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Abstract 
Metal oxides (MOs) nanostructures represent new class of materials which have been 

explored for various applications such as solar cells, sensors, fuel cells, microelectronic circuits, 

photocatalysts, antibacterial agents and piezoelectric devices due to their unique physiochemical 

properties. MOs nanostructures have changed or enhanced characteristics in contrast to their bulk 

counterparts. Various physiochemical properties of MOs nanostructures are hugely dependent on 

their particle size and shape. Fabrication of MOs nanostructures with strict control over the 

above mentioned parameters, exploration of their unique physiochemical characteristics and 

applications have attracted enormous interest in various fields of science and technology. 

In this thesis, first of all different MOs nanostructures such as ZnO, CuO, SnO2 and CeOz 

have been synthesized by chemical co-precipitation technique and characterized by XRD, SEM, 

FTIR and UV-visible spectroscopy analysis. XRD results reveal the single-phase formation of 

all MOs. Spherical nanoparticles are observed in case of ZnO, Sn@ and Ce02 samples, while 

hierarchal nanostructures are observed in case of CuO sample. The average particle sizes 

obtained from SEM images are 25 nm, 28 nm and 30 nm for ZnO, SnO2 and CeO2 

nanostructures, respectively. The antibacterial characteristics of four different MOs 

nanostructures against E. coli bacterium has been assessed by agar disc method. The order of 

antibacterial activity for different MOs nanostructures is found to be the following: 

ZnO>Sn02>Ce02>Cu0. 

Among these, the most efficient antibacterial agent ZnO has been selected and an effort is 

made to tailor its various physical properties by tuning its morphology, particle size and selective 

chemical doping in order to enhance its antibacterial potency. SnxZnOl, (where x = 0,0.02,0.04 

xii 



and 0.06) nanostructures have been prepared via co-precipitation method. The detailed study has 

depicted the prepared SnxZnOl, samples have hexagonal wurtzite structure. The shift in the 

main diffraction peak (101), increase in the particle size, modification in morphology, and 

tailoring in the excitation absorption peak with increases in Sn concentration into ZnO clearly 

demonstrate the successful substitution of Sn dopant into the host matrix. It is observed from the 

antibacterial tests that Sn doping enhances the antibacterial activity of ZnO nanostructures. It is 

found that shape and size of ZnO nanostructures along with the percentage Sn dopant remarkably 

manipulate its antibacterial potency. 

In the next step, AgXZnOl, (where x = 0, 0.02 and 0.04) nanorods have been prepared via 

chemical route and their structural, morphological, Raman, optical properties and antibacterial 

activity are studied. Structural analysis has revealed that Ag doping cannot deteriorate the 

structure of ZnO and wurtzite phase is maintained. Scanning electron microscopy results have 

demonstrated the formation of ZnO nanorods. These nanorods have observed to have average 

diameter of 96 nm and length of 700 nm, respectively. Raman spectroscopy results suggest that 

the Ag doping enhances the number of defects in ZnO host matrix. It has been found from 

optical study that Ag doping results in positional shift of band edge absorption peak. This is 

attributed to the successful incorporation of Ag dopant into ZnO host matrix. The surface defects 

have been observed to play major role to enhance antibacterial activiv of Ag doped ZnO 

nanorods as compared to undoped ZnO. 

Moreover, NixZnOl, (where x = 0,0.02,0.04 and 0.06) nanorods have been synthesized 

via same procedure as used for the synthesis of AgxZnOl, nanorods. It has been found that 

though Ni dopant is not able to alter the wurtzite structure of ZnO nanorods but strongly 

influence the length and diameter of the nanorods. Raman spectroscopy results show that the 
1 
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E I ~  phonons mode band shifts to the higher values with Ni doping, which is attributed to large 

amount of crystal defects. Ni doping is also found to tune the optical properties of ZnO nanorods. 

Ni doping has also greatly enhanced the antibacterial potency of ZnO nanorods. 

Finally, CuO nanostructures doped with Ce at different concentration levels have been 

synthesized via a simple co-precipitation technique. Structural studies exhibit the presence of a 

monoclinic structure of CuO for CeXCuOl., (where x = 0, 0.02, 0.04 and 0.06) samples without 

any additional impurity phases. SEM images have revealed the rod-like morphology with an 

average diameter of 30 nm for undoped CuO. The optical band gap of CuO has been observed to 

be decreased with doping which is assigned to the integration of the impurity band with the 

conduction band of CuO. The Ce doping induced effects on the antibacterial activity of the 

prepared Ce&uOl., nanostructures have been examined by recording the growth curves of 

bacteria in the presence of prepared nanostructures. It has been observed that S. aureus bacterium 

may be completely eradicated by the use of Ce doped CuO nanostructures. 

The cytotoxicity analysis of all the prepared nanostructures has shown that the 

synthesized nanostructures are biocompatible and non-toxic towards the human cell line SH- 

SY5Y cells. The bio-safe and biocompatible nature of the synthesized nanostructures along with 

the tunable optical properties and significant antibacterial potency make them potential for 

various applications in industrial, environmental and health sector. 
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Chapter No. 1 

Introduction 

1.1 Introduction Metal Oxides (MOs) 

MOs play very critical role in many fields of science and technology such as Physics, 

Chemistry, Material Science and Engineering and Medicines. Metal elements are able to make 

chemical bond with oxygen and form oxidic compounds which can exhibit conductor, 

semiconductor or insulator distinctiveness. In these days, MOs are widely used in the fabrication 

of solar cells, sensors, fbel cells, microelectronic circuits, as a catalyst and piezoelectric devices 

Nanotechnology is an emerging and most growing field of science and technology. At 

nanoscale, the main goal is to fabricate nanostructure materials, which have particular and extra 

ordinary properties as compared to those bulk forms [7-101. Nanostructures of MOs can 

demonstrate unique physical and chemical properties because of their nano scale size, high 

surface to volume ratio of atoms and edge effect [8-101. The nanostructure size can influence 

following three major set of characteristics in any MOs; 

First of all, scaling down of MOs fiom bulk to nanoscale influences their structural 

properties such as lattice parameters and its symmetry. In bulk form, most of the MOs have 

usually stable and dynamic crystallographic structures. However, when MOs are scaled down to 

nanoscale, their surface energies and stress in the lattice may increase dramatically leading to 

thermodynamic instability. This thermodynamic instability can induce modifications in cell 

parameters and structural alterations. In some cases, due to extremely high surface free energy 

MOs nanoparticles interact with the immediate environment and disappear completely. The 
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nanostructures (nanoparticles, nanowires, nanorods etc.) must have smallest amount of surface 

free energy to sustain structural stability. With the purpose of fulfilling this criteria, some of the 

phases with lower stability in bulk form transforms into highly stable phases at nanoscale. For 

example, Palker et al., have observed lattice distortion and enhancement in unit cell volume of 

CuO upon scaling it down to nanoscale from bulk because crystal symmetry leans to increase 

and a phase transition from low symmetry monoclinic structure of CuO to the high symmetry 

cubic structure with the decrease in particle size has been found [I I]. Similarly, lattice expansion 

is also found in CeOz and ZnO nanostructures [12, 131. 

Secondly with decreasing particle size, more and more atoms are accommodated on the 

surface which leads to higher surface area of MOs nanostructures. The presence of more atoms 

on the surface makes MOs nanostructures highly chemically reactive because more atoms are 

available for a chemical reaction on the surface. Study on particle size and chemical reactivity of 

ZnO demonstrates inverse relationship between them 1141. ZnO having smallest particle size 

shows maximum chemical reactivity. The particle size reduction may also lead to formation of 

edges (under coordinated atoms) and oxygen vacancies in metal oxides. Jonathan E. Spanier et 

al; studied bulk and nanostructure ceria with varying particle sizes with the help of Raman 

spectroscopy 1151. They observed formation and enhancement of oxygen vacancies in the crystal 

structure of ceria with decreasing particle size from 5 pm down to 6.1 nm. 

Thirdly, at nanosacle quantum confinement effects may arise in metal oxides. These effects 

arise when particle size is comparable to the Bohr exciton radius of MOs. In this case, electrons 

in MOs can feel the presence of particle boundaries and respond by changing their energy. 

Quantum confinement effects lead to enhancement in excitonic transition energy and widening 

of MOs band gap. The idea of this effect was first introduced in 1982 in order to explain the shift 
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in the absorption peak of CuCl with decreasing particle size [16]. The relation deduced for band 

gap energy (E,) of a nanoparticle having radius R was as follows; 

Where p is the reduced mass of electron hole pair. This relation demonstrates that expansion of 

the E, is arising from the kinetic energy of electron hole pair separated by distance R. This 

relation was further modified by the inclusion of Coulomb interaction of electron hole pair and 

spatial correlation energy ER functions. The modified form after simplification is as follows [17, 

181; 

This relation with inclusion of dielectric constant (E,) and the reduced mass (p) fbnctions 

demonstrates that E, expansion at nanoscale is dominated by both kinetic and potential energies 

of electron hole pair. This theory predicts an inverse square relation between E, and particle size 

R. This holds very well for some MOs such as Fe203 [19] and CdO [20] but fails for others such 

as ZnO, Ce02 and Sn02 etc [21-231 which suggests that this theory over estimates the E, 

expansion. The theory was later further modified to a relation E, cc R-'' (where n vary material 

to material) [24]. 

Such effects are experimentally observed in ZnO, CuO, Sn02 and CeO2 nanostructures [21-23, 

251. In bulk form, CuO has direct band gap energy of 1.2 eV which increases up to 2.1 eV at 

nanoscale. Even some researchers have reported band gap energy of 4.13 eV for CuO quantum 

dots having particle size of 10 nm [25]. 



1.2 Ceria (CeOz) 

Ce02 is one the most important and abundant amongst all the rare earth MOs. It has a 

wide band gap (3.2 eV) and large free exciton binding energy (58 meV) at room temperature 

with cubic fluorite crystal structure. Ce02 is only soluble in some of the strong acids while 

completely insoluble in water. It has capability to absorb minute quantities of water molecules 

and C02 from surrounding environment. Furthermore, it demonstrates high oxygen storage 

capability and strong absorption of ultraviolet (UV) radiations [26,27]. Due to these tremendous 

properties, Ce02 is vastly explored for applications in various fields such as solid oxide fuel 

cells, UV filters, gas sensors, antibacterial agents, targeted drug deliver, photocatalytic activities 

and automotive exhaust catalysts [ 28-32]. CeO2 is also used in MOs semiconductor devises as a 

luminescent material and phosphor material containing both activator and hosts [33, 341. But, the 

efficiency of Ce02 in these applications is limited by several problems such as surface area, 

morphology, particle size and crystalline quality [35]. It has been discussed in the previous 

section that at nanoscale MOs possesses unique physiochemical properties as compared to their 

bulk counterparts. Hence, synthesis of CeO2 nanomaterials and their applications are highly 

desirable. 

1.3 Copper Oxide (CuO) 

CuO is a narrow band gap semiconductor having monoclinic crystal structure. Being a 

simplest member of the copper compounds family, CuO has attracted enormous amount of 

interest, because of its tremendous physical properties likewise narrow band gap, spin dynamics, 

high temperature superconductivity and electron correlation effects [27, 281. Furthermore, CuO 

is an important p-type semiconductor having diverse applications in solar energy conversion, 

High Tc superconductors, gas sensors, lithium ion batteries and CO reduction [36]. Due to 
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narrow optical band gap, CuO is also extensively used in photocatalytic, photovoltaic and 

photoconductivity applications [37]. By decreasing particle size and controlling morphology of 

CuO, it may show changed or enhanced properties as compared to those of bulk counterpart. 

Moreover, CuO nanostructures with high surface area, outstanding stability, cost effective 

synthesis and good optical and electrical properties could effectively be used to enhance the 

performance of above mentioned functionalities [38]. 

1.4 Tin Dioxide (SnOz) 

Sn02 is a broad band gap (3.8 eV) semiconductor having rutile type crystal structure. 

SnOz is normally regarded as oxygen deficient n-type semiconductor material. It is one of the 

most important MOs because of its tremendous properties such as low electrical resistance, 

highly transparent in visible range of electromagnetic spectrum, wide energy band gap, chemical 

and mechanical stability and sensitivity towards variety of gases [39,40]. SnO2 is widely used in 

MOs based gas sensors, photo-catalysis, as an anode material in lithium ion batteries bulk 

ceramics, pigments and transparent electrodes [41-451. On the other hand, mostly 

physiochemical properties of Sn02 material depends various structural parameters such as 

particle size and aspect ratio. For example performance of SnOz based gas sensors strongly 

depends on these parameters [46]. Similarly, photocatalytic and antibacterial activity of SnOz is 

also critically dependent on particle size [47]. Various research groups suggested that specific 

surface of Sn02 could be enhanced remarkably by bringing it to down to nanoscale [48]. Hence, 

it is highly demanding to develop an easy approach for the synthesis of Sn02 nanomaterials and 

thereafter its applications. 

1.5 Zinc Oxide (ZnO) 



ZnO is most common and widely studied material in the field of science and technology 

due to its unique properties; such as wide band gap energy (3.37 eV), electrical and thermal 

stability, large exciton binding energy (60 meV), biocompatibility and biosafety [41]. ZnO 

crystallizes in stable wurtzite structure having lattice constants a (3.25 A) and c (5.21 A). Due to 

these tremendous properties ZnO nanostructures are widely used in electronic and optoelectronic 

devices, sensors, solar cells, antibacterial coating, UV protectors and targeted drug delivery [49- 

531. As main focus of the thesis is on ZnO, so it will be discussed in detail. 

1.5.1 Structure 
ZnO crystallizes in three different crystal structures; zinc blende, rock salt and wurtzite 

depending on conditions provided for crystallization. All the three crystal structures are 

illustrated in figure 1 .l. The most thermodynamically stable crystal structure for ZnO is wurtzite 

under ambient conditions 1541. Zinc blende structure of ZnO could be obtained by growing it on 

cubic crystal surface, while rock salt structure could only be achieved under high pressure 

environment 1551. 

Figure 1.1 Different crystal structures of ZnO [56] 



ZnO usually crystallizes in wurtzite crystal structure having lattice constants a = b = 3.25 A and 

c = 5.12 A. The ionic bonding between zinc (Zn) and oxygen (0)  is possible due to the huge 

difference of the electronegativities of Zn (1.65) and 0 (3.44). In wurtzite crystal structure, 

number of Zn and 0 surfaces is stacked alternatively along the c-axis. Each Zn atom is 

tetrahedrally coordinated to four 0 atoms as shown in figure 1.1 (a). ZnO wurtzite crystal 

consists of both polar and non polar surfaces. The cations (zn2+) and anions (0") can take such a 

configuration that some of the surfaces are completely terminated with zn2+ or 02- giving the 

positively or negatively charged surfaces, respectively. And the resulting charged surfaces are 

known as polar surfaces [56]. The electric charges on these polar surfaces are fixed, which 

cannot be transferred or altered. The interactions of these charges depend on their distribution 

over the surfaces. The structure of the ZnO is arranged in such a configuration that it maintains 

minimum electrostatic energy. The polar surfaces control the various physiochemical properties 

of ZnO. ZnO wurtzite crystal also has non polar surfaces comprising same number of zn2+ and 

0'- ions. Non polar surfaces of ZnO generally have lower surface energies than polar surfaces. 

Paticle size and shape of ZnO nanostructures can be tailored by varying the growth rate along 

polar and non polar surfaces. 

1.5.2 Physical properties of ZnO 
Some of the basic physical properties of bulk ZnO are summed up in table 1 .l. Various 

physical properties of ZnO change significantly at nano scale due to significant enhancement in 

the surface area, dominant quantum confinement effects and higher surface states etc. For 

example lattice expansion and contraction with variation in particle size has been reported 

previously and attributed this to variation in electrostatic forces due to surface dipoles [12]. 

Furthermore, lattice constant values approach to that standard bulk values as particle size 

increase [57]. Similarly, optical band gap energy of ZnO nanostructures varies from 3.4 eV to 
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3.6 eV depending on particle size which is higher than that of bulk ZnO value of 3.37 eV [58]. 

This widening of the band gap may be understood quantum confinement effects perspectiveas 

discussed earlier in section 1.1. Particle size also influences the refractive index of ZnO due to 

the decrement in compactness and crystalline quality of nanostructures as compared to their bulk 

counterparts [59]. Furthermore, refractive index is also related with band gap energy of ZnO 

therefore variation band gap energy as a function particle size will lead to variation in refractive 

index values [60]. Electrical characteristics of nano ZnO such as electron mobility and 

concentration may vary from that of bulk counterparts due to their surface area and presence of 

oxygen vacancies on the surface which may react with atmospheric molecules and change their 

electric response [6 11. 

Table 1.1: Basic physical properties of wurtzite ZnO at room temperature [62-641 

I Lattice constants I a =  b = 3.281, c = 5.281 I 

I Dielectric constant I 8.6 I 
Melting point 1977 "C 

Optical band gap energy 3.37 eV 

Exciton binding energy 60 meV 

Electron mobility 2 10 cm2/Vs 

Refractive index 2.02 

Molecular mass 8 1.39 glmol 



1.5.3 Vibrational properties of ZnO 
The exact knowledge of the vibrational properties of ZnO is essential for understanding 

of its various physical properties. Various techniques such as Raman and infrared (IR) 

spectroscopy are being utilized for long time to analyze the vibrational properties of ZnO [65- 

681. ZnO crystal has different vibrational modes i.e. Rarnan active modes, IR active modes and 

optically inactive modes. Wurtzite ZnO crystal has 4 atoms per unit cell i.e. s = 4 and hence 12 

total phonon modes (Total modes = 3s) [56]. ZnO has 1 and 2 longitudinal acoustic (LA) and 

transverse acoustic (TA) modes, respectively. Furthermore, wurtzite ZnO crystal has 6 transverse 

optical (TO) and 3 longitudinal optical (LO) phonon modes. Raman and IR spectroscopy are 

usually being used to probe the some zone boundary and zone center phonon modes of ZnO 

crystal. The group theory foresees 8 set of phonon modes i.e. 2A1 + 2E1 + 2B1 + 2E2 for 

wurtzite structure of ZnO. One A1 and one El modes are acoustic modes whereas the remaining 

6 are optical modes. The typical Raman spectra of bulk ZnO at room temperature are shown in 

figure 1.2. In this figure, the solid lines represent first order phonon modes of ZnO while dashed 

lines represent vibrational modes featured due to the multiple phonon scattering processes. 



Figure 1.2 Typical Raman spectra of bulk ZnO obtained at room temperature [69] ' 

The vibrational modes of ZnO are extremely sensitive to dopants, defects (such as Zn 

interstitial and oxygen vacancies etc) and strain 1701. Various authors have reported shift in the 

Raman modes at nanoscale which is attributed to defects creation [71]. Hence, important 

information about ZnO nanostructures can be extracted from the analysis of the position and 

broadening of the Raman and IR peaks. 

1.5.4 Optical properties of ZnO 
ZnO is a direct wide band gap (3.37 eV) semiconductor which makes it potential material 

for photonics applications. ZnO also has large exciton binding energy (60 meV) which can 

ensure efficient excitonic emission at room temperature. Thus, optical properties of ZnO are of 

immense interest for exploring its potential applications. Optical properties of ZnO are widely 

investigated through various techniques likewise; ultraviolet (UV)-visible absorption 



spectroscopy, photoluminescence spectroscopy and cathode-luminescence spectroscopy etc. The 

optical properties of ZnO can be originated due to both intrinsic and extrinsic effects. When 

optical transitions are triggered between electrons in the conduction band and holes in the 

valance band then such transitions are known as intrinsic optical transitions. Intrinsic optical 

transitions also include excitonic effects due to coulomb effects. The excitons may be 

categorized into two groups i.e. free excitons and bound excitons. Bound excitons are normally 

linked with dopants and defects which govern the extrinsic optical transitions. The dopants and 

defects can generate extra discrete energy states in the ZnO band gap, which strongly affect the 

optical properties of ZnO. These defects are categorized into two major groups: intrinsic defects 

and extrinsic defects. The intrinsic defects are related to crystal imperfection involving only the 

cations and anions. The intrinsic defects are further divided into groups i.e. the Franklin defects 

and the Schottky defects. The defects created when an anion or cation is removed from its native 

site and pushed into interstitial sites are called the Franklin defects. But the defects created when 

an anion or cation is completely removed from its native site leaving a vacancy are called the 

Schottky defects. The extrinsic defects are those which are created by impurities and dopants. 

Both intrinsic and extrinsic defects play vital role in controlling the optical characteristics of 

ZnO. Overall, the optical characteristics of ZnO depend on particle size and dimensions, defects 

concentrations and impurity doping [72]. Hence, optical properties of ZnO nanostructures can be 

significantly tuned via modifying these parameters. 

1.6 Doping Induced Effects on the MOs 

Different applications of MOs demand their different physiochemical properties. The 

doping is an easiest approach to tune the different physiochemical properties of MOs according 

to the needs. Commonly, different elements as a dopant in MOs can be categorized into two 



groups: 1) cation dopants and 2) anion dopants. The cation dopants substitute for metal ions 

while anion dopants replace oxygen ions. The discussion will be centered on cation dopants and 

their effects on the properties of MOs as anion dopants are not often used. 

In stoichiometric solid solutions, the excess charge of the dopant is compensated by 

lattice defects of opposite charge in order to have bulk charge neutrality. While in non 

stoichiometric solid solutions, it is compensated by electronic defects. The dopants may be 

characterized into two groups based on their charges. If the charge on the dopants is less than the 

host cation, then they are known as acceptor dopants. But they are known as donor dopants if 

their charge is greater than host cation. 

If the dopant has an extra negative charge then either cation interstitial or oxygen vacancies 

defects will compensate for the extra charge as shown the equation below: 

In the above equations, M,O represents divalent metal oxide, MIN is metal ion at native 

sites, Ma, shows metal ions at interstitial sites, ONrepresent oxygen ions at native sites and V-* 

are the oxygen vacancies. The number of host cations are much larger as compared to dopant 

cations, therefore the interstitial cations may be the host cations in equation 1.3. This equation 

depicts the scenario where anions sites are completely filled while cations sites are over filled. It 

is demonstrated in equation 1.4 that cations sites are completely occupied while anions sites 

partially occupied. Any of the two cases may be 'case in doped MOs to compensate the extra 

charge. The choice of utilization may be determined by size of ionic radii and charge. It is worth 

mentioning that mass, charge and lattice sites are perfectly conserved in these equations. 
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Similarly, the extra positive charge of the dopant is compensated either by metal ions vacancies 

or oxygen interstitials as illustrated in the equations 1.3 and 1.4. 

Here, V - ,  represents oxygen interstitial and VmSA represent metal ions vacancies. Equation 1.5 

depicts the situation of perfectly filled cations sites and overfilled anions sites. Equation 1.6 

demonstrates the scenario of imperfectly filled cations sub-lattice and perfectly filled anions sub- 

lattice. The mass, charge and number of lattice sites are also conserved in these equations. The 

type of defects produced by dopant ions strictly depends on size of ionic radii and charge on it. 

1.7 MOs Band Gap Tuning via Doping 

Band gap energies of MOs are of immense interest in various applications such as optoelectronic 

devices, solar cells and photo-catalysis etc. The performance of these devices can be remarkably 

improved via successful band gap tuning. In photo-degradation of multi-drug resistant bacteria, 

the activation energy range of MOs is of utmost importance. Activation energies of MOs and 

their light absorption capabilities play a vital role in controlling their photo-degradation 

capabilities. Hence, controlling these two parameters may lead to higher bactericidal potency of 

MOs nanostructures. Selective chemical doping is believed to the easiest, efficient and versatile 

method for this purpose. In undoped MOs, band gap is defined as the energy required to excite 

an electron from valance band (Vl3) to conduction band (CB) as shown in figure 1.3 (a). Doping 

of impurities in MOs can lead to either shrinking or widening of the band gap. The band gap 

widening can be explained on the basis of Burstein Moss (BM) shift [73]. According to BM shift 

theory, donor electrons from doped impurities can occupy the states at bottom of conduction 
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band. Therefore, optical transition are vertical and the band gap is defined as the energy 

difference between the states with Fermi momentum in CB and VB as Pauli exclusion principle 

prevents the electron form doubly occupying'the states in CB. This leads to widening of band 

gap as illustrated in figure 1.3 (b). Secondly, doping can lead to formation of impurity sates close 

to the VB which leads to its expansion as shown in figure 1.3 (c). The expansion of VB shrinks 

the optical band gap of semiconductors. 

Figure 1.3 Schematic band gap representation of (a) undoped semiconductors, (b) widening of 

band gap and (c) shrinking of band gap [73] 

There are some other explanations for band gap tuning via doping such as sp-d exchange 

interactions, quantum confinement effects depending the type of host and dopant and variation 

particle size with doping. Furthermore, concentration of doping impurities is also important to 

determine that which phenomenon will be effective. 



1.8 Antibacterial Activity of MOs Nanostructures 

Antibacterial agents are those materials which have toxic nature towards bacteria but do 

not affect the surrounding healthy cells. They are characterized into two groups 1) those agents 

which kill bacteria are known as bactericidal agents 2) and those antibacterial agents which only 

slows down or inhibit the growth rate of bacteria are called bacteriostatic agents. Both types of 

antibacterial agents are of great interest in several industries, such as hospital implants, medicine, 

food packaging and preservation, textile fabrics and water disinfection [74, 751. Traditionally, 

organic compounds are used for disinfection. But, the use of organic compounds poses various 

disadvantages such as toxicity towards healthy cells and low chemical and physical stability 

especially at high temperatures and pressure [75]. Furthermore, life threatening infections 

causing antibiotic resistant bacteria have emerged due to extensive use and abuse of antibiotics in 

the last two decades [76]. Among these, E. coli, S. aureus and Pseudomonas aeruginosa are the 

multi-drug resistant common species that can cause wide variety of infections and diseases [77, 

781. Mortality and morbidity linked with these bacteria remain high regardless of antimicrobial 

therapy, partially because these species develop resistance capability to antibiotics. Therefore 

new strategies are highly desired to identi@ and develop new generation of agents against these 

species. 

In this context, inorganic nanostructures have shown great potential because of their 

excellent catalytic, optical and antibacterial characteristics [79]. Silver nanomaterial is the most 

studied antibacterial agent having remarkable antibacterial activity against wide range of 

bacteria. But, cytotoxicity of silver nanomaterial limits its application as an antibacterial agent 

[go]. Now, another option is to explore inorganic metal oxides nanostructures, such as TiOz, 

ZnO, CuO, SiO2, Sn02, MgO and Ce02 have shown significant antibacterial activities 179-851. 



The exact mechanisms of action of MOs nanostructures toxicity towards various bacteria 

are still debatable. Several mechanisms of action are proposed such as ability of nanostructures 

to electrostatically attach to the bacteria membrane which can disturb the membrane integrity 

[79]. Secondly, the release of metal ions in water suspension of MOs nanostructures, these ions 

react lethally with bacteria [85]. Third and the most important mechanism of action is the 

photoactivation of MOs nanostructures and release of reactive oxygen species (ROS) [86-881. 

These mechanisms of action for the toxicity of MOs nanostructures towards bacteria are shown 

in figure 1.4. 

Figure 1.4 Mechanisms of action for the toxicity of MOs nanostructures towards bacteria [89]. 



1.9 Statement of Problem 

The development of nanotechnology based devices has recently become one of the most 

emerging fields of research in the physical sciences. Enhancing the surface area exclusive of 

alteration in the size of the device dimension show the way to extra efficient devices based on 

surface controlled phenomena such as in solar cells, sensors, detectors, targeted drug delivery, 

antibacterial agents and photocatalysis. Numerous research groups have developed techniques 

that utilize metal oxide nanostructures to fabricate these devices. However, the effective and 

large scale exploitation of nanotechnology is mostly held up by the at variance demands for strict 

control over size, shape, morphology, their physical properties and low-cost mass production. 

Due to this reason it is highly demanding to build up new approaches for the fabrication of 

nanostructures with desired characteristics. These approaches must be efficient, cost effective 

and easily reproducible. Soft chemical routes are; low cost, fast and versatile methods which can ( 

be employed for the fabrication of MOs nanostructures. Furthermore, the different properties of 

the MOs nanostructures need to be tailored according to the demands. 

Despite multiple research approaches, the bacterial contamination and related infections 

is serious issue worldwide. This demands development of new novel antibacterial agents having 

selective toxicity towards various bacteria. In this regard, numbers of MOs nanostructures such 

as TiOz, ZnO, CuO, SiOz, SnOz and MgO have shown great potential due to their toxic nature 

towards bacteria without harming healthy cells. But their antibacterial activities are still very low 

which needs to be enhanced. 

1.10 Aims and Objectives of the Thesis 

P Synthesis of MOs nanostructures with controlled particle size and morphology by a 

simple, cost effective and easily reproducible technique. 
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> Optimization of different synthesis parameters (such as reaction temperature, 

reactants, molarities etc.) in order to get ultrafine nanostructures. 

> Investigating the morphological, structural, optical, and vibrational properties of the 

MOs nanostructures. 

> Determination of the antibacterial activity of these MOs nanostructures. 

> Selection of the best suitable MOs nanostructures regarding their antibacterial 

potency against E. coli, S. aureus and Pseudomonas aeruginosa. 

> Tailoring of physical properties of the selected MOs nanostructures by selective 

metal doping to enhance their antibacterial activity. 



Chapter No. 2 

Synthesis and Characterization Techniques 

2.1 Nanoscience and Nanotechnology 

Nanoscience and nanotechnology can be defined as the science and technology of 

designing, synthesis and applications of materials at nanoscale as well as understanding of their 

physical characteristics. Nanomaterials are those materials which have at least one dimension 

less than 100 nm. Nanomaterials have found number of applications in various systems such as 

chemical, physical and biological due to their enhanced or changed physiochemical properties as 

compared to their bulk counterparts. These new or enhanced properties of nanomaterials are 

attributed to their lesser particle sizes. When the particle sizes of materials decreases their 

surface area (surface to volume ratio) increases [75]. It means that with the reduction in the 

particle sizes more and more percentage of atoms are accommodated on the surface as shown in 

figure 2.1. The increased percentage of surface atoms affects the structural, morphological, 

optical, thermal, electrical and chemical properties of the materials. 

Figure 2.1 Variation of surface atoms percentage with the particle size 1901 



2.2 Synthesis Techniques 

The development of versatile synthesis techniques is essential for the exploration of the 

physical characteristics and realization of the nanomaterials applications. There are two 

approaches for the preparation of nanomaterials i.e. top-down and bottom-up approaches. Both 

types of approaches are illustrated in figure 2.2. 

Figure 2.2 Schematic illustration of the top-down and bottom-up approaches 

A top-down approach is a way to synthesize the nanomaterials by breakinglslicing bulk 

materials down to nanoscale. Top-down approach is just similar to manufacturing of integrated 

circuits in which the constituents of the system are fabricated like carving. There are many 

synthesis techniques for fabrication of nanomaterials based on the top-down approach, such as; 

lithography process (photolithography, ion beam lithography and electron beam lithography), 

ball milling method, embossing, molding, printing and skiving. The top down approach 

combines both conventional and unconventional methods to generate nanoscale materials in a 

way similar to "carving" smaller objects from a large bulk material. Bottom-up approach is the 

inverse of top down i.e. fabrication of nanomaterials from the bottom atom by atom or molecule 



by molecule. Some examples of the bottom-up approach for synthesizing nanomaterials are 

chemical co-precipitation method, sol gel method, thermal evaporation method, carbothennal 

method, solvothermal method, hydrothermal method, physical vapor deposition (PVD) and 

chemical vapor deposition (CVD) methods [90]. 

MOs nanostructures have attracted wide variety of applications in field of science and 

technology such as lithium ion batteries, fuel cells, electronics, photovoltaics, magnetic storage 

devices, sensors, cancer therapy, and antibacterial agents [lo]. However, for successfbl 

applications of MOs nanostructures, strict control over their size and morphology is essential. 

Also developing synthesis techniques, which are versatile, easy to handle, cost effective and 

reproducible is of core importance. Several routes have been adopted for synthesis of MOs 

nanostructures such as sol-gel method, hydrothermal method, combustion route, ball milling, and 

co-precipitation method [91-941. The chemical methods based on bottom-up approach have an 

edge over the top-down approach in many ways. For example it gives better control over the 

particle size distribution and morphologies. Moreover, the stoichiometry of the MOs 

nanostructures can be controlled in a precise way by adopting chemical routes. 

Among these, the chemical co-precipitation technique is the most useful and easiest way 

for the synthesis of MOs nanostructures. In this method, the salt precursors (Chloride, Nitrate, 

etc.) are dissolved into the distilled water (or other solvent). The precipitates such as 0x0- 

hydroxides are formed with the help of a base agent such as a NaOH, KOH or NaOH.  Most of 

time, the controlled size and chemical homogeneity are difficult to achieve in the case of mixed 

MOs. However, the use of surfactants and optimization of various synthesis parameters such as 

Precursors concentration and pH value are seen to be effective in controlling size and chemical 

homogeneity of the MOs nanostructures. General synthesis procedure for MOs nanostructures 



preparation is illustrated in flow chart shown in figure 2.3. The synthesized samples were 

annealed at 300 O C  to get high crystal quality MOs nanostructures. The un-annealed 

nanostructures were observed to have some extra phases related to metal hydroxides and poor 

crystalline nature. The annealing temperature was chosen to be 300 O C  because at this 

temperature phase purity and good crystalline quality was achieved. This enhancement in the 

crystalline quality of MOs nanostructures may assigned to the fact that at higher temperatures, 

the crystallites have gained enough energy to orient themselves in proper equilibrium sites. 

Figure 2.3 Schematic representation of synthesis procedure 

2.3 Optimization of synthesis parameters 



In this thesis, different synthesis parameters were optimized to control the phase purity, 

particle size and shape of MOs nanostructures which are discussed here briefly. 

2.3.1 Reaction temperature 

Here, experimental procedure for the synthesis of MOs nanostructures was carried 

out at different reaction temperatures. Figure 2.4 depicts the XRD patterns of ZnO and CuO 

samples prepared at room temperature and 90 "C. It is clear from this figure that at room 

temperature, the wurtzite and monoclinic structures of ZnO and CuO are mixed with other 

phases while single phases have been observed at 90 O C .  This suggests that reaction temperature 

plays vital in the growth of MOs nanostructures. The presence of secondary phases in the 

samples synthesized at room temperature may be understood on the fact that decomposition of 

metal salts and their hydroxide complexes formed after the reaction of metal ions with OH- were 

not complete. Moreover, crystalline quality was observed to improve at higher temperature as 

depicted from the higher intensities of diffraction peaks. This optimized reaction temperature 

was used for the synthesis of all samples. 



Figure 2.4 XRD patterns of ZnO and CuO prepared at different reaction temperatures 

2.3.2 Role of p H  

The pH of solution is very important in the synthesis of MOs nanostructures. According 

to the growth mechanism, when metal salts are dissolved in water they undergo decomposition 

and form metal ions which react with O K  ions in the solution which are generated from the 

decomposition of NaOH to form metal hydroxide complexes. NaOH has been used in these 

experiments to adjust the pH values. Proper pH value ensures the adequate amount of OH- ions 

in the solution which is necessary for super-saturation which leads to liucleation of metal ions. 

Hence, optimization of pH value is of utmost importance in the growth of MOs nanostructures. 

In these experiments, pH value has been optimized for the synthesis of different MOs 

nanostructures. 

2.3.3 Role of acetic acid 

Surfactants or capping agents may be added to the solutions in order to modify the shape 

and particle size of the MOs nanostructures. In this thesis, acetic acid (CH3COOH) has been used 

as a surfactant. Adding CH3COOH in water leads generation of CH3COOm ions which can bind to 

the different surfaces of MOs and modify their growth rate and orientation. Figure 2.5 (a-c) 

depicts the SEM micrographs of ZnO nanostructures prepared at various percentages of 

CH3COOH added with respect to solvent. It can be seen from figure 2.5 (a) that without the 

addition of CH3COOH, the large size particles are formed. The particle size reduces with 

addition of 1% CH3COOH as shown figure 2.5 (b). Higher concentration of swfactant leads to 

growth of one-dimensional nanostructures. This may be attributed to the enhancement in 

nucleation rate of MOs upon addition of CH3COOH. Fast nucleation leads to of formation of 

small nanoparticles. At higher concentration, CH3COOH may improve the growth of ZnO along 
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[0001] direction as ZnO have higher growth rate along this direction if suitable conditions are 

provided. 

Figure 2.5 SEM images of ZnO nanostructures grown with (a) 0%, (b) 1% and (c) 2% 

acetic acid concentration 

2.4 Crystal growth mechanism of MOs nanostructures 

In this thesis, four different MOs were studied but here only growth mechanism of ZnO 

nanostructures is discussed. In general, crystal growth mechanism of ZnO nanostructures can be 

controlled through the combination of internal chemistry, external factors (supper-saturation, 
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reaction temperature and surfactants) and structural components [95]. ZnO is an amphoteric 

oxide with isoelectric point value of 9.5 which means that ZnO can be crystallized from the 

hydrolysis of Zn salts in basic solutions [96]. zn2+ ions are known to coordinate in tetrahedral 

complexes and it is colourless with zero crystal field stabilization energy due to its 3d electronic 

configuration. When Zn salts are dissolved in solvents, zn2+ ions are produced in the solution. 

OH- ions are provided by the addition of alkaline solutions such as NaOH or KOH. zn2+ and O H  

ions can form different intermediates depending on pH and reaction temperature. The addition of 

alkaline solutions is necessary for the formation of ZnO as usually divalent metal ions are not 

able to hydrolyze in acidic atmosphere [97]. ZnO can be achieved from these intermediates via 

dehydration. The chemical reactions for the formation of intermediates are as follows; 

Z n 0 ; -  + 2 H 2 0  t, ZnO + 2 0 H -  (2.4) 

ZnO + 2 0 H -  t, ZnOOH- (2.5) 

These chemical relations illustrate the main reactions involved in the growth of ZnO 

nanostructures. The end product in 2.2 may not be the same all the time. It may vary depending 

on pH value of the solution as demonstrated in figure 2.6. The dotted lines in this figure depict 

the thermodynamic equilibrium between zn2+ soluble species and corresponding solid phases. 



This demonstrates the importance of pH value of the solution for the growth of MOs 

nanostructures. 

Figure 2.6 Phase stability diagrams for the ZnOgrH20 system [98] 

Initially, the zn2+ and OH ions interact with each other and then undergo dehydration by proton 

transfer, forming the metal hydroxide complexes as depicted in relation 2.2 with octahedral 

geometry. These complexes act as growth units for the nucleation of ZnO. The water molecules 

produced during the chemical reactions diffuse to the solution. When the growth units reach 

supersaturated values, wurtzite ZnO starts to nucleate at the central region of aggregates as 

shown in figure 2.7. 



Figure 2.7 Nucleation of ZnO [99] 

The core of the aggregates is comprised of zn2+ and 02' surrounded by zn2+ and OH. The size of 

the nanostructures can be controlled by controlling the nucleation rate. 

2.5 Synthesis procedures 

2.5.1 Synthesis of MOs nanostructures 

The chemicals used for synthesis of MO nanostructures were zinc chloride (ZnClz), 

copper chloride (CuC12-5H20), stannous chloride (SnC4-5H20), cerium nitrate (CeN03-6H20), 

sodium hydroxide (NaOH) and acetic acid (CH3COOH). All MOs samples were synthesized via 

chemical co-precipitation technique using distilled water as a solvent. For synthesis of MOs 

nanostructures, 0.1M solution of all metal precursors were prepared in distilled water and stirred 

up to 20 minutes for complete dissolution. CH3COOH was added as surfactant and again stirred 
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for 20 minutes. The pH values of the solutions were adjusted at 8 via drop-wise addition of 1M 
t--- 

NaOH solution. After adjusting the pH value, solution was stirred for one hour. Finally, 

precipitates were collected and washed via centrifugation. The cleaned precipitates were dried in 

an electric oven for 12 hours at 80•‹C and then grinded with help of mortar and pestle to acquire 

the powder. Finally, the prepared MOs samples were annealed at 300 OC for 2 hrs to enhance 

their crystallinity. 

2.5.2 Synthesis of Sn,ZnOl, nanostructures 
For synthesis of SnxZnOl-, nanostructures, ZnCl2, SnC14-5H20 and NaOH were used. 

The synthesis was performed by a simple co-precipitation technique by using distilled water as a 

r\( solvent. For synthesis of undoped ZnO nanostructures, 0.1M solution of ZnC12 in distilled water 

1: was stirred up to 20 minutes for complete dissolution. Then 1M NaOH solution was added drop- 

"i wise to adjust the pH value at approximately 8. AAer adjusting the pH value, solution was stirred 

\Jj for one hour. Precipitates are collected from the solution by centrifugation. For i n  doping, the 
\ 

k same procedure was adopted except the addition of SnC14-5H20 with various molar ratios to 

ZnC12 for 2 ,4  and 6% Sn doping. All samples were dried in an oven for 5 hours at 80•‹C and then 

grinded with help of mortar and pestle to acquire the powder. The samples were annealed in a 

chamber furnace for 2 hours at 600•‹C. 

2.5.3 Synthesis of AgxZnOl, nanorods 
AgxZnOl, nanorods were prepared by chemical co-precipitation technique using zinc 

chloride (ZnC12), silver nitrate (AgN03), sodium hydroxide (NaOH) and acetic acid 

(CH3COOH). For synthesis of AgxZnOl, nanorods, acetic acid concentration was doubled as 

compared to that used for synthesis of ZnO nanoparticles in MOs chapter. This increase in 

concentration of acetic acid lead to the formation of rod-like shape of nanostructures. A quantity 

of O.lM ZnClz solution was prepared in 100 ml distilled water at 80 OC and in the meantime 
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acetic acid was added to this solution. Then 1M NaOH solution was added drop-wise to adjust 

the pH value at approximately 8. After the addition of NaOH, parent solution was vigorously 

stirred for one hour at 80 OC. Finally, the precipitates were collected through centrifugation and 

washed several times with distilled water. These cleaned precipitates were dried in an electric 

oven at 80 OC. The obtained product was grinded with mortar and pestle and annealed at 300 OC 

for 2 hours. Ag doped ZnO nanorods were prepared by same procedure except addition of 

different molar percent of AgN03. For 2% and 4% Ag doping, 0.002 and 0.004M AgN03 

solutions were added to ZnC12 solution. 

2.5.4 Synthesis of Ni,ZnOl, nanorods 
NiXZnOl., nanorods were prepared by same procedure as adopted for Ag doped ZnO 

nanorods except addition of different molar percent of nickel chloride. For 2%, 4% and 6% Ni 

doping, .002, .004 and .006 M solutions of nickel chloride were added to ZnClz solution. 

2.5.5 Synthesis of CexCuOl, nanostructures 
Ce,CuOl, nanostructures were synthesized via chemical co-precipitation route. 

Appropriate ratios of CuC12.5H20 and CeN03-6H20 were dissolved in distilled water to obtain 

0, 2, 4 and 6% Ce doped CuO. Acetic acid was added as a surfactant to control the size and 

morphology. After 20 minutes of vigorous stirring, an aqueous solution of sodium hydro oxide 

(1M) was added dropwise to adjust the pH value at approximately at 10. The obtained solutions 

were again vigorously stirred at 80•‹C. After one hour of stirring, the solutions were cooled down 

to room temperature naturally. The precipitates were collected, washed with distilled water 

repeatedly and dried at 80 OC in an electric oven. The dried samples were annealed in electric 

furnace at 300 OC for 2 hours to obtain highly crystalline material. 

2.6 Determination of Antibacterial Activity 



Antibacterial activity of synthesized nanostructures were examined against; Gram-negative 

E. coli, Pseudomonas aeruginosa and Gram positive S. aureus. All strains were grown 

aerobically at 37OC under normal laboratory light conditions. 

The in vitro antibacterial activities of the prepared nanostructures were studied by agar disc 

method. Single colonies of these bacteria were cultured in agar medium by lawn formation. The 

colloidal suspensions of nanostructures (2 mg/ml) were applied to agar Petri plates by disc 

method. These agar plates were incubated at 37OC for 24 hours and zone of inhibition was 

measured in millimetres (mm). 

For antibacterial assay, above mentioned microorganisms were grown in a liquid media 

(nutrient broth media) in presence of colloidal suspension (2 mg/ml) of nanostructures. Cultures 

grown without prepared nanorods colloidal suspension 'under the same conditions were 

considered as control. Growth of these microbial colonies was monitored by measuring optical 

density (OD) at interval of every 2 hours by UV-visible spectrophotometer at wavelength of 600 

nm. 

2.7 Cell culture and Treatment with MOs Nanostructures 

The human cell line SH-SYSY Cells was purchased from ATTC (Manassas, VA, USA). 

Cells were maintained in Dulbecco's Modification of Eagle's Medium (DMEM) medium 

supplemented with 10% fetal bovine serum (FBS) and grown at 37 O C  in humidified environment 

with 5% CO2 plus 95% air. Cells were seeded in well plates and allowed to attach for 48 hours. 

The suspensions of the prepared nanostructures were applied to the cells. Cells cultured without 

presence of the nanostructures were used as control in these experiments. Florescence 

microscope was used for cells viability assay and Flow cytometry was used for ROS detection. 



2.8 Characterization Techniques 

In this portion, the characterization techniques employed to investigate the physical 

properties of the prepared nanostructures are briefly explained. 

2.8.1 X-ray diffraction (XRD) 
XRD is a powerful and non-destructive characterization tool being widely used for the 

examination of finger print of crystalline materials, crystal structure and quality, detection of 

impurity phases and crystallite sizes of various materials. XRD utilize X-rays for the material 

examination. X-rays are electromagnetic radiations having wavelength in the range of angstroms 

(A) which is comparable to the inter-atomic spacing of the materials. Thus when x-rays of 

suitable wavelength are plunged on the material, it undergoes diffraction according to the Braggs 

law as shown in the figure 2.8. 

Plane 
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Figure 2.8 Diffraction of X-rays [loo] 

The diffracted X-rays experience constructive interference if they are in phase to each 

other and destructive interference if out of phase. The constructively interfered X-rays produce 

distinct diffraction peaks at specific angles which are recorded by a detector in the XRD setup. 

Every material has their own diffraction peaks located at specific angles which differentiate it 

from another material. Hence, by plotting the recorded intensities against diffraction angle gives 



the finger print of the material and an unknown material can be identified. From these diffraction 

patterns, information about the crystal structure, crystallite sizes and crystalline quality can be 

obtained via crystallography. We have recorded the XRD patterns of all prepared MOs 

nanostructures with step size of 0.2' (20) and 20 range of 20-70' using PANalytical X-ray 

diffractrometer (Model: 3040160 X'Pert PRO made in Netherland). This X-ray diffractrometer 

utilizes CuK, X-rays having wavelength of 1.54 A. XRD patterns have been recorded in powder 

form without any further processing. 

2.8.2 Scanning electron microscopy (SEM) 
The morphologies and particle sizes of the MOs nanostructures play vital role in det 

ermining their various properties. Hence, knowing these parameters of MOs nanostructures is of 

immense interest for understanding their physical properties as well as applications. The surface 

morphology and particle size of a nanomaterial can be characterized by SEM. SEM utilize 

electrons for material characterization. According to the principle of SEM, collimated beam of 

! 

electrons generated from electron gun are focused on the sample which is placed in high vacuum 

chamber. The electron beam generates various types of signals from the sample such as; 
I 

secondary electrons, Auger electrons, backscattered electrons, X-rays and light. These signals are 

detected by a detector present inside the sample chamber and attached with the computer. The 

secondary electrons give the images of the surface topography of the sample. The non- 

conducting samples are coated with carbon, silver or gold in order to avoid the surface charging 

effects. The average particle sizes have been obtained by marking diameter and length of 30 

particles and taking their average. 

2.8.3 Fourier transform infrared (FTIR) and Raman vibrational spectroscopy 
The structural and vibrational characteristics of nanomaterials can be investigated by 

employing the FTIR and Raman spectroscopic techniques. They are the two most common and 
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useful spectroscopic techniques based on the atomic vibration of a molecule. Both spectroscopic 

techniques have different selection rules for transitions. Hence, utilization of both techniques is 

complimentary. 

2.8.3.1 FTIR spectroscopy 
FTIR spectroscopy is a powerful non-destructive characterization tool based on the 

interference of two beams of radiations to have an interferograrn. The interferogram is a signal 

originated as function of difference in the pathlength of the interfering beams. In FTIR, infrared 

radiations are allowed to pass through the sample. Some portion of the radiation is absorbed by 

the sample while the remaining portion passes through it, which is called transmittance. The 

absorption of infrared radiation cause vibrational excitation of polar bonds of the sample. 

Therefore, the presence of dipole moment in the sample is essential for radiation absorption. The 

plot of radiation absorbed versus frequency gives FTIR spectra which contain information 

related to the vibrational or phonon modes present in the sample. The detection of vibrational or 

phonon modes are governed by certain selection rules. Every material polar bond can only be 

excited radiation of specific frequency. Hence, FTIR gives us fingerprints of the unknown 

material. Further, the peak position, width and height can give us information about the crystal 

structure and crystalline quality of the material. MOs nanostructures have a very high aspect 

ratio (i.e. surface to volume ratio) when compared to their bulk counterpart. This property makes 

nanostructures more chemically reactive, because more atoms are accommodated on the surface. 

Due to higher chemical reactivity, various functional groups can be attached with the surface of 

the MOs nanostructures intentionally or unintentionally. Therefore, knowing the surface 

chemistry of samples that have been synthesized is of immense interest. The infrared radiation 

can excite the molecule of these functional groups. Thus FTIR spectra also contain information 

about the different functional groups attached to the surface of the sample. In this thesis, 
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NICOLET 6700 FTIR spectrometer made by THERMO SCIENTIFIC, USA has been employed 

for investigation of the MOs nanostructures vibrational or phonon modes, presence or absence of 

impurity states and surface chemistry. FTIR spectra of prepared MOs nanostructures have been 

obtained by mixing 2 mg of nanostructures with 98 mg of KBr to prepare 13 mm pellets. For 

backgroung corrections 100 mg KBr pellets have prepared. First, an FTIR spectrum of pure KBr 

pellets has been recorded for background signals correction. 

2.8.3.2 Raman spectroscopy 
Raman spectroscopy is a more versatile spectroscopic technique than FTIR. Raman 

spectroscopy is believed to be more sensitive than FTIR. It is based on the Raman scattering 

phenomena discovered by an Indian scientist C.V. Raman in 1928. According to the working 

principle of Raman spectroscopy, when a beam of mchochromatic light (usually obtained from 

LASER) is shined on the sample, the light is scattered. This scattering arises from the interaction 

of monochromatic light with electric dipole of a. molecule in the sample. The scattering can be 

illustrated as the change in the vibrational energies of an electric dipole upon light illumination 

or in other words excitation of molecules to higher vibrational states. The resultant scattered light 

may have the same frequency as of the incident light (Raleigh scattering) or lower (Stokes 

scattering) or higher frequencies (anti-Stokes scattering). The Stokes scattering is normally 

experiential in Rarnan spectroscopy which is shown in figure 2.9. The Rarnan shift which is 

measure of the difference in the energies of the incident and scattered light, gives the vibrational 

or phonon frequencies of the sample. A Raman spectrum is obtained by plotting the Raman shift 

versus intensities of the scattered light. 



Figure 2.9 Stokes scattering in Raman spectroscopy [loll 

Raman spectroscopy is a very valuable technique for examining the microstructure and 

structural defects of nanomaterials. It has the capability to notice the presence of minor phases in 

the sample which are not easy to detect with help of XRD. In this thesis, Raman spectroscopy 

has been used to study the vibrational properties of MOs nanostructures as well as to investigate 

the crystal defects in these nanostructures. 

2.8.4 Ultra violet (UV)-visible absorption spectroscopy 
UV-vis absorption spectroscopy is a simplest, non-destructive and most useful 

spectroscopic technique being widely used for the investigation of optical properties of 

nanomaterials. It is based on the principle of light absorption due to the electronic transitions in a 

sample. The electronic transitions in a sample can only be caused by light having wavelength in 

UV or visible region that is why this technique is named as UV-vis absorption spectroscopy. 

When light of intensity (I,) is shined on the sample, some fiaction of light is absorbed while the 

remaining fraction is transmitted by the sample. The transmitted light having intensity (I) is 



detected by the detector. The I, and I are related to absorption of light A by Beer's law stated as 

follows: 

This law states that when transmitted light fraction is low, the fraction of absorbed light 

will be high and the other way around. The schematic diagram of the UV-vis spectrometer is 

shown in figure 2.9. The plot of the transmitted light versus wavelength of the light will give 

absorption spectrum of the sample. From this spectrum, different information regarding the 

optical properties of the sample can be obtained such as light absorption and transmission 

capabilities of the sample, optical band gap energy and electronic behavior of the sample. UV- 

visible absorption spectra of the prepared MOs nanostructures have been obtained by dispersing 

1 mg of nanostructures in 1 ml distilled water. For background correction, first absorption of 

pure distilled water has been recorded then subtracted from the spectra of MOs nanostructures. 

Figure 2.9 The schematic diagram of the UV-vis spectrometer [loll 
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Chapter No. 3 

Synthesis, Characterizations and Antibacterial Activity of MOs 
Nanostructures 

3.1 Introduction 

These days, MOs have been used widely in the fabrication of solar cells, sensors, he1 

cells, microelectronic circuits, catalysis process and in piezoelectric devices. Nanostructures of 

MOs can demonstrate unique physical and chemical properties because of their nano-scale size, I 

high aspect ratio (i.e. surface to volume ratio of atoms) and edge effect [lo]. MOs nanostructures 

such as ZnO, CuO, Sn02 and Ce@ synthesized by co-precipitation technique have been 

characterized for the study of several physical properties such as structural, morphological and 

optical properties. Furthermore, the antibacterial activity of these prepared MOs nanostructures 

have been investigated by agar disc method. 

3.2 Results and Discussion 

Structural and morphological study 
The crystal structures and phase purity of the prepared MOs samples have been 

investigated by XRD. Figure 3.1 depicts the typical XRD patterns of ZnO, CuO, Sn02 and Ce02 

nanostructures. All peaks in XRD patterns can be well indexed to the typical wurtzite, 

monoclinic, rutile type tetragonal and cubic fluorite structures of ZnO, CuO, Sn02 and C e a ,  

respectively [93, 94 and 1021. Furthermore, no impurity peaks are detected, which confirms the 

phase purity of all the prepared MOs nanostructures. 



2 e (degree) 2 e (degree) 

Figure 3.1 XRD patterns of MOs nanostructures. 

The crystallite sizes for all prepared samples are calculated using Scherrer formula; 

where h is the wavelength of X-ray, P is full width at half maximum of the peak at diffracting 

angle 0. The calculated crystallite sizes are found to be 18 nm, 12 nm, 8 nrn and 17 nm for ZnO, 

CuO, SnOz and Ce02, respectively. The morphology and chemical composition of the 

synthesized samples have been investigated by SEM. SEM micrographs of the synthesized MOs 

samples are shown in figure 3.2. 



Figure 3.2 SEM images of MOs nanostructures. 

Spherical nanoparticles are found in case of ZnO, Sn02 and Ce02 samples, while the hierarchal 

nanostructures are found in case of CuO sample. The average particle sizes obtained from SEM 

images are 25 nm, 28 nm and 30 nm for ZnO, Sn02, and Ce02 nanostructures, respectively. 

3.2.2 FTIR study 
Nanostructures have very high aspect ratio as compared to their bulk counterpart. This 

property makes them more chemically reactive because more atoms are accommodated on the 

surface. Therefore, the study of surface chemistry of prepared MOs nanostructures is of utmost 

importance. To study the presence or absence of various vibration modes on the surfaces of 

40 



samples, FTIR spectra have been recorded in the range of 400-1500 cm-'. FTIR spectra of ZnO, 

CuO, SnOz and CeOz nanostructures are shown in Figure 3.3. The FTIR spectra of all MOs 

nanostructures demonstrate series of vibrational modes from 400 to 1500 cm". The presence of 

vibrational modes in the region of 400-600 cm-', for all samples, shows the existence of M-0 

bonding (M = Zn, Cu, Sn, and Ce) [93]. Thus, FTIR spectroscopy results corroborate very well 

with the XRD results. 

Figure 3.3 FTIR spectra of MOs nanostructures 

3.2.3 Optical study 
After determining the structure, morphology and purity, the optical characteristics of 

MOs nanostructures have been studied at room temperature. Optical spectra of the MOs 

nanostructures dispersed in distilled water are depicted in figure 3.4. ZnO nanoparticles exhibit 
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typical exciton band gap absorption at 376 nm which is blue shifted as compared to its bulk 

counterpart [103]. CuO nanostructures show maximum absorption peak at 380 nrn, which is 

assigned to the surface plasmon absorption [104]. Sn02 and Ce02 exhibit band edge absorption 

at 326 nm and 322 nm, respectively. The obtained results are matched well with the reported 

ones [103-1061. 

Wavelength (nm) 

Figure 3.4 UV-visible absorption spectra of MOs nanostructures 

3.2.4 Antibacterial activity 
E. coli is one of the most resistant bacterium due to its thick cell wall. The cell wall of it 

is comprised of a thick PG layer and outer membrane. It shows resistance to wide variety of 

drugs because of this complex cell wall [loll. Additionally, the E. coli bacterium protects itself 

by creating bio-films. Bio-films cover the bacterial cells community and protect it fiom 

antibiotics [107]. Hence MOs nanostructures can be effectively used to break these bio-films due 



to their small sizes and extraordinary physiochemical characteristics. At nanoscale, MOs possess 

high surface area which leads to higher chemical and biological reactivity of MOs 

nanostructures. Due to these properties, the MOs nanostructures react proficiently with the cell 

membranes and lead to their death [108]. Previously, number of possible mechanisms of 

interaction between MOs nanostructures and bacteria are proposed likewise photo-activation of 

MOs and generation of electron hole pairs which produce reactive oxygen species (ROS) by 

interacting with water and oxygen molecules, Columbic interaction between nanostructures and 

bacterial cells and accumulation of nanostructures inside the cells [109]. By the interaction of 

MOs nanostructures with bacterial cells via any of the above mechanisms, it leads to cell death 

and form zone of inhibition (ZOI) around nanostructures. Disc diffusion method has been 

adopted to investigate the in vitro antibacterial activity of MOs nanostructures against multi-drug 

resistant E. coli bacterium. Antibacterial activity results reveal that the ZnO nanoparticles exhibit 

highest level of bactericidal potency against E. coli. ZnO, Sn02 and Ce02 nanoparticles produce 

10 mm, 6 mm, and 3 mm of 201, while CuO nanostructures could not produce any ZOI (figure 

3.5). The ZOIs formed around the Sn02 and CeO;? nanoparticles (white spot) are not much clear, 

which demonstrate that some E. coli are still proliferated within the ZOI. This shows that the 

bactericidal effectiveness of Sn02 and Ce02 nanoparticles is poor. While the ZOI around ZnO 

nanoparticles (white spot) is very much clear, which reveals that ZnO nanoparticles act as an 

excellent antibacterial agent as compared to other MOs nanostructures tested. Particle sizes and 

morphology play an important 
I 



Figure 3.5 ZOI produced by different MOs nanostructures (a) ZnO, (b) CuO, (c) SnOz and (d) 

CeOz 

role in the antibacterial activity of MOs nanostructures [93, 1101. Tam et al. have reported the 

highest antibacterial activity for small size spherical nanoparticles as compared to nanopowders 

and nanorods [110]. The SEM results demonstrate that ZnO has the smallest particle size (25 

nm) among all the MOs samples. It can also be seen from the SEM results that CuO has a 

hierarchal morphology. Thus, the higher antibacterial activity of ZnO nanoparticles may be 

attributed to its smaller particle sizes. The resistance of E. coli towards CuO may be attributed to 

its hierarchal morphology. The solubility of MOs increases with the decrease in particle sizes. 



The high solubility of MOs nanostructures can increase the concentration of soluble metal ions 

as a result there is enhancement in the antibacterial activity of MOs nanostructures [51]. 

Furthermore, the solubility of MOs nanostructures also depends on the type of MOs. Recently, it 

is reported that ZnO nanoparticles have higher solubility than CuO, Sb203 and NiO nanoparticles 

[l 1 11. Antibacterial activity also depends on the physicochemical properties of MOs 

nanostructures [107]. Hence, the difference in antibacterial activity of different MOs 

nanostructures may be attributed to their particle sizes, different morphology, solubility and 

physicochemical properties. 



Chapter No. 4 

Synthesis, Characterizations and Antibacterial Activity of Sn Doped 
ZnO Nanostructures 

4.1 Introduction 

At nanoscale, ZnO demonstrates unique physical and chemical properties because of its 

high aspect ratio of atoms (i.e. surface to volume ratio). ZnO nanostructures have vast 

applications such as dye sensitized solar cells, field effect transistors, targeted drug delivery, 

anticancer agents, and antibacterial activity [1 1 1-1 151 Recently, it has been reported that the 

doping of ZnO nanostructures with other elements can enhance its various properties [116]. 

Commonly, different elements as a dopant in ZnO can be categorized into two groups: one group 

can fill in for zinc (Zn) and the second group for oxygen (0). These different dopants can tune 

various properties of ZnO nanostructures. Sn as a cation dopant can substitute for Zn and tailor 

various properties of ZnO nanostructures [117]. 

Mortality and morbidity linked with pathogenic bacteria remain high regardless of 

antimicrobial therapy, partially because these species develop resistance capability to antibiotics. 

Therefore, new strategies are highly desired to identify and to develop a new generation of 

agents against these species. ZnO nanostructures are of particular interest due to their low cost, 

nontoxic nature, their abundance in nature, and established use in health care products [118, 

11 91. Recently, it is reported that Sn doping has significantly enhanced the antibacterial activity 

of titanium dioxide (TiO2) nanoparticles [120]. But the use of Ti02 is limited due to its allergic 

reactions to sensitive skin. However, ZnO is known to have significant activity against various 

microorganisms and does not cause any allergic reactions on the skin by dispersing the light fall- 

ing on it [121]. In this chapter, SnxZnl,O nanostructures have been fabricated by a simple co- 
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precipitation technique and the effects of Sn doping on the antibacterial activity and 

physiochemical characteristics of ZnO nanostructures is studied in detail. 

4.2 Results and Discussions 

4.2.1 Structural and morphological studies 
To study the influence of Sn doping on the structural characteristics of ZnO 

nanostructures, XRD analysis of SnxZnl,O nanostructures has been carried out with step size of 

0.2" (2 0) and 20 range of 20"-70" with CuKa radiation having wavelength 1.54A. Figure 4.1 

shows the XRD patterns for SnXZnl.,O nanostructures. The broadness of the peaks in XRD 

patterns shows the nanocrystalline nature of all prepared samples. All peaks are indexed to (loo), 

(002), (101), (102), (1 lo), (103), (200), (1 12), and (201) planes which corresponds to the typical 

hexagonal wurtzite structure of ZnO. This is in conformity with reported literature and the 

standard pattern of ZnO [122]. The absence of extra peaks related to Sn or other impurities in the 

XRD patterns with Sn doping substantiates the phase purity of all synthesized samples. There is 

a shift toward higher angle and a decrease in the peak width with Sn doping, as shown in figure 

4.2, which confirms the successful incorporation of Sn into the ZnO lattice and the reduction of 

strain [123]. The particle sizes have been calculated from the broadening of the main peak (101) 

using Scherrer's formula SnxZnl,O samples. The average sizes of particles are 17 nm, 24 nm, 32 

nm, and 36 nm for undoped, 2%, 4%, and 6% Sn doped ZnO, respectively. The increase in 

particle size of ZnO grown under the same synthesis conditions as a function of Sn doping may 

be attributed to the fact that ionic radii of sn4+ may be larger than zn2+ (0.744, which means 

that the coordination number of sn4+ in the crystal would be greater than 4 (0.69A for 4- 

coordinate, 0.83A for 6-coordinate, and 0.95 for 8-coordinate) [124]. The increase in particle size 



with doping in the ZnO host matrix may be linked with enhancement in the crystallinity of the 

synthesized SnxZnl,O nanostructures. 
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Figure 4.1 XRD patterns SnxZnl-xO 

The morphological examination of SnXZnl.,O samples was done by SEM. Figure 4.3 shows 

SEM micrographs SnxZnl-xO samples. It can be observed from the figure that the morphology of 

ZnO samples is spherical and changes from spherical to rods with Sn doping. The morphological 

variation may be due to the remarkable influence of Sn ion doping on ZnO nanostructures and 

dipolar interaction along the c-axis with the sn4+ substitution to zn2+. The development of 

nanoparticle's shape strongly depends on the fiee surface energies associated with various 

crystallographic planes which differ significantly from each other. In wurtzite structure of ZnO, 

(0001) surface is the most energetic one and therefore ZnO nanostructures grow along c-axis if 
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suitable conditions are provided [125]. The growth along c-axis guides to formation of one- 

dimensional ZnO nanostructures. Sn has been reported previously to act as catalyst for directing 

the ZnO nanostructures growth along c-axis [126]. Hence, sufficient Sn concentration may guide 

the ZnO growth along c-axis and leads to nanorods formation from the oriented attachment of 

nanoparticles. A clear increase in particle sizes of SnxZnt_xO nanostructures as a function of Sn 

doping level. 



Figure 4.3 SEM micrographs of (A) undoped, (B) 2% Sn (Sn), (C) 4% Sn, and @) 6% Sn doped 
ZnO. 

The morphologies of SnXZnl.,O nanostructures were hrther examined by transmission 

electron microscope (TEM). TEM micrographs of undoped ZnO nanoparticles show nearly 

spherical particles with an average size of 47 nm as shown in figure 4.4 (A). Figure 4.4 (B) 

represents a TEM micrograph of 4% Sn doped ZnO nanostructures with nanoparticles and 

nanorods mixed morphologies. It is demonstrated by the TEM results that both particle size and 

morphology are greatly influenced by Sn doping into ZnO matrix. 



Figure 4.4 TEM micrographs of (A) 0%, (B) 4% Sn doped ZnO nanostructures 

4.2.2 FTIR and Raman studies 
Nanostructures have a very high aspect ratio (ie, surface to volume ratio) when compared 

to their bulk counterpart. This property makes nanostructures more chemically reactive, because 

more atoms are accommodated on the surface. Therefore, knowing the surface chemistry of 

samples that have been synthesized is of immense interest. To study the presence or absence of 

various vibration modes and to investigate the influence of Sn doping on ZnO nanostructures, 

FTIR spectroscopy of SnXZnl.,O nanostructures was performed. Figure 4.5 shows the FTIR 

transmission mode spectra of Sn,Znl.,O nanostructures. 



atio 

300 

e a 
a 2MJ 

T 
I - 
t ,LO 
e 
I- 

raD 

50 

0 

wavenumaw (emcmt] 
Figure 4.5 FTIR spectra of (a) undoped, (b) 2% Sn, (c) 4% Sn and (d) 6% Sn doped ZnO 

nanostructures. 

The spectrum of each sample shows a series of absorption peaks from 400 to 4000 cm-'. 

The broad peak at approximately 3360 cm-' in all samples can be attributed to the presence of 

hydroxyl groups on the surface of samples. The peaks around 1500-1600 cm-' are due to the 

presence of C=O stretching mode on the surfaces of the samples. In figure 4.5, the characteristic 

peak of ZnO occurs at approximately 412 cm-', which confirms the formation of ZnO. In 

infrared region, when morphology of particles changes from spherical particles to needle like 

structures, spectra often show two absorption maxima [127]. In our case, when the particle 

morphology changes from spherical nanoparticles to nanorods, two absorption peaks are 

observed at approximately 412 cm-' and 695 cm" for ZnO. 

The micro-structural and vibrational properties of the synthesized nanostructures have 

been studied using Raman spectroscopy. Figure 4.6 depicts the Rarnan spectra of SnXZnl-,O 

nanostructures. The Raman peak at 434 cm" represents the characteristic hexagonal wurtzite 



structure of ZnO. The intensity of this peak is found to increase with Sn doping which is linked 

with enhancement in the crystallinity of the prepared nanostructures. Furthermore, no additional 

peaks are detected upon Sn doping which confirms the successful doping of Sn into ZnO matrix. 

FTIR and Raman spectroscopy results corroborate well with XRD results. 

Figure 4.6 Raman spectra of SnxZnl-,O nanostructures 

4.2.3 Optical study 
UV-visible absorption spectroscopy is an important tool to investigate the optical 

characteristics of nanostructures. To examine the influence of Sn doping on the optical properties 

of ZnO nanostructures, UV-visible absorption spectroscopy of SnxZnl,O nanostructures was 

performed and the results are shown in figure 4.7. A typical excitation absorption band at 378 nm 

is observed for pristine ZnO nanostructure which has a blue shift when compared to that of bulk 



ZnO [loll. It can be observed from Figure 5 that the excitation absorption band has a hrther 

blue shift with increases in Sn concentration as a dopant into ZnO. As it can be depicted from the 

XRD and SEM results that particle size increases with the increase in Sn concentration, this blue 

shifi 

14 

=I 
m 
V 

at 
0 
C 
m 
5 
8 
2 

h 
3 
m 
V 

at 
0 
C 
m 
.fl 
0 
VI 

2 

may be attributed to quantum size effects. 
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Figure 4.7 W-vis absorption spectra of the prepared nanostructures 

4.2.4 Antibacterial activity 
The in vitro antibacterial activity of Sn,Znl,O nanostructures toward different bacterial 

pathogens were investigated by the disc diffusion agar method. All samples show antibacterial 

activity toward all three pathogens, as shown in figure 4.8. Interestingly, the zone of inhibition 
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produced by undoped ZnO is higher than that of 2% Sn doped ZnO, but less than that of 4% Sn 

doped ZnO, and the inhibition zone caused by 6% Sn doped ZnO is less than that of 4% Sn 

doped ZnO against all the three types of pathogens, as shown in figure 4.9. It is demonstrated in 

the reported literature that particle size and morphology greatly influence the activity of ZnO 

against various microorganisms [128, 1291. In this study, both particle size and shape have been 

observed to have significant role in the bactericidal potency of SnxZnl-,O nanostructures against 

all the three pathogens. The antibacterial activity of ZnO nanostructures may be attributed to 

several mechanisms such as electrostatic interactions of cell walls and membranes, generation of 

ROS, and medium [129]. In this study, the antibacterial activity of undop,ed ZnO is higher when 

compared to 2% Sn doped ZnO, because particle sue  is lesser in the first case. But the inhibitory 

activity of 4% Sn doped ZnO is higher than that of undoped and 2% Sn doped ZnO, though 

particle size of 4% Sn doped ZnO is larger than the undoped and 2% Sn doped ZnO. From SEM 

results, it has been observed that the morphology of the 4% Sn doped ZnO is rod shaped, while I 

that of the undoped and the 2% Sn doped ZnO was spherical. The inhibitory activity of 6% Sn 

doped ZnO is less than that of the 4% Sn doped ZnO. This may be due to the reason that the 

particle size is greater in case of 6% Sn doped ZnO. It may be concluded that the particle size, Sn 

content, and morphology play vital roles in the activity of SnxZnl,O nanostructures against all 

the pathogens tested. 



Figure 4.8 ZOI produced by (i) 0%, (ii) 2%, (iii) 4%, and (iv) 6% Sn doped ZnO against (A) E. 
coli, (B) S. aureus and (C) P. aeruginosa. 

The influence of Sn doping on the antibacterial activity of ZnO nanostructures against E. coli, 

S. aureus, and P. aeruginosa microbial colony growth rate was also investigated. Figure 4.9 (A- 

C) shows the effect of SnxZnl,O nanostructures on the growth rate of E. coli, S. aureus, and P. 

aeruginosa, respectively. It is observed that all the synthesized nanostructures effectively 

inhibited the growth rate of S. aureus but is less effective against the other two bacterial strains 

tested. The antibacterial activity is probably derived fiom the interaction of negatively charged 

cell membranes and positively charged nanostructures, interaction of metal ions with bacteria, 



and the orientation of nanostructures [128]. Sn doping has influenced the activity of ZnO 

nanostructures against all the bacterial strains tested. The efficacy of ZnO nanostructures against 

growth inhibition of these bacterial strains varies slightly with increases in Sn concentration. 
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Figure 4.9 Effect of Sn,Znl-,O nanostructures on the growth rate of A) E. coli B) S. aureus C) 

P. aeruginosa strain. 

Sn doping has significantly enhanced the activity of ZnO against S. aureus when compared to 

the other two bacterial strains tested. The zone of inhibition produced by 4% Sn doped ZnO is 22 



mm, which is almost 37% more than that produced by undoped ZnO nanostructures (14 mm), as 

shown in figure 4.10. S. aureus is a bacterium responsible for various skin diseases which are 

hard to treat with traditional antibiotics. S. aureus can also easily contaminate hospital implants 

and thereby spread and cause various serious infections [129-13 I]. ZnO is a well known material 

due to its established use in creams, lotions, antibacterial coatings, and UV protectors. Therefore, 

using 4% Sn doped ZnO nanostructures instead of ZnO in UV protectors, creams, and lotions 

will lead to effective control of bacterial infections in addition to their UV blocking properties 

[I 18, 1291. Also, the spreading of infectious diseases due to bacterial contamination may be 

controlled by coating hospital implants with SnxZnl-,O nanostructures. 

Type of bacterial strain 
Figure 4.10 Bar graph showing ZOI introduced by SnxZnl,O nanostructures 

4.2.5 Cytotoxicity 
To evaluate the cytotoxicity of Sn,Znl-,O nanostructures, SH-SYSY cells grown in 

DMEM with 10% FBS were exposed to Sn,Znl.,O nanostructures for 24 hours and its effect on 
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SH-SY5Y cells was tested. In order to investigate whether SnxZnl,O nanostructures support cell 

survival or not, we performed optical microscopy and quantified the total cell number with and 

without SnxZnl-,O nanostructures. It is shown in figure 4.1 1 that there is no significant effect of 

SnxZnl-,O nanostructures on the SH-SY5Y cells viability. All synthesized samples may be 

considered as biosafe because the percentage of damage is very low. 

DMEM Undoped ZnO Sn 2% Sn4% 

Figure 4.11 Effect of SnxZnl,O nanostructures on SH-SYSY cells viability 

It is also evident from figure 4.12, which was obtained by phase contrast microscopy, that cells 

are healthy and have normal morphologies in the samples treated with SnxZnl-,O. 



Figure 4 .12 Phase contrast microscopy of SH-SYSY cells treated with A) undoped, B) 
and C) 4% Sn doped ZnO nanostructures. 



Chapter No. 5 

Synthesis, Characterizations and Antibacterial Activity of Ag Doped 
ZnO Nanorods 

5.1 Introduction 

Recently, One-dimensional ZnO nanostructures such as nanowires, rods, tubes etc have 

fascinated enormous interest because of their potential as building blocks for novel nanodevices 

[132]. Excellent properties of one-dimensional ZnO nanostructures such as large exciton binding 

energy (60 meV), chemical and thermal stability, direct wide energy band gap (Eg = 3.37 eV), 

biosafety and biocompatibility ensure their applications in field-effect transistors, solar cells, 

lasers, biological and chemical sensors, photodiodes, optoelectronics, antibacterial coating and 

anti cancer agents [133-1361. Doping ZnO nanorods with suitable metal usually bring 

remarkable variations in morphology, electrical and optical characteristics. Silver (Ag) is 

considered to be excellent dopant for ZnO to tune its various properties such as electrical, optical 

and surface properties (i.e. oxygen vacancies and crystal defects) [137, 1381. Recently, Ozlem et 

a1 reported that Ag doping creates considerable amount of crystal defects in ZnO nanorods and 

as a result significantly enhances its photocatalytic activity [139]. Therefore, it is believed that it 

may also enhance the antibacterial activity of ZnO nanorods as crystal defects and oxygen 

vacancies can lead to enhanced generation reactive oxygen species (ROS), which play vital role 

in the antibacterial activity of a material [136]. Here AgxZnl,O nanorods have been successfully 

fabricated via chemical co-precipitation technique and investigated their physical properties in 

detail. Also, effect of Ag content on the antibacterial characteristics of ZnO nanorods has been 

investigated. 

5.2 Results and Discussions 



5.2.1 Structural and morphological investigations 
Figure 5.l(a) shows the XRD patterns of AgxZnl-,O samples synthesized by chemical co- 

precipitation technique. XRD patterns for AgxZnl-,O samples grown under the same synthesis 

conditions reveal the formation of single phase wurtzite structure of ZnO with no impurities 

related peaks. 
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Figure S.l(a) XRD patterns of AgxZnl-,O nanorods 

According to previous reports, incorporation of Ag into ZnO matrix resulted in detectable 

peak shifts to comparatively lower or higher 20 values [140] and segregation of Ag at particle 

boundaries of ZnO crystal resulted in no detectable shift [141]. Figure 5.l(b) depicts the 

extended XRD patterns of Ag,Zn1-~0 samples. It is clear that, (101) peak of ZnO lattice shifts 

towards higher 20 values with increase in Ag content, suggesting the successfid incorporation of 



Ag into ZnO host matrix. This peak shift may be attributed to the differences in ionic radii of Ag 

and Zn ions. To get more detailed structural analysis, lattice constants were calculated for all 

samples. Lattice constants "a" and "c" were calculated from (100) and (002) planes respectively, 

using following equations; 

and c= 
n - 

sine' 

The lattice constants "a" and "c" are observed to decrease from 3.247 A and 5.207 A for 

undoped ZnO to 3.237 A and 5.187 A for 4% Ag doped ZnO. This decrease in lattice constants 

shows the successful incorporation of Ag into ZnO lattice. 

Figure 5.l(b) Extended XRD patterns of prepared nanorods 



Surface morphology of the synthesized samples was studied using SEM. SEM images of 

AgXZnl.,O samples are shown in figure 5.2. Undoped ZnO sample exhibits rod like morphology 

with average diameter of 96 nm and average length of 700 nm. Ag content significantly 

influenced the morphology and diameter of ZnO nanorods as shown in figure 5.2(b). 

Figure 5.2 SEM images of a) Undoped ZnO b) 4% Ag doped ZnO 

5.2.2 FTIR and Raman studies 
The chemical nature of the prepared samples was examined using FTIR spectroscopy. 

FTIR spectra of ZnO nanorods doped with varying amount of Ag (i.e. 0 , 2  and 4 at %) are shown 

in figure 5.3. The bands located at 3494 cm-' may be assigned to 0-H stretching vibrational 

mode, while bands located at 900 cm" represent the presence of N-0 deformation vibration. The 

characteristic band of ZnO wurtzite structure appears at 489 cm-' along with an additional band 

at 702 cm-' for all samples. This additional band may be attributed to the fact that two absorption 

band appear in infrared region for one dimensional ZnO nanostructures [127]. FTLR spectra 



exhibit no absorption bands related to Ago or Ago2, which suggests high purity of the prepared 

samples and corroborate well with the XRD results. 
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Figure 5.3 FTIR spectra of synthesized nanorods 

Raman spectroscopy is considered to be an effective tool to probe the microscopic 

structure and vibrational properties of nanorods. It has the capability to notice the presence of 

minor phases in the sample which are not easy to detect with help of XRD. Figure 5.4 depicts the 

Raman spectra of Ag,Znl,O nanorods. Rarnan spectra of AgxZnl-,O nanorods exhibit four 

predominant Raman modes centered at 328, 385, 434 and 574 cm". Rarnan modes centered at 

328, 385 and 434 cm-' could be assigned to E~H-E~L,, ~ 1 ~ '  and EZH phonons modes, respectively. 

434 cm" is the most intense peak in all samples and is the characteristic peak of wurtzite 



structure of ZnO 1661. The Raman peak centered at 574 cm-' belongs to E I ~ "  mode and is 

significantly red shifted as compared to characteristic wurtzite phase peak (580 cm-'). As this 

peak is largely associated with defects therefore a red shift clearly suggests the presence of large 

number of defects such as Zn interstitial and oxygen vacancies [142]. The peak is hrther red 

shifted with Ag doping which suggests enhancement in the number of defects with Ag doping 

into ZnO host matrix 11431. Absence of peaks related to Ag dopant rules out the secondary 

cluster formation and confirms the successful incorporation of Ag into ZnO host matrix. Raman 

spectroscopy results corroborate well with XRD and FTIR results. 

Figure 5.4 Rarnan spectra of Ag,Znl,O 

5.2.3 Optical study 
UV-visible spectroscopy technique was employed to investigate the influence of Ag 

doping on the optical properties of ZnO nanorods. Figure 5.5 exhibits the UV-visible absorption 
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spectra of AgxZnl-,O nanorods. Undoped ZnO exhibits typical band gap absorption peak 

centered at 374 nm (3.31 eV) related with wurtzite crystal structure of ZnO [144]. For 2% and 

4% Ag doped ZnO nanorods exhibits typical band gap absorption peak is centered at 378 nm 

(3.28 eV) and 376 nm (3.29 eV), which are red shifted comparing to undoped ZnO nanorods. 

This red shift may be understood on the basis of quantum size effects, as it can be seen in SEM 

images that nanorods diameter increases with the Ag doping. Furthermore, it is reported that 

substitution of A ~ +  ions into zn2+ sites results in red shift of typical band gap absorption peak of 

ZnO nanorods [145]. 

Figure 5.5 W-visible spectra of prepared nanorods 

5.2.3 Antibacterial activity 
To determine and investigate the influence of Ag doping on antibacterial activity of the 

prepared ZnO nanorods against E. coli, S. aureus and Pseuabmonas aeruginosa; their colloidal 
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suspensions were treated with the respective bacterial strains. AgxZnl,O nanorods exhibit 

antibacterial activity towards all the bacterial strains tested as shown in figure 5.6. The ZOI 

against all the three pathogenic bacteria tested increases significantly with Ag doping as shown 

in the bar graph figure 5.7. Ag doping increases the ZOI up to 50%, 50% and 350% against E. 

coli, S. aureus and Pseudomonas aeruginosa respectively. The ZOI is measure of bactericidal 

potency of materials. Hence, remarkable increase in ZOI suggests huge enhancement in the 

bactericidal potency of ZnO nanorods with Ag doping. 

To fbrther evaluate the antibacterial activity of the prepared nanorods, growth inhibition 

study or time kill essay was employed. Figure 5.8 (a), (b) and (c) shows the growth curves of E. 

coli, S. aureus and Pseudomonas aeruginosa in the presence of AgxZnl.,O nanorods. Control 

sample i.e. bacteria grown in the absence of nanorods is also provided for comparison. E. coli 

growth is inhibited to some extent by undoped ZnO nanorods and growth inhibition is fiuther 

increased by 2% Ag doping. But, 99% E. coli growth is inhibited when it is grown in the 

presence of 4% Ag doped ZnO nanorods as depicted in figure 5.8 (a). Undoped ZnO rods seem 

to be more effective against S. aureus, and inhibits 60 % growth rate of it. While, 4% Ag doped 

ZnO nanorods have inhibited 99% growth rate of S. aureus as shown in figure 5.8 (b). Ag doping 

has been found also effective against Pseudomonas aeruginosa as 4% Ag doped nanorods 

inhibited its 99% growth rate as depicted in figure 5.8 (c). It is concluded from the time kill assay 

test that among all prepared nanorods, 4% Ag doped ZnO nanorods sample is most effective 

against all the bacterial strains tested, which is also the case in disc method. 



Figure 5.6 Antibacterial activity of i) undoped ii) 2% Ag doped and iii) 4% Ag doped ZnO 
nanorods assessed by disc method 
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Figure 5.7 Effect of AgxZnl,O nanorods on the growth rate of A) E. coli B) S. aureus C) P. 

aeruginosa strain. 

Two possible mechanisms are suggested by several studies regarding the interaction of ZnO 

nanomaterials and bacteria. Firstly, decomposition of ZnO results in formation of reactive 

oxygen species (i.e. H202, hydroxyl radicals, singlet oxygen and zn2+ ions), which leads to 

harmful interaction with bacteria and causes their death. Secondly, ZnO nanomaterials can 

accumulate on the surfaces of bacteria and cause disruption of cellular function and 

disorganization of cellular membranes. So, the antibacterial activity of the prepared ZnO 
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nanorods may be due to the mentioned mechanisms individually or accumulatively [113]. Mostly 

it is believed that with the reduction of particle size the antibacterial activity of ZnO enhances, 

on contrary to our results [81,75]. Only a few reports are available in the literature on the doping 

effects on antibacterial activity of ZnO. A.H. Shah et al. have reported higher bioactivity of Ag 

doped ZnO nanostructures against M. leutus and K. pneumonia bacteria, which is attributed to 

decreased particle sizes [146]. I. Matai et al. also observed enhanced antibacterial activity of Ag- 

ZnO nano-composite [147]. But in our case the diameter of nanorods is found to increase with 

the increase in Ag doping as shown in the SEM images. This contradiction may be explained 

through the incorporation of Ag dopant into ZnO host matrix, compensating for particle size 

effects. Ag doping into ZnO matrix is reported to increase the zn2+ ions release in water 

participate effectively in the antibacterial activity [147]. With the substitution of Ag ions on the 

sites of Zn ions in host matrix, an increased number of Zn ions are expected on interstitial sites. 

The Zn ions can be more easily released from interstitial sites than from their native sites. 

Moreover in Ag doped ZnO samples, A ~ +  ions release may also be possible which may enhance 

their antibacterial activity. As from Raman spectroscopy results, it can be seen that Ag doping 

results in abundance of defects such as oxygen vacancies and Zn interstitial defects in ZnO 

nanorods. These ions may lead to bacteria cell death via strong electrostatic interactions with the 

positively charged cell membranes. Furthermore, defects may increase the formation of ROS 

surfaces of Ag doped ZnO nanorods [I391 and which can enhance the antibacterial activity 

considerably. It has been reported that ZnO can be activated by visible light to enhance the 

electron-hole pair generation [148]. Upon reaction with water molecules, these holes can 

generate ROS via mechanism discussed by A.H. Shah et al. [149]. But the problem is 

recombination of electron-hole pair, which can reduce the ROS generation. However, defects in 



ZnO crystal may trap the electron produced and the recombination of electron-hole pair may 

effectively be inhibited [150]. Hence, the presence of defects will lead to high degree of ROS 

generation. These ROS can penetrate the bacteria cell wall and cause their death [149]. So, from 

these discussions it may be concluded that antibacterial activity of ZnO nanorods increases with 

the increase in Ag content which may be attributed to ZnlAg ions release and defects. 

5.2.5 Cytotoxicity 
The understanding of biosafety and biocompatibility of nanomaterials is of immense 

interest especially when they are being used for health related applications. Therefore, the 

cytotoxicity of the prepared nanorods has been investigated towards SH-SYSY cells. Figure 5.8 

shows the cell viability of AgxZnl,O nanorods. It can be seen from the figure that the prepared 

nanorods do not influence the healthy cells viability. 

Ul\ntlr/l Undoped 4 2 %  4 4 %  

Figure 5.8 Effect of AgxZnl-,O nanorods on the viability of SH-SYSY cells 



To hrther evaluate the cytotoxicity, the prepared nanorods induced effects on the 

morphology of SH-SYSY cells has been analyzed by phase contrast microscopy. It has been 

observed that both AgxZnl-,O nanorods have not influenced the healthy cells morphology as 

shown in figure 5.9. 

Figure 5.9 Cell morphology of SH-SYSY cells after treatment A) Undoped, B) 2% Ag doped and 
4% Ag doped ZnO nanorods 



Chapter No. 6 

Synthesis, Characterizations and Antibacterial Activity of Ni Doped 
ZnO Nanorods 

6.1 Introduction 

Transition metal doping into ZnO matrix is believed to be an effective tool to tune its 

various properties. Previously, it has been reported that optical and magnetic properties of ZnO 

nanorods can be tuned by transition metal doping [151, 1521. Ni is believed to be an excellent 

dopant for ZnO nanorods in order to change its different properties because of its unique stability 

at zn2+ sites [153]. It has been reported that Ni doping into ZnO matrix may efficiently reduce 

the electron-hole pair recombination chances and lead to enhanced photocatalytic activity [154]. 

The inhibition of photogenerated electron-hole pair may also enhance their antibacterial activity. 

To the best of our knowledge, no work has been reported till date on the antibacterial study of Ni 

doped ZnO nanorods. Therefore, ZnO nanorods doped with varying amount of Ni synthesized by 

chemical co-precipitation have been investigated for certain physical properties and antibacterial 

activity. 

6.2 Results and Discussions 

6.2.1 Structural and morphological investigations 
XRD technique has been used to investigate the phase purity and crystalline structure of 

the prepared samples. Figure 6.l(a) depicts the XRD patterns of NixZnl_xO samples grown under 

the same synthesis conditions. All the diffraction peaks of NixZnl,O samples are well indexed to 

the single phase wurtzite structure of ZnO. The diffkaction peaks intensities are observed to 

decrease with the increase in Ni concentration revealing that Ni doping slightly impede the 

crystallinity of ZnO. 
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Figure 6.l(a) XRD patterns of Ni,Znl.,O nanorods 

Furthermore, the main (101) peak shifts towards higher angle with Ni doping as shown in 

the figure 6.1 (b), which suggests the substitution of ~ i ~ +  ions on the sites of zn2+ ions. This peak 

shift is attributed to the changes in d-values or lattice constants with Ni doping as ionic radii of 

~ i ~ +  ions is smaller than zn2+ ions [155]. In addition, no extra peaks related to Ni or any other 

impurities are found, which further confinns the successful incorporation of Ni dopant into ZnO 

host matrix. To get more detailed structural analysis, lattice constants "a" and "c" have been 

calculated from (100) and (002) planes respectively. The lattice constants "a" and "c" are found 

to decrease from 3.247 A and 5.207 A for undoped ZnO to 3.205 Hi and 5.136 Hi for 6% Ni 

doped ZnO. This decrease in lattice constants may lead to increase in the diffraction angle as 

compared to undoped ZnO. 
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Figure 6.1 (b) Extended XRD patterns of the prepared nanorods 

The morphology of the synthesized samples have been carefully examined using SEM. 

Figure 6.2 (a), (b) and (c) depicts the SEM images of NiXZnl-,O samples. As-prepared ZnO 

sample exhibits rod like morphology with average diameter of 80 nm and average length of 1 

pm. Interestingly, it is observed that prepared samples undergo significant variation in 



diameter and length of ZnO nanorods with increase in Ni dopant concentration in ZnO host 

matrix. The 2% Ni doped ZnO sample has a morphology of nanorods with the average length of 

800 nm and 110 nm diameter as shown in Figure 6.2 (a). With further increase of Ni dopant 

concentration, the length of nanorods hrther decreases and diameter increases as shown in 

figure6.2 (b) and (c). 

Figure 6.2 SEM images of a) 2% Ni doped, b) 4% Ni doped and c) 6% Ni doped ZnO 



6.2.2 FTIR and Raman studies 
The presence and absence of chemical vibrational modes on the surfaces of NiXZnl-,O 

nanorods have been examined by FTIR spectroscopy. FTIR spectra of ZnO nanorods doped with 

varying amount of Ni (i.e. 0 ,2 ,4  and 6 at %) are shown in figure 6.3. The small absorption band 

at 900 cm-' corresponds to N-0 deformation vibrational mode which might be due to the 

atmospheric nitrogen adsorption on the surfaces of synthesized nanorods. The characteristic band 

of ZnO wurtzite structure appears at 489 cm-' along with an additional band at 702 cm-' for all 

samples. Recently, it is reported that two absorption bands appear in IR region for ZnO 

nanorods. Hence, our FTIR results match very well with the reported one [127]. FTIR spectra 

lack absorption bands related to Ni-0 band, which demonstrates high purity of the NixZnl,O 

nanorods and corroborate well with the XRD results. 
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Figure 6.3 FTIR spectra of NixZnl,O ZnO nanorods 
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Figure 6.4 Raman spectra of NixZnl-xO nanorods 

Figure 6.4 depicts the Raman spectra of the Ni,Znl-,O nanorods which shows a number 

of Raman modes in the range of 300 to 800 cm-I. In Raman spectra of undoped ZnO nanorods, a 

predominant peak at 434 cm-' corresponds to non-polar optical phonon mode of ZnO (i.e. EzH); 

representing band characteristic wurtzite phase of ZnO [151, 1521. This EZH band is present and 

most dominant in Raman spectra of all samples revealing the formation of wurtzite phase ZnO 

nanorods. The Raman modes centered at 328, 385, 434 and 574 cm" are assigned to Ew-EzL, 
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and E~~~ phonons modes respectively 1150, 1511. It is very much clear from the Raman 

spectra of all doped nanorods that each and every peak in these spectra can be well matched with 

that of undoped nanorods. The absence of extra of modes in the Raman spectra of Ni doped ZnO 

nanorods demonstrate the successful incorporation of Ni into host matrix. There is only one 

difference in the Raman spectra of doped and undoped nanorods that is the broadening and red 

shifting of ~ 1 ~ '  phonons mode band which is raised from the formation oxygen vacancies with 

the increase in the dopant concentration. The broadening and red shifting of the Raman mode 

may be attributed to the activation and formation of structural defects in NixZnl-,O nanorods 

[142, 1431. 

6.2.3 Optical study 
UV-visible absorption spectroscopy method has been employed to investigate the Ni 

doping induced effects on the optical characteristics of ZnO nanorods. The optical absorption 

spectra of the prepared NixZnl,O nanorods are shown in figure 6.5. The spectrum of pristine 

ZnO nanorods exhibit band edge absorption peak at 374 nm. The band edge absorption peaks of 

Ni doped ZnO nanorods shifts to longer wavelengths (red shifted). The 6% Ni doped ZnO 

nanorods band edge absorption peak is centered at 380 nm having red shift of 6 nm. Different 

authors explained that red shift in ZnO band edge absorption peak with transition metals doping 

could be attributed to sp-d spin exchange interactions between the band electrons of ZnO and the 

localized d-electrons of transition metal ions substituting the cation [156-1591. They explained 

that s-d and p-d exchange interactions could give rise to a negative and a positive correction to 

the conduction band and the valance band edges respectively, leading to the narrowing of band 

gap. Hence, it is concluded that Ni doping induced red shift in band edge absorption peak of ZnO 

in our case is due to sp-d exchange interactions. 



Figure 6.5 UV-visible absorption spectra of prepared nanorods 

6.2.4 Antibacterial activity 
The prepared Ni,Znl-,O nanorods have been tested against clinically isolated Gram- 

negative Gram-positive bacteria by two different methods. Firstly, agar disc method has been 

employed to investigate the influence of Ni doping on ability of ZnO nanorods to rupture the 

bacterial cells. Antibacterial activity of ZnO nanorods against the S. aureus and P. aeruginosa 

bacteria is found to increase with Ni doping as indicated by the zone of inhibition (ZOI) they 

produced. As it can be seen from figure 6.6 that ZOI produced by ZnO nanorods increases with 

the increase in Ni dopant concentration. The observed ZOI for undoped ZnO nanorods is 6 mm 

and 12 mm against S. aureus and P. aeruginosa respectively, which is increased up to 14 mm 

and 16 mm for 6% Ni doped ZnO nanorods. On the other hand for the E. coli bacteria, ZOI 

produced by prepared nanorods slightly decreases with increase in Ni doping level. The observed 
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ZOI for undoped ZnO nanorods is 11 mm which is decreased up to 9 mm for 6% Ni doped ZnO 

nanorods. 

(A) E. coli 

(B) S. Aureus 

(C)  Pseudomonas aeruginosa 
Figure 6.6 Antibacterial activity of a) undoped b) 2% Ni c) 4% Ni and d) 6% Ni doped ZnO 

nanorods assessed by disc method 

Secondly, time kill assay technique has been used to investigate the influence of Ni 

doping on growth inhibition ability of ZnO nanorods. E. coli, P. aeruginosa and S. aureus 
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bacterial strains growth curves have been recorded in the presence NixZnl-,O nanorods. Figure 

6.7 (a, b & c) shows the growth curves of E. coli, P. aeruginosa and S. aureus respectively after 

treating them with the prepared nanorods. Control sample i.e. without presence of prepared 

nanorods is presented for comparison. In case of E. coli, undoped ZnO nanorods limit its growth 

rate to some extent while Ni doped ZnO nanorods has very negligible effect on it. But, for P. 

aeruginosa and S. aureus, Ni doping is seen to be very much effective in inhibition of their 

growth rate. The 2% and 4% Ni doped ZnO nanorods inhibit almost 50% growth rate of P. 

aeruginosa. However, in the presence of 6% Ni doped ZnO nanorods no growth is observed. The 

growth rate of S. aureus decreases with Ni doping and diminishes on use of 4% and 6% Ni 

doped ZnO nanorods. Only few studies are reported on the antibacterial activity of metal doped 

ZnO nanostructures. M. Vasanthi et al. have reported enhancement in the antibacterial activity of 

nanocrystalline ZnO films via Sn doping [159]. X. Zhang et al. have observed 95.9% 

antibacterial potency of Sb doped ZnO nanostructures against S. aureus bacteria [160]. Enhanced 

antibacterial potency has been reported for Cr doped ZnO nanostructures [149]. Our results are 

more promising comparing to these studies as we have observed complete eradication of P. 

aeruginosa and S. aureus bacteria by application of 6% Ni doped ZnO nanorods. 

Several mechanisms of inhibitory action are proposed for ZnO nanomaterials 

antibacterial activity. Firstly, the adherence of the nanomaterials on the surface of bacteria can 

lead to physical blockage of transport channels of the cells. This blockage of transportation in 

cell may lead to cell starvation and eventually its death [161]. Secondly, bacterial cell death is 

also caused by the oxidation of membranes lipids by excessive ROS production [162]. ROS 

could be produced on the surface of ZnO via light induced effects [163]. Recently, it is reported 

that white light is enough for producing electron-hole pair [164, 1651. 
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Figure 6.7 Effect of NixZnl,O nanorods on the growth rate of a) E. coli, b) S. aureus and c) 
Pseudomonas aeruginosa strains 

ROS can be produced by the interaction of photo generated holes with water molecules 

through a mechanism explained by A.H. Shah et al. [149]. However, this ROS production is 

strongly influenced by the recombination of photo generated electron-hole pairs. But if this 

recombination is inhibited then excessive ROS can be produced by ZnO nanostructures. 

Recently, it is reported by some research groups that the presence of structural defects in the 

system can inhibit this recombination process by acting as trapping centers for photo generated 

electrons [139, 1541. As it can be seen from Raman spectroscopy results that large number of 



defects are introduced in ZnO nanorods with Ni doping. Hence, presence of large number of 

defects may lead to higher antibacterial activity of NixZnl,O nanorods. In order to c o n f m  

whether the enhanced antibacterial activity of doped nanorods is due to photo induced effects or 

not, we have recorded the growth curves for all the bacteria in dark in the presence of 

synthesized nanorods colloidal suspensions. From these results, it is observed that antibacterial 

activity of Undoped ZnO nanorods in dark is much lower than that observed in normal 

laboratory light conditions. Furthermore, Ni doping slightly decreases the antibacterial activity of 

ZnO nanorods in dark conditions which may be due to the larger diameter of doped ZnO 

nanorods comparing to undoped. Hence, it is confirmed that photo induced ROS generation play 

important role in the antibacterial activity of the synthesized nanorods. 

Secondly, it is reported in the literature that the antibacterial potency of ZnO nanorods 

may linked to the amount of free zn2+ ions in the solution [110]. Furthermore, it is suggested that 

the abundance of zn2+ ions in ZnO nonmaterial's solution may be significantly enhanced by 

metal doping [159]. When metal ions are doped into ZnO matrix, then dopant ions may push the 

zn2+ ions towards interstitial sites. The release of zn2+ ions from interstitial sites is effortless in 

comparison with their release from local sites. Hence, release of more zn2+ ions in doped ZnO 

nanorods solution as compared to undoped nanorods is logical. Therefore, the increase in the 

antibacterial potency of ZnO nanorods against P. aeruginosa and S. aureus may be credited to 

enrichment in ROS generation and zn2+ ions with Ni doping. Here, a question arises that why 

antibacterial activity of ZnO nanorods towards E. coli does not increase with Ni doping. On the 

basis of direct interactions of nanorods, it can be understood because diameter of nanorods 

decreases with Ni doping which may to some extant reduces ZnO capability against E. coli. But 

why the same effect is not seen against Pseudomonas aeruginosa and S. aureus. This difference 



in the antibacterial activity of Ni doped ZnO nanorods against different bacterial strains may be 

due to the difference in cell wall integrity or membrane structure of the respective bacterium. 

Also, various bacterial strains have significantly different infectivity and tolerance towards 

different agents including antibiotics [159]. Recently, A. Jain et a1 reported that E. coli bacterium 

is more resistant to ROS generation as compared to S. aureus because of the presence of extra 

outer membranes and lipopolysaccharide in E. coli, which are not present in case of S. aureus 

[165, 1661. Another report suggests that S. aureus has smaller negative charge as compared to E. 

coli, which would allow a high level of penetration of charged radicals into S. aureus [166]. This 

would cause more damage and cell death of S. aureus than E. coli. 

6.2.5 Cytotoxicity 
The SH-SY5Y cells have been used to probe the cytotoxic nature of the NixZnl,O 

nanorods on healthy cells. Figure 6.8 shows the cell viability of SH-SYSY cells after treatment 

with the prepared nanorods. It is observed that the number viable healthy cell's remain same after 

treatment for 24 hours. This demonstrates the biosafety and biocompatibility of the synthesized 

Ni,Zn ,-,O nanorods. 

OMEM Ni 2% Ni 4% Ni 6% 

Figure 6.8 Effect of Ni,Znl,O nanorods on the viability of SH-SYSY cells 



Phase contrast microscopy has been employed to investigate the prepared nanorods 

induced effects on the SH-SYSY cells morphology. It has been observed from figure 6.9 that the 

nanorods do not alter the cell morphology. Hence, the synthesized NixZnl,O nanorods may be 

considered as biosafe and biocompatible. 

Figure 6.9 Cell morphology of SH-SYSY cells after treatment with A) 2% Ni doped, B) 4% Ni 
doped and C) 6% Ni doped ZnO nanorods 



Chapter No. 7 

Synthesis, Characterizations and Antibacterial Activity of Ce Doped 
CuO Nanostructures 

7.1 Introduction 

CuO is an interesting multifhctional narrow band gap p-type semiconductor having 

tremendous physiochemical properties [36]. CuO can be readily mixed with polymers 

comparatively than the other metal oxides. The polymers mixed with CuO nanostructures can be 

used for dressing of wounds and coating of the hospital implants. This will effectively enhance 

the wounds healing rate and control the spreading of infectious diseases [86]. Various studies 

have demonstrated the antibacterial activity of CuO nanostructures [120]. Several mechanisms 

underlying the antibacterial activity of CuO nanostructures have been reported such as adherence 

to the bacterial cell, release of Cu ions and reactive oxygen species (ROS) generation on the 

surfaces of nanostructures [86]. The ROS generation is reported to be significantly increased by 

the creation of defects in the metal oxide structure [87]. The selective metal doping into metal 

oxide matrix can lead to the creation of large amount of structural defects (such as oxygen 

vacancies and interstitial defects) [167]. Only two studies are available in the literature about the 

doping induced effects on the antibacterial activity of CuO nanostructures. It has been reported 

in those papers that zinc doping of CuO nanostructures can lead to higher ROS production due to 

structural defects thereby increasing their antibacterial activity [86, 1681. But, Ce doping induced 

effects on the antibacterial activity of CuO nanostructures has not been yet reported. In this 

chapter, facile chemical synthesis of CexCul,O nanostructures, their physical properties as well 

as antibacterial activity have been discussed. 

7.2 Results and Discussions 



7.2.1 Structural and morphological investigations 
The structural characteristics of the prepared samples have been investigated through 

XRD. Figure 7.1 depicts the XRD patterns of CeJkl-,O samples grown under the same 

synthesis conditions. From XRD data, only diffraction peaks of the CuO monoclinic structure 

can be found. No characteristic peaks are observed related to the secondary phases of ceria, 

hence confirming the formation of single phase CuO monoclinic structure for doped and 

undoped samples. The most intense peak i.e. (1 1 l), systematically shifts towards lower 28 values 

with Ce doping (shown in the inset of figure 7.1) which reveals the successful doping of Ce ions 

into the host matrix. 

- Undoped CuO 
-2% Ce doped CuO 
-4% Ce doped CuO 
-6% Ce doped CuO 

30 40 50 60 70 
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Figure 7.1 XRD patterns of the prepared samples 

The morphology of the synthesized Ce,Cu~,O samples have been examined through 

SEM. Figure 7.2(a-d) shows the SEM images of CeXCul.,O samples. SEM images reveal the 



formation of rod-like nanostructures having average diameter of 30 nm incase of undoped CuO. 

Interestingly, it is observed that upon Ce doping the morphology of CuO nanostructures is 

transformed into sheet-like nanostructures. The thickness of sheet-like nanostructures is observed 

to increases gradually with the increase in Ce doping concentration. This morphological 

transformation may be attributed to the successful incorporation of Ce ions into CuO matrix. The 

chemical reactivity of an element significantly increases with the decrease in Pauling electro- 

negativity [169]. The Pauling electro-negativity of Cu (1.9) is much higher as compared to that 

of Ce (1.1). Hence, Ce doping may enhance the growth rate of CuO nanostructures and cause 

morphological transformation. 

Figure 7.2 SEM images of (a) Undoped CuO, (b) 2% Ce, (c), 4% Ce and (d) 6% Ce doped CuO 
samples 



7.2.2 FTIR and Raman investigations 
The presence or absence of vibrational modes on the surfaces of the prepared 

nanostructures has been investigated using FTIR analysis. Figure 7.3 depicts the FTIR spectra of 

the synthesized nanostructures. FTIR spectra of CuO nanostructures show single characteristic 

strong peak at 529 cm-' associated with Cu-0 stretching vibrations of monoclinic CuO, which 

match very well with the reported values [169]. With the Ce doping, this mode undergoes 

systematic blue shift towards 537 cm-'. The blue shift in IR band with Ce doping may be linked 

with the variation in surface defects [170]. Furthermore, vibrational modes related to CuzO, and 

CeOz are not detected confirming that all the prepared samples comprise of purely monoclinic 

CuO phase. Thus FTIR analysis confirms the XRD results. 

Wavenumber (cm") 

Figure 7.3 FTIR spectra of the prepared nanostructures 

The study of phonons in nanomaterials is very important because the interaction between 

phonon and electron plays vital role in the optical characteristics of a material. Raman 



spectroscopy is a strong tool to examine the vibrational, structural properties and defects 

chemistry of CuO nanostructures. CuO always crystallizes in monoclinic structure which is 

illustrated by C62h (c2/c) space group. CuO have 12 phonon vibrational modes at the zone 

centered described the following equation as follows: 

r = 4Au + 5Bu + A, + 2B, (7.1) 

The three (A, + 2BJ modes are Raman active, while three acoustical modes are 

represented by (Au + 2Bu) and the remaining 6 modes are infrared active. Figure 7.4 depicts the 

Raman spectra of undoped and Ce doped CuO nanostructures which contains Raman active 

modes at 278, 3 10 and 625 cm-' which are assigned to one Ag and two B, modes respectively. 

The peak positions of all the Raman active modes are blue shifted as compared to that of bulk 

CuO, which may be attributed to the particle size effects [171]. The peak at wave number of 508 

cm-' may be linked with multi-phonon scattering mode [172]. 

Figure 7.4 Raman spectra of the synthesized nanostructures 



7.2.3 Optical study 
The Ce doping induced effects on the optical properties of CuO nanostructures have been 

explored using UV-visible absorption spectroscopy. Absorption spectra of CsCul,O 

nanostructures have been recorded in the wavelength range of 200-800 nm and shown in figure 

Figure 7.5 UV-vis absorption spectra of the synthesized nanostructures 

The absorption spectra of undoped CuO nanostructures show broad absorption peak in 

the UV region at 380 nm. The CuO nanostructures doped with 2 and 4% Ce show a slight red 

shift in the absorption peak whereas 6% Ce doped sample exhibit no shift as compared to that of 

undoped CuO nanostructures. Moreover, it is observed that undoped CuO strongly absorbs the 

light in UV region and weakly in visible region. But all Ce doped CuO samples exhibit 

significant light absorption in the visible region. This remarkable absorption of light in the 

visible region and the red shift in absorption edge may be attributed to the following reasons: 1) 
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the Ce doping may reduce the band gap of CuO and electron from the valence band can be 

excited to conduction band by absorbing visible light, 2) interaction between the 4f electrons of 

Ce and conduction band electrons of CuO [173]. 

The optical band gap of undoped and Ce doped CuO nanostructures have been estimated using 

the following relation [174]; 

(cthu)" = B(hu-Ed 

In this relation a is the absorption coefficient, hu is the photon energy, B is a constant, E, 

represents band gap energy and n can either take up value 2 for direct band gap or 112 for 

indirect band gap. Here, n is taken 2 for calculation of the direct band gap energies of the 

prepared nanostructures. The band gap energies of undoped and Ce doped CuO nanostructures 

have calculated by plotting (ahu) versus hu and extrapolating the linear part of the curves to the 

energy axis. The direct band gap energy of undoped CuO nanostructures is observed to be 2.48 

eV, which is much higher as compared to band gap of 1.2 eV of bulk CuO [25]. This 

enlargement of CuO band gap may be assigned to quantum size effects as discussed in 

introduction section. Previously, band gap energy of 4.13 eV has been reported for quantum dots 

of CuO having average particle size of 10 nm [25]. The band gap energy of CuO nanostructures 

has been found to decrease down to 2.2 eV with Ce doping as shown in figure 7.6. This may be 

explained as follows: the Ce dopant may produce a distinct impurity band into the band gap of 

ZnO by its 4f5d electrons localized states, which may broaden due to the overlap of the wave 

functions of the adjacent dopants electrons 1175-1771. This impurity band can merge with the 

bottom of the conduction band at sufficient dopant concentration level. The merging of impurity 

band with conduction band may cause the reduction of the band gap [178]. Such discussions are 

recently reported for Ce doped ZnO and GaN [178, 1791. Furthermore, the decrease in the band 



gap may be associated with charge transfer between the conduction or valence band electrons of 

CuO with 4f5d electrons of ce4+ ions. This charge transfer may create trapping levels in the Ce 

doped CuO nanostructures which can decrease the band gap of CuO [180]. 

- Undoped CuO - 2% Ce doped CuO 
-4% Ce doped CuO - 6% Ce  doped CuO 

Figure 7.6 Direct band gap energy estimation of CexCul-,O nanostructures 

7.2.4 Antibacterial study 
Ce doping induced effects on the antibacterial activity of CuO nanostructures have been 

investigated. Figure 7.7 (a & b) represents the growth curves of E. coli and S. aureus in the 

presence of colloidal suspensions of C&Cul.,O nanostructures. Undoped CuO nanostructures 

have delayed the growth of E. coli for 4 hours and decreased it afterwards. The growth inhibition 

capability of CuO nanostructures against E. coli is observed to increase significantly with the 

increase in Ce doping level. 6% Ce doped CuO nanostructures inhibit almost 90% growth of E. 

coli as shown in figure 7.7 (a). The prepared undoped and Ce doped CuO nanostructures are 



found to be more effective against S. aureus than E. coli. 65% growth of 5'. aureus is inhibited by 

application of undoped CuO nanostructures and is observed to increase significantly with Ce 

doping. It is found that the multi-drug resistant S. aureus bacterium can be completely eradicated 

by the application of 6% Ce doped CuO nanostructures as shown in figure 7.7 (b). 
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Figure 7.7 Growth Curves for (a) E. coli (b) S. aureus bacterial strain in the presence of C%Cul. 
,O nanostructures 

Several mechanisms of action have been proposed for the inhibition of bacteria by metal 

oxides nanostructures such as; direct electrostatic interaction between nanostructures and 

bacteria cell wall, photoactivation of metal oxides and the generation of reactive oxygen species 

(H202, hydroxyl radicals and singlet oxygen) or release of metal ions in the suspension [81, 861. 

Here, a question arises that why the antibacterial of CuO nanostructures is increased with the 



increase in Ce dopant concentration. This enhancement may be attributed two reasons. 1) The Ce 

doping may enhance the ROS generation capability of CuO nanostructures. CuO nanostructures 

can be activated by white light to generate electron-hole pair. Upon reaction with water 

molecules, these holes can generate ROS via mechanism as earlier for ZnO. But the problem is 

recombination of electron-hole pair, which can reduce the ROS generation. In case of Ce doped 

CuO samples, the probability of electron-hole pair recombination may be reduced due to the 

trapping of electrons by Ce ions via following process [180]: 

ce4+ + e- + ce3+ 

ce3+ + O2 -+ 02.  + ce4+ 

Hence, the enhancement in the antibacterial activity of CuO nanostructures with Ce 

doping may be credited to the electrons trapped in the Ce sites. The trapping of electrons will 

lead to more ROS generation, resulting in higher antibacterial activity of Ce doped CuO 

nanostructures. 2) The antibacterial activity of CuO nanostructures is also associated with the 

release of cu2+ ions in the solution [92]. With the substitution of ce4+ ions for cu2+ ions in the 

host matrix, there is a possibility that some cu2+ ions will accommodate on the interstitial sites. 

And it is logical to expect release of more cu2+ ions in the solution because ions can easily be 

released from interstitial sites comparing from native sites. Furthermore, ce4+ ions may also be 

released in the solution in case of Ce doped CuO nanostructures. Thus, Ce doping will enhance 

the release of ce4+ and cu2+ ions leading to higher antibacterial activity of Ce doped CuO 

nanostructures. 

7.2.5 Cytotoxicity 
Nanomaterials can be used as potential antibacterial agents only if they exhibit toxicity 

towards bacteria but not towards healthy human cells. Thus, understanding about the cytotoxicity 

of the nanomaterials is essential before their application in biomedical sector. Therefore, the 
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cytotoxicity of the prepared nanostructures has been investigated on human cell line SH-SYSY 

cells. SH-SYSY cells have been treated with synthesized Ce&ul.,O nanostructures for 24h and 

number viable cells were recorded under optical microscope. The prepared nanostructures have 

no significant effect on the viability of healthy cell line as shown in figure 7.8. To support these 

results, phase contrast microscopy has been used to evaluate the effects of synthesized 

nanostructures on the morphology of the SH-SYSY cells. It can be seen from figure 7.9 that both 

undoped and Ce doped CuO nanostructures have altered the cell morphology to some extent. But 

no significant effects have been observed on cell count. Hence, the prepared nanostructures may 

be considered biosafe and biocompatible towards the tested cell line. These findings suggest that 

the Ce doping has significantly enhanced the antibacterial activity of CuO nanostructures both 

against Gram-negative E. coli and Gram-positive S. aureus bacteria but have a non toxic nature 

towards SH-SYSY cells. 

Effect of Ce doped CuO on SH-SYSY cells 
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Figure 7.8 Effect of CexCul,O nanostructures on SH-SYSY Cells 



Figure 7.9 Phase contrast microscopy images of the SH-SYSY cells after treatment with the 
prepared nanostructures (circles show morphological variation) 



Conclusions 

The core objectives of this thesis were to fabricate and characterize different MOs 

nanostructures and to choose best MO in terms of its physical properties and bioactivity. 

Furthermore, tuning of the physical properties especially, defects chemistry and optical 

properties for improving its biological performance. To achieve these objectives, four different 

MOs nanostructures such as ZnO, CuO, Sn02 and Ce02have been synthesized by a simple, cost 

effective, versatile and easily reproducible soft chemical method under the same conditions with 

controlled particle sizes and shapes. The synthesized MOs nanostructures have been 

characterized for various physical properties such as structural, morphological, vibrational and 

optical properties. Furthermore, their antibacterial activity has examined against different multi- 

drug resistant bacteria. It has been observed that ZnO nanostructures have the highest 

antibacterial potency among all MOs nanostructures. 

Keeping in view the physical properties and antibacterial activity, ZnO nanostructures 

have been selected and tuned their various physical properties via selective chemical doping. As 

chemical doping is one of the most effective and easy way for this purpose. ZnO nanostructures 

have been doped with different metals such as Sn, Ag and Ni. The detailed structural 

investigations have been done and it is observed that all dopants have been successfully doped 

into ZnO host matrix without creating any secondary phases. The dopants have varied the 

structural characteristics of ZnO such as crystallite size, lattice parameters and crystalline quality 

of ZnO but hexagonal wurtzite structure of host ZnO is maintained for all doped nanostructures. 

The morphological analyses of the undoped and doped nanostructures have been carried out via 

SEM. It has been observed that Sn doping transforms the particle shape of ZnO from spherical to 

rods. Furthermore, Ag and Ni dopants have also varied the morphology of ZnO and also varied 



the particle size. The morphological transformation and variation in particle sizes have been 

attributed to various factors such as difference in their Pauling electronegativities and dipolar 

interactions between host ions and dopant ions due to polar crystal nature of ZnO along c-axis. It 

is concluded from FTIR results that in case of spherical nanoparticles, ZnO gives one peak in IR 

region while two peaks for nanorods. These are very interesting findings as morphological 

transformations can be judged with help of IR spectroscopy. The vibrational properties of 

undoped and all doped ZnO nanostructures have been studied with Raman spectroscopy. Raman 

spectroscopy results also supported the successful incorporation of dopants in ZnO matrix and 

corroborated well with XRD and FTIR results. It has further indicated the formation of crystal 

defects in ZnO host matrix with metal doping. The Ag dopant among all the dopants has been 

found to create the largest amount of defects such as Zn interstitial and oxygen vacancies. It has 

been concluded from the study of the optical investigations that the doping of ZnO 

nanostructures is very effective for tuning their optical bandgap edge. The Sn and Ag dopants 

have increased the bandgap energy of ZnO nanostructures while Ni doping resulted in decreased 

band gap energy. This tuning of bandgap energies have been attributed to the quantum 

confinement effects and sp-d exchange interactions. The tunable bandgap energies and defects 

concentration make these nanostructures potential for various applications such as UV 

absorbents, sunscreens, light emitting diodes, solar cells, photo-catalytic degradation of 

pollutants, field effect transistors, targeted drug delivery, anticancer agents and antibacterial 

activity. 

It has been concluded from antibacterial studies that all the dopants have increased the 

antibacterial activity of ZnO nanostructures remarkably. This remarkable increase in the 

antibacterial activity can be associated with the particle size and shape, tunable optical and 



defects characteristics of doped ZnO nanostructures. It has been observed that particle size and 

rod-like morphology are more effective as compared to other shapes of nanostructures. 

Furthermore, ROS generation and soluble metal ions also play a major role in the antibacterial 

activity of ZnO nanostructures. If ZnO nanostructures have more defects then it inhibits the 

photo-generated electron-hole pair which leads to higher amount of ROS generation as a result 

there is higher antibacterial activity. This is why Ag doped ZnO nanorods have been observed to 

have highest antibacterial activity among all synthesized nanostructures. Finally, from 

cytotoxicity results it have been concluded that both undoped and metal doped ZnO 

nanostructures are biosafe and biocompatible which makes them potential for various biomedical 

applications such as targeted delivery, antibacterial coating of hospital implants, wound dressing 

materials and W sunscreen creams and lotions. 

Finally, in ordered to have better antibacterial activity against Gram-negative bacteria 

(ZnO has showed less activity against Gram-negative as compare with Gram-positive bacteria), 

Ce,Cul,O nanostructures have been prepared via same procedure as adopted for ZnO based 

nanostructures. As CuO has wide absorption band in range of UV to visible so it was expected to 

have better photo-degradation of Gram-negative bacteria as compared to other MOs. The 

structural investigations have shown the formation of a single phase monoclinic structure of CuO 

for all samples. The SEM images have revealed the formation of rod-like CuO nanostructures 

with an average diameter of 30 nm. The FTIR spectra of undoped and Ce doped CuO 

nanostructures have shown a single characteristic strong peak associated with the Cu-O 

stretching vibrations of monoclinic CuO. The bandgap energy of CuO nanostructures has been 

found to significantly decrease with Ce doping. The Ce doped CuO nanostructures have been 

observed to be more effective than the undoped CuO nanostructures both against Gram-negative 



and Gram-positive bacteria. Interestingly, it has been found that S. aureus and Pseudomonas 

aeruginosa bacteria can be completely eradicated by application of Ce doped CuO 

nanostructures. Cytotoxicity results have demonstrated that all the prepared nanostructures of 

CuO are also biosafe and biocompatible to healthy cells. 
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