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Abstract

In this thesis, ZnO nanoparticles were doped by Manganese (Mn) and Gadolium (Gd)
successfully using chemical co-precipitation method. The effects of Mn and Gd dopants on the
structural, morphological and optical properties of ZnO were investigated. In addition, the
antimicrobial activity of ZnO nanoparticle doped by Mn and Gd metals was obtained. The
structural, morphological and optical properties of these nanoparticles were characterized using
X-ray diffraction (XRD), scanning electron microscope (SEM) and Ultra Violet-Visible (UV-Vis)
spectroscopy. The XRD results indicated all synthesized pure ZnO, Mn and Gd nanoparticles
were possessed hexagonal phase of wurtzite structure and have average crystallite size ranged
from 38 nm to 31 nm respectively. The decrease in crystallite size, lattice parameters, unit
volume and bond length was observed after the incorporation of Mn and Gd ions into the ZnO
matrix. On another hand, the increments in strain and concentration of defects were observed
after the Mn and Gd dopants. From scanning electron microscopy (SEM) image, the nanosized
spherical shape particles with well-defined distributions were observed. The energy band gaps
estimated from Ultraviolet-visible (UV-Vis) absorption spectra found to be 3.35 eV, 3.28 eV and
3.07 eV for undoped ZnO, Gd doped and Mn doped, respectively. The antimicrobial activity of
undoped, Mn and Gd doped- ZnO nanoparticles were tested against gram-negative bacteria (E.
coli and P. aeruginosa), gram-positive bacteria (S. aureus and B. subtilis) and fungus (C.
albicans) using agar-well diffusion method. The results indicated that the antimicrobial activity
of doped ZnO nanoparticle increased as compared to undoped ZnO nanoparticle. It was also
found that the gram-positive bacteria were more susceptible to ZnO nanoparticle than gram-

negative bacteria and fungus.

Keywords: Manganese-doped ZnO-NPs, Gadolium-doped ZnO nanoparticles, co-precipitation

method, agar well diffusion method, E. coli, P. aeruginosa, S. aureus, B. subtilis and C. albicans
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1. Introduction

1.1 Background of the study

Nanoparticles (NPs) are special class of organic or inorganic materials having size in the range
of 1 to 100 nm in at least one dimension. NPs have unique and enhanced functional properties
such as high surface area to volume ratio and more atoms on their surface than their micro-or
macro-scale counterparts owing to their nanoscale feature [1]. Nanomaterials and
nanotechnologies attract tremendous attention in recent research. Nanotechnology involves the
manipulation of matter at nanometer scales to produce new materials, structures, and devices.
Nanoparticles and nanotechnology are widely used in various biotechnological, pharmacological

and technological uses [2].

Various synthesis approaches have been developed for synthesizing nanoparticles over
the past few decades. Irrespective of the technique, the goal of particle synthesis generally
focuses on: minimizing and controlling particle size, maintaining a narrow size distribution,
control of particle morphology, and control of crystallinity. The ability to control size enables the
variation of particle properties, while the narrow size distribution allows greater precision and is
required for studies of size-dependent effects. Nanoparticles synthesis techniques can generally
be divided into two classes: gas-phase methods and condensed phase methods. These two classes
of nanoparticles synthesis are characterized by unique advantages and limitations. Out of many
synthesizing techniques co-precipitation is good for the production of huge amount and high
quality of nanoparticles at low cost rate and it requires low cost equipment. Within the co-
precipitation synthesis technique, the particle size can be controlled by adjusting the pH value

using inorganic base, the temperature of the reaction, the annealing temperature, and time [3].

Metal oxide nanoparticles are important materials, finding applications in a diverse range
of activities. Among metal oxide NPs, ZnO NPs have many significant features such as chemical
and physical stability, large exciton binding energy (60 mev), wide band gap, biosafe,
biocompatibility, high catalytic activity, intensive ultraviolet (UV) and infrared (IR) adsorption.
ZnO NPs also have several advantages due to low toxicity, biocompatibility and
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biodegradability, which make the material important for anti-bacterial, anti-fungal, and wound

healing applications [4].

Several studies have been conducted on various factors affecting the shape, size, optical
properties and applications of ZnO NPs. The factors are precursor concentrations, temperature,
surfactant concentrations, dopant concentrations, solvent medium and pH of the reaction mixture
[1]. Doping is one of the strategies to modify the structural, morphological and optical properties
of ZnO nanoparticles and enhance its applications such as antimicrobial activity. Doping ZnO
with trace amounts of transition and rare earth metal ions has signicant changes in the optical,
morphological and structural properties of ZnO NPs. Several reports are available regarding the
doping of ZnO with metal ions (transition and rare earth elements) of Ni, Co, Fe, Mn, Cr, Al, Ag,
Eu and Gd to change its properties for photocatalysis, sensors, and antimicrobial activity. Among
the above dopants, Mn?* and Gd*" are favorable to incorporate into the ZnO lattice due to their
same valence state (+2) and (+3) and similar ionic radii (Mn?*, 0.66 A°; Zn**, 0.74 A°and Gd*,
1.95 A° ) [5-7].

The unique and new properties of nanomaterials have attracted scientists and researchers
to the antimicrobial application. The research interest for the use of nanotechnology in the
antimicrobial application has increased rapidly. Recently, microorganism pathogens have been a
major problem to human health as well as to the environment. The nanotechnological
applications in the field of biology have produced a completely new field of technology that is
set to bring dramatic advances in the fight against various diseases. In this regard, many
scientists and researchers are developing material with better antimicrobial and photocatalytic
activity. Even though, there are the great progress in development of antimicrobial there are
difficulty to treat many infectious diseases like intracellular infections. The reasons of difficulty
are transportation through cell membranes, low activity in the cells, antimicrobial toxicity to
healthy tissues and acquired resistance of infectious microbes. However, in nowadays nanosized
materials have been emerged up as novel antimicrobial agents. Nanoparticles (NPs) exhibit
better antimicrobial activity due to their large surface to volume ratio and high chemical
reactivity or photocatalytic in comparison to bulk form. Many NPs have antimicrobial

properties and used to control drug-resistant microbial populations. Various inorganic metal
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oxide NPs such as ZnO, MgO, TiO, and SiO, show reasonably antimicrobial activities and used
in therapeutics, diagnostics and nano medicine-based antimicrobial agents. Among inorganic
NPs, ZnO nanoparticles show greater effectiveness on resistant strains of microbial pathogens,
less toxicity, selectivity, better durability, heat resistance and provide mineral elements essential
to human cells. Furthermore, there are several reports that deal with the particle size-dependent
antimicrobial activity of ZnO nanoparticles (NPs), where antimicrobial activity is inversely
related to the particle size. Hence, the crystal size of ZnO nanoparticles needs to be reduced for
better antimicrobial activity. Accordingly, ZnO doped with Manganese and Gadolium has better

antimicrobial activity as the dopants decrease the crystal size of ZnO nanoparticles [8-9].

The antimicrobial activity of undoped and doped zinc oxide nanoparticles has also been
studied against gram-negative and gram-positive bacteria using chemically synthesizing method.
The main mechanism of antimicrobial activities of ZnO NPs is the electrostatic interaction
between ZnO NPs and cell membrane of the bacteria, penetration of ZnO NPs into the inside of
bacterial cell wall, and the formation of reactive oxygen species (ROS) inside the cell of bacteria,
which destroys the cytoplasm of the bacteria. It is reported that gram-negative bacteria are more
resistant against ZnO NPs than gram-positive bacteria due to that it has double cell membrane
structure (outside and cytoplasmic membrane) and the difference in intracellular antioxidant
content [1].

1.2 Statement of the problem

Many researchers reported the synthesis and characterization of zinc oxide nanoparticle doped by
Manganese (Mn) and Gadolium (Gd) metals in separate studies for different precursors at
different conditions using different synthesis methods. But, to date results there is a
controversial and debate on the influence of these dopants on the structural, morphological and
optical properties as well as on the antimicrobial activity of ZnO nanoparticles. Therefore, in
this research, it is intended to investigate the effects of Mn and Gd dopant ions on the structural,

morphological and optical properties of ZnO nanoparticle and on its antimicrobial activity.
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1.3 Objective of the study

1.3.1 General Objective

The general objective of this research work is to synthesize ZnO nanoparticles doped by
Manganese (Mn) and Gadolium (Gd) using co-precipitation method and characterize their
structural, morphological and optical properties for antimicrobial application.

1.3.2 Specific Objectives
The specific objectives are:

1. Synthesizing undoped and Mn and Gd doped zinc oxide nanoparticles using co-

precipitation method.

2. Determining the structural, morphological and optical properties of pure and doped ZnO
nanoparticles using XRD, SEM and Uv-Vis.

3. Analyzing the effect of Mn and Gd doping on the structural, morphological and optical
properties of ZnO nanoparticles.

4. Comparing the antimicrobial activity of undoped and Mn and Gd doped ZnO

nanoparticles.

The thesis is organized as follows. In Chapter 1, introduction to nanoparticles and
nanotechnology, synthesis routes, factors affecting the structural, morphological and optical
properties of ZnO nanoparticles, doped ZnO nanoparticles and its antimicrobial activity
nanoparticles are presented. Statement of the problem and objective of the study are also
presented in this chapter.

In Chapter 2, the crystal structure of ZnO nanoparticles, electronic properties, chemical
properties and synthesis routes of ZnO NPs are presented in this chapter. Also transition metal
and rare earth metal doped ZnO nanoparticles, applications of ZnO NPs, the characterization
instruments used to characterize ZnO NPs crystal size, strain, dislocation density, volume of the
unit cell, absorption peak and morphology are presented.

In Chapter 3, the materials and methods used in this work are presented. This chapter has
five sections; the first section describes the chemicals and solvents used to carry out this

research. The second section of this chapter deals with the apparatus and instruments used to
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carry out this research. The third section describes the methods of synthesizing pure, Mn and Gd-
doped zinc oxide nanoparticles from zinc, Manganese and Gadolium salt precursors. The fourth
and fifth sections describe the antimicrobial activity and characterization mechanisms of
undoped, Mn and Gd-doped ZnO NPs.

In Chapter 4, the results and discussion of the thesis are presented. The calculated values of
crystal size, lattice parameters, unit cell volume, dislocation density and strain as well as
absorption peaks (calculated band gap), morphologies and antimicrobial activities of undoped,
Mn and Gd-doped ZnO NPs are presented. Finally, the thesis is ended up with the conclusion in
Chapter 5.

Page 5



2. Literature Review

In this Chapter, the literature review related to nanotechnology and nanomaterial, the crystal
structure of ZnO nanoparticles, electronic properties, chemical properties and synthesis routes of
ZnO NPs are presented. And also the zinc oxide nanoparticles doped by transition and rare earth
metals, the characterization techniques and applications of ZnO NPs are reviewed.

2.1 Nanomaterials

Nanoparticles are particles that exist on a nanometer scale below 100 nm at least in one
dimension. They can possess unique chemical and physical properties such as uniformity,
conductance or special optical properties that make them desirable in different area of research
and applications in various fields such as electronics, optical communications and biological
systems. Recently, materials at nanoscale are attracting the interest of many researchers and
scientists because materials at this level exhibit special optical, electrical and magnetic properties

which are significantly different from those at a larger scale [1].

Nanomaterials can be produced in different shapes (spherical, rod, tube and wire) based
on different synthesizing parameters such as temperature, solvents, precursors, reaction time and
pressure. These materials can exist in different dimensions; in one dimension (nanowires and
nanotubes), in two dimensions (very thin surface coatings) or in all three dimensions
(nanoflowers). As a particle decreases in size, a greater proportion of atoms are found at the
surface compared to those inside. Thus nanoparticles have a much greater surface area per unit
mass or high surface area to volume ratio compared with larger particles. Nanoparticles have
high chemical reactivity or chemical catalytic activity than the same mass of material made up of
larger particles due to the fact that the growth and catalytic chemical reactions occur at surfaces
[10].

2.2 Nanoscience and Nanotechnology
Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular and
micro molecular levels, where properties differ significantly from those at a larger scale where as

nanotechnology is the design, creation, characterization, exploitation and utilization of structures,
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devices and systems by controlling shape and size at the nanometer scale. In order words,
nanotechnology is deal with the engineering of functional systems and applications of nanoscale
materials that have size and structural features lay between those of atoms and their bulk
materials, new properties and functions. Nanotechnology has been subject to various discussions
and developments during last six decades, starting from Richard Feynman’s speech, "There's
Plenty of Room at the Bottom" in the annual meeting of the American physical society at
California Institute of Technology on 26 December 1959 and followed by the introduction of the
word “Nanotechnology” in 1974 by Norio Taniguchi. Richard Feynman, in his this famous
lecture he suggested that it would be possible to arrange the atoms the way we want and

synthesize any chemical substance by putting atoms down as we desire. [11].

2.3 ZnO Properties

2.3.1 Crystal structure of ZnO

Zinc oxide (ZnO) is an inexpensive material and is relatively abundant. It has high chemical and
thermal stability, high electrochemical coupling coefficient, broad range of absorption radiation,
high photostability with multifunctional material and non-toxic, easy to prepare and therefore, it
is one of the widely investigated materials. It has many useful properties such as high carrier
mobility, large exciton-binding energy (60 meV), low toxicity, biocompatibility,
biodegradability, transparency and a wide band gap of 3.37 eV. ZnO occurs in nature as the
mineral zincite. ZnO can possess 4 crystal structures: cubic zincblende, rocksalt, cubic caesium
chloride, and wurtzite (B4 type) structure. Among them, wurtzite structure is the most common
stable ZnO phase at ambient pressure and temperature. This structure is related to a hexagonal
close packed (HCP) structure with zinc atoms and oxygen atoms tetrahedral four-coordinated as
shown in Figure 2.1 below. Waurtzite zinc oxide has a hexagonal structure which belong to space
group Cémc and it has lattice parameters a = 0.3296 nm and ¢ = 0.52065 nm, in the ratio of
1.611. The structure of ZnO contains a number of alternating planes composed of tetrahedrally
coordinated O%and Zn** ions, stacked alternately along the c-axis (Figure 2.1). The tetrahedral
coordination in ZnO results in noncentral symmetric structure which consequently gives
piezoelectricity and pyroelectricity. Another important characteristic of ZnO is polar surfaces.
The most common polar surface is the basal plane. The oppositely charged ions produce

positively charged Zn-(0001) and negatively charged O-(0001") surfaces, resulting in a normal

Page 7



dipole moment and spontaneous polarization along the c-axis as well as a divergence in surface

energy [15].

(0110)

Figure 2.1: The wurtzite structure model of ZnO [16]

Since ZnO wurtzite is known to be a Hexagonal system, the lattice parameter a and c for
crystallographic systems in the present study can be calculated from the following equation using

the (hkl) parameters and the interplanar d spacing as follows.

d= ! @2.1)

4(h?>+hk+k?) I?
3l a2 e

Where ‘a’ and ‘c’ are the lattice constants and h, k, | are the Miller indices along a, b, and c-axis

respectively [8].
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2.3.2 Basic physical parameter for Wurtzite ZnO

The fundamental properties of the nanomaterials are indispensable for nanotechnology

applications. So, one must know and understand the fundamental physical properties of ZnO for

the rational design of functional and new materials. It is obvious that as the dimension of the

semiconductor materials approach to nanometer scale, some of their physical properties undergo

changes due to “quantum confinement size effects”. Table 2.1 shows some of the basic physical

parameters for wurtzite ZnO [17-20].

Table 2.1 Some fundamental physical parameters of wurtzite ZnO.

Physical parameter Values
Lattice parameters at 300 K ao 0.324 95 nm
Co 0.520 69 nm
ao/Co 1.602 (ideal hexagonal structure 1.633)
U 0.345
Density 5.606 g/cm®
Stable phase at 300 K Wurtzite
Melting point 2248 K
Linear expansion coefficient (/°C) ao: 6.5x10°
C0:3.9 X 10-6
Static dielectric constant 8.656
Refractive index 2.008, 2.029

Energy gap (300 K)

3.37 eV (direct band gap)

Intrinsic carrier concentration

<10°cm™ (max n-type doping>10“°cm®
electrons; max p-type doping<10
17cm™ holes)

Exciton binding energy

60 meV

lonicity

62%
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Electron effective mass 0.24

Electron mobility (T = 300 K) 200 cm®/V.s
Hole effective mass 0.59
Hole mobility (T = 300 K) 5-50 cm“/V.s

2.3.3 Chemical properties of ZnO
Naturally, ZnO appears as a white powder known as mineral zincite or zinc white. It usually
contains some manganese particles or other impurities that change its colour from white to red or
yellow [21]. Upon heating zinc oxide always alters its color from white to yellow owing to the
loss of oxygen (deficiency of oxygen). Again when cooled down it turns back into its original
color by regaining oxygen. ZnO is an amphoteric semiconductor oxide that is insoluble in water
and alcohol, but soluble in degrading acids such as hydrochloric acid (HCI):

ZnO + 2HC1 — ZnCly+ H,O
When reacted with phosphoric acid, it forms cement-like zinc phosphate cements. Since ZnO is
in powder form bases can also degrade it into soluble zincates:

ZnO + 2NaOH + H,0 — Na;, (Zn (OH) 4) [22-24].

2.3.4 Optical properties

The optical properties of nanomaterials depend strongly on their dimensions and surface
Plasmon resonance. The effect of dimension on the optical properties of nanomaterials can be
explained as follows. As the size of nanomaterials is decreased (quantum confinement size
effect), the number of atoms in the material will be decreased. This reduction in the number of
atoms in a material results in the confinement of normally delocalized energy states and electron-
hole pairs or free exciton. As a result the spacing between the energy bands of a semiconductor is
increased and its absorbance as well as luminescence shifts to blue. Thus, optical properties of
such materials are easily tailored by varying particle size. Generally, the optical properties of a
semiconductor are related to its intrinsic and extrinsic factors. Intrinsic optical properties related
to the relation between electrons in the conduction band (CB) and holes in the valence band (VB)

or band to band transition and also including excitonic effects due to the Coulomb interaction.
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Extrinsic properties are related to dopants (impurities) or defects produced in the semiconductor,
which introduce new discrete electronic states in the forbidden band gap. Various experimental
techniques such as optical absorption are widely used to investigate the optical property of ZnO.
A. B. Djurisic et. found that the Optical properties of ZnO nanostructures highly affected by
dopants and impurities. [25-28].

2.4 Characteristics of Transition Metal (TM)-doped ZnO and Characteristics of Rare
Earth (RE)-doped ZnO

The structural, electrical, optical and magnetic properties of ZnO properties and also the
efficiency of its function can be substantially modified by various doping elements to the ZnO
crystals. Dilute magnetic properties of transition metal doped semiconductors, called diluted
magnetic semiconductors (DMS), provide an alternative way to make the semiconductors
ferromagnetic at room temperature. For example, by doping transition magnetic elements such as
Co, Mn, Fe and Ni in to ZnO lattice we can tailor it for optoelectronic, spintronics and high
performance sensors based devices as well as its photocatalytic and antimicrobial activity can be
enhanced. The synthesis of ferromagnetic semiconductors that works at room temperature
remains very attractive for device applications such as emitter and detector. The 3d TM ions
fundamental properties of ZnO and TM-doped ZnO such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and
Cu have partially filled d shells are substituted for the cations of the host semiconductors, which
leads to achieve the DMS. These elements are easily incorporated into ZnO host lattice as they
have ionic radii close to Zn and they are useful due to their high electrical conductivity. The
magnetic property of a DMS is found to be a strong function of the TM ions concentration in the
crystal, the carrier density, and the crystal quality [29]. For doping of ZnO, rare earth elements
are more likely to be considered as dopants due to their characteristic luminescence and high
conductivity properties [30]. ZnO doped with rare earth metals provide wide bandgap
semiconductors and are very useful for displaying different applications such as UV, visible, and
infrared light emission. Wide band gap exhibits less thermal quenching of emissions than narrow
gap semi-conductors. Gd doped ZnO materials have been effective due to its scintillation
properties, UV optical characteristics, photocatalytic activity, antibacterial and antifungal activity
as well as room temperature ferromagnetism. X. H. Zhang et al. fabricated high sensibility gas

sensors based on Erbium doped and Gadolium ZnO nanocrystals and found green luminescence
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from Eu-doped ZnO and red luminescence from Gd-doped ZnO suggesting that these materials

may prove useful in optoelectronic applications [31].

2.5 Synthesis routes of zinc oxide nanoparticles

Several synthetic approaches have been developed for synthesizing zinc oxide nanoparticles over
the past several decades. Regardless of the technique, the goal of particle synthesis generally
focuses on: minimizing and controlling particle size, maintaining a narrow size distribution,
control of particle morphology, and control of crystallinity. The ability to control size enables the
variation of particle properties, while the narrow size distribution allows greater precision and is
required for studies of size-dependent effects. Particle shape and crystal structure can also
influence material properties. Nanoparticle synthesis techniques can generally be divided into

two classes: bottom up and top down approaches [32].

Bottom up approach technique individual atoms and molecules are brought together or
self-assembled to form nanostructured materials at least in one dimension. All the techniques that
start with liquid and gas as the starting material fall into this category. Usually, this technique
can give very fine nanostructures of individual nanoparticles, nanoshells, etc., with narrow size
distributions, if the process parameters are effectively controlled. On another hand, in Top down
approach technique a macro crystalline material is fragmented to yield a nanocrystalline material.
All the solid state routes fall into this category. This technique does not usually lead to individual

nanoparticles; however, they produce bulk nanostructured materials [32].

2.5.1 Co-Precipitation Method

Co-precipitation involves a stoichiometric mixture of soluble salts of metal and precipitating
them as hydroxides, oxalates, citrates or formats. It takes place when any solution is
supersaturated to form precipitates with another substance. In this method, an inorganic metal
salt is dissolved in solvent and these formed species are hydrolyzed by adding a basic solution
example NaOH or KOH. By the action of cationic solution, solutions are condensed with each
other to form a metal hydroxide precipitate. The formed precipitate has undergone several
processes, such as filtration, annealing and drying to collect nanopowders of crystalline metal
oxides. Co-precipitation technique provides nanopowders with good quality despite of the low

cost and simplicity of this method [33].
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Another useful method is sol-gel method. Sol-gel method is the process for obtaining
crystalline materials from a very tiny molecule. This process involves a formation of an
inorganic network of colloidal suspension (sol) followed by gelation of the sol solution to form a
continuous liquid phase (gel). Thus formed gel can be used to fabricate various nanomaterials
and nanostructures such as powders, aerogels, xerogels, etc. There are number of precursors that
can serve as sol forming constitutes such as, metal alkoxides, metal organic compounds, salts of
inorganic acids, salts of organic acids, etc. However, the most commonly used precursors are
metal alkoxides; compounds in which a metal is bonded to one or more alkyl groups through an
intermediate oxygen atom. Addition of acid or base catalyst is also common in sol-gel processes
to increase the rate of the reaction. This method can be used for the fabrication purposes, mainly
of metal oxides, such as silicon. In this process, the monomers are converted into colloidal
solutions acting as precursors for the gel formation using discrete particles. The precursors that
can serve the function of precursor materials, they will undergo hydrolysis of and
polycondensation processes to form M-O-M bonds. In the hydrolysis process, as the name
suggests, precursor will hydrolyze and attains a hydroxyl group typically through the reaction
with water. Polycondensation is the process in which hydrolyzed species combine to make a
inorganic polymer like chains through elimination of a water molecule. Finally, with filteration

and drying process the desired nanostructures that have will be synthesized [33].

Several different methods also exist for obtaining nanoparticles of different sizes and
shapes. Those are paralysis spray method, sonochemical method, combustion method, thermal

evaporation, microwave assisted, and electro spinning method, etc [33].

2.6 Application of ZnO NPs

The unique structural, mechanical, electrical and optical properties of nanoparticles are
dependent of the surface Plasmon resonance and quantum size confinement. ZnO NPs are
widely used in many applications as NEMS systems, single electron transistors, engineered solar
cells, OLED’s, laser diodes and many other optoelectronic devices due to special properties
[34, 35]. In addition, due to their unique and versatile features and properties, the transition
metals-doped ZnO nanoparticles can be used in various industrial applications. The TM-doped

and RE-doped ZnO nanoparticles have major applications in various fields compared with
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undoped ZnO nanparticles. They are used in the field of electronics and semiconductor industry
for developing single electron transistors, photodetectors, fabricated LEDs, laser diodes, flat
panel displays, transparent electrodes, nanogenerators, solar cells, optical waveguides, PZT
transducers, surface acoustic wave devices, water treatment, optoelectronic devices, etc. They are
used in the field of spintronics for making solid state devices for memory storage and
electro-magnetic devices. They are used in sensing applications and for biomedical applications

including antimicrobial activity [36].

In recent time, a lot of serious human health and environmental issues were caused by the
increasing resistance of pathogen agents towards antibiotics. Researches could reveal novel
application of metals as intrinsic antimicrobial activity by combining advanced technologies of
material science and material engineering respectively [37]. Numbers of metals and compounds
of nanomaterials have been used as antimicrobial agents to control pathogenic microorganisms.
Nanoscaled metals and inorganic compounds have shown remarkable antibacterial activity even
at very low concentration due to their high surface area to volume ratio and unique chemical and
physical features. In addition, these particles are biocompatible, biosafe, nontoxic and also more
stable at high temperature and pressure. In general, zinc oxide nanomaterials exhibited important
biological activities and structural properties. Bacterial and fungal population is naturally capable
of developing resistance against antibiotics and metals and spreads more potential and creates
health problems, drug resistance in bacteria and fungal leading to ineffectiveness of medicine for

treatment of a number of diseases [38].

The main mechanism of antimicrobial activities of ZnO NPs is the electrostatic
interaction between ZnO NPs and cell wall of the bacteria, internalizations of ZnO NPs into the
cell of bacteria, and the generation of reactive oxygen species (ROS) inside the cell of bacteria,
which destroys the cell wall, the cytoplasm and all intracellular components of the bacteria [1].

The ROS production mechanisms driven by ZnO NPs are described in Figure 2.2.

Since ZnO is a semiconductor, it’s the electronic band structure has a conduction band
(CB) and a valence band (VB). When photon radiation (hv) of energy greater than the bandgap
of ZnO (higher than 3.3 eV) interacts with ZnO, it is immediately absorbed and electrons will

move from the VB to the CB, which initiates a series of photoreactions. Following this step,
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Positive holes (h*) are created in the VB and, in turn, there are free electrons (e—) in the CB.
These electron pairs (free exciton) initiate various reactions. The ‘“holes” separate water
molecules into OH™ and H*. The free electron pair of the CB reacts with the dissolved oxygen
molecules and it transforms into superoxide radical anions (O,—), which react with H" and give
(HO,) radicals that after colliding with the electrons are transformed into hydroxyl peroxide
anions (HO,—). These, in turn, can react with hydrogen ions and produce hydrogen peroxide

(H20,) that can penetrate into bacterial cell wall and kill microorganisms [39].

The release of Zn?* ions is also another way to destroy or kill bacteria. When ZnO NPs
are in solution, partial dissolution results in the release of Zn®* ions, which have antimicrobial
activity. This dissolution of ZnO NPs decreases the amino acid metabolism and perturbs the
enzymatic system which contributes to its antimicrobial activity. In Addition, to improve the
ZnO photocatalytic properties and antimicrobial activity it can be doped with transition metals
(Mn, Cu, Co) and rare earth metals (Eu, Gd) as they results in changes to the surface area due to
the introduction of dopant ions. Thus, the presence of impurities in semiconductor NPs can lead
to significant changes in their structural, electrical and optical properties. The incorporation of
dopants during the nanostructure formation process will results in new crystal growth conditions,
morphology and creating many defects such as oxygen vacancy, oxygen interstitial, zinc vacancy
and zinc interstitial in their structure. These defects, specially enhanced oxygen vacancy favours
photocatalytic reactions, and therefore a higher amount of ROS is generated. Hence, higher ROS
concentrations result in greater antimicrobial activity by ZnO NPs as ROS generation is a major
mechanism responsible for ZnO NPs antimicrobial activity. In addition, the presence of dopant
ions in ZnO NPs has been used in some studies to assess their relationships with the
antimicrobial activity of ZnO NPs. The presence of these dopant ions can significantly alter the
size of ZnO NPs (they decrease their size). This enhances the antimicrobial effect of NPs due to

the decrement in size results in large surface area and higher chemical reactivity [37-39].

Various researchers have tried to dope transition and rare earth metal dopants into the
ZnO lattice, to enhance the antibacterial activity of ZnO. For example, K. Rekha et al.
synthesized Mn doped ZnO for antibacterial activity of ZnO. Similarly, Manjulaet al.synthesized

Co doped ZnO and did its antibacterial activity using disc diffusion method, which was found to
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be enhanced after Co doping. Bomila et doped Cu into the ZnO lattice to enhance its
antibacterial activity. They reported that the doping of Cu increased the antibacterial activity
against Escherichia coli, Staphylococcus aureus bacterial and Candida albicans yeast pathogens.
All these studies confirm that the doping of transition metal ions and rare earth ions increase the
antibacterial as well as the antifungal activity of the ZnO. Yet, these doping were found to
decrease the crystallinity of the ZnO, which could reduce its stability, during in-vivo applications
[39]. The previous literature indicated gram-positive bacteria have higher susceptibility to ZnO
NPs than gram-negative bacteria due to that they have simpler or single cell membrane structure

and the difference in their chemical composition as well as intracellular antioxidant content [1].
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Figure 2.2: Various mechanisms of antimicrobial activity of the metal nanoparticles [37].

2.7 Characterization of ZnO NPs

2.7.1 X-ray diffraction (XRD)

X-rays were discovered by Wilhelm Rontgen, a German scientist in 1895 and before that it was
very difficult to investigate materials at angstron level. The powder XRD is the most common
and first hand instrument used by solid-state scientists. A great advantage of X-ray powder
diffraction is that it requires no sample preparation in contrast to other techniques. The sample
can be either in the form of smear or compact flat pack or a capillary. X- ray diffraction is a
powerful method to investigate cystalline solids. Crystalline solids consist of regular arrays of
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atoms, ion, or molecules with interatomic spacing on the order of 10 °m. The wavelength of the
incident light has to be on the same order as the spacing of the atoms. Source of electrons
(cathode) and anode are very essential for generating this X-rays. Source of electrons (cathode)
is used for accelerating the electrons at high speeds and anode for receiving the impact of the
electrons and interact with them. A typical cathode element is Tungsten (W) with potential of 20-
50 KV and the anodic material should be water cooled. The frequency (wavelength) depends on
the anode material, usually Cu, Mo, or Co. Different lines occur when electrons knock out the
target material and remove electrons from K shell (n = 1), which are filled by electrons in
higher shells. Electrons falling from L shell (n = 2) give rise to lines K, whereas from M(n =
3) shell give the Ky, lines. The characteristics K, x-ray is needed and selected. However, line K
is filtered out by using a thin metal foil of the adjacent element (Z — 1), for example Nickel
filters line of copper. A monochromatic beam of X-rays can also be selected by reflecting from a
plane of a single crystal [40].

During the analysis of XRD measurement, X-Rays strike the sample specimen and the
electron clouds of atoms in the sample are scattered elastically. Detector is then used to measure
the X-Ray intensity as a function of the angle of beam diffraction. A periodic structure within the
sample leads to interference fringes determined by the periodic arrangement of the atoms. The
intensity corresponding to a constructive interference of the diffracted beam from a
crystallographic plane is observed as peak, corresponding to the Bragg angle (0). Thus Bragg’s

Law Eq (2.2) plays a crucial role in interpretation of these peaks.
A=2dsing (2.2)

Where d is the distance between the atomic planes, 0 being the scattering angle, and A being the
wavelength of the incident X-ray radiation. By making the use of the Bragg law of Eq. (2.2), the

lattice parameter ‘a’ is calculated for (1 0 0) plane using following Eq. (2.3).

a=—=— (2.3)

For the plane (0 0 2) the lattice parameter c is calculated using the following Eqg. (2.4).
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c=—— (2.4)

The dislocation densities (8) of ZnO NPs are calculated by the Eq. (2. 5).

1
5= o7 (2.5)
Where D is the crystalline size.
The micro-strain (¢) is estimated from:
g st‘g (2.6)

The volume (V) of the unit cell of ZnO is given by Eq. (2.7).
V =0.866a’c (2.7

The bond lengths (L) and the positional parameter (u) are given by

Lz\/[a—; J{%_UJZCZJ (2.8)

u=-_+025 (2.9)

G. Vijayaprasath et al. synthesized Ni/Mn co-doped ZnO nanoparticles by co-precipitation
method and found lattice parameters a= 3.25 A° and c= 5.206 A°, bond length and positional

parameter with the values of 1.979 A° and 0.379 A° ,respectively

A XRD powder diffraction patterns provide information about phases, peak positions,
phase height, structure, degree of crystallinity or amorphous content, lattice parameters,
interplanar spacing, volume of the unit cell, strain, dislocation density, crystallite size or peak
widths/broadening. The most intense and well-defined peaks show strong reflections (diffraction)
from various crystal planes. The positions of the peaks provide an accurate fingerprint of the

crystal structure of the nanocrystals. The width of the peaks in a particular phase is an indicator
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of the average crystallite size. Large crystallites give rise to sharp peaks, while the peak width

increases as crystallite size reduces [41].

<

Incident x-rays Diffracted x-rays

Atomic-scale crystal lattice planes

Figure 2.3: Bragg’s law of diffraction [41].

In addition to determining crystal phase, the line widths can be used to estimate the mean crystal

size of a sample by use of the Scherrer’s Eq. (2.10) [42].

D kA
pcosé

(2.10)

Where D is the mean size of the crystalline domains, which may be smaller or equal to the grain
size; K is a dimensionless shape factor, with a value close to unity. The shape factor has a typical
value of about 0.89, but varies with the actual shape of the crystallite. A is the X-ray wavelength,
which depends on the X-ray sources. B is the line broadening full width at half the maximum
intensity (FWHM) in radians, 0 is the Bragg angle [43].

2.7.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that uses highly focused beam of high-
energy electrons (eV-150 eV) that interacts with a sample to produce various signals (secondary
electrons, reflected or back scattered electrons, characteristics x-rays and transmitted electrons)
that contain information about topography, morphology and crystallography of the sample [44].
In secondary electron imaging (SEI), the secondary electrons are emitted inelastically from very
close to the specimen surface. These secondary electrons have less energy than incident
electrons. Consequently, SEI can produce very high-resolution images of a sample surface,
showing details less than 1 nm in size and it gives information about the morphology of the

surface. Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by
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elastic scattering. They emerge from deeper locations within the specimen and, consequently, the
resolution of BSE images is less than SE images. However, BSE are often used in analytical
SEM, along with the spectra made from the characteristic X-rays, because the intensity of the

BSE signal is strongly related to the atomic number (Z) of the specimen.

In a typical SEM, a beam passes through pairs of scanning coils or pairs of deflector
plates in the electron column to final lenses, which deflect the beam horizontally or vertically.
The image displayed is therefore a distribution map of intensity of signal being emitted from the
scanned area of the specimen. Mostly data is collected over a selected area of the surface of the

sample, and a 2-D image that displays spatial variations in these properties is generated [45].

The system can also provide qualitative chemical analysis if it is equipped with a
dispersive X-ray spectrometer (EDS). In a typical SEM system, a beam of accelerated electrons
with significant amounts of kinetic energy strikes the surface of the sample and generates a
splash of electrons with kinetic energies much lower than primary incident electrons called

secondary electrons (that produce SEM images). To create a SEM image, the secondary electron

intensity is measured as a function of the primary beam position [46].
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Figure 2.4: Operation of the SEM instrument [47].

Page 20


https://en.wikipedia.org/wiki/Elastic_scattering

2.7.3 Ultraviolet-visible spectroscopy

The UV-Vis Spectroscopy is the most important an analytical technique in the modern day
laboratory. (UV-Vis) refers to absorption spectroscopy or reflectance spectroscopy in the
ultraviolet-visible region. The UV-visible range covers some part of the total electromagnetic
spectrum, and is generally ranges from wavelengths of 190 nm at the high energy UV end to
about 750 nm at the low energy red end of the spectrum. The UV-visible spectroscopy is used to

study molecules and inorganic ions in solution as well as in the solid state.

UV-vis spectroscopy technique deals with characterizing the intensity of light passing
through a sample in the ultraviolet and visible regions in terms of wavelength expressed in
nanometers. It is almost entirely used for quantitative analysis; that is, the estimation of the
amount of a compound known to be present in the sample. Light of other regions of the spectrum

gives rise to different types of transitions and hence different types of spectroscopy [48].

The processes concerned in absorption spectrometry are absorption and transmission
based on the Lambert's Law which states that each layer of equal thickness of an absorbing
medium absorbs an equal fraction of the radiant energy that traverses it. When light travels
through a thin slice Ax of absorbing sample, its intensity diminishes by an amount proportional
to the initial intensity lo and the thickness of the slice. According to beer-lamberts law the
interaction of light with matter gives an exponential attenuation relating to the incoming light lo

to the thickness Ax.

1(x+AX) = 1(x)— 1 (X)oAX (2.11)
This can be rewritten in the form
jim M) 1K) iy dE 2.12)
AX—0 AX dX

Eqg. (2.12) is a differential equation with the solution

1(x)=1, exp[-ax] (2.13)
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When ultraviolet or visible light strike atoms or molecules they can either bounce off or
cause electron to jump between energy levels. Absorption of ultraviolet or visible light
electromagnetic radiation causes electron to move from lower energy levels to higher energy
levels. Above a certain energy or frequency known as the absorption edge, intense absorption
occurs. Absorption of visible and ultraviolet (UV) radiation is associated with excitation of
electrons in nanoparticles from lower to higher energy levels. Since the energy levels of matter
are quantized, only light with the precise amount of energy can cause transitions from one level
to another will be absorbed. An electron is excited from a ground state into an excited state. Each
wavelength of light has a particular energy associated with it. If that particular amount of energy
is just right for making one of these electronic transitions, then that wavelength will be absorbed.
The wavelength that is absorbed depends on the chemical composition. The intensity of the band
is directly proportional to the concentration of an absorbing group or molecule. The larger the
gap between the energy levels, the greater the energy required to promote the electron to the
higher energy level; resulting in light of higher frequency, and therefore shorter wavelength,
being absorbed [49]. Nanoparticles undergo electronic excitation following absorption of light.
Absorption of light in the UV-visible region will only result in the following transition.

Photon -~

Figure 2.5: Absorption and Electronic transition of nanoparticles [50].
UV-visible spectrometers measures the intensity of light passing through a sample (I),
and compares it to the intensity of light before it passes through the sample (10). If the intensity

of the incident radiation is Io and that of the transmitted light is I , then the fraction transmitted

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

The percentage transmission is
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yT - 00 (2.14)
Y lo

UV-visible spectroscopy enables the characterization of functional groups in a molecule

as well as the determination of their concentration as per Beer-Lamberts law of Eq. (2.15).

A(/l)z—log%:Iogll—ozecL (2.15)

Where A(4) is UV-Vis absorbance, Io is light entered to sample and I the light transmitted from
the sample. The absorbance, A, is based on the transmittance [49, 50].

ol

The parameter that can be determined from the UV-vis spectra is the energy band gap of the
samples. The band gap energies are calculated using the equation of the reference,

EgNC_ 1240 (2.17)
A Amax

Where h is the Planck’s constant (6.626x10 ~**Js), c is the light velocity (3x10®m/s) and Amax
is the wavelength in nanometer [51].
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A schematic diagram of a UV-visible spectrometer is shown below.

MUNUUTUNATUW

Figure 2.6: Operation of the UV-Vis instrument [51]
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3. Materials and Methods

In this chapter, the materials and methods of the thesis are presented. The first section gives a
detailed account of chemicals and solvents used to carry out this research work. The second
section of this chapter deals with the apparatus used to carry out this research work. The third
section describes methods of synthesizing undoped and (Mn, Gd) doped zinc oxide
nanoparticles. The fourth and fifth sections describe the determination of antimicrobial activity
and the characterization techniques of pure and doped ZnO nanoparticles.

3.1 Chemicals and Samples
Materials and chemicals used for the synthesis of pure and doped ZnO NPs were zinc acetate
dihydrate (Zn (CH3COO)2.2H20) (UniChem, India), sodium hydroxide (Alpha Chemika, India),

Manganese acetate dihydrate (Mn (CHSCOO)Z.ZHZO) (UniMagmedia, india) and Gadolium
hexahydrate (Gd (CH3COO)3.6H20) (uniHimedia, India). Culture media such as Miiller-Hinton

agar (MHA) (M173-500G HiMedia India), tryptone soya agar (TSA) (T131-500G HiMedia,
India), and nutrient broth (N173-500G HiMedia India) for cultivation of the test organisms was
used for the determination of antimicrobial activity of ZnO nanoparticles. Dimethyl sulfoxide
(DMSO) (99% Unichem, India), Ethanol and double distilled water were used as the solvent.
Antibiotic Gentamicin was used as positive control. All chemicals were of analytical grade with

99.9 percent and didn’t undergo further purification.

3.2 Apparatus and instruments

Some of the laboratory apparatus used to synthesis pure and doped ZnO nanoparticles were
cylinders, pipettes, magnetic stirrer (MH 2It.) (used to stir the mixture), beakers, filter paper
(Watt Mann. 1) (used to separate precipitate from the mixture), spatula, Ceramic crucible cups
(used to hold the stock solution in the furnace and as well as in the drying oven), analytic balance
(FA.Model 2104) (used to measure the mass of sodium hydroxide, Zinc acetate dihydrate,
Manganese acetate dihydrate and Gadolium acetate hexahydrate), oven (Model-DGH-9055,

Jangasu Gangdu Mechanic Eectronic Equipment Co.Ltd.,China) (used to dry wet nanoparticles)
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and furnace (Model-BK-5-12GJ, Biobase Biodustry Shangdong Co. Ltd., China) (used for
annealing the powder). The apparatus used for culturing of bacterial and fungus were Petri plates
(dish), Micro petite, Test tubes , Aluminum foil , Gloves, Sterilizer, Incubator, Cotton swab |,
Refrigerator(LG) and Ruler. And also the laboratory instruments used to characterize undoped
and doped ZnO nanoparticles were scanning electron microscopy (SEM) to characterize
nanoparticles morphology, UV-Vis spectroscopy used to study the optical properties (band gap)
and X-ray powder used to characterize crystal structure as well as strain and dislocation density

in crystal lattice. Some of the apparatus and equipment used are shown in Figure 3.1.

RRE
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(c)
Figure 3.1: Some of the apparatus and equipment used (a) Digital Balance (b) Vacuum Oven

and (c) X-ray equipment

3.3 Methods of the experiment

First laboratory apparatus such as cylinders, pipettes, magnetic stirrer, beakers and spatula were
cleaned and dried. Also, analytic balance, oven and furnace were calibrated properly. After that,
undoped ZnO, Zng.9gMng 020 and ZngesGdo 020 Were synthesized using following procedures. In
the synthesis of pure ZnO, 21.95 g of zinc acetate dihydrate was completely dissolved in 100 ml
of deionized water and 0.2 M of aqueous NaOH solution (0.01 mol of NaOH dissolved in 50 ml
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of deionized water) was added drop wise to the mixture. Later, the solution was stirred at room
temperature for 30 min and then placed at room temperature (28 -30 °C ) for 5 hr for precipitation
to occur. This resulted in the formation of white colored precipitates in the reaction mixture. To
separate the precipitates, the reaction mixture was filtered and washed several times with double
distilled water and ethanol to remove impurities. Thereafter, it was oven-dried at 60 °C for 17 hr.
The dried precipitates were milled using a pestle and mortar, and then the powder was heated in
oven for 20 min at the same temperature (60 °C) to remove any absorbed moisture. The
calcination of the white powder was performed at 200 °C for 2 hr in a muffle furnace. Finally, it
yielded white and fine un-doped ZnO nanoparticles which were kept at room temperature.
The overall chemical reaction of the co-precipitation synthesis method of ZnO NPS is

summarized in the Eq. (3.1).

Zn(CH,C00),.2H,0 — Zn*(aq) + 2CH,CO0 ,, +2H,0

Zn 2+(aq) +20H “(agq) = Zn(OH )2(5)

Zn(OH ),,, > ZnOy)+H,0,, (3.1)

For the synthesis of Zn _Mn_ O nanoparticle, the amount of manganese acetate

0.98 0.02

dihydrate (Mn (CHSCOO) , 2H,0) used was determined according to the technique already
developed using Eq. (2.18) [8].

. weight{Mn(CH,C0OO0),.2H,0

weight 9/ Mn(CH,C00), 2H,0= ght{Mn(CH,C00), 2H,0) x1009/
0 weight{Mn(CH,C00),.2H,0)+ weight(zn(CH,C00),.2H,0) 0

(3.2)

Hence, 0.54 g of manganese acetate was dissolved in 100 ml of deionized water and it was

mixed with an aqueous zinc acetate dihydrate solution (which was prepared by dissolving 21.95

g of zinc acetate in 100 ml of deionized water). The 0.2 M of aqueous NaOH solution was added

drop by drop to the above homogenous mixture to get a white precipitate with pale green color

and then similar the above procedure was followed.
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Similarly, for the synthesis of Zn ,Gd O nanoparticle, the amount of Gadolium
hexahydrate (Gd (CH3COO) 5 6H,0) used was determined according to the technique already
developed using the Eqg. (2.19) [8].

weight(Gd(CH,C00),.6H,0)
: _ X1009/
weight(Gd(CH,C00),.2H,0)+ weight(zn(CH,C00),.2H,0) 0

weight9/ Gd(CH,C00),.6H,0 =
(3.3)

So, 0.5478 g of Gadolium hexahydrate was dissolved in ethanol-Di water (50-50%) and it was
mixed with an aqueous zinc acetate dihydrate solution (which was prepared by dissolving
21.95 g of zinc acetate in 100 ml of deionized water). Then, we followed the same previous
procedure [8, 52].

3.4 Determination of antimicrobial activity of ZnO NPs

The antimicrobial properties of the synthesized undoped, Mn-doped and Gd-doped ZnO
nanoparticles were investigated by using the Agar well diffusion method of Midaksa et al [1].
The antimicrobial activity determination was against 4 bacteria species (S. aureus. Bacillus
subtilis, P.aeruginosa, E. coli) and fungus (C. albicans). These species were cultured in Biology
Department of Adama science and Technology University. Staphylococcus aureus (S. aureus).
and Bacillus subtilis (B. subtitles) represented Gram-positive bacteria while E. coli and
P.aeruginosa represented Gram-negative bacteria. Dimethly sulfoxide was used as negative
control for the bacterial strains while bacteriological Gentamicin was used as standard antibiotic
for positive control. The strains were transferred to nutrient broth and incubated to grow
aerobically at 37 °C for 24 h until it achieved the turbidity of 0.5 McFarland standards. 0.01 mL
of each sub-cultured bacteria and yeast test organisms were spread plated using sterilized cotton
swab on 20 mL of sterilized molten and cooled MHA media and TSA media, respectively.
Subsequently, agar wells of 5 mm diameter were prepared on different plates with sterilized
stainless steel cork borer and labeled properly. Solutions of undoped ZnO, Mn and Gd doped
ZnO nanoparticles were prepared by dissolving them in Dimethyl sulfoxide (DMSO). Different

concentrations (100 %, 150% and 200%) of ZnO were added into well using micropipette.

The plates containing the microbes and ZnO nanoparticles were incubated at 37 °C for 24 h in
case of bacteria and at 28 °C for 48 h in case of yeas. The plates were examined for evidences of
zones of inhibition, which appear as a clear area around the wells. The diameter of such zones

was measured using ruler and mean value for each organism recorded and expressed in
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millimeter and the results were compared with those obtained for the standard drug (Gentamin).
For the reference antibiotic, 1 mg was used in the present study. All experiments were performed

three times and the results were averaged [1, 38].

3.5. Characterization Techniques

3.5.1 X-ray diffraction (XRD)

X-ray diffractometer (PANalytical XPERT-PRO Diffractometer) with Cu-Ka radiation
(A=1.54056 A°) and operates at a voltage of 40 kV and current of 30 mA for angle between
20=10° < 20< 80° was used to record the X-ray diffraction (XRD) patterns of undoped, Mn and
Gd-doped ZnO nanoparticles and study their crystalline phase. Wurtzite lattice parameters such
as the values of interplanar spacing (d), a, c, the dislocation density ( 6 ), the micro-strain ( )
the volume (V) of the unit cell for hexagonal system, the bond lengths (L), the positional
parameter (u) and average crystallite size (D) of undoped and doped ZnO nanoparticles were
calculated by using Egs.(2.1- 2.10) [8].

3.5.2 Scanning electron microscopy

The morphology of the NPs was studied using a scanning electron microscope (Hitachi, H 7600).
In SEM characterization, nanoparticle powder was mounted on a sample holder followed by
coating with a conductive metal. The samples were then scanned with focused fine beam of
electrons. The surface characteristics of the sample were obtained from the secondary electrons

emitted from the sample surface [53].

3.5.3 UV-Vis absorption spectroscopy

The optical characterization of ZnO NPs was carried out using UV-VIS Spectroscopy. The
optical absorption measurements were carried out using UV-Vis absorption spectrophotometer
(Perkin Elmer, Lambda 950) in the wave length region of 200 nm -700 nm. First 0.01 g of
undoped and doped ZnO nanoparticles was dissolved in 10 ml of dimethyl sulfoxide (DMSO).
Then a dimethyl sulfoxide solvent was inserted in a 1 cm cuvette place of the zinc oxide
nanoparticles. Next the dimethyl sulfoxide solution was replaced by the zinc oxide nanoparticle
solution. After that, the UV-vis absorption spectra was measured and collected. From UV-vis
spectra the optical band gaps of pure and doped ZnO NPs were calculated using Eq. (2.17)
[51, 54].
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4. Results and discussion

In this chapter, the results and discussion of the thesis are presented. In the first section of this
chapter, average crystallite size, lattice parameters, micro-strains, dislocation densities, unit cell
volumes, bond lengths and positional parameters of ZnO NPs by X-ray diffraction are presented.
In section two of this chapter, SEM image of ZnO NPs is presented. In section three, the UV-
Vis absorption spectrum and calculated band gaps of ZnO NPs are presented. In section four,
antimicrobial activity of ZnO, ZnggsMngo,0O and ZnggsGdoo,O NPs is presented. All the
characterization data were drawn by using origin 6 Software.

4.1 X-ray diffraction (XRD) analysis

The structural analyses of pure, doped (ZnggsMnog20 and Zng9sGdo20) ZNO nanoparticles
calcined at 200 °C were carried out using X-ray diffractometer (XRD) and their XRD patterns
are depicted in Figure 4.1 (a- c).
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Figure 4.1(a-b): X-ray diffraction patterns of (a) ZnO, (b) Zn ¢.9s Mn o2 O NPs
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Figure 4.1 (c): X-ray diffraction pattern of Zng g Gd 9.0, O NP

The diffraction peaks observed at 20=31.7480°, 34.4191° 36.2366°, 36.6165°, 47.5244°,
56.5660°, 56.8454°, 62.8533°, 66.3569°, 67.9250°, 69.0605° and 76.9425° are indexed to (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes, respectively. These
diffraction peaks are the characteristics peaks of ZnO. All the observed peaks are attributed to
wurtzite structure of ZnO as compared to JCPDS file for ZnO (JCPDS Card No. 00-001-1136)
with space group P63mc and lattice parameters a=b= 3.25 A° and ¢= 5.206 A° which is in good
agreement with previous report literature [55,56]. From the sharp and high diffracted intensity of
X-rays for pure ZnO, it is clear that all the particles exhibit good crystalline nature. The XRD
patterns for Mn and Gd-doped samples were found to be exactly the same as that for pure ZnO

NPs and similar pattern was observed by other researcher [57].

The XRD result also indicate that no peaks correspond to Mn and Gd as well as MnO and
Gd,0; were observed in the XRD pattern confirmed that Mn*? and Gd*® ions have
substitutionally replaced the Zn?* without introducing any impurities into the ZnO host lattice.
On the other hand, the incorporation of Mn and Gd ions into ZnO host lattice or the replacement
of Zn ions by Mn and Gd ions results in the decrement of the intensity of (101) peak which
depicts that the degree of crystallinity of samples decreases where as concentration of the defects

in the sample increases [58].
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Figure 4.2: Shift analysis for (100), (002) and (1 0 1) peaks of ZnO, Zn ¢9g Mn o0, O and
Zng.eg Gd 002 O

The phase shift analyses for (100), (002) and (1 0 1) peaks in the XRD patterns are shown
in Figure 4.2. It is clearly seen that the FWHM of the reflection peaks slightly increases after
adding the Mn and Gd dopant cations compared to the un-doped ZnO-NPs, indicating the
constrain growth of the crystalline or changes in the crystal strains according to the theory stated.
Additionally, for Zn (9sMng 20 and ZnggsGdo 20 nanoparticles, the (100), (002) and (1 0 1)
peaks slightly shift towards higher angle compared to undoped ZnO. The (100) peak is shifted
from 26 = 31.7480° to 31.7506° for Zn (ggMnoo,O and to 31.7604° for ZnggsGdoo.0
respectively. Similarly, the (002) peak is shifted from 26 = 34.4191° to 34.4304° for
ZNo.9gMno 20 and to 34.4359° for ZngesGdgg. In the case of (101), it is shifted from
260 = 36.2366° to 36.2419° and 36.2532° for Zn (.9sMng.020 and Zng ¢eGdg 020 respectively. Such

shifting of the XRD peaks depicts a lattice contraction and is attributed to the strain of the
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compound and mismatch of the ionic radii of Gd*" (1.95 4°), Mn?* (0.66 4°) and Zn** (0.74 A°)

or replacement of some Zn cations with Mn and Gd ions in each compound [59].

In addition, the shift in the diffraction peaks is ascribed to the decrease in the crystallite
size after the doping of Gd and Mn into the ZnO host lattice which results in the replacement of
Zn ion with Gd and Mn ions and the formation of compression stresses in the ZnO that cause the
positive shift of the ZnO peak. The positive shift indicates that when Gd and Mn are introduced
into ZnO matrix, the lattice contracts and the lattice parameter decreases. Thus, the positive peak

shift is an indicator of incorporation of Mn and Gd dopants into the Zn sites [57].

The average crystallite size of the prepared nanoparticles is estimated by using Scherrer
formula of Eq. (2.10) with most intense diffraction peak of ZnO (1 0 1). The average crystallite
size of pure ZnO NPs is found to be 38 nm. The average crystallite size for Mn and Gd doped
ZnO NPs decreases when compared to pure ZnO NPs as shown in Table 4.1. It is observed that
the FWHM of the fingerprint diffraction peak of ZnO (1 0 1) increases with Mn and Gd dopants;
consequently, the size of nanoparticles decreases as given in Table 4.1, which is in agreement
with similar results reported in literature. The decrease in the crystallite size is attributed to the
decrease in nucleation and growth of ZnO nanoparticles with the doping [60].

Table 4.1 Average Crystallite size of undoped ZnO, Zng 9sMng 020 and Zng 9sGdo 020 estimated
using most intense diffraction peak (1 0 1) of ZnO

Sample 20(%) FWHM(°)  Average Crystallite size [nm]
Pure ZnO 36.2366 0.21940 38
Zn 998 Mn g2 O 36.2419 0.22690 36
Zn 998 Gd 902 O 36.2532 0.26650 31

The values of lattice parameters (a, ¢), unit cell volume, bond length and positional parameter are
calculated using Eqgs. (2.3-2.9) respectively and tabulated in the Table 4.2. It is observed that the
unit cell volume, lattice parameters and the bond length slightly decreased after Mn and Gd
doping which might result from the difference in the ionic radii of Zn?*, Mn®* and Gd** (0.74 A°,
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0.66 A° and 1.95 A° ) respectively. The smaller ionic radius of Mn?* than Zn*" results in the
decrement of lattice parameter values of ‘a’ and ‘c’ whereas for larger ionic radius of Gd* than
Zn** the increment of lattice parameter values of ‘a’ and ‘c’ of Gd doped ZnO would be
expected but decreased due to strain as shown in Table 4.3. This slight variation in the lattice
parameters of ZnO, ZnggMnp,O and Zn (9sGdo020 is due to the substitution of Gd and Mn
ions with different ionic radii. The slight variation in the aspect ratio (c/a) suggests that the Mn
and Gd dopant ions are well substituted into the ZnO crystal lattice and also indicated that the
hexagonal wurtzite structure of ZnO is not altered by Mn and Gd dopant ions [57]. The volume
of the unit cell of doped ZnO NPs is decreased due to decrement of the lattice parameters after
doping. The values calculated values are 47.61(A°)* 47.30 (4°)® and 47.01 (A4°)* for ZnO,
ZNo.9sMno 20 and Zno.9g0Gdo.02O respectively. This indicates that the addition of dopant ions
into host lattice occupy partially in tetrahedral Zn positions. There is a strong correlation
between c/a ratio and 'u'. In this study, the c/a ratio reveals small perturbation for Mn and Gd
doped ZnO NPs. The values of ¢/a and “u” parameters are given in Table 4.2 [8].

Table 4.2 Lattice parameters, cell volume and bond length of pure ZnO, ZngggMng 2,0 and

ZNg.980Gdo.020 nanoparticles.

S.No Samples Lattice Volume (V) Positional Bond length
Parameters (A°) (c/a) (A%)3 parameter (u) (Zn-0) (L) (A°)
a C

1 Pure 3.25 5.206 1.601 47.61 0.379 1.979

2 Mn/zZnO 324 5.204 1.606 47.30 0.379 1.973

3 Gd/znO 323 5.202 1.600 47.01 0.379 1.968

Moreover, the substitution of Mn and Gd ions results in significant changes in Zn-O
bond length. From the above table 4.2, it is observed that the Zn—O bond length of pure ZnO NP
is 1.979 A°. The bond length values decreased with Mn and Gd-doped ZnO samples due to the

replacement of Zn®* ions in ZnO lattice [61].

The reduction in the crystallite size is due to the distortion in a host ZnO lattice by the
incorporation of foreign impurities and the presence of Mn?*" and Gd* into host lattice sites
hinders the nucleation and subsequent growth rate of ZnO NPs. The substitution of Mn?" and
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Gd*" ions in the interstitial position of host ZnO lattice sites influences the concentration of the
interstitial Zn, oxygen and Zn vacancies. The detection of small changes in 20 values and peak
broadening of diffraction peaks are due to the increase of micro-strain and line broadening effect
caused by size and micro-strain of nanoparticles. The dislocation densities and Microstrain of
ZnO NPs were calculated from the Egs. (2.5) and (2.6), respectively and it is given in the table

4.3 [62]. Comparably, the micro-strain values increase for Mn?* and Gd** doped ZnO NPs due to

the relaxation of strain in the respective unit cells which alter the size and shape of the particles
[63].

Table 4.3 Dislocation densities and micro-strain of undoped ZnO, ZngggMng 02,0 and Zng 9gGdo 020

nanoparticles.

Samples Dislocation density (lines/m?) Microstrain x 10™
Pure ZnO 6.9252E+14 7.72
Zn 998 Mn g2 O 7.7160E+14 7.98
Zn 0.98Gd 0,02 O 1.0405E+15 9.37

4.2 Scanning Electron Microscopy (SEM) analysis

The morphologies of prepared undoped, Mn- and Gd-doped ZnO nanoparticles were studied
using SEM images. Figure 4.3 (a-c) shows the morphologies of ZnO, Zngg¢sMng,O and
Zng.98Gdo 020 NPs.

(b)
Figure 4.3 (a-b): SEM images of (a) Undoped ZnO, (b) Zng.gsMng.020 NPs
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Figure 4.3 (c): SEM image of Zng9sGdp020 NP.
The particle agglomeration as well as narrow particle size distribution is observed in all of the

samples. SEM images show spherical shaped well defined particles [63].

4.3 UV-vis Spectroscopy analysis
The effect of Mn and Gd doping on the optical properties of the samples was investigated by
UV-Vis spectrophotometer and the ultraviolet-visible absorption spectra of ZnO, ZnggsMng 02,0

and Zn (.93Gdp.020 Nanoparticles are shown in Figure 4.4 (a)-(c) respectively.

3.0

254

2.0

1.5

1.04

Absorbance (a.u)

0.0

-0.5

0'5-\_/\

"300

400

500 600 700
Wavelength (nm)

Absorbance (a.u)

3.9

24

2.9

19

19

0.9

(b)

—— Gd doped ZnO

500 T00 700
wavelength (nm)

Figure 4.4 (a-b): The ultraviolet-visible absorption spectra of (a) ZnO, (b) Zng.9sGdy.020 NPs
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Figure 4.4 (c): The ultraviolet-visible absorption spectra of Zn ¢ 9sMng 2O Nanoparticle
Table 4.4 Calculated energy band gap of ZnO, Zng9sGdy.020 and ZnggsMng 02,0

Sample Band gap [eV]
Pure ZnO 3.35
Zn 098 Gd 002 O 3.28
Zn 998 Mn g2 O 3.07

The strongest absorption peaks are seen at 370 nm, 377 nm and 403 nm for undoped Zno,
Zno98Gdo 20 and ZngggMngo,O respectively. The corresponding optical band gap energy
calculated using Eq. (2.17) was found to be in the range of 3.07-3.35 eV and it is given in the
Table 4.4 above. The absorption peaks are in the ultraviolet regions and originate from the
transition of electron from valence band (VB) to conduction band (CB) [64]. It is observed
that undoped ZnO NP exhibited blue shifted absorbance peak as compared to its bulk counterpart
having absorbance peak at 386 nm (3.2 eV) at room temperature. On another hand, we observed
the decrement of the energy band gap of ZnO NPs with the doping of Mn and Gd ions and this
shift is ascribed to the influence of dopant ions. The interaction of d electron of Mn ion and f
electron of Gd ion with sp electron of ZnO may cause the dopant induced states within the
energy gap of ZnO NPs. These states correspond to the dopant provide additional pathways for
electronic transition, thus giving rise to the red shift of absorption that is a slight shift of UV
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peak towards the longer wavelength side is found with the incorporation of Mn®** and Gd** ions

into ZnO matrix [66].

4.4 Antimicrobial Studies
Figure 4.5 (a-e) shows the zones of inhibition of pure ZnO, ZnggsMng 20 and Zn (.93sGdy.020

nanoparticles against different pathogens (P. aeruginosa, E. coli, S. aureus, B. subtillis and

C.albicans) with different concentrations (100 %, 150% and 200% ). It was carried out

using agar well diffusion method to observe their ability as a potential antimicrobial agent.

(@) (b)

Figure 4.5 (a-b): The antimicrobial activity of (a) Zng.9sMng0,O NP applied on P. aeruginosa (b)

pure ZnO NP applied on E. coli with different concentrations (100 % , 150 % and 200 %)
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(c) (d)

Figure 4.5 (c-d): The antimicrobial activity of Zng¢gGdo 020 NP applied on (c) S. aureus (d) B.

subtillis with different concentrations (100 % , 150 % and 200 %)

(e)
Figure 4.5 (e): The antimicrobial activity of ZnggsGdy0,O NP applied on C.albicans with

different concentrations (100 =2 | 150 72 and 200 =2
uL pL uL
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The antimicrobial activity of pure, Mn doped and Gd doped ZnO NPs nanoparticles are
attributed to the release of Zn?*, Mn?* and Gd** ions in dissolution as well as the electrostatic
attraction between negatively charged bacterial cells and positively charged nanoparticles,
internalization into the bacterial cell wall and formation the reactive oxygen species (ROS)
generation such as H,O,, hydroxyl radical (OH"), superoxide anion radical (O;) ,which cause
damage to intracellular components such as DNA and cellular proteins, and may even lead to cell
death [66,67].

The results obtained to show the effects of concentrations on the antimicrobial activity of
ZnO NPs are illustrated in Table (4.5-4.7) and Figure 4.6 (a-c). In this study, different

concentrations (100% , 150 %and ZOO%) of nanosized pure ZnO, Mn- and Gd-doped ZnO

NPs were tested on different pathogens. All experiments were performed three times and the

results were averaged.

Table 4.5 Zones of inhibition of ZnO, ZngegMng 20 and ZngggGdo 20O on different types of

pathogens with concentration of 100 %

Types of Pathogens Zones of inhibition (mm) of 100 % of NPs
ZnO  ZngesMng o0 ZNgosGd 020 Gentamicin (+ COﬂth')

E. coli NZ 540.1 18+0.4 19+0.21

P. aeruginosa NZ 4+0.4 1540.5 1740.13

B. subtillis 5+0.12 10+1.1 201+0.2 28+0.43

S. aurues 2+0.4 15+1.2 1940.1 29+0.32

C. albicans NZ 10+0.2 15+1.3 21+0.51

Note: NZ= No Zone
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Table 4.6 Zones of inhibition of ZnO, ZngegMng 2,0 and ZnggsGdo 20 on different types of

pathogens with concentration 150 %

Types of Pathogens Zones of inhibition (mm) of 150 % of Nps
Zn0O  ZngesMng o0 ZNgosGd 020 Gentamicin (+ COﬂth')

E. coli NZ 10+0.1 20+0.3 1940.21

P. aeruginosa NZ 101+0.4 1540.15 17+0.13

B. subtillis 740.13 17+1.0 2510.2 284+0.43

S. aurues 310.1 20+0.2 2510.1 29+0.32

C. albicans NZ 10+1.2 20+1.1 21+0.51

Table 4.7 Zones of inhibition of ZnO, ZngegMng 2,0 and ZngggGdo 20 on different types of

pathogens with concentration 200 %

Types of Pathogens Zones of inhibition (mm) of 200 % of NPs
ZnO  ZngesMng o0 Znolgng 0020 Gentamicin (+ COﬂthl)

E. coli NZ 104+0.2 20+1.3 1940.21

P. aeruginosa NZ 10+0.5 154+0.6 1740.13

B. subtillis 104+0.1 18+1.4 30+0.3 2840.43

S. aurues 71+0.3 22+1.2 291+0.4 29+0.32

C. albicans 2+0.12 18+1.3 21+1.11 214+0.51

Note: NZ= No Zone

It is observed that the antimicrobial activity of ZnO nanoparticles increase with the

concentrations due to the increment of reaction between oxygen and dehydrogenase enzyme

which enhances antimicrobial activity as shown in Figure 4.6(a-c).
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Figure 4.6 (a-b): The antimicrobial activities of undoped and Mn-doped ZnO NPs applied
against gram positive bacteria (S.aurues and B.subtillis), gram negative bacteria (E.coli and

P.aeruginosa) and fungus (C.albicans) different concentrations (100 %, 150 % and 200 % ).
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Figure 4.6 (c): The antimicrobial activities of Gd -doped ZnO NP applied against gram positive
bacteria (S.aurues and B.subtillis), gram negative bacteria (E.coli and P.aeruginosa) and fungus

(C.albicans) different concentrations (100 22, 150 £ and 200 £2).
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The interaction between the NPs and the cell wall of bacteria was changed due to doping
of Mn and Gd. The doping of Mn and Gd with ZnO may lead to the variation in grain size,
optical, morphology, and solubility of Zn®** ions. All these factors combined together have a
significant effect on the antibacterial activity of ZnO [68-69]. In this study, the antimicrobial
activity of ZnO NPs is increased with decreasing size of the crystal and energy band gap. It is
observed that Zn (9sGdo020 showed better antimicrobial activity than Zn (g9sMng,O and

undoped ZnO due to its small size as shown in Figure 4.7.
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Figure 4.7: The antimicrobial activities of undoped, Mn and Gd doped ZnO NPs and

Gentamicin drug against gram positive bacteria (S.aurues and B.subtillis), gram negative bacteria

(E.coli and P.aeruginosa) and fungus (C.albicans) at the concentration of 200 % .

It showed that smaller size particles enhanced antimicrobial activity due to the larger
surface area to volume ratio [70]. The growth of all bacteria and fungus were more highly
affected by Gd** - and Mn?* -doped ZnO nanostructures compared with pure ZnO NPs. The other
reason of increment of antimicrobial activity of Gd doped ZnO NPs is ascribed to large
generation of ROS species as doping creates a large number of defects which increases ROS
species and consequently the antimicrobial activity. Generally, nanoparticles with better
photocatalytic activity have larger specific surface areas and smaller crystallite sizes, which

increase oxygen vacancies, resulting in more ROS. Furthermore, due to the various surface-
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interface characteristics may have different chemical-physical, adsorption-desorption abilities in
the direction towards bacteria, make sure in different antibacterial performances. The results
have revealed that Gd and Mn-doped ZnO nanostructures will be a promising candidate to be
used for potential drug delivery systems to cure some significant infections in the near future
[71,72].

In the present study, we found that gram-positive bacteria were more sensitive than
gram-negative bacterial strains and fungus against the NPs tested. All ZnO, Mn and Gd-doped
ZnO NPs were more sensitive to S. aureus and E. coli as shown in Figure 4.7. Positive
activities of ZnO, Mn and Gd-doped ZnO NPs against gram-negative bacteria and fungus
were also observed. More activity towards gram-positive bacteria is ascribed to the difference
in their structure and chemical composition. The cell wall of gram-positive bacteria has single
membrane where as the gram-negative bacteria cell wall has outside and inside cytoplasmic
membrane as well as Lippopolysaccride that covers peptidoglycan. So, in the case of gram-
positive bacteria the electrostatic interactions between NPs and cell surface results in more
destruction and cell death than gram-negative bacteria. It was also reported earlier that various
bacterial strains had considerably different infectivity and tolerance levels towards the different
agents including antibiotics. Also differences in the antibacterial activity might be due to

different particle dissolution. [73]
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5. Conclusions

Undoped, Mn doped and Gd doped ZnO nanoparticles were successfully synthesized via
chemical co-precipitation method by using zinc acetate, Manganese acetate, Gadolium acetate as
a precursors; sodium hydroxide as precipitating agent and distilled water and ethanol as solvents.
The effects of Mn and Gd dopants on structural, morphological, optical properties and
antimicrobial activity of ZnO nanoparticles were investigated. The obtained nanoparticles were
characterized by XRD, SEM and UV-vis. The XRD result revealed that the synthesized ZnO
NPs were in nanometer range with average crystallite size about 31-38 nm from the Scherer’s
formula. It depicted a single phase of pure, Mn- and Gd-doped ZnO nanoparticles. In addition,
the XRD measurement showed that the hexagonal phase of the wurzite structure of ZnO was not
disturbed by the Mn and Gd dopants, apart from variations or perturbations in the unit cell
dimension. The lattice parameters, unit cell volume and bond length were decreased with the
doping of Gd and Mn. On another hand, physical defects and dislocations were increased. It was
also perceived that XRD peaks shifted to higher diffraction angles due to the difference of the
ionic radii of Mn** (0.66 A°), Zn®* (0.74 A°) and Gd** (1.95 A°). The size and morphology of the
synthesized nanoparticles confirmed by scanning electron microscopy analysis is that ZnO NPs
were successfully prepared. Morphological studies have revealed the formation of spherical
nanoparticles for all samples. Optical band gap energy was found to be decreased from 3.35 eV
to 3.28 eV and 3.07 eV with Gd and Mn doping respectively, due to the introduction of new
energy levels in the energy band gap. The zone of inhibition was observed against pathogenic
bacteria and fungus strains and suggests that ZnggsGdy 02O and ZnggsMng 2O showed good
antimicrobial activity adjacent to gram-positive bacteria (S. aureus and B. subtilis), gram-
negative bacteria (E. coli and P. aeruginosa) and fungus (C. albicans) than the undoped ZnO
nanoparticles. Also, the results of this study depicted that the antimicrobial activities of
synthesized NPs were increased with the concentration and size decrement of the crystal.
Furthermore, the results indicated that the gram-positive bacteria were more sensitive to all

undoped, Mn- and Gd-doped ZnO NPs than gram-negative bacteria and fungus.
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