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ABSTRACT 

The new scientific technologies are the result of human dreams and imagination. The emergence of 

nanotechnology, a 21
st
 century frontier is the outcome of such dreams. Nanotechnology is any 

technology at the atomic, molecular or macromolecular levels, whose dimensions are between 1 and 100 

nm. It is believed to bring the next industrial revolution for exponential growth. The world of 

nanotechnology has an enormous impact on human life by providing society with great benefits. Over 

the past few decades, it has received more attention than ever worldwide for the design and development 

of nanomaterials and nanodevices used in many sectors like electronics, optics, medicine, plastics, 

energy, environment and aerospace. Multidisciplinary teams work together on the synthesis and 

processing of a diverse range of nanomaterials with unique physical and chemical properties of 

nanomaterials, which bridge between bulk materials and atomic or molecular structures. The control 

over size, shape and morphology of such materials always remains an ultimate challenge for the 

researchers. In the literature, two well-known approaches (top-down and bottom-up) have been utilized 

for the fabrication of desired nanostructures while the second one is preferred, as is the case for this 

study. Among various nanomaterials, metal oxides and sulphides have the most versatile applications 

due to their unique properties. 

This thesis work mainly focused on the morphology engineering of zinc oxide (ZnO) and cadmium 

sulphide (CdS) nanostructures using coordination polymers (CPs), having a general formula 

{[M2(bpxa)2(adc)2].yH2O}n (where M(II) = Zn(II) or Cd(II); bpxa = N,N’-bis(pyridylmethyl)alkyl 

amine, alkyl = methyl, ethyl, tert-butyl; adc = acetylene dicarboxylate; y = 0 or 2), as precursors under 

various fabrication conditions (temperature, pH, time, solvent, post-synthetic annealing, and doping with 

divalent metal ion). Both hydrothermal and direct calcination fabrication methods utilized for these 

nanostructures are versatile, reproducible, scalable, efficient, eco-friendly, and surfactant-less. Compared 

to the traditional use of respective metal salts, such as zinc or cadmium acetate/nitrate, these CPs act as 

sacrificial templates providing a control over desired morphologies of the nanostructures. Furthermore, 

the tridentate bis(pyridyl) ligand in the CPs has a profound effect on the formation of these 

nanostructures. All ZnO and CdS nanostructures were characterized by powder X-ray diffraction 

(PXRD), field-emission scanning electron microscopy (FESEM), high resolution transmission electron 

microscopy (HRTEM), atomic force microscopy (AFM), and Raman and UV-VIS spectroscopy. Based 

on the critical and systematic evaluation (morphology and aspect ratio), and time-dependent study, of six 

different nanostructures (two of them are rare), their formation and morphology transition (e.g., 3D 

nanoflowers to 1D nanorods) can be understood. For showcasing their photocatalytic property, relevant 

examples will be discussed with an emphasis on: (a) the selective and optimum degradation of Congo 

red among four common dyes by ZnO nanoflowers at pH = 8, and (b) the correlation between 

morphology and rate of degradation of methylene blue by both ZnO and CdS nanostructures. 
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CHAPTER I 

 
INTRODUCTION 

 

The new scientific technologies are the result of human dreams and imagination. The 

emergence of nanotechnology, a 21st century frontier is the outcome of such dreams. The 

word ‘nano’ is derived from the Greek word which means ‘dwarf’. Thus, nanotechnology is 

any technology at the atomic, molecular or macromolecular levels, whose dimensions are 

between 1 and 100 nm. The term ‘nanometer’ was first proposed by Richard Zsigmondy, the 

1925 Nobel Prize Laureate in chemistry. He was the first person to characterize the size of 

particles (gold colloids) using a microscope.  Though the human exposure to nanoparticles 

was not new but it was drastically increased after the industrial revolution. However, the 

growth of modern nanotechnology began in 1959 when Richard Feynman, a Nobel Prize 

Laureate in Physics, presented a lecture in the American Physical Society at Caltech. He 

delivered a speech titled “There’s a plenty of room at the bottom’’. In his speech he 

introduced the concept of “manipulating and controlling the matter on a small scale’’ and 

discussed the change in the physical phenomenon that occur on the small scale. Feynman’s 

hypothesis demonstrated new ways of thinking and paved the way for new technological 

breakthroughs in the areas of materials, nanoelectronics, biotechnology, information 

technology, medicine and healthcare.  

In 1974, a Japanese scientist, Norio Taniguchi, was the first to use the term ‘nanotechnology’ 

in a paper on production technology that creates objects which consists of the processing, 

segregation, blending and deformation of materials on the order of a nanometer.  

The year 1980 saw the emergence of golden era of nanotechnology when Kruto, Smalley and 

Curl discovered fullerenes. In 1986, the American engineer K. Eric Drexler used the term 

"nanotechnology" in his book titled “Engines of Creation: The Coming Era of 

Nanotechnology”, which was inspired by Feynman’s ideas “There’s a plenty of room at the 

bottom’’. In his book he proposed and discussed the idea of a nanoscale "assembler" which 

would be able to build a copy of itself and of other items of arbitrary complexity with atomic 

control. 

It was back in 1985 when a conflux of events led to an unexpected result with the discovery 

of new shapes for molecules of carbon, known as the bucky ball which consists of 60 carbon 
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atoms in a shape of soccer ball. In the year 1991, after the discovery of fullerenes, Sumio 

Iijima of NEC found an extremely thin needle-like material which was proved to have a 

graphite-like structure was named as ‘carbon nanotubes’ because of a tubular structure made 

of carbon atom sheets. Whereas the development of quantum dots was observed in the year 

1985 when Louis E. Brus discovered the semiconductor nanocrystals in a glass matrix. He 

called these nanocrystals “quantum dots’’. The properties of these quantum dots are between 

those of bulk semiconductors and discrete molecules. The central theme of nanotechnology is 

based on these quantum dots. Since then, the synthesis, processing, designing and fabrication 

of such materials continued to be the focus of research across the world.  

Nanotechnology has been booming worldwide in many areas which include materials 

science, electronics, optics, medicine, plastics, energy and aerospace. Nanotechnology aims at 

building nanomaterials which are of great scientific interest because of their unique physical 

and chemical properties that act as a bridge between bulk materials and atomic or molecular 

structures. When particles assume nanoscale dimension, the principles of classical mechanics 

can no longer describe their behavior (movement, energy, etc.). At these dimensions the 

principles of quantum mechanics apply. Thus, the materials on the nanometer scale may 

exhibit physical properties entirely different from those of the bulk.1 This can be attributed to 

the fact that quantum size effects begin to appear at nanoscale which is a consequence of the 

strong reduction of allowed states in the small particles resulting in an increase in the band 

gap. However, the properties of nanomaterials are determined not only by the particle size but 

also by several other factors: structure, shape and surface status of the particles. In 

semiconductors, the spatial confinement of electronic motion to a length scale, which is 

comparable to or smaller than the length of the electron Bohr radius, gives rise to size-

dependent optical and electrical properties of nanoparticles. The attenuation of devices in the 

nanoscale regime has received considerable attention for the realization of better properties of 

nanomaterials. In this regard, nanotechnology has come as an emerging interdisciplinary 

technology to meet the increasing energy demands for the realization of new materials with 

specific functionality and selectivity. Therefore, multidisciplinary teams from various 

domains of science including physicists, chemists, molecular biologists, material scientists 

and engineers work together on the synthesis and processing of nanomaterials, design and 

fabrication of nanodevices with nanomaterials as the building blocks, construction of the 
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novel tools for the characterization of these materials. Nanotechnology is believed to bring 

the next industrial revolution for exponential growth. The world of nanotechnology has an 

enormous impact on human life by providing society with great benefits.  

1.1 Classification of nanomaterials  

1.1.1 On the basis of origin of nanomaterials  

(i) Natural nanomaterials 

Nanomaterials which belong to the natural world and have not been processed or engineered      

by humans are called natural nanomaterials. Due to the inherent nanostructures, these 

materials possess remarkable properties. These include: 

a) Natural inorganic nanomaterials. These materials include a wide spectrum of 

elements, the most common being:- metal oxides/hydroxides (e.g. manganese oxides 

and hydroxides, iron oxides/oxyhydroxides), metal alloys, silicates (e.g. allophane, 

fibrous clay minerals, asbestos), sulphides (FeS2 and ZnS), sulphates, halides and 

carbonates. The underlying mechanism for the growth of these materials involves 

nucleation and growth of various inorganic phases in the atmosphere. The inorganic 

reactions occuring in the hydrosphere and the lithosphere contributes to the 

generation of these materials via non-thermal, thermal, photochemical and biological 

processes (Figure 1.1). For example,  volcanic activity give rise to opals. Fires can 

produce pigments, cement, fused silica etc. Iron-oxidizing bacteria (Leptothrix, 

Gallionela) of ferrihydrite can produce ferric oxyhydride which can be identified in 

ground water and soils.  

 

Figure 1.1. (a) Clay nanoparticles (b) Iron Pyrite (FeS2) (c) Natural processes leading to the formation 

of inorganic materials in the environment. 

b) Natural organic nanomaterials. Mother nature has also provided a vast array of 

organic nanoparticles (Figure 1.2). Nature has given the first carbon nanotube and the 
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first buckyball (carbon fullerene) produced from the combustion of fossil fuels. The 

volcanic ashes that are released during eruptions contains naturally occurring 

buckyballs. The petroleum and the natural gas contain organic nanostructures which 

deposits as nanoscale diamond structures.  

 

Figure 1.2. Naturally occurring organic nanomaterials. 

(ii) Artificial nanomaterials  

These are the ones that are fabricated by different experiments. They can be further sub-

divided into 4 classes: 

a) Carbon based. These nanomaterials are composed mostly of carbon, most commonly 

taking the form of a hollow spheres, ellipsoids, or tubes (Figure 1.3). Spherical and 

ellipsoidal carbon nanomaterials are referred to as fullerenes, while cylindrical ones 

are called nanotubes (carbon nanotubes (CNTs)). 

 

Figure 1.3. (a) Hollow carbon spheres (b) Polydopamine ellipsoids (c) Carbon nanotubes. 

b) Metal-based. These nanomaterials include quantum dots, nanogold, nanosilver and 

metal oxides, such as titanium dioxide (Figure 1.4). 

 

Figure 1.4. (a) CdS quantum dots (b) Gold nanoparticles (c) Thin film of TiO2 particles. 
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c) Dendrimers. These nanomaterials are nanosized polymers built from branched units. 

The surface of a dendrimer has numerous chain ends, which can be tailored to 

perform specific chemical functions. This property could also be useful for catalysis. 

Also, because three-dimensional dendrimers contain interior cavities into which other 

molecules could be placed, they may be useful for drug delivery (Figure 1.5). 

 

Figure 1.5. Dendrimer ABP (azabisphosphonic end groups on a first generation PPH dendrimer) 

having immunomodulatory effects on the human immune system. (Adapted from reference 2). 

d) Composites. Composites combine nanoparticles with other nanoparticles or with 

larger, bulk-type materials. The composites may be any combination of metal based, 

carbon based or polymer-based nanomaterials with any form of metal, ceramic, or 

polymer bulk materials (Figure 1.6). 

 

Figure 1.6. (a) Ni-PVP nanocomposite (b) Alumina/SiC nanocomposite (c) Polymer matrix 

nanocomposite. (Adapted from reference 3 and 4). 
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1.1.2 On the basis of dimensions of nanomaterials 

Nanomaterials can also be classified on the basis of dimensions (Figure 1.7) 

(i) Zero dimensional (0D) nanomaterials. Materials wherein all the dimensions are 

measured within the nanoscale (no dimensions larger than 100 nm). For example, uniform 

particle arrays (quantum dots), heterogeneous particle arrays, core-shell quantum dots, hollow 

spheres, clusters, cubic, polyhedron-type, metal nanoparticles such as nanogold and 

nanosilver etc.  

(ii) One dimensional (1D) nanomaterials. This class of materials comprises of those 

materials whose one dimension is outside the nanoscale whereas the other two dimensions are 

in the nanoscale regime (1-100 nm). For example, nanotubes, nanorods, nanowires etc.  

(iii) Two dimensional (2D) nanomaterials. In these materials two dimensions are out of the 

nanoscale whereas one dimension is in the range of 1-100 nm. For example, nanofilms, 

nanolayers, nanocoatings, nanoprisms, nanoplates, nanosheets, nanowalls and nanodisks.  

(iv)  Three dimensional (3D) nanomaterials. The materials wherein all the 3 dimensions are 

out of nanoscale regime are referred as 3D materials. For example, nanoballs, nanocoils, 

nanocones, nanopillers and nanoflowers. 

 

Figure 1.7. Classification of nanomaterials on the basis of dimension (Adapted from reference 5). 
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1.2 General methods for the synthesis of nanomaterials 

There are two general approaches for the synthesis and fabrication of nanomaterials which 

are as follows: 

(i) Bottom-up. This approach involves the miniaturization of material components (up to 

atomic level)  followed by the self assembly process to produce nanoparticles. During the self 

assembly process, the physical forces operating at nanoscale combine the basic units into 

larger stable structures. This approach has been proved to be more favourable for the 

synthesis of nanoparticles. Different techniques have been developed to synthesise the 

nanomaterials using this approach. Typical examples are the formation of nanoparticles from 

colloidal dispersions. 

(ii) Top-down. This approach involves the formation of nanosized particles by breaking or 

sculpturing of a large block of material employing physical methods of ball milling, 

lithography, etching through the mask and application of severe plastic deformation.  

The graphical representation of the above two approaches are shown in Figure 1.8. 

 

Figure 1.8. Bottom-up and Top-down approaches for the synthesis of nanoparticles. (Adapted from 

reference 6). 
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1.3 Synthetic techniques of nanomaterials 

Different synthetic techniques can be employed for the synthesis of nanomaterials using the 

mechnical methods and lithographic techniques under the top-down approach and vapour 

phase, chemical phase and self assembly techniques under the bottom-up approaches listed 

below: 

 

Scheme 1.1. Synthesis of Nanomaterials 

(i) Ball milling 

This process was first developed in the late 1960s by Benzamin and his co-workers at the 

Internaional Nickel company. In this process the bulk material (i.e powder mixture) is 

placed in the ball mill containing balls which rotate with high energy which crush the 

solid material into nanocrystallites. This method which is termed as mechanical alloying 

could successfully produce fine, uniform dispersions of oxide particles (Al2O3, Y2O3, 

ThO2) in nickel-based superalloys that couldn’t be made by more conventional powder 

metallurgy methods. The schematic diagram is shown in Figure 1.9.  
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Figure 1.9. Schematic diagram of a ball mill. (Adapted from reference 7). 

(ii) Electron beam lithography  

The booming of the nanotechnology in the 1980s led to a very powerful technique, electron 

beam lithography for creating nanostructures or mesoscopic systems by scanning a highly 

focused beam of electrons to write out a pattern on a surface covered with an electron 

sensitive film called a resist. The electron beam induces a change in the molecular structure 

and solubility of the resist film. The resist film can further be immersed in a solvent for the 

selective removal of either the exposed or the non-exposed regions. This technique offers 

advantages of high resolution (as good as sub 10 nm), high flexibility that can work with a 

variety of materials, high reliability in processing and high accuracy in 

positioning/alignment.8 

(iii) Hydrothermal/Solvothermal method 

This is a solution based approach for synthesizing materials using pressurised vessels called 

autoclaves that can withstand high temperatures and pressure for a long time. The substances 

which are practically insoluble under normal conditions:- oxides, silicates and sulphides can 

be synthesized using this technique.9 The materials with desired shapes, particle sizes and 

morphologies can be produced by controlling certain reaction parameters such as 

temperature, pH, reactant concentration and additives. This method also present many 

advantages over other growth processes such as the use of simple equipment, low process 

temperature, catalyst free growth, low cost, high purity, environment friendly and less 

hazardous. The use of any solvent other than water changes the name from hydrothermal to 

solvothermal.  
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Figure 1.10. High pressure stainless steel teflon reaction vessels. 

(iv) Chemical vapour deposition 

It is one of the most common processes for the production of nanomaterials in the solid state. 

This method is used for the production of thin films for device applications. The surface of 

different types of metallic or ceramic compounds, metals and their alloys, intermetallic 

compounds can be coated using this chemical method. In this method, one or more volatile 

precursors are transported via the vapor phase to the reaction chamber, where they 

decompose on a heated substrate. The volatile by products are then removed by gas flow in 

the reaction chamber.10 A wide varieties of materials which are volatile in nature have been 

utilized for this purpose. These materials include metal hydrides (AiH4, AsH3), metal halides 

(WF6, TiCl4) and metal alkyls (GaEt3, AliBu3) which are industrially important precursors. 

Example: Preparation of TiB2, melting point 3325˚C may be deposited by CVD at 1000˚C:  

TiCl4 + 2BCl3 + 5H2 → TiB2 + 10 HCl 

(v) Sol-Gel method  

The sol gel process can be described as: “Formation of an oxide network through 

polycondensation reactions of a molecular precursor in a liquid.” This method is used  for the 

fabrication of metal oxides. Sol-gel method consists of few steps which involves hydrolysis, 

condensation and drying process. Initially, the metal precursor undergoes rapid hydrolysis to 

produce the metal hydroxide solution, followed by immediate condensation which leads to 

the formation of three-dimensional gels. The obtained gel is then further subjected to drying 

process, and the resulting product is readily converted to Xerogel or Aerogel based on the 

mode of drying as shown in Figure 1.11.  
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Figure 1.11. The reaction pathway for the production of metal-oxide nanostructures in the sol-gel 

method. (Adapted from reference 11). 

1.4 Properties of nanomaterials 

(i) Structural properties 

 At nanoscale, the decrease in particle size leads to an increase in the surface area and the 

surface energy due to which the interatomic spacings between the atoms change. It has been 

observed for semiconductors and metal oxides that interatomic spacings increase with 

decreasing particle size which is attributed to the compressive strain induced by the internal 

pressure arising from the small radius of curvature in the nanoparticle.12 The apparent 

stability of metastable structures in small nanoparticles and clusters arises due to the loss of 

all traces of usual bulk atomic arrangement. For example, a particle of size 40 nm will have 

5% of its atoms on its surface, while for 20 nm, 30% of atoms will be on its surface, whereas, 

5 nm will have 50% of atoms on its surface. Hence, nanomaterials exhibit higher surface area 

per unit mass compared to their bulk materials. Further, the morphology of the nanomaterials 

also play an important role on the properties. 

(ii) Optical properties  

The properties like colour and transparency of a material are considered as optical properties. 

Due to the reduction in materials dimension, the nanomaterials exhibit unique optical 

properties. For example, bulk gold appear yellow in colour but at nanoscale, gold appear red 

in colour. The decrease of particle size leads to an increase in the band gap of the material 
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which can be attributed to “quantum confinement” that appears at nanoscale. Quantum 

confinement results in the shifting of interband transitions to higher frequencies.13-14 As a 

result of quantum confinement, a blue shift in the band gap of nanostructures can be observed 

which makes the sub bands discrete along the direction of confinement by breaking the 

continuous density of energy states. The nature of electronic density of states of 

nanostructures and confinement of the motion of electrons makes these nanostructures makes 

these nanostructures more efficient for device applications by operating at lower threshold 

currents than lasers with bulk materials. Since the optical properties of nanostructured 

materials are highly dependent on the size of the material thus the luminescent properties of 

these materials can be tuned  by varying the size. Owing to their unique optical properties, 

nanomaterials find diverse applications in electronic devices like computers, cellular phones, 

LCDs, surface coatings, etc. 

(iii) Chemical properties 

As the dimensions go into the nanoscale, the percentage of surface atoms in nanomaterials is 

large compared to their bulk counterparts which imparts them more reactivities than the bulk 

materials. Hence, these materials find widespread applications in chemical industries owing 

to their exceptional chemical properties.15 For example; many new medicines are insoluble in 

water when in the form of micron sized particles but will dissolve easily when in a 

nanostructured form. The unique high chemical reactivity makes these materials readily 

available to catalyze chemical reactions. For example, bulk gold is inert for chemical 

reactions whereas nano gold particles have been utilized as efficient heterogeneous catalysts 

for various organic transformations. 

(iv) Mechanical properties 

The mechanical properties of nanostructured materials tend to modify from those of 

microparticles and bulk materials in the nanoscale regime. An enhancement of the 

mechanical properties including the hardness, elastic modulus, fracture, toughness, scratch 

resistance and fatigue strength can result from the structural imperfections (dislocations, 

micro twins and impurity precipitates) of materials.16-17 These imperfections becomes highly 

energetic and tends to migrate to the surface when annealed at higher temperatures. This 

makes the surface free of defects leading to an enhancement in the mechanical properties of 
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nanomaterials. These nanomaterials can bring out the effective options to modify the surface 

of many devices and improving the quality of nanomaterials in cutting tools, wear resistant 

coatings, ceramics, paints for cars etc.  

(v) Magnetic properties 

Due to an increase in the surface area to volume ratio, a large proportion of atoms migrate to 

the surface which changes the magnetic coupling between the neighbouring atoms leading to 

different magnetic properties. When the particle size reaches nanoregime, ferromagnetic 

particles becomes paramagnetic. This is because the reduction of particle size to nano-

dimension brings the instability in the ferromagnetic particles which can provide the 

sufficient energy to the domains at the surface to switch polarization directions.18 Thus small 

nanoparticles consisting of only one domain exhibit super paramagnetism different from 

conventional paramagnetism. Due to their interesting magnetic properties, nanomaterials find 

applications in magnetic resonance imaging (MRI) for disease diagnosis, sensitive analytical 

instruments, motors in ships, colour imaging, bio processing and refrigeration as well as high 

storage density magnetic memory media.  

(vi) Thermal properties 

The small size, the spherical shape, the large interfaces tend to modify the thermal properties 

of nanomaterials. The size of the nanomaterials becomes comparable to the wavelength and 

the mean free path of the phonons in the nanoscale regime which brings a significant change 

in the phonon transport within the materials. This might be due to the phonon confinement 

which results in showing different thermal behaviour of these materials compared to the 

macroscopic materials. It has also been observed that the special structure of nanomaterials is 

an important factor to determine the thermal properties. For example, carbon nanotubes have 

extremely high conductivity in axial directions because of the tubular structure.19 

1.5 Current status, trends and future direction of nanotechnology 

Nanotechnology is a burgeoning multidisciplinary field having capabilities to design, 

synthesize and characterize materials and devices in the nanoscale regime (1 to 100 nm). 

Nanotechnology has been evolving in the area of research and product development owing to 

the unique properties of nanomaterials. There is a growing trend towards the incorporation of 
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nanomaterials into products such as computers, solid state lighting and solar cells which will 

be continued for the decades to come. Nanotechnology provides extra ordinary oppportunities 

to create integrated functional devices leading to the development of nanomachines. Further, 

these nanomachines get interconnected in a network called ‘nanonetwork’ which can 

overcome the limitations of individual nanodevices. These nanonetworks give rise to 

numerous applications in the fields of medicine, industry, environment as well as for the 

military purpose. The trend towards the miniaturisation, handling and processing for 

nanomaterials is gaining popularity in the field of nanotechnology. Nanotechnology may be 

envisioned as to change almost everything in terms of manufacturing and approaching 

technology. The field of nanotechnology has gained interest after the discovery of ‘carbon 

nanotubes’ in 1990. This discovery embarks the journey for the study of one dimensional 

nanostructures which grow in one direction faster than the other growth directions. These 

nanostructures have one dimension out of nanoscale whereas the other two dimensions are in 

nanoscale regime. The tailoring and controlling the structure, size and shape of these 

materials has been the major area of interest for the past few decades. Now a days,  the 

research focuses on discovering novel materials with unique properties which can be further 

applied to design nanodevices for commercial purpose. For example, the functional ceramics 

which can withstand high temperature have numerous applications in gas turbines, fuel cells, 

electronic devices, aircraft engines etc. Though the ceramics possess excellent stability at 

higher temperatures but they lack the required fracture toughness which can be achieved 

through the synthesis of hierarchical structures in the nanoscale order. When the dimensions 

go into the nanoscale, a strong correlation can be observed between the dimensionality of the 

material and its physical or chemical properties. For example, luminescence of the quantum 

dots can be shifted from the red end of the visible light spectrum to the blue end by inducing 

a small change in their size. Thus it becomes necessary to control the dimensionality of these 

materials within a few nanometers or less to make them use for different applications.  

Nanotechnology thus can be seen as today’s most advanced manufacturing technology and 

considered to be the technology of future for it can reach the dimensions which lie in the 

nanoscale (i.e. of the order of few nanometers). It possess the potential to provide society the 

benefits to unleash the breakthroughs in the field of medicine, industry, environment, 

electronics and optics in the coming decades. Recent advances suggest that nanotechnology 
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will have a profound impact on disease prevention, diagnosis and treatment. The field of 

nanotechnology has also revolutionised the industries since many industries ensures to adapt 

such technology in future. Such innovations should be encouraged which are likely to meet 

the social needs - energy and environmental problems by developing clean energy and 

resource saving materials.  

1.6 Photocatalytic applications of nanomaterials 

Nanomaterials have widespread use in numerous fields. Photocatalytic degradation of organic 

matter present in the waste water is one of the major applications of nanomaterials. Herein, 

we discuss the photocatalytic degradation of dyes employing nanomaterials.  

1.6.1 Photocatalysis 

Over the years, photocatalysis has emerged as one of the upcoming technologies for 

providing solutions to environmental remediation and clean energy supply utilizing the 

energy of natural sunlight. The word “photocatalysis” is derived from the Greek word which 

consists of two parts: photo and catalysis. The term catalysis can be understood as the process 

where a substance known to be a catalyst involves in increasing the rate of a reaction by 

reducing the activation energy. Thus, photocatalysis can be best described as the 

amalgamation of photochemistry and catalysis. Hence photocatalysis can be defined as “a 

change in the rate of chemical reactions or their generation under the action of light in the 

presence of substances called photocatalyst that absorbs light quanta and is involved in the 

chemical transformations of the reactants”. Photocatalysis can be further sub-categorized into 

two categories: 

(a) Homogeneous photocatalytic process. In this process, the transition metal complexes of 

iron copper, chromium are used as catalysts. These metal ion complexes generate hydroxyl 

radicals under photon radiation. These hydroxyl radicals oxidize the organic matter in toxic 

waste leading to the degradation of toxic matter.  

(b) Heterogeneous photocatalytic process. In this process, the semiconducting materials 

(TiO2, ZnO, SnO2 and CeO2) act as heterogeneous catalysts. The favorable electronic 

structures, light absorption properties, charge transport characteristics and excited state 

lifetime makes these materials suitable for photocatalytic applications.  
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It has been observed that heterogeneous photocatalysis has several advantages over 

homogeneous photocatalysis in terms of complete mineralization of organic pollutants, low 

cost, mild temperature and pressure conditions and no waste disposal problem. 

1.6.2 Importance of semiconductors as photocatalysts  

Semiconductors (e.g. TiO2, ZnO, Fe2O3, ZrO2, CdS and ZnS) can act as sensitizers for light 

stimulated redox process due to their unique band structure suitable for light absorption and 

charge transport. The theoretical band structure of some of the important semiconductor 

materials with the band edge potentials of valence band (VB) and conduction band (CB) 

along with their band gap values is shown in Figure 1.12. When the photons of energy greater 

than the band gap energy of the semiconductor falls on the surface of photocatalyst, electron-

hole pair is generated. The dissipation of stored energy can be observed within a few 

nanoseconds due to the recombination of electron-hole pairs. This can be prevented if a 

suitable scavenger is available to trap the electron or hole to allow the redox reactions to 

occur.  The charge carriers (electrons and holes) undergo successive oxidation and reduction 

leading to the photodegradation of pollutants. 

 

Figure 1.12. Valence and conduction band potentials of various semiconductor materials. (Adapted 

from reference 20). 

Semiconductors can act as suitable photocatalysts because both oxidative and reductive 

pathways are possible in particle suspensions of semiconductors. Over the years, the use of 

organic pollutants has increased. The semiconductor photocatalysts possess interesting 

features to act as a photochemical diode for a metal loaded semiconductor particle. The ease 

of fabrication, large surface area and wide band gap of semiconductors makes them 



17 

 

promising materials for photocatalytic applications. The large band gap semiconductors prove 

to be better photocatalysts than low band gap energy materials. The literature studies show 

that TiO2/ZnO (Eg = 3.2 eV) have been extensively studied for the photocatalytic destruction 

of organic pollutants. ZnO is more preferred over TiO2 for the photocatalytic degradation of 

pollutants owing to its low cost, absorption of a large fraction of solar spectrum and greater 

quantum efficiency. Unfortunately, both TiO2 and ZnO are inactive under visible light due to 

their wide band gaps. Worldwide efforts are in progress to achieve higher degradation 

efficiency with these materials under visible light.  

1.6.3 Operating and affecting parameters of photocatalysis 

The rate of degradation of various organic pollutants can be affected by variation in the 

following parameters: 

(a) Intensity of light. The intensity of light plays a key role in affecting the rate of 

degradation. The quantum Yield (the ratio of rate of reaction to the rate of absorption of 

radiation) depends entirely on the quanta of light absorbed by the photocatalyst. The quantum 

Yield varies under different wavelengths of light radiation. Thus, the rate of degradation 

varies for different intensities of light. The rate of reaction for photodegradation depends on 

the square root of the light intensity (half order) above the certain value (25 mW/cm2) of 

intermediate light intensity. Whereas, the excessive light intensity favors more electron hole 

recombination leading to a decrease in the reaction rate.  

(b) Lifetime of charge carriers. The formation of electron hole pairs in semiconductor 

materials on absorption of light is prevented by the recombination of these charge carriers. 

The recombination of charge carriers takes place in the presence of defects or grain 

boundaries. Therefore, synthesizing highly crystalline photocatalytic materials is highly 

desirable to minimize the surface defect sites to overcome the electron hole recombination.  

(c) Band gap. The photocatalyst should have optimum band gap to absorb a wide range of 

spectrum (i.e. solar light).  

(d) Crystal structure. The structure of photocatalyst plays a major role in determining the 

photocatalytic activity. For example, TiO2 consisting of three phases - anatase, rutile and 

brookite show different photocatalytic activities. The anatase phase of TiO2 exhibit maximum 
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photocatalytic activity due to its high adsorption power, stability, position of conduction band 

and higher degree of hydroxylation.  

(e) Shape. The shape and morphology also play a key role in affecting the efficiency of 

degradation. Sarvana et al. reported that spherical shaped ZnO samples show higher 

efficiency compared with spindle and rod shaped ZnO samples. 

(f) Size and surface area. The size and surface area of semiconductor materials act as 

potential factors in influencing the degradation efficiency. The small size and large surface 

area of the photocatalyst enhances the number of active sites and interfacial charge carrier 

transfer rates leading to higher catalytic activities. 

1.6.4 Photocatalysis for the degradation of organic pollutants 

The environment has been polluted and contaminated by waste naturally as well as artificially 

(man-made) for over a long period of time. However, the environment itself can control the 

contamination produced by natural waste but the pollution caused by synthetic materials in 

trace amounts goes on accumulating leading to disastrous effects on human health, 

environment and ecology. The industrial discharge of heavy metals, pesticide residues, 

agricultural activities and pesticide manufacturing plants have become a major problem 

affecting the water bodies in the ecosystem. In the modern era, the depletion of underground 

water resources due to poor sanitation and inadequate hygiene has affected the quality of 

water which is creating adverse health effects in humans and other ecological systems. Thus, 

there is a vital need to adopt ecologically clean chemical technology, materials and processes 

to eradicate this issue. The main source of water pollution are the synthetic dyes which have 

widespread use in textile industry, paper industry, leather industry, food industry, medical etc. 

where these dyes are produced in large scale. The effluents from these industries are released 

into the environment and cause serious health hazards. Thus, it becomes important to develop 

such methods to remove the dyes before getting released into the environment. The traditional 

physical techniques such as adsorption on activated carbon, ultrafiltration, reverse osmosis, 

ion exchange on synthetic adsorbent resins etc. have been used for the waste water treatment 

to remove the dye pollutants. The above-mentioned methods create secondary pollution by 

transferring organic compounds from water to another phase which requires further treatment 

making the process costlier. Conventional biological water treatment processes are also 
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incapable because of the calcitrant nature of synthetic dyes and high salinity of waste water 

containing dyes. In this regard, photocatalysis has the potential to provide simple and low-

cost solution for degrading the pollutants. Advanced oxidation process (AOP) appears to be 

the most promising method for the complete oxidation of organic pollutants to CO2 and H2O. 

These methods are of two types: 

(a) Non-photochemical AOPs. Non-photochemical AOPs include cavitation, Fenton and 

Fenton-like processes, ozonation, ozone/hydrogen peroxide, wet air oxidation.21 

(b) Photochemical AOPs. Photochemical AOPs and photochemical oxidation processes 

include homogeneous (UV/hydrogen peroxide, UV/ozone, UV/ozone/hydrogen peroxide, 

photo-Fenton, homogeneous and heterogeneous photocatalytic processes.22-24 AOPs produces 

hydroxyl free radicals (.OH) which acts as a strong oxidant to oxidize the organic compounds 

which can’t be oxidized by the conventional oxidants. 

Mechanism of photocatalysis 

Photocatalytic process mainly depends on the wavelength of the photon energy and the nature 

of the catalyst. Semiconducting materials act as sensitizers for the light activated redox 

process due to their electronic structure characterized by a filled valence band and empty 

conduction band. The energy difference between the valence band and the conduction band is 

called the band gap. The various steps involved in the photocatalytic degradation is discussed 

below: 

The semiconductor photocatalyst absorbs the light energy in the form of photons and if the 

incident energy is equal to or higher than the band gap (threshold energy) of the 

photocatalyst, the semiconductor atom can elevate the electrons in the valence band to move 

to the conduction band of the semiconductor. This process creates positive holes in the 

valence band and excited electrons in the conduction band. These charge carriers further take 

different routes to undergo redox processes. The electrons in the conduction band get trapped 

either in shallow traps or in deep traps followed by the recombination with the positive holes 

in the valence band radiatively or non-radiatively dissipating the energy as heat. The holes in 

the valence band oxidize electron donor molecules and react with water molecules on the 

surface of the photocatalyst to generate hydroxyl radicals which have strong oxidizing power 
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to degrade the organic pollutants. The electron on the other hand reduces the dissolved 

oxygen species to generate superoxide ions.  

 

Figure 1.13. Schematic representation of semiconductor photocatalytic mechanism. (Adapted from 

reference 25). 

The electrons and holes involve in the oxidation and reduction of the adsorbed species on the 

surface of semiconductor which ultimately leads to degradation of pollutants.  

The schematic representation indicating the various steps involved in the photocatalytic 

degradation of organic pollutants by semiconductor photocatalysts is shown in Figure 1.13. 

1.7 Scope and significance of present work 

The present work is based on the synthesis of nanometal oxides and sulphides using metal 

organic coordination polymers as the precursors. Metal organic coordination polymers 

(MOCPs) have been widely researched owing to their specific structures, tailorable properties 

and potential applications in separation, storage devices, catalysis, sensors and synthesis of 

nanomaterials. These MOCPs can act as sacrificial templates to obtain the nanomaterials with 

desired morphologies. The usual approach for the preparation of nano metal oxides consists 

of the thermal decomposition of these MOCPs at higher temperatures. At such high 

temperatures, the metal species acquire sufficient mobility whereas the organic linker in 

MOCPs gets burnt away leading to the rupture of the framework. Once the framework is 

decomposed, C and N present in these MOCPs get oxidized into gases. The carbon formed 

during the thermolysis also acts as the reducing agent for the reduction of metal oxides by a 

simple carbothermic reaction. Thus, MOCPs may be envisioned as the suitable precursors for 

the formation of highly stable nanomaterials bearing catalytic properties. The main advantage 

of using MOCPs for the synthesis of nanomaterials lies in the control over 
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structure/morphology of the derived nano metal oxides resulting in outstanding photocatalytic 

activity.  

In the present work, ZnO has been chosen for studying its photocatalytic behavior on cationic 

and anionic dye based on the different morphologies obtained by optimizing the fabrication 

parameters. Neutral and water soluble Zn(II) MOCPs with a general formula 

{[M2(bpxa)2(adc)2]
.xH2O}n (where M(II) = Zn(II); bpxa = N,N-bis(pyridylmethyl)alkyl 

amine; adc = acetylene dicarboxylate; x = 0 or 2) have been utilized for the synthesis of 

nanometal oxides. Calcination in air at a temperature above the decomposition temperature of 

the polymers collapses the whole framework and yield ZnO. The metal ions with a standard 

reduction potential of 0.27 V or higher such as Co, Ni and Cu present in MOCPs form pure 

metal nanoparticles during calcination whereas metal ions with a reduction potential lower 

than 0.27 V such as Mg, Al, Mn, Zn or Cr tend to combine with the oxygen of the organic 

linker present in the polymer and form corresponding metal oxides. Since the reduction 

potential of Zn2+ is lower than 0.27 V and thus calcining at a high temperature in the tube 

furnace zinc ions are unable to reduce to a zero-oxidation state. The three different ligands 

present in these MOCPs have a profound effect on the morphology of the obtained nanometal 

ZnO and their photocatalytic activities. The hydrothermal synthesis route has also been 

carried out for the formation of 1D, 2D and 3D structures of ZnO by varying the reaction 

parameters (temperature, pH, time, solvent).  

Similarly, nanostructures of CdS (Eg = 2.4 eV), have been synthesized using a novel facile 

template-free and surfactant-less solvothermal method under mild conditions using 1D 

coordination polymers of Cd(II) {[Cd2(bpxa)2(adc)2]
.2H2O}n (where bpxa = N,N’-

bis(pyridylmethyl) alkyl amine and adc = acetylene dicaboxylate) as the source of Cd2+ ions 

and thiourea as the source of sulphide ions. There are various synthetic methods which have 

been used to synthesize CdS nanoparticles including soft chemical reaction, solid state 

reaction, sol-gel process, hydrothermal synthesis, sonochemical preparation, microwave 

heating, reverse micelle. Among all the methods, the hydrothermal technique is a promising 

one to control the properties of nanocrystallites of CdS, such as crystal phase, size, 

morphology and luminescence. This method also presents many advantages over other 

growth processes, such as the use of simple equipment, low process temperature, catalyst free 

growth, low cost, high purity, environment friendly and less hazardous. High optical and 
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fluorescence properties as well as quantum size effects make CdS a suitable catalyst for the 

degradation of dyes. Therefore, CdS has been fabricated by controlling the growth parameters 

(time, temperature, concentration) to utilize them as photocatalyst against methylene blue 

dye. Due to the tunable electronic band gap of CdS, one may also find its applications in the 

future optoelectronic devices such as photodetectors, solar cells, photovoltaic devices, 

photoluminescence sensors and light emitting diodes. It also finds its applications in chemo 

sensing, biosensing and bioimaging.26-30  

The structures of the neutral ligands (bpma, bpea and bpta) and anionic linker (adc) used for 

the synthesis of Zn(II) and Cd(II) MOCP precursors31 are shown in Figure 1.14.  

 

Figure 1.14. Chemical structure of neutral polypyridyl and anionic carboxylate ligands. 

The present work is based on the fabrication of two important semiconductors - ZnO and 

CdS, using hydrothermal (solution based) and direct calcination approaches. The fabrication 

parameters (time, temperature, pH, solvent, concentration, ancillary ligand) were controlled 

and optimized to produce desired morphologies of the nanostructures for utilizing them in 

photocatalysis and analyzing their optical properties. A flow diagram of the present work is 

shown in Figure 1.15. 

 

Figure 1.15. Flow diagram of the present work. 



23 

 

CHAPTER II 

  
EXPERIMENTAL SECTION 

 

2.1 Materials and methods 

In this research work, all chemicals and solvents used for synthesis were obtained from 

commercial sources and were used as received, without further purification. All reactions 

were carried out under aerobic conditions.  

2.2 Physical measurements 

Raman spectra were recorded on a Renishaw InVia Raman microscope equipped with a 785 

nm high-power near-infrared laser working at 300 mW power and a Renishaw CCD detector. 

Analysis of the Raman spectra were performed in reflection mode on powder samples placed 

on the sample stage and aligned in optical path by using a camera, with 0.1-0.5% laser power 

and by using 50X optics in the range of 400-2000 cm-1. 

Solid state reflectance Solid state reflectance of solid samples was recorded in Cary 5000 

UV-Vis spectrophotometer using the KBr medium. 

Fluorescence emission spectra were obtained using a Horiba Scientific Fluorolog 3 

spectrofluorometer instrument with a cuvette of 10 mm path length. To obtain the spectra a 

slurry of compound was prepared in a particular solvent and the spectra was recorded with 

the stirring mode. 

Powder X-ray data were recorded on a Rigaku Ultima IV diffractometer equipped with a 3 

KW sealed tube Cu Kα X-ray radiation (generator power settings: 40 kV and 40 mA) and a 

DTex Ultra detector using parallel beam geometry (2.5° primary and secondary solar slits, 

0.5° divergence slit with 10 mm height limit slit). Each sample grounded into a fine powder 

using a mortar and a pestle was placed on a glass sample holder that was placed on the 

sample rotation stage (120 rpm) attachment. The data were collected over an angle range 10° 

to 80° with a scanning speed of 1° per minute with 0.02° step with XRF reduction for the 

metals.  

Field Emission Scanning Electron Microscopy (FESEM) was performed on a JEOL 

instrument; samples were well dispersed in EtOH and drop casted on a silicon wafer, dried 
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and sputtered with gold for a time period of 20 minutes for increasing the conductivity of the 

sample and a working distance of 4.5 to 15 mm was used with a voltage of 10 to 15 kV and 

probe current of 6. For, solvent dependent SEM study, the sample has been prepared with 

respected solvents.   

High resolution transmission electron microscopy (HRTEM) was performed on FEI Technai 

G2 F20 equipped with a field emission gun operated at 200 Kv with 1 mg sample well 

dispersed in MeOH (10 mL) using a sonicator for 20 minutes and then put on the copper grid, 

which was allowed to dry using a lamp for 30 minutes. 

Atomic force microscopy (AFM) experiments were conducted with an Asylum Research-

Oxford Instrument with 0.5 mg of sample in MeOH, ultra-sonicated, drop casted on mica 

surface and allowed to dry; the topography was performed in contact mode in air at 25 oC. 

2.3 Synthesis of precursors 

General method. All six polymers reported here are synthesized following the reported 

procedure.31 Upon addition of 0.125 mmol of the dicarboxylic acid to a clear methanolic (3 

mL) solution of 0.125 mmol of M(OAc)2 (M = Zn or Cd) and 0.125mmol of the tridentate 

ligand, a white precipitate appeared immediately. The reaction mixture was stirred for another 

3 to 4 hours at room temperature (RT). The resulting slurry was evaporated to dryness, 

treated with 2mL of acetonitrile-toluene mixture (50:50 v/v) to completely remove the acetic 

acid affording a pure solid. 

[Zn2(bpma)2(adc)2]n. It was prepared using 42 mg (0.375 mmol) of acetylene dicarboxylic 

acid, 82.5 mg (0.375 mmol) of Zn(OAc)2
.2H2O in 9 mL methanol and 79.5 mg (0.375 mmol) 

of bpma. A colorless solid was obtained. Yield: 86.8 mg (49%). Selected FTIR peaks (KBr, 

cm-1): 3429, 1634, 1606, 1482, 1445, 1323, 1022, 775, 732, 684, 643. 

[Zn2(bpea)2(adc)2]n. It was prepared using 42 mg (0.375 mmol) of acetylene dicarboxylic 

acid, 82.5 mg (0.375 mmol) of Zn(OAc)2
.2H2O in 9 mL methanol and 84 mg (0.375 mmol) of 

bpea. A colorless solid was obtained. Yield: 77.3 mg (52%). Selected FTIR peaks (KBr, cm-

1): 3392, 1637, 1606, 1376, 1314, 1024, 783, 761, 694, 675. 

{[Zn2(bpta)2(adc)2].2H2O}n. It was prepared using 42 mg (0.375 mmol) of acetylene 

dicarboxylic acid, 82.5 mg (0.375 mmol) of Zn(OAc)2
.2H2O in 9 mL methanol and 96 mg 
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(0.375 mmol) of bpta. A colorless solid was obtained. Yield: 152 mg (89%). Selected FTIR 

peaks (KBr, cm-1): 3467, 2975, 1621, 1609, 1599, 1370, 1339, 1027, 783, 766, 686. 

{[Cd2(bpma)2(adc)2].2H2O}n. It was prepared using 42 mg (0.375 mmol) of acetylene 

dicarboxylic acid, 100.5 mg (0.375 mmol) of Cd(OAc)2
.2H2O in 9 mL methanol and 79.5 mg 

(0.375 mmol) of bpma. A colorless solid was obtained. Yield: 147 mg (90%). Selected FTIR 

peaks (KBr, cm-1): 3429, 1615, 1587, 1481, 1345, 776. 

[Cd2(bpea)2(adc)2]n. It was prepared using 42 mg (0.375 mmol) of acetylene dicarboxylic 

acid, 100.5 mg (0.375 mmol) of Cd(OAc)2
.2H2O in 9 mL methanol and 84 mg (0.375 mmol) 

of bpea. A colorless solid was obtained. Yield: 132.4 mg (79%). Selected FTIR peaks (KBr, 

cm-1): 3415, 1603, 1583, 1347, 1018, 766, 690, 642. 

{[Cd2(bpta)2(adc)2].2H2O}n. It was prepared using 42 mg (0.375 mmol) of acetylene 

dicarboxylic acid, 100.5 mg (0.375 mmol) of Cd(OAc)2
.2H2O in 9 mL methanol and 96 mg 

(0.375 mmol) of bpta. A colorless solid was obtained. Yield: 171.2 mg (91%). Selected FTIR 

peaks (KBr, cm-1): 3426, 1618, 1604, 1569, 1376, 1331, 1096, 778, 770, 695. 

2.4 Synthesis of ZnO nanostructures  

Method 1. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n is added in a 3 

mL of Teflon  reactor containing certain amount of water. The hydrothermal reaction was 

carried out at 180 oC for 24 hours. The as-synthesized mixture was centrifuged at 4000 rpm 

for 15 minutes to separate the solid from the solvent followed by washing the solid several 

times with ethanol. A solid collected at the bottom of centrifuge tube was dried in air at 60 oC 

for 3-4 hours to obtain the powdered ZnO nanoparticles of fine size. 

ZnO-1. It was prepared following method 1 in which 0.5 mL of water was used in the 

reaction mixture. A white colored product was isolated (Yield: 78%). 

ZnO-2. It was prepared following method 1 where 1 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 81%). 

ZnO-3. It was prepared following method 1 where 2 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 80%). 

Method 2. For a general reaction, 0.05 mmol (40.5 mg) of [Zn2(bpea)2(adc)2]n is added in a 3 

mL of Teflon  reactor containing certain amount of water. The hydrothermal reaction was 
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carried out at 180 oC for 24 hours. The as-synthesized mixture was centrifuged at 4000 rpm 

for 15 minutes to separate the solid from the solvent followed by washing the solid several 

times with ethanol. A solid collected at the bottom of centrifuge tube was dried in air at 60 oC 

for 3-4 hours to obtain the powdered ZnO nanoparticles of fine size.  

ZnO-4. It was prepared following method 2 in which 0.5 mL of water was used in the 

reaction mixture. A white colored product was isolated (Yield: 84%). 

ZnO-5. It was prepared following method 2 where 1 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 79%). 

ZnO-6. It was prepared following method 2 where 2 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 82%). 

Method 3. For a general reaction, 0.05 mmol (45 mg) of {[Zn2(bpta)2(adc)2]
.2H2O}n is added 

in a 3 mL of Teflon  reactor containing certain amount of water. The hydrothermal reaction 

was carried out at 180 oC for 24 hours. The as-synthesized mixture was centrifuged at 4000 

rpm for 15 minutes to separate the solid from the solvent followed by washing the solid 

several times with ethanol. A solid collected at the bottom of centrifuge tube was dried in air 

at 60 oC for 3-4 hours to obtain the powdered ZnO nanoparticles of fine size. 

ZnO-7. It was prepared following method 3 where 0.5 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 72%). 

ZnO-8. It was prepared following method 3 where 1 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 78%). 

ZnO-9. It was prepared following method 3 where 2 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 81%). 

Method 4. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n and certain 

amount of water containing KOH at a pH>13 was added in a 3 mL Teflon reactor. The 

hydrothermal reaction was carried out at 180 oC for 24 hours. The as-synthesized mixture was 

centrifuged at 4000 rpm for 15 minutes to separate the solid from the solvent followed by 

washing the solid several times with ethanol. A solid collected at the bottom of centrifuge 

tube was dried in air at 60 oC for 3-4 hours to obtain the powdered ZnO nanoparticles of fine 

size. 
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ZnO-10. It was prepared following method 4 where 1 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 98%). 

ZnO-11. It was prepared following method 4 where 2 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 95%). 

ZnO-12. It was prepared following method 4 where 3 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 97%). 

ZnO-13. It was prepared following method 4 where 4 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 45%). 

ZnO-14. It was prepared following method 4 where 5 mL of water was used in the reaction 

mixture. A white colored product was isolated (Yield: 73%). 

Method 5. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n and 3 mL of 

basic aqueous solution containing KOH at a pH=13 was added in a 3 mL Teflon reactor. The 

hydrothermal reaction was carried out at 120 oC for different time intervals (6, 12, 18 and 24 

hours). The as-synthesized mixture was centrifuged at 4000 rpm for 15 minutes to separate 

the solid from the solvent followed by washing the solid several times with ethanol. A solid 

collected at the bottom of centrifuge tube was dried in air at 60 oC for 3-4 hours to obtain the 

powdered ZnO nanoparticles of fine size. 

ZnO-15. It was prepared following method 5 and the reaction was carried out for 6 hours. A 

white colored product was isolated (Yield: 81%). 

ZnO-16. It was prepared following method 5 and the reaction was carried out for 12 hours. A 

white colored product was isolated (Yield: 74%). 

ZnO-17. It was prepared following method 5 and the reaction was carried out for 18 hours. A 

white colored product was isolated (Yield: 65%). 

ZnO-18. It was prepared following method 5 and the reaction was carried out for 24 hours. A 

white colored product was isolated (Yield: 86%). 

Method 6. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n and 3 mL of 

basic aqueous solution containing KOH at a pH=13 was added in a 3 mL Teflon reactor. The 

hydrothermal reaction was carried out at 150 oC for different time intervals (6, 12, 18 and 24 
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hours). The as-synthesized mixture was centrifuged at 4000 rpm for 15 minutes to separate 

the solid from the solvent followed by washing the solid several times with ethanol. A solid 

collected at the bottom of centrifuge tube was dried in air at 60 oC for 3-4 hours to obtain the 

powdered ZnO nanoparticles of fine size. 

ZnO-19. It was prepared following method 6 and the reaction was carried out for 6 hours. A 

white colored product was isolated (Yield: 83%). 

ZnO-20. It was prepared following method 6 and the reaction was carried out for 12 hours. A 

white colored product was isolated (Yield: 85%). 

ZnO-21. It was prepared following method 6 and the reaction was carried out for 18 hours. A 

white colored product was isolated (Yield: 78%). 

ZnO-22. It was prepared following method 6 and the reaction was carried out for 24 hours. A 

white colored product was isolated (Yield: 81%). 

Method 7. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n and 3 mL of 

basic aqueous solution containing KOH at a pH=13 was added in a 3 mL Teflon reactor. The 

hydrothermal reaction was carried out at 180 oC for different time intervals (6, 12, 18 and 24 

hours). The as-synthesized mixture was centrifuged at 4000 rpm for 15 minutes to separate 

the solid from the solvent followed by washing the solid several times with ethanol. A solid 

collected at the bottom of centrifuge tube was dried in air at 60 oC for 3-4 hours to obtain the 

powdered ZnO nanoparticles of fine size. 

ZnO-23. It was prepared following method 7 and the reaction was carried out for 6 hours. A 

white colored product was isolated (Yield: 84%). 

ZnO-24. It was prepared following method 7 and the reaction was carried out for 12 hours. A 

white colored product was isolated (Yield: 87%). 

ZnO-25. It was prepared following method 7 and the reaction was carried out for 18 hours. A 

white colored product was isolated (Yield: 75%). 

ZnO-26. It was prepared following method 7 and the reaction was carried out for 24 hours. A 

white colored product was isolated (Yield: 77%). 
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ZnO-27. It was prepared using ZnO-23, by further calcination at 500 oC for 6 hours to yield 

ZnO with high crystallinity. A white colored powdered product was obtained (Yield: 72%). 

ZnO-28. It was prepared using ZnO-24, by further calcination at 500 oC for 6 hours to yield 

ZnO with high crystallinity. A white colored powdered product was obtained (Yield: 75%). 

ZnO-29. It was prepared using ZnO-25, by further calcination at 500 oC for 6 hours to yield 

ZnO with high crystallinity. A white colored powdered product was obtained (Yield: 68%). 

ZnO-30. It was prepared using ZnO-26, by further calcination at 500 oC for 6 hours to yield 

ZnO with high crystallinity. A white colored powdered product was obtained (Yield: 73%). 

Method 8. For a general reaction, 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n and 3 mL of 

water containing KOH at a certain pH was added in a 5 mL Teflon reactor. The hydrothermal 

reaction was carried out at 180 oC for 12 hours. The as-synthesized mixture was centrifuged 

at 4000 rpm for 15 minutes to separate the solid from the solvent followed by washing the 

solid several times with ethanol. A solid collected at the bottom of centrifuge tube was dried 

in air at 60 oC for 3-4 hours to obtain the powdered ZnO nanoparticles.  

ZnO-31. It was prepared following method 8 where the reaction mixture was kept at a pH=9 

by adjusting the amount of KOH in the water medium. A white colored product was isolated 

(Yield: 85%). 

ZnO-32. It was prepared following method 8 where the reaction mixture was kept at a pH=10 

by adjusting the amount of KOH in the water medium. A white colored product was isolated 

(Yield: 87%). 

ZnO-33. It was prepared following method 8 where the reaction mixture was kept at a pH=11 

by adjusting the amount of KOH in the water medium. A white colored product was isolated 

(Yield: 81%). 

ZnO-34. It was prepared following method 8 where the reaction mixture was kept at a pH=12 

by adjusting the amount of KOH in the water medium. A white colored product was isolated 

(Yield: 87%). 

Method 9. The synthesis was carried out using 0.05 mmol (39 mg) of [Zn2(bpma)2(adc)2]n 

and 2 mL of solvent (methanol, ethanol, THF, toluene, hexane) at 180 oC for 24 hours. The 

as-synthesized mixture was centrifuged at 4000 rpm for 15-20 minutes to separate the solid 
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from the solvent followed by washing the solid several times with the solvents employed for 

synthesis. A solid collected at the bottom of centrifuge tube was dried in air at 60 oC for 3-4 

hours to obtain the powdered ZnO particles. 

ZnO-35. It was prepared following method 9 where methanol was used as the solvent. A 

white colored product was isolated (Yield: 68%). 

ZnO-36. It was prepared following method 9 where ethanol was used as the solvent. A white 

colored product was isolated (Yield: 65%). 

ZnO-37. It was prepared following method 9 where THF was used as the solvent. A white 

colored product was isolated (Yield: 67%). 

ZnO-38. It was prepared following method 9 where toluene was used as the solvent. A white 

colored product was isolated (Yield: 62%). 

ZnO-39. It was prepared following method 9 where hexane was used as the solvent. A white 

colored product was isolated (Yield: 65%). 

Method 10. The synthesis is carried out in a conventional horizontal tube furnace composed 

of an alumina tube, a rotary pump system, a gas supply and control system. About 0.05 mmol 

of {[Zn2(bpxa)2(adc)2]
.xH2O}n (where bpxa = bpma, bpea, bpta) was taken in a silica crucible 

and loaded on an alumina boat and positioned at the center of the tube to get the maximum 

temperature. The temperature of the source material was set at 700 oC and the heating was 

maintained at the rate of 3 oC/min. After attaining this temperature, it was maintained for 

different retention times (6, 12, 18, 24 hours). The furnace was then allowed to cool at the 

same rate.  

ZnO-40. It was synthesized following method 10 where [Zn2(bpma)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 6 hours. A white powder was obtained 

(Yield: 87%). 

ZnO-41. It was synthesized following method 10 where [Zn2(bpma)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 12 hours. A white powder was 

obtained (Yield: 84%). 
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ZnO-42. It was synthesized following method 10 where [Zn2(bpma)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 18 hours. A white powder was 

obtained (Yield: 88%). 

ZnO-43. It was synthesized following method 10 where [Zn2(bpma)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 24 hours. A white powder was 

obtained (Yield: 81%). 

ZnO-44. It was synthesized following method 10 where [Zn2(bpea)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 6 hours. A white powder was obtained 

(Yield: 77%). 

ZnO-45. It was synthesized following method 10 where [Zn2(bpea)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 12 hours. A white powder was 

obtained (Yield: 83%). 

ZnO-46. It was synthesized following method 10 where [Zn2(bpea)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 18 hours. A white powder was 

obtained (Yield: 86%). 

ZnO-47. It was synthesized following method 10 where [Zn2(bpea)2(adc)2]n was taken in a 

silica crucible and the temperature was maintained for 24 hours. A white powder was 

obtained (Yield: 82%). 

ZnO-48. It was synthesized following method 10 where {[Zn2(bpta)2(adc)2]
.2H2O}n was 

taken in a silica crucible and the temperature was maintained for 6 hours. A white powder 

was obtained (Yield: 86%). 

ZnO-49. It was synthesized following method 10 where {[Zn2(bpta)2(adc)2]
.2H2O}n was 

taken in a silica crucible and the temperature was maintained for 12 hours. A white powder 

was obtained (Yield: 81%). 

ZnO-50. It was synthesized following method 10 where {[Zn2(bpta)2(adc)2]
.2H2O}n was 

taken in a silica crucible and the temperature was maintained for 18 hours. A white powder 

was obtained (Yield: 84%). 
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ZnO-51. It was synthesized following method 10 where {[Zn2(bpta)2(adc)2]
.2H2O}n was 

taken in a silica crucible and a temperature of 700 oC was maintained for 24 hours. A white 

powder was obtained (Yield: 77%). 

2.5 Synthesis of CdS nanostructures 

Method 1. For a general reaction, 0.034 mmol (30 mg) of {[Cd2(bpma)2(adc)2]
.2H2O}n and 

0.34 mmol (26 mg) thiourea (NH2C(S)NH2) (in the ratio 1:10) were added in a 5 mL Teflon 

reactor containing 3 mL of solvent. The hydrothermal reaction was carried out at 120 oC for 6 

hours. The as-synthesized mixture was centrifuged at 4000 rpm for 15 minutes to separate the 

solid from the solvent followed by washing the solid several times with the methanol. A solid 

collected via filtration was dried in air at 60 oC for 3 hours to obtain the powdered CdS 

nanoparticles of fine size. 

CdS-1. It was synthesized following the method 1 using methanol as the solvent (Yield: 

41%). 

CdS-2. It was synthesized following the method 1 using ethanol as the solvent (Yield: 42%). 

CdS-3. It was synthesized following the method 1 using tert-butanol as the solvent (Yield: 

40%). 

CdS-4. It was synthesized following the method 1 using water as the solvent (Yield: 43%). 

CdS-5. It was synthesized following the method 1 except Cd(OAc)2.2H2O was utilized as 

precursor instead of Cd(II) coordination polymer using methanol as the solvent (Yield: 39%). 

Method 2. For a general reaction, 0.034 mmol (30 mg) of {[Cd2(bpma)2(adc)2].2H2O}n was 

used as a cadmium source and  thiourea was used as a sulphur source. The precursors were 

mixed in different ratios (1:3, 1:5, 1:7, 1:10) and water was used as a solvent. The 

hydrothermal reaction was carried out at a temperature of 180 oC for 24 hours in a Teflon 

autoclave. The precipitates were collected and centrifuged at 4000 rpm for 15 minutes, 

washed three times with methanol and dried in air at 60 oC for 3 hours to obtain the powdered 

CdS nanoparticles of fine size. 

CdS-6. It was synthesized following the method 2 where Cd2+ and S2- source was taken in 1:3 

ratio with 0.034 mmol (30 mg) of Cd (II) coordination polymer and 0.102 mmol (7.76 mg) of 

thiourea (Yield: 64%). 
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CdS-7. It was synthesized following the method 2 where Cd2+ and S2- source was taken in 1:5 

ratio with 0.034 mmol (30 mg) of Cd(II) coordination polymer and 0.17 mmol (12.94 mg) of 

thiourea (Yield: 62%). 

CdS-8. It was synthesized following the method 2 where Cd2+ and S2- source was taken in 1:7 

ratio with 0.034 mmol (30 mg) of Cd(II) coordination polymer and 0.238 mmol (18.11 mg) of 

thiourea (Yield: 66%). 

CdS-9. It was synthesized following the method 2 where Cd2+ and S2- source was taken in 

1:10 ratio with 0.034 mmol (30 mg) of Cd(II) coordination polymer and 0.34 mmol (25.88 

mg) of thiourea (Yield: 63%). 
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CHAPTER III 
 

RESULTS AND DISCUSSION 

 

This chapter comprises of two major sections: (a) ZnO nanostructures and (b) CdS 

nanostructures. These sections are further divided into subsections depending on the different 

processing parameters (volume, pH, solvent, time, temperature, ancillary ligand) altered in 

the reaction system. In the first section, ZnO nanostructures have been synthesized 

hydrothermally by making variation in the volume of water in the neutral conditions. Further 

calcination of the as-synthesized ZnO nanostructures grown hydrothermally in neutral 

conditions results in varying the dimensionality of the original nanostructure. In the basic 

conditions under the hydrothermal approach, ZnO nanorods were obtained. Temperature 

dependent synthesis was carried out at two different temperatures (120 and 150 oC). The 

increase of temperature resulted in an increase in the aspect ratios of the rods. Also, annealing 

1D ZnO nanostructures (synthesized at 180 oC) grown in the basic conditions induces a 

change in the aspect ratios of the structures. The high aspect ratio nanorods have shown to be 

efficient in the photocatalytic degradation of Congo Red dye. The change in the pH of the 

reaction mixture results in the formation of 2D nanoplatelets and their self- assembly results 

in generation of 3D micro flowers with the progress of time. The effect of different solvents 

based on the difference in their boiling points, saturated vapor pressures and polarities bring 

about the change in the overall size and shape of the nanostructures. Further, the direct 

calcination of coordination polymers also yields ZnO with diverse morphologies resulting 

from the variation in the ligand in precursor and the retention time. All the synthesized ZnOs 

have shown to be efficient in the photocatalysis of dyes and thereby are favorable for the 

removal of organic pollutants from the waste water. Also, antibacterial activity against E.coli 

was observed with the flower like morphology of ZnO made of nanorods. In the second 

section, rare morphologies of CdS nanostructures have been obtained in different solvents. 

Furthermore, the effect of changing the concentration of sulphur source on the particle sizes 

was also observed. The structure and composition of these nanostructures were characterized 

by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), UV-vis diffusive reflectance spectroscopy, high resolution transmission 

electron microscope (HRTEM) and fluorescence spectroscopy.  
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3.1 ZnO NANOSTRUCTURES 

3.1.1 Fabrication of ZnO nanostructures in neutral conditions  

(i) Using [Zn2(bpma)2(adc)2]n. ZnO nanostructures have been fabricated hydrothermally 

utilizing coordination polymer [Zn2(bpma)2(adc)2]n as the Zn2+ source in different volumes of 

water (0.5, 1 and 2 mL) at 180 oC for 24 hours to yield ZnO (Scheme 3.1). This is the first 

example where the coordination polymer has been utilized in water to achieve diversity in the 

morphology of nanostructures. Further, the as-synthesized ZnO nanostructures have been 

employed for annealing at 800 oC for bringing different dimensionalities in these structures. 

The 3D nanostructures were converted to more stable 0D and 1D structures by post synthetic 

annealing process (Scheme 3.2). 

 

Scheme 3.1. Synthesis of ZnO-1 to ZnO-3 in neutral conditions. 

 

Scheme 3.2. Synthesis of ZnO-1a to ZnO-3a by post annealing process. 

Powder X-ray diffraction studies. The X-ray diffraction patterns of ZnO-1 to ZnO-3 

synthesized with different volumes of water (0.5, 1 and 2 mL) using hydrothermal method are 

shown in Figure 3.1. The peaks from the patterns could be clearly indexed to hexagonal 

wurtzite phase of ZnO which is in good agreement to those of bulk ZnO (JCPDS 06-2151). 

The strong and intense peaks in the patterns show highly crystalline nature of ZnO 
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nanostructures. The lattice parameters of these nanostructures were calculated using the 

equation 1, 32 and the values obtained are listed in Table 3.1. 

1

𝑑2 
=  

4

3(ℎ2+ℎ𝑘+
𝑘2

𝑎2 )
+

𝑙2 

𝑐2
                          (1) 

Table 3.1. Lattice parameters for ZnO samples (ZnO-1 to ZnO-3) 

 

Figure 3.1. PXRD patterns of ZnO-1 to ZnO-3. 

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume 

of unit 

cell (Å3) 

Atomic 

packing 

fraction 

d 

spacing 

(Å) 

FWHM 

ZnO-1 (100) 

(002) 

(101) 

31.74 

34.42 

36.25 

a = b = 3.26, 

c = 5.22 

48.08 0.755 2.82 

2.61 

2.48 

0.313 

ZnO-2 (100) 

(002) 

(101) 

31.70 

34.40 

36.20 

a = b = 3.26, 

c = 5.22 

48.22 0.755 2.82 

2.61 

2.48 

0.379 

ZnO-3 (100) 

(002) 

(101) 

31.85 

34.51 

36.34 

a = b = 3.25, 

c = 5.20 

47.63 0.754 2.81 

2.60 

2.47 

0.525 
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Surface analysis. The evolution of varied morphologies with the change in the amount of 

water added was systematically studied by FESEM. It has been observed that when 0.5 mL of 

water was used, 3D micro flowers were obtained with average size of 1.5 m. When the 

volume of water was further increased to 1 mL, there was no significant change in the 

morphology of ZnO. However, when the volume of water was further increased to 2 mL, 3D 

micro flowers assembled by 2D nanosheets were obtained. The above results indicate that 

growth of 2D nanostructures takes place in the initial stages of the reaction and it continues 

until the growth conditions are consistent (Figure 3.2). The presence of small amount of H2O 

causes the reaction to proceed much more slowly, and hence the initial nucleus had sufficient 

time to grow in the lateral directions along (0001) and (0110) plane resulting in the formation 

of 2D nanosheets. The surface energy of the individual nanosheet is quite high with (2110) 

and (1210) exposed planes. Thus, these 2D nanostructures tend to interact with each other and 

aggregate via self-assembly process to form 3D nanostructures by minimizing their overall 

surface energy (Figure 3.3).32 

 

Figure 3.2. ZnO-1 to ZnO-3 obtained with different volumes of water (a) 0.5 mL, (b) 1 mL and (c) 2 

mL. 

In the second step, annealing of the as-synthesized ZnO nanostructures (ZnO-1 to ZnO-3) 

resulted in qualitative shape change from 3D microspheres ZnO-1 and ZnO-2 to 0D spheres 

(ZnO-1a and ZnO-2a) (Figure 3.4a and b).  Whereas, 3D micro flowers assembled by 2D 

nanosheets (ZnO-3) yielded 1D nanorods (ZnO-3a, with length 2 m, diameter 470 nm) 

(Figure 3.4c). The transformation to 1D nanorods is resulted from the excess oxygen 

molecules present on the surface trapped in the vacant sites between the interconnected 

nanosheets. During the annealing at a temperature of 800 oC, the excess oxygen molecules 

interacts with the surface resulting in enhancing the oxygen pressure and temperature in these 

areas and create active sites for the formation of ZnO nanorods. The constant heat treatment 
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for 6 hours resulted in the uniform growth of these rods. Annealing at a high temperature for 

a period of 6 hours favors the longitudinal growth which continued to form ZnO nanorod 

arrays. 

 
Figure 3.3. Mechanism of transformation of self-assembled nanosheets into nanorods. 

 

Figure 3.4. ZnO nanostructures obtained after annealing hydrothermal synthesized ZnO 

nanostructures (a) ZnO-1a, (b) ZnO-2a and (c) ZnO-3a. 

Optical properties. Solid state UV-vis diffuse reflectance is done in order to investigate the 

light scattering ability of nanostructures. The spectra were recorded in the wavelength range 

of 200-800 nm using KBr as the reference sample. Figure 3.5 shows the spectra of ZnO-1 to 

ZnO-3 in which the highest excitonic absorption is located at 368 nm for ZnO. The 

experimental results are closely in agreement with the results obtained in the literature which 
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showed the excitonic absorption at a wavelength of 378 nm.33-34 The obtained results indicate 

a strong exciton binding energy in the samples. For direct band gap semiconductor like ZnO, 

the characterization of the energy band gap (Eg) using Tauc relation: 

𝛼(ℎ𝑣)1/𝑛 = 𝐵(ℎ𝑣 − 𝐸𝑔𝑎𝑝)                     (2) 

where  is the absorption coefficient, h is the photon energy, B is the band form parameter, 

Egap is the optical band gap of the nanoparticles, and n=1/2 for direct band gap and 2 for 

indirect band gap. Since ZnO is a direct band gap semiconductor thus n=1/2 is used for the 

calculations. Thus, energy band gaps can be determined from the Tauc plot between hv2 vs 

h(eV) shown in Figure 3.5. The intersection of the x-axis and the extrapolated line gives the 

energy band gap values. The band gap values were found to be 3.18, 3.24 and 3.20 for ZnO-

1, ZnO-2 and ZnO-3, which is lower than that of bulk ZnO (3.37 eV) due to optical 

confinement. 

 

Figure 3.5. Solid state absorption spectra of ZnO-1 and ZnO-3 where red is for ZnO-1, green colour 

is for ZnO-2 and blue colour represents ZnO-3 and (inset) plot is between (h) versus (h) 

Photoluminescence properties. Figure 3.6 shows the photoluminescence spectra of the as-

synthesized ZnO nanostructures (ZnO-1 to ZnO-3) at different volumes. The xenon lamp 

was used as the excitation source. At an excitation wavelength of 350 nm, all the samples 

displayed similar spectra with a slight shift in their emission wavelengths. A broad emission 

band has been observed for ZnO-1 in the range of 460-490 nm. Similarly, ZnO-2 showed 
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emission band within a range of 430-460 nm. Whereas in case of ZnO-3, the maximum 

absorption was observed between 435-450 nm. The photoluminescence in the visible region 

of the spectrum originates from the defect states of zinc interstitials, zinc vacancies and 

oxygen vacancies.35-37 Also, a diminishing effect on the emission intensities were observed as 

a result of increase in the volume from 0.5 mL to 2 mL. 

 

Figure 3.6. Photoluminescence spectra of ZnO-1 to ZnO-3. 

(ii) Using [Zn2(bpea)2(adc)2]n. In another study, [Zn2(bpea)2(adc)2]n had been employed for 

the fabrication of ZnO nanostructures. The hydrothermal reaction was carried out utilizing 

this polymer in different volumes of water (0.5 mL, 1 mL and 2 mL) at 180 oC for 24 hours 

(Scheme 3.3). The annealing of the hydrothermal synthesized nanostructures resulted in the 

change in the dimensionalities of the obtained nanostructures shown in Scheme 3.4. 

Annealing favours the growth along (0001) direction. 

 

Scheme 3.3. Synthesis of ZnO-4 to ZnO-6 in neutral conditions. 
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Scheme 3.4. Synthesis of ZnO-4a to ZnO-6a by post annealing process. 

Powder X-ray diffraction studies. The crystallinity of the as-synthesized nanostructures was 

characterized by XRD analysis as shown in Figure 3.7. The XRD patterns of the 

hydrothermal synthesized ZnO nanostructures in different volumes of water (0.5 mL, 1 mL 

and 2 mL) were perfectly indexed to the hexagonal phase of wurtzite ZnO with the lattice 

constants: a = 3.26 Å = b and c = 5.22 Å and agrees well with the literature ((JCPDS 06-

2151). The lattice parameters were calculated using equation 1 and the values obtained are 

given in Table 3.2. All the samples are crystalline in nature and no impurity peaks were 

observed indicating high purity of the obtained nanostructures. 

 

Figure 3.7. PXRD patterns of ZnO-4 to ZnO-6. 
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Table 3.2. Lattice parameters for ZnO samples (ZnO-4 to ZnO-6) 

Surface analysis. Figure 3.8 shows the FESEM images of the obtained ZnO nanostructures 

from [Zn2(bpea)2(adc)2]n at different volumes of water (0.5 mL, 1 mL and 2 mL). In this case, 

0.5 mL of water yielded beautiful lilies assembled by 2D nanosheets. The increase in volume 

to 1 mL produced 3D micro flowers clustered together by sheaves of nanosheets. Whereas 

further increase in volume to 2 mL generated 1D nanotubes. Over the past two decades, the 

nanostructured ZnO have received enormous attention. Among all these nanostructures, a 

number of inorganic tubular microstructures have attracted more interest owing to their large 

surface area than rest of the crystal shapes. These nanotubes show potential applications in 

solar cells, photocatalysis, field emission studies, chemical sensors etc.38-41 In comparison to 

other synthetic techniques, hydrothermal synthesis have been proved to more favorable for 

the production of monocrystalline micro and nanotubes of ZnO at large scale offering high 

quality and low cost. Vaysseirs et. al have well explained the formation of microtubes 

through etching process.42 Wang et. al explained a different mechanism for the formation of 

tubular structures of ZnO.43 In the present work, the formation of 1D nanotubes by exploiting 

coordination polymer without the addition of any template/surfactant is reported for the first 

time. 

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume 

of unit 

cell (Å3) 

Atomic 

packing 

fraction 

d 

spacing 

(Å) 

FWHM 

ZnO-4 (100) 

(002) 

(101) 

31.75 

34.42 

36.26 

a = b = 3.26, 

c = 5.22 

48.05 0.754 2.82 

2.61 

2.48 

0.314 

ZnO-5 (100) 

(002) 

(101) 

31.74 

34.42 

36.24 

a = b = 3.26, 

c = 5.22 

48.08 0.755 2.82 

2.61 

2.48 

0.335 

ZnO-6 (100) 

(002) 

(101) 

31.73 

34.42 

36.23 

a = b = 3.26, 

c = 5.22 

48.11 0.755 2.82 

2.61 

2.48 

0.318 
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Further annealing of the obtained nanostructures (ZnO-4 to ZnO-6) resulted in the mixture of 

microrods and polyhedrons (ZnO-4a) and 1D nanorods (ZnO-5a with A.R.7 and ZnO-6a 

with A.R.4.62) illustrated in Figure 3.9. Thus, it can be concluded that annealing resulted in 

altering the dimensionalities in ZnO nanostructures.   

 

Figure 3.8.  ZnO-4 to ZnO-6 obtained with different volumes of water (a) 0.5 mL, (b) 1 mL and (c) 2 

mL.  

 

Figure 3.9. ZnO nanostructures obtained after annealing hydrothermal synthesized ZnO 

nanostructures (a) ZnO-4a, (b) ZnO-5a and (c) ZnO-6a. 

The mechanism of formation of tubular rods can be explained by the lattice structure of 

wurtzite ZnO which consists of several planes: a polar oxygen plane (0001) at the base, polar 

Zinc (0001) face at the top and non-polar {1010} planes parallel to the c-axis. During the 

reaction, Zn2+ ions from the solution reacts with H2O molecules to give Zn(OH)2. ZnO 

nanostructures grow along (0001) direction with a concave growing head because of low 

saturation of coordination atoms at the edges of (0001) planes. Also, the precursor species can 

easily diffuse to the edges than to the center creating the growth front for their deposition by 

accommodating more incoming species owing to its large surface area. Thus, the rate of 

consumption of Zn2+ becomes more and more leading to the removal of polar plane (0001) 

faster by dissolution in comparison to non-polar plane {1010} owing to less stability of 
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(0001) plane. As a result, small craterlets started appearing on the top of the rods due to 

removal of atoms from (0001) planes which continued after attaining a stable hexagonal 

shape as shown in Figure 3.10.  

 

Figure 3.10. Mechanism of formation of nanotubes. 

 

Figure 3.11. Solid state absorption spectra of ZnO-4 to ZnO-6 where red is for ZnO-4, green colour 

is for ZnO-5 and blue colour represents ZnO-6 and (inset) plot is between (h) versus (h) 
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Optical properties. The optical properties of the obtained nanostructures were analyzed by 

using UV-visible spectroscopy shown in Figure 3.11. ZnO-4 to ZnO-6 exhibited well 

defined absorption peaks between 360 and 380 nm in the UV region.44-45 The presence of UV 

emission peak in the absorption spectra is attributed to the exciton recombination. The 

intrinsic band gap of nanostructures is dependent on the absorption peaks in the spectra due to 

charge transfer from valence band to conduction band in the nanostructures. The band gap 

energies of ZnO-4 to ZnO-6 calculated using equation 2 are given in Table 3.3. 

Table 3.3. The band gap energies of ZnO-4 to ZnO-6 

Sample Band Gap (Eg) 

ZnO-4 3.12 

ZnO-5 3.23 

ZnO-6 3.18 

 

Photoluminescence properties. The photoluminescence experiments were performed on 

ZnO-4 to ZnO-6 using xenon lamp as the excitation source. The experiments were conducted 

at an excitation wavelength of 350 nm. All the spectra showed identical characteristics with 

three emission bands. The first emission band at 410 nm in the spectra originated from the 

recombination of excitons (Figure 3.12).  

 

 

Figure 3.12. Photoluminescence spectra of ZnO-4 to ZnO-6. 
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The other bands at 434 and 456 nm in the visible range are due to the presence of deep level 

defects such as singly ionized oxygen vacancies46-48, Zn interstitials or their complexes. In 

this case also it has been observed that dilution of the samples played an important role in 

controlling the emission intensities of the ZnO nanostructures. The ZnO-4 grown with 0.5 

mL of water showed higher emission intensity than the ZnO-5 and ZnO-6 synthesized with 1 

and 2 mL of water. Thus, it can be concluded that a high concentration of Zn(II) ion in the 

reaction mixture is responsible for a high emission intensity.  

(iii) Using {[Zn2(bpta)2(adc)2].2H2O}n. In this case, {[Zn2(bpta)2(adc)2]
.2H2O}n had been 

employed for the formation of ZnO nanostructures. Following the same procedure, the 

hydrothermal reaction was carried out using this polymer in different volumes of water (0.5 

mL, 1 mL and 2 mL) at 180 oC for 24 hours (Scheme 3.5). The post annealing of the obtained 

nanostructures resulted in changing the dimensionalities of ZnO from 2D nanosheets to 1D 

nanorods in all the cases (Scheme 3.6).  

 

Scheme 3.5. Synthesis of ZnO-7 to ZnO-9 in neutral conditions. 

 

Scheme 3.6. Synthesis of ZnO-7a to ZnO-9a by post annealing process. 
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Powder X-ray diffraction studies. The crystal phase and purity of the obtained 

nanostructures was confirmed by X-ray diffraction analysis. All the samples exhibit 

hexagonal wurtzite structure of ZnO. The peaks match well with the reported values of ZnO 

and the lattice parameters, a = 3.26 Å, c = 5.22 Å, are in accordance with the JCPDS 06-2151 

(Figure 3.13).  

 

Figure 3.13. PXRD patterns of ZnO-7 to ZnO-9. 

The lattice parameters shown in Table 3.4 were determined using equation 1. No other 

characteristic peaks for impurities were detected indicating the pure crystalline phase of ZnO.  

Surface analysis. Figure 3.14 shows FESEM images of the samples (ZnO-7 to ZnO-9) 

obtained after adding different volumes of water (0.5, 1 and 2 mL). When 0.5 mL of water 

was added into the precursor, 2D hexagonal sheets were formed with an average thickness of 

10-20 nm. The change in volume to 1 mL also produced nanosheets with an average 

thickness of 20-25 nm. Furthermore, the nanosheets obtained with 2 mL of water showed an 

average thickness between 10-20 nm. However, few nanoparticles were also obtained along 

with nanosheets in this case. These sheets are stacked together and even distorted. The 

annealing of these 2D nanosheets at 800 oC resulted in the transformation to 1D nanorods 

constructed individually with clear edges and with very less aggregation (Figure 3.15). The 

aspect ratios of the rods obtained after annealing are given in Table 3.5.  
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Table 3.4. Lattice parameters for ZnO samples (ZnO-7 to ZnO-9) 

 

 

Figure 3.14. ZnO-7 to ZnO-9 obtained with different volumes of water (a) 0.5 mL, (b) 1 mL and (c) 

2 mL.  

 

Figure 3.15. ZnO nanostructures obtained after annealing hydrothermal synthesized ZnO 

nanostructures (a) ZnO-7a, (b) ZnO-8a and (c) ZnO-9a. 

 

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume 

of unit 

cell (Å 3) 

Atomic 

packing 

fraction 

d 

spacing 

(Å) 

FWHM 

ZnO-7 (100) 

(002) 

(101) 

31.74 

34.42 

36.26 

a = b = 3.26, 

c = 5.22 

48.08 0.754 2.82 

2.61 

2.48 

0.316 

ZnO-8 (100) 

(002) 

(101) 

31.70 

34.40 

36.20 

a = b = 3.26, 

c = 5.22 

48.22 0.755 2.82 

2.61 

2.48 

0.381 

ZnO-9 (100) 

(002) 

(101) 

31.83 

34.51 

36.32 

a = b = 3.25, 

c = 5.20 

47.69 0.754 2.82 

2.60 

2.47 

0.517 
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Table 3.5. Aspect ratios of the ZnO nanorods (ZnO-7a to ZnO-9a) 

Sample Length Diameter Aspect ratio 

ZnO-7a 626 nm 128 nm 4.89 

ZnO-8a 3.23 m 590 nm 5.47 

ZnO-9a 2.57 m 500 nm 5.14 

 

Optical properties. The UV-visible absorption spectra of ZnO-7 to ZnO-9 at different 

volumes of water are shown in Figure 3.16. A typical exciton absorption in the range of 360-

380 nm has been observed. The absorption in the UV region is due to the recombination of 

free excitons.44-45 Since the absorption coefficient () is strongly dependent on the photon 

energy at the onset of UV absorption, the band gap values (Eg) were calculated using equation 

2. The values obtained are given in Table 3.6.  

 

Figure 3.16. Solid state absorption spectra of ZnO-7 and ZnO-9 where red is for ZnO-7, green 

colour is for ZnO-8 and blue colour represents ZnO-9 and (inset) plot is between (h) versus (h) 
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Table 3.6. Bandgap values of ZnO-7 to ZnO-9 

Sample Band Gap (Eg) 

ZnO-7 3.01 

ZnO-8 3.15 

ZnO-9 3.09 

 

Photoluminescence properties. The photoluminescence measurements were carried out at 

room temperature using xenon lamp as the source at an excitation wavelength of 350 nm. The 

visible emissions were observed in all the cases (Figure 3.17). ZnO-7 displays emission in 

the range of 435-460 nm. Whereas ZnO-8 exhibits three emission bands at 437, 456 and 492 

nm in the visible range of spectrum. Furthermore, ZnO-9 showed a broad emission between 

450-490 nm. It is well known that the visible emissions are related to several intrinsic defects 

in ZnO which include Zn vacancies (VZn), O vacancies (Vo), interstitial Zn (Zni), interstitial O 

(Oi) and substitution of oxygen at zinc position (OZn). The blue emission in all the cases 

resulted from the donor level of Zni to acceptor level of VZn.  

 

Figure 3.17. Photoluminescence spectra of ZnO-7 to ZnO-9. 
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 3.1.2 Fabrication of ZnO nanostructures in basic conditions  

3.1.2.1 Effect of volume 

(i) Using [Zn2(bpma)2(adc)2]n. The coordination polymer [Zn2(bpma)2(adc)2]n has been 

utilized to fabricate ZnO nanostructures hydrothermally in basic conditions where KOH has 

been used as OH- ion source in different volumes of water (1, 2, 3, 4 and 5 mL) at 180 oC for 

6 hours (Scheme 3.7). 1D nanorods was successfully obtained with a slight variation in their 

aspect ratios. 

 
Scheme 3.7. Synthesis of ZnO nanostructures (ZnO-10 to ZnO-14) in basic conditions at 180 oC. 

Powder X-ray diffraction studies. The crystallinity and purity of the obtained 

nanostructures was characterized by X-ray diffraction analysis. All the samples synthesized 

with different volumes of water (1 to 5 mL) exhibited hexagonal wurtzite structure of ZnO 

(Figure 3.18).  

 

Figure 3.18.  PXRD patterns of ZnO-10 to ZnO-14.  
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The peaks are in accordance with the JCPDS 06-2151. Since no other characteristic peaks for 

any impurity was detected which confirmed the pure crystalline phase of ZnO. The lattice 

parameters of ZnO samples were calculated using equation 1 and the data obtained are given 

in Table 3.7. 

 
Table 3.7. Lattice parameters for ZnO samples (ZnO-10 to ZnO-14) 

 

 

Surface analysis. Figure 3.19 shows FESEM images of the samples (ZnO-10 to ZnO-14) 

obtained in basic conditions at pH>13 with addition of different volumes of water (1, 2, 3, 4 

and 5 mL). It has been observed that with an increase in the volume of water i.e. with more 

dilution of the reaction mixture the aspect ratios of nanorods were decreasing achieving the 

Sample  hkl  2θ values 

(degrees)  

Lattice 

constants  

   a, b, c (Å)  

Volume 

of     unit 

cell (Å3)  

APF  d spacing  

(Å)  

ZnO-10  (100)  

 

(002) 

 

(101)  

31.51  

 

34.14 

 

35.98 

a = b = 3.28, 

 c = 5.26  

49.12  0.755  2.84 

 

2.63 

 

2.50   

ZnO-11  (100)  

 

(002) 

 

(101) 

31.52  

 

34.17 

 

36.01  

a = b = 3.28,  

c = 5.25  

49.10  0.755  2.84  

 

2.62 

 

2.49 

ZnO-12  (100) 

 

(002) 

 

(101)  

31.48 

 

34.13 

 

35.97 

a = b = 3.28,  

c = 5.26  

49.22  0.755  2.84 

 

2.63 

 

2.50  

ZnO-13  (100)  

 

(002) 

 

(101) 

31.49 

 

34.15 

 

35.97 

  

a = b = 3.28, 

c = 5.25 

49.18  0.755  2.84  

 

2.63 

 

2.50 

ZnO-14  (100)  

 

(002) 

 

(101) 

31.48 

 

34.13 

 

35.92 

  

a = b = 3.28, 

 c = 5.25  

49.19  0.755  2.84 

 

2.62 

 

2.51  
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maximum value at 3 mL. The aspect ratios of the nanorods obtained at different volumes are 

given in Table 3.8.  

 

Figure 3.19. ZnO-10 to ZnO-14 obtained in basic conditions after adding (a) 1 mL, (b) 2 mL, (c) 3 

mL, (d) 4 mL and (e) 5 mL of water.  

 

Table 3.8. Aspect ratios of ZnO-10 to ZnO-14 

Sample Aspect ratio 

ZnO-10 2.68 

ZnO-11 2.19 

ZnO-12 2.77 

ZnO-13 1.55 

ZnO-14 1.33 

              

 

Photoluminescence properties. The photoluminescence spectra were recorded to investigate 

the luminescent properties of the as obtained ZnO nanorods. The xenon lamp was used as the 
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excitation source and the excitation wavelength was set at 350 nm. The spectra were recorded 

in a range of 365-600 nm. All the samples showed a broad blue emission band with a slight 

shift in their emission spectra. The blue emission resulted from the intrinsic defects in ZnO 

(zinc vacancies and oxygen vacancies).49 It has been observed that an increase in the volume 

of water resulted in increase in the intensity of absorption as illustrated in Figure 3.20.  

 

Figure 3.20. Photoluminescence spectra of ZnO-10 to ZnO-14. 

3.1.2.2 Effect of temperature 

(i) Using [Zn2(bpma)2(adc)2]n. ZnO nanostructures were fabricated at different temperatures 

120 and 150 oC. The fabrication was carried out hydrothermally for different times (6 hours, 

12 hours, 18 hours and 24 hours) in basic conditions at pH>13. Interesting results were 

obtained with respect to their aspect ratios when ZnO nanorods were synthesized at different 

temperatures for different time intervals (Scheme 3.8 to 3.9). Thus, the processing parameters 

– temperature, time and pH help in controlling and altering the aspect ratios of nanorods.50-54 

These parameters play a crucial role in manipulating the length and diameter of the rods. The 

rods were grown at different temperatures for different growth times in order to optimize the 

condition for obtaining a high aspect ratio of the rods.  
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Scheme 3.8. Synthesis of ZnO nanostructures (ZnO-15 to ZnO-18) in basic conditions at 120 oC. 

 

Scheme 3.9. Synthesis of ZnO nanostructures (ZnO-19 to ZnO-22) in basic conditions at 150 oC. 

Powder X-ray diffraction studies. The diffraction patterns of ZnO nanorods grown with 

different aging times (6 h, 12 h, 18 h, 24 h) at different temperatures 120 oC and 150 oC 

(ZnO-15 to ZnO-26) were taken to determine the crystalline phase of the nanorods. The 2θ 

values of diffraction peaks obtained are in good agreement with the standard JCPDS data for 

ZnO (JCPDS No. 89-1397) (Figure 3.21). The ZnO nanorods contain only hexagonal wurtzite 

structure as the crystalline phase. The formation of nanorods with wurtzite structure could be 

attributed to the anisotropic growth along (001) plane owing to a faster growth velocity in this 

direction under hydrothermal conditions. The higher intensity of the (101) diffraction peak in 

all the patterns further provides the evidence of the preferential growth direction along the c-

axis.55 No other traces of impurity were observed in the reflection peaks indicating high purity 

of the obtained nanorods. The strong and narrow peaks further revealed good crystallinity of 
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the rods. The lattice parameters of the ZnO hexagonal wurtzite structure can be determined 

from the equation: 

1

𝑑2 
=  

4

3(ℎ2 + ℎ𝑘 +
𝑘2

𝑎2 )
+

𝑙2 

𝑐2
 

 

where a, b and c are the lattice parameters and d is the spacing between the planes in the 

atomic lattice which can be calculated from Bragg’s law: 2d sin  = n The volume of the 

hexagonal unit cell was calculated using the relation: V = 0.866 a2c and the atomic packing 

fraction of the obtained nanorods were determined using the following relation:  

Atomic packing fraction (A.P.F) = 
2𝜋𝑎

3√3𝑐
 

The calculated values obtained using the above relations are given in Table 3.9. 

(a)                                                                (b) 

 

 

 

 

                     

 

Figure 3.21. PXRD patterns of (a) ZnO-15 to ZnO-18 obtained at 120 oC, (b) ZnO-19 to ZnO-22 

obtained at 150 oC.  

Surface analysis. A series of experiments were carried out at 120 and 150 oC for different 

duration from 6 hours to 24 hours to synthesize the nanorods with different aspect ratios. 

Figure 3.21 shows the typical FESEM images of the as-grown ZnO nanorods at 120 and 150 

oC. The multipod structures composed of more than 10 nanorods were observed at all the 

temperatures. The nanorods in ZnO-15 fabricated at 120 oC have a typical length of 1.04 m 

and diameter of 300 nm (Figure 3.21). As the hydrothermal time was increased to 12 hours, 

the rods get broader and longer (A.R  3.53).  The lengthening of the rods continued for 18 

hours as shown in Table 3.10. However, at the end of 24 hours a decrease in the length as 

well as diameter was observed which might be due to dissolution of Zn2+ ions in the system  
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Table 3.9. Lattice parameters for ZnO samples (ZnO-15 to ZnO-22) 

 

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume 

of unit 

cell (Å 3) 

Atomic 

packing 

fraction 

d 

spacing 

(Å) 

FWHM 

ZnO-15 (100) 

(002) 

(101) 

31.44 

34.11 

35.94 

a = b = 3.29, 

c = 5.26 

49.41 0.755 2.85 

2.63 

2.50 

0.492 

ZnO-16 (100) 

(002) 

(101) 

31.42 

34.07 

35.91 

a = b = 3.29, 

c = 5.27 

49.52 0.755 2.85 

2.63 

2.50 

0.491 

ZnO-17 (100) 

(002) 

(101) 

31.40 

34.05 

35.87 

a = b = 3.29, 

c = 5.27 

49.61 0.755 2.85 

2.63 

2.51 

0.338 

ZnO-18 (100) 

(002) 

(101) 

31.40 

34.06 

35.89 

a = b = 3.29, 

c = 5.27 

49.60 0.755 2.85 

2.63 

2.51 

0.334 

ZnO-19 (100) 

(002) 

(101) 

31.41 

34.06 

35.89 

a = b = 3.29, 

c = 5.27 

49.58 0.755 2.85 

2.63 

2.50 

0.311 

ZnO-20 (100) 

(002) 

(101) 

31.54 

34.19 

36.02 

a = b = 3.28, 

c = 5.25 

48.97 0.755 2.85 

2.63 

2.50 

0.358 

ZnO-21 (100) 

(002) 

(101) 

31.44 

34.10 

35.93 

a = b = 3.29, 

 c = 5.26 

49.40 0.755 2.85 

2.63 

2.50 

0.265 

ZnO-22 (100) 

(002) 

(101) 

31.41 

34.07 

35.90 

a = b = 3.29, 

c = 5.27 

49.53 0.755 2.85 

2.63 

2.50 

0.258 
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from the ends. At 150 oC, a high aspect ratio of the nanorods has been achieved. The 

solubility of the crystallites increased as the temperature increased leading to a higher growth 

rate at 150 oC compared to 120 oC. Furthermore, the length and the diameter of the rods 

increased on extending the growth time from 6 hours to 12 hours (Figure 3.22). The length 

and diameter of the rods continued to increase up to 18 hours (Table 3.10) as observed in the 

previous case. The average length and diameter of the rods produced at 150 oC is more than 

that at 120 oC (Figure 3.23).  The trend for the increase in the aspect ratios with the extension 

of growth time is also similar in this case. The experimental results suggest that temperature 

and growth time control the aspect ratio of nanorods.  

In this work, the effect of temperature (with different growth times) on the aspect ratio of the 

nanorods has been investigated in detail. In order to control and design the rods with tailored 

aspect ratios it is imperative to understand the growth mechanism of these rods. The internal 

structure as well as the external conditions such as temperature, growth time etc. are the 

important parameters in influencing the growth of a crystal. The chemical reactions involved 

in the hydrothermal conditions are as follows: 

 

                                                                                                                                   

[Zn(OH)4]
2- acts as the growth unit for the formation of ZnO nanorods where a number of 

dissolution-nucleation cycles evolves the nanorods.56-58 The different growth rate of planes 

are: V0001 > V1̅01̅1̅  > V1̅010 > V1̅011 > V0001̅ . The higher growth rate along (0001) direction results in 

rapid disappearance of this plane leading to a pointed shape at the end of the c-axis which 

explains the formation of rods with pointed tips at the ends. After a certain time, these rods 

unite with other neighboring rods to evolve into flower-like structures by reducing their 

surface energy. It has been observed that temperature plays a significant role in tuning the 

dimensions and aspect ratios of these rods. A higher temperature (150 oC) and an optimized 

growth time of 18 hours resulted in giving the rods with high aspect ratios. Thus, the 

temperature as well as the growth time helped in manipulating and tailoring the length and 

diameter of these rods.  
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Table 3.10. Aspect ratios of ZnO nanorods (ZnO-15 to ZnO-22) 

Sample Length (m) Diameter (m) Aspect Ratio 

ZnO-15 1.04 0.30 3.46 

ZnO-16 1.38 0.39 3.53 

ZnO-17 1.81 0.44 4.11 

ZnO-18 1.03 0.41 2.56 

ZnO-19 2.18 0.45 4.84 

ZnO-20 2.41 0.49 4.91 

ZnO-21 3.19 0.55 5.80 

ZnO-22 1.02 0.22 4.63 

 

 

Figure 3.22. Nanorods fabricated at 120 oC for (a) 6 hours, (b) 12 hours, (c) 18 hours, (d) 24 hours. 
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Figure 3.23. Nanorods fabricated at 150 oC for (a) 6 hours, (b) 12 hours, (c) 18 hours, (d) 24 hours. 

Optical properties. UV-vis absorption spectra of the as grown ZnO nanorods at different 

temperatures in the wavelength range of 300-600 nm are shown in Figure 3.24. The spectra at 

different temperatures observed for different growth duration showed the absorption edge 

between 363-368 nm followed by a sharp decrease. The blue shift in the absorption spectra 

with respect to the bulk absorption edge at 376 nm is attributed to the effect of 

nanocrystalline size of the synthesized nanorods. A slight shift in the absorption edges has 

been observed for ZnO nanorods with different growth duration. There is a blue shift in the 

absorption spectra for the nanorods with lower diameters. Since rods with lower diameters 

were observed with longer growth time. Thus, the blue shift in the absorption edge increases 

slightly with increasing growth time. Furthermore, the rods with increasing growth time from 

6 hours to 18 hours also showed an increase in the intensities of their absorption except the 

case of rods obtained with 24 hours. Since the rods with minimum aspect ratios has been 

obtained at the end of 24 hours; a minimum intensity has been observed in this case and the 

highest peak of excitonic absorption were observed for the nanorods with a growth time of 18 

hours. The higher defect density of the nanorods on their surfaces resulted in different 

binding energies which explain the reason of the spectral shift in the nanorods. The band gap 
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energies of the ZnO nanorods (ZnO-15 to ZnO-26) were calculated using the following 

equation: 

𝛼(ℎ𝑣)1/𝑛 = 𝐵(ℎ𝑣 − 𝐸𝑔𝑎𝑝)     

where  is the absorption coefficient, h is the photon energy, B is the band form parameter, 

Egap is the optical band gap of the nanoparticles and n is an index whose value depends on the 

type of transition in the process of absorption. For direct transition in the semiconductor like 

ZnO, n = 1/2. The graphs were plotted between h2 vs h and the line was extrapolated to x-

axis to obtain the values of band gap. The band gap energies obtained for ZnO-15 to ZnO-26 

are given in Table 3.11. 

     (a)                                                                           (b) 

         

Figure 3.24. Solid state absorption spectra of (a) ZnO-15 to ZnO-18 where red is for ZnO-15, green 

colour is for ZnO-16, blue colour represents ZnO-17 and black colour represents ZnO-18, (b) ZnO-

19 to ZnO-22 where red is for ZnO-19, green colour is for ZnO-20, blue colour represents ZnO-21 

and black colour represents ZnO-22 where (inset) plot is between  (h) versus (h) 

Table 3.11. Band gap values of as-grown ZnO nanorods 

Sample Band Gap (Eg) (eV) 

ZnO-15 3.14 

ZnO-16 3.15 

ZnO-17 3.16 

ZnO-18 3.17 

ZnO-19 3.10 

ZnO-20 3.15 

ZnO-21 3.16 

ZnO-22 3.17 
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Photoluminescence properties. The room temperature photoluminescence of the grown ZnO 

nanorods at different temperatures (120 oC and 150 oC) were carried out using xenon lamp as 

the source at an excitation wavelength of 350 nm. The spectra were recorded in the 

wavelength range of 380 to 600 nm. A broad emission band in the visible range of the spectra 

could be clearly observed for the as grown ZnO nanorods (Figure 3.25). The strong blue 

emission band within a range of 410-430 nm for the ZnO nanorods is mainly caused due to 

the defects resulted from the zinc interstitials, zinc vacancies and oxygen vacancies.35-37,49 

The electronic transition from either the Zni to valence band or from the bottom of conduction 

band to Oi level resulted in blue emission of these nanorods. With the increase of aspect ratios 

from 6 hours to 18 hours, a significant increase in the intensity of emission has also been 

observed in all the cases (ZnO-15 to ZnO-17) at 120 oC. However, a decrease in the emission 

intensity has been observed for ZnO-18 obtained with a growth time of 24 hours. A similar 

trend has been observed at 150 oC for different growth times. Thus, the nanorods with higher 

aspect ratios can show intense emission in the visible range ensuring the exploitation of these 

rods in the light emitting devices.  

   
                                           (a)                                                                         (b) 
Figure 3.25. Photoluminescence spectra of (a) ZnO-15 to ZnO-18, (b) ZnO-19 to ZnO-22. 

3.1.2.3 Effect of time 

ZnO nanostructures were prepared hydrothermally by utilizing Zn(II) coordination polymer 

[Zn2(bpma)2(adc)2]n as the Zn2+ source and KOH as OH- source (Scheme 3.10). The pH of the 

reaction mixture was maintained above 13 at 180 oC for different aging times (6 h, 12 h, 18 h, 

24 h). The resulting morphology was nanorods in each case which were getting self-
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assembled via the oriented attachment to produce 3D flower-like nanostructures. The growth 

time have a profound influence on the aspect ratio of nanorods.59-60 These nanorods were 

further annealed to produce nanorod arrays with low aspect ratios (Scheme 3.11).  

 

Scheme 3.10. Synthesis of ZnO-23 to ZnO-26 at 180 oC for different growth times. 

 

Scheme 3.11. Synthesis of ZnO-27 to ZnO-30 by post synthetic annealing of hydrothermally 

obtained ZnO nanorods.  

The X-ray diffraction (XRD) data confirmed that the as-synthesized ZnO nanorods exhibited 

hexagonal wurtzite structure (JCPDS 06-2151). The narrow and highly intense peaks in the 

pattern confirm the high crystallinity of the nanorods. Figure 3.26 (a) shows the XRD patterns 

of the as-synthesized nanorods obtained at different times (6 h, 12 h, 18 h, 24 h) labelled as 

ZnO-23, ZnO-24, ZnO-25 and ZnO-26. The XRD patterns of the nanorods obtained by post 

synthetic annealing (ZnO-27 to ZnO-30) is shown in Figure 3.26 (b). These nanorod arrays 

were assembled to form 3D flower-like ZnO nanostructures. The lattice parameters for 

hexagonal ZnO nanoparticles were estimated from the equation: 
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1

𝑑2 
=  

4

3(ℎ2 + ℎ𝑘 +
𝑘2

𝑎2 )
+

𝑙2 

𝑐2
 

where a and c are the lattice parameters and h, k and l are the Miller indices and dh k l is the 

interplanar spacing for the plane (h k l). This interplanar spacing for the plane (h k l) can be 

calculated from Bragg’s law: 2d sin  = n he crystallite size was calculated using Debye’s 

Scherrer Equation: 

                                                      𝑑 (𝑛𝑚) =  
0.9  

𝛽 cos 𝜃
 

where d (nm) is the crystallite size,  is the X-ray wavelength (Cu-k = 0.154 nm), β is 

FWHM (full width at half maximum) and θ is in radians. All the data obtained is given in 

Table 3.12.  

The compositional characterization of ZnO nanorods were performed by Energy dispersive 

X-ray analysis (EDX) to investigate the chemical stoichiometry of Zn and O in the nanorods. 

The strong Zn and O peaks in the EDX patterns could be clearly observed (Figure 3.27 to 

3.42). No other characteristic peak for any impurity was found which verified the purity of 

the as-synthesized ZnO nanorods. Whereas, the peak at 0.2 keV is of carbon (C) which is due 

to the carbon tape used for the sample preparation and a peak at 3.2 keV is of gold (Au) 

observed due to the gold coating of the samples. The average atomic ratio for the as-

synthesized ZnO nanorods at different times (6 h, 12 h, 18 h, 24 h) was found to be  1:1.        

Figure 3.26. PXRD patterns of (a) ZnO-23 to ZnO-26, (b) ZnO-27 to ZnO-30.                
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Table 3.12. Lattice parameters for ZnO samples (ZnO-23 to ZnO-30) 

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume 

of unit 

cell (Å 3) 

Atomic 

packing 

fraction 

d 

spacing 

(Å) 

FWHM 

ZnO-23 (100) 

(002) 

(101) 

31.4586 

34.1174 

35.9500 

a = 3.28 = b, 

c = 5.26 

49.34 0.755 2.84 

2.63 

2.50 

0.306 

ZnO-24 (100) 

(002) 

(101) 

31.4674 

34.1204 

35.9504 

a = 3.28 = b, 

c = 5.26 

49.31 0.755 2.84 

2.63 

2.50 

0.294 

ZnO-25 (100) 

(002) 

(101) 

31.4726 

34.1403 

35.9714 

a = 3.28 = b, 

c = 5.26 

49.26 0.755 2.84 

2.63 

2.50 

0.306 

ZnO-26 (100) 

(002) 

(101) 

31.4844 

34.1479 

35.9682 

a = 3.28 = b, 

c = 5.26 

49.22 0.755 2.84 

2.63 

2.50 

0.321 

ZnO-27 (100) 

(002) 

(101) 

31.4559 

34.1170 

35.9535 

a = 3.28 = b, 

c = 5.26 

 

49.35 0.755 2.84 

2.63 

2.50 

0.300 

ZnO-28 (100) 

(002) 

(101) 

31.4662 

34.1267 

35.9514 

a = 3.28 = b, 

c = 5.26 

 

49.30 0.755 2.84 

2.63 

2.50 

0.286 

ZnO-29 (100) 

(002) 

(101) 

31.4737 

34.1399 

35.9644 

a = 3.28 = b, 

c = 5.26 

 

49.26 0.755 2.84 

2.63 

2.50 

0.299 

ZnO-30 (100) 

(002) 

(101) 

31.4881 

34.1459 

35.9778 

a = 3.28 = b, 

c = 5.26 

 

49.21 0.755 2.84 

2.63 

2.50 

0.312 
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Figure 3.27. EDX spectrum of ZnO-23. 

 

 

Figure 3.28. Elemental mapping of ZnO-23. 

 

 

Figure 3.29. EDX spectrum of ZnO-24. 
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Figure 3.30. Elemental mapping of ZnO-24. 

 

 

Figure 3.31. EDX spectrum of ZnO-25. 

 

 

 

Figure 3.32. Elemental mapping of ZnO-25. 
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Figure 3.33. EDX spectrum of ZnO-26. 

 

Figure 3.34. Elemental mapping of ZnO-26. 

 

 

Figure 3.35. EDX spectrum of ZnO-27. 
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Figure 3.36. Elemental mapping of ZnO-27. 

 

Figure 3.37. EDX spectrum of ZnO-28. 

 

 

 

Figure 3.38. Elemental mapping of ZnO-28. 
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Figure 3.39. EDX spectrum of ZnO-29. 

 

 

Figure 3.40. Elemental mapping of ZnO-29. 

 

Figure 3.41. EDX spectrum of ZnO-30. 
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Figure 3.42. Elemental mapping of ZnO-30. 

Figure 3.43 shows the FESEM images of the ZnO nanorods obtained at different aging times 

(6 h, 12 h, 18 h, 24 h). It had been observed that with the progress of time the morphology 

was more or less similar but an increase in the aspect ratios (length/width of rods) was 

observed (Table 3.13). The average aspect ratio of ZnO-23 was found to be 4.27 with a 

length of 1.41 m and a diameter of 0.33 m. As the synthesis time was increased to 12 hours 

(ZnO-24), a very little increase in the aspect ratio A.R  4.41 was achieved. Whereas after 18 

hours of aging (ZnO-25) an aspect ratio of 4.76 for nanorods was observed (length  1.81 m 

and diameter  0.38 nm). Furthermore, the nanorods synthesized after 24 hours of retention 

time (ZnO-26) are thinner with an aspect ratio of 4.94 (length  1.93 m and diameter  0.39 

m). The nanorod arrays share common crystallographic faces which get interweaved 

together to form 3D flowers in order to reduce the overall surface area by minimizing the 

surface energy for achieving thermodynamic stability.61 An increase in the length of the 

nanorods with the increased growth duration can be attributed to the crystal growth habits of 

wurtzite ZnO which grows rapidly along the [0001] plane.  The length of the nanorods can be 

controlled by the growth time. A longer growth duration results in a longer rod. The adjacent 

rods unite together to form nanorods with larger diameters. The duration of the initial 

nucleation process for the nanorod growth is quite long followed by the crystal growth at a 

faster rate which continues to grow until it reaches the maximum rod length. No further 

increase in the growth rate is observed once the Zn2+ ions in the reaction mixture get 

consumed. This results in no change in diameter with the further growth time resulting in the 

attachment of the neighboring single rods to increase the density and overall diameter of the 

as obtained nanorod arrays. Now, when the as-synthesized ZnO nanostructures were further 
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annealed at 500 oC for 6 hours, a decrease in the length along with a growth in the diameter 

was observed for nanorods (ZnO-26 to ZnO-30)  

 

Figure 3.43. ZnO nanorods obtained at different aging times (a) 6 hours (ZnO-23) (b) 12 hours 

(ZnO-24)  (c) 18 hours (ZnO-25) (d) 24 hours (ZnO-26). 

leading to an overall decrease in the aspect ratios (Figure 3.44). From Table 3.13 it can be 

clearly observed that the post synthetic annealing results in an increase in the average 

diameter of the rods. At higher temperature of 500 oC, the lattice atoms become mobile and 

start vibrating in order to reduce the strain energy by exchanging the energy with the 

neighboring atoms. At this stage, the atoms have sufficient energy to diffuse to produce small 

seeds (i.e. the rods with shorter length) with lowest strain energy.  

Table 3.13. Aspect ratios of ZnO nanorods (ZnO-23 to ZnO-30) 

Sample Length (m) Diameter (m) Aspect Ratio 

ZnO-23 1.41 0.33 4.27 

ZnO-24 1.50 0.34 4.41 

ZnO-25 1.81 0.38 4.76 

ZnO-26 1.93 0.39 4.94 

ZnO-27 1.35 0.34 3.97 

ZnO-28 1.06 0.29 3.65 

ZnO-29 1.75 0.46 3.80 

ZnO-30 1.80 0.40 4.50 
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Figure 3.44. ZnO nanorods obtained after post synthetic annealing at 500 oC (a) ZnO-27  (b) ZnO-28  

(c) ZnO-29 (d) ZnO-30. 

Growth mechanism for the formation of ZnO nanoflowers 

The mechanism of formation of 3D flower like structures can be understood as the result of 

anisotropic growth under the effects of basic conditions in hydrothermal process (Figure 

3.45). During the hydrothermal approach, the Zinc ion precursor first get decomposed to 

generate Zn2+ ions followed by the reaction with OH- ions to form Zn(OH)2 (equation 1). This 

Zn(OH)2 further reacts with OH- to give [Zn(OH)4]
2- according to equation 2. The [Zn 

(OH)4]
2- acts as the tetrahedral growth unit (where Zn2+ is bonded with four OH- ions) which 

serves as the new growth precursor for the production of wurtzite ZnO crystal.56-58 On the 

other hand, ZnO nuclei obtained from the equation 3 serves as the seed for the anisotropic 

growth of ZnO. ZnO crystals grow anisotropically at the active site of ZnO seed (Scheme 

3.11). Owing to high concentrations in highly basic conditions at pH=13, OH- ions gets 

attracted by the positively charged Zn-terminated surface. This promotes the Zn-bond in the 

atomic structure due to the formation of strong Zn-O bond facilitating the growth direction 

along [0001] direction due to lower surface energy.62 Also, when the concentration of OH- 

ions is more than Zn2+ ions, the OH- ions acts as a caping agent leading to the formation of 

ZnO nanorods with tapered ends which get interweaved together under the self-assembly 
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process generating the flower like structures (Figure 3.45). These nanoflowers were attracted 

against the sides of grooves due to the polarity of the surfaces of the ZnO nanorods. 

 

Figure 3.45. Mechanism of evolution of nanoflowers assembled by nanorod arrays. 

With the increase in heating time from 6 hours to 24 hours, ZnO nanorods will be 

decomposed into Zinc ions in solution which starts transferring directly to the polar Zn-

terminated [0001] planes resulting in an increase in the length and aspect ratio. The increase 

of the growth time not only boosts the length of the nanorods but also results in the joining of 

adjacent rods to form nanorods with larger diameters and thereby increasing the density of 

nanorods.63-65 
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UV-vis absorption and optical energy band gap 

UV-vis absorption spectroscopy was performed on the as-synthesized ZnO nanostructures to 

investigate the optical properties by measuring the band-edge absorption of these samples. 

Figure 3.46 indicates that all ZnO nanostructures with a variation in the growth time (i.e. 6, 

12, 18 and 24 hours) showed the maximum absorption at around 370 nm wavelength which is 

in close agreement to that of bulk ZnO. These results confirm high optical activity and strong 

exciton binding energy of the ZnO nanostructures. For direct band gap semiconductor, the 

energy band gap was calculated using Kulbenka Munk equation66 which can be determined 

from Tauc plot (Figure 3.46) by plotting (h)2 vs h(eV), where  is the absorption 

coefficient,  is the frequency, and h is Planck’s constant. The intersection of the line 

extrapolation and the x-axis gives the energy band gap values. The values obtained are given 

in Table 3.14. 

 

 

 

 

 

 

 

 

 

Figure 3.46. Solid state absorption spectra of ZnO-23 and ZnO-26 where red is for ZnO-23, green 

colour is for ZnO-24, blue colour represents ZnO-25 and black colour represents ZnO-26 where 

(inset) plot is between (h) versus (h) 
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Table 3.14. Band gap values of as-grown ZnO nanostructures (ZnO-23 to ZnO-26) 

Sample Band Gap (Eg) (eV) 

ZnO-23 3.19 

ZnO-24 3.18 

ZnO-25 3.20 

ZnO-26 3.19 

Photocatalytic Activity 

The photocatalytic degradation efficiency of the cationic and anionic dye (Methylene Blue 

and Congo Red) was tested by ZnO-23 under UV light illumination for different time 

intervals (30, 60, 90, 120 and 180 minutes). Figure 3.47 shows the comparison of 

photodegradation efficiencies and rate constants for the ZnO-23 among the two dyes 

indicating that the anionic dye Congo Red (CR) dye shows the maximum degradation 

efficiency which is 86% in the first 30 minutes whereas the cationic dye Methylene Blue 

(MB) showed an efficiency of only 36% after an interval of 30 minutes. CR showed an 

efficiency of 98% and MB showed an efficiency of 67% after 180 minutes of irradiation. 

Since ZnO-23 showed better catalytic activity for anionic dye CR, different pH solutions 

were prepared ranging from 6 to 12 and the degradation efficiency of ZnO-23 on the CR dye 

was studied. The degradation was avoided for the pH solutions less than 6 in order to avoid 

the aggregation of dye in highly acidic medium. The results of the experiments indicated that 

pH of the reaction mixture have a profound influence on the efficiency of the dye. The CR 

exhibits the maximum absorption band at 497 nm which is the characteristic feature of 

anionic monomer whereas the absorption at 347 nm is attributed to the naphthalene rings. A 

slight shift in the maxima absorption band from 495 nm to 498 nm was observed for pH 

range 6 to 12. The intensity of strong absorption decreases gradually with time during the 

process of photodegradation resulting in the breaking of the conjugated −structure through 

oxidative decomposition. As the pH value increases from 6 to 7, a gradual decrease in the rate 

of degradation was observed from 3.107 x 10-2 min-1 to 3.034 x 10-2 min-1 followed by an 

abrupt increase at pH = 8 (9.028 x 10-2 min-1). A sharp decrease in the degradation was 

further observed at pH = 9 (3.095 x 10-2 min-1) which continued to decrease at pH = 10 (2.677 

x 10-2 min-1) and pH = 11 (0.811 x 10-2 min-1) till pH = 12 (0.385 x 10-2 min-1).                          
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                                         (a)                                                                             

 
                                         (b)                                                                             

 
 

Figure 3.47. (a) Comparison of percentage efficiencies of cationic dye Methylene Blue and anionic 

dye Congo Red on ZnO-23 (b) Comparison of rate constants of cationic dye Methylene Blue and 

anionic dye Congo Red on ZnO-23. 

 

All the rates of degradation were recorded after an interval of 30 minutes (Figure 3.48). 

In general, the activity of ions (e.g. H+ or pH) determines the potential of the surface charge 

on the photocatalyst. The surface of photocatalyst has the tendency to become either 

positively charged or negatively charged as a function of pH. At a certain pH, the surface 

acquires zero net charge (pHzpc), a critical value to determine the sign and magnitude of the 

net charge carried by the photocatalyst during the course of photodegradation. The zero-point 
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charge pHzpc for ZnO has found to be 9. So, the surface becomes positively charged for the 

pH values lower than pHzpc of ZnO according to the equation 4. Whereas, for the pH values 

higher than pHzpc, the ZnO surface becomes negatively charged according to equation 5.67-68 

 

 

Figure 3.48. Comparison of photodegradation of Congo Red by ZnO-23 at different pH conditions. 
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Figure 3.49. (a) Comparison of photodegradation efficiencies of Congo Red by ZnO-23 at different 

pH, (b) comparison of rate constants of Congo Red by ZnO-23 at different pH and (c) Kinetics of 

photodegradation of Congo Red by ZnO-23 at different pH.  

Because of the anionic nature of the CR dye, the adsorption on its surface occurs via the 

electrostatic interactions between the positive ZnO surface and CR anions at pH less than 

pHzpc leading to a maximum extent at pH = 6 followed by a decrease at pH = 7 (Figure 3.49). 

This decrease in trend can be attributed to decrease in the active centers on the photocatalyst 

surface leading to a decrease in the absorption of light quanta by the catalyst resulting in the 

reduction of rate of degradation. Ease of availability of oxidative species i.e. hydroxyl 

radicals and holes during the photodegradation process is one of the major factors influencing 

the activity of ZnO along with the stability of ZnO surface in the selected pH range. The 

adsorption of CR anions on ZnO surface is maximum at pH = 6 thus the interaction with the 

light quanta is minimal thereby the generation of hydroxyl radicals is less resulting in the 

decrease of rate of degradation. Though the efficient trapping of the photogenerated holes by 

the hydroxyl groups facilitates the production of hydroxyl radicals in highly basic conditions 
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(equation 6) but due to self-induced corrosion (equation 7), there occurs a loss of Zn2+ ions 

consequently leading to a decrease in its photocatalytic activity. The above results explain the 

reason of hindering of the rate of degradation in highly basic conditions. Thus, photocatalytic 

degradation process is not only determined by the concentration of hydroxyl radicals but also 

by the stability and surface charge on ZnO at different pH conditions.  

 

Large surface area and high photocatalytic activity of (0001) surface results in greater 

photodegradation of CR dye by ZnO nanorods. The nanorods with high aspect ratios showed 

better photocatalytic activity compared with the rods of low aspect ratios. Further, the 

crystalline phase and the exposed facets of ZnO nanostructures remained unchanged with 

post-synthetic annealing of the above nanostructures but a decrease in the aspect ratios had 

been achieved. 

When the annealed samples were tested for CR degradation, a sharp decrease in their 

activities were observed at pH = 8 (Figure 3.50). This could be attributed to be arising from 

the drop in the aspect ratios and surface defects on annealing. In general, the photocatalytic 

ability primarily depends on the separation of e-/h+ pairs and the separation of these charge 

carriers is highly dependent on the intrinsic electronic structure of facets, crystalline phase, 

aspect ratio and defects. The aspect ratio, defects and exposed facets in the semiconductors 

are believed to improve the separation of photogenerated charge carriers. Thus, the high 

aspect ratio nanorods with relatively more surface defects decrease the recombination of these 

charge carriers thereby decreasing the number of interparticle junctions expediting the 

electron delocalization resulting in higher efficiency and greater rate constant (Figure 3.51). 

Hence, it can be concluded that obtaining nanorods with high aspect ratios becomes essential 

in order to obtain a better photocatalytic activity against the degradation of dyes.  
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Figure 3.50. Comparison of photodegradation of Congo Red by ZnO nanorod arrays with high aspect 

ratios and their annealed samples with low aspect ratios (a) ZnO-23, (b) ZnO-27, (c) ZnO-24, (d) 

ZnO-28, (e) ZnO-25, (f) ZnO-29, (g) ZnO-26 and (h) ZnO-30. 
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(a)          (b) 

     
(c)         (d)  

       
 (e)      (f) 
 

         
Figure 3.51. (a) Comparison of photodegradation efficiencies of Congo Red by (a) ZnO-23 to ZnO-

26 and (b) ZnO-27 to ZnO-30, (c) Comparison of rate constants of Congo Red by ZnO-23 to ZnO-

26 and (d) ZnO-27 to ZnO-30, (e) Comparison between photodegradation efficiencies of Congo Red 

by high aspect ratios (ZnO-23 to ZnO-26) and low aspect ratios (ZnO-27 to ZnO-30) and (f) 

Comparison between rate constants of Congo Red by high aspect ratios ZnO nanorod arrays (ZnO-23 

to ZnO-26) and low aspect ratios ZnO nanorod arrays (ZnO-27 to ZnO-30). 
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With UV-light illumination, e-/h+ pairs are generated on the ZnO surface which undergoes 

rapid recombination in the absence of surface defects. Whereas, the high aspect ratio of ZnO 

nanorods with enough surface defects ensures the trapping of the photogenerated holes 

alleviating the separation of e-/h+ pairs. The trapped holes then react with e- donor molecules 

stimulating the process of photodegradation. On the other hand, photogenerated electrons 

flow along the longitudinal direction (0001) surface of 1D nanorods due to the increased 

delocalization of electrons further facilitates the decrease in the recombination centers. Hence 

it can be deduced that the existence of the surface defects and high aspect ratios of nanorods 

plays a crucial role in enhancing the photocatalytic activity.69-71 

Antibacterial properties. The antibacterial effectiveness of the ZnO nanorods (ZnO-23) was 

tested against gram negative E.Coli. The batch cultures containing varying concentrations of 

nanorods in 10 mL of sterilized Luria Bertani (LB) medium was sonicated for 2 minutes after 

addition. The test tubes with different concentration of ZnO-23 were inoculated with 100 L 

of bacterial cultures. The test tubes were then kept in a shaken incubator at 300 rpm and 37 

oC for 24 hours. The bacterial growth was monitored by measuring the optical density (O.D.) 

at a fixed wavelength of 650 nm. Aliquots were taken after every 10 minutes for the 

measurement of O.D. (Figure 3.52). The optical density was measured without and with 

different ZnO concentrations. The samples prepared with 100 and 150 mg/L concentration of 

ZnO were found  

 

Figure 3.52. Growth curve of E.Coli in the presence of ZnO nanorods (ZnO-23) at concentrations 10 

mg/L, 100 mg/L and 150 mg/L. 
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effective in inhibiting the growth of general strain E.Coli whereas a limited inhibition was 

observed with 10 mg/L. Also, with 10 mg/L, a high level of turbidity was observed 

confirming the growth of bacteria. Unlike the previous case, the samples with 100 and 150 

mg/L concentration of ZnO didn’t result in a high turbidity indicating almost no change over 

time. The plate count was also used to monitor the bacterial growth. E.Coli strains containing 

different concentrations of ZnO (10, 100 and 150 mg/L) were cultured in LB medium on agar 

plates and incubated at 37 oC for a period of 24 hours. The colonies were counted after 24 

hours (Figure 3.53). It has been observed that the sample with 10 mg/L concentration of ZnO 

minimized the growth to a little extent. However, when we increased the concentration to 100 

mg/L, the no. of colonies observed was less. The bacterial effectiveness increased more on 

further increase in concentration of ZnO to 150 mg/L resulting in giving even less no of 

colonies. The no. of colonies can be calculated using the following formula (Maneerung et. 

al., 2008).72 

𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 0 ℎ − 𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 24 ℎ

𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 0 ℎ
× 100 = 𝑋  

The no. of colonies observed at different concentrations and the percentage of bacterial cell 

inhibition is given in Table 3.15.  

  

Figure 3.53. E.coli culture plates (a) Control, (b) in the presence of ZnO-23 with a concentration of 

10mg/L, (c) in the presence of ZnO-23 with a concentration of 100 mg/L, (d) in the presence of ZnO-

23 with a concentration of 150 mg/L. 

Each morphology accounts for a certain mechanism of action. Though the exact mechanism 

has not been fully understood as there are some queries within the spectrum of antibacterial 

activity requiring deep explanations. Distinctive mechanisms have been put forward in the 
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literature: direct contact of ZnO-NPs with cell walls, resulting in destructing bacterial cell 

integrity, liberation of antimicrobial ions mainly Zn2+ ions and reactive oxygen species (ROS) 

formation. ZnO-NPs are bactericidal and thus disrupt the membrane causing membrane 

dysfunction, resulting in their internalization into the bacteria. Interestingly, ZnO-NPs contain 

positive charge in water suspension and the E.Coli surface is negatively charged which causes 

the electrostatic interaction between the nanoparticles and the bacterial cell surface causing 

the inhibition of growth.73-74 As a result cell membrane is damaged. 

Table 3.15. Bacterial growth inhibition results of ZnO-23 

Sample No. of colonies 

observed 

Percentage bacterial 

inhibition 

Control 252 0 

ZnO-23 with 10 mg/L 154 38.90 

ZnO-23 with 100 

mg/L 

28 88.89 

ZnO-23 with 150 

mg/L 

4 98.41 

 

3.1.2.4 pH dependent synthesis  

(i) Using [Zn2(bpma)2(adc)2]n. ZnO nanostructures have also been fabricated at different pH 

varying from 9 to 12 employing Zn(II) coordination polymer [Zn2(bpma)(adc)2]n. The 

hydrothermal reaction was carried out at 180 oC in 3 mL of water containing varying amount 

of KOH to maintain pH ranging from 9 to 12. The reaction was carried out for different aging 

times from 30 minutes to 12 hours with a gap of 60 minutes to monitor the growth of micro 

flowers. Initially, 2D nanosheets have been obtained in the reaction mixture followed by self-

assembly of nanosheets to produce 3D flowers after a certain amount of time. The growth 

was observed for 12 hours. After 12 hours, no further change in the morphology was 

observed.  
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Scheme 3.12. Synthesis of ZnO-31 to ZnO-34 at different pH.  

Powder X-ray diffraction studies. The as-obtained ZnO micro flowers obtained after 12 

hours of aging time were characterized by PXRD technique. The peaks obtained in the 

spectra could be clearly indexed to hexagonal wurtzite structure of ZnO (JCPDS 06-2151). 

The sharp and intense peaks confirm the purity of the obtained samples (Figure 3.54). No 

other impurity peak has been obtained which further confirms the purity of the ZnO 

nanostructures. The lattice parameters determined using equation 1 are given in Table 3.16.  

 

Figure 3.54. PXRD patterns of as-synthesized ZnO nanostructures (ZnO-31 to ZnO-34). 
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Table 3.16. Lattice parameters for ZnO samples (ZnO-31 to ZnO-34) 

 

Surface analysis. The surface analysis of the ZnO nanostructures obtained at different pH 

conditions was analyzed by FESEM. The nanostructures were fabricated for different aging 

times to observe the overall evolution of micro flowers (Figure 3.55 to 3.58). Initially, the 

two-dimensional growth in the reaction mixture was observed for the first 2 hours with the 

formation of nanosheets. These nanosheets started getting assembled with the neighboring 

nanosheets to form 3D flowers to lower their surface energy. At the end of 4 hours, the 

formation of flowers could be clearly observed except in the case of pH=11 and pH=12 where 

1D rods were also obtained along with 2D sheets due to the presence of a greater number of 

OH- ions compared to the previous two cases. The sheets unite together with neighboring 

sheets to form 3D flowers by decreasing the overall surface energy. The optimized time for 

the evolution of full bloom flowers were observed to be 12 hours in each case. After 

extending the synthesis time, not much change has been observed in the overall morphology 

of the ZnO micro flowers.  

Sample h k l 2 

values 

(degrees) 

Lattice 

constants 

a, b, c (Å) 

Volume of 

unit cell 

(Å 3) 

Atomic 

packing 

fraction 

d 

spacings 

(Å) 

ZnO-31 (100) 

(002) 

(101) 

31.69 

34.45 

36.23 

a = b = 3.26, 

c = 5.22 

48.07 0.754 2.82 

2.61 

2.48 

ZnO-32 (100) 

(002) 

(101) 

31.74 

34.44 

36.22 

a = b = 3.26, 

c = 5.22 

48.08 0.755 2.82 

2.61 

2.48 

ZnO-33 (100) 

(002) 

(101) 

31.74 

34.42 

36.21 

a = b = 3.25, 

c = 5.20 

48.14 0.755 2.82 

2.61 

2.48 

ZnO-34 (100) 

(002) 

(101) 

31.73 

34.42 

36.23 

a = b = 3.25, 

c = 5.20 

48.14 0.755 2.82 

2.61 

2.48 



89 

 

 
Figure 3.55. ZnO nanostructures obtained at pH=9.   

 
Figure 3.56. ZnO nanostructures obtained at pH=10.   

 
Figure 3.57. ZnO nanostructures obtained at pH=11.   
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Figure 3.58. ZnO nanostructures obtained at pH=12.   

Optical properties. UV-Vis diffused reflectance of the obtained ZnO nanostructures was 

recorded in the wavelength range of 200-800 nm to study the absorption properties of the 

structures and also to obtain the band gap values. In the spectra, ZnO nanostructures (ZnO-31 

to ZnO-34) exhibited highest absorption band around 368 nm which confirms a strong 

binding in the obtained nanostructures (Figure 3.59). The characterization of the energy band 

gap (Eg) values for the ZnO-31 to ZnO-34 was done using Tauc relation (equation 2). 

Though the energy band gap values were found to be very close to each other but an 

increasing trend in the values has been observed with the increase of pH values. The values 

were found to be 3.13 for ZnO-31, 3.14 for ZnO-32, 3.17 for ZnO-33 and 3.21 for ZnO-34.  

 
Figure 3.59. Solid state absorption spectra of ZnO-31 to ZnO-34 where red is for ZnO-31, green 

colour is for ZnO-32, blue colour represents ZnO-33 and black colour represents ZnO-34 where 

(inset) plot is between (h) versus (h) 
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Photoluminescence properties. The photoluminescence measurements were carried out on 

the as-obtained ZnO nanostructures at an excitation wavelength of 350 nm where xenon lamp 

was used as the excitation source. The spectra were recorded within a range of 380-600 nm. 

A broad blue emission band in the range of 400-430 nm could be clearly observed in all the 

nanostructures. This blue emission is attributed to the intrinsic defects present in ZnO (zinc 

vacancies and oxygen vacancies) nanostructures. A decrease in the intensities has been 

observed for the structures synthesized in more basic conditions with a greater value of pH as 

illustrated in Figure 3.60. The ZnO nanostructures obtained at a pH=9 showed the maximum 

intensity of absorption whereas a decreasing trend has been observed with increase in pH 

conditions from 10 to 12.  

 
Figure 3.60. Room temperature photoluminescence spectra of ZnO-31 to ZnO-34.  

3.1.2.5 Effect of Solvent  

(i) Using [Zn2(bpma)2(adc)2]n. A solvent dependent study was carried out in different 

solvents (MeOH, EtOH, THF, Toluene and Hexane) at 180 oC for 24 hours using 

[Zn2(bpma)2(adc)2]n to yield ZnO (Scheme 3.13). Different morphologies were obtained with 

the variation in the solvent based on the different polarity, saturated vapor pressure and 

boiling point of the solvents.75 Nanospheres and nanorods have been obtained based on the 

different saturated vapour pressure and boiling point of the solvents. The anisotropic growth 

is favored in high boiling point solvents inducing the growth in (0001) direction. Whereas the 

homogeneous nucleation is observed in the case of low boiling solvents. 
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Scheme 3.13. Synthesis of ZnO nanostructures (ZnO-35 to ZnO-39) in different solvents.  

Powder X-ray diffraction studies. The ZnO nanostructures obtained with the variation in 

the solvents were characterized by powder diffraction technique. All the samples exhibited 

hexagonal wurtzite phase of ZnO (JCPDS 06-2151). The sharpness of the intense peaks 

obtained confirms the purity of the structures (Figure 3.61). The as-obtained ZnO 

nanostructures exhibited high crystallinity. The lattice parameters obtained using equation 1 

is given in Table 3.17.  

 
Figure 3.61. PXRD patterns of as-synthesized ZnO nanostructures (ZnO-35 to ZnO-39).  
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Table 3.17. Lattice parameters for ZnO samples (ZnO-35 to ZnO-39) 

 

 

Surface analysis. The surface morphology of the ZnO nanostructures obtained in different 

solvents was studied by FESEM (Figure 3.62). ZnO nanoparticles of size 7-10 nm were 

obtained in case where methanol has been used as the solvent. Whereas, nanoparticles of size 

4-5 nm were observed in ethanol. However, tetrahydrofuran (THF) with high boiling point 

yielded rods with aspect ratio 4.72. In case of toluene also, the rods were obtained with aspect 

ratio of 5. Hexane, on the other hand yielded nanoparticles of size 30-40 nm. Thus, it has 

been observed that low boiling point solvents (ethanol, methanol and hexane) resulted in 

producing the spherical structures and high boiling point solvents resulted in giving 1D 

nanorods.76-77 In general, the initial nucleation of the crystals and the solubility of the 

precursor in the solvents play a crucial role in contributing to the overall morphology of the 

products. Under the hydrothermal conditions, the saturated vapor pressure and boiling points 

Sample  hkl  2θ values 

(degrees)  

Lattice constants  

   a, b, c (Å)  

Volume of     

unit cell (Å3)  

APF  d spacings  

(Å)  

ZnO-35  (100) 

 

(002) 

 

(101)  

31.49  

 

34.13 

 

35.95 

a = b = 3.28,  

c = 5.26  

49.11  0.755  2.84  

 

2.63 

 

2.50  
ZnO-36  (100)  

 

(002) 

 

(101) 

31.51  

 

34.14 

 

36.04  

a = b = 3.28,  

c = 5.25  

49.10  0.755  2.84  

 

2.62 

 

2.49 

ZnO-37  (100)  

 

(002) 

 

(101) 

31.45 

 

34.11 

 

35.94  

a = b = 3.28,  

c = 5.26  

49.23  0.755  2.84  

 

2.63 

 

2.50 

ZnO-38  (100)  

 

(002) 

 

(101) 

31.46 

 

34.16 

 

35.95 

  

a = b = 3.28,  

c = 5.25  

49.17  0.755  2.84  

 

2.62 

 

2.50 

ZnO-39  (100)  

 

(002) 

 

(101) 

31.46  

 

34.14 

 

35.97 

a = b = 3.28,  

c = 5.25  

49.16  0.755  2.84 

 

2.62 

 

2.50  
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of the solvents are inversely related to each other.78 The boiling points of toluene, THF, 

ethanol, hexane and methanol are 110.63, 88, 78.29, 68, 64.78 respectively. Thus, the 

saturated vapor pressures of these solvents follow the reverse order.  

 
Figure 3.62. ZnO nanostructures (ZnO-35 to ZnO-39) obtained in different solvents: (a) methanol, 

(b) ethanol, (c) THF, (d) Toluene and (e) Hexane. 

A high saturated vapor pressure of the solvents like methanol, ethanol and hexane resulted in 

a limited growth of ZnO nuclei which gives rise to substantial nucleation of particles. The 

nanoparticles aggregated by clustering together to reduce the overall surface energy. On the 

other hand, when the solvents such as toluene and THF were used, which have relatively low 

saturated vapor pressures, anisotropic growth was favored to yield ZnO nanorods. Hence, the 

above results clearly indicated the role of saturated vapor pressure of the solvent in producing 

the ZnO nanostructures with different morphologies.  

Photoluminescence properties. In order to understand the luminescent properties of the ZnO 

nanostructures obtained in different solvents, the experiments were carried out with xenon 

lamp at an excitation wavelength of 350 nm. ZnO-35 showed three emission bands in the 

blue region of the visible spectrum whereas in case of ZnO-36 and ZnO-37, a broad blue 

emission band in the range of 410-460 nm has been obtained (Figure 3.63). Furthermore, 

similar result has been obtained for ZnO-38 except the blue region of the spectrum is wider 

here. However, ZnO-39 showed a similar result as obtained in the previous cases. The 
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intrinsic defects present in ZnO in the form vacancies of zinc and oxygen shows blue 

emission as a result of recombination of charge carriers.  

 

Figure 3.63. Photoluminescence spectra of ZnO-35 to ZnO-39. 

3.1.3 Fabrication via direct calcination 

ZnO nanostructures were successfully synthesized at high temperature of 700 oC in the tube 

furnace by direct annealing using Zn(II) coordination polymers [Zn2(bpma)2(adc)2]n, 

{[Zn2(bpea)2(adc)2]n and {[Zn2(bpta)2(adc)2]
.2H2O}n. The effect of different ligands presents 

in the precursors as well as the variation in the retention time during synthesis resulted in 

different morphologies of ZnO. Calcination in air at a temperature above the decomposition 

temperature of the polymers collapse the whole framework and yield ZnO. The metal ions 

with a standard reduction potential of 0.27 V or higher such as Co, Ni and Cu present in 

coordination polymers (CPs) form pure metal nanoparticles during calcination whereas metal 

ions with a reduction potential lower than 0.27 V such as Mg, Al, Mn, Zn or Cr tend to 

combine with the oxygen of the organic linker present in the polymer and form corresponding 

metal oxides.79-81 Since the reduction potential of Zn2+ is lower than 0.27 V and thus calcining 

at a temperature of 700 oC in the tube furnace zinc ions are unable to reduce to a zero 
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oxidation state. The three different ligands present in these CPs have a profound effect on the 

morphology of the obtained nanometal ZnO and their photocatalytic activities. The synthesis 

of these ZnO is given in scheme 3.14 to 3.16. These are fully characterized by PXRD, 

FESEM, Raman spectroscopy and UV-vis spectroscopy. ZnO were obtained bearing good 

photocatalytic properties.  

 

Scheme 3.14. Synthesis of ZnO-40 to ZnO-43.  

 

Scheme 3.15. Synthesis of ZnO-44 to ZnO-47. 
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Scheme 3.16. Synthesis of ZnO-48 to ZnO-51. 

Powder X-ray diffraction studies.  Figure 3.64 shows XRD patterns of all the powder 

samples from 6 h to 24 h. All the peaks could be clearly indexed to the hexagonal wurtzite 

phase of ZnO which matches well with the JCPDS card no of 36-1451. The observed peaks 

could be indexed to scattering from the (100), (002) and (101) planes and no other 

characteristic peak for any impurity was observed. This indicates high crystallinity and purity 

of the as-prepared ZnO samples.  

The lattice parameters (Table 3.18) for hexagonal ZnO nanoparticles were estimated from the 

following equation: 

1

𝑑2 
=  

4

3(ℎ2 + ℎ𝑘 +
𝑘2

𝑎2 )
+

𝑙2 

𝑐2
 

where a and c are the lattice parameters and h, k and l are the Miller indices and dh k l is the 

interplanar spacing for the plane (h k l). This interplanar spacing for the plane (h k l) can be 

calculated from Bragg’s law: 2d sin  = n  

The volume (V) of the unit cell for hexagonal system can be calculated from the following 

equation: 

                                                         V = 0.866 x a2 x c 

The atomic packing fraction can be calculated using the following equation:  

Atomic packing fraction (APF) =  
2𝜋𝑎

3√3 𝑐
 

The data obtained accordingly are given in Table 3.18. 
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  (a)                                                              (b) 
 

           
 

                              (c) 
 

 
 

Figure 3.64. PXRD patterns of as-synthesized ZnO nanostructures (a) ZnO-40 to ZnO-43, (b) ZnO-

44 to ZnO-47 and (c) ZnO-48 to ZnO-51.  
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Table 3.18. Lattice parameters for ZnO-40 to ZnO-51 

Sample  hkl  2θ values 

(degrees)  

Lattice constants  

   a, b, c (Å)  

Volume of     

unit cell (Å3)  

APF  d spacing  

(Å)  

ZnO-40  (100)  

 

(002) 

 

(101) 

31.50 

 

34.15 

 

35.98 

a = b = 3.28,  

c = 5.26  

49.15  0.755  2.84  

 

2.63 

 

2.50  

ZnO-41  (100)  

 

(002) 

 

(101) 

31.52 

 

34.17 

 

36.01  

a = b = 3.28,  

c = 5.25  

49.05  0.755  2.84  

 

2.62 

 

2.49 

ZnO-42  (100)  

 

(002) 

 

(101) 

31.49 

 

34.14 

 

35.97  

a = b = 3.28,  

c = 5.26  

49.23  0.755  2.84  

 

2.63 

 

2.50  
ZnO-43  (100) 

 

(002) 

 

(101)  

31.49  

 

34.15 

 

35.98  

a = b = 3.28,  

c = 5.25  

49.18  0.755  2.84  

 

2.62 

 

2.50 

ZnO-44  (100)  

 

(002) 

 

(101) 

31.43 

 

34.09 

 

35.91  

a = b = 3.29,  

c = 5.27  

49.45 0.755  2.85 

 

2.63 

 

2.50 

  

ZnO-45  (100)  

 

(002) 

 

(101) 

31.50  

 

34.16 

 

35.98 

  

a = b = 3.29,  

c = 5.26  

49.34 0.755 2.85  

 

2.63 

 

2.50 

ZnO-46  (100) 

 

(002) 

 

(101) 

  

31.45  

 

34.13 

 

35.96 

a = b = 3.29,  

c = 5.26  

49.76 0.755 2.85  

 

2.63 

 

2.50 
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Surface analysis. Figure 3.65 shows the SEM images of nanoparticles emerged after the heat 

treatment of [Zn2(bpma)2(adc)2]n to 700 oC after 6 hours of retention time. As a result of 

spheroidization process, the necks and grain boundaries started emerging between these 

particles. These particles continued to grow with a little variation in size up to 18 hours of 

retention time and eventually get assembled to produce nanorods (80 nm) after 24 hours of 

retention time. Whereas, ZnO microrods were obtained with the change in ligand from bpma 

to bpea following the same procedure. After 6 hours retention, the etching started from the 

top end of the microrods to overall erode downwards towards the c-axis as shown in Figure 

3.66a. As a result of fast etching from the corners the tips started emerging from the top ends 

of the microrods. With the increase in the retention time from 6 hours to 12 hours, the length 

of the tip increased. When the retention time was further extended to 18 hours, a decrease in 

the length of the microrods was observed; however, the diameters from the top and bottom 

ends of the rods changed very little. Finally, after 24 hours of retention, the tips started 
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disappearing to produce rods with hexagonal ends. Thus, it can be concluded that the 

shortening of microrods was observed as a result of retention which happens to be the 

dominant process instead of growth. When {[Zn2(bpta)2(adc)2]
.2H2O}n was calcined to 6 

hours, ZnO nanoparticles grew up to 50-70 nm and assembled into nanoscale polyhedrons 

shown in Figure 3.67a. With the elongation in time from 12 hours to 24 hours these 

nanoparticles continued to grow to produce nanoscale polyhedrons with a little variation in 

their sizes. Figure 3.68, 3.69 and 3.70 shows HRTEM images of nanospheres, microrods and 

polyhedrons of ZnO after 12 hours of retention time. The distance of 0.22-0.26 nm between 

the lattice fringes of ZnO nanostructures coincides with the distance between crystallographic 

planes of hexagonal wurtzite ZnO. The selected area electron diffraction (SAED) patterns 

shown in Figure 3.68c, 3.69c and 3.70c confirm the results of XRD patterns.  

 

Figure 3.65. FESEM images of (a) ZnO-40, (b) ZnO-41, (c) ZnO-42 and (d) ZnO-43. 
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Figure 3.66. FESEM images of (a) ZnO-44, (b) ZnO-45, (c) ZnO-46 and (d) ZnO-47. 

 

 

Figure 3.67. FESEM images of (a) ZnO-48, (b) ZnO-49, (c) ZnO-50 and (d) ZnO-51. 
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Figure 3.68. (a) Lattice fringe, (b), (c) HRTEM images and (d) SAED pattern of ZnO-41. 

 

 

Figure 3.69. (a) Lattice fringe, (b), (c) HRTEM images and (d) SAED pattern of ZnO-45. 
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Figure 3.70. (a) Lattice fringe, (b), (c) HRTEM image and (d) SAED pattern of ZnO-49. 

Raman studies. Raman spectroscopy is a nondestructive characterization technique to 

investigate the vibrational properties of nanomaterials. The vibrational spectra of the 

nanomaterials are greatly influenced by surface and size of the nanomaterials. The Raman 

scattering spectra of as prepared ZnO nanostructures are shown in Figure 3.71 with 785 nm 

laser light as an excitation source. For wurtzite phase ZnO which belongs to the space group 

P63mc group theory predicts the existence of the following optic modes: Гopt= 

A1+E1+2E2+2B1. A1 and E1 are polar modes whereas E2 modes are non-polar modes. All are 

Raman active modes except two B1 modes which are characterized as silent modes. The main 

dominant intense and sharp peak at around 436 cm-1 is assigned to E2 high mode of wurtzite 

ZnO and the peak at 325 cm-1 is associated with the second-order Raman spectrum 

originating from the Zone-boundary phonons.82 Since no peak at around 584 cm-1 was 

observed which clearly indicates the absence of defects in the as-prepared samples. 
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         (a)                                                                (b) 
 

 

 

        
                                          

                                        (c) 

 
 

Figure 3.71. Raman spectra of as-grown ZnO nanostructures (a) ZnO-40 to ZnO-43, (b) ZnO-44 to 

ZnO-47 and (c) ZnO-48 to ZnO-51.  

Optical properties. UV-visible absorption spectroscopy is widely being used technique to 

study the optical properties of the semiconductor nanoparticles. The size of the nanoparticles 

has a major role in changing the optical properties of the materials. Figure 3.72 represents the 

room temperature UV-visible absorption spectrum of the as-prepared ZnO samples. At a 

particular wavelength, a sharp decrease in the reflectance represents the uniform distribution 

of the particles in the sample.  
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(a)                                                                      (b) 

       
                                       

                                    (c) 

 
Figure 3.72. Solid state absorption spectra of (a) ZnO-40 to ZnO-43 where red is for ZnO-40, green 

colour is for ZnO-41, blue colour represents ZnO-42 and black colour represents ZnO-43, (b) ZnO-

44 to ZnO-47 where red is for ZnO-44, green colour is for ZnO-45, blue colour represents ZnO-46 

and black colour represents ZnO-47, (c) ZnO-48 to ZnO-51 where red is for ZnO-48, green colour is 

for ZnO-49, blue colour represents ZnO-50 and black colour represents ZnO-51 where (inset) plot is 

between  (h) versus (h) 

 

The direct band gap energy (Eg) for the ZnO samples is determined from the graph of h vs 

(h) for the absorption coefficient  which is related to the band gap Eg as (h) = Ed (h - 
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Eg)
83, where h is the photon energy and Ed is a constant. The extrapolation of the linear 

portion of the curve to absorption equal to zero gives the value of band gap energy Eg. The 

inset in the Figure 3.72 shows the band gap energies of the ZnO nanostructures. The band gap 

values of these nanostructures are given in Table 3.19. The average particle sizes of the ZnO 

samples can be calculated from the absorption spectra by using the method proposed by 

Meulenkamp:84 

1240

1/2
= 𝑎 +

𝑏

𝐷2
−

𝑐

𝐷
 

where a = 3.301, b = 294.0 and c = -1.09, 1/2 (nm) is the wavelength at which absorption 

becomes half of that of the shoulder, D (Å) is the diameter of the particle. Table 3.20 shows 

the particle sizes of the as-prepared ZnO samples. 

Table 3.19. Band gap values of ZnO-40 to ZnO-51 

Sample  Band Gap (Eg) (eV)  

ZnO-40 3.19  

ZnO-41 3.18  

ZnO-42 3.20  

ZnO-43  3.19  

ZnO-44  3.15  

ZnO-45 3.03  

ZnO-46  3.15  

ZnO-47  3.17  

ZnO-48  3.18  

ZnO-49  3.19  

ZnO-50  3.19  

ZnO-51  3.20  
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Table 3.20. Calculated particle sizes of ZnO-40 to ZnO-51 from Meulenkamp's equation 

Sample Particle Size (nm) 

ZnO-40 67 

ZnO-41 67 

ZnO-42 73 

ZnO-43  171 

ZnO-44  56 

ZnO-45 55 

ZnO-46  56 

ZnO-47  62 

ZnO-48  60 

ZnO-49  68 

ZnO-50  70 

ZnO-51  74 

Photoluminescence properties. At nanoscale, the physical properties of the semiconducting 

materials undergo drastic changes due to “quantum size effects”. As a result of quantum 

confinement, the band gap energy of the materials increases which can be clearly observed 

from the photoluminescence spectra for such materials. Further, the photocatalytic 

performance of as-prepared ZnO samples is closely associated with the surface defects. The 

surface defects or the surface conditions can be effectively studied by measuring their optical 

properties. Figure 3.73 shows the photoluminescence spectrum of ZnO samples with an 

excitation wavelength of 320 nm at room temperature. All the samples showed a strong and 

broad emission band at around 395 nm which corresponds to a near band gap excitonic 

emission originating from the radiative recombination of excitons whereas the emission band 

at around 508 nm in some of the samples originates from deep level transition in the surface 

defects85. This emission is caused by the radiative recombination of charge carriers due to the 

oxygen vacancies and the interstitials of O and Zn atoms. High crystal quality can be 

observed in some of the samples where only the UV emission is centered around 398 nm. 

Energy level diagrams for ZnO nanostructures are shown in Figure 3.74. 
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(a)                                                                             (b) 

          
 

                                        (c) 

 
Figure 3.73. Room temperature photoluminescence spectra of (a) ZnO-40 to ZnO-43, (b) ZnO-44 to 

ZnO-47, (c) ZnO-48 to ZnO-51. 
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Figure 3.74. Energy level diagrams for ZnO-40 to ZnO-51. 

Photocatalytic Activity. The cationic dye, methylene blue (MB) was used as a contaminant 

to study the photocatalytic activity of the as-prepared ZnO samples. Owing to the absorption 

in the visible region MB has been extensively used as an indicator to verify the photocatalytic 

activities of the samples. The characteristic absorption peak at 663 nm for methylene blue dye 

is used to monitor the photocatalytic activities of the samples. A 100 mL of reaction mixture 

containing aqueous solution of methylene blue (9.37x10-2 M) and catalytic amount (0.2 g/L) 

of ZnO samples are taken in 15 mL glass vials and the mixtures were magnetically stirred in 

the dark for 30 mins to achieve absorption-desorption equilibrium and after that the samples 

were irradiated under UV light. With time evolution, the decolorization of MB was observed 

in terms of change in intensity of max shown in Figure 3.75, 3.76 and 3.77. The percentage of 

decolorization was calculated as follows: 86 

% decolorization = [
𝐴0−𝐴𝑡

𝐴0
] x 100 

where Ao is the initial absorbance and At is the absorbance after irradiation at various time 

intervals. The photodegradation of methylene blue can be considered as a Langmuir-

Hinshelwood first order kinetics reaction which can be expressed as: ln (C0/C) = Kt, where K 

is the reaction rate constant. A comparison of the adsorption behaviors of methylene blue dye 

on the surface of ZnO samples is shown in Figure 3.78. The degradation ability and the rate 

constants of the ZnO-40 to ZnO-51 are given in Table 3.21, 3.22 and 3.23. It was observed 

that the ZnO samples calcined for 12 hours showed better photocatalytic performance than 
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rest of the samples. From the photocatalytic studies of MB, it can be concluded that the rate 

of degradation was found to be faster for ZnO synthesized from bpta ligand with the retention 

time of 12 hours. The percent degradation of MB using as-grown ZnO catalysts follows the 

order: ZnO-49 > ZnO-41 > ZnO-45. 

 

Figure 3.75. Absorption spectra of MB using as-grown ZnO-40 to ZnO-43 (a-d) catalysts for 8 hours 

under UV light. 
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Figure 3.76. Absorption spectra of MB using as-grown ZnO-44 to ZnO-47 (a-d) catalysts for 8 hours 

under UV light. 

 
Figure 3.77. Absorption spectra of MB using as-grown ZnO-48 to ZnO-51 (a-d) for 8 hours under 

UV light. 
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Figure 3.78. Comparison of photocatocatalytic degradation of MB over as-grown ZnO catalysts. 

Table 3.21. Percentage decolorization of ZnO-40 to ZnO-43 and their rate constants at different time 

intervals 

Time 

(min) 

% 

Decoloriz

-ation 

ZnO-40 

Rate 

Constant 

(min
-1

) 

% 

Decoloriz

-ation 

ZnO-41 

Rate 

Constant 

(min
-1

) 

% 

Decoloriz

-ation 

ZnO-42 

Rate 

Constant 

(min
-1

) 

% 

Decoloriz

-ation 

ZnO-43 

Rate 

Constant 

(min
-1

) 

0 0 0 0 0 0 0 0 0 

60 29 0.00565 40 0.00852 30 0.00586 42 0.00902 

120 42 0.00452 49 0.00562 38 0.00402 60 0.00775 

180 47 0.00351 63 0.00554 45 0.00335 65 0.00592 

240 58 0.00361 71 0.00514 52 0.00312 72 0.00538 

300 64 0.00342 79 0.00529 62 0.00324 75 0.00461 

360 69 0.00322 86 0.00548 69 0.00323 78 0.00427 

420 72 0.00303 90 0.00553 70 0.00286 81 0.00393 

480 76 0.00301 91 0.00502 73 0.00271 81 0.00343 
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Table 3.22. Percentage decolorization of ZnO-44 to ZnO-47 and their rate constants at different time 

intervals 

Time 

(min)  

%  

Decolori

-zation  

ZnO-44  

Rate 

Constant 

(min
-1

)  

%  

Decolori

-zation  

ZnO-45  

Rate 

Constant  

(min
-1

)  

%  

Decolori

-zation  

ZnO-46 

Rate 

Constant 

(min
-1

)  

%  

Decolori

-zation  

ZnO-47 

Rate 

Constant 

(min
-1

)  

0  0  0  0  0  0  0  0  0  

60  13  0.00236  13  0.00236  9  0.00163  2  0.00391  

120  14  0.00131  22  0.00211  16  0.00146  8  0.00251  

180  18  0.00108  27  0.00173  27  0.00176  14  0.00207  

240  31  0.00154  34  0.00172  33  0.00167  19  0.00177  

300  35  0.00143  38  0.00160  35  0.00144  23  0.00160  

360  40  0.00143  46  0.00172  38  0.00132  31  0.00161  

420  47  0.00151  54  0.00185  42  0.00129  32  0.00142  

480  49  0.00143  60  0.00191  44  0.00121  35  0.00135  

 

Table 3.23. Percentage decolorization of ZnO-48 to ZnO-51 and their rate constants at different time 

intervals 

Time 

(min)  

%  

Decolori

-zation  

ZnO-48  

Rate 

Constant 

(min
-1

)  

%  

Decolori

-zation  

ZnO-49  

Rate 

Constant 

(min
-1

)  

%  

Decolori

-zation  

ZnO-50 

Rate 

Constant 

(min
-1

)  

%  

Decolori

-zation 

ZnO-51 

Rate 

Constant 

(min
-1

)  

0  0  0  0  0  0  0  0  0  

60  15  0.00272  55  0.01353  26  0.00503  51  0.02212  

120  20  0.00190  67  0.00933  34  0.00353  63  0.01337  

180  28  0.00186  76  0.00800  44  0.00318  72  0.01037  

240  31  0.00154  81  0.00688  49  0.00285  76  0.00850  

300  35  0.00146  84  0.00613  53  0.00254  80  0.00743  

360  38  0.00134  85  0.00533  59  0.00245  84  0.00677  

420  40  0.00122  87  0.00500  63  0.00237  85  0.00599  

480  43  0.00119  93  0.00543  65  0.00220  86  0.00536 
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Adsorption Dynamics 

To identify the type of adsorption mechanism in order to determine the effectiveness of 

sorption of ZnO samples onto the MB dye, three different models were studied to predict the 

adsorption kinetics87 of ZnO samples on methylene blue dye (MB). These kinetic models 

included Elovich’s, Intra-particle diffusion and Pseudo-second order. 

Elovich’s equation: 

Elovich’s equation is used to describe the second-order kinetics which involves the 

chemisorption process but no specific mechanism for adsorbate-adsorbent can be proposed 

from the application of this equation. This model indicates how strong the adsorbates are held 

on the surface of adsorbents.88-89 The linear form of the equation is proposed by Chien and 

Clayton90 which can be expressed as follows: 

𝑞𝑡 =
𝑙𝑛𝑎𝑒 𝑏𝑒

𝑏𝑒
+  

ln 𝑡

𝑏𝑒
 

where ae is the initial adsorption rate (mg/g min), and the parameter be is related to the extent 

of surface coverage and activation energy for chemisorptions (g/mg). These constants can be 

obtained from the slope and intercept of the plot of qt vs ln(t). The plots of the samples fitted 

by this equation are shown in (Figure 3.79 to 3.81). The coefficient of regression values 

clearly indicates that the data is fitting well into this model. 

 
Figure 3.79. Elovich’s kinetic model of ZnO-40 to ZnO-43 (a-d) for the removal of MB dye. 
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Figure 3.80. Elovich’s kinetic model of ZnO-44 to ZnO-47 (a-d) for the removal of MB dye. 

 

 

Figure 3.81. Elovich’s kinetic model of ZnO-48 to ZnO-51 (a-d) for the removal of MB dye. 
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Table 3.24. Fitted elovich’s kinetic model parameters for the removal of MB dye 

 

Sample  Initial adsorption 

rate,  

ae (mg/g min)           

Activation energy,  

be (g/mg)  
R

2 
 

ZnO-40  0.0174  0.6993  0.9799  

ZnO-41  0.1016  0.6137  0.9714  

ZnO-42  0.0709  0.7451  0.9576  

ZnO-43  0.0152  1.7436  0.8867  

ZnO-44  0.0155  1.4066  0.9151  

ZnO-45  0.0181  1.1362  0.9433  

ZnO-46  0.0169  1.7355  0.9783  

ZnO-47  0.0092  1.6708  0.9463  

ZnO-48  0.0144  2.9282  0.9708  

ZnO-49  0.1886  2.4084  0.9873  

ZnO-50  0.0265  2.1105  0.9835  

ZnO-51  0.1362  2.3502  0.9932  

Intraparticle diffusion model: 

This model describes that the rate of adsorption process is controlled by the speed of 

diffusion of adsorbate into the adsorbent.91-92 The initial rate of intra-particle diffusion is 

given by Webber and Morris93 and can be expressed as: 

𝑞𝑡 = 𝑘𝑖𝑡1/2 

If the plot of qt vs t1/2 is linear and passes through the origin then the rate of adsorption is 

controlled by this model. It is observed that other kinetic models may be operating when the 

plots don’t pass through the origin. The plots of the samples fitted according to this model are 

shown in (Figure 3.82 to 3.84).  
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Figure 3.82. Intraparticle diffusion kinetic model of ZnO-40 to ZnO-43 (a-d) for the removal of MB 

dye. 

 
Figure 3.83. Intraparticle diffusion kinetic model of ZnO-44 to ZnO-47 (a-d) for the removal of MB 

dye. 
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Figure 3.84. Intraparticle diffusion kinetic model of ZnO-48 to ZnO-51 (a-d) for the removal of MB 

dye. 

Table 3.25. Fitted intraparticle diffusion kinetic model parameters for the removal of MB dye 

Sample Rate constant, 

Ki (mg/g min1/2) 

Intercept, C R2 

ZnO-40 0.2075 0.1886 0.98983 

ZnO-41 0.2367 0.5735 0.98353 

ZnO-42 0.1963 0.2278 0.98587 

ZnO-43 0.0740 -0.1240 0.96310 

ZnO-44 0.1033 -0.5011 0.92722 

ZnO-45 0.1179 -0.5315 0.97061 

ZnO-46 0.0894 -03113 0.97081 

ZnO-47 0.0880 -0.6432 0.98671 

ZnO-48 0.0496 -0.0113 0.98950 

ZnO-49 0.0590 0.9914 0.94946 

ZnO-50 0.0687 0.1162 0.99412 

ZnO-51 0.0603 0.8694 0.94961 
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Pseudo-second-order model: 

When the rate of sorption follows the second order mechanism, the pseudo-second order rate 

equation is represented by its linear form as shown below: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+  
𝑡

𝑞𝑒
 

where k2 is the rate constant of pseudo-second-order adsorption (g/mg min) and qt (mg/g) is 

the amount of adsorbate retained at time (t).  

The initial adsorption rate, h, (mg/g min) is expressed as: 

ℎ = 𝑘2  𝑞𝑒
2 

If the plot of t/qt versus t gives a linear relationship the constants k2 and h can be determined 

from the intercept and slope of the line obtained from the plot. The surface adsorption 

involving chemisorption is the rate limiting step for this process.94-96 The removal of the dye 

from the aqueous solution is due to the physicochemical interactions between the phases. 

(Figure 3.85, 3.86 and 3.87) shows the plots fitted using this model. From the correlation 

coefficients it can be concluded that this model has the best agreement with the experimental 

data. 

 
 Figure 3.85. Pseudo second order kinetic model of ZnO-40 to ZnO-43 (a-d) for the removal of MB 

dye. 
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Figure 3.86. Pseudo second order kinetic model of ZnO-44 to ZnO-47 (a-d) for the removal of MB 

dye. 

    

Figure 3.87. Pseudo second order kinetic model of ZnO-48 to ZnO-51 (a-d) for the removal of MB 

dye. 
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Table 3.26. Fitted pseudo-second-order kinetic model parameters for the removal of MB dye 

Sample  Initial 

adsorption rate,  

h (mg/g min)           

Rate constant, 

K2 (g/mg)  
R

2 
 

ZnO-40  0.0343  0.000864  0.9848  

ZnO-41  0.0476  0.000893  0.9845  

ZnO-42  0.0332  0.000919  0.9712  

ZnO-43  0.0059  0.000516  0.9756  

ZnO-44  0.0083 0.002217  0.9227 

ZnO-45  0.00958  0.00132  0.9923 

ZnO-46  0.00603 0.000544  0.9940 

ZnO-47  0.00385  0.003342 0.9923 

ZnO-48  0.0069  0.003064  0.9827 

ZnO-49  0.0431  0.007101  0.9965  

ZnO-50  0.0126  0.002851  0.9876  

ZnO-51  0.0385  0.006844  0.9989  
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3.2 CdS NANOSTRUCTURES 

Chalcogenides, such as CdS, is one of the most important semiconductors with a direct 

band gap of 2.43 eV at room temperature and find its applications in the future 

optoelectronic devices such as photodetectors, solar cells, photovoltaic devices, 

photoluminescence sensors and light emitting diodes97-114 due to the tunable electronic 

band gap depending on the size and shape of nanocrystals. It also finds its applications in 

chemo sensing, biosensing and bioimaging. Various synthetic methods have been used to 

synthesise CdS nanoparticles including soft chemical reaction, solid state reaction, sol-gel 

process, hydrothermal synthesis, sonochemical preparation, microwave heating and 

reverse micelle.115-120 Among all the methods, the hydrothermal technique is a promising 

one to control the properties of nanocrystallites of CdS, such as crystal phase, size, 

morphology and luminescence. This method also presents many advantages over other 

growth processes, such as the use of simple equipment, low process temperature, catalyst 

free growth, low cost, high purity, environment friendly and less hazardous.121-123 

3.2.1 Effect of solvent 

In this study, we have designed a novel facile template-free and surfactant-less 

solvothermal method under mild conditions (120 oC for 6 h) for the synthesis of pure CdS 

nanostructures (CdS-1 to CdS-5) with different morphologies using a 1D coordination 

polymer of Cd(II) {[Cd2(bpma)2(adc)2]
.2H2O}n (where bpma = N,N’-bis(pyridylmethyl) 

amine and adc = acetylene dicaboxylate) as the source of Cd2+ ions and thiourea as the 

source of sulphide ions in different solvents (methanol, ethanol, t-butanol and water). For 

comparison, the use of Cd(OAc)2.2H2O as the precursor in methanol under the same 

conditions provides aggregated microspheres of CdS. Two such morphologies which are 

rare for any other nanomaterials, namely walnut-shaped multi-hollow hierarchical 

microspheres and honeycomb like porous nanostructures, are discovered for CdS for the 

first time in methanol and t-butanol. There is a tremendous effect on the mean size with 

the diversity of these nanostructures. 

Synthesis of CdS nanostructures. CdS nanoparticles were synthesised using 

{[Cd2(bpma)2(adc)2]
.2H2O}n as the Cd(II) source and thiourea as the sulphur source in 

four different solvents (methanol, ethanol, t-butanol or water). For a typical synthesis, 

0.034 mmol of {[Cd2(bpma)2(adc)2]
.2H2O}n and 0.34 mmol thiourea (in the ratio 1:10) 

were added in a 7 mL Teflon reactor containing 3 mL of solvent. The hydrothermal 

reaction was carried out at 120 oC for 6 h. The as-synthesised mixture was centrifuged at 
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4000 rpm for 15 minutes to separate the solid from the solvent followed by washing the 

solid several times with the same solvent used in the synthesis. A solid collected via 

filtration was dried in air at 60 oC for 3 hours to obtain the powdered CdS nanoparticles of 

fine size (Scheme 3.17 and 3.18). 

 

Scheme 3.17. Synthesis of CdS-1 to CdS-4. 

 

Scheme 3.18. Synthesis of CdS-5. 

Powder X-ray diffraction studies. The purity and crystalline phase of hydrothermally 

synthesised CdS nanostructures were analysed by PXRD. The PXRD patterns of CdS 

samples synthesised in different solvents is shown in Figure 3.88. All the peaks could be 

clearly indexed to cubic phase CdS (JCPDS 75-1546). The strong and sharp diffraction 

peaks from the (111), (220) and (311) facets suggests that the as-prepared samples are 

well crystallised.124 It can be clearly observed that there is no formation of (311) plane in 

the alcoholic solvents (Figure 3.88a) whereas its formation can be seen in aqueous 

solution and methanol (Figure 3.88b).  
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                                         (a)                                                              (b) 

Figure 3.88. (a) PXRD patterns of CdS-1 to CdS-3, (b) PXRD patterns of CdS-4 and CdS-5. 

Surface analysis. The surface analysis of the as prepared samples was done by FESEM, 

HRTEM and AFM. The overall growth of CdS nanostructures were observed after 6 hours 

shown in Figure 3.89a-e. The rare morphology of walnut like multi-hollow hierarchical 

structures in CdS-1 could be clearly observed. The elemental mapping and EDX spectrum 

are shown in Figure 3.89f. The hierarchical structure is composed of dense and short 

nanofibers with 172 nm diameter.  

 

Figure 3.89.  FESEM images of (a) walnut like multi-hollow hierarchical structures (CdS-1), (b) 

hollow nanospheres (CdS-2), (c) honeycomb like porous nanostructures (CdS-3), (d) aggregated 

nanospheres (CdS-4) (e) aggregated microspheres (CdS-5), (f) Elemental mapping and EDX 

spectrum of walnut like multi-hollow hierarchical structures (CdS-1). 

These nanofibers are connected to one another to form a sophisticated non-woven mesh. 

The surface of the material becomes more accessible with such network structure and is 

favourable for the applications as catalytic and sensing materials.  Similarly, aggregated 

hollow nanospheres were observed in CdS-2 whereas CdS-3 yielded porous honeycomb 
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like CdS nanostructures. Aggregated nanospheres were obtained in CdS-4 and aggregated 

microspheres were seen in CdS-5. The SEM image gives the size of aggregated CdS 

nanoparticles and not the mean crystallite size. For further investigation of the 

morphology and crystallographic features, HRTEM measurements of CdS-1 and CdS-3 

were performed. The low and high resolution TEM images show that the as-synthesised 

CdS samples are grown in high densities (Figure 3.90). The lattice spacing of 0.31 nm and 

0.20 nm corresponds to d-spacing between the adjacent crystallographic faces of walnut 

like hierarchical structures. Whereas the lattice spacing of 0.33 nm is observed for honey-

comb structure (Figure 3.90 (b)). The diffraction planes obtained from SAED pattern 

matches well with the XRD patterns in both the cases. The EDX spectra of CdS-1 to 

CdS-5 is shown in Figure 3.91 to 3.95.  

 

 

Figure 3.90. (a) HRTEM image, (b) the lattice fringe, (c) SAED pattern, (d) 2D AFM image, (e) 

3D AFM image and (f) height profile of walnut like multi-hollow hierarchical structures of CdS-1. 

 
Figure 3.91. EDX spectrum of CdS-1. 
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Figure 3.92. EDX spectrum of CdS-2. 

 
Figure 3.93. EDX spectrum of CdS-3. 

\

 
Figure 3.94. EDX spectrum of CdS-4. 

 
Figure 3.95. EDX spectrum of CdS-5. 

Furthermore, spherical walnut on the mica were observed for 1 by AFM where the section 

analysis profiles of the ring shaped assemblies of CdS-1 showed height of 4-4.5 nm and 
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average diameter of 150-200 nm (Figure 3.90 (f)) and spherical honeycomb on the mica 

were observed for CdS-3 by AFM where the section analysis profiles of the ring shaped 

assemblies of CdS-3 showed height of 20-22 nm and average diameter of 80-100 nm 

(Figure 3.96e).  

 

Figure 3.96. (a) HRTEM image, (b) the lattice fringe, (c) SAED pattern, (d) 2D AFM image and 

(e) 3D AFM image; (inset) height profile of honeycomb like porous nanostructures of CdS-3. 

Formation mechanism of different CdS nanostructures. The formation of walnut like 

hierarchical structures for CdS-1 can be explained by Ostwald Ripening Mechanism. 

Ostwald Ripening is an observed phenomenon in the colloidal dispersions and 

suspensions with polydisperse particle size distribution which describes the formation of 

larger particles at the expense of smaller particles. Initially, the nucleation starts in the 

reaction mixture followed by aggregation of the nanocrystals. Since larger particles are 

more energetically stable than the smaller particles, there is a gradual disappearance of 

smaller particles and eventually the large particles further grow in size with the progress 

of time. The formation of nanofibers was also observed in the reaction mixture at this 

stage. These nanofibers form a network outside the microspheres which explains the 

formation of walnut like hierarchical structures (Figure 3.97). Whereas, in case of CdS-2 

the aggregation of CdS particles give rise to the formation of solid sphere. Being highly 

soluble the small CdS particles slowly dissolve and diffuse into the surrounding solution 

at this stage. This leads to increase in the concentration of Cd2+and S2- ions in ethanol 



129 

 

medium. With increased concentration levels, new CdS particles gets formed and attached 

to the pre-existing CdS particles on its exterior layer which explains the internal CdS 

dissolution and the growth of exterior shell forming a hollow CdS microsphere (Figure 

3.97). The growth mechanism of honeycomb structures of CdS-3 in t-BuOH can be well 

explained as follows: Initially, the nucleation occurs in the supersaturated solution which 

leads to the formation of CdS nuclei. The concentration of these CdS nuclei gets reduced 

and the formation of hexagonal nanoparticles takes place by Ostwald Ripening 

mechanism. These hexagonal nanoparticles grow anisotropically in t-BuOH to form a 2D 

thin-layered CdS nanosheet by oriented attachment. As the reaction proceeds further, a 2D 

growth of these nanoparticles leads to the formation of even bigger sheets and the self-

organisation of these nanosheets form honeycomb structures with cavities. So far, this rare 

morphology has not been reported for CdS. Similarly, CdS-4 and CdS-5 follows the 

Ostwald Ripening mechanism where the formation of aggregated nanospheres and 

microspheres can be clearly observed. The above-mentioned methods for the formation of 

these CdS nanostructures using different solvents are cheap, environment friendly and can 

be obtained in very less time. 

 

Figure 3.97. Mechanism of formation of hollow spheres, microspheres and honeycomb like 

nanostructures. 
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Optical properties. Absorption spectra in the UV-VIS of CdS nanostructures (CdS-1 to 

CdS-3) prepared in different solvents are displayed in Figure 3.98. The blue shift in the 

absorption of the samples in comparison with that of bulk CdS (515 nm) can be attributed 

to quantum confinement effect. A similar observation of blue shift in the absorption edge 

has been reported for CdS microspheres (walnut like hierarchical structures), which 

clearly suggests that the absorption is mainly size dependent and the hierarchical CdS 

microspheres exhibit the activity of their nanoscale building blocks. In crystalline 

semiconductors, the direct optical band gap energies can be obtained from absorption 

coefficients data as a function of wavelength using the ‘’Tauc relation’’125-126 as shown in 

equation 1: 

𝛼(ℎ𝑣) = 𝐵(ℎ𝑣 − 𝐸𝑔𝑎𝑝)                       (1) 

where Egap, B, and h𝑣 are the optical gap, constant, and incident photon energy, 

respectively; where  is the absorption coefficient, h is the photon energy, B is the band 

form parameter, Egap is the optical band gap of the nanoparticles, and n=1/2 for direct band 

gap and 2 for indirect band gap. It this case, n=1/2 as CdS is a direct band gap 

semiconductor. Therefore, the direct band gap values were obtained from the plots of (h)2 

versus (h) and extrapolating the straight portion of the graph to (h) axis. 

 

     Figure 3.98. Solid state absorbance of CdS-1 to CdS-3 where (inset) plot of (h) versus (h). 

Using the above band gap calculations, the band gap values of CdS-1 to CdS-3 

synthesised in different solvents were determined as 3.04 eV, 3.04 eV and 2.43 eV as 
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shown in Figure 3.98.  Thus, it can be concluded that the band gap energies of CdS 

nanostructures remains same in both methanol and ethanol whereas it decreases in t-

BuOH. Further, the band gap energies were found to be almost same for CdS-3 and CdS-

4 (2.45 eV) but for CdS-5 (2.55 eV) (Figure 3.99), the value was found to be close to 

CdS-1 and CdS-2.  

 

Figure 3.99. Solid state absorption spectra of CdS-4 to CdS-5 where (inset) plot of (h) versus 

(h) 

Photoluminescence properties. The emissions from the nanoparticles prepared in 

different solvents CdS-1 to CdS-3 revealed blue emission bands at 427, 421 and 431 nm 

with a blue shift as shown in Figure 6 compared to bulk CdS which show emission band 

at 560 nm.127 This shift can be attributed due to quantum size effect. The dominant blue 

emission from the CdS samples can be assigned to the recombination of free charge 

carriers at the surface defect sites of the CdS nanocrystals. Both shallow trap 

luminescence and exciton luminescence contribute to the broad luminescence in CdS-1 to 

CdS-3 (Figure 3.100a). The strong intensity of photoluminescence indicates that the 

surface states remain very shallow, as it is reported that the quantum yields of band edge 

will decrease exponentially with increasing depth of surface state energy levels.128 The 

peaks at 410 nm in CdS-4 (Figure 3.100b) corresponds to band edge luminescence which 

is due to the recombination of excitons in the mostly delocalised states in nanoparticles 

and it determines the crystalline nature of nanoparticles. For CdS-5, emission bands at 

435, 461 and 585 nm are observed (Figure 3.100c). The emission in the range 550-650 nm 

shows the well-known green emission band in the CdS nanoparticles.129 The 
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photoluminescence spectrum in CdS-5 consists of many emission peaks indicating broad 

particle size distribution in it. 

 
                                          (a)                                                               (b) 

 
(c) 

Figure 3.100. Photoluminescence spectra of CdS-1 to CdS-5. 

Photocatalytic activity of CdS nanostructures. In light of the results obtained from UV-

VIS absorption and Photoluminescence measurements, the CdS nanostructures 

synthesized in different solvents showed enhanced photocatalytic performance in UV light 

illumination. The photocatalytic activity of samples was estimated by monitoring the 

decomposition of MB aqueous solution. The intensity of the characteristic absorption peak 

at 663 nm decreased as the irradiation proceeded with a change in the color. Figure 

3.101(a-e) shows the plot of degradation ability of the samples by monitoring the 

concentration of methylene blue solution at 663 nm in which C/Co stands for the 

concentration ratio after and before a certain length of reaction time. The approximate 

linear relationship of ln (Co/C) versus irradiation time t for different samples indicates the 

photodegradation process of methylene blue which can be considered as a Langmuir-
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Hinshelwood first order kinetics reaction due to low concentration of the substrate.130 Its 

kinetics can be expressed as follows: ln (Co/C) = Kt, where K is the degradation reaction 

rate constant. The kinetics of the degradation is shown in Figure 3.101f. The apparent 

reaction rate constants for 2.307 mmol of catalyst (CdS-1 to CdS-5) are determined as 

1.17 x 10-2, 1.07 x 10-2, 0.63 x 10-2   min-1, 0.80 x 10-2 min-1 and 0.20 x 10-2 min-1, 

respectively. Whereas it is 0.01 x 10-2 min-1 without the catalyst. The percent degradation 

efficiency of 88% was observed in 3 hours in UV conditions for CdS-1 whereas it was 

83%, 68%, 76% and 33% for CdS-2, CdS-3, CdS-4 and CdS-5 respectively. Only 1% 

degradation was observed in 3 hours for the blank sample without the catalyst under the 

same conditions. A comparison with the literature values reveals that the rate constant 

value for walnut like hierarchical structures was found to be greater than PVP-capped 

nanoparticles, hollow microspheres, nanospheres but less in comparison to agglomerated 

nanoparticles and nanospheres131-135 (Table 3.27).  

Table 3.27. Comparison of rate constant values of as-synthesised CdS-1 to CdS-5 with literature 

values 

Morphology Rate constant 

(min-1) 

Time Reference 

Agglomerated 

Nanoparticles 

1.57 x 10-2 120 min 135 

PVP Capped Nanoparticles 0.29 x 10-2 360 min 131 

Hollow microspheres 1.09 x 10-2 210 min 132 

Nanospheres 1.03 x 10-2 90 min 133 

Nanospheres 1.78 x 10-2 180 min 134 

Walnut shaped hierarchical 

microspheres (Rare 

morphology) (CdS-1) 

1.17 x 10-2 180 min This work 

Hollow nanospheres (CdS-

2) 

1.07 x 10-2 180 min This work 

Honeycomb nanostructures 

(Rare morphology) (CdS-

3) 

0.63 x 10-2 180 min This work 

Aggregated nanospheres   

(CdS-4) 

0.80 x 10-2 180 min This work 

Aggregated microspheres  

(CdS-5) 

0.20 x 10-2 180 min This work 
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Further, the rate constant values for the hollow nanospheres are almost similar to those of 

hollow microspheres reported in literature. Whereas, the rate constant values for 

honeycomb nanostructures, aggregated nanospheres and aggregated microspheres were 

found to be less than the reported literature values. In general, the enhanced specific area 

and improved charge separation results in high photocatalytic activity. Also, the 

adsorption and desorption on the surface play significant role in enhancing the activity of 

catalysts. For an improved photocatalytic activity, the catalyst should have high 

crystallinity with lesser defects for these defects become the cause of recombination of 

electrons and holes which may result in lowering the system’s photocatalytic activity. It 

has been observed that CdS nanostructures possess high crystallinity which results in the 

high photocatalytic activity of these nanostructures. 

 

Figure 3.101. (a-e) Photodegradation of methylene blue by CdS-1 to CdS-5, (f) Kinetics of 

photocatalytic degradation of methylene blue over CdS-1 to CdS-5. 

Proposed mechanism for the degradation of methylene blue. With the UV light 

illumination, e-/h+ pairs (equation 1) are generated in the CdS nanostructures. The 

photoexcited electrons migrate to the surface of the catalyst. Owing to the high 

crystallinity of the CdS nanostructures, the resistance to the electron migration is 

relatively slow so as to reduce the recombination of e-/h+ pairs. The electrons get 

accumulated on the surface of CdS which are then scavenged by dissolved oxygen 

molecules in water to yield highly oxidative species such as the superoxide radical anion 
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(.O2
-) and hydroxyl radical (.OH) (equation 3-6), which can mineralize organic substrates 

effectively (Scheme 3.19). These oxidative species can easily diffuse out of the catalyst to 

attack the methylene blue dye. The oxidative species are believed to be responsible for 

decomposing methylene blue which leads to decolouration of dye with time. The 

proposed initial elementary reactions are listed in equations (1 - 6).136-138  

 

Scheme 3.19. Reactions involved on the surface of catalyst. 

 

Scheme 3.20. Proposed mechanism for the degradation of methylene blue. 

During the course of photocatalysis the absorption edge of methylene blue shows a blue 

shift to shorter wavelength as shown in Figure 3.89. This is due to the fact that methylene 

blue molecules get oxidised and converted into smaller molecules with lower degree of -

 conjugation. The λmax of the absorption spectra of these molecules produced during the 

degradation of methylene blue is shorter than that of methylene blue molecules and 
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further oxidation gives rise to opening of aromatic rings which consequently leads to 

degradation of methylene blue to CO2 and H2O as shown in scheme 3.20.  

Solid-state reflectance experiments suggested that the band gap energies of CdS 

nanostructures follow the order: CdS-1 = CdS-2 > CdS-5 > CdS-4 > CdS-3. 

Furthermore, the CdS nanostructures CdS-1 to CdS-3 showed broad blue emission bands 

in the range 410-440 nm. Whereas, CdS-4 showed trap-state emission arising from the 

surface defect sites at 464 nm and a feature of green emission band was observed for 

CdS-5 at 585 nm.  

The activity for CdS-1 to CdS-4 was found to be more compared to CdS-5 which implies 

that an enhancement in the photocatalytic activity was observed when CdS was obtained 

from 1D coordination polymer than that obtained from Cd(OAc)2
.2H2O as the precursor 

under similar conditions. It has been observed that the photocatalytic activity of CdS-1 to 

CdS-5 follows the order: CdS-1 > CdS-2 > CdS-4 > CdS-3 > CdS-5. The degradation 

rate of 1.17 x 10-2 min-1 for walnut-like multi-hollow CdS microspheres CdS-1 was found 

to be faster among other CdS nanostructures CdS-2 to CdS-5.  

3.2.2 Effect of concentration  

In this study, we have synthesized CdS nanoparticles hydrothermally by changing the 

concentration of precursors to observe a change in the morphology and optical properties 

of samples. Inorganic metal coordination polymer {[Cd2(bpma)2(adc)2]
.2H2O}n was 

utilized as a cadmium source and  thiourea (sulphur source) was added in different ratios 

(1:3, 1:5, 1:7, 1:10) to the polymer at 180 oC for 24 hours to yield nanocrystals with varied 

particle sizes ranging from 20 to 90 nm. All the CdS samples (CdS-6 to CdS-9) are 

nanocrystalline in nature with the difference in their average grain sizes.  

Synthesis of CdS nanoparticles. CdS nanoparticles were synthesised using 0.034 mmol 

of {[Cd2(bpma)2(adc)2]
.2H2O}n (30 mg) as the Cd(II) source and thiourea as the sulphur 

source. The precursors were mixed in different ratios (1:3, 1:5, 1:7, 1:10) and water was 

used as a solvent (Scheme 3.21). The respective mixtures were taken in a Teflon autoclave 

and 3 mL of water was added. The reaction was carried out hydrothermally at 180 oC for 

24 hours. The yellow precipitates were collected and centrifuged at 5000 rpm for 10 

minutes, washed three times with methanol and dried in air at 60 oC.  
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Scheme 3.21. Synthesis of CdS-6 to CdS-9. 

Powder X-ray diffraction studies. X-ray diffraction patterns of the as-synthesized CdS 

nanoparticles are shown in Figure 3.102. All the observed peaks could be clearly indexed 

to cubic CdS (JCPDS 10-454) and hexagonal phase of CdS (JCPDS 06-314). The 

characteristic peaks at 2θ = 25.01, 26.52, 28.06, 43.84, 47.87 and 51.93 is attributed to the 

cubic phase of CdS. Whereas, the less intense peaks at 2θ = 21.93o, 21.91o, 21.96o and 

21.94o featured the hexagonal phase of CdS. The CdS nanoparticles prepared 

hydrothermally exhibited only cubic phase which is metastable and can be transformed 

into hexagonal phase on further annealing.139 Though the reflections arising from (111) 

plane of cubic phase and (002) plane of hexagonal phase overlap at 26.52o, no change has 

been observed in the relative peak intensity ratio of the cubic phase. These observations 

clearly indicate that CdS nanoparticles favour no specific crystallographic orientation. 

Furthermore, the broadening in the peaks appears to be originating from the 

nanocrystallite sizes of these particles.  

The crystallite size of the as-synthesized CdS nanoparticles can be calculated using Debye 

Scherrer’s equation: 

𝑑 (𝑛𝑚) =  
0.9  

𝛽 cos 𝜃
 

where D is the mean crystallite size,  is the X-ray wavelength (Cu-k = 0.154 nm), β is 

FWHM of the reflection. The calculated grain sizes are given in Table 3.28.  
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Table 3.28. Crystallite sizes of CdS-6 to CdS-9 

Sample FWHM Mean 

crystallite 

size (nm) 

CdS-6 0.6952 11.55 nm 

CdS-7 0.6913 11.54 nm 

CdS-8 0.6671 11.95 nm  

CdS-9 0.6485 12.37 nm 

 

 

Figure 3.102. PXRD patterns of CdS-6 to CdS-9. 

Surface analysis. In order to understand the effect of morphology by changing the 

precursor concentration to thiourea, the scanning electron microscopy was performed on 

all the samples. All the samples synthesized are nanocrystalline particles as shown in 

Figure 3.103 with a little variation in their sizes. A little variation in their sizes has been 

observed as a result of change in the concentration of thiourea in the samples. The 

concentration of the precursor have a profound influence on controlling the particle size 

by affecting the growth rate.140 In general, the size of the nanocrystals are believed to 

increase as a function of increased concentration of precursor. 
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Figure 3.103. CdS samples synthesized using Cd(II) polymer and thiourea in the ratios (a) 1:3, (b) 

1:5, (c) 1:7, (d) 1:10. 

In the present work, it has been observed that different Cd2+: S2- ratios have influenced the 

growth rate resulting in yielding crystals with different particle sizes. The Cd2+ 

concentration has been kept constant at 0.034mM whereas the S2- concentration was 

varied to change the ratios. The particles synthesized with more concentration of thiourea 

(CdS-8 with 0.238 mM thiourea and CdS-9 with 0.34 mM thiourea) were considerably 

larger than those synthesized with less concentration (CdS-6 and CdS-7). These results 

are in good agreement with Pattabi et. al141 which had showed increase in the particle size 

with the precursor concentration. The average grain size for CdS-6 was found to be 

between 20-30 nm (Figure 3.103). On increasing the concentration to 0.17 mmol in CdS-

7, a relatively larger particle size between 35-50 nm has been obtained. Further with 0.238 

mmol concentration of thiourea, the particle size increased to 55-65 nm. However, when 

the concentration was further increased to 0.34 mM, a very little increase has been 

observed which is about 5 nm. This slight change could be attributed due to unavailability 

of surface Cd atoms resulting in no more adsorption of S2- to grow CdS particles. In 

general, when there is excess concentration of Cd2+ ions in the reaction, S atom of 

thiourea competes with free S2- ions which results in the depletion of free sites on the 

surface for the reactions of Cd2+ and S2- ions yielding smaller particles. Whereas, excess 
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of S2- ions favors the reaction between Cd2+ and S2- ions owing to more distribution of S2- 

ions on the surface resulting in less obstruction in CdS nanoparticle growth. Hence, the 

particle size can be tuned by changing the concentration of precursors in the reaction.  

Optical properties. Figure 3.104 shows the UV-vis absorption spectra of CdS samples 

synthesized with different concentrations of thiourea (CdS-6 to CdS-9). It has been 

observed that the absorption peak for CdS-6 is located at 481 nm. Whereas, when the 

composition was increased to 1:5 in CdS-7, there is a slight shift in the absorption band 

which is 3 nm (max = 484 nm). The similar trend has been observed for CdS-8 and CdS-9 

whose max was found to be 486 and 488 nm, respectively. Thus, it can be concluded that 

wavelength increases as a function increasing particle sizes. These experimental results 

showed blue shift in comparison to the band gap value of the bulk CdS (512 nm).142 This 

blue shift is observed as a result of reduction in size within nanometre size regime.143 

The energy band gap of the CdS samples can be determined from the Tauc Plot by 

plotting (h)2 vs h(eV), where  is the absorption coefficient,  is the frequency, and h 

is Planck’s constant. The intercept on x-axis gives the direct energy band gap Eg of CdS 

nanoparticles. The values of band gaps are listed in Table 3.29.  

 

Figure 3.104. Solid state absorption spectra of CdS-6 to CdS-9 where (inset) plot of (h) 

versus (h) where red, green, blue and black colour represents CdS-6 to CdS-9. 
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Table 3.29. Band gap values of CdS-6 to CdS-9 

Sample Band Gap (Eg) 

(eV) 

CdS-6 2.28 

CdS-7 2.27 

CdS-8 2.25 

CdS-9 2.22 

Photoluminescence properties. Photoluminescence spectra have been performed on as-

synthesized CdS nanoparticles in order to investigate the luminescent properties. The 

spectra were recorded at an excitation wavelength of 350 nm. The emission wavelengths 

were observed at 418, 410, 433 and 428 nm for CdS-6 to CdS-9 as an increasing function 

of their particle sizes (Figure 3.105). These blue emission bands correspond to the band 

edge luminescence which could be attributed to the recombination of excitons.  Whereas, 

the intensity of green emission band at around 550 nm in these samples were observed to 

be increasing with increasing particle sizes. This emission band was observed due to the 

electronic transition from the conduction band to an acceptor level due to interstitial 

sulphur vacancies as sulphur ions.14 

               (a)                                                         (b) 

   
              (c)                                                          (d)                                   
                                                                             

     
Figure 3.105. Photoluminescence spectra of CdS-6 to CdS-9. 



142 

 

  



143 

 

CHAPTER IV 

 
CONCLUSIONS 

 

1. A completely new strategy has been adopted for the synthesis of nanomaterials derived 

from the coordination polymers without the addition of any surfactant, which can bring 

impurities to the system. Compared to the traditional use of respective metal salts, such as 

zinc or cadmium acetate/nitrate, these CPs act as sacrificial templates providing a control 

over desired morphologies of the nanostructures. 

2. Under hydrothermal approach, Zn(II) CPs in the neutral conditions results in giving 3D 

ZnO flowers and 2D ZnO nanosheets which on further annealing at high temperature 

results in thermodynamically more stable 1D nanorods. This is the first example where 1D 

coordination polymers have been utilized for tuning the dimensionality of nanostructures 

without the addition of any surfactant. 

3. The photoluminescence spectra of ZnO nanostructures synthesized at different volumes 

suggested that increase in volume diminishes the intensity of absorption, i.e., a high 

concentration of Zn(II) in the reaction mixture plays a major role in enhancing the 

intensity of absorption. 

4. In the basic conditions at pH > 13, [Zn2(bpma)2(adc)2]n yield ZnO nanorods at three 

different temperatures 120, 150 and 180 oC. Since temperature plays a significant role in 

controlling the overall length and diameter of the rods, it has been observed that increase 

in temperature resulted in lengthening as well as broadening of the rods. Thus, aspect 

ratios of the rods can be optimized by varying the hydrothermal temperature.  

5. A time dependent synthesis was carried out at 120, 150 and 180 oC utilizing 

[Zn2(bpma)2(adc)2]n in the basic conditions. It was observed that length of the growth time 

results in increasing the aspect ratios of the nanorods. It is well known that high aspect 

ratio ZnO nanorods is beneficial for device applications owing to their enhanced optical 

and electronic properties. Thus, time is an important parameter in influencing and 

manipulating the aspect ratios of nanorods.  

6. The strong emission in the blue region of the visible spectrum results from the defects 

in ZnO materials which include zinc interstitials and oxygen vacancies. Also, the intensity 

of emission increased with an increase in the aspect ratios of the nanorods. 



144 

 

7. Since the extended synthesis time resulted in higher aspect ratios of ZnO nanorods 

which enhances the surface area of these rods. It has been found that relatively large 

surface area would be beneficial for the adsorption of dyes and enhancing their 

photocatalytic activity. Thus, the photodegradation of cationic dye (Methylene Blue) and 

anionic dye (Congo Red) has been carried out with 1D ZnO nanorods synthesized oC for 

different growth times at 180 oC. The maximum photocatalytic activity was achieved with 

ZnO nanorods obtained with a growth time of 24 hours. The anionic dye Congo Red 

exhibited the maximum photocatalytic activity for ZnO nanorods in comparison to the 

cationic dye Methylene Blue. 

8. Further annealing of the as-synthesized ZnO nanorods (obtained at 180 oC) was carried 

out at 800 oC for 6 hours. The post synthetic annealing resulted in decrease in the aspect 

ratios. The decrease in the aspect ratios also leads to a decrease in the defects in the ZnO 

nanorods. These surface defects could play a very important role in the photocatalytic 

activity. The annealed samples with less aspect ratios showed less photocatalytic activity 

against Congo Red dye. 

9. The photocatalytic activity of ZnO nanorods against Congo Red dye was tested in 

different pH solutions ranging from pH = 6 to pH = 12 and it was found that the rate of 

degradation of dye is maximum at pH = 8. The photocatalytic degradation of the dye was 

found to be minimum in highly basic conditions.    

10. The antibacterial effectiveness of the ZnO nanorods was tested against gram negative 

E.Coli. The bacterial growth was monitored by measuring the optical density (O.D.) at a 

fixed wavelength of 650 nm. The optical density was measured without and with different 

ZnO concentrations. The samples prepared with 100 and 150 mg/L concentration of ZnO 

were found effective in inhibiting the growth of general strain E.Coli whereas a limited 

inhibition was observed with 10 mg/L.  

11. When the plate count was used to monitor the bacterial growth. E.Coli strains 

containing different concentrations of ZnO (10, 100 and 150 mg/L), the number of 

colonies observed were decreased on increasing the concentration from 10 to 150 mg/L. 

The maximum percentage for bacterial inhibition was found to be 98.41% with ZnO 

dosage of 150 mg/L.  

12. ZnO has also been fabricated at different pH ranging from 9 to 12 and it has been 

found that after 12 hours full blown flowers were obtained in each case. A detailed 
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mechanism on the evolution of micro flowers at different pH has been elucidated. The 

photocatalytic activity against Congo red was found to be maximum with 3D micro 

flowers fabricated at pH=12 compared to the ones obtained at lower pH.  

13. Based on the polarity and boiling point of different solvents, the fabrication of ZnO at 

180 oC in hydrothermal conditions resulted in different morphologies. A difference has 

also been observed in their emission spectra based on their shapes and sizes. 

14. ZnO has also been synthesized by directly calcining the Zn(II) coordination polymers 

at a temperature of 700 oC for different retention times (6 h, 12 h, 18 h and 24 h). at 700 

oC, variation in the precursor yield different morphologies (spheres, micro-rods and 

polyhedrons) of ZnO at different growth times.  

15. The photocatalytic activity of ZnO obtained by direct calcination method at different 

times were tested against methylene blue dye. The maximum photocatalytic activity was 

obtained for prism shaped ZnO at 500 oC obtained from {[Zn2(bpta)2(adc)2]n
.2H2O}n.  

16. ZnO polyhedrons obtained from {[Zn2(bpta)2(adc)2]n
.2H2O}n exhibited the maximum 

photocatalytic activity followed by nanospheres and micro-rods (fabricated at 700 oC) in 

degrading the methylene blue dye. Thus, it can be concluded that variation in precursor as 

well retention time not only yield different morphologies but a difference in their activity 

towards the methylene blue dye has also been achieved.  

17. The different kinetic models were studied to predict the adsorption kinetics of ZnO 

samples fabricated via direct calcination at 700 oC on methylene blue dye (MB). These 

kinetic models included Elovich’s, Intra-particle diffusion and Pseudo-second order. The 

adsorption data were fitted in all these models and the respective rate constants and 

regression values were calculated. 

18. Among all the models that were studied to determine the kinetics of the ZnO samples, 

pseudo second order model fits best with the experimental data in all the cases. From the 

experimental results, it can be deduced that the degradation of methylene blue follows 

pseudo second order mechanism. 

19. CdS nanostructures were fabricated utilizing [Cd2(bpma)2(adc)2]n as the source of Cd2+ 

ions and thiourea as the source of sulphide ions in different solvents (methanol, ethanol, t-

butanol and water). Two such morphologies, which are rare for any other nanomaterials, 

namely walnut-shaped multi-hollow hierarchical microspheres in methanol and 
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honeycomb like porous nanostructures in t-BuOH are discovered for CdS for the first 

time. Similarly, aggregated hollow nanospheres were synthesized in ethanol. Aggregated 

nanospheres were obtained in water and aggregated microspheres were seen in methanol 

using Cd(OAc)2.2H2O as the precursor. The as-synthesized structures have been tested for 

the photodegradation of methylene blue dye. The degradation rate of 1.17 x 10-2 min-1 for 

walnut-like multi-hollow CdS microspheres was found to be faster among other CdS 

nanostructures. 

20. The dominant blue emission was observed for the CdS samples synthesized in 

different solvents which can be assigned to the recombination of free charge carriers at the 

surface defect sites of the CdS nanocrystals. 

21. The effect of precursor concentration on the particle sizes of CdS has also been 

investigated. CdS nanoparticles have been synthesized with different ratios of Cd (II) 

polymer and thiourea. It has been observed that an increasing concentration of thiourea 

resulted in an increase in their particle sizes which can be directly correlated with their 

luminescence spectra. It has been demonstrated that an increase in the particle size 

resulted in an increase in the intensity of green emission in these particles.  
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