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ABSTRACT 

 Investigations of doping influence on optical, structural, 

antibacterial and photocatalytic properties of ZnO nanostructures at an 

optimum concentration are presented. Aluminum (Al), Chromium (Cr) and 

silver (Ag) are the different dopants introduced in ZnO nanostructures 

through mono and dual doping. Polyvinyl pyridine (PVP) is used as capping 

agent for control growth of nanoparticles. All samples are synthesized by wet 

chemical sol-gel method and annealed at 500 C for two hours. Different 

characterization techniques are used at room temperature to analyse the 

influence of dopants on different properties of ZnO nanostructures are XRD, 

SEM, TEM, EDAX, AFM, UV-Visible, FTIR, Micro-raman, PL 

spectroscopy….etc. The antibacterial studies were carried out on both gram 

positive and gram negative bacteria by using well diffusion method. The 

methylene blue (M.B) is employed as organic pollutant for photocatalytic 

activities under UV light.  

 

 Ag doped ZnO nanoparticles are found to have hexagonal wurtzite 

crystal structure and their grain size increases while lattice strain decreases 

on annealing. Annealed Ag doped ZnO nanoparticles shows violet and blue 

emissions which are attributed to different transitions and structural 

properties of ZnO like oxygen vacancies. The different transitions taking 

place are occurring between conduction band (CB) and zinc vacancy (VZn) 

inside ZnO due to the impurities. The blue emission would benefit to the light 

emitting and biological fluorescence labeling applications of these materials. 

The M–H curve field dependence of magnetization of unannealed Ag doped 

ZnO nanostructures calculated at 300 K showed hysteresis loops with 

coercive field of 203 Oe and these values increased to 240 Oe after 

annealing. The magnetization increases with annealing   indicating that this 

process might be an effective way to obtain more prominent RT-FM in ZnO-

based DMS nanostructures. The synthesized Ag/ZnO nanostructures 

showed potential applications in photodegradation of organic dye pollutants 



x 

and destruction of bacteria. These improved bioactivities of smaller particles 

are attributed to the higher surface to volume ratio and the enhanced 

photocatalytic efficiency is attributed to structural defects. The as-

synthesized Cr doped ZnO samples are found well-crystalline in nature and 

possessing hexagonal wurtzite structure in around 54-57 nm range. SEM 

shows these nanostrucures are grown in high density with less 

agglomeration and their different morphologies are observed after doping. 

PL and Raman results confirmed blue shift after Cr doping into ZnO samples 

which is attributed to quantum confinement. The synthesized Cr doped ZnO 

nanostructures showed potential applications in destruction of bacteria. 

Results demonstrated that doped ZnO samples are more efficient than pure 

ZnO. This enhanced bioactivity was attributed to decrease in crystallite size 

from 55 and 43 nm after doping. In case of Al doped ZnO nanostructures, PL 

spectra revealed the intensity enhancement which is accredited to the 

decreasing in electron-hole recombination. It will promote the interfacial 

charge transfer kinetics between the metal and semiconductor and thus 

photocatalytic activity is improved in Al doped ZnO. It is interesting to 

observe Al doped ZnO nanoparticles proved to be more lethal to the bacteria 

than Cr-doped ZnO nanostructures.  

 

 Also same scenario is observed in the degradation efficiency of 

the organic pollutant, M.B dye. The reason may be due to the excellent 

substitution of Al nanoparticles in ZnO which is also confirmed by EDX. It is 

highly possible because ionic radius of Al (0.54nm) is less than that of Cr 

(0.63nm). The results of this study and experimental evidences suggest that 

most important factors that play a vital role in governing the toxicity 

mechanism are the generation of radical oxygen vacancies (ROS) and the 

electrostatic interaction between the ions and membrane. Finally, we 

attempted significantly to increase the number of ROS by dual (Al-Cr) doping 

in ZnO for enhancement in antibacterial activities. In this case, dual doped 

ZnO nanostructures having more oxygen vacancies are confirmed by the PL 

and micro-Raman spectra. From antibacterial test, we established that dual 



xi 

doped ZnO nanostructures rendered an effective antibacterial agent when 

compared to pure ZnO. It is also motivating to note that the both the samples 

have stronger antibacterial activity on gram positive than on gram negative 

bacterial culture. The results of dual (Al-Cr) doping in ZnO nanostructures 

are found showing same trend in case of photocatalytic behavior. 
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CHAPTER 1 

INTRODUCTION 

 

1.1  NANOSTRUCTURES IN ANTIBACTERIAL AND 

PHOTOCATALYTIC APPLICATIONS 

 In nanotechnology the rapid development has urged noteworthy 

interest in the environmental and biological applications of nanostructures. In 

particular, its potential to reform century-old conventional water treatment 

processes has been enunciated recently. Increasing contamination of 

ground water system and atmospheric air by organic pollutants create 

serious threats to living organisms as the quality of water is directly related to 

health. Nanostructures are excellent adsorbents, catalysts, and sensors due 

to their large specific surface area, superior durability, greater selectivity, and 

high reactivity [1-2]. Recently, several natural and synthesized 

nanostructures have also been shown to have strong antimicrobial 

properties. Another potential application of nanomaterials is their use in 

decentralized water treatment and reuse systems [3]. In recent years, the 

concept of decentralized or distributed water treatment systems have 

attracted much attention due to concerns on water loss and quality 

deterioration associated with aging distribution networks and the increasing 

energy cost to transport water, as well as the increasing need for alternative 

water sources and waste water reuse for areas with water shortage 

problems and national security issues. It is envisioned that functional 

nanomaterials, including those with antimicrobial properties, can be used to 

build high-performance, or small-scale systems to increase the robustness of 

water supply networks, for water systems not connected to a central 

network, and for emergency response following catastrophic events [4,5]. 
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According to New York State Department of Environmental Conservation in 

its report reveals that even babies were born with detectable levels of 

pollutants. India is not excluded from this situation. Recently India has faced 

increased environmental pollution caused by developments in industrial and 

agriculture sectors. However, the increase in population and urbanization 

has produced a greater threat to the greenery and agriculture image of 

country. The rising level of pollution in rivers and lakes is one of the main 

environmental concerns facing the country today. Water quality surveys from 

the Environmental Protection Agency (EPA) in India shows that the quality of 

inland water is decreasing. The same is true for air. According to report by 

EPA, the biggest threat facing our atmosphere is the emission from road 

traffic. India has been unable to reduce the production of CO2 and other 

green house gas emissions completely, a leading cause of global warming 

and large increase in car ownerships. In this scenario, the country will be 

affected by climate change and heavy rainfall in future years because of the 

presence of the green house gases already present in the atmosphere. Thus 

environmental pollution and industrialization is considered as major global 

problem. To address such enormous tasks, advanced oxidation technologies 

like heterogamous photocatalysis via metal oxide semiconductor 

nanostructures such as TiO2 and ZnO, which are capable to operate 

effectively and efficiently under UV and Visible light, must be launched. TiO2 

is the most used semiconductor oxide in photocatalytic degradation of dye, 

and great achievements have been made. ZnO is being thought as a 

promising alternative to TiO2 because of their similar band gaps (3.37 eV) 

and band edge positions. Moreover, ZnO exhibits a higher electron mobility 

and longer photoexcited electron lifetime than TiO2, which is beneficial for 

photocatalytic degradation of dye. Another important advantage of ZnO over 

TiO2 is that it can be synthesized by a wide range of synthesis techniques. 

On the other hand, infectious diseases still remain a leading cause of global 

disease burden in India with high morbidity and mortality especially in the 

developing world [6,7]. Furthermore, there have been threats of new 

diseases during the past few decades due to the evolution and adaptation of 
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microbes and the re-emergence of old diseases due to the development of 

antimicrobial resistance and the capacity to spread to new geographic areas. 

The impact of the emerging and re-emerging diseases in India has been 

tremendous at socioeconomic and public health levels. Their control requires 

continuing surveillance, research and training, better diagnostic facilities and 

improved public health system. Hence numerous research efforts are going 

on metal oxide semiconductor based nanostructures to increase the 

photocatalytic and antibacterial activities to control the enviromentical 

pollution and microbial contamination for the existence of real biosphere. 

This thesis presents the investigations of optical, structural, antibacterial and 

photocatalytic properties of pure and doped ZnO nanostructures.  

1.2  METAL OXIDE NANOMATERIALS 

     Metal oxide nanostructures have extensive generated 

technological and industrial interest because of their different properties like 

optical, electrical, magnetic, mechanical etc. These properties are combined 

with their overall characteristics of stability, thermal strength and chemical 

substance. They have a broad spectrum of electrical properties from wide 

band-gap insulators to metallic and superconducting materials. Metal oxides 

play a significant role in a diversity of applications such as biomedical, 

photocalytic, microelectronic devices, sensors, solar cells, coatings, 

catalysts, optoelectronic devices [8-13] etc. and attract a remarkable interest 

in the synthesis of metal oxide nanostrucures presently. Due to the 

difference in electronic structure, they exhibit metallic, semiconducting or 

insulating behavior. The metal oxide nanostructures such as ZnO and TiO2 

are useful for a wide brand of applications, including light emitting diodes, 

gas sensors, and optical components.  A diversity of metal elements are 

capable to form the different number of oxide compounds [14], which can 

take up a cosmic number of structural geometries with an electronic 

structure that can demonstrate various intriguing properties. Oxides have 

been used in a long range of technological applications, for example, almost 

all catalysts involve an oxide as active phase, promoter and support which 
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permits the active components to disperse on. The products rated millions 

and billions of dollars are generated every year through processes that use 

metal oxide catalysts in the chemical and petrochemical industries. For the 

control of microbial contamination, pollution by organisms and environmental 

pollution that contain oxides are employed to get rid from the air pollutants 

like carbon monoxide (CO), oxides of nitrogen (NOx), and oxides of sulphur 

(SOx) formed during the combustion of fossil-derived fuels [15,16]. Moreover, 

the most active areas of the semiconductor industry involve the use of these 

metal oxides. As a result, most of the chips used in computers contain an 

oxide component. There are still many potential applications of these 

materials under continuous investigation and new synthesis methods being 

built up. In the emerging field of nanotechnology, an objective is to make 

nanostructures or nanoarrays with incredible assets with respect to those of 

bulk or single particle species [17]. Oxide nanomaterials can display unique 

physical and chemical properties due to their limited size and a high density 

of corner or edge surface locations. In any material particle size is expected 

to control few important things of basic properties. For instance, the 

structural characteristics which comprises the lattice symmetry and cell 

parameters. Usually bulk oxides are strong and stable systems having well-

defined crystallographic structures. However, the emergent importance of 

surface free energy and stress with decrease in particle size must be 

considered. The alteration in thermodynamic stability related to size can 

induce modification of cell parameters and structural transformations.  In 

extreme cases at high surface free energy, the nanoparticle can disappear 

due to interactions with its surrounding environment [18]. Furthermore, a 

nanoparticle should have small surface free energy to exhibit mechanical or 

structural permanence. As a result of this demand, phases that 

have low stability in bulk materials will become very stable in nanostructures. 

This structural phenomenon has been detected in metal oxides like ZnO, 

TiO2, and Al2O3…etc and size-induced structural distortions associated with 

changes in cell parameters have been observed in many oxide nanoparticles 

[19]. As the particle size decreases, the increasing number of surface and 
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interface atoms generates stress/strain and associated structural 

perturbations. In addition beyond this intrinsic strain, there may be some 

extrinsic strain related to a selected synthesis technique which can be a 

part mitigating by hardening or calcinations [20]. Also, non-stoichiometry is a 

common phenomenon. Another important effect of size is related to the 

electronic properties of the oxide. In any material, the nanostructure may 

produce quantum size or confinement effects that basically arise from the 

presence of distinct and atom-like electronic states. From a solid-state point 

of view, these states will be considered as being a superposition of bulk-like 

states with associated increase in generator strength. Additional general 

electronic effects of quantum confinement experimentally probed on oxides 

are related to the energy shift of exciton levels and optical band gap [21]. 

These properties of nanostructured oxides lead to the wide industrial 

applications as, ceramic materials, bio- sensors, actuators, infrared (IR), 

solar absorbers photo-devices, and catalysts for reducing ecological 

pollution, transforming hydrocarbons, and producing H2. On the basis of 

theoretical studies, oxides show a redistribution of charge when going from 

large periodic structures to small clusters or aggregates which must be 

roughly considered to be relatively small for ionic solids while significantly 

larger for covalent ones [22,23]. However, the degree of ionicity or covalency 

in a metal oxygen bond can strongly depend on size in systems with partial 

ionic or covalent character. An increase in the ionic component to the metal-

oxygen bond in parallel to the size decreasing has been proposed. Structural 

and electronic properties clearly drive the physical and chemical properties 

of the solid and the third cluster of properties influenced by size in a 

very basic classification. In their bulk state, several oxides have wide band 

gaps and an occasional reactivity [24]. In fact, decrease in average size of 

an oxide particle changes the magnitude of band gap with strong impact in 

the conductivity and chemical reactivity [25]. Surface properties are 

somewhat particular group included in this subject due to their importance in 

chemistry. Solid-gas or solid-liquid chemical reactions can be mostly 

confined to the surface and/or sub-surface regions of the solid. As 
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mentioned above, the 2D nature of surfaces has prominent structural and 

electronic (e.g. presence of mid-gap states) consequences [26-27]. 

Regarding nanostructured oxides, surface properties are strongly tailored 

with respect to 2D-infinite surfaces, producing solids with extraordinary 

characteristics. Furthermore, the presence of under coordinated atoms (like 

corners or edges) or O vacancies in an oxide nanoparticle should produce 

specific geometrical arrangements as well as occupied electronic states 

located above the valence band of the corresponding bulk material 

enhancing in this way the chemical activity of the system. 

1.3 ZnO NANOSTRUCTURES 

 Metal oxide nanostructures have attracted broad attention due to their 

exclusive properties and great prospective applications in various fields. 

Recently, within the scientific community semiconductor metal oxide ZnO 

has attracted renewed attention as a future material. It gained significant 

interest in the research community in part because of its large exciton 

binding energy (60meV) which could lead to lasing action based on exciton 

recombination even above RT. ZnO most likely has the richest family of 

nanostructures in semiconducting materials, both in structures and 

properties. It emerges as a white powder nearly insoluble in water. This 

powder is widely used as an additive into several materials and products 

including cement, ceramics, adhesives, glass, , paints, plastics, pigments, 

food (source of Zn nutrient), batteries, ferrites, sealants, rubber (e.g. car 

tyres) fire retardants, lubricants, first aid tapes etc. ZnO is present in the 

earth crust as mineral zincite. It is known as II-VI semiconductor because 

zinc and oxygen belong to the second and sixth group of the periodic table 

and has various attractive characteristics for electronics and optoelectronics 

devices. It has direct band gap energy of 3.37 eV, which makes it 

transparent in visible light and operates in the UV to blue wavelengths and 

the higher exciton binding energy enhances its luminescence efficiency of 

light emission. ZnO has shown good radiation resistance and thus it is used 

in space and nuclear applications. The Zn atoms are tetrahedrally 
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coordinated with four oxygen atoms, where the Zn d-electrons hybridize with 

the oxygen p-electrons. Due to the large difference in their electronegative 

values of Zn the atoms and Oxygen atoms (1.65 for Zinc and 3.44 for 

oxygen), the bonding between them is highly ionic Table 1.1 shows the 

general properties of ZnO nanostructures [28].  

        Due to the presence of intrinsic defects such as oxygen vacancies 

and zinc interstitials, Zinc oxide is considered as naturally an n-type 

semiconductor. It is an environment friendly material, which is desirable 

especially for bio-applications and is also luminescent, light sensitive and 

emerging as a material of attention for a range of electronic applications. It is 

economical, relatively abundant, chemically stable, easy to synthesis and 

non-hazardous This is why to study the synthesis of ZnO nanostructures and 

understanding the ZnO nanostructures is of great interest. Table 1.1 showing 

the different properties of ZnO. 

Table 1.1 Different properties of ZnO 

                        Properties                                Value 

            Stable phase at 300 K                                   Wurtzite 

           Lattice constants a = 0.325 nm and c =  0.521 nm 

           Exciton binding energy                        60 meV 

           Hole effective mass                        0.59 

           Hole hall mobility at 300 K                         0.59 

           Electron effective mass                        0.24 

        Electron hall mobility at 300 K                        200 cm2/Vs 

               Band gap (RT)                        3.37 eV, Direct 

               Band gap (4K)                               3.437 eV 

              Refractive index                        2.008, 2.029 

        Static dielectric constant                                   8.656 

Linear expansion coefficient ( oC−1 ) a0 = 6.5 ×10-6, c0 = 3.0 ×10-6 

         Thermal conductivity                     0.6, 1-1.2 (Wcm−1 oC−1)            

             Melting point                                1975 C 

               Solubility                       Amphoteric 

                Density                                 5.606 g/cm3 

          Thermal conductivity                   White or yellow 
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1.4  CRYSTAL STRUCTURE 

 Hexagonal wurtzite, Cubic zincblende, and the rarely observed 

Cubic rock salt are the three crystallized forms of Zinc oxide.  The wurtzite 

structure is most stable at ambient conditions. Zincblende form can be 

stabilized by growing ZnO on substrates with cubic lattice structure. In both 

cases, the zinc and oxide centers are tetrahedral. Zinc is surrounded by four 

oxygen centers. The rock salt NaCl-type structure is only observed relatively 

at high pressure about 10GPa, and cannot be epitaxially stabilized [29]. ZnO 

generally crystallizes in hexagonal wurtzite form. The lattice constants are a 

= 0.325 and c = 0.52 nm; their ratio c/a ~ 1.60 is close to the ideal value for 

hexagonal cell c/a = 1.633. Figure 1.1 shows the crystal structure of wurtzite, 

zincblende and cubic rock salt. 

 

                             (a)                                                    (b)                                                                                                                                                        

 

                           

 

 

 

 

 

(c) 

Figure 1.1 (a) Wurtzite (b) Zincblende and (c) Cubic rock salt 

structures of ZnO 



 9 

1.5  DEFECTS AND DOPING 

 Defects in semiconductors can have a significant impact on the 

electronic, magnetic, and optical properties of crystals. The quantity of 

defects to modify the properties of semiconductors is often smaller than one 

defect atom per million host atoms. The control of defect incorporation and a 

complete understanding of their influence and formation is crucial to 

fabricate high quality materials. By intentional introduction of defects during 

or after growth (doping) as well as due to residual defects, additional states 

that work as carrier traps at energies within the band gap are induced. The 

solubility of dopants, and therefore the equilibrium concentration of point 

defects and impurities, depends on the energy formation of defects having 

the dopants [30]. This concentration is described by the following equation 

[31]: 

                                 C=N exp (-Ef/KbT)  ------------ (1.1) 

 

Where N is the number of possible lattice sites for the impurity and Ef the 

formation energy that depends on the chemical potentials of the host 

elements (Zn, O) and the dopant element.  To develop the wide range of the 

properties of doped ZnO nanostructures, the control of defects and related 

charge carriers is of crucial importance in different applications. Despite its 

simple chemical formula, ZnO has very wealthy defect chemistry. From last 

so many decades, defect studies have been considered, but now have to 

resume these studies in perception of novel applications using 

nanostructured materials. The defect chemistry was investigated 

in relevance to ZnO properties in the past. In the applications ZnO varistors, 

defects considerably change grain boundary properties and other 

characteristics. Solid surfaces hold segregated impurities, adsorbable gases 

that act as sources, sinks of electrons, and associated area charge regions. 

In the ZnO nanomaterials small length scales and huge surface-to-

volume quantitative relation indicates that surface defects play a powerful 
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role in dominant properties. It is conjointly critically vital to know defects in 

ZnO doped with foreign ions/impurities, either firmly for achieving 

sure practicality or through accidental doping throughout the 

escalation method of carriers introduced by the doping. The formation of p-n 

junctions of ZnO for ultraviolet (UV) lasers is one of the examples. Here, 

achieving p-type ZnO with sufficient carrier concentration in a reproducible 

way relies on striking a careful balance between control of extrinsic doping 

and intrinsic defect concentration [31].  

          ZnO owns a relatively open structure, with a hexagonal close packed 

lattice. In this lattice Zn atoms occupy half of the tetrahedral sites. All the 

octahedral sites are vacant. Hence, there are a number of sites for ZnO to 

accommodate intrinsic (namely Zn interstitials) defects and it is relatively 

easy to incorporate external dopants into the ZnO lattice. There are a 

number of intrinsic defects. The donor defects are: 
inZ1 ,

inZ2 ,
inZ3 ,  V V1 2

0 0, , V0 

and the acceptor defects are: 
n nz zV V1 2, .  The Kroger Vink notation uses:  

i = interstitial site, Zn = zinc, O = oxygen, and V = vacancy. The terms 

indicate the atomic sites, and superscripted terms 1, 2 and 3 indicate 

charges, where  1 indicates positive charge,  2 indicates negative charge, 

and 3 indicates zero charge, with the charges in proportion to the number of 

symbols.  

          In semiconductor fabrication, doping is the technique of introducing 

impurities into an extremely pure (also known as intrinsic) semiconductor to 

alter its different properties. Doping of metal ions and metal oxides in ZnO 

nanostructures can direct to effects like improvement of fluorescence and 

delayed/controlled excitonic recombination. In other words it will help to tune 

the band gap. Such flexibility in tuning the electronic level makes ZnO ideally 

suited for new device applications. ZnO with a wurtzite structure is naturally 

an n-type semiconductor because of a deviation from stoichiometry due to 

the presence of intrinsic defects such as O vacancies (Vo) and zinc 

interstitials (Zin). ZnO is considered as interesting versatile material with a 
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number of applications like piezoelectric, transducers, optoelectronic 

devices, photocatalysts effective antibacterial agents and photocatalysts. 

The defects and impurities in ZnO nanoparticles are responsible for their 

antibacterial and photocatalytic activates. Doping in ZnO with attentive 

elements suggest a typical technique to adjust their electrical, optical 

mechanical, magnetic and structural properties which are essential for their 

useful applications. For example, Al doping in ZnO increased its conductivity, 

Cr doping decreased the resistivity, Mn doped ZnO had ferromagnetism, 

Ga2O3 in ZnO enhanced the near band ultraviolet (UV) emission and sulphur 

doping declined dramatically the UV emission intensity [32]. However, Ag as 

a group I element is an acceptor candidate for ZnO, substituting for Zn. In 

fact Ag ions also have novel effects on the photoactivity of semiconductor 

photocatalysis. Ag doping ZnO increased the magnetic, optical and 

electronic properties of the oxide which in turn influence the biomedical 

applications [33].   

1.6  EXPERIMENTAL TECHNIQUES AND CHARACTERIZATION 

TOOLS 

1.6.1  Introduction 

 To investigate the novel physical properties, phenomena 

and perceive potential applications of nanostructures, it is the primary corner 

stone in nanoscience to possess capability for the fabrication of 

nanostructures and nanoparticles. There exist a number of methods to 

synthesis nanostrucures which are classified into two techniques “top down 

and bottom up. Solid state route, ball milling comes into the category of top 

down approach, while wet chemical routes like sol-gel, chemical bath 

deposition, hydrothermal technique etc.  come in the category of bottom up 

approach. Unfortunately, many of the stated techniques are problematic, 

which requires high temperature for synthesis, having long reaction time, 

utilize toxic components and involve costly equipments. Among these, 

Chemical Sol-gel is used for synthesis of ZnO nanostructures because of its 

simple set-up, low temperature and inexpensive large-area deposition. 
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Secondly, to analyze the various properties of nanostructures, their 

characterization is necessary. Hence, this chapter describes the various 

synthesis methods and characterization techniques of nanostructures. 

Characterization techniques include XRD, SEM/TEM, EDX, UV-Visible 

spectroscopy, FTIR spectroscopy etc. 

1.6.2  Synthesis of Nanomaterials 

     Fabrication of nanomaterials with strict control over size, shape, 

and crystalline structure has become very important for the applications of 

nanotechnology in numerous fields including catalysis, medicine, and 

electronics. Synthesis methods for nanoparticles are typically grouped into 

two categories: “top-down and “bottom-up” approach. The first involves the 

division of a massive solid into smaller and smaller portions, successively 

reaching to nanometer size. This approach may involve milling or attrition. 

The second, “bottom-up”, method of nanoparticle fabrication involves the 

condensation of atoms or molecular entities in a gas phase or in solution to 

form the material in the nanometer range. The latter approach is far more 

popular in the synthesis of nanoparticles owing to several advantages 

associated with it. Figure 1.2 shows the general overview of the two 

approaches.  

                               

                

 

 

 

Figure 1.2 Schematic of Bottom-up and Top-down approaches 
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There are many bottom up methods of synthesizing metal oxide 

nanomaterials, such as hydrothermal, combustion synthesis, gas-phase 

methods, microwave synthesis and sol-gel processing. Sol-gel processing 

techniques will be discussed in detail in this chapter because the materials 

reported in subsequent chapters were fabricated using this method. 

However, an overview of other techniques usually employed for the 

synthesis of nanomaterials is also discussed here. 

     Sol-Gel: It is a wet chemical based self assembly process used 

for the synthesis of nanostructures. The sol gel process as the name implies 

the evolution of networks through the formation of a colloidal suspension 

(sol) and gelation of the sol to form a network in a continuous liquid phase 

(gel). Typical precursors are metal alkoxides and metal salts (such as 

chlorides, nitrates and acetates), which undergo various forms of hydrolysis 

and poly condensation reactions. It is interesting, cheap, facile and low-

temperature technique that allows for the fine control on the product 

chemical composition, as even small quantities of dopants, such as organic 

dyes and rare earth metals can be introduced in the sol and end up in the 

final product finely dispersed. The particles grow and agglomeration occurs 

resulting in formation of thick gels. The above process depends on pH value 

of sol, temperature of reaction, reagent concentration, time of reaction, 

concentration and nature of catalyst. By controlling these parameters we can 

vary structural, electrical and optical properties of sol gel formed. Depending 

on the deposition and drying process they are converted to nano powders, 

nano structures, thin film etc. Sol-gel derived materials have diverse 

applications in optics, electronics, energy, space, (bio) sensors, medicine 

(e.g. controlled drug release) and separation (e.g. chromatography) 

technology. 

            This method is mainly devided into two routes, namely non-

alkoxide and the alkoxide. The non-alkoxide route uses inorganic salts (such 

as nitrates, chlorides, acetates, carbonates, acetylacetonates, etc.), which 

requires an additional removal of the inorganic anion, while the alkoxide 
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route (the most employed) uses metal alkoxides as starting material. A 

number of research reports are available for the synthesis of pure and doped 

ZnO nanostructures by Sol-gel method. Research group [34] synthesized 

ZnO nanoparticles and investigated the effect of process parameters on their 

size. ZnO monoliths were synthesized by research group [35] using alcoholic 

zinc nitrate solution with propylene oxide as the gelatin initiator. In a typical 

reaction process zinc nitrate (0.8 mmol) was dissolved in the solvent and 

stirred to get the clear solution and then added 8mmol of propylene oxide to 

the final solution with stirring. This solution was placed undisturbed. Zinc 

oxide nanostructures on the silicon substrate are grown by research group 

[36] employing precursor as zinc nitrate, deionized water as solvent and 

methenamine as stabilizing agent. The precursor and methenamine solution 

were used in equi-molar concentrations. After making homogeneous 

precursor solution using magnetic stirring at 60°C for 2 h it was placed in air 

for 24h to get homogeneous clear sol. Neutral (pH=7) and acidic solution 

(pH=6, by adding HNO3) were used to get different zinc oxide 

nanostructures. The cleaned and etched silicon substrate was immersed in 

the solution and heated in the oven at 90°C for 2h. Thereafter Si was 

removed from the solution and baked in the oven at 108°C followed by 

annealing in the quartz tube at 500°C for 4h under O2 flow. Another research 

group [37] prepared Ga doped ZnO by dissolving the appropriate weight of 

zinc acetate dehydrates in deionized water with continuous stirring and 

heating at 60°C. Citric acid and mono ethylene glycol were used as the 

monomers to form the resin. The doping was carried by adding to the 

solution an appropriate amount of gallium nitrate in the different ratios. The 

solutions have the molar ratio 1:3:16 of zinc acetate: citric acid: ethylene 

glycol. By heating the mixture at about 100°C a clear solution was achieved 

with a significant increase in its viscosity. The resin gives rise to fine 

powders after the heat treating in air at 900°C for 2 h. Similarly Karunakaran 

et al. [38] synthesized Ag-ZnO samples using zinc acetate solution with 

milimolar silver nitrate and then aqueous ammonia (1:1) was added drop 

wise to reach a pH=7. Finally the solution was kept under continuous stirring 
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for 30 min. The formed glassy like white gel was allowed to age for the whole 

night. It was filtered, washed, dried at 100°C for 12h and calcined at 500°C 

for 2h in a muffle furnace fitted with a PID temperature controller and the 

heating rate was set at 10°C min-1. 

 Hydrothermal method: This method includes the various 

techniques of crystallizing substances from high-temperature aqueous 

solutions at high vapor pressures as shown in Figure 1.3.  Hydrothermal 

synthesis can be defined as a method of synthesis of single crystals that 

depends on the solubility of minerals in hot water under high pressure. The 

crystal growth is performed in an apparatus consisting of a steel pressure 

vessel called autoclave, in which a nutrient is supplied along with water. A 

gradient of temperature is maintained at the opposite ends of the growth 

chamber so that the hotter end dissolves the nutrient and the cooler end 

causes seeds to take additional growth. Many groups have used the 

hydrothermal method to prepare undoped and doped ZnO nanoparticles. For 

example, ZnO nano-tubes obtained by hydrothermal treatment of peptized 

precipitates of a ZnCl2 precursor with water. The as-prepared solution was 

sealed inside a teflon-lined autoclave with the filling capacity of about 70 %. 

The autoclave was treated thermally at 100oC for 4 h. Then, the autoclave 

was cooled down to room temperature naturally (about 1 h) and kept at room 

temperature for 5 h. After that, the resulting white precipitate was washed 

with distilled water and alcohol for several times, and dried at 60oC in an 

oven to obtain ZnO nano-tube products. G. Bandekar et al. [39] used Zinc 

acetate (CH3COO)2 Zn.2H2O as precursor and PVP as surfactant for 

synthesis of Ag decorated ZnO nanostructures by hydrothermal method for 

photocatalytic activity. They dissolved separately in ethanol and then mixed 

both the solutions. The final solution was poured in a 250 mL Teflon vessel. 

A solution of NaOH was made by dissolving NaOH (6 g) pellets in 30 mL 

methanol. This NaOH solution was then slowly added to the above solution 

in Teflon vessel. A white precipitate was formed. Further, 5 mL of distilled 

water was added to this solution. The Teflon vessel was sealed and placed 
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in a stainless steel autoclave. This stainless steel autoclave was placed in an 

oven at 70C for 24 h. The resultant precipitate was centrifuged and washed 

several times with distilled water and finally with acetone to remove the 

excess capping of PVP. After sufficient washings, the residue was dried at 

70C for 24 h and ground to form a fine powder.  

 

Figure 1.3  Experimental set up for hydrothermal synthesis 

 

 In another experimental procedure, Sb doped ZnO nanorods were 

synthesized by a facile hydrothermal Route. Zinc sulfate heptahydrate 

[Zn(SO4)·7H2O] was first dissolved into 100 mL of deionized (DI) water, and 

then 50 mL of ammonia (NH4OH) was added and stirred for 10 min to mix 

completely at room temperature. The Sb doped ZnO samples were prepared 

using 0.1-0.5 M zinc sulfate and 0.001-0.005 M antimony chloride (SbCl3) 

(99.7%) which was dissolved in 100 mL of DI water plus 3 mL of HCl. An 

ammonia solution (29.6%) was added until the solution became transparent 

and clear, which immediately started a heterogeneous reaction. 

Subsequently, the resulting aqueous solution was poured into a 120 mL 

reactor (75% filled). The vessels were placed on a preheated oven for 10 

and 20 min at 95°C and then allowed to cool to room temperature in 30 min. 

After the reaction was completed, the grown nanorods on the substrates 
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were rinsed in deionized water for 2 min, and then the samples were dried in 

air at 150°C for 5 min. 

 Equipment used in hydrothermal synthesis: The crystallization 

vessels used are autoclaves. These are usually thick-walled steel cylinders 

with a hermetic seal which must withstand high temperatures and pressures 

for prolonged periods of time. Furthermore, the autoclave material must be 

inert with respect to the solvent. The closure is the most important element 

of the autoclave. Many designs have been developed for seals, the most 

famous being the Bridgman seal. In most cases steel corroding solutions are 

used in hydrothermal experiments. To prevent corrosion of the internal cavity 

of the autoclave, protective inserts are generally used. These may have the 

same shape of the autoclave and fit in the internal cavity (contact-type insert) 

or be a "floating" type insert which occupies only part of the autoclave 

interior. Inserts may be made of carbon-free iron, copper, silver, gold, 

platinum, titanium, glass or Teflon depending on the temperature and 

solution used.                                                                                                                                    

 Electrochemical deposition: It is a liquid based deposition 

process where an electrical current is passed through a polar liquid by 

applying an electric potential between electrodes. Due to this electrical 

energy injection, the liquid breaks into ions and other charged compounds 

and depending on the charge on the ions/compounds and the potential of 

electrodes these charged material deposit on electrode. Electro deposition 

offers rigid control of film thickness, uniformity and deposition rate with low 

equipment cost and starting materials. The material deposition in this 

process follows faraday’s law. By carefully controlling the number of charged 

particles transferred the amount of deposited materials can be controlled. 

Electro deposition process is especially very useful in nano fabrication in 

nanotechnology. Number of papers on the electrochemical deposition of zinc 

oxide is reported with variety of conducting electrodes such as transparent 

semiconductors ITO, metals electrodes such as Au, Sn, Pt, Zn and Cu, and 

Silicon. Deposition of doped zinc oxides such as Mn/Co-ZnO, Co-ZnO, Al-



 18 

Zn, In-ZnO, Bi-ZnO and Eu-ZnO [40] by adding source of dopant materials 

into electrolytic solution are also reported. In the first report of fabrication of 

zinc oxide by electrochemical method, Izaki et al. [41] used 0.1M solution of 

zinc nitrate as electrolyte, tin oxide as cathode and substrate for deposition. 

Zinc foil was utilized as anode material and nanostructures of zinc oxide with 

various morphologies were deposited using variation in potential difference. 

  Microwave synthesis:  Microwave synthesis is relatively new and 

an interesting technique for the synthesis of oxide materials. Various 

nanomaterials have been synthesized in remarkably short time under 

microwave irradiation. Microwave techniques eliminate the use of high 

temperature calcination for extended periods of time and allow for fast, 

reproducible synthesis of crystalline metal oxide nanomaterials. Utilizing 

microwave energy for the thermal treatment generally leads to a very fine 

particle in the nanocrystalline regime because of the shorter synthesis time 

and a highly focused local heating. 

1.6.3  Characterization Techniques 

 X-Ray Diffraction Analysis (XRD): X-Ray scattering techniques 

are a family of non destructive analytical techniques which disclose the 

information about the crystallographic structure, chemical composition and 

physical properties of materials and thin films.  These techniques are based 

on observing the scattered intensity of an x-ray beam hitting a sample as a 

function of incident and scattered angle, polarization and wavelength or 

energy. Further, X-ray diffraction method can be used to distinguish 

crystalline materials from nanocrystalline (amorphous) materials. The 

structure identification is made from the X-ray diffraction pattern analysis and 

comparing it with the standard powder diffraction files published by the 

international centre for diffraction data (ICDD).  

  From X-ray diffraction pattern we can obtain the following 

information:- 
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 i)   Study the formation of a particular material system. 

 ii)   Estimation of unit cell structure, lattice parameters and miller 

indices. 

 iii)   Identification of phases present in the material 

 iv)   Estimation of crystalline/amorphous content in the sample. 

 v)   Evaluation of the average crystalline size from the width of 

the peak in a particular phase pattern. Large grain size gives 

rise to sharp peaks, while the peak width increases with 

decreasing grain/particle size. 

 vi)  Analysis of structural distortion arising as a result of variation 

in d-spacing caused by the strain, thermal distortion. The X-

ray diffraction analysis has been the most popular method for 

the estimation of crystallite size in nanomaterials. The 

evaluation of crystallite sizes in the nanometer range 

warrants careful analytical skills. The broadening of the 

Bragg peaks is ascribed to the development of the crystallite 

refinement and internal stain. To size broadening and strain 

broadening, the full width at half maximum (FWHM) of the 

Bragg peaks as a function of the diffraction angle is analyzed. 

Crystallite size of the deposits is calculated by the X-ray 

diffraction (XRD) peak broadening. The diffraction patterns 

are obtained using Cu-Kα radiation at a scan rate of 1º/min. 

The full width at half maximum (FWHM) of the diffraction 

peaks were estimated by pseudo-Voigt curve fitting. After 

subtracting the instrumental line broadening, which is in 

being estimated using quartz and silicon standards, the grain 

size can be estimated by using the Scherrer equation. 

 Principle: When a monochromatic X-ray impinges upon the atoms 

in a crystal lattice, each atom act as a source of scattering the radiations of 

same wavelength.  The intensity of the reflected beam at a certain angle will 
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be maximum, when path difference between two reflected waves from two 

different planes is an integral multiple of wavelength.  

 Diffraction and Bragg Equation: Diffraction of an X-ray beam 

striking a crystal occurs because the wavelength of the X-ray beams similar 

to the spacing of atoms in materials (1-10 Å).  When an X-ray beam 

encounters the regular 3-D arrangement of atoms on a crystal, most of the 

X-ray will destructively interface with each other and cancel each other out, 

but in specific direction they constructively interface and rein force each 

other. 

     W. L .Bragg showed that the diffracted X-rays acts as if they were 

reflected from a family   of planes within crystals. Bragg’s planes are the 

rows of atoms that make up the crystal structure.  These reflections were 

shown to only occur under certain conditions which satisfy the following 

equation: 

                                nλ = 2dSin2 ------------- (1.2) 

 

                 This equation is called Bragg’s law. Where, n is integer, λ is 

wavelength, d is the distance between two planes and θ is the angle of 

incidence. The path length difference between two incident X-ray beams is 

2d sinθ. Figure 1.4 shows the diffraction of X-ray from set of planes. 
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Figure 1.4 Geometrical illustrations of crystal planes and Bragg’s law 

Determination of structural parameters 

1. Interplanner spacing (d): For the XRD profiles, the inter 

planner spacing d can be calculated by using the Bragg’s 

relation [44]. 

                                        nλ/ 2sinθ  d  ----------- (1.3) 

             

                         Where n is the order of diffraction, λ is the wavelength of X-

rays, and θ is the glancing angle (or the complement of the 

angle of incidence). 

2. Average Crystalline size/grain size (D) : The crystalline size 

(D) can be calculated by using the Scherrer’s formula given 

by equation by (1.4), from Full Width at Half Maximum 

(FWHM).  

                                            D
0.9

cos



 
    ---------- (1.4) 
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  Where ‘β’ is the full width at half maximum intensity in 

radians. In this thesis, the crystal structure of the undoped 

and doped ZnO samples were analyzed using (XRD; Xpert 

high scorer, PANalytical) X-ray diffractometer with CuKα 

radiation (λ= 1.5418 Å) and a step size of 0.02º s-1.  

 Atomic Force Microscopy (AFM): Atomic force 

microscopy (AFM) or scanning force microscopy (SFM) is a very high-

resolution type of scanning probe microscopy, with demonstrated resolution 

on the order of fractions of a nanometer, more than 1000 times better than 

the optical diffraction limit. It is one of the foremost tools for imaging, 

measuring, and manipulating matter at the nanoscale. The AFM consists of 

a cantilever with a sharp tip (probe) at its end that is used to scan the 

specimen surface. The cantilever is typically silicon or silicon nitride with a tip 

radius of curvature on the order of nanometers. 

 

        

 

                                       

 

 

Figure 1.5 The AFM machine 

 When the tip is brought into proximity of a sample surface, forces 

between the tip and the sample lead to a deflection of the cantilever 

according to Hooke's law. The deflection is measured using a laser spot 

reflected from the top surface of the cantilever into an array of photodiodes 

http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Diffraction_limited
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The AFM can be operated in a number of modes, depending on the 

application. In general, possible imaging modes are divided into static (also 

called contact) modes and a variety of dynamic (or non-contact) modes 

where the cantilever is vibrated. In the static mode operation, the static tip 

deflection is used as a feedback signal. Because the measurement of a 

static signal is prone to noise and drift, low stiffness cantilevers are used to 

boost the deflection signal. However, close to the surface of the sample, 

attractive forces can be quite strong, causing the tip to “snap-in” to the 

surface. Thus static mode AFM is almost always done in contact where the 

overall force is repulsive. Consequently, this technique is typically called 

“contact mode”. In contact mode, the force between the tip and the surface is 

kept constant during scanning by maintaining a constant deflection. In this 

mode, the tip of the cantilever does not contact the sample surface. The 

cantilever is instead oscillated at a frequency slightly above its resonance 

frequency where the amplitude of oscillation is typically a few nanometers 

(<10 nm). The Vander Waals forces, which are strongest from 1 nm to  

10 nm above the surface, or any other long range force which extends 

above the surface acts to decrease the resonance frequency of the 

cantilever. This decrease in resonance frequency combined with the 

adjusting the average tip-to-sample distance feedback loop system 

maintains a constant oscillation amplitude or frequency by. 

 In the present investigation, the surface morphology and surface 

roughness values of undoped and doped ZnO samples were observed using 

atomic force microscopy (AFM; SPI 3800N), through the static mode.  

 Scanning Electron Microscopy (SEM): The Scanning electron 

microscope (SEM) is a type of electron microscope that helps in forming an 

image of the sample surface by scanning in the surface to generate signals 

that shed valuable light properties like composition, topography and 

electrical conductivity. The so called “signals” produced by an SEM include 

secondary and back-scattered electrons, characteristic x-rays, specimen 

current and light (due to cathodoluminescence). SEM helps in obtaining high 
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resolution images of specimens ranging in size from those visible to the 

naked eye to those which are just a few nanometers in. In a typical SEM, an 

electron beam is thermionically emitted from an electron gun fitted with a 

tungsten filament cathode. The electron beam, which typically has an energy 

ranging from 0.5 to 40 keV, is focused by one or two condenser lenses to a 

spot about 0.4 to 5 nm in diameter. The beam passes through pairs of 

scanning coils or pairs of deflector plates in the electron column, typically in 

the final lens, which deflect the beam in the x and y axes so that it scans in a 

raster fashion over a rectangular area of the sample surface. The image may 

be captured by photography from a high resolution cathode ray tube, but in 

modern machines is digitally captured and displayed on a computer monitor 

and saved to a computer's hard disk. Schematic diagram of SEM 

instrumentation is shown in Figure 1.6.  

Applications 

•  SEM is a widely used to identify phases based on qualitative 

chemical analysis and/or crystalline structure. 

•  Backscattered electron images (BSE) can be used for rapid 

discrimination of phases in multiphase samples. 

 

 

                               

                                                      

                                                  

 

Figure 1.6  Schematic diagram of SEM instrumentation 
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Advantages 

•  Better resolution and depth of field than light microscopes 

•  Minimal sample preparation 

•  Modern SEMs generate data in digital formats, which are 

highly portable 

 Transmission Electron Microscopy (TEM): Transmission 

Electron Microscopy (TEM) has become a support in the range of 

characterization techniques for materials scientists. TEM’s strong cards are 

its high lateral spatial resolution (better than 0.2 nm “point to- point’’ on some 

instruments) and its capability to provide both image and diffraction 

information from a single sample. In addition, the highly energetic beam of 

electrons used in TEM interacts with sample matter to produce characteristic 

radiation and particles; these signals often are measured to provide 

materials characterization using EDS, backscattered and secondary electron 

imaging, to name a few possible techniques. In TEM, a focused electron 

beam is incident on a thin (less than 200 nm) sample. The signal in TEM is 

obtained from both undeflected and deflected electrons that penetrate the 

sample thickness. A series of magnetic lenses at and below the sample 

position are responsible for delivering the signal to a detector, usually a 

fluorescent screen, a film plate, or a video camera. Accompanying this signal 

transmission is a magnification of the spatial information in the signal by as 

little as 50 times to as much as a factor of 106. This remarkable 

magnification range is facilitated by the small wavelength of the incident 

electrons, and is the key to the unique capabilities associated with TEM 

analysis. TEM offers two methods of specimen observation, diffraction mode 

and image mode. In diffraction mode, an electron diffraction pattern is 

obtained on the fluorescent screen, originating from the sample area 

illuminated by the electron beam. The diffraction pattern is entirely equivalent 

to an X-ray diffraction pattern: a single crystal will produce a spot pattern on 

the screen, a poly-crystal will produce a powder or ring pattern (assuming 
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the illuminated area includes a sufficient quantity of crystallites), and a 

glassy or amorphous material will produce a series of diffuse halos. The 

image mode produces an image of the illuminated sample area. The image 

can contain contrast brought about by several mechanisms: mass contrast, 

due to spatial separations between distinct atomic constituents; thickness 

contrast, due to non uniformity in sample thickness; diffraction contrast, 

which in the case of crystalline materials results from scattering of the 

incident electron wave by structural defects; and phase contrast. Alternating 

between image and diffraction mode on a TEM involves nothing more than 

the flick of a switch. The reasons for this simplicity are buried in the intricate 

electron optics technology that makes the practice of TEM possible. There 

are a number of limitations to the TEM technique. Many materials require 

extensive sample preparation to produce a sample thin enough to be 

electron transparent, which makes TEM analysis a relatively time consuming 

process with a low throughput of samples. The structure of the sample may 

also be changed during the preparation process. Also the field of view is 

relatively small, raising the possibility that the region analyzed may not be 

characteristic of the whole sample. There is potential that the sample may be 

damaged by the electron beam, particularly in the case of biological 

materials. 

            The dimension, crystallinity and growth orientation of the pure and 

doped samples were analyzed using a transmission electron microscope 

(JEOL-JEM-2000EX2). 

 Energy dispersive x-ray (EDX) analysis: It is a technique used 

for identifying the elemental composition of the specimen, on an area of 

interest thereof. During EDX Analysis, the specimen is bombarded with an 

electron beam inside the scanning electron microscope. The bombarding 

electrons collide with the specimen atom’s own electrons, knocking some of 

them off in the process. A position vacated by an ejected inner shell electron 

is eventually occupied by a higher-energy electron from an outer shell. To be 

able to do so, however, the transferring outer electron must give up some of 
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its energy by emitting an X-ray. The amount of energy released by the 

transferring electron depends on which shell it is transferring from, as well as 

which shell it is transferring to. Furthermore, the atom of every element 

releases X-rays with unique amounts of energy during the transferring 

process. Thus, by measuring the energy of the X-rays emitted by a 

specimen during electron beam bombardment, the identity of the atom from 

which the X-ray was emitted can be established.  

             The output of an EDX analysis is an EDX spectrum, which is a plot 

of how frequently an X-ray is received for each energy level. An EDX 

spectrum normally displays peaks corresponding to the energy levels for 

which the most X-rays had been received. Each of these peaks are unique 

to an atom, and therefore corresponds to a single element. The higher a 

peak in a spectrum, the more concentrated the element is in the specimen. 

An EDX spectrum plot not only identifies the element corresponding to each 

of its peaks, but the type of X-ray to which it corresponds as well. For 

example, a peak corresponding to the amount of energy possessed by X-

rays emitted by an electron in the L-shell going down to the K-shell is 

identified as a Kα peak. The peak corresponding to X- to X-rays emitted by 

M-shell electrons going to the K-shell is identified as a Kβ peak as shown in 

Figure 1.7.     

 

Figure 1.7 The emission of x rays. 
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 UV/VIS Spectroscopy: Ultraviolet-visible (UV-vis) spectroscopy is 

used to obtain the absorbance spectra of a compound in solution or as a 

solid. What is actually being observed spectroscopically is the absorbance of 

light energy or electromagnetic radiation, which excites electrons from the 

ground state to the first singlet excited state of the compound or material. 

The UV-VIS region of energy for the electromagnetic spectrum covers 1.5 - 

6.2 eV which relates to a wavelength range of 800-200 nm. It measures the 

intensity of light passing through a sample (I) and compares it to the intensity 

of light before it passes through the sample (Io). The ratio I / Io is called 

transmittance and is usually expressed as a percentage (%T). 

             The basic parts of a spectrophotometer are a light source, a holder 

for the sample, a diffraction grating or monochromator separating the 

different wavelengths of light, and a detector as shown in Figure 1.8. The 

radiation source is often a Tungsten filament (300-2500 nm), a deuterium arc 

lamp which is continuous over the ultraviolet region (190-400 nm), and more 

recently light emitting diodes (LED) and Xenon Arc Lamps for the visible 

wavelengths. The detector is typically a photodiode or a charge couple 

device (CCD). Photodiodes are used with monochromator, which filter the 

light so that only light of a single wavelength reaches the detector. Diffraction 

gratings are used with CCDs, which collects light of different wavelengths on 

different pixels. Samples for UV-Vis spectrophotometer are most often 

liquids, although the absorbance of gases and even of solids can also be 

measured. Samples are typically placed in a transparent cell, known as a 

cuvette. Cuvettes are typically rectangular in shape, commonly with an 

internal width of 1 cm. The most widely applicable cuvettes are made of high 

quality quartz glass, because these are transparent throughout the UV, 

visible and near infrared regions. Absorbance is directly proportional to the 

path length and the concentration of the absorbing species.  
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Figure 1.8  Schematic diagram of UV-Vis spectroscopy 

 The wavelength at the maximum of the absorption band will give 

information about the structure of the molecule or ion and the extent of the 

absorption is proportional with the amount of the species absorbing the light. 

Quantitative measurements are based on Beer’s Law given by equation 

which states that, 

                     A = εbc  --------- (1.5)         

Where, ε – Constant of proportionality, b – path length, c – concentration 

 Different molecules absorb radiation of different wavelengths. An 

absorption spectrum will show a number of absorption bands corresponding 

to structural groups within the molecule. 

 Raman Spectroscopy: Raman spectroscopy is a powerful 

inelastic light scattering non-destructive technique used in condensed matter 

physics and chemistry to study vibrational, rotational, and other low 

frequency modes in a system and also to study the phase transitions in 

oxide semiconductor materials. It relies on inelastic scattering, or Raman 

scattering of monochromatic light, usually from a laser in the visible, near 

infrared, or near ultraviolet range. The laser light interacts with phonons or 
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other excitations in the system, resulting in the energy of the laser photons 

being shifted up or down. The shift in energy gives information about the 

phonon modes in the system. Raman spectroscopy is a form of vibrational 

spectroscopy, much like infrared (IR) spectroscopy. However, IR bands arise 

from a change in the dipole moment of a molecule, whereas Raman bands 

arise from a change in the polarizability. In many cases, transitions that are 

allowed in Raman are forbidden in IR, so these techniques are often 

complementary.  

      In Raman spectroscopy, the sample is irradiated by intense laser 

beams in the UV-visible region and the scattered light is usually observed in 

the direction perpendicular to the incident beam. The vast majority of these 

scattered photons has exactly the same wavelength as the incident photons 

and is known as Rayleigh scattering, but a tiny portion (approximately 1 in 

107) of the scattered radiation is shifted to a different wavelength. These 

wavelength shifted photons are called Raman scattering. Most of the Raman 

scattered photons are shifted to longer wavelengths (Stokes shift), but a 

small portion are shifted to shorter wavelengths (anti-Stokes shift). In both 

types of Raman scattering the electron decays to a different level than that 

where it started. Stokes Raman scattering occurs when the final energy level 

is higher than the initial level, while anti-Stokes Raman scattering occurs 

when the final energy level is lower than the starting level. Stokes scattering 

is much more common than anti-Stokes scattering because at any given 

time an electron in the most common temperature range is most likely to be 

in its lowest energy state, in accordance with the Boltzmann distribution. 

Only Stokes Raman scattering is commonly used in spectroscopy. 

      A Raman spectrum is a plot of the intensity of Raman scattered 

radiation as a function of its frequency difference from the incident radiation 

(usually in units of wavenumbers, cm-1). This difference is called the Raman 

shift. Since it is a difference in value, the Raman shift is independent of the 

frequency of the incident radiation. Typically, only the Stokes region is used 

(the anti-Stokes spectrum is identical in pattern, but much less intense). 
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Raman spectroscopy is useful for chemical analysis for several reasons: it 

exhibits high specificity, it is compatible with aqueous systems, no special 

preparation of the sample is needed, and the timescale of the experiment is 

short. In the last decade Raman spectroscopy has been increasingly used to 

study nanowires and quantum dots. Several new phenomena have been 

reported to date with respect to one-dimensional structures. For example, 

the high surface to- volume ratio has enabled the measurement of surface 

phonon modes. Quantum confinement effect becomes an issue as the 

dimensions of the nanostructures reach to a few nanometers or even 

smaller. Quantum confinements can affect to both the charge carriers and 

optical phonons, leading to emission or scattering peak shifts and 

broadening the luminescence and Raman spectrums. Raman spectroscopy 

can be experimentally performed at the nanoscale by using a confocal 

microscope or even a tip enhanced scanning microscope. It is possible to 

obtain lateral submicron resolutions of the properties of a material. 

Nowadays Raman spectroscopy is a versatile and relative standard tool for 

the characterization of materials giving detailed information on crystal 

structure, phonon dispersion, electronic states, composition, strain and so-on 

bulk materials, thin film and nanostructures. 

       In the present study, ZnO nanostructures have a wurtzite structure 

of space group C6v 4 (P63mc) with two formula units per primitive cell, which 

gives six Raman active phonon modes. Group theory predicts the following 

is the expression for the lattice phonons at C point of the Brillouine zone:  

opt = 1A1+2B1+1E1+2E2, where the phonons of A1 and E1 are symmetry of 

polar phonons and split into transverse optical (TO) and longitudinal optical 

(LO) phonons. A1 and E1 modes are both Raman and IR active. E2 is the 

nonpolar mode of vibrations. Phonons have two frequencies namely E2 low 

and E2 high. The lower frequency E2 mode is associated with the vibrations 

of the heavy Zn sub-lattices, while the high frequency E2 mode is associated 

with the oxygen atoms. The non-polar E2 modes are infrared inactive and 
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Raman active. Two B1 modes are Raman and IR inactive and are called 

silent modes. 

             In this investigation, a confocal micro-Raman study excited by the 

488 nm line of Ar+ laser (power 100 W) was used for synthesized samples. 

The vibrational modes corresponding to the wurtzite phase of ZnO were 

studied below 1200 cm-1. 

 Photoluminescence Spectroscopy (PL): PL spectroscopy 

concerns monitoring the light emitted from atoms or molecules after they 

have absorbed photons. It is suitable for materials that exhibit 

photoluminescence. PL spectroscopy is suitable for the characterization of 

both organic and inorganic materials of virtually any size, and the samples 

can be in solid, liquid, or gaseous forms.  

 

 

 

 

 

 

Figure 1.9 PL spectrophotometer set up 

Electromagnetic radiation in the UV and visible ranges is utilized in PL 

spectroscopy. The sample’s PL emission properties are characterized by 

four parameters: intensity, emission wavelength, bandwidth of the emission 

peak, and the emission stability. The PL properties of a material can change 

in different ambient environments, or in the presence of other molecules. 

Furthermore, as dimensions are reduced to the nanoscale, PL emission 
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properties can change, in particular a size dependent shift in the emission 

wavelength can be observed. Additionally, because the released photon 

corresponds to the energy difference between the states, PL spectroscopy 

can be utilized to study material properties such as band gap, recombination 

mechanisms, and impurity levels. In a typical PL spectroscopy setup for 

liquid samples is shown in Figure 1.9, a solution containing the sample is 

placed in a quartz cuvette with a known path length. Double beam optics is 

generally employed. The first beam passes through an excitation filter or 

monochromator, then through the sample and onto a detector. This 

impinging light causes photoluminescence, which is emitted in all directions. 

A small portion of the emitted light arrives at the detector after passing 

through an optional emission filter or monochromator. A second reference 

beam is attenuated and compared with the beam from the sample. Solid 

samples can also be analyzed, with the incident beam impinging on the 

material (thin film, powder etc.). Generally an emission spectrum is recorded, 

where the sample is irradiated with a single wavelength and the intensity of 

the luminescence emission is recorded as a function of wavelength. The 

fluorescence of a sample can also be monitored as a function of time, after 

excitation by a flash of light. This technique is called time resolved 

fluorescence spectroscopy. 

 FTIR Spectroscopy: Infrared (IR) spectroscopy is a popular 

characterization technique in which a sample is placed in the path of an IR 

radiation source and its absorption of different IR frequencies is measured. 

Solid, liquid, and gaseous samples can all be characterized by this 

technique. IR photons energies, in a range between1 to15 kcal/mol, are 

insufficient to excite electrons to higher electronic energy states, but there 

are transitions in vibrational energy states as shown in Figure 1.10. These 

states are associated with a molecule’s bonds, and consequently. Each 

molecule has its own unique signatures. Therefore, IR spectroscopy may be 

employed to identify the type of bond between two or more atoms and 

consequently identify functional groups. IR spectroscopy is also widely used 
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to characterize the attachment of organic ligands to organic/inorganic 

nanoparticles and surfaces. Because IR spectroscopy is quantitative, the 

number of a type of bond may be determined. 

   

  

                           

 

 

Figure 1.10  Possible physical processes following absorption of a 

photon 

   Virtually all organic compounds absorb IR radiation, but inorganic 

materials are less commonly characterized, as heavy atoms show vibrational 

transitions in the far IR region, with some having extremely broad peaks that 

hampers the identification of the functional groups. Furthermore, the peak 

intensities of some ionic inorganic compounds may be too weak to be 

measured. The covalent bonds that hold molecules together are neither stiff 

nor rigid, but rather they vibrate at specific frequencies corresponding to their 

vibrational energy levels. The vibration frequencies depend on several 

factors including bond strength and the atomic mass. The bonds can be 

modified in different ways, in a similar manner to a spring. Chemical bonds 

may be contorted in six different ways: stretching (both symmetrical and 

asymmetrical), scissoring, rocking, wagging, and twisting. Absorption of IR 

radiation causes the bond to move from the lowest vibrational state to the 

next highest, and the energy associated with absorbed IR radiation is 

converted into these types of motions. Other rotational motions usually 

accompany these individual vibrational motions. These combinations lead to 
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absorption bands, not discrete lines, which are commonly observed in the 

mid IR region. Weaker bonds require less energy to be absorbed and 

behave as though the bonds are springs that have different strengths. More 

complex molecules contain dozens or even hundreds of different possible 

bond stretches and bending motions, which implies the spectrum may 

contain dozens or hundreds of absorption lines. This means that the IR 

absorption spectrum can be its unique fingerprint for identification of a 

molecule. The fingerprint region contains wavenumbers between 400 and 

1500 cm–1. A diatomic molecule, that has only one bond, can only vibrate in 

one direction. For a linear molecule (e.g. hydrocarbons) with n atoms, there 

are 3n-5 vibrational modes. If the molecule is non-linear (such as methane, 

aromatics etc.), then there will be 3n-6 modes. Samples can be prepared in 

several ways for an IR measurement. For powders, a small amount of the 

sample is added to potassium bromide (KBr), after which this mixture is 

ground into a fine powder and subsequently compressed into a small, thin, 

quasi-transparent disc as shown in Figure 1.11. For liquids, a drop of sample 

may be sandwiched between two salt plates, such as NaCl, KBr and NaCl 

are chosen as neither of these compound shows an IR active stretch in the 

region typically observed for organic and some inorganic molecules. 

          

 

Figure 1.11 The various processes to take the IR spectra 

 Vibrating Sample Magnetometer (VSM): The Vibrating Sample 

Magnetometer (VSM) is the basic instrument for characterizing magnetic 



 36 

materials to measure the basic magnetic properties of materials as a 

function of magnetic field and temperature. The VSM consists of an 

electromagnet, which provides the magnetizing field (DC), a vibrator 

mechanism to vibrate the sample in the magnetic field, and detection coils, 

which generate the signal voltage due to the changing flux emanating from 

the vibrating sample. The VSM represents by far the most commonly used 

type of magnetometer. Magnetic measurements were carried out using 

vibrating sample magnetometer (Digital Measurement Systems-Model EV9). 

A small sample of a given geometry is magnetized and allowed to vibrate in 

proximity of coils. Induced in the coils as the flux linked with the coils 

changes due to the vibration of the sample.  

The various components are monitored through a computer 

interface. Using controlling and monitoring software, the system gives 

information about the amount of magnetization of the sample and how its 

magnetization depends on the strength of the constant magnetic field. The 

schematic diagram of VSM was represented in Figure 1.12. 

 

 

 

 

  

 

Figure 1.12  Schematic diagram of vibrating sample magnetometer 
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1.7  APPLICATIONS  

1.7.1  Photocatalytic activity 

 Photo-Catalysis is defined as "acceleration by the presence of 

catalyst". A catalyst does not change in itself or being consumed in the 

chemical reaction. Semiconductor metal oxides are used as photo catalyst. 

These are very attractive materials due to their wide potential applications in 

environmental protection such as waste water treatment and air purification, 

hazardous waste remediation etc.,  

 Nanostructures semiconductor metal oxides for photo 

catalytic activity: By photo catalysis, it is commonly understood to be any 

chemical process catalyzed by solid, where the external energy source is an 

electromagnetic field with wave numbers in the U-V range. The basic 

mechanism of Photocatalytic reaction is the generation of electron-hole pair. 

When the photo catalyst is illuminated by light stronger than its band gap 

energy, electron-hole pairs diffuse out to the surface of the photo catalyst 

and participate in the chemical reaction with electron donor and acceptor. 

Those free electrons and holes transform the surrounding oxygen and water 

molecules into OH free radical with super strong oxidation. The presence of 

OH- groups they could have significant contribution to the phase stability in 

the nano meter range as well as define the acid /base character of solid. 

 The existence of crystalline defects like vacancies and low co-

ordination centers in the structures turns determined for the photo-efficiency 

due to the favor of electron-hole recombination. Three aspects of transition 

metal oxides that are the causes for their applications in catalysis are: 

 The coordination environment of surface atoms 

 The redox properties of oxide 

 The oxidation state of surface  
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 Mechanism of Photocatalysis: When photocatalyst ZnO absorbs 

Ultraviolet (UV) radiation from sunlight or illuminated light source (fluorescent 

lamps), it will produce pairs of electrons and holes. The electron of the 

valence band of ZnO becomes excited when illuminated by light. The excess 

energy of this excited electron promoted the electron to the conduction band 

of ZnO therefore creating the negative-electron (e-) and positive-hole (h+) 

pair. This stage is referred as the semiconductor's “photoexcitation” state. 

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

known as the “Band gap”. 

 In order for photocatalysis to proceed, the semiconductors need to 

absorb energy equal to or more than its energy gap. The hole has the 

potential to oxidise water that may be on the surface of the material resulting 

in the formation of hydroxyl radical. Hydroxyl radicals are themselves very 

powerful oxidisers and can easily oxidise any organic species that happens 

to be nearby, ultimately CO2 and H2O. Meanwhile, upstairs in the conduction 

band the electron has no hole to recombine with since it has no oxidised 

surface bound water. It quickly looks for an alternative and rapidly reduces 

oxygen to form the superoxide anion. Increase in photocatalytic activity is 

probably due to prevention of electron-hole recombination. These processes 

are called photodegradation processes [64] and the photodegradation 

efficiency (D) is given by equation as: 

                         
A A

D
A

0 1

0


  ------------ (1.6) 

Where,  A0 is the initial concentration  

 A1 is the final concentration.
 

Photodegradation processes 

1.  Formation of excitons by absorption of photons by photocatalyst 

(ZnO) 
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 ZnO + h      h+ + e- 

 Electrons (e-) are produced in conduction band and holes (h+) are 

produced in valence band  

2.  Formation of superoxide anion (O2
•-) 

 O2  +  e-  →  O2
•-  

3.  Formation of hydroxyl radicals (OH-)  

 H2O + h+ →   H+ + OH-   

4.  Neutralization of superoxide anion by protons  

 O2
•- +   H+ →   HO2

•  

5.  Formation of hydrogen peroxide and dismutation of oxygen                                

6.   Formation of degradation products                         

       R (Organic pollutant) + H2O2 + OH- + O2
•- → depredated products 

 These processes are called photodegradation processes 

Graphical mechanism of Photocatalysis 

 

Figure 1.13 The mechanism of Photocatalysis 
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1.8.2  Antibacterial  activity 

 Antibacterial agents are broadly of two types, organic and 

inorganic. At high temperatures/pressures organic antibacterial materials are 

found to be less stable compared to inorganic antibacterial agents. Thus zinc 

oxide has proved to be a powerful antibacterial agent in the formulation of 

the micro scale and nanoscale systems for therapeutic applications. ZnO 

nanoparticles showed greater antibacterial activity apparently than micro 

particles. ZnO nano particles have bactericidal effects on both Gram-positive 

and Gram-negative bacteria. They even have antibacterial activity against 

spores which are resistant to high temperature and high pressure. From the 

research reports, it is evident that the antibacterial activity of ZnO 

nanoparticles depends on the surface area and concentration, while the 

crystalline structure and particle shape have little effect. Further it is also the 

smaller in size of ZnO particles better is its antibacterial activity. Thus higher 

the concentration and larger the surface area of the nanoparticles, the better 

is its antibacterial activity. The mechanism of the antibacterial activity of ZnO 

particles is still not well understood. Some researchers have proposed in 

their study that the generation of hydrogen peroxide is the main factor of the 

antibacterial activity [42], while it also indicates that the binding of the 

particles on the bacteria surface due to the electrostatic forces could be 

another factor. Silver nanoparticles are highly antimicrobial to several 

species of bacteria, including the common kitchen microbe, E.coli and  

B. subitilus commonly found in soil and S. sonnei normally found in humans. 

According to the mechanism reported, silver nanoparticles interact with the 

outer membrane of bacteria, and arrest the respiration and some other 

metabolic pathway that leads to the death of the bacteria. New technology 

advances in reducing silver compound chemically to nanoscale sized 

particles have enabled the integration of this valuable antimicrobial into a 

larger number of materials—including plastics, coatings, and foams as well 

as natural and synthetic fibers. Nano-sized silver have already provides a 

more durable antimicrobial protection, often for the life of the product. 
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Current research in inorganic nanomaterials having good antimicrobial 

properties has opened a new era in pharmaceutical and medical industries. 

Silver nanoparticles have been recently known to be a promising 

antimicrobial agent that acts on a broad range of target sites both 

extracellular as well as intracellarly. Hence there is a huge scientific progress 

in the study of biological application of metal doped transition metal oxide 

nanoparticles. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1  INTRODUCTION 

 ZnO is no stranger to scientific study. In the past 100 years, it has 

featured as subject of extensive research back as early as 1935. 

Modification of ZnO properties by impurity/dopant incorporation has become 

a hot topic. Doping ions in ZnO will make scientists to tailor its optical, 

electrical and magnetic properties through altering its electronic structure 

and showing enhancement in different applications like photocatalytic and 

antibacterial activities. 

2.2  THE ANTIBACTERIAL ACTIVITY OF ZnO NANOSTRUCTURES 

 Antibacterial agents are of great importance to numerous 

industries, such as environmental, food, packaging, medical, healthcare, 

decoration industries, and so forth. According to research reports (Sawai  

et al.) number of inorganic semiconductors powders such as TiO2, CaO, and 

MgO have been evaluated and proven to exhibit antibacterial activities [43]. 

Among them ZnO is one of the most studied element because of its higher 

stability and improved safety, especially under high pressure and/or 

temperature. The mechanism of this antibacterial activity varies from 

nanoparticle to nanoparticle. For all varieties of NPs, the antibacterial 

mechanism is not fully understood. Typical mechanisms of antibacterial 

activity, such as the release of antibacterial metal ions from the particle 

surface and the antibacterial. While some proposed mechanisms relate to 

the physical structure of the NPs, others relate to the enhanced release of 
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antibacterial metal ions from nanoparticle surfaces. The specific surface area 

of NPs increases as the particle size decreases, allowing for greater material 

interaction with the surrounding environment. Thus, for inherently 

antibacterial materials, such as zinc and silver, increasing the surface to 

volume ratio enhances the antibacterial effect. A nanoparticle of an 

inherently antibacterial material may, therefore, have contemplate properties 

and of a nanoparticle related to cell wall penetration or membrane 

interference. In 2006, a preliminary study of the antibacterial effect of ZnO 

NPs against E. coli was reported by Brayner and others [44]. The results 

showed that at a concentration of 1.3 mM or lower, the growth of E. coli was 

not significantly affected. In fact, at 1.0 and 1.3 mM, more E. coli colonies 

than in the control group was observed, suggesting that ZnO NPs are not 

inhibitory or toxic against E. coli at these levels. However, as the 

concentration of ZnO NPs increased, fewer colonies were recorded. At 3.0 to 

10 mM, ZnO NPs caused 100% inhibition of bacterial growth. In another 

study (Reddy et al.) complete inhibition of plank tonic S. aureus growth has 

been observed at ZnO nanoparticle (mean average diameter = 13 nm) 

concentrations of ≥ 1 mM (81.408 μg/mL) in overnight cultures [45]. While 

highlighting the discrepancies in antibacterial effect among ZnO NPs of 

varying size, the authors [46] also commented on the potentially important 

role of ambient UV light in providing antibacterial properties to ZnO. In the 

presence of UV light, ZnO can split H2O to form H+ which reacts with 

dissolved oxygen to produce free radicals. These free radicals contribute to 

antibacterial activity. When comparable experiments were performed in the 

dark, high concentrations of 5 mM (407.04 μg/mL) of 8 nm ZnO NPs resulted 

in only a slight inhibition of bacterial growth after 10 h.  

 However, increased doses of UV light in addition to the ambient 

light of the laboratory did not enhance this antibacterial effect beyond 

ambient light conditions. Research group [47] reported about synthesis of 

Ag/ZnO metal–semiconductor faceted nanorods with the assistance of 

tyrosine by an effective one-pot hydrothermal method. Antibacterial effect 
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was evaluated in the form of inhibition zones by the disc diffusion assay. The 

antibacterial activity of Ag/ZnO with an Ag content of 1.20 at.% have been 

checked for the inhibition of E. coli and S. aureus. These results indicated 

that Ag/ZnO nanocomposites have efficient antibacterial capability for both 

gram negative and gram positive bacteria. The antibacterial activity of Ag, 

ZnO and Ag/ZnO were also investigated by MIC method. It can also be seen 

that the MIC values of pure Ag NPs were 15 μg mL−1 for E. coli and  

25 μg mL−1 for S. aureus, and those of pure ZnO were 3500 μg mL−1 for  

E. coli and 1000 μg mL−1 for S. aureus, respectively. They showed when Ag 

and ZnO are coupled together to form Ag/ZnO nanocomposites, they 

showed enhanced antibacterial capacity for both gram positive and gram 

negative cells.   

 According to them the reason for enhanced antibacterial is the 

interaction between the Ag NPs and the cell membrane that will disturb the 

cell’s power functions, such as permeability and respiration, finally leading to 

cell death. It has been reported that the electrostatic forces between silver 

NPs and bacteria may also play a crucial role in arresting the function of 

bacteria. Dependence of the antibacterial behavior on ZnO (TM-doped and 

surface-modified) NPs on E. coli cells has been investigated by R. K. Dutta 

and his [48]. ZnO NPs that differ in size, activator ion and in the 

microenvironment in which these NPs are embedded were used. 

Comprehensive antibacterial studies of these ZnO NPs owing to their size 

and surface defects are carried out against E. coli cells. These studies have 

been carried out both in Luria-Bertani medium and on solid agar medium in 

the presence and absence of light. ZnO in SiO2 matrix and Fe2+ doped ZnO 

showed a reduction in the toxic effects of these NPs and doping with Co2+ 

increases the antibacterial activity as compared with ZnO NPs. The 

antibacterial mechanism is enhanced in the presence of light in all the above 

cases. Overall, the antibacterial behavior increased from Fe2+ doped ZnO to 

ZnO@SiO2 to ZnO (200-300 nm) to Co2+ doped ZnO to ZnO (25-30 nm). 

According to them, the enhancement in antibacterial activities of the ZnO 
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NPs after doping may be attributed to the enhanced or reduced oxygen 

vacancies and defect states and could be attributed to the increased or 

decreased surface defects. Modifications in ZnO can be performed to reduce 

the toxicity and render them applicable for biomedical applications. The 

applications of ZnO for various purposes can be performed with suitable 

doping and capping agents. The antibacterial activity of Au-ZnO 

nanocomposites was also evaluated against two gram positive and gram 

negative cultures, being Salmonella typhimurium, Enterococci and 

Staphylococcus aureus, Klebsiella pneumonia respectively using well 

diffusion method by V. Fermi and his group a few years ago [49]. From the 

results they confirmed the inhibitory effects Au-ZnO nanocomposites but did 

not explain how coupling of gold in ZnO influences its antibacterial behavior. 

A comparative study of antibacterial effect on both gram positive and gram 

negative was performed using well diffusion method by research group [50]. 

They used the polymers polyethylene glycol and chitosan to improve the 

antibacterial flexibility of Ag/ZnO nanocomposites. According to their results, 

the presence of transition metals such as Ag improved the charge transfer, 

reduced the chance of electron–hole pair recombination, and promoted the 

generations of perhydroxyl radicals and other strong oxidizing materials.  

Therefore, the presence of Ag and ZnO enhanced the antimicrobial ability of 

chitosan significantly. 

2.3  PHOTOCATALYTIC ACTIVITY OF ZnO NANOSTRUCTURES 

 In the last century, due to the fast industrialization and global 

warming a very severe problem emerged, namely the intense water and air 

pollution. Throughout this period several technologies were developed in 

order to resolve the issue. However, each purification method has its own 

financial/efficacy limitations. Photocatalysis could be one of the future 

alternatives because of its low costs and effectiveness. As energy source 

uses light (both solar and artificial), the applied catalysts are non-toxic (such 

as ZnO, TiO2) and the decomposition of the pollutants can be conducted 

until total mineralization (CO2, organics, water, ions). In the past decades the 
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numbers of publications regarding photocatalysis have increased 

significantly. Several semiconductor materials were experimented with, as 

potential photocatalysts. Among the most studied materials were: titanium 

dioxide (TiO2) [51], zinc oxide (ZnO) [52], tungsten trioxide (WO3) [53], etc. 

The comparative study between ZnO nano particles, bulk ZnO and 

commercial TiO2-degussa (P25) on the photocatalytic degradation of 

different common organic contaminants was done by C. Hariharan et al. ZnO 

NPs were prepared via a non-aqueous route and the effect of different 

calcinations temperatures on surface area as well as on the photocatalytic 

activity of ZnO were studied [54]. Their results indicated that in general the 

photocatalytic activity of nano ZnO was superior to those of bulk-ZnO as well 

as TiO2 (Degussa). They attributed the efficiency of the photocacatalytic 

activity is related to the particle size, crystallinity and surface area. K.M. 

Parida and his group prepared ZnO by different methods by varying 

precipitating agents, the source of the salt precursors and the microwave 

irradiation time and the samples were characterized by XRD, BET-surface 

area, surface acidity and crystallite sizes [55]. The photocatalytic reactions 

were carried out under solar radiation in batch reactors towards oxidation of 

4-nitrophenol and reduction of Cr (VI) by varying different parameters such 

as irradiation time, pH of the solution, catalyst amount and substrate 

concentration and the activities were correlated with the physico-chemical 

parameters.  

 Microwave irradiated sample heated at 300 C shows a more 

surface area, less crystallite size and hence it showed a better photocalytic 

activity among all the samples. W. Shen et al. synthesized ZnO nanoparticle 

obtained by zinc hydrate deposited on the silica nanoparticle surface and 

zinc hydrate was dispersed in starch gel [56]. The structure of zinc oxide 

particle was characterized by nitrogen adsorption–desorption and XRD, the 

morphology was observed by TEM. The ZnO–Si displayed higher 

photocatalytic activity due to its less particle size and better dispersion. 

Depositing zinc oxide on the silica nanoparticle surface provided a simple 
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and effective route to prepare zinc oxide photocatalyst, which could 

decompose methylene blue in 60 min. S. Baruah et al. (2009) synthesized 

spherical and highly monocrystalline ZnO NPs in the size range 5–7 nm 

through controlled hydrolysis as well as microwave induced nucleation and 

growth [57]. Photolytic degradation tests carried out on a test contaminant 

MB under visible light. Time correlated single photon count spectroscopic 

studies were conducted to explain the photo reactivity of ZnO NPs in terms 

of electronic transitions between NPs and the target MB molecules. They 

demonstrated the enhancement in photocatalytic activity is due to the 

increase in electronic defects in the crystallites. By introducing defects into 

the crystal lattice of ZnO NPs, a redshift was observed in the optical 

absorption shifting from the ultraviolet region to the visible region 400–700 

nm, which is due to the creation of intermediate defect states that inhibit the 

electron hole recombination process. The defects were introduced by fast 

nucleation and growth of the NPs by rapid heating using microwave 

irradiation and subsequent quenching during the precipitation reaction. To 

clarify the nature of the photodegradation process, picosecond resolved time 

correlated single photon count (TCSPC) spectroscopy was carried out to 

record the electronic transitions resulting from the de-excitation of the 

electrons to their stable states. Photodegradation and TCSPC studies 

showed that defect engineered ZnO NPs obtained through fast crystallization 

during growth lead to a faster initial degradation rate of MB as compared to 

the conventionally synthesized NPs.  

 The research group presented the [58] investigation of  the 

influence of refluxing effect on photodegradation of MB dye by using two-

dimensional (2D) zinc oxide (ZnO) nanopellets as photocatalyst under UV 

light. Each photodecomposition rate of MB was found highly dependent on 

the weight of photocatalyst. The surface chemistry was found to greatly 

influence its photocatalytic properties. The existing photodecomposition rate 

has been successfully improved to a factor of 22.0 times through refluxing 

process in excessive pyridine where the surface capping ligand (oleic acid) 



 48 

is removed from the 2D ZnO nano pellets. On the other hand, the refluxed 

photocatalyst (0.04 g) in this study was found to exhibit excellent recyclability 

up to three cycles. Furthermore, X-ray powder diffraction spectrums for the 

refluxed photo catatalyst, respectively, before and after three cycles of 

photocatalytic reactions, has generated the same patterns showing that the 

photocatalyst is stable and feasible to be used as an efficient photocatalyst 

material. Hence, these 2D ZnO nano pellets would provide a new alternative 

route as a highly efficient photocatalyst for waste water treatment.  

 J. Lv et al. [59] demonstrated the effect of annealing temperature 

on photocatalytic activity of methyl orange using ZnO thin films as 

photocatalyst. Zinc oxide thin films were fabricated on Si and quartz 

substrates using the sol–gel method and then annealed at different 

temperatures 400, 600 and 800 C respectively. These thin films consist of 

inhomogeneous and spherical-like shape NPs belonging to hexagonal 

wurtzite structures. The photocatalytic activity was tested by the 

decomposition of methyl orange dye under UV illumination. The results show 

that the mean grain size, surface-to-volume ratio, rms roughness and 

degradation efficiency of the thin films increases with increasing annealing 

temperature. On increasing the annealing temperature, the photocatalytic 

activity was found to be increased. This enhancement in photocatalytic 

activity at highest temperature was attributed to the increase of surface-to-

volume ratio, rms roughness, mean grain size and the oxygen defects 

density. Another research group [60] studied pH value impact on 

degradation of MB with ZnO photocatalyst of different sizes under UV light 

irradiation. The effect of pH values on the degradation efficiency was studied 

in the pH values of 5 and 9 at the initial dye concentration of 50 ppm. The 

Effect of pH on the photodegradation of MB dye was investigated over the 

pH range of 5-9, and the reaction pH was altered to study the 

photodegradation taking place on the surface of photocatalyst, since pH can 

alter the surface charge properties of the photocatalyst. A steady increase in 

the degradation of MB dye is observed at higher pH 9.0. Higher the pH value 
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can provide higher concentration of hydroxyl ions to react with holes (h+) to 

form hydroxyl radicals (OH·), subsequently enhancing the photodegradation 

rate of MB dye. It indicates that, the smaller particle size, higher crystallinity 

of photocatalyst and alkaline pH of reaction mixture has good photocatalytic 

activity for MB dye degradation under UV light irradiation.  

      To date, many semiconductors have been found to be good 

photocatalysts to decompose various organic pollutants. From the literature 

review it was found ZnO has been the dominant photocatalysts. However, 

the photoinduced charge carrier in single bare semiconductor particles has a 

very short lifetime because of the high-recombination rate of the 

photogenerated electron/hole pairs, which reduces photocatalytic efficiency 

and hinders its further application in industry. Therefore, it is important to 

prevent the photoelectron/hole recombination before a designated chemical 

reaction takes place on the surface of semiconductor particles. Numerous 

efforts have been attempted to improve the photo-excited charge separation 

and to enhance the photocatalytic activity by modifying the surface or bulk 

properties of a photocatalyst, such as deposition of metals, doping, and 

coupling of two semiconductors. However, T. Tsuzuki et al. [61] presented 

reduced photocatalytic activity of ZnO NPs by doping with manganese. 

Then, ZnO nanocrystalline powders doped with up to 5 at% manganese 

were synthesized using chemical sol-gel method. The powder consists of 

primary particles having diameter 10 nm and high surface area. XRD study 

revealed that up to ~ 3 at. % manganese ions were doped in the ZnO crystal 

lattice. The photoactivity of undoped and doped ZnO nanocrystalline 

powders was evaluated by monitoring the photo-bleaching of the aqueous 

solutions of Rhodamine B dye in the presence of ZnO under the simulated 

sunlight. Manganese doped zinc oxide exhibited significantly reduced 

photoactivity compared to undoped zinc oxide. However, they didn’t justify 

their results. But their exploration is on for (i) the determination of the 

location of manganese ions, (ii) the study of the photocatalytic activity of 

manganese doped ZnO in the doping level lower than 1 at.% and (iii) the 
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mechanism of the reduction of photocatalysis by manganese ions on particle 

surfaces. Recently, Chao Xu and his group synthesized ZnO powders with 

different Co2+ doping concentrations (0, 0.5, 1, 3 and 5 mol %) by the 

hydrothermal method [62]. The photocatalytic activities of the synthesized 

powders are evaluated using a basic organic dye, methyl orange (MO) under 

visible light irradiation. They showed Co-doped ZnO is a potential candidate 

than pure one for the practical application in photocatalytic decolorization of 

organic contaminants. Ji-Zhou Kong et al., prepared photocatalyst of  

Ta-doped ZnO by a modified Pechini-type method [63]. The structural, 

morphological properties and photocatalytic activity of 1 mol % Ta-doped 

ZnO samples annealed at different temperatures were characterized. It is 

found that 1% Ta-doped ZnO annealed at 700°C shows excellent 

photocatalytic performance. This is attributed to a trade-off among 

crystallinity, surface hydroxyl groups, and specific surface area. The 

processing parameter such as pH value also played an important role in 

tuning the photocatalytic efficiency.  

 The photocatalytic activities of the as-synthesized pure ZnO and 

Sn-doped ZnO by degrading methyl orange (MO) in water under the 

irradiation by Hg lamp light was reported by Changle Wu et al. [64]. The Sn-

doped ZnO nanorods were fabricated by a hydrothermal route. Solid state 

NMR result confirms that Sn4+ was successfully incorporated into the crystal 

lattice of ZnO. The improvement of visible emission at 540 nm in the Sn 

doped ZnO samples was suggested to be a result of the lattice defects 

increased by doping of Sn in zinc oxide. The lattice defects caused by Sn 

doping could serve as favorable trap sites of the electrons or holes to reduce 

their recombination and consequently increase the photocatalytic activities. 

Furthermore, the photocatalytic studies indicated that Sn-doped ZnO 

nanorods are a kind of promising photocatalyst in remediation of water 

polluted by some chemically stable azo dyes. 
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2.4  PRESENT INVESTIGATIONS 

 The above studies indicate that ZnO has been extensively 

investigated as one of the potential semiconductor for antibacterial and 

photocatalysis applications. But a major problem for achieving efficient rate 

in these applications is quick recombination rate of photoinduced charge 

carriers. To overcome this problem, a competent method is needed to 

deposit noble/transition/rare earth metals on semiconductors. The noble 

metals Ag and Au have been known for long time for biomedical and 

photocatalysis applications and more over these metals are becoming day 

by day very costly. In order to make these activities economic, there is 

essential need to find cheaper ways of using ZnO NPs proficiently without 

jeopardizing their functionally. In all these studies, the dopants aluminum 

and chromium into ZnO by mono-doping and dual doping for antibacterial 

and photocatalytic activities are still missing. After a thorough literature 

survey, we have found that the factors responsible for the degrading the 

pollutants are surface properties like oxygen vacancies, particle size,  

morphology and crystal defects. Apart from that, the surface hydroxyl radical 

(OH), super oxide ion (.O2) and hydrogen peroxide (H2O2) are also playing 

key role in photodegradation of organic dye pollutants. On the other hand, 

the mechanism of antibacterial is still under debate but the results of this 

study and experimental evidences from the literature suggests that most 

important factors that play a vital role in governing the toxicity mechanism 

are the generation of radical oxygen vacancies (ROS), the electrostatic 

interaction between the ions and membrane and crystal defects. Hence, we 

have studied the influence of double doping on optical and structural 

properties in ZnO nanostructures. The growing interest in doped 

semiconductors for health care applications, make it crucial to study the 

investigations of doped ZnO nanostructures for antibacterial and 

photocatalytic applications. 



 52 

 

CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1  MATERIALS 

      The materials used in this study were 

 Zinc acetate (C2H3O2)2Zn.2H2O, Mw=219.5 g/mol (s-d fine 

Chemical Ltd.) 

 Silver nitrate (AgNO3), Mw g/mol = 169.87 g/mol, (s-d fine 

Chemical Ltd.) 

 Ethanol (C2H5OH) of Mw g/mol = 46.06 (Merck), 

 Sodium hydroxide (NaOH), Mw g/mol = 40.0 (s-d fine 

Chemical Ltd) 

 Citric Acid (Loba chemicals), 

 Polyvinulpyrodine (Lob chemicals), 

 Polyvinyl Alcohol (Aldrich) 

 Chromium Oxide (Cr2O3) 

 Almmonum Oxide (Al2O3) 

 Methylene blue (C16H18N3S. 3H2O) 

 Beef extract (Merck) 

 Peptone,  

 Sodium chloride, NaCl (Merck) 
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 Bacterial cultures (M. leutus, B. subtilis, V. cholera,  

S. pneumonia) obtained from National Center for Cell 

Science (NCCS), Pune. 

3.2  GLASSWARE AND APPARATUS 

 All glass wares (Conical flasks, Measuring cylinders, Beakers, 

Petri plates and Test tubes etc.) were purchased from borosil, India.    

3.3  SYNTHESIS OF ZnO NANOSTRUCTURES 

 The precipitation method was used to synthesis the ZnO 

nanoparticles. In this method, 0.05 M of zinc nitrate containing 20 mL of 

demonized water was mixed into 0.125 mM NaOH containing 20 mL of 

ethanol. The mixed solution was continuously stirred for 1 hr.  After that a 

white suspension was produced.  This suspension was centrifuged and dried 

at 60C in oven for the formation of pure ZnO nanoparticles. The dried 

powders were grained thoroughly and subjected to characterization. The 

dried samples are mixed with double distilled water in 1:1 ratio and sonicated 

for 10 min to get uniformly suspended nanoparticle suspension. 

3.4  SYNTHESIS OF Ag DOPED ZnO NANOSTRUCTURES  

 Demonized water was employed throughout the experiments. To 

zinc acetate Zn(Ac) 0.1 M solution with milimolar silver nitrate Ag(NO3)2 and 

aqueous ammonia (1:1) was added drop wise to reach a pH ~ 7 and the 

stirring was continued for another 30 minutes. The formed glassy like white 

gel was allowed to age overnight. It was filtered, washed, dried at 100C for 

12 hrs and annealed at 500C for 2 hrs in a muffle furnace fitted with a 

proportional–integral–derivative (PID) temperature controller and the heating 

rate was set at 10C per minute. 
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3.5 SYNTHESIS OF Ag-ZnO NANOCOMPOSITES  

High purity zinc acetate [Zn(CH3CO2)2], silver nitrate AgNO3, 

sodium hydroxide (NaOH), deionized water and poly vinylpyrrolidone (PVP) 

as capping agent, were used for chemical processing. In a typical procedure 

for the synthesis of pure ZnO, 0.05 M zinc acetate was dissolved in 100 ml 

of de-ionized water and 0.1 M NaOH was dissolved in 100 ml deionized 

water. NaOH solution was added drop wise to zinc acetate solution. Then, a 

white colored gel is produced and this gel was kept for ageing overnight. 

Similarly for the synthesis of Ag doped ZnO nanorods, 0.1 M zinc acetate 

Zn(Ac)2 solution with milimolar silver nitrate and aqueous ammonia (1:1) 

was added drop wise to reach a pH ~ 7, and the stirring was continued for 

another 30 minutes. A few drops of PVP were also added during stirring for 

controlling growth. The formed glassy like white gel was allowed to age 

overnight. It was centrifuged for 10 minutes, dried at 100°C for 12 hrs and 

annealed at 500°C for 2 hrs in a muffle furnace, fitted with a proportional-

integral-derivative (PID) temperature controller, and the heating rate was set 

at 10°C per minute. 

 

3.6  SYNTHESIS OF Cr DOPED ZnO and Al DOPED ZnO 

NANOSTRUCTURES 

 In a typical procedure for the synthesis of undoped ZnO, 0.05 M 

zinc acetate was dissolved in 100 ml of de-ionized water and 0.1 M NaOH 

was dissolved in 100 ml deionized water. NaOH solution was added drop 

wise to zinc acetate solution. Then a white colored gel is produced and this 

gel was kept for ageing overnight. Similarly for the synthesis of Cr doped 

ZnO nanorods, 0.1 M zinc acetate Zn(Ac)2 solution with 1milimolar Cr2O3 

and aqueous ammonia (1:1) was added drop wise to reach a pH ~ 7 and the 

stirring was continued for another 30 minutes. A few drops of PVP were also 

added during stirring for control growth.  Similarly Al doped ZnO 
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nanostructures was synthesized using 1milimolar of Al2O3. The formed 

glassy like white gel was allowed to age overnight. It was filtered, washed 

and dried at 100C for 12 hrs and annealed at 500C for 2 hrs in a muffle 

furnace fitted with a proportional integral-derivative (PID) temperature 

controller. 

3.7  SYNTHESIS OF (Cr, Al) DOPED-ZnO NANOSTRUCTURES 

 For the synthesis of dual (Al, Cr) doped ZnO, 0.003 M Cr2O3 

solution and 0.003 M Al2O3 was added to the 0.05 M Zn(Ac) solution. Then 

0.1 M NaOH solutions were added dropwise in the above mixture. A colored 

white gel was produced after adding the capping agent 0.01mM of PVP and 

kept at RT for ageing for 12 hrs. The precipitate was collected, washed and 

then dried in a hot air oven at 80C for 5 h. Finally the precipitate was 

grinded into powder and put for annealing at 500C for 2 hrs in a muffle 

furnace fitted with a proportional integral-derivative (PID) temperature 

controller. 

3.8  ANTIBACTERIAL ACTIVITY 

 Well diffusion method is used to determine the antibacterial activity 

of different bacteria like Vibrio cholera (V. cholera) and Bacillus subitiluis (B. 

subitiluis) Micrococcus leutus (M. leutus) and Klebsiella pneumoniae (K. 

pneumoniae) towards pure ZnO and doped ZnO. In this method sterile 

nutrient agar plate was prepared and these agars are poured into the 

sterilized petri dish. The 100 µL of cultured bacterial cell suspension were 

spread over the agar plate using sterile glass rod.  The plates were allowed 

for 1 min to dry and sterile well cutter of diameter 6.0 mm was used to bore 

wells in the agar plates. Subsequently, a 100 μl of the nanoparticle 

suspension was introduced into wells of the inoculated nutrient gar plates. 

The plates were allowed to stand for 1hr or more for diffusion to take place 

and then incubated at 37°C  for 24 hrs and measured the diameter zones of 

inhibition (ZOI) in mm.  
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Figure 3.1  Photograph of the author showing antibacterial actions 

performed at Armats Biotek Lab, Chennai, India. 

3.9  PROCEDURE FOR MEASURING PHOTOCATALYTIC ACTIVITY 

 A common dye methylene blue was used as a probe molecule to 

evaluate photocatalytic activity of ZnO and doped ZnO nanostructures in 

response to UV. The molecular structure of Methylene blue is shown in 

Figure 3.2.  

 

Figure 3.2 The molecular Structure of Methylene blue 

 The 0.014 g/40 mL ZnO rod and doped nanostructures were 

dispersed in 10 ppm of methylene blue solution. These suspensions were 

magnetically stirred in dark for 15 min. That ensures that the equilibrium of 

MB dye surface of our sample. Then that solution was irradiated using UV 

light (λmax = 365 nm).  At different intervals of time, 2 mL of suspension were 

extracted and centrifuged at the rate of 1000 rpm for 3 mins. Then UV-VIS 
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absorption spectra were taken for supernatant solution form the centrifuged 

solution. Then graph was plotted between degradation and concentration of 

dye, which is measured by measured by UV-VIS spectrometer. The 

concentration of MB was determined by measuring the absorption intensity 

at its maximum absorbance wavelength of MB is 661 nm, by using a UV–Vis 

spectrophotometer. The degradation percentage (η) of the dyes in solution 

was defined by the equation. 

 tC C

C
0

0

100


     ----------- (1.7)        

Where C0 is the initial dye concentration or TOC concentration, Ct is the dye 

concentration at certain reaction time t (min). 

 Methylene blue is known as anti-infective agent, drug, dye, 

enzyme inhibitor and indicator. It is a heterocyclic aromatic chemical 

compound with the molecular formula C16H18N3S. 3H2O and used in different 

fields such as biology and chemistry. The hydrated form has 3 molecules of 

water per molecule of methylene blue. 

 Methylene blue is known as anti-infective agent, drug, dye, 

enzyme inhibitor and indicator. It is a heterocyclic aromatic chemical 

compound with the molecular formula C16H18N3S. 3H2O and used in different 

fields such as biology and chemistry. The hydrated form has 3 molecules of 

water per molecule of methylene blue. 

3.10  CHARACTERIZATIONS 

 The as synthesized undoped and doped ZnO nanostructures were 

characterized by XRD with nickel-filtered Cu K radiation source (λ = 

0.15417 nm, 2θ range 20-65 and 0.02 step size) for the crystallinity, phase 

purity and average particle crystallites size. The surface morphology and 

microstructure was investigated by JEOL ASM 6360A SEM and TEM; 
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Tecnai F20. The compositional analysis of synthesized samples was carried 

out using energy-dispersive X-ray spectroscopy (EDX). The optical emission 

spectrum was measured by an F-2500 spectrophotometer with Xe 900 lamp 

(450 W) as the excitation source with a spectral slit width of 1 nm in 

backscattering configuration. The scanning speed and step for 

measurements were 60 nm/min and 0.5 nm, respectively. The UV-Vis diffuse 

reflectance spectrum (UV-vis DRS) was measured using a UV-vis NIR 

spectrophotometer (Shimadzu UV-3600) to detect absorption over the range 

300-800 nm. IR absorption measurements were done using Shimadzu FTIR 

spectrometer through KBr pellet technique. A confocal micro-Raman study 

excited by the 488 nm line of Ar+ laser (power 100 W) was used for 

synthesized samples. The PL measurement was performed on an HR800 

Labram Infinity Spectrophotometer, which was excited by a continuous He-

Cd laser at the wavelength of 325 nm and the output power of 50mW. The 

topology and roughness of undoped and doped ZnO was determined by 

atomic force microscopy (AFM) using an Asylum Research MFP-3D™ AFM, 

operating in the non-contact mode with a 10 nm diameter silicon tip (Asylum 

AC160TS) over an area of 1 μm2 and scan rate of 1 Hz. All the spectra and 

characterization were observed at RT. During annealing, the decomposition 

kinetics and crystallization process of the dried gel was observed by 

differential thermal analysis (DTA) and thermo gravimetric analysis (TGA) 

(Seiko, Japan; Model: EXSTAR6200 TG/DTA).   
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CHAPTER 4 

OPTICAL, STRUCTURAL AND MAGNETIC STUDIES  

ON Ag DOPED ZnO NANOPARTICLES 

                                                 

4.1  INTRODUCTION 

           In recent years, advanced materials derived from the metal oxides 

(MO) have drawn extensive scientific and technological interest due to their 

unique electrical, optical, physical, mechanical and magnetic properties for 

different applications in material, biomedical and chemical sciences [65]. 

Among these MO materials, ZnO is a remarkable wide band gap (3.37 meV) 

group II–VI compound semiconductor. ZnO NPs have been reported in 

various forms such as nanorods, nanowires, nanotubes, nanocubes, 

nanobelts, nanorings, nanohelices, nanoflowers and nanocrystals [66]. ZnO 

nanorods have been extensively investigated due to their potential for 

technological development of novel nanodevices. Because of their excellent 

piezoelectric, optical and electronic properties, they are widely used in 

piezoelectric transducers, varistors, various chemical gas sensors, 

luminescent phosphors, optical coatings, thin film solar cells, etc. [67]. The 

large excitation binding energy of 60 meV, electrochemical stability and 

control over resistance (10-3–10-5
) make them promising material for 

optoelectronic devices in the short wavelength range (green, blue, UV), 

information storage and sensors. Because of large surface to volume ratio 

and quantum size effects, ZnO NPs are becoming more and more attractive. 

Therefore their unique properties differ from GaN and bulk ZnO materials. 

The modifications of metal oxides with nanorange noble metals have 

attracted significant attention in a variety of applications. These metals 

exhibit unique light absorption characteristics when they have smaller 
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wavelength than the wavelength of incident beam. The oscillation of high 

density free electrons occurs under the irradiation of light known as surface 

plasmon resonance (SPR). Now incorporating SPR-based metal Ag in ZnO 

is an exciting area in research for developing electronic applications. 

Luminescence and magnetic behavior are some of its constructive unique 

properties. One of the methods to develop these properties is to improve the 

crystallinity by annealing [68]. Hembram et al. [65] reported the great 

influence of annealing on the green density and sineterability. Chen et al. 

[69] observed the strong red and white light emissions of ZnO nanoparticles 

annealed at 600 C for 2 h in oxygen atmosphere. In recent years, diluted 

magnetic semiconductors (DMS) have attracted extensive attention as 

potential materials, for spintronics device applications. DMS are 

semiconductor solid solutions where a small percentage of cations are 

replaced by magnetic impurities such as transition metals or rare-earth 

metals. The attainment of Curie temperature (TC) above room temperature 

(RT) is the main stab for their practical applications. Therefore, ZnO NPs 

play an important role in the field of DMS and related field. The transition 

metal (TM) doped ZnO NPs have the potential to be highly multifunctional 

materials with coexisting magnetic, semiconductor, electromechanical and 

optical properties [70]. It is well-known that annealing temperature has a 

deep effect on the spectral, crystalline, non-linear optical (NLO) and 

magnetic properties of ZnO nanoparticles. However, most research groups 

[65,69] have paid much attention to the optical, crystalline or emission 

properties of Ag doped ZnO nanoparticle structures, but none of them have 

investigated the magnetic behavior of ZnO. This serves as an objective of 

the present work that is, to study the effects of annealing on all of the 

aforesaid three aspects of ZnO nanoparticle structures as well as their 

magnetic behavior. There are many chemical, physical, and biological green 

synthesis methods to prepare the ZnO NPs and tune their crystalline shape 

and size for the above mentioned desired applications. In the present work, 

Ag doped ZnO NPs were prepared by a simple sol–gel method and 
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investigated the annealing impact on their structural, optical, and magnetic 

properties. 

4.2  RESULTS AND DISCUSSIONS 

4.2.1  Structural Studies 

 

Figure 4.1 XRD pattern of the pure ZnO, unannealed and annealed 

Ag doped ZnO  

 The XRD pattern of as synthesized, ZnO, Ag-ZnO 

 and 500C for 2 hrs annealed Ag-ZnO samples were shown in  

Figure 4.1.The broadening nature of peaks shows that the size of the particle 

structure is very small into the nano regime. By using Debye-Scherrer 

formula, the particle crystallite size was calculated by full width at half 

maximum (FWHM) values. The size of Ag-ZnO and annealed Ag-ZnO NPs 

were estimated at  8 and 15 nm respectively. The diffraction peaks 

obtained in Ag-ZnO are similar to pure ZnO with low intensity silver peaks. 

Because of their low concentrations silver peaks are not visible in XRD 

spectrum of Ag-ZnO system but their presence was confirmed by EDX and 
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HR-TEM. Similar kinds of results were observed from few of the reports 

[71,72]. However, the wurtzite peak 002 chosen for the particle size  

 

determination has tendency to decrease with increasing the annealing 

temperature which shows annealed silver doped ZnO possessing a good 

crystallinity degree [73]. Ag can hardly form at low temperature [74] and 

hence a higher temperature of 500C was chosen for annealing. In addition, 

slight variations in all the diffraction peak positions and lattice parameters 

were observed in Ag-ZnO samples as compared to pure ZnO. It suggests 

that Ag has been incorporated into lattice without affecting the overall 

structure and also the metal deposits on the surface. The crystallite grain 

size (D), interchain size (r), lattice strain (g) and degree of crystallinity (Dc) 

were calculated from the formulae [75] and are represented by the equations 

4.1 to 4.4. The calculated values of these parameters are given Table 4.1.  
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Where, Ic - intensity corresponding to crystalline phase, Ia - intensity 

corresponding to amorphous phase,  = 1.542 Å (X-ray wavelength), and β 

is the peak FWHM in radian and θ is diffraction peak position.  
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Table 4.1 For grain size, interchain distance, lattice strain, degree of 

crystallinity                                                                                                                                       

Samples 

Grain 
size 

(nm) 

Interchain 

Distance 

(nm) 

Lattice 

strain 

Degree of 

crystallinity 
(%) 

ZnO 24.15 0.202 0.021 58 

Annealed Ag-ZnO 15.14 0.262 0.026 95 

Unannealed Ag/ZnO  7.92 0.252 0.049 75 

  

 The grain size of annealed samples increases with increasing 

temperature as shown in Table 4.1. According to aggregation growth theory 

[76], the time taken to reach a stable size is inversely proportional to the 

particle size. As the temperature increases, the kinetic energy of the system 

gets amplified and hence number of particle collisions increase. Due to this 

collision increments, time to reach a stable size decreases. Therefore the 

particle sizes are expected to be increased during annealing. It is clear from 

the XRD micrographs that the FWHM decreases after annealing and hence 

exhibits the annealing process efficiently as shown by aggregation growth 

theory and enhances the growth of size of the nanoparticles. The interchain 

size increases which may be due to the very small intensity shift.  Also lattice 

strain was found to be decreased exhibits good crystallinity. The lattice 

constants ‘a’ and ‘c’ and bond length ‘L’ for the plane 002 have been 

evaluated using formulae from research literature [77,78].  The lattice 

constants of semiconductors usually depend upon defects, external impurity 

concentration and difference in ionic radii with respect to the substitute 

matrix ion. The calculated lattice constants for unannealed and annealed Ag-

ZnO are a = 0.014 nm, c = 0.25 nm and a = 0.123 nm, c = 0.214 nm. It 

shows slight change in lattice parameters after annealing. Annealing stress 

effect was also observed on Zn-O bond length. The calculated values are 

0.530 and 0.332 nm for unannealed and annealed ZnO showing decrease in 

the bond length which may be due to the increase in grain size of annealed 

samples. 
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4.2.2  Morphological Studies 

           The presence of dopant in the synthesized nanoparticle structures 

was confirmed by EDX spectrum of Ag-ZnO as shown in Figure 4.2 and the 

inset shows the composition of different elements present in the system. It 

verifies the presence of small amount of silver particle in the system which is 

also confirmed by phase purity of XRD. The morphological studies (SEM) 

were used to investigate the surface morphology of the prepared samples. 

The SEM image of Ag-ZnO (Figure 4.3) shows rod like morphology with 

some agglomeration. The morphology found to be changed to rod like 

structure upon annealing. It is observed that the nanostructures have oxygen 

vacancies. The silver incorporation is less than 1.5 atomic percentages. The 

HRTEM studies have been carried out to evaluate the shape and size of 

individual nanostructure and the obtained image is shown in Figure 4.4 for 

Ag-ZnO sample. It can be seen that the synthesized ZnO forms nanorods, 

which are about 130 nm in length and 36 nm in radius. The silver 

nanoparticles are found to be attached to be with ZnO rod which exhibit 

sphere like morphology and their size ranges from around 15 to 21 nm. 

 

Figure 4.2 EDX of Ag doped ZnO nanostructures 
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Figure 4.3  SEM images of (a) unannealed,(b)annealed Ag doped 

ZnO nanostructures 

                   

 

 

 

 

 

Figure 4.4 HR-TEM image of Ag doped ZnO nanostructures 
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4.2.3  Optical Properties 

          The room temperature photoluminescence (PL) of Ag-ZnO and 

annealed Ag-ZnO nanostructure emission spectra are shown in Figure 4.5. 

There is only one sharp emission peak 328 nm obtained in the spectrum of 

unannealed Ag-ZnO and this emission peak got blue shifted to 391 nm in the 

ultraviolet region of annealed sample caused by the recombination of free 

exciton [79].  

 

 

 

 

 

 

Figure 4.5 PL spectra of unannealed and annealed Ag doped ZnO 

It is interesting to note that emission peaks are increased on the annealing 

of doped sample as shown in Figure 4.5. The spectrum consists of two 

broad bands centered at 331 and 391 nm in the UV region. The emission 

peak around 391 nm is associated with recombination of excitation centers 

and weak the quantum Confinement. However, if the exciton-Bohr radius of 

ZnO samples is 4 nm then it is called quantum confinement. But here, the 

particle size was found to be around 8 nm. Hence, this has less control over 

the growth of nanoparticle size and might be the reason for weak quantum 

confinement in annealed samples. The peak located at around 423 nm is 

reported in few reports; it may be suggested due to oxygen vacancies or Zn 

interstitials [24]. Peak located at 486 nm (blue emission) might be attributed 

to intrinsic defects such as oxygen (Oi) and zinc interstitials in ZnO [80]. 
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According to research group [81], at higher temperature treatment Zn atoms 

easily reacted with O atoms increases the amount of coupled Zn and O 

atoms. In addition, it is reported that visible emissions from nanostructured 

ZnO mainly originate from different defect states (several oxygen vacancies, 

and Zn interstitials etc.).  On the basis of local density approximation (LDA), 

there are five donor and acceptor type defect levels in ZnO nanostructures. 

Zni (Zinc interstitial) and Vo (Oxygen vacancies) are called Acceptor like 

defects while VZn (Zn Vacancy), OZn(antisite) and Oi (Oxygen interstitial) as 

Donor like defects. In the present work, four luminescence bands are 

observed at RT. According to the energy level diagram of defects in ZnO 

nanostructures, these  four  emission bands in annealed sample are shown 

in the Figure 4.6. The defects are calculated by full-potential linear muffin-tin 

orbit technique. From the PL spectra, results revealed that the annealing not 

only raised the crystalline quality of samples but also improved their optical 

properties. These materials could be very useful for the future opto-

electronic, photocatalytic and biomaterial applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6  Energy level diagram showing different PL emissions:  

(a) UV, (b) Violet and (c) blue emissions in Ag doped ZnO 

nanostructures 
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4.2.4  Magnetic Properties 

       The magnetic studies of unannealed Ag-ZnO and annealed Ag-

ZnO powder samples have been studied by using VSM at the room 

temperature and are shown in Figure 4.7. The different values of coercivity, 

retentivity and saturation magnetization are put into a Table 4.2. It is 

observed that annealed doped ZnO has higher saturation magnetization  

Ms = 395 emu. The increase in magnetization may be associated with the 

presence of oxygen vacancies [82]. It can be considered that the 

ferromagnetic coupling is essentially due to the Ag atoms in both the 

irregularly rod-shaped and the hexagonally- shaped particles. 

 

Figure 4.7 Room temperature magnetism curves of unannealed and 

annealed Ag doped ZnO 

Table 4.2 Coercivity, retentivity, and saturation magnetization values 

of annealed and unannealed Ag-ZnO 

Samples 

Coercivity 

(Hc) 

(Oe) 

Retentivity 

(Mt) 

(emu) 

Saturation 
magnetization 

(Ms) 

(emu) 

Unannealed Ag-ZnO 200 15.00 390 

Annealed Ag-ZnO 240 15.00 395 
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 These results confirm that Ag doping into ZnO lattice induces 

ferromagnetic ordering at room temperature (RT) [83]. According to recent 

report [84], the magnetism in Ag doped ZnO at 300 K is due to the existence 

of bound magnetic polarons (BMPs). The magnetic behavior of annealed Ag-

doped ZnO at RT also reveals the existence of BMPs in these samples. It is 

intriguing to observe the increase in values of saturation magnetization and 

retentivity on annealed Ag doped ZnO NPs. This supports the conclusion 

that oxygen vacancies and magnetic Ag ions lead to the formation of 

magnetic polarons as explained in Figure 4.8. The formation of oxygen 

vacancies, Ag ions, intrinsic defects and Zn interstitials in Ag doped ZnO is 

also confirmed by XRD/EDX and PL studies. The figure shows magnetic 

ions having magnetic moments in random direction denoted by ‘a’, coupling 

of oxygen vacancies and magnetic ions having magnetic moment in random 

motion denoted by ‘b’ and ‘c’ overlapping of polarons and hence alignment 

of magnetic moment in same direction. The more polarons overlapping is 

caused by the presence of more oxygen Vacancies and hence 

ferromagnetism is arbitrated. Thus, annealed nanoparticles show better 

ferromagnetism than the unannealed Ag doped ZnO NPs. These materials 

can be used in spintronics and biomedical applications.  

 

 

 

 

 

Figure 4.8  Magnetic polaron diagram a) Isolated magnetic ion  

b) Isolated magnetic polaron c) Overlapped magnetic 

polarons 
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4.2.5  Thermal Analysis 

         The thermal evolution of AgZnO sample under nitrogen 

atmosphere has been investigated before calcinations by thermogravimetric 

analysis (TGA) and differential thermal analysis (TDA). The TGA result is 

shown in Figure 4.9(a). The recorded thermograph was first analyzed to 

obtain information about the percentage weight loss at given temperature 

and hence to know the thermal stability and kinetics of dissociation of 

compound. Analysis of TGA thermographs of the as-synthesized sample 

revealed three distinct regions of weight loss. The first region, a gradual 

weight loss of about 15% beginning at 31C and ending at 142oC, was 

associated with the loss of residual water in the samples. This indicates that 

although the sample was dried for 5h at 100C in air, water were not 

eliminated completely until temperature reaches about 235C. In the second 

region, about 5% of weight was lost between 142 and 186C. Such weight 

loss can be associated with the practical elimination of organic components. 

Finally, the last weight loss occurred above 580C, which represents 

approximately 2% of initial solid weight. The TGA curves of the Ag doped 

ZnO sample revealed weight loss throughout the whole measurement range 

indicating the practical elimination of all water and organic species by the 

thermal treatments before realizing the TGA analysis. 

 

Figure 4.9 TGA/DTA spectra of Ag doped ZnO nanostructures 
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        DTA analysis was performed to determine the effect of Ag doping 

on the crystallization of ZnO. Figure 4.9(b) shows the DSC curve of the 

prepared sample. The DTA curve revealed an exothermic peak centered at 

414C about and two endothermic peaks located at about 172C and 562C. 

The endothermic peaks were attributed to the elimination of water adsorbed 

on the surface of the doped ZnO nanostructure. The exothermic peak 

observed can be attributed to the crystallization of Ag doped ZnO sample, 

indicating that the given sample obtained crystallizes at relatively low 

temperature [85]. Therefore, the crystallization of ZnO nanoparticles 

occurred at temperatures over around 560 
C. For this reason, this study 

selected 500C to estimate the crystallization of the given samples.                                                                                                      

4.3  CONCLUSION 

 In this work, Ag doped ZnO nanoparticles were prepared by 

simple chemical sol-gel method and characterized using XRD, SEM, EDX, 

PL and VSM techniques. Sol-gel method has been found to be an easy, 

cheap, very fast and environmental friendly compared to other chemical 

methods. XRD shows the growth of grain size of nanoparticles and good 

crystallinity after annealing. The annealed sample shows decrease in 

agglomeration in their morphology. Optical emission spectra illustrate 

additional peaks due to annealing effect Ag-ZnO. The detected 

supplementary emission bands point towards promising applications of the 

annealed Ag-ZnO nanoparticles, especially bearing in mind their low cost 

and availability. UV-driven white light emission generation in luminescent 

lamps, flexible displays, and down-shifting of solar spectrum for 

enhancement of efficiency of solar cells are some of its device applications. 

The magnetization increases with annealing   indicating that annealed Ag 

doping ZnO might be an effective way to obtain more prominent RT-FM in 

ZnO-based DMS nanoparticles. 
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CHAPTER 5 

SYNTHESIS OF Ag/ZnO NANOCOMPOSITES- COMPARATIVE 

ANTIBACTERIAL AND PHOTOCATALYTIC STUDIES 

                                                                              

5.1  INTRODUCTION  

           Semiconductor oxides with noble or transition, or rare earth metal 

nanocomposites are interesting because of their superior optical, electrical, 

magnetic and chemical properties. These properties that arise from their 

combination, deliver the materials interesting in different application areas, 

including nanoelectronics devices, catalysis, nonlinear optical devices, bio-

medical, etc [86]. In these nanocomposites, materials with different 

properties can be grouped in same particle to perform multiple technological 

functions. However, they can also show new properties and functionalities 

due to the strong interaction between the two different functional 

components [87,88]. Metal-oxides semiconductor nanocomposites have 

been extensively explored because of their potential applications in wide 

fields. Among them, Ag/ZnO nanocomposites have attracted large attention, 

not only because ZnO is one of the most important wide-band gap 

semiconductors and has various applications, including use in sensors, 

electronics, solar cells and photo electronics, but also because silver 

nanomaterials display some unique features in chemical and biological 

sensing, which are based on surface-enhanced Raman scattering (SERS), 

localized surface plasmon resonance (SPR), and metal-enhanced 

fluorescence [89]. In addition, silver modification is found to be effective for 

the fabrication of p-type ZnO, as the naturally occurring ZnO displays n-type 

conductivity due to its native defects such as zinc interstitials and oxygen 

vacancies [90]. In recent years, silver ions become more interests of the 
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several research works, because of their novel effects on the efficiency of 

photoactivity of semiconductor photocatalysis and their evolution on 

antibacterial activity [91]. On the other hand, ZnO has received much 

attention over the past few decades because it has a wide range of 

properties that depend on doping, including a range of conductivity from 

metallic to insulating (including n-type and p-type conductivity), high 

transparency, piezoelectricity, wide-band gap (3.37 eV at 300 K), large 

binding energy (60 meV), high melting point ~1975 C, semi conductivity, 

room-temperature ferromagnetism, and huge magneto-optic and chemical-

sensing effects [92]. Without much effort, it can be grown in many different 

nanoscale forms, thus allowing different noble devices to be achieved. Many 

efforts have been made alone to synthesize ZnO with various morphologies 

in the nanoregime, including rods, belts, prisms, wires, rings, flowers, and 

many more. Various techniques that have been used to synthesize Ag/ZnO 

composites include template confined synthesis routes, high-temperature 

methods, hydrothermal synthesis, solution-phase methods using additives, 

such as surfactants, sonochemical method and microwave heating. In this 

chapter, synthesis of Ag/ZnO nanorods of the order of 100 nm diameters 

through facile chemical sol-gel method is reported. Effects of incorporation of 

Ag into ZnO crystal on their optical, structural and antibacterial behavior of 

the ZnO nanorods are studied in details. 

5.2  RESULTS AND DISCUSSIONS 

5.2.1  Structural Studies 

 The change in crystalline phase structure of Ag/ZnO nano 

composite were investigated by XRD at room temperature (RT). Figure 

5.1(a) shows the XRD pattern of uncoated ZnO nanoparticles recorded in 

the range of 20° to 80°, with a scanning step size 0.02°. All diffraction peaks 

attributed to crystallinity of ZnO with the hexagonal wurtzite structure (space 

group: P63mc (186); a=0.325 nm, c=0.519 nm). The data obtained are in 

good agreement with the joint committee on powder diffraction standards 
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(JCPDS) card for ZnO (JCPDS 036-1451). The strongest peaks were 

detected at 2θ values are: 31.7°, 34.4°, 36.17°, 47.5°, 56.6°, 62.2°, 66.4°, 

68° and 69.1°, corresponding to the following lattice (hkl) planes: (100), 

(002), (101), (102), (110),(103), (200), (112), and (201), respectively. Two 

additional weak peaks are obtained at 38.18° and 44.36°, as shown in 

Figure 5.1, which can be assigned to the (111) and (200) crystal planes of 

face centered cubic (fcc) structure of Ag crystalline (JCPDS 4-0783) [93]. 

These peaks are weak presented due to their low content. The average 

particle grain size (D) can be [94] calculated from the width of lines in the 

XRD spectrum, with the aid of Scherrer formula. 

 

Figure 5.1 X-ray diffraction pattern of a) uncoated ZnO and  

b) Ag-ZnO nanorods 

 The calculated ‘D’ values of Ag nanoparticles estimated around 10 

nm, and that of ZnO nanorods were found to be decreased from 17 nm to 12 

nm after Ag coating.  

5.2.2  Morphological Studies 

 In order to obtain the information about microstructure, 

morphology and Ag distribution in the as-synthesized samples, HRTEM 

observations were carried out, as shown in Figure 5.2(a). A typical HRTEM 
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image of an individual Ag/ZnO composite sample reveals that metallic Ag 

nanoparticle attached on the surface of ZnO nanorod. The Ag nanoparticles 

having average size around 10 nm are highlighted by dotted circles attached 

with the ZnO rods. Although there are some ZnO nanorods without Ag 

nanoparticles attached to their surfaces while isolated Ag nanoparticles are 

hardly found. Moreover, Ag aggregates are hardly found in TEM 

observations indicating metallic Ag nanoparticles are completely dispersed in 

ZnO nanorods. Thus, it is concluded that the as-synthesized samples are 

composed of Zn, Ag and O elements, which is in good agreement with XRD. 

Figure 5.2 (a) Uv-Vis spectroscopy (b) HR-TEM images of Ag-ZnO 

nanorods  

5.2.3  Optical Properties 

                    UV-visible spectroscopy was carried out to study the optical 

property of the nanorods. The room temperature UV-VIS absorption spectra 

of the ZnO and Ag-ZnO nanostructures in the range of 300-800 nm Fig. 

5.2(b). It shows a prominent exciton band at 372 nm corresponding to the 

ZnO nanostructures. This absorption peak is blue shifted as compared to the 

exciton absorption of Ag-ZnO (343 nm) owing to the size effect of the 
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nanostructures. This absorption in the visible range of wavelength implies 

that there exist more defect energy levels in the synthesized ZnO 

nanostructures that are due to the specific experimental synthesis 

conditions. The band gap of the material was calculated using Tauc’s 

equation. The Figure 5.3 shows the plot of (αhν)2 versus hν, the band gap 

was found to be 3.72 eV, which is somewhat higher than that of the ZnO (3.4 

eV). This band gap enhancement occurs due to the size effect of the ZnO 

nanorods. 

 

       

Figure 5.3 Tauc’s plot for determination of band gap uncoated ZnO and  

b) Ag-ZnO nanorods 

               Considering the particles size, when the size is less than the ‘‘Bohr 

radius’’ (for ZnO Bohr radius is 2nm) it is said to be in strong confinement 

regime and bigger than these, the particles are said to be in weak 

confinement regime. In this regime, the Coulomb energy is much larger than 

the confinement effect. In the present case, the prepared particles are well 

above the Bohr radius, so in these structures the electron–hole pair is 

confined as a whole and quantification of the movement of the center of 

mass is accomplished. The room temperature PL spectra (excitation at 325 

nm) of pure and doped ZnO nanoparticles are shown in Figure 5.4. It is used 

to verify the quality crystal and possible effects of Ag coating on ZnO 

nanostructures. Generally, the PL spectrum of ZnO consists of UV emission 
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and the visible broadband emission [95]. The UV-range emission, called 

radioactive recombination, occurs due to the recombination between the 

electrons in a conduction band and the holes in a valence band. 

 

                

                              

 

 

 

 

Figure 5.4 PL spectra of (a) ZnO (b) Ag-ZnO nanorods 

 On the other hand, the visible range emission, called 

nonradioactive recombination, occurs due to the recombination between the 

electrons in a deep defect level or a shallow surface defect level, and the 

holes in a valence band [96,97]. It could be seen from PL spectra that the 

UV emission in Ag/ZnO composite is decreasing due to the distinct surface 

plasmon resonance (SPR) effect of noble metals, Ag or Au, indicating the 

decrease in electron-hole recombination. This decrease in emission intensity 

is in accordance with the Stern-Volmer quenching, and similar results were 

previously reported [98]. It can be seen that as-synthesized sample ZnO 

(Figure 5a) exhibit a UV emission (390 nm) and a weak visible emission  

(510 nm). The UV peak (390 nm) at 3.26 eV corresponds to the near-band-

edge (NBE) emissions originated from the recombination of the free excitons 

of ZnO [99]. Furthermore, a visible peak observed at 510 nm which can be 

likely due to different intrinsic or extrinsic defects. According to other reports, 

the green emission (521 nm) was due to oxide antisite defect (OZn) [100]. 

Moreover, the green emission (520 nm) of ZnO nanostructures was also 
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attributed to oxygen vacancies and zinc interstitials (Zni). After loading Ag in 

ZnO sample, this visible peak (510 nm) is shifted to strong green emission 

570 nm which may be due to change in the size of nanostructures.  

 The green emission (540 nm) of ZnO nanostructures was often 

attributed to singly ionized oxygen vacancies (VO+). Combining with the 

structures and Raman results, the peak centered at 570 nm can be likely 

due to the oxygen vacancies instead of interstitials zinc (Zni) defects. 

Moreover, the defect energy level of singly ionized oxygen vacancies (VO+) 

is considered to be 2.3 eV below the conduction band edge when the band 

gap of ZnO is 3.3 eV [101], which is very close to the energy of the green PL 

(2.2 eV) (570 nm) peak observed in this study. Hence, It might also put 

forward that the green photoluminescence of the as-synthesized ZnO 

samples may be attributed to singly ionized oxygen vacancies (VO+) at the 

AgZnO surface in the study. Similar results were also reported by the 

research group [102]. Furthermore, it is fascinating to observe UV emission 

is blue shifted from 390 to 380 nm after Ag loading IN ZnO which is 

attributed to the quantum confinement [103]. The effects of defects or/and 

impurities due to Ag doping on PL, can be observed by the FWHM 

measurement of free exciton emission. Generally, full width at half maximum 

(FWHM) of intrinsic emission in PL spectrum is related to the crystal quality. 

A small FWHM indicates that the crystal is of high quality, and its large value 

suggests the crystal is imperfect, showing it may have point defects. 

Meanwhile, FWHM the values for both samples are nearly close to each 

other. These results indicate Ag coating does not effectively degrade the 

crystal. 

5.2.4  Raman Spectroscopy 

 To investigate the influence of Ag on the molecular vibrational 

modes of ZnO nanoparticles, room temperature Raman spectra of ZnO and 

Ag-nanorods in the spectral range of 200 to 800 cm-1 were measured and 

shown in Figure 5.5. According to group theory, the structure of ZnO belongs 
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to the C6V symmetry group, which predicts two A1, two E1, two E2 and two B1 

modes. Among these, A1 and E1 modes are polar, and split into transverse 

(TO) and longitudinal optical (LO) phonons, all being Raman and infrared 

active. E2 modes are only Raman active, and B1 modes are infrared, and 

Raman inactive (silent modes).   

      

Figure 5.5 Raman scattering of (a) pure ZnO (b) Ag-ZnO nanorods 

The Raman spectra of undoped ZnO nanoparticles consist of peaks that 

were observed at 331 cm-1 (second-order vibration), 380,409, 438, 537, 581, 

658, and 720 cm-1, corresponding to the E2(High)-E2(Low), A1(TO), E2(High), 

TO+TA(M), E1 (LO) and E2(Low)-B1(High) fundamental phonon modes of 

hexagonal ZnO, respectively [104]. The 331 cm-1 mode could be observed 

by enhancement of Raman active and inactive phonons, with lattice 

symmetry due to disorder-activated Raman scattering (DARS) [105,106]. 

The 380 cm-1 mode is used to raise the degeneracy of infrared active optical 

phonons into a transverse (TO) branch which is also well known by the 

Lyddane–Sachs–Teller relation [107]. The 409 cm-1 mode is associated with 

lattice disorder along the c-axis of the ZnO crystal, the 438 cm-1 mode 

corresponds to E2 mode of wurtzite ZnO, and a very sharp feature. The 582 

cm-1 E1 (LO) corresponds to well resolve Raman peaks due to multiphonon 

and resonance processes, and are related to oxygen deficiency.  
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 Furthermore, it can also be seen that the intensity of defect-

induced mode frequency for Ag-ZnO is higher than that of pure ZnO, as 

shown in Figure 5.4. Therefore, the improvement of the peak at 584 cm-1 in 

Raman spectra may result from the concentration of lattice defects in Ag-

ZnO samples becoming higher after Ag loading. According to the research 

reports, the 537 cm-1 peak is a Zn–C mode, and the 658 cm-1 peak was a 

Zn–CH2 mode, which are associated with the precursor materials in the sol-

gel process. Ag/ZnO composite related vibrational modes were identified as 

follows: 234, 343, 420, 509, 610, and 700 cm-1. The additional peak at 234 

cm-1 obtained in the given spectrum is due to the radial effect of Ag atoms. 

The main peak, 438 cm-1, slightly red shifted to lower wavenumber of 420 

cm-1, with the increment of 2 cm-1. Respectively, the PL studies also 

confirmed the red shift in the doped materials which is confirming the size 

effect of quantum confinement. 

5.2.5  FTIR Analysis 

          The FTIR spectrum of ZnO and Ag/ZnO nanostructures was 

recorded in the range 400-4000 cm−1, using FTIR spectrometer and is given 

in Figure 5.6. From the FTIR spectrum, various functional groups and metal-

oxide (MO) bond present in the compound were analyzed. In the FTIR 

spectrum, a significant band at ~ 475 and 425 cm−1 is assigned to the 

characteristic stretching mode of Ag-O and Zn-O bond [108,109]. The peak 

at ~ 940 cm-1 may be attributed to aromatic C=C stretching mode [110].            

 Absorption band at ~ 3425 cm−1 arises due to the stretching mode 

of O-H group, which reveals the existence of a small amount of water 

absorbed by the ZnO nanostructures [111,112]. The peak located at  

~ 2344 cm−1 is due to atmospheric CO2 present in the instrument. Stretching 

modes of C-O and C=O are observed at ~ 1387.31 cm−1 and 1533.86 cm−1. 

On doping, stronger and wider absorption bands are observed in the region 

~ 1170-878 cm−1 due to the organic capping of nano silver. 
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Figure 5.6   FTIR spectra of (a) ZnO (b) Ag-ZnO nanorods 

5.2.6  Antibacterial Studies 

 In present study, the relative antibacterial activity of ZnO and Ag/ZnO 

suspensions of particles of different sizes around 17 nm and 12 nm towards 

Gram positive (Micrococcus leutus) and Gram negative (Klebsiella 

pneumoniae) bacteria were studied in aqueous in LB broth. The well 

diffusion method is used to test the ability of the antibacterial agent to 

rupture the bacterial cells, and inverse relationship has been found between 

the particle size and its activity. The reason may be due to the increase in 

surface-to-volume ratio of small size particles, and hence showing greater 

penetrating ability and reactivity [113]. At the concentration of 1 mg/mL, the 

antibacterial activity is studied against Gram negative and positive bacteria 

by determining the Zones of Inhibition (ZOI). These ZOI are represented by 

dotted circles as shown in Figure 5.7. The observed ZOI for undoped ZnO is 

14 and 18 mm against M. leutus and K. pneumonia respectively, which is 

increased up to 19 mm and 23 mm for Ag/ ZnO nanorods mentioned in the 

Table 5.1. 
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Figure 5.7 Zones of Inhibition of ZnO and Ag- ZnO nanorods 

against the given bacteria 

Table 5.1  Average diameter values of ZOI of ZnO and Ag- ZnO 

nanorods  

             

Bacterial Culture 

         Zones of Inhibition (ZOI) 

                          (mm) 

           ZnO Ag-ZnO 

M. leutus 14 19 

K. pneumonia 18 23 

Grain Size (mm) 17 12 

 

 From these zone measurements, it could be stated that Ag/ZnO 

composite possesses effective antibacterial property, as compared to ZnO 

nanoparticle. The antibacterial activity of nanoparticles may either directly 

interact with the microbial cells (e.g. interrupting transmembrane electron 

transfer, disrupting/penetrating the cell envelope and oxidizing cell 

components), or produce secondary products (e.g. reactive oxygen species 

(ROS) that cause damage. Only a few reports are available in the case of 

antibacterial properties of doped ZnO. There are numerous mechanisms 

behind the antibacterial activity of MOs. More recently, it was [114] reported 
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that ZnO is activated by white lights to increase electron-hole pairs. These 

holes split the H2O molecule from the suspension of ZnO into hydroxyl 

radical (OH-) and hydrogen ion (H+). Dissolved oxygen molecules are 

converted to superoxide radical anions (O2
-), which react with hydrogen ion 

(H+), to produce HO2
- radical. These hydroxyl radicals on collision with 

electrons produce hydrogen peroxide anions HO2
-, which react with 

hydrogen to produce H2O2 molecules. These generated H2O2 molecules can 

penetrate the cell membrane and kill the bacteria. The hydroxyl radicals OH- 

and O2
-, super oxide radical anion are negatively charged particles, they 

cannot penetrate into the cell membrane and must remain in contact with 

outer surface of the bacteria, and however, H2O2 penetrate into the cell 

[115]. These active molecules are effectively toxic to bacterial substances. In 

addition, the damage of cell membrane might directly lead to the leakage of 

minerals, proteins and genetic materials, causing ultimate cell death. 

Another mechanism is the electrostatic force between silver nanoparticles 

and the bacteria. In Ag-ZnO nanocomposites, it was observed due to the 

transfer of electrons from Ag to ZnO nanoparticle, Ag nanoparticle becomes 

positively charged. On the other hand it was mentioned that the complete 

surface of the bacteria produces negative charge due to the dissociation of 

an excess number of carboxylic and other groups in membrane. Hence an 

electrostatic force comes into play between positively charged Ag and 

negatively charged bacteria due to the electrostatic interaction between Ag 

and ZnO nanorods [116,117]. The real killing mechanism behind ZnO and 

Ag doped ZnO is not well established. Also it was reported that most 

important factors that seem to play a major role in governing the toxicity 

mechanism could be attributed to the difference in oxygen vacancies with 

changing properties of ZnO nanoparticles. In Ag-ZnO nanorods there are 

more oxygen vacancies which is confirmed by the PL and Raman spectra. 

The increase in oxygen vacancies renders the particles to be more positively 

charged when compared with pure ZnO and hence, confirms again the 

electrostatic interaction between the positively charged particles and the 

negative cell wall surface and therefore promotes the antibacterial efficiency. 
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From antibacterial test, it is confirmed that Ag/ZnO nanoparticles render an 

effective antibacterial agent, when compared to pure ZnO. It was also 

interesting to note that both the samples had strong antibacterial activity 

against both Gram negative and Gram positive bacterial culture. Therefore, it 

could be concluded that the creation of active species by photo induced 

reaction are the main source towards the bacterial toxicity, in the case of 

transition metal oxide compounds. 

5.2.7  Photocatalytic Studies 

 

 

 

 

 

 

 

 

Figure 5.8  The absorption spectra of methylene blue for different 

time intervals taken to study the adsorption of dye with    

synthesized Ag-ZnO nanorods 
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Figure 5.9  Photodegradation curves (a) commercial (b) pure and  

(c) Ag-ZnO nanorods 

                 The photocatalytic degradation study of commercial, undoped 

ZnO and Ag-ZnO nanorods with methylene blue (M.B) dye solution was 

studied.  In present course of study it is observed that the dye molecules 

getting adsorbed to the catalyst surface. This was indicated by the colour 

change of the catalyst from blue to white. In order to get more insight of 

photocatalyst, degradation studies were carried out by irradiating with UV 

lamp. The photocatalytic reaction was carried out with 0.02 g of samples 

dispersed in 25 mL of 15 ppm M.B aqueous solution. The suspensions were 

magnetically stirred in the dark for 15 mins to establish the 

adsorption/desorption equilibrium of methylene blue. On different irradiation 

time the bleached dye solution due to photocatalysis was collected and the 

photo degradation efficiency was calculated. Figure 5.8 shows the 

absorption spectra of MB under irradiation of UV light in the presence of sol-

gel synthesized Ag-ZnO nanorods. The peak height gradually decreases as 

the irradiation time increases, indicating the degradation of MB by the 

photocatalytic activity of ZnO. It is also evident in the given Figure that the 

peak position is shifted toward lower wavelengths with increased irradiation 
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time. The peak shift is due to the formation of photo-degradation 

intermediates species that have absorption peaks in the range between 642 

and 671 nm. Figure 5.9 shows the photocatalytic degradation curves of 

commercial, synthesized ZnO and Ag-ZnO nanorods. The degradation 

efficiencies of these samples after different intervals of irradiation time are 

mentioned in Figure 5.10(a). The results show that the loading of silver 

significantly enhance the photocatalytic efficiency of ZnO in degradation of 

methylene blue. The photocatalytic degradation reaction starts only when 

ZnO absorbs photon which contains energy equal to or higher than the 

energy band gap of ZnO generating electrons-hole (e-
cb / h

+
vb) pairs in it.  

   

 

 

 

 

 

Figure 5.10  (a) Degradation efficiencies and (b) Photographs of 

decolorization of MB with sol-gel prepared Ag/ZnO 

nanoparticles for different time intervals under UV light 

 The photogenerated electrons react with O2 or oxygen species to 

produce super- oxide radical anions (.O-
2), while the photogenerated holes 

react with water molecules to generate hydroxyl radicals (.OH). According to 

research group [118], these reactive radicals function collectively to 

decompose organic compounds. The ZnO nanostructure has work function 

5.2 eV which is higher than that of silver (4.2 eV), so that Fermi level in ZnO 

is lower than Ag. The electrons will transfer from Ag to ZnO to form a uniform 
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Fermi energy level during the formation of Ag-ZnO junction reported by the 

research group [119]. 

 In this way Ag nanoparticles act as sink of electrons on the surface 

of ZnO and promote the interfacial charge transfer kinetics between the 

metal and semiconductor also confirmed by PL. This charge transfer kinetics 

improves the separation of photogenerated electron-hole pairs and thus 

enhances the photocatalytic activity. According to other reports [120] the 

lattice defects could serve as useful trap sites of the electrons or holes to 

reduce their recombination and therefore amplify the photocatalytic activities. 

Then, it shows more the singly ionized oxygen vacancy (VO+) defects, the 

higher the photocatalytic activity. For as-synthesized Ag-ZnO samples, Ag is 

proposed to be located at substitutional positions instead of zinc 

substitutional site, which was revealed in PL and Raman results. Thus singly 

ionized oxygen vacancy (VO+) defects may be of benefit to the photocatalytic 

activities of the Ag loaded ZnO photocatalyst. 

5.3 CONCLUSION 

 Ag/ZnO nanorods were synthesized by the simple wet chemical 

sol-gel method. The grain size was controlled by using polyvinyl pyridine as 

capping agent. Nanoparticle crystallinity, quality of the samples, chemical 

composition, and the optical properties were investigated by XRD, μ-RS, 

FTIR, PL spectrometer and HR-TEM. The enhanced bioactivity was 

demonstrated by studying the antibacterial activity of ZnO and Ag/ZnO 

samples. These improved bioactivities of smaller particles were attributed to 

the higher surface to volume ratio. The smaller particles need more particles 

to cover a bacterial colony, which results in the generation of active oxygen 

species, which will kill bacteria more effectively. Therefore, Ag/ZnO 

nanorods were found to be more effective towards Gram negative and thus, 

contribute to the greater mechanical damage for all the functions of bacteria, 

and enhanced bactericidal impact of uniform fine structured Ag/ZnO 

nanorods. The 1 mol% Ag-ZnO photocatalyst exhibits the highest 
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photocatalytic decolorization efficiency, leading to as much as 96% reduction 

of the MB concentration in 60 mins. All these results indicated that Ag-ZnO 

sample is a potential candidate for the practical application in photocatalytic 

decolorization of organic contaminants and destruction of bacteria. 
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CHAPTER 6 

INFLUENCE OF Cr DOPING ON OPTICAL, STRUCTURAL, 

AND MORPHOLOGICAL PROPERTIES OF ZnO 

NANOSTRUCTURES FOR ANTIBACTERIAL AND 

PHOTOCATALYTIC APPLICATIONS 

 

6.1  INTRODUCTION 

 Recent developments in nanoscience and nanotechnology have 

brought potential building blocks for electronic, optoelectronics, medicines 

solar cells and biomedical applications. The surface/volume ratio increases 

as the material dimension decreases to nano-order. This ratio of 

nanomaterials has significant implications with respect to energy storage 

density [121,122]. Nanomaterials, especially metal oxides have received a 

considerable attention over the last few years due to their distinguished 

performance and potential applications in various fields. Among these 

oxides, ZnO exhibits the most diverse and abundant configurations of 

nanostructures. ZnO is considered to be one of the best metal oxides that 

can be used at a nanoscale level. ZnO itself has normally a hexagonal 

wurtzite structure and it is well-known as an n-type II-VI semiconductor with 

a wide direct band-gap of about 3.37 eV and a large exciton binding energy 

~ 60 meV. They have many applications in solar cells, luminescent, electrical 

and acoustic devices, chemical sensors, catalysis, electronics, gas sensor 

devices, optoelectronics, transducers, and biomedical devises [123,124]. 

Numerous applications have made the ZnO as wonder material for material 

scientists and the quantity of ZnO used in different application is also 

increasing. Hence, its production is ever increasing and a suitable technique 
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for preparing ZnO is a challenge for scientists. This technique must possess 

better properties like less operating cost, work at ambient temperature, and 

take less time with narrow size range. Meanwhile, doping in ZnO alters the 

band-gap optical, electrical, non-linear optical (NLO) and magnetic 

properties [125,126]. Among the dopants, transition and rare earth metals 

have gained much attention. In transition metal ions, Cr+3 has several 

advantages as a dopant for Zn+2. Chromium (III) oxide has a wide range of 

applications including pigments to reflect infrared radiation [127], 

heterogeneous catalysts [128], coating materials for thermal protection, wear 

resistance [129], and so on. Because of having advanced gas sensing, 

catalytic properties and capability to improve stability of ZnO films against 

hydrochloric and nitric acid media ZnxCr1-xO material could be a suitable 

sensor for aggressive environments. Furthermore, these materials specially 

prepared in nanocrystalline state are interesting systems for H2 production 

via photoelec-trochemical splitting of water [130]. In addition, ionic radius of 

Cr+3 (0.063 nm) is close to that  Zn+2 (0.074 nm) which makes easy to 

incorporate into ZnO crystal structure and induces the modification in 

magnetism at room temperature (RT) and also enhances the green 

emission. Replacement of Cr into Zn site also enhances diverse properties 

for potential applications [131-133].  

 Large number of methods for the synthesis of ZnO are reported in 

the literature, such as precipitation, micro emulsion, non-microemulsion, 

ultrasonic radiation precipitation, microwave irradiation, mechanical milling, 

solution combustion, sol-gel, and microwave-assisted solvothermal methods. 

The sol-gel method has several distinct potential advantages over its 

counterparts because it consists of heating an aqueous solution of metal 

salts or complexes at moderated temperatures below 100C. Therefore, 

such technique does not require high-pressure containers and is also 

entirely recyclable, safe and environment friendly because only water can be 

used as a solvent. Such a process avoids the safety hazards or organic 

solvents and their eventual evaporation and potential toxicity. The 

morphology of the resulting nanostructures can be tuned via sol-gel 
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chemistry. More importantly, doping during the aqueous chemical growth is 

very simple and typically involves mixing the precursors in an appropriate 

ratio. In addition because no organic solvents or surfactants are present, the 

purity of the materials is substantially improved. The residual salts are easily 

washed out by water due to their high solubility. To date, a number of 

researchers have reported the fabrication of nanostructured with spherical, 

rod, flower, wire, cube and sheet-like structures [134]. In this chapter, the 

synthesis and characterization of undoped and Cr- doped ZnO 

nanostructures by sol-gel method is reported and their characterization was 

done by using XRD, SEM, TEM, AFM, PL, FTIR and Raman spectroscopy 

techniques. The photocatalytic performance for degradation of methylene 

blue (M.B) and antibacterial activity of these nanostructures were studied 

against gram-negative bacteria V. cholera using standard agar well diffusion 

method.  

6.2  RESULTS AND DISCUSSIONS 

6.2.1  Structural Analysis 

 

Figure 6.1 XRD spectra of (a) undoped and (b) Cr-doped ZnO 

nanostructures 
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           The XRD patterns of undoped and Cr-doped ZnO nanostructures 

are shown in Figure 6.1 in the 2θ diffraction angles between 20 and 65 

degrees. Figure 6.1a represents the XRD pattern of undoped ZnO 

nanostructures having six sharp peaks at 32.06, 34.68, 36.46, 47.86, 

56.80 and 63.14 which can be attributed to its different planes. Cr-doped 

ZnO (Figure 6.1b) shows several well-defined diffraction reflections which 

are exactly matched with the wurtzite hexagonal phase undoped ZnO and 

are fully consistent with already reported JCPDS Card no. 89-1397. ZnO 

nanostructures are shifted about ~ 0.3, which indicate that Zn2+ ions have 

been successfully substituted by the dopant ions. This is possible because 

ionic radii of each dopants Cr ions are close to that of Zn ions [135,136]. No 

peaks from other phase of ZnO and impurities were observed showing the 

high purity of doped ZnO nanoparticles. The average particle grain size (D) 

can be calculated from the width of lines in the XRD spectrum with the aid of 

Scherrer formula [137].The calculated particle average grain size of undoped 

and doped ZnO nanostructures estimated around 55 and 43 nm.  In addition, 

the typical Cr related XRD peaks were not found mainly because of their low 

concentrations used. The lattice constants ‘a’ and ‘c’ for the plane (002) were 

calculated from the literature [138]. The lattice constants of semiconductors 

usually depend upon defects, external impurity concentration and difference 

in ionic radii with respect to the substitute matrix ion. The calculated lattice 

constants ‘a’ and ‘c’ for undoped ZnO are 0.3248 and 0.5202 nm and their 

values decrease to 0.3243 and 0.5189 nm respectively after doping. The 

decrease in lattice constants is attributed to the Cr+3 ion substititionin the 

Zn+2 sites. The unit cell volume ‘v’ and bond length ‘L’ were also calculated 

from the literature [139]. The decrease in unit cell volume and bond length 

was observed showing shrinkage in the unit cell as compared to undoped 

ZnO. 
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6.2.2  Morphological Analysis 

           The morphologies of undoped and Cr doped ZnO samples heated 

at same treatment of 500 C were compared and presence of dopant in the 

synthesized nanostructures was determined by SEM and EDX as shown in 

Figure 6.2. The morphology of undoped ZnO shows hexagonal stack of 

platelet rod-like structure and is shown in Figure 6.2(a). On doping 

morphology has changed into the hexagon-rod like structures. The 

morphology of a particle depends on the value of ionic fraction of the bond. 

Here the morphology changes in Cr doped ZnO system, so the result can be 

explained on the basis of ionic fraction of the bond in Cr-doped ZnO. 

              

 

           

 

 

 

 

Figure 6.2 Photographic SEM images (a) undoped (b) Cr-doped ZnO 

(c) EDX spectrum (d) TEM images of doped ZnO 

nanostructures 

 On Pauling scale, the electronegativity of Zn is 1.65 and for Cr it is 

1.66 on same scale Zn is 1.65 and for Cr is 1.66 on same scale i.e. ionic 

fraction is low (~1) that leads to longitudinal structures. These results reveal 

that the morphology of the parent compound changes by doping element 
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[140,141]. The composition of the as-synthesized nanostructures is 

characterized by EDX as shown Figure 6.2(c). Almost all the peaks on the 

curves are ascribed to Zn, Cr and O elements. Thus it is concluded that the 

as-synthesized samples consists all these elements. The TEM studies have 

been carried out to evaluate the shape and size of individual nanostructure 

and the obtained TEM micrograph is indicated in Figure 6.2(d). It can be 

seen that the synthesized samples form nanohaxagon rods of about 85 nm 

in length and radius of 14 nm. The chromium nanoparticles are found to be 

attached with ZnO rod which exhibit sphere- like morphology and their size 

ranges from around 45-31 nm. 

6.2.3  Optical Properties 

        Figure 6.3 shows the PL characterization of the undoped and  

Cr-doped ZnO nanostructures recorded at RT. It is used to verify the quality 

crystal and possible effects of Cr-doping on ZnO nanostructures. The PL 

spectra (excitation at 325 nm) of each sample are composed of two emission 

bands in UV region and one in visible region. The narrow UV emission band 

centered at 359 and 386 nm usually called near band edge (NBE), are 

attributed to excitonic recombination occurring in the ZnO. The peak located 

around 438 nm corresponds to violet emission is attributed to the transition 

from conduction band to the deep hole trapped levels like Vzn (Zinc 

vacancies) [142,143]. It is noticed that neither the undoped nor Cr-doped 

ZnO nanostructures synthesized by sol-gel method give any noticeable 

visible light emission in the range of 510-700 nm which is related to deeper 

level defects such as O vacancies and Zn interstitials.  Therefore the 

absence of visible light emission suggests that as synthesized samples have 

low defect density. The light intensity emission of Cr-doped ZnO in the UV 

region is significantly higher than that of undoped ZnO. This enhancement of 

UV emission could be the result of doping. It is believed that the intensity 

enhancement is because the photo-carriers may escape more easily from Cr 

ions than Zn ions. This leads to quick diffusion of excitons in ZnO and 
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increased exciton diffusion and hence resulting in stronger UV emission 

[144,145]. 

 

Figure 6.3 Typical PL spectra of (a) Cr-doped and (b) undoped ZnO 

nanostructures 

 Compared with ZnO nanostructures, the peak position of UV emission 

of the Cr-doped ZnO nanoparticles exhibited blue shift. It indicates a higher 

energy band that may be caused by strain because the nanostructure sizes 

are much above the excitonic Bohr diameter of ZnO [146]. Generally, FWHM 

of intrinsic emission in PL spectrum is related to the crystal quality. A small 

FWHM indicates that the crystal is of high quality, and its large value 

suggests the crystal is imperfect, showing it may have point defects. 

Meanwhile, FWHM values for both samples are nearly close to each other. 

These results indicate Cr doping does not effectively degrade the crystal. 
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6.2.4  Raman Spectroscopy 

         The μ-RS studies were used to study the sensitivity of the samples 

like structural disorder, particle size, phonon confinement (PCM) model and 

defects study of nanostructures and bulk materials. Figure 6.4 shows the 

Raman scattering of undoped and Cr-doped ZnO nanostructures. The 

undoped ZnO nanoparticles showed the main vibrational peaks at 332, 381, 

410, 438, and 580 cm-1 as shown in Figure 6.4(a). The main characteristic 

peak of 438 cm−1 belongs to the hexagonal wurtzite structure of 

corresponding E2 phonon mode. The weaker and broader peak observed at 

332 cm−1 in resonant Raman scattering arises from zero-boundary phonons 

2-TA (M) and 2E2 (M) respectively [147]. From the spectra of both the 

samples, it is found that E1 (LO) phonon peak has been observed at around 

580 cm−1 for the both samples.  

 

Figure 6.4 Raman scattering of (a) undoped (b) Cr-doped ZnO 

nanostructures 

 The frequency shift of LO phonon is 585 cm−1, the appearance of 

the LO phonon peaks has been attributed to the formation of oxygen defects 

(O), interstitial Zni, and free carrier. These blue-shifts are attributed to the 

optical phonon confinement that can cause uncertainty in the phonon wave 
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vectors; a downshift of the Raman peaks [148]. Besides, the confinement 

effect of optical phonons also leads to asymmetry and broadening of E2 

modes with FWHM around 10 cm−1. Cr doped ZnO samples related 

vibrational modes were identified as follows: 332, 438, 515, 553, 585 and 

693 cm-1 as shown in Figure 5.6(b). It indicates the decrease in number of 

phonon absorption bands after doping in ZnO samples. The Cr ion replaces 

the Zn site, the phonon frequency will change and the reduction in phonon 

bands is attributed to doping-induced tensile stress and causes the decrease 

of spin phonon interaction constant. 

6.2.5  FTIR Analysis 

            Figure 6.5 shows the FTIR spectra of undoped and Cr-doped ZnO 

nanostructures were recorded in the range 400 to 4000 cm-1. From these 

spectra, various functional groups and metal-oxide bond present in the 

compound were analyzed. In the FTIR spectrum a significant band at 530 

and 448 cm-1 is assigned to the characteristic stretching of Cr-O and Zn-O 

bond [149]. Peak located at 880 cm-1 are due to C-H (out-of-plane bending). 

Absorption band at 3435 cm-1 arises due to the stretching mode of O-H 

group that reveals the existence of a small amount of water absorbed by the 

ZnO nanostructure.   

 Stretching modes of C-O and C=O are observed at 1460 and  

1626 cm-1. The peak located at 2926 cm-1 is due to asymmetric C-H bonds 

[150]. It is noticeable from the given FTIR spectra that after doping wave 

number increases, showing blue shift which is credited to optical phonon 

confinement of nanostructures. It is also confirmed by PL and Raman and 

which is highly possible because as synthesized nanostructures are bigger 

in size than the Bohr exciton radius in ZnO (2.3 nm). 
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Figure 6.5 FTIR spectra of (a) Cr-doped and (b) undoped ZnO 

nanostructures 

6.2.6  Surface Roughness Properties 

 

Figure 6.6 A typical AFM image of (a) undoped and (b) Cr-doped 

ZnO nanostructures 
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           The two-dimensional (2D) and three dimensional topography (3D) 

of the undoped and Cr-doped ZnO were collected by AFM are shown in 

Figure 6.6. The particles surface roughness was examined by non-contact 

AFM with 5nN/cm2 at RT. In general, insight of the doped or impurity of the 

top surface roughness characteristics like root mean square (RMS) and the 

average arithmetic values were measured from the surface profile 

(256256), z(x). It is repeatedly magnified onto the desired 2 μm x 2 μm (x,y) 

surface of undoped & doped ZnO, until the better resolution of the system is 

reached. The observed average surface roughnesses of the samples were 

determined by using WsXM software. The RMS roughness value for 

undoped ZnO was around ~ 91 nm and it increases on doping to 147 nm. 

The increase in roughness of the surfaces is attributed to the aggregations of 

primary grains [151]. The samples having rough surface topography are 

used in different applications like dye sensitized solar cells (DSSC), catalysis 

[152,153] etc. The difference in roughness values reveal that Cr 

incorporation makes the surface rougher. The calculated average grain sizes 

of undoped and doped ZnO were ~ 64 and 23 nm which are in contradictory 

with those obtained from Scherrer formula by XRD. The contradiction 

observed in the values of grain sizes calculated from XRD analysis and 

those from AFM can be explained by taking into consideration that AFM 

measurement directly notices the surface morphology of agglomerated 

grains which gives the particle size. 

6.2.7  Antibacterial Studies  

          It has been well acknowledged that ZnO nanoparticles have been 

extensively investigated as one of the potential semiconductor for 

photocatalysis, antimicrobial and sensing applications. But a major problem 

for achieving efficient rate in these applications is quick recombination rate of 

photoinduced charge carriers.                                           
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Figure 6.7 Average values of ZOI (a) undoped and (b) Cr-doped ZnO 

nanostructures against Vibrio cholera bacteria 

 To overcome this problem, a competent method is used to deposit 

noble/transition/rare earth metals on semiconductors. The noble metals Ag 

and Au have been known for long time for bio-medical applications and 

moreover these metals are becoming day by day very costly [154,155]. In 

order to make antimicrobial activities economically, there is essential need to 

find cheaper ways of using ZnO nanoparticles proficiently without 

jeopardizing their functionality. In this work, Cr have been deposited on ZnO 

and expecting Cr-ZnO nanocomposites but got it as Cr doped ZnO. In this 

study, the relative antibacterial activity of undoped and Cr doped ZnO 

suspensions of particles towards gram negative (G-) bacteria were studied in 

aqueous in LB broth. The relative antibacterial activity of undoped and Cr 

doped ZnO suspensions of particles are carried out by determining Zones of 

Inhibition (ZOI).  

 Figure 6.7 shows the ZOI for undoped and doped ZnO 

nanostructures against the V. Cholera bacteria. The mean value of ZOI for 

ZnO observed is 14 mm and it increased to 19 mm after doping. From these 

ZOI measurements it could be stated that Cr doped ZnO possesses effective 

antibacterial property compared to ZnO nanoparticle. So, when Cr and ZnO 
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are coupled together to form CrZnO nanoparticles, they show enhanced 

antibacterial activity for G- cells. It can be seen that, in CrZnO nanoparticles, 

the components of Cr and ZnO may undergo antibacterial activity 

synergistically. Only a few reports are available in the case of antibacterial 

properties of doped ZnO [156,46]. There are numerous mechanisms behind 

the antibacterial activity of metal oxide nanomaterials. One reason is that 

ZnO nanorods act as a support and decrease the aggregation of Cr 

nanoparticles. Then the Cr nanoparticles can have more chances to attach 

the cell membrane and interact with sulphr and phosphorous containing 

compounds. This will disturb the cell’s power functions, such as permeability 

and respiration, finally lead to cell death [157,156]. Another mechanism 

behind the cell envelope is ZnO which can produce the Zn2+ ions [157]. 

These ions penetrate into the interior cell first. The physical contact between 

the cell membrane and ZnO could also be observed because of the 

electrostatic force of attraction. But physical contact is being the main reason 

for the bacterial toxicity of the microorganism. By inducing the chemical 

reaction between the bacterial cultures and nanoparticles, an effective 

antibacterial activity could be observed. As a result the creation of active 

species from the nanoparticles will directly influence the cellular inhibition.  

 Figure 6.8 shows the various mechanisms of antibacterial 

activities of nanoparticles. From antibacterial test, it was confirmed that 

doped ZnO nanoparticles render an effective antibacterial agent when 

compared to undoped ZnO. It was also interesting to note that both the 

samples had strong antibacterial activity towards gram negative bacterial 

culture. Therefore, it could be concluded that the creation of active species 

by photo induced reaction are the main source towards the bacterial toxicity 

in the case of transition metal oxides (TCMO) compounds. 
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Figure 6.8 Typical diagram showing various mechanisms of 

antibacterial activities of different nanoparticles 

6.2.8  Photocatalytic Studies 

 The photocatalytic ability of ZnO nanoparticles may be affected by 

surface area of particles, high carrier generation and the dopant or a foreign 

particle in the sample. On doping foreign atoms into the ZnO nanostructures, 

the electron mobility (transport) is increased/decreased to the surface and 

hence it may be the one of the reason for fast degradation capability. The 

photocatalytic reaction was carried out with 0.02g of catalysts (pure ZnO and 

Cr doped ZnO) dispersed in 25 mL of 15 ppm methylene blue aqueous 

solution.  
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Figure 6.9 Photodegradation curves (a) commercial (b) pure and (c) 

doped ZnO samples 

Table 6.1 The degradation percentage of MB in presence of 

photocatalysts under UV light 

Samples 

Under  UV irradiation 

Degradation efficiency (%) 

After 10 mints 1 Hr 

Bulk ZnO 0.72 18.31 

ZnO 13.56 68.48 

CrZnO 48.9 92.41 

 

 The suspensions were magnetically stirred in the dark for 15 min 

to establish the adsorption/desorption equilibrium of methylene blue. On 

different irradiation time, the bleached dye solution due to photocatalysis 

was collected and the photo degradation efficiency was calculated. Figure 

6.9 shows the photocatalytic degradation efficiencies of commercial, 
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synthesized ZnO and Cr-doped ZnO nanostructures. By comparing the 

degradation efficiencies of all these samples after one hour, the degradation 

efficiency of commercial ZnO is observed as 18.31%. But for sol-gel 

prepared ZnO and Cr-doped ZnO, these values increased to 68.48% and 

92.41% and are shown in Table 6.1. From this we conclude that the rate of 

degradation efficiency of MB dye with Cr doped ZnO is high as compared to 

other samples. The reason may be the dopant Cr+3 in ZnO acts as trap for 

photo-excited electrons that lengthens the lifetime of charge carriers results 

in enhanced photocatalytic activity of ZnO. It is reported that photocatalytic 

activity of ZnO depends on several factors. The particle size and surface 

area of catalyst are the two important parameters influencing the 

photocatalytic activity of nanostructures. In our case the particle size of ZnO 

samples decreases after Cr doping. The average crystallite size of ZnO 

nanostructures is around 55 nm and after Cr doping it reduces to 43 nm. 

This reduction in crystallite size leads to larger surface area which increases 

the available surface active sites consequently resulting in higher 

photocatalytic efficiency. Also when Cr dissolved into ZnO, more surface 

defects are produced also confirmed by Raman. Thus a space charge layer 

could be formed on the surface, which is beneficial to hindering the 

recombination of photoinduced electron-hole pairs. It results in the 

enhancement of the photocatalytic activity of Cr-doped ZnO sample, 

compared with that of pure and bulk ZnO samples. Thus the experiments 

revealed that nanostructures with higher surface area and defects show 

significantly enhanced photocatalytic performances. 

6.3  CONCLUSION 

 In conclusion, a simple and facile chemical sol-gel method was 

used in the investigation of blue shift study at RT in Cr doped ZnO 

nanostructures. These nanostructures were characterized in detail in terms 

of their optical, vibrational, morphological and structural properties. It was 

observed that the as-synthesized nanostructures are undoped well 

crystalline ZnO and possess wurtzite hexagonal phase. Optical absorption 
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measurements confirmed that doping enhances the excitonic oscillator 

strength and showed the blue shift in the band-gap which is also supported 

by Raman effect and PL. These results show that synthesized 

nanostructures own good optical stability and can be useful for opto-

electronic device applications. An increase in the degradation of the dye was 

observed from 68.16 % to 98.41 % during 60 mins of illumination after 

doping into ZnO. This photodegradation enhancement in Cr doped ZnO 

sample is attributed to the decrease in particle size and surface defects. 

Doped nanostructures were found to be more effective than undoped ZnO 

and thus contribute to the greater mechanical damage to all functions of 

bacteria and enhanced bactericidal impact of Cr doped ZnO nanostructures. 
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CHAPTER 7 

EFFECT OF Al DOPING ON OPTICAL, STRUCTURAL, AND 

MORPHOLOGICAL PROPERTIES OF ZnO 

NANOSTRUCTURES FOR ANTIBACTERIAL AND 

PHOTOCATALYTIC APPLICATIONS 

 

7.1  INTRODUCTION 

           In recent years, metal oxide semiconductor materials have 

attracted a lot of attention due to their applications in photocatalytic 

degradation of pollutants and as antibacterial materials for the prevention of 

the spread of infections [32,158]. The recurrence of infectious diseases and 

continuous development of resistance among the diversity of disease 

causing bacteria pose a stern threat to public health worldwide. Waste water 

from various industries especially from textile industry creates a serious 

environmental problem. Semiconductor photocatalysts have a potential for 

treating numerous water pollutants [159]. They have received intensive 

attention in environmental purification owing to their simplicity, mild reaction 

conditions, and low energy consumption [160]. ZnO is an n-type 

semiconductor with a band gap of 3.37 eV and is widely employed as a raw 

material in the textile, cosmetic, ceramic, and glass industries. Among metal 

oxides semiconductor photocatalysts, ZnO has attracted considerable 

attention because of its low cost, chemical stability, and non-toxic nature. 

Thus, ZnO nanoparticles can serve as an excellent source for resisting 

bacterium and shielding ultraviolet radiations [161,162]. Furthermore, ZnO 

has excellent photocatalytic capacity to decompose volatile organic 

pollutants to CO2 and H2O. Organic pollutants in water can be removed by 
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their degradation through photocatalysis. In order to boost antibacterial 

response and photocatalytic performance, it is essential to tune their 

physical properties such as morphology and particle size by noble metal 

doping, non-metal doping, and transition metal doping, etc. It was also 

reported that the surface and optical properties of ZnO can be adjusted via 

incorporation of metal ions to enhance its photocatalytic efficiency. It has 

been suggested [163] that the optical absorption of ZnO can be enhanced by 

creating more defects on its surface. According to research report [164], 

silver ion-doped ZnO has improved photocatalytic activities owing to the 

increased surface defects caused by the enhanced oxygen vacancies. The 

research group [165] concluded that Sn doping to ZnO improved the 

antibacterial efficiency against the bacteria. It is concluded that Sn dopant 

content, particle size, and morphology play significant roles to influence the 

activity of ZnO nanostructures against all the bacterial strains tested.  

   In this work, we reported the synthesis and characterization of 

undoped and Al-doped ZnO nanostructures by sol-gel method and their 

characterization were done by using different characterization techniques. 

The photocatalytic performance for degradation of methylene blue (M.B) and 

antibacterial activity of these nanostructures were studied against gram-

negative bacteria V. cholera using standard agar well diffusion method. We 

have already demonstrated that AgZnO and CrZnO nanostructures improved 

antibacterial as well as photodegradation actions. It was concluded that 

small particle size provides chances to active oxygen species which play 

their key rule in annihilate bacteria more effectively. On the other hand the 

singly ionized oxygen vacancy (VO+) and defects were supposed to be 

responsible for intensifying photocatalytic activities of the doped ZnO 

photocatalysts. Here we attempted to investigate how Al doping convince the 

different properties of ZnO nanostructures in order to prove them efficient 

materials in antibacterial and photocatalytic activities.  
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7.2  RESULTS AND DISCUSSIONS 

7.2.1  Structural Analysis 

        The XRD spectra of the prepared and Al doped ZO samples 

calcined at 500 C for 2 h are shown in Figure 7.1(a). The strong and sharp 

peaks existing in the XRD spectra show the presence of wurtzite structure of 

ZnO. The strong peaks are located at an angle (2) of 31.8, 34.4 and 36.2 

correspond to (1 0 0), (0 0 2) and (1 0 1) along with the other peaks which 

are found at the angles of 47.5, 56.6, 62.9, 66.4, 67.1, and 69.1 

correspond to (1 0 2), (1 1 0), (1 0 3), (2 0 0), (11 2), and (2 0 1) planes, 

which all are in good agreement with JCPDS 05-0664 and previous studies 

[166].  

 

Figure 7.1 XRD spectra of (a) pure and (b) Al-doped ZnO 

nanostructures  

It is evident from the XRD data that no peaks from other phase of ZnO and 

impurities were observed showing the high purity of doped ZnO 

nanoparticles.  



 109 

 

Figure 7.2 Main XRD peaks of (a) pure ZnO showing shift with respect 

to (b) Al-doped ZnO nanostructures 

          Figure 7.2 shows the slight shift in the XRD pattern of doped ZnO 

nanostructures. It indicates Zn2+ ions have been successfully substituted by 

the dopant ions. This is possible because ionic radii of Al dopant ion are 

smaller than that of Zn ions [167]. To investigate the effect of aluminum 

doping in ZnO powders, the physical properties like grain size, dislocation 

density, lattice parameters and bond length are calculated by using different 

formulae from the literature [168]. The calculated values of these physical 

properties are shown in Table 7.1. When Al doping takes place, the grain 

size decreased from 47 nm to 30 nm. This decrease in size  may happen 

during the doping process when some quantity of Al atoms locates in or near 

the boundary of ZnO nanoparticles resulting decrease in diffusion rate which 

prevent the growth of nanoparticles, therefore crystallite size of nanoparticles 

decreased. The lattice constants ‘a’ and ‘c’ decrease after doping. The 

decrease in lattice constants is attributed to the Al+3 ion substititionin the 

Zn+3 sites while the increase in dislocation density is attributed to the raise in 

number of defects. The decrease in bond length was also observed showing 
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shrinkage in the unit cell as compared to undoped ZnO. It may be due to the 

smaller ionic radii of Al3+ ions. 

Table 7.1  The values of ‘D’, ‘a’, ‘b’ and ‘L’ of ZnO and AZ 

nanostructures 

Samples 
Grain Size 

Dislocation 

Density(Ƨ) 
Lattice Constants 

Bond 

Length 

Nm × 10-14 line2/m2 a(nm) c(nm) L(nm) 

ZnO 47 4.5 3.255 5.209 1.981 

Al doped ZnO 33 9.1 3.247 5.204 1.976 
 

7.2.2  Morphological Analysis 

 The morphology of pure and Al doped ZnO synthesized 

nanostructures were determined by SEM Figure 7.3. The morphology of 

undoped ZnO indicated in Figure 7.3(a) shows dense surface structure 

composed of crystallites in the hexagonal form which is in good agreement 

with the X-ray diffraction results. On doping morphology has changed into 

clusters composed of tiny particles and hexagonal rods with voids and holes. 

The observed high porosity may be due to the liberation of large amount of 

gaseous products like H2O vapours, CO2 and N2 during synthesis process. 

The change in morphology may due to annealing of the samples. 

 

 

                                     

 

 

 

Figure 7.3 SEM images of (a) pure and (b) Al doped ZnO 

nanostructures 
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Figure 7.4  (a) EDX Al doped ZnO (b) TEM of pure (c) Al doped ZnO 

nanostructures 

 The SEM images show that the grain boundaries were fewer and 

the grains grew much bigger with annealing temperature. The high 

annealing temperature provides more activation energy to the atoms to grow 

larger. The composition of the as-synthesized nanostructure is characterized 

by EDX shown in Figure 7.4(a). Almost all the peaks on the curves are 

ascribed to Zn, Al and O elements. Thus it is concluded that the as-

synthesized samples consist all these elements. The TEM studies have 

been carried out to evaluate the shape and size of individual nano structure 

and the obtained TEM micrograph are shown in Figure 7.4(b). It can be seen 

that the synthesized samples are in nanorange in the form of nanohaxagon 

rods of about 100 nm in length and 21 nm in diameter. Small nanoparticles 

are found to be attached with ZnO rod which exhibit sphere- like morphology 

and their size ranges from around 45-31 nm. As the ionic radius of Al+3 is 

less than Zn+3 then there is high possibility that the small particles attached 

with ZnO rod may be aluminum nanoparticles.  
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7.2.3  Roughness Studies 

          Figure 7.5 (a & b) shows the 2D and 3D AFM micrographs with 

scanning area of 1 μm  1 μm for undoped ZnO and Al doped ZnO 

nanostructures, respectively. It can be seen that the AFM topography of both 

samples was not smooth. The morphology was found to be nanorods which 

is also confirmed by SEM and TEM. The observed average surface 

roughnesses of the samples were determined by using Nanoscope software. 

The undoped ZnO films are tightly packed and crack-free having roughness 

of approximately 90 nm while the Zn1-xAlxO nanostructures consist of 

nanorod-shaped grains with different sizes. Each of rods has a width in the 

range of 85-93 nanometers and a length up to several hundred nanometers. 

The values of the roughness as well as the particle size from microstructural 

analysis are matching with standard literature. It is observed that the RMS 

roughness increases with Al doping which means the surface becomes 

rough and grain size increases. 

 

 

 

 

 

 

 

Figure 7.5 The 2D and 3D AFM images of (a) undoped (b) Al doped ZnO   
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 The observed increase in RMS with Al doping may be due to no 

proper agglomeration of crystallites. The samples having a rough surface 

topography are used in different applications [169,170]. Further, it is also 

observed that in the case of Al doped samples, the surface agglomerates 

are elongated as compared to their shape in undoped ZnO samples. This 

observation further confirms the shape deformation of crystallites in the Al 

doped ZnO nanostructures due to the increased stacking fault density. 

7.2.4  Optical Properties 

           The room-temperature PL spectra of pure and doped ZnO 

nanostructures shown in Figure 7.6 were determined by using excitation 

wavelength of 325 nm. Both samples showed PL characteristics with the 

peaks in the UV and defect-related deep level emission in invisible region 

(blue, violet, green) between 419 to 398 nm and 450 to 546 nm. The 

emission peaks at 419 and 398 nm may be due to excitonic recombination 

through single optical phonon or two phonon processes near the band edge 

levels of ZnO. 

 

 

Figure 7.6 PL spectra pure and doped ZnO nanostructures 
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 After doping, those excitonic peaks become more prominent and 

besides these excitonic emissions, few more prominent peaks were 

observed in the visible region of spectra. The visible emission peaks at 398, 

419, 450, 468, 482, 492, and 567 nm in Al doped ZnO nanostructure shown 

in Figure 7.5 were for donor-acceptor pair recombination. The broad UV 

emission 398 nm (3.11 eV) has been frequently observed in TM-doped ZnO 

[171], and can be attributed to the near band edge emission. To address the 

doping influence on PL spectra, luminescence spectra were deconvoluted 

into several Gaussian components. It is interesting to see from Gaussian 

fitting in Figure 7.7, the positions of PL peaks in AlZnO are located at higher 

energies like 2.31, 2.65, 2.73, 3.01, and 3.14 eV and hence showing the 

blue shift. This blue shift is attributed to Burstein-Moss effect. It is reported 

that Al, act as donors in ZnO [172]. The donor electrons occupy states at the 

bottom of the conduction band. Since the Pauli principle prevents double 

occupancy of states and optical transitions are vertical, the low-energy 

transitions are blocked. Blockage of the low-energy transitions are known as 

the Burstein–Moss effect and it enhances optical energy.  

       PL is a useful tool for the investigation of intrinsic defects in ZnO, 

including zinc vacancy (VZn), interstitial oxygen (Oi), interstitial zinc (Zni), 

singly negatively charged Zn vacancies and oxygen vacancies (Vo). As there 

are still no definite concurrences on the origin and positions of the emission 

of ZnO, the donor levels of defects used here are based on the recent 

reports of ZnO. The research group [173] showed that the origin of violet 

emission at 418 nm (2.96 eV) was due to radiative defects related to the 

interface traps existing at the grain boundary and then emitted from the 

radiative transition from the level of 0.33 eV below the conduction band to 

the valance band. 
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Figure 7.7 Gaussian decomposition of (a) undoped (b) Al doped ZnO 

nanostructures 

 So, the violet luminescence is probably due to the radiative 

defects Zni and Vzn related to the interface traps existing at the grain 

boundaries between Al nanoclusters and ZnO grains. According to the 

conclusion from research group [174], the mechanism of the peak at 490 nm 

(2.53 eV) comes from the electron transition from interstitial Zn to Zn 

vacancies or interstitial and transition from a complex of O vacancies and 

interstitial Zn to the valence band. These defect site differences caused the 

shift of blue-green emission related to the defects. From the Figure 7.6, it is 

seen that, as-grown sample has single emission at green 567 nm  

(2.18 eV). Green emission has been previously attributed to the 

recombination of a singly ionized oxygen vacancy with a photo generated 

hole, which is related to structural defects and the importance of band 

bending at grain boundaries has also been recognized. Band bending will 

result in creation of a depletion region at the grain boundaries, which will 

affect the ionization state of the defects within the depletion region. Since the 

as-grown sample consists of fine particles with a large surface area and lots 

of grain boundaries, the green emission likely originates from donor–

acceptor transitions, where donor and/or acceptor defects are located at 

surfaces or grain boundaries. The present work is in contradiction with the 

work reported by I. Satoh and his group [175].  
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 They observed only UV region in the PL spectrum and found an 

increase in PL intensity after doping. It should be noted that the 

incorporation of Al also affects PL emission bands. The PL intensity of each 

emission band of the Al doped ZnO is lower than that of the ZnO, which may 

be attributed to the effect of doping. It indicates the decreasing in electron-

hole recombination in Al doped ZnO samples. The decrease in intensity 

emission is in accordance with the Stern-Volmer quenching and similar 

results were previously reported [176]. A small FWHM value indicates that 

the crystal is of high quality, and its large value suggests the crystal is 

imperfect. The imperfect crystal showing the presence of its point defects. 

Meanwhile, the FWHM values for both samples are nearly close to each 

other. These results indicate Al doping does not effectively degrade the 

crystal quality.  

7.2.5  Raman Spectroscopy 

 Raman scattering is a versatile technique for studying the 

incorporation of dopants, the resulted defects, phonon properties, lattice 

disorder in the host lattice, and phase transitions in oxide semiconductor 

materials. It can detect the possible secondary phases of dopant which can 

easily flee from detection limits of XRD. Therefore, Raman spectroscopy of 

the prepared nanorods has been carried out and shown in Figure 7.8. It 

demonstrates a series of Raman modes in wave numbers ranging from 200 

to 1200 cm-1. The prominent peaks obtained from the graph are at 335, 

382,438, 583, and 1157cm-1. 
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Figure 7.8 PL spectra (a) pure and (b) doped ZnO nanostructures 

 The peaks at 330 and 379 cm−1 are assigned to the second-order 

vibration mode and A1 (TO) mode, respectively. The sharpest and strongest 

peak at 438 cm−1 can be assigned to E2 (high) frequency, which is the 

characteristic frequency revealing the formation of wurtzite phase ZnO 

nanorods. The 583 cm−1 mode can be attributed to a defect-induced mode 

associated with lattice defects (oxygen vacancies, zinc interstitial or their 

combination) [177,178] while the last  peak at 1157 cm−1   represent the 

well known 2A1 (LO) modes of ZnO, respectively. It can be seen from the 

Raman spectra that all the peaks found in Al doped ZnO nanorods 

correspond well to that of undoped ZnO nanorods, which confirms the 

successful doping of Al ions into ZnO matrix. The only difference is the 

broadening and red shifting of E2 (High) phonons mode band with Al doping 

level. The broadening and red shifting of the Raman mode could be linked 

with the activation and formation of number of structural defects in Al doped 

ZnO nanorods. Furthermore, it can also be seen that the intensity of defect-

induced mode frequency for Al-doped ZnO is higher than that of undoped 
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ZnO thin film, showing the formation of such high-quality crystal. This high-

quality crystal formation can be attributed to the benevolent growth 

environment, and sufficient oxygen sources. Thus all these Raman effects 

confirmed that our nanostructure samples are of good and high crystal 

quality. 

7.2.6  FTIR Analysis 

             To evaluate the chemical composition of as-synthesized undoped 

and Al doped samples, the FTIR spectroscopy was conducted at room-

temperature in the range of 465-4000 cm−1. For the FTIR measurements, a 

certain amount of as-synthesized ZnO deposited on single potassium 

bromide (KBr) crystals.  

 

        Figure 7.9 FTIR spectra (a) pure and (b) doped ZnO nanostructures 

 Figure 7.9 shows the recorded spectra of pure and Al doped ZnO 

samples. From the FTIR spectrum, various functional groups and metal-



 119 

oxide bond present in the compound were analyzed. In the FTIR spectrum 

the significant bands at 410 and 404 cm-1 are assigned to the characteristic 

stretching of Al -O and Zn-O bond. A peak located at 883 cm-1 is due to C-H 

(out-of-plane bending). The absorption band at 3435 cm-1 arises due to the 

stretching mode of an O-H group that reveals the existence of a small 

amount of water absorbed by the ZnO nanostructure. Stretching modes of C-

O and C=O are observed at 1460 and 1626 cm-1. The peak located at 2926 

cm-1 is due to asymmetric C-H bond [179,180]. 

7.2.7  Antibacterial Studies 

 

 

 

 

 

 

 

Figure 7.10 Zones of Inhibition (a) pure and (b) Al doped ZnO 

nanostructures against the given bacteria 

 The prepared undoped and Al doped ZnO nanorods have been 

tested against clinically isolated Gram-negative V. cholera bacteria by well 

diffusion method. Antibacterial activity of ZnO nanorods against the given 

bacteria is found to increase with Al doping as indicated by the zone of 

inhibition (ZOI) they produced and shown in the Figure 7.10. The observed 

ZOI for undoped ZnO nanorods is 15 mm, which is increased up to 18 mm 
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for Al doped ZnO nanorods. From these zone measurements it could be 

stated that Al doped ZnO possesses effective antibacterial property 

compared to pure ZnO nanoparticles. Remarkably after doping, Al-ZnO 

nanoparticles also appeared in the polycrystalline structure and no diffraction 

peaks of Al2O3 or other impurities were observed (Fig. 7.1). Similar results 

were also reported by the research group [166]. So, when Al and ZnO are 

coupled together to form AlZnO nanoparticles, they show enhanced 

antibacterial activity for G- cells. It can be seen that, in AlZnO nanoparticles, 

the components of Al and ZnO may undergo antibacterial activity 

synergistically.  

       According to literature [181] that Al ions released from the doped 

nanoparticles have effects on metabolism of the bacteria. Also from the 

reports [182] ZnO and Al2O3 nanoparticles are showing toxic effects on both 

gram positive and gram negative bacteria. There are numerous mechanisms 

behind the antibacterial activity of metal oxide nanomaterials. One reason is 

that ZnO nanorods help to decrease the aggregation of Al nanoparticles. 

Then the Al nanoparticles can have more chances to attach the cell 

membrane and interact with sulphr and phosphorous containing compounds. 

This will disturb the cell’s power functions, such as permeability and 

respiration, finally lead to cell death [183]. Secondly, the oxidation of 

membranes lipids by reactive oxygen species (ROS) like H2O2, singlet 

oxygen and hydroxyl radicals cause cell death that leads to the inhibition of 

bacteria. ROS could be generated on the surface of ZnO via light induced 

effects. Recently, it is reported that ordinary room light is sufficient for 

generating electron-hole pair. In the previous chapter it was explained 

through a mechanism that these holes react with water molecules in the 

solution and generate ROS. But electron-hole pair recombination minimizes 

the chances of ROS generation. Crystal defects then play vital role in 

inhibiting electron-hole pair recombination process [184].  

 It can be observed from the results of Raman spectrum that large 

numbers of defects are introduced in ZnO nanorods due to the Al doping. 
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These defects may act as trapping centers and inhibit photo induced 

electron-hole pair recombination and results in higher antibacterial activity of 

Al doped ZnO nanorods. The presence and abundance of free Zn2+ ions in 

ZnO solution may also affect the antibacterial potency of ZnO nanomaterials. 

Recently, it is reported that metal doping into ZnO host matrix may lead to 

increased amount of free Zn2+ ions in the solution. The dopant substitution 

on the host sites may force the cations towards interstitial sites and hence it 

is easier to release metal ions from interstitial sites comparing to native sites. 

So, it is reasonable to anticipate increase in the release of Zn2+ ions with Al 

doping. Thus, enhancement in the inhibitory activity of ZnO nanorods against 

V. cholera bacteria may be attributed to enhancement in ROS generation 

and Zn2+ soluble ions with Al doping. 

7.2.8  Photocatalytic Studies 

 

Figure 7.11  Photodegradation rates of (a) commercial (b) pure and   

(c) Al-doped ZnO nanostructures 

 The photocatalytic reaction was carried out with 0.02 g of catalysts 

(pure ZnO and Al doped ZnO) dispersed in 25 ml of 15 ppm methylene blue 
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aqueous solution under UV light. The suspensions were magnetically stirred 

in the dark for 15 mins to establish the adsorption/desorption equilibrium of 

methylene blue (M.B). On different irradiation time the bleached dye solution 

due to photocatalysis was collected and the photo degradation efficiency 

was calculated. Figure 7.11 shows the photocatalytic degradation curves of 

bulk, pure ZnO and Al-doped ZnO nanostructures. The degradation rates of 

MB under UV light after 60 mins of irradiation over commercial, pure ZnO 

and Al-doped ZnO were 18.11, 68.48 and 98.41%, respectively. 

Table 7.2 The degradation percentage of MB in presence of 

photocatalysts under UV light 

Samples 

Under  UV irradiation 

Degradation (%) 

After 10 mins After 1 Hr 

Commercial 
ZnO 

0.72 17.60 

ZnO 13.56 68.28 

Al doped ZnO 48.9 98.11 

 

 From this we conclude that the rate of degradation of MB dye with Al 

doped ZnO is high compared to other samples. According to report by the 

research group [185], the transfer of photogenerated electrons are 

accelerated by the loading of Al metals on the ZnO surface. By this transfer 

the surfaces are becoming negatively charged and hence the superoxide 

anion radicals were generated as a result of oxygen reduction by transfer of 

trapped electrons from Al metal to oxygen. Consequently, the recombination 

of the photo-generated carriers was effectively suppressed and generation of 

radicals leading to an enhancement in the photodegradation of organic 

pollutant (M.B) by Al doping in ZnO nanostructures. From AFM observation, 

it was noticed that Al doped ZnO nanostructures has a larger surface 

roughness as compared to pure ZnO. It was reported [186] that the surface 
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roughness improves photocatalytic activity, which is in good agreement with 

present obtained results. The surface properties of ZnO like oxygen 

vacancies and defects also play key role in improving photocatalytic 

activities. When Al dissolved into ZnO, more surface defects are produced 

which is also confirmed by Raman spectra. The space charge layer formed 

on the surface, which is beneficial for hindering the recombination of 

photoinduced electron-hole pairs. Thus surface properties and roughness 

contributed to the enhancement of the photocatalytic activity of Al-doped 

ZnO sample, compared with that of pure and commercial ZnO samples. 

 

7.3 CONCLUSION 

 ZnO and Al-doped ZnO nanopowders were successfully 

synthesized via simple sol-gel chemical technique. The effects of doping of 

Al on the microstructure, morphology, optical and antibacterial properties of 

ZnO and its photocatalytic activity for the degradation of methyl blue were 

examined. It was found that all the Al doped ZnO photocatalysts have 

stronger light absorption in UV light region as compared with pure ZnO. The 

recombination rate of light generated electrons and holes was also 

suppressed. The Al-doped ZnO photocatalysts show enhanced antibacterial 

and photocatalytic activities than ZnO under UV irradiation for MB 

degradation. In conclusion, present results indicate that Al-doped ZnO 

photocatalysts are potential candidate for the practical application in 

photocatalytic degradation of organic compounds and microbial 

contamination. 
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CHAPTER 8 

INVESTIGATIONS OF OPTICAL, STRUCTURAL AND 

ANTIBACTERIAL PROPERTIES OF Al-Cr DUAL-DOPED  

ZnO NANOSTRUCTURES 

 

8.1 INTRODUCTION 

       Now-a-days, different synthetic methods have been developed to 

fabricate noble nanostructured transparent conducting metal oxide (TCMO) 

materials, but most of them require exotic reagents or are unsuitable for 

mass production. Dopants are of critical importance in semiconductor nano 

devices. Tiny amounts of dopants that act as donors or acceptors are 

introduced into the semiconductor crystal lattice to affect a significant change 

in the different properties of the semiconductor. In this sense, zinc oxide 

(ZnO) is an important multifunctional II-IV compound semiconductor with a 

set of unique properties suitable for a wide range of emerging applications 

such as optoelectronics, micro/nano electronics, and spintronics devices, 

bio-medical and catalytic applications. The semiconductor ZnO has gained 

substantial interest in the research community because of its large exciton 

binding energy (~ 60 meV). This binding energy could lead to room 

temperature (RT) lasing action based on exciton recombination and also at 

above RT. For tailoring the electrical, optical, magnetic and other properties, 

three types of doping were investigated which are mono-doping, co-doping 

with acceptor and donor elements, and dual doping with group-V and 

acceptor group-I elements [187].  Recently, Xu et al. [188] co-doped ZnO 

into Co and Cu atoms, and observed the ferromagnetic behavior at RT.  

 The research group [187] has synthesized Ag/Cu-doped TiO2 

nanocomposites and estimated bioactivity using the bacteria Escherichia coli 
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and Staphylococcus aureus. In this work, the dual dopants Al and Cr into 

ZnO nanostructures are synthesized for obtaining the desired modification in 

structural, optical, vibrational and antibacterial properties. Few recent 

research groups reported that the trivalent aluminum (Al3+) ion dissolved in 

ZnO acts as a shallow donor, and should increase the conductivity of ZnO 

[188]. Among the dopants, transition metals (TM) have gained much 

attention. In this case Cr3+ ion has several advantages as dopant for Zn2+ 

because ionic radius of Cr3+ is less than Zn2+ which makes its incorporation 

easy into ZnO crystal and enhances their fundamental properties such as 

optical, electrical, magnetic and green emission [189]. Both are used as 

dopants into the incorporation of ZnO nanostructures because it is 

categorized under metal similar to ZnO. Thus (Al-Cr) dual doped ZnO 

nanostructure is a promising material in different featuring applications.  

 In recent years, interesting research is on to demonstrate that the 

semiconducting nanomaterials are capable of controlling the growth of 

pathogens, bacteria and other microorganisms because microbial 

contamination is a serious issue in health care and food industry. Therefore, 

developments of nanoparticles with antimicrobial properties are of 

considerable interest. ZnO nanoparticles exhibit strong antibacterial activities 

on a broad spectrum of bacteria. The mechanism behind antibacterial 

activity is still under investigation. Amornpitoksuk et al. [190] attributed the 

mechanism to the generation reactive oxygen species from ZnO material 

which destroys the outer membrane of bacteria. The high rate of generation 

of these surface oxygen species from ZnO due to their doping effect of TMs 

arrests all functions which leads to the death of bacteria.  

 Recently, Hu et al. [191] reported the antibacterial mechanism of 

nanomaterials based on number of factors. These factors are photocatalytic 

production of reactive oxygen species, which damage cellular components, 

compromising the bacterial cell wall/membrane, interruption of energy 

transduction, inhibition of enzyme activity and DNA synthesis. To improve 

the effect of these parameters the foreign ions are doped with the ZnO 
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crystal structure. In this chapter, the antibacterial effects of ZnO 

nanostructures by the influence of dual doping concentration were carried 

out to understand the enhanced antibacterial activity of ZnO nanostructures. 

The present study of dual doped (Al, Cr) ZnO nanostructure is helpful to 

figure out the origin of antibacterial activity in doped samples. Similar 

attempts are made here to investigate the influence of dual doping on 

photocacatalytic activities of ZnO nanostructures also.  

8.2 RESULTS AND DISCUSSION 

8.2.1 Structural Analysis 

 

Figure 8.1  XRD spectra of (a) undoped and (b) dual doped ZnO 

nanostructures 

 

 Figure 8.1 shows the XRD patterns of undoped and dual doped 

ZnO nanostructures recorded in the range of 20° to 80°, with a scanning 

step size of 0.02°. From the XRD pattern represented by Figure 8.1a, six 

sharp peaks were observed at 32.06, 34.68, 36.46, 47.86, 56.80 and 
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63.14 which can be attributed to different planes of ZnO. Similarly in Figure 

8.1b, dual-doped ZnO shows several well-defined diffraction reflections 

which are exactly matched with the wurtzite hexagonal structure of  undoped 

ZnO and is fully consistent with already reported JCPDS Card no. 36-

1451[192]. Moreover, the observed diffraction lines of dual doped ZnO were 

observed similar to those of undoped ZnO nanoparticles and hence 

suggesting the dopants (Al and Cr) are merely placed on the surface of the 

crystals [193]. The observed crystalline planes are slightly shifted in the XRD 

pattern of dual doped ZnO nanoparticles about ~ 0.1, indicating that Zn2+ 

ions have been successfully substituted by the dopant ions.  

 This is highly possible because the ionic radius of Cr and Al ions 

individually is nearly similar to that of Zn ions [16]. No additional peaks were 

observed in the given XRD pattern showing the high purity of doped ZnO 

nanoparticles. These results match with the work reported by research group 

K.J. Chen and his group. On the other hand, these results are in 

contradiction with the results reported by Hansson and his group. They 

found the maximum solubility of Al2O3 in ZnO was 4.7 % mol% at 1695 C 

and decreases to less than 0.5 mol % at 1550 C and below. But, here the 

good solubility was found at 1mole % of Al in ZnO at 500 C. Wang Z and 

his group reported that amorphous iron nanoparticles showed excellent 

water solubility. In our case, the XRD peaks in Cr and Al doped ZnO 

samples show low intense peaks as compared to Ag/ZnO samples and 

hence showing amorphous character which might be the reason of good 

solubility in our samples. The average particle grain size (D) can be 

calculated from the width of lines in the XRD spectrum with the aid of 

Scherrer formula [194]. The calculated D of undoped and doped ZnO 

nanoparticles observed are around 15 and 9 nm. Similar results were found 

in the literature [195]. Accordingly, the decrease in crystallite size is because 

some quantity of dopant atoms may locate near or in ZnO grain boundaries 

and possibly act as an obstacle which can hinder the growth of 

nanoparticles. In addition, the XRD peaks related to typical Al and Cr were 
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not observed. The main reason may be because of their low concentrations 

were used, but their presence have been confirmed by EDX shown in Figure 

8.2c and TEM in Figure 8.3b. It might be assumed that dual doping may 

produce O vacancies because of higher charge of Al and Cr ions as 

compared to Zn ions and thus the deficiency is formed in dual doped ZnO 

nanostructures. This could improve the antibacterial activity and 

photocatalytic activity of ZnO nanostructures. 

8.2.2 Morphological Analysis 

     The chemical compositions of the as-prepared nanostructures 

were analyzed by energy-dispersive X-ray spectroscopy (EDX). The 

corresponding EDX spectra of dual doped ZnO nanostructures taken in the 

SEM mode are shown in Figure 8.2. For dual doped ZnO nanostructures, 

besides the lines of the constitutive elements Zn, O Al, and Cr, the EDX 

spectrum gives no indication for other element, confirming the phase-purity 

of the sample. The EDX spectrum of the dual doped ZnO nanostructures 

confirmed the presence of Zn, O, Al and Cr and is shown in Figure 8.2(c). 

The SEM images of undoped and dual doped ZnO nanostructures are 

represented in Figure 8.2 (‘a’ and ‘b’).  The undoped ZnO shows hexagonal 

platforms like morphology and similar results were reported by the research 

group [196]. 

 After dual doping in ZnO, morphology has changed into the honey 

comb like structures with few branches at each node and is shown in Figure 

8.2(b). This network consists of petal-like structure with tapering ends, each 

having an average size of around 5 µm. Each petal-like structure has a 

substructure consisting of a long rods joined together to form large petals. 

The morphology of a particle depends on the value of ionic fraction of the 

bond. Here the morphology changes abruptly in double (Al-Cr) doped ZnO 

system where major dopant is Al while Cr is present in very small quantity 

confirmed by EDX shown in Figure 8.3(c). So the result can be explained on 

the basis of ionic fraction of the bond in Al-doped ZnO. On 
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200 nm 200 nm

(a) (b)

Element  wt%     At%
O K            22.62           54.24
Al K             2.94             2.35
Cr K             1.17             1.23
Zn K            73.27           42.18

Energy/KeV

(c)

 

 

 

 

 

 

 

Figure 8.2 The SEM images of (a) undoped, (b)  dual doped ZnO 

nanostructures  and  its (c) EDX spectrum 

 Pauling scale, the electronegativity of Zn is 1.65 and 1.61 for Al on 

same scale i.e. ionic fraction is low (~1) that leads to longitudinal structures 

[197-198]. These results revealed that the morphology of the parent 

compound changes by doping element. The TEM studies have been carried 

out to evaluate the shape and size of individual nano structure and the 

obtained TEM micrographs are presented in Figure 8.3 for undoped and 

dual doped ZnO samples.  

 TEM micrographs shown in Figure 3(a) confirm the wurtzite 

structure of the zinc oxide nanostructures having average size about 16 nm. 

After doping, the synthesized samples form nanorods which are around 10 

nm in width and 95 nm in length. On the other hand in (Al- Cr) dual doped 

ZnO sample, there is less mismatch in atomic radii of Zn (0.074 nm) with Cr 

(0.063 nm) and Al (0.054nm). Therefore, there is high possibility of Cr-Al 

incorporation in ZnO. Hence the small particles found to be attached with 

ZnO rod may be Aluminium and chromium nanoparticles which exhibit 
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sphere- like morphology. The diameters of these particles are in the range of 

15-20 nm and their average diameter is about 18 nm.                            

 

Figure 8.3  TEM images of (a) undoped, (b)  dual doped ZnO 

nanostructures   

8.2.3 Optical Properties 

 

Figure 8.4 Diffusion reflectance spectra of (a) undoped and (b) dual 

doped ZnO nanostructures 
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Figure 8.5 Tauc’s plot for determination of band gap of uncoated ZnO 

and b) Ag-ZnO nanorods  

 Figure 8.4 shows diffuse-reflectance spectra of the undoped and 

dual doped ZnO nanostructures in the range of 300-800 nm. The absorption 

edge is observed in the range of 375-360 nm, which is blue shifted due to 

dual doping in ZnO nanostructures as shown in Fig. 4(b) and is attributed to 

the Burstein–Moss effect [199]. The calculated value of the band gap 

energies for dual doped ZnO is 3.38 eV (367 nm) and 3.24 eV (373 nm) for 

undoped ZnO. It is observed that the optical band energy (Eg) values 

increase after (Al-Cr) dual doping from 0 to 0.14 eV. The increase in energy 

band gap is due to increase in the carrier concentration. This is the 

phenomenon where the Fermi level merges into the conduction band with 

the increase of the carrier concentration. Thus the low energy transitions are 

blocked which is well known as Burstein–Moss effect [200]. According to the  

model of Burstein–Moss [201], in n-type semiconductor the energy band 

widening is given by equation: EBM = h2 /82m* (32n)2/3 where EBM is the 

blue- shift of the optical band, h is Planck’s constant, n is the carriers 

concentration and m* is the electron effective mass in the conduction band. 

Therefore, the increase of carrier’s concentration will give rise to the 

increase of optical energy band gap. 
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Figure 8.6 Typical PL spectra of (a) dual doped and (b) undoped 

ZnO nanostructures  

 

           The room temperature PL spectra of undoped and doped ZnO 

nanostructures are shown in Figure 8.6. It is used to verify the quality of 

crystal and possible doping effects in ZnO nanostructures.  It is well known 

that defects in ZnO include oxygen vacancy (Vo), zinc vacancy (Vzn), 

interstitial Zinc (Zni), interstitial oxygen (Oi) and anti-site oxygen (Ozn) [202]. 

Generally, the PL spectrum of ZnO consists of UV emission and the broad 

visible emission band. The UV emission around 390 nm is attributed to 

excitonic recombination while visible broadband shows few types of 

emissions like violet, blue and green emissions. The violet emission around 

400 nm is caused by zinc vacancy (Vzn), blue emission at around 460 nm is 

because of intrinsic defects such as oxygen and zinc interstitials (Zni), and 

finally green emission at around 540 nm is due to oxygen vacancies and zinc 

interstitials (Zni). It is also known to be a deep level emission (DLE) or trap-

state emission. A strong ultraviolet (UV) emission peak around 359 nm is 

observed in undoped ZnO which is attributed to band edge free and bound 
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excitons. On dual-doping, UV peak blue- shifts from 380 to 360 nm which is 

attributed to the decrease in size of nanoparticles.  

 The positions of PL spectra are considerably dependent on the 

size of the ZnO crystalline due to the quantum- Confinement. Here the size 

of ZnO nanoparticles decreases, so the ZnO shift for UV emission may be 

due to the quantum-confinement of the ZnO nanostructures [95]. The results 

are well coincided with the results in the literature [203]. They attributed blue 

shift in Cr doped ZnO nanoparticles to the lattice strain induced by the lattice 

distance. On the other hand, the green emission in ZnO nanostructures was 

often attributed to singly ionized oxygen vacancies (VO+) [204], while other 

researchers reported that the green emission was due to oxide antisite 

defect [205] (OZn). According to the research group [206], green emission is 

due to the introduction of defects with dopant incorporation and its 

enhancement is attributed to large charge density of Al3+ in Al doped ZnO 

nanostructures. Moreover, the green emission of ZnO nanostructures was 

also attributed to oxygen vacancies and zinc interstitials (Zni) [207]. Sharma 

et al. [208] recently reported that the green emission at 540 nm was caused 

by singly ionized oxygen vacancies (VO+) defects. Moreover, the defect 

energy level of singly ionized oxygen vacancies (VO+) is considered to be 

2.38 eV below the conduction band edge when the band gap of ZnO is 3.3 

eV, which is very close to the energy of the green PL (2.30 eV) (540 nm) 

peak observed in this study [209]. It might also suggest that the green 

photoluminescence of the as-synthesized ZnO samples may be attributed to 

singly ionized oxygen vacancies (VO+) at the surface. Therefore, it is 

concluded that dual doping plays a vital role in the enhancement of oxygen 

emission levels in ZnO nanostructures. 
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8.2.4 Roughness Studies 

 

 

 

 

 

 

 

Figure 8.7 Typical AFM images of (a) undoped and (b) dual doped 

ZnO nanostructures 

 Figure 8.7 shows the typical AFM images of undoped and dual 

doped ZnO nanostructures. It is evident from the AFM images that the 

samples annealed at 500C confirm rod like morphology of the 

nanoparticles.  During the formation of nanostructures, the gel boils first, 

resulting in a release of lot of gases. The gel-like soap bubbles gets 

destroyed because of the surface tension of organic substances which are 

present due to precursors used during the synthesis process. The thermal 

effect leads to the weakening of the metal complex bond when the metal 

ions are pushed into the bubble surface. The expansion of gas ruptures the 

surface tension once it reaches the ignition point of the combustible 

substances in the gel and hence, the gel burns automatically and violently. 

The sudden combustion causes the gathering of organic complex together 

and accelerates the solid–solid reaction resulting in the formation of a lot of 

nanoparticles at a lower firing temperature. The RMS roughness value for 

undoped ZnO was around ~ 31 nm and it increased after dual-doping to 47 

nm. This increase in roughness of the surfaces is attributed to the 
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aggregations of primary grains [151]. The pores were observed on the doped 

ZnO surface which are probably formed by the coalescing of small voids and 

may be attributed to the decomposition reaction of precursor and the 

vaporization of residual organics during crystallization [210]. From the 

difference roughness values, it demonstrates that Al incorporation smoothes 

the surface while Cr incorporation makes it rougher. The nanostructures of 

this nature can be used in different applications like dye sensitized solar cells 

(DSSC), photocatalytic, catalysis etc. [211].    

8.2.5 Raman Spectroscopy  

                 

 

Figure 8.8 Micro-Raman spectra of (a) undoped and (b) dual doped ZnO 

 The pure ZnO nanoparticles showed the main vibrational peaks at 

332, 381, 410, 438, and 580 cm-1. The main characteristic peak of 438 cm-1 

belongs to the hexagonal wurtzite structure of corresponding E2 phonon 

mode. The weaker and broader peak obtained at 334 cm-1 observed in the 

resonant Raman scattering is arising from zero-boundary phonons 2-TA (M) 
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and 2E2 (M) respectively. In addition E1LO phonon peak was observed at 

580 cm-1 for the both samples and is shown in Figure 8.8. The frequency 

shift of LO phonon is 581 cm-1, the appearance of the LO phonon peaks has 

been attributed to the formation of oxygen defects (O), interstitial Zni, and 

free carrier. These blue-shifts are attributed to the optical phonon 

confinement that can cause uncertainty in the phonon wave vectors; a 

downshift of the Raman peaks [33]. Besides, the confinement effect of 

optical phonons also leads to asymmetry and broadening of E2 modes with 

FWHM around12 cm-1. After dual doped (Al, Cr) in ZnO nanostructure, the 

related vibrational modes obtained are 186, 229, 296, 300, 316, 335, 342, 

350, 372, 421, 439 531, 553, 613, 560, 665, and 693 cm-1.  

 In addition, some extra peaks are also obtained in dual doped ZnO 

which is due to the radial effect of Al and Cr atoms. The main peak at 438 

cm-1 is slightly shifted to higher wavenumber of 439 cm-1 with the increment 

of 1cm-1 showing blue shift. This shift is also confirmed by PL shows the size 

effect of quantum confinement. Recently, Chen et al. [139] research group 

has identified the Al-doped ZnO vibrational modes at 300 and 582 cm-1 due 

to the incorporation of Al atom easily into the Zn site. The present study also 

confirms the similar trends in the dual dopant. The vibrational mode obtained 

at 665 cm-1 corresponding to E2 (Low)+B1(High) which are the combined 

modes of Cr related peak. The additional few peaks such as 531, 553, and 

613 cm-1 appear in the present study not yet clear but can be attributed to 

the changes induced by the doping [144,212]. It seems to be some of the 

unidentical peaks appear in the dual dopant and this might be due to the 

multi-oxides formations. All these Raman effects confirm that our 

nanostructures are very unique and of good and high crystal quality. The 

formation of such high-quality crystal can be attributed to the benevolent 

growth environment, and sufficient oxygen sources. 
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8.2.6 Antibacterial Studies  

      It has been well acknowledged that ZnO nanoparticles have good 

antibacterial activity. However, the open issue is that ZnO nanoparticles can 

easily aggregate, which greatly decreases their antibacterial performance. In 

our study, to overcome this problem, ZnO nanoparticles have been double 

doped by Al and Cr nanoparticles. In addition, these (Al, Cr) doped ZnO 

nanoparticles may undergo the strong antibacterial deeds synergistically due 

to strong interactions between the dopants and ZnO. As a demonstration, 

the relative antibacterial activity of undoped and dual doped ZnO 

suspensions of particles of different sizes around 15 and 9 nm against M. 

leutus and V. cholera were studied in aqueous in LB broth.  

            M. leutus is a Gram-positive bacteria bounded by a cytoplasmic 

membrane and an outer cell membrane, they contain only a thin layer of 

peptidoglycan (2-3 nm) between these membranes. The presence of inner 

and outer cell membranes defines a new compartment in these cells. It is 0.5 

to 3.5 µm in diameter, usually arranged in tetrads or irregular clusters and is 

found in soil, dust, water and air, and as part of the normal flora of the 

mammalian skin. Vibrio cholera is a gram-negative bacteria having non-

spore-forming curved rod like morphology, about 1.4 to 2.6 mm long, 

capable of respiratory and fermentative metabolism [213]. For comparison 

the antibacterial activity of undoped and double doped ZnO at the 

concentration of 1mg/ml are tested by well diffusion method. The 

antibacterial activities against M. leutus and V. cholera were quantitatively 

and qualitatively were assessed by determining the presence of zones of 

inhibition (ZOI) as shown in Figure 8.9. The observed values of ZOI for 

undoped ZnO are around 14.5 and 16 mm against given bacteria. For the 

dual doped ZnO samples these values increased to around 20 and 24 mm 

respectively and are shown in Table 8.1. These results showed that double 

doped ZnO nanoparticles are more lethal to both gram positive (G+) and 

gram negative (G-) bacteria than undoped ZnO.  
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Figure 8.9 Zones of Inhibition (a) undoped and (b) dual doped ZnO 

nanostructures towards gram negative and gram 

positive bacteria 

Table 8.1 Observed mean diameters of inhibition zones for undoped 

ZnO and dual doped ZnO nanostructures 

 

Bacterial  Culture 

Zones of Inhibition (ZOI)  

mm 

ZnO Dual doped ZnO 

M. Leutus (G+)                 14.5            20.0 

V. Cholera (G-)                 16.0            24.0 

 

Recently, Y. Liu and his group [214] also reported their work on 

antibacterial properties of ZnO/Ag nanocomposites against various bacterial 

species like Escherichia coli, Pseudomonas aeruginosa, Staphylococcus 

aureus, and Bacillus subitiluis. The antibacterial activity of nanoparticles may 

either directly interact with the microbial cells (e.g. interrupting trans 

membrane electron transfer, disrupting/penetrating the cell envelope and 

oxidizing cell components) or produce secondary products (e.g. reactive 

oxygen species (ROS) that causes damage to the bacteria. In addition, the 

damage of cell membrane might directly lead to the leakage of minerals, 
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proteins and genetic materials causing ultimate cell death. Another 

mechanism is the chemical reaction between cell envelope components 

(lipid bilayer, peptidoglycan, membrane proteins, lipopolysaccharides) and 

Zn+2 due to the presence of ZnO nanoparticles. The physical contact 

between the cell membrane and ZnO could also be observed because of the 

electrostatic force of attraction. But physical contact is being the main reason 

for the bacterial toxicity of the microorganism. By inducing the chemical 

reaction between the bacterial cultures and nanoparticles, an effective 

antibacterial activity could be observed. As a result the creation of active 

species from the nanoparticles will directly influence the cellular inhibition. 

The results of this study and experimental evidences from the literature 

suggested that most important factors that play a vital role in governing the 

toxicity mechanism are the generation of radical oxygen vacancies (ROS) 

and the electrostatic interaction between the ions and membrane. It is 

contemplated that doping in ZnO is used to generate ROS [215].  

 

 Naeem et al. [216] reported effects of oxygen vacancies on the 

electronic structure and photoluminescence properties in titanium doped 

ZnO nanoparticles. Here have are attempted significantly to increase the 

number of ROS by dual doping in ZnO for enhancement in antibacterial 

activities. In this case, dual doped ZnO having more oxygen vacancies which 

are confirmed by the PL. The increase in oxygen vacancies renders the 

particles to be more positively charged when compared with undoped ZnO 

and hence, increase the electrostatic interaction between the positively 

charged particles and the negative cell wall surface. The release of Al and Cr 

ions which can destroy bacterial cell membrane or attract pheron that in 

thallus to reduce the activities of cellular protoplasm active ferment. These 

ions will be liberated from the bacterial body to repeat above sterilization 

behavior. Figure 8.8 shows the various mechanisms of antibacterial activities 

of nanoparticles. From antibacterial test, we confirmed that dual doped ZnO 

nanoparticles render an effective antibacterial agent when compared to 
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undoped ZnO. It is also interesting to note that both the samples have 

stronger antibacterial activity on gram positive than on gram negative 

bacterial culture. The difference in activity is because of the cell wall of 

Gram-negative bacteria having an outer coating called lipopolysaccherice 

(LPS) membrane that covers the peptidoglycan layer. It helps the bacteria to 

survive in hard and critical situations. Therefore, it could be concluded that 

the creation of active species by photo induced reaction are the main source 

towards the bacterial toxicity in the case of transition metal oxide 

compounds. 

8.2.7 Photocatalytic Studies  

 Figure 8.10 shows the different photocatalytic degradation curves 

of pure, Al- doped, Cr-doped and Al-Cr dual doped ZnO nanostructures. The 

calculated degradation efficiencies with MB under UV light after 60 mins of 

irradiation of these samples are 26.04, 80.15, 84.23, and 99.14 %, 

respectively and are shown in Table 8.2. From these results we conclude 

that the rate of degradation of MB dye with Al-Cr doped ZnO sample is high 

as compared to other samples. From XRD results it was observed that after 

doping the particle size decreases from 15 to 9 nm. This decrease leads to 

an increase in the surface area which can be transformed as an increase in 

the available surface active sites. Thus a decrease in particle size may be 

one of the reasons in enhancing the rate of photocalytic activity of Al-Cr 

doped ZnO sample. In addition the reason may be attributed both to the 

better performance of the absorption in visible light range and to the larger 

the content of oxygen vacancies or defects which produced by doping Al and 

Cr confirmed by PL and Raman. These structural defects affect the 

crystallinity of the material and result in the broadening and reduction in the 

peak intensity and prevent the growth of the crystallite. Notably, no any 

impurity diffraction peaks had been detected which indicate that most of the 

dopants have entered inside ZnO lattice. However, fractions of chromium 

and aluminium related impurity phases may be present on the surface or on 

grain boundary which may be beyond the detection limit of XRD. 
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Figure 8.10  Degradation curves of (a) undoped and (b) Al doped (c) 

Cr doped ZnO (d) (Al-Cr) dual doped ZnO nanostructure 

Table 8.2  Photocatalytic degradation efficiency of organic 

pollutant M.B as a function of different photocatalysts 

like pure, Al, Cr and (Al-Cr) doped ZnO nanostructures 

Samples 
Degradation rate (%) 

After 10 mins After 60 mins 

Pure ZnO                      2.05                   26.04 

Al doped ZnO                      4.0                  86.15 

Cr doped ZnO                      5.0                  83.23 

(Al-Cr) doped ZnO                      8.5                 99.14 

 

 The higher observed photocatalytic activity of (Al,Cr) doped −ZnO 

compared to ZnO indicates that the Al and Cr NPs anchored at the surface 

of  ZnO behave like an electron sink, which could increase significantly the 

separation of the photogenerated electron−hole pairs and inhibit their 
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recombination. This suggests that Al and Cr NPs at the surface of ZnO 

enhanced the photocatalytic activity of ZnO for the effective degradation of 

dyes and organic compounds under UV light irradiation. 

 

Figure 8.11  Schematic representation of photocatalytic mechanism 

for degradation of MB by (Al-Cr) doped –ZnO 

nanostructure 

 Figure 8.11 illustrates the mechanistic profile of the photoinduced 

charge separation, migration and degradation process under UV light 

irradiation. The observed differences in the photocatalytic activities of pure 

ZnO and double doped ZnO can be explained based on the difference in 

work function of ZnO (5.2 eV) with that of Al (4.26 eV) and Cr (4.5 eV). In 

general, once two or more materials with dissimilar work functions will come 

in contact with each other, the Schottky barrier is going to be fashioned, and 

electrons will shift from the material with low work function to the material of 

high work function. Hence, the Fermi energy level of ZnO is lower than Al 

and Cr NPs due to its larger work function. This leads to the transfer of 

electrons from the Fermi level of Al and Cr to that of ZnO, until the two levels 

reach equilibrium and form a new Fermi energy level. The Fermi levels of Al-

Cr and ZnO were adjusted to the same value during the formation of the (Al, 

Cr)−ZnO and formed a new Fermi energy level. During UV irradiation, the 
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equilibrated Fermi level electrons were injected rapidly into the ZnO 

conduction band and the injected electrons were trapped by dissolved 

oxygen molecules in water to yield high oxidative species, such as 

superoxide radical anions (•O2
−)  hydroxyl radicals (HO•). The Al and Cr NPs 

in contact with ZnO facilitates electron−hole separation, and subsequently 

helps in the formation of the powerful oxidative species. These powerful 

oxidative species produced under UV light irradiation might be responsible 

for mineralization of the organic pollutants [217]. Overall, these results 

suggest that Al and Cr NPs at the surface of ZnO will help increase the rate 

of formation of •O2
− and HO• reactive radicals, and simultaneously facilitate 

the degradation of organic pollutants. Under these conditions, Cr doped ZnO 

samples showed more effective electron-acceptor properties due to their 

larger work function in comparison with Al. Although Al has a lower work 

function as compared with Cr, but Al doped ZnO showed a higher 

photodegradation as compared to Cr doped ZnO. The reason may be due to 

the excellent substitution of Al nanoparticles in ZnO. This enhancement is 

possible because ionic radius of Al (0.54nm) is less than that of Cr (0.63nm). 

This behavior was also observed by research group for photocatalytic 

activity of Ag as compared to Pd during the degradation of MB dye. 

8.3 CONCLUSION 

 Zinc oxide and dual (Al-Cr)-doped zinc oxide nanostructures were 

synthesized by the simple wet chemical sol-gel method. The grain size was 

controlled by using polyvinyl pyridine as capping agent. Different techniques 

were used to study their structural, optical, and morphology properties. As 

evident from the results of XRD, EDX and TEM analysis it shows that Al and 

Cr ions substitute the Zn sites without changing the wurtzite structure. It was 

also found that due to the appearance of the deep level emission band in PL 

spectrum, the (Al-Cr) dual doping could improve the antibacterial properties. 

The enhanced bioactivity was demonstrated by studying the antibacterial 

activity of undoped and dual doped ZnO samples. The enhanced bioactivity 

of smaller particles is attributed to the higher surface area to volume ratio. 
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The smaller particles need more particles to cover a bacterial colony which 

results in the generation of active oxygen species which will kill bacteria 

more effectively. After doping, the experimental values of ZOI for M. leutus 

and V. cholera bacteria estimated are around 20 and 24 mm. It indicates that 

doped ZnO were found to be more effective towards V. cholera than M. 

leutus, thus contribute to the greater mechanical damage to all functions of 

bacteria and enhanced bactericidal impact of dual doped ZnO nanoparticles. 

The photocatalytic efficiency increased by Al and Cr doping into ZnO 

indicating that transisition metals double doping might be an effective way to 

obtain more well-known efficient ZnO based photocatalytic nanoparticles. 
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CHAPTER 9 

CONCLUSION AND FUTURE WORK 

 

9.1  CONCLUSION 

  Pure and doped Zinc oxide (ZnO) nanostructures were 

synthesized using simple sol–gel chemical route and were annealed at 

500C for 2h. The effect of doping on the structural, morphological and 

optical properties was studied for an optimum concentration. Structural and 

morphological analysis were carried out using XRD, EDX, SEM, TEM and 

AFM, while optical properties were explored using UV-Visible, 

Photoluminescence, FTIR and μ-Raman spectroscopy. The antibacterial 

activities of the as-synthesized pure and doped ZnO nanostructures were 

carried out against both gram positive and gram negative bacteria by using 

well diffusion method. Furthermore, the photocatalytic activities of these 

samples are also studied by degrading methylene blue (MB) in water under 

the irradiation of UV light.  On the basis of the results obtained during the 

course of this study, the following key conclusions are summarized as: 

             The influences of annealing effects have been explored on the 

crystallinity, morphology, optical and magnetic properties of Ag-ZnO 

nanorods. The synthesized Ag-ZnO nanorods are found to have hexagonal 

wurtzite crystal structures and their grain size increases while lattice strain 

decreases on annealing. Due to annealing effect, Ag doped ZnO shows 

higher saturation magnetization at room temperature. Photoluminescence 

emission spectra pointed up additional peaks due to annealing effect of Ag-

ZnO. These supplementary emission bands point towards promising 

applications of the annealed Ag doped ZnO samples, especially bearing in 
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mind their low cost and availability. UV-driven white light emission 

generation in luminescent lamps, flexible displays, and down-shifting of solar 

spectrum for enhancement of efficiency of solar cells are some of their 

device applications. The magnetization increases with annealing   indicating 

that annealed Ag doping ZnO might be an effective way to obtain more 

prominent RT-FM in ZnO-based DMS nanoparticles. 

            The Ag-ZnO nanocomposites were synthesized to investigate the 

bacterial sensitivity against Gram positive and Gram negative bacteria, 

comparatively by using well diffusion method.  Ag/ZnO nanorods were 

synthesized by the simple wet chemical sol-gel method. The grain size was 

controlled by using polyvinyl pyridine as capping agent. Nanoparticle 

crystallinity, quality of the samples, chemical composition, and the optical 

properties were investigated by XRD, μ-RS, FTIR, PL spectrometer and HR-

TEM. The enhanced bioactivity was demonstrated by studying the 

antibacterial activity of ZnO and Ag/ZnO samples. These improved 

bioactivities of smaller particles were attributed to the higher surface to 

volume ratio. The smaller particles need more particles to cover a bacterial 

colony, which results in the generation of active oxygen species, which will 

kill bacteria more effectively. Therefore, Ag/ZnO nanorods were found to be 

more effective for killing the bacteria and thus, contribute to the greater 

mechanical damage for all the functions of bacteria. Hence, synthesized 

Ag/ZnO nanorods showed potential applications in photodegradation of 

organic dye pollutants and destruction bacteria. 

  XRD analysis revealed that the as-synthesized Cr doped ZnO 

nanostructures are well-crystalline and possessing hexagonal wurtzite 

structure in nano regime. SEM images confirmed that the synthesized 

nanostrucures were grown in high density with less agglomeration. The 

different types of morphologies were also observed after doping in ZnO 

nanostructures. Optical absorption measurements confirmed that doping 

enhances the excitonic oscillator strength and showed the blue shift in the 

band-gap which is also supported by Raman effect and PL. Doped 
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nanostructures were found to be more effective than undoped ZnO and thus 

contribute to the greater mechanical damage to all functions of bacteria and 

enhanced the bactericidal impact of Cr doped ZnO nanostructures. 

 ZnO and Al-doped ZnO nanopowders were successfully 

synthesized via simple sol-gel chemical technique. The influences of Al 

doping on the microstructure, morphology, optical and antibacterial 

properties of ZnO and its photocatalytic activity are investigated. It is 

interesting to observe Al doped ZnO nanoparticles proved to be more lethal 

to the bacteria than Cr-doped ZnO nanostructures. Also same scenario was 

observed in the degradation efficiency of the organic pollutant, M.B dye. The 

reason may be due to the excellent substitution of Al nanoparticles in ZnO 

which is also confirmed by EDX. This enhancement is possible because 

ionic radius of Al (0.54nm) is less than that of Cr (0.63nm). 

 Finally, the investigations of optical, structural, antibacterial and 

photocatalytic properties of sol-gel synthesized dual doped (Al-Cr) - ZnO 

nanostructures were presented. XRD results showed that undoped and dual-

doped ZnO nanostructures have crystalline nature. The morphology was 

found as honey-comb like structure for dual-doping sample. Optical 

absorption measurements showed that when the dopants Al and Cr were 

incorporated into ZnO, there is a difference in the optical absorption towards 

the edge which is blue shifted from 3.32 to 3.41 eV after dual-doping. The 

enhanced bioactivity was demonstrated by studying the antibacterial activity 

of undoped and dual doped ZnO samples against two bacteria Microccus 

leutus (M. leutus) and Vibrio cholera (V. cholera). The enhanced bioactivity 

of smaller particles is attributed to the higher surface area to volume ratio. 

The smaller particles need more particles to cover a bacterial colony which 

results in the generation of active oxygen species which will kill bacteria 

more effectively. After doping the experimental diameter values of inhibition 

zones for M. leutus and V. cholera bacteria estimated are 20 and 24 mm. It 

indicates doped ZnO were found to be more effective towards V. cholera 

than M. leutus, thus contribute to the greater mechanical damage to all 
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functions of bacteria and enhanced bactericidal impact of dual doped ZnO 

nanoparticles. 

9.2 FUTURE WORK 

 ZnO is a very promising candidate for a number of applications 

like sensing, photovoltaic, antibacterial and biomedical, gas sensing, 

optoelectronic device and dilute magnetic semiconductors when doped with 

transition metals. Therefore, in future this work can be extended in the 

following different ways as given below: 

1.  ZnO nanostructures showed enhanced antibacterial activities 

after doping against both gram positive and gram negative 

bacteria. The next step is to check their toxic behavior for 

biomedical applications.   

2.  In the present investigations, doped ZnO nanostructures 

showed good luminescence properties. Attempts can be 

made to understand the non-linear optical (NLO) property for 

optoelectronics applications. 

3.  Thin films can also be prepared and the properties can be 

compared. The film parameters are to be optimized suitable 

for biomedical and photocatalytic applications. 
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