are just a few sectors that use it

extensively.

The ICROES data reveal thatll samples follow the predicted S/Zn ratio
trend (Table3.3). The changes in S/Zn ratios observed by-@HS followed the
predicted pattern of partial loss of volatile S species during@EB sample

nt%% When exposed to acid, semiconductors that generate volatile

preparatio
hydrides, such as 43, are vulnerable to elemental loss during digedtitth ICP-

OES has different detection limits for each element and Imealgss 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 theQEB instrument's detection limit,

this might explain the lower observed percentage. MoreaXerYang et al.,

reported that the IGBased overall analysis is not accurate for the S an&i$8is
3.2.2.6 XRAY Photoelectron Spectroscopy (XPS):

X-ray photoelectron spectroscof¥PS) 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, Zh&ndZnS3. The highresoltion 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. Goudatzial. and Z. Ye et al., stated that these are

54



Chapter 3

ascribed to Zn 2 and Zn 2p, BN B8 zn 2p,, and Zn 2p, peaks of Zn$ 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 eVdal045.7 eV. As the S concentration rises,
these peaks move slightly to higher B.E. Excess S atomsioh ZnS can create
extra chemical bonds or defects in the crystal. These modifications may result in

greater binding energy for the Zn 2p electronxi§&.
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Figure 3.5. XPS spectra of ZnS0.67, ZnS1 ands2ra) Zn2P region XPS Spectra b) S2P
region XPS Spectra.

The S 2prand S 2p, peaks for ZnS0.67 are positioned at around 161.23 eV
and 162.43 eV, X. Yang et al., also reported the same fir{ﬁﬂﬂgrespectively,
which are typical ZnS features, howewehen 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 exd163.42 eV. Tk B.E 161.25 eV and 162.44
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eV are derived from S 3pand S 2py, of S atoms bound in ZnS, whereas 162.23

eV and 163.42 eVare derived from the defect state in ZH$%. The defect
percentage calculated from the area under the respective peaks in XPS is 18% for
ZnSl.

Deconvoluted peaks belonging to core level XPS spectra of S 2p of bonded S
are seen at 162.31 eV and 163.42 eV, 163.1&md/164.26 eV for sample ZnS3
(Figure 3.5b). The B.E 162.31 eV and 163.42 eV are derived from;Sad S 2p
12 Of S atoms bounth 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 ihe prepared samples. This implies that the
concentration of defects may be regulated to some extent by adjusting the molar
ratio of precursors utilized. X. Haa al.,used the same method in their st{gs).

3.2.2.7Diffused ReflectanceSpectra Analysis

Theprepared ZnS0.67, ZnSAnS1.5, ZnS2, ZnS2.81dZnS3 samples' UV
vis DRS are examined to determine the impact of the defects on the electronic and
optical properties of Zn8SIPs. The DR (Figure3.6a) shows a sharp hike in the
reflection in the UV region, étween 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 saripiE"

F(R) = r! (3.11)

The band gap (fF values can be assessed from Tauc relations (Fig6l® for

direct band gap materials in the structdfd>*®!,
(F(R)®’=hAs3 (B 3 1 (3.12)

where ' A' i's a constant and ' 3' i s the

from the extrapolation of the KubeHlpunk function. The determined jEor
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various examples are displayed in Tahl& 3he E varies from 3.28 eV to 3.49 eV

for different ZnS samples. They Ezalue is minimum for the ZnS2 sample and

maximum for the ZnS3 sampl@he absorbance plot in Figure 3.6¢c demonstrates

that all preparedamples absorb sunlight, showing that all ZnS NPs késiele-

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.
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3.2.2.8 Photoluminescenc8tudies

Figure3.7a shows the Photoluminescence spectra of ZnS nanopatrticles with
different S/Zn stoichiometric proportions for an exciting waveler&f nm. The
S/Zn ratio fluctuated from 0.67 to 3 in theepursor medium. According to the
report byJ. Zhouet al, the point defects that act as luminozentresduring
photoluminescence processes are linked to defect emi§&fhnin pure znS,
different forms of point defects are commonly found as Sulphur vaca(\¢ss
Zinc vacancies (M), interstitial Sulphur atomsdjl andinterstitial Zinc atoms §},)

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 @& at 365 nm, 383 nrand473 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, in the samples. The transition at 383 nm
corresponds to the transiti from b, to s interstitial states. The same transition is
observed byB. L. Devi et al, in their work*®l. The intensity of broad blue
emission (473 ninfrom 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.
ZnS0.67sampleshowsa 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 emissisites 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 placeskK. Manzooret al. andH. Y. Lu et al., observed thatmilar variety in

the intensities of all emission bands in undoped ZnS with change in stoichiometry

suggests their relationship with \tentresBoIE®l

. The energy level diagram
(Figure 3.7b) depicts possible emission processegni@ namparticles. The crystal
defect is responsible for these defectuced emission peaks and the variations in

PL intensity.
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Figure 3.7 a) PL Spectra of ZnS nanostructytgsEnergy band gap diagram
3.2.2.9 PhotocatalyticStudies

Defect engineering is a leaost and effective modification technique for
designing and developing singbhase catalysts for atorascale regulation and the
formation of active sites on photocatalyst surfal84“t4%2  of the various
defects, surface vacanciean control the surface atomic architecture and local
coordination structure of the catalyst, exposing and activating the surface atom to
make a singlgphase catalyst possess high activity. Furthermore, other than creating
defect levels and increasing tipdotocatalyst's photo absorption capability, the
anion and cation vacancy defects have unique imp&ctsAnion vacancies (S)
have been shown to attract photogenerated electrons and limit carrier recombination
1404114051 - \whereas cation (Zn) vacancies can boost surface charge transfer and
increase the valence band (VB) position to reducexidation capacity/°e13407]
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As a result, the vacancies enhance the photocatalytic gctind stability of the

catalyst.
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The presence of defective states in the synthesized saanptEmfirmed by
Raman spectra, XP&d PL investigationandhence, visibldight PC activities are
critical to our investigationsThe Figure 3.8(a€) shows thetime-dependent
absorption spectra of PC degradation of MB dye under sunlight irradiation for all
samples. Figure 3.8f depicts the MB solution'shotalegradation at set intervals of
sunshine exposured.he photodegradation efficiencpercentageof samplesare
shown in Figure 3.8gThe 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 electhmie (¢ -h") pairs, stretching out the
excitation wavelegth to a smaller energy range and expanding sudédserbed
reactant specieé®®1324%% |n general, the system for photocatalysis starts when
supraband hole photons are explicitly absorbed in this manner, creafing’)e
pairs in the semiconductor particles. IBaling this, the charge carriers are dispersed
across the molecules' surfaces, where they mix with water molecules to produce
highly reactive forms of peroxide €Q and hydroxyl radical (OH), which cause the
degradation of adsorbed molecules. The follgwvidiagram demonstrates how
methylene blue is photcatalytically degraded over a ZnS photocatalyst. Adsorption
of the dye onto the outer layer of the ZnS nanostructure is the first€lepvhen

dye-adsorbed ZnS nanostructures are exposed to sunlight,)(pairs are formed.
WEYQOQ 660 Q wod
The lightinduced electrons in the CB of ZnS associate with the oxygen
atoms adsorbed on Zn® shape superoxide anion extremist€ { The holes

created in the valence band (VB) of ZnS react with surface hydroxyl groups to

deliver extremel y®*t eactive (AOH) radicals

6 Qo GF

Q 0U'O9KE) O
These holes 'Q can prompt the separation of water atoms in the fluid
arrangement , creating radical s. The excep

superoxide radicals (?Og)T can react with methylene blue dye adsorbed on ZnS
nanostructures and lead to its decompositith
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The schematic illustration of the dye degradation process using ZnS is shown Figure
3.9
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Figure 3.9- Schematic illustration of the dye degradation process using ZnS

The photodegradatioefficiencyis more for the samples having S/Zn=0.67 andl 3.
Zhou et al, X. Haoet al.andF. Chenet al.,also used the same strategy to improve
the lightharvesting properties of photocatal{&f1*'%343l. The reason for the high

PC degradation of the sample with S/Zn=0.67 is S vacancies in the crystal. For ZnS,
each § ion forms a SZptetrahedron with four Z# ions around it, while each Zh

ion forms a Zn$tetrahedron with four Sions surrounding it. All four Zn atoms
around a S vacancy in a SAetrahedron transform into a Zp@yramid with one

sp® dangling bond when one S atom is removed from the structure. When the
composition surrouing 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 la levels. The result is that the three empty levels approach the
CB minimum, while the la levelpproaches the VB maximum and becomes doubly
filled. Around an S vacancy in the relaxed structure, ong gp&mid that becomes
powerfully pyramidal in the loosened structure surrounding an S vacancy has its

dangling bond doublélled to become a lone pa
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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 lfgflt Additionally, these defect
states capture photogenerated electrons and holes, which delay their recombination
and improve the PC performance of ZnS samples with S vacalfti&g?.
Additionally, S and Zn vacancies could cause a little deviatiomefperfect ZnS
and lower its volumé*?. After geometric relaxations, the cell volume lossseals
by Svacancy is more noticeable than that caused byatancy since it occupies a
larger volume. S vacancies in ZnS crystals are more difficult to introduce than V
The energy required to produce S vacancies (7.05 eV) is larger than that required to
form Vz, (5.99 eV). Therefore, more 2/ is expected in ZnS crystals than in S
vacancies. The } is the reason for the high degradation of sample with S/Zn=3.
Vz,in the ZnS photocatalysts is responsible for the higher vidie absorption
and excellat charge separation efficiencies of ZnS catalysts, which result in better
visible-light PC activities. The similar observations were reporteXbifdao et al.

343 H. Zhanget al., also conducted Visible light PC activity by varying the molar
ratios. They reported aximum PC activity for ZnS with S/Zn=2 prepared by solid
state reactioff®®. Z. Fanget al., adjusted the number of\énd phase junctions to
achieve optimal visible light activity on ZnS synthesized by hydrothermal and
solvothermal method&®?. X. Haoet al., reported high visible light PC activity for

ZnS synthesized by hydrotherntathnique with Zn/S =2.8%*. The luminescence
emission spectraF{gure 3.7a) shows the peak aroudd3 nm corresponding to the
transition from sulphuwacanciego 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 identichsettings, the recycling experiments were repeated three times
to study the stability of the catalyst using the Xenon I&Hp The ZnQ catalyst
was extracted at the end of each cycle for recycling purposeg ascentrifuge.
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 nominaedserin decay
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percentage was observed, attributed to partial surface passivation by the
decomposed MB dy&'.
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Figure 3.10 Recyclability tests of samples (Three runs) involved with MB degradation.

3.2.2.10 BrunauerEmmett-Teller Analysis

BET techniques were used to determine the specific surface area of each
sample. According to the experimental findings (Tahl®,3he 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 mateaiadsah
greater impact on the visiblight photocatalysis of the defective ZnS systdtid
than their surface area. The defddte vacancies or defects created by dlopants
can provide pergy levels in the band gapaking it easier to separate charges and
absorb visible lighttnhancing photocatalytic activity. These findings demonstrate
how the defects can be used to tune the photocatalytic activity of ZnS materials

under visiblelight irradiation.

In the presentwork we investigatedhe effect of parametersmcluding size,
band gap energy, strain, surface aaed defecton the photocatalytic activity of
samples with varied S/Zn ratios. Interestingly, after analyzing the datahsesved

that several parametessich as size, band gap energy, stemd 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 areaay be the most importaparameteimpactingthis photocatalytic
efficiencyof samplesThese 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 aatrolling 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 3.3Band Gap energy from DRS, Compositional for 2dBs from ICPOES and
BET analysis result

Samples E4eV) ( ,Ib\ct:oprr-lgﬁ/?) BET Photpdegrad?tion
Sulphur | Zinc | S/Zn | S.A(mPg?) Efficiency (%)
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

3.4Conclusion

ZnS NPs with different S/Zn molar ratio have been synthesized using a low
temperature hydrothermal route for photocatalysis applications. Through defect
engineering, th&n and S defects are successfully introduced into the ZnS crystal,
which also altershte band structure of ZnS. The defects are generated on the surface
during the synthesis, which is evident from RAMAN, X&®1PL. The crystallinity
and phase formation of the samples have been confirmed through XRD and Raman
analysis. Through Scherrer,-W modeland 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 energyagabthe band gap has
been reduced from 3.49 eV to 3.28 edA = O . ThellICROES data reveal
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that all samples follow the predicted S/Zn ratio trend. Phespectra show that the
ZnS nanoparticles emit dual colonwhich are violet and blue. The NPs
agglomeration can be seen in TEM images; howekiersize ofsynthesized NPs is

in the quantum dots range. SEM study reveals the different morphology of the
synthesized ZnS NP3he vacancydependent visible light photocatalytic activity
has been studied. The photocatalysis degradation activity was very highghuiSul
defectrich sample ZnS0.67 and Zn defeith ZnS3 sampleOur study reveals that

the developed NPs of ZnS with rich defects are stable photocatalysts and highly
applicable for wastvater treatment.
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Microwave assisted synthesis of quantum dots
like ZnS nanoparticles

Nanoparticles of ZnS with different weights of CTAB (cetyltrimethylammonium bromide)
have been successfully synthesized/imyrowave assisted eprecipitation 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). tdh-violetvisible absorbance spectra were recordaad
calculated energy gap fdhe samplesare 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'a@lated to TO and LO modes which are shifted to lower
wavenumbers indicates phononnioement in the final products. The variation of the

di electric constant and dielectric | oss was st
lower frequency region almost stable between 1MHz and 5 MHz and is increasing at higher
frequencies. Thdielectric study reveals that the samples possess high values of dielectric
constant which are between 27 to 35 andebloss 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 dimensiorwNPdigh energy

gap, high dielectric constant and losv loss valuessignify that the prepared NPs are
suitable for optoelectronics
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4.1 Introduction

The ZnS nanoparticles are very important/ll semiconducting materials
with anomalous physical and chemical properties suclclamical activity, the
guantum size effectgenhanced surface to volume ratimopre optical absorptign
thermal resistancesurface and volume effectacroscopic quantununnelling
effect, catalysisandthe low melting point compared to its bdf. ZnS has great
importance de to theelegance in chemicand physical propertieswvhich is useful
for wide range of applicationd. The doping with differentlementsalter physical
chemicaland opticalproperties, which can be used in applicatistike biosensing,
imagind™?, solar cell*** and U\visible-NIR light photo detectidi*>. We can
tune differentpropertes like structural ané’photovoltaic properties of ZA8?,
using different modification technique and adding different chemical additives.

The preparation ddedwith surfactants modis the morphology and hence
the different physical properties such as, photovolfaftand magnetic properties
of various nanomaterial$'”!. Surfactants control the size and the uniformity of
nanomaeriald*'®l. For the preparation of nanoparticheith uniform sphericabnd
mesostructuredanorphology!**® suitablesurfactants weraddedduring synthesis
Surfactants can change the morphology of the hydyoatite 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
reaction&*°.

Cetyl trimethyl ammonium(CTAB) bromide is acationic surfactantwhich
gets ionisedvhen it dissolvesn water It contains a lipophilic radical at one end
and a positively charged hydrophilic radical at the ottred. CTAB is in high
coordination with norrionic amphoteric surfactants. CTAB hdsgh resistivity
againstpressure, heat, light, static electy and strong acidic/alkale natureand
has high chemical stability therefore CTAB based nanohybridsiden its
application range *?%. The concetration of CTAB can control e size of
synthesisedZnS nanoparticle which has great influencen the study of
photocatalysisind luminescent propertf&!. CTAB can be used for reconstruction
of microstructure and morphology of transition metal oxide nanomaterials to
enhance the electrochemical performance for energy sttfage
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Microwave assisted method is a simple, uniform, quick and efficient
synthesis technique for synthesis of nanomater&ilsce the reaction rate of the
microwave assisted methasl high, the synthesis time is comparatively le$his
method is very simplend requires only minimum equipmefit®. In this chapter
we am to study the effects of CTAB on the structural, optical and dielectric
properties of ZnS nanoparticles prepared by microwave assistptea@pitation
route.

The results presented in this chapter have already been publishedMs
Jubeer, M. A. Manttammel, M. Shkir, P. A. Subha, I. S. Yalaad A. Alfaify,
AOpti k Microwave assisted synthesis of gu
optoelectronic applications An effect of COpkBEStutgh.ncentr at
vol. 240, no. March, p. 166812021, doi: 10.1016/j.ijleo.2021.16683%!

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 N8 precursors were prepared separatefjomble distilled
water (DDW) under continuous magnetic stirring af@@or ~30 minutes. Then
separately prepared CTAB solutions were added to the 0.5M Zinc Acetate
precursors by weighing 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 N& precursors and the reactions were
continued for 1 hour at 6Q. The obtained solutions were microwave treated at 700
W microwave power forl5 minute andetlsolutions were allowed to cool to room
temperature naturally. The white products were systematically washed with
DDW! 24, All chemicals used ithe experiment were of analytic graddwus, 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 CTABthe powderX-ray diffraction (PXRD) patterns were
recorded using a Shimadzu-600 Japan powder -Kay diffractometer (PXRD)

having CuKU radiation and wavel en3th o
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mA, at the scan rate of 0.02°/m over the angular range of Z0°tat 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 althe nanostructures using a RAMAN spectrometer. The Raman
system was operated at 0.2 mW laser power (532 nm laser). Thegogarature
optical absorption spectra of the-ylms we
VIS spectrophotometer in the wavelengthge of 2001200 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 -xay diffraction pattern. Figre 41 shows the XRD
patterns of pure ZnZnS 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 i's clear t hat there are thi
29.08, 48.480and57.07. The diffractionpeaks 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 (#-005-0566). It is clear that the ZnS grown
with cubic phase, since no other phases have been othséiue significantly
broadened diffraction pealshowthe 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 latt

parameter (a) is observed using following equation

a= )4 - .(h2+k2+|2)1/2 (41)

where o i s waywsedehichidl54058% X i s Braggodos anc

A

(hkl) is miller index of crystal pl ane. 0

a)
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value of cubic blend Zn®ith standard ICDD (Reference ce@6-005-0566). The

average particle siagasestimated using Deby®&cherrer equation.

p=—&!
ke vP

where Kk i s a eroanys twaanvte | 0e.n9%,t ha

peak in radians and

from the XRD data are listed in the Table 4.1

ibs
@The vasiousBparanteigré measumredy | e

(4.2)

(111)

(220) ZnS 5.0

(311)

ZnS 2.5

ZnS 1.0
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ZnS 0.1
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Figure 4.1 XRD patterns oZnS:CTABnanoparticles

Table 4.1: grain size, dislocation density and migtpain values of ZnSCTAB samples

estimated from th¥RD data
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CTAB - 3 2 o 3
quantity D (nm) ua  O)hid U 1 a(nm)
0g 1.92 286.010 51.039 0.5339
0.025¢ 2.16 217.319 45.265 0.5326
01lg 2.04 257.372 48.949 0.5331
059 1.81 330.304 54.332 0.5328
1lg 2.09 234.770 46.562 0.5327
2590 1.965 269.547 49.374 0.5324
59 2.039 248.980 47.502 0.5324

V (nm?)

0.1522
0.1512
0.1515
0.1513
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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 irFigure 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 sifel00nm. 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 oZnS:CTABnanoparticles
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4.3.3 RamanSpectra 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 Figre 4.3 It is visible from figure that there are two major Raman
modes in all pgpared 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 twhich are related to fundamental Raman modes
and are assigned to transverse optic (TO) and longitudinal optic (LO) phonon modes
of ZnS*®. In previous study these modes are reported at 260 and 34bym
Lalithadevi et al. “?®. The currently observed modes are noticed to be shifted
towards lower wavenumber compared to bulk values reported at 274 amn351
11423 gych shift in Raman modes is linked with the phono confinement effect owing

to nano size

= 7nS+5 g CTAB

—7nS+2.5 g CTAB

=—7nS+1 g CTAB

 e==7nS+0.5 g CTAB

g’

Ny

=—7nS+0.1 g CTAB

Intensity (a. u.)

= 7nS+0.025 g CTAB

=2ZnS

| | | | | | | |
200 250 300 350 400 450 500
Raman Shift (cm™)

Figure 4.3 Raman spectra of the ZnSTAB nanoparticles

4.3.4 Optical Properties
Figure4.4ashowt he di ffuse repection spectrum
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

repection 1in

t

he UV 408 mm.eorrespopding to ithmat el vy

valence teconduction band transitions of the ZnS nanostructiife In order to

verify absorption of the sample, the Kubelkdunk function was used

F(R) =—"4 (4.3)
100
a)
804
ZnS 0.0
ZnS 0.025
ZnS 0.10
__ 801 ZnS 0.50
X ZnsS 1.0
o ZnsS 2.5
40 ZnS 5
204
325 350 375 400
0 '7/ L J L} l(?m) L J i L}
400 600 5 (nm) 800 1000 1200
b)
ZnS 0.0
ZnS 0.025
ZnS 0.10
=) ZnS 0.50
8 ZnS 1.0
N ZnS 2.5
£ ZnS 5
x
w
] ]
3.40 3.45 3.50 355 3.60 3.65 3.70 3.75 3.80
hv(eV)

Figure 4.4 a) Reflectance Spectr@nsetmagnified plot of reflectance for the wavelength
range 325 nmto 425 9rh) ( F ( R§Vhs 3h o theizhSo €TAB nanoparticles
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The value of the optical band gap can be calculated by extrapolating the
Kubelka - Munk function Eigure 4.4). The calculated band gaps for different

samples are shown in tAable4.2

Table 42 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 DielectricProperty Analysis

The dielectic onst ant ( UNj) and |1 oss (UNjNj) par a

measured capacitance (C) and |l oss tangent
o ..
UN[—:: (4.4)
UNj Nj = tan(t)T UNj (45)

where d and A are the thickness and csesstional areafahe pellet samplé€7.

The Figire 4 s hows the variation of dielectric
the graph, iisobserved that the dielectric const al
frequency regime, which becomes nearly stable between 1 MHz and 5 MHz and is

then increasing at higher frequency range.
frequencies is due to ehcontributions from all four frequency dependent charges

such as space charge polarization, ionic, electronic and diff§larhe reason for

the observed initial decreasing of U&6 witd|

ZnS NPs followed by the nearly stable state withiri 6 WHz could be dtibuted to
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the special characteristics of the electric field dipoles, that cannot follow the

alternating field beyond certain frequencies.

40
-
a) ——znso
—e—27nS 0.025
36 4 —t—7nS5 0.1

—a=—7nS 0.5

32+

S .

24
20 1 I 1 I
0 2M 4aM &M 8M 10M
F (Hz)
4
b)
—=—7nS 0
3+ —=— ZnS 0.025
: —a—27ZnS 0.1
= —=—27nS 05
w —=—ZnS 1
2= —a—7nS 25
10M

Figure 4.5V ariations ofa) dielectric constant and b) dielectric loss vs. frequency.

ThevaluesofNj are found wBXihtherfrequemayrangahge 26
kHz to 10MHz. These values express slight enhancemedtjin c o mpar ed t o t he
of the previous works on ZnS based nanoparticles and thin films, in the rarige 103
107 Hz?°143% This could be due to the fact that most of the ateniéHs 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 comparatarggr (N;
values. ThelNj v a | uidOshasobéen @brted by Suresh et al. in wide range of
frequencies 18 10’ Hz, at 40 150 '€ ™!, Figure4.5b represents the variations of
the dielectric loss with respect frequency. From the figure, the dieléats values
showed a clear decreasing tendency with frequency for all the saamplebserved

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, lattie vibration modeand contributions from various polarization

mechanism&?!
4.3.6Electrical Conductivity Analysis

The following relations were employed to extract the useful information

regarding the tQd).al ac conductivity (40

0 actot =g_ (4.6)

Oac= Gt B ¥ 4.7)
where the | atter is the Jonschevithdt aw t hat
conductamdt gngdal ar frequency . HH8re B and

(I is the thickness = 1.35 mm ardis the area = 7.85 x T0m?). Theplot of ac

conductivityvs. frequency for all the prepared NPsl®wn in Figure 4.6. The figure

clearly shows that the results obey the frequency poweatalv n cr easia,nhg of th
with frequency. The maximum ac conductivity was observed for the 0.5 g CTAB

content added Zn®Ps. The exponent values were also computed for all the

samples from the slope of above plots in Figure dn@l 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,

76



Chapter 4

ZnS with 0.1 g CTAB, ZnS with 0.5 g CTAB, Zn&th 1 g CTAB, ZnS with 2.5 g
CTAB and ZnS with 5 g CTAB.

-4
——27nS 0

64 ——7ZnS 0.025
——7nS 0.1

——2ZnS 0.5

——7nS0
——7nS0.025
1 ——2Zns0.1
——12ZnS05
——7ZnS 1

1 ——2zns25
ZnsS5

150 In(o) 181 In(e)

10 12 14 16 18
In(o)

Figure 4.6 Variation of ac conductivity with angular frequendghe inset shows two
magnified plots for frequency between 13to19 and 15.0 to 15.1)

The 0.5 g CTAB concentration in Zn&anoparticles 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 capax and other high
frequency electronic devices. Additionally, the high ac conductivity suggests
potential use in energy storage systems and advanced electronic materials.

4.3.7Photocatalytic Studies

The photocatalytic tests were conducted for the Zmpkawith 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 adsorptidesorption equilibrium between the dye
molecules and theatalyst 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 actities as shown in the Figure 4.7.

ZnS+0.5 g CTAB

— ) Minute
=30 minutes
—— G0 minutes
—O0 minutes
— 1 80 minutes
210 minutes

Intensity(a.u)

A(nm)
Figure 4.7 Photodegradation of MB dye with ZnS as photocatalyst
4.4Conclusion

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 concentrativag. X
diffraction and FfRaman speooscopy approves the synthesis of monophasic ZnS
with very low dimension. FFRaman spectra contain two major Raman modes at ~
264 and 346 cih related to TO and LO modes which are shifted to lower
wavenumbers compared to bulk values indicates phononneoméint 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.
KubelkaMunk method was used to determine energy gap and noticed be3\vsée
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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 lossvalues. 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 6r the formationlow dimensionNPs with higher energy gap,

higher dielectric constant and lav loss values These propertiemake ZnS NPs
suitable for optoelectronics devices.
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Chapteis

ZnS Nanoparticles by microwassisted
method: Point Defects through Er doping

The rare earth elemerir is dopedinto the CTAB optimisedinc sulphide nanoparticles
preparedby microwaveassisted cgprecipitation route. XRD and Raman studies confirm

the crystalline nano growth of the prepared nanostructures. The stireés analyss of the
samplesvasmade using Williamsordall (UDM, USDMand UDEDM) plots. The Raman
bandsat 257 and 340 cihare associated to transverse optic (TO) and longitudinal optic
(LO) phonon modes of ZnS. SEM/EDX/SEMhapping micrographs and compositional
analyses approve the formation of naseale materials with proper elemental composition
and hanogeneity. Band gap values of the prepared samples were estimated in the range of
3.61:3.64 eV using the KubeWdunk Plots derived from the experimental diffused
reflectance data. The photoluminescence spectra of Er doped ZnS nanoparticles were
studied at320nm and 400 nm excitation wavelengths. The emission peaks of 320 nm
excitation were observed at 364nm, 380nm, 423nm, 43&nthb20 nm. The dielectric
values are found within the rangeiZZ3 in the frequency range 1 kHz to 10 MMach are

slightly lowe compared to pure ZnS nanoparticles in the same rangkthe reason is
attributed to the effects of Er doping.
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5.1 Introduction

Rare earth elements (REES) are a collectiosesenteen chemically related
metallic elements that are essential for many modern techndfd@ieFhese
elements, which have unique magnetic, luminand catalytic characteristics that
are useful in numerous applicatifid, hence e rare earth element
doping improves the electrical conductiVit, Optical**®,
electrochemic#®® thermoelectri¢*”! and magnetic properties of nanomatelt&is
Zinc sulphide (ZnS) nanoparticles have attracted a lot of attention recently because
of their uniqueproperties and their uses in a variety of industids These
nanoparticles are extremely attractive for a variety of applications, including
optoelectronicd*®, photonic¥*Y), sensofé*? and catalysi§*®, because to their
exceptional optical, electricandmechanical capabilitie§he electrical and optical
characteristics of nanoparticles cée greatly impacted by point defects like
vacancies or interstitiafé”. Doping with rare earth elements and adding point
defects to ZnS nanoparticles have been investigaseevas to improve their
characteristics more significanf§”’. The electrical and optical characteristics of
nanoparticles can be greatly impacted by point defects like vacancies or
interstitial$***. In this thesis we introduced point defects by doping with rare earth
elementsZnS nanoparticles may be doped with rare earth elements, such Erbium
(Er), to change their photocatalytic, luminous characteristics and add other energy
leveld*®.  This allows ZnS nanoparticles to be wused in lasers,
telecommunicatiod®® and displayé*”. Synthesis of ZnS nanoparticles with
regulated size, shaedcompositionis critical for customising their characteristics.
Microwaveassisted cgrecipitation has become a promising method among many
synthesis techniques. Thsethodhas a number of benefits, such as the capacity to
produce nanoparticles with narrow size distributions, accurate control over reaction
conditionsandquick and uniform heatirfg™.

5.2 Experimental

5.2.1 Synthesis

The nanoparticles of Erbium (Er) doped ZnS were prepared by microwave
assisted c@recipitation method. Prior to reaction 0.5M Zinc Acetate solution was
prepared under magnetic stirring followed by additiof.6§/100 ml CTABandthe
stirring continued for 30 min at 80. Separately prepared 0.5M JSaprecursor
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solution indouble distilled water (DDW) was added to the above solution°at &0

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 NaS precursor to sithesize 0.25%, 0.5%, 1%, 2.5% and 5% Er doped ZnS
Nanoparticles. The reaction was allowed to continue for anldrthen cooled to
room temperature naturally and treated with 700 W microwave power for 15 min.
The obtained ZnS nanoparticles were then mitigly cleaned using standard
procedures to remove the undesirable constituents present.

5.2.2 Measurements

The structural and compositional studies of Er dopedram®particles were
done using the powder XR®XRD), The diffraction patterns of prepared samples
of Er doped ZnS nanoparticles were recorded using a Shimae&0 XJapan
powder Xray diffractometer (PXRD) having@GU r adi ati on and wave.l
0.1543 nm and operated at 40 kV,30 mA, at the setm of 0.02°/m over the
angular range of 10°t@0° 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 dielectneasurements on all
nanostructure synthesized by microwave assisted technique haea 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 vibratial study was carried out at room temperature for all
the nanostructures using a THERMO SCIENTIFIC, DXRRdman spectrometer.
The Raman system was operated at 0.2 mW laser power (58%amm The room
temperature optical absorption spectra of the namgstres were determined using a
double beam UWIS spectrophotometer a Shimadzu 43600 spectrophotometer
in the wavelength range of 200200 nm.

5.3. Results and discussion
5.3.1X-Ray Diffraction Analysis
5.3.1.1 Scherrer method

The PXRD patterns di.25%,0.5%,1%,2.5%,5% by weight of Er doped ZnS
nanoparticles are shown kigure5.1. The PXRD pattern of undoped ZnS is already
depicted in Figure 4.1 and discussed in the section &8 the figure it is clear
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that all the XRD peaks of the prepargainple 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 (# 0080-0020). The peaks are observed af\alues 28.97

48.32 and 56.98respectively. The absence of other peaks shows that no other Er

compounds are observadd it isevidencefor the successful dispersion of Er in the
ZnS matrix. However, no systematic peak shifts is observed towards Rulver
values, the reason might be that the amount &f iErso little that it could not be
detected by XRE*. The averagerystallite size of pure and Er doped zZnS were
calculated by Scherrer equatiandit is found to be 2.84n.nThe lattice parameter

@bis measured using following equation
. 21,2, 12\1/2
a= T(hp+k +19) (5.2)

wherea= i s wa v e-tayusetwhich a1f5405@\, (hkl) is miller index of

crystal pl ane and d is Braggb6s armegl e.

5.34 A which is very close to the referen¢lcDD # 01-080-0020) values. No
significant changes alerved in the value afad with increasing Er doping ratio,
Which might be due to the replacementtw Zrf* ions with EF* iongd®?.,

5.3.1.2 WilliamsonsHall plot

The strain and dislocation density oéthamples are computed by Williamson and

Hall plots and are shown in Figure 5.2.

5.3.1.2.1Uniform Deformation Model (UDM)

UDM (Uniform deformation model) is based on the homogeneity and isotropic

nature of the crystalsThe obser vedw ibthe suneaf tha gize b
broadening and strain broadening.

ie. Pha = jgiy oIt and (5.2)
Tk
By rearranging the above equation "
bhiC O S %—y +4¥s i nd (5.3)
T
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Figure 5.1: XRD patterns of Er doped ZnS nanoparticles

This is modified Williamsongdall equation, which is also called UDM. The
pl ot dr awn -éxisandmge€ o3 Ido radxie ¥ grepared samples are
shown in theFigure 5.2a. The strainvasestimated from the slopes of linearly fitted
graphs and avage crystallite size from the-Yintercepts. The strain values of
prepared ZnS:Er nanoparticles are listedable5.1 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 expansionsasshciated
with the crystal growth®. The crystallite size determined from theintercept of

the UDM plot is well matched with that obtained from Scherrer method.

5.3.1.2.2Uniform Deformation StressModel

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 crystalldgcagirection§*. By
Hookb6s | aw anisotropic strain is related t

— (54)
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Where 0 is undfasrYymuBgosessnodomtius of the gi

Hence equatiorb(3) will modify as

a vips

mll
The calcul ated values of Youngds modul 1

planes aré’(111)=86.8GPa, Y(220)=80.3GPa and Y(311)= 74 8BkThe UDSM

b€ O'S %_}’ += (5.5)

plots are drawn with—— along X-axis andbnyc 0 s d  adxise arg shown in

Figure 5.2b . The stress and average crystallite size of samples were estimated
(Table 5.1)rom the slop and ¥ntercepts values of linearly fitted plots.

5.3.1.2.3Uniform Deformation Energy Density M odel

UDM is based orthe 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 deformatioenergy density model) model can be used to
determine the deformation energy density, average crystallite size, stress and strain
par ameters. When the strain energy density
constants associated with strssisin rdation is now dependéfit”’. Energy density
u is related to sain by the relation

u :r“ (5.6)

Then equationq.3) become

bhk|cos§'—y += 4 sﬂ—li%ﬁd (5.7)
T

The plots are drawn with—— "~ along Xaxis andbhyc osd al ong Y ax

as shownFigure 5.2c. The intercept of linearly fitted plot provides average
crystallite size and the deformation energy den@igble 5.1)calculated from the
slope.

53.1.2.4 SizeStrain Plot

Sizestrain plot (SSP) can be used to measure the averagessiam
paraneters. It needs to check the values obtained from Williamdalglot though
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it has low precisioi®Y. Average size and strain parameters can be evaluated using
the equation

[ ] o (¥ o L [ o 7 o N
IE=lgdt | Tpgelgd 1 - (58)

Figure 5.2d shows the sizestrain plot drawn withQ A 1f @long the Xaxis
and Q 1 ATf Qalong Y-axis. The D and extracted(Table 5.1)from the Y-
intercept and Slop of the fitted plot respectivéliie crystallite size obtained is well
matched with that obtained from-W plot.
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Figure-5.2: a) UDM b)UDSM c) UDEDM d) Sizestrain plot 0.25 %0.5 %,1 %,2.5 %,5 %Er
doped ZnS
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Table 5.1The calculated value from UDM, UDSM, UDEDM and Si&train plot is listed

Samples Parameter | Scherrer | UDM | UDSM UDEDM SSP

D(nm) 2.78 2.51 2.31 2.73 2.44
6. O0uk)( 0. 7 258

ZnS+0.25%

Er 6. 5H)(0. 7 mep

U(do 998 | 7. 138)( 0. 7 | 1.28E08

d( GPa] 0.053 0.06

U(KJI/m?) 22.74
S S40.5% D(nm) 278 | 258 | 231 2.73 2.46
e 6. %A)( 2. 7:10)(

7. 53)( 2. 8#)(| 1.273E08

U(do 10.83[8 . 1:8)( 2. 9:8)(

0( GPa] 0.061 0.23

U(KJI/m?®) 332.51

D(nm) 267 | 239 | 219 2.73 2.34
ZnS+1% Er 5. 83)( 2. 611)(

6. 2B( 2. 7220(
U(do 9.87 | 6. 84)( 2. 88)(| 1.463E8
0( GPa] 0.05 0.22
U(KJI/m?®) 309.6
42 5% D(nm) 2.7 266 | 2.36 1.95 2.46
s 7. 8#8)(16. &)
8. 5H)(17. 2P
U(do 12189 . 2:3)( 17 . &il| 1.365E8
0( GPa) 0.07 1.37
U(KJI/m?®) 11743.90
D(nm) 266 | 254 | 216 2.34 2.31
8. 3M(11. i)
ZnS+5% Er 8. RB)(12. 2P
U(do 15619 . 7:4)( 12 .:9)1| 1.612E8
0( GPa) 0.07 0.99
U(KJI/m?®) 6162.44

5.3.2Scanning Electron Microscogy

The SEM images of the synthesized products are displayed umeF&$
A(ae) 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 amdapping analysis has
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been perfomed by EDX/SEM. The compositional analysis confirms the
composition of Zn and S along with the presence of Er in the final proolutiie
Figure5.3B (ab), moreover the mapping analysiBidure 53C(ad)) confirms the

homogeneous presence of Zn, S and Er in the final product.

(S T A T S B A

2.0 pm ErL ———————— 2.0 pm

Figure 5.3 A (a-e) SEM images of Er doped ZnS nanopatrticles;lB(BDX for pure and
1.0 wt.% Er doped ZnS and Cdx emapping image for Zn, S, Er and overlay
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5.3.3Transmission Hectron Microscopy (TEM)

TEM pictures of the ZnS and 5% Er doped ZnS nanoparticles are shown in
Figure 5.4 and 5.4lrespectively. According to the TENMnages the synthesised
particles have a uniform distribution and a spherical shape. Theifalesof ZnS
and Er doped ZnS particles show clear grain boundaries with an average crystallite
size of 11.7 nm and 28.4 nm, respectivéhigures5.4c and5.4d show delegate
HRTEM images of ZnS and 5% Er doped ZnS. The interplanar spacing calculated
from the HRTEM imageof ZnS is 2.87A which corresponds to planes of miller
index 200. The @pacing calculated for the plane illustrated in the picture isA1.62
for the 5% Er doped ZnS sample, which correlates to 311 plane of ZnS grown in
cubic phase that enlargagortion of the structure.

1(0) (RN

Figure 5.4a), b)TEM image of ZnS & 5% Edoped ZnS c), dHRTEM image of
ZnS & 5% Erdoped ZnS
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5.3.4 Optical Properties

The reflectance spectra of present samples are shown in Figarel be
optical properties of Er dopechS nanoparticles were measured using-Misible
spectroscopy in a diffuse reflectance mode. The Kubdlkak relation shown

below is used to calculate the optical bandgap of prepared samples,

s 1 A In el (5.9)

—0.25% wt Er
—0.5%wt Er
—1wt% Er
—_—2 5wt %
—5 wt% Er

T T T T
200 400 600 2 (nm) 800 1000 1200

b)

ZnS +0.25% Er
ZnS +0.25% Er
ZnS+1% Er
ZnS+2.5 % Er
ZnS+5% Er

(F(R)hv)’ (a. u.)

L
3.4 3.5 3.6 3.7 3.8 3.9 4.0
hv(eV)

Figure55a) Refl ectance $6pektsaphbot (6{ REh doped
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where U is the linear absorption coefficie

C, is a proportionality constant,4Es the optical band gap and n is a constant

associated with diffent kinds of electronic transitions (n = 1/2, 2, 3/2 or 3 for direct
allowed, indirect allowed, direct forbidden and indirect forbidden transitions,

2 The value of the optical band gap can be calculated by

respectively
extrapolating the Kubelka Munk function shown inFigure 5.5b. The measured

band gap values are varying betw&ebil-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 enef{.

l
> .ﬁ (5.10)

The Urbach energy is determined usinglthe 1Vrs Uangi$ 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 dueto the formation of sub band states between the valance and

conduction barf®®®*%¥ The values are tabulated in Tabl2.

Table 5.2Band 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 0.5wt % Er 3.61 0.8889
3 1wt% Er 3.64 1.6704
4 2.5 wt % Er 3.62 1.2252
5 5wt % Er 3.62 1.30841

The relationship of the band gap with Urbach energy for different samples are

shown inFigure 5.71%%
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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 concentratidas of
5.3.5 Raman Spectra Analysis

The FT Raman spectroscopyas used to the Vibrational analysis of Er
doped ZnS nanoparticles. FT Raman recordings are display€dure 5.8, From
the figure it is clear that two major Raman peaks are noticed ipreglared Er
doped ZnS NPs samples. The peaks are observed2a? cm™ and ~ 340 cm®
,These peaks are related to fundamental Raman modes and are attributed to
transverse optic (TO) and longitudinal optic (LO) phonon modes of
ZnS3%33%8] variation of FWHM of peaks is the reason for the variation of the
intensityindicating that the interaction between Er ions and the ZnS lattice affects
the vibrational modefiowever 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 confinemeneffect 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'cir.

— NS+ 5% Er
NS +2.5 % Er
NS+ 1% Er

£) —7nS +0.5 % Er
S fm 71S + 0.025 % ET
>
=
0
8 —
= TO
LO
J J J J J
200 250 300 350 400 450 500

Raman Shiftcm™)

Figure 5.8-RamanSpectraof Er doped ZnS nanoparticles
5.3.6 Photoluminescencestudies

The photoluminescence spectrum of Er doped Zn&noparticles
corresponding to the 320 nm excitation wavelengthsamvn in theFigure 5.9a
The asymmetric and broad specsiaowsthat 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 364nm380nm, 423n.m, 438 nm and 520 nm. Emaission bana@entredaround
364 nm is attributediue to the transition from the interstitial ##. The peak
around 380 nm arisedue toZinc vacancies rad peak around 423 nm is due to
sulphur vacancies. The emission bamahtredon 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 520nent@stie
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deep level emissions which are potentially induced and may have been arise due to
the point defect&>¥%1*%¢] The deconvoluted PL plot of 5% Epped ZnS shows

that it is 3 level laser active material.

a) —(.25% Er Doped

e ().5% Er Doped _
364nm @ 1% Er Doped Ay =320nM
2 5% Er Doped
e 5% Er Doped

5Er-ZnS

—5% Er +ZnS
m— it Peak 1
Fit Peak 2
it Peak 3
Fit Peak 4
— it Peak 5
Cumulative Fit Peak

Intensity(a.u)

Intensity (a.u)

450 500 550 600

00
Wave length (nm)

v ] v . v ] v ]
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() 25% Er + ZnS
e (.5% Er + ZnS
1% Er + ZnS
—2 5% Er + ZnS
5% Er + ZnS

Intensity(a.u)

T T T T T
450 500 550 600 650
Wavelength(nm)

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 Zm&hoparticles corresponding to
400 nm excitation wavelength arshown in Figure 5.9b. The luminescence

transition corresponding to Er isore dominant for excitation wavelength 400 nm.
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The peaks are located at 44462nm,489nm,531nm,546nm and 635nm. The PL
peak around 444nm ascribelitterstitial void defects due to sulphur vacant®s.

The hanging sulphur bonds in the interface of crystal grains might be the reason for
peak centred around the 464 Fifh The PL peaks around 489 nm,531 nm,546 nm
and 635 nm might be corresponding to*Etransitons "0° Q0 "'0° 'Q

30 ), &O ) MBIASOI00I0L  The intensity of PL peaks corresponding to

00 "© 30 ) transitions are decrease as the doping percentager of

increasedill 2.5%, up on doping with Er there is a significant PL quenching by
40%, but for the 5% Er doping Zrfsample therés slight increase in the intensity.
The PL quenching attributed to some sfradiative recombination in the ZnS
interface after the electron transfer from excited ZnS to Er.

5.3.7 Dielectric Property Analysis

Wider band gap semiconductors can be usezhpacitors like Barrier layer
capacitors. The electrical and Optical properties of nanoparticles can be control by
varying the amount and type of dop&fit 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

(UNj)) and | oss ( UNjN) pthermeaserdd eapacitance valee c al c u |
(C) and |l oss tangent (tan (U0U)) data wusing
° |
UNj%\: (5.11)
and UNjNj = tan(u) T (@BNp

where A and o6d6é ar e tthckness ofdhe gelles e ct i 0 n
sample¥®. The Figure 5.10as hows t he variation of diele
frequency. From the graph it i1s clear that
the | ower frequency region al most stabl e
increasing at higher frequencies. The all four frequency dependent charges such as
space charge polarization, electromiolar and ionic are the reason for observed
behaviourofJ 6 at t he [I*8.Whefelectriq field diolesecannot follow
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the alternating field beyond certain frequencies, this special characteristic is the
reason for the observed initial decreasing
NPs followed by the nearly stable statithin ~ 115 MHz™*Y.,  The val ues of |
found within the range 123 in thefrequency range 1 kHz to 10 MHz. These values
express slight di mpureZnSinanopartictes itJdij predoup ar ed t
work B%€lon ZnS in the range 1010" Hz, The doping with Er is the reason for the

diminution of dielectric constalit*.

25

a)
—a— ErZnS 0.25 a
ErZnS 0.5 —ErZnS 2.5

*
229 ——Erzns 1 ErznS S
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e ErZNS 0.5
& e ErZNS 1
2+ e ErZnS 2.5

b)
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0 2M 4M 6M 8M 10M
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Figure 5.10 Variations of a) dielectric constants b) dielectric loss with frequency

Figure 5.10bpresents the variations of the dielectric loss with respect
frequency of Er doped ZnS nanoparticles. From the figime,all samples the

dielectric loss values showed a clear decreasing tendency with freqaadcy
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observed their minimum logsetween MHz-5MHz for varioussamplesHowever,

the dielectric loss values are increasing after the minimum value. The maximum
value of dielectric costant was observed for 5% Er doped ZnS san@pBa% Er

doped ZnS displayed the maximum dielectric loss below 5 MHz frequéBe\Er

doped ZnS sample along with 0.25% Er doped ZnS sample exhibited the minimum
dielectric loss beyond 4 MHZMHz. Various fators like lattice vibration mode,
contributions from various polarisation mechanisms and grain sizes are the reason

for the changes in dielectric loss propeffies

5.3.8 Electrical conductivity Analysis

—=—ErZnS 0.25
6«1 ——FErZnS 05
—+—ErZns 1
—— ErZnsS 2.5
—+—ErZnS 5

——ErzZnS 0.25
4 =——ErZnS 0.5
——ErzZzns 1

] ——ErZns 2.5
——ErZns 5 57

144° 14 15 16 17

10 12 14 16 18
In(w®)

Figure 5.11 -Variation of ac conductivity with angular frequeng¢inset
shows the magnified plots for the val u

The information regar dihwereediractedbgt al ac

employing the following relations.
o u
Uac.tot= T —u (5.13)
ljac = chl' B ¥ (514)

wherethe latter is thelonscher lawwhi ch connects t,che ac co
with dc conadrudctamwgulyar eferBeand expooepnt,s are,
constants. Figure 5. Lcd with frequescy forha#t thev ar i at i
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prepared Er doped ZnS NPEhe plot itself is an evident that all samples obeying
the frequency power laandi n c r e a s i ;with frequeney.hTee maximum ac
conductivity was observed for the 0.25 Er doped ZnS NPs. The exponent values
were also computed for all the samplesifrthe slope of above plots in Fig.aad

are obtained to be 0.988,993,0.988,0.991,0.997 for 0.25%0.5%, 1% ,2.5%, S/

Er doped ZnS NPs respectively.

5.39 Photocatalytic Studies

Photocatalytic (PC) experiments were carried out to determine the
effediveness of pure ZnS and 5% -8wped 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 watend0.03 g of each photocatalyst
was added in 25 ml of it for the periment. The mixture was magnetically stirred
for an hour in the dark to ensure an adsorjti@sorption equilibrium between the
dye molecules and the catalyst surface. However, no substantial degradation of the
MB dye was seen in the presence of puré&rdoped ZnS, suggesting that these
materials do not have efficient photocatalytic capabilities under the tested conditions
as shown in Figure 524 and 5.2b. This finding indicates that neither pure ZnS nor
Er-doped ZnS are appropriate for photocatalygtegradation of MB dye under

visible light irradiation.
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Figure 5.12 Photodegradation of Bl dye a) with ZnS b) with 5% Er doped

photocatalyst
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The PL spectra of pure ZnS anddoped ZnS nanoparticles synthesized via
the microwave assisted method wat exhibit transitions from sulphur vacancy to
dangling sulphur bondsere as the samples synthasised using hydrothermal method
exhibit these transitiong hese sulphur defect states in the hydrothermal samples act
as trapping sites for charge carriersi@@ted 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 lowcost microwaveassisted c@recipitation route has been
successfullyusedfor the production of Er doped ZnS nanoparticle samplitis
optimum CTAB concentrationVarious characterization methods were applied to
study their structural, morphological, opticaljeldctric and photo luminous
characteristics of the prepared samples. Band gap values were obtained in the range
3.61-3.64eV from the Kubelkdunk Plots. The samples were found to be highly
luminescent when excited at 320nm and 400 nm excitation wavetengtie
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 whichare slightly lower compared to pure ZnS nanoparticles in the same
range and the reason is attributed to the effects of Er dofiegpure and Etdoped
ZnS nanoparticlesvere not photocatalytadly active either in Visible region or in
UV region.
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ZnS Nanoparticles by microwassisted
method: Point Defects through Pr doping

In this chapter we are discussing about the introduction of point defects by doping
with Pr. Pr-doped ZnS nanoparticlegere synthesized using a lmest 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 editognsional Prdoped

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 valuesiried between 3.54 and 3.61 for different samples
Vibrational experiments on Pr doped ZnS nanoparticles revealed significant Raman
modes at ~ 270 and ~350 chassociated to TO and LO modes that are shifted to
lower wavenumbers, indicating phonon confinement in the synthesised products.
The PL spectraof 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 phalee 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 wavelehi@60 nmand some

other peaks observed correspond to the transition &f.Athe produced NPs are
appropriate for optoelectronic applications due to their short dimension, high
energy gap, high dielectric constant and low loss values







Chapter 6

6.1 Introduction

There are several synthesis methods developed for the synthesis of
nanomaterialsThe physical and chemical properties of the nanomateoafs be
altered by changingthe experimentalconditions used for the synthesis of

nanomaterial&®,

ZnS is IFVI semiconductor and haveide applications inphotonics,
optoelectronics such as Laser diode, LED, photodeteEf5¥&®. Recently znS
nanostructures are also used manogeneratordiosensorschemical sensors, UV
light sensors, nanostructdbasedfield emitters field emitter transistorand as
catalyst in chemical kineticsue toits rich morphologies at the nanoscéle Post
annealing procedure witlsufficient temperature can be used to improve the
crystallinity and he conductance of Zn®eterostructurefilims , which has

&71429  Rare earth

applications in the fabrication obptoeletronic structuré
elements dopedZn based nanomaterialsystems have prospective uses in
spintronics andabrication ofmagnetic nanostructus&®, Zinc blend structurand
wurtzite structure with wide bandap energy (f) of 3.68 eV and 3.72 eV
respectivel#>1*?°! are the two possible phases of Zh&drothermalmethod®?,
Microwave assisted method, Precipitation method, Solgel method, Wet chemical
method, Spin coating method and Spray pyrolysis meftiddetc are the various
methods reported for the synthesis 2dS nanomaterials. Doping with cationic
elements modify thephysical and chemical properties of nanomateff&f La

doping enhance thphotocatalytic activity of ZnS thin film&®® whereas theMn

doping improveoptical, luminescence, cherat properties andt also modify the

band gap™?. It is also reported thaGu doping increases theisible light emission

of ZnS ™ whereasthe dielectric properties can be increased by doping with
PH*?. The doping with Pr enhance thégocatalytic propertyof zZnS 22, pr

doping can be used toreate lattice idtortion in certain materials which will
enhance the gas sensing performance, electroluminescence and optoelectronic
propertie& 47214731474 " 1n our previous studif® we successfully synthesised pure

ZnS with very small crystallite size, high dielectric constant low dielectric loss using
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CTAB as a surfactant which is suitable for optoelectronic devices. The Pr dopant
shows various energy level transitias@responding to blue, green, orange, red and
deep redspectral region$'’™. 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 ManthrammeR, . A Subha, M. Shkir &nd S. A.
assisted synthesis of praseodymium ZRped ZnS QDs such as nanopatrticles for

optoelectronic applications, o LUMinescence
6.2. Experimental
6.2.1 Synthesis

For the preparation ofrBseodymium (Pr) dopedanepowdersof ZnS, the
microwave assisted egarecipitation method is used. The three precursors 0.5 M
Zinc Acetate, 0.5 M N& and0.5 M Praseodymium (111) Nitrate (N§D which were
prepared separately in double distilled water (DDW) with continuous magnetic
stirring at 6°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 aded to the 0.5 M Zinc Acetate precursors. Pure Brfg 1, 2.5and5 weight
percent Pr doped ZnS are also synthesised. The resulting solutions were microwaved
for 15 minutes at 700 W microwave povardallowed 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 UM3600 spectrophotometer in the wavelength range of ZIID n.m
at Room Temperature (RT). The Photoluminescence stuadycarried out using
Agilant Cary fluorescent specpbotometer.The structural, compositionaand
crystallographic orientational studies of prepanadoparticles were done using the
Shimadzu X600 Japanpowder XRD (PXRD), having C(KU r adi ati on o
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Wavelength equal to 0.1543 nm, at the sweep pace of 0.G&mthe 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.
6SSA2006 semiconductor measur ement systenmn
measurement of all nanostructures in the frequency interval 3LRHAHz at RT.

The Studies are made on the pellet samples. The vibrational study was carried out

for all the Pr doped ZnSamostructures as done in the artif8 at RT

6.3. Result and discussions
6.3.1 Structural and Particle size distribution
6.3.1.1Scherrer Method

The XRD patterns of pure and Pr doped ZnS nanopatrticles are shown in the
Figure-6.1a. All the diffraction peaks could be indexed Gobic ZnS structure
(ICDD (# 01-0800020). 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), ( 2fed@ively. (1 311)
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 significafiroadness readth) of the recorded pea
indicates the nanometric crystallite size. The crystallite size of the synthesised

particle is determined by using Debygcherrer formuld’®,

__Qr

D—ﬂ%n v (6.1)
wherek i s a constant with a val ureay qusdd,t ob 0
is FWHM (full wi dt h at hal f maxima) of pe:

radian. The average particle size measuraugusie above equation is 2. 18n

The followingequation is used for the estimation of lattice constant

a= Lv _(f]f+k2+|2)1’2 62)
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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

result, the highest surfat¢e-volume ratio among the cited literatures.
6.3.1.2 WilliamsonsHall plot
6.3.1.2.1Unified Deformation Model

Williamsons Hall (W.H) plot is one of the mostly dependable and steady
techniques for stresstrain estimationAccording to WH method, the micro strain

and size of the crystallite contribute to the line broadeaimjhe contributions are

N e P (6.3)
and
ir
iz =S (6.4)

respectively.

Hence the total peak broadening

Olgs 7, (6.5)
0 O(63) and 6.4) in (6.5)
)4
TP %ﬂﬁ e P (6.6)

2 MOOATAHTIEKGOAOET 1
PIT SR A L P 6.7)
ANOAOH AlOAHY AOAET | EAI(NNNDAOET T O
The above condition that ensures uniform strain in all Crystallographic
Directions (CDs)demonstrates the isotropic behaviour of crystéésice this model
is known as UDM. The UDM pl ot byaxesaki ng 4

respectively is shown ifrigure 6.1b. The ¥intercept of the UDM plot gives the
crystalline size and the sldpé®™ yields the micro strainAll 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 ¢dlwth
6.3.1.2.2Uniform Deformation Stress Model

In reality, the assumption of isotropy and homogeneity is not always true.
Therefore, the UDM equations are altered by considering anisotropic rain

whereas in UDSM, uniform deformation stress is considered in all CDs.

By Hooke's Law, the direct progmnality connection between the stress

and strain can be composed as:
X= T (68)

Where G is uniform spyis&®s nmddslus. hnethiscr yst al

approach eq (7) can be modified by using (8) as

avi

ﬂl@%” ﬁlﬁ' %ﬁ e L] (6.9)

The reported value of py for ZnS nanoparticles aB6.8 GPa, 80.3 GPa and
74 GPa for (111), (220) and (311) crystallographic directions respeétielyhe
pl ot drawn wit hQodssdi nad of gixds Fadpectdelyss the
UDSM plot. The UDSM plots of Pr doped nanoparticles are shoviigire 6.1c.
The stress and crystallite size were determined from the slope and the intercept of
the fitted line respectiveRf21374,

6.3.1.2.3 Uniform Deformation Energy Density Model

The assumptions of isotropy and homogeneity considered in UDM and
UDSM arenot fulfilled in many cases. In UDEDM, the deformation energy density
6ud is considered to be uniform in al/l CI

deformation energy per unit volume (u) is given by

u=tolm. (6.10)

so eq (7) can be modified as
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e B v e (611)
T [ ]
Thef 6 £+ Visti Qt¢— 8 plot shown inFigure 6.1d is fitted linearly to

find the crystallite size and anisotropic deformation enEfgy
6.3.1.2.4 Sizestrain Plot

Sizestrain plot (SSP) can also be used for obtaining the size and strain
parameters. Sizstrain 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 ¢hestallite by Lorentz function as

shown in equation (12578379,

"lgimkc YP D Migagmhe v - (6.12)

4 E $lopeof the plot Figure 6.1€) provides information regarding the size of the
crystallite whereas Yntercept gives the strain values. The parameters obtained

using different models are listed in Tablé

The Scherrer's equation, SSP and modifiedHWnodels including UDM,
UDSM andUDEDM were used to analyse the peak broadening. The crystallite size
D obtained from different WH methods and SSP methods are almost similar and
are in good agreement with the valwgained from TEM, which indicates that the
average crystallite size D obtained using variousHWand SSP methods is
essentially identical to the values obtained using TEM, indicating that the
incorporation of strain in these methods has very little immerc the average
crystallite. The lattice strain computed using the varioudd Vilpproaches was
discoveredto be equivalent and congrueaf strain in various forms of WA
methods has a very small effect on the average crystallite. The lattice strain
calculated from the different W methods was found to be comparable and in
agreement with each other. All three models are provdie effective in this study

for estimating crystallite size and strain.
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Figure 6.1: a) XRD patterns ofPr doped ZnSnanoparticles bJUDM, c) UDSM, d)
UDEDM e) Sizestrain plot ofPr 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
D(nm) 2.12 2.46 2.28 2.37 2.32
(110) =7.312| (110) =9.14
ZnS (220) =7.904 | (220) =9.505
O( 123~ 11 (311) =8.577 | (311) =9.902
a(10n 6.35E01 0.763
U(10"3) 3627.556
D(nm) 2.15 2.33 2.13 2.23 2.32
ZnS+0.5% (110) =4.821 | (110) =6.871
Pr (220) =5.211 | (220) =7.144
U( 13~ 8.97 (311) =5.655 | (311) =7.442
a(10” 4.18E01 0.573
U(1013) 2049.345
D(nm) 2.14 2.79 2.55 2.67 2.43
(110)
=11.324 (110)
(220) =12.24 | =13.4207
ZnS+1% Pr (311) (220) =13.953
U( 3~ 15.59 |=13.282 (311) =14.535
a(10” 9.83E01 1.12
U(1013) 7817.025
D(nm) 2.13 2.35 2.17 2.26 2.3
ZNnS+2.5% (110) =5.245| (110) =7.004
Pr (220) =5.67 | (220) =7.327
O( :3) » 8.9 (311) =6.153 | (311) =7.633
a(10” 4.55E01 0.588
U(1013) 2155.699
D(nm) 2.12 2.46 2.29 2.37 2.32
(110) =7.114 | (110) =8.8485
(220) =7.69 | (220) =9.2
ZnS+5% Pr | U ( 13 » 10.64 | (311) =8.345| (311) =9.583
a(10” 6.18E01 0.739
U(1013) 3398.069

6.3.2EDX mapping Analysis

The elementaktomposition and doping homogeneity in the final product
were studied on JEOL6360 SEM/EDX system as displayed uréigR (aa 6 )

(b-b 6 ) wure 62i(a) and (b) reveal that the Zn, S and Pr elements are present in

and

pure and doped samples. The compasitbZn, S and Pr elements are provided in
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tables. Furthermore, the Fige 62 ( a 6 ) and (bd) show the map
pure anddoped samples which indicatieat all these elements are homogeneously
distributed throughout the samples. Hence, it isfiooed that the Pr doping has

been taken place successfully homogeneously in ZnS.

) I SN

(b')

In 738 5809 I 738 5851
W s 2617 agey |5 257 4130
i Total 100 100 | Pr 060 019

Total 100 100

e 2.0 pm InK

n
"

Y

| = L 2

J I

- re PP

4 .J A

v

Figure 6.2 EDX spectra, elemental composition andha ppi ng pl ot s f or (a. a
(b,bd6) 1.0% Pr doped ZnS NPs

e 20 pm SK =920 ym

6.3.3 Transmission Electron MicroscopyAnalysis

The HRTEMimage of pure ZnS samples prepared by microwave assisted
method isshown in Figure 6.3. The TEM images (Figuré.3a) indicate the

nanocrystalline structure of samples with distinct well defined grain boundaries.
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(d)

11 Length | /\

Diameter(nm)

Figure 6.3: a) TEM, b) HRTEM (inset shows magnified image of (200) plane), c) SAED
pattern andl) 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. Mspating esaluated for the
plane shown in the Figure 6.3b is 2.64A 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 patrticles are polycrystalline and the rings from inside to outside correspond to

11C



Chapter 6

200, 220, 400 lattice planes of cubic. The size distribution plot of ZnS is shown
Figure 6.3d.

Diameter(nm)

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 displayédigunre 6.4. The
measurecdaverage size of the spherically shaped partiti@® the Figure 6.4ds
6.31nm which is in well agreement with XRD values. The interplanar spacing is
evaluated from th&élRTEM image (Figure 6.4D and the value obtained is 2.58A
which correspondst200 plane. The prepared samples are polycrystalline and the
rings of SAED(Figure 6.4c)atterns from inside to outside correspond to 200, 220,
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400 lattice planes of cubid@he 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 3350 nm and there is a rapid increase appeared in the rangd2@50n.).

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 ZnSds maximum reflectance value and hence having minimum light
harvesting ability. The band gap ({E of the samples from diffused reflectance
evaluated using and Tauc relation. Kubelkank relation is utilized to evaluate
absorption coefficient. The F(R) (KelkaMunk function) is>*

F(R)=) 4—4 (6.13)

Wher e abBdripgi on coefficient and OR6 the re
The Opticalbandyap can be evaluated using Taucds e
Uhs =-E§° (hs (6.14)

Wh e r e thé iacidénsphoton energy, L is a constdiil. The value of s is % for

direct band gap energy semiconductors and hfitirect band semiconductors. The

Taucds lhost) (dopfgdhEnS is portrayed in Figure 6.5b. The value

of Eji s assessed by extr apdltatizreg ot e vlail uear
measured fvalues are tabulated in Talie.

The Figure 6.5¢c 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 nmmum 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 showrFigutiee
6.5d. The 5%Pr doped ZnS has minimum abonpcoefficient and 2.5%Pr doped
ZnS nanoparticles has maximum absorption coefficient.
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Table 6.2Band 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
100
700
a) b)
80 600
Ty —ZNS
= —ZnS+0.5% Pr doped
& 501 ——ZnS+1% Pr doped
604 o~ ZnS+2.5% Pr doped
< > 400 - —7NS+5% Pr doped
o =
—7NS o
404 ZnS +0.5% Prdoped] T 300
=——27nS +1% Pr doped -
ZnS +2.5% Pr doped 200 -
20 ZnS +5% Pr doped
100
oF : . . : . , 0 : : . :
200 300 400 500 600 700 800 33 34 35 36 a7 38
A (nm) hv(eV)
T T T T T 15
2 c)
3x10 Zns
ZnS +0.5% Pr —
—0SE 18P ] —
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*2x107] ——2ZnS +5 % Pr = e ZNS+2.5% Pr
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o] od
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Figure 65:-Di f fused Refl ectance, a) Refl ectance b)

dispersion d) Absorbance of present samples

6.3.5 RamanSpectra Analysis

The Raman spectra of Pr doped ZnS samples prepared by microwave
assisted method measured in the rang206f500 cnm* is shown in theFigure-6.6.
Raman Spectra of samples have two prominent peaks around Z2%mdr841 crit
which corresponds to the fundamental transverse Optic (TO) and longitudinal Optic
(LO) phonon modes of ZnS respectiveljne Raman Spectra of pure ZnS displayed
in Figure 4.3and discusseth section 4.3.3The Raman spectra of bulk cubic ZnS
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had reportecby Nelson et al*®®.The TO phonon mode and LO phonon mode of
bulk cubic ZnS have been observed at 270'amd 350 crit respectively. The
shifting of Raman peaks towarttsver energy compared to the reported values of
bulk ZnS indicates the quantum confinement effect in Pr doped ZnS
nanoparticléd®.The formation of Pr doped cubic ZnS nanostructuresewe
confirmed by both XRD and Raman Spectra.

TO —_—7nS +5% Pr
LO —7nS +2.5% Pr

—7nS +1% Pr
—_—7nS +0.5% Pr

Intensity (a.u)

¥ ¥
300 400 500

Raman Shift (cm™)
Figure-6.6: Raman Spectra ¢fr dopedSamples

6.3.6 Dielectric and Electrical Conductivity Studies

The dependence of frequency on the real part of dielectric constaid
imaginary part of dielectric constar{glielectric loss) are shown Figure 6.7a and
7b respectively. It has been observed that the valueisifvery high at very low
frequencies, after that the dielectric value is almost constant for a freqaeeyof
1MHz~5MHz as shown ifrigure 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 Maxw@llagner model. As per this model high value
of dielectric might be due to theduced interfacial polarization caused by larger
grain boundary among the modest grain bound&t&<®. The 5% Pr doped ZnS
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sample has leaxt ¥lue and 0.5% Pr doped ZnS has maximum dielectric values

among the prepared samples.
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Figure 6.7: Variations of (a) dielectric constant vs frequency (b) dielectricusss
frequency c) Variation of ac conductivity vs angular frequency
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The values ofX @lielectric 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 ZnSaat the minimum at 4MHz itself. The
dielectric loss also pursued the almost identical path to that of the dielectric constant
as seen iffigure 6.715'"%,

The variationo f ac c o nydl with fraquency fpr al{ the prepared
NPs are displayed in Figure 6. 7cC. Jonsche
between the ac conductivity, d.c conductivity and angular frequéfilieghe
figure clearly 1 ndi c acwiéhdrequehcy isin tichoedancencr e a s |
with the frequency power law. The least value noticedifer5% Pr doped ZnS and
greatest for 0.5% Pr doped ZnS NPs. Using the slopes of the above plots, the
exponent values =evaluated for al | t he sar
0.9865, 0.9738, 0.9815, 0.9818, 0.9855 for pure ZnS, 0.5%Pr, 1% PrP2,5%
Pr dopedZnS NPs respectively.

6.3.7 Photoluminescenc&tudies

The photoluminescence emission spectrum of Pure and Pr doped ZnS
samples synthesised by microwave assisted méditrodn excitation wavelength
320nmis shown in thé-igure 6.8. The de convoluted plots of the PL spectra using
Gaussian fitting shows peaks common to all samples which are cahtr@&b2nm,

380 Nnm,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 absenttlier sample 2.5%Pr ZnS samples. The
reason for emissions around 360 nm and 38CGmm the transitions from the
interstitial Zi**"). The emission peak at 394 rand 425 nm arise due to the optical
activation of sulphur vacanci#¥!. The photoluminescence emission peak
corresponding to the peak around 437 nm is attributed to transition between shallow
donor associated witsulphur vacancies and Zn vacanff&s There are some peaks
corresponding to the transitions of*Pror all samples doped with Pr. The
photoluminescence emission peaks correspond ¥otRnsitions are seen at 497
nm,505 nm, 520nm, 540 nm and8sin for different Pr doped samples. These peaks
are corresponding to0° (, 09 (, )©° (, 00 ( and 0° (

VSZ][483][484][485][486

respectivel ] The de convoluted PL spectra of all samples shows
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that the Purerad Pr doped ZnS nanopatrticles are three level laser active materials.

The deconvoluted PL spectrum of 5 % Pr doped ZnS is shown in the inset.

2, =320 nm
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Figure 6.8 PL spectra of pure and Pr doped ZnS correspondingatg 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% Rfoped ZnS as photocatalysts for degrading Methylene Blu
(MB) dye. The MB dye solution was prepared by dissolving 10 mg of MB in 1 L of
distilled waterand0.03 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 adsbrption
desoption 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 Rioped ZnS, indicating that these materials do not exhibit
effective photocatalytigproperties under the tested conditions, as illustrated in
Figures 6.9a and 6.9b. This observation impiies neither pure ZnS nor Rioped
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ZnS are appropriate for photocatalytic degradation of MB dye when exposed to

visible light.

Figure 6.9 Photodegrdation of MB dye a)with ZnS b) with 5% Pr doped ZnS
photocatalyst

The PL spectra of pure ZnS anddiped ZnS nanopatrticles synthesized via
the microwave assisted method do not exhibit transitions from sulphur exnc
dangling sulphur bond3hese 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 defectZrdh
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 WH models including UDM, UDSMand UDEDM were used to
analyse the peak broawing. Raman spectrum of the samples reveals the two
fundamental modes of Zinc blend structure, TO at 255 and LO at 341 cfh
These values are in good agreement with the values previously obtained using
Raman measurements. The nanocrystalline sizefewasd to be 2 nm. The PL
spectrum showshe photoluminescent emission peaks that correspond *o Pr
transitions. The Kubelkunk method was used to compuhe energy gap. The
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