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Foreword….. 

The last few decades have witnessed a phenomenal growth in the manifold applications of 

Nano materials.  Besides paving way for a number of innovative industrial applications, the 

scientific communities across the globe recognises the role of semiconductor nanoparticles in 

mitigating the ill effects of large scale industrial pollution.  The ability to fine tune the band 

gap and surface area of these semiconductor nanoparticles makes them the ideal candidates 

for such explorations. The hybrid materials formed through doping or embedding other 

organic/inorganic/polymer materials on the surfaces of these nanoparticles exhibit several 

powerful, unique characteristics derived from the synergy of the components. When it comes 

to environmental remediation, these nanosystems open up a plethora of possible applications 

with minute quantities and the usage of solar power. 

The zinc oxide nanoparticles, with their comparatively easier synthesis, 

biocompatibility and superior efficacy, have a distinct advantage over others, thanks to their 

ability to degrade a broad range of pollutants. Among the various physical and chemical 

synthesis approaches sol-gel synthesis method is found to be economic, simple, repeatable 

and easy size tunable route for nanomaterials. When solubility of precursors comes into 

consideration hydrothermal method is the next easy, cost effective method for the synthesis 

of highly crystalline phase pure materials. 

The present work is concerned with the synthesis of zinc oxide nanosystems by 

employing minimum precursors using sol-gel method. The effects of varying concentrations 

of precursors on the properties of ZnO nanosystems were studied in detail.  Among the three 

ZnO nanotubes with varying surface properties, the one which exhibit increased 



photocatalytic activity was used for further studies. Hybrid nanocomposites of ZnO were 

prepared with polymeric assistance. In addition to this, experimenting with various 

percentages of dopants were done and monitored closely the photocatalytic improvements. 

Moreover, novel nanoparticles of zincospiroffite were synthesized through hydrothermal 

approach and their photocatalytic activity was studied. Further, the generation of reactive 

oxygen species (OH
ο
) was analysed through experimental technique. 

Chapter 1 puts forth a brief introduction on the significance of the photochemical 

advanced oxidation processes (AOP) over non photochemical AOPs for the environmental 

depollution processes. The advantage of using solar energy as a renewable energy source for 

the environmental remediations is explored in detail. Here a brief outline is given on the 

attempts to exploit the unique properties of nanomaterials as photocatalysts on such futuristic 

applications as water purification, antifogging and anti-bacterial remedies.  

Chapter 2 concerned with the precursors used in synthesising various nanosystems, 

the relative advantages of sol-gel and hydrothermal methods used for the synthesis and the 

various basic characterization techniques undertaken to analyse their properties were 

discussed in detail. The characterisation of the synthesized powdered samples includes 

structural, morphological and optical analysis. Structural characterizations includes X-ray 

diffraction, Raman Spectroscopy, Energy dispersive spectroscopy, X-ray photoelectron 

spectroscopy and Fourier transform infrared spectroscopy. The morphological analysis was 

done by scanning electron microscopy and transmission electron microscopic techniques. The 

optical characterizations were analysed with spectroscopic techniques such as diffuse 

reflective spectroscopy and photoluminescence spectroscopy. 

The experimental works are divided into four chapters in which Chapter 3 deals 

with the synthesis of zinc oxide nanotubes and analysis of their physicochemical 



characteristics. Here the precursor concentrations were optimized so as to obtain highly 

active photocatalyst. The antibacterial activity and the hydrophilic nature of the synthesized 

nanoparticles were tested. 

Chapter 4 explains how hybrid nanocomposites of zinc oxide were prepared with 

polymer assistance. Two polymers, polyaniline and polyvinylpyrrolidone, were chosen for 

the study. Carbon embedded ZnO obtained from the post thermal treatment of the polymer 

encapsulated ZnO were analysed and their photocatalytic activity got compared. Antibacterial 

activity and hydrophilicity of the synthesized samples were analysed.  

Chapter 5 focused on bromine doped ZnO nanocomposites. Using KBr precursor, 

various percentages of bromine doped ZnO systems were synthesized and compared their 

properties. Besides, their photocatalytic activity was tested by monitoring their efficiency in 

degrading a textile dye. Among the four samples, the highly active photocatalyst was further 

tested for its antibacterial and anti-fog activities.  

Chapter 6 depicts synthesis, characterisations and dye degradation studies of a novel 

photocatalyst Zn2Te3O8. The hydrophilicity of the material is monitored by measuring contact 

angles. The material’s efficacy in inhibiting pathogenic microbes was also studied. 

In Chapter 7, all the results were compared and detailed interpretations were made 

on them. Myriads of futuristic applications that can be achieved by enhancing the properties 

of these materials are mentioned.  

Though pure ZnO is a potential photocatalyst for curing various environmental 

remedies, its properties can be tuned by the addition of impurities to explore its maximum 

performance. Doping enhances the activity of pure ZnO by inducing defects in the ZnO 



crystals. The synthesis protocol as well as selection of precursors also turns out to be crucial 

players for getting ideal photocatalyst.  

The current work is an effort to develop various zinc based photocatalysts with 

enhanced photocatalytic efficiency for better water purification, antibacterial and anti-fogging 

activity. The development of fabrics and ceramic tiles, with antibacterial properties built into 

them, is a highly promising concept for tackling the challenges of pollutants. Photocatalysts 

incorporated fabrics and ceramic tiles are attractive propositions on grounds of hygiene also. 

The prospects of achieving better photocatalytic activity by fine tuning the size and 

morphology of the zinc oxides through opting different reaction methods, adjusting the pH of 

the precursor solutions, adopting various precursors or doping with other elements are 

envisaged here. Moreover these synthesized nanomaterials can be successfully used for 

various other futuristic photovoltaic and sensor applications. Surface engineering of these 

materials remains to be explored comprehensively by varying reaction temperature, reaction 

methods and changing the alkaline precursor. Metals or rare earth nanoparticles decorated 

ZnO nanosystems are another avenue for advanced photocatalytic technology. Reduced 

graphene oxide or carbon dots can be incorporated with these doped systems for enhanced 

photocatalytic performances.       
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Introduction 

1.1 Advanced Oxidation Process (AOP) 

In our times, one of the foremost challenges that an environmental engineer has to tackle 

originates from a plethora of organic wastes1, 2. The hectic industrial and commercial 

activities have made the threat all the more grave by the last decades of the 20th century. 

Earlier, these hazardous organic pollutants ended up in landfills and the oceans making things 

rather complicated. The conventional method of incineration is widely accepted as a viable 

alternative.  But the incineration practised as of now gives rise to serious problems in the 

form of toxic compounds including polychlorinated dibenzodioxins (PCDDs) and 

polychlorinateddibenzofurans (PCDFs)3. These hazardous materials released to the 

environment amidst the incineration process as offgas emissions and fly ash cause further 

ecological disasters. 

Undoubtedly, rapid industrialization combined with urbanisation has taken its toll on 

the world’s water resources. Treatment of contaminated water leaving minimal impact on the 

environment and that has been recognised as a formidable challenge by scientific 

communities across the globe. Initially, scientists focused on the removal of the pollutants by 

the simple coagulation and biological process4. But the soluble dyes cannot be degraded by 

these coagulation processes. Moreover, by the last decades of the 20th century these physic-

chemical and biological methods of waste water treatment attained the status of mature 

technology necessitating to advanced methods5. The developing technologies have to address 

the ambitious limits put forward by the regulatory bodies. Moreover, the industrial waste 

1 
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water treatment has become much more intricate with the micro-organisms in biological 

processes failing to attack the complex molecules of anthropologic pollutants. The lackluster 

performance of conventional treatment methods was the prime motivator for the search of 

novel processes and operating conditions promoting their efficiency. 

Advanced oxidation processes (AOPs), earlier proposed for drinking water treatment 

in 1980’s, have made considerable progress and further studies are being conducted on 

utilizing them in treating various kinds of waste water. The AOPs are a family of similar but 

not identical technologies that by and large centers around the production of highly reactive 

hydroxyl radicals6. AOPs takes place adopting either of the two routes explained below 

A) Normal combustion, which includes the oxidation process at ambient temperature 

conditions (Wet Air Oxidation at 200-300oC) 

B) Oxidation using highly reactive intermediate species produced from high energy 

oxidants ( OHο free radicals) 

Among these two processes, AOPs using OH free radicals are highly sustainable 

because these highly reactive oxidizing species can mineralize and degrade the organic 

contaminants completely. Moreover the powerful and non-selective nature of this chemical 

oxidant enables it to react with most of the contaminants near ambient temperature and 

pressure. These OH free radicals can be generated by various non-photochemical (without 

using light energy) and photochemical (using light energy) processes as illustrated below. 

 

Ozonation at higher pH (>8.5) 

Non-photochemical processes   Ozone (O3) + hydrogen peroxide (H2O2) 

  Ozone (O3) + catalyst  

Fenton systems (Fe2+& H2O2) 
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       & 

O3&Ultra-violet (UV) 

H2O2&UV 

 O3, H2O2&UV Photochemical processes 

Photo-Fenton and/or Fenton-like systems 

      Photocatalysis (UV/nanoparticles) 

 

Decontamination by way of non-photochemical method fails in mineralizing or 

oxidizing the organic matters completely. Moreover, additional treatments are required for 

the completeness of the process. The incomplete oxidations might produce even more toxic 

by-products than the initial compound. By supplementing ozone or H2O2 oxidation with light 

radiations, complete oxidative destruction of the organic matters can be assured. This 

advantage has turned the photochemical methods to the most sought after decontamination 

technology. 

1.1.1 Photochemical processes 

Photochemical processes are initiated by the absorption of light energy from the UV or 

visible region of the spectrum consequently transient high energy excited states have been 

developed within the molecules. To lower the energy of these excited electrons, various 

photophysical and chemical reactions proceeded simultaneously through electron transfer 

reactions. A light source must be employed for photochemical reactions to provide required 

activation energy for the excitation of the molecules. The efficiency of the light absorption by 

the molecules is depending upon its electronic structure and wavelength of the light used for 

exposure. The high energy intermediates generated which can overcome large activation 

barriers within a short time is the main advantage of photochemical processes which cannot 
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be accessed by thermal reactions.  

Generally the photochemical products determined by the efficiency of the light source 

used. Commonly used light sources are UV lamps, Flash lamps, incoherent excimer lamps, 

and solar light. The conventional photochemical processes for water treatments are classified 

as follows: 

1.1.1.1 Ozone with UV radiation (O3&UV) 

Ozone releases OH free radicals by absorbing UV radiations as shown in equations below: 

    →                                                  
But the photolysis of ozone requires high pressure mercury lamps making the method all the 

more expensive. To make things worse, some of the ozonation by-products are still being 

evaluated as carcinogenic7. 

1.1.1.2 Ozone, hydrogen peroxide with UV radiation (O3, H2O2&UV)  

Here hydrogen peroxide accelerates the ozonolysis in presence of UV radiations. For the 

pollutants which are not prone to degrade with the effect of UV radiation, the external 

addition of hydrogen peroxide is more beneficial. The reaction will happen as shown below: 

           →                
1.1.1.3 Hydrogen peroxide with UV radiation (H2O2&UV)  

Photolysis in presence of UV radiations converts hydrogen peroxide directly to OH free 

radicals and this process limits itself to the effective destruction of chlorinated compounds. 

The reactions involved in the processes are as show below:                       
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        →                
1.1.1.4 Photo-Fenton and/or Fenton-like system 

Photo-Fenton oxidation systems involve addition of Fe3+ with H2O2/UV processes. The steps 

involved in the processes are given below:                                   
            →                   

This type process predominantly depends on strength of UV irradiation as OH free radicals 

are generated mainly under UV irradiation. Also lower pH is mandatory (pH ~3) for the 

formation of Fe(OH)2+ formation. 

 Photochemical water purification in the presence of H2O2 oxidant claims numerous 

advantages such as economic availability, generation of two hydroxyl radicals from the 

photolysis of one H2O2 molecule, infinite water solubility and simple procedure for the 

process. On the flipside, the main disadvantages include the lower absorption cross section of 

H2O2 at 254 nm. Moreover the formed OH free radicals are easily trapped by HCO3
- and 

CO3
2- and releases CO3

ο-. Further reactions are proceeded by these carbonate species and 

these generated carbonate radical anion oxidants have less oxidation potential than OH free 

radicals. 

1.2 Nanomaterials for technology development 

Nanotechnology is concerned with matter at dimensions of the order of one billionth of a 

meter (nanoscale). According to ASTM International, nanotechnology refers to materials 

having at least one dimension approximately between 1and 100 nm. When the material size 

reaches to nanoscale, their molecular organizations become different and exhibits different 

optical, magnetic and electrical properties8.  

M.C Roco is an eminent key architecture of the National Nanotechnology Initiative 

(NNI). He categorized the growth of nanotechnology into four generations. In the first 
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generation (2000 onwards) includes the formation of coatings or films by incorporating 

nanoscale elements. The second generation (2005 onwards) includes functional nanoscale 

elements. These nanomaterials can function in response to pH, temperature etc. The third 

generation (2010 onwards) is represented by multiscale architectures and three dimensional 

nanosystems. Contemporary research deals with fourth generation (2015 onwards) where 

heterogeneous systems can function at the molecular level9, 10. 

The dominance of quantum effects and increased surface area of nanomaterials 

contributes to high physical strength and chemical reactivity for various fascinating 

applications. As reactions mainly takes place at the surfaces of the particles, the decrease in 

particle size substantially increase the reactivity11. The relationship between nanocrystal sizes 

with the percentage of atoms that can aggregate on the surface comes obvious from the graph 

in Figure 1.1.  

 

Figure 1.1 Percentage of atoms on surface with respect to size of nanomaterials 

A transient polarity arises on a portion of nanoparticles because of the instantaneous 

shift in their electron density. The developed small charges attracted/repelled to 

opposite/similar charged nanoparticles lead to weak or transient intermolecular forces called 
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Vander Waals forces. The Brownian movements of nanoparticles are due to these transient 

intermolecular forces where nanoparticles are attracted to each other by Vander Waals forces 

via physisorption and repelled by electrostatic forces.  Because of these unique properties, 

nanomaterials behave differently in environment and human body compared to their 

bulk/macro-dimension materials. The most striking feature of using nanomaterials in various 

futuristic applications is that only small quantity is needed for extensive applications. 

1.3 Semiconductor nanomaterials 

Semiconductor materials are of having conductivity either by the flow of electrons or by the 

positively charged holes presents in the materials and they exhibit conductivity in between 

conductors and insulators12. The electrical and optical properties of the semiconductors 

change drastically as a function of size as per the quantum confinement (when the size of the 

particle approaches Bohr’s radius of an exciton). In bulk materials, the electronic motions are 

not restricted dimensionally, whereas size reduction restricts or confines electronic motions 

resulting in quantum well/quantum films, quantum wires and quantum dots13. The quantum 

confinement effect and quantization of density of states in various semiconductor 

nanostructures are depicted in Figure 1.2. 

 Quantum well/ Nanofilm (two dimensional) – Electronic motions are confined in one 

dimension and free in other two dimensions 

 Quantum wire/ Nanotubes (one dimensional) – Electronic motions are confined in 

two dimensions and free in other one dimension 

 Quantum dot (Zero dimensional) – Electronic motions are confined in all three 

dimensions 
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Figure 1.2 Density of states with respect to quantum confinement 

The molecular energy levels combines to form energy bands in semiconductors and 

an electronic excitation takes place from completely filled valence bands to empty conduction 

bands during light exposure. The minimum energy required to excite an electron from the 

valence energy level to the conduction energy level equivalent to or greater than its bandgap 

energy (Eg). Bulk semiconducting materials have composition-dependent bandgap energy 

and generally the bandgap of the nanoscale materials increases compared to their bulk 

bandgaps14. When the particle absorb light photon of energy greater than or equal to Eg, 

excitation of electrons from the valence band to conduction band take place, leaving behind a 

hole. In the presence of an electric field, these negatively charged electrons and positively 

charged holes constitute current to an external circuit. Photo induced electrostatically bound 

electron-hole pair with minimum energy is called an exciton and the size of the exciton 

within the crystal is called Bohr exciton diameter. When the nanocrystal diamensions become 

smaller than this Bohr exciton diameter, the charge carriers become spatially confined with 

increased energy resulting in size dependant absorption and fluorescence spectra with 

discrete electronic transitions. The annihilation of the excitons with the emission of a photon 
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is called radiative recombinations. When the recombination of charge carriers happens with 

the release of phonon instead of photon, then it is called non-radiative recombinations15. 

In addition to inorganic semiconductors, organic semiconductors are also investigated 

for various applications16. Organic semiconductors are non-metallic in nature exhibiting 

semiconducting properties, in which the molecules are held together by a weak vander waal’s 

force. Polyaniline, C60 etc are examples of organic semiconductors17. Polyaniline is widely 

used for the removal of contaminants through adsorption process18. Like inorganic 

semiconductors (Conduction band and valence band), organic semiconductors have discrete 

HOMO-LUMO energy levels.   

1.4 Defects in crystals 

Nanomaterials possess very small sizes compared to their bulk. Decrease of particle size 

accompanies with an increase of surface area thereby altering the stoichiometry of 

nanomaterials from its bulk, leading to different defects in the crystal. The chances of 

misplacing/missing (vacancies) of one or more atoms from its lattice sites or presence of 

another atom (dopant) forms defects and these types of defects arise from single atoms are 

called point defects (zero dimensional defects). To reduce the surface energy, point defects 

are normally segregated on the surface. While doping, a foreign atom is introduced in to the 

crystal that can bring or remove electrons to or from the solid thereby changing its electronic 

as well as optical properties19. By controlling the growth conditions and added impurities, the 

defects can be tuned in the nanosystems. 

If the position of the entire string of the atoms is misplaced in crystal, it leads to line 

defects or dislocations (1D defect). Mechanical properties of metal nanocrystals can be tuned 

based on these dislocations as these defects are responsible for the plastic deformations. 

When a whole plane of atoms is missing from the crystal or misplaced, then 2D defects 

arises. Such type of defects are called stacking faults20. 
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Defects in a crystal introduce energy levels within the bandgap, acting as trap levels, 

and avoid carrier recombinations21. Such cases the possibilities of non-radiative 

recombinations increase instead of radiative recombinations. Surface defects can be 

introduced through surface modifications which can be done either by doping or shape tuning 

of nanocrystals. One dimensional nanostructure such as nanorods, nanotubes or nanowires 

are more useful for environmental applications like photocatalysis. Nanomaterials possess 

significant number of surface atoms that enhances its chemical activity. 

Many reports are available on the characterization of defects and their influence in 

adsorption and surface reactions22. Qualitative analyses such as photoluminescence and X-ray 

photoelectron spectroscopy give information on surface defects. Defects such as point defects 

and small dislocation loops are categorized in to defects of first kind. Defects of first kind 

present in the crystal redistribute the scattering intensity which leads to broaden or shift of the 

peaks in X-ray diffraction patterns23. Defects such as stacking faults, twin faults, long chains 

of impurities etc are included in defects of second kind. Asymmetrical peak broadening in 

XRD happens by the influence of defects of second kind. 

Defects have significant role in the photocatalytic performance of a semiconductor 

metal oxide. These defects, has been highly promoted by the presence of defects in the crystal 

lattice. These defects can trap the photogenerated electrons and holes thereby these carriers 

are easily available for the generation of reactive oxygen species24. 

1.5 Zinc Oxide (ZnO)  

The research on metal oxide semiconductors resulted in a paradigm shift in the 

effective utilization of renewable energy resources. The interest in photo induced redox 

reactions was spurred for the first time by Fujishima and Honda's 1972 discovery, that water 

could be split upon illuminating a TiO2 single-crystal electrode25. Among many materials 

explored so far, Zinc based compounds are found to be the ideal candidate for photocatalytic 
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applications due to their cheap production methods, and eco-friendly nature. The compound 

Zinc Oxide was highly regarded by the Alchemist, who would burn zinc in air. The resulting 

white woolly tufts were called ‘lana philosophica’, ie, the philosopher’s wool. Zinc oxide is 

one of the highly explored material due to its wide application potential such as white 

pigment in paints; a component in ointment for treating sun burn and sunscreen lotions; in 

dye sensitized solar cells, for making anti-microbial textile fabrics etc26. Figure 1.3 depicts 

ZnO powder and a typical wurtzite crystal structure of ZnO. 

 For the last few years nanosized ZnO gained much attention as a photocatalyst due to 

its distinct properties27. Various shapes and sizes of the nano ZnO are explored extensively 

due to its shape and size dependent chemical and physical properties.  Though ZnO exist in 

various forms (rock salt, zinc blend and wurtzite), wurtzite ZnO is preferred because of its 

easy synthesis28. Synthesis of rock salt requires high pressure and zinc blend by growth on 

cubic substrates. Wurtzite ZnO shows high surface energy and activity compared to other two 

forms29. 

 

Figure 1.3 Photograph of ZnO nanopowder and crystal structure of wurtzite ZnO 
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1.6 Hybrid nanocomposites 

Hybrid nanocomposites are multiphase materials in which one or more dimensions are in 

nanometer regime and exhibit either newer characteristics or a mix of the individual 

properties of their components. When these constituents are intimately mixed, it results in 

hybrid composites with high homogeneity and improved properties. Doped nanomaterials 

and nanocomposites come under the hybrid nanomaterials30.  

 Nanocomposites usually have high interface surface area to volume ratios31 with 

combinations of organic and inorganic building blocks. Nanocomposites can be prepared 

either by embedding inorganic particles in to organic matrix or vice versa and leads to an 

encapsulation or entrapments of particles in to a matrix instead of mixing32. Thus a 

nanocomposite encompasses a continuous phase (metals, polymers, ceramics etc) and 

dispersed phase (carbon particles, silica powders, glass fibers etc).33 If the matrix of the 

nanocomposite is an organic material, it is called organic-inorganic hybrid materials; 

conversely they are named inorganic-organic. If inorganic or organic component do not 

represent matrix or filler, is referred to as nanocomposite hybrids.  

Doped semiconductor nanomaterials are hybrid materials which can be prepared with 

ease through one-pot method. Doping process indicate the intentional addition of a foreign 

atom or an impurity to a host material to modify their electronic, magnetic and optical 

properties, functionalities and performances. These dopants can be metals, nonmetals or 

metalloids and can occupy at either substitutional or interstitial sites of host materials30. Most 

of the reports show that doped semiconductor nanomaterial photocatalysts perform better 

than undoped system34. Various characteristics of hybrid nanocomposites and their 

applications are depicted in Figure 1.4. 
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Figure 1.4 Characteristics of hybrid nanocomposites and their applications 

1.7 Solar Energy – A sustainable source 

Sun is one of the cooler stars (yellow in colour) in our ‘milkyway galaxy’. The very 

presence of life on earth is indebted to the seemingly fine-tuned distance from the sun so as to 

ensure the perfect amount of energy for sustenance. Sun is a source of vast amount of energy 

and it radiates about 3.86x1026 joules of energy every second35. Relatively tiny fraction of this 

energy reaches on the earth’s surface after a considerable loss in the atmosphere. The proper 

harness of this tiny part of renewable and reliable energy can create wonders in fulfilling the 

world’s growing energy demands. So, we have to develop new materials and design suitable 

devices to capture solar energy efficiently and translate them into useful work, heat or other 

energy forms. So we have to design suitable devices and materials to capture its rays 

sufficiently and translate them into useful work, heat or other forms of energy. The energy 

emitted by the sun propagates in the form of electromagnetic radiations with a speed of 3x108 
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m/s containing ultra violet (3 – 5 %), visible (42 - 43 %) and infrared (52 - 55 %) radiations 

(from 0.3 – 4 µm) (Figure 1.5). An amount of 1000Wm-2 energy reaches earth’s surface at 

noon time at the equator that can be utilized efficiently in accordance with the principle of 

energy conversion. Solar energy is a recurrent source of energy that can go a long way in 

meeting the ever widening energy demands of mankind. 

 

Figure 1.5 Solar energy spectrum reaching on earth’s surface 

Semiconductor nanomaterials have been extensively using solar energy for 

heterogeneous photocatalysis36. For the efficient utilization of solar energy, we have to 

develop application based materials able to absorb the entire region of solar spectrum. 

Moreover the material should be recyclable, cost competitive, earth abundant, easily 

designable, non-toxic, stable towards solar exposure, all at the same time. 

1.8 Solar photocatalysis – A decisive step towards clean energy 

Photocatalysis is a process in which a chemical reaction is initiated in the presence of light 

and gets accelerated by a catalyst. The photocatalysts speed up the photoreactions without 

undergoing any chemical change and without getting consumed in the reaction. Chlorophyll 

is the finest example for photocatalyst present in nature, which convert water and carbon 

dioxide into oxygen and glucose in presence of sunlight, whereas semiconductor 
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photocatalysts convert organic matters in to carbon dioxide and water37. Photocatalytic 

methods help addressing a bunch of environmental and energy related problems such as 

pollutant degradation, inhibition and disinfection of microbes and water splitting for 

hydrogen evolution. 

Photocatalysis are of two types based on the phases involved in the chemical process: 

homogeneous and heterogeneous. Ozone and photo-Fenton systems are considered as 

homogeneous photocatalysis in which reactants and photocatalysts are in same phase. 

Semiconductors involved photocatalysis are heterogeneous, where the photocatalysts and 

reactants are in different phases.   

In a heterogeneous photocatalysis, when light radiations hit on a photocatalyst it 

absorbs light energy having a wavelength equal to or greater than its band gap energy. This 

absorption of light energy triggers the ejection of electrons from the valence band of the 

photocatalyst. The ejected photoelectrons move to conduction band leaving holes behind in 

valence band. These photo generated carriers (excitons) is transported to the surface of 

photocatalysts to facilitate redox reactions. The photogenerated electrons help converting the 

surface adsorbed oxygen species to superoxide species whereas; the holes in the valence band 

generate hydroxyl free radicals from hydroxyl ions. These highly reactive oxygen species 

have the ability to degrade the adsorbed pollutant molecules on the surface of 

photocatalysts38. The pictorial representation of photocatalytic mechanism is as shown in 

Figure 1.6.  

The highlight of using nanomaterials as photocatalyst is to enhance the performance 

efficiency and reusability of the photocatalyst, thereby making it as an economically viable 

efficient system. Photocatalysis has a distinct advantage over other physico-chemical 

methods as the byproducts are less harmful and easily removable. In order to explore the 

manifold possibilities for generating renewable energy, it is imperative to vary the parameters 
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and material components of the conventional photocatalysts. 

 

Figure 1.6 Mechanism of photocatalysis 

 A highly efficient photocatalyst should meet the following criteria39: 

 Higher surface area 

 Higher photon absorption coefficient 

 Lower electron-hole recombinations 

 High rate of photoelectrons and holes induced redox processes 

 Good surface adsorption capability of photocatalyst 

 Influence of bulk to surface defects 

 Highly photostable, inexpensive and economical 

 Chemically and biologically inert and recyclable 

Photocatalytic degradation undoubtedly turns out to be an effective method to 

alleviate environmental hazards. Besides, the detoxification of water, photocatalytical 

methods can be employed in purifying air and in inactivating the pathogenic microbes. At 

ambient conditions, the semiconductor nanoparticles execute photocatalysis with moisture 
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present in the atmosphere and degrade the contaminants completely to CO2, H2O and other 

volatile compounds. Consequently photocatalysis can be applied in such diverse areas 

(Figutre 1.7) as water purification, Air purification, Anti fogging, Anti-bacterial and surface 

cleaning. 

 

Figure 1.7 Applications of photocatalysis 

1.9 Water purification 

Contamination of naturally available water takes a heavy toll on our water resources creating 

alarmingly increasing health challenges for humans and aquatic organisms. In addressing 

water shortage, re-usage after purification is half the battle won. Colored synthetic dyes 

constitute the indispensable raw materials for several industries including textile, printing, 

pharmaceuticals, cosmetics, paper and color photography. Photocatalysis open up an 

exceptional pathway to purify the dischargeable waste water from the industries by the 
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potential usage of solar energy40. The removal of organic contaminants can be monitored in 

laboratory through decolouration during photocatalysis as shown in Figure 1.8. 

 

Figure 1.8 Decolorisation of dye in water by photocatalysis 

1.10 Anti-fogging Activity 

Water can easily spread on hydrophilic surfaces by making very small contact angles whereas 

super hydrophilic surfaces make a non-scattered film of water with contact angle less than 

100 41. When this hydrophilicity of the materials gets coupled with gravity, the dust particles 

are swept away from the surfaces. Instead of forming droplets, on a super hydrophilic 

surface, the water form thin uniform optically clear sheet of films (Figure 1.9). Exterior walls 

of the building and rear view mirrors in vehicles usually get soiled from atmospheric dusts 

and external fumes. When the building materials or rear view glasses are coated with a 

nanomaterial photocatalyst, its combined action of hydrophilic, antifogging and self-cleaning 

ability washes away the dirt and clean the surfaces42. 
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Figure 1.9 Glass surface with and without photocatalyst coating 

1.10.1 Contact angle measurements 

When water droplets present on a planar surface, the degree of wetting depends on the 

interfacial energy or surface tension between the liquid and the solid surface. The angle at 

which the liquid-vapor interface meets the solid surface is called contact angle. The contact 

angles can be either static or dynamic. If the water droplet is not moving on the horizontal 

planar surfaces, is called static contact angle and if the droplet is in motion on tilted surfaces, 

called dynamic contact angle. Dynamic contact angles are of two types, advancing or 

receding contact angles. The difference between the advancing and receding contact angle 

values is called contact angle hysteresis. Normally the advancing contact angle value is 

always larger than receding contact angle values. The contact angle pictures are depicted in 

Figure 1.10. 

Young’s equation describes the static contact angles in terms of interfacial surface 

tensions as shown in equation (9)                                             
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Where,          is Solid-vapor interfacial tension          is Solid-liquid interfacial tension          is Liquid-vapor interfacial tension 

And θ is the contact angle. 

When cosθ is plotted against        , a linear plot is obtain with negative slope. For 

complete wetting process, contact angle θ = 0o correspondingly the value of           is zero. 

Under these conditions surface tension is called critical surface tension      and from 

Young’s equation            . 

 

Figure 1.10 (a) A non-wetting liquid drop on a solid surface, (b) Running down the water 

drop with receding and advancing contact angles and (c) water spread on solid surface 
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1.11 Antibacterial Activity 

The photocatalyst embedded ceramic wall tiles simultaneously ensures self –cleaning and 

bacterial inhibition properties with increased glaze43. Developing these types of bi-functional 

surfaces can go a long way in protecting the heritage monuments and in creating healthy 

public environments. Besides, these types of photocatalysts can be put in to use in the 

manufacturing textile fabrics with inherent ultraviolet protection, disinfection and self- 

cleaning properties44. 

Bacterial destructions by nanomaterials are takes place through four simultaneous 

steps. 

1) Membrane dysfunctions through charge neutralizations. 

2) Generation of reactive oxygen species in nanoparticles. 

3) Release of respective ions from the nanocrystal lattices. 

4) Internalization of nanoparticles in to the cell for complete destruction of cell45 

Lakshmi prasanna et al reportes that ZnO exhibit antibacterial activity even in the 

absence of light or under diffused light 46. The surface electric charges on the nanoparticles 

neutralize the charge on the cell wall thereby stopping the normal passage of nutrients in to 

the cell through cell wall. The reactive hydroxyl radicals (O2
-, OHο, H2O2) generated from 

nanoparticles play a critical role for the bacterial destruction, by entering into the intracellular 

part of the bacterial cell and damaging the DNA and chromosomes. The positive and 

negatively charged ions of the nanomaterilals also involved in damaging the cell as shown in 

Figure 1.11. 
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Figure 1.11 Mechanism of destruction of bacterial cell in presence of nanoparticles 

1.12 Aim of the work 

 Semiconductor photocatalysis has been widely used for surface cleaning and water 

purification purposes because of its ability to degrade an extensive range of pollutants with 

the potential utilization of solar power. Aim of this work is to prepare pristine zinc oxide 

system and zinc oxide based nanocomposites with the usage of minimum precursors and a 

systematic study of these nanocomposites in the perspective of photocatalysis.   

Zinc oxide nanotubes are decided to synthesize by varying the precursor 

concentrations to optimize their photocatalytic activity. Various nanocomposites are prepared 

by taking the most active photocatalyst among the three ZnO samples. Polymers such as 

polyaniline, polyvinylpyrrolidone and a polymer blend of these two polymers are used for 

preparation of carbon embedded ZnO nanotubes. Bromine incorporated ZnO nanotubes are 

also planned for synthesizing by doping of 2, 4, 6 and 8 wt% of bromine in ZnO. 

Additionally zinc tellurium oxide nanomaterial is also studied as a novel photocatalyst.  

A detailed study on the physico-chemical properties of the prepared photocatalyst 

materials is planned following advanced methodologies. Structural characteristics and 

chemical compositions confirmation of synthesized nanomaterials are analyzed using X-ray 
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diffraction (XRD), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), 

Energy dispersive spectroscopy (EDS) and X–ray photoelectron spectroscopy (XPS) analysis. 

Morphologies are obtained from scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) images. The absorption and emission properties are evaluated 

using diffuse reflectance spectroscopy (DRS) and photoluminescence (PL) measurements. 

Bandgaps obtained from corresponding Tauc plots drawn from absorption data. 

 The photocatalytic activity of the prepared photocatalysts is compared in various 

disciplines especially for environmental applications. In addition to this, water purification, 

surface hydrophilicity and bacterial inhibition studies are also planned with these synthesized 

photocatalysts. Water treatment process is checked by monitoring the dye degradation in 

presence of photocatalysts. Contact angle between the water and the photocatalyst coatings 

on a glass surface are measured for surface treatment and the antibacterial activity has been 

checked with the pathogenic microbes, Escherichia Coli. Additionally synthesized zinc 

tellurium oxide nanomaterial is studied as a novel photocatalyst and applied to all the above 

mentioned applications. 
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Materials, Methods and 

Characterization Techniques 

 

2.1 MATERIALS USED FOR SYNTHESIS 

2.1.1 Zinc acetate dihydrate (Zn(Ac)2. 2H2O) 

 

Figure 2.1 Chemical structure of zinc acetate dihydrate 

Zinc acetate dehydrate is a widely accepted precursor for numerous chemical synthesis 

because of its easy solubility in water and low decomposition temperature1, 2. Most of the sol-

gel methods involve treating zinc acetate solution with an alkali3. During the sol-gel process, 

hydrolysis of zinc acetate removes intercalated acetate ions and forms colloidal gel of zinc 

hydroxides. With the assistance of mild temperature, these zinc hydroxides split into Zn2+ and 

OH- ions followed by the polymerization of hydroxyl complex leading to the formation of 

ZnO4, 5. M. K Liang et al made a detailed investigation of precursor effect on ZnO formation. 

According to him, by using zinc acetate precursor ZnO growth happens via 

dissolution/reprecipitation6. Zinc oxides with varied crystallinity, sizes and shapes were also 

synthesized exclusively by direct pyrolysis of zinc acetate7. L. Svoboda et al recently 

reported an interesting method for the synthesis of ZnO nanocoating over silica by the 

decomposition of zinc acetate and this decomposition was done with the help of electrons 

2 
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emitted from the UV irradiated indium plate8. Figure 2.1 depicts chemical structure of zinc 

acetate dihydrate. 

2.1.2 beta-Aminoethylamine (C2H8N2) 

 

Figure 2.2 Chemical structure of beta-Aminoethylamine 

Beta-Aminoethylamine (Figure 2.2) is a water soluble colourless liquid with strong alkaline 

nature9. It is highly viscous and makes fumes by reacting with moisture in the humid air 

conditions. The strong bidenting chelating character could make to form a complex with Zn2+ 

with high stability constant10. Because of its versatile performances such as capping, 

stabilizing and structure directing it is considered as a building block for the chemical 

synthesis processes11,12. Other names of beta-Aminoethylamine are 1, 2-Ethanediamine, 

Dimethylene diamine, Ethylendiamine, Edamine etc. 

2.1.3 Polyvinylpyrrolidone (PVP)  

 

Figure 2.3 Resonance structures of polyvinylpyrrolidone 
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Polyvinylpyrrolidone is a water soluble biocompatible polymer which appears as white 

coloured powder13. Two resonating structures are possible in PVP with the presence of a 

hydrophilic =N+-C-O- group in its pyrene ring structure14. Amphiphilic PVP exhibit multiple 

roles in the synthesis process such as stabilizing against aggregation of nanoparticles, tune the 

nanoparticle oxide interfacial energy, interfering with oxide crystal formation, effective 

capping etc.15, 16. Very recently Z. J. Yu et al described the crucial role of PVP as surfactant 

in the formation of novel hierarchical heterostructured photocatalyst17. Figure 2.3 presents 

chemical structure of polyvinylpyrrolidone. 

2.1.4 Emeraldine salt of polyaniline 

The green colored emeraldine salt is an intrinsically conducting organic polymer due to its 

polaron and bipolaron form18. 

 

Figure 2.4 Chemical structure of polyaniline (y=0: Pernigraniline, y=0.5: Emeraldine, y=1: 

Leucoemeraldine) 

 Depending upon the oxidation states, it can chemically or electrochemically switch in 

to various forms such as leucoemeraldine, emeraldine, pernigraniline etc19 as shown in Figure 

2.4 and Figure 2.5. Emeraldine salt structure consist of only benzenoid groups (amine 

nitrogens) whereas emeraldine base has both benzenoid and quinoid groups (imine 

nitrogens). Characteristic switching property of polyanilne between a conductor and an 

insulator, make it a promising material for various practical applications20. 
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Figure 2.5 Different forms of polyaniline depending upon the oxidation states 

2.1.5 Potassium Bromide (KBr) 

 

Figure 2.6 Chemical structure of KBr 

Potassium bromide is a water soluble crystalline ionic salt (Figure 2.6) widely used in various 

chemical synthesis processes and for the doping purposes in various single crystals21-24. It 

serves as a source of bromide ions for various synthesis (synthesis of silver bromide) and 

applications25. 
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2.1.6 Tellurium Powder (Te)  

 

Figure 2.7 Tellurium powder and its chemical symbol 

Tellurium is a metalloid in the chalcogen family usually appears as dark grey in colour as 

shown in Figure 2.7. Six electrons are occupying in the valence shell of tellurium with 5s25p4 

configuration and are chemically related to selenium and sulphur. Tellurium is used in 

various functional devices because of its intriguing properties26. In most of the synthesis high 

temperature is given to compromise the solubility problem of Te as the melting point of 

tellurium is 450 °C27. However it has excellent redox reaction chemistry which helps to 

improve the performance of devices28. 

2.2 METHODS 

2.2.1 Sol-gel method 

In the sol-gel process, a sol (colloidal suspension) formed from metal oxide precursors 

through hydrolysis and condensation is converted into gel network structure29. Actually a 

chemical transformation happens from liquid to gel state and subsequently converted in to 

metal oxide systems. The formed sol can be converted in to gel and finally in to different 

products depending upon the way of processing of the Gel. In addition, fibers and uniform 
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powders also can be formed by spinning of sol or precipitated from the sol directly30. 

 

 Figure 2.8 Schematic of Sol-gel synthesis methods and their products 

 The solvent evaporation of the gel results shrinkage accompanied with the capillary 

forces and form xerogels by the collapsing of the gel network31. Besides, when the gel is 

subjected to super critical drying, then aerogel is formed by retaining the gel network 

structure. Aerogels are seems to be as gel with large pores32. Schematic of various sol-gel 

synthesis processes and their corresponding products are given in Figure 2.8. Among 

numerous methods reported for the synthesis of nanomaterials, sol-gel method has got special 

attention because of the following reasons: 

 Different structures of the materials can be prepared using same precursors by 
slightly changing the experimental conditions 

 Low cost and simplicity of the synthesis procedures 

 Reliability and repeatability of the materials production because of the 
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involvement of liquid phase synthesis chemistry 

 Simple experimental set up and mild temperature conditions  

 Precise control on doping is possible 

2.2.2 Solvothermal method 

 

 Figure 2.9 Solvothermal set up in an autoclave 

Solvothermal synthesis is widely used for the preparation of nanomaterials. In this approach 

the chemical reactions in organic solvents around their critical temperature are carried out in 

a closed system under self-induced pressure 33. If the solvent used is water, then the synthesis 

normally performed below super critical temperature of water (374 °C) and known as 

hydrothermal synthesis. A sealed reactor set up used for the solvothermal reaction is called 

autoclave as given in Figure 2.9. The outer cover of the autoclave usually made of stainless 

steel and a teflon or alloy liner is placed inside to carried out the reaction thereby protecting 

the autoclave body from the highly corrosive solvents34. 

 Two main parameters (chemical and thermodynamic) control the solvothermal 

synthesis. Chemical parameters include selection of the solvent and nature of the reagents 

whereas the thermodynamic parameters include temperature, pressure and reaction time. 

Shape of the nanocrystals (dot, rod, tube etc.) can be tuned by optimizing the concentration of 

the precursors. The polarity and reducing / complexation capability of the solvents are 
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relevant for the synthesis of nanomaterials in solvothermal approach.  Thermodynamic 

parameters like temperature and pressure increases the solubility of the precursors favoring 

supersaturation and subsequent growth. 

 The reaction mechanism involved during the solvothermal/hydrothermal synthesis 

proceeds through two steps. They are crystal nucleation and subsequent growth. The sizes 

and morphologies of the final particles can be tuned by varying temperature, pH, precursor 

concentrations, solvents etc. Nucleation occurs reversibly when the precursor solution attains 

supersaturation and results precipitation of the solutes in the medium. Following nucleation, 

growth occurs simultaneously with the attachment of growth units. The schematic of the 

mechanism is depicted in Fig 2.10. 

Figure 2.10 Schematic of the mechanism of crystal growth under solvothermal condition 

 Solvothermal route is an attractive method for the synthesis of nanocrystals and is 

now being considered as a promising synthesis strategy for novel functional nanomaterials 

because of the following advantages: 

 Compromise solubility problem of precursors  

 High product purity and homogeneity 

 Unique pressure-temp interaction during synthesis 

 Single step synthesis of highly crystalline materials 

 Fast reaction time 

 Narrow particle size distribution 
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 Precise control on the size, shape and crystallinity 

 Mass quantity of yield in low cost single step 

2.3 CHARACTERIZATION TECHNIQUES 

2.3.1 Structural Characterizations 

2.3.1.1 X-ray Diffraction (XRD) 

X-ray diffraction analysis can be used for the quantitative as well as qualitative analysis of 

the crystals. Crystals are considered as three-dimensional array of oscillators separated at a 

distance or three-dimensional diffraction grating. The interaction of the monochromatic X-

rays with the atomic planes of a crystal gives the structural information about the phase and 

unit cell dimensions of the nanomaterials35. The schematic of the XRD procedure is depicted 

in Figure 2.11(a). 

 When high energy particles (eg: electrons) falls on matter, ejection of electrons takes 

place from various atomic shells. Characteristic X-rays are emitted due to these electron 

ejections from the core orbitals. When an electron is ejected from 1s orbital, simultaneously 

electron from 2p or 3p orbital will fall into empty 1s orbitals emitting Kα radiations. Actually 

Kα will be doublet (Kα1 and Kα2) as 2p electron has two spin states (2p3/2 and 2p1/2). Thus Kα1 

and Kα2 are corresponds to the electronic transitions from two spin states of 2p electron. But 

in most of the diffractometers statistically weighted average of the two are measured. 

Normally characteristic X-rays of copper Kα radiations having wavelength 1.54 Å is used for 

the diffraction of crystals36. 

 Powder diffraction method is normally used for the structural and phase identification 

of nano/micro crystals based on Bragg’s law (Figure 2.11(b)). When light falls on the 

crystals, it will be radiated in all directions from the lattice planes and occur constructive or 

destructive interferences over several ways. 
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Figure 2.11 (a) X-ray diffraction procedure and (b) derivation of Bragg’s law 

 Reflections are also takes place with angle of incidence equal to angle of reflections. 

The path length between the crystal planes becomes an integral multiple of wavelength of 

incoming radiations when the reflected beams are in phase and that resulted in constructive 

interference. For first order diffraction, equation λ=2d sin θ, when θ = 90ο, sin θ get the 

maximum value 1. If θ is less than 90° and d value less than λ, then zero order diffraction 

beams observed. If d value is much higher than λ value, then a diffraction continuum is 

obtained by the combination of the diffracted beams of different orders. 

 The essential components of a diffractometer are a radiation source, a sample of any 
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kind such as powder, film or a solid piece and a detector such as a photographic plate or a 

sophisticated counter. In Debye-Scherrer method, monochromatic X-ray is fallen on to the 

finely grounded powder sample and measured the intensity of the diffracted beam as a 

function of intensity. To collect all the reflections from the various planes of the nanocrystals, 

the detector is rotated in a circle. The positions of the diffracted peaks are compared with 

standard values for phase and plane identifications. In addition to the plane and phase 

identifications, intensity of the diffracted peaks gives information about the unknown crystal 

structure and quantitative phase analysis. X-rays causes a vibration in electrons of materials 

through elastic or inelastic collisions. Elastic collisions generate coherent scattering (in phase 

with the incident X-rays) and inelastic collisions leads to Compton scattering of 

electromagnetic radiations from the vibrating charge of the electrons. The total scattering 

intensity is measured as the sum of the scattered intensities occurs from each electron. 

Convergent beam of X-rays always improve the sensitivity and resolution of the diffraction 

patterns when placing both source and detector at the circumference of same circle. 

 In Bragg’s condition diffraction from one plane occur exactly one wavelength later 

from the previous plane results constructive interference. Therefore number of planes present 

in the crystallites constitutes the width of the diffraction peak.  The crystallites sizes are 

obtained by the Scherrer formula,             , where ‘t’ is the thickness of the crystallite in Å, 

λ is the wavelength of incident rays, β is the full width at half maximum of the most intense 

peak in radians and θ is the Bragg’s angle37. For smaller crystallites, the diffracted lines 

become broadened and the size of the particles up to 200 nm can be calculated using this 

equation. A non-uniform stress present in the crystallites also constitutes the broadening of 

the pattern. X-ray diffraction is one of the most useful techniques to obtain the information 

given below: 
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 Identification of the phases of the compounds (amorphous/crystalline) 

 Measurement of degree of  crystallinity 

 Determination of crystal structures (cubic, monoclinic etc) 

 Determination of lattice parameters 

 Measurement of crystallite sizes 

 Orientation of single crystals 

 Quantitative analysis of phases 

 Determination of residual stress in the crystals 

2.3.1.2 Spectroscopy for structural characterizations 

Spectroscopy analysis deals with the interaction of electromagnetic radiations with atoms and 

molecules of the materials. Electromagnetic radiations constitute mass less particles having 

wave like nature which travel with the speed of light called photons. These photons associate 

with discrete packets of energy. Normally in spectroscopic techniques, the electromagnetic 

radiations strikes on the sample and the intensity of the emitted radiations are analyzed at 

respective frequencies38. 

2.3.1.2.1 Fourier transform infrared spectroscopy (FTIR) 

The interactions of infrared radiations with the materials can cause a vibrational transition in 

its molecules and those vibrational transitions accompanying with a change in dipole moment 

is detected. Homo diatomic molecules (eg: H2, O2) cannot produce change in dipole moment 

thereby it do not detected by IR spectroscopy. The inherent vibrations of atoms and bonds in 

molecules or in crystals are in the range of 3-300µm range (IR region in electromagnetic 

spectrum). When these vibrational frequencies come in resonance with IR frequency results 

vibrational transitions in the molecules. The intensity of IR radiations before and after 

interactions with materials is measured and the relative intensity is plotted against frequency 

in an FTIR spectrum39.  

 The interferometer part of the FTIR consists of a light source, beam splitter, two 
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mirrors and a detector as shown in Figure 2.12. Beam splitter is an optically transparent 

material (Eg: KBr) coated plate so that it can reflect and transmit 50% of the light. The 

reflection from two mirrors recombined by beam splitter into a single beam and it is collected 

by the detector. The detected interferogram signal is interpreted by a mathematical Fourier 

transformation technique. The following information obtained from FTIR making it a useful 

tool for the nanomaterials characterization: 

 Information about chemical bonding 

 Information about molecular structure 

 Identification of organic and inorganic nature 

 Identification of materials 

 Information about the degradation of organic compounds 

 

Figure 2.12 Working of interferometer unit in an FTIR instrument 

 The characteristic vibrational motions of molecules are normally found in the region 

below 1500 cm-1. In this finger print region, lower frequency bending vibrations are 

occurring. In 3700-2500 cm-1 region, hydrogen stretching vibrations have seen. The region 



Chapter 2 

  

40  

 

2500-2000 cm-1 is triple bond region since these bonds have large force constant. 2000-1600 

cm-1 is the double bond region and 500-1700 cm-1 is the single bond stretching and bending 

region40. 

2.3.1.2.2 Raman spectroscopy 

Figure 2.13 (a) presents instrumental set up in a Raman spectrometer. Raman spectroscopy 

analyses the frequency variations in the scattering of visible light radiations when passed 

through transparent materials. The scattered radiations have either same frequency as that of 

the incident frequency (Rayleigh scattering) or certain discrete frequencies vary from that of 

incident radiations (Raman scattering) 41. This altering in frequency corresponds to change in 

vibrational energy states of the molecules. The intensity of these lines are in the order 

Rayleigh scattering > Stokes lines > Anti-stokes lines (Figure 2.13 (b)). A Raman shift is 

observed in the range of 100-4000 cm-1due to the vibrational energy changes. If λ in is the 

incident wavelength of light and λR is the wavelength of Raman lines, then Raman shift in 

cm-1is given by the expression                              . 

 

Figure 2.13 (a) Raman spectroscopy instrumental set up and (b) Raman and Rayleigh 
scattering 

 The source used in Raman is coherent monochromatic LASER. To reduce the direct 
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reflections from the source, horn shaped sample holder is used. The detector used is either a 

photomultiplier or a photographic plate. The importance of Raman spectroscopy is described 

below: 

 Information of molecular vibrations which are inactive in IR 

 Gives idea about the composition of the materials 

 Detection of impurities 

 Detection of surface bond vibrations 

 Information about crystallinity  

2.3.1.2.3 Energy dispersive spectroscopy (EDS) 

EDS spectrum gives information about the composition of the materials and the electronic 

structure of atoms. A beam of electrons when falls on materials, number of processes occurs 

such as scattering, transmission, secondary electron emission, X-ray emission, 

cathodoluminescence and back scattered electrons emissions. Out of these variable processes, 

characteristic X-ray emission gives EDS spectrum. With the influence of the incident 

electrons, a core level electron is ejected from the excited atom. Simultaneously an electron 

from the outer shell relaxes and occupied at the vacant core site along with transient 

generation of a local photon. Next relaxation occurs through either of the two processes in 

which one is accompanying with the ejection of an Auger electron and other is with the 

emission of X-ray quantum. The electrons transfer processes occur during EDS analysis are 

depicted in Figure 2.14 (a). Actually these emitted X-rays are functions of atomic number 

with characteristic energy which are used in EDS for analysis (Figure 2.14 (b)). 

EDS analysis is based on Moseley’s law which states that the energy of X-rays (E) is 

directly proportional to the atomic number (Z) of elements. The corresponding equation is            , Where C1 and C2 are constants42. 
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Figure 2.14 (a) Schematic of the process occurring during EDS analysis and (b) Graph 

depicts dependence of X-ray energy and atomic number 

2.3.1.2.4 X-ray photoelectron spectroscopy (XPS) 

Photoelectron spectroscopy works based on Einstein’s photoelectric equation43,       , Where hν is the energy of photon, KE is the kinetic energy of ejected electrons and ɸ is 

the work function. XPS technique is also known as electronic spectroscopy for chemical 

analysis (ESCA)44.  
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 In XPS, monochromatic X-rays are falling on the samples (solid, liquid or gas) and 

the kinetic energy of the emitted photoelectrons are analysed using a detector. The intensity 

of photoelectrons is plotted against kinetic energy of the photoelectrons. The kinetic energy 

of the electrons is related to binding energy by the following relation 

             

Where, Ev is the binding energy of the photoelectron 

 During this kinetic energy measurement, the maximum electrons coming from the 

materials are found to be from the top of surface of the materials. So that surface mapping of 

nanomaterials is possible by this spectroscopic technique, where the irradiation area is found 

to be of the order of mm2. Ultra high vacuum is needed during the surface analysis (greater 

than 10-9 torr) to avoid scattering of electrons with air. The core level electrons having energy 

of the order of 1000 eV or below can be concerned with photoelectron spectroscopy. The 

binding energies of the core electrons are very specific so that from the binding energy data 

the atoms can be predicted45. Actually the binding energy of electrons depend the energy of 

the shell where they occupy and also the magnetic interactions between the orbital angular 

momentum and the intrinsic spin of the electrons. 

 The essential part of a modern XPS instrument involves a monochromatic X-ray 

source. These X-ray photons when hit on a sample surface, photoelectrons are emitted and 

the emitted photoelectron passed through a velocity analyzer and finally falls on the detector. 

The detector can analyze the intensity of emitted electrons with their respective kinetic 

energies46. The working procedure in modern XPS instruments is schematically shown in 

Figure 2.15.   
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Figure 2.15 Working procedures in a modern XPS instrument 

 XPS is widely used for the characterization of nanosystems as it helps to get the 

information listed below: 

 Elemental characterization of the material is possible 

 Quantitative analysis of the surface of nanomaterials 

 Ionization potential/ binding energies of core clectrons 

 Information about the chemical composition except H and He  

 Information about chemical environment 

 Get idea about the electronic states of the elements 

2.3.2 Optical Characterizations: Spectroscopic techniques 

2.3.2.2 Diffuse reflectance spectroscopy (DRS) 

Diffuse reflectance spectroscopy, also called elastic scattering spectroscopy is used to 

estimate the band gaps of the powder nanomaterials47. When a semiconductor nanomaterial is 

subjected to electromagnetic radiations with wavelength range from UV to NIR, these 

radiations can be absorbed, reflected or transmitted from the material depends upon the 

wavelength of the photon and band gap of the nanomaterials. Diffusive reflections are 

multiple reflections occurring from the surfaces of smaller particles (Figure 2.16(a)). 

‘Reflectance’ is the power of diffusive reflections which is the ratio of the reflected radiant 

flux to the incident radiant flux. 
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Figure 2.16 (a) Specular and diffuse reflectance and (b) DRS instrumental set up 

The instrumental set up in a DRS is displayed in Figure 2.16 (b). When light 

radiations falls on powder surface, scattering happens in all dimensions and the measurement 

of this diffuse reflected light gives a DRS spectrum. Kubelka-Munk function converts the 

measured spectrum into absorption spectrum48. According to Kubelka-Munk model, the 

diffuse reflectance 

        √            
Where, K is the absorption coefficient (         and S is the scattering coefficient.  

The absorption coefficient is a function of photon energy. For indirect band gap and 

direct band gap semiconductors, the absorption coefficient is given by the equations         2 and             respectively where A is the material dependant constant. In the case 

of in-direct bandgap semiconductors (eg: TiO2), a change in momentum is associated with the 

absorption whereas in direct bandgap semiconductors (eg: ZnO) no such momentum change 

happens. The absorption coefficients of indirect band gap semiconductors are smaller 

compared to direct band gap semiconductors49. The scattering coefficient S depends on the 

particle size and refractive index and does not depend on the wavelength and absorption 

coefficient. On simplifying the above equation becomes, 
              . 
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2.3.2.3 Photoluminescence spectroscopy (PL) 

 

Figure 2.17 Jablonski diagram explaining photoluminescence 

Light incidence on materials causes photo-excitations and excess energy dissipated in the 

form of luminescence is called photo-luminescence50. The photo-excited electrons when 

returns to its equilibrium states, the emission of energy happen either radiatively (with 

emission of light) or non-radiatively. In addition, resonant radiation within an order of 10 

nanoseconds may also happen when incident photon and emitted photon have same energy39. 

Depending upon the lifetime of light emission, radiative emissions are of two, fluorescence 

and phosphorescence which can be explained on the basis of Jablonski diagram51 as shown in 

Figure 2.17. 

In fluorescence, the light emission happens within 10-8 to 10-4 seconds and the 

emission ceases with the removal of source. The lifetime of phosphorescence is 10-4 to 10-2 
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seconds thereby it exists even after the removal of the source. Non-radiative transition (No 

emission of radiations) takes at about 10-11 seconds which include internal conversion 

(emission from excited state to ground state of same multiplicity) and intersystem crossing 

(emission from excited state to ground state of different multiplicity). The intensity of PL 

emission is the relative amount of the radiative and non-radiative recombinations. PL 

spectroscopy is of having great significance as it gives following informations:  

 Determination of band gaps 

 Identification of defect levels 

 Information about surface structure 

 Information about recombination mechanism 

2.3.3 Morphological analysis 

2.3.3.1 Electron Microscopy : Scanning electron microscopy (SEM) &  

    Transmission electron microscopy (TEM) 

Electron microscopy is equivalent to light microscopy where electron beams are used instead 

of light for the imaging of nanomaterials. The used electron beams have shorter wavelength 

thereby obtain clear image with high resolution than light. Also the electrons can interact 

with matter very strongly compared to X-rays or neutrons. 

 When a beam of electrons hit on a surface of a material (powder or film), collisions 

happens with the atoms of the material and emit X-rays, secondary electrons or backscattered 

electrons. In addition, some electrons are directly transmitted through the material or by 

scattered due to the collisions from the atoms (Figure 2.18)52. These scattered electrons may 

be elastic (without change in energy) or inelastic which lead the auger or transmitted 

electrons. Figure 2.19 presents images of SEM, TEM and SAEED pattern. 
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Figure 2.18 Electron microscopy processes 

 

Figure 2.19 Typical image of (a) SEM, (b) TEM and (c) SAEED pattern 
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Working principle of electron microscopy 

In electron microscopy, the source of electrons is a cathode made up of hot tungsten (W) 

filament and these electrons are accelerated by anode to high velocity beam. The lenses used 

are electromagnetic and vacuum is maintained inside the set up. The accelerated electron 

beam is converted in to a fine beam when passed through condensing magnetic lenses (a 

series of current carrying coils producing magnetic field) and this fine beam is passed through 

the object. The absorbed/scattered/transmitted electrons are focused and enlarged on a 

fluorescent screen by objective magnetic lens and projector magnetic lens arranged one after 

other53. From the SEM analysis of the nanomaterials we get a clear picture of three 

dimensional topographic image, size and shape of the material, surface features etc whereas 

TEM gives a two dimensional image of the particle by projecting the transmitted electrons on 

to a fluorescent screen. TEM can provide informations about the crystallinity of the materials, 

size and shape of the nanoparticles with resolution less than 0.1 nm. 

 Selected Area Electron Diffraction (SAED) is performed inside the TEM and small 

bright spots appear due to Bragg’s reflection from individual crystallites. Amorphous 

materials produce diffuse rings whereas crystalline nanomaterials give rise to 2-10 nm sized 

small spots. By measuring the distance between the spots interplanar distance (d) of the 

crystal can be calculated easily54. 
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Synthesis, Characterizations & 

Applications of ZnO Nanotubes 

Research in improving the photocatalytic activity of zinc oxide, either by doping or making 

nanocomposites1 has been occupying the centre stage for quite a long time. In recent times, 

studies tend to focus on novel applications of ZnO in solar cell2, biological labeling3, LED4 

and in varistors5 etc, due to its economically viable production methods and eco-friendly 

nature. Another area that has gained fresh momentum is the application of pure ZnO 

nanomaterials as photocatalyst6. Abdullah et al. report that powdered pure ZnO is better for 

the degradation of broad range of pollutants than it’s composite with Ag2O
7. A plethora of 

morphological variants of ZnO nanomaterials such as, nanoflowers8, nanosheets9, nanorods10, 

nanospheres11, nanoplates12, nanowires13, nanoflakes14 etc. are being extensively explored as 

photocatalyst in recent times. However, nanotubes have carved a niche for themselves due to 

their favourable energy band alignments for efficient trapping of solar energy leading to high 

photocurrent and photocatalytic activity15. Acharyya et al. report that, among different 

morphology of ZnO nanomaterials, nanotubes with better carrier transport have an advantage 

over other morphologies16. 

A host of comprehensive studies have been conducted on the electrochemical 

synthesis of ZnO nanotubes15, 16 to establish the advantage of short time production, but the 

use of conducting substrate is the flipside of this process. Most of the reports show templated 

synthesis of nanorods prior to the synthesis of etched nanotubes17. However, expensive 

templates and multiple steps involved in their removal make those methods more difficult. 

Hence, template-free sol-gel synthesis with minimal usage of cost effective precursors with 

3 
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one-step surface etched nanotube formation, commencing from nucleation without the 

assistance of other reagents, is of prime significance18. In such cases one precursor can play 

multiple roles during the formation by eliminating multiple steps and other byproducts during 

synthesis.   

The photocatalytic activity of ZnO finds wider application in the recycling of polluted 

water, a major public health challenge across the globe7, 9-11. Textile industry contributes 

enormously to the pollutants by way of harmful dyes like Rhodamine B9, Methylene blue11 

etc. Radical changes are possible in the field of textile dye degradation process with nano 

zinc oxide photocatalysts due to the small quantity needed for broad range of degradation19. It 

is found that these toxic, refractory, carcinogenic and non-biodegradable textile dyes can be 

completely decomposed into CO2, water and mineral acids under room temperature and 

atmospheric pressure by ZnO nanotubes.  

Here, an attempt is made to explore the photocatalytic activities of zinc oxide 

nanotubes for the degradation of methylene blue (MB), a textile dye. For this, ZnO nanotubes 

have been prepared in an easier and economical way through sol-gel approach using zinc 

acetate dihydrate and beta-aminoethylamine (edamine) with water as the medium for 

synthesis. A slight manipulation in the concentration of the polymeric precursor in reaction 

medium results in ZnO nanotubes with varying degrees of surface roughness. A template-free 

single step sol-gel method, which has not been reported previously, is used for the synthesis 

of ZnO nanotubes in powder form in water medium. The formation mechanism illustrates 

that, precipitation, co-ordination, dissolution and etching happen in a single stretch within 6 h 

at mild and constant temperature. A systematic study on the effect of edamine in the surface 

etching of ZnO nanotubes and the role of etched surface in the degradation of methylene blue 

dye is discussed in detail in this chapter. Previous reports by Wang et al explain the 

degradation of dye by ZnO nano sheets with an efficiency of 9.4%20. Chang carried out MB 
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degradation under UV light by ZnO/ZnS nanocable and nanotube arrays and got a rate 

constant (k) value of 0.025 min-1 within 2.30 h21. Chang et al. report, 11% MB degradation 

under visible light by pure ZnO and maximum 71% degradation by Ag-ZnO-RGO composite 

within 2 h exposure22. Here, the synthesized surface etched nanotubes give 66% dye 

degradation under visible light within 1.30 h with a k value of 0.012 min-1. The photocatalytic 

activity of ZnO nanotubes with their varying degrees of surface roughness is correlated with 

dye degradation studies. 

 Apart from dye degradation, this synthesized surface modified (roughness) nanotubes 

are found suitable for self-cleaning applications which has gained significant attention in the 

commercial use of goggles, wind shields and rear view mirrors. The self-cleaning property of 

these nanotubes has been confirmed through contact angle measurements. The photocatalytic 

mechanism is elucidated to highlight its antifogging applications. 

3.1.  MATERIALS AND METHODS 

3.1.1. Sol-gel ZnO nanotubes 

All the reagents were used as received, without further purification. Zinc acetate dihydrate, 

edamine and methanol were from Merck. Double distilled water used for the synthesis was 

collected from Heal force super easy series ultrapure water purification system. ZnO 

nanotubes with varying surface roughness were synthesized by changing the molar ratio of 

zinc acetate and edamine gradually to 1:0.5, 1:1 and 1:2. For the synthesis of ZnO nanotubes 

with equimolar ratio (1:1), 0.015 M zinc acetate solution was prepared in double distilled 

water and kept in a water bath at 60 °C. 0.015 M edamine was injected into this solution with 

micro pipette and the beaker was kept for 6 h of aging at the same temperature. The white 

powder formed was washed thrice in water and extracted with the help of a high speed 

centrifuge at 12000 rpm for ten minutes. The precipitate thus synthesized with equimolar 
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concentration of precursors was named as 11ZE. The same procedure was repeated with 

changed molar concentrations of the precursors for the preparation of two more samples 

named 21ZE and 12ZE respectively for 1:0.5 and 1: 2 ratio of zinc acetate to edamine.  The 

synthesized samples were sintered at 400 C for 1 h and stored for further characterizations. 

3.2 MECHANISM 

Nucleation and growth of ZnO nanotubes 

 

Figure 3.1 Proposed mechanism of the sol-gel synthesis of ZnO nanotubes 

Sol gel synthesis involves hydrolysis of the precursors. When zinc acetate dissolves in water, 

the resultant temporary complex (step (1) of Figure 3.1) retains a solution pH of 523. On 

addition of alkaline precursor, edamine, to the medium the pH shoots up suddenly to 7.5, 6.5 
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and 5.5 for 12ZE, 11ZE and 21ZE respectively. The  increase in pH lead to immediate Zn2+ 

precipitation followed by the formation of Zn2+-edamine complex (step 2 of Figure 3.1)24. At 

the same time edamine gets hydrolysed and helps the formation of hydroxyl ions (Step 3 of 

Figure 3.1). The Zn2+ from step (2) and OH- from step (3) combine to form Zn(OH)2 leading 

to the formation of ZnO. In the case of 12ZE, the increase in pH helps to increase the 

nucleation excessively because of the higher edamine concentration. Here growth starts only 

after completion of the heterogeneous nucleation25 as pH of the solution spirals down from 

7.5 to 5 in the final stage of the synthesis. Fast consumption of growth species and inhibition 

of further growth leads to undefined crystal growth in 12ZE. At low edamine concentration 

(21ZE), the reversible reaction (step (3) in Figure 3.1) predominates and reduces the 

availability of OH- in the solution. Here, the pH of the solution observed was 5.5 after 

addition of edamine and this pH gets maintained throughout the process without fluctuations. 

This facilitates the occurrence of heterogeneous nucleation, growth and dissolution process 

simultaneously. Here, water and acetate helps to accelerate the growth process23, 26to 

compensate the shortage of edamine. Zinc oxide is formed directly from the complex 

Zn4O(CH3COO)6 without undergoing co-ordination with edamine, i.e in such cases steps (2) 

and (3) of Figure 3.1 takes place scarcely. The precursor concentration was optimized in 

11ZE for the synthesis of surface etched ZnO nanotubes for efficient photocatalysis. In the 

case of 11ZE the initial pH drops from 6.5 to 5.5 in the early stages of the growth process and 

surface etched nanotube formation takes place by the dissolution and etching along with 

growth process at a stable solution pH of 5.527.  

 Wurtzite ZnO crystal structure is formed by the alternate stacking of Zn2+ and O2- 

enriched polar surfaces. Zn2+ polar surfaces {0001} are of two types; O-atom terminated and 

Zn-atom terminated. The growth occurs along oxygen atom terminated zinc polar surfaces; as 

the double layer formed from solution contain fewer number of OH-. Here, the fewer number 
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of OH- can be attributed to the oxygen atom termination in zinc polar surface which occurs 

through hydroxyl groups. When pH reaches 5.5, the unstable O2- rich polar surfaces undergo 

dissolution28 at a comparatively faster pace. Nonpolar surfaces {1010} in presence of 

edamine become relatively stable because these {1010} planes are covered by nonpolar 

chains of edamine. The dissolution of oxygen rich polar surfaces is inferred from the PL 

spectra by the presence of emission peaks due to oxygen vacancies along with bandedge 

emission and no peak due to zinc vacancies are detected. From our experimental observation 

it was found that the pH 5.5 trigger the formation of nanotubes with chelation assisted 

combined growth-dissolution-etching mechanism. The schematic illustration of the synthesis 

procedure adopted for the nanotube formation is shown in Figure 3.2. 

 

Figure 3.2 Schematic diagram of the synthesis procedure of ZnO nanotubes 

 The multitasking characteristics of edamine during ZnO nanotube synthesis and 
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optimization of its concentration for efficient photocatalyst are evident from the points listed. 

(1) The presence of edamine rapidly brings up the alkalinity of the precursor solution to 

facilitate nucleation by precipitating Zn2+cations. (2) The bi-dentate chelating effect helps to 

control the supersaturation for the nucleation and growth of ZnO nanotubes. (3) Capping 

property of edamine helps to hinder agglomeration of nanocrystals and assist anisotropic 

growth. (4) A particular concentration level of edamine promotes etching of nanotubes along 

with growth of particles. (5) Edamine also plays a role in concentration dependent selective 

dissolution of polar planes to accelerate ZnO nanotube formation. 

3.3 CHARACTERIZATIONS 

3.3.1 Instrumentation used 

The crystal structure was elucidated from X-Ray powder diffraction (XRD) studies using 

Rigaku miniplex X-Ray diffractometer (Cu Kα, = 0.15496 nm), scanned between 10 to 80°. 

Morphology and size of the ZnO nanoparticles were investigated using Hitachi SU 6600 field 

emission scanning electron microscope. The elemental composition of the sample was 

confirmed from EDAX analysis using Oxford instruments. Absorption spectra of the samples 

were recorded by means of Shimadzu 3600 plus spectrometer. Photoluminescence (PL) 

spectra were taken by using Perkin Elmer LS 55 luminescence spectrometer with Xenon 

discharge lamp at room temperature. Percentage of transmittance of the samples was 

analyzed from Fourier Transform Infrared Spectra (FTIR) by using PerkinElmer FTIR 

Spectrum Two instrument with a resolution of 4 cm-1. Raman spectra were taken with 

JASCO instrument with 532 nm laser wavelength. 

3.3.2 Morphology and structural analysis 

3.3.2.1 Scanning Electron Microscopy (SEM) 
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From SEM analysis it is evident that the edamine concentration has a significant role in the 

shape, size and surface etching of the formed nanotubes. The SEM micrographs of 12ZE, 

21ZE, and 11ZE show nanotube morphology with different tube size and surface roughness 

as seen in Figure 3.3 (a-c). 

 

Figure 3.3 SEM images of calcined (a) 12ZE, (b) 21ZE, (c) 11ZE 

 Edamine concentration increases gradually from 21ZE, 11ZE and 12ZE. 21ZE shows 

slightly elongated nanotubes with smooth surface with hexagonal edge, but for 11ZE, the 

tube surface becomes etched due to the increased concentration of edamine and loses definite 

edge shape. Further increase on the concentration of edamine leads to the destruction of 

nanotube structure and uncertain particle dimension for 12ZE samples. It is presumed here 

that, the presence of edamine in the reaction medium acts as an etching agent and gradually 
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destroys ZnO nanotubes with increased concentration. The formation of non-tubular structure 

along with the nanotubes seen in the case of 21ZE (Figure 3.3b) may be an outcome of lesser 

concentration of edamine, which in turn results in the formation of zinc oxides directly from 

the complex Zn4O(CH3COO)6 without undergoing co-ordination with edamine23. 

3.3.2.2 Energy Dispersive Spectrum (EDS) 

 

Figure 3.4 EDS spectra of 11ZE 

Figure 3.4 shows the EDAX spectrum of 11ZE confirming the elemental composition of the 

sample. The EDAX result shows only zinc and oxygen in the sample. The richness of Zn 

atom seen in the EDAX spectrum of ZnO crystals indicates oxygen deficiency present in the 

sample29. 

3.3.2.3 X-ray Diffraction Analysis (XRD) 
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X-Ray powder diffraction (XRD) method is conducted to study the crystalline structure and 

phase of ZnO before and after calcination and the diffractograms are shown in Figure 3.5. 

Sample before calcination (BC-11ZE) do not undergo any phase changes but shows extra 

peaks (marked by * in figure 3.5). After calcination, all impurity peaks disappeared and the 

purity of the ZnO samples is ensured. The data is compared with JCPDS File No: 89-0510 to 

confirm the anisotropic growth of wurtzite ZnO with hexagonal geometry22. The maximum 

intense peak is observed at a 2θ value of 36.4° (101) and other peaks are at 31.8°(100), 

34.6°(002), 47.6°(102), 56.6°(110), 63° (103) and 68° (112) for all three samples. From the 

XRD pattern the crystallite size is calculated using Scherrer equation23 and is found to be 

26.04, 27.94 and 28.03 nm for 11ZE, 12ZE and 21ZE respectively. 

  

Figure 3.5 XRD of ZnO samples before and after calcination compared with JCPDS 

3.3.2.4  Raman Spectroscopy 
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Figure 3.6 Raman spectra of 12ZE, 11ZE and 21ZE 

The difference in surface oxygen vacancies are demonstrated in Raman spectra of the 

samples. The analysis was done with laser wavelength 532 nm. The spectra are shown in 

Figure 3.6. Vibrational bands in Raman spectra are due to the active phonon modes of 

wurtzite ZnO with C6V symmetry. Bands at 99 cm-1(E2 low) and 437 cm-1 (E2 high) are 

characteristic peaks of wurtzite ZnO structure30. Strong high intense E2 (high) mode indicates 

good crystallinity of the samples. Peaks at 144 cm-1 and 195 cm-1 are attributed to lattice 

vibrations and TO (Transverse and Optical) overtone respectively31. The vibrational mode at 

256 cm-1 corresponds to laser plasma lines32. The peak at 331cm-1 corresponds to phonon 

scattering peak overlap of E2 (high) and E2 (low) and the one observed at 660 cm-1 represents 

an intrinsic mode of ZnO (TO+LO). The peaks at 560 cm-1 and 580 cm-1 represents zinc and 

oxygen deficiencies30, 33. Here, the peak at 560 cm-1 is absent in all three samples indicates 
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absence of zinc deficiencies. The area ratio at 580 cm-1 are calculated and found to be 

1.19:1.21:1.0 for 12ZE, 11ZE and 21ZE respectively. 

3.3.2.5  Fourier Transform Infrared Spectroscopy (FTIR) 

 

Figure 3.7 FTIR spectra of 11ZE, 12ZE, 21ZE and zinc acetate 

The formation of ZnO nanostructures is further confirmed using FTIR analysis and the 

spectra obtained are shown as Figure 3.7. All the three samples except the precursor zinc 

acetate show an intense peak at 480 cm-1 (h) due to the stretching vibrations of Zn-O bond 

confirming the formation of zinc oxide. Peak at 3435 cm-1 (a) indicates the presence of O-H 

stretching vibration34 which is conspicuously broadened in zinc acetate dihydrate. All 

samples give almost the same intense peak at 1626 cm-1 (c) because of O-H bending 

vibrations35. The C=O stretching mode is observed at 2340 cm-1 (b) 36. Other peaks present at 

1515 cm-1(d), 1330 cm-1 (e), 990 cm-1 (f) and 875 cm-1 (g) are of negligible intensity in 
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smooth surfaced 21ZE. The broad band (c) in zinc acetate allocates symmetric and 

asymmetric stretching vibrations of COO- group37. 

3.3.2.6 Transmission Electron Microscopy (TEM) 

The TEM image of 11ZE is shown in Figure 3.8. Stalking faults of the crystal lattice fringes 

is clearly visible from the HRTEM image. The deviations in the lattice fringe continuum can 

be due to the defects present in the crystal38. The Selected Area Electron Diffraction (SAED) 

pattern reveals the polycrystalline nature of 11ZE. 

 

Figure 3.8 TEM, HRTEM images and SAED pattern of 11ZE 



Chapter 3 

   

68  

 

3.3.3 Optical properties 

3.3.3.1 Diffuse Reflectance Spectroscopy (DRS) 

Diffuse reflectance spectra of the samples taken before and after calcination are shown in 

Figure 3.9. All samples show almost similar absorption in both cases with a band edge 

absorption is observed around 369 nm.  

Figure 3.9 Diffuse reflectance spectra of ZnO (a) pre-calcination and (b) post- calcination 

3.3.3.2 Tauc Plot 

Figure 3.10 Tauc plots of ZnO samples (a) pre-calcination and (b) post-calcination 
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The bandgap of ZnO samples before and after calcination is determined by means of Tauc 

plot and is found to be ~3.3 and 3.1 eV respectively. This narrowing of bandgap after 

temperature treatment may be due to self-doping arises in the crystal lattice39 or increased 

oxygen deficiency40. The corresponding Tauc plot is given in Figure 3.10. 

3.3.3.3 Photoluminescence Spectroscopy (PL) 

 

Figure 3.11 PL spectra of 11ZE, 12ZE, 21ZE 

Emission behaviour of the ZnO nanostructures was checked by recording the 

photoluminescence spectrum of the calcined samples at room temperature. All the samples 

are excited at 340 nm and the resultant band edge emission is observed around 400 nm as 

shown in Figure 3.11. 

 The emissions, observed at 420, 485 and 528 nm are due to defect emissions from the 

ZnO nanocrystals41. The blue emission observed at 420 nm can be assigned to the transition 

between the conduction/valence bands and trap states near the valence or conduction band42. 
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The emission at 485 nm may arise due to oxygen vacancy (Vo) or singly ionised oxygen 

vacancy (Vo-) in ZnO lattice43. The green emission observed at 528 nm in ZnO can be 

attributed to the transition of electrons from the conduction band to the defect states due to 

oxygen vacancies41- 44. 

3.3.4 Photoactivity study 

Chronoamperometric analyses were done to study the photoactivity of 11ZE, 12ZE and 21ZE 

by measuring the photocurrent density. Photocurrent was measured under 1 sun illumination 

(100 mW/cm2) using a solar simulator interfaced with Biologic SP-150 potentiostat 

instrument. A three electrode system was used with Ag/AgCl as reference electrode, Pt wire 

as counter electrode, evenly distributed ZnO film (with a fixed area of 0.25 cm2) on FTO as 

working electrode and 0.1 M Na2SO4 as electrolyte. Chronoamperograms were recorded after 

ten cycles of periodic illuminations with intervals of 60 s. 

3.3.4.1 Chronoamperometric analysis 

Photoactivity of ZnO nanostructures has been studied by using chronoamperometry under 

illumination and the corresponding time dependent current behaviour is shown in Figure. 

3.12. Photoconductivity being surface related, the ZnO samples with different surface 

roughness show different photocurrents. When ZnO is illuminated, the excitons generated are 

proportional to the photocurrent generated from the sample45, 46. The stability and degradation 

of photocurrent are different for the three samples and 11ZE is found to be more stable (0.056 

mA/Cm2) with minimum rate of photocurrent degradation. It is presumed here that, more 

oxygen species from the electrolyte is chemisorbed on the etched surface of 11ZE and 

converted to superoxides (O2
-) by accepting the excited electrons (reaction 1). Photocurrent is 

contributed by the electrons generated as a result of oxygen desorption by the reaction of 

holes with the superoxides (reaction 2)47. 
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                       ( )                       ( ) 
The stable photocurrent observed for 11ZE can be attributed to the increased trap 

states arise from the etched surface. These defect states due to oxygen increases the carrier 

lifetime and prevent recombination resulting in a steady photocurrent formation by 

desorption of chemisorbed oxygen on the surface of the ZnO nanotube.  For 12ZE and 21ZE, 

under illumination, initially photocurrent attains a maximum value then slowly decays to a 

steady state48. It is presumed here that both the chemisorbed oxygen and oxygen related 

defects are less for these two samples, showing photocurrent decay. The photocurrent 

stability after many cycles of illumination denotes the photocatalytic stability of the sample 

maintained by means of continuous charge transport at the electrode-electrolyte interface49. 

 

Figure 3.12 Chronoamperogram of 11ZE, 12ZE and 21ZE 

3.4 APPLICATIONS - PHOTOCATALYSIS 

3.4.1 Water treatment - Dye degradation 
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Photocatalytic activity of ZnO nanostructures with tuned morphology and surface was 

studied by checking the degradation of a textile dye, methylene blue, in aqueous solution. 

Methylene blue was supplied by Spectrochem. A weighed amount of 0.05 g of each sample 

was taken in a beaker. 50 mL methylene blue solution in distilled water (0.002 wt %) was 

added to the beaker containing ZnO nanotubes and was stirred in dark for 30 minutes. Then, 

the beaker was placed under 300 W Xenon lamp with stirring continuing. At 15 minutes of 

periodic intervals of exposure, small volumes of the solution mixture were taken to study the 

dye degradation by recording the absorption spectra. 

During photocatalysis, the degradation process is activated by the excitons generated 

by ZnO and the degradation rate of dye is influenced by the exciton recombination rate50. 

Being a direct bandgap semiconductor, radiative recombination occurs faster for ZnO. 

However, the defect density controls the exciton recombination behaviour by triggering 

Shockley-Read-Hall (SRH) recombination51. The oxygen related defect states are capable of 

controlling the photocatalytic degradation of organic dyes50.  

In the process of dye degradation the excitons generated in ZnO on illumination 

produce highly reactive hydroxyl free radicals (OH0) and superoxide species (O2
-) by reacting 

with water present in the MB solution. These hydroxyl free radicals and superoxides 

decompose methylene blue to CO2, H2O and volatile organic compounds (VOC), leading to 

decolourisation of the dye solution. During photocatalysis of dye, the light illumination is 

done after stirring the dye solution with ZnO nanostructures for 30 minutes in dark to 

establish adsorption-desorption equilibrium between ZnO and dye. To eradicate any error due 

to initial adsorption of methylene blue on the surface of zinc oxide samples, the mixture was 

stirred in dark for 30 minutes before being placed under light source. According to the data 

obtained after 30 minutes, dark adsorption analysis, 21ZE shows very weak adsorption 
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compared to other two samples to establish adsorption-desorption equilibrium.  The heat 

dispersed due to illumination is considered to be insignificant as it doesn’t play any role in 

photocatalysis52. A time dependent concentration study of the dye in the presence of 11ZE, 

12ZE and 21ZE is done under illumination and is graphically represented in Figure 3.13. 

 

Figure 3.13 Photocatalytic MB degradation in the presence of zinc oxide samples 

Pure methylene blue is found to be degraded in the absence of photocatalyst at about 

35 percent. This may be attributed to the presence of dissolved oxygen present in the water53. 

The degradation of methylene blue in presence of ZnO follows a pseudo first order kinetics 

with rate constant k=1/t ln (C0/C)50, where, C0 is the initial and C is the final concentration of 

the dye. 11ZE with its etched surface produces high and stable photocurrent which translates 

in to increased photocatalytic activity. In this process the degradation of dye and regeneration 

of hydroxyl and superoxide species occur simultaneously. The chemisorbed oxygen on the 

surface of ZnO nanostructure has a significant role in the regeneration mechanism of 

hydroxyl and superoxide species for the degradation of dye and the same can be represented 

as follows54. 
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                                                   ( )              (            )       ( )                                 ( )                                             ( ) 
The schematic illustration of the mechanism of dye degradation is shown in Figure 3. 

14. Among the three oxygen deficient zinc oxide nanotubes, surface etched 11ZE shows 

better degradation efficiency towards methylene blue50. Here, the photocatalytic degradation 

rate is influenced by the rate of formation of superoxides and hydroxyl free radicals that 

correlate with the exciton lifetime. 

  

Figure 3.14 Plausible mechanism of Photocatalytic dye degradation 

Recombination of excitons eliminates the formation of superoxides and hydroxyl free 

radicals and thus affects the photocatalytic reaction rate. PL data support this argument by 

showing minimum bandedge emission for 11ZE samples. 21ZE shows high intense bandedge 

emission indicating high recombination rate of photogenerated carriers, leading to low 

photocatalytic activity45. The surface defect sites present near valence and conduction bands 
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minimizes the bandedge recombination rate by trapping these photo-excited carriers and 

enhances the photocatalytic activity. 

The recyclability of the photocatalyst is an essential pre-requisite for the practical 

industrial applications55. The recyclability and performance stability put to test by the 

recurrent use of the powder in five consecutive cycles for degrading fresh dye and the results 

are shown in Figure 3.15. 

 

Figure 3.15 Cyclic stability of 11ZE, 12ZE and 21ZE 

11ZE and 12ZE exhibit good stability and recyclability as well for five consecutive 

cycles whereas 21ZE exhibit a gradual decrease of stability. Out of these three samples 11ZE 

shows excellent overall activity compared to 12ZE and 21ZE. 
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3.4.2 Estimation of reactive oxygen species 

The photocatalytic activity of the nanomaterials is generally attributed with the generation of 

reactive oxygen species as shown in equation (6) (in page 71). The hydroxyl free radicals 

released is quantified using terephthalic acid (TTA) probe molecule56. The hydroxyl radicals 

released by the semiconductor photocatalyst, on illumination, convert terephthalic acid in to a 

fluorescent 2-hydroxylterephthalic acid (HTTA) as shown in Figure 3.16. The intensity of 

nonflourescent TTA and fluorescent HTTA is compared in Figure 3.17. 

 

Figure 3.16 Chemical structures of terephthalic acid and 2-hydroxyterephthalic acid 

 Terephthalic acid solution (5x10-4 M) is prepared in water and its pH is adjusted with 

NaOH57. Then, 0.005 g of the photocatalyst was dispersed in 50 ml of the prepared 

terephthalic acid solution and placed under light irradiation with continuous stirring for 10 

minutes. After light exposure, the solution was centrifuged and recorded the 

photoluminescence spectra of the solution to measure the intensity of the fluorescence. 
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Figure 3.17 Flourescence spectra of TTA and HTTA 

3.4.3 Surface treatment – Contact angle measurements 

The self-cleaning performance and surface wettability of 11ZE photocatalyst was analyzed 

from contact angle measurements. A paste of 11ZE was made in methanol and doctor bladed 

on a thin glass substrate. Each coated glass plate was dried at room temperature and subjected 

to measure contact angle with water. Water contact angle photographs of ZnO film on glass 

substrate are shown in Figure 3.18.  

 

Figure 3.18 Photographs of water contact angle measurements on ZnO surface (a) initial 

angle (b) After 100 seconds (c) After 120 seconds 

The contact angle was found to be 36.1ο initially and within hundred seconds the 
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angle reaches to 31.2ο. After 2 min the angle was 29.9ο indicating the hydrophilic nature of 

the film. The synergetic action of polar hydroxyl groups at the surface of ZnO nanotubes 

along with the wettability induced by the capillary forces helps for achieving this 

hydrophilicity58. According to Kenanakis et al, surface roughness and crystallinity promotes 

water absorption of a material considerably59. The hydrophilic nature of 11ZE helps in 

absorbing water and subsequently its photocatalytic property comes handy in cleaning the 

surface by degrading the surface adsorbed dust.  

3.5  CONCLUSIONS 

Oxygen deficient morphologically tuned ZnO nanostructures with varying photocatalytic 

activities were obtained by changing the concentration of polymeric precursor in the reaction 

medium. One dimensional ZnO with three different samples were obtained by changing the 

zinc to beta-Aminoethylamine ratio 2:1, 1:2 and 1:1 (21ZE, 12ZE and 11ZE). A detailed 

study on the photocatalytic activity of these ZnO nanostructures shows that 11ZE gives stable 

photocurrent behaviour with better photocatalytic performance by showing hundred 

percentage degradation of methylene blue. Performances of these three ZnO nanostructures 

on methylene blue degradation were correlated with the surface chemisorbed oxygen, oxygen 

related defect density and excitonic recombinations. Compared to 11ZE, 21ZE shows smooth 

surfaced nanotubes whereas; 12ZE shows completely distorted nanotube structure because of 

high etching rate. Among the three samples, 11ZE surface accommodates more chemisorbed 

oxygen and the photoluminescence studies indicate that the excitons life time is high in 

11ZE. All these factors indirectly affect the photocatalytic degradation of methylene blue by 

producing more superoxides and enhancing the carrier lifetime in the oxide structure under 

illumination. The hydrophilic nature of 11ZE also put promising material for antifogging 

applications. 
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Synthesis, Characterizations and 

Applications of Hybrid Nanocomposites 

The efforts of scientific community in developing hybrid nanocomposites augur well for 

implementing nanotechnology in innovative applications1. The many parameters that can be 

varied and different material components which can be chosen play a pivotal role in 

developing these composite materials. Hybrid nanocomposites either exhibit new properties 

or a mixup of individual component characteristics. Wide band gap metal oxides, like zinc 

oxide and their hybrid nanocomposites with polymers have extensively improved in their 

applications in sensor2, batteries3, photovoltaics4, supercapacitor5 and photocatalysis6 with 

effect of their surface properties7, bandgaps8, interface9 and shapes10. One of the most 

effective surface treatments of ZnO can be achieved through the incorporation of a polymer 

shell11. The synergetic and complimentary performance between conducting /non conducting 

polymers and inorganic metal oxides makes a significant improvement in properties of these 

hybrids. When these nanocomposites supported by polymers, the agglomeration of 

nanoparticles can be prevented to a certain extent. In addition, the synthesis protocol of 

polymer based semiconductor nanocomposites is simple due to the ease in bonding between 

them12 and the use of a less expensive aqueous medium for the synthesis.  

Over the past few decades polyaniline is very much attractive with its intrinsic 

conduction for various catalytic and photocatalytic processes13. According to Zhang et al, the 

photocorrosion of ZnO can be inhibited through polyaniline coating14. Conductivity of 

polyaniline (PANI) and biocompatibility of polyvinylpyrrolidone (PVP) make the polymer 

zinc oxide nanocomposite an economically viable efficient system for photocatalytic and 

photovoltaic applications by the potential utilization of solar energy. Reports on PANI-ZnO 

4 
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and PVP-ZnO composites are available with highlights on their properties and photoactive 

applications. However, bi-functional nanocomposites with PANI-PVP-ZnO combination are 

hardly seen in literature.  Ming yang et al reported bifunctional PANI/Fe3O4/PVP composite 

nanofiber from electrospinning synthesis15. Recently Jihai Tang et al studied the 

electromagnetic properties of PANI/PVP /carbonyl iron powder16. But to the best of our 

knowledge this could be the first sol-gel synthesis of hybrid nanocomposite of zinc oxide 

with both the polymers PANI and PVP (the composite is coded as PPZ). In addition to this, 

the incorporation of carbon in to the ZnO lattice through polymer assisted approach is not so 

common in the literature. 

 The present work reports a facile and effective protocol for the synthesis of polymer 

wrapped zinc oxide nanotubes in aqueous medium. Nanocomposite combinations of 

PANI/ZnO (PNZ), PVP/ZnO (PVZ), PANI/PVP/ZnO (PPZ) and PANI/PVP blend (PP) are 

successfully fabricated with a well-controlled and cost effective procedure. The synthesized 

composite samples (PNZ, PVZ and PPZ) were subjected to post thermal treatment and 

formed carbon incorporated ZnO. According to Tseng et al, carbon atoms can replace both 

zinc and oxygen atoms17 in ZnO lattice. The above mentioned composites are systematically 

characterized structurally, optically and morphologically. The photocatalytic stability of the 

synthesized hybrids analyzed in detail and the sample shows good photocatalytic stability and 

recyclability, even after using for five cycles. 

4.1 Carbon incorporated ZnO derived from Polyvinylpyrrolidone assistance 

Polyvinylpyrrolidone-zinc oxide hybrid nanocomposite (PVZ) was prepared by one – pot sol 

precipitation method with water as the medium. The polymer, polyvinylpyrrolidone (PVP), 

used for the incorporation of carbon into ZnO lattice is highly biocompatible and 

environment friendly18. The obtained PVZ was calcined at 400 oC for one hour in muffle 
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furnace to obtain carbon incorporated ZnO and the sample is coded as CPVZ.  

4.1.1 SYNTHESIS 

4.1.1.1 Synthesis of PVZ and CPVZ 

Zinc acetate dihydrate (CH3COO)2 Zn. 2H2O, Ethane-1, 2-diamine (C2H4(NH2)) and  

methanol (CH3OH) were purchased from Merck. Double distilled water filtered from Heal 

force super easy series purification system was used throughout for synthesis and washing 

process. Polyvinylpyrrolidone (PVP with average Mol. wt > 40,000 g/mol) was purchased 

from SRL. 

 ZnO - PVP polymer nanocomposite was prepared by one – pot sol precipitation 

method with water as the medium. A homogeneous precursor solution of zinc acetate (0.015 

M) was heated to 60oC followed by the injection of 0.015 M ethane-1, 2-diamine under 

continuous heating and stirring at 900 rpm. Aqueous solution of PVP (0.1 g in 50 mL water) 

was added to the reaction medium after 75 minutes and the whole reaction was continued up 

to six hours. The precipitate obtained after washing the reaction mixture with water using 

ultra centrifuge, air-dried and stored in vials for further characterizations and is coded as 

PVZ. Pristine zinc oxide nanotubes were also synthesized with same procedure without 

addition of polymer solution19. The obtained PVZ was calcined at 400 oC for one hour in 

muffle furnace to obtain carbon incorporated ZnO named as CPVZ. Addition of PVP during 

the formation of white cloudy precipitate of zinc oxide results in the hydrolyzation of PVP 

followed by the wrapping on ZnO surface20. The COO- groups in the polymer are attached to 

the Zinc atom of Zn-O through electrostatic interactions. After calcination of these polymer 

wrapped ZnO, carbon is entering in to ZnO lattice. The schematic of the synthesis is shown in 

Figure 4.1. 
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Figure 4.1 Schematic of the synthesis procedure of CPVZ 

4.1.2 CHARACTERIZATIONS 

4.1.2.1 Morphology and structural analysis 

4.1.2.1.1 Scanning Electron Microscopy (SEM) 

Morphology obtained from FESEM (Zeiss Gemini SEM 300) reveals short nanotube 

structure for both PVZ and CPVZ as shown in Figure 4.2.b and c. 
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Figure 4.2 FESEM images of (a) PVP, (b) PVZ and (c) CPVZ 

4.1.2.1.2 Energy Dispersive Spectrum (EDS) 

 

Figure 4.3 EDAX mapping of elements Zn, O and C in CPVZ 
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EDAX mapping shows non-uniformity of the elements in the prepared samples. The slight 

darkness (absence of blue colour) observed at the left side of oxygen mapping can be 

attributed to the randomly located oxygen vacancies present in the CPVZ crystals. The 

atomic percentage of elements obtained from the EDAX spectrum of CPVZ is 40.58, 34.54 

and 24.87 for zinc, oxygen and carbon respectively (Figure 4.3). 

4.1.2.1.3 X-ray Diffraction Analysis 

Crystallinity and phase purity of the synthesized samples were ensured from X-ray diffraction 

pattern. The XRD pattern of PVZ, CPVZ, commercially available PVP and pure ZnO are 

shown in Figure 4.4(a). PVZ and CPVZ are in good agreement with the wurtzite zinc oxide 

structure (JCPDS-89-0510) and the absence of impurity peaks approves the purity of the 

samples. Crystallinity shown by PVZ resembles that of ZnO and it indicates nanotube-

polymer fusion21. In CPVZ, the presence of carbon does not produce a new phase or impurity 

peaks. However the presence of carbon makes an increase in the intensity of the CPVZ along 

with a shift towards lower 2 theta values compared to PVZ and ZnO as illustrated in Figure 

4.4(b). This shift observed in CPVZ compared to PVZ and ZnO indicates the expansion of 

crystal lattice of ZnO by carbon incorporation22. 

Figure 4.4 XRD patterns of (a) CPVZ, PVZ, PVP and ZnO (b) Enlarged XRD image 
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4.1.2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis gives information on the structural features of PVP, PVZ and CPVZ as 

illustrated in Figure 4.5. Both PVP and PVZ show broad peak at ~3300-3500 cm-1 arise from 

O-H stretching vibrations of inter-molecular hydrogen bonding23. In PVZ this broad peak is 

more intense as N-H stretching in 2 amine shows peak at the same area. CPVZ also shows 

association of the adventitious intermolecular bonded O-H groups. PVP shows characteristic 

peaks at 2933 cm-1 due to the presence of intra-molecular O-H stretching from the resonance 

structure24. This peak is absent in PVZ because of the hydrolysis of the amide group in 

presence of edamine that destroys the cyclic nature. A broad peak at 2170 cm-1 in PVP may 

be attributed the presence of N=C=O bond in the ring which is absent in PVZ. Two sharp 

peaks present in PVP at 1724 cm-1, 1680 cm-1 represent C=O stretching in 3 amide group 

which is found to be absent in PVZ confirms the destruction of cyclic structure. Presence of 

1400 cm-1 peak in PVZ attributes the carboxylate anion stretching25. 1280 cm-1 peak in PVP 

implies C-N stretching in aromatic amine26. In the resonance structure of PVP carbon-

nitrogen bond is similar to aromatic amine. C-H bending in tri-substituted alkene at 835 cm-1 

is shifted to 895 cm-1 because of the conversion of aliphatic to linear chain form of the 

polymer. Strong peak at 690 cm-1 represent C=C di-substituted alkene out of plane bending in 

PVP ring. This is absent in PVZ due to the change in chemical environment. The 

incorporation of ZnO in PVZ and CPVZ is clear by the presence of peak at 500 cm-1. Peak at 

2348 cm-1 and 1639 cm-1 in CPVZ are the indication of C-O vibrations27. 
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Figure 4.5 FTIR spectra of PVP, PVZ and CPVZ 

4.1.2.1.5 X-ray Photoelectron Spectroscopy 

The X-ray photoelectron spectroscopy (XPS) spectra of the samples were taken from Axis 

supra instrument with Monochromatic (AlKα) 600 W X-ray source. XPS data helps to 

interpret the electronic structure, chemical composition and defect chemistry of CPVZ. The 

absence of nitrogen in CPVZ is confirmed from XPS as seen in the N1s spectrum given in 

Figure 4.6. In order to investigate the carbon bonding, the Carbon 1s spectrum is 

deconvoluted in to three peaks by Gaussian peak fitting. Two major peaks observed at 285.8 

eV and at 289.6 eV are arising due to Zn-O-C bonds and C-O bonds respectively28, 29. One 

satellite peak appears at 287.1 eV is assigned to C=O/O-C-O bonds respectively30. In the case 

of Zinc 2p spectrum two peaks are observed at 1022.2 eV for Zn 2p3/2 and at 1045.2 eV for 

Zn 2p1/2. The distance between these two peaks is 23 eV which is matching well with the 

standard reference value of ZnO31, 32. The oxygen 1s peak centered at 532.1 eV33 is 

deconvoluted to three peaks at 530.6 eV, 531.5 eV and 532.6 eV. Peak at 530.6 eV indicate 
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O2- ions on the wurtzite structure of ZnO34. Peaks at 531.5 eV and 532.6 eV represent oxygen 

defects and O-C bonds respectively35, 36. N 1s spectrum confirms the absence of nitrogen in 

the samples. 

Figure 4.6 XPS elemental profiles of Zn 2p, O 1s, C 1s and N 1s of CPVZ 

4.1.2.1.6 Raman spectroscopy 

Raman spectra of PVZ and CPVZ were compared with that of ZnO as given in Figure 4.7. 

The characteristic peaks of wurtzite ZnO are observed in all three samples. The peak at 580 

cm-1 is integrated to compare the oxygen deficiency in the samples [19]. Pure ZnO have 

sufficient oxygen vacancies which are suppressed by PVP adsorption in PVZ. However 

calcination further increases the surface oxygen vacancies in CPVZ. 



Chapter 4 

  

92  

 

 

Figure 4.7 Raman spectra of pure ZnO, PVZ and CPVZ 

4.1.2.2 Optical properties 

4.1.2.2.1 Absorption Spectra (Uv-Vis-NIR) 

The photophysical properties of PVP, PVZ and CPVZ are studied and presented in Figure 

4.8. In PVP, the absorption at 200-320 nm attributed to pi-pi* and n-pi* transitions in C=O 

group whereas in PVZ the absorption at 200-400 nm is due to ZnO37, 38. Both PVZ and CPVZ 

show an increase in absorption intensity. It is anticipated here that the hydrolysis of polymer 

leads highly exposed chromophores and after thermal treatment these chromophores get 

decomposed and carbon enters the ZnO lattice. 
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Figure 4.8 Absorbance spectra of PVP, PVZ, and CPVZ 

4.1.2.2.2 Photoluminescence Spectroscopy (PL) 

PL spectra were taken with equally weighed samples, by exciting at 340 nm to understand 

emission behavior of CPVZ. The emission spectra of PVZ, CPVZ and PVP are shown in 

Figure 4.9. The band edge emission was observed at 400 nm and other peaks present at 420 

nm and 485 nm are related to defect emissions from the crystal19, 39. The green emission at 

528 nm is associated with oxygen vacancies of the samples. The quenching of bandedge 

emission in ZnO and CPVZ could be due to decrease in excitonic recombination favourable 

for pholtocatalysis40. Oxygen vacancies and the presence of mid gap energy levels from 

carbon facilitate trapping of photoelectrons and holes and thereby decreasing the 

recombination of excitons. These trapped electrons and holes play a major role for enhanced 

photoactivity. 



Chapter 4 

  

94  

 

 

Figure 4.9 Photoluminescence emission of PVP, CPVZ, and PVP (inset) 

4.1.2.3 Tauc plot, Valence band spectra and Density of states 

Density of states of CPVZ is determined from optical bandgap and valence band XPS spectra 

as shown in Figure 4.9. The optical bandgap of CPVZ obtained from Tauc plot is 3.15 eV as 

depicted in Figure 4.10 (a). According to Lavand et al, the existence of midgap bands or trap 

states (arise due to C1s orbitals) in between the valence and conduction band in carbon doped 

ZnO channelize the photoexcited electrons and thereby reduce the recombination rate of 

photogenerated excitons40. The valence band spectrum obtained for CPVZ shows a band tail 

with a band edge maximum of 2.9 eV (Figure 4.10 (b)). The energy level shift due to band 

tail is estimated from the spectrum and is -0.71 eV. Considering the band tail, the conduction 

band minimum is calculated from the optical bandgap and is observed at -3.86 eV. Existence 

of conduction band tail, like valence band tail, due to crystal defects41 is expected here. 

Schematic representation of the density of states of CPVZ is shown in Figure 4.10 (c). 
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Figure 4.10 (a) Tauc plot of CPVZ, (b) Valence band XPS of CPVZ and (c) Schematic 

illustration of DOS of CPVZ 

 Generally amphoteric carbon can either substitute oxygen/ zinc or be present at 

interstitial sites of ZnO crystal lattice, as the carbon atom’s size (0.070 nm) is smaller than 

that of oxygen (0.136 nm) and zinc (0.086 nm). Carbon-oxygen complex (CZn + 2Oi) defects 

and Czn (zinc substituted by carbon) defects are energetically favorable but defects due to 

oxygen substituted by carbon (C0) are not energetically viable36. From our investigation we 

propose predominantly two chances associated with the defect chemistry of CPVZ (i) carbon 

present interstitially (evident from lattice expansion and shifting of XRD peaks of CPVZ) 

forming midband gap energy levels and (ii) the presence of oxygen vacancies (evident from 

XPS and PL). These crystal defects of CPVZ boost its photocatalytic performance compared 

to pristine ZnO sample. 



Chapter 4 

  

96  

 

4.1.3 APPLICATIONS – PHOTOCATALYSIS 

4.1.3.1 Water treatment – Dye degradation 

The photocatalytic dye degradation of MB 2x10-3 wt% in presence of CPVZ is checked 

inside a photocatalytic reactor under 300 W Xe lamp (Figure 4.10(a)) and the results are 

compared with the degradation profile of pristine ZnO and pure MB (inset of Figure 4.11 (a). 

The self-degradation observed in pure MB under illumination (~30% within 60 minutes) can 

be attributed to the presence of dissolved oxygen in water42. CPVZ degraded MB completely 

within 34 minutes where as pure ZnO took 60 minutes for the same process. 

Figure 4.11 (a) Photodegradation of MB in presence of CPVZ, (inset) pure MB and ZnO and 

(b) photocatalytic stability of CPVZ 

 The carbon incorporation greatly enhances the photocatalytic activity of CPVZ. Shen 

et al reported that only 66% of 1x10-5 M methylene blue degraded within 60 minutes in the 

presence of carbon doped ZnO43.  Similarly Zhang et al studied various percentage of carbon 

doped ZnO and the highest activity towards MB degradation observed was 90% after 2 hrs of 

exposure21. Whereas in our case within 34 minutes a complete degradation of MB (2x10-3 

wt%) is observed hinting the superior photoresponse of CPVZ. 
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 The stability of the photocatalyst is a vital parameter in determining its utility in 

commercial applications44. The time dependent stability studies conducted on the samples 

show evidence of repeated photocatalytic behavior of CPVZ without remarkable variation in 

degradation efficiency in five consecutive runs indicating excellent stability of the 

photocatalyst (Figure 4.11 (b)).  

4.1.3.2 Estimation of reactive oxygen species 

The reactive oxygen species generated from the photocatalysts were experimentally 

confirmed and quantified with respect to its photocatalytic properties. Hydroxyl radicals 

generated from CPVZ is measured and compared with that of pure ZnO.  Terephthalic acid 

(TTA) probe molecules were used to estimate the OHο released by the photocatalysts 

experimentally. For the analysis, 5x10-4 M TTA solution was prepared in presence of NaOH  

for the complete dissolution of TTA. Then, 0.005 g of photocatalysts were dispersed in 50 ml 

of the prepared TTA solution and placed under light irradiation with continuous stirring for 

10 minutes.  After light exposure, the solution was centrifuged and the photoluminescence 

spectrum was taken to measure the intensity of the fluorescence. 

Terephthalic acid (TTA) is a non-fluorescent probe molecule normally used to 

estimate the formation of hydroxyl radicals. In presence of hydroxyl radicals these TTA 

converted into 2-hydroxy terephthalate (HTTA) which exhibit fluorescence. The fluorescence 

intensity of the TTA solution in presence of CPVZ and ZnO under illumination is compared 

and found that the fluorescence intensity is higher in presence of CPVZ compared to pristine 

ZnO (Figure 4.12). The ratio of fluorescence intensity of pure ZnO to that of CPVZ is found 

to be 1:1.7. The carbon induced defects in CPVZ increases the ROS generation thereby 

improving photocatalytic activity. 
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Figure 4.12 Fluorescence spectra of TTA before light exposure and HTTA after light 

exposure in presence of pure ZnO and CPVZ 

4.1.3.3 Surface treatment – Contact angle measurements 

The self-cleaning performance and surface wettability of CPVZ photocatalyst is analyzed 

from contact angle measurements. To prevent fogging, super hydrophobic/hydrophilic 

surfaces have been extensively reported over the past decades. However, super 

hydrophobicity is not favorable to extreme humid condition because of its high static contact 

angles. Super hydrophilic surfaces with low contact angles (less than 10) are significant in 

this regard as they prevent fogging by the formation of a continuous optically clear film of 

water and subsequently cleaning the surface45. Here, CPVZ coated glass substrate is 

subjected to dynamic contact angle measurements and achieved super hydrophilicity within 

two minutes by the formation of thin film. Initially the contact angle found to be 19.3o and 

within 100 seconds the angle reaches to 14.5o. After completion of 120 seconds the contact 

angle becomes almost zero proving the super hydrophilic nature of the prepared sample. The 
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wettability images obtained from dynamic contact angle measurements are displayed in 

Figure 4.13. Here the photocatalytic activity of CPVZ films degrade the contaminants from 

the atmosphere present on the surface of the film under illumination thus clean the surface. 

Figure 4.13 Photographs of water contact angle measurements on CPVZ surface (a) initial (b) 

after 100 seconds (c) after 120 seconds with illumination 

4.1.3.4 Mechanism of photocatalysis 

The mechanism involved in the fast photodegradation of methylene blue in the presence of 

CPVZ has been presented schematically in Figure 4.14. In CPVZ, carbon placed at the 

interstitial sites create new mid bandgap energy levels (evident from DOS of CPVZ) and act 

as trap states for the photogenerated carriers thereby suppress the exciton recombination46, 47. 

The presence of oxygen vacancies augments the separation efficiency of excitons through 

electron trapping. The PL intensity dip observed for CPVZ further support this argument by 

showing a decrease in carrier recombination. Suppression of carrier recombination results in 

the accumulation of photoexcited electrons and holes on the surface of CPVZ and induces the 

formation of highly reactive hydroxyl free radicals through concurrent oxidation and 

reduction process with the dissolved oxygen molecules from the dye solution leading to dye 

degradation. The same photocatalytic mechanism works on super hydrophilic surfaces, where 

the degradation of particulate contaminants from the atmosphere results the cleansing of 

surface48. This synergetic effect of oxygen vacancies and carbon induced tarp levels attributes 

the remarkable photocatalytic activity of CPVZ than pure ZnO. Here both oxygen deficiency 

and carbon incorporation leads a decrease in electron density of CPVZ and thus increases its 
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Lewis acidity. Being a Lewis base MB has an increased adsorption on the catalyst and that 

contributes to higher photocatalytic activity. 

Figure 4.14 Plausible photocatalytic MB degradation mechanism in presence of CPVZ 

4.1.4 CONCLUSIONS 

Phase pure carbon embedded short nanotubes of ZnO (CPVZ) were prepared by post thermal 

treatment of PVP wrapped ZnO nanomaterials. The presence of carbon and absence of 

nitrogen were verified from various characterization techniques. X-ray photoelectron 

spectroscopy confirms the presence of enormous surface oxygen defects and carbon 

incorporation in CPVZ. Carbon incorporation introduces mid bandgap energy levels acting as 

traps for the photogenerated electrons and holes.  The photocatalytic activity of these 

nanotubes was evaluated through the degradation of a textile dye. Super hydrophilicity of 

CPVZ films on glass substrate was checked from dynamic mode contact angle measurements 

and confirms its self-cleaning and surface wettability nature. These carbon doped ZnO 

nanotubes become more Lewis acidic and found to be 16% more photoactive than pure ZnO. 
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Presence of carbon induced mid-gap energy levels and presence of oxygen vacancies 

suppress the exciton recombination rate and shows better photocatalytic activity. Estimation 

of reactive oxygen species ratified the results obtained from photocatalytic performances. 

4.2 Carbon incorporated ZnO derived from Polyaniline assistance 

Polyaniline-zinc oxide hybrid nanocomposite (PNZ) was successfully prepared in water 

medium. The emeraldine salt of polyaniline (ES) was taken as the polymer matrix but in the 

composite, polyaniline exists as emeraldine base form. The post thermal treatment at 400 οC 

of PNZ leads to the formation of carbon incorporated ZnO (coded as CPNZ). The 

photocatalytic activity and stability of CPNZ was discussed in detail. 

4.2.1 SYNTHESIS 

4.2.1.1 Synthesis of PNZ and CPNZ 

The hybrid nanocomposite PNZ was synthesized by taking ZnO and polyaniline. A 

precursor solution of zinc acetate was mixed in double distilled water (0.015M) with heating 

and stirring. When the temperature reached 60 °C, Ethane-1, 2-diamine with same molar 

concentration was injected into the solution using micropipette. After an hour, 0.1 wt% 

polyaniline emeraldine salts (Average mol.wt > 15,000 g/mol and particle size 3-100µm) in 

dimethyl sulfoxide was added to the reaction mixture, followed by six hours of continuous 

heating at 60 °C and stirring at 900 rpm, gives a dark blue hybrid precipitate. The precipitate 

was collected after centrifuged at 12000 rpm. Washed sample then dried and kept for 

analyzes. The schematic of the synthesis procedure is represented below in Figure 4.15. 

Polyaniline is completely soluble in DMSO through the formation of hydrogen bonding49. 

This polyaniline-DMSO solution when added to zinc acetate- Ethane-1, 2-diamine mixture, 

the alkaline mixture deprotonates ES to emeraldine base. With the assistance of mild 
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temperature, polyaniline in its emeraldine base structure interact with ZnO and lead the 

formation of hybrid nanocomposite PNZ. The composite PNZ, after heat treatment at 400 °C 

for one hour resulted in the formation of carbon incorporated PNZ and the sample is coded as 

CPNZ. 

 

Figure 4.15 Schematic showing the synthesis procedure of CPNZ 

4.2.2 CHARACTERIZATIONS  

4.2.2.1 Morphology and structural analysis 

4.2.2.1.1 Scanning Electron Microscopy (SEM) 

Field emission scanning electron microscope was used to obtain images of the air dried PNZ, 

CPNZ and commercially available emeraldine salt of polyaniline (ES) as shown in Figure 

4.16. ES resembles extended fibers. The images of hybrid, PNZ clearly point out the 

coverage of polymer on zinc oxide nanostructures. The smaller size of PNZ is also obvious 

from the SEM images. CPNZ are found to have destructive tubular structure with high rate of 

etching on surface. On temperature treatment, the surface of CPNZ becomes rough because 

the organic polymer (polyaniline) is detached from its surface. 
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Figure 4.16 FESEM images of (a) ES, (b) PNZ and (c) CPNZ 

4.2.2.1.2 Energy Dispersive Spectrum (EDS) 

 

Figure 4.17 Elemental mapping of Zinc, Oxygen, and Carbon of CPNZ 
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The mapping of constituent elements (Zn, O and C) is as shown in Figure 4.17. The three 

elements are uniformly distributed in the CPNZ. 

4.2.2.1.3 X-ray Diffraction Analysis (XRD) 

The crystallinity and phase purity of the nanocomposites were analyzed from XRD pattern 

(Figure 4.18). Commercially available green colored emeraldine salt of polyaniline (ES) is in 

fully amorphous form whereas PNZ is crystalline and similar to pure ZnO (JCPDS - 89-

0510), indicating that the crystal structure of ZnO is well maintained its wurtzite structure 

even after the polyaniline coating50. The diffraction peaks of CPNZ are also well matched 

with wurtzite ZnO. A gradual shift in the peaks towards lower two theta value with decrease 

in peak intensity is observed for PNZ and CPNZ with respect to pure ZnO as seen in Figure 

4.18 b. The incorporation of carbon increased in the intensity of the CPNZ than PNZ. 

Figure 4.18 (a) XRD pattern of ES, PNZ and CPNZ compared with standard JCPDS (b) 

Enlarged image of XRD peaks 

4.2.2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra (Figure 4.19) provide ample evidence about the formation of hybrids compared 

to their polymer matrix. Intermolecular (3450 cm-1 / 3406 cm-1) and intramolecular (2933 cm-



Chapter 4 

  

105  

 

1) hydrogen bondings are present in ES, PNZ and CPNZ51. The formed PNZ attains an 

emeraldine base structrure in the presence of alkali during synthesis52. 

 

Figure 4.19 FTIR spectra of ES, PNZ and CPNZ 

The structure of emeraldine salts depicts only benzenoid rings whereas that of 

emeraldine base features both benzenoid and quinoid rings. C=C stretching band in both 

quinoid (1585 cm-1)53 and benzenoid (1486 cm-1)54 are present in PNZ. Zn-O stretching (500 

cm-1) is also seen in PNZ55. As vibrational frequency increases in accordance with the bond 

order, C-N stretching frequency in quinoid (1303 cm-1)56 is found to be higher in PNZ and 

that attributes the formation of EB. The peaks at 1120 cm-1 and 820 cm-1 in PNZ attributes 

aromatic C-H group in plane and the out of plane deformation for the 1,4-disubsituted 

benzene. These two peaks are more intense in PNZ than ES due to the change of chemical 

environment57. These observations indicate that the ZnO crystals are associated with the 

polyaniline by strong coulombic interaction with positively charged backbone58. Besides,a 

hydrogen bonding between imine group of polyaniline and surface hydroxyl grops of ZnO 
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nanomaterials is observed59. In CPNZ, a small peak at 2348 cm-1 indicate O=C=O 

asymmetric stretching60 and peak at 1639 cm-1 indicate C=O stretching mode61. Peak at 1120 

cm-1 is also an evidence for the presence of carbon in CPNZ62. The peak at 500 cm-1 indicates 

ZnO. 

4.2.2.1.5 X-ray photoelectron spectroscopy (XPS) 

Figure 4.20 XPS spectra of Zn 2p, O 1s, C 1s and N 1s in CPNZ 

A detailed study on the surface composition of CPNZ was predicted from binding energies 

derived from X-ray photoelectron spectroscopy, the spectra corresponding to Zn 2p, O 1s, C 

1s and N 1s are shown in Figure 4.20. Valence and conduction band alignment are also 

determined using this spectroscopic technique. Oxygen 1s peak appears as doublet due to the 
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presence of surface oxygen defects63. Gaussian fitted peak at 532.6 eV indicate presence of 

C-OH groups corresponds to oxygen vacancies or defects64. Peaks at 530.8 eV and 530.6 eV 

are attributed to Zn-O binding and lattice oxygen respectively65, 66. In the case of Zn 2p, the 

result shows two main peaks centered at 1022.3 eV and 1045.4 eV corresponds to Zn 2p3/2 

and Zn 2p1/2 in the ZnO phase respectively.  Spin separation of 23.1 eV is same as the 

previously reported value in the literature67. Carbon 1s peaks are located at 285.8 eV, 289.6 

eV and 287.1 eV and these peaks are corresponds to Zn-O-C, C-O and O-C-O bonds 28, 68. 

The absence of nitrogen in the sample also confirmed from the spectral information. 

4.2.2.2 Optical properties 

4.2.2.2.1 Absorption spectra (Uv-Vis-NIR) 

Figure 4.21Absorption spectra of (a) ES, PNZ and (b) CPNZ 

The absorption spectra of ES, PNZ and CPNZ are depicted in Figure 4.21. Both ES and PNZ 

shows a peak at 330 nm attributed to the pi-pi* transition of benzenoid ring69 and in ES this 

band appeared broad between 280 to 460 nm as it contain only benzenoid rings. In PNZ, the 

broad peak at 280-400 nm gives the indication of the incorporation of ZnO. The absorption 

spectra of ES show high intensity absorption at 635 nm, due to the delocalization of 
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polarons69. Polarons are conduction electrons present in polar organic semiconductors. 

Presence of polarons helps for the conduction of ES. But in PNZ this absorption peak is fully 

diminished indicating the conversion of ES to EB. During the formation of EB, ES combine 

with ZnO-1, 2-diaminoethane resulted in the destruction of amine associated polarons. The 

near IR peak at 1082 nm present in ES and PNZ attribute to the existence of polarons in 

amine and imine nitrogens respectively70. In CPNZ the band edge slightly shifted towards 

visible region. According to Sandesh et al, the red shift observed in absorbance is the 

indication of oxygen vacancies present in the sample71. 

4.2.2.2.2 Photoluminescence spectroscopy 

 

Figure 4.22 Photoluminescence spectra of ES, PNZ and CPNZ 

The photoluminescence spectra are depicted in Figure 4.22. The PL spectra are taken by 

exciting the samples at 320 nm. Emission peaks of CPNZ spans over ES and PNZ. 

Incorporation of ZnO intensifies emission of PNZ compared to ES attributes extended 

conjugation present along benzenoid and quinoid rings, which helps delocalization of 

excitons56. The emission peaks in CPNZ mainly attributes to band edge emission and defect 
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emissions72, 73. 

4.2.2.3 Tauc plot, Valence band spectra and Density of states 

 

Figure 4.23 Tauc plot (a) Valence band XPS (b) and Density of states (c) of CPNZ 

The band gap observed for CPNZ is 3.12 eV. The valence band maximum is found to be at 

3.11 eV from valence band spectra. By considering these two values, the density of states of 

CPNZ is being predicted as shown in Figure 4.23. There will be an existence of midgap states 

due to the incorporation of carbon in the nanotubes and this will influence the density of 

states by generating a small tailing effect in valence band74. The conduction band minimum 

was calculated as -0.01 eV. Conduction band tail can be anticipated just like valence band tail 

because of the presence of crystal defects75. 
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4.2.3 APPLICATIONS - PHOTOCATALYSIS 

4.2.3.1  Water treatment - Dye degradation 

To examine the activity of CPNZ photocatalyst, 0.002 wt% aqueous methylene blue dye 

solution was taken as the model system and the degradation of the dye was monitored within 

a time frame of 57 minutes. 0.05 g photocatalyst was added in to 50 mL of dye solution. This 

suspension was kept under dark for 30 minutes with stirring to avoid any error due to initial 

adsorption effect. The stirring in darkness also helps dye adsorption on the surface of the 

photocatalyst to establish adsorption-desorption equilibrium. After dark analysis, the dye 

solution was placed inside a photocatalytic reactor under 300W Xenon lamp. After 15 

minutes of periodic exposure, 5 mL aliquots were taken to monitor the dye degradation. The 

Uv-visible absorption spectra were recorded after centrifuging at 10000 rpm for 10 minutes 

to avoid any scattering effect. The degradation of methylene blue in presence of CPNZ is 

shown in Figure 4.24 (a).  

Figure 4.24 (a) Photodegradation of MB in presence of CPNZ and (b) Photocatalytic stability 

of CPNZ. 

The recyclability and stability performances of CPNZ were also studied for five 
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consecutive steps and the material exhibit stability and recyclability very well. The graph 

showing stability performance of CPNZ is as depicted in Figure 4.24(b). 

4.2.3.2 Estimation of reactive oxygen species 

 

Figure 4.25 Photoluminescence spectra of TTA before light exposure and HTTA after light 

exposure in presence of pristine ZnO and CPNZ 

The generation of hydroxyl radicals is mainly responsible for the photocatalytic activity of 

CPNZ. Hydroxyl radicals generated from CPNZ is estimated using terephthalic acid (TTA) 

probe. The fluorescent intensity obtained from hydroxyl terephthalic acid (HTTA) is depicted 

in Figure 4.25. CPNZ releases more reactive oxygen species compared to pure ZnO which 

are responsible for the higher photocatalytic activity of CPNZ. 

4.2.3.3 Surface treatment - Contact angle measurements 

The wettability images obtained from dynamic contact angle measurements are displayed in 

Figure 4.26. Antifogging activity of CPNZ coated glass surface is checked from contact angle 

measurements. When subjected to CPNZ coated glass substrate for dynamic contact angle 
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measurements, water was making 19.9ο contact angle with the surface. Within hundred 

seconds the film attains super hydrophilicity and the angle reaches to almost zero. 

Figure 4.26 Photographs of water contact angle measurements on CPNZ surface (a) initial (b) 

after 100 seconds (c) after 120 seconds with illumination 

4.2.4 CONCLUSIONS 

Carbon incorporated ZnO nanostructure with the assistance of polyaniline was synthesized by 

a template free sol-precipitation method. The carbon embedded system shows better 

photocatalytic performance than pure zinc oxide. The formation of mid-gap levels combined 

with oxygen deficiency in carbon incorporated ZnO attributes better photocatalytic activity 

and can be considered as a promising material for effective water and surface treatments. 

4.3  Carbon incorporated ZnO derived from both polyaniline and 

polyvinylpyrrolidone 

Polymer wrapped ZnO nanotubes were synthesized using two polymers polyaniline and 

polyvinylpyrrolidone and a polymeric precursor ethane-1, 2-diamine from aqueous medium. 

The synthesized hybrid material named as PPZ. In addition to that a polymer blend 

containing polyaniline and polyvinylpyrrolidone was also synthesised parallely. The as 

prepared PPZ when heated at 400 °C obtained a black coloured powder and named as CPPZ. 

Characterizations and applications of PPZ and CPPZ are discussed in detail. 



Chapter 4 

  

113  

 

4.3.1 SYNTHESIS 

4.3.1.1 Synthesis of PPZ and CPPZ 

0.015 M zinc acetate in 150 ml water was taken as the zinc precursor. Two polymer solutions 

were set aside for timely addition in to the reaction mixture. When temperature of the 

precursor solution reached at 60 C, 0.015 M ethylene diamine was added as the reducing and 

capping agent. After one hour, added 0.1 wt% polyaniline in dimethyl sulfoxide and after half 

an hour added 0.2 wt% polyvinylpyrrolidone in water to the reaction mixture. The presence 

of white precipitate confirmed that the zinc oxide nanotubes formed slowly. Total reaction 

time was fixed as 6 hours. After six hours, the solution was set aside to filter out the PPZ 

precipitate. The precipitate was washed with water and calcined at 400 C for 1h using a 

muffle furnace and got CPPZ.  

4.3.1.2 Synthesis of polymer blend (PP) 

The schematic illustration of the synthesis procedure of CPPZ and PP are as shown in Figure 

4.27. For this synthesis of PP, 0.1 wt% polyaniline in DMSO was added to double distilled 

water at 60 C, After 30 minutes, 0.2 wt% PVP in water was added to the 

polyaniline/DMSO/water mixture. After reaction was stopped after 6 hours and the 

precipitate was centrifuged, washed and collected for further analysis. 
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Figure 4.27 Schematic of synthesis procedure of CPPZ and PP 

4.3.2 CHARACTERIZATIONS 

4.3.2.1 Morphology and structural analysis 

4.3.2.1.1 Scanning electron microscopy (SEM) 

The scanning electron microscopy images of PP, PPZ and CPPZ are depicted in Fig 4.28. 

Polymers polyaniline and polyvinylpyrrolidone are completely blended and formed a 

continuous network structure whereas PPZ and CPPZ are similar to distorted short 

nanotubular structure. 
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Figure 4.28 SEM images of (a) PP, (b) PPZ and (c) CPPZ 

4.3.2.1.2 X-ray Diffraction Analysis (XRD) 

XRD patterns of PP, PPZ and CPPZ are as shown in Figure 4.29. It can be seen that the 

samples PPZ and CPPZ have the similar XRD patterns of ZnO and incorporation of polymer 

decreases the intensity of peaks with a shift towards lower 2theta value. This indicates that 

the surface coverage of polymer or incorporation of carbon does not change the wurtzite 

structure of ZnO but make some sort of lattice expansions with increase of the interplanar 

spacing76, 77. This lattice expansion resembles with that of PNZ and CPNZ indicating the 

influence of polyaniline characterstics in PPZ and CPPZ than polyvinylpyrrolidone. The 

crystallite size of CPPZ was calculated from Scherrer equation and found to be 29.15 nm. 
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Figure 4.29 (a) XRD patterns of PP, PPZ and CPPZ compared with standard JCPDS (b) 

Enlarged image of XRD 

4.3.2.1.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Figure 4.30 represents FTIR spectra of PP, PPZ and CPPZ. Inter and intra molecular 

hydrogen bonding was recorded at 3406 cm-1/3436 cm-1 and 2933 cm-1 respectively. There 

exists hydrogen bonding between hydrogen atom (from OH group due to ring distuction) of 

the polyvinylpyrrolidone and nitrogen atom of polyaniline benzenoid group or between the 

N-H groups of PVP and PANI. The characteristic peaks of polyaniline (1585 cm-1, 1120 cm-1 

and 820 cm-1) and polyvinylpyrrolidone (1280 cm-1) are observed in PP. Peak at 500 cm-1 is 

due to the stretching of Zn-O bond and it is present in both PPZ and CPPZ. Peaks at 1303 cm-

1, 1120 cm-1 and 820 cm-1 in PPZ are same as peaks in PNZ. The C=C stretching in 

benzenoid and quinoid (1550 cm-1 and 1480 cm-1) are slightly shifted in PPZ to lower 

wavenumber region compared to PNZ. This relative exposition may be due to the strong 

interaction present between PANI and PVP through benzenoid part78. In addition to the 

hydrogen bonding interaction, there exists coulombic as well as electrostatic interaction 

between polyaniline and polyvinylpyrolidone. The peak at 1303 cm-1 present in ES is shifted 

to 1280 cm-1 in PP and also peak at 1486 cm-1 is absent in PP. The strong interaction of PVP 

affects the structure of polyniline by extending or stretching the polyaniline backbone 
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through intramolecular hydrogen bonds breaking79. Peak at 1639 cm-1 indicate C=O 

stretching mode. 

 

Figure 4.30 FTIR spectra of PP, PPZ and CPPZ 

4.3.2.2 Optical properties 

4.3.2.2.1 Absorption spectra (Uv-Vis-NIR) 

In PP, the absorption in the range 280-460 nm indicates the Π-Π* transitions in both PANI 

and PVP80.Characteristic peaks of polyaniline (635 nm and 1082 nm) are also observed in PP. 

Similarly PPZ exhibit both ZnO and PP peaks (330 nm and 1082 nm). Cross linking of these 

two polymers give rise to absorption at 765 nm. The absorption spectra are depicted in Figure 

4.31. 
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Figure 4.31 Absorption spectra of PP, PPZ and CPPZ 

4.3.2.2.2 Photoluminescence Spectroscopy (PL) 

 

Figure 4.32 Photoluminescence spectra of PP, PPZ and CPPZ 

The emission spectra of PP, PPZ and CPPZ were taken by equally weighed samples with 

excitation wavelength 320 nm and the results are depicted in Figure 4.32. The emission peaks 

in PP and PPZ were not clearly observed due to the polymer whereas in CPPZ the bandedge 

emissions as well as defect emissions were cleared similar to that of ZnO. It is generally 



Chapter 4 

  

119  

 

accepted that the calcination process intensify the PL emission with the improvement in the 

crystallinity81, 82.   

4.3.3 APPLICATIONS –PHOTOCATALYSIS 

4.3.3.1 Water treatment - Dye degradation 

The photocatalytic activity of CPPZ was evaluated by monitoring the decomposition of 

methylene blue. The graph showing the degradation was depicted in Figure. 4.33. 

Figure 4.33 (a) Photodegradation of MB in presence of CPPZ and (b) photocatalytic stability 

of CPPZ 

 0.05 g of CPPZ was added to 50 ml 0.002 wt% methylene blue aqueous solutions. 

Dark adsorption analysis study was carried out for 30 minutes with continuous stirring in 

dark and established adsorption-desorption equilibrium. After 30 minutes of stirring 4 mL 

suspended dye solution was withdrawn and monitored the extinction of intensity by taking 

the Uv-Vis spectrum. After the illumination of light, the methylene blue was degraded 

completely within 37 minutes. The stability performance of the CPPZ photocatalyst towards 

dye degradation was also performed in five consecutive runs. The photocatalyst after one 

usage washed for next run with fresh 50 mL methylene blue solution and this cyclic process 
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repeated for five times. After four consecutive runs the stability was found decreased. This 

decrease in stability after five runs can be assign to the synergetic effect of lower adsorption 

and lower reactive oxygen species generation in CPPZ. Higher carbon content above a certain 

limit can suppress the availability of ROS for the degradation process 

4.3.3.2 Estimation of reactive oxygen species 

 

Figure 4.34 Graph depicts fluorescent intensity of TTA and HTTA in presence of CPPZ and 

pure ZnO 

 The hydroxyl radicals generated from CPPZ are detected using terephthalic acid 

probe method and the spectrum obtained is depicted in Figure 4.34. CPPZ released 

comparatively higher reactive oxygen species than pure ZnO and exhibit excellent 

photocatalytic activity. 

4.3.3.3 Surface treatment - Contact angle measurements 

The surface treatment of CPPZ was analysed from its antifogging ability measured by contact 
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angles with water. The photographs of the water droplets on the surface of CPPZ coated glass 

film was as shown in Figure 4.35. For the study, CPPZ powder was made paste with 

methanol and evenly doctor bladed on the glass substrate. The air dried sample then used for 

taking dynamic contact angle measurements. The initial angle was found to be 31.2° and 

within hundred seconds the angle was found to decrease attain the value 21.75° .After two 

minutes, the contact angle reaches to 18.5°. 

Figure 4.35 Photographs of water contact angle measurements on CPPZ surface (a) initial (b) 

after 100 seconds (c) after 2 min with illumination 

4.3.4 CONCLUSIONS 

Synthesised carbon decorated ZnO nanotubes by using both the polymers simultaneously and 

analysed its performance towards photocatalysis. When comparing the activity of CPPZ with 

CPVZ and CPNZ, it was observed that it works better than CPNZ but lesser than CPVZ. 

4.4 SUMMARY 

Hybrid nanocomposites of zinc oxide were prepared by an easy and scalable sol-gel 

approach. A conducting polymer (polyaniline), a non-conducting polymer 

(polyvinylpyrrolidone) and a blend of these two polymers were chosen for the synthesis of 

nanocomposites of ZnO. The synthesized nanocomposites were named as PVZ, PNZ and 

PPZ. Calcination of these products enables the incorporation of carbon in to the ZnO lattice 

which is confirmed from various characterization techniques and the calcined products are 
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named as CPVZ, CPNZ and CPPZ. Among these three carbon incorporated samples, the dye 

adsorption is found in the order CPVZ < CPPZ < CPNZ and the ROS generation is in the 

order CPPZ < CPVZ < CPNZ. But the photocatalytic activity is exhibited in the order CPVZ 

> CPPZ > CPNZ. Combined effect of particle size, adsorption capability, generation of ROS 

and presence of crystal defects support CPVZ to become an efficient photocatalyst. Moreover 

all three samples exhibit super hydrophilic behavior so that they can be used as anti-fogging 

coatings. 
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Synthesis, Characterizations & 

Applications of Br-ZnO Nanocomposites 

In recent times, scientists have put in tremendous efforts to explore zinc oxide with 

fine tuning of each and every physicochemical and electronic property encouraged by 

its fascinating applications especially in photocatalysis1. Through new applications 

and property enhancements they have made considerable advances in this direction2. 

Here, defect chemistry gains prominence while a plethora of metal, non-metal and 

metalloids are being explored as dopants in ZnO. The molecular and atomic level 

doping found drastically altering the performances during the application of surface 

modified zinc oxide3. Doping can be carried out through various synthesis strategies 

by introducing solid, liquid or gaseous precursors containing desired foreign atoms4, 5. 

Economically viable mass production of desired products can be achieved through 

aqueous methods6. Among the elements of halogen family, the impact of bromine 

doped surface modification in zinc oxide is not well studied experimentally despite 

plentiful computational soundings7.  

An impurity can induce defects either on the surface or in the bulk of the host 

crystals and the defects due to both types have different impact on photocatalysis8. 

According to Daimei Chen et al, surface defects on ZnO are beneficial for enhanced 

photocatalytic activity than that on bulk defects9. When the size of the foreign dopant 

is considerably larger than the host crystal atoms, it makes excess surface defects and 

these surface defects are able to trap electrons and holes10. These trapped electrons and 

holes undergo interfacial transfer and surface recombination. The contention among 

recombination, trapping and transfer of photogenerated excitons decides the overall 

5 
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photocatalytic activity. When the trapping and transfer transcend the recombinations, 

the result is an improved photocatalytic activity according to band bending 

approximation11. The photogenerated holes are easily trapped by surface bound 

hydroxyl groups (a type of defect) and transferred to adsorbants through oxidation. 

Similarly the photogenerated electrons are trapped by shallow defects (oxygen 

vacancies or interstitial defects) on the surface and then transferred to O2 molecules to 

channelize the formation of reactive oxygen species. Gorichok et al investigated the 

point intrinsic and replacement defects induced by bromine in cadmium telluride 

single crystals apart from the shallow donor level in the bandgap created by bromine12. 

Surface doping of ZnO by bromine, a non-metal, is being demonstrated and 

their proficiency in photocatalysis for the water purification process is investigated. 

Bromine doped ZnO short nanotubes are being synthesized through sol-gel aqueous 

mediated route at ambient conditions. The photocatalytic performance of doped 

samples is analysed by examining the decomposition of methylene blue under visible 

light in the presence of photocatalyst. It is observed that, bromine doped samples 

disrupt ZnO surface predominantly by inducing defects along with shottky defects at 

the anion sublattices and exhibit good photocatalytic performance compared to pure 

ZnO. 

5.1 SYNTHESIS 

Four samples with compositional formula of Zn1-xBrxO of 2, 4, 6 and 8 wt% bromine doped 

ZnO nanocomposites and pristine ZnO were prepared by aqueous mediated one–pot sol 

precipitation method. Precursor solution was made with different percentage of zinc acetate 

and potassium bromide (KBr) in 50 mL water and the details of weights taken were given in 

the table 5.T1. KBr were purchased from Merck. For the synthesis of pure ZnO, 50 mL of 
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0.015 M (0.1646 g) zinc acetate solution was prepared and kept in a water bath at 60 C. 

0.015 M beta-Aminoethylamine was injected in to the zinc acetate solution using a 

micropipette and the beaker was kept for 6 h of aging at the same temperature inside the 

water bath. The precipitate obtained after ultracentrifugation, was washed with water and 

dried for further analyses. For the synthesis of bromine doped ZnO, 2, 4, 6 and 8 percentages 

of KBr were initially mixed with 98, 96, 94 and 92 wt % of zinc acetate dihydrate. The 

obtained pristine and doped zinc oxides were calcined at 400 °C for one hour inside a muffle 

furnace. The samples were coded as 2DZ, 4DZ, 6DZ and 8DZ respectively for 2, 4, 6 and 8 

% of bromine doping. 

Sample Name Weight of zinc 
acetate (g) in 100 ml 

Weight of potassium 
bromide (g) in 100 ml 

ZnO 0.329 0 
2DZ 0.323 0.0066 
4DZ 0.316 0.0132 
6DZ 0.309 0.0197 
8DZ 0.303 0.0263 

Table 5.T1. Details of the weights of precursors taken for synthesis 

The strategy for synthesizing bromine doped short nanotubes of ZnO is schematically 

presented in Figure 5.1. As reported in our previous work, the versatile performances of beta-

aminoethylamine precursor direct the formation of ZnO nanotubes with sufficient oxygen 

vacancies13. Here, we focus on bromine incorporation in ZnO which can alter the physico-

chemical properties without changing the crystal structure of ZnO to increase the 

photocatalytic activity. The zinc and oxygen atoms have electronic configurations [Ar] 

3d104s2 and 1s22s22p4 respectively. Zinc atoms occupy at the tetrahedral sites with sp3 

covalent bonding with the surrounding oxygen atoms in ZnO hexagonal wurtzite crystals14. 

Doping by bromine having electronic configuration [Ar] 3d104s24p5 invariably alters the 

ionicity and disturbs the hybridization of ZnO. 



Chapter 5 

  

132  

 

 

Figure 5.1 Pictorial representation of synthesis procedure 

In the initial stages on the formation of bromine doped ZnO, the sufficient OH- ions 

present in the solution by the hydrolysis of beta-aminoethylamine combine with the Zn2+ and 

K+ ions to form Zn(OH)2 and KOH. At the same time Br- ions diffuse through the solution 

and occupy the Zn(OH)2 surface resulting in an intermediate temporary complex 

Zn(OH)xBry
(x+y-2)-15. The reaction temperature supports to retain the bromine ions in the ZnO 

surface lattice. KOH has been removed during the washing of the precipitate. 

5.2 CHARACTERIZATIONS 

5.2.1 Structural and Morphological analysis 
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5.2.1.1 X-ray Diffraction Analysis (XRD) 

The crystal nature of the synthesized samples was studied by X-ray diffraction pattern as 

shown in Figure 5.2. The doped samples exhibit negligible shifts compared to the XRD 

pattern of pure ZnO and retain the hexagonal wurtzite structure with no extra peaks of 

bromine or trace impurities. The dopants can induce lattice defects or lattice disorder, which 

exhibit a positive contribution on the photocatalytic performances of the doped systems 

compared to pristine samples. 

Figure 5.2 XRD pattern of ZnO, 2, 4, 6 and 8DZ (a) Enlarged XRD pattern (b) 

 Normally larger size of the dopants and increased dopant concentrations make 

considerable lattice defects enabling the doped system to act as free electron reservoirs16. 

Accumulation of these free electrons on the surfaces of ZnO enhances the photocatalytic 

activity due to the production of increased reactive oxygen species. Since, the ionic radius of 

bromine (0.193 nm) is larger than zinc (0.074 nm) and oxygen (0.140 nm), it may not replace 

zinc or oxygen atoms in the lattice and hence placed in interstitial sites15. The crystallite sizes 

were calculated using Scherrer equation               and the details are given in Table 5.T2. 

Where D = crystallite size, λ = wavelength of the X-ray used (1.54), β = full width at half 

maximum and θ = angle of incidence. The crystallite sizes were found to be between 26.04 
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nm to 27.52 nm and the details are given in table 5.T2. 

Sample name Crystallite size (nm) 

2DZ 27.52 

4DZ 27.00 

6DZ 26.04 

8DZ 26.04 

ZnO 26.04 

Table 5.T2 Crystallite sizes of doped samples 

5.2.1.2 X-ray Photoelectron Spectroscopy (XPS) 

Figure 5.3 XPS spectra of (a) O 1s and (b) Zn 2p of 2DZ, 4DZ, 6DZ and 8DZ 

The chemical states of the elements in the doped samples were investigated by X-ray 

photoelectron spectroscopy (XPS). The XPS spectra of oxygen 1s and zinc 2p are 

depicted in Figure 5.3a and 5.3b respectively. The peaks representing the presence of 

oxygen in the oxide lattices are at 529.8 eV for 2% doped sample and at 530 eV for the 

other doped samples17, 18. The deconvoluted spectrum given in the inset of figure 3a 

shows an additional peak at 531.4 eV, arise due to oxygen defects19. The Zn 2p core 

level doublets due to spin-orbit coupling are separated by 23 eV in ZnO samples20. Here 
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the separation value 23.1 eV in the Zn 2p (Figure 5.3b) explicitly reveal the effect of 

bromine interstitials. The incompletely filled p orbitals possessed by atomic bromine will 

disturb electron density around ZnO while retaining in the crystal21. 

 

 Figure 5.4 XPS spectra of Br 3d of 2DZ, 4DZ, 6DZ and 8DZ 

The XPS spectra of bromine show considerable shift in the 3d5/2 peak with peak 

positions at 69.4, 68.7, 69.3 and 69.0 eV22 respectively for 2DZ, 4DZ, 6DZ and 8DZ 

(Figure 5.4). A change in chemical environment due to different doping percentage and 

anion vacancy may cause this shift in peak observed. The deconvoluted spectrum of 

bromine in 6DZ shows an additional peak at 68.3 eV23, which may arise from the 

physisorbed bromine24, indicating the presence of surface bounded bromine in the 

crystals25, 26. The absence of potassium in the doped samples is also confirmed from XPS 

and the corresponding spectrum is given as Figure 5.5. 
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Figure 5.5 XPS spectra of K 2p of 2DZ, 4DZ, 6DZ and 8DZ 

5.2.1.3  Raman spectra 

For further confirmation of the oxygen vacancies, Raman spectroscopy were carried out and 

area of 580 cm-1 peak was estimated as in Figure. 5.6. Here, the entire donor doped samples 

exhibit oxygen vacancies in additions with the characteristic peaks of ZnO27. Both XPS and 

Raman supports that the density of oxygen defects is sufficient in 6DZ among doped 

samples. In addition to this Br induces other defects to satisfy the charge compensation 

mechanism within the crystal28. 
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Figure 5.6 Raman spectra of 2DZ, 4DZ, 6DZ, 8DZ compared with pure ZnO 

5.2.1.4 Energy Dispersive Spectra (EDS) 

The EDAX analysis of the samples shows a little increase in bromine with the percentage 

of doping and the details are given in Table 5. T3. The low doping level estimated from 

the EDAX analysis, irrespective of the percentage of doping, can be attributed to the low 

chemical reactivity, low electronegativity and large size of bromine ions29. 
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Table 5.T3 EDAX data of elements in samples 

5.2.1.5 Scanning electron microscopy 

Morphology of the samples was obtained from SEM images and all the doped samples 

exhibit tubular morphology with short length as seen in Figure 5.7. 
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Figure 5.7 SEM images of (a) 2DZ, (b) 4DZ, (c) 6DZ and (d) 8DZ 

5.2.2 Optical Properties 

5.2.2.1 Diffuse Reflectance Spectroscopy (DRS) and Tauc plot 

 Figure 5.8 (a) depicts optical absorption spectra of the samples. All doped samples 

show same absorption edge with a slight shift towards lower wavelength compared to pure 

ZnO. This can be attributed to the doping level consistency, irrespective of percentage of 

doping, observed from EDAX analysis. The emission spectra are recorded by taking equal 

amount of the samples and are depicted in Figure 5.8b. The Tauc plots of the samples are 

analysed using Kubelka Munk function30, 31 and the estimated bandgap energy is in the range 

of 3.18 to 3.2 eV for the doped samples. According to Burstein-Moss effect, doping can 

introduce defects and thus modifies the energy levels, leading to drastic change in their 

properties and performances32. In the doped systems, electrons are populated in conduction 
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band and push the Fermi-level towards conduction band for enabling energy gap expansion. 

In contrast, when doping concentration come above critical Mott value, renormalization 

results and bandgap narrowing occurs33. 

Figure 5.8 DRS spectra (a) and tauc plot (b) of doped samples compared with pure ZnO 

5.2.2.2 Photoluminescence Spectroscopy (PL) 

 

Figure 5.9 Photoluminescence spectra of pure and bromine doped ZnO 

 The emission spectra were analysed by taking equal weights of the samples and were 
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depicted in Figure 5.9. The PL emission depends predominantly on surface defects and 

exhibits emission intensity variations in the doped samples34. Relatively low band edge 

emission shown by 6DZ and 8DZ can be assigned to the effect of lattice strain and generation 

of more defects due to bromine incorporation in ZnO lattice35. The emission peaks at 485 and 

528 nm are assigned to oxygen vacancies and crystal defects in the prepared nanosystems13. 

5.2.3 Valence band spectra and density of states 

 

Figure 5.10 (a) Valence band XPS and (b) Band edge positions of 2DZ, 4DZ, 6DZ and 8DZ 

Figure 5.10 (a and b) shows the valence band XPS and band edge positions of 2DZ, 4DZ, 

6DZ and 8DZ. The main absorption onset with valence band maximum of 6DZ is found to be 

closer to that of 4DZ and the valence band maximum of 8DZ and 2DZ are very close to each 

other. The valence band maximums obtained are 2.19 eV, 1.46 eV, 1.59 eV and 2.07 eV for 

8DZ, 6DZ, 4DZ and 2DZ respectively. Combined with the optical bandgap, the conduction 

band minimum of 8DZ, 6DZ, 4DZ and 2DZ are estimated to be at -0.99 eV, -1.73 eV, -1.61 

eV and -1.13 eV respectively. There may be a chance of conduction band tail existence just 

like the presence of valence band tail due to the presence of defects. According to Sanjay et 

al, surface oxygen vacancy states were generated above the valence band as forbidden states, 
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which give rise to tailing of the valence band towards Fermi level36.  

5.3 APPLICATIONS – PHOTOCATALYSIS 

5.3.1 Water treatment – Dye degradation 

The photocatalytic activity of all samples was checked by monitoring the degradation of a 

water contaminant dye, Methylene blue37. The photocatalyst (0.05 g) was well dispersed in 

50 mL, 20 ppm methylene blue aqueous solution. During the analysis inside a photocatalytic 

reactor, the degraded dye solution was collected at regular intervals of time and examined the 

degradation by observing the change in absorption intensity of a characteristic band at a 

wavelength of 664 nm. Without photocatalyst, only 35% of methylene blue was 

photobleached after 60 minutes of irradiation. In presence of un-doped ZnO, a complete 

decomposition of MB was observed within 60 minutes of exposure. The bromine doped ZnO 

exhibits excellent photocatalytic activity compared to undoped ZnO. The degradation results 

are depicted in Figure 5.11. 

 Methylene blue was completely decomposed after 42, 40, 38 and 42 minutes of 

visible light exposure in presence of photocatalysts 2DZ, 4DZ, 6DZ and 8DZ respectively. 

Very recently Wang et al reports dye degradation using Br doped titania within 50 minutes of 

light exposure38. Though 2 to 8 percentage doping was introduced into ZnO, a significant 

increase in doping level was not visible in our system (EDAX data Table 5.T3). This may be 

due to the larger size of the bromine and ease of formation of diatomic bromine in the 

solution. The maximum doping percentage experimentally estimated is 2.5 at% in 6DZ. 

 The undoped ZnO contains enormous oxygen vacancies which have been reported 

already13. In doped samples, bromine induced surface defects supplemented by this oxygen 

vacancies exhibit improved photocatalytic activity. The synergetic effect contributed by 
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oxygen vacancy and bromine induced interstitials gives an impact on higher photocatalytic 

activity shown by bromine doped ZnO. The experimental evidences (XPS and EDAX) 

supports that the magnitude of bromine induced defects is high in 6DZ sample and that may 

be the reason for the high photocatalytic activity shown by 6DZ among the doped samples28. 

 

Figure 5.11 Photodegradation of MB in presence of bromine doped samples 

  The stability and recyclability are highly significant for commercial and 

industrial applications of photocatalysts. The stability study of the photocatalysts was 

performed by repeated use of the catalyst powder for five consecutive runs with fresh dye 

solution. All samples exhibit good stability as well as recyclability within the stipulated time. 

The stability studies are demonstrated in Figure 5.12. 
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Figure 5.12 Stability of photocatalysts (a) 2DZ, (b) 4DZ, (c) 6DZ and (d) 8DZ 

 The mechanism involved in the photocatalytic decomposition of textile dyes in the 

presence of undoped ZnO is well studied39. When Br doped ZnO was excited with visible 

light, the generated photo electrons excited to conduction band and leaving behind the holes 

in valence band. These photo generated carriers must be separated effectively to avoid 

recombination for efficient photocatalysis. Both interstitial bromine and oxygen vacancies 

present on the surface of the samples turn as electron trapping centres and facilitate transfer 

of these electrons to the ZnO surface. This surface reached electrons promotes the 

degradation of surface adsorbed MB dye by redox catalytic reactions. Here, bromine doped 

ZnO possess donor and acceptor levels within the bandgap due to interstitial bromine and 
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anion vacancies respectively. The donor levels act as trap centers for the photogenerated 

electrons and thus prevent the exciton recombination. In addition to this the valence band 

broadening due to surface oxygen vacancy may produce photogenerated carriers via 

interband transitions. As a whole, the synergetic effect due to bromine interstitials and 

surface oxygen vacancies results in high photocarrier generation with low recombination 

possibilities leading to improved degradation of MB40, 41. MB fastly degraded in to CO2, 

water and volatile organic compounds by OH free radicals at the surface of the 

photocatalysts. 

5.3.2 Estimation of hydroxyl radicals 

 

Figure 5.13 Comparison of fluorescent spectra of HTTA in presence of 6DZ and ZnO 

Hydroxyl radicals released from 6DZ is monitored experimentally by using terephthalic acid 

as a probe molecule. The intensity of 2-hydroxy terephthalic acid (HTTA) is found to be very 

much higher than pure ZnO. The photoluminescence spectrum of terephthalic acid before and 

after light exposure is depicted in Figure 5.13. 
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5.3.3 Surface treatment – Contact angle measurements 

The hydrophilic nature of most active photocatalyst, 6DZ, was checked by coating the 

material on a glass plate by doctor blading method. The contact angle measurements were 

performed statically. The images of the water droplet on material surface are depicted in 

Figure 5.14. 

Figure 5.14 (a) Image of the water droplet on the surface of 6DZ coated glass initially, (b) 

Spreading of the drop on surface within 100 seconds and (c) After 120 seconds 

A motor driven syringe is used to pump a liquid drop steadily on the glass surface and 

the maximum contact angle was measured by averaging from left and right side of the water 

drop with the material coated glass surface. The angle thus measured is found to be 25.5ο. It 

has been found that within 100 seconds the contact angle becomes 6.1ο. After 120 seconds, 

the angle completely turned to zero. The material exhibit super hydrophilicity compared to 

pure ZnO. 

5.3.4 Antibacterial activity 

The antimicrobial inhibition of 6DZ was evaluated against standard and multiple drug 

resistant gram negative bacterium of Escherichia. Coli by the agar well diffusion method. For 

the study, seed culture was swabbed on the agar dishes for 12 h using sterile cotton. Required 

numbers of wells were punched into the nutrient agar dishes of having diameter 8 mm. These 

wells were filled with water dispersed 6DZ sample. Clinical disc of Tetracycline (30 
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mcg/disc- positive control) is used as standard and distilled water as negative control for 

evaluation. In the presence of fluorescent lamp (18 W) the plates were incubated for 24 h at 

37 °C in a temperature controlled incubator. The zone of inhibition observed after 24 h was 

measured using a zone reader. 

 

Figure 5.15 Antibacterial inhibition of 6DZ against E. Coli 

Result shows that 6DZ inhibit the bacterial growth with zone of 24 mm diameter 

whereas standard tetracycline exhibit 33 mm as shown in Figure 5.15. This antibacterial 

function of 6DZ can be utilized for self-cleaning process in ceramic tiles. When 6DZ is 

incorporated during the manufacture of ceramic tiles, it self- cleans the surface with the 

assistance of photocatalysis.   

Normally gram negative bacteria contain an outer cell wall with a thin layer of 

peptidoglycan. 6DZ have the ability to destroy its cell wall by charge misbalancing and 

penetrate to the cell completely. The ROS generation also facilitates an easy destruction of 

bacteria completely42. 
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5.4 CONCLUSIONS 

Bromine doped ZnO short nanotubes were developed systematically through aqueous 

mediated template-free sol precipitation synthesis route. The doping of bromine at the 

interstitial sites of ZnO nanocrystal surface creates additional trap states along with 

already existing oxygen vacancies within the ZnO lattice. These crystal defects pave 

the way for the migration and separation of photogenerated electrons and holes and 

promote photocatalysis. Bromine induced defects efficiently support the photocatalytic 

activity of the doped samples than undoped ZnO. Mutual performances of both these 

defects exhibit superior photocatalysis in 6DZ towards dye degradation analysis. 

Complete degradation of methylene blue happens within 38 minutes of visible light 

exposure.  Moreover, the prepared photocatalysts exhibit good recyclability and 

stability under ambient conditions. The sample, 6DZ exhibits super-hydrophilicity for 

the anti-fogging application and potential antibacterial activity. These new findings 

provide good insights about the defect chemistry in solution processed Br doped 

nanocrystals and achieved a platform to further develop and investigate the use of Br 

as dopant in metal oxide systems. 
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Synthesis, Characterizations and 

Applications of Zinc Tellurium Oxide 

Shift to renewable energy is crucial to life on the planet due to dwindling of fossil fuels and 

the looming threat of climate change. The efforts of scientific community to address the 

challenge by harnessing solar energy utilizing semiconductor nanomaterials become all the 

more important at this critical juncture
1
. Consequently researchers devote much of their 

energies on developing photocatalysts to address the manifold environmental concerns. A 

number of reports focus on ternary and quarternary nanomaterials with various combinations 

of metals/ non-metals/ semiconductor oxides/ RGO to expedite photocatalysis
2, 3

. Here the 

surface and interface interaction properties of these materials greatly influence the 

photocatalytic efficiency. Reports show that, RGO based photocatalyst performs better, but 

the presence of conspicuously higher levels of carbonaceous material turns in to an inevitable 

health hazard. Low toxicity, abundance of material, low cost and high environmental 

compatibility tempt researchers to explore the possibilities of varying combinations of 

oxides
4
 and non-oxides

5
 of zinc in ternary and quarternary form for various applications such 

as DSSC
6
, optoelectronics

7
, sensors

8
 and photocatalysis

9
. The USA based Materials Genome 

Initiative spotlighted two elements, Tellurium and Platinum, for functional devices in 2011
10

.  

High conductivity is one of the attractive features of tellurium for thermoelectric materials
11

. 

In the case of Zn2Te3O8 (ZTO), the glassy behaviour obtaining with temperature tuning is 

highly explored for its unique properties such as broad transmission and highly nonlinear 

optical properties
12

. The crystalline ZTO is not much explored for photocatalysis to the best 

of our knowledge. 

Contemporary enquiries bring crystalline defects to the fore as these defects might 

6 
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play a critical role in photocatalysis
13, 14

. According to Daimei Chen et al, surface defects can 

serve as active sites, which are favorable to the photocatalytic activity, while bulk defect is 

often regarded as the recombination sites, which adversely affect the photocatalytic activity
15

.  

Current study emphasizes the synthesis of crystalline ZTO nanomaterial with wide range of 

absorption and surface oxygen vacancies make it imperative to analyse the photocatalytic 

activity. A simple, well controlled, cost effective synthesis of crystalline black ZTO 

photocatalyst have not been observed hitherto. The critical antibacterial activity of ZTO 

towards Escherichia coli and also super hydrophilicity exhibited by the material are also 

being demonstrated here.  

6.1 SYNTHESIS 

Zinc tellurium oxide (ZTO) nanomaterial was synthesized by adopting solvothermal method. 

Minimum precursors were used for the synthesis and the details are as shown below. All the 

chemicals used were collected from Merck and Sigma and are used as received without 

further purification. 

Materials used for synthesis 

 Zinc acetate dihydrate  

 Tellurium powder 

 Ethylene diamine 

Procedure for synthesis 

For the synthesis of shining black ZTO photocatalyst, minimum precursors were used. 

0.3M (0.1317 g) zinc acetate and 0.3M (0.0766 g) tellurium powder were taken into 20 mL 

edamine solvent in an autoclave. According to Yue Zhao et al, hydrothermal synthesis is a 
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better method for the synthesis of highly crystalline chemically stoichiometric materials in 

mild condition
16

. He also suggested that the solubility problem in synthesis can be effectively 

addressed by adopting this method. Solvothermal condition was chosen to dissolve the 

tellurium powder as solubility is the predominant hurdle during the synthesis of tellurium 

compounds. Recently David H. Webber et al reported that, 0.5 wt % tellurium would dissolve 

in ethylene diamine and glycerol mixture at 180 to 200 °C
17

. Therefore ZTO synthesis was 

carried out in edamine at 200 
°
C for six hours. A flowchart showing the synthesis procedure 

of ZTO nanomaterial is shown in Fig 6.1. The sheen is visible in the digital photographs of 

ZTO in Figure 6.1. After six hours, the obtained uniformly precipitated shining black material 

was washed with methanol and finally dried in room temperature for further usage. There 

was no white precipitate of pure ZnO or TeO2 observed. 

 

Figure 6.1 Flow chart of the synthesis of ZTO 

The zinc precursor, Zn(O₂CCH₃)₂ when react with edamine results in the formation 

of zinc oxides as per the reported mechanism
18, 19

. Similarly when tellurium reacts with 

edamine will forms tellurium single crystals
10

. In most of the synthesis, capping agent 

addition was done separately for the size reduction of materials. Here comes the exceptional 
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advantage of edamine because of its versatile performances as a solvent for solubilizing the 

precursor material and a perfect medium for the growth of ZTO.  Edamine also acts as an 

effective capping agent to reduce the size of ZTO into nano size regime
20

. In this work, zinc 

acetate dissolves in edamine immediately and forms a complex 

Zn5(OH)8(CH3COO)2.xH2O
18

. Gradual heating in the presence of excess alkali leads to 

condensation of hydroxyl groups and decomposition of acetate groups make avail zinc for 

further reaction. When tellurium got sufficient temperature for dissolution, combines with 

zinc and oxygen to form ZTO nanomaterials. 

6.2 CHARACTERIZATIONS 

The synthesized sample was subjected to various characterizations to confirm its formation, 

purity, morphology and properties. The techniques adopted are listed below. 

Structural analysis 

 X-ray diffraction analysis (XRD) 

  Raman spectroscopy 

 X-ray photoelectron spectroscopy (XPS) 

 Energy dispersive spectrum (EDS) 

Morphological analysis 

 Scanning electron microscopy (SEM) 

Optical measurements 

 Diffuse reflectance spectrum (DRS) 

 Tauc plot  
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6.2.1 Structural and morphological analyses 

6.2.1.1 X-ray diffraction analysis (XRD) 

The formation of ZTO is confirmed from XRD pattern (Figure 6.2) and the formed material 

unambiguously matches with that of Zn2Te3O8 with JCPDS card No. 72-1283. The presence 

of sharp peaks reflects the crystalline nature of ZTO with no detectable peaks for the 

presence of secondary crystalline phases such as ZnO and TeO2. The JCPDS files for ZnO 

and TeO2 are compared with that of ZTO as detailed in Figure 6.3. The peaks marked with 

asterisks (at 15.5
ο
, 16.3

ο
, 21.7

ο
 and 25.5

ο
) are from the diamine precursor (Figure 6.4). 

Multiple washing eliminates the peaks due to diamine at 15.5
ο
 and 16.3

ο
 and diminish peaks 

at 21.7
ο
 and 25.5

ο
, indicating removal of physisorbed solvent moieties from the samples. 

XRD pattern in figure 6.5 shows characteristic peaks of ZTO with much dimished diamine 

peak after multiple washing with methanol. The crystallite size of ZTO obtained from 

Sherrer’s formula is found to be 47.97 nm. 

 

Figure 6.2 XRD pattern of ZTO 
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Figure 6.3 XRD of ZTO compared with TeO2 and ZnO 

 

Figure 6.4 XRD of ZTO compared with diamine precursor 
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Figure 6.5 XRD of ZTO after repeated washing 

A 3D image of crystal structure is constructed using Materials studio 7.0® software 

from the XRD data using Reflex powder diffraction analysis as shown in Figure 6.6. The 

details of crystal parameters also are given below. (Te3O8)
4-

 anions in ZTO are formed 

through interconnection of TeO3 and TeO4 groups by two Te-O-Te bridges
21

. The 

comparison of XRD pattern of ZTO with JCPDS file is as shown in Figure 6.7. 

 

Figure 6.6 3D image of ZTO crystal lattice created by Materials studio software 
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Figure 6.7 Comparison of XRD pattern of ZTO JCPDS with simulated pattern 

6.2.1.2 Raman spectroscopy 

Figure 6.8 shows the characteristic Raman spectrum of ZTO material. Raman peaks further 

confirmed the formation of ZTO with sufficient surface oxygen vacancies. Peaks at 78 cm
-1

, 

133 cm
-1

 and 792 cm
-1

 represent characteristics of the Te-O vibrations
23

. Peaks at 447 cm
-1 

and 648 cm
-1

 depict stretching and bending vibrations of Te-O-Te linkage and asymmetric 

vibrations of Te-O-Te respectively. The peak at 196 cm
-1

 assigns the presence of acoustic 

phonon overtones
24

. Peaks at 256 cm
-1

 and 380 cm
-1

 stand for laser plasma lines and A1 

symmetry polar phonons of Zn-O bonds respectively
25

. Peak at 490 cm
-1

 indicates surface 

phonons
26

 and the one at 726 cm
-1

 indicates stretching vibrations between Te and non- 

bridging oxygen atoms. Peak at 578 cm
-1

 represents surface oxygen vacancies of the lattice
27

. 

The broadness of the Raman peaks is also an indication of crystal defects
28

. 
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Figure 6.8 Raman spectra of ZTO 

6.2.1.3 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) has been used to study the chemical composition to 

confirm the crystal structure and the surface defects in ZTO (Figure 6.9(a-c)). The oxidation 

states and relative percentage of the element in ZTO are determined from XPS and the 

spectrum depicts the presence of only Zn, Te and oxygen.  

Oxidation states of 

elements 
Atomic concentration (%) Mass concentration (%) 

O
2-

 69.67 26.05 

Te
4+

 18.97 56.59 

Zn
2+

 11.36 17.36 

Table 6.T1 XPS quantification data by area  

The deconvoluted spectrum of O 1s shows three peaks at 530.1 eV, 531.3 eV and 

532.3 eV confirming the presence of O
2-

 in the lattice, oxygen vacancies and adsorbed 

oxygen respectively
27

. Zinc 2p spectrum shows dominant peaks of Zn 2p3/2 at 1021.3 eV and 

Zn 2p1/2 at 1044.3 eV indicating the presence of Zn
2+

 in tetrahedral site
29, 30

. In the case of 

tellurium, two main peaks and two satellite peaks are observed. The main peaks at 575.9 eV 
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and 586.2 eV originate from Te-O bonds
31, 32

. Two satellite peaks at 572.5 eV and 583 eV 

depict 3d5/2 and 3d3/2 states of Te respectively
31

. 

 

Figure 6.9 XPS spectra of Zn 2p, Te 3d and O 1s  

The deconvoluted spectrum of O 1s shows three peaks at 530.1 eV, 531.3 eV and 

532.3 eV confirming the presence of O
2-

 in the lattice, oxygen vacancies and adsorbed 

oxygen respectively
27

. Zinc 2p spectrum shows dominant peaks of Zn 2p3/2 at 1021.3 eV and 

Zn 2p1/2 at 1044.3 eV indicating the presence of Zn
2+

 in tetrahedral site
29, 30

. In the case of 

tellurium, two main peaks and two satellite peaks are observed. The main peaks at 575.9 eV 

and 586.2 eV originate from Te-O bonds
31, 32

. Two satellite peaks at 572.5 eV and 583 eV 

depict 3d5/2 and 3d3/2 states of Te respectively
31

. 
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6.2.1.4 Energy dispersive spectrum (EDS) 

 

Figure 6.10 Elemental mapping of Zn, Te and Oxygen in ZTO 

The elemental mapping (Figure 6.10) was obtained from energy dispersive 

spectrometer (EDS). The elemental distribution shows that the material contains Zn, Te and 

Oxygen in stoichiometric proportions and no other trace impurities were observed. In oxygen 

mapping image, the presence of black area (absence of blue colour) may be due to the 

presence of oxygen vacancies in the crystal lattice.  

6.2.1.5 Scanning electron microscopy (SEM) 

Figure 6.11 shows Field-emission scanning electron microscopy (FESEM) image of ZTO 
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which exhibits a regular and uniform structure. The average size of nanoparticles from the 

SEM image is about to 30 nm in size. 

 

Figure 6.11 FESEM image of ZTO 

6.2.2 Optical measurements 

6.2.2.1 Diffuse reflectance spectroscopy (DRS) 

 

Figure 6.12 DRS spectrum of ZTO 
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The UV-Vis diffuse reflectance spectrum (Figure 6.12) exhibits almost near infrared 

absorption which is crucial for the efficiency of a photocatalyst. 

6.2.2.2 Tauc plot 

From Tauc plot (Figure 6.13) the band gap obtained is 1.86 eV. The wider absorption and the 

suitable band gap may translate into improved photocatalytic activity
33

. 

 

Figure 6.13 Tauc plot of ZTO 

6.2.3 Valence band spectrum (VB) and Density of states (DOS) 

The valence band XPS spectrum of the compound ZTO shown in Figure 6.14a gives more 

insight into its density of states. A schematic shown in Figure 6.14b describes the band edge 

energy positions elucidated with the help of valence band XPS spectrum and optical bandgap. 

From the valence band spectrum, the valence band maximum edge obtained is 3.85 

eV. The spectrum shows a band tail with a shift of -0.17 eV with respect to the band edge 

maximum. Combined with the optical bandgap, the conduction band minimum of ZTO is 
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calculated and is found to be at 2.03 eV. Existence of a conduction band tail, like the valence 

band tail, due to crystal defects is anticipated
34

. It is attributed here that the defect states near 

conduction and valence band may form continuum resulting in band tails. 

 

Figure 6.14 Valence band XPS of ZTO (a) and schematic of density of states of ZTO (b) 

6.3 APPLICATIONS: PHOTOCATALYSIS 

6.3.1 Water treatment - Dye degradation 

To compare the activity of photocatalysts, 0.002 wt% aqueous methylene blue dye solution 

was taken as the model system and the degradation of the dye was monitored within a time 

frame of 90 minutes as shown in Figure 6.15 (a). 0.05 g photocatalyst was added in to 50 ml 

of dye solution. This suspension was kept under dark for 30 minutes with stirring to avoid 

any error due to initial adsorption effect. The stirring in darkness also helps dye adsorption on 

the surface of the photocatalyst to establish adsorption-desorption equilibrium. After dark 

analysis, the dye solution was placed inside a photocatalytic reactor under 300 W Xenon 

lamp. At 15 minutes of periodic exposure, 5 mL aliquots were taken to monitor the dye 

degradation. The Uv-visible absorption spectra were recorded after centrifuging at 10000 rpm 
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for 10 minutes to avoid any scattering effect. 

 Dark adsorption analysis gives 20% primary adsorption of dye on the surface of 

ZTO. ZTO effectively degrades 95% of MB dye within 90 minutes with a rate constant of 

0.00648 min
-1

. In the absence of photocatalyst only 50% pure MB was found degraded within 

90 minutes (Figure 6.15 (b)). The degradation of pure MB is caused by the dissolved oxygen 

present in the water
35

. The performance stability of the photocatalyst was checked for five 

consecutive cycles and is shown in Figure 6.15 (c). 

 

Figure 6.15 (a) Uv-vis spectra of MB photo-degradation in presence of ZTO, (b) 

Photocatalytic degradation plot of MB with respect to time and (c) Photocatalytic stability of 

ZTO for five consecutive cycles. 

6.3.2 Estimation of reactive oxygen species  
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Reactive Oxygen Species (ROS) generated from the photocatalysts are mainly responsible for 

the photocatalytic activity. Florescent method has been applied to detect and quantify the 

OH
ο
 free radicals formed from ZTO during photocatalysis. Terephthalic acid (TTA), a non-

fluorescent probe molecule had captured ROS generated from ZTO and converted into 

fluorescent 2-hydroxyterephthalic acid (HTTA) by hydroxylation. 5x10
-4

 M TTA alkaline 

solution was prepared with NaOH and 50 mL of this solution with 0.01 g photocatalyst was 

stirred and irradiated for 10 minutes. After irradiation, the solution was centrifuged and takes 

the photoluminescence spectra of the decanted solution at an excitation wavelength of 315 

nm. The intensity of the fluorescence is directly related with the quantity of OH
ο
 free radicals 

captured by TTA. The standard curve obtained before and after light exposure on TTA is 

depicted in Figure 6.16. 

  

Figure 6.16 Fluorescence spectra of TTA before and after exposure to light 

6.3.3 Surface treatment – Contact angle measurements 

Ultra wetting surfaces attract special attention because of its broad applications in self-

cleaning process
36

. Hydrophilic surfaces behave as anti-fog by forming a homogeneous water 
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film instead of multiple circular drops. Contact angle measurements were done using the 

water contact angle measurement (digidrop).  The photographs of the contact angle 

measurements of water with ZTO coated glass surfaces are depicted in Figure 6.17. ZTO 

powder was mixed with methanol in an agate mortar to make a homogeneous paste. This 

paste was evenly doctor bladed on to the surface of a glass slide and the film was dried in air. 

The dynamic contact angle was measured systematically with water on the surface of ZTO 

film coated over glass substrate. Initially the film exhibited a contact angle of 33.6. Within 

hundred seconds the value brought down to 18.5 and finally reaches to 6.4. Surface with 

low contact angles make a continuous homogeneous film on the glass substrate and help to 

avoid optical transmissions
37

. 

Fig 6.17 Contact angle of ZTO (a) initial (b) within hundred seconds (c) after 2 minutes 

6.3.4 Antibacterial activity 

The antimicrobial activity of ZTO was evaluated against standard and clinical strain of gram-

negative bacterium of Escherichia. Coli by the agar well diffusion method
38

. 12 h seed 

culture was swabbed on the agar dishes using sterile cotton. Required number of wells having 

diameter 8 mm diameter were punched into the nutrient agar dishes. These wells were filled 

with water dispersed samples. Clinical disc of Tetracycline (30 mcg/disc- positive control) 

and distilled water (as negative control) were also used for evaluation. The plates were 

incubated for 24 h at 37°C inside a temperature controlled incubator in the presence of light 

(Flourescent lamp; 18W). The zone of inhibition was measured using a zone reader against 

the test microorganism. 
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The results show significant growth inhibitory activity of ZTO against E. coli 

compared with that of standard tetracycline (Figure 6.18). Result shows that ZTO exhibit 

inhibition zone of 25 mm in diameter whereas standard tetracycline exhibit only 24 mm. 

When flooring tiles are made incorporating these ZTO nanoparticles, the frequent cleaning 

can be avoided as material undergoes self-cleaning process with the aid of photocatalytic 

activity. The inhibition of bacterial growth by ZTO takes place with simultaneous processes 

described below: 

1) Bacterial cell wall gets disrupted by the charge neutralization of its surface 

electric charge, which destroys the nutrients intake of the cell leading  to death of 

the cell
39

 

2) Reactive oxygen species released from ZTO leads mechanical damage to the 

bacterial cell membrane and enter in to intracellular part of the cell ultimately 

destroying the cell completely
40

. 

 

Fig 6.18 Zone of antibacterial inhibition of ZTO against E. Coli 
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The antibacterial activity of pure ZnO was also analyzed to compare the performance 

(Fig 6.19). It was observed that pure ZnO cannot inhibit the growth of E. Coli. The 

unprecedently growth inhibition of gram negative E. Coli by ZTO may be attributed with the 

positive surface charge of ZTO compared to ZnO. 

 

Fig 6.19 Antibacterial activity of ZnO against E. Coli 

6.4 CONCLUSIONS 

In conclusion, we have developed a unique strategy for the synthesis of highly impressive 

ZTO nanomaterial by adopting robust and vastly reproducible solvothermal method. The 

material thus synthesized exhibits better dye degradation, superior antibacterial activity and 

super hydrophilicity. The enhancement in photocatalytic activity can be ascribed to the 

presence of enormous surface oxygen vacancies and ability to release ROS. The synergistic 

effect of oxygen vacancies, adsorptivity and broad spectral response contributes to improved 

photocatalysis. Because of these properties, this material represents a promising photocatalyst 

for environmental remediation. Moreover, it can be successfully used for various other 
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futuristic biomedical and sensor applications. We firmly believe that our perspective unravels 

novel uses of this material. 
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Conclusion & Future outlook 

This work attempts to explore novel approaches to make different ZnO hybrids, using 

minimum precursors, for efficient photocatalysis. Structural, photophysical and 

physicochemical properties of the prepared materials were analyzed in detail using various 

characterization techniques.  

One dimensional ZnO with varying surface properties has been prepared by changing 

zinc to beta-Aminoethylamine ratio of 2:1, 1:2 and 1:1 (21ZE, 12ZE and 11ZE). Various 

analytical tools were used to study the structural, morphological, photophysical and chemical 

properties of these samples. Study on the photocatalytic activity of these ZnO nanostructures 

shows that 11ZE gives stable photocurrent behaviour with better photocatalytic performance 

by showing hundred percentage degradation of methylene blue. Performances of these three 

ZnO nanostructures on methylene blue degradation were correlated with the surface 

chemisorbed oxygen, oxygen related defect density and slow excitonic recombinations. 

Compared to 11ZE, 21ZE shows smooth surfaced nanotubes whereas; 12ZE shows 

completely distorted nanotube structure because of high etching rate by the edamine. Among 

the three samples, 11ZE surface accommodates more chemisorbed oxygen and high dye 

adsorption capability. All these factors indirectly affect the photocatalytic degradation of 

methylene blue by producing more superoxides with enhanced carrier lifetime in the oxide 

structure under illumination. The reactive oxygen species generated from 11ZE was also 

estimated using terephthalic acid as a probe molecule. Super hydrophilicity of 11ZE films on 

glass substrate was checked from static mode contact angle measurements and confirms its 
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self-cleaning and surface wettability nature. The hydrophilic nature of 11ZE also put 

promising material for anti-fogg applications. Among the three ZnO samples, 11ZE exhibit 

good overall performance. Further, nanocomposites were prepared by modifying 11ZE into 

its hybrids by the incorporation of non-metals.  

Carbon embedded ZnO nanocomposites were prepared by adopting the self-same 

method employed in ZnO synthesis. Uniform mixing of the precursors during the formation 

of the hybrids got ensured through the consistent stirring of the reaction mixture. A 

conducting polymer (polyaniline), a non-conducting polymer (polyvinylpyrrolidone) and a 

blend of these two polymers were chosen for the surface modification of ZnO. The 

synthesized nanocomposites were named as PVZ, PNZ and PPZ. Phase pure carbon 

embedded short nanotubes of ZnO were prepared by post thermal treatment of these polymer 

wrapped ZnO nanomaterials and confirmed from various characterization techniques. The 

calcined products are named as CPVZ, CPNZ and CPPZ. The presence of carbon and 

absence of nitrogen were verified from X-ray photoelectron spectroscopy (XPS). Enormous 

surface oxygen vacancies were confirmed from various characterization techniques such as 

photoluminescence spectra, Raman spectra and XPS. The photocatalytic activity of these 

nanotubes was evaluated through the degradation of a textile dye. These carbon doped ZnO 

nanotubes become more Lewis acidic and found to be more photoactive than pure ZnO. 

Among these three photocatalysts, CPVZ exhibit excellent photocatalytic activity than CPPZ 

and CPNZ. Smaller particle size, higher adsorption capability and presence of crystal defects 

support CPVZ to become an efficient photocatalyst. Moreover all three samples exhibit super 

hydrophilic behavior so that they can be used as anti-fog coatings. Synergetic effect of carbon 

induced mid-gap energy levels and presence of oxygen vacancies suppress the exciton 

recombination rate and shows better photocatalytic activity. Estimation of reactive oxygen 

species, using terethalic acid probe, ratified the results obtained from photocatalytic 
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performances. 

Bromine doped ZnO short nanotubes were also developed systematically through 

above mentioned aqueous mediated template-free sol precipitation route. Samples with 

different bromine percentage (2, 4, 6, and 8 %) were tried to get 2DZ, 4DZ, 6DZ and 8DZ 

samples. Bromine induced defects efficiently support the photocatalytic activity of the doped 

samples than undoped ZnO. Mutual performances of both these defects exhibit superior 

photocatalysis in 6DZ towards dye degradation analysis. Moreover, the prepared 

photocatalysts exhibit good recyclability and stability under ambient conditions. The sample, 

6DZ exhibits super-hydrophilicity for the anti-fog application. In addition, the ability of 6DZ 

to inhibit E. Coli pathogenic microbes brings an innovative hygienic solution and can be to 

introduced into floor or wall tiles for self-cleaning characteristics.   

Bromine doped ZnO synthesis and its application study provides good insights about 

the role of defect chemistry of this material.  The doping of nonmetals at the interstitial sites 

of ZnO surface creates additional trap states along with already existed oxygen vacancies 

within the ZnO bandgap. These crystal defects pave the way for the migration and separation 

of photogenerated electrons and holes thereby promote the photocatalysis. Additionally these 

midgap energy levels impart carrier generations to speed up the photocatalysis process. 

Finally a ternary compound of ZnO, highly impressive Zn2Te3O8 nanomaterial, was 

developed by adopting a unique synthetic strategy by adopting robust and vastly reproducible 

solvothermal method. The material thus synthesized exhibits better dye degradation, superior 

antibacterial activity and super hydrophilicity. The photocatalytic activity in ZTO can be 

ascribed to the presence of enormous surface oxygen vacancies and ability to release ROS. 

The synergistic effect of oxygen vacancies, adsorptivity and broad spectral response 

contributes to improved photocatalysis. Because of these properties, this material represents a 
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promising photocatalyst for environmental remediation. We firmly believe that our 

perspective unravels novel uses of this material. 

 Moreover these synthesized nanomaterials can be successfully used for various other 

futuristic biomedical and sensor applications. Surface engineering of these materials remains 

to be explored comprehensively by varying reaction temperature and changing the alkaline 

precursor. Metal nanoparticles decorated ZnO nanosystems are another avenue for advanced 

photocatalytic technology. Reduced graphene oxide or carbon dots can be incorporated with 

these doped systems for enhanced photocatalytic performances. 


